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Foreword

Role and Importance of Cyclic Di-Nucleotide Second
Messenger Signaling

The discovery of nucleotide-based signaling molecules dates back to the work on the
action of hormones carried out by Earl Sutherland in the 1950s of the last century.
Sutherland had discovered that hormones like epinephrine, which act as global (first)
messengers in the human body by conveying information between cells and organs,
regulate cellular physiology via the production of a second, internal messenger. The
observation that epinephrine never enters the cell but instead stimulates the forma-
tion of a distinct chemical substance in the cell membrane established a novel
principle in cell biology. This was the birth of the second messenger concept.
Sutherland painstakingly dissected this signaling cascade and identified cAMP as
the new substance that serves as an intermediate during the function of the hormone
(Sutherland, Nobel lecture 1971). Shortly after the discovery of cAMP, cGMP was
isolated from the urine of rabbits and was later shown to play a role as second
messenger, similar to cAMP. This far-reaching discovery was awarded with the
Noble Prize in Physiology/Medicine in 1971.

The discovery of the larger, symmetric and possibly evolutionarily more ancient
cyclic di-nucleotides (CDNs) shows some striking parallels to the pioneering work
on cAMP. Moshe Benziman and his colleagues discovered cyclic di-GMP, the first
representative of this family of signaling molecules, through meticulous biochemical
experimentation carried out three decades after Sutherlands’ findings. Driven by
their goal to optimize the biotechnological production of cellulose, they identified an
activator of cellulose synthase in the late 1980s that contained two GMP moieties
linked by 30–50 bonds [1]. Activation of exopolysaccharide biosynthesis by cyclic
di-GMP as discovered by Benziman turned out to be a fundamental principle in
many bacteria and is one of the topics that is covered in this book in detail.

Moshe Benziman’s pioneering contributions also prepared the ground for the
identification and characterization of diguanylate cyclases and phosphodiesterases,
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the catalysts responsible for the “makers and breakers” of cyclic di-GMP. Although
it took more than a decade after the original discovery of cyclic di-GMP, genetic and
biochemical studies eventually led to the identification of several large domain
families, GGDEF, EAL, and HD-GYP, as the catalytic units of cyclic di-GMP
metabolism [2–4]. This opened up rigorous structure/function analyses of these
enzymes uncovering catalytic mechanisms, regulatory principles, and feedback
control. Today, cyclic di-GMP is the front-runner of bacterial CDNs, with knowl-
edge related to this compound being most advanced in this field. This is clearly due
to its timely discovery, but also its broad distribution in the bacterial world, which
includes several important model organisms of microbiology, cell biology, and
infection biology.

But the discovery of cyclic di-GMP was only the first of a series of breakthroughs
that gradually expanded the catalog of CDNs. Cyclic di-AMP was discovered in
2008 [5], cyclic AMP-GMP in 2012 [6], and mammalian cGAMP in 2013 [7]. The
most recent discovery of a diverse range of novel di- and trinucleotides [8] argues
that the chemical repertoire of these compounds is still incomplete and additional
CDNs and related compounds might await their identification. The universal nature
of CDNs together with their biomedical relevance has generated strong interest in
this emerging field of research. In particular, the interaction of bacterial and mam-
malian CDNs with the human innate immune system and with inflammatory pro-
cesses has attracted the interest of the pharmaceutical industry and drug makers in
these compounds. Modulating the innate immune response with agonists or antag-
onists of CDNs is currently being looked at as a promising approach in the immu-
notherapy of cancer, viral infections, or autoimmune diseases [9]. At the same time,
the important role of cyclic di-GMP and cyclic di-AMP for vital processes in
bacteria, like virulence, biofilm formation, or stress response, also puts bacterial
CNDs up for future scrutiny with the goal to develop novel antimicrobial treatment
strategies. This is discussed in detail in one of the final chapters of this book.

The initial chapters of this book recapitulate the current knowledge of the “make
and break” of bacterial CDNs, with a focus on cyclic di-GMP and cyclic di-AMP. By
discussing the structural and catalytic properties of these enzymes and their sensory
domains and signal input mechanisms, this part of the book retraces the important
discoveries that have led to the current understanding of these potent and fascinating
bacterial signaling molecules. The following chapters describe important cellular
processes regulated by CDNs both in environmental bacteria like cyanobacteria,
Myxococcus xanthus, or Bacillus subtilis and in important human pathogens like
Vibrio cholerae, Streptococcus pneumoniae, orMycobacterium tuberculosis. One of
the central processes regulated by cyclic di-GMP is the transition between individual
free-swimming bacteria in their planktonic state and surface-attached bacterial
consortia engulfed in a self-produced matrix. The multifaceted behavioral changes
that bacteria undergo when establishing biofilms or when resuming motility to
escape from such communities demand coordinated multilevel control of various
cellular processes.

CDNs are highly versatile signaling molecules with a wide range of physiological
functions in bacteria. They can interfere with bacterial growth and behavior at
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multiple levels ranging from gene expression to controlling the activity, interaction,
stability, or cellular dynamics of proteins. Through this, CDNs can change bacterial
physiology rapidly and globally and integrate numerous environmental and internal
cues with other global regulatory networks. The observation that CDN networks
respond to external signaling compounds like quorum-sensing molecules [10] makes
them bona fide second messengers in the true conceptual sense originally established
by Sutherland. In many bacteria, regulatory networks involving CDNs are highly
complex, leaving countless interesting and relevant facets of these molecules to be
discovered. This book provides an excellent compendium of the field’s state of the
art and thus represents the ideal launchpad for such endeavors.

Biozentrum of the University of Basel,
Basel, Switzerland

Urs Jenal
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Preface

The discovery of the allosteric activator of a bacterial cellulose synthase and the
enzymes involved in its synthesis and degradation was the result of rigorous
scientific observations, persistence, recognizing the reality of the practicability of
scientific approaches at that time, and, last but not least, hard work. A model
organism, the fruit-degrading environmental bacterium Acetobacter xylinum (now
reassigned as Komagataeibacter xylinus) producing high amounts of the polysac-
charide cellulose, was needed as plants were too complex to be methodologically
approached adequately at this time. The observation of the discrepancy between
in vitro and in vivo cellulose production added the next puzzle piece indicating that a
factor significantly enhancing the in vivo performance of the cellulose synthase
enzyme was missing.
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Many bacterial exopolysaccharides are synthesized by membrane-integrated
processive glycosyltransferases. The enzymes catalyze polymer synthesis and mem-
brane translocation. Cyclic di-GMP is an allosteric activator of exopolysaccharide
biosynthesis and can bind directly to either the synthase or additional regulatory
subunits associated with it. Shown is the cyclic di-GMP-activated state of the BcsA-
B cellulose synthase complex. Cyclic di-GMP is shown in ball and sticks, cellulose
as cyan and red sticks, and UDP-glucose at the enzyme’s active site as sticks in gray
and cyan for carbon atoms of the UDP and glucosyl moieties, respectively, by
Jochen Zimmer, University of Virginia School of Medicine, Charlottesville, USA.

The wider impact of the outcome of this groundbreaking work by the Moshe
Benziman group, the identification of cyclic di-GMP as the allosteric regulator of the
cellulose synthase (“Regulation of cellulose synthesis in Acetobacter xylinum by
cyclic diguanylic acid,” Ross et al., Nature, 1987, 325, 279–281) and the identifica-
tion of the enzymes that synthesize and degrade cyclic di-GMP (“Three cdg operons
control cellular turnover of cyclic di-GMP in Acetobacter xylinum: genetic organi-
zation and occurrence of conserved domains in isoenzymes,” Tal et al., Journal of
Bacteriology, 1998, 180, 4416–4425), was scientific serendipity.

Gradually, the discovery of cyclic di-GMP and subsequent independently upcom-
ing studies have changed our view on fundamental aspects of bacteriology. The
volume of common bacterial cells is less than 10,000 the volume of a eukaryotic cell.
In combination with the knowledge on second messengers, which at that time was
more or less restricted to cAMP signaling in Escherichia coli with ppGpp called an
alarmone, bacteria were simply thought not to require more complex diffusible
second messenger systems. Second, bacteria were looked upon as being mostly
unicellular organisms that occasionally and randomly form multicellular communi-
ties. Today we consider complex cyclic di-GMP signaling networks to modulate the
transition between the association of self-replicating cells into multicellular commu-
nities and motility with all amalgamated morphological and physiological
consequences.

The authoritative chapters in this book on “Microbial Cyclic Di-Nucleotide
Signaling” provide an up-to-date comprehensive snapshot of our current knowledge
on cyclic di-nucleotide-based second messenger signaling. Book chapters cover the
three current cyclic di-nucleotide second messengers known to date in bacteria: well-
investigated cyclic di-GMP (Chaps. 6, 16, and 23) and cyclic di-AMP (Chaps. 10,
11, and 17) and also recently discovered cyclic GAMP (Chaps. 34 and 35). The
physiological roles of those ubiquitous second messengers in pathogenic and envi-
ronmental Gram-negative and Gram-positive bacteria, including the first-discovered
function of cyclic di-GMP in activation of biosynthesis of exopolysaccharides
cellulose and alginate (Chaps. 13 and 14), are broadly presented in various chapters
dedicated to individual genera or species. The global human pathogens Mycobacte-
rium tuberculosis (Chaps. 1 and 26), Vibrio cholerae (Chap. 22), Salmonella
typhimurium (Chap. 24), and Streptococcus pneumoniae (Chap. 27), the facultative
pathogen Pseudomonas aeruginosa (Chap. 28), global plant pathogens as exempli-
fied with Xanthomonas campestris (Chap. 25) and Burkholderia spp. (Chap. 30),
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and the omnipresent Bacillus (Chap. 15), but also environmentally important pho-
toautotrophic cyanobacteria (Chap. 19), multicellular Myxococcus xanthus
(Chap. 18), and chemolithotrophic Acidithiobacillus (Chap. 21) are some of the
representatives of the microbial kingdom that are described. The different aspects of
bacterial physiology directed by cyclic di-nucleotide signaling systems such as
biofilm formation and dispersal (Chap. 31), motility, virulence, fundamental
metabolism (Chaps. 20 and 29), and osmohomeostasis are discussed in detail in
the context of different microorganisms.

Cyclic di-nucleotide signaling systems are frequently horizontally transferred
within the bacterial kingdom (Chap. 37) and, occasionally, even to eukaryotes
(Chap. 32). Furthermore, book chapters dissectively describe the sophisticated
catalytic activities of the multiple turnover enzymes and their regulation by external
and intrinsic signals (Chaps. 2, 3, 4, 5 and 9). The (mostly) experimental discovery
of the vast variety of effectors that cannot be recognized by bioinformatics, their
metabolic and physiological consequences, and the contribution of the cyclic
di-nucleotide second messenger networks to population heterogeneity are addressed
by distinctly dedicated chapters (Chaps. 7, 8 and 12). Strategies for potential anti-
biofilm therapies are also discussed (Chap. 33). Last but not least, novel honorary
cyclic nucleotides such as 20–30 cyclic nucleotides, around for decades, with starting-
to-be unraveled functions, for example in biofilm formation, are addressed
(Chap. 36). Thus, the editors are confident that the collective contributions to this
book will serve not only as a source of information, but also as inspiration to apply
and expatiate on strategies to investigate currently known as well as upcoming cyclic
di-nucleotide second messenger signaling systems.

Taichung, Taiwan Shan-Ho Chou
Santiago, Chile Nicolas Guiliani
College Park, MD, USA Vincent T. Lee
Stockholm, Sweden Ute Römling
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Chapter 1
Cyclic Dinucleotide Signaling
in Mycobacteria

Anushya Petchiappan, Avisek Mahapa, and Dipankar Chatterji

Abstract The success of a pathogen depends on its ability for long-term survival
under hostile environmental conditions. In this regard, second nucleotide messen-
gers like cyclic di-GMP and cyclic di-AMP play a major role. In mycobacteria,
cyclic di-GMP has been shown to be involved in several fundamental phenotypes
like cell division, biofilm formation, and antibiotic resistance. Compared to cyclic di-
GMP, there is little information available regarding the physiological role of cyclic
di-AMP in mycobacteria. However, both these second messengers are associated
with the activation of immune response in the host. Most antibiotics target the key
pathways of the central dogma, but bacteria evolve to become resistant to them.
Therefore, auxiliary pathways, like the stress response pathways, can be putative
targets for the development of novel therapeutics. Mycobacterium smegmatis
encodes a single gene for cyclic di-GMP metabolism and a single gene each for
cyclic di-AMP synthesis and hydrolysis. This makes it an ideal system to gain a
deeper insight into the phenotypes affected by cyclic dinucleotides in mycobacteria.
In this chapter, we have summarized the recent advances in the field of cyclic
dinucleotide signaling in mycobacteria with a focus on their metabolism, regulation
of activity, and the diversity of phenotypes governed by them. In the future, the
research needs to address the important questions regarding the crosstalk between
the second messengers as well as identification of new second messengers in
mycobacteria.

Keywords Mycobacteria · Cyclic dinucleotides · Stress response · Crosstalk

Abbreviations

cAMP Cyclic adenosine monophosphate
cyclic di-AMP Cyclic di-adenosine monophosphate
cyclic di-GMP Cyclic di-guanosine monophosphate
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CDN Cyclic dinucleotide
cGAMP Cyclic GMP-AMP
cGMP Cyclic guanosine monophosphate
DAC Diadenylate cyclase
DcpA Diguanylate cyclase and phosphodiesterase A
DGC Diguanylate cyclase
DisA DNA integrity scanning protein A
DNC Dinucleotide cyclase
HPLC High-performance liquid chromatography
IFN Interferon
LC MS/MS Liquid chromatography with tandem mass spectrometry
(p)ppGpp Guanosine pentaphosphate and tetraphosphate
PAMP Pathogen-associated molecular pattern
PDE Phosphodiesterase
pGpG 50-linear dimeric GMP
RadA Radiation-sensitive gene A
SPR Surface plasmon resonance
STING Stimulator of interferon genes

1.1 Introduction

Adaptability is the key to the survival of an organism in a dynamic environment.
Signal transduction pathways enable organisms to sense changes in the environment
and respond to them. Bacteria utilize dedicated nucleotide derivatives as “second
messengers” to modulate the cellular response to environmental stimuli (first mes-
sengers) by relaying the signal from sensor molecules to the cellular targets. The
repertoire of bacterial nucleotide second messengers known so far includes cyclic
AMP (cAMP), cyclic GMP (cGMP), guanosine pentaphosphate and tetraphosphate
((p)ppGpp), cyclic di-GMP, cyclic di-AMP, and cyclic GMP-AMP (cGAMP)
(Fig. 1.1) [1–7]. These ubiquitous molecules regulate cellular pathways related to
replication, transcription, translation, cellular morphology, metabolism, and DNA
repair among others. Additionally, they also play a major role in virulence, biofilm
formation, persistence, quorum sensing, and antibiotic tolerance. Pathogens have to
withstand several stress conditions inside the host including nutrient starvation, acidic
pH, hypoxia, temperature fluctuation, genotoxic stress, reactive nitrogen intermedi-
ates, oxidative stress, and cell wall stress [8, 9]. Nucleotide second messengers are
employed by bacteria under such hostile conditions to ensure cell survival, thus
highlighting their importance in pathogenesis.

Stress response pathways have been linked to bacterial growth and persistence
[10, 11]. Most antimicrobial agents function well only against rapidly growing cells
and have decreased efficacy towards cells in stationary or dormant phase. The targets
of most antibiotics are related to the central dogma and bacteria evolve to develop
resistance against these antibiotics. Auxiliary pathways, like the second messenger
signaling pathways, would make ideal targets for the development of new
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antimicrobials as these would inhibit stress survival of bacteria and function against
nondividing bacteria as well. With the ever-increasing threat of antibiotic-resistant
infections, the study of second messenger signaling in bacteria is of paramount
importance.

Fig. 1.1 Second messengers in bacteria. Cyclic di-GMP and cyclic di-AMP are cyclic di-nucleotide
signaling molecules composed of two molecules of GMP and AMP, respectively. cGAMP is hybrid
dinucleotide made of GMP and AMP. Cyclic AMP is a classical messenger found in most bacteria.
The other cyclic nucleotide signaling molecule is cGMP. (p)ppGpp is synthesized from GTP or
GDP and regulates stringent response in bacteria
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Though present in all kingdoms of life, there are species-specific differences in
how second messenger signaling orchestrates cell behavior [1, 12]. Mycobacteria are
Gram-positive and belong to the phylum Actinobacteria. Mycobacteria are of
extreme medical relevance as they include highly relevant pathogens of mankind
like Mycobacterium tuberculosis and Mycobacterium leprae. Other clinically rele-
vant species include the non-tuberculous species like Mycobacterium avium, Myco-
bacterium abscessus,Mycobacterium kansasii, and Mycobacterium fortuitum. Most
mycobacterial species are slow-growing, difficult to grow under laboratory condi-
tions, and also challenging to manipulate genetically. A notable feature of myco-
bacterial species like M. tuberculosis is their complex cell envelope which is lipid-
rich, is highly resistant to lysis, and has low permeability to several antibiotics
[13]. More than a million people across the world fall prey to tuberculosis infections
every year [14]. The success of M. tuberculosis as a pathogen is mainly due to its
ability for long-term survival in a dormant stage inside human beings and its host
immune evasion strategies. The global rise in the drug-resistant tuberculosis infec-
tions adds to the complexity of the problem. Second messengers aid mycobacterial
survival under stress and contribute to their pathogenicity and antibiotic tolerance
[15, 16]. Thus, second messenger signaling may prove to be the Achilles’ heel for
mycobacteria.

The role of classical second messengers cAMP and (p)ppGpp have been well
documented in mycobacteria. In this chapter, we focus our attention on the cyclic
dinucleotides (CDNs) of mycobacteria—cyclic di-GMP and cyclic di-AMP.
Although cyclic di-GMP was first discovered in bacteria in 1987, its presence in
mycobacteria was reported only in 2010 [5, 17, 18]. As a consequence, much less is
known about cyclic di-GMP-related pathways in mycobacteria. Cyclic di-AMP was
serendipitously discovered in bacteria more than two decades after cyclic di-GMP
[6]. It was identified in mycobacteria in 2012 and its role in mycobacteria remains a
relatively unexplored area [19]. Although it is reasonable to assume that the role of
second messengers will be the same in all species of mycobacteria, conclusive
evidence for the same is lacking.

Similar to other second messenger signaling pathways, CDN signaling is capable
of integrating information from multiple extracellular cues and in turn transmitting
them to a variety of cellular downstream targets [20]. A signaling pathway typically
begins with the detection of the signal by a receptor followed by the synthesis of the
CDN. The CDN subsequently binds and alters a downstream target, which could be
either RNA or a protein, and results in a cellular response to the signal. We discuss
each of these steps related to CDN signaling in mycobacteria and elaborate upon
how the entire pathway is regulated within the cell. Much of the current literature
available for CDN signaling in mycobacteria comes from studies carried out in
M. tuberculosis or the model organism Mycobacterium smegmatis. The fortuitous
presence of a single copy of a synthetase and hydrolase for each CDN in
M. smegmatis genome makes it an ideal system for elucidating the CDN-associated
cellular phenotypes. Furthermore, we attempt to identify the unresolved questions
related to CDN signaling in mycobacteria which could be addressed by future
research in the field.
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1.2 Synthesis and Hydrolysis of CDNs

CDN signaling in bacteria can be initiated by any signal or stress like starvation,
temperature or pH change, hypoxia, and DNA damage but the entire range of
triggering signals for mycobacteria remains to be identified [21]. The intracellular
levels of the signaling CDNs are modulated by distinct classes of enzymes—
dinucleotide cyclases (DNCs) and phosphodiesterases (PDEs). Diguanylate cyclases
(DGCs) and diadenylate cyclases (DACs) are responsible for the biosynthesis of
cyclic di-GMP and cyclic di-AMP, respectively. On the other hand, PDEs are
responsible for hydrolyzing these CDNs. The number of DNCs and PDEs varies
across species but they all follow a similar catalytic mechanism. All DGCs bear a
conserved GG(D/E)EF catalytic domain and synthesize cyclic di-GMP by the
condensation of two GTP molecules [12, 22]. Many DGCs present in bacteria
(including mycobacterial species like M. tuberculosis) also carry a regulatory GAF
domain in addition to the GGDEF domain. The GAF domain can bind ligands like
GDP to regulate the DGC activity [23]. Cyclic di-GMP-specific PDEs carry an EAL
domain or a HD-HYP domain to hydrolyze cyclic di-GMP into the linear pGpG or
two molecules of GMP, respectively.

DACs catalyze the synthesis of cyclic di-AMP from two molecules of AMP.
There are five classes of DACs (DisA, CdaA, CdaS, CdaM, and CdaZ) which have
been identified so far in bacteria [24]. Each one of them shares a common DAC
(diadenylate cyclase) catalytic domain for cyclic di-AMP synthesis along with
various regulatory domains. Four different types of cyclic di-AMP PDEs have
been discovered till now—GdpP-type, DhhP-type, PgpH-type, and CdnP-type
PDE. Each type of PDE has different domain architecture and catalyzes the conver-
sion of cyclic di-AMP to either pApA or AMP. The types of DNCs and PDEs
present in mycobacteria are described in detail in the subsequent section.

1.2.1 Cyclic di-GMP Metabolism

Two GGDEF domain containing proteins MSMEG_2916 (MSDGC-1, later
renamed DcpA) and MSMEG_2774 (MSDGC-2) are encoded in the genome of
M. smegmatis [18]. DcpA is a bifunctional multidomain protein containing a tandem
arrangement of the catalytic GGDEF domain, EAL phosphodiesterase domain, and
an N-terminal GAF domain. The GGDEF domain synthesizes cyclic di-GMP from
GTP, whereas the EAL domain hydrolyzes it to pGpG. MSMEG_2774 is
nonfunctional due to the presence of a mutation in the catalytic domain. No other
cyclic di-GMP hydrolase is present inM. smegmatis. Thus, DcpA is the only enzyme
responsible for cyclic di-GMP turnover in M. smegmatis. The ortholog of DcpA in
M. tuberculosis is Rv1354c (MtbDGC) [17]. MtbDGC is also a bifunctional protein
which can synthesize and hydrolyze cyclic di-GMP in vitro. Apart from MtbDGC,
M. tuberculosis carries one more EAL domain containing PDE (Rv1357c or
MtbPDE) to hydrolyze cyclic di-GMP to pGpG. M. leprae encodes three active
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DGCs (ML1750c, ML1419c, and ML0397c) [25]. Among the DGCs, only
ML1419c (DgcA) has been characterized and functionally analyzed. ML1750c is
homologous to DcpA and Rv1354c. DgcA possesses three putative PAS-sensing
domains, with two PAS domains containing conserved heme-binding sites hinting at
a role related to oxygen tension or nitric oxide/carbon monoxide stress. M. leprae
encodes an EAL domain containing PDE ML1752c (ortholog of Rv1357c), but its
physiological functions are not known. In Mycobacterium bovis BCG, the gene
BCG1416c encodes a cyclic di-GMP DGC, a homolog to Rv1354c in
M. tuberculosis [26].

1.2.2 Cyclic di-AMP Metabolism

M. smegmatis possesses a single copy of DAC and PDE specific for the homeostasis
of cyclic di-AMP. DisA (MSMEG_6080) is the sole cyclic di-AMP synthetase
[27]. MsPDE (MSMEG_2630), the only PDE in M. smegmatis, consists of a
DHH-DHHA1 domain and is able to convert cyclic di-AMP to pApA and AMP
[28]. Similar toM. smegmatis,M. tuberculosis consists of one DAC, known as DisA
(Rv3586) [19]. This is an ortholog of DisA from Bacillus subtilis which is a DNA
integrity scanning protein [6]. DisA is capable of utilizing both ATP and ADP as a
substrate for cyclic di-AMP synthesis in vitro. DAC from M. tuberculosis can also
act as an ATPase or ADPase in vitro and this ATPase activity is suppressed by the
DAC activity. The enzymatic activity occurs in a two-step mechanism and requires
divalent metal ions such as Mg2+, Mn2+, or Co2+ [19, 29]. DisA has a conserved
RHR motif, which interacts with ATP, and mutation in this motif severely affects the
activity of this protein. Degradation of cyclic di-AMP in M. tuberculosis is carried
out by Rv2837c (CnpB/CdnP), a DHH-DHHA1 domain containing phosphodies-
terases [30, 31]. No GdpP-type PDE is present in M. tuberculosis. CnpB contains
DxD motif, DHH motif, and GGGH motifs which are important for its activity.
CnpB hydrolyzes cyclic di-AMP into AMP via a pApA intermediate in a metal-
dependent reaction [29]. Structural and functional analysis suggested that CnpB is
unable to distinguish between adenine and guanine and it can cleave cyclic di-NMPs
other than cyclic di-AMP though at a lower rate [30]. Additionally, CnpB exhibits
nanoRNase activity (30–50exonuclease) as well as a CysQ-like phosphatase (pAp
hydrolysis) activity [32–34].

The domain architecture of some of the CDN synthetases and hydrolases of
mycobacteria and their catalytic mechanism has been illustrated in Fig. 1.2. A list
of DNCs and PDEs in mycobacteria has been presented in Table 1.1.
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1.3 CDN Effectors

Upon synthesis of the second messenger, effector binding generates a physiological
response. As mentioned earlier, these effectors could be RNA or proteins. As these
nucleotides modulate a variety of cellular phenotypes, a still growing wide range of
proteins serves as receptors. This is facilitated by conformational adaptability of the
CDNs, which can exist as monomers or dimers [20, 35]. Even the monomeric CDN
can take a closed or open conformation. The binding of CDN could lead to a
conformational change in the effector or even a change in oligomerization. Since
the discovery of these CDNs, numerous targets have been pinpointed for them. In
mycobacteria, however, the number of effectors identified so far remains limited.
Cyclic di-GMP effectors mainly belong to the categories of PilZ domain containing
proteins, mRNA riboswitches, transcription factors, proteins with degenerate
GGDEF or EAL domains, and AAA+ ATPases [12, 20]. For example, dimeric
cyclic di-GMP binds to the transcription factor VpsT in Vibrio cholerae leading to
enhanced biofilm formation [36]. Cyclic di-GMP binds to inactive GGDEF-EAL
domain containing LapD in Pseudomonas aeruginosa to modulate surface adhesion
[37]. A cyclic di-GMP tetramer binds to a transcription factor BldD in Streptomyces
coelicolor leading to its dimerization and altered activity [38]. A prominent example
of cyclic di-AMP binding protein is KtrA, a potassium ion transporter, through
which cyclic di-AMP modulates ion homeostasis in Staphylococcus aureus [39].

1.3.1 Cyclic di-GMP Binding Transcription Factor LtmA

The first cyclic di-GMP receptor characterized in mycobacteria is a transcription
factor named LtmA [40]. To identify cyclic di-GMP targets inM. smegmatis, Li and
He screened close to 500 putative regulatory genes for cyclic di-GMP binding.
LtmA was identified as a putative cyclic di-GMP target and this binding was
confirmed by cross-linking studies. SPR analysis of cyclic di-GMP-LtmA interac-
tion revealed that the interaction is strong with Kd value close to 0.8 μM. However,
LtmA does not contain any commonly known cyclic di-GMP motifs, such as those
present in PilZ domain proteins. Therefore, it belongs to a novel class of cyclic di-
GMP effectors and its interaction with cyclic di-GMP was validated by SPR. DNA
footprinting and electrophoretic mobility shift assay (EMSA) binding studies
revealed that cyclic di-GMP increases the DNA-binding ability of LtmA. A 12 bp

Fig. 1.2 (continued) domain, an EAL hydrolysis domain, and a regulatory GAF domain in tandem.
Rv1357c is another EAL domain containing cyclic di-GMP PDE in M. tuberculosis. DisA, the
DAC present in both M. smegmatis and M. tuberculosis, carries a DAC synthesis domain linked
with a helix-hairpin-helix (HhH) domain. A PDE containing the DHH and DHHA1 domains is
present in both mycobacterial species
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conserved palindromic motif GGACANNTGTCC is recognized by LtmA. LtmA
binds to the promoter regions of several genes, including two genes which are in its
vicinity, and positively regulates their expression. Among the various categories of
genes whose expression is regulated by LtmA, there are 37 lipid transport and
metabolism genes, 21 transcription regulators, and 13 cell wall/membrane biogen-
esis genes. Importantly, several genes were related to the metabolism of mycolic
acids, which form a major component of the mycobacterial cell wall. LtmA
overexpression, therefore, affects the colony morphology of the strain. In addition,
LtmA affects the antibiotic resistance in M. smegmatis. As its ortholog is present in
M. tuberculosis, cyclic di-GMP-mediated LtmA regulation has several implications.

1.3.2 Cyclic di-GMP Binding Transcription Factor HpoR

Subsequently, another transcription factor HpoR inM. smegmatis was identified as a
target of cyclic di-GMP [41]. The hpoR operon contains mostly redox-related genes
and is therefore important in the oxidative stress response of the bacteria. HpoR
negatively regulates the expression of its own operon by binding to an upstream
palindromic sequence (G/AGACANNTGTCC) upstream of it. Cyclic di-GMP
can bind to HpoR (Kd ¼ 1.8 μM). The DNA-binding ability of HpoR is enhanced
by cyclic di-GMP, but at a cyclic di-GMP concentration higher than 270 μM

Table 1.1 List of DNCs and PDEs in mycobacteria

Organism

Number of proteins with domain organization

GAF–GGDEF–
EAL GGDEFa GGEEFb EAL Othersc

M. tuberculosis H37Rv 1 1

M. tuberculosis
CDC1551

1

M. bovis BCG Pasteur 1

M. leprae TN 1 1 1 PAS-GGDEF-
AraH

M. smegmatis mc2155 1 1

M. avium 104 2 4 1

Organism

Number of proteins

DisA PDE

M. tuberculosis H37Rv 1 1

M. tuberculosis CDC1551 1

M. bovis BCG Pasteur 1

M. smegmatis mc2155 1 1
aGGDEF domain with one or more input sensory domain such as PAS, Rec, FlhA, or GAF
bGGDEF domain with conserved GGEEF or degenerate SDSEF motif
cUnusual domain organization arrangement, with EAL at the N terminus of GGDEF or an AraH
(arabinose transport) output domain in the case of M. leprae
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cyclic di-GMP inhibits the DNA binding by HpoR. Therefore, if cyclic di-GMP
levels increase under oxidative stress, it will bind to HpoR and de-repress the
negative regulation of its own operon thereby helping the cell survival. Interestingly,
LtmA is a positive regulator of the hpoR operon and also physically interacts with
HpoR [42]. This interaction is stimulated by cyclic di-GMP leading to enhanced
DNA binding by LtmA and reduced DNA binding by HpoR. Therefore, cyclic di-
GMP aids the oxidative stress response by increasing hpoR operon expression in
three ways: first, by binding to LtmA and enhancing its binding at upstream region of
hpoR operon; second, by binding to HpoR and relieving its binding at the upstream
region of hpoR operon; and third, by stimulating the LtmA-HpoR interaction,
thereby increasing LtmA binding at the hpoR operon.

1.3.3 Cyclic di-GMP Binding Transcription Factor EthR

EthR is another transcription factor found to bind cyclic di-GMP in M. tuberculosis
[43]. Cyclic di-GMP binds EthR increasing its binding to the promoter of ethA gene.
This represses the transcription of ethA gene. EthA is postulated to be involved in
activating the prodrug ethionamide, an inhibitor of mycolic acid synthesis used as a
second-line drug for tuberculosis. This finding suggests a role for cyclic di-GMP in
the resistance towards ethionamide.

A global proteome microarray further identified more than 20 putative targets of
cyclic di-GMP [44]. These include proteins like rhamnosyltransferase (Wbbl2), an
ABC transporter (ProZ), and a polyphosphate kinase (PpnK). More studies need to
be carried out in order to fully understand their cellular effects.

1.3.4 Cyclic di-AMP Binding Transcription Factor DarR

M. smegmatis DarR is the only transcription factor identified so far to bind cyclic di-
AMP in mycobacteria [45]. SPR and cross-linking studies validated the binding of
this CDN to DarR (Kd ¼ 2.8 μM). DarR is a TetR family transcription factor which
binds a 14 bp palindromic sequence motif (ATACTNNNNAGTAT). The binding of
cyclic di-AMP leads to binding to its promoter resulting in repression of transcrip-
tion. It downregulates the expression of three target genes—a major facilitator
family transporter, a fatty acid-acyl coA ligase, and a cold shock family protein
CspA. DarR, therefore, links cyclic di-AMP with fatty acid metabolism and cold
shock response in M. smegmatis. This is substantiated by the fact that DarR
overexpression is toxic to M. smegmatis and reduces levels of certain fatty acids.
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1.3.5 Cyclic di-AMP Binding Protein RecA

Both the CDNs bind toM. smegmatis andM. tuberculosis RecA, though the binding
of cyclic di-GMP is much weaker [46]. Cyclic di-AMP decreases DNA strand-
exchange ability of M. smegmatis and M. tuberculosis RecA. The disassembly of
M. smegmatis RecA filaments is enhanced by cyclic di-AMP but not those of E. coli,
possibly due to the presence of a C-terminal tail in M. smegmatis RecA. Addition-
ally, cyclic di-AMP also regulates transcription of RecA by translational repression
of recA mRNA. Therefore, absence of intracellular cyclic di-AMP leads to lower
levels of RecA leading to DNA damage in the presence of genotoxic agents. The
binding site of cyclic di-AMP in RecA is not the same as that of ATP indicating the
presence of allosteric regulation by the CDN. Thus, it appears that cyclic di-AMP is
linked to the DNA repair pathway in mycobacteria.

Apart from bacterial targets, the CDNs also interact with the host cell receptors in
humans. This will be described in a later section.

1.4 Physiological Roles of the CDNs

As mentioned earlier, CDNs have a global influence on the bacterial behavior. The
binding of nucleotide second messengers to their effectors results in alteration of the
cellular phenotypes in response to the initial stimuli. CDNs affect myriad processes
in both Gram-negative and Gram-positive bacteria. This vast spectrum of physio-
logical processes includes motility, biofilm formation, surface adhesion, virulence,
toxin production, secretion system, cell morphology, and cell wall metabolism
[12, 24]. In this section, we will describe the phenotypes affected by CDNs in
mycobacteria.

1.4.1 Phenotypes Regulated by Cyclic di-GMP

In M. smegmatis, the deletion of cyclic di-GMP synthesizing gene DcpA affects
long-term survival under nutrient starvation in addition to colony morphology and
growth [18, 47]. TheΔdcpA strain ofM. smegmatis is not capable of forming biofilm
[16]. Reorientation of the bacterial phenotypes like sliding motility, colony mor-
phology, and aggregation in liquid cultures is observed in the ΔdcpA strain. Chro-
matographic analysis of the lipid isolate from this knockout strain demonstrated that
the amount of glycopeptidolipids and polar lipids (responsible for the maturation of
the bacterial cell wall) are also depleted which leads to higher hydrophobicity of the
cell wall. Further analysis revealed that cyclic di-GMP also regulates cell shape and
division in M. smegmatis [47]. Microscopic analysis of the ΔdcpA strain displayed
unique characteristics like elongated cell length and the presence of multiple nuclei
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and septa thereby suggesting inhibition of cell division. Phenotypic microarray
analysis of the ΔdcpA strain of M. smegmatis showed that the strain is resistant to
several antibiotics [16]. All these phenotypes could be attributed to the role of cyclic
di-GMP in influencing global gene expression pattern in bacteria. This is validated
by the microarray analysis of the ΔdcpA strain which highlighted increased tran-
scription of genes belonging to various functional categories like metabolism,
virulence, and cell wall metabolism. It remains to be seen if the deficiency in cyclic
di-GMP affects any other second messenger signaling or these cyclic di-GMP
associated phenotypes could be compensated by other second messengers.

AM. tuberculosis strain devoid of cyclic di-GMP exhibits an increased dormancy
phenotype [48]. Attenuation of virulence and pathogenicity in both human THP-1-
derived macrophages and mouse model is observed in cyclic di-GMP PDE deletion
strain of M. tuberculosis. The differences in phenotypes were observed under
anaerobic conditions and this was validated by analyzing the changes in the
transcriptome. This clearly links cyclic di-GMP to the pathogenicity and dormancy
in M. tuberculosis.

Also, cyclic di-GMP deletion affects colony morphology and pellicle production
in M. bovis [26]. Cyclic di-GMP affects oxidative stress response and antibiotic
stress response in M. smegmatis and nitrosative stress response in M. bovis, further
illustrating the importance of cyclic di-GMP in stress response in mycobacteria
[26, 41, 43]. The identification of more CDN targets in the cell will aid to uncover
the underlying mechanism behind the CDN-mediated phenotypes.

1.4.2 Phenotypes Regulated by Cyclic di-AMP

Cyclic di-AMP regulates fatty acid metabolism inM. smegmatis. Increased levels of
the second messenger, resulting from either DisA overexpression or PDE deletion in
M. smegmatis, increase the accumulation of C10–C20 fatty acids as well as lead to
an abnormal colony morphology [28]. A higher level of cyclic di-AMP in
M. smegmatis also leads to inhibition of motility and increased aggregation and
expansion [27]. The regulation of DarR as well as other hitherto unknown effector
proteins by cyclic di-AMP would explain these phenotypes. Deletion of DisA
increases the sensitivity to genotoxic agents in M. smegmatis [45].

Removal of DisA inhibits cyclic di-AMP production, whereas deletion of the PDE
cnpB (or cdnP) significantly increases cyclic di-AMP accumulation and secretion in
M. tuberculosis [30]. As a phenotype, increased level of cyclic di-AMP also affects
cell length inM. tuberculosis. Furthermore, elevated level of cyclic di-AMP (in cnpB
knockout strain) induces production of higher levels of IFN-β during macrophage
infection as compared to that of the wild-type strain. Mice infected with ΔcnpB strain
have significantly reduced inflammation. Mycobacterial count is also lowered in the
lungs and spleen cells compared with those infected with the parent strain. Further-
more, the deletion of PDE from the M. tuberculosis genome is associated with
attenuation of the virulence in a mice model [49]. Mechanism of regulation of
virulence by cyclic di-AMP in M. tuberculosis needs to be investigated.
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Cyclic di-AMP has been shown to be essential in many bacteria under certain
growth conditions [24]. It must be noted that though cyclic di-GMP and cyclic di-
AMP play critical roles in mycobacterial physiology, neither of them are essential for
mycobacteria. However, their continuous presence suggests beneficial roles in the
life cycle of this bacterial genus.

1.5 CDN Homeostasis

Since the CDNs orchestrate a variety of phenotypes, it is of vital importance to
tightly regulate their intracellular levels by fine-tuning their synthesis and hydrolysis.
Bacteria regulate CDN synthesis at transcriptional level, by allosteric control,
interaction with other proteins, feedback mechanism, oligomerization status of
DNCs, as well as the cellular localization of DNCs [12, 20]. CDNs, being small
molecules, can diffuse rapidly across the cell. However, a spatial organization of
CDNs helps in orchestrating several modules of signaling simultaneously. There is a
requirement of dimerization of DNCs due to the inherent twofold symmetry of the
CDNs. The GGDEF domains of DGCs come together to form a functional dimer
interface for catalyzing cyclic di-GMP synthesis in a metal-dependent manner
[50, 51]. EAL domains also function mostly as higher oligomers though they may
possess low activity as monomers. To restrict cyclic di-GMP synthesis, many DGCs
contain an inhibitory I-site (RxxD motif) five amino acids upstream of the GGDEF
motif which mediates allosteric regulation by cyclic di-GMP [12, 52]. Apart from
these, many DNCs have regulatory domains in tandem or interact with other
domains containing sensory domains for regulation of their activity.

1.5.1 Cyclic di-GMP Homeostasis

A signaling pathway is activated once an extracellular or intracellular signal is
detected by a cellular receptor. Therefore, the spatial organization of DNCs becomes
relevant in this regard. Little is known about the spatial organization of mycobacte-
rial DNCs and PDEs, but since some of them (e.g., DcpA) have been shown to
localize in membrane fractions, it is hypothesized that they bind to membrane
receptors which trigger their activity under particular stress conditions, as is the
case with other bacteria [53]. Their levels are further regulated at the transcription
level [20].

DcpA is bifunctional and the presence of both the synthesis and hydrolysis
domain in the same protein presents an enzymatic conundrum. This is analogous
to the bifunctional (p)ppGpp synthetase Rel in mycobacteria [54]. How are each of
the activities then regulated inside the cell? DcpA occurs in both dimeric and
monomeric forms with the monomer preferentially conducting hydrolysis
[53]. The GAF domain is involved in regulating the dimerization of GGDEF domain
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[23]. Furthermore, the activity of M. smegmatis DcpA is allosterically regulated by
the binding of GDP at the GAF domain. Also, a domain movement upon binding of
GTP plays an important role in conformational change of DcpA [55]. This involves a
movement of a loop bearing a conserved motif GCxxxQGF, which switches the
protein from an “open” to “closed” conformation. This conserved motif is present in
the EAL domain. DcpA activity is also regulated at a transcriptional level thereby
providing another layer of regulation of cyclic di-GMP levels [56]. The promoter
activity of DcpA increases under carbon starvation and stationary phase. The
transcription is regulated by sigA during exponential phase and is later governed
by sigB in stationary phase. Furthermore, cyclic di-GMP levels increase during
oxidative stress in M. smegmatis indicating a further level of control [41]. Whether
the same regulatory mechanism exists in other mycobacteria remains to be seen.

1.5.2 Cyclic di-AMP Homeostasis

M. tuberculosisDisA exists as an octamer and this oligomerization is a prerequisite for
its cyclic di-AMP synthesis activity [19]. Though the catalytic activity is present in the
N-terminal part of the protein, only the full-length protein is active. It is hypothesized
that the deletion of the C-terminal domain results in a conformational change making
the protein inactive. Furthermore, a high concentration of ATP leads to the allosteric
regulation of DisA [29]. Cyclic di-AMP synthesis by B. subtilis DisA is activated in
the presence of damaged DNA. However, the link between cyclic di-AMP and DNA
damage has not been well explored in mycobacteria. M. smegmatis disA lies in the
same operon as radA [27]. RadA acts as an antagonist of DisA by physically
interacting with DisA to inhibit cyclic di-AMP synthesis though the exact mechanistic
details are still unknown. No other mechanism of regulation of cyclic di-AMP
synthesis or hydrolysis in mycobacteria is known so far.

1.6 Crosstalk Between Different Second Messengers
in Bacteria

Nature has embraced a simple but efficient mechanism of modifying purine moieties
to generate a vast array of signaling molecules. The sheer abundance of second
messengers in bacteria begs the question—why do bacteria need so many of them?
We hypothesize that each of them has their own roles to play in the growth and
survival of mycobacteria. However, there must be a connection between the various
second messenger-associated pathways. We have elaborated upon different facets of
CDN interaction with their binding partner. A lacuna remains to visualize the
molecular interaction between the CDNs and other signaling molecules in
mycobacteria. For instance, in V. cholerae, a cAMP-dependent transcription factor

16 A. Petchiappan et al.



(cAMP-CRP) controls the DGC level, thereby regulating biofilm formation and
interconnecting cAMP and cyclic di-GMP signaling in V. cholerae [57]. Most
recently, the interconnection between cyclic di-AMP and (p)ppGpp has been eluci-
dated in S. aureus. The increased production of cyclic di-AMP at the stationary
phase activates Rel/SpoT homologs to synthesize (p)ppGpp in S. aureus [58]. Other
evidence of integration between signaling modules exist in the literature though this
is not the case with mycobacteria. Gupta et al. showed that both (p)ppGpp and cyclic
di-GMP are crucial for antibiotic tolerance, biofilm formation, lipid metabolism, cell
size, cell division, and growth [47]. The similarity in characteristics of the deletion
mutants of (p)ppGpp and cyclic di-GMP in M. smegmatis tempts us to suggest a
possible crosstalk between these signaling molecules as both (p)ppGpp and cyclic
di-GMP are GTP derivatives, but strong evidence for this conjecture is lacking.
Moreover, this idea is further strengthened by the evidence of cyclic di-GMP binding
to Rel [59].

1.7 Crosstalk Between Second Messengers of Host
and Pathogen

The establishment of a successful bacterial infection requires several crucial steps.
This includes attachment to the host cell, immune invasion, multiplication, and the
release of virulence factors/toxins. Interactions among these enzymes, regulators,
and virulence factors with host cells are tightly regulated by different signal trans-
duction pathways. Many of these signaling pathways are regulated by cyclic (di)
nucleotide second messengers. To survive and persist inside the host, bacteria need
to thwart the host immune response and establish a niche. This requires an intersec-
tion of bacterial signaling and the host signaling pathways. CDNs are secreted by
bacteria and trigger an immune response in the host upon recognition by receptors.
Therefore, the CDNs are considered to be pathogen-associated molecular patterns
(PAMPs). The immunomodulator STING protein detects the bacterial CDNs and
activates the TBK1–IRF3-dependent type-I IFN signaling pathway leading to IFN-β
production [60, 61]. The CDNs can stimulate the production of IL-1β in NLRP3
inflammasome-dependent manner [62]. Another cytosolic receptor DDX41, which
can detect both CDNs and bacterial DNA, can stimulate IFN-β production during
bacterial infection [63, 64]. To evade the innate immune response inside the mac-
rophages, the M. tuberculosis PDE of cyclic di-AMP has evolved the ability to
hydrolyze the host-derived cGAMP which is important for the immune response
[49]. Interestingly, human ENPP1, a cGAMP hydrolase, can also hydrolyze bacte-
rial-derived cyclic di-AMP. It appears that more such mechanisms have been
devised by the mycobacterial pathogens to fight the host defense arsenal.
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1.8 Summary

Second messengers are essential for bacterial survival. They help the bacteria in
responding appropriately to any stress signal. Mycobacterial infections have been
the bane of mankind due to their ability to cause diseases like tuberculosis and
leprosy. Additionally, there is a rise in incidence of non-tuberculosis mycobacterial
infections across the world. Their pathogenicity is aided by the presence of small
messengers which orchestrate their behavior under unstressed as well as stressed
growth conditions. The second messengers dictate which genes the cell transcribes,
which proteins it synthesizes, where it colonizes, when it forms biofilms, or when it
secretes virulence factors. Therefore, attacking the metabolism of these molecules is
a promising way to eradicate these infections. This will unveil an in-depth under-
standing of the signaling pathways. In mycobacteria, the enzymes involved in CDN
turnover have been identified and some of their effectors have been characterized.
CDNs have been implicated in regulation of cell division, cell morphology, antibi-
otic tolerance, biofilm formation, oxidative stress response, lipid metabolism, cold
shock response, and genotoxic stress response in mycobacteria (Fig. 1.3). Future
research would unveil more of their important functions.

1.9 Future Perspectives

The past two decades have significantly added to our knowledge about the versatile
nature of CDN signaling in mycobacteria. However, several fundamental questions
remain to be answered in this field, and we attempt to highlight some new avenues
for future research.

• Abundancy of signaling molecules: A confounding puzzle is the necessity of
multiple second messengers in bacteria. Bacteria also possess multiple copies of
second messenger metabolizing enzymes. This multiplicity probably aids the
bacteria in having dedicated enzymes for particular stress conditions.

• Activating signals for CDN signal transduction: What are the stress conditions
required to activate the synthesis or hydrolysis of each second messenger? The
specific signals required for triggering CDN cyclases and hydrolases in
mycobacteria remain unknown. In other bacteria, the CDN cyclases have been
shown to bind to membrane as well as cytosolic proteins which regulate their
activity [20]. The localization of the DNCs and PDEs needs to be further
elucidated.

• Physiological effects of second messengers: It is imperative to delineate the
pathways governed by each nucleotide and identify their downstream targets.

• Architecture of signaling pathways: Is there any hierarchy of the second messen-
gers in this complex signaling network? All the signaling pathways work in a
coordinated fashion to modulate the cellular phenotype, and it is unclear how the
intricate signaling pathway specific for each stress is conducted. Future research
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should attempt to decode the spatial and temporal control of each signaling
module within the cell.

• Mechanisms underlying CDN signaling: Insights from structure-function analysis
would provide a more in-depth understanding of the catalytic and regulatory
mechanisms of mycobacterial DNCs and PDEs. Not many crystal structures or
cryo-EM structures are currently available for mycobacterial CDN-related proteins.
Fluorescent analogs of CDNs, like mant-cyclic di-GMP, have proven useful for
interaction studies and more such molecules need to be synthesized [65].

• Crosstalk between these second messengers in mycobacteria: There are multiple
cases of such crosstalk reported in other bacteria. Additionally, there are no
conditions in which CDNs are essential in mycobacteria. It is not known if any
second messenger is absent in the cell; another second messenger can take over
its role.

• Identification of second messenger-sensing riboswitches: Riboswitches can sense
the presence of their cognate ligand and regulate a plethora of cellular processes.
This makes them important targets of various nucleotide messengers. CDN-
binding riboswitches, like ydaO and GEMM, have been identified in other
bacteria but not in mycobacteria [66, 67].

• Quantification of CDN levels: CDNs are secreted by mycobacteria into the
outside environment but the underlying mechanism needs to be explored. Highly
sensitive methods of measurement of CDN levels within bacteria and host
macrophages need to be designed. The intracellular levels of cyclic di-GMP in
mycobacteria have been estimated by C18 high-performance liquid chromatog-
raphy (HPLC) of nucleotides extracted using perchloric acid [41]. Using this
method, cyclic di-GMP levels were estimated to be in low micromolar range
during unstressed growth of M. smegmatis. Alternatively, a mass spectrometric
method involving HPLC followed by LC MS/MS has successfully quantified the
levels of CDNs in M. tuberculosis [49]. Recently, chemiluminescent biosensors
have been designed for in vivo detection of cyclic di-GMP in bacteria but have
not been optimized for mycobacteria [68].

• Quorum sensing: Quorum sensing remains a relatively unexplored phenomenon
in mycobacteria although the role of cyclic di-GMP in quorum sensing in other
bacteria is well studied both as a secreted molecule and as a regulator of quorum
sensing. The secretion of CDNs hints at a similar role for them in mycobacteria
as well.

• Role in immune evasion: Pathogens employ tactics to subvert the host signaling
pathways. A primary example of such a tactic is the evasion of host immune response
by M. tuberculosis using its PDE which hydrolyzes host-derived 2030-cGAMP
effectively inhibiting the host cytosolic surveillance pathway [49]. Whether myco-
bacterial pathogens exploit host signaling pathways in other manner remains to
be seen.

• Design of inhibitors: Recent research demonstrated the efficacy of synthetic
analogs of (p)ppGpp in stalling mycobacterial survival [69]. Also, compounds
like polyphenols have been shown to be inhibitors of B. subtilis DisA activity,
and commercially available PDE inhibitors inhibited Mtb PDE activity [49, 70,
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71]. Designing inhibitors of CDN metabolism and signaling is the need of the
hour. Recent work has also shown the potential of synthetic analogs of cyclic
nucleotides as adjuvants for protein subunit-based vaccines against
M. tuberculosis [72]. This further highlights the importance of this field in the
fight against pathogens.

The repertoire of signaling molecules is expanding rapidly and it remains to be
seen if more nucleotide messengers would be discovered in mycobacteria. Till date,
cGAMP or a cGAMP-metabolizing protein has not been discovered in mycobacteria
though its role in V. cholerae is being explored [35]. There are indications that
bacteria contain enzymes which can synthesize other purine- and pyrimidine-
containing cyclic nucleotides, but they have not been reported in mycobacteria
[73]. A concentrated effort by different groups in this direction will lead the field
to its ultimate glory.

Areas Which Need to Be Addressed in the Future

• Is there a distinction between the signals that trigger the different second
messenger signaling pathways under a particular stress condition?

• Why are there multiple copies of DNCs and PDEs in certain bacteria?
• What are the downstream targets of CDNs in mycobacteria?
• Which cellular activities are regulated by each nucleotide messenger?
• Is there any crosstalk between these small signaling molecules?
• Are there any CDN-binding riboswitches in mycobacteria?
• How are the CDNs secreted by mycobacteria?
• What is the role of second messengers during infection and virulence?
• Is there any global regulator of signal transduction pathways?
• Are there any more second messengers left to be discovered?
• Can second messenger signaling be targeted for antimicrobial therapy?
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Chapter 2
Structure and Regulation of EAL Domain
Proteins

Dom Bellini, Andrew Hutchin, Odel Soren, Jeremy S. Webb, Ivo Tews,
and Martin A. Walsh

Abstract The formation and dispersal of bacterial biofilms is strongly correlated with
cellular levels of bis-(30–50) cyclic dimeric guanosine monophosphate, cyclic di-GMP,
a secondary messenger that has been shown to be involved in regulation of a broad
range of cellular processes in bacteria. Diguanylate cyclases (DGCs) are required for
synthesis of cyclic di-GMP, with phosphodiesterases (PDEs) responsible for its
breakdown. This review focuses on PDEs characterised by the presence of the
conserved “EAL” sequence motif. Typically found in multi-domain proteins, EAL
domains can couple to sensory or regulatory domains that allow their activity to be
regulated by environmental stimuli or cellular cues. Additionally, catalytically inactive
EAL PDEs are suggested to have a sensory or otherwise regulatory function. Recent
structure determination provides a wealth of information on PDE function and regu-
lation and has provided novel insight into the enzymatic reaction mechanism. Several
regulatory layers may control activity, including dimerisation, active site formation,
and metal coordination. In this review, we provide a concise summary of these
exciting findings and highlight open research questions that will allow us in future
to decipher many of the cellular signals responsible for regulation of PDE activity and
cellular processes influenced by these pivotal enzymes.
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Keywords Cyclic di-GMP signalling · Phosphodiesterase · EAL domain · Bacterial
biofilms · Protein structure

2.1 Introduction

The observation of microbial life, for the first time by Van Leeuwenhoek in the late
seventeenth century using his single-lensed microscope, quickly opened up a new
world of microscopic life which he referred to as ‘animalcules’. He was probably the
first human to observe aggregates of bacteria by examining scrapings of dental
plaque that he termed as ‘scurf’ [1] to describe what we now term as biofilms.
Bacterial biofilms are defined as a collection of microorganisms that adhere to each
other on an inert or living surface within a self-produced matrix of extracellular
polymeric substance. Their importance in chronic infection was first described in the
early to mid-1970s [2], and the term biofilms was adopted soon after. A key feature
of the biofilm is the secretion of an extracellular polymeric matrix [3, 4]. In the
intervening years, biofilms have been intensively studied and are now recognised as
the major bacterial lifestyle predominant in a diverse range of ecosystems, making
them the most widely distributed mode of life on earth [4]. Biofilms impact on all
forms of life. Within the context of human health, they are associated with chronic
infections [5], involved in antimicrobial resistance mechanisms [6] and are respon-
sible for over half of all hospital associated infections via contamination of medical
devices and implants [7].

The intracellular concentration of the secondary messenger bis-(30–50)-cyclic
dimeric guanosine monophosphate (cyclic di-GMP) is highly correlated with the
transition between the sessile biofilm and the planktonic, free swimming bacterial
lifestyles [8–14]. The secondary messenger is now implicated in mechanisms as
diverse as bacterial virulence, adhesion and motility (Fig. 2.1); it was shown in a
large number of bacterial species to act at the transcriptional, translational and post-
translational level [14, 18–21].

Elevated intracellular levels of cyclic di-GMP can induce a change from the
planktonic lifestyle to a biofilm phenotype. Levels of cyclic di-GMP within the
bacterial cell are regulated by diguanylate cyclase GGDEF domain proteins (DGCs)
[22–25] which catalyse its synthesis (Fig. 2.1). Dispersal from the biofilm is associated
with decreasing levels of cyclic di-GMP, resulting in bacteria adopting a free swim-
ming phenotype [13, 14, 21, 26, 27]. Cyclic di-GMP specific phosphodiesterases
(PDEs) with either the EAL or the HD-GYP conserved sequence motif are responsible
for cyclic di-GMP hydrolysis to the linear molecule pGpG (Fig. 2.1); and in the case of
some HD-GYP domains, hydrolysis to monomeric GMP has been reported [14, 28–
31]. It is not uncommon to find proteins that possess both DGC and PDE domains
where both are active, or one of the two domains is degenerate and may play a
regulatory role [12, 32–36]. Moreover, these proteins typically contain one or more
signal-receptor domains or membrane-localising hydrophobic regions, which point to
their catalytic activity being regulated by environmental or cellular signals [13, 37].

The linear dinucleotide 50-phosphoguanylyl-(30,50)-guanosine (pGpG) has been
shown to inhibit EAL PDEs [38, 39] and thus can affect cyclic di-GMP levels; pGpG
has also been implicated to play a direct role in cellular signalling [30]. It was originally
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proposed that a second unknown PDE termed PDE-B was primarily responsible for
hydrolysis of pGpG to GMP [18]. Recently the oligoribonuclease Orn was identified to
hydrolyse pGpG in Pseudomonas aeruginosa [38, 40] and the authors provided data to
support the conclusion that Orn is the primary PDE-B for pGpG hydrolysis in
P. aeruginosa and that HD-GYP PDEs play a secondary role (Fig. 2.1). Other bacteria
lacking an Orn homologue have also been shown to possess genes that are functionally
analogous to Orn [41].

Here, we provide a short review of structural studies of the cyclic di-GMP specific
EAL domain class of phosphodiesterases, and the knowledge gained to date. We
summarise outstanding questions on the enzymatic mechanism and its regulation.
Further, we highlight current challenges and potential future research directions for
cyclic di-GMP specific PDEs.

2.2 The Road to the Structure and Catalytic Mechanism
of EAL Domain Cyclic di-GMP Phosphodiesterases

Cyclic di-GMP was first identified as an activator of cellulose biosynthesis in the
bacterium Gluconacetobacter xylinus by Ross et al. who also reported on its synthesis
with a diguanylate cyclase (DGC) and its degradation to pGpG by a Ca2+-sensitive
phosphodiesterase (PDE-A), followed by hydrolysis to GMP by a Ca2+-insensitive
phosphodiesterase (PDE-B) [18]. Following purification of these enzymes, genes
encoding six isoforms were isolated. Sequence analysis revealed their N-termini
presented domains similar to those found in various oxygen-sensing proteins, and
that the DGC and PDE-A proteins shared a conserved domain structure characterised
by GGDEF and EAL sequence motifs, respectively [42]. Subsequently, EAL-type
PDEs were discovered in Yersinia pestis, Vibrio cholerae, Salmonella enterica serovar
Typhimurium, Pseudomonas aeruginosa, Escherichia coli and Caulobacter
crescentus, and these were all shown to hydrolyse cyclic di-GMP [10, 11, 28, 32,
43]. Reaction rates for hydrolysis of cyclic di-GMP to pGpGwere in the order of 1 s�1

for kcat, and KM values range between 0.06 μM and 35 μM with Mg2+ or Mn2+

cofactors being required for EAL phosphodiesterase activity [28, 29, 32, 36, 44–47].
Early mutagenesis studies showed the glutamate in the EAL signature motif to

play an essential role in catalysis as exchange of this residue with alanine abolished
enzymatic activity [29, 32]. A systematic assessment of the roles of 14 conserved
polar residues on the activity of the EAL domain protein RocR from P. aeruginosa

Fig. 2.1 (continued) serve as guidelines rather than a precise reflection of the underlying regulatory
mechanisms of cyclic di-GMP synthesis and degradation as well as the many signalling pathways
regulated by cyclic di-GMP; e.g. different EAL and HD-GYP domain-containing proteins typically
possess N-terminal sensory domains which can be either embedded into the cytoplasmic membrane
or soluble in the cytoplasm. The representative structures used in the schematic are 4RUG (GGDEF
domain with GTP modelled as previously described [15]), 3N3T [16] (EAL) and 4MDZ [17]
(HD-GYP)
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was carried out by Rao et al. [44]. This study was aided by construction of a
homology model of the RocR structure from an EAL domain protein structure that
had been deposited with the PDB (PDB ID, 2R6O) but was unpublished. This EAL
domain protein from Thiobacillus denitrificans shared a 53% sequence identity with
RocR. The data allowed the identification of residues important for catalytic activity
and the proposal of a general base-catalysed mechanism involving a single Mg2+ ion.
This did not fully align with the structural results deposited in the PDB, which
revealed two metal sites in one of the subunits of the T. denitrificans enzyme. Rao
et al. [44] surmised at that time, based on their mutagenesis data that this second
metal was not essential for catalysis. They hypothesised that the presence of the
metal could be due to the high concentration of magnesium salt in the crystallisation
conditions but acknowledged that it was not possible to completely rule out involve-
ment of this second metal in catalysis.

The study was significant as it identified seven conserved residues essential for
catalysis, four of which were identified as being responsible for metal ion ligation.
The main functional residues are found in three conserved motifs (Fig. 2.2). Rao

Fig. 2.2 Classification of EAL domains based upon structural alignment of conserved sequence
motifs. Amino acids coloured in blue are involved in substrate binding, those coloured in green are
involved in the coordination of metal ions. E352, which acts as a metal ligand but was originally
proposed as a general base catalyst in RocR, is coloured in red. E268, which is proposed to stabilise
the β5EAL-α5EAL loop, is coloured in orange. The seven amino acids identified as essential for
catalysis by Rao et al. [48] are underlined. Residue numbering is based on RocR sequence. Adapted
from Römling [49]
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et al. [44] proposed that a conserved glutamate (E352 in RocR) acts as a general base
catalyst by deprotonating a water coordinated to the bound Mg2+ ion, generating a
hydroxide ion nucleophile which attacks the phosphate of the cyclic di-GMP to
generate pGpG. The work provided additional support for the importance of other
conserved motifs that had been implicated in enzymatic activity, in particular, the
DDFG(T/A)GYSSmotif identified by Schmidt et al. [28], which forms a loop (referred
to as ‘loop 6’ by Rao et al. [48]). On elucidation of the structure of the EAL domain this
loop in fact connects β-strand 5 to α-helix 5 of the central barrel in the EAL domain
structure and therefore from here on is termed the “β5EAL-α5EAL loop” [45, 50]. The
structural homology model led to the proposals that the two conserved aspartate
residues in this motif directed substrate binding and potentially played a role in metal
ion binding. This was supported by substitution of a conserved glutamate (E268) with
an alanine, which abolished enzyme activity; E268 was proposed to be important in
stabilising the conformation of the β5EAL-α5EAL loop and thus indirectly affects the
conformation of the two conserved aspartates implicated in metal binding.

Rao et al. [48] continued to probe the proposed role of the β5EAL-α5EAL loop in
substrate binding and catalysis. This work focussed again on RocR and additionally
the EAL domain protein PA2567 from P. aeruginosa. Site directed mutagenesis
studies showed effects on substrate binding and oligomeric state, leading to a
significant decrease in enzyme activity. The data provided the basis for further
mutagenesis studies on an inactive EAL domain protein which forms part of the
Acetobacter xylinus diguanylate cyclase 2 protein. This EAL domain protein con-
tains a degenerate β5EAL-α5EAL loop (N473FGKGITVL) and they could, by partially
restoring the motif with a triple mutation (Asn473Lys476Ile478 to Asp473Thr476Tyr4

[51]), reactivate cyclic di-GMP PDE activity.
The seminal work by Rao et al. [44, 52] highlighted an important role for the

β5EAL-α5EAL loop in the quaternary structure of EAL domains that affected metal
and substrate binding and pointed to the significance of the conserved motif DDFG
(T/A)GY in the loop for PDE activity. Rao et al. also classified EAL domains based
on sequence (Fig. 2.2): class I possess all conversed residues implicated in catalysis
are active PDEs; class II also retaining conserved catalytic residues but possessing a
degenerate β5EAL-α5EAL loop and were predicted to be inactive; and class III lacking
at least one conserved catalytic residue, the majority of which possess a degenerate
β5EAL-α5EAL loop and are predicted to be inactive [48].

2.3 The First Structures of EAL Domain Proteins

The apo structures of the EAL domain proteins YkuI from Bacillus subtilis (PDB ID,
2BAS) and TBD1265 from Thiobacillus denitrificans (PDB ID, 2R6O) were depos-
ited with the Protein Data bank [53] in 2005 and 2007, respectively. The overall fold
of these structures showed a variation of the classic TIM (βα)8 barrel in which the
first beta strand was reversed, giving rise to an αβ(βα)7 barrel topology, Fig. 2.3a.
This results in an eight stranded central barrel with β1 running antiparallel. The two

32 D. Bellini et al.



F
ig
.2
.3

C
ry
st
al
st
ru
ct
ur
es

of
E
A
L
do

m
ai
ns
.(
a)

T
op

ol
og

y
di
ag
ra
m
of

th
e
T
.d
en
itr
ifi
ca
ns

T
B
D
12

65
E
A
L
do

m
ai
n.
T
he

β5
E
A
L
-α
5 E

A
L
lo
op

is
hi
gh

lig
ht
ed

in
pi
nk

an
d
th
e
di
m
er
is
at
io
n
he
lix

α6
in
or
an
ge
.T

he
fi
rs
tβ
-s
tr
an
d
w
hi
ch

ru
ns

an
tip

ar
al
le
lt
o
th
e
st
ra
nd

s
th
at
fo
rm

th
e
ba
rr
el
co
re
is
in
lig

ht
bl
ue
.(
b)

O
rt
ho

go
na
lv
ie
w
s
of

th
e
T
.d
en
itr
ifi
ca
ns

T
B
D
12

65
E
A
L
do

m
ai
n
in

ri
bb

on
re
pr
es
en
ta
tio

n.
S
ec
on

da
ry

el
em

en
ts
ar
e
hi
gh

lig
ht
ed

w
ith

co
lo
ur
s
as

in
(a
).
(c
)
T
he

ca
no

ni
ca
lE

A
L
do

m
ai
n

di
m
er
of

K
.p
ne
um

on
ia
e
B
lr
P
1
sh
ow

n
in
ri
bb

on
re
pr
es
en
ta
tio

n
hi
gh

lig
ht
in
g
th
e
‘c
om

po
un

d’
he
lix

5
an
d
th
e
di
m
er
is
at
io
n
he
lix

6,
w
hi
ch

fo
rm

th
e
di
m
er
in
te
rf
ac
e.

(d
)C

lo
se
d
an
d
of
fs
et
di
m
er
ar
ra
ng

em
en
ts
as

di
sp
la
ye
d
by

E
.c
ol
iY

ah
A
E
A
L
an
d
P
.a
er
ug

in
os
a
P
A
38

25
E
A
L
st
ru
ct
ur
es

(P
D
B
co
de
s
4L

J3
an
d
5M

F
5,
re
sp
ec
tiv

el
y)

2 Structure and Regulation of EAL Domain Proteins 33



N-terminal β-strands and two α-helices contribute to the formation of a lobe adjacent
to the barrel which may contribute to nucleotide binding [54] (Fig. 2.3b).

The structural and biochemical characterisation of these important enzymes,
however, remained unpublished until 2009 (YkuI) [50] and 2010 (TBD1265) [16],
and hence the biochemical work on RocR and PA2567, based on a homology model
from the TBD1265 template structure stood on its own, leading to the initial proposal
of a one-metal ion catalysis mechanism for cyclic di-GMP specific EAL domain
PDEs [44].

During 2009, structures of three EAL domain proteins bound to cyclic di-GMP
were determined; these were B. subtilis YkuI which appeared first [50], followed
shortly after by BlrP1 from Klebsiella pneumoniae [45] and lastly FimX from
P. aeruginosa [54]. YkuI possesses a class II EAL domain protein for which no
enzymatic activity has been detected to date (due to a degenerate β5EAL-α5EAL loop,
thus “activation” by terminal signalling domains cannot be ruled out) and a C-terminal
Per-Arnt-Sim (PAS) domain [55]. It was targeted as part of a structural genomics
programme to structurally characterise EAL domain proteins. BlrP1 is a photoreceptor
consisting of a BLUF (Blue Light Using Flavin) sensor domain [56, 57] and an active
class I EAL domain. FimX has been characterised as a high affinity cyclic di-GMP
receptor regulating bacterial swarming and twitching motility in P. aeruginosa, and
was implicated in regulation of biofilm formation [58, 59]. The multi-domain FimX
protein contains a degenerate DGC and a class III EAL domain, where the proposed
catalytic base glutamate (identified earlier in the RocR homology model) is replaced by
proline and conserved residues required for metal coordination are also absent, con-
tributing to a degenerate β5EAL-α5EAL loop motif. Interestingly, even in the absence of
bound metal ions, cyclic di-GMP binds in a similar fashion to class I and II EAL
domain structures [54]. However, further structural analysis of FimX from
Xanthomonas citri [60] revealed cyclic di-GMP to be bound with one guanine base
in a syn conformation versus both guanine bases being in the anti-conformation as seen
in the structures of the EAL domain structures of BlrP1, YkuI, TBD1625 and
P. aeruginosa FimX. Thus the data show that the binding of cyclic di-GMP is
consistent between different proteins, but nucleotide binding interactions vary as a
result of minor variations in protein structure and there is the potential for differences in
conformation of the cyclic di-GMP coordinating moieties [16, 35, 36, 45, 50, 54, 60].

The class I and II EAL domain-containing proteins crystallise primarily as dimers
(Table 2.1; Fig. 2.3c, d). In the most common or classical dimer, the monomer
subunits are arranged antiparallel, generating a dimer interface consisting of two
antiparallel helices and a so-called ‘compound helix’ [45] (Fig. 2.3c). The latter is
formed by two helical loop regions, one from each of the EAL domain subunits,
whose amino-termini meet end to end to generate the compound helix. The cyclic di-
GMP nucleotide substrate, when present, binds in an extended conformation at the
C-terminal end of the beta barrel. A number of alternative dimer configurations have
been described from crystallographic analysis but the biological significance of these
is not yet clear (Fig. 2.3d).

The majority of substrate-bound structures (whether bound toMg2+, Mn2+ or Ca2+)
display two metal ions that interact with cyclic di-GMP (Fig. 2.4a–c). The first metal
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Table 2.1 Summary of EAL domain structures deposited with the PDB

No metal
Cyclic di-
GMP

No metal
No substrate

1 metal
(M1)
No substrate

1 metal (M1)
Cyclic di-GMP

2 metals
(M1 & M2)
Cyclic di-
GMP

1–3 metals
(M1, M2,
M3)
pGpG

Monomeric
FimX-EAL
(3HV8)
FimX-EAL
(4FOJ)
FimX-EAL
(4FOU)
FimX-EAL
(4FOK)
FimX-EAL
(4F3H)
FimX-EAL
(4F48)
LapD-EAL
(3PJW)
LapD-EAL
(3PJX)
LapD-EAL
(3PJU)
Dimeric
BlrP1
(3GFY)
cRbdA
(5XGE)
LapD-EAL
(3PJT)

Monomeric
CC3396-EAL
(3S83)
DosP-EAL
(4HU3)
MorA-
GGDEF-EAL
(4RNF)
LapD-EAL
(3PFM)
FimX-EAL
(3HV9)
Dimeric
DosP-EAL
(4HU4)
Lmo0131-EAL
(4Q6J)
MorA-EAL
(4RNJ)
MorA-EAL
(4RNI)
PA3825-EAL
(4Y9M)
PA3825-EAL
(4Y9N)
PA3825-EAL
(4Y9O)
cRbdA
(5XGD)
cRbdA
(5XGB)
YahA-EAL
(4KIE)
YkuI (2BAS)
FimX-EAL
(4AG0)
FimX-
GGDEF-EAL
(4J40)
STM1697-
FlhD (5HXG)
YdiV-EAL
(3TLQ)
Tetrameric
YdiV-FlhD
(4ES4)

Dimeric
Mg2+

DcpA-EAL
(5YRP)
TBD1265-
EAL
(2R6O)
YahA-EAL
(4LYK)
Ca2+

Lmo0111
(3KZP)
PA0575
(5M3C)
PA3825-
EAL
(4Y8E)
Tetrameric
Mg2+

RocR
(3SY8)

Dimeric
Mg2+

MorA-
GGDEF-EAL
(4RNH)
Ca2+

Blrp1_B
(3GFX)
YkuI_AB
(2 W27)

Dimeric
Mn2+

Blrp1
(3GFZ)
Blrp1
(3GG0)
Mg2+

MucR-EAL
(5M1T)
PA3825-
EAL
(5MF5)
TBD1265-
EAL
(3N3T)
Ca2+

Blrp1_A
(3GFX)
Blrp1
(3GG1)
CC3396-
EAL (4HJF)
PA3825-
EAL
(4Y9P)
PA3825-
EAL
(5MKG)
YahA-EAL
(4LJ3)

Dimeric
Mn2+, Na+

PA3825-
EAL (5MFU)
3xMg2+

CC3396-
EAL (3U2E)
1xMg2+

FimX-EAL
(4AFY)a

aThe Mg2+ binding site is displaced by 5.9 Å to that observed in all other EAL domain structures
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site, M1, is coordinated by the side chains of the first Asp residue within the conserved
DDFGTG motif (labelled D646 in Fig. 2.4b, with numbering corresponding to
T. denitrificans TBD1265), and additionally by the Glu residue of the signature EAL
motif (E523), side chains of conservedAsn andGlu residues (N584 and E616), a cyclic
di-GMPnon-bridging phosphate oxygen, and ametal bridgingwater. The secondmetal
site, M2, is coordinated by another non-bridging cyclic di-GMP phosphate oxygen,

Fig. 2.4 Metal binding by EAL domains and their role in catalysis. Detailed views of the metal
binding sites of the active class I EAL domains of BlrP1 (a) and TBD1265 (b) and the inactive class
II YkuI EAL domain (c) all with substrate (cyclic di-GMP) bound. Catalytic residues are shown in
stick representation, and the metal ion species are labelled and shown as spheres. The metal
bridging water nucleophile, present in the structures of BlrP1 and TBD1265, is shown as a red
sphere. Cyclic di-GMP (CdG) is shown in semi-transparent stick representation, carbon atoms in
cyan. Metal coordination and hydrogen bonds are highlighted by yellow dashes. (d) Detailed view
of the three metal binding sites in the CC3396EAL-pGpG ternary complex. The β5EAL-α5EAL loop is
highlighted in green in (a–d). (e) Structural superposition of the pGpG molecules complexed to
PA3825EAL (purple) and CC3396EAL (orange). Metal ions are shown in spheres and coloured
accordingly to the pGpG molecules. (f) Schematic of proposed EAL domain catalytic mechanism
involving three metal ions
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coming from the same group that also coordinates M1, as well as the metal bridging
water and an aspartate (D646), the second aspartate of the conserved DDFGTG motif
(D647, Fig. 2.4b) and the conserved glutamate thatwas initially proposed as the general
base catalyst (E703 in TBD1265, or E352 in RocR) [16, 35, 36, 45, 50].

Based on the structures of the EAL domains of BlrP1 and TBD1265, where two
metal sites were identified (Fig. 2.4a, b), a two metal catalysis mechanism for cyclic
di-GMP hydrolysis was proposed. The proposed mechanism aligns with other cyclic
nucleotide phosphodiesterases and proposes that the metal bridging water is acti-
vated by deprotonation and acts as nucleophile [61, 62]. However, the individual
function of the metals may differ due to differing active site geometries [16]. In the
classical two-metal ion mechanism, both metals interact with the same phosphate
oxygen but with one metal involved in activation of the bridging water molecule and
the other in stabilisation of the pentacovalent intermediate and formation of the
leaving group (O30) [62]. From structural studies on BlrP1 and TBD1265, both
metals were inferred to be involved in activation of the metal bridging water
molecule and the stabilisation of the pentacovalent intermediate. The highly con-
served lysine residue (K667 in TBD1265 and K323 in BlrP1) is also proposed to
contribute to activation of the metal bridging water for subsequent nucleophilic
attack. A bound water molecule was identified in both, BlrP1 and TBD1265, close
to the O3 of the bound cyclic di-GMP and coordinated by the second aspartate of the
conserved DDFGTG motif (D303 in BlrP1, D647 in TBD1265); suggesting that this
water protonates the O30 leaving group [16, 45].

Barends et al. [45] were able to probe the structural basis of increasing PDE
activity in the photoreceptor BlrP1 with increasing pH or exposure to light, as well as
the structural basis for activation by magnesium/manganese and inhibition by
calcium. Through a series of structures in the presence of manganese ions over a
wide pH range (6.0–9.0) they observed a decrease of the manganese metal–metal
distance, going from lower to higher pH values; correlated to this, the metal bridging
water was observed closer to the bimetallic centre. This suggested that both metals
strongly bind the water and polarise it, ultimately leading to its transformation to a
hydroxide ion. Mn2+ is a stronger Lewis acid than Mg2+ which explains the
enhanced enzymatic activity in the presence of manganese with respect to magne-
sium. The structural perturbations in the Ca2+ complexes at the metal binding centre
disrupt binding of the metal bridging water and affect both the activation of this
water and its position, suggesting it was no longer able to perform a nucleophilic
attack of the phosphorus atom of cyclic di-GMP.

Interestingly, changes in pH also led to structural changes at the EAL dimer
interface that impact the ‘compound’ helix containing the first two conserved
aspartates of the DDFGTG motif, thus affecting coordination of the M2 metal
binding site. Exposure of BlrP1 to light resulted in a fourfold increase in cyclic di-
GMP PDE activity, and structural changes in the BLUF domain were proposed to be
transmitted through the EAL-EAL dimer interface using a similar mechanism.

The first described structure of an active cyclic di-GMP PDE EAL domain protein,
BlrP1, hence revealed a two-metal-ion catalytic mechanism for cyclic di-GMP hydro-
lysis that was supported by the structure of TBD1265, another active class I EAL

2 Structure and Regulation of EAL Domain Proteins 37



domain PDE. The structure of BlrP1 also revealed the structural basis for pH and light
activation and identified a conserved dimerisation interface that was also seen in
TBD1265 and YkuI, a class II EAL domain PDE (Fig. 2.3c).

Based on the structure of YkuI, Minasov et al. [50] highlighted structural
differences in the conserved dimerisation interface resulting in nonideal conforma-
tions of conserved catalytic residues. Hence, they provided a structural basis for the
observed lack of YkuI activity. Invoking a mechanism of regulation similar to BlrP1,
the PDE domain of YkuI could potentially be activated by a structural displacement
of D152, the first aspartate of the conserved DDFGTGmotif, through a change in the
dimer interface [50]. In summary, these data revealed the structural basis for
distinguishing the three proposed classes of EAL domain PDEs based on the site
directed mutagenesis studies and sequence analysis by Rao et al. [48]. These studies
have laid the basis for the current understanding of the regulation of the EAL domain
PDE superfamily.

2.4 EAL Domain PDE Activity, Regulation and Diversity

The EAL domain PDE superfamily is widespread in bacteria, with the majority of
proteins containing additional N-terminal sensory or regulatory domains such as
REC, PAS, GAF and BLUF [12, 13, 63]. EAL domains are commonly found in
tandem with the diguanylate cyclase GGDEF domains where both enzymes can be
active, or one or both are inactive, then invoking a regulatory role, acting as cyclic
di-GMP receptors [13, 32, 64–66].

Structural studies pointed at an astonishing diversity within the EAL domain
superfamily. The blue light-regulated EAL domain-containing phosphodiesterase
1 (BlrP1) of K. pneumoniae was the first system to be comprehensively
characterised, involving a combination of hydrogen-deuterium exchange experi-
ments (HDX) and small-angle X-ray scattering (SAXS) to structurally characterise
different BlrP1 functional states. This approach allowed Winkler et al. [47] to probe
local and global conformational changes in BlrP1 structure and to understand the
allosteric regulation of PDE activity and the light signalling by BLUF domains.
Their work provided evidence for an allosteric bidirectional communication between
the flavin binding site in the BLUF domain and the metal coordination at the active
site of the EAL domain PDE.

A key role in regulation of EAL PDE activity falls to the compound helix,
involved in dimerisation, and the β5EAL-α5EAL loop which contains the DDFGTG
motif [45, 48, 50]. The HDX experiments allowed the authors to map structural
changes in BlrP1 by probing substrate-free states of dark- and light-activated BlrP1
in the presence of magnesium, as well as BlrP1 in the presence of substrate by
inhibition with Ca2+ also under dark and light conditions. These data allowed the
pinpointing of regions involved in inter-domain communication and validated the
role of previously proposed structural elements that were inferred to be important for
signal transduction [45, 48, 50]. In particular, light-induced perturbations in metal
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coordination within the EAL domain and changes in secondary structural elements
in close proximity to the flavin binding site in the BLUF domain. The HDX data
highlighted the key role played by the BLUF domain C-terminal capping helices
communicating the light signal to the compound helix at the EAL-EAL dimer
interface region [47]. Furthermore, substrate and calcium binding to the EAL
domain was also shown to affect the BLUF domain revealing a bidirectional
communication between the BLUF and EAL domains [47].

Previous structural work has shown binding of substrate to the EAL domain
results in no significant structural changes [16, 50, 54], which raised the possibility
of inter-domain rearrangements to be associated to the coupling of the BLUF and
EAL domains. This hypothesis was tested by a combination of SAXS and normal
mode analysis (NMA) of dark- and light-activated BlrP1 in the presence of magne-
sium. Structural differences between the dark-state BlrP1 solution structure and the
previously determined crystal structure [45] were attributed to a clamshell-like
opening of the EAL domains. Moreover, this aligned with the varying degrees of
opening observed between the EAL domain monomers in the EAL dimer structures
determined at that time [16, 45, 46, 50, 67] (YkuI [50] presented the most closed
state whilst DosP [46] the most open clamshell-like state). The light-induced differ-
ences in the solution state could be explained by a twisting motion that results in a
fine-tuning of the orientation of the BLUF domains to the EAL domains which also
impacts on the opening and closing of the EAL dimer. In summary, the EAL dimer
conformational flexibility can be assigned to have a central regulatory role which is
controlled primarily by the conformational state of the compound helix/β5EAL-α
5EAL loop due to its central location in the clam-like opening and closing of the EAL
dimer.

A further confirmation of a regulatory role for EAL domain dimerisation was
provided shortly after through a detailed structural and functional analysis of the
isolated EAL domain of YahA from E. coli [36]. Dimer formation of YahA was
concentration dependent, and in an elegant experiment it was shown that the YahA
dimer was required for PDE activity through the dependence of activity on enzyme
concentration. Site directed mutagenesis supported the findings, where an S298W
mutation was introduced that was unfavourable to dimer formation, through the
added steric hindrance. The dimer equilibrium was sensitive to the presence of
substrate, and PDE activity in the mutant was significantly reduced without affecting
substrate binding affinity. In conclusion, the conformations of the β5EAL-α5EAL loop
together with the other loops associated with forming the dimer interface (β4-α4
preceding the compound helix/β5EAL-α5EAL loop, and the loop following from the
α6 compound helix) are linked; they are strongly influenced by the quaternary and
liganded state of the EAL domain. This delineates a pathway that transfers structural
information between the active site and the EAL dimer interface with a key role
played by the β5EAL-α5EAL loop. Another example of the importance of the EAL
dimer interface was provided by structural studies of the Escherichia coli DosP EAL
domain for which structures of the apo-enzyme revealed the active site to be
sterically restricted by a short helical stretch in the β3-α3 loop. The conformation
of this loop was proposed to be influenced by changes at the dimer interface and
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suggested to be a regulatory mechanism for DosP activity [46]. Overall these
structural changes ultimately impact metal binding and provide a structural basis
for regulation of PDE activity that is fine-tuned by the conformation of the EAL-
EAL monomer arrangement in the EAL domain canonical dimer.

Other works have shown that this regulatory mechanism is conserved also in
degenerate EAL domains. In the case of LapD from Pseudomonas fluorescens [68]
which contains both degenerate DGC and PDE domains, structural studies revealed
a canonical EAL domain dimer with the structural conformation of the β5EAL-α5EAL
(termed the switch loop in this study) influenced by its cyclic di-GMP ligated state in
a somewhat analogous manner to BlrP1 and YahA [66, 69].

The large number of GGDEF-EAL tandems and the resulting ‘enzymatic conun-
drum’ of having opposing enzymatic action have attracted a lot of focus and a
number of tandem structures have been determined [35, 54, 66, 70, 71]. The first
structural analysis of a bifunctional GGDEF-EAL tandem was provided by the
structure of the isolated GGDEF-EAL tandem of the P. aeruginosa motility regula-
tor A (MorA) [35] and provided further data to confirm the importance of the
quaternary state of both enzymes. Of interest here is the wealth of additional
structural data that were obtained to explain regulation of the PDE activity of
MorA. Structures of the isolated EAL domain in the presence and absence of
substrate presented the canonical EAL dimer. However, comparison of these struc-
tures with structures obtained of the tandem GGDEF-EAL domains in the presence
and absence of nucleotide provided a clearer view of the structural basis for the
regulatory role of the β5EAL-α5EAL loop. In the inactive state structures, the α5 helix
is extended and displaces the DDFGTG motif from the active site, precluding the
binding of metal ions required for PDE activity (Fig. 2.5). As the extension of the α5
helix inactivates the EAL domain, they termed this helix the repressor helix

Fig. 2.5 Conformation of the β5EAL-α5EAL loop and its role in regulation of EAL domain activity.
(a) Ribbon representation of the P. aeruginosaMorA-EAL domain in complex with cyclic di-GMP
and magnesium ions highlighting the conserved aspartates of the DDFG(T/A)GYSS motif and their
role in metal binding. The zoom panel shows a close-up of the conformations of the α5 helix and
β5EAL-α5EAL loop in the MorA apo-structure (cyan) and the MorA:CdG:Mg ternary complex (grey/
pink). In the apo-structure, the α5 helix is extended and changes the conformation of the conserved
aspartates disrupting metal binding. (b) Schematic of the structural change in the α5 helix and
β5EAL-α5EAL loop upon dimerisation and the role of the modulated amino acids in the DDFG(T/A)
GYSS motif. Adapted from Phippen et al. [35]

40 D. Bellini et al.



(R-helix). Conversely, the R-helix is shortened in the EAL dimer structure which
leads to the DDFGTGYSS motif (β5EAL-α5EAL loop) taking up an extended con-
formation allowing it to contribute to the formation of the active site, with the two
conserved aspartates acting as metal ligands. The conserved YS residues of the
β5EAL-α5EAL loop were also identified to play an important structural role in dimer
formation which is proposed to stabilise the extended conformation of the loop to
activate the EAL domain (Fig. 2.5).

2.5 How Many Metals Are Really Required for EAL
Domain Activity?

EAL domain proteins are typically observed as dimers with substrate bound. This is
surprising as dimerisation is required for activity, and divalent metal ions are
observed in many of these structures, known to be essential for activity. Indeed,
the substrate is not hydrolysed to pGpG, suggesting that further regulatory factors
must be required for PDE activity.

A structural study of two EAL domain proteins from P. aeruginosa PA1727
(MucR) and PA3825 provided further clues to resolve this conundrum [72]. PA3825
is a two-domain cytoplasmic protein consisting of a structurally uncharacterised N-
terminal CSS domain with homology to the extracellular receptors of bacterial
dimeric histidine kinases and a C-terminal EAL domain. PA1727 (MucR) is a
bifunctional transmembranous DGC-PDE enzyme regulating alginate biosynthesis
and biofilm dispersal [73, 74]. Both the DGC GGDEF and PDE EAL domains are
catalytically active, with the production of cyclic di-GMP proposed to be necessary
to promote alginate synthesis by activation of the regulatory periplasmatic protein
Alg44 [73–75].

Structures of the isolated EAL domains of PA1727 and PA3825 (MucREAL and
PA3825EAL) in different metal binding states, with or without substrate or product,
aligned with previous structural work as they provided further evidence for the link
between dimerisation and the formation of metal binding sites [35, 36,
72]. Crystallisation of PA3825EAL in the presence of cyclic di-GMP and Mn2+

ions produced a structure of PA3825EAL bound to its product (pGpG) and, for the
first time suggested that more than two metal ions might be required for PDE activity
of EAL catalysed cyclic di-GMP hydrolysis (Fig. 2.4d).

The PA3825EAL pGpG complex revealed a novel metal binding site in which
pGpG directly contributes to metal coordination through its phosphorus non-bridg-
ing oxygens and ribityl O20 leaving group. The octahedral coordination of the metal
is completed by the conserved aspartates of the DDFGTG motif (D160, D161 in
PA3825EAL) and two water molecules. Independent support for this additional
metal binding came from another EAL domain protein structure that had been
deposited with the PDB (PDB ID, 3U2E): the isolated EAL domain of the
Caulobacter crescentus DGC-PDE tandem protein CC3936 (CC3396EAL) was
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observed with bound Mg2+ ions in the active site and product pGpG (Fig. 2.4d). The
pGpG complexes of PA3825EAL and CC3396EAL are virtually identical for product
binding (Fig. 2.4e). Metal binding in the novel binding site differed, as PA3825EAL

was deposited with sodium (Na+), whilst magnesium (Mg2+) was assigned for
CC3396EAL; further, two bound metals were observed in the crystal structure of
the PA3825EAL pGpG complex, namely Na+ and Mn2+ ions, whereas three Mg2+

ions were observed in the CC3396EAL pGpG complex (Fig. 2.4e). The two inde-
pendently determined crystal structures validated a third metal binding site (M3) in
close proximity to the hydrolysed phosphodiester bond in addition to the well
characterised M1 and M2 metal binding sites observed in all active class I EAL
domain proteins. The location of the M3 site led to the hypothesis that the M3 metal
stabilises the negatively charged transition state formed during hydrolysis of cyclic
di-GMP to pGpG, which is supported by the involvement of the non-bridging
phosphate oxygens of pGpG in metal coordination (Fig. 2.4d, f).

At this point, it is helpful to draw in the structurally unrelated HD-GYP phos-
phodiesterases that also hydrolyse cyclic di-GMP [17, 30, 31, 76]. Evidence for the
requirement of three metal ions in catalysis was provided by the first structurally
characterised active HD-GYP domain from Persephonella marina (PmGH): a novel
trinuclear metal centre was observed within the active site of this PDE [17]. Further,
parallels can be drawn with endonucleases where three metal ions have recently been
described as required for nucleotide hydrolysis [77]: initially, a two-metal-ion
mechanism was proposed for endonucleases with the limited structural data avail-
able at that time [78], later kinetic analysis of the T5 flap endonuclease revealed the
enzymatic mechanism to be more complex and requiring three metal ions for
hydrolysis [77].

The structural data from the isolated EAL domains of PA1727 (MucR) and
PA3825 therefore point towards a further level in the regulation of cyclic di-GMP
specific EAL domain activity. A series of regulatory checks ultimately culminate in
catalytic activity, encompassing EAL domain dimerisation, structural changes at the
dimer interface and metal binding in the presence of substrate and product. Further
work, potentially through the use of global kinetic analyses as demonstrated for
endonucleases [79], may fully dissect the roles of the three metal ligands in catalysis.

The very different conformation observed for pGpG in an earlier P. aeruginosa
FimX structure [80] is not easy to rationalise in this context, in particular as the
pGpG conformation differs vastly from all structurally characterised EAL domain:
cyclic di-GMP complexes—the guanine bases do not align with either the substrate
complex or the product complexes reported for PA3825EAL or CC3936EAL that in
themselves superpose well [72] (Fig. 2.4e). FimX has been reported to show very
low levels of PDE activity but only in the presence of divalent metal ions (Mg2+,
Mn2+) and somewhat enhanced in the presence of guanosine-50-triphosphate (GTP)
[59]. As FimX possesses a class III EAL domain lacking some of the conserved
residues essential for metal binding and catalysis (Fig. 2.2), the EAL domain is
primarily considered as a cyclic di-GMP receptor [51, 54, 60, 81].
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2.6 Outlook

A wealth of structural and functional data for the EAL-type PDEs has now been
gathered. Open questions remain with regards to the precise role and number of
metal ions required for catalysis, similar to HD-GYP type PDEs. Even more
importantly, we need to understand the physiological context in which cellular and
environmental signals regulate PDE activity. Although biofilm dispersal is associ-
ated with a decrease in cyclic di-GMP levels and hence probably linked to an
increase of EAL activity, the precise mechanism by which this occurs will require
further investigation.

The complexity is aptly illustrated by genomic analysis of P. aeruginosa that
revealed 41 proteins with GGDEF/EAL/HD-GYP domains [33], implicated to
regulate levels of cyclic di-GMP [82]. Of these, 17 have GGDEF domains, 5 with
EAL domains, 3 with HD-GYP domains, and 16 with both GGDEF and EAL
domains [33, 83]. Some of the proteins contain catalytic domains that are degenerate
and devoid of catalytic activity, and it will be interesting to see whether they simply
act as sensors, or can dimerise with active PDEs or DGCs to regulate their function.
Further, most of the proteins contain N-terminal regulatory domains or transmem-
brane localisation segments. We are only at the beginning of understanding the
diversification of this large family of proteins, explaining why P. aeruginosa has
such a large set of GGDEF/EAL/HD-GYP domain-containing proteins.

It is now well accepted that nitric oxide (NO) can induce biofilm dispersal
[84]. NO is currently being investigated to help combat clinical biofilm infections,
with a recent proof-of-concept study conducted with inhaled NO gas administered to
cystic fibrosis patients with chronic P. aeruginosa infection, in combination with
conventional intravenous antibiotic therapy [85]. Fluorescent in situ hybridisation
(FISH) analyses indicated a significant reduction in P. aeruginosa biofilm volume.
As such, preclinical research on many NO-related anti-biofilm therapies, including
targeted NO-releasing prodrug compounds, is also underway [86–88].

In some bacterial species, such as Shewanella woodyi, H-NOX (haem-nitric
oxide/oxygen binding) domains are conserved haemoproteins that are NO sensors
and are often found adjacent to GGDEF and EAL domains [89]. Binding of NO to
H-NOX proteins activates PDE activity and decreases cyclic di-GMP. However,
whilst H-NOX proteins are not present in P. aeruginosa, a novel family of
haemoproteins called NO sensing proteins (NosP) has been identified [90, 91]. In
P. aeruginosa, NosP is found in the same operon as PA1976 (NahK), a histidine
kinase that was shown to be associated with biofilm regulation [92]. In their model,
the authors proposed that NO binding to NosP inhibits NahK and thus
phosphotransfer to histidine-containing phosphotransfer protein HptB, resulting in
biofilm dispersal. In P. aeruginosa, further proteins with GGDEF and/or EAL
domains may be potential players in the NO-induced dispersal response, including
FimX, MorA, RocS1, RbdA, DipA, NbdA, MucR, PA0575, PA1181, and PA2072
[74, 93, 94]. RbdA and DipA have PAS domains, whilst MucR and NbdA have
MHYT domains, a domain with seven predicated transmembrane helices and thought
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to have a putative function to sense diatomic gases including oxygen, carbon monox-
ide and NO [74, 95, 96].

As demonstrated with the biofilm dispersal molecule NO, work into dissecting
the complex signalling networks involved in biofilm regulation continues to pro-
gress, and the knowledge gained is being applied in the clinic. A directed structural
and functional approach is required in understanding the molecular mechanisms of
cyclic di-GMP signalling and, of relevance here, how EAL PDE activity is fine-
tuned to provide the desired functional output. The structural challenge this presents
is still daunting but with the continued improvements in crystallographic data
acquisition and analysis coupled with the rise of Cryo-Electron microscopy [97],
these challenges are ripe for resolving.
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Chapter 3
Insights into the Molecular Basis of Biofilm
Dispersal from Crystal Structures
of Didomain Containing Proteins

Julien Lescar

Abstract Biofilm formation by bacterial pathogens is a serious public health issue
because it increases resistance to antibiotics and significant efforts have been spent to
understand its molecular basis. Bis-(3050)-cyclic dimeric guanosine monophosphate
(cyclic di-GMP) is a second messenger involved in the regulation of bacterial
motility, virulence, and biofilm formation. The amount of cyclic di-GMP results
from the balance between its synthesis from GTP by diguanylate cyclases (GGDEF
domains) and hydrolysis by enzymes bearing the EAL or HD-GYP motif. In
bacterial genomes, GGDEF and EAL domains are frequently linked. This family
of proteins comprises N-terminal sensor domain(s) followed by a GGDEF and an
EAL domain. We call these proteins “didomain-containing proteins.” Here we
briefly review recent structural data on didomain-containing proteins that originated
from various investigators. Taken together, these structures suggest how the level of
cyclic di-GMP is allosterically regulated in response to the environment. Didomain-
containing proteins appear as key components in a network of molecular devices that
have evolved to detect and integrate various environmental signals. Upon signal
detection, evolutionary conserved helices adjust the quaternary structure of the
individual domains, leading to an adequate enzymatic activity and a contextually
optimal level of cyclic di-GMP.
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3.1 Importance of Cyclic di-GMP and Enzymatic Domains
Involved in Its Synthesis and Hydrolysis

Bacteria constantly need to adapt to external conditions and second messengers
found in their cytoplasm provide an internal representation of external conditions
they encounter. Original cues are amplified into intracellular signals that trigger
various metabolic changes such as the secretion of exopolysaccharides for the
formation of biofilms. Over the last fifteen years, the importance of several cyclic
dinucleotide second messengers such as bis-(3050)-cyclic dimeric guanosine
monophosphate (cyclic di-GMP) [1] for the regulation of several bacterial processes
such as motility, virulence, and biofilm formation has been well established [2–4]. A
high concentration of cyclic di-GMP correlates with a sessile lifestyle, while lower
concentrations of cyclic di-GMP as provoked by hydrolysis by PDEs, is associated
with biofilm dispersion and a planktonic lifestyle for the bacteria. The cellular
concentration of cyclic di-GMP is regulated by two sets of enzymatic domains
with opposite activities: GGDEF domain proteins (after the sequence of its active
site residues) with diguanylate cyclase (DGC) activity and EAL or HD-GYP domain
proteins, that are cyclic di-GMP-specific phosphodiesterases (PDEs) [4–6]. Two
GTP molecules are used as substrate for the synthesis of cyclic di-GMP: each GTP
molecule is bound by one GGDEF domain and to be enzymatically active, a two-
fold symmetric GGDEF dimer must be assembled such that the active (A) sites face
each other. GGDEF domains often comprise an inhibitory binding site that works
through feedback inhibition when cyclic di-GMP binds to this so-called I site. This
feedback binding I site includes the RxxD motif and leads to the inhibition of the
DGC activity [4, 7–9]. Hydrolysis of the cyclic di-GMP phosphodiester bond is
catalyzed by EAL or HD-GYP domains [4], respectively giving 50-pGpG or GMP as
products. Crystallographic studies demonstrated that active EAL domains must form
twofold symmetric dimers through an evolutionary conserved protein interface. This
interface comprises two alpha-helices (α5 and α6) and a regulatory loop from each
monomer (loop-6 also named β5-α5 loop) [10–14]. Thus, one major conclusion
derived from a wealth of structural and biochemical studies so far [8] is the
requirement for the formation of specific dimeric assemblies for both the GGDEF
and EAL domains, in order to form enzymatically active species capable of synthe-
sizing or hydrolyzing cyclic di-GMP, respectively.

Data mining in the genomes of pathogenic and nonpathogenic bacteria [5], has
revealed not only the presence of many proteins having either a GGDEF or an EAL
domain, but also of proteins whose C-terminal part comprise these two modules with
opposite enzymatic activity, fused via a linker region of approximately 20 amino
acids, and always in the order GGDEF-EAL. These fused proteins were named
“GGDEF-EAL dual domains, tandem domains or didomains.” Given their abun-
dance, they appear as important players in an intricate network of molecular devices
that control the level of cyclic di-GMP and as a consequence, biofilm formation [15–
31]. In several instances, didomains have only one or no enzymatic activity at all,
because one or both catalytic motifs were rendered inactive by mutation
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[16, 22]. The most studied example that illustrates this case is the FimX protein from
P. aeruginosa. FimX comprises inactive EAL and GGDEF domains and is thought
to only function as a cyclic di-GMP cellular sensor [23]. However, several proteins,
where both EAL and GGDEF domains are catalytically competent were reported
such as the diguanylate cyclase 1 (dgc-1) from Gluconacetobacter xylinus [26, 27],
the GGDEF-EAL proteins BphG1 from Rhodobacter sphaeroides [28], ScrC from
Vibrio parahaemolyticus [29], MSDGC1 from Mycobacterium smegmatis, or
Rv1354c from Mycobacterium tuberculosis [30]. In principle, given the presence
of intact active site motifs in their amino acid sequence, these didomain-containing
proteins are able to switch between DGC and PDE activity, upon receiving appro-
priate signals from the environment.

Pseudomonas aeruginosa is a useful model to understand the roles of didomain-
containing proteins: In the genome of P. aeruginosa strain PAO1, 16 proteins
containing a GGDEF-EAL didomain were identified including the RbdA protein
that was shown by genetic studies to play a key role in regulating biofilm dispersal,
via the breakdown of cyclic di-GMP catalyzed by its EAL domain. Examination of
several bacterial genomes indicates that GGDEF-EAL domains have been geneti-
cally fused to various regulatory and sensory domains that are located at the N-
terminal end. In response to external stimuli such as light or small ligands (e.g. O2,
NO, CO, and also quorum-sensing molecules, these sensor domains modulate the
didomain enzymatic activities (see refs. [3] and [4] for a review).

Several crystal structures determined recently [32–36] have enlightened the
molecular basis for the regulation of cyclic di-GMP metabolism by bacterial proteins
containing a GGDEF-EAL didomain. These data naturally also provide precious
information that can be in principle exploited for the design of small molecules with
a view to modulate biofilm formation or dispersal. A key conclusion from the
crystallographic studies is that a few key functional structural elements are consis-
tently used to control the activity of didomain-containing proteins, but the details of
the signaling pathways such as the signaling molecules are different. Below we
briefly review these structures that represent snapshots sampled out of a dynamic
ensemble of conformations, giving references to original work. We present in more
detail the structural work that was performed on the RbdA protein from
P. aeruginosa, which regulates biofilm dispersion. In the future, an interesting
challenge will be to obtain a complete set of 3D structures depicting each confor-
mational state for one didomain-containing protein, embedded in its native periplas-
mic membrane-bound environment.

3.2 Structural Data on Didomain Containing Proteins

3.2.1 LapD

Pioneering studies have been conducted by the Sondermann group on the LapD
protein from P. fluorescens [33]. LapD is a cyclic di-GMP sensor with a modular
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architecture that comprises a HAMP inside out relay module, a GGDEF domain
followed by an EAL domain. Neither the GGDEF nor the EAL domain has DGC or
PDE activity because of the presence of degenerate sequences at their respective active
sites [33]. The cyclic di-GMP binding site lies in the EAL domain. A key structural
observation from PDB accession code: 3PJV is that in the absence of cyclic di-GMP,
LapD is maintained in an off state by a helix named “signaling” or S-helix; This helix
is immediately N-terminal to the GGDEF domain that interacts with helix α6 of the
EAL domain. Thus, helix–helix interaction induces a closed structural arrangement of
the didomain and restricts dinucleotide access to the EAL active site. The authors
proposed that following cyclic di-GMP binding, this auto-inhibitory switch is released,
allowing the protein to form an EAL active dimeric structure [33].

3.2.2 MorA

MorA is a membrane-bound regulator of flagellar development and biofilm forma-
tion [37]. MorA comprises two active DGC and PDE domains. A crystal structure of
the GGDEF-EAL didomain of MorA (PDB access code: 4RNH) revealed a bilobe
structure maintained by canonical dimeric interactions between the EAL domains
[32]. No interactions were observed between the GGDEF domains, and their A sites
are facing away from each other suggesting an inactive DGC conformation [32]. The
region connecting the GGDEF to the EAL domain comprises 19 amino acids that
fold into an α-helix that Tews et al. named H-helix. This nomenclature was chosen to
emphasize that this helix is likely to function as a hinge region between the two
enzymatic domains [32]. However, only one conformation of the MorA protein
could be resolved in atomic details and the S-helix could not be visualized.

RbdA Is a Positive Regulator of biofilm dispersal of Pseudomonas
aeruginosa Proteins DipA (PA5017) and RbdA (see [34] and references therein)
are known to play major roles to regulate dispersion of P. aeruginosa. P. aeruginosa
is a major human pathogen that also serves as an important model to understand
biofilm formation in molecular details. We studied the RbdA protein (PA0861) from
P. aeruginosa to gain insight into how the enzymatic activity of didomain-
containing proteins, where both modules are potentially active, is regulated. Previous
work had shown that RbdA controls the transition from a sessile to motile lifestyle,
possibly upon detecting hypoxic conditions, by hydrolyzing cyclic di-GMP via its
EAL domain with PDE activity [34]. Lory et al. first investigated the role of the
PDE domain of RbdA in promoting biofilm dispersal by mutating the chromosomal
copy of the RbdA gene to alter the amino acids E585A, L586A, and L587A into the
PAO1 strain of P. aeruginosa. They first observed a significant increase in biofilm
formation for the corresponding triple mutant PDE-deficient strain. We observed a
wrinkled colony morphology for the RbdA triple mutant strain which is in agreement
with the role of RbdA as a negative regulator of EPS production proposed earlier by
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the Lory group. Therefore, hydrolysis of cyclic di-GMP by the EAL domain of RbdA
decreases biofilm formation. The topology of RbdA conforms to the overall scheme
depicted above: RbdA has two helical transmembrane-spanning regions spanning
residues 16–36 (TM1) and 204–225 (TM2) surrounding a putative cytoplasmic sensor
domain (Fig. 3.1). The RbdA cytoplasmic region (cRbdA) comprises a PAS domain
followed by a diguanylate cyclase (GGDEF) and an EAL domain at the C-terminal
end. In vitro, we observed that the addition of GTP allosterically stimulates the PDE
activity of cRbdA, leading to a several fold increase in Vmax at higher GTP
concentrations.

Both the GGDEF and ELL catalytic amino acid motifs are present in the protein
sequence, and as a result, we could demonstrate that cRbdA is active in vitro both as
a DGC and a PDE. Due to lack of detectable sequence homology with known sensor
domains, no function could be assigned with confidence to the N-terminal domain of
RbdA that comprises ~230 residues. Nonetheless, it is possible that the periplasmic
region of RbdA could act as a sensor of hitherto unknown specificity and structure.
We were able to determine a crystal structure of the cytoplasmic region of RbdA
unliganded at a resolution of 2.28 Å. In addition, the structures of cRbdA bound to
GTP/Mg2+ at its GGDEF active site and with the EAL domain bound to the cyclic
di-GMP substrate were determined. The cRbdA structure is a dimer with a bi-lobe
aspect where each monomer is related to the other by a dyad. The EAL regions form
a dimer but in an inactive conformation. Consistent with the observation that RbdA
forms stable dimers in solution; a large interface of 3844 Å2 becomes buried upon
dimer formation.

A crucial observation revealed by the crystallographic study was the presence of
an auto-inhibitory switch: This switch is formed by the S-helix immediately N-
terminal to the GGDEF domain that interacts with the EAL dimerization helix (α6-E)
of the other EAL monomer. As a result, the didomain is locked in an inactive
conformation. Presumably, GTP binding to the GGDEF active site triggers confor-
mational changes that propagate through the RbdA protein. In the absence of a high-
resolution crystal structure of the active state, one can only speculate that in this
active structure the PAS domain and S-helix would be shifted away from the
didomain and that the EAL domains reorient to form an active PDE dimer. This
gymnastic is made possible thanks to an α-helical region (H-helix) that links the
GGDEF to the EAL regions. So at present, we have neither a direct observation of
the PDE active form of RbdA nor of the complete transmembrane protein. This work
remains to be done to give us a complete picture of how sensing external conditions
lead to the appropriate conformation for RbdA.

The PAS domain of RbdA is composed of a six-stranded antiparallel β-sheet with
the addition of several short α-helices. It was proposed that the cavity defined by
several aliphatic side chains could bind small organic ligands, whose identity is not
known yet. Residues 255–360 of RbdA form the core of the PAS domain and are
preceded by an α-helix (residues 242–253). This helix is swapped with the symmet-
rically equivalent helix, which is buried in the PAS domain from the other monomer
(Fig. 3.1). These swapped helices contain an exposed hydrophobic patch that
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interacts with each other via the crystallographic dyad and form a short coiled-coil
structure. This coiled coil should run roughly perpendicular to the cytoplasmic
membrane (Fig. 3.1). At this point, we do not know whether the role of the PAS
domain of RbdA is to sense a small molecule or simply to promote dimerization.
Two alpha-helices are found at the C-terminal end of the PAS domain. These two
alpha-helices (“S-helices”) interact with the GGDEF domain and play a key role in
maintaining the protein in an inactive conformation by making contacts with the
EAL domain of the other molecule in the dimer. Given that these structural elements
have been evolutionary conserved (Fig. 3.2) it is tempting to believe that similar
mechanisms are at play for a large set of didomain-containing bacterial proteins.

The interaction between GTP and the A site of the GGDEF domains appears to
triggers a range of conformational changes in the didomain protein both locally and
globally that we studied using X-ray crystallography and SAXS:

We obtained the structure of a binary complex between the GGDEF domain of
RbdA and GTP/Mg2+ (Fig. 3.3). The Mg2+ ion is coordinated octahedrally via atoms
emanating from residues Asp455 from the GGDEF motif and Asp412 and neutralizes
the triphosphate group of GTP (Fig. 3.3). A comparison of the unliganded structure of
cRbdAwith the c-RbdA-GTP complex reveals some side chains repositioning: Lys525
(that makes a salt bridge with Asp412 in the native structure) and Arg529 shift to
neutralize the γ-phosphate group of GTP. The largest movements are found at the N-
terminal region of helix α2-G, which is displaced by more than 2 Å in order to
accommodate the triphosphate group of GTP. It was proposed that these movements
induced by GTP binding lead to whole domain reorientations, particularly the
rearrangement of the EAL domains into an active dimer. However, a challenge ahead
consists in describing these changes using X-ray crystallography and cryo-EM. Mean-
while, only a low-resolution solution SAXS study was performed that suggested the
occurrence of very large conformational changes in cRbdA upon GTP binding. As for
the in vitro observed DGC activity of cRbdA, but this is probably also true for PA0575,
the GGDEF domains do not appear to function as DGC in vivo. Rather the GGDEF
domain seems to function only asGTP sensor allosterically controlling the PDE activity.

Another helix named the “hinge helix” realizes the connection between the
GGDEF and EAL domains of RbdA. This α-helix is 37 Å long. We chose to retain
the nomenclature originally proposed by Tews et al. for the didomain-containing
protein MorA from P. aeruginosa and named this connecting helix H-helix [32]. In
LapD, a topologically equivalent helix is also found at the N-terminal end of the EAL
domain and is named α-0-E [33]. To confirm the role of the H-helix in controlling the
dynamics of the didomain, we compared the GGDEF-EAL didomains from MorA,
LapD, PA0575, and RbdA and found that indeed the H-helix allows the GGDEF
domain to adopt various orientations with respect to the EAL domain. As proposed
above, inter-domain flexibility is of paramount importance for the formation of
alternative EAL-EAL0 and eventually also GGDEF-GGDEF0 dimeric assemblies
even though DGC activity could be only an in vitro artifact that we observe using
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the isolated truncated recombinant protein. This large inter-domain reorientation could
preserve the twofold symmetry of the whole RbdA dimer, to go along the scheme
originally proposed by Monod-Wyman-Changeux some 55 years ago in their original
description of allosteric regulation of enzyme activity.

Fig. 3.3 Proposed mode for
the allosteric activation of
the PDE activity following
GTP binding to the GGDEF
domain. (a) The location of
GTP binding within the
GGDEF domain is shown.
(b) Detailed view of the
conformational changes in
RbdA following GTP
binding. A superposition of
the free (blue) vs
GTP-bound (white)
cytoplasmic RbdA
structures is shown
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3.3 Diffusible Signal Factor (DSF) and the DSF Receptor
Regulation of Pathogenicity Factor R (RpfR)

Numerous Gram-negative bacteria secrete diffusible signal factors (DSFs) such as
fatty acids. These molecules control various bacterial phenotypes such as virulence
and biofilm dispersal. In addition to the C-terminal GGDEF-EAL didomain, the
RpfR protein [35] comprises two N-terminal modules: an idiosyncratic domain
named the FI region that is responsible for binding and inactivating the thioesterase
activity of the companion RpfF protein (preventing the release of the DSF moiety
from its ACP carrier to which it is attached via a thioester bond) followed by a PAS
domain that binds to a short fatty acid that acts as a quorum-sensing autoinducer. The
authors also proposed that binding of the DSF to the PAS domain of RpfR triggers its
conformational rearrangement into EAL domains are brought into congruence to
form a competent PDE.

3.3.1 PA0575 Protein from Pseudomonas aeruginosa

In this carefully done work, the authors report a crystal structure of the didomain of
the PA0575 protein from Pseudomonas aeruginosa, bearing both active DGC and
PDE domains (PDB access code: 5M3C). PA0575 comprises a periplasmic binding
protein followed by a TM region, three consecutive PAS domains, a LOV domain,
and the didomain at the C-terminus. The structural work is accompanied by kinetic
studies that indicate that, like RbdA, the GGDEF-EAL didomain is a PDE alloste-
rically stimulated by GTP binding to the GGDEF domain. The crystal structure
confirms the high degree of conformational flexibility of the didomain and the
importance of the hinge helix that connects the GGDEF to the EAL module. Like
for the RbdA protein, the authors propose that the role exerted by GTP via the
GGDEF domain is to allow the two EAL domains to form the canonical dimer
competent for PDE.

Allosteric Activation of the PDE Activity of Didomain Containing Proteins: The
Rheostat Model SAXS studies conducted on cRbdA showed that in the absence of
ligand, the protein is flexible and becomes compact in the presence of GTP. Both the
crystal structures of cRbdA and PA0575 revealed an apparently auto-inhibited
conformation leaving us to speculate as for the allosteric activation of their PDE
activity. The simplest schemes assume the existence of only two conformational
states: one with low and one with high PDE activity, respectively. The low PDE
activity state is probably close to the one that was pictured in crystallographic studies
so far where the auto-inhibited state is achieved via a set of interactions established
in trans with helix α6-E0 by residues from the S-helix immediately N-terminal to the
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GGDEF domain. These intra-dimer contacts lock the EAL domains in a non-
canonical configuration, preventing it from being an active PDE.

The second state follows GTP binding to the A site of the GGDEF domains
(Fig. 3.3). GTP binding triggers local conformational changes as pictured in Fig. 3.4.
These are likely to propagate through the protein and to release the auto-inhibitory
interactions between α6-E0 and the S-helix. As a result, the EAL domains rearrange
into a canonical dimer capable of hydrolyzing cyclic di-GMP.

In the case of RbdA, a second pathway for PDE activation was proposed:
PDE activation could be triggered after the protein detects a signal via its
putative periplasmic sensor domain of hitherto unknown specificity and structure.

Fig. 3.4 Proposed allosteric mechanism regulating the PDE activity of didomain proteins. The
auto-inhibited state observed via X-ray crystallography is schematically shown in the left panel.
This resting state is stabilized by interactions between helix α6 from the EAL domain and the S0

helix that is at the N-terminal end of the GGDEF domain from the other monomer. Interactions
between helix α6-E0 and the S-helix in the other monomer also stabilize this state and lock both EAL
domains of the dimer in a non-canonical inactive configuration. Signal detection that can be either
from the putative periplasmic sensor domain (triangle), or by GTP binding to the A site of the
GGDEF domains lead to localized conformational changes near the GTP binding site. These
propagate through the protein and release the auto-inhibitory switch between helix α6-E and the
S-helix of the other monomer. As a result, the EAL domains rearrange into a canonical dimer active
for cyclic di-GMP hydrolysis. As a result of decrease in cyclic di-GMP levels, the biofilm disperses
(right panel)
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Binding to the PBP would lead to a conformational rearrangement of the two TM
helices and as a consequence of the coiled-coil region N-terminal to the PAS
domains followed by the S-helices. Regardless of the original signal (GTP binding
to the GGDEF intracellular domain or periplasmic binding of a small ligand to the
PBP domain of RbdA), the final PDE active state is likely to consist in a canonical
EAL dimer (Fig. 3.4). One attractive possibility is that the two signaling pathways
coexist, and that RbdA integrates signals both from its periplasmic sensor domain
and from the detection of intracellular GTP levels via its GGDEF domain. This
“rheostat hypothesis” could be at play for many didomains signaling systems, which
are fused to various sensor domains. If true, didomains can be conceptually seen as
elaborate molecular devices able to adjust PDE activity such that an optimal level of
cyclic di-GMP is attained for the bacterial population.

Jenal and collaborators initially proposed that the cellular concentration of
GTP probably reflects the overall cellular nutrient level as it is also correlated
with the alarmone (p)ppGpp level upon starvation on nutriments including
amino acids or nitrogen. Thus, when the level of nutrients is low, the PDE activity
of RbdA (or other didomains) is switched off promoting biofilm formation.
Conversely, when nutrients levels are high, the PDE activity is switched on leading
to biofilm dispersal.

How general are these observations? From the crystal structures reported so far,
it is apparent that a few regulatory structural elements: the signaling (or S-helix)
and lever (or H-helix) have been conserved during evolution (Fig. 3.2).
This suggests that similar molecular mechanisms have been reused (although
with probably some adaptation to the type of signal recognized) for controlling
cyclic di-GMP metabolism by GGDEF-EAL-containing proteins. Didomain-
containing proteins are abundantly found in the genomes of several major human
pathogens. There is therefore great hope that these structural observations can be
used to control biofilm formation.
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Chapter 4
Structure and Function of HD-GYP
Phosphodiesterases

Serena Rinaldo, Alessandro Paiardini, Alessio Paone, Francesca Cutruzzolà,
and Giorgio Giardina

Abstract HD-GYPs represent the least abundant, and somewhat mysterious, class
of dedicated cyclic di-GMP phosphodiesterases (PDE). They are metal dependent
enzymes, belonging to the HD phosphohydrolase superfamily, and are evolution-
arily unrelated to the EAL class of cyclic di-GMP dedicated PDEs. In contrast to the
EAL domain that hydrolyses cyclic di-GMP to pGpG, HD-GYPs are able to further
hydrolyse pGpG to GMP. As both the GGDEF and EAL domains, the HD-GYP
module is often found fused with other regulatory domains. Despite the ability to act
as a PDE, the physiological role(s) of HD-GYP proteins within the cyclic di-GMP-
dependent biofilm regulation are still not fully clarified. Indeed, many HD-GYPs
may also mediate protein�protein interactions within more complex regulatory
pathways or function as cyclic di-GMP or pGpG receptors. The few structures
available indicate that HD-GYPs can be clustered into two distinct groups depending
on the metal binding site, which can accommodate two or three metal ions. The
nature and the number of bound metals determine whether a certain HD-GYP will be
active as a PDE or will function as a dinucleotide binding domain. In this chapter, we
will review the biochemical and structural data available to date on HD-GYPs.
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4.1 Introduction

Cyclic di-GMP homeostasis is guaranteed by the opposite activity of diguanylate
cyclases and phosphodiesterases, which, in response to environmental cues, controls
the biosynthesis and the hydrolysis of this dinucleotide, respectively [1].

The phosphodiesterase (PDE) reaction is carried out by two different (and
evolutionarily unrelated) classes of hydrolases, namely EAL and HD-GYP. The
latter group belongs to the HD phosphohydrolases class of enzymes [2] and is the
less characterized from a structural and functional point of view. The HD-GYP
phosphodiesterases are metallo-enzymes showing an unexpectedly poor conserva-
tion of the active site in terms of the nature and the number of metal centres [3]; their
capability to lower cyclic di-GMP levels has been associated with biofilm-related
phenotypes in different systems although they could also serve as a cyclic di-GMP-
dependent hub to assemble multi-protein complexes [3].

Contrary to the majority of EAL PDEs, which hydrolyse cyclic di-GMP to the
linear molecule pGpG, HD-GYPs can also perform a second hydrolytic cleavage
yielding GMP from the pGpG intermediate, classified as a nanoRNA [3]. pGpG
degradation and more generally nanoRNase (Nrn) activity represents a conserved
need among bacteria [4, 5], since these nanoRNAs are involved in priming tran-
scription [6]. The recent identification of the oligoribonucleases (Orn) in Pseudo-
monas aeruginosa [7, 8] and Nrn in Bacillus anthracis and Vibrio cholerae [5] as the
primary enzymes responsible for pGpG hydrolysis raised some concern on the broad
physiological relevance of HD-GYP-mediated pGpG degradation (named PDE-B
activity); nevertheless, being Orn/Nrn not ubiquitously distributed, the PDE-B
activity of the selected HD-GYP proteins could be physiologically relevant and
probably dependent on a specific pathway [3].

Although hundreds of HD-GYP-containing sequences have been annotated in
bacterial genomes, only a few have been characterized so far, particularly from a
mechanistic point of view.

In this chapter, the state-of-the-art of the role, the functional and structural
properties of HD-GYPs characterized so far and the distribution of the HD-GYP
domain are reported. The fragmentary characterization of HD-GYPs leads to open
questions, which are discussed in the following sections.

4.2 Distribution and Domain Organization

In silico analysis suggests that the HD-GYP domain is evolutionarily related to the
HD superfamily of metal-dependent phosphohydrolases, but an additional GYPmotif
is present in the former [2, 9] (Fig. 4.1a). The HD domain was named after the
evolutionarily conserved catalytic diad of histidine (H) and aspartate (D) amino acid
residues, required for the multiple enzymatic activities attributed to this domain,
such as tRNA nucleotidyltransferase (e.g., ATP(CTP):tRNA nucleotidyltransferase),
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nucleic acid metabolism (e.g., 50-deoxynucleotidase YfbR), and signal transduction
(e.g., deoxyguanosinetriphosphate triphosphohydrolase) [12, 13]. The conservation
of the HD residues in this superfamily highlights the importance of coordination of
divalent cations for the activity of these proteins. Cyclic di-GMP hydrolysis was
initially hypothesized as the primary catalytic function of HD-GYP modules after the
observation of the uneven distribution of GGDEF, EAL, and HD-GYP domains in
different bacterial genomes. In many cases, organisms encoding a HD-GYP domain
lacked the EAL domain, and vice versa [2, 9]. Moreover, the finding that the

Fig. 4.1 (a) Sequence logo of the HD-GYP signature, as extracted from the PROSITE site (https://
prosite.expasy.org/PS51832 [10]). Units are bits of information according to Shannon’s entropy.
(b) Sunburst distribution of organisms containing at least a protein with the HD-GYP signature, as
extracted from the PFAM site (http://pfam.xfam.org/family/HD_5 [11]). Circles are hierarchically
clustered according to: Superkingdom, kingdom, phylum, class, order, family, genus, and species.
HD-GYP proteins are present only in bacteria (dark green), mainly in proteobacteria (Olive) and
firmicutes (green). Gram negative bacteria of the genus Vibrio (yellow) are the most abundant
representatives of the HD-GYP signature proteins
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HD-GYP domain was frequently associated with a CheY-like two-component
receiver domain in many bacterial proteomes, suggested an integration with the
phosphorelay pathway [14]. For example, in the plant pathogen Xanthomonas
campestris pv. campestris, the RpfG protein regulates the synthesis of extracellular
enzymes and extracellular polysaccharide (EPS) virulence factors, and negatively
affects biofilm formation [14–16]. These observations further supported a role for the
HD-GYP domain in cyclic di-GMP hydrolysis (explained later in this chapter).

Bioinformatics analysis shows that the HD-GYP domain is highly abundant and
widely distributed in bacteria, although it is absent in archaea and eukaryotes [13],
with ~7000 HD-GYP sequences in over 70 genomes, spread across 460 different
domain architectures (Fig. 4.1b; Table 4.1). Most bacterial genomes encode 0 to
3 HD-GYP domain proteins, although some genera, such as Desulfovibrio, contain
up to 23 homologous genes. The phylum in which the HD-GYP domain is most
represented is the Proteobacteria one (https://www.ncbi.nlm.nih.gov/Complete_
Genomes/c-di-GMP.html).

4.3 Functions of HD-GYP Proteins

RpfG from plant pathogenic Xanthomonas campestris was the first HD-GYP protein
identified as a cyclic di-GMP phosphodiesterase, and its biological role is well
characterized [15–18]. RpfG harbours a phosphoreceiver (REC) domain fused to
the catalytic HD-GYP domain. Its upstream regulator is the sensor histidine kinase
RpfC, whose activity depends on the extracellular diffusible signal factor (DSF, the
quorum sensing autoinducer, a cell-to-cell signalling factor). In response to increas-
ing concentration of DSF, RpfC phosphorylates the REC domain of RpfG, allowing
the catalytic HD-GYP domain to enter catalysis [15, 16]. The resulting decrease of
cyclic di-GMP levels via the RpfG-dependent signal transduction releases the
inhibition of the transcription factor Clp (which is inactive as a cyclic di-GMP-
bound complex), which in turn induces the expression of genes required for viru-
lence factors production [19]. The RpfG gene belongs to the rpfGHC operon; mutant
strains within this operon or in the rpfF gene (responsible for DSF biosynthesis)
grow, contrary to the wildtype, in an aggregate state (in the appropriate medium) due
to massive extracellular polysaccharides production. The capability to trigger dis-
persion and extracellular polysaccharides degradation was associated with virulence
[15]; moreover, in the RpfG mutant, the expression of extracellular enzymes
endoglucanase and endomannanase, elicitors for plant disease, is significantly
reduced together with motility [18].

The RpfG protein from Xanthomonas oryzae pv. oryzicola (hereafter Xoc) shares
with its X. campestris counterpart 95.2% of sequence identity and both proteins are
active as phosphodiesterases. Nevertheless, although deletion of rpfG in Xoc results
in decreased bacterial virulence in rice, increased biofilm formation and alterations in
the synthesis of different extracellular polysaccharides, in line with the phenotypes
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of the Xanthomonas campestris RpfG mutant, no effect was observed on the
swimming motility and extracellular enzymes profile [20]. These authors also
show that mutation in the conserved HD-GYP signature (AA-GYP) abolished
in vitro PDE activity and failed to restore the mutant virulence-related phenotypes,
thus demonstrating that the catalytic activity is required for the biological role of
RpfG [20].

Interestingly, the HD-GYP domain of RpfG from both Xanthomonas campestris
and Xanthomonas axonopodis pv. citri were found to interact with selected GGDEF-
containing proteins (such as the NtrBC�sigma 54 complex for the latter), thus
increasing the complexity of the RpfG-related network in controlling virulence;
the GYP moiety of the signature rather than the HD dyad is required for the
interactions [21, 22]. The capability of cyclic di-GMP-related enzymes to act as a
‘hub’ for protein�protein interactions has been observed in other backgrounds and it
is acknowledged as a strategy to sustain a ‘local’ cyclic di-GMP signalling in
bacteria (thus justifying the redundancy in bacterial genomes of GGDEF/EAL/
HD-GYP genes) [23].

Given the central role of cyclic di-GMP in guiding biofilm formation and
virulence in Vibrio cholerae [24], the role of the HD-GYP-containing genes has
already been thoroughly investigated in this species.

The genome of the human diarrhoeal pathogen Vibrio cholerae contains nine
genes putatively encoding HD-GYP-containing proteins [25], with four of these
transcriptionally regulated in the presence of quorum sensing autoinducers [26] and
the other two by bile acids, which is an environmental cue for Vibrio in the intestine
[27]. A systematic analysis of these nine genes has been done with the attempt to
assign a role to each gene. Nevertheless, the individual deletion mutants did not
show significant alterations in biofilm formation and motility, and only a combined
deletion of seven genes led to impaired colonization [25]. Some hints on the possible
function of each gene were obtained by looking into the effect of the ectopic over-
expression: 4 of the 9 genes analysed (i.e. VC1295, VC1348, VCA0210, VCA0681)
displayed a higher degree of swarming and reduced biofilm formation, in line with a
possible PDE activity; with the exception of VC1348, which likely requires the
activation of the REC domain by its cognate kinase, this subset of proteins displayed
PDE activity in vitro [25]. Interestingly, VCA0681, VCA0210 and VCA0931 were
found to specifically degrade 3030-cyclic GMP-AMP (cGAMP), a dinucleotide
required for pathogenicity and synthesized by the DncV gene, and consequently
named V-cGAP1, V-cGAP2 and V-cGAP3, respectively; accordingly, the pheno-
types of the corresponding mutants were found to be related to cGAMP
misregulation (chemotaxis and intestine colonization) rather than to biofilm
formation [28].

The involvement of HD-GYP containing genes in controlling cyclic di-GMP
levels has also been indirectly described in Desulfovibrio vulgaris Hildenborough,
even though their exact role has not been elucidated [29].

On the other hand, a clear involvement of HD-GYPs in virulence has been
demonstrated in Borrelia burgdorferi and in P. aeruginosa. In B. Burgdorferi, the
HD-GYP PdeB does not only play a role in motility, but also contributes to its
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survival in the tick vector Ixodes scapularis, and to transmission to mice [30]. In
P. aeruginosa, two genes encoding HD-GYP domains (namely PA4108 and
PA4781) are required for virulence in Galleria mellonella and for optimal swarming
motility [31].

4.4 Catalytic Activity of HD-GYP Proteins

Up to now only PA4108 and PA4781 have been in vitro characterized as recombi-
nant proteins (kinetic parameters reported in Table 4.2), together with PdeB from
B. burgdorferi, the only other protein characterized quantitatively. The other PDE
proteins reported in the literature, which includes Mg2+, Mn2+ or iron-dependent
proteins, were characterized only qualitatively [33, 34]. For example, the PDE
activity of Vibrio cholerae VCA0681 depends on the presence of a reduced di-
iron metal centre, thus linking cyclic di-GMP hydrolysis to the redox state of the
cell [35].

The turnover rate of P. aeruginosa enzymes, obtained in the presence of both
Mg2+ and Mn2+, is extraordinarily slow. In the case of PA4108, which bears an
uncharacterized domain upstream of HD-GYP, we cannot exclude that the
N-terminal domain exerts a negative control over the catalytic domain under the
experimental conditions tested. Nevertheless, this recombinant protein decreased
the cyclic di-GMP concentration in E. coli, thus suggesting that the eventual ‘trigger’
required for catalysis is also available in this background or that the observed (slow)
activity is an intrinsic property of this protein. PA4108 could play a role in fine-tuning
cyclic di-GMP levels, rather than controlling the overall cyclic di-GMP pool [32].

On the other hand, the characterization of the PA4781 protein leads to a much
more puzzling profile. The protein harbours a REC domain upstream of the catalytic
HD-GYP domain, the first requiring phosphorylation to allow the protein to enter
catalysis. Accordingly, PDE activity is observed only after in vitro phosphorylation,
yielding the parameters reported in Table 4.2. While the slow turnover rate could be
ascribed to a partial population of the active enzyme upon in vitro phosphorylation,

Table 4.2 Kinetic parameters of HD-GYPs as cyclic di-GMP PDE quantitatively characterized
to date

PDE
Catalytic
domain KM (μM) kcat (s

�1) Ref.

PA4108 HD-GYP 20 � 5
(30 � 9)

1.5 � 0.1 � 10�4

(1.2 � 0.1 � 10�3)
[32]

PA4781 HD-GYP 119 � 30
(27 � 8)

2.0 � 0.3 � 10�4

(7.7 � 1 � 10�4)
[32]

PA4781 E314A HD-GYP 6.8 � 2
(17 � 8)

6.0 � 1 � 10�4

(2.0 � 0.3 � 10�4)
[32]

PdeB (Borrelia
burgdorferi)

HD-GYP 0.0029 n.d. [30]

The values obtained using pGpG as a substrate are also indicated in brackets
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the high KM indicates that PA4781 has a very low affinity for cyclic di-GMP, being
this parameter, in principle, not affected by the amount of catalytically competent
enzyme [32]. It should be mentioned that the protein is inactive in the E. coli
background. The presence of a glutamate in an unusual position in the active site
(Glu314) [36] interferes with cyclic di-GMP binding and allows the protein to prefer
pGpG as a substrate (the KM for this nucleotide is approximately five folds lower, see
Table 4.2). The ability of PA4781 to bind pGpG with higher affinity than cyclic di-
GMP, the slow turnover rate and the identification of the Orn activity in P. aeruginosa,
strongly suggests that this protein could act as a pGpG sensor/receptor in vivo.

PA4781 is not the sole example of HD-GYPs working as a possible receptor; in
the phytopathogen Pectobacterium atrosepticum, the only HD-GYP-domain protein
found carries a non-canonical HT-GYP motif and a predicted N-terminal PilZ
domain [37]. Over-expression of this protein leads to cyclic di-GMP accumulation,
in contrast with a possible PDE activity, and reduced motility, indicating that its role
is likely to perceive cyclic di-GMP and regulate unknown downstream targets. The
HnoD protein from Shewanella oneidensis also presents a degenerated consensus
sequence (and no metal bound), which abolishes the PDE activity [38]. Interestingly,
this protein positively regulates the PDE activity of the co-transcribed EAL HnoB,
thus further widening the repertoire of possible roles of these proteins [38]. It should
be mentioned that structural studies have also suggested that the consensus for PDE
activity includes more residues than the canonical HD-GYP, thus indicating that the
potential inactive (and probably regulatory) HD-GYPs could be more than expected
(see the next section for further details) [39].

4.5 Structural Features of HD-GYP Proteins

Among the cyclic di-GMP dedicated enzymatic domains, the HD-GYP domain was
the last to be structurally characterized. The first structure, solved in 2011 by X-ray
crystallography, belonged to Bd1817 from Bdellovibrio bacteriovorus
[39]. Although this protein has no catalytic activity and a degenerated signature
(HD-G_P), it was the first prototype of the HD-GYP domain fold. A few years later,
the structure of a catalytically active HD-GYP domain (PmGH from Persephonella
marina) was solved for the first time [33]; this was followed by the discovery of the
structure of PA4871 from P. aeruginosa [36]. The HD-GYP domains display an all-
α fold, with the first five helices forming a calyx around the metal centre. The HD
signature is located on the second α-helix, whereas the GYP signature is part of an
extremely conserved loop which flanks the core calyx. Two loops, connecting
helices α2/3 and α5/6, restrict the access to the substrate binding site and make the
overall fold of the HD-GYP domain resemble a crab claw (Fig. 4.2). Although the
overall fold is conserved, the three structures are significantly different at the level of
the metal binding site(s). In particular, Bd1817 and PA4781 display a bi-metallic
centre, while PmGH binds three metal ions. The nature of the observed metals is also
different, with Bd1817 and PmGH binding iron ions with high affinity [33, 39],

72 S. Rinaldo et al.



whereas PA4781 appears to bind a wide range of divalent metal ions with similar
affinities (Kd range between 2 and 0.1 μM) [36]. Only one metal position is invariant
(M1) in the three structures and the different number of coordinated ions (bi- or tri-
metallic centre) depends on the conformation of an N-terminal loop, which supplies
the additional ligand necessary to coordinate the third ion in the PmGH structure
(Fig. 4.3a). Based on the conservation of the E(D)TG signature in this loop, it was
proposed to further divide the HD-GYPs into two sub-classes of putative bi-metallic
and tri-metallic proteins [33, 36]. The active site of the HD-GYP subclasses makes
the understanding of their catalytic mechanism more complex. The structure of
PmGH was also solved in complex with GMP or cyclic di-GMP. Cyclic di-GMP
binds into the cavity of PmGH in a cis-conformation (V-shaped monomer), with
both phosphates in close proximity to the metal centre (Fig. 4.3b). Therefore, it was
suggested that the hydrolytic cuts may have been performed sequentially by a
nucleophilic attack of a hydroxide ion, alternatively activated by two of the ions of

Fig. 4.2 All-α fold of the
HD-GYP domain. The
monomeric structure of the
HD-GYP domain of PmGH
is represented in cartoons
[33]. Residues belonging to
the HD and GYP signature
are coloured in green and
light blue, respectively. The
iron ions of the tri-metallic
centre are shown as orange
spheres. The homodimeric
assembly of the HD-GYP
domains observed in PmGH
[33] and PA4781 [36]
structures is also shown
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the tri-nuclear centre. In this case, with respect to the bi-metallic domains, the third
ion would only influence the rate of catalysis and not the mechanism. This initial
hypothesis was refined by the biochemical and molecular dynamics study on
TM0186 from Thermotoga maritima, which was shown to bind two or three iron
ions, depending on their redox state, as well as two manganese ions [34]. The authors
also demonstrated that a bi-metallic active site is able to hydrolyse cyclic di-GMP to
pGpG, whereas three metal ions are necessary to convert cyclic di-GMP to GMP.
Although a single catalytic mechanism may not apply to all HD-GYP domains, it is
likely that the hydrolysis of the phosphodiester bond proceeds via a two-step
mechanism, in which the nucleophilic attack by the metal-activated hydroxide ion
on the phosphorus atom is followed by protonation of the oxygen leaving group,
most likely by the conserved lysine located three residues after the HD signature
(Fig. 4.1a).

The structural similarity of PA4781 and PmGH (r.m.s.d. of 1.4 Å) allowed
speculating on the allosteric regulation of the HD-GYP domains. Both PmGH and

Fig. 4.3 The metal binding
site and the cyclic di-GMP
binding mode. (a)
Superposition of PmGH
(grey) and PA4781 (purple)
showing the difference
between the bi- and
tri-metallic centres
[33, 36]. Metal ions are
shown as coloured spheres.
Only the position of M1 is
conserved; the number of
coordinated metals depends
on the conservation of the E
(D)TG signature in the
N-terminal loop highlighted
in yellow. (b) Cyclic di-
GMP binding mode: the
dinucleotide molecule is
shown in dark grey as balls
and sticks [33]
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PA4781 are dimeric proteins and it has been postulated that the regulatory domains
may induce a conformational change at the level of the dimeric interface, resulting in
a closure/aperture of the loop α2/3, which was therefore named lid loop. Given that
PmGH crystals were still able to catalyse cyclic di-GMP conversion to GMP, it is
likely that both the structures of PmGH and PA4781 represent an active (substrate
accessible) conformation. On the contrary, the lid loop of Bd1817 is in a closed
conformation which hampers cyclic di-GMP binding. The hypothesis that the
dimeric state serves to allosterically control the HD-GYP domains has been con-
firmed by the recent structural study on a protein of Vibrio cholerae (V-cGAP3) that
hydrolyses 30-30-cyclicGMP-AMP (30-30-cGAMP) [40]. V-cGAP3 contains two
fused HD-GYP domains: a degenerated one at the N-terminus followed by a
catalytically active domain at the C-terminus. The structure is pseudo-dimeric,
with the two domains assembled similarly to the homodimers of PmGH and
PA4781. The inactive domain is an allosteric modulator of the catalytically active
domain, thus confirming the crucial role of the dimeric interface in the activation
mechanism of HD-GYP domains.

Finally, as mentioned earlier, the GYP signature is located in a long loop that is
solvent-exposed and flanks the metal binding site. This loop displays a very high
degree of sequence conservation and the GYP signature should be more correctly
extended to include other conserved residues as follows: HHExxDGxGYP
(Fig. 4.1a). Structural superposition between PmGH and PA4781 indicates that
this region has an important structural role, providing two metal-coordinating
histidine residues and flanking the helices that make up the core scaffold of the
HD-GYP fold. However, given the high degree of conservation of this loop, it
cannot be excluded that this region is also involved in protein�protein interactions.

4.6 Concluding Remarks and Future Perspectives

As briefly outlined in the previous sections, the HD-GYP family of cyclic di-GMP
PDEs is by far the least characterized component of the cyclic di-GMP metabolism,
both in terms of structural and functional features. Many questions about HD-GYP
mechanisms of action remain unanswered and more proteins will have to be inves-
tigated before a complete picture of this protein family can be obtained.

Taken together, the available data indicate first of all that the HD-GYP domain
harbours quite heterogeneous active sites, involved in nucleotide sensing and metab-
olism, which may deal with different dinucleotides (both cyclic and linear) or small
RNA molecules. The presence of a dedicated Orn family of pGpG hydrolases casts
some doubt on the relevance of HD-GYP domains in pGpG hydrolysis. On the other
hand, the presence of different metals in the active site may also suggest that the HD-
GYP module can be utilized in some bacteria as a sensor of metal availability, a
hypothesis which will require further investigation. The other relevant aspect of the
HD-GYP domain is the possibility that the GYP loop might mediate protein�protein
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interactions, and function to recruit different downstream effectors in the HD-GYP
signalling pathway.

In summary, the HD-GYP domain represents a conserved scaffold with two main
roles: (1) hydrolysing cyclic di-GMP to pGpG and/or GMP, and (2) allowing
nucleotide-dependent protein�protein interactions with other partner domains.
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Chapter 5
A Unified Catalytic Mechanism
for Cyclic di-NMP Hydrolysis
by DHH–DHHA1 Phosphodiesterases

Lichuan Gu and Qing He

Abstract Cyclic di-AMP is a vital second messenger other than cyclic di-GMP that
regulates diverse cellular physiological processes in many bacteria. Its cellular level
is controlled by the counter-actions of diadenylate cyclases (DAC) and phosphodi-
esterases (PDE). Three kinds of PDEs have been identified to date that contain either
a DHH–DHHA1 domain, an HD domain, or a metallo-phosphoesterase domain,
respectively. The DHH–DHHA1 PDEs are of special interest because of their
functional diversity. They can be further subdivided into either membrane-bound
GdpP or stand-alone Rv2837c phosphodiesterase, which degrade cyclic di-AMP
into linear 50-pApA and AMP, respectively. The DHH–DHHA1 PDEs can also
hydrolyze other cyclic di-NMPs (cyclic di-GMP or cGAMP) with low activity. In
this chapter, we review the structures and functions of the DHH–DHHA1 domain of
GdpP and Rv2837c that we reported in recent years. According to detailed structural
and enzymatic analyses, we have summarized a unified molecular mechanism for the
DHH–DHHA1 PDEs and systematically analyzed the catalytic activities of DHH–
DHHA1 PDEs on other cyclic di-NMPs (cyclic di-GMP and cGAMP).

Keywords Cyclic di-AMP · Cyclic di-GMP · PDEs · DHH–DHHA1 · GdpP ·
Rv2837c

5.1 Introduction

Recent research works have revealed that cyclic di-NMPs (cyclic di-GMP, cyclic di-
AMP, and cGAMP) are widely exploited as second messengers in bacteria to serve
crucial roles in both bacterial physiology and host–pathogen interactions. Cyclic di-
GMP, the first discovered cyclic di-NMP signaling molecule, has been extensively
studied since the late 1980s. It is now known to regulate many physiological processes
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such as biofilm formation, virulence, and motility in a wide variety of organisms
[1, 2]. However, other than cyclic di-GMP, other cyclic di-nucleotides were also
discovered. For example, cyclic di-AMP was unexpectedly uncovered by Karl-Peter
Hopfner et al. in 2008 [3]. Different from cyclic di-GMP that is widely found in most
bacteria, cyclic di-AMP is primarily discovered in Gram positive bacteria, some archaea,
as well as in Gram negative bacteria to a limited extent. Until now, cyclic di-AMP has
been known to get involved in many cellular processes such as sporulation, fatty acid
synthesis, cell wall homeostasis, potassium transport, and virulence [4, 5]. Furthermore,
a hybrid cyclic dinucleotide cGAMP (30–30) was also identified in 2012 to regulate the
chemotaxis and colonization in Vibrio cholera [6]. Subsequently, 3030-cGAMPwas also
found to serve as the signaling molecule for regulating exoelectrogenesis in numerous
deltaproteobacteria [7]. Intriguingly, cyclic di-NMP generation is not limited to
microbes; mammalian cells can also synthesize 2030-cGAMP to activate the immune
system in response to pathogen-derived DNA in the cytoplasm [3]. Compared to cyclic
di-GMP, cyclic di-AMP, and 3030-cGAMP that all incorporate two 30–50 phosphodiester
bonds, 2030-cGAMP exhibits mixed 20–50 and 30–50 phosphodiester bonds [8, 9]. Signif-
icantly, cyclic di-GMP and cyclic di-AMP from bacteria and 2030-cGAMP from mam-
malian cells have all been recognized by STING in the mammalian immune cells to
trigger type 1 interferon production during infection [10, 11].

Since the cellular levels of cyclic di-NMPs vary widely and directly impact the
cellular physiological state, the discovery of enzymes that synthesize and degrade
cyclic di-NMPs has become one of the most studied topics of research. Past research
has confirmed that cyclic di-GMP is cyclized from two molecules of GTP by
diguanylate cyclases (DGCs) containing a GGDEF domain; it is hydrolyzed into
pGpG or GMP by phosphodiesterases (PDEs) containing an EAL or HD-GYP domain,
respectively [12]. Similar to the metabolism of cyclic di-GMP, the cellular level of
cyclic di-AMP is also controlled by the counter-active enzymes of DAC and PDE,
which contain either a DHH/DHHA1 (Asp-His-His and Asp-His-His-associated)
domain, a His-Asp (HD) domain, or a metallo-phosphodiesterase domain. The PgpH
PDE domain was identified in L. monocytogenes, and comprises an extracellular 7TM
receptor-like domain and a cytoplasmic HD domain that can hydrolyze cyclic di-AMP
into linear dinucleotide 50-pApA [13], while the PDE domain of CdnP was recently
discovered in group B Streptococcus to degrade cyclic di-AMP into two molecules of
AMP [14]. Compared to the two PDEs just mentioned, the PDE DHH–DHHA1
domains seem to exhibit more functional diversity. According to the final product
produced (pApA or AMP), the DHH–DHHA1 PDEs can be further divided into two
subfamilies. The first subfamily contains homologs of membrane-bound GdpP PDE
(GGDEF domain-containing proteins) that degrade cyclic di-AMP to linear pApA by
hydrolyzing one of the two phosphodiester bonds, while the second subfamily includes
the standalone DHH–DHHA1 PDEs such as Rv2837c from Mycobacterium tubercu-
losis, which degrades both cyclic di-AMP and pApA into two molecules of AMP.

All such cyclic di-AMP PDEs have been extensively studied, and the crystal
structures of the HD domain of PgpH, the DHH–DHHA1 domain of GdpP, and
Rv2837c have all been solved. These structures, especially those in complex with
related nucleotides, have greatly advanced our understanding of the catalytic mecha-
nism of these enzymes. In this chapter, by focusing on the structures and functions of
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GdpP and Rv2837c reported by our laboratory, we have summarized a unified catalytic
mechanism for cyclic di-NMP hydrolysis by the PDE DHH–DHHA1 domain.

5.2 Cyclic di-AMP Conformation

Cyclic di-AMP comprises two AMP moieties cyclized by two 30–50 phosphodiester
bonds. When crystallized in isolation, a mutually stacked cyclic di-AMP dimeric
structure was observed with each cyclic di-AMP adopting a U-shaped conformation
(closed conformation, Fig. 5.1a) [15]. The U-shaped cyclic di-AMP was also
observed in the structure of STING–cyclic di-AMP complex (Fig. 5.1b) [9]. In
contrast, cyclic di-AMP was found to adopt an extended conformation when bound
to the DHHA1 domain of a GdpP PDE (Fig. 5.1c). Interestingly, when cyclic di-AMP
binds to the active site of the HD domain of PgpH, it adopts a C-shaped conformation
(Fig. 5.1d). It seems that cyclic di-AMP tends to adopt an open conformation when
bound to PDEs. It is also interesting to learn that a new U-shaped cyclic di-AMP
conformation was found when bound to PDE. In fact, two C-shaped cyclic di-AMPs
(Fig.5.1e) were also observed to bind at two separated positions in a ydaO riboswitch
[16]. To date, the structures of cyclic di-AMP in complex with different receptors
suggest that cyclic di-AMP tends to form a monomer for cyclic di-AMP signaling.
Although a conformation with two cyclic di-AMPs bridged by a third one was also
observed in the pyruvate carboxylase obtained from Listeria monocytogenes
(Fig. 5.1f), it has been reported as an artifact [17].

5.3 The DHH–DHHA1 Domain Containing
Phosphodiesterases

The DHH–DHHA1 subfamily belongs to the DHH phosphoesterase superfamily,
which shares four conserved N-terminal motifs and is named after the characteristic
Asp-His-His sequence in the motif III. The DHH phosphoesterases can hydrolyze
various substrates ranging from inorganic pyrophosphate to single-stranded
(ss) DNA in eukaryotes, bacteria, and archaea [18, 19]. According to the difference
of C-terminal sequences, the DHH superfamily can be further divided into two
subfamilies of DHH–DHHA1 and DHH–DHHA2. The DHH–DHHA1 subfamily is
more widespread in bacteria and archaea, including bacterial RecJ-exonuclease,
NrnA-oligoribonuclease, YybT cyclic nucleotide phosphodiesterases, archaeal GAN,
and HAN [18, 20]. On the contrary, the DHH–DHHA2 subfamily is more restricted in
its distribution, and mainly comprises type II inorganic pyrophosphatase, yeast cytosol
exopolyphosphatase, Drosophila prune protein, and pApase families [18, 20]. The
catalytic domains of GdpP and Rv2837c homologs belong to the DHH–DHHA1
subfamily since they share a conserved GGGH motif at the C-terminus.
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GdpP is the first characterized cyclic di-AMP PDE containing two transmem-
brane helical domains, a PAS (Per-Arnt-Sim) domain, a degenerate GGDEF domain,
and a DHH–DHHA1 catalytic domain [21]. GdpP and its homologs are mostly
found to exist in the Firmicutes and Tenericutes phyla, including Streptococcus
pneumoniae, Listeria monocytogenes, and Staphylococcus aureus [22–24]. The
GdpP family seems to exhibit specific PDE activity mainly on cyclic dinucleotides.
Previous studies have reported that GdpP family was capable of degrading cyclic di-
AMP or cyclic di-GMP by hydrolyzing one of the two 30–50 phosphodiester bonds to
generate a linear 50-pApA or 50-pGpG product, respectively, but exhibited a much

Fig. 5.1 Unveiled cyclic di-AMP conformations. (a) A stacked asymmetric dimeric U-shaped
conformation observed in the crystal structure of cyclic di-AMP. (b) A U-shaped cyclic di-AMP
observed in the STING–cyclic di-AMP complex structure (PDB code: 5CFN). (c) An extended
conformation of cyclic di-AMP bound to the DHH–DHHA1 domain of GdpP phosphodiesterase
(PDB code: 5XSN). (d) A C-shaped conformation of cyclic di-AMP bound to the HD domain of
PgpH phosphodiesterase (PDB code: 4S1B). (e) The structure of cyclic di-AMP bound to a ydaO
riboswitch (PDB code: 4QLM). (f) Two cyclic di-AMPs bridged by a third one bound to pyruvate
carboxylase (PDB code: 4QSH)
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higher Km than cyclic di-AMP [21]. In addition, the hydrolysis activity of GdpP
required the presence of Mn2+ ion and is competitively inhibited by the signaling
molecule (p)ppGpp or its product 50pApA [21, 25].

Unlike GdpP with a more restricted PDE activity on cyclic di-NMP, Rv2837c
homologs, which contain only the standalone catalytic DHH–DHHA1 domain, were
found to be less specific and exhibit high versatility in substrate choice. These
proteins can function either as a nano-RNase (NrnA) with exonuclease activity on
short single-stranded nucleic acids or as a CysQ-like phosphatase to dephosphory-
late 30-phosphoadenosine 50-phosphate (pAp) to AMP [26, 27]. Rv2837c hydrolyzes
cyclic di-AMP and linear 50-pApA directly into two AMPs; it also hydrolyzes cyclic
di-GMP and linear 50-pGpG into two GMPs. Similar to GdpP, Rv2837c has lower
hydrolysis activity toward cyclic di-GMP and requires the presence of Mn2+ ion for
efficient catalysis [28]. Surprisingly, Rv2837c was also found to be capable of
degrading 2030-cGAMP to linear dinucleotides 2050-pGpA. Compared to the rela-
tively more limited distribution of GdpP homologs, Rv2837c homologs were found
to be present in almost all strains containing a cyclic di-AMP signaling system [24].

5.4 Structure of DHH–DHHA1 Domain with a Binuclear
Metal Center

To date, many crystal structures of the DHH–DHHA1 domains in PDE have been
determined [15, 25, 29, 30], including those of Rv2837c and the DHH–DHHA1
catalytic domain of GdpP (GdpP-C) that were determined in our lab, as well as
several reported by other groups. Interestingly, they all seem to share some common
features, with a larger DHH domain at the amino-terminus and a smaller DHHA1
domain at the carboxy-terminus, which are connected by a long flexible loop to form
a cleft in between (Fig. 5.2a, b). In the Rv2837c structure, the DHH subunit exhibits
a five-stranded antiparallel β-sheet (β1–β5) that packs against ten α-helices (with
1, 2, 3, 4, 8, 9, and 10 on one side and 5, 6, and 7 on the other). Similar to DHH, the
DHHA1 domain structure also forms a three-layer α–β–α sandwich configuration
consisting of an antiparallel β-sheet (β6–β10) and five α-helices (with 12–14 on one
side and 15, 16 on the other) (Fig. 5.2a). Structurally speaking, both DHH and
DHHA1 domain structures of GdpP-C have a three-layer α–β–α sandwich architec-
ture (Fig. 5.2b).

Based on reported structures, we found two Mn2+ ions (Mn1 and Mn2) that were
well coordinated by several highly conserved His and Asp residues, as well as a
crucial water molecule (W1) to bridge the two metal ions in the DHH domain of
Rv2837c and GdpP (Fig. 5.2c,d). Mn1 is coordinated by Asp47, Asp106, His131,
Asp181, W1, and W3 to form an octahedron, while Mn2 is coordinated by His41,
Asp45, Asp106, W1, and W2 in the active site of Rv2837c (Fig. 5.2c) to form
another octahedron. Similarly, in GdpP, Mn1 is coordinated by Asp349, Asp418,
His442, Asp497, W1, and W2 to form an octahedron, while Mn2 is coordinated by
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His343, Asp347, Asp418, W1, and W3 to form another octahedron (Fig. 5.2d).
These structures were also confirmed by mutation studies, and we found that
mutation of any of these coordinating residues could almost eliminate the cyclic
di-AMP hydrolysis activity. The crystal structures of Rv2837c, GdpP-C, as well as
the available biochemical data suggest that both Rv2837c and GdpP assume a two-
metal ion catalytic mechanism. Meanwhile, the PgpH HD domain was also found to
contain two metal ions in the active site [13]. It is thus possible that all cyclic di-
AMP phosphodiesterases employ a two-metal ion catalytic mechanism.

Fig. 5.2 DHH–DHHA1 phosphodiesterases containing a binuclear metal center. (a) Schematic
representation of the Rv2837c monomer, with the DHH domain colored in cyan and the DHHA1
domain colored in light orange. (b) Schematic representation of the GdpP-C monomer, with the
DHH domain colored in green and the DHHA1 domain colored in orange. (c, d) The two Mn2+

coordination sites of the Rv2837c and GdpP-C phosphodiesterases, respectively. Residues in
contact with the metal ions are shown in sticks, Mn1 and Mn2 are drawn in magenta spheres,
and water molecules in red spheres
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5.5 Hydrolysis of the 30–50 Phosphodiester Bond by
the DHH–DHHA1 Domain

For the 30–50 phosphodiester bond to break apart during hydrolysis of cyclic di-AMP
to 50-pApA, the cyclic di-AMP molecule must adopt a certain conformation in the
active site of the DHH–DHHA1 domain. The crucial information on this issue
comes from the structures of GdpP-C in complex with cyclic di-AMP, cyclic di-
GMP, and 50-pApA. The overall structure and the coordination of the two Mn2+ ions
remain unchanged in the three complex structures in comparison to free GdpP-C.
These structures also reveal that the DHHA1 domain plays a pivotal role in substrate
recognition since 50-pApA, cyclic di-AMP, and cyclic di-GMP all reside in the
DHHA1 domain while the DHH domain is separated from the DHHA1 domain
when GdpP-C is in an inactive state (Fig. 5.3a).

Both adenine bases in the bound cyclic di-AMP adopt an “anti” configuration,
with the adenine base of nucleotide 1 (A1) stabilized by Gln572 and Asp575, and the
adenine base of nucleotide 2 (A2) stabilized by forming an H-bond with Gln628.
The phosphate group facing the DHHA1 motif is stabilized by two H-bonds with
Ser600 and Arg602 (Fig. 5.3b). In the structure of GdpP-C–50-pApA, the discon-
nected phosphodiester bond is exposed to the solvent and is closer to the DHH motif
with the remaining portion of the 50-pApA stabilized in a way similar to the cyclic di-
AMP molecule (Fig. 5.3c) [25].

Intriguingly, the cyclic di-AMP and 50-pApA in the DHHA1 motif do not seem to
interact with the two Mn2+ ions in the DHH motif, indicating that these structures
possibly represent a catalytically inactive state of GdpP. The flexible linker between
the DHH and DHHA1 domain makes it possible for the DHHA1 domain to draw
near the active site of the DHH domain to form a catalytically active state. Mutations
on most of the residues involved in cyclic di-AMP and 50-pApA binding have
decreased PDE activity, suggesting that the interactions observed in our structures
potentially occurs during the catalysis. However, a ligand-bound complex structure
in its active state is required to fully understand the genuine catalytic mechanism.

Fortunately, we have also obtained a crystal structure of Rv2837c in complex
with the hydrolysis intermediate 50-pApA. Since 50-pApA is the hydrolysis interme-
diate from cyclic di-AMP to AMP and is also the smallest nano-RNA, the structure
of 50-pApA bound to Rv2837c can provide a solid basis for analyzing the hydrolysis
reactions of both nano-RNA and 50-pApA (the second-step of cyclic di-AMP
hydrolysis). In this structure, both adenine bases of the 50-pApA molecule are
perpendicular to each other, with the adenine base of nucleotide
1 (A1) sandwiched between309GGGH312 and Arg112, and the adenine base of
nucleotide 2 (A2) stabilized by a π–π interaction with His312. The phosphate
group of the 30–50 phosphodiester bond also forms an H-bond with His312 and is
coordinated with the two Mn2+ ions in the active site (Fig. 5.3d). The structure of 50-
pApA bound structure combined with available biochemical data thus allow us to
propose a simplified catalytic mechanism for 30–50 phosphodiester bond hydrolysis
by Rv2837c. The mechanism is as follows: Asp181 residue and the two Mn2+ ions
together activate the water molecule W1, which then carries out a nucleophilic attack

5 A Unified Catalytic Mechanism for Cyclic di-NMP Hydrolysis by DHH. . . 85



F
ig
.5

.3
T
he

30
–
50

ph
os
ph

od
ie
st
er

bo
nd

hy
dr
ol
ys
is
by

D
H
H
–
D
H
H
A
1
P
D
E
s.
(a
)
S
tr
uc
tu
ra
lc
om

pa
ri
so
n
of

G
dp

P
-C

(c
ya
n)
,G

dp
P
-C
–
cy
cl
ic
di
-A

M
P
(s
al
m
on

),
G
dp

P
-C
–
50
-p
A
pA

(y
el
lo
w
),
an
d
G
dp

P
-C
/c
yc
lic

di
-G

M
P
(g
re
en
).
T
he

tw
o
M
n2

+
io
ns

ar
e
dr
aw

n
in
gr
ay

sp
he
re
s
an
d
th
e
nu

cl
eo
tid

es
ar
e
sh
ow

n
in
st
ic
ks
,w

ith
th
e

pr
ot
ei
n
dr
aw

n
in

ca
rt
oo

n
in

th
e
ba
ck
gr
ou

nd
.T

he
F
o–

F
c
el
ec
tr
on

-d
en
si
ty

m
ap

fo
r
th
e
tw
o
M
n2

+
io
ns

is
co
nt
ou

re
d
at
3.
0σ

.T
he

re
si
du

es
th
at
fo
rm

H
-b
on

ds
w
ith

th
e
tw
o
M
n2

+
io
ns

an
d
nu

cl
eo
tid

es
ar
e
la
be
le
d
an
d
sh
ow

n
in

ba
ll-
an
d-
st
ic
ks
.(
b,

c)
C
lo
se

vi
ew

of
th
e
di
ff
er
en
t
nu

cl
eo
tid

es
cy
cl
ic

di
-A

M
P
(b
)
or

50
-p
A
pA

(c
)

bo
un

d
to

th
e
D
H
H
A
1
do

m
ai
n
of

G
dp

P
-C
.(
d)

C
lo
se

vi
ew

of
50
-p
A
pA

bo
un

d
to

th
e
ac
tiv

e
si
te
of

R
v2

83
7c
.T

he
el
ec
tr
on

-d
en
si
ty

m
ap
s
fo
r
50
-p
A
pA

an
d
th
e
tw
o

M
n2

+
io
ns

of
th
e
2F

o–
F
c
m
ap

ar
e
co
nt
ou

re
d
at
1σ

[1
5]
.(
e)
D
ia
gr
am

sh
ow

in
g
th
e
co
or
di
na
tio

n
of

50
-p
A
pA

an
d
M
n2

+
in
th
e
ac
tiv

e
si
te
of

R
v2

83
7c

an
d
a
pr
op

os
ed

re
ac
tio

n
m
ec
ha
ni
sm

of
50
-p
A
pA

hy
dr
ol
ys
is
.T

he
ar
ro
w
he
ad
s
sh
ow

th
e
di
re
ct
io
ns

of
nu

cl
eo
ph

ili
c
at
ta
ck

[1
5]

86 L. Gu and Q. He



at the phosphate group of 50-pA1pA2 to rupture the 3-phosphate-ester bond, leading
to bond cleavage (Fig. 5.3e). Considering the highly conserved nature of the
binuclear metal center and the residues involved in substrate binding, this catalytic
mechanism might also be conserved between the two DHH–DHHA1 subfamily
domains of PDEs.

5.6 Detailed Two-Step Hydrolysis of cyclic di-AMP

Cyclic di-AMP has two symmetric 30–50 phosphodiester bonds. Since there is only
one binuclear center in the active site, degradation of cyclic di-AMP by Rv2837c
must occur in a two-step process, in which cyclic di-AMP is first linearized to 50-
pApA, followed by hydrolysis of 50-pApA to two AMPs. Our kinetic study has
demonstrated that the two-step degradation of cyclic di-AMP by Rv2837c finishes
quickly and generates the final product AMP once cyclic di-AMP enters the active
site [15, 25]. Without release of the intermediate product 50-pApA into the solvent
and returning into the active site for the second hydrolysis, this mechanism may
greatly improve the efficiency of catalysis.

To date, how 50-pApA is hydrolyzed to AMP is well understood, but how cyclic
di-AMP is degraded to 50-pApA remains an open question. However, structural
comparison of Rv2837c and GdpP-C do provide us an unexpected discovery.
Although Rv2837c and GdpP-C are quite similar in structure, these two proteins
bind 50-pApA in a quite different mode. Superposition of 50-pApA boundRv2837c
and GdpP-C shows that the 30-adenine base of 50-pApA in GdpP-C overlaps with the
50-adenine in Rv2837c in the active state. In addition, the other two adenine bases
reside in two separate sites. To better describe the nucleotide binding, we have
further organized the substrate-binding site of the DHH/DHHA1 domain into
three R, C, and G subsites. The C (common) site is occupied by a nucleoside in
both Rv2837c and GdpP complexes and is surrounded by residues Leu424 and
Gln628 from GdpP or Arg112 and Thr319 from Rv2837c, respectively. The position
occupied by a nucleoside in Rv2837c only but not in GdpP is named the R site while
the position occupied by a nucleoside in GdpP only but not in Rv2837c is named the
G site. The R site is surrounded by residues Trp187 and Ala315 from Rv2837c,
while the G site is surrounded by Gln572 and Asp575 from GdpP-C, respectively
(Fig. 5.4a–c).

Structures of GdpP-C in complex with 50-pApA and cyclic di-AMP, as well as
additional biochemical assays, together suggest that in GdpP-C, hydrolysis of cyclic
di-AMP to 50-pApA occurs in the C–G sites. In contrast, hydrolysis of 50-pApA to
AMPs occurs in the C–R sites in Rv2837c. These results then raise a question: where
does the hydrolysis of cyclic di-AMP to 50-pApA occur in Rv2837c? It is obvious that
Rv2837c is structurally similar to GdpP-C. Therefore, we assume that in Rv2837c,
cyclic di-AMP is also degraded to 50-pApA in the C–G sites. This means that for the
second-step hydrolysis to occur, 50-pApA has to slide into the C–R site. A flip of 50-
pApA around its length axis is also needed for the phosphodiester bond to face the
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binuclear metal center after the slide. This assumption was indeed confirmed by
biochemical assay with Rv2837c mutant. Compared with wildtype Rv2837c, the
T180R mutant (with a blocked G site) loses half of the activity of cyclic di-AMP
substrate hydrolysis whereas it still retains a full catalytic activity on the 50-pApA
intermediate. These analyses indicate that Rv2837c works as a stand-alone DHH–
DHHA1 PDE adopting a sliding and flipping mechanism during the two-step hydro-
lysis of cyclic di-AMP.

The next question raised is: why cannot GdpP-C hydrolyze 50-pApA to AMPs.
Structural analysis shows that compared to Rv2837c, GdpP-C contains a very small
R subsite that cannot accommodate an adenine base [25]. Consequently, 50-pApA
derived from the cyclic di-AMP hydrolysis in G–C sites is not able to slide into the
C–R sites for further degradation but is released as the final product. We can thus
speculate that as a membrane-bound DHH–DHHA1 PDE, GdpP can also adopt the
similar sliding-and-flipping mechanism to hydrolyze cyclic di-AMP to AMPs if the
R site is large enough. Indeed, alternation of L424R or L503A/R504W which results
in a sized C or R subsite with a more suitable size will enable GdpP-C to degrade
cyclic di-AMP to both 50-pApA and AMP [25]. In conclusion, both subfamilies of
DHH–DHHA1 PDEs seem to adopt a unified catalytic mechanism. The difference in
function comes mainly from the surrounding architecture of the substrate binding
site, which determines whether 50-pApA can undergo sliding and flipping followed
by further hydrolysis.

5.7 G Subsite of the DHH–DHHA1 Domain Determines
the Substrate Selectivity for Cyclic Dinucleotides

One striking feature of the PDE DHH–DHHA1 domain in Rv2837c and GdpP is their
wide range of substrate selectivity. This domain can hydrolyze cyclic di-AMP, cyclic
di-GMP, and 3030-cGAMP in the order of cyclic di-AMP >> 3030-cGAMP > cyclic
di-GMP [15, 25]. Notably, as a nano-RNAase, Rv2837c can hydrolyze 50-pApA and
50-pGpG at nearly the same rate; therefore, the substrate selectivity does not come
from the second-step degradation of cyclic di-NMPs. In the past, while cyclic di-GMP
oligomerization in aqueous solution has been shown to play a partial effect in the slow
hydrolysis of cyclic di-GMP, this, however, did not seem to be the whole story.

Structural comparison between the cyclic di-AMP- and cyclic di-GMP-bound
GdpP-C indicates that the two cyclic di-NMPs overlap well in the DHHA1 motif.
However, in the active state model of GdpP-C, guanine of cyclic di-GMP, but not
adenine of cyclic di-AMP, exhibits a steric clash with the surrounding amino acids in
the G site; no such clash is observed in the C site (Fig. 5.4d). Therefore, it is
reasonable to speculate that the substrate selectivity is mostly dependent on the
size and shape of the G site. Consistent with this hypothesis, hydrolysis of 3030-
cGAMP, which contains a guanine and an adenine, produces much more 50-pApG
than hydrolysis of GdpP-C. Structural analysis indicates that 50-pApG is produced
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when the adenine base of 3030-cGAMP occupies the G site; otherwise, the product
would be 50-pGpA. From these results, we know that the G site of GdpP-C prefers an
adenine base to a guanine base as a favorable substrate to play an important role in
substrate selectivity.

Next, we also want to know whether a similar hydrolysis mechanism exists in
Rv2837c, enabling it to prefer cyclic di-AMP to other cyclic di-NMPs. Because
Rv2837c directly hydrolyzes 3030-cGAMP to AMP and GMP instead of producing
linear dinucleotide products, the mutant A315N, which has a partially blocked R
site, was selected for the experiment. Indeed, when 3030-cGAMP was hydrolyzed by
Rv2837c–A315N, a series of products of 50-pApG, 50-pGpA, AMP, and GMP were
produced, with higher percentage of 50-pApG than 50-pGpA (Fig. 5.4e). These data
confirm that both Rv2837c and GdpP employ a similar mechanism for the catalysis
and substrate selectivity of cyclic di-NMPs, and the architecture of the substrate
binding site determines whether the second-step reaction occurs.
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Chapter 6
Enzymatic Degradation of Linear
Dinucleotide Intermediates of Cyclic
Dinucleotides

Mona W. Orr and Vincent T. Lee

Abstract Bacterial cyclic dinucleotides (cyclic di-GMP, cyclic di-AMP, and cyclic
GMP-AMP) are signaling molecules that bind to intracellular receptors to regulate a
wide range of processes. In response to environmental changes, bacteria alter the rate
of both synthesis and degradation to control the concentration of cyclic dinucleo-
tides. Degradation occurs in a two-step process. The first step is carried out by
enzymes specific to each cyclic dinucleotide and results in the formation of a linear
dinucleotide. The second step is the hydrolysis of the linear dinucleotide into
mononucleotides. Some phosphodiesterases that degrade the cyclic dinucleotide to
the linear form are also capable of further hydrolysis to mononucleotides in vitro.
However, not all species that utilize cyclic-dinucleotide signaling have these
enzymes. Recently, it was shown that exoribonucleases specific for very short
RNA substrates also degrade the linear dinucleotide intermediates of cyclic dinucle-
otide turnover. These results indicate that there is a potential overlap between RNA
degradation and cyclic dinucleotide signaling suggesting the possibility of cross talk
between signaling and RNA turnover.

Keywords pGpG · pApA · pApG · Oligoribonuclease · NrnA · NrnB · NrnC

6.1 Introduction

Bacteria need to sense environmental fluctuations and alterations in intracellular states
in order to respond appropriately. Extracellular and intracellular cues are sensed and
transmitted via many signal transduction pathways such as the generation of second
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messenger molecules. Once conditions change such that the signaling outcome is no
longer desired, the signaling molecule is usually degraded as part of the return to
homeostasis. The cyclic dinucleotides are major a class of bacterial second messenger
and have been shown to regulate complex processes across many species. Cyclic di-
GMP (cyclic di-GMP) was the first to be reported in 1987 as an allosteric regulator of
cellulose biosynthesis [1] and has emerged as a widespread regulator of biofilm and
motility, virulence, cell cycle progression, and cell differentiation, reviewed in [2, 3].

Cyclic di-GMP levels are regulated by balancing the rate of synthesis and degra-
dation. In the original paper identifying cyclic di-GMP, Benziman’s group showed that
the molecule is synthesized from twoGTPmolecules diguanylate cyclases (DGCs) and
is linearized into pGpG by phosphodiesterases (PDE-A) and then further hydrolyzed to
twoGMPswith enzymeswith phosphodiesteraseB (PDE-B) activity [1]. Subsequently,
the Benziman lab identified the genetic loci responsible for synthesizing and linearizing
cyclic di-GMP, suggesting that proteins containing the GGDEF and EAL domains are
involved in synthesis and turnover [4]. Work from multiple labs later confirmed the
GGDEF possess DGC activity and EAL domains are responsible for PDE-A activity
[5–8]. Several years later, the HD-GYP domain enzymes were shown to hydrolyze
cyclic di-GMP to GMP via a pGpG intermediate in vitro [9, 10]. These domains were
found to be widespread in bacteria [11], although it was noted that some bacteria that
encoded diguanylate cyclases had only EAL domain proteins, leading to the question of
how species without HD-GYP proteins could hydrolyze pGpG to GMP.

In addition to cyclic di-GMP, in the past decade two other cyclic dinucleotide
signaling molecules have been characterized. Cyclic di-AMP (cyclic di-AMP) was
identified serendipitously in the first diadenylate cyclase crystal structure [12] and
subsequently characterized to be involved in DNA repair, cell wall maintenance,
osmotic stress, central metabolism, potassium homeostasis, and virulence (reviewed
in [13–15]). More recently, cyclic-AMP-GMP (cGAMP) was reported as a virulence
determinant in Vibrio cholerae [16] and a regulator of extracellular electron transport
in Geobacter [17, 18]. Both cyclic di-AMP and cGAMP are first linearized by
phosphodiesterases, and the conversion of linear dinucleotides to mononucleotides
appears to be mediated by a distinct enzymatic step. This chapter will summarize the
current research on the enzymes responsible for degradation of the linear dinucleo-
tide turnover by distinct enzymes and propose directions for future investigation.
Linear dinucleotides can also arise from other sources (such as RNA degradation,
abortive transcription, or release of reaction intermediate from cyclic dinucleotide
cyclases) to give rise to both 50-mono- and 50-tri-phosphorylated dinucleotides. For
the sake of space, this chapter will focus on the 50-monophosphate dinucleotides
generated from cyclic dinucleotide linearization, i.e. pGpG, pApA, and pApG.

6.2 Intracellular Effects of pGpG

In any signaling system, signal termination is required to reset the system to baseline.
The observation that EAL domain phosphodiesterases only hydrolyze cyclic di-GMP
to pGpG has raised the question as to whether pGpG has a signaling role of its own
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and how it is ultimately degraded to GMP. In cyclic di-GMP signaling, linear pGpG
can engage in feedback inhibition of cyclic di-GMP turnover. This was first observed
in in vitro experiments for the EAL domain phosphodiesterase YfgF from Escherichia
coli, where preincubation of purified YfgF with pGpG prevented cyclic di-GMP
hydrolysis [19]. The pGpG-mediated inhibition of other EAL domain phosphodies-
terases from P. aeruginosa was observed [20, 21] and appears to act via competitive
inhibition by occupying the active site. Furthermore, oligoribonucleotides have been
shown to prime transcription initiation in vivo and cause global alterations in gene
expression by affecting transcription start sites, transcription initiation efficiency, and/
or transcript stability [22, 23]. 50 RNA-seq showed enrichment of TA and GG
sequences in stationary phase oligoribonucleotide primed transcripts in both E. coli
and Vibrio cholerae, suggesting that oligos with the pUpA and pGpG sequences are
preferentially generated in this growth phase [24]. Since many GGDEF and EAL
domain genes are induced during stationary phase in E. coli (reviewed in [25]), it is
possible that the pGpG oligos are derived from the cyclic di-GMP linearization
product. Thus, the activity of the pGpG turnover enzyme is likely important in
regulating cyclic di-GMP homeostasis and gene transcription.

6.3 Oligoribonuclease (Orn) Is the Primary
Phosphodiesterase That Degrades pGpG to GMP

Two groups identified Orn as the primary degradative enzyme responsible for
cleavage of pGpG to GMP in P. aeruginosa. Cohen et al. and Orr et al. identified
Orn as the major enzyme responsible for pGpG hydrolysis in P. aeruginosa
[20, 21]. Both groups reported that loss of orn resulted in increased cyclic di-GMP
and pGpG, indicating that the activity of the pGpG turnover enzyme is required to
fully terminate cyclic di-GMP signaling. Interestingly, HD-GYP domain phospho-
diesterases have been shown to cleave cyclic di-GMP to GMP in vitro [9, 10]. How-
ever, several lines of evidence suggest that HD-GYP are not the main contributor to
pGpG turnover in vivo. First, HD-GYP domain proteins are not encoded by all
species that use cyclic di-GMP signaling [11]. Second, genetic inactivation of
individual HD-GYP domain phosphodiesterases had no effect on the ability of cell
lysates to turn over pGpG [21]. Third, expression of HD-GYP domain genes from
Vibrio cholerae in a P. aeruginosa Δorn mutant failed to restore pGpG hydrolysis
[26]. These observations suggest that while HD-GYPs could have pGpG cleaving
capabilities, they are either not the main enzymes responsible for pGpG turnover or
are only active under specific conditions. Together, these studies suggest that Orn is
the primary phosphodiesterase that cleaves pGpG in P. aeruginosa.
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6.4 Discovery of Orn and Its Functions in RNA
Degradation

Prior to the recently described role of Orn in degradation of pGpG, Orn was discovered
over 50 years ago as an exoribonuclease enzyme that degrades RNA [27, 28]. During
RNA turnover, RNAs (mRNA, rRNA, tRNA, and other RNA species) are first cleaved
internally by endonucleases (such as RNase E and RNase G) into fragments
[29]. These fragments are cleaved from the 30 or 50 ends by exoribonucleases down
into shorter oligoribonucleotide fragments. These 2–7 nucleotide long
oligoribonucleotides are then degraded to mononucleotides by specialized RNases,
such as Orn, with specificity toward short substrates. Orn enzymatic activity was first
reported in 1965 in a fraction of E. coli capable of rapidly degrading poly-A oligonu-
cleotides [30]. Orn was purified from E. coli and biochemical characterization indi-
cated degradation of oligoribonucleotides of various lengths [27, 31]. The orn gene
was identified [32] and was shown to be essential in E. coli as deletions could not be
generated [33]. Furthermore, conditional depletion of orn via a temperature-sensitive
plasmid resulted in cessation of growth [33]. A temperature-dependent strain accu-
mulated 2–5 nucleotide long oligos [33], indicating that Orn is the major enzyme
responsible for degrading short RNAs oligos of this size in E. coli. These studies and
the more recent studies suggest that Orn is the “finishing enzyme” in RNA degradation
and cyclic di-GMP signaling in organisms that encode orn.

6.5 NanoRNAses as Linear Dinucleotide
Phosphodiesterases

However, orn orthologs are not found in all bacteria, suggesting that evolutionarily
unrelated enzymes fill this role in other species. Proteins with Orn-like functions
from other bacteria lacking orn have recently been identified using two different
strategies. The first strategy took advantage of the observation that pAp is bound by
Orn [34]. A search for pAp-binding proteins identified NrnA from B. subtilis as a
bifunctional oligoribonuclease and pAp phosphatase [35]. The second strategy took
advantage of the lethality of orn mutations in E. coli. A screen of a plasmid library
containing genomic fragments of B. subtilis for genes that can restore growth to
E. coli depleted of orn identified NrnB [36]. In a similar screen of a library of
Bartonella birtlesii, NrnC was identified as a gene that can restore growth to E. coli
depleted of orn [37]. Like Orn, NrnA, NrnB, and NrnC were shown to be able to
cleave short oligoribonucleotides to monomers and displayed far higher rates
(>1000�) of in vitro activity against 5-mers compared to 24-mers, suggesting that
they are specific for shorter substrates [35–37]. Together, these studies strongly
suggest that the ability to degrade very short RNAs or “nanoRNAs” is specific to a
subset of RNases. However, these approaches also led to the identification of YhaM
and RNase J that partially complement the effect of orn depletion [36]. Whether
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these proteins truly function in the cell to degrade short oligoribonucleotides will
require further study.

To determine the pGpG cleaving enzymes in species lacking Orn, Orr et al.
screened a panel of proteins with predicted endoribonuclease domains and identified
that only the nanoRNases (NrnA, NrnB, and NrnC) could rescue the P. aeruginosa
Δorn strain pGpG levels, cyclic di-GMP levels, and biofilm formation back to wild
type [26]. In B. subtilis, a species that does not have Orn but instead relies on NrnA
and NrnB for nanoRNA turnover, the deletion of nrnA and nrnB also leads to an
accumulation of pGpG and cyclic di-GMP as detected by mass spectrometry. These
results suggest that feedback inhibition by pGpG on the enzymes that linearize cyclic
di-GMP is a conserved property of cyclic di-GMP signaling. Furthermore, the accu-
mulation of pGpG and cyclic di-GMP in P. aeruginosa Δorn and B. subtilis ΔnrnA
ΔnrnB indicate that a specialized subset of RNases serves as the final processing
enzyme to terminate cyclic di-GMP signaling instead of dedicated phosphodiesterases.
While Orn, NrnA/B, and NrnC act on dinucleotide substrates, they are not related to
each other based on analysis of the protein domains. Orn is in the DEDDh family [38],
NrnA and NrnB are in the DHH–DHHA1 family [39], and NrnC is in the DEDDy
family [40]. Nonetheless, all bacteria that utilize cyclic dinucleotides likely require at
least one of these proteins to hydrolyze the linear dinucleotide intermediate.

While Orn, NrnA/NrnB, and NrnC have been grouped as “nanoRNases” based on
function, these proteins belong in different domain families [38, 39]. In a systematic
analysis of all proteins within the V. cholerae and B. anthracis genomes that are
predicted to be exoribonuclease paralogs, not all members of the same protein
domain families were able to cleave pGpG [26]. Even within a protein family
containing the same domain, subsets of these proteins can have distinct substrate
preference. Since the structure for a number of these related proteins has been
solved, structural comparison can reveal the basis for substrate selectivity. Related
members of the DEDDh family proteins are RNase T and Orn that have different
substrate preferences. Both Orn and RNase T form homodimers where a basic
substrate-binding patch from one monomer is located opposite to the DEDDh
catalytic site on the other monomer [41]. However, while Orn is able to hydrolyze
dinucleotides in vitro, RNase T can only digest dinucleotides to mononucleotides
very slowly [42]. Instead, RNase T binds to double-stranded stems of RNA in order
to trim 30 unpaired nucleotides [43]. Modeling of RNase T with dinucleotide sub-
strates showed that not only are dinucleotides bound at a position which does not
permit catalytic reside access, but that this binding could result in an inactive
conformation [44]. In contrast, the apo structure of Orn lacks the basic substrate-
binding patch found on RNase T. These differences in substrate-binding patch and
catalytic site could explain why despite sharing the same domain and catalytic
residues, Orn cleaves dinucleotides, while RNase T cannot not. NrnA and RecJ
are both members of the DHH/DHHA1 family, but NrnA hydrolyzes short
oligoribonucleotides from 30 to 50 and long substrates from 50 to 30 [45] while
RecJ degrades from 50 to 30 [46]. Structure studies show that NrnA has a positively
charged extension of the substrate-binding pocket not present in RecJ, which is
likely responsible for binding and positioning short substrates by the catalytic site
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[45]. NrnC and RNase D are both DEDDy domain family proteins, but NrnC can
cleave short substrates and RNase D cannot. RNase D has two HRDC C-terminal
domains in addition to the DEDDy domain while NrnC consists of only the DEDDy
domain. RNase D may be unable to cleave short oligonucleotides since the DEDDy
site is highly negatively charged and thus a poor site for direct nucleic acid binding,
so RNAs may need to form stable interactions with the HRDC domains of RNase D
to remain in the active site, thus favoring longer substrates [47]. In contrast, NrnC
forms an octameric cylindrical channel where the catalytic sites face into the pore
[40]. The pore size can accommodate all but dsRNA and was found to also
effectively hydrolyze dsDNA in vitro, indicating that NrnC may not have a prefer-
ence for short substrates but is able to cleave all nucleic acids that can enter the
central pore [40]. These structure comparisons indicate that differences in the RNA
binding site and the catalytic domain can explain differences in substrate length
preference. Future structure–function comparisons of proteins from the same family
could provide further insight into the features required for cleavage short
oligoribonucleotides and how these enzymes distinguish between two-nucleotide
RNA from longer RNA fragments. Whether these enzymes, Orn, NrnA, NrnB, or
NrnC, all demonstrate a purine preference for the two-nucleotide long RNA derived
from cyclic dinucleotide linearization remains to be determined.

6.6 Other Linear Dinucleotides

Additional cyclic dinucleotides include cyclic di-AMP and cGAMP. Cyclic di-AMP is
linearized to pApA via HD domain containing phosphodiesterases [48] and can be
fully hydrolyzed from cyclic di-AMP to AMP by some DHH/DHHA1 phosphodies-
terases but not others [49–54]. In Streptococcus pneumoniae, which encodes two
DHH/DHHA1 enzymes that degrade cyclic di-AMP termed GdpP (a.k.a. Pde1) and
Pde2, GdpP only hydrolyzed cyclic di-AMP into pApA while Pde2 could hydrolyze
cyclic di-AMP into AMP [49]. A study of Mycobacterium tuberculosis Rv2837c, a
stand-alone DHH/DHHA1 protein capable of completely degrading cyclic di-AMP to
AMP via a pApA intermediate, showed that flipping of the pApA intermediate in the
active site is required for cleavage to AMP [55]. Comparison of the M. tuberculosis
Rv2837c to the DHH/DHHA1 domain of Staphylococcus aureus GdpP, which only
hydrolyzes cyclic di-AMP to pApA, showed that position of the substrate in the active
site explains the difference in end product [56]. Generating mutant variants of GdpP
with L424R or L503A/R504W substitutions in the catalytic site granted the ability to
cleave pApA to AMP [56]. Interestingly, the S. aureus Pde2 prefers pApA over
cyclic di-AMP as a substrate in vitro, suggesting that it could be a pApA specific
phosphodiesterase [57]. Feedback inhibition is also observed in cyclic di-AMP
signaling in S. aureus, where pApA accumulation upon inactivation of Pde2 was
seen to inhibit the cyclic di-AMP cleavage of the phosphodiesterase GdpP [57]. Thus,
in Gram-positive bacteria which do not encode an orn ortholog, members of the
DHH/DHHA1 family proteins appear to cleave both short oligoribonucleotides
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and pApA. Why some DHH/DHHA1 phosphatase family proteins have evolved to
cleave cyclic di-AMP but not cyclic di-GMP is unknown.

Less is known about the most recently described cGAMP. It has been reported in
V. cholerae that cGAMP is linearized to pApG by three HD-GYP domain V-cGAP
enzymes, one of which (V-cGAP1) acts further as a 50 phosphatase to generate ApG
[58]. How the pApG or ApG linear product of cGAMP is hydrolyzed to mono-
nucleotides is currently untested, although as V. cholerae orn can complement pGpG
turnover in a P. aeruginosa Δorn strain [26] and orn is expected to cleave all
dinucleotides, this is likely the enzyme responsible in V. cholerae. Whether pApG
is also able to inhibit V-cGAP linearization of cGAMP remains to be seen. Finally,
little is currently known about the turnover of the recently reported purine-pyrimi-
dine signaling molecule cyclic-UMP-AMP or the tri-nucleotide cyclic-AMP-AMP-
GMP [59]. Whether the processes identified for pGpG and pApA are conserved for
these novel signaling molecules await the identification of their linear degradation
product and the enzyme(s) responsible for their hydrolysis.

6.7 Conclusion and Future Directions

In conclusion, recent data indicate that the linear dinucleotide intermediates of cyclic
dinucleotide turnover can be rapidly degraded by nanoRNase enzymes (see
Table 6.1 for species for which in vivo data of diribonucleotidase activity are
available). The relative contribution of these RNases as opposed to dedicated
enzymes such as HD-GYP and Pde2 for removal of the linear dinucleotide to
terminate signaling is currently unknown, and raises the possibility of competition
between pGpG, pApA, pApG, and RNA turnover for these “recycling” nanoRNases
in bacteria. These observations raise the possibility that some proteins previously
annotated by homology as general RNases are actually dedicated dinucleotide
turnover enzymes. Interestingly, most bacterial species do not encode nanoRNases
of different families: orthologs of Orn are only mostly in Beta- and
Gammaproteobacteria, NrnA/NrnB are mostly in Delta- and Epsilonproteobacterial,
Firmicutes, and Bacteroides, and NrnC is found mostly in Alphaproteobacteria and
Cyanobacteria, with the exception of Actinobacterial species, which contain both

Table 6.1 Species for which in vivo data of diribonucleotidase activity are available

Bacterium
Cyclic
dinucleotide(s) Diribonucleotidase(s) References

Pseudomonas aeruginosa Cyclic di-GMP Orn Cohen et al. [20],
Orr et al. [21]

Vibrio cholerae Cyclic di-GMP HD-GYP proteins McKee et al. [9]

Bacillus subtilis Cyclic di-GMP
Cyclic di-AMP

NrnA, NrnB Orr et al. [26]

Staphylococcus aureus Cyclic di-AMP Pde2 Bowman et al. [57]
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NrnA and Orn. The anticorrelation of phylogentic distribution in nanoRNases has
been suggested as evidence for their analogous function [34], which could be
attributable to the RNase and/or dinucleotide phosphodiesterase functions. The
species which are predicted to use cyclic di-AMP are mostly associated with
NrnA/NrnB while the species which are predicted to use only cyclic di-GMP are
mostly associated with Orn or NrnC (Fig. 6.1). The possibility of an intersection
between RNA turnover and cyclic dinucleotide signaling raises the question of
whether RNA turnover can overwhelm nanoRNase capacity leading to effects on
cyclic dinucleotide homeostasis. Further studies to investigate the role of linear
dinucleotides in RNA turnover or regulation of other cellular processes will resolve
whether these putative interactions are responsible for the biological regulation of
cyclic dinucleotide signaling systems.
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Chapter 7
Detection of Cyclic Dinucleotide Binding
Proteins

Vincent T. Lee

Abstract Cyclic dinucleotides are a family of secondary messenger molecules that
regulate bacterial physiology, cell division, motility, and biofilm formation. In
response to stimuli, activated dinucleotide cyclases synthesize cyclic dinucleotides.
Once made, cyclic dinucleotides bind macromolecule receptors, including proteins
and RNA, to allosterically regulate downstream functions. Many important classes
of cyclic di-GMP protein receptors have been identified including the PilZ domain,
various degenerate enzymatic domains (GGDEF, EAL, and HD-GYP), the MshE
domain, the AAA+ domain containing DNA binding proteins, as well as many
unique examples. The identification of these cyclic di-GMP binding proteins and
their cyclic di-GMP binding sites allows the generation of binding-defective alleles
for interrogating the importance of cyclic di-GMP signaling in these regulated
pathways. Using these tools, the field has revealed that cyclic di-GMP directly
regulates many cellular functions through allosteric binding. Despite the success in
the field of identifying protein receptors in the past few decades, cyclic dinucleotide
receptors often can only be experimentally identified due to their diversity. To
address these challenges, a number of experimental techniques have been utilized
to empirically demonstrate interactions between cyclic dinucleotide and protein
receptors. Here we will review the techniques used for the discovery and
validation of these interactions by (1) affinity pull-down, (2) screening of proteins
encoded by the genome, and (3) biochemical and structural methods. The use of
these techniques will enable future development of predictive computational
approaches that allow rapid identification and validation of cyclic dinucleotide
receptor proteins. The identity of cyclic dinucleotide receptors will allow for a
detailed understanding of the molecular mechanisms of cyclic dinucleotide signaling
on cellular physiology.
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7.1 Introduction

Cyclic dinucleotides are secondary messenger molecules that regulate biological
processes [1–6] by acting on receptor proteins [7, 8] and RNAs [9, 10] to alter their
structure and function. In 1987, cyclic di-GMP was the first cyclic dinucleotide
discovered because of its ability to activate bacterial cellulose synthase (Bcs) from
Acetobacter extracts [11]. Since these initial studies, the enzymes that synthesize
cyclic di-GMP, called diguanylate cyclases (DGC), and degrade cyclic di-GMP to
pGpG, called phosphodiesterases (PDE), have been discovered [12]. Availability of
the DGC and PDE domain sequences allowed identification of these domains in the
newly sequenced and assembled bacterial genomes [13, 14]. These bioinformatic
analyses led to the realization that cyclic di-GMP pathways are widely distributed in
prokaryotes. How these signaling nucleotides regulate diverse processes, including
altered physiology, biofilm formation, inhibition of motility, alteration of chemotaxis,
type IV pili function, cell division, expression of virulence genes, and pathogenesis,
became an area of interest. The immediate question was whether cyclic di-GMP
behaves similar to other signaling nucleotides.

A reference point for the study of cyclic dinucleotides was the prior characteri-
zation of the first signaling nucleotide cyclic AMP (cAMP). In E. coli, cAMP
signaling has one synthase (adenylate cyclase, CyaA) [15], one degrading enzyme
(cAMP phosphodiesterase [16], CpdA), and one binding protein that is a transcrip-
tional activator (CRP/CAP) [17, 18]. These initial studies suggested that cAMP has
one enzyme that made the signaling molecule, one enzyme that degraded the signal
and one receptor that bound the signal. Completed bacterial genomes allowed
bioinformatic analysis which quickly revealed that, for cyclic di-GMP, there are
numerous genes encoding for enzymes that synthesize and degrade the signaling
molecule in contrast to cAMP signaling system in E. coli. These results suggest that
the organisms containing multiple genes encoding for DGCs and PDEs can also
encode many different binding proteins to mediate the regulation of diverse pheno-
types, rather than acting on one master transcription regulator such as CRP/CAP. To
understand how cyclic di-GMP acts in the cell, numerous labs sought to identify
cyclic di-GMP binding receptors.

Upon the discovery of cAMP, identification of the macromolecular receptor was
the challenge of the day. Early studies in eukaryotes demonstrated that the addition
of cAMP activated protein kinase A (PKA) to phosphorylate a number of target
proteins [19–22]. However, the mechanism of activation remained unclear. Under-
standing how cAMP activated PKA required experimental approaches to detect
these binding interactions and unravel the molecular mechanisms of activation.
Investigators turned to methods used in the earliest detection of interactions between
proteins and nucleic acids (DNA and RNA) and the basis for revealing the genetic
code [23]. Development of the filter binding assay allowed detection of specific
binding of the ribosome to 14C-Phe-tRNA, 14C-Lys-tRNA, and 14C-Pro-tRNA in the
presence of RNA containing polyU, polyA, and polyC, respectively [23] and
propelled the full characterization of the genetic code. By employing the filter
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binding assay, the effect of cAMP on PKA activity was due to direct binding and
allosteric regulation [24]. Detection of specific binding of signaling molecule to
protein receptor revealed the site on the protein, whether allosteric or active, that
mediates regulation. Filter binding assay has been adapted as one of the techniques
for detection and characterization of protein interaction with cyclic dinucleotides
(described below).

Discovery and characterization of protein interactions with signaling cyclic
dinucleotides are critical for understanding the underlying molecular mechanisms
that mediate the regulation. Due to the recent discovery of cyclic dinucleotides, the
macromolecular targets that are regulated by these signaling molecules remained
initially unknown. Much collective effort was made in the field to identify these
targets. Characterization of the binding proteins and binding sites allows the targeted
generation of mutants that are defective for binding. The availability of these specific
binding-defective alleles allows demonstration that the binding interaction with
cyclic dinucleotides alters macromolecular function and phenotypic outcome.
Some early examples of the studies that identified key cyclic di-GMP receptors
and their contribution to cyclic dinucleotide regulation of include the BcsA activa-
tion cellulose synthase [25, 26], Alg44 activation of alginate biosynthesis [27, 28],
FleQ activation of transcription [29, 30], PelD activation of P. aeruginosa biofilm
[31], CtrA regulation of cell division [32], YcgR regulation of flagellar motility [33–
35], LapD regulation of cell surface adhesin [36, 37], BalD regulation of cellular
differentiation [38], MshE regulation of type IV pili [39–41], and many more. The
identification and characterization of receptor protein interactions reveal underlying
molecular mechanisms of regulation.

Identification of protein–nucleotide interactions provides the basis for further
investigations on the underlying regulatory molecular mechanisms. The experimen-
tal approaches for these discoveries can be challenging due to technical issues and
limitations of various experimental techniques. This chapter will discuss methods to
(1) identify previously unknown cyclic dinucleotide binding proteins from prokary-
otic and eukaryotic cells and (2) characterize candidate cyclic dinucleotide binding
proteins. Examples from literature are used to highlight how investigators have
utilized various approaches to identify binding proteins that underlie our understand-
ing of the molecular mechanisms of cyclic dinucleotide signaling.

7.2 Unbiased Approaches: Identifying Novel Receptors

With the availability of genomic information for most bacteria of interest, the most
direct way to identify novel receptors in organisms in which cyclic dinucleotide
signaling has not been studied is to utilize bioinformatics approach to detect genes
encoding proteins with domains known to bind cyclic dinucleotides (see below
Bioinformatics approach). While powerful for rapid identification, a pure bioinfor-
matic approach has had limited success in de novo discovery of new protein domains
that bind cyclic dinucleotides. In the scenario where there is a known, biologically
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active signaling nucleotide without any known protein receptors (for example, cyclic
di-AMP before 2011), researchers took two unbiased approaches to identify novel
receptors. One approach is based upon using affinity labeled cyclic dinucleotide to
enrich for binding proteins that are subsequently identified by mass spectrometry. A
second approach is based on screening E. coli lysates expressing each open reading
frame (ORF) encoded in the genome for their ability to bind the cyclic dinucleotide.
In the section below, examples from literature will demonstrate the utility of these
approaches.

7.2.1 Bioinformatic Approach

One approach is to solely use bioinformatic analyze to identify novel receptors. Due
to conservation of protein folding and signaling pathways, Amikan and Galperin
identified protein domains that are overrepresented in genes in biological pathways
regulated by cyclic di-GMP [25]. From this analysis, they identified proteins with
PilZ domain containing the RxxxR and DxSxxG motifs as cyclic di-GMP receptor
proteins. Subsequently, proteins containing PilZ domains were experimentally val-
idated using the approaches described below. A bioinformatics approach is quite
powerful, but requires subsequent experimental validation using one or more of the
methods described below. Surprisingly, the first-time cyclic di-GMP binding protein
was identified solely by the bioinformatics approach also the only one to date. The
long lag between bioinformatics prediction suggests that discovery through pure
bioinformatics domain analysis is not straightforward. However, receptors discov-
ered can provide the basis for domain description and future bioinformatic analysis.
This positive feedback loop should aid in the characterization of cyclic dinucleotide
signaling systems.

7.2.2 Affinity Pull-down

Physical interaction between cyclic dinucleotide and their protein receptor with
sufficient affinity can be exploited for receptor discovery by baiting the cyclic
dinucleotide with an affinity tag. Successful affinity pull-down experiments have
utilized two types of modified cyclic dinucleotides (Fig. 7.1). In one version, cyclic
di-AMP and cyclic di-GMP are modified at the 20 hydroxyl with biotin. Typically, a
linker of various lengths connects the biotin to the nucleotide to reduce interference
with the binding pocket. The commercial availability of these compounds has
reduced the barrier for conducting these experiments. Streptavidin beads coupled
with biotinylated cyclic dinucleotide are added to clarified lysates, washed, and
treated with denaturing sample buffer to elute bound proteins [42, 43]. A negative
control with beads lacking the modified cyclic dinucleotide is critical for assessment of
proteins that bind specifically to the ligand rather than to the beads. The subsequent
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quantitative mass spectrometry is critical to identify binding proteins enriched in the
samples containing the biotinylated cyclic dinucleotide. Using this approach, KtrA
[42] and pyruvate carboxylase [43] were identified as bacterial cyclic di-AMP binding
proteins. A similar approach allowed identification of RECON frommammalian tissue
extracts as a host protein that specifically binds cyclic dinucleotides containing at least
one adenine [44]. In another variation, cyclic dinucleotide modified at the 20 position
with 6-aminohexylcarbamoyl is directly coupled to sepharose beads. In this case, the
control is beads modified with a molecule that is not a cyclic dinucleotide, for example,
ethanolamine [45]. This approach allowed identification of a number of known cyclic
di-GMP binding proteins as well as a large number of hypothetical proteins [45].

In the second class of affinity pull-downs, an additional modification is intro-
duced to biotinylated cyclic dinucleotide to generate capture compounds (Fig. 7.1)
[46, 47]. The presence of an azide functional group on the capture compound enables
photoreactive covalent bond to form to proteins bound to cyclic dinucleotide. The
advantage of the capture compound is that both soluble lysates and membrane
fractions can be probed to maximize the number of targets that can be identified.
Using this approach, the membrane complex PgaC and PgaD responsible for poly-
N-acetyl-glucosamine in E. coli was determined to bind cyclic di-GMP [48]. In
addition, a large number of proteins known to bind cyclic di-GMP, as well as many
unknown proteins, have been identified from P. aeruginosa [46, 47]. The success of
these affinity methodologies will enable identification of cyclic dinucleotide binding

Cyclic dinucleotide
Uses for detecting protein 
interactions

Unlabeled

Radiolabeled

Affinity labeled
green star - affinity label

Capture compound
green star - affinity label
red triangle - crosslinker

ITC
SPR
Crystal structure

UV crosslinking
Co-precipitation
Filter binding
DRaCALA

Affinity pulldown
and mass spectrometry

Crosslinking, affinity pulldown
and mass spectrometry

Fig. 7.1 Cyclic dinucleotide and modified analogs used for detection and characterization of
interaction with protein receptors. Unlabeled nucleotides are used for ITC, SPR, and structural
biology approaches. Radiolabeled nucleotides are used for UV crosslinking, coprecipitation, filter
binding, and DRaCALA. Affinity labeled nucleotide and capture compound are used for affinity
pull-down and peptide identification by mass spectrometry
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proteins from organisms that have either been understudied or are difficult to
manipulate genetically.

7.2.3 Differential Radial Capillary Action of Ligand Assay
(DRaCALA)-Based ORFeome Screens

In a different approach, individual genes (open reading frames or ORFs) from an
organism are heterologously overexpressed in E. coli, and the lysates are directly
assayed for binding to radiolabeled cyclic dinucleotides (Fig. 7.1) [49]. The library
of all genes (ORFeome) from a select set of organisms have been generated and
arrayed into 96 well plates. These clones can be purified and recombined into
expression vectors using Gateway recombination technology. The expression library
can be induced, collected by centrifugation, resuspended in assay buffer and lysed by
three freeze-thaw cycles. After dispensing the radiolabeled ligand to all wells, the
binding interaction can be detected by DRaCALA (see below) using a 96 well pin
tool and stamping the samples onto dry nitrocellulose. If there are two empty wells
available, a positive control lysate of cells expressing a known binding protein and a
negative control lysate of cells with an empty vector should be included. If all wells
have samples, the two controls should be performed using the same radiolabeled
ligand in a separate 96 well plate. After drying the membrane and exposing to film/
phosphorimager, the fraction bound should be calculated using the equation in
Roelofs et al. [50]. The typical ORFeome consist of >1000 genes, so statistical
analysis can be used to identify positive candidate binding proteins. A rigorous
cutoff is fraction bound that is three standard deviation above the mean of all
samples. If one wants to test more candidate proteins, a less rigorous cutoff of
fraction bound of two standard deviation above the mean can be used. Once
identified, these candidate binding proteins should be verified by sequencing and
validated independently using cell lysates and preferably purified proteins. If the
binding interaction is validated, specificity of the interaction should be assessed by
competition assays. In a screen against the Staphylococcus aureus ORFeome, KtrA,
KpdD, and PstA were identified as cyclic di-AMP binding proteins [42]. BscE [51]
and MshE [40] were identified as cyclic di-GMP binding proteins from screening the
E. coli and V. cholerae ORFeome, respectively. This approach has also been used to
identify pGpG binding proteins, revealing oligoribonuclease as the primary enzyme
that cleaves pGpG to GMP to complete the degradation of cyclic di-GMP and
terminates cyclic di-GMP signaling [52]. A screen for ppGpp binding proteins in
S. aureus also revealed a number of GTPases whose activity is regulated by the
stringent response [53]. While successful in identifying novel interactions between
protein receptors and signaling nucleotides, there are issues with both false positives
and false negatives that can arise from DRaCALA-based ORFeome screens. False
positives often arise from the expression of the heterologous gene altering the expres-
sion of endogenous E. coli genes that bind the ligand. False negatives occur when
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proteins that do bind the cyclic dinucleotide show up negative in the DRaCALA
screen. False negatives are often due to low protein expression or when a multi-protein
complex forms the ligand binding site [48]. The more stringent the cutoff, the more
proteins will become false negatives. In contrast, a more relaxed cutoff would yield
significantly more false positives. Therefore, caution should be used before defini-
tively concluding that all receptor proteins have been identified using DRaCALA-
based ORFeome screen.

7.2.4 Summary

Using these unbiased approaches, the field has discovered several novel binding
domains for cyclic di-GMP, such as MshE N-terminal domains that regulate type IV
pili and type II secretion [39–41, 54] and FimW with an extended PilZ-like domain
[55]. For cyclic di-AMP, unbiased screens lead to the discovery of some of the
binding domains including the RCK_C (regulator of conductance of K+) domain of
KtrA and related potassium transporters the USP (universal stress protein) domain of
KdpD, and PstA family of PII proteins [42]. Use of these strategies also allowed the
discovery of RECON, a new mammalian receptor, for cyclic di-AMP [44]. Together,
the identification of these new domains uncovered novel regulation by these cyclic
dinucleotides in these specific organisms and enhances future characterization of
proteins containing these domains in heterologous organisms through bioinformatic
searches.

7.3 Assays to Characterize Interactions Between Cyclic
Dinucleotides and Candidate Receptor Proteins

Once identified, cyclic dinucleotide binding proteins can be characterized by assays
presented in this section. These assays are limited in throughput and are typically
best suited for investigating a limited set of protein targets based on domain
homology or prior biochemical and/or genetic studies. These assays have been
categorized by the type of ligand used as each ligand would require specific
instrumentation for detection.

7.3.1 Detection Using Radiolabeled Cyclic Dinucleotides

Cyclic dinucleotides are low molecular weight, and this property presents some
unique challenges to detect their physical interactions. One early method developed
was the filter binding assay based on the retention of radiolabeled nucleic acids to
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nitrocellulose membranes only when the nucleic acid bind proteins that are retained
membrane [23]. Since these radiolabeled cyclic dinucleotides are chemically iden-
tical to the unlabeled molecule, the interaction of protein with the receptor in the
assay should be indistinguishable from the native interaction. Several experimental
methods have been developed to utilize radiolabeled signaling nucleotides, includ-
ing a high-throughput screening technique, have been successfully used to identify
new receptors from high-throughput screens (see Sect 7.2).

Radiolabeled cyclic dinucleotides are generated in vitro using various dinucleotide
cyclases and the appropriate α-labeled nucleotide triphosphate. PleD [56] and WspR
[29, 57] have been used to generate 32P-cyclic di-GMP, and DisA has been used to
generate 32P-cyclic di-AMP [58]. These radiolabeled probes have been used in the
following assays to detect interactions between proteins and cyclic dinucleotides.

7.3.1.1 Crosslink and Electrophoretic Mobility Shift Assay (EMSA)

The first detection assay used to demonstrate interactions between cyclic di-GMP and
protein receptors was UV crosslinking followed by separation on polyacrylamide gel.
The assay is based on previous studies showing that messenger RNA (mRNA) can be
efficiently crosslinked to proteins when irradiated with 254 nm UV light [59]. Since
cyclic di-GMP contains only two bases, crosslinking requires extensive irradiation
[56]. Once crosslinked, the protein can be separated on gels and detected by exposure
to film or phosphorimager screens. There are two benefits of the small size of cyclic di-
GMP molecule in this assay. First, unbound 32P-cyclic di-GMP will run at the dye
front and easily separated from proteins. Second, once crosslinked, the size of the
receptor protein–ligand complex is not significantly changed and can be easily
identified on the polyacrylamide gel based on the size of the uncrosslinked protein.
Using this assay, whole cyclic di-GMP binding proteins, domains within the protein,
and specific residues within the protein were identified [56, 60]. Negative control
proteins, such as BSA or protein ladder, can be used to ensure proteins identified are
indeed specific binding proteins. The availability of known cyclic di-GMP binding
proteins provides better positive controls for future uses of this assay. Since EMSA
allows separation of binding proteins based on size, UV crosslinking can be used to
label whole cell lysates for the discovery of novel protein receptors. This application
facilitated the discovery of a novel binding protein from Caulobacter crescentus
[61]. While this approach has been successful, it must be noted that few mass
spectrometry facilities accommodate analysis of radiolabeled proteins.

7.3.1.2 Pull-Down of Labeled Cyclic Dinucleotide by Affinity-Tagged
Proteins

A second technique used to identify interactions is based on the differential precipi-
tation of 32P-cyclic di-GMP by an affinity-tagged protein immobilized on Ni-NTA
beads. Proteins that bind cyclic di-GMP will sediment the radiolabeled cyclic di-GMP
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with the beads; whereas proteins that do not bind cyclic di-GMP will not. To reduce
non-specific signal in the beads, the beads can be washed with buffer. Once washed,
the amount of labeled cyclic di-GMP can be determined by scintillation counting.
Negative controls for specificity include samples lacking beads, samples lacking
protein, or samples containing a tagged protein that does not bind cyclic di-GMP (e.
g., maltose binding protein (MBP)). Addition of unlabeled cyclic di-GMP and related
nucleotides can define the specificity of the binding interaction. This assay allowed
detection of specific binding of cyclic di-GMP to Pseudomonas aeruginosa PelD, the
requirement of residues R367, D370, and R402 [31], as well as binding to PilZ domain
proteins [27]. While effective, this assay is time sensitive since the protein-cyclic di-
GMP complex can dissociate, particularly during the wash steps.

7.3.1.3 Filter Binding

Filter binding is the classic binding assay that exploits the ability of nitrocellulose to
preferentially sequester proteins through hydrophobic interactions, but not nucleic
acids [23]. Samples of protein and radiolabeled nucleic acids are mixed, filtered
through the nitrocellulose membrane by vacuum, and washed with buffer to remove
residual unbound ligand. The amount of radiolabeled nucleic acid retained on the filter
can be measured by scintillation or exposure to film/phosphorimager screen. Negative
controls include samples lacking protein or samples containing protein known to not
bind the nucleic acid. For cyclic di-GMP, filter binding assay has been successfully
used to measure the binding of P. aeruginosa FleQ [29] as well as PilZ domain
proteins from Vibrio cholerae [62] and P. aeruginosa [27]. By adding unlabeled
competitors such as cyclic di-GMP or GTP, the specificity of binding can be deter-
mined. Filter binding can be performed individually with a single opening for samples
or in a higher throughput manner using an apparatus with more openings (Slot blot or
dot blot devices can have up to 96 openings). The individual manifold has higher
reproducibility, but sample processing is limited and introduces error due to sample
processing time. In contrast, the dot blot devices, while enabling higher throughput,
can have irregular flow due to air bubbles trapped in individual wells. These technical
issues can lead to irreproducibility in data acquired.

7.3.1.4 Differential Radial Capillary Action of Ligand Assay
(DRaCALA)

DRaCALA was developed relatively recently as an alternative to filter binding assay
[50]. DRaCALA also utilizes nitrocellulose membrane to differentiate between free
nucleic acid ligand and the protein–ligand complex. The sample mixtures containing
proteins and the radiolabeled ligand are applied onto dry nitrocellulose and the liquid
is moved by capillary action radially until the entire volume is mobilized. The dried
membranes can then be exposed to film/phosphorimager screens for detection of the
radiolabeled ligand. In contrast to filter binding assay, the result of DRaCALA is the
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presence of two distinct zones: (1) inner circle representing the protein that is
sequestered at the site of application, and (2) outer circle representing the zone of
mobilization of the aqueous phase (Fig. 7.2). Ligand bound to the protein receptor
will be sequestered in the inner circle; in contrast, unbound ligand will be mobilized
to the outer circle. The distribution of the radiolabeled ligand in the two zones allows
the determination of the fraction found (FB). The key differences of DRaCALA from
filter binding assay are that the sample is applied to dry nitrocellulose and there is no
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Fig. 7.2 Principle of DRaCALA. (a) Schematic representation of DRaCALA assay on application
of protein–ligand mixture (in red) onto nitrocellulose with consecutive ligand mobilization (in blue)
by capillary action. Protein (P), ligand (L), and protein–ligand complex (P•L) distribution during the
assay is shown. (b) Equations are used to analyze DRaCALA data for FB for purified proteins.
Taken with permission from Roelofs et al. [50]
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additional wash step. Since DRaCALA is performed onto dry nitrocellulose, the
assay is easily adaptable for high-throughput assays since the issues with filtration
are eliminated [49]. As there is no wash, each DRaCALA spot represents all of the
radiolabeled ligand in the sample. For this reason, DRaCALA allows a more
quantitative assessment of the fraction of ligand bound. Since nitrocellulose seques-
ters all proteins, DRaCALA has been successfully used for detection of binding in
whole cell lysates [50]. To rule out no-specific binding of the ligand to the nitrocel-
lulose membrane, negative controls include samples lacking protein or samples with
only MBP, which does not bind nucleotides. In DRaCALA, the binding interaction
is driven by the protein concentration, so serial dilution of a protein allows deter-
mination of the dissociation constant (Kd), which is a measure of the affinity of the
interaction. Addition of unlabeled competitors allows identification of molecules
that compete with the radiolabeled ligand and determination of specificity of the
binding interaction. There are issues associated with DRaCALA, including the use
of radioactivity, specific proteins becoming inactive upon contact with nitrocellu-
lose, and binding being driven by protein concentration, which can be limiting.
However, the ease of use, speed of assay, scalability, and reproducibility of results
are advantages that allow DRaCALA to be widely applicable to the study of
interactions between protein and nucleic acid ligands [63].

7.3.2 Detection of Binding Interaction with Unlabeled Cyclic
Dinucleotides Using Biophysical Techniques

Another approach detects biophysical changes during the binding event between the
protein and cyclic dinucleotides that are unlabeled and unmodified. Since these
approaches use unmodified cyclic dinucleotides, they are generalizable for all
interactions between protein receptors and signaling nucleotides. These approaches
often require purified protein samples and specialized instrumentation. These tech-
niques have been successfully used to characterize interactions between protein
receptors and cyclic dinucleotides; however, they are not typically useful for iden-
tification of novel binding proteins.

Isothermal calorimetry (ITC), surface plasmon resonance (SPR), and equilibrium
dialysis are three main methods that detect protein–ligand interaction by exploiting
biophysical changes that occur during the binding event. ITC measures the changes
in heat during binding between protein and ligand. In practice, the changes in heat
during the binding interaction are detected during serial additions of the ligand at ~1/
10 the stoichiometric ratio of the binding protein. As the ligand occupies the binding
site present in the protein, the heat changes are reduced in magnitude since there are
fewer and fewer binding events. The binding curves generated from ITC data can
allow determination of binding affinity, stoichiometry, and enthalpy. To determine
specificity of binding, separate binding curves should be generated using related
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molecules that do not bind. ITC has often been applied in conjunction with other
assays described above to further characterize binding interactions [27, 28, 64–67].

SPR exploits changes in molecular weight of proteins attached to a surface as
detected by alteration in the resonance of surface plasmons. Typically, one binding
partner is attached to a surface and the second component is flowed above the
surface. When binding interactions occur, there is an increase in molecular weight,
which can be detected by SPR. This technique is rarely used in the studies of cyclic
dinucleotides because of low signal-to-noise ratio. Typically, the high molecular
weight protein receptor is attached to the surface and binding of the low molecular
weight cyclic dinucleotide results in a small increase in the total molecular weight
[31, 45, 68]. As a consequence, SPR is typically not the preferred method for
detecting these interactions.

Equilibrium dialysis is based on the sequestration of ligand by a binding protein.
In practice, there are two chambers that are separated by a dialysis membrane
(3000 Da molecular cutoff) that allows the cyclic dinucleotide to diffuse to both
chambers while keeping the protein of larger sizes in only one chamber. For proteins
that do not bind, the distribution of the cyclic dinucleotide would have a uniform
distribution and a ratio of 1:1 in the two chambers. For proteins that do bind, the
concentration of cyclic dinucleotide will be increased in the chamber with protein
and a concomitant decrease of the ligand in the chamber lacking protein. As a result,
the ratio will be shifted from the 1:1 ratio. Equilibrium dialysis can be assayed with
both unlabeled and radiolabeled cyclic dinucleotide. The use of radiolabeled version
increases the sensitivity of detection. By calculating the amount of protein and ligand
and the change in the ratio, a determination of affinity can be established. This
technique has been utilized to characterize PilZ proteins [33].

7.3.3 Detection of Binding Using Covalently Modified Cyclic
Dinucleotides

Cyclic dinucleotides can be covalently coupled with two types of modifications to
aid detection. The first class of modification is the addition of a fluorophore to enable
detection by fluorescence. The second modification is the addition of biotin or other
moieties for affinity purification and subsequent protein identification by mass
spectrometry (see Sect 7.2).

Cyclic dinucleotides are typically modified at the 20 position with fluorescent
label and used in place of a radiolabeled ligand. One example used the fluorescent-
labeled cyclic di-GMP to probe peptide arrays fixed onto cellulose membranes
[68]. In another example, the fluorescent-labeled cyclic di-GMP was used in
DRaCALA [51]. Another potential use of fluorescent-labeled cyclic dinucleotides
is fluorescence anisotropy. Currently, there are no studies that have utilized fluores-
cence anisotropy to study binding interactions. While there are some successes with
the use of fluorescently labeled cyclic dinucleotides, there are concerns whether these
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modifications alter the binding properties to proteins. Some studies have suggested
that even subtle changes in these signaling molecules can affect binding preference to
protein receptors [69].

7.3.4 Structural Biological Approaches

The old adage of “seeing is believing” applies to protein receptors binding signaling
nucleotides. Structural biology approaches have resolved many protein–ligand com-
plexes. These approaches utilize unmodified ligand, so the structural information
provides insight into the native interaction. A structural biological approach requires
specific targets in which candidate interactions between protein and ligand have been
implied by previous studies. For example, the description of the PilZ domain [25]
allowed a number of groups to use structural biology approaches to demonstrate cyclic
di-GMP interaction with protein receptors. Initial studies characterized binding inter-
action between the PilZ domain receptor and cyclic di-GMP using crystallography
[65] or NMR [70]. This approach was extended to larger complexes that enabled a
mechanistic explanation of cyclic di-GMP activation of the BcsAB complex [26]. Sim-
ilar approaches have provided much mechanistic insight into a number of cyclic di-
GMP binding proteins [7, 28, 67, 71, 72]. Structural approaches were also critical for
the characterization of numerous novel cyclic di-GMP binding proteins, including Clp
[66, 73], VpsT [74], LapD [36], and BalD [38]. These studies are often combined with
other techniques described in this chapter to characterize the biochemical parameters
of these interactions [28, 38, 65–67]. Structure biological approaches can lead to
discovery. The diadenylate cyclase DisA structure revealed its catalytic site containing
the cyclic di-AMP product [75] and suggested that cyclic di-AMP is a new class of
signaling cyclic dinucleotide in prokaryotes. In summary, structural biology is a
powerful approach that is typically aided by having specific targets and yields
unparalleled insights for the mechanism of regulation by cyclic dinucleotides.

7.3.5 Follow-Up Studies

Once candidate binding proteins have been verified by one or more of the
approaches above, subsequent studies can identify the specificity of the interactions
and the key residues in the protein responsible for binding. Once the key binding
residues are identified, binding-defective alleles can be generated as important tools
to interrogate the biological significance of specific receptor–ligand interactions in
biological settings. Furthermore, the binding domains and binding motifs can be
used for bioinformatic analysis to detect homologs in other bacterial genomes. These
homologs represent new candidates that can be studied for their binding interactions
and potentially the discovery of unique cyclic dinucleotide regulation in different
organisms.
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7.4 Conclusion

Interactions between cyclic dinucleotides and macromolecular receptors underlie the
mechanism of downstream regulation. The identity of all of the binding domains for
each of the cyclic dinucleotide continues to be an ongoing effort in the field.
Nonetheless, identification and characterization of these interactions using the var-
ious approaches described in this chapter will provide a mechanistic understanding
of cyclic dinucleotides regulation.
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Chapter 8
Noncanonical Cyclic di-GMP Binding
Modes

Shan-Ho Chou and Michael Y. Galperin

Abstract Cyclic diguanosine monophosphate nucleotide (cyclic di-GMP) has
emerged as a crucial second messenger molecule that responds to a wide variety of
environmental cues in almost all bacteria. Several canonical binding modes of cyclic di-
GMP interactions with its protein or riboswitch targets have been described. However,
more cyclic di-GMP binding proteins are expected to exist, due to the wide variety of
biological activities that can be controlled by this flexible molecule. In this chapter, we
review some of the lesser known but equally interesting cyclic di-GMP binding modes
that have been discovered by our group in the past few years, including (1) cyclic di-
GMP binding in the active site of a diguanylate cyclase containing the canonical
GGDEF motif without an inhibitory site; (2) a PilZ domain structure that is interrupted
in the middle by two long helices and self-assembles into a tetramer via the leucine-rich
heptad repeat; and (3) a new bulge conformation of cyclic di-GMP with one guanine
base flipping from anti to syn in binding to a degenerate EAL domain.

Keywords Noncanonical · Cyclic di-GMP · syn-G · Tetrameric PilZ

Cyclic di-GMP is a recently described bacterial second messenger that was found to
regulate a wide variety of physiological processes in bacteria. Indeed, cyclic di-GMP
can control bacterial cell motility, intercellular protein interactions, biofilm formation,
and dispersal, as well as the responses to a variety of environmental cues [1–5]. The
mechanisms of cyclic di-GMP synthesis by diguanylate cyclases (DGCs that contain the
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GGDEF domain) and hydrolysis by cyclic di-GMP-specific phosphodiesterases (PDEs
contain either EAL or HD-GYP domain) are relatively well characterized [6–12].
The current challenge is the identification and characterization of downstream
modules that respond to the changes in the cyclic di-GMP levels to elicit certain changes
in bacterial behavior and metabolism [13–15]. Progress in the latter area has been slower
to come by, despite considerable effort spent trying to identify potential cyclic di-GMP-
binding proteins [8, 13, 16]. To date, some rules for canonical cyclic di-GMP binding
have been established. The arginine residue was found to play crucial roles in binding
cyclic di-GMP, due to its capability to form two H-bonds with a guanine base in the
Hoogsteen mode and its ability to stabilize interaction with a guanine base via optimal
hydrophobic stacking (for a detailed review, please see Chou and Galperin, 2016)
[17]. Alteration of the Arg residues involved in specific binding has been found to
significantly reduce the binding affinities of cyclic di-GMP with its receptors.

However, more cyclic di-GMP binding proteins are expected to exist, due to the
wide variety of biological activities that can be conferred by this flexible molecule.
In this chapter, we review some of the lesser known but equally interesting cyclic di-
GMP binding modes discovered by our group in the past years. These include
(1) cyclic di-GMP binding in the active site of a diguanylate cyclase containing
the canonical GGDEF motif without an inhibitory site [9]; (2) a PilZ domain
structure that is interrupted in the middle by two long helices and self-assembles
into a tetramer via the leucine-rich heptad repeat [18]; and (3) a new bulge confor-
mation of cyclic di-GMP with one guanine base flipping from anti to syn in binding
to a degenerate EAL domain [19].

8.1 Cyclic di-GMP Binding in the Active Site of a
Diguanylate Cyclase Containing the Canonical GGDEF
Motif Without an Inhibitory Site

The synthesis of cyclic di-GMP is catalyzed by the GGDEF domain-containing
diguanylate cyclase (DGC), and this activity is usually controlled allosterically by
the binding of product at the so-called inhibitory site (I-site) that is distinct from the
catalytic site [2]. However, a significant number of GGDEF domains lack the RxxD
motif characteristic of this allosteric inhibitory site. Thus, how the activities of these
GGDEF proteins are controlled has remained unknown. When studying the structure
and function of XCC4471GGDEF from a DGC in Xanthomonas campestris, we
happened to find a partially stacked intercalated cyclic di-GMP dimer present in the
strongly conserved active site of the GGDEF domain structure, in which two periph-
eral guanine bases of the cyclic di-GMP dimer were bound within guanine-binding
pockets, while the two central guanine bases were stacked upon each other [9]. This
structural feature is consistent with the biophysical data that mutation of residues
involved in cyclic di-GMP binding led to a dramatically reduced binding affinity
between XCC4471GGDEF toward cyclic di-GMP. The key residues were also found to
be conserved among numerous GGDEF domain sequences from diverse bacteria.
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These results indicate a possibility that active sites of many GGDEF domains contain
bound cyclic di-GMP dimer. The structure of the XCC4471GGDEF–cyclic di-GMP
complex (Protein DataBank entry 3QYY) could be used as a general model for
designing lead compounds that could block the DGC activity of GGDEF domain-
containing proteins in X. campestris and other microorganisms where c-d-GMP is
involved in the regulation of virulence.

8.1.1 XCC4471GGDEF Forms a Dimer with Two Cyclic di-
GMP Partially Stacking to Each Other

As other DGC GGDEF domains, XCC4471GGDEF was also found to form a C2
symmetrical dimer with two partially stacked cyclic di-GMP molecules (Fig. 8.1a).
From the figure, it is clear that the GGDEF motif is situated in the β2–β3 loop in the
dimeric interface (marked by dotted orange circle), which is opposite to the typical
inhibitory site (I-site), and is indicated by the orange arrows (It is important to note
that XCC4471GGDEF does not contain the RxxD inhibitor site). The electron density
map of the dimeric cyclic di-GMP is well resolved (Fig. 8.1b), and one can see
clearly that this ligand fits very well into the active interfacial sites of
XCC4471GGDEF domain when it was plotted in the electrostatic form. Furthermore,
the highly negatively charged molecule is neutralized by the highly positively
charged microenvironment.

8.1.2 The Highly Conserved GGDE Motif Is Involved
in Interaction with the Cyclic di-GMP Molecule

When looking carefully into the molecular detail, a rather unusual stacking pattern of
guanine base with the Gly residue backbone atoms could be seen. Figure 8.1c, d
shows that the backbone atoms of Gly214 and Gly215 stack very well with the
guanine base A0, displayed here in either stick or van der Waals form (indicated by
pink arrows). In addition, the two acidic residues of the motif, Asp216 and Glu217
[9], were involved in chelating the Mg2+ ion or a water molecule to stabilize the
XCC4471GGDEF–(cyclic di-GMP)2 interaction [9]. The conserved Arg212 residue
was also found to participate extensively in stabilizing this complex by forming H-
bonds with the Gly215 carbonyl oxygen atom, guanine base oxygen atom, and
Asp138 carboxylate atom (Fig. 8.1c). Interestingly, the last Phe residue in the
GGDEF motif seemed to form a proper stacking with the hydrophobic side chain
atoms of Arg212 (Fig. 8.1c).

Thus, the XCC4471GGDEF domain interacts with cyclic di-GMP in a unique
mode, which so far has not been observed in other GGDEF domain structures.
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Fig. 8.1 (a) XCC4471GGDEF forms a C2 symmetrical dimer with two partially stacked cyclic di-
GMP molecules (shown in stick). The GGDEF motif is situated in the β2–β3 loop in the dimeric
interface (marked by dotted orange circle) opposite to the typical inhibitory site (I-site, indicated by
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8.2 A PilZ Domain Structure Interrupted in the Middle by
Two Long α-Helices that Self-Assembles into
a Tetramer via the Leucine-Rich Heptad Repeat

Proteins with a canonical PilZ domain that bind cyclic di-GMP have been found to
play critical roles in regulating a wide variety of bacterial physiological functions
[13, 20–22]. However, while some of them exhibit strong cyclic di-GMP binding
capability, others have barely detectable, if any, cyclic di-GMP binding activity. In
Xanthomonas campestris pv. campestris (Xcc), four PilZ proteins were found to be
essential for pathogenicity [23]. Two of these proteins contain a canonical PilZ
domain that binds cyclic di-GMP well, while the other two contain a noncanonical
PilZ domain. XccPilZ1028 is a noncanonical PilZ domain that is monomeric [21],
while XccPilZ6012 is a noncanonical PilZ domain that is tetrameric [18] with weak
cyclic di-GMP binding capability. In XccPilZ6012, there is no RxxxR cyclic di-GMP
binding motif, and the second binding motif [D/N]xSxxG contains His instead of the
Asp/Asn residue. It was, however, found to be essential for Xcc pathogenicity.
Although its monomer structure adopts a conformation similar to those of the
canonical PilZ domains with cyclic di-GMP binding activity, it is interrupted in
the middle by two long α-helices and four XccPilZ6012 proteins are found to self-
assemble into a tetramer via the heptad repeat-containing α3 helices to form a
parallel four-stranded coiled-coil that is further enclosed by two sets of inclined α2
and α4 helices [18].

Figure 8.2a shows the sequence of XccPilZ6012, topped by secondary structural
elements. It is clear that residues from the helix α3 form three turns of coiled-coil
comprising heptad repeats, with residues in position a highlighted in gray, position
d in green, position e in blue, and position g in red. The coiled-coil motif is a unique
system that has been extensively exploited to investigate protein folding, molecular
recognition, and de novo protein design. It can adopt a variety of structures of
different oligomerization, polarity, packing offset, homo-versus heteromeric associ-
ation, etc., depending on the geometric properties of the core a and d residues, as
well as the outer e and g residues. It is evident that the core residues a and d are all
represented by highly hydrophobic amino acids and exhibit very tight stacking as
shown in Fig. 8.2b. The stereo pictures of monomeric and tetrameric XccPilZ6012

tertiary structure (PDB entry 3RQA) are shown in Fig. 8.2c, d, respectively.
XccPilZ6012 adopts a typical PilZ domain structure similar to that of Xcc1028
[21], yet is interrupted by two very long helices α2 and α3 inserted between the β1
and β2 strands of the typical PilZ domain. Figure 8.2d shows the side view of the

⁄�

Fig. 8.1 (continued) the orange arrows). (b) The electron density map of the dimeric cyclic di-GMP
is well resolved and can fit well into the interfacial site of XCC4471GGDEF domain when plotted in
the electrostatic form. (c) The last Phe218 residue in the GGDEF motif forms a good stacking with
the hydrophobic side chain atoms of Arg212. (d) The unique and partially stacked dimeric cyclic di-
GMP is plotted in van der Waals
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novel “house-like” architecture of the tetrameric XccPilZ6012 structure, with the
central “pillar” domain comprising the four α3 helices, the “roof-top” domain
comprising the α2/α4 helices, and the “corner-stone” domain comprising the four
PilZ domains. As far as we know, this is the only report to date that a PilZ domain
receptor protein can exist in a tetrameric state, and it is still unclear whether

Fig. 8.2 (a) shows the sequence of XccPilZ6012 topped by secondary structural elements. Residues
from helix α3 form three turns of coiled-coil comprising heptad repeats, with residues in position
a highlighted in blue, position d in green, position e in orange, and position g in red. (b) Shows the
very tight stacking of the highly hydrophobic core residues a and d, while c and d show the stereo
pictures of monomeric and tetrameric XccPilZ6012 tertiary structure (PDB entry 3RQA),
respectively

130 S.-H. Chou and M. Y. Galperin



tetramerization of Xcc6012 is essential for its function. Further screening of protein
interaction partners of Xcc6012 is necessary to elucidate the possible roles of
Xcc6012 in causing Xanthomonas pathogenicity.

8.3 Cyclic di-GMP Adopts a New Bulge Conformation
with One Guanine Base Flipping from anti to syn When
It Binds to the Degenerate XccFimXEAL Domain

FimX has been found to control bacterial twitching motility [24, 25] via binding
cyclic di-GMP with high affinity [8, 26]. Interestingly, it contains both a degenerate
diguanylate cyclase domain (GGDEF) and a degenerate phosphodiesterase domain
(EAL) that may bind cyclic di-GMP. In the past, the crystal structures of FimXEAL

and its complex with the cyclic di-GMP ligand from Pseudomonas aeruginosa have
been reported [8]. In X. axonopodis pv. citri (Xac), a type II PilZ domain XacPilZ
serves as a linker to associate XacPilB (an ATPase controlling pilus motility) with
the EAL domain of a Xac homolog of FimX [27]. However, the molecular details of
how cyclic di-GMP interacts with the FimX protein to alter the PilZ conformation in
controlling the biogenesis of type IV pili is unclear.

The PilZ sequence from Xac is identical to that from Xcc [21, 27]. Similarly, the
FimXEAL sequence from Xac also exhibits a high similarity with that from Xcc,
hinting that the FimXEAL and PilZ domains from Xcc likely interact in an analogous
way. Yet, considerable differences were observed after we have solved the crystal
structure of the XccFimXEAL–cyclic di-GMP complex at a resolution of 2.5 Å
[19]. The overall fold of the degenerate EAL domain in the XccFimXEAL–cyclic
di-GMP complex seems to adopt a similar conformation, with a degenerate QAF
motif in the active site as that of Pa FimXEAL, and eight β-strands and 11 α-helices
that interact extensively to form a TIM-like barrel (Fig. 8.3a). Surprisingly, the
cyclic di-GMP conformation was well refined and found to adopt a “bulged”
conformation not identified before (Fig. 8.3b). When plotting the cyclic di-GMP
structure in van der Waals spheres, we found that the charged groups and hydro-
phobic groups of cyclic di-GMP match very well with the XccFimXEAL active site
drawn in the electrostatic potential representation (Fig. 8.3b). Intriguingly, the Gua2
base in this novel conformation adopts an unusual syn glycosidic angle, with the
sugar anomeric C10 and base C8 atoms (marked by pink dotted arrows in Fig. 8.3b)
unveiling a short distance of 2.52 Å. This particular guanine base conformation is
different from the normal anti conformation reported for guanine bases in all
monomeric and dimeric cyclic di-GMP structures to date.

Figure 8.3b also shows that the bulged or open-syn form of the Gua2 base of
cyclic di-GMP around the glycosidic bond can be interconverted to an open-twisted
form by a 180� base flip as well as by a transition of the sugar pucker from C20-endo to
C30-endo. Indeed, such a syn-cyclic nucleotide conformation is not unprecedented;
in fact, it has been observed in the adenine base of the second c-AMP nucleotide
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located near to DNA in the structure of a CAP–DNA complex [28]. Although unusual,
the bulged cyclic di-GMP is still able to interact extensively with the surrounding
residues in the XccFimXEAL active site, as shown in Fig. 8.3b. In particular, Gua2 of
the bulged cyclic di-GMP is found to interact with the degenerate XccFimXEAL

domain in a unique way. It is well stacked by an outside phenyl ring of Phe217 and
hydrogen-bonded extensively using its base-edge heteroatoms to the side chain

Fig. 8.3 (a) The XccFimXEAL domain contains eight β-strands and 11 α-helices to form a typical
TIM-like barrel. The extensive interaction of cyclic di-GMP (carbon atoms colored in green) with
its surrounding residues of XccFimXEAL domain was boxed in the dotted red line. (b) The stereo
picture of the enlarged ligand binding site of XccFimXEAL domain. The bound cyclic di-GMP
adopts a novel “bulged” conformation with a syn glycosidic guanine conformation (The unique
short distance between the ribose H10 and guanine-H8 of cyclic di-GMP were marked by two pink
arrows). The capability of guanine base to adopt an anti- or syn-conformation is another parameter
for cyclic di-GMP to interact with many different effectors
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carboxylates of Glu216 and Asp238 and the main chain atom of Phe217. This unique
cyclic di-GMP conformer is thus well accommodated in the active site and can account
for the strong binding affinity (K d ¼ 0.42 μM) between the degenerate XccFimXEAL

domain and cyclic di-GMP.
It is clear from this study that the cyclic di-GMP molecule is flexible enough to

adopt different conformations when bound to effector proteins that have similar
functions but subtle sequence differences. The discovery of this novel bulge-like and
open-syn conformation of cyclic di-GMP (Fig. 8.3) is consistent with the view that
the cyclic di-GMP conformation is sufficiently flexible [17] to add another level of
complexity to its interaction with many different effectors [29, 30]. Importantly, ITC
and gel-filtration studies of the XccFimXEAL–cyclic di-GMP–XccPilZ1028 complex
seem to indicate that the binding of cyclic di-GMP with XccFimXEAL is necessary
for XccPilZ1028 to bind with XccFimXEAL.
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Chapter 9
Sensory Domains That Control Cyclic
di-GMP-Modulating Proteins: A Critical
Frontier in Bacterial Signal Transduction

Hannah Dayton, Marina K. Smiley, Farhad Forouhar, Joe J. Harrison,
Alexa Price-Whelan, and Lars E. P. Dietrich

Abstract Sensory domain-containing proteins that modulate levels of the intracel-
lular second messenger cyclic diguanylate (cyclic di-GMP) have the potential to
form direct regulatory links between local conditions and bacterial behaviors.
Coupling the detection of external stimuli (e.g. O2, small molecule signals, or
light) to the control of cyclic di-GMP-regulated activities such as swimming and
matrix production allows bacteria to adapt immediately to environmental changes.
Much of this coupling is mediated by Per-Arnt-Sim (PAS) domains, which are found
throughout the tree of life and can bind diverse cofactors and ligands. Here, we
describe selected proteins with both sensory domains and those involved in cyclic di-
GMP synthesis or degradation that has been studied in diverse bacteria, focusing on
PAS domains and highlighting the stimulus perception mechanisms that enable their
physiological roles. We also provide an overview of the sets of proteins with both
PAS and cyclic di-GMP-modulating domains in Escherichia coli and Pseudomonas
aeruginosa and use structure-based modeling to predict the sensory capabilities of
those that have not been characterized. More detailed models of environmental
sensing and intracellular signaling will facilitate efforts to control bacterial activities
in various contexts.

Keywords Cyclic di-GMP · PAS domain · Sensory domain · Pseudomonas
aeruginosa · Escherichia coli
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9.1 Introduction

Use of cyclic di-GMP as an intracellular signal is found throughout the domain
Bacteria [1–3] and is important for social behaviors including the formation of
biofilms, which are multicellular structures held together by self-produced matrices
[4–6]. Individual bacterial species typically encode multiple proteins with domains
for the synthesis or degradation of cyclic di-GMP, raising the question of how
protein activities are modulated in response to changing conditions. The identifica-
tion of stimuli that act on biochemical pathways is a challenging problem, and
though molecular aspects of cyclic di-GMP-dependent regulation have been studied
in diverse models for three decades [7], the natural conditions that govern cyclic di-
GMP synthesis and degradation in most systems are unknown. Nevertheless, we can
glean clues from specific proteins for which genetic and biochemical analyses have
shown condition-dependent modulation of linked enzymatic domains. Structure-
based modeling enables comparisons of these well-characterized sensory domains
to those that have been predicted and the generation of testable hypotheses about
their physiological roles.

Most proteins that contain cyclic di-GMP-synthesizing (i.e., GGDEF) or cyclic
di-GMP-degrading (i.e., EAL or HD-GYP) domains also contain N-terminal
domains with putative sensory capabilities [1, 8, 9]. These domains have been
classified according to sequence, cellular localization, and physiological cofactors
or ligands (where known) and include those that typically function in the cytoplasm,
such as PAS, GAF, and globin domains [10, 11]; those that are associated with the
membrane, such as MASE and MHYT domains [10]; and those that function in the
periplasm, such as CHASE and CSS domains [12, 13]. This chapter will focus on
proteins that synthesize or degrade cyclic di-GMP and that also contain PAS
domains, which are among the most common sensory domains associated with
modulation of cyclic di-GMP levels [1]. These domains sense diverse signals, are
named for the proteins in which they were first characterized (i.e., “Period circadian
protein, Aryl hydrocarbon receptor nuclear translocator protein, and Single-minded
protein”), and are found throughout the tree of life [14, 15]. We searched all phyla in
the domain Bacteria for proteins that contain PAS domains and also have the
capacity to modulate cyclic di-GMP levels (Fig. 9.1). Proteins that synthesize or
degrade cyclic di-GMP include those that have just one individual GGDEF, EAL, or
HD-GYP domain and those that have one GGDEF and one EAL domain in a single
protein. Of these groups of proteins with various cyclic di-GMP-modulating domain
arrangements, we found that proteins with both GGDEF and EAL domains were, by
far, the most likely to have PAS domains. PAS domains are represented at an
intermediate level in proteins with only GGDEF domains, while proteins with
only EAL or HD-GYP domains tend to not have PAS domains.

In this chapter, we describe several examples of proteins from diverse bacteria that
sense conditions and modulate cyclic di-GMP levels. We use the term “cyclic di-GMP-
modulating protein” to refer to a protein that is either a diguanylate cyclase (DGC),
i.e., it synthesizes cyclic di-GMP, or a phosphodiesterase (PDE), i.e., it degrades
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CDG-domains % PAS

Acidobacteria GGDEF 139 14

EAL 29 28

GGDEF/EAL 37 73

HD-GYP 174 0

Actinobacteria GGDEF 2215 21

EAL 488 4

GGDEF/EAL 2114 44

HD-GYP 5051 0

Aquificae GGDEF 100 17

EAL 49 8

GGDEF/EAL 68 41

HD-GYP 100 0

Armatimonadetes GGDEF 16 38

EAL 1 0

GGDEF/EAL 3 67

HD-GYP 34 6

Chloroflexi GGDEF 101 22

EAL 5 0

GGDEF/EAL 33 82

HD-GYP 271 5

Chrysiogenetes GGDEF 25 48

EAL 17 6

GGDEF/EAL 16 63

HD-GYP 45 0

Cyanobacteria GGDEF 879 33

EAL 179 4

GGDEF/EAL 763 52

HD-GYP 766 0

Deferribacteres GGDEF 72 25

EAL 24 17

GGDEF/EAL 18 67

HD-GYP 95 1

Deinococcus GGDEF 476 8

EAL 38 16

GGDEF/EAL 159 44

HD-GYP 628 7

Dictyoglomi GGDEF 17 35

EAL 0 0

GGDEF/EAL 0 0

HD-GYP 32 9

Fibrobacteres GGDEF 29 3

EAL 5 20

GGDEF/EAL 1 0

HD-GYP 33 0

CDG-domains % PAS

Firmicutes GGDEF 5681 16

EAL 2194 7

GGDEF/EAL 1804 45

HD-GYP 12740 3

Fusobacteria GGDEF 30 20

EAL 18 0

GGDEF/EAL 9 22

HD-GYP 187 0

Gemmatimonadet
es

GGDEF 26 31

EAL 6 0

GGDEF/EAL 15 53

HD-GYP 42 0

Nitrospirae GGDEF 30 27

EAL 8 13

GGDEF/EAL 18 78

HD-GYP 58 0

Planctomycetes GGDEF 87 23

EAL 13 0

GGDEF/EAL 13 38

HD-GYP 230 5

Proteobacteria GGDEF 19362 18

EAL 6618 6

GGDEF/EAL 13128 55

HD-GYP 13698 1

Spirochaetes GGDEF 274 8

EAL 93 8

GGDEF/EAL 47 28

HD-GYP 558 3

Synergistetes GGDEF 97 48

EAL 10 10

GGDEF/EAL 15 80

HD-GYP 247 10

Tenericutes GGDEF 50 32

EAL 22 14

GGDEF/EAL 6 0

HD-GYP 235 3

Thermodesulfoba
cteria

GGDEF 55 15

EAL 11 9

GGDEF/EAL 18 44

HD-GYP 0

Thermotogae GGDEF 151 17

EAL 4 75

GGDEF/EAL 5 100

HD-GYP 316 5

Total 
number

Total 
number

0% 1-19% 20-39% 40-59% >60%

Fig. 9.1 Phylogenetic distribution of proteins with selected architectures that include both PAS and
cyclic di-GMP-modulating domains. List of bacterial phyla showing the percentage of all proteins
containing the specified cyclic di-GMP modulating domain(s) that also contain PAS domains.
Domains were identified using the SMART database [16]
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cyclic di-GMP. We also give an overview of the complement of proteins that contain
PAS domains and cyclic di-GMP-modulating domains in Escherichia coli and Pseu-
domonas aeruginosa, two popular model organisms that cause biofilm-based infections
[17]. Finally, we use modeling approaches to identify trends in sensory domain
structure between representative proteins or protein groups. We hope that this discus-
sion will provide a foundation for more studies that define mechanistic links between
environmental or intracellular stimuli and cyclic di-GMP-dependent regulation of
bacterial behaviors.

9.2 Examples of PAS-Domain-Containing Proteins
with Potential to Modulate Cyclic di-GMP Levels

9.2.1 O2-Sensing Proteins in the Komagataeibacter xylinus
and Escherichia coli Cyclic di-GMP-Modulating
Networks

Control of cyclic di-GMP synthesis and degradation in response to environmental
cues was recognized soon after cyclic di-GMP-dependent regulation was discovered
in the bacterium Komagataeibacter xylinus (formerly called Acetobacter xylinum
and Gluconacetobacter xylinus) [7, 18–20]. K. xylinus is known for its cyclic di-
GMP-dependent production of cellulose, which enables the formation of thick
biofilms at air–liquid interfaces called pellicles. K. xylinus’ network of cyclic di-
GMP-modulating proteins includes PdeA1, which contains an N-terminal PAS
domain that binds heme (Fig. 9.2). The association of this PAS domain with O2

inhibits PdeA1’s PDE activity. Ax DGC2, a DGC in K. xylinus, has an N-terminal
PAS domain that binds flavin adenine dinucleotide (FAD). Oxidation of this FAD by
O2 stimulates its DGC activity [21]. Ax DGC2 and PdeA1 are thus both regulated in
a manner that promotes cyclic di-GMP accumulation and cellulose production under
aerobic conditions. O2 therefore stimulates pellicle formation, allowing K. xylinus,
which is described as an obligate aerobe, to remain in the aerobic zone of a standing
liquid culture and access atmospheric O2 for respiration.

Around the same time that K. xylinus PdeA1 was characterized, biochemists
studying the Escherichia coli protein PdeO (formerly called Ec Dos or DosP)
noted its similarity to PdeA1 [22]. Like PdeA1, PdeO contains an N-terminal PAS
domain that binds heme (Fig. 9.2). The gene for PdeO is co-transcribed with the gene
for DgcO (formerly called YddV or DosC), a DGC with a globin domain that has
also been shown to bind heme. Therefore, both PdeO and DgcO are heme-binding
proteins, and their activities are stimulated by O2 [23]. What is the physiological
significance of co-expressed proteins that sense the same environmental signal but
catalyze opposing activities? A clue may lie in the fact that PdeO and DgcO take on
different roles in the interactome of E. coli proteins with the potential to synthesize or
degrade cyclic di-GMP. In a recent study by Sarenko et al., DgcO was found to be
one of five DGCs and PDEs that form a “supermodule” of promiscuously interacting
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cyclic di-GMP-modulating proteins in E. coli [24]. Three of these proteins form the
“central switch device” that regulates matrix production in E. coli. Interestingly, they
all contain PAS domains and their corresponding knockout mutants form colony
biofilms with severely altered phenotypes. However, although DgcO is present in
high copy number in cells grown in liquid culture, it does not show a dramatic
colony phenotype [24]. We speculate that DgcO functions to stimulate matrix
production specifically in the aerobic zones of standing liquid cultures and promotes
pellicle formation, allowing E. coli to access O2 in the atmosphere in a role
analogous to that of K. xylinus Ax DGC2. Studies of strains engineered to
overexpress DgcO have produced some data supporting this idea [25, 26].

In contrast to DgcO, PdeO does not appear to interact promiscuously with other
cyclic di-GMP-modulating proteins [24]. Studies specifically investigating the activi-
ties of DgcO and PdeO have found that these proteins form a complex that can
influence activity of the RNA degradosome [23, 27]. PdeO has also been shown to
degrade cyclic adenosinemonophosphate (cAMP) and this activity has been implicated
in persistence [28]. Therefore, while DgcO may exert a broader, O2-dependent influ-
ence over cyclic di-GMP-dependent regulation with implications for biofilm formation,
PdeO seems to play more specific, localized roles in regulating selected nucleotide-
controlled processes. The fact that E. coli’s other three PAS-domain-containing

Stimulus Sensor Physiological response

Cell aggregation [51, 52]LightSesA
Thermosynechococcus vulcanus

O2
Decreased cAMP levels,

increased persistence [21, 27]
PdeO
Escherichia coli 
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Fig. 9.2 Visual representation of examples of PAS-domain-containing proteins with potential to
modulate cyclic di-GMP levels in various organisms. Domains that are annotated in Interpro [8] are
shown as rectangles and PAS domains are represented as ovals and colored according to known
ligands or our predictions of potential ligands
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GGDEF/EAL proteins are also the key components of the central switch device
controlling biofilm matrix production raises the possibility that as-yet-unidentified
environmental inputs are integrated into multicellular development. Structure-based
modeling of the PAS domains in these proteins, described below, provides some
additional insights.

9.2.2 The Pseudomonas aeruginosa Phosphodiesterases
RmcA and DipA/Pch

Like K. xylinus and E. coli, the opportunistic pathogen P. aeruginosa exhibits cyclic
di-GMP-stimulated production of an exopolysaccharide matrix that enables cell–cell
and cell–surface adherence and the formation of multicellular structures, including
pellicles and wrinkle patterns visible in colony biofilms [6, 29]. Microelectrode
measurements have shown that P. aeruginosa biofilm growth leads to the formation
of O2 gradients, with O2 depleted for cells at depths greater than ~80 μm
[30, 31]. Our group has found that phenazines, endogenous small molecules
excreted by P. aeruginosa, can act as electron acceptors in this anoxic zone and
facilitate cellular redox balancing [30, 32, 33]. Phenazines also dramatically influ-
ence colony biofilm morphology [34]: while wild-type P. aeruginosa colonies are
relatively smooth and grow to a thickness of ~150 μm, phenazine-deficient mutants
only grow to a thickness of ~75 μm (effectively eliminating the anoxic zone) and
develop deep wrinkles that maximize access to O2 [30, 32]. In addition, we have
observed that P. aeruginosa colony morphogenesis is highly dependent on environ-
mental redox conditions as tuning the availability of O2 or nitrate, another electron
acceptor for P. aeruginosametabolism, changes the degree and patterning of wrinkle
formation [32, 35, 36]. These and other results highlight the importance of environ-
mental and cellular redox conditions in multicellular behavior in this organism. In
this section, we discuss examples of P. aeruginosa proteins with potential to link
environmental sensing to cyclic di-GMP synthesis or degradation. The full comple-
ment of PAS-domain-containing GGDEF/EAL proteins in P. aeruginosa is
discussed further in a separate section below.

In a screen for mutants with altered colony biofilm morphologies, our group
identified RmcA, a large protein that contains four PAS domains, a GGDEF domain,
and an EAL domain. Mutants lacking functional RmcA produced hyperwrinkled
colony biofilms similar to those formed by a phenazine-null mutant, suggesting that
phenazines and RmcA act via the same pathway to inhibit colony wrinkling in the
wild type [37]. Genetic and biochemical analyses indicated that RmcA functions as a
PDE that degrades cyclic di-GMP specifically when phenazines are present and/or
the cytoplasm is relatively oxidized (i.e., metabolic electron acceptors are available).
This study also provided evidence that the P. aeruginosa phenazine, pyocyanin,
binds to the protein. Based on the distinct yellow color of protein preparations and
sequence alignment to homologous PAS domains, our group postulated that the
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fourth PAS domain of RmcA binds FAD [37]. By binding redox-sensitive natural
products and cofactors and modulating cyclic di-GMP levels, RmcA provides a
mechanistic link between environmental sensing and community output.

DipA, which has also been referred to as Pch, is another P. aeruginosa protein
with the potential to link environmental sensing to modulation of cyclic di-GMP
levels. DipA contains two PAS domains, a GAF domain, a GGDEF domain, and an
EAL domain, the latter of which is responsible for the protein’s PDE activity in vivo.
The physiological roles of DipA have been studied in several different contexts
[38, 39]. In experiments with P. aeruginosa biofilms grown in tubes or flow cells
under a constant flow of liquid medium, Roy et al. found that DipA is required for
biofilm dispersal, which is stimulated by drastic changes in conditions such as
addition of glutamate, ammonium chloride, nitric oxide, or mercury chloride to the
medium [40]. This study also suggested that cAMP interacts with DipA’s GAF
domain and that elevated levels of cAMP lead to increased phosphodiesterase
activity. Kulasekara et al. reported that DipA forms a complex with a component
of the chemotaxis machinery at the flagellated pole of the cell [41]. This polarity
leads to an unequal distribution of cyclic di-GMP upon cell division resulting in
heterogeneity in the population. A subsequent study found that DipA’s contribution
to cyclic di-GMP-level heterogeneity supports a “Touch-Seed-and-Go” program of
surface colonization in which a flagellated, swimming cell contacts a surface,
deposits a piliated daughter cell (which remains on the surface), and swims away
to seed other sites [39]. Finally, DipA also affects the macroscopic development of
colony biofilms: while wild-type PA14 grows as a smooth colony that gradually
begins to form “wrinkle” structures after 60 h of growth in the colony morphology
assay [32], a ΔdipA mutant wrinkles earlier, after 40 h of growth [37]. How DipA’s
PAS and GAF domains may sense environmental cues and transduce this informa-
tion into effects on enzymatic activity is not known.

9.2.3 Pseudomonas aeruginosa TdcA, a Thermosensory
Diguanylate Cyclase

Mounting evidence indicates that cyclic di-GMP signaling networks mediate
thermo-transduction, which is the process by which a thermal stimulus is perceived
by a sensory cell receptor, initiating a signaling cascade that changes cellular
physiology. This activity is mediated by cyclic di-GMP signaling proteins
containing a thermosensitive Per-Arnt-Sim (thermo-PAS) domain [42]. The arche-
type of these enzymes is the thermosensory DGC TdcA [42], which orchestrates
temperature-dependent biofilm formation, motility, and virulence factor expression
in P. aeruginosa. Though the tdcA gene is found in fewer than 1% of sequenced
P. aeruginosa genomes, tdcA+ P. aeruginosa strains have been isolated worldwide
[42]. TdcA orthologues are predicted to be distributed throughout Proteobacteria and
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thermo-PAS domain-containing proteins like TdcA are abundant in the PFAM
database [42].

TdcA functions analogously to the temperature-sensing proteins of neurons
[42]. This analogy is predicated on an analysis of temperature-dependent enzyme
kinetics. Most enzymes show highly similar catalytic rate-temperature dependencies
[43]. A measure of these rate-temperature dependencies is the Q10 temperature
coefficient, which is the fold-change in the reaction rate that results from increasing
temperature by 10 �C. Nearly all enzymes display a Q10 coefficient between two and
three [43]; however, depending on the temperature range used to calculate the
temperature coefficient, TdcA displays a Q10 value >100. This behavior makes
TdcA an outlier to theories for the universality of enzymatic rate-temperature
dependency [43]. However, other key outliers to this theory include the
thermosensitive transient receptor potential (thermoTRP) proteins of neurons
[44, 45]. As it pertains to the thermoTRPs, the Q10 temperature coefficient has
been used to describe the fold-change in electrical current conducted by these
proteins per 10 �C change [44]. Various thermoTRP isoforms exhibit diverse Q10

values, ranging from ~4 to >200 [46]. Using Q10 values as a gage for
thermosensitive biomolecular behavior, TdcA displays thermosensitive cyclic di-
GMP catalysis. While the underlying biochemistry differs, this behavior, therefore,
may constitute a rudimentary mechanism for thermal sensation in bacteria.

The structures for TdcA and its thermo-PAS domain are not yet available, and the
physics underlying molecular perception of temperature by the thermo-PAS domain
remains unknown. However, the thermo-PAS domain of TdcA can be fused to the
GGDEF domains of other DGCs to build chimeric thermosensory proteins
[42]. Spectroscopic measurements of purified, recombinant TdcA have not revealed
spectral signatures for heme or flavin cofactors, and thus the thermo-PAS domain is
thought to be cofactorless [42]. The TdcA thermo-PAS domain is predicted to have a
hydrophobic pocket that is reminiscent of heme-binding PAS domains; however, it
lacks a key histidine residue that would be predicted to interact with the heme
cofactor. As part of our analysis of E. coli and P. aeruginosa PAS-GGDEF/EAL
proteins, discussed in more detail below, we predict that the second PAS domain of
PdeO is also a thermo-PAS domain (Figs. 9.2 and 9.4a), and our groups have
evidence that pdeO is linked to thermal control of biofilm formation in E. coli (Joe
J. Harrison, unpublished observations).

9.2.4 RpfR from Burkholderia cenocepacia and Other
Species

The protein RpfR is a receptor for fatty acid quorum sensing signals found in
diverse gram-negative bacteria including the opportunistic pathogen Burkholderia
cenocepacia [47]. It contains a PAS domain, a GGDEF domain, and an EAL
domain and is physiologically significant because it links quorum sensing to
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cyclic di-GMP-dependent regulation. Studies in B. cenocepacia indicate that RpfR
acts as a PDE in vivo. In vitro and structural studies of RfpR from B. cenocepacia
and C. turicensis have yielded evidence that fatty acid quorum sensing signals, such
as the “Burkholderia diffusible signal factor” (BDSF, which is cis-2-dodecenoic
acid) binds to RpfR’s PAS domain and stimulate PDE activity, leading to lower
cyclic di-GMP levels [47]. In contrast to other organisms highlighted here, high
cyclic di-GMP levels correlate with reduced aggregation/biofilm formation in
B. cenocepacia, such that mutants lacking functional RpfR show lower levels of
biofilm formation. This effect could arise from the complex cross talk between the
quorum sensing and cyclic di-GMP-dependent regulatory networks in
B. cenocepacia [48, 49]. This complexity is exemplified even at the level of the
individual protein as RpfR also contains an N-terminal “PAS-like” domain that
appears to bind and inhibit the BDSF synthase RpfF [50]. Like the putative phen-
azine-binding PAS domain(s) of RmcA, RpfR’s PAS domain constitutes another
interesting example of one that senses an endogenous product rather than a canonical
“environmental” cue such as O2 or light.

9.2.5 Light-Sensing DGCs and PDEs from
Thermosynechococcus vulcanus

In addition to sensing O2, redox potential, temperature, and small molecules, sensory
domains on cyclic di-GMP-modulating proteins can also enable responsiveness to
light. Studies with the thermophilic cyanobacterium Thermosynechococcus vulcanus
have characterized three GGDEF and/or EAL domain-containing proteins—called
SesA (Fig. 9.2), SesB, and SesC—whose activities are regulated by light of specific
wavelengths [51, 52]. Cyclic di-GMP stimulates T. vulcanus cellulose production,
which leads to cell aggregation. SesA, SesB, and SesC all contain GAF domains that
bind bilin derivatives and that confer light sensitivity on the DGC or PDE activities of
these proteins. SesA and SesC contain additional domains, including PAS domains,
which may further tune their sensitivities. SesA’s DGC activity is induced by blue
light, SesB’s PDE activity is enhanced by teal light, and SesC appears to switch
between DGC and PDE activity in response to blue and green light, respectively. The
physiological benefit of this specificity is unclear as a range of wavelengths of the
visible spectrum can be damaging to photosystem II [53]. Nevertheless, the authors of
these studies speculate that Ses-mediated aggregation helps to shield T. vulcanus from
excessive light via self-shading. Ses-mediated aggregation is specifically observed
when T. vulcanus, which is a thermophile, is growing at temperatures that are lower
than its optimum of 45 �C. The authors of these studies suggest that protection by self-
shading may be particularly important at low temperature because such conditions are
not ideal for damage repair mechanisms.
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9.3 Structure-Based Modeling of PAS Domains from E. coli
and P. aeruginosa GGDEF/EAL Proteins

The strong representation of the PAS domain in cyclic di-GMP-modulating proteins
underscores its importance in mediating their activities. In GGDEF domain proteins,
for which homodimerization is necessary for activation and catalytic function [54], a
role of associated PAS domains can be to promote this process in a manner that may
or may not be influenced by sensory stimuli. PAS domains can also facilitate
heterodimerization or oligomerization of EAL domain-containing proteins, as well
as regulatory interactions with other proteins. While these roles can be investigated
through interaction screens and in vitro characterization, it is less straightforward to
define potential sensory roles for PAS domains when activating cues of the associ-
ated protein are unknown. Nevertheless, the simultaneous expression of multiple
GGDEF- and EAL-domain-containing proteins in one species indicates that their
activities are differentially regulated by posttranslational effects such as ligand
binding and protein–protein interactions [24, 55, 56]. PAS domains have been
shown to sense a broad diversity of cues, and the fact that many proteins that
modulate cyclic di-GMP levels contain multiple PAS domains also indicates a
potential for distinct sensitivities. We were encouraged by the growing number of
well-characterized PAS domains that are described in the literature and viewable in
the Protein Data Bank (PDB) to conduct a structure-based analysis of selected PAS-
GGDEF/EAL proteins of interest. We were able to glean clues regarding the sensory
roles of some PAS domains in GGDEF/EAL proteins in Escherichia coli and
Pseudomonas aeruginosa. In this section, we discuss specific features that determine
which cofactors PAS domains are able to bind.

A canonical PAS domain is composed of an antiparallel, 5-stranded β-sheet
flanked by four short α-helices, which together form a cavity to which specific
substrates can bind either as direct signals or as cofactors that enable sensing of a
secondary signal such as a dissolved gas [23, 57], the redox potential [21, 37, 58,
59], or light [58, 60–62]. In most cases, the PAS domain is preceded and followed by
α-helices. Inspection of all structures containing these terminal α-helices reveals that
they can form a dimerization module at the interface of the two PAS domains; this is
exemplified in the structure of the P. aeruginosa PDE RbdA [63] (Fig. 9.3). In our
analysis of PAS domains, we found that overall conserved sequence homology was
not predictive of ligand identity. However, there are several residues in each type of
PAS domain that are typically conserved and ligand-specific. For each PAS domain,
we used the servers Phyre2 [64] and I-TASSER [65] and found that PAS domains in
the set of PAS-GGDEF/EAL proteins from E. coli and P. aeruginosa that we
examined belonged to five categories: (1) FAD-binding, (2) heme-binding,
(3) lipid-binding, (4), temperature-sensing, and (5, for P. aeruginosa only) phena-
zine-binding. We acknowledge that there are other diverse small molecules that can
bind to PAS domains. For instance, there are approximately a dozen PAS domain
crystal structures in the PDB that are bound to either tricarboxylic acid cycle
metabolites (such as pyruvate, oxaloacetate, or citrate) or amino acids. However,
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A  PAS dimerization B  FAD-binding PAS

C  Heme-binding PAS

D  Lipid-binding PAS E  Phenazine-binding PAS

Fig. 9.3 Models of PAS domains bound to cofactors. We used two servers, Phyre2 [64] and
I-TASSER [65], to generate models for each PAS domain. We followed with a minimization step
for reducing steric hindrances using the crystallographic programs CNS [66] and Phenix
[67]. XtalView [68] was used for visualization and manual fitting of the ligands. Finally, PyMOL
[69] was used for producing all figures. (a) Crystal structure of the PAS domain of Pseudomonas
aeruginosa RbdA (PDB id: 5XGB) [63] with all components of the PAS domain labeled including
the two flanking helices that seem to be important for dimerization. The disordered regions from
aa300–307 are labeled. (b) FAD binding by the fourth PAS domain of RmcA, modeled using the
crystal structure of FAD-binding domain NifL from Azotobacter vinelandii (PDB id: 2GJ3) [70]
and showing key asparagine and tryptophan residues aligned with RmcA that interact with FAD
(hydrogen bonds shown in dotted red lines). (c) Crystal structure of Escherichia coli PdeO
N-terminal PAS domain (PDB id: 1S67) [71] showing canonical heme binding (left). Crystal
structure of the Rhizobium meliloti Aer2 PAS domain (PDB id: 4HI4) [72] illustrating noncanonical
heme binding. (d) A model of the E. coli PdeR PAS domain generated using the crystal structure
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these structures were not selected in our automated model-building methods and
show binding pockets that are predominantly embellished with polar, acidic, and
basic residues, which did not match any of the PAS domains in our protein set of
interest.

The general features associated with each type of PAS domain that we found in
E. coli and P. aeruginosa PAS-GGDEF/EAL proteins are as follows. In PAS
domains that bind riboflavin, FMN, or FAD there is a universally conserved
asparagine residue at the end of the third β-sheet, which forms a bidentate polar
interaction with exocyclic oxygen and endocyclic amine groups of the flavin. Other
residues that are also normally present in flavin-binding domains, though not
universally conserved and sometimes replaced by residues with similar properties,
are (1) a tryptophan or arginine normally present on the fourth α-helix, the side chain
of which makes a π–π interaction with the adenine moiety of the FAD cofactor, and
(2) a basic residue (arginine or lysine) residing on either α-helix 3 or α-helix 4 that
makes polar interactions with the phosphate or pyrophosphate group of FMN or
FAD, respectively (Fig. 9.3b). Surveying all flavin-binding PAS domains released
by PDB reveals that only such canonical flavin-binding PAS domains have thus far
been observed. In contrast, the complement of heme-binding PAS domains that have
been described includes both canonical cases, as defined by members such as the
FixL protein from Sinorhizobium meliloti, and noncanonical cases. The heme-
binding PAS domain of S. meliloti FixL contains a histidine residue located on the
first turn of the fourth α-helix, the side chain of which faces toward the cavity of the
domain for coordinating with the heme iron (Fig. 9.3c) [73]. In most cases, there is
also a tyrosine residue present on the second turn of that same α-helix, which makes
hydrophobic interactions with the cofactor. The P. aeruginosa protein Aer2 provides
an example of a noncanonical heme-binding PAS domain in which the conserved
histidine residue is positioned at the end of the third α-helix instead of the fourth
[72]. Furthermore, in place of the tyrosine residue that is commonly present at the
second turn of the fourth α-helix, a phenylalanine residue positioned at the beginning
of the third α-helix makes hydrophobic interactions with the heme. The secondary
structural elements of the PAS domain also deviate from those of the canonical
heme-binding PAS domain: in particular, the first α-helix is the longest helix (five
turns) and has a kink in the middle. These deviations from canonical PAS-heme
binding could be relevant for our interpretation of other PAS-domain-containing
proteins in P. aeruginosa. A third class of cofactors that is relevant for the E. coli and
P. aeruginosa proteins we examined is lipids. In lipid-binding PAS domains,

Fig. 9.3 (continued) from the Cronobacter turicensis RpfR PAS domain (PDB id: 6DGG) [50]. (e)
A model for phenazine (pyocyanin) binding by the N-terminal PAS domain of RmcA, generated
using the N-terminal PAS domain of Maqu_2914 from Marinobacter aquaeolei (PDB id: 3H9W).
39% sequence identity between the two PAS domains suggests that the placement of dual trypto-
phan residues with relative certainty jut out into the binding cavity and sandwich the phenazine
through stacking interactions
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hydrophobic residues are predominantly present inside the cavity that would interact
with the hydrophobic lipid carbon chain, whereas charged residues appear at the
opening of the cavity, where they interact with the charged moieties of the lipid head
groups. Features of the TdcA thermo-PAS domain, implicated in temperature sensing,
are discussed in the section “Pseudomonas aeruginosa TdcA, a thermosensory
diguanylate cyclase” above. Finally, those associated with phenazine binding are
discussed in the “PAS-GGDEF/EAL proteins in P. aeruginosa” section below.

9.3.1 PAS-GGDEF/EAL Proteins in E. coli

E. coli strain K12 contains 25 proteins that could function as DGCs or PDEs in vivo
[74]. Four of these proteins contain PAS domains. PdeO, discussed above, is a well-
characterized protein with two PAS domains. Its N-terminal PAS domain binds
heme and senses O2 [22], while its second PAS domain resembles that of
P. aeruginosa TdcA, suggesting that it may be thermosensitive. The other three
PAS domain-containing GGDEF/EAL proteins—DgcM, DgcE, and PdeR—all
belong to the supermodule of promiscuously interacting DGCs and PDEs in
E. coli [24, 74] and also constitute the “central switch device” that turns on biofilm
matrix production in this organism [75, 76]. PdeR is referred to as a “trigger PDE”
because it controls biofilm matrix production through both its effects on other
proteins (via direct interactions) and its modulation of cyclic di-GMP levels
[76]. It contains one PAS domain. Though this domain has been implicated in
interactions with DgcM and also with other proteins that are not part of the central
switch device, the major protein–protein interactions between this and other proteins
seem to be more dependent on its GGDEF and EAL domains [24], suggesting that
the PAS domain performs other functions. Interestingly, the sequence of PdeR’s
PAS domain shares 72% identity with that of the Cronobacter turicensis RpfR PAS
domain, which mediates control of its PDE activity by the quorum sensing fatty acid
signal BDSF [47]. C. turicensis RpfR has been crystallized in complex with
dodecanoic acid [50]. We generated a model for the PdeR PAS domain using
Phyre2 [64] (Fig. 9.3d). The key residues N173 and L187 are shown in the figure
along with eight positively charged residues, seven arginine, and one lysine, which
suggest an interaction of the PdeR PAS domain with negatively charged lipids, such
as phospholipids of the membrane.

DgcM contains two PAS domains, which are important for interaction with PdeR.
Our analysis suggests that the N-terminal PAS domain binds lipid and the internal
PAS domain binds heme. In contrast, the three PAS domains of DgcE do not appear
to contribute to this protein’s interaction with PdeR [24], again indicating that they
could perform other functions. Our analysis suggests that the N-terminal PAS
domain of DgcE binds lipid while its second and third PAS domains could bind
heme (Fig. 9.4a). We were intrigued to find that both of the major DGCs, DgcM and
DgcE, that promote matrix production in E. coli contain PAS domains with the
potential to confer O2/redox sensitivity. Given the significant variation in electron
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donor and acceptor availability that can affect redox metabolism in biofilms, the
ability to modulate matrix production in response to these environmental cues may
be particularly relevant for this multicellular lifestyle.

9.3.2 PAS-GGDEF/EAL Proteins in P. aeruginosa

P. aeruginosa PA14, a popular model strain, contains 41 proteins that are likely to
function as DGCs or PDEs in vivo [77–79]. Twelve of these proteins contain PAS
domains (Fig. 9.4b) and of these twelve PAS-containing proteins, there are six that
contain multiple PAS domains. Among the P. aeruginosa cyclic di-GMP-modulat-
ing proteins, the presence of multiple PAS domains correlates with the presence of
both a GGDEF domain and an EAL domain. This could mean that these proteins are
able to sense and integrate information from multiple cues, or that they have both
DGC and PDE activity, and that the individual sensory domains determine which
activity output is “on” in a condition-dependent manner. It also raises questions such
as (1) whether the position of a PAS domain adapted to a specific sensor is important
for function and (2) whether sequential interactions of PAS domains can confer
emergent sensory functions.

Based on sequence homology with NifL from Azotobacter vinelandii, we can
infer that the fourth PAS domain of RmcA and the second PAS domain of
PA14_03720 bind FAD. Furthermore, because PA14_49160 is homologous to
E. coli DgcE, the predictions for ligand binding in these two proteins are identical.
Beyond these cases, we are able to speculate about possible ligand binding as
represented in Fig. 9.4 based on key conserved residues. In addition to the three of
the categories of ligands described for E. coli PAS-GGDEF/EAL domain proteins,
we also identified PAS domains that could bind phenazines, natural P. aeruginosa
products that bind to the PDE RmcA, affect cyclic di-GMP levels, and modulate
biofilm morphogenesis [37]. We note that evidence of phenazine binding has also
been reported for the protein AhR, a PAS-domain-containing protein that functions
in the mammalian immune response against pathogens that produce redox-active
virulence factors [80]. To identify features associated with phenazine binding, we
examined the structures of human AhR (PDB id:5NJ8) and the phenazine biosyn-
thetic enzyme P. fluorescens PhzG (PDB id: 4HMT), the latter of which has been
solved in complex with FMN and a phenazine precursor [81]. The binding pocket of
the PAS domain of human AhR contains six aromatic residues (phenylalanine,
tyrosine, and histidine) [80, 82]. Our modeling also reveals that there is a glutamine
residue residing on a β-strand in the AhR PAS domain binding pocket that could
interact specifically with the functional groups of different phenazines. The binding
cavity of PhzG has multiple aromatic residues including tyrosine, histidine, and
tryptophan, which interact with the phenazine precursor. We therefore predicted that
PAS domains with several aromatic and polar residues in the binding pocket could
bind phenazines.
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Fig. 9.4 Details regarding the characteristics and potential ligands for PAS domains linked to
cyclic di-GMP-modulating domains encoded by the E. coli and P. aeruginosa genomes. A visual
representation of the proteins in (a) Escherichia coli K12 and (b) Pseudomonas aeruginosa strains
PAO1 and PA14 with domains capable of modulating cyclic di-GMP levels. All non-PAS domains
annotated in Interpro are shown as rectangles, while transmembrane regions are shown as lines.
PAS domains are shown as ovals and colored according to the known ligand or our prediction of the
potential ligand
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Overall, we examined 23 PAS domains found in P. aeruginosa PA14 cyclic di-
GMP-modulating proteins. Eight of the PAS domains were predicted to bind heme,
while two were predicted to bind FAD, and these two types of PAS domains were all
found in proteins that had both GGDEF and EAL domains. PAS domains predicted
to bind lipids (eight total) and those predicted to bind phenazines (four total) were
found both in GGDEF-only proteins and those with both GGDEF and EAL domains.
Finally, there was one PAS domain for which we were unable to predict the ligand.
We did not observe any clear trends with respect to ligand identity and the order of
the PAS domains in the protein. We were intrigued by the presence of potential
phenazine-binding PAS domains among the DGCs because earlier work by our
group, which indicated phenazine-dependent regulation of the PDE RmcA, had also
provided evidence for one or more DGCs that contribute to the cyclic di-GMP pool
in a phenazine- and/or redox-dependent manner [37]. Additional specific predictions
are provided below.

Our analysis suggests that the PAS domain of the PDE RbdA binds a lipid. RbdA
contains two N-terminal transmembrane helices followed by cytosolic PAS,
GGDEF, and EAL domains. ΔrbdA mutants show increased biofilm formation and
are not complemented by constructs lacking the PAS domain, indicating that the
PAS domain is essential for RbdA’s function [83]. Though this domain shares some
conserved residues with the heme-binding, O2-sensing PAS domain of FixL, it lacks
a key heme-coordinating histidine residue that is present in FixL and in the heme-
coordinating PAS domain of E. coli PdeO [63]. It does, however, have a hydropho-
bic binding pocket with charged residues around the opening that could interact with
the carboxyl group of a fatty acid. For this reason, we predict that this PAS domain
might bind a lipid. Furthermore, a recently published crystal structure of the cyto-
plasmic portion of RbdA (cRbdA) showed the PAS domain unbound to any cofactor
[63]. In the associated study, the N-terminal periplasmic domain of RbdA was
hypothesized to perform a sensory function; it was suggested that the PAS domain,
which contributed significantly to the formation of the cRbdA crystallized dimer,
could primarily function to facilitate protein oligomerization. The roles of the
flanking α-helices of the PAS domain in dimerization (Fig. 9.3a) are consistent
with those seen for most PAS structures in the PDB. In this common arrangement,
the binding pocket of the PAS domain is left free to bind ligand. Indeed, though the
cRbdA structure did not contain a ligand in the PAS domain, it did reveal a
disordered region (residues 301–306), suggesting a potential ligand-binding position
that could become ordered if an appropriate cofactor is provided during crystalliza-
tion (Fig. 9.3a) [63].

In the case of RmcA, our analysis suggested that all four of its PAS domains bind
different ligands (Fig. 9.4b). These PAS domains are situated after an N-terminal
PBPb (“bacterial periplasmic substrate-binding”) domain, which has been shown to
sense L-arginine and stimulate RmcA’s PDE activity in response [84], and a trans-
membrane domain. We speculate that the first PAS binds phenazines based on the
two tryptophans that jut into the binding pocket and that could potentially contribute
to stacking interactions with a heterocyclic phenazine structure (Fig. 9.3e). Interest-
ingly, in vivo studies showed that deletion of this PAS domain led to less colony
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wrinkling, indicating that RmcA may function as a DGC under some conditions.
Phenazine-regulated DGC activity may be responsible for some of the more nuanced
effects on colony patterning that are observed in mutants that produce specific
subsets of P. aeruginosa phenazines [37, 85]. Based on the key residues in the
second and third PAS domains, we suggest that they might be able to bind a lipid and
heme, respectively. The potential for lipid binding, particularly in the context of
RmcA being a transmembrane protein, raises the possibility that this PAS domain
interacts with the membrane. Alternatively, it could participate in the binding of a
fatty acid-type quorum sensing molecule similar to the DSF compounds that bind to
the RpfR proteins described above [86]. In turn, the potential for heme binding raises
the possibility that RmcA can integrate yet another signal, such as O2 availability,
into the range of cues that can influence its activities. Finally, for the fourth PAS
domain, as mentioned above, homology modeling using NifL shows key asparagine
and tryptophan residues consistent with binding an FAD cofactor (Fig. 9.3b). Puri-
fication of a truncated form of RmcA containing the four PAS domains yielded a
preparation that was bright yellow with spectral properties consistent with FAD
binding [37]. It has been suggested that the fourth PAS domain of RmcA interacts
with the GGDEF and EAL domains in a redox-dependent manner to inhibit forma-
tion of the active dimer [87]. In the context of our group’s observations regarding the
physiological role of RmcA [37], this would suggest a model in which oxidation of
the FAD cofactor relieves this autoinhibitory interaction. Overall, RmcA is an
excellent candidate for future studies with its five sensory domains each seemingly
capable of directly modulating cellular cyclic di-GMP levels.

9.4 Concluding Remarks

Cyclic di-GMP-dependent regulation adds complexity and distinct structure–func-
tion mechanisms to the diversity of protein interactions that control bacterial behav-
ior. An important feature of cyclic di-GMP-dependent regulation is that it can act
independently of transcription and translation to directly connect condition sensing
to phenotypic outputs. For example, O2 stimulates Ax DGC’s production of cyclic
di-GMP, which binds to a receptor site on the BcsA component of the cellulose
synthase complex, promoting cellulose production and pellicle formation in
K. xylinus [88]. The large number and variety of PAS and other sensory domains
found in cyclic di-GMP-modulating proteins (Figs. 9.1 and 9.4) suggest that condi-
tional regulation of cyclic di-GMP synthesis and degradation are a key determinant
of behaviors such as motility and biofilm formation. In this chapter, we have
highlighted proteins for which PAS and GAF domains sense known cues and
modulate cyclic di-GMP levels to affect the production of exopolysaccharide matrix
components and therefore the formation of cellular assemblages. As biofilm forma-
tion is often associated with colonization and persistence in hosts and in industrial
settings, an understanding of the mechanisms that links environmental cues to
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cyclic di-GMP-dependent regulation is critical to our ability to control bacterial
growth and survival for human benefit.

For many proteins, it has been challenging to identify the ligands that bind
individual sensory domains and predict the cues that modulate their associated
activities. Surveying variations in parameters for a distinct mutant phenotype is a
daunting exercise that may not yield a hit under laboratory conditions. In addition,
sequence homology tends to be a poor predictor of ligand identity. Here, we have
reported the results of a detailed examination of the PAS-GGDEF/EAL proteins in
E. coli and P. aeruginosa, in which we make predictions regarding their physiolog-
ical ligands by comparing them to PAS domains in the PDB for which their ligands
are known. These predictions can provide starting points for in vitro and in vivo
studies that will provide insight into bacterial sense-and-response mechanisms that
operate at the multicellular level.
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Chapter 10
Metabolic Regulation by Cyclic di-AMP
Signaling

Liang Tong and Joshua J. Woodward

Abstract The year 2018 marks the 10-year anniversary of the discovery of the
diadenylate cyclase enzyme and its capacity to synthesize the broadly conserved
second messenger cyclic di-AMP. Since this discovery, our understanding of the
physiological processes controlled by this dinucleotide has advanced rapidly, with
the discovery of both cyclic di-AMP responsive riboswitch gene control elements
and protein binding partners. Additionally, cyclic di-AMP has been implicated as a
cross-kingdom signal between bacteria and eukaryotic hosts. While the physiolog-
ical processes modulated by these signaling partners are as diverse as the bacteria
that produce cyclic di-AMP, a key theme that has emerged is the regulation of
cellular metabolism. In this chapter, we will focus on the biological impacts of
metabolic regulation imposed by cyclic di-AMP at both the transcriptional/transla-
tional and posttranslational levels, as well as the molecular mechanism of this
regulation. We will highlight the regulation of central carbon metabolism through
pyruvate carboxylase, the regulation of cell wall metabolism through the ydaO
riboswitch, and the impact on host cell inflammatory response through competitive
inhibition of the host binding protein RECON.
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10.1 Introduction

The biosynthesis of cyclic di-AMP (cdA) was first discovered 10 years ago
[1]. Since then, the diadenylate cyclase responsible for cyclic di-AMP synthesis
has been described among many phyla of bacteria (Fig. 10.1a) and this second
messenger has been found to have crucial roles in many bacterial processes, includ-
ing central metabolism, cell wall metabolism, DNA repair, potassium homeostasis,
osmotic regulation, sporulation, stress response, antibiotic resistance, biofilm for-
mation, and virulence [2–6]. Moreover, cyclic di-AMP is essential for many of those
bacteria that produce it, while high levels of this compound can be toxic [7]. The
capacity of cyclic di-AMP to mediate these pleiotropic effects is predicated upon the
presence of both nucleic acid and protein effectors that mediate transcriptional and
posttranslational changes in protein function.

In addition to the signaling role within bacteria, cyclic di-AMP has also emerged as
a key signal between bacteria and their eukaryotic hosts (Fig. 10.1b). The diadenylate
cyclase responsible for cyclic di-AMP production is broadly conserved among most
major phyla of bacteria and essential among many genera [2], but notably absent
among eukaryotes. Due to its small molecule chemical nature and essentiality among
many pathogens [8–13], cyclic di-AMP is difficult for organisms to evolve away from
or to chemically alter to mask immune detection. Based on these characteristics,

Fig. 10.1 Cyclic di-AMP in bacteria and host–microbe interactions. (a) Phylogenetic tree
depicting Archaea, Eukaryota, and Bacterial phyla. Those organisms with diadenylate cyclase
(DAC) enzymes that can produce cyclic di-AMP are in bold black lines. DAC enzymes have been
found to be largely essential among organisms in the Firmicutes and Bacteroidales phyla but
dispensable in Actinobacteria and Cyanobacteria. (b) Cyclic di-AMP is sensed during infection by
a variety of organisms. Activation of STING results in IRF-3 phosphorylation and modest NF-kB
phosphorylation, resulting in the induction of Type I IFN responses. Inhibition of RECON by cyclic
di-AMP results in augmented NF-κB activation
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cyclic di-AMP is an ideal signature of bacterial presence within eukaryotic hosts that
do not produce this molecule. Indeed, the role of cyclic di-AMP as a mediator of host
inflammation to bacterial infection has garnered significant interest in the last decade,
with some host sensors for bacterial cyclic di-AMP having been identified, and the
mechanism of cyclic di-AMP signaling in host cells beginning to be understood [14–
16]. STING-dependent detection of cyclic di-AMP results in the induction of Type I
interferon during infection by a variety of organisms, including L. monocytogenes,
C. trachomatis, M. tuberculosis (MTB), S. aureus, and S. agalactiae (GBS) [17–
21]. GBS and MTB have been reported to utilize specific phosphodiesterases to
degrade cyclic di-AMP to evade STING-mediated immune sensing [20, 21]. More
recently, a second host cyclic di-AMP sensor named RECON was identified as an
enzyme that, upon cyclic di-AMP binding, promotes NF-κB dependent inflammatory
gene expression [14].

In this chapter, we will focus on the involvement of cyclic di-AMP in regulating
metabolic processes, especially its regulation of the central metabolic enzyme
pyruvate carboxylase (PC), the host metabolic enzyme RECON, and the riboswitch
ydaO involved in cell wall metabolism.

10.2 Regulation of Pyruvate Carboxylase (PC) by Cyclic di-
AMP

10.2.1 Identification of PC as a Direct Target of Cyclic di-
AMP

PC catalyzes the carboxylation of pyruvate to produce oxaloacetate and is a central
metabolic enzyme in most organisms [22, 23]. It has an anaplerotic role to replace
the intermediates in the TCA cycle, and it is also crucial for gluconeogenesis,
glyceroneogenesis, neurotransmitter release, and other cellular processes. PC defi-
ciency in humans is linked to lactic acidemia, psychomotor retardation, and other
symptoms, while PC overexpression has been observed in some cancers [24, 25].

The PC enzyme of the human pathogen Listeria monocytogenes (LmPC) was first
identified as a direct target of cyclic di-AMP by a chemical proteomics approach
[26]. Cyclic di-AMP was covalently immobilized on a resin and incubated with
L. monocytogenes extract. Bound proteins were visualized by SDS gel and identified
by mass spectrometry. LmPC was one of 12 proteins that were identified with
statistical significance by this approach. The direct interaction between LmPC and
cyclic di-AMPwas confirmed using a radioactivity-based binding assay, and the Kd of
the complex was determined as 8 μM. Kinetic studies showed that cyclic di-AMP
reduced the apparent kcat of the PC reaction while having only a small effect on the
apparent Km, suggesting that cyclic di-AMP does not compete with the pyruvate
substrate and is an allosteric inhibitor of LmPC. The kinetic studies also showed
that LmPC is selective for cyclic di-AMP, while cyclic di-GMP and cGAMP had no
effect on the catalysis.
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With the elucidation of the cyclic di-AMP binding site in LmPC (see Sect. 10.2.2),
residues that are important for recognizing cyclic di-AMP were identified. Sequence
analysis then identified a few other PC enzymes that could also bind cyclic di-AMP.
Among these, Enterococcus faecalis PC (EfPC) [26] and Lactococcus lactis PC (LlPC)
[27] have been confirmed to be direct targets of cyclic di-AMP. Like LmPC, LlPC is
selective for cyclic di-AMP, while cyclic di-GMP has very little effect on the catalysis.

In contrast, most other PCs, including human PC, are not targets of cyclic di-
AMP binding and regulation.

10.2.2 Molecular Mechanism of PC Regulation by Cyclic di-
AMP

PC is a biotin-dependent enzyme and contains two separate active sites [22, 23]. Biotin
carboxylase (BC) catalyzes the carboxylation of biotin coupled with the hydrolysis of
ATP to ADP, and bicarbonate is the CO2 donor. Carboxyltransferase (CT) catalyzes
the transfer of CO2 from carboxybiotin to the pyruvate acceptor to produce oxaloac-
etate. Biotin is linked covalently to the biotin carboxyl carrier protein (BCCP). Most
PC enzymes are ~120 kDa single-chain, multi-domain proteins, with BC, CT, and
BCCP domains. They function only as tetramers, and most of them are activated by
acetyl-CoA. They also contain a PT domain that mediates PC tetramerization as well
as allosteric regulation by acetyl-CoA. A large amount of structural information is
available for these enzymes, showing structural conservation of the domains but
extensive variability in the relative organizations of the domains and the architectures
of the holoenzymes, despite their strong sequence conservation [23, 28].

The overall structure of the 500 kDa PC tetramer is in the shape of a diamond,
with BC and CT dimers located at alternate corners (Fig. 10.2a). Cyclic di-AMP
assumes a folded, U-shaped conformation and is bound to a pocket at the dimer
interface of CT in LmPC [26]. The twofold symmetry axis of cyclic di-AMP is
aligned with that of the CT dimer, and therefore each LmPC tetramer binds only two
molecules of cyclic di-AMP. Three important interactions are observed between
cyclic di-AMP and LmPC (Fig. 10.2b): (1) π-stacking between the adenine base and
the side chain of Tyr722; (2) direct hydrogen bond between the phosphate and the
side chain of Tyr749; and (3) van der Waals interactions between the ribose and
Ala752-Ala753 (two small side chains). Mutations of these residues can severely
reduce the binding, for example, changing Tyr722 to Thr, its equivalent in human
PC (Fig. 10.2c), essentially abolished binding to cyclic di-AMP. This binding site is
not well conserved among PC enzymes (Fig. 10.2d), indicating that only a small
subset of them are likely targets of cyclic di-AMP.

The overall interactions between LlPC and cyclic di-AMP are similar to those for
LmPC [27]. Cyclic di-AMP assumes a slightly more open conformation in LlPC,
and a conformational change for Tyr715 (equivalent to Tyr722 of LmPC) is
observed to maintain the π-stacking interactions (Fig. 10.2b). Tyr749 of LmPC is
replaced by Ile742 in LlPC (Fig. 10.2c), but the hydrogen bond to the phosphate
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group is maintained through Ser745 (Ala752 in LmPC). In both structures, the
adenine base does not appear to be specifically recognized through hydrogen-
bonding interactions, and the molecular basis of how these enzymes are selective
for cyclic di-AMP over cyclic di-GMP is still not understood.

The binding site for cyclic di-AMP is located far away from the CT and BC active
sites (Fig. 10.2a), consistent with kinetic data showing that cyclic di-AMP is an
allosteric inhibitor. The exact molecular mechanism for how binding of cyclic di-
AMP in this pocket can inhibit PC is not yet fully understood. There are large
structural differences between free LmPC and the cyclic di-AMP complex. In addition,
the conformations of the four monomers of the tetramer are essentially identical in the
cyclic di-AMP complex, while substantial differences among them are observed
without cyclic di-AMP. This led to the hypothesis that PC needs to undergo significant

Fig. 10.2 Molecular basis for the regulation of PC by cyclic di-AMP. (a) Schematic drawing of the
structure of LmPC tetramer in complex with cyclic di-AMP. The domains of monomer 1 are colored
according to the diagram at the bottom of the panel. Cyclic di-AMP is shown as a sphere model and
labeled cdA (carbon atoms in black). The metal ion in the active site of CT is shown as a gray
sphere. The BC and CT active sites are indicated with the asterisks in brown. (b) Comparison of the
binding mode of cyclic di-AMP (black) in LlPC (green and yellow) with that in LmPC (gray). The
7� rotation for the adenine base of cyclic di-AMP in the two structures is indicated with the red
arrow. (c) Alignment of residues in the cyclic di-AMP binding site of LmPC (highlighted in red)
with equivalent residues in selected bacterial PCs and human PC. (d) Molecular surface of the
cyclic di-AMP binding site in LmPC, colored based on sequence conservation (purple: conserved;
cyan: not conserved) using the program ConSURF [44]. The structure figures were produced with
PyMOL (www.pymol.org)
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conformational changes during catalysis, and cyclic di-AMP inhibits the enzyme by
“freezing” it into a single state [26, 28].

10.2.3 Biological Impacts of PC Regulation by Cyclic di-AMP

L. monocytogenes is an intracellular pathogen and is often associated with food
poisoning outbreaks. It does not have a complete TCA cycle, and the oxaloacetate
product of LmPC is crucial for glutamate/glutamine (Glx) biosynthesis [26]. LmPC
is essential for L. monocytogenes growth [29], although the exact mechanism is not
known. A strain with reduced levels of cyclic di-AMP, and hence higher LmPC
activity, showed greatly enhanced Glx biosynthesis, while aspartate levels were not
affected [26]. This metabolic imbalance led to defects in L. monocytogenes growth
in mouse immortalized bone marrow-derived macrophages and fibroblasts, as well
as in liver and spleen tissues in a mouse model of acute listeriosis. On the other hand,
the deletion of citrate synthase, just downstream of PC and the first committed step
for Glx biosynthesis, restored Glx levels as well as intracellular growth. Activation
of the host pyroptosis pathway is partly responsible for the reduced
L. monocytogenes growth at lower levels of cyclic di-AMP.

The L. monocytogenes strain with reduced cyclic di-AMP also accumulates
higher levels of citrate, giving rise to defects in growth in rich media and to
sensitivity to the β-lactam antibiotic cefuroxime [30]. Mutations in the acetyl-CoA
binding site of LmPC can suppress the growth defects and restore resistance to the
cefuroxime. Therefore, regulation of LmPC by cyclic di-AMP is crucial for bacterial
growth in rich media and antibiotic resistance.

L. lactis is an industrially important bacterium and is used for milk acidification.
Like L. monocytogenes, L. lactis does not have a complete TCA cycle. However, in
contrast to L. monocytogenes, L. lactis does not have a functional glutamate dehy-
drogenase and cannot synthesize glutamate from oxaloacetate de novo. The oxalo-
acetate product of LlPC is instead essential for the biosynthesis of aspartate, which is
responsible for milk acidification. A L. lactis strain lacking PC had a significantly
slower rate of acidification [27]. Cyclic di-AMP regulates LlPC and thereby the milk
acidification property of L. lactis. A strain with elevated cyclic di-AMP had greatly
reduced levels of aspartate, which could be restored only with a mutant LlPC
(Y715T) that is insensitive to cyclic di-AMP, suggesting that the effect of cyclic
di-AMP on aspartate levels in L. lactis is mediated primarily through LlPC.
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10.3 Regulation of Host Metabolic Enzyme RECON by
Cyclic di-AMP

10.3.1 Identification of RECON as a Direct Target
for Cyclic di-AMP

Like the identification of PC, a similar chemical proteomics approach was used to
identify host proteins that can bind cyclic di-AMP [14]. The oxidoreductase
AKR1C13 (aldo-keto reductase family 1, member C13) is a highly abundant cyclic
di-AMP binding protein in mouse liver extract, and the protein is renamed RECON
(reductase controlling NK-κB). RECON has a high affinity for cyclic di-AMP, with a
Kd of 87 nM, while cyclic di-GMP, 20,30-cGAMP, NAD+, and other nucleotides show
no competition for binding at 200–400 μM concentration. Cyclic di-AMP inhibits the
oxidoreductase activity of RECON, while cyclic di-GMP and host-synthesized 20,30-
cGAMP have no effects. In comparison, 30,30-cGAMP of bacterial origin competes
with cyclic di-AMP for binding and also inhibits the catalytic activity of RECON.
Overall, the host protein RECON is a direct target of cyclic di-AMP, with high affinity
and selectivity for binding this bacterial second messenger.

10.3.2 Molecular Mechanism of RECON Binding by
Cyclic di-AMP

In the complex with RECON, cyclic di-AMP assumes a nearly fully extended
conformation and occupies the binding sites for NAD+ and the substrate of this
enzyme [14] (Fig. 10.3a–c). One of the AMP moieties of cyclic di-AMP (AMP1)
overlaps closely with the AMP portion of NAD+ (PDB entry 3LN3) (Fig. 10.3c), and
the adenine base is recognized by hydrogen bonds to RECON (Fig. 10.3b). The
other AMP moiety (AMP2) has essentially no overlap with NAD+, but its adenine
base is located close to the redox-active C4 atom of the nicotinamide ring of NAD
(Fig. 10.3c). Therefore, AMP2 likely has steric clashes with the expected substrate of
the enzyme [31]. The structure of the complex illuminates the molecular basis for the
selectivity of RECON for cyclic di-AMP and the inhibitory activity of the com-
pound. AMP2 interacts with unique features in RECON and does not have overlap
with NAD+ in the binding site, possibly explaining why cyclic di-AMP does not
interact strongly with all NAD+-binding proteins.

10.3.3 Biological Impacts of RECON Binding by
Cyclic di-AMP

The inflammatory activity of cyclic di-AMP was first identified due to its capacity to
engage the host receptor STING in murine macrophages, resulting in the production
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of Type I IFN and other IRF-3 regulated genes. Within many host cells, two
receptors for cyclic di-AMP are present, RECON and STING. The presence of
RECON, which has over tenfold higher affinity for cyclic di-AMP than STING,

Fig. 10.3 Molecular basis for the regulation of RECON by cyclic di-AMP. (a) Overall structure of
RECON (green) in complex with cyclic di-AMP (magenta). (b) Detailed interactions between cyclic
di-AMP (magenta) and RECON (green). Hydrogen bonding interactions are indicated with dashed
lines in red. W: solvent water. (c) Overlay of the binding modes of cyclic di-AMP (magenta) and
NAD+ (cyan) to RECON. The position of the progesterone substrate in AKR1C1 is also shown
(orange) [31]
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results in sequestration of cyclic di-AMP secreted by L. monocytogenes during
infection, and thereby negatively regulates the expression of STING-dependent
inflammatory genes including interferon-β, CCL5 (RANTES), CXCL10 (IP-10),
CXCL11 (I-TAC), interleukin-1β, and Nos2 [14].

While RECON presence negatively regulates STING activation in infected mac-
rophages, it also represses NK-κB activation in infected hepatocytes, which are
devoid of STING [14]. The expression of RECON itself does not change signifi-
cantly during infection, and the catalytic activity of RECON is essential for its
regulatory activity on cyclic di-AMP signaling. His117 is the general acid-base for
the oxidoreductase activity of RECON. The H117A mutant of RECON is catalyti-
cally inactive but maintains an ability to bind cyclic di-AMP (with a Kd of 288 nM).
However, this mutant cannot complement the loss of wild-type RECON in infected
hepatocytes in terms of NK-κB activation. RECON-deficient hepatocytes have
elevated inflammatory responses upon L. monocytogenes infection, including NO
production, and demonstrate enhanced intercellular spread of the bacteria [32]. The
catalytic activity of RECON is also required for this effect.

Together these observations reveal that RECON enzyme activity is crucial for its
capacity to sense cyclic di-AMP and augment inflammatory gene expression. This
strongly supports a model in which accumulation of a substrate(s) of RECON, upon
inhibition by cyclic di-AMP, mediates the NF-κB activation upon bacterial infection
(Fig. 10.4). Aldoketoreductases like RECON are well known for their capacity to
metabolize several lipophilic aldehyde and alcohol-containing metabolic intermedi-
ates, including steroid hormones, isoprenoids, retinoids, and oxidized lipids [33],

Fig. 10.4 Activation of
NF-κB by RECON.
Cyclic di-AMP potently
inhibits the enzymatic
activity of RECON, which is
required for suppression of
NF-κB. Evidence supports
that inflammatory
metabolite(s) downstream of
TLR stimulation is/are
enzymatically detoxified by
RECON and cyclic di-AMP
inhibition promotes
antibacterial responses
through blockade of this
metabolic function
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which have pleiotropic effects on inflammation and cellular homeostasis in eukary-
otes. Identification of the metabolic intermediate(s) targeted by RECON will not
only reveal the mechanisms of inflammatory gene induction but may also provide
evidence of broader impacts on host cell processes mediated by the RECON-cyclic
di-AMP signaling axis.

10.4 Regulation of the ydaO Riboswitch by Cyclic di-AMP

10.4.1 Identification of the ydaO Riboswitch as a Direct
Target for Cyclic di-AMP

The ydaO riboswitch is widely distributed in Gram-positive bacteria and regulates cell
wall metabolism, osmotic stress, sporulation, amino acid transporters, and other
processes [34, 35]. Yeast extract contains a ligand that can bind to this riboswitch
and cause changes in the pattern of its spontaneous cleavage. While the yeast extract-
associated ligand was identified to be AMP [36], a thorough characterization of
nucleotides containing the AMP moiety identified the endogenous bacterial derived
ligand as cyclic di-AMP as the most potent and biologically relevant ligand of this
gene control element [37]. The ydaO riboswitch has high affinity for cyclic di-AMP,
with Kd of 0.1 nM or lower under optimal assay conditions. The stoichiometry
between ydaO and cyclic di-AMP is 1:1. Under conditions similar to bacterial cytosol,
Kd is ~10 nM. ydaO is highly selective for cyclic di-AMP, while cyclic di-GMP, cyclic
di-IMP, AMP, ADP, and other compounds show much weaker binding. The hydro-
lysis product of cyclic di-AMP, pApA, has a Kd of ~300 nM. Cyclic di-AMP binding
to the riboswitch causes transcription termination in in vitro assays, and reduced levels
of the second messenger lead to increased expression of a reporter under ydaO control
in Bacillus subtilis, consistent with the riboswitch being a negative regulator.

The B. subtilis ydaO riboswitch has a weak affinity for ATP (Kd of 0.6 mM) [36],
but the binding is lost under physiological conditions and ATP has no effect on
transcription termination regulated by ydaO [37].

10.4.2 Molecular Mechanism of ydaO Regulation by Cyclic
di-AMP

The structure of the sensing domain of ydaO riboswitch has pseudo twofold sym-
metry, thereby creating two pockets to bind two cyclic di-AMP molecules
(Fig. 10.5a) [38–40]. This 1:2 stoichiometry is confirmed by isothermal titration
calorimetry experiments for Thermoanaerobacter tengcongensis but not B. subtilis
ydaO, and it is not clear why there is a discrepancy with the results from in-line
probing studies [37]. Cyclic di-AMP assumes a partially extended conformation and
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has extensive interactions with ydaO, including π-stacking interactions for the
adenine base, and hydrogen-bonding interactions for the adenine base, ribose 30-
hydroxyl, and phosphate of cyclic di-AMP (Fig. 10.5b). Moreover, the interactions
with the two AMP moieties of cyclic di-AMP are mostly equivalent, indicating a
pseudo twofold symmetry within each binding site as well.

Specifically, the N1, N6, and N7 atoms of the adenine base have interactions with
the hydroxyls of two different riboses (Fig. 10.5b), explaining the selectivity of this
riboswitch for cyclic di-AMP over the other nucleotides. The 30-hydroxyl of cyclic
di-AMP is hydrogen-bonded to the carbonyl group of a cytosine base, consistent
with the weaker affinity of deoxy cyclic di-AMP (Kd ~ 20 nM) [37]. The phosphate
group of cyclic di-AMP is hydrogen bonded to a guanine base. Mutations that
disrupt the structure of the riboswitch or the π-stacking interactions with the adenine
bases reduce the affinity for cyclic di-AMP. More extensive mutations in one
binding site could reduce or abolish binding in the other site [39], suggesting
communications between the two sites and/or the mutations have disrupted the
overall structure of the riboswitch. Small angle X-ray scattering studies indicate
that the riboswitch undergoes an extensive conformation change upon cyclic di-
AMP binding, with the free riboswitch in a partially unfolded state [40]. This folding
transition upon ligand binding has also been observed in other riboswitches.

Fig. 10.5 Molecular basis for the regulation of the ydaO riboswitch by cyclic di-AMP. (a) Overall
structure of the Thermoanaerobacter tengcongensis ydaO riboswitch in complex with two cyclic
di-AMP molecules. The riboswitch is shown as a cartoon and a semitransparent surface (orange),
and cyclic di-AMP as sticks (green), labeled cdA. The pseudo twofold symmetry axis in the
structure is indicated with the oval. (b) Detailed interactions between cyclic di-AMP and ydaO in
one of the binding sites. Hydrogen-bonding interactions are indicated with the dashed lines (red).
Equivalent interactions are observed in the other binding site
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10.4.3 Biological Impacts of ydaO Riboswitch Regulation by
Cyclic di-AMP

Bioinformatic studies identified the ydaO riboswitch as a broadly conserved genetic
element primarily found within the Gram-positive bacteria [35]. Analysis of the
location of the ydaO motif within the transcriptional and translational unit of genes
revealed the presence of transcriptional terminators and ribosome binding sites,
supporting both transcriptional and translational mediated mechanisms of gene regu-
lation. Those genes associated with the ydaO riboswitch are broadly involved in cell
wall metabolism, amino acid transport, and osmolyte regulation, among others. These
associations point to mechanisms by which cyclic di-AMP broadly shapes peptido-
glycan synthesis and turnover, as well as cellular responses to osmotic stress.

Among the Actinobacteria, cyclic di-AMP-mediated control of muralytic enzymes
involved in cellular resuscitation from dormancy suggests a role in promoting cellular
growth [41, 42]. While originally identified bioinformatically, the validation and
characterization of the ydaO riboswitch were first conducted in the model organism
B. subtilis. Here, the ydaO riboswitch is associated with the potassium transporter
ktrAB and the gene ydaO, a gene of unknown function that was recently revealed to
also function as a potassium importer [12]. The role of cyclic di-AMP as a regulator of
potassium in response to osmotic stress encountered by bacteria has emerged as a
conserved physiological function of this second messenger [43]. However, the means
by which cyclic di-AMP levels are controlled within cells are not yet clear, and early
work with the ydaO riboswitch found that disruption of key genes involved in cellular
respiration, including the NADH dehydrogenase and MenH involved in menaquinone
biosynthesis, strongly promoted ydaO controlled transcription [12]. These observa-
tions support an intriguing possibility that not only do cyclic di-AMP levels modulate
cellular metabolism but that central metabolic changes also regulate cyclic di-AMP
levels to coordinate transcriptional changes that contribute to growth, including genes
involved in cell wall metabolism and osmolyte/potassium accumulation, which are
key requirements involved in controlling cellular turgor that drives growth of Gram-
positive organisms.

10.5 Conclusions

Since its discovery 10 years ago, much has been learned about the crucial, pleiotro-
pic effects of cyclic di-AMP in bacteria, such as metabolism, DNA repair, stress
response, biofilm formation, and others, as well as the cellular receptors that mediate
this myriad of functions of cyclic di-AMP. Moreover, this dinucleotide has an
important role in host immune response to bacteria, and the molecular and functional
mechanisms of this communication have begun to be elucidated. Overall, these
studies demonstrate the biological significance of cyclic di-AMP and suggest that
many new discoveries remain to be made in this exciting field.
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Chapter 11
Osmoregulation via Cyclic di-AMP
Signaling

Mark S. Turner, Thu Ngoc Minh Vu, Esteban Marcellin, Zhao-Xun Liang,
and Huong Thi Pham

Abstract Nucleotide second messengers allow cells to transduce external signals
into cellular responses by modulating the activity of a variety of protein and
riboswitch receptors. Cyclic di-AMP has been found to impact on a wide array of
cellular processes including resistance to acid, heat, antibiotics, osmolarity changes
and connected to central metabolism, peptidoglycan homeostasis, virulence, biofilm
formation, immunomodulation, sporulation, DNA repair, and growth. Unusual for a
second messenger however, it is essential for growth under normal culture condi-
tions but toxic when present in high levels for several bacteria. Interestingly high
osmolarity conditions can stabilize cells devoid of cyclic di-AMP but inhibit the
growth of cells with high cyclic di-AMP. Screens have identified a number of cyclic
di-AMP binding receptors, and genetic suppressor analyses have uncovered muta-
tions that restore normal growth in high or low cyclic di-AMP mutant strains. The
most cyclic di-AMP-binding receptors characterized thus far in various bacteria are
involved in potassium or compatible solute uptake. Taken together, results from
several bacteria suggest that osmoregulation is a key conserved function of this
nucleotide messenger, which will be the focus of this chapter.
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11.1 Introduction

The first report of cyclic di-AMP was in the crystal structure of the DNA checkpoint
protein DisA in 2008 [1]. Shortly after, cyclic di-AMP was identified in vivo as the
interferon-β-stimulating component secreted from Listeria monocytogenes during host
cell infection [2]. Since then, due to the presence of the cyclic di-AMP synthesizing
diadenylate cyclase (DAC) domain in many Gram-positive bacteria as well as some
Gram-negative bacteria and Archaea, a significant amount of interest and research
activity has occurred [3]. Modulation of the cyclic di-AMP level in the cell in most part
occurs via one or a few DAC and phosphodiesterase (PDE) enzymes [3–5], which are
much fewer in number than those controlling another cyclic dinucleotide, cyclic di-
GMP [6]. This “simple” signaling system, however, has arguably more significant
impacts on cellular physiology as changes in cyclic di-AMP levels greatly affect
resistance to several stressors (acid, heat, osmotic, and β-lactams) as well as virulence
and growth. Significant effort has been devoted toward identifying downstream bind-
ing targets of cyclic di-AMP and these have provided important insights into the
signaling pathways of this messenger. In addition, various genetic suppressor screens
in mutants with low or high cyclic di-AMP have allowed for a better understanding of
why it is essential or toxic, respectively. In this chapter, we will cover aspects of cyclic
di-AMP signaling, which together suggest that the conserved physiological role of this
second messenger is osmoregulation.

11.2 Altered Osmoresistance Phenotypes Are Observed
in Cells with Elevated or Reduced Cyclic di-AMP
Levels

Mutants with high- or low-cyclic di-AMP levels can exhibit a wide range of
phenotypes ranging from altered resistance to stressors (heat, acid, osmotic, and β-
lactam) through to impacts on biofilm formation, sporulation, cell metabolism, and
virulence [3–5, 7, 8]. Our understanding of how cyclic di-AMP affects most of these
phenotypes is still limited and also for several it is likely that they are indirectly
impacted by cyclic di-AMP.

Arguably the best-characterized phenotype regulated by cyclic di-AMP is
osmoresistance. The first link between osmoresistance and cyclic di-AMP was
made in Lactococcus lactis, a cheese fermenting starter culture [9]. In a serendipitous
finding, testing of a cyclic di-AMP PDE mutant for resistance to stressors encoun-
tered during cheese production (heat and salt), it was found that a ΔgdpP mutant
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could grow at elevated temperatures, but was highly sensitive to elevated NaCl
levels (Table 11.1). Subsequently in several other bacteria including Staphylococcus
aureus, L. monocytogenes, Streptococcus agalactiae, Streptococcus pneumoniae,
and Synechocystis, high cyclic di-AMP mutants also exhibit poor growth in elevated
osmotic conditions (Table 11.1). Both ionic and nonionic osmolytes have been
shown to impact growth [10]. Conversely, mutations in the DAC gene cdaA/dacA
which result in low or no cyclic di-AMP lead to osmoresistance or a dependency on
higher osmotic conditions for growth (Table 11.1). An exception is in Synechocystis,
where a PDE overexpression strain with low cyclic di-AMP has reduced growth in
NaCl, however it also exhibited reduced growth in normal media [11]. Other
mutations apart from those in cdaA which lower the cyclic di-AMP pool in a
ΔgdpP mutant of L. lactis also restore osmoresistance (Table 11.1). The mechanism
of this is unknown for some mutations, but in the case of the glmMmutation, it is due
to its greater binding of the GlmMI154F variant to CdaA and inhibition of cyclic di-
AMP synthesis [12]. In another case, strong upregulation of multiple drug resistance
(MDR) protein in L. lactis resulted in a reduction of intracellular cyclic di-AMP
through increased export from the cell [13].

Other physiological effects could result from a dysregulation of osmotic homeo-
stasis. Differences in cell size have been observed in mutants with varying cyclic di-
AMP levels most likely due to uncontrolled water movement into and out of the cell.
In S. aureus, the high cyclic di-AMP ΔgdpP mutant is smaller while cells of a low
cyclic di-AMP dacAG206S mutant are larger [14, 15]. It would be expected that
excess water entering the cell may also lead to greater cell lysis and this has been
observed in cdaA/dacA mutants of Bacillus subtilis [16, 17] and L. monocytogenes
[18]. Cell lysis can be reduced by the addition of sucrose or NaCl [16, 18], or by
reducing the K+ level in the growth media [17]. In contrast, mutations in gdpP were
found in S. aureus during a screen for mutants exhibiting defective extracellular
DNA release [19], likely the result of reduced cell lysis. β-lactam antibiotic resis-
tance has also been shown to be directly correlated with the cyclic di-AMP level in
several bacteria [9, 14, 16, 18, 20, 21]. Links between cyclic di-AMP and cell wall
homeostasis have been reported including an increase in peptidoglycan cross-linking
in the ΔgdpP mutant in S. aureus [14] and common co-localization of the gene
encoding the peptidoglycan precursor biosynthesis enzyme GlmM in an operon
downstream of cdaA/dacA [8]. In addition, several genes involved in peptidoglycan
metabolism are under control of cyclic di-AMP binding ydaO family riboswitches,
including cell wall hydrolase resuscitation promoting factor Rpf proteins, and pro-
teins with NLPC_P60 (PF00877) or LysM (cd00118) domains [22]. An alternative
hypothesis put forward suggests that resistance toward β-lactam antibiotics could
instead be the consequence of changes in turgor pressure orchestrated by cyclic di-
AMP [23]. However, osmoregulation and β-lactam resistance through coordinated
regulation of both water movement and peptidoglycan remodeling have not been
ruled out as yet. Further work is needed to establish if and how cyclic di-AMP-
mediated regulation of cell wall metabolism impacts on osmoresistance.
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11.3 Suppressor Screens Using Low- and High-Cyclic di-
AMP Level Mutants Reveal Dysregulation
of Osmolyte Transporter Activities

Mutants, which produce inadequate or excessive levels of cyclic di-AMP, can
exhibit poor to no growth under certain conditions, and therefore cyclic di-AMP
has been dubbed an “essential poison” [3]. Screens for suppressor mutants that
overcome these growth defects have provided a valuable way to gain insight into
the reasons why levels of this second messenger need to be strictly controlled and
what genes/proteins are involved in the cyclic di-AMP signaling network. A number
of mutations have been identified in genes regulating osmolyte transport in these
suppressor screens which provides further support for a major role of cyclic di-AMP
in osmoregulation. Osmoregulation by bacteria is carried out by controlling the level
of intracellular K+ and compatible solutes such as proline, glycine betaine, carnitine,
and oligopeptides. This allows the cell to balance the osmotic gain and loss of water
and maintain normal turgor pressure [24].

Mutants with very low or no cyclic di-AMP have been found to be unable to grow
in rich media under aerobic conditions. cyclic di-AMP deficient suppressors of
L. monocytogenes, S. aureus, and S. agalactiae which can grow on normal media
have been found to be defective in the uptake of osmolytes including oligopeptides
and glycine betaine [15, 25, 26]. Loss of function mutations were observed in genes
encoding the ATP binding cassette (ABC) transporters for oligopeptides (Opp) and
glycine betaine (Gbu and Bus) as well as the betaine/carnitine/choline family
transporter (BCCT) OpuD. In addition, gain of function mutations in a putative K+

export protein (nhaK) have been identified in a cyclic di-AMP deficient mutant of
B. subtilis [17]. These mutations would all be expected to lead to a reduced influx of
water into the cell and ultimately reduced turgor pressure.

Mutants with excessive cyclic di-AMP levels achieved through inactivation of
PDE genes can be generated; however, they can readily accumulate suppressor
mutations upon subculture or prolonged incubation even under normal growth
conditions [10, 27, 28] and therefore should be handled with caution. Most suppres-
sor mutations seen are in the DAC gene which leads to lowered cyclic di-AMP
[12, 28], however, in larger screens, genes involved in osmolyte transport have also
been identified. In a screen for suppressor mutations rescuing heat shock resistance
in a high cyclic di-AMP S. pneumoniae strain, a likely gain of function change was
found in the K+ import protein TrkH [29]. Similarly, gain of function mutations in
the K+ uptake transporter KupB were found to restore osmoresistance in a ΔgdpP
mutant of L. lactis [13]. In the same screen, a loss of function mutation in the glycine
betaine transporter transcriptional repressor BusR was also identified, which resulted
in increased transcription of the BusAA-AB operon and elevated glycine betaine
levels. In both L. lactis and S. agalactiae, inactivation of BusR rescued
osmoresistance in the respective ΔgdpP mutant [26]. Elevated K+ or glycine betaine
uptake would be expected to trigger increased water movement into cells thus
increasing turgor pressure.
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11.4 Cyclic di-AMP Binding Receptors Play Key Roles
in Osmoregulation

A number of experimental approaches have been employed to screen for and identify
cyclic di-AMP binding protein receptors [30]. These include recombinant protein
expression libraries composed of defined subsets of genes [31] or all genes from a
target bacterium [32, 33]. Other approaches have used cyclic di-AMP pull-down
assays with lysates from the target bacterium [32, 34–36]. Confirmation of binding is
often done using the Differential Radial Capillary Action of Ligand Assay
(DRaCALA) with radiolabeled cyclic di-AMP, which can also be used to determine
specificity and affinity [37]. The ydaO riboswitch was identified as a high affinity
cyclic di-AMP binding RNA following a screen of metabolites from yeast extract
and then compounds specifically containing AMP [22].

A list of cyclic di-AMP binding receptors is shown in Table 11.2. The majority
identified thus far, and from several different bacteria, are involved in
osmoprotectant import, including potassium (K+) and compatible solute trans-
porters. Regulation of osmoprotectant transport by cyclic di-AMP can occur
posttranslationally via direct binding to the transporter complex (Ktr [CabP] and
Opu) (Fig. 11.1). It can also occur at a gene expression level through cyclic di-AMP
binding to a sensor kinase (KdpD), ydaO class riboswitch (upstream of ktr, kdp, kup,
opu, and kimA genes), or transcriptional repressor (BusR) leading to changes in
transporter gene transcription (Fig. 11.1).

Upon binding, cyclic di-AMP could potentially either activate or inactivate the
receptor. From the osmosensitive phenotypes observed in high-cyclic di-AMPmutants
[9, 10, 32], it is likely that the net result of cyclic di-AMP binding will be lower K+ and
compatible solute uptake. Support for this model is provided by a number of findings.
cyclic di-AMP binds to S. pneumoniae CabP which blocks its interaction with its
transmembrane potassium transporter protein (SPD_0076) and results in impaired K+

uptake [38]. The cation-proton antiporter CpaA protein of S. aureus shows increased
K+ efflux in the presences of cyclic di-AMP [39]. In L. monocytogenes and Staphy-
lococcus aureus, high-cyclic di-AMP mutants have reduced carnitine uptake activity,
which is mediated by the Opu system [10, 33]. High salt-induced (1 M NaCl)
transcription of the kdpFABC operon is inhibited in a high cyclic di-AMP gdpPmutant
of S. aureus [40]. For the ydaO riboswitch, expression of downstream genes was
higher in single DAC mutants of B. subtilis [22] and lower in a B. subtilis strain with
high cyclic di-AMP [17]. In L. lactis, transcription of the BusR controlled glycine
betaine transporter BusAA-AB is shut off in a high cyclic di-AMP gdpP mutant but
restored to varying degrees in lower cyclic di-AMP suppressor mutants [13]. This
correlates with intracellular levels of glycine betaine, which are very low in the high
cyclic di-AMP gdpPmutant and higher in low cyclic di-AMP suppressor mutants, and
even higher in a strain in which busR is inactivated [13]. Binding affinities for most
protein receptors are in the low μM range (1–10 μM) with the exception of KtrA
(Table 11.2). Riboswitch receptors, however, have a much stronger affinity for cyclic
di-AMP and exhibit Kd values in the nM and even pM range. Under conditions
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Table 11.2 Cyclic di-AMP binding receptors

Receptor Function (binding domain) Bacterium Kd References

DarR Transcriptional repressor Mycobacterium
smegmatis

2.3 μM [31]

KtrA
(CabP)

Potassium importer
(RCK_C domain)

S. aureus
S. pneumoniae
S. agalactiae

64 nM or
664 nM
(Saa)
~150 nM
(Sp)

[26, 32,
42]

KtrC Potassium importer
(RCK_C domain)

Mycoplasma
pneumoniae

[35]

TrkH Potassium importer
(RCK_C domain)

S. agalactiae [26]

KdpD Potassium import sensor
kinase regulator
(USP domain)

S. aureus 2 μM [32, 40]

CpaA Cation/proton antiporter;
putative K+ exporter
(RCK_C domain)

S. aureus [32, 39]

Pyruvate
carboxylase

Central metabolism L. monocytogenes
Enterococcus faecalis
L. lactis

8 μM (Lm) [27, 34]

OpuCA Carnitine importer; ATPase
subunit
(CBS domain)

S. aureus
L. monocytogenes
E. faecalis
S. agalactiae

2.9 μM (Sa)
~1.2 μM
(Lm)
~6 μM (Ef)

[10, 26,
33]

BusR Glycine betaine importer
transcriptional repressor
(RCK_C domain)

S. agalactiae
L. lactis

~10 μM (Ll) [26]

DarA
(PstA)

Unknown function PII
family domain

S. aureus
L. monocytogenes
B. subtilis

109 nM (Sa)
1.3 μM (Lm)

[32, 43–
45]

CbpA Unknown function
(CBS domain)

L. monocytogenes 2.2 μM [34]

CbpB Unknown function
(CBS domain)

L. monocytogenes 1.8 μM [34]

165 ydaO
riboswitch

Transcriptional regulator B. subtilis 100 pM to
10 nM

[22]

144 ydaO
riboswitch

Transcriptional regulator B. subtilis ~300 pM [22]

139 ydaO
riboswitch

Transcriptional regulator Nostoc punctiforme ~30 nM [22]

137 ydaO
riboswitch

Transcriptional regulator Syntrophus
aciditrophicus

~550 pM [22]

130 ydaO
riboswitch

Transcriptional regulator Clostridium
acetobutylicum

~1 nM [22]

yuaA
riboswitch

Transcriptional regulator B. subtilis ~450 pM [22]

(continued)
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resembling that of a bacterial cytosol, the Kd of ydaO family riboswitch discussed
above is ~10 nM, which could potentially allow sensing of just one cyclic di-AMP
molecule per cell [22]. It is therefore likely that cyclic di-AMP exerts concerted control
over different targets over a range of concentrations. The conserved role of these very
different cyclic di-AMP receptors in osmoregulation further validates this second
messenger as a global controller of osmosis.

11.5 Regulation of Cyclic di-AMP Levels by Osmotic
Signals

From the findings discussed above, it is clear that cyclic di-AMP regulates
osmoresistance in a number of bacteria through the binding of protein and RNA
receptors. As a second messenger, its role is to regulate cellular processes in response
to signals which could come from the environment or within the cell. Several signals,

Table 11.2 (continued)

Receptor Function (binding domain) Bacterium Kd References

ydaO
riboswitch

Transcriptional regulator Thermoanaerobacter
pseudethanolicus
Thermovirga lienii

300 pM (Tl) [46]

ydaO
riboswitch

Transcriptional regulator Thermoanaerobacter
tengcongensis

66 nM [47]

aInitials of bacteria where the Kd is known are shown

Fig. 11.1 Cyclic di-AMP regulation of osmolyte importers via different paths
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which would likely impact on osmosis, have been identified to trigger changes in the
cellular pool of cyclic di-AMP. K+ availability has been identified as a signal for cyclic
di-AMP level modulation in several bacteria, with cyclic di-AMP levels being directly
proportional to K+ availability. In B. subtilis, reduced cyclic di-AMP levels were
observed in cells grown in low K+ containing growth media, likely due to lower CdaA
expression [17]. Inactivation of the cyclic di-AMP receptor CabP, the gating compo-
nent of the Trk family K+ importer, caused a lowering of cyclic di-AMP in
S. pneumoniae, likely due to lower K+ uptake [29]. The gain of function mutations
in the KupB K+ importer in L. lactis triggered higher cyclic di-AMP levels due to
increased K+ uptake [13]. Availability of another osmolyte, glycine betaine, has also
been found to serve as a signal. Inactivation of BusR resulted in higher glycine betaine
uptake along with higher cyclic di-AMP in L. lactis [13]. Therefore, the cyclic di-AMP
signaling system appears to contain a feedback loop mechanism whereby it can both
sense and control osmolyte availability and uptake.

The requirements of osmolytes for protection against osmotic stress will change
in response to the environment. In high osmolarity environments, bacteria need to
accumulate greater amounts of osmolytes to maintain cellular hydration [41]. There-
fore, it is likely that changes in external osmolarity would also act as a signal for
cyclic di-AMP level modulation. This was first examined in four species of
cyanobacteria which were subjected to elevated NaCl and sorbitol concentrations
[11]. The responses of the different species, however, varied with two isolates
increasing their cyclic di-AMP level in the presence of high sorbitol, while one
strain had lower and one had higher cyclic di-AMP levels in response to high NaCl
[11]. The cells were exposed to the osmotic stressors for 24 h, which may have led to
other downstream effects and adaptative changes during incubation. In work using a
shorter time period and with nongrowing, but energized cells, it was found that
several Gram-positive bacteria increased their cyclic di-AMP levels under low
osmolarity conditions [13]. Rapid increases in the cyclic di-AMP level of up to ~
tenfold were observed in L. lactis and L. monocytogeneswithin 20 min. The addition
of ionic (NaCl and KCl) or nonionic (sucrose and sorbitol) compounds either halted
the accumulation of, or reduced cyclic di-AMP levels [13]. Further work is required
to explore the impact of osmolyte availability and environmental osmolarity as
signals for cyclic di-AMP modulation and to understand the mechanistic basis of
how these signals are specifically sensed.

11.6 Conclusions

Evidence for a major role of cyclic di-AMP in osmoregulation in several bacteria is
compelling. However, despite the relevant cyclic di-AMP receptors and components
in the cyclic di-AMP signaling pathway being different among bacteria, they share a
common phenotypic goal, which appears to be controlling cellular hydration. While
the focus on cyclic di-AMP signaling research has been in Gram-positive bacterial
model organisms and pathogens, it will be interesting to explore Gram-negative
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bacteria and Archaea. Further work is also needed to provide a better understanding
of the signals that feed into the cyclic di-AMP system and, in particular, how they are
sensed. Through a better understanding of cyclic di-AMP signaling, applications
such as novel antibiotics or improved industrial bacterial strains can be developed.
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Chapter 12
Measuring Individual Cell Cyclic di-GMP:
Identifying Population Diversity and Cyclic
di-GMP Heterogeneity

Samuel I. Miller and Erik Petersen

Abstract Cyclic di-GMP is a second messenger used by bacteria to regulate
motility, extracellular polysaccharide production, and the cell cycle. Recent
advances in the measurement of real time cyclic di-GMP levels in single cells
have uncovered significant dynamic heterogeneity of second messenger concentra-
tions within bacterial populations. This heterogeneity results in a wide range of
phenotypic outcomes within a single population, providing the potential for popu-
lation survival and adaptability in response to rapidly changing environments. In this
chapter, we discuss some of the measurement technologies available for single-cell
measurement of cyclic di-GMP concentrations, the resulting discovery of heteroge-
neous cyclic di-GMP populations, the mechanisms bacteria use to generate this
heterogeneity, and the biochemical and functional consequences of heterogeneity
on cyclic di-GMP effector binding and the bacterial population.

Keywords Cyclic di-GMP · Heterogeneity · Single cell · Microscopy · Biosensor ·
Effector

12.1 Introduction

Cyclic di-GMP is a nucleotide-based second messenger used by bacteria to
regulate a range of phenotypes in response to changing environments
[1]. Synthesized by diguanylate cyclases (DGCs) from two GTP molecules [2] and
degraded by phosphodiesterases (PDEs) [3], these cyclic di-GMP-metabolizing
proteins (CMEs) regulate concentrations of cyclic di-GMP within each bacterium.
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CMEs often encode N-terminal sensory domains responsible for sensing either intra
or extracellular signals, and the activation state of these sensory domains regulates
the enzymatic activity of the C-terminal cyclic di-GMP metabolizing domain
[4]. While there are examples of bacterial species that encode only a single DGC
or PDE to regulate cyclic di-GMP concentrations, in many species (including a
number of the commonly studied model organisms), a number of CMEs are encoded
and expressed concurrently [5]. Therefore, the resulting cyclic di-GMP concentra-
tion of an individual bacterium is a consequence of the CME expression profile and
activation state of several different sensory CMEs.

In addition to the range of CMEs encoded by a bacterium, there are often a
number of cyclic di-GMP-binding effectors present in each organism [6]. These
effectors encompass several different biological mechanisms by which they transmit
the cyclic di-GMP signal to a downstream effect, including acting as transcriptional
regulators, riboswitches, structural proteins, and enzymes. Therefore, bacteria must
have also evolved a mechanism to regulate which effectors are bound at a particular
cyclic di-GMP concentration, and one potential mechanism is through generating a
complement of effectors with altered binding efficiency [7]. This allows the bacte-
rium to activate desired effectors while repressing undesired effectors in response to
the cellular free cyclic di-GMP concentration achieved through careful regulation of
the expressed CMEs’ activation state. Through these mechanisms, a bacterium is
able to translate the environmental cues sensed by CMEs into a rapid environmental
response resulting in very precise phenotypes that are most suitable for an individual
bacterium.

The majority of research into the relationships between cyclic di-GMP concen-
trations and phenotypes involves the examination of bacterial cultures containing
billions of cells. While these measurements have been useful to identify which
phenotypes were generally regulated by very low- or high-cyclic di-GMP concen-
trations of the bacterial population under specific environmental conditions, such
research cannot reveal the complexity and diversity within populations that single-
cell measurements provide. In addition, such experiments did not allow for real-time
measurement of cyclic di-GMP concentrations, which can change within seconds in
response to environmental signals or the cell cycle. However, recent advancements
in flow cytometry and fluorescent microscopy combined with increasing data anal-
ysis power and specific biosensors for cyclic di-GMP allowed monitoring of chang-
ing cyclic di-GMP concentrations within live single bacterial cells.

12.2 New Technologies to Measure Cyclic di-GMP
Concentrations Within Living Bacteria

Several different methods have been devised to measure cyclic di-GMP concentrations
within bacterial populations. Mass spectroscopy analysis for cyclic di-GMP is able to
directly measure the amount of cyclic di-GMP within a lysed sample of bacteria and
with proper standards can be quite quantitative [8], although by necessity it cannot be
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conducted in live cells. Perhaps the first method to measure cyclic di-GMP within live
bacteria was to indirectly test cyclic di-GMP concentrations via a known cyclic di-
GMP-regulated phenotype such as exopolysaccharide production, biofilm formation,
or motility. These assays were instrumental in several mutant screens to identify CMEs
responsible for phenotypes in a variety of bacteria. Utilizing CME overexpression
strains and microarrays further identified a number of promoters whose activity was
regulated by cyclic di-GMP, and these were used to great effect as transcriptional
reporters using fluorescent, luminescent, or enzymatic (i.e. LacZ) outputs [9–11]. The
further identification of cyclic di-GMP-binding transcriptional regulators and
riboswitches provided both a mechanism for cyclic di-GMP-regulated transcription
as well as more calibrated measurements once cyclic di-GMP-binding kinetics of these
properties were understood [12–14]. The use of these transcriptional reporters during
biofilm formation has elucidated a number of interesting findings, and advancements
in fluorescent microscopy and image analysis provided utility for transcriptional
reporters in the single-cell measurement of cyclic di-GMP [15].

The use of transcriptional reporters to measure cyclic di-GMP concentrations has
proven its worth both in population and single-cell analysis (Fig. 12.1a). However,
the necessitation of a fluorescent output for microscopic or flow cytometric analysis
resulted in a few limitations. While the incorporation of unstable fluorescent proteins
[16] or intense photobleaching [17] can attempt to more carefully determine the real-
time activity of a regulated promoter, these assays are complicated by the need to
acquire sufficient fluorescence protein for detection while balancing fluorescent
protein degradation. Therefore, attempts were made to generate cyclic di-GMP
“biosensors.” In comparison to transcriptional reporters, these biosensors, as we
will describe them here, consist of a stable molecular product whose binding to
cyclic di-GMP results in an altered readout. Several groups have generated bio-
sensors with varied attributes, allowing for their use in a number of situations.

One class of cyclic di-GMP biosensor utilizes RNA that binds cyclic di-GMP. One
such biosensor was generated by inserting a portion of a cyclic di-GMP-binding
riboswitch within the “spinach” RNA module (Fig. 12.1b) [18]. The spinach RNA
module is capable of binding the small fluorophore 3,5-difluoro-4-
hydroxybenzylidene imidazolinone (DFHBI), which greatly increases its fluorescence
[19]. By inserting a portion of the cyclic di-GMP riboswitch, the RNA secondary
structure required for DFHBI binding is dependent on the presence of cyclic di-GMP
for stabilization. Therefore, the increased level of fluorescence from spinach-bound
DFHBI is a readout for cyclic di-GMP concentrations. One drawback to this biosensor
is the necessity for the addition of the DFHBI fluorophore, however, it also provides
several potential advantages over other methods. While the spinach-DFHBI complex
displays a rapid decrease in fluorescence during excitation, the low rate of
photobleaching in comparison to fluorescent proteins indicate this biosensor may be
better for extended time course studies of cyclic di-GMP kinetics [20]. Further, many
fluorescent proteins require oxygen for the synthesis of their chromophores, but these
spinach-based biosensors are able to operate within anaerobic conditions [21]. Finally,
by modifying the RNA sequence within the cyclic di-GMP binding riboswitch, bio-
sensors for alternative nucleotide second messengers could be rapidly derived [22].
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Fig. 12.1 Techniques for single-cell cyclic di-GMP measurement. Several different techniques have
been designed to measure cyclic di-GMP concentrations in single cells. (a) Transcriptional reporters
measure the summation of modulation of promoter activity over a period of bacterial growth by cyclic
di-GMP. The reporter is typically fluorescent so that single bacteria can be measured through
microscopy or flow cytometry. Promoters can respond to cyclic di-GMP concentrations either through
indirect or unknown mechanisms (top), through a known cyclic di-GMP-binding transcriptional
regulator (middle), or with the aid of a cyclic di-GMP binding riboswitch (bottom). (b) Utilizing
the DFHBI-binding spinach RNA template, incorporation of a cyclic di-GMP riboswitch produces an
RNA-based biosensor. When cyclic di-GMP is not bound (top), the biosensor is destabilized and the
addition of DFHBI results in low fluorescence. Upon binding to cyclic di-GMP (bottom), the spinach
RNA structure is stabilized and the addition of DHFBI results in a large increase in fluorescence. (c) A
FRET-based reporter consists of a FRET fluorophore pair (mCFP/mYFP) conjugated to either side of
a cyclic di-GMP-binding PilZ domain (such as from the S. typhimurium YcgR flagellar brake). In the
unbound state, FRET fluorescence energy is transferred frommCFP to mYFP, resulting in a low CFP/
FRET ratio. cyclic di-GMP binding results in a conformational change that increases the distance
between the fluorophores, resulting in a higher CFP/FRET ratio
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The most useful protein-based cyclic di-GMP biosensors were developed in our
laboratory. They are based upon a single polypeptide consisting of a fluorescence
resonance energy transfer (FRET) fluorophore pair and a cyclic di-GMP-binding
PilZ domain (Fig. 12.1c) [23, 24]. FRET fluorophores are a pair of monomeric
fluorescent proteins in which close contact and excitation of the first fluorophore
results in the emitted energy exciting the second fluorophore, such as cyan and
yellow fluorescent proteins (mCFP/mYFP) or teal and kusubira orange fluorescent
proteins (mTFP/mKO2) [25]. In the biosensor’s cyclic di-GMP-unbound state, the
FRET fluorophores are within spatial proximity to allow for FRET, subsequently
reducing blue-wavelength output. Upon binding cyclic di-GMP within the PilZ
domain, a conformational change occurs, increasing the distance between the
FRET pair that reduces FRET fluorescence and increases blue-wavelength fluores-
cence. These FRET biosensors are beneficial for single-cell cyclic di-GMP analysis;
rather than a single fluorescent output, a ratio between blue-wavelength and FRET
fluorescence provides an internal control for biosensor expression and greatly
reduces variability between individual bacteria. While the application of these bio-
sensors to alternative nucleotide second messengers is unlikely as currently
constructed, the variety of PilZ domains encoded within bacteria provides a number
of biosensor possibilities with differing binding efficiencies and allows for the
measurement of cyclic di-GMP over a large linear range [23]. Further, while both
RNA- and protein-based biosensors are available for in vitro cyclic di-GMP mea-
surement, these FRET-based biosensors are also easily purified for quantitative
in vitro cyclic di-GMP work that can be directly applied to living bacterial cells.
In vitro use of FRET-based biosensors determined affinities for several cyclic di-
GMP-binding effectors by swapping the PilZ binding domain, and these biosensors
have been used for in vitro DGC inhibitor screens [7, 26].

The generation of real-time biosensors with a fluorescent readout and increased
availability of flow cytometry instruments and microscopes for bacterial detection,
coupled with advancements in data and automated computer analysis, have enabled
data collection from thousands of individual cells rather than population-based
cyclic di-GMP measurements, resulting in a more accurate picture of the bacterial
population. These techniques were used both to confirm previous findings [24, 27] as
well as for several new discoveries that required the sensitivity derived from single-
cell cyclic di-GMP measurements. Several environmental nutritional signals in
Salmonella Typhimurium, including a periplasmic L-arginine/DGC signaling path-
way, were determined using a FRET-based protein biosensor [28]. Live cell imaging
techniques have also enabled the detection of cyclic di-GMP during intracellular
macrophage survival of S. Typhimurium, allowing the first glimpse into the intra-
cellular regulation of cyclic di-GMP at such sensitivity [29]. These and other studies
demonstrate the utility of cyclic di-GMP biosensors for single-cell cyclic di-GMP
determination.
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12.3 Cyclic di-GMP Concentrations Within a Single
Population of Bacteria Are Heterogeneous and Diverse

One surprising finding during the single-cell measurement of cyclic di-GMP con-
centrations was the level of single-cell heterogeneity in bacterial cultures [23]. Mea-
suring cyclic di-GMP concentrations via the FRET-based cyclic di-GMP biosensor
indicated that a population exhibited a large range in individual cell cyclic di-GMP
concentrations. This was a surprising result, different than what might have been
predicted from population measurements. Since this range resulted in variable
binding to the biosensor that functions as the flagellar brake, this indicated that
this heterogeneity would result in behavioral differences and not simply an effect
that was biologically irrelevant. While this was predicted as likely in a few specific
cases—Caulobacter crescentus was known to direct a DGC to one pole during cell
division to enable the production of one stationary “stalked” daughter and one motile
daughter cell [30]—the breadth and ubiquity of heterogeneous cyclic di-GMP
distribution were unexpected among bacterial species with less defined cell cycles
and no obvious resulting phenotype among daughter cells. This heterogeneous
distribution was too extensive to be explained via genetic mutation among these
clonal populations, suggesting that while each bacterium encoded a similar comple-
ment of CMEs there existed a mechanism by which this diversity was obtained in the
same environmental condition. Described below is our current understanding of the
mechanisms behind generating this cyclic di-GMP heterogeneity, as well as poten-
tial mechanisms that have yet to be shown.

12.3.1 Polar Localization of the DGC PleD in Caulobacter
crescentus

As described above, it was previously known that the alphaproteobacterium
Caulobacter crescentus underwent a morphological change during cell division.
Prior to cell division, a tubular protein structure with a holdfast at the end termed a
stalk would form, allowing the bacterium to adhere to a surface [31]. Upon division,
the new daughter cell would generate a polar flagellum and swim away while the
stalked cell was allowed to undergo successive rounds of division. This morpholog-
ical change after the division was found to be partially due to the preferential
localization of the DGC PleD to the stalked pole during cell division (Fig. 12.2a)
[30]. Consequently, it was hypothesized, and later shown with the FRET-based
biosensor based on the Salmonella typhimurium PilZ domain of the flagellar brake
YcgR, that the stalked cell contained high cyclic di-GMP after cell division, while
the new daughter cell contained low cyclic di-GMP that enabled flagellar expression
and motility [23].

Cyclic di-GMP is intricately linked to the cell cycle in C. crescentus through
phosphorylation, cell cycle, and a proteolytic network that has been described in
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detail elsewhere [32]. In regards to the generation of cyclic di-GMP heterologous
daughter cells, prior to initiation of replication a motile bacterium increases cyclic di-
GMP levels that, in turn, cause the flagellum to eject and stalk/holdfast biogenesis to
begin [33]. As part of this replicative switch, the single domain phosphoacceptor
response regulator DivK activates the kinase activity of PleC [34], a phosphatase/
kinase whose phosphatase activity inhibits replication during the motile phase
[35]. Now active as a kinase, PleC phosphorylates an N-terminal phosphoacceptor
response regulator domain on PleD, activating its DGC activity while directing it to
the pole where the stalk will form [36]. Increased cyclic di-GMP concentrations from
active PleD and the alternative DGC DgcB, coupled with degradation of the PDE
PdeA, result in both proteolysis of the replication-inhibitory transcriptional regulator
CtrA via the degenerate DGC cyclic di-GMP effector PopA [37, 38] as well as
localization of the degenerate PDE cyclic di-GMP effector TipF to the pole opposite
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Fig. 12.2 Bacterial
mechanisms for cyclic di-
GMP heterogeneity. (a)
Caulobacter crescentus
generates cyclic di-GMP
diversity following cell
division through the
segregation of the
phosphorylated DGC PleD
to a high cyclic di-GMP
stalked daughter cell. (b)
Pseudomonas aeruginosa
conversely localizes the
PDE Pch to the chemotaxis
machinery at the flagellated
pole to generate a low cyclic
di-GMP daughter cell. (c)
While the mechanisms
behind cyclic di-GMP
heterogeneity are unknown
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to be specifically segregated
to one bacterial pole. This
includes the chemotaxis
machinery in
S. typhimurium (left) and the
BcsQ cellulose synthase-
related protein in E. coli
(right)
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the stalk to initiate flagellum synthesis [39]. While the flagellum is synthesized and
cyclic di-GMP levels are still high, motility is inhibited by the cyclic di-GMP
effectors DgrA and DgrB through decreasing flagellar motor activity [40]. Upon
division, both DivK and PleD are localized to the stalked pole, while PleC is
localized to the flagellated pole. Now free of DivK, PleC reverts to its phosphatase
enzymatic activity to ensure that any expressed PleD is inactive, causing a decrease
in cyclic di-GMP within the flagellated daughter cell. The flagellated daughter cell,
now relieved of cyclic di-GMP motility inhibition via DgrA/DgrB, is free to swim
away while the stalked cell contains active PleD and continues a new round of
division. In this manner, the cyclic di-GMP heterogeneity generated by localizing a
number of interconnected proteins at either pole directly contributes to the morpho-
logical differences seen in C. crescentus daughter cells.

The role of cyclic di-GMP heterogeneity has been well studied in C. crescentus,
and it is tempting to hypothesize that similar findings would be true in a number of
alphaproteobacterial genera. Several of the cyclic di-GMP regulatory components—
including PleD, PleC, and DivK—are well conserved among the
alphaproteobacteria. Sinorhizobium meliloti, while possessing peritrichous flagella
and no stalk, similarly produces morphologically distinct daughter cells and prefer-
entially localizes PleD to one cell pole during division [41]. Brucella abortus
similarly encodes PleD, PleC, and DivK homologues and demonstrates heteroge-
neous, polar localization of the PleC homologue PdhS [42], although while cyclic di-
GMP has been shown to be required for virulence, CME localization has not been
shown [43]. Even the obligate intracellular pathogen Anaplasma phagocytophilum
has retained a single CME and PleD and PleC homologues that are both required for
host cell infection [44]. While the level of cyclic di-GMP heterogeneity is unknown
within these bacterial systems, homology would suggest that there is certainly the
potential for the generation of similar diversity within these bacteria on cell division.

12.3.2 Polar Localization of the PDE Pch in Pseudomonas
aeruginosa

While it was previously known that C. crescentus underwent an asymmetric cell
cycle, the discovery that the gammaproteobacterium Pseudomonas aeruginosa
produced morphologically similar daughter cells but with heterogeneous cyclic di-
GMP concentrations following cell division was less expected. P. aeruginosa does
express a single, polar flagellum, but the daughter cell that does not receive the polar
flagellum rapidly synthesizes a new flagellum following division [45]. However,
testing with the FRET biosensor did identify that, similarly to C. crescentus,
P. aeruginosa generates separate cyclic di-GMP concentrations within daughter
cells and the cell possessing the original polar flagellum was consistently lower in
cyclic di-GMP suggesting a mechanism for heterogeneity was in place [23].
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Initial attempts to discover a DGC responsible for cyclic di-GMP heterogeneity
similar to C. crescentus did not succeed. However, screening a PDE mutant library
under conditions in which a subpopulation of bacteria contained low cyclic di-GMP in
response to cell division identified a single PDE (Pch) that was required for mainte-
nance of low cyclic di-GMP concentrations in daughter cells (Fig. 12.2b) [46]. Pch
was found to interact with the chemotaxis protein CheA that is localized to the
flagellated pole along with the rest of the chemotaxis machinery [47]. This Pch–
CheA interaction also increased the PDE activity of Pch, causing cyclic di-GMP levels
to drop after cell division in the daughter cell that contained the flagellum, chemotaxis
machinery, and Pch. As both daughter cells quickly generated a polar flagellum, the
role of cyclic di-GMP heterogeneity was less obvious than seen in C. crescentus.
However, deletion of Pch and subsequently increased cyclic di-GMP concentrations
decreased both flagellar velocity as well as flagellar reversals that are used to change
the direction of the bacterium [46]. Therefore the two daughter cells, while both
flagellated, are likely to swim at different rates in response to cyclic di-GMP hetero-
geneity, allowing one to chemotax within the current environment while the other
seeks a new environment more rapidly. It is also possible that under other conditions in
which cyclic di-GMP levels are increased within the entire population that the
daughter cell containing the polar flagellum and Pch would remain motile, while the
new daughter cell with higher cyclic di-GMP would generate sufficient
exopolysaccharide and adhere to a surface as a biofilm progenitor cell more in
comparison with C. crescentus [48]. In both cases, this diversity of the population is
generated through cell division and organelle partitioning of the CMEs, and it is likely
that such diversity in nature would provide advantages against specific conditions that
could be more detrimental to the population than bacterial culture medium.

12.3.3 Alternative Potentially Segregated Organelles
as Heterogeneity-Generating Structures

The example of P. aeruginosa may suggest that all Gram-negative bacteria with a
chemotaxis apparatus may use polar organelles to generate cyclic di-GMP and other
differences after cell division by organelle partitioning. In addition to P. aeruginosa,
two other gammaproteobacteria have been shown to generate cyclic di-GMP het-
erogeneity through cell division, Salmonella typhimurium and Klebsiella
pneumoniae, suggesting that this may be a general property of all bacteria that use
second messengers [23]. While both C. crescentus and P. aeruginosa possess polar
flagellums that provide a direct means by which to designate the motile, low cyclic
di-GMP bacterium following division, S. typhimurium expresses several peritrichous
flagella (commonly about 4–8) over the exterior of the bacteria, and each daughter
cell would receive a certain fraction of those [49]. It is possible that the peritrichous
nature of S. typhimurium flagella results in one daughter cell consistently receiving a
greater number in such a way that localization of a CME to the flagella also generates
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cyclic di-GMP heterogeneity. Alternatively, both S. typhimurium and the similarly
peritrichously flagellated Escherichia coli localize the chemotaxis apparatus to a
pole [50, 51] and may provide a similar segregation mechanism in organisms with
peritrichous flagella (Fig. 12.2c, left).

In addition to flagella and chemotaxis machineries, there are other organelles that
might play a role in localizing CMEs to one daughter cell during division. The
deltaproteobacterium Myxococcus xanthus uses cyclic di-GMP to regulate type IV
pilus-mediated motility [52], and this motility is further regulated by the localization of
pilus motor proteins to the poles that may serve as a scaffold for CME segregation
[53]. Exopolysaccharide synthesis is another phenotype commonly regulated by cyclic
di-GMP, and E. coli has been demonstrated to localize both the cellulose synthase
operon protein BcsQ and cellulose synthesis itself to the pole [54] (Fig. 12.2c, right).
While that study found no evidence of the cyclic di-GMP effector and cellulose
synthase BcsA localized to the pole, it may suggest that other factors are regulating
this cyclic di-GMP-dependent phenotype specifically at one pole and that cell division
would necessarily segregate this machinery to one daughter cell. Further, while cyclic
di-GMP heterogeneity has not been tested in E. coli using the FRET biosensor, the
finding that expression of cyclic di-GMP-regulated curli and cellulose occurs hetero-
geneously within a population suggests that cyclic di-GMP heterogeneity following
cell division may be one mechanism by which this occurs [55].

12.3.4 Heterogeneous Expression and Stochastic Segregation
of CMEs

Each of these potential examples regards the specific segregation of a CME or CME(s)
to one pole during bacterial division to generate heterogeneity. However, there exist
other possible mechanisms to generate heterogeneity. One possibility is that rapidly
after cell division, previous segregation of transcriptional regulators activates
expression of a CME within one daughter cell rather than the other [56]. Other
mechanisms of gene regulation, including altered epigenetic methylation of daughter
cell genomic DNA [57] or differential segregation of plasmids encoding CMEs [58],
could also result in heterogeneous CME expression within daughter cells. While
specific localization of the CME would not necessarily occur in this instance, the end
result of cyclic di-GMP heterogeneity would be present. Advancements in single-
cell RNA-seq coupled with sorting of synchronized bacteria or simultaneous cyclic
di-GMP measurement would greatly improve our ability to ascertain these factors.
Conversely, we have also limited ourselves to the deterministic generation of cyclic
di-GMP heterogeneity, while some bacteria may have evolved a more passive
method of generation. If there were no specific organelle segregated during division,
a bacterium may still wish to generate cyclic di-GMP heterogeneity and do so
passively through the natural stochastic separation of all of the expressed CMEs
following division. While this would leave which daughter cell received high or low
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cyclic di-GMP to chance, a population would still emerge with heterogeneous cyclic
di-GMP concentrations that would be most ready to adapt to changing environmen-
tal conditions.

12.4 The Consequences of a Heterogeneous Population

A major unanswered question is why bacteria have evolved cyclic di-GMP hetero-
geneity and its biological advantage. In the case of C. crescentus, it appears that this
evolution was driven through the necessity for a tightly regulated cell cycle during
periods of low nutrient availability. This would allow the bacteria to survive until
nutrients were sufficient for division, at which point cyclic di-GMP would increase,
and the cell cycle would begin. Generating one non-replicative daughter cell would
prevent both offspring from getting stuck in mid-replication should nutrient levels
decrease dramatically and interrupt cell division. Several studies have demonstrated
the presence of a subpopulation of non-replicating bacteria in some species (often
termed persisters for their ability to withstand antibiotic and antimicrobial attack)
[59], and it is possible that cyclic di-GMP may play a similar role in generating this
subpopulation.

Another potential consequence of heterogeneity would be the generation of a
population expressing mixed cyclic di-GMP phenotypes. Multiple cyclic di-GMP-
binding effectors are often encoded and expressed, and studies on their binding
efficiency indicate that the predominate mechanism determining which effectors are
active is their ability to bind cyclic di-GMP [7]. In this way, a single bacterium
would be able to generate a cyclic di-GMP concentration that activated only a subset
of effectors that bind at lower cyclic di-GMP concentrations, while a second
bacterium could increase cyclic di-GMP levels and also activate a new subset of
effectors to generate an alternative phenotype. This would result in a mixed pheno-
type population and may provide the population with the ability to adapt to changing
environmental conditions more rapidly. While bacteria may have once been assumed
to operate independently of their neighbors, for some time it has been known that
there is a level of communication and cooperation within a bacterial population.
Whether this interaction occurs through quorum sensing, generation of macromo-
lecular biofilm structures, or cyclic di-GMP heterogeneity, bacterial evolution to
favor the survival of the community as a whole rather than individually is potentially
quite common. However, it is only through examining the individual bacteria at an
individual level that we can begin to understand all of the ways in which the
population is established and maintained during times of plenty and stress.

The generation and further refinement of cyclic di-GMP biosensors and their use
for single-cell cyclic di-GMP measurement have opened up several avenues for
future discovery. The ability of biosensors to sensitively measure cyclic di-GMP
concentrations creates the opportunity to define both biologically relevant environ-
mental signals and conditions that result in cyclic di-GMP concentration changes
rapidly in real time, and to define the CMEs and pathways that regulate those
changes. Single-cell analysis of these fluorescent biosensors is also conveniently
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adapted to high-throughput assays in which libraries of compounds can be tested for
their ability to modulate cyclic di-GMP levels [26, 28]. Further, utilization of cyclic
di-GMP biosensors also enables the detection of cyclic di-GMP regulation within
more complex environments such as during three-dimensional biofilm formation,
bacteria–bacteria interactions within multispecies environments, or during eukary-
otic cell interactions and intracellular survival. These techniques will not only enable
the measurement of cyclic di-GMP under conditions that were previously unable to
be measured, but they also open the door, when combined with current and new
techniques and assays, to understand the diversity of single-cell responses in bacte-
rial populations. The transition from population to single-cell cyclic di-GMP mea-
surements will only continue to advance the cyclic di-GMP field as well as an
understanding of the role of diversity of bacterial populations in numerous natural
processes, all of which involve complex diverse bacterial populations.
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Chapter 13
Activation of Bacterial Cellulose
Biosynthesis by Cyclic di-GMP

Jochen Zimmer

Abstract Microbes frequently decorate their surfaces with complex carbohydrates
to form cell walls, mediate host interactions, or to reduce the efficacies of immune
defenses. In a biofilm, bacteria are embedded in a three-dimensional polysaccharide-
rich matrix whose formation is often controlled by cyclic di-GMP. In this chapter, I
will summarize our current knowledge of the mechanism by which cyclic di-GMP
activates bacterial cellulose synthase. Cellulose is a common biofilm component
and its biosynthesis is allosterically regulated by cyclic di-GMP. As an
exopolysaccharide, cellulose is synthesized and secreted by a membrane-embedded
processive glycosyltransferase that contains a C-terminal cyclic di-GMP-binding
PilZ domain. Many exopolysaccharide synthases are allosterically regulated by
cyclic di-GMP, either by partnering with or being covalently linked to cyclic di-
GMP-binding domains. The structural and functional characterizations of
Rhodobacter sphaeroides cellulose synthase in resting and activated states provided
unique insights into how cyclic di-GMP modulates enzymatic functions. This will be
reviewed by discussing (1) biochemical analyses leading to cyclic di-GMP’s dis-
covery and elucidation of its activation mechanism; (2) the structural basis for
allosteric activation of cellulose biosynthesis; and (3) additional cyclic di-GMP-
regulated control mechanisms of bacterial cellulose synthase complexes.

Keywords Allosteric activation · Biofilm · Cellulose synthase · Exopolysaccharide

13.1 Introduction

Cellulose is the world’s most abundant biopolymer. It is primarily produced by
vascular plants to form the load-bearing component of the cell wall but also by algae,
tunicates, and bacteria [1, 2]. Cellulose is a surprisingly simple polymer. It consists
of glucose molecules that are linked linearly between their C1 and C4 carbon atoms.
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In contrast to starch and glycogen, which represent intracellular and water-soluble
storage forms of glucose, the “anomeric” C1 carbon of cellulosic glucose is in the
beta configuration, which allows a significant degree of rotational freedom around
the glycosidic bond [3]. As a result, cellulose’s glucose units are rotated by about
180� relative to their neighbors. This configuration is further supported by intramo-
lecular hydrogen bonds between the ring oxygen and C2 hydroxyl group of one
glucose unit and the C3 and C6 hydroxyl groups of the neighboring unit, respec-
tively [4]. Hence, the polymer is stabilized in a ribbon-shaped conformation in which
the sugars’ hydroxyl groups point away from the hexopyranose rings, thereby
creating hydrophilic “edges” and hydrophobic faces perpendicular and parallel to
the polymer’s sugar rings, respectively.

Most cellulose-producing organisms exploit these physicochemical properties,
for example by bundling the individual glucan chains into cable-like structures
(called cellulose micro- and macrofibrils) or integrating them with other polymers
in three-dimensional extracellular meshworks [1, 5]. The rigidity of cellulose further
accounts for substantial resistance to spontaneous hydrolysis as well as enzymatic
degradation [6], thus microbes evolved an armada of hydrolytic enzymes dedicated
to breaking down cellulosic biomaterials as an abundant nutrient source.

Bacterial cellulose is a common biofilm component where it forms an important
structural component of the biofilm matrix [5]. While biofilm cellulose forms a
composite material with other extracellular polymers, including amyloid curli and
nucleic acids, some bacteria produce pellicles at the air–media interface consisting of
essentially pure cellulose. Because cellulose in these pellicles is organized into
ordered cellulose microfibrils, these cellulose-producing bacteria (in particular
Komagataeibacter and Agrobacterium species) have long served as model systems
for cellulose organization in plant cell walls.

Komagataeibacter xylinus (formerly known as Acetobacter or
Gluconacetobacter xylinus) provided the first insights into cellulose biosynthesis
and fibrillar assembly. The bacterium produces exceptionally well-ordered crystal-
line cellulose microfibrils and provided important insights into the enzymatic
machinery required for cellulose synthesis and membrane translocation [7].

In particular, cellulose biosynthesis from Komagataeibacter xylinus membrane
extracts led to the discovery of cyclic di-GMP, the ubiquitous activator of cellulose
biosynthesis in Gram-negative bacteria. Initial experiments showed a significant
increase of in vitro cellulose production from membrane extracts in the presence
of GTP, first assumed to be a cellulose synthase activator. Yet follow-up studies
together with the discovery of diguanylate cyclases and cyclic di-GMP specific
phospho diesterases demonstrated that GTP was in fact converted to cyclic
di-GMP, which in turn served as an allosteric activator of cellulose biosynthesis
[8]. Thus, research on bacterial cellulose biosynthesis established the foundation for
the discovery of a signaling mechanism ubiquitously employed by commensal and
pathogenic bacteria [9].
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13.2 Cyclic di-GMP Activation of Bacterial Cellulose
Synthase

Cyclic di-GMP consists of two GMP molecules linked via phosphodiester bonds
between the ribose’s C3 and C5 hydroxyl groups [9]. In aqueous solutions, cyclic di-
GMP exists in a monomer–dimer equilibrium, in which intercalated dimers are
formed by aromatic stacking interactions of the guanine moieties [10]. As reviewed
recently [9], different cyclic di-GMP sensors evolved that can either be stand-alone
proteins that partner with effector proteins or are regulatory domains directly fused
to the target proteins. A common, yet not exclusive, architecture for cyclic
di-GMP-binding proteins is the PilZ domain, which consists of a β-sheet or
β-barrel preceded by a flexible linker. At least two sequence motifs characterize
PilZ domains [11, 12]. The linker region contains a cluster of arginine residues, in
particular an RxxxR motif, and the β-sheet or barrel exposes a DxSxxG motif on its
surface [13]. While the Arg residues primarily contact cyclic di-GMP’s phosphate
groups, the DxSxxG motif provides the binding surface for one of cyclic di-GMP’s
guanosine moieties.

Gram-negative bacteria secrete cellulose across their inner and outer membranes
through a (most likely) cell envelope-spanning proteinaceous complex [2]. This
cellulose synthase complex consists of at least the BcsA cellulose synthase in the
inner membrane, a periplasmic, yet inner membrane-anchored, BcsB subunit, and a
pore-forming subunit in the outer membrane, called BcsC. Depending on the
species, additional subunits associate with this core complex to either chemically
modify the secreted polymer or facilitate glucan bundling into higher-order
structures.

BcsA is a fascinating enzyme. It is a membrane-integrated processive
glycosyltransferase that not only synthesizes cellulose from UDP-activated glucose
but also translocates the polymer across the inner membrane, through a channel
formed by its own transmembrane domain [2, 14]. Translocation is tightly coupled to
cellulose elongation. After each elongation step, i.e., attachment of a new glucose
unit to the polymer’s nonreducing end, the enzyme pushes the elongated polymer
into its membrane channel through concerted conformational changes at its active
site [15]. Active transport across the inner membrane likely also accounts for
translocation across the periplasm and the outer membrane.

BcsA proteins contain eight or nine transmembrane helices, an intracellular
glycosyltransferase (GT) active site, as well as a C-terminal regulatory PilZ domain
[14]. Central to BcsA’s PilZ domain is a six-stranded β-barrel that tightly packs
against the GT domain with a short “hinge helix” at the interface (Fig. 13.1). The
β-barrel is connected to BcsA’s last transmembrane helix by an extended linker that
contains the conserved RxxxR motif.

Cyclic di-GMP is a potent allosteric activator of BcsA, with essentially no
detectable enzymatic activity in its absence [8, 16]. The enzyme binds cyclic di-
GMP with a moderate affinity of about 2 μM, which correlates well with the
estimated concentration of the signaling molecule in biofilm bacteria as well as
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binding affinities determined for other PilZ domains [9, 17]. The first detailed
insights into how cyclic di-GMP activates BcsA came from enzymatic assays in
which BcsA’s catalytic activity was analyzed at constant, yet limiting, cyclic di-
GMP and increasing substrate concentrations [16]. These experiments revealed that
the enzyme does not reach maximum catalytic rates when cyclic di-GMP is limiting,
even at elevated UDP-glucose concentrations. Therefore, a model was proposed in
which cyclic di-GMP does not modulate the enzyme’s substrate affinity, yet controls
the fraction of catalytically active enzyme, perhaps by regulating access to the
catalytic pocket. Structural analyses later confirmed this model [16, 18].

13.3 Cyclic di-GMP Allosterically Activates Cellulose
Synthase

Cellulose synthase from Rhodobacter sphaeroides provided the first insights into the
architecture and function of exopolysaccharide synthases. The first crystallized
complex in the absence of cyclic di-GMP consisted of the BcsA and BcsB subunits,
was catalytically active in vitro in the presence of the activator and UDP-glucose,
and contained a nascent cellulose polymer [14]. Thus, this structure and all subse-
quently crystallized states represent snapshots of cellulose synthase during polymer
synthesis and membrane translocation [15, 18].

The PilZ domain forms a cytosolic extension past BcsA’s transmembrane helix
8. The domain is tightly associated with the catalytic GT domain through a large

Fig. 13.1 Structure of Rhodobacter sphaeroides cellulose synthase in a resting state. Left panel:
The BcsA–BcsB complex is shown in a surface representation with BcsA colored blue and dark
gray and BcsB shown in light gray. BcsA’s C-terminal PilZ domain is shown as a red cartoon. Right
panel: Detailed view of the cyclic di-GMP-binding site and interaction of the PilZ and
glycosyltransferase (GT) domains. The hinge helix at the interface of the domains is colored
orange. Arginine 580 of the conserved RxxxR motif interacts with Glu371 as well as the gating
loop (shown as a green ribbon). Aspartate 609 and Ser611 of the DxSxxG motif are shown as sticks.
PDB entry 4HG6
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interface between both domains as well as an α-helical region that warps around the
GT domain, which resembles a purse with a shoulder strap. Although the PilZ
domain does not directly contribute to forming the substrate-binding pocket at the
active site, conserved residues mediate crucial interactions that control the enzyme’s
catalytic activity.

In the absence of cyclic di-GMP, i. e., the enzyme’s resting state, the first Arg
residue of PilZ’s conserved RxxxR motif (Arg580) points toward the catalytic
pocket and forms a salt bridge with an equally conserved Glu residue (Glu371). In
this position, the Arg side chain interacts with and stabilizes an extended loop, called
gating loop, that runs over the opening of BcsA’s active site. Because the gating
loop, in this particular position, prevents substrate molecules from entering the
catalytic pocket, BcsA is auto-inhibited in this conformation [18]. The Arg580–
Glu371 salt bridge not only prevents the gating loop from moving away from the
active site to enable substrate binding, it also prevents its insertion into the catalytic
pocket to facilitate substrate turnover, as revealed by subsequent substrate-bound
BcsA structures.

13.4 Cyclic di-GMP Binding Releases BcsA’s
Auto-Inhibition

Crystallization of BcsA in the presence of cyclic di-GMP provided the first insights
into the architecture of an activated bacterial cellulose synthase and thereby the
mechanism by which cyclic di-GMP modulates BcsA’s catalytic activity.

BcsA binds two cyclic di-GMP molecules on the surface of its PilZ domain
[18]. The cyclic di-GMP dimer is intercalated, such that the guanines of one
molecule sandwich a guanine moiety of the second molecule and vice versa. This
arrangement is stabilized extensively by cation–π and hydrophilic interactions with
the side chains of at least four Arg residues from BcsA’s PilZ domain. These include
the conserved RxxxR motif as well as additional residues within the linker region
and the β-barrel surface. The characteristic DxSxxG motif of the PilZ β-barrel only
contacts the guanosine moiety of one cyclic di-GMP molecule, which explains why
this motif is conserved among PilZ domains binding monomeric and dimeric cyclic
di-GMP [19] (Fig. 13.2).

Overall, BcsA activation induces only minor rigid body movements: the PilZ
domain rotates by about 20� around an axis that runs through the “hinge helix” at its
interface with the GT domain (Fig. 13.1). These conformational changes have to be
viewed with caution because the resting and activated BcsA states were obtained
from different crystal forms with different packing interactions that could contribute
to the moderate movements observed [14, 18].

However, cyclic di-GMP induces important conformational changes near the
enzyme’s active site. While in the absence of cyclic di-GMP, Arg580 (the first
Arg of the RxxxR motif) points toward the catalytic pocket to interact with the
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gating loop and Glu371, this residue flips by almost 180� in the presence of cyclic di-
GMP to form several contacts with both cyclic di-GMP molecules. It forms cation–π
stacking interactions with one guanosine group and contacts the phosphate group of
the same molecule as well as hydrogen bonds with the guanosine group of the
second cyclic di-GMP molecule. Therefore, this residue seems particularly impor-
tant for binding a cyclic di-GMP dimer (Fig. 13.2).

The rotation of Arg580 away from the active site has profound effects on the
mobility of BcsA’s gating loop. Because the loop is no longer tethered to the
Arg580–Glu371 pair, it can adopt different conformations, resulting in multiple
observed orientations or simply poorly defined electron density in the crystal
structures. Yet, one conformation, in which the loop packs into a hydrophobic
pocket near the water–lipid interface, was well resolved and likely represents the
state in which the loop is farthest from the active site [18] (Fig. 13.2).

Catalytic activity of cellulose synthase converts UDP-glucose to UDP
[16, 20]. This product is a competitive inhibitor of cellulose synthase and related
glycosyltransferases because the nucleotide can rebind to the active site, in compe-
tition with the substrate [16]. This was exploited to determine the structure of cyclic
di-GMP-activated cellulose synthase in the presence of the substrate mimetic UDP.
Surprisingly, in the UDP-bound state, the gating loop deeply inserts into the catalytic
pocket and coordinates the nucleotide’s diphosphate group via a set of conserved
residues, referred to as the FxVTxK motif. This loop insertion is only possible after
the cyclic di-GMP induced breaking of the Arg580-Glu371 interaction as the salt
bridge would clash with the loop’s backbone. Thus, structural analyses of resting and
activated states of cellulose synthase suggest that cyclic di-GMP activates BcsA by
enabling its gating loop to move away from or insert into the catalytic pocket,
thereby allowing product release and substrate binding, respectively.

Fig. 13.2 Cyclic di-GMP activation of BcsA. Right panel: BcsA binds a cyclic di-GMP dimer on
the surface of its PilZ domain. Arginine 580 of the RxxxR motif forms multipronged contacts with
the nucleotide, which terminate its interaction with BcsA’s gating loop. Left panel: Superimposition
of UDP-bound and nucleotide-free states of BcsA highlighting the movements the gating loop.
Green: UDP-bound, PDB entry 4P00; Brown: nucleotide-free, PDB entry 4P02
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13.5 A Constitutively Active Cellulose Synthase

The hypothesis that BcsA is auto-inhibited because its gating loop is tethered to a
conserved salt bridge was tested biochemically. Replacing one of the salt bridge
residues (Arg580) with alanine generated a constitutively active enzyme with essen-
tially indistinguishable catalytic activity in the presence and absence of cyclic di-
GMP [18]. Although the BcsA-R580A mutant continues to interact with the activa-
tor, binding does not increase its catalytic activity above the cyclic di-GMP-free
state, suggesting that additional cyclic di-GMP-induced conformational changes do
not contribute to the activation process.

This interpretation is supported by studies on cellulose synthase from
Agrobacterium tumefaciens, a plant pathogen. Here, native membrane extracts
containing the synthase exhibit cellulose biosynthetic activity in vitro, yet, in
contrast to extracts from Komagataeibacter xylinus, cyclic di-GMP does not stim-
ulate A. tumefaciens cellulose biosynthesis in vitro. Interestingly, the RxxxR motif
of the A. tumefaciens BcsA enzyme is replaced by an SxxxR sequence, thereby
representing a naturally occurring disruption of the tethering Arg–Glu salt bridge
that auto-inhibits other BcsAs [21, 22]. The biological function of this substitution in
A. tumefaciens remains to be determined.

13.6 A Putative Two-Tiered Regulatory System
in Enterobacteria

In contrast to K. xylinus and A. tumefaciens, Enterobacteria produce additional
cellulose synthase subunits that likely associate with the BcsA–BcsB machinery to
form a macromolecular cellulose synthase complex [23, 24]. This complex contains
the periplasmic BcsG subunit recently shown to modify cellulose with a
phosphoethanolamine moiety derived from membrane lipids [25]. Additional cyto-
solic subunits include BcsQ and BcsE, of which BcsQ localizes to the cell poles in
E. coli, which is also where cellulose fibers are observed [26].

BcsG interacts with BcsA as well as BcsF, a small, single membrane-span
protein. BcsF, in turn, has been shown to contact BcsE, a soluble cytosolic protein,
thereby likely stabilizing a BcsA–F–G–E network, Fig. 13.3 [24].

Although BcsE is not essential for cellulose biosynthesis, it significantly
increases cellulose production in E. coli and S. typhimurium [27]. The protein
contains a “GGDEF I-site” like domain, termed GIL, frequently found in
diguanylate cyclases [9]. BcsE promotes cellulose biosynthesis in vivo and this
activity depends both on the presence of its GIL domain and cyclic di-GMP
[27]. Thus, although BcsE’s precise function remains to be determined, it appears
that Enterobacteria use cyclic di-GMP to control cellulose biosynthesis on at least
two levels: through BcsA’s PilZ domain as well as BcsE.
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13.7 AdrA, a Membrane-Bound Diguanylate Cyclase

The cytosolic concentration of cyclic di-GMP is controlled by the opposing activities
of diguanylate cyclases and phosphodiesterases that synthesize and degrade the
nucleotide in a precisely controlled manner [17]. While most of these enzymes are
soluble cytosolic proteins, some diguanylate cyclases are tethered to the membrane
via membrane-spanning segments.

One such enzyme is DgcC/AdrA, which functions as a specific BcsA activator in
E. coli and S. typhimurium [28, 29]. The enzyme contains six predicted transmem-
brane helices preceding its catalytic domain, yet the function of the transmembrane
domain and requirement for multiple membrane-spanning helices remain unresolved
to date. Nevertheless, it is conceivable that DgcC/AdrA directly interacts with the
cellulose synthase macro-complex through its transmembrane segment to generate a
high local concentration of cyclic di-GMP near the BcsA and BcsE effector proteins
(Fig. 13.3). In vitro functional studies on isolated BcsA–BcsB complexes, however,

Fig. 13.3 Cyclic di-GMP regulation of cellulose biosynthesis in Enterobacteria. So far, all
cellulose synthases identified in Gram-negative bacteria contain cyclic di-GMP-binding PilZ
domains fused to BcsA’s transmembrane domain. In Enterobacteria, a putative additional regula-
tory system exists that involves BcsE, a novel cyclic di-GMP-binding protein that interacts with
additional cellulose synthase subunits, such as BcsF and BcsG. Other potential interaction partners
include BcsQ and BcsR. AdrA is a membrane-bound diguanylate cyclase containing six predicted
transmembrane helices N-terminal to the catalytic domain. Its membrane localization and perhaps
interaction with the cellulose synthase macro-complex could generate a high local cyclic di-GMP
concentration

218 J. Zimmer



demonstrate that cyclic di-GMP alone suffices to activate BcsA; thus a direct
interaction with the cyclase seems unnecessary for cellulose biosynthetic activity.

13.8 Concluding Remarks

Cyclic di-GMP is a ubiquitous and particularly important bacterial signaling mole-
cule. Many of its functions have been characterized in vivo together with detailed
signaling pathways that orchestrate the expression of cyclic di-GMP-synthesizing
and degrading enzymes. While several biological functions of the dinucleotide have
been identified, the molecular mechanisms by which cyclic di-GMP modulates
enzymatic functions are only just beginning to emerge.

Bacterial cellulose biosynthesis is an ideal model system to study cyclic
di-GMP-mediated enzyme regulation because cellulose synthase is directly fused
to the cyclic di-GMP sensor and high-resolution structures of the enzyme’s activated
and resting states are available. Combined, these analyses provided a fascinating
molecular description of allosteric enzyme regulation. Undoubtedly, future research
on related and dissimilar systems are likely to discover alternative mechanisms by
which diverse effector proteins sense and respond to cyclic di-GMP.

Cellulose is used as a structural component by many species, including plants,
microbes, and tunicates. The physical properties of the cellulosic material produced
greatly depend on the higher-order organization of the individual glucan chains and
their associations with other wall components or chemical modifications. Bacteria
produce a variety of cellulosic materials, from highly crystalline microfibrils to soft
fibers and amorphous aggregates [26, 30, 31]. In particular, the chemical modifica-
tion of cellulose in vivo provides seemingly countless opportunities to tailor its
physicochemical properties for optimal growth under diverse environmental
conditions.
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Chapter 14
The Regulation of Alginate Biosynthesis via
Cyclic di-GMP Signaling

M. Fata Moradali and Bernd H. A. Rehm

Abstract Bacterial alginates are anionic exopolysaccharides, which are produced
by Pseudomonas and Azotobacter species. Bacterial cells embedded in extracellular
polymeric substances such as alginates have a survival advantage as they are
protected against various physical and chemical stresses as well as the immune
system. In the model organism P. aeruginosa, alginate is polymerized and secreted
by a multiprotein complex spanning the entire bacterial envelope. The ubiquitous
second messenger cyclic di-GMP is required for activation of alginate production. In
this chapter, after a brief overview on alginates, their general properties, biological
functions and applications, we will discuss the importance of alginate production
and its regulation via cyclic di-GMP signaling during bacterial pathogenesis, which
implies biofilm formation coinciding with chronic infection. We will review
the current understanding of the molecular pathways controlling the cyclic di-
GMP-dependent regulation of alginate production including (1) diguanylate
cyclases and phosphodiesterases, which control cellular levels of cyclic di-GMP,
(2) the cyclic di-GMP receptor/effector protein Alg44 that senses cyclic di-GMP,
while it interacts with other protein subunits to constitute the alginate biosynthesis/
modification/secretion multiprotein complex at the bacterial envelope, (3) insights
into structural elucidation of PilZ domain-containing Alg44 including mechanistic
insights into cyclic di-GMP binding and activation of alginate polymerization, and
(4) other regulator proteins whose functions are controlled by cyclic di-GMP levels
and impact on alginate production.
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14.1 Alginates, Their General Properties, and Biological
Functions

Alginates are anionic exopolysaccharides produced by seaweeds and bacteria
belonging to the genera Pseudomonas and Azotobacter. Discovery of algal alginates
by an English chemist, E.C.C. Stanford, dates back to 1883 [1]. Between 1964 and
1966, Linker and Jones isolated Pseudomonas bacteria from sputum of cystic
fibrosis (CF) patients. Their analyses of unusually large mucoid colonies formed
on plates showed that these isolates produce large quantities of acetylated alginate
[2, 3]. In 1984, Darzins and Chakrabarty’s efforts created the foundation for analysis
of the genes involved in alginate biosynthesis by Pseudomonas aeruginosa
[4]. Merighi et al. reported, in 2007, that the ubiquitous bacterial second messenger
bis-(30, 50)-cyclic dimeric GMP (cyclic di-GMP) is required for biosynthesis of
alginate in P. aeruginosa [5].

Chemical structure of alginates consists of two uronic acid residues including
β-D-mannuronic acid (M) and its C5 epimer α-L-guluronic acid (G) linking via 1,4-
glycosidic bonds (Fig. 14.1a). In nature, alginates are usually found with
heteropolymeric structure, i.e., combination of both M and G residues creating
variable consecutive blocks of M, G, and MG residues. In contrast to algal alginates,
bacterial alginates are acetylated and have very large molecular mass (Mr). Also,
alginates from Pseudomonas species, but not Azotobacter, lack consecutive arrange-
ments of G residues (G blocks) in the structure (Fig. 14.1a).

Composition of alginates determines their physicochemical properties and their
intrinsic viscoelasticity depends on the frequency of constituting blocks as flexibility
decreases in the order MG block > MM block > GG block. The most important
property of alginates is their ability to efficiently and selectively bind divalent
cations such as Mg2+, Mn2+, Ca2+ leading to the formation of hydrogels and
crosslinked polymeric scaffolds [6] (Fig. 14.1a). For more than a century, humans
have been harnessing the unique composition and properties of alginates as impor-
tant and widely applied biocompatible and biodegradable materials in various
industries including agriculture, food, textile, cosmetic, and pharmaceutical/biomed-
ical industries [7–11].

Variable composition of alginates has been harnessed by different bacterial
species and various algae for structural and protective purposes. Indeed, alginate
production is a survival advantage by which producers can survive unfavorable and
harsh conditions. Azotobacter vinelandii, a nitrogen-fixing soil bacterium, utilizes
alginate either in the encystment process as a protective component of the cyst coat
in metabolically dormant cysts or as an extracellular polysaccharide alginate medi-
ating surface attachment of vegetatively growing cells [12, 13].

The “dark side” of alginate resides on its production during infections by
P. aeruginosa. Alginates predominantly constitute the biofilm matrix of Pseudomo-
nas species conferring a mucoid phenotype (Fig. 14.1b). Biofilms are cellular
aggregations or microcolonies, which are embedded in extracellular polymeric sub-
stances (EPS) to protect bacteria from the surrounding environment, the immune
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system and physical and chemical stresses [13, 14]. Formation of mucoid biofilms by
P. aeruginosa is the hallmark of chronic infections and indicative of disease
progression in CF patients, with extreme capacity for long-term persistence against
the opsonophagocytosis, free radicals released from immune cells, oxidative stresses
and antibiotic treatment [15–17].

14.2 Biosynthesis of Alginates

To date P. aeruginosa has been the main bacterial model organism for analysis of
biosynthesis of alginates because it is the leading cause of morbidity and mortality in
CF patients. Advances in understanding the genetics of alginate biosynthesis have
been extensively reviewed in multiple review articles [8, 10, 18–20]; but, here, we
only provide a brief description of the biosynthesis pathway of alginates. At least
30 genes have been found to be involved in the biosynthesis of alginate in
P. aeruginosa with direct involvement of 13 genes [21]. Twelve of these thirteen
genes are co-clustered in the alginate operon under the main control of the algD
promoter (Fig. 14.1c). The AlgU (σ22) sigma factor regulates the algD promoter and
initiates the transcription of a polycistronic mRNA. In fact, the AlgU (σ22) sigma
factor is sequestered by anti-sigma factor MucA at the cytoplasmic membrane, but
certain envelope stresses or mutations in MucA disrupt MucA-AlgU interaction
leading to the release of AlgU and activation of alginate production [22, 23]. The
algC gene encoding a phosphomannomutase is distally located to the alginate
operon and its transcription is directly controlled by the AlgR global regulator
(a member of the AlgZR two component system) whose transcription is controlled
by the AlgU (σ22) sigma factor [24].

The mechanisms underlying the biosynthesis of alginates in bacteria are very
similar. The first step in alginate biosynthesis is the provision of the active precursor
where three cytoplasmic enzymes (AlgA, AlgC, and AlgD) mediate four enzymatic
steps to synthesize the active precursor GDP-mannuronic acid from fructose-6-
phosphate. Alginate polymerization, modification, and secretion are mediated by
10 membrane and periplasmic proteins which constitute a multiprotein complex
spanning the envelope of the cell [25–27] (Fig. 14.2). Alginate is polymerized as a
nascent poly-M chain by Alg8 (glycosyltransferase) and Alg44 (co-polymerase) at
the inner membrane. Alginate polymerizing unit Alg8-Alg44 interacts with other
periplasmic subunits including AlgG (epimerization), and AlgI-AlgJ-AlgF-AlgX
(acetylation) to span the envelope and form a periplasmic scaffold for guiding
alginate translocation. At the same time, AlgG epimerase binds to nascent alginate
for catalytic epimerization of some M residues to G residues, resulting in polyMG
chains, while AlgI-AlgJ-AlgF-AlgX proteins mediate O-acetylation of alginate [28–
31]. Secretion of alginates is mediated by a protein complex of AlgK-AlgE spanning
the periplasm and the outer membrane [25, 32–34]. AlgK is a lipoprotein harboring
multiple copies of the tetratricopeptide repeat (TPR) motif for mediating protein–
protein interaction and links other components of proposed periplasmic scaffold to
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the outer membrane AlgE [27, 33, 35, 36]. AlgE was exclusively identified in the
outer membrane of mucoid strains and possesses a highly positively charged pore for
facilitating the export of the polyanionic alginate polymer across the outer mem-
brane [34, 37–40]. Alginate lyase, AlgL, is also necessary for digesting alginates
misguided into the periplasm [41, 42] (Fig. 14.2). A significant advance revealed that
alginate polymerization and modifications are linked and impact the molecular mass
of alginates. According to our data, polymerization was positively correlated with
acetylation and molecular mass of alginate, whereas epimerization impairs the
processivity of polymerization, resulting in lowering the molecular mass of
chains [26].

Fig. 14.2 The proposed multiprotein complex responsible for alginate polymerization, modifica-
tions, and secretion in P. aeruginosa. In posttranscriptional regulation, alginate polymerization is
activated by cyclic di-GMP signaling. Purportedly, MucR specifically provides a pool of cyclic di-
GMP in the vicinity of Alg44 (harboring the PilZ domain) in response to external stimuli while the
activation of other GGDEF/EAL (e.g., WspR and RocR) proteins influences alginate production as
part of well-orchestrated adaptive mechanisms. Star indicates catalytic activity
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14.3 Cyclic di-GMP Turnover Targeting Alginate
Polymerization

For many bacteria, cyclic di-GMP signaling contributes to central regulatory networks
governing the motility-sessility switch, biofilm formation, motility, virulence, the cell
cycle, differentiation, and other responses to changing environmental stimuli.
Cyclic di-GMP-dependent signaling enables bacteria to interact with and respond to
abiotic surfaces or to other bacterial and eukaryotic cells [43, 44]. As survival
advantage, many pathogenic bacteria such as P. aeruginosa switch to a sessile lifestyle
or biofilm growth mode along with lower virulence to escape adverse conditions [45].
Cyclic di-GMP was first described by Ross et al. in 1987 as an allosteric activator of
cellulose synthase in the bacterium Acetobacter xylinum [46]. They also described the
involvement of the enzymes catalyzing cyclic di-GMP metabolism [46]. Diguanylate
cyclases (DGC) mediate the synthesis of cyclic di-GMP involving a conserved
GGDEF domain, while phosphodiesterases (PDE) catalyze cyclic di-GMP degrada-
tion mediated by highly conserved EAL or HD-GYP domains, both enzymes deter-
mine cyclic di-GMP levels in cells [47, 48]. Upon comparison of primary sequences,
at least 40 different proteins with GGDEF and/or EAL domains are identifiable in P.
aeruginosa and were found to mediate synthesis and/or degradation of cyclic di-GMP
in response to various stimuli [49]. The remarkable redundancy of these enzymes in
bacteria indicates that cyclic di-GMP signaling plays a central regulatory role in
responding to a wide range of external stimuli [50].

P. aeruginosa has very complex and intertwined regulatory networks which enable
the cells to persist and adapt to different conditions by altering certain biological
processes in a well-orchestrated manner [26] (Fig. 14.2). Indeed, the response thresh-
old of cyclic di-GMP receptor/effector proteins such as Alg44 is dependent on their
binding affinity to cyclic di-GMP. In 2012, Pultz et al. demonstrated that at different
cellular levels of cyclic di-GMP specific cyclic di-GMP receptor/effector proteins will
be engaged to mediate a well-orchestrated response [51]. Therefore, the cyclic di-GMP
levels in the cells must be tightly regulated by cyclic di-GMP-synthesizing and cyclic
di-GMP-degrading enzymes to be specific for desired outputs. Hence,
reported asymmetrical, but nonstochastic, distribution of cyclic di-GMP and cyclic
di-GMP-metabolizing enzymes in the cells [52, 53] strongly support the regulatory
mechanism that determine binding affinity and the response threshold by specific
cyclic di-GMP receptor/effector proteins. Consistent with these findings, a discovery
showed that Alg8 and Alg44 translationally fused with a superfolding derivative of
green fluorescent protein (sfGFP) were localized as nonuniform and patchy distribu-
tions of fluorescent foci surrounding the P. aeruginosa cells [54].

Upon surface attachment and sensing of environmental stimuli, the Wsp
chemosensory system, homologous to chemotaxis signaling pathways, is activated
which eventually leads to increasing cellular levels of cyclic di-GMP mediated by
WspR, a cytosolic highly active DGC protein, which promotes biofilm formation
[55, 56]. In contrast, cyclic di-GMP is drastically depleted upon the activation of the
response regulator RocR, which comprises an N-terminal phosphoreceiver (REC)
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domain and a C-terminal EAL domain [57, 58]. Alginate production was found to be
impacted by cyclic di-GMP levels controlled by the activity of WspR and RocR,
while overproduction of RocR even resulted in abolishment of alginate production
[54, 59]. However, previous studies showed that MucR (PA1727) specifically
regulates alginate polymerization by providing a localized pool of cyclic di-GMP
in proximity to Alg44 [59, 60]. MucR is a membrane-anchored protein harboring
cytoplasmic C-terminal DGC (GGDEF) and a PDE (EAL) domains, in combination
with a putative inner membrane sensor domain with three MHYT motifs (Fig. 14.2).
These motifs are implicated in coordination of copper ions and perception of di-
atomic gases such as nitric oxide (NO) and molecular oxygen (O2) [59, 61]. Wang
et al. showed that, while both GGDEF and EAL domains of MucR are important for
alginate production, only the second MHYT sensor motif (MHYT II, amino acids
121–124) in the sensor domain mediates nitrate sensing in the membrane suggesting
that nitrate and MucR modulate alginate production at posttranslational level
through a localized pool of cyclic di-GMP [62]. Another study demonstrated that
the activity of MucR are growth mode-dependent since the protein synthesized
cyclic di-GMP during biofilm formation, but degraded cyclic di-GMP during plank-
tonic growth mode [60]. NO is an important molecule in biological systems which is
released during denitrification (or anaerobic respiration of nitrate) along with other
nitroactive intermediates and it is known to induce biofilm dispersion by stimulating
the activity of PDE enzymes lowering cyclic di-GMP levels in the cells
[60, 63]. These studies show that cyclic di-GMP synthesis and degradation contrib-
ute to the regulation of alginate production.

Furthermore, additional copies of MucR resulted in the development of small
wrinkly colonies and an auto-aggregation phenotype in the alginate-negative Δalg8
mutant and increased initial attachment of wild type [59].

14.4 Posttranslational Regulation of Alginate Biosynthesis
by Cyclic di-GMP Signaling

In 2006, Amikam and Galperin introduced the PilZ domain as specific domain for
binding to cyclic di-GMP [64]. Then, many proteins with PilZ domains were
identified by comparing their primary sequences with the PilZBcsA domain including
Alg44 from P. aeruginosa and A. vinelandii [64]. Alg44 was found necessary for
alginate production [65] and, that cyclic di-GMP bound to the N-terminal PilZ
domain of Alg44 is required for the biosynthesis of the alginate in P. aeruginosa [5].

Analyses of the structure of the PilZ domain revealed that the highly conserved
motifs RxxxR and (D/N)x(S/A)xxG are required to bind the cyclic di-GMP molecule.
The cyclic di-GMP molecule may bind as a monomer or as an intercalated dimer,
while proteins with PilZ domain have their own oligomeric state from monomeric to
tetrameric [66–68]. Binding to cyclic di-GMP induces a substantial conformational
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change in the structure of PilZ domain to affect downstream protein–protein interac-
tions or the conformation of cognate proteins for a desired output [69–71].

Similar to other bacteria, the number of cyclic di-GMP receptor/effector proteins
harboring the PilZ domain does not match the number of identified cyclic di-GMP-
metabolizing enzymes in P. aeruginosa. While the cyclic di-GMP riboswitches and
other cyclic di-GMP receptor/effector proteins with alternative domain structures (e.
g., transcriptional factors) have been identified [72–74], there are certainly more that
await discovery.

14.5 Activation of Alginate Polymerization upon Cyclic
di-GMP Binding

In 2014, the molecular mechanism of activation of bacterial cellulose synthase BcsA
by cyclic di-GMP was revealed upon X-ray crystallography [75]. It was shown that
catalytic activity of BcsA is controlled by a proposed “autoinhibition mechanism”

referring to the steric hindrance in proximity to the catalytic site of BcsA by the
formation of salt bridge between the first arginine of the PilZ domain’s
R580XXXR584 motif and E371 preceding the RW motif of BcsA, known as a
signature motif of the glycosyltransferase family 2. The autoinhibiting mechanism
was proposed to be eliminated upon cyclic di-GMP binding to R580 of the PilZ
domain leading to opening up the gate or blocking loop allowing precursors to enter
the catalytic site [75].

Our previous findings showed that the glycosyltransferase Alg8 is localized at the
cytoplasmic membrane and its sequence shares a high homology with the cellulose
synthase BcsA; both belong to the glycosyltransferase family 2. This is a large
family of inverting glycosyltransferases that use nucleotide-diphosphate α-linked
sugar donors to form β-linked products and they possess a highly conserved DXD
in a region of alternating α-helices and β-sheets known as a signature motif involved in
catalytic activity [76]. However, BcsA protein carries a C-terminal PilZ domain, while
Alg8 does not; instead, Alg44, interacting with Alg8, possesses a PilZ domain at the
N-terminus. Topology studies of Alg44 revealed that this cyclic di-GMP binding
protein consists of a cytoplasmic N-terminal PilZ domain extending into a transmem-
brane domain and a large periplasmic C-terminal domain, which has homology to
efflux pump proteins [77]. Using protein–protein interaction experiments, we realized
that while Alg44 creates a complex with Alg8, the periplasmic part of Alg44 interacts
with other periplasmic subunits to form the proposed multiprotein complex. Our site-
specific mutagenesis approaches showed that cyclic di-GMP binding to the PilZ
domain of Alg44 does not impact Alg44 localization, stability or protein–protein
interactions [26]. These data supported the notion that cyclic di-GMP binding to
Alg44 may target the catalytic site of Alg8 similar to cellulose synthase activation
[75]. Furthermore, additional copies of Alg8 and Alg44 resulted in a number of similar
changes including increasing alginate production and molar fraction of M residues
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and reducing epimerization and acetylation degrees. But, additional copies of Alg44
led to an increased molecular mass of alginate (Mr) (~3800 kDa) when compared with
additional copies of Alg8 (Mr ¼ ~3000 kDa) [26]. These data supported direct
involvement of both Alg8 and Alg44 in the polymerization of the alginate chain.
The periplasmic domain of Alg44 was found to have a modulating role in alginate
modifications, possibly by linking polymerization with modifications, e.g., it posi-
tively correlated with the degree of alginate acetylation [26, 54].

In order to understand the mechanism of the regulation of alginate by cyclic di-
GMP, we attempted the purification of Alg8 and Alg44 for X-ray crystallography.
While production and purification of Alg8 and Alg44 from heterogeneous hosts
were unsuccessful, analysis of the quaternary structure of Alg44 using chemical
crosslinking, His-tag based pull down purification from the homologous host (i.e.,
P. aeruginosa) and size exclusion chromatography revealed that Alg44 forms a
homodimer in P. aeruginosa [54]. Whitney et al. purified the PilZ domain of Alg44
and their structural analysis via X-ray crystallography showed that the PilZ domain
has a dimerization mode and the binding of the dimeric form of cyclic di-GMP to this
region is required for the activation of alginate polymerization [78].

A significant advance was made by generating an in silico model of Alg8 and the
PilZAlg44 domain using the Phyre2 Protein Fold Recognition Server [79] to mimic
the structure of BcsA protein (cellulose synthase) which intrinsically possesses the
PilZ domain (Fig. 14.3). In this model, Alg8 (amino acids 1 to 494) was C-terminally
fused to the PilZAlg44 domain (amino acids 1 to 122 of Alg44). The overall Phyre2
output was structurally homologous to BcsA (confidence, 100%; coverage, 84%)
with the C-terminal part aligned with the crystal structure of the PilZ domain from
Alg44 (Fig. 14.3). In this model, the PilZ domain was fully incorporated into the last
C-terminal transmembrane helix domain of Alg8 (TM4) by a linker and a two-
stranded β-sheet formation (Fig. 14.3). One strand of β-sheet structures was located
at the C-terminal end of a long loop of Alg8 (or loop B) running across the catalytic
pocket resembling the gating loop (residues R499 to I517) in the BcsA structure
which carries T511 residue conferring the autoinhibition mechanism. This loop was
also found critical for relocating UDP-glucose as the precursor of cellulose into the
catalytic site at open-rest transition [75].

Another predicted loop of Alg8-PilZAlg44 (or loop A) was found homologous to
BcsA’s loop harboring the amino acid E371 which further stabilizes the
autoinhibition mechanism by salt bridge formation [75] (Fig. 14.3). Based on this
model different residues of Alg8 corresponding to those located in the loops A and B
of predicted model (Fig. 14.3) were subjected to site-specific mutagenesis. Then,
site-specific alg8mutants with and without rocR, cyclic di-GMP-degrading enzyme,
were expressed in trans in PDO300Δalg8 to assess alginate production. As men-
tioned above, cellular concentrations of cyclic di-GMP determine the engagement of
a particular receptor/effector protein [80]. Our data of alginate quantification showed
that point mutations including T320A, E322A, and P324A (on loop A) and T453
and R454 (on loop B) abolished alginate polymerization independent of RocR
overproduction and the cyclic di-GMP level. However, point mutations including
H323A and P325A (on loop A) and T457A and E460A (on loop B) resulted in
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either abolished or significantly reduced alginate production in the absence of RocR,
i.e., high cyclic di-GMP level, while they increased alginate production in the
presence of RocR or lower level of cyclic di-GMP. Remarkably, the point mutation
of loop B at E460 to create A460 abolished alginate production, while it restored
alginate production upon the presence of RocR overproduction to a level similar to
that obtained for the nonmutated control strain PDO300Δalg8 (pBBR1MCS-5:alg8:
rocR) [54]. Interestingly, the point mutation H323E abolished alginate production in
the absence of RocR overproduction, while alginate production was restored to 60%
of the nonmutated strain PDO300Δalg8 (pBBR1MCS-5:alg8:rocR) and to 86% of
the H323A mutant in the presence of RocR overproduction. Furthermore, it was
understood that combination of these point mutations with alanine substitution of R
residues from RxxxR motif of Alg44 could not restore alginate production in the
double-gene deletion mutant PDO300Δalg8Δalg44, indicating cyclic di-GMP bind-
ing is still required for activating Alg8 variants [54]. While our data indicated that
cyclic di-GMP binding to Alg44 targets the catalytic site of Alg8, they may suggest
alternative molecular mechanism of alginate polymerization activation that is dif-
ferent from the autoinhibition mechanism as described for activation of cellulose
polymerization [69, 75]. This is evident as not all of these critical Alg8 residues align
with conserved amino acid residues of BcsA.

However, we hypothesized that the presence of MucR in the abovementioned
assessments still impacts the response by Alg8 variants by providing a cyclic di-
GMP pool in the vicinity of Alg44. Then, the nonmucoid mutant
PDO300ΔmucRΔalg8 was applied to reassess Alg8 variants with and without
overproduction of RocR. Remarkably, the variants H323A, T457A, and E460A
restored alginate production in the absence of MucR in PDO300ΔmucRΔalg8
(with and without RocR overproduction), indicating that H323, T457, and E460 of
Alg8 decoupled the activation of alginate polymerization from cyclic di-GMP
[26]. On the other hand, the Alg8 homologue in the algae Ectocarpus siliculosus
is encoded by the gene Esi0010_0147. Since cyclic di-GMP signaling has not been
identified in algae, it was assumed that alginate production is independent of cyclic
di-GMP. However, the replacement of the catalytic domain (residues 71 to 381),
loops A and B of P. aeruginosaAlg8 with homologous sequences from algae did not
restore alginate production either with or without RocR overproduction [26]. Overall,
these data further supported that specific residues surrounding the catalytic site of
Alg8 mediate the required response to cyclic di-GMP bound to Alg44.

14.6 Conclusion and Future Trends

In this chapter, we highlighted key molecular pathways underlying the regulation of
alginate production via cyclic di-GMP signaling. So far, a large body of research has
implicated the importance of cyclic di-GMP signaling in the emergence of mucoid
biofilms as the hallmark of chronic and persisting infections by clinical strains of
P. aeruginosa. This bacterial species represents a highly adaptative pathogen, which
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extensive intrinsic antibiotic resistance mechanisms combined with formation of
persistent biofilms during infection makes it an emerging public health threat. This
has recently been recognized by the WHO listing P. aeruginosa as priority pathogen
for search of new antibiotics. As classical antibiotics are increasingly unsuccessful
due to emerging resistance mechanisms, future research will entail the search for
new antibacterial treatment targets. Proteins/enzymes involved in cyclic di-GMP
signaling might become valid targets for discovery of new drugs for the treatment of
P. aeruginosa infections. Further research is required to elucidate molecular aspects
of cyclic di-GMP signaling, in order to enable development of novel alternative
prevention and treatment strategies to effectively interfere with key regulatory
processes contributing to pathogenicity of bacteria.
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Chapter 15
Cyclic di-GMP Signaling in Bacillus subtilis

Cordelia A. Weiss and Wade C. Winkler

Abstract The ubiquitous second messenger bis-(30-50)-cyclic diguanosine
monophosphate (cyclic di-GMP) plays a key role in regulating the transition from
motility to sessility in bacteria. While cyclic di-GMP regulation is well studied in a
number of Gram-negative bacteria, the physiological role of cyclic di-GMP in Gram-
positive organisms is less characterized. Bacillus subtilis is an important model
Gram-positive organism that differentiates into distinct subpopulations, such as
motile, competent, biofilm-forming, and sporulating cells. Several recent investiga-
tions have begun to address how cyclic di-GMP regulates some of these cellular
outcomes. The B. subtilis genome encodes three diguanylate cyclases (DGCs) and
one phosphodiesterase (PDE), whose respective activities were shown to affect
motility. Additionally, three cyclic di-GMP receptors, MotI, YdaK, and YkuI have
been discovered. MotI is a PilZ domain protein that inhibits motility by interacting
with the MotA stator element of the flagellar apparatus, revealing a direct relation-
ship between cyclic di-GMP signaling and flagellar motility. YdaK was shown to
regulate production of a novel exopolysaccharide, suggesting cyclic di-GMP may
also impact biofilm formation. YkuI’s involvement in phenotypic regulation has not
yet been ascertained, although a connection with zinc homeostasis has been
suggested. This review will discuss the discoveries that have led to our current
understanding of cyclic di-GMP signaling and regulation in B. subtilis. Outstanding
questions and comparison of cyclic di-GMP regulation in other Gram-positive
organisms will also be addressed.
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15.1 Bacillus subtilis Lifestyles

The ubiquitous soil species Bacillus subtilis is the central model bacterium for the
study of Gram-positive endospore-forming microorganisms. Originally identified
more than a century ago, the intensive study of this microorganism as well as its
genetic malleability has led to many fundamental discoveries, greatly improving the
basic knowledge of bacterial biology. For example, after several decades of exper-
iments, B. subtilis researchers have revealed many of the key molecular strategies
that underlie endospore formation, a process where vegetatively growing cells
differentiate into metabolically inactive endospores during nutrient-limiting condi-
tions [1, 2]. Yet, endospore formation is not the only cellular differentiation pathway
for this bacterium. Indeed, any culture of B. subtilis is likely to feature multiple,
mutually exclusive subpopulations. For example, during exponential growth only a
subset of cells expresses the sigma factor SigD, which is required for activation of
flagellar genes and motility [3]. Another distinct small proportion of the population
corresponds to competent cells, which can proficiently import extracellular DNA
[4, 5]. Other cells within the population produce key extracellular components that
assist assembly of an extracellular matrix to promote biofilm formation [6]. There-
fore, the B. subtilis community presents a population of genetically identical yet
phenotypically distinct cells that presumably benefits from an efficient “division of
labor,” by performing different tasks that optimize population survival [7, 8].

The collective behavior of B. subtilis cell types is particularly evident during
biofilm formation, in which these multicellular communities can be highly resilient
to environmental stresses, due in part to the extracellular matrix that encases these
cells [9, 10]. The subpopulation of matrix-producing cells synthesizes a combination
of exopolysaccharides (EPS) and proteins (TasA and BslA) [11–15]. Other cells in
the population produce the antimicrobial lipopeptide surfactin, which has been
shown to act as a signaling molecule to trigger a number of adaptive processes
[16–18]. Exoprotease production is associated with an additional subpopulation and
is believed to promote the acquisition of nutrients for the biofilm [19, 20]. However,
a subset of the bacteria can also choose to use flagellar motility to disperse from the
biofilm to seed new environments [21]. All of these different cellular subpopulations
are likely to be critical to proper biofilm formation, and their formation is therefore
tightly regulated at multiple levels [6, 22–24]. Several comprehensive reviews on
this complicated topic have been published elsewhere [25–27].

Cell fate decision-making is not unique to B. subtilis—many other bacteria can
switch between motile and surface-associated biofilm lifestyles. For many bacteria,
the cyclic dinucleotide cyclic di-GMP acts as an important intracellular signal to
control this lifestyle choice [28]. In general, increased levels of cyclic di-GMP favors
sessility and biofilm formation; correspondingly, decreased cellular levels of cyclic
di-GMP promotes flagellar formation and motility [29]. While this theme has been
established for Gram-negative bacteria and is largely maintained in Gram-positive
organisms, additional developmental lifestyles such as sporulation and competence
offer new and exciting avenues to explore cyclic di-GMP signaling in Gram-positive
bacteria [30]. Given the importance of B. subtilis as a model system for Firmicutes,
there is a clear need to thoroughly examine the regulation by cyclic di-GMP
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signaling in this organism. Recent studies on cyclic di-GMP regulation in B. subtilis
have revealed that increased intracellular cyclic di-GMP inhibits motility, similar to
Gram-negative bacteria. It is also possible that cyclic di-GMP may play additional
roles in other regulatory outcomes, including cellular specialization within B. subtilis
biofilms (Fig. 15.1).

15.2 Enzymes that Regulate Cyclic di-GMP Levels
in B. subtilis

In response to environmental cues, cyclic di-GMP is synthesized from 2 GTP
molecules by GGDEF domain-containing diguanylate cyclases (DGCs) [31–
35]. Cyclic di-GMP can then bind several different classes of receptors, allowing
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the second messenger to mediate diverse phenotypes [36]. Cyclic di-GMP is then
linearized to pGpG by two classes of phosphodiesterases (PDE-As) that contain
either an EAL or HD-GYP domain [37–41]. It was recently shown that in
Gammaproteobacteria, such as Pseudomonas aeruginosa and Vibrio cholerae, the
30-to-50 exoribonuclease Orn is responsible for recycling pGpG into guanosine
monophosphate pools [42, 43]. Firmicutes such as B. subtilis do not encode Orn,
however, several RNases (NrnA and NrnB) are thought to perform this function
instead [44]. While GGDEF, EAL, and HD-GYP domains can be the only domains
associated with DGCs and PDEs, oftentimes these domains are found as part of
multi-domain signaling proteins that include sensory domains such as PAS, GAF,
REC, and BLUF [37, 45–50]. Furthermore, DGCs and PDEs can also contain
tandem arrangements of GGDEF and EAL domains, in which only one domain
retains enzymatic activity [51, 52].

Bioinformatic analysis has revealed that B. subtilis encodes four GGDEF domain
proteins (YdaK, GdpP, DgcK, and DgcP), two EAL domain proteins (PdeH and
YkuI), and one dual GGDEF-EAL protein (DgcW; Table 15.1). No HD-GYP
domains have been identified. Diguanylate cyclase activity was confirmed biochem-
ically for the purified GGDEF domain fragments of DgcK and DgcP, as well as the
dual GGDEF-EAL protein DgcW, which were all able to synthesize cyclic di-GMP
in the presence of GTP [53]. Diguanylate cyclase activities of DgcP and DgcW were
enhanced when the respective GAF and PAS sensory domains were expressed and
purified with the GGDEF domains. In contrast to DgcP and DgcW, DgcK does not
appear to have an additional sensory domain. The two EAL domain-containing
proteins PdeH and YkuI were also tested for phosphodiesterase activity in vitro
[53, 54]. Cyclic di-GMP was hydrolyzed to the linear product pGpG only in the
presence of purified PdeH, suggesting it is the only active PDE. Further confirmation
of these enzyme activities was acquired using mass spectrometry assays, where

Table 15.1 Genes involved in cyclic di-GMP signaling in B. subtilis

Gene
Prior gene
names Domain Activity Biological function

ydaK GGDEF Cyclic di-GMP
binding

Stimulates the synthesis of an
unknown EPS

gdpPa yybT GGDEF ATPase Cyclic di-AMP phosphodiesterase

dgcK yhcK GGDEF DGC Synthesizes cyclic di-GMP

dgcP ytrP GGDEF DGC Synthesizes cyclic di-GMP

dgcW ykoW GGDEF-
EAL

DGC Synthesizes cyclic di-GMP

pdeH yuxH EAL PDE Hydrolyzes cyclic di-GMP

ykuI EAL Cyclic di-GMP
binding

Involved in zinc homeostasis

motI dgrA/ypfA PilZ Cyclic di-GMP
binding

Inhibits motility

aInitially thought to be a nonconsensus GGDEF domain-containing protein involved in cyclic di-
GMP signaling, GdpP does not synthesize cyclic di-GMP. Rather, GdpP is involved in cyclic di-
AMP signaling
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cyclic di-GMP levels were directly quantified from within appropriate cell extracts
[53]. For example, cell lysates from B. subtilis strains that overexpressed DgcK,
DgcP, or DgcW exhibited elevated cyclic di-GMP relative to the wild-type strain.
Correspondingly, a similar result was seen for lysates from a ΔpdeH strain, which
also exhibited higher levels of cyclic di-GMP. Together, these studies reveal that
B. subtilis expresses the necessary enzymes for cyclic di-GMP signaling—namely,
three diguanylate cyclases DgcK, DgcP, DgcW, and one phosphodiesterase PdeH
(Fig. 15.1a).

15.3 Cyclic di-GMP Receptors in B. subtilis

While GGDEF or EAL/HD-GYP domain proteins alone are responsible for the
synthesis and hydrolysis of cyclic di-GMP, there is a greater diversity of cyclic di-
GMP receptors, including both RNA and protein factors. To date, several classes of
protein receptors have been discovered: PilZ domain-containing proteins [55–57],
degenerate GGDEF or EAL domain-containing proteins [58–62], unique transcrip-
tion factors [63–69], and most recently, MshE [70]. This last receptor is a member of
a family of ATPases that are associated with type IV pili and type II secretion
systems. While a cyclic di-GMP RNA receptor has not been discovered in
B. subtilis, currently, three protein receptors have been identified: the PilZ domain-
containing protein MotI, the degenerate GGDEF domain-containing protein YdaK,
and the degenerate EAL domain-containing protein YkuI (Fig. 15.1a).

The first cyclic di-GMP receptor to be identified was the PilZ domain [71]. Bio-
informatic and phylogenetic analyses identified two motifs, RxxxR—D/NxSxxG,
critical for cyclic di-GMP binding [55, 72]. First identified as part of the BcsA
subunit of the cellulose synthase complex in the alphaproteobacteria
Komagataeibacter xylinus (formerly Gluconacetobacter xylinus or Acetobacter
xylinum), the PilZ domain is found within many other proteins, which allows cyclic
di-GMP to target diverse processes. For example, many proteobacteria often use
PilZ domain proteins, such as YcgR and DgrA, to inhibit flagellum-based motility in
the presence of increased intracellular cyclic di-GMP [55, 56]. Conversely, cyclic di-
GMP binding to the PilZ domain-containing protein BcsA activates cellulose syn-
thesis to promote biofilm formation. Computational assessment of B. subtilis’
genome has identified one putative PilZ domain-containing receptor, MotI (previ-
ously named YpfA and DgrA), which exhibits an intact RxxxR—D/NxSxxG motif
[71]. Biochemical experiments supported a direct interaction between MotI and
cyclic di-GMP: a combination of size exclusion chromatography and isothermal
titration calorimetry revealed that MotI bound cyclic di-GMP with an equilibrium
dissociation constant of 11 nM [53]. The high affinity of this interaction is consistent
with a role for MotI as a cyclic di-GMP receptor. Furthermore, recent high-resolu-
tion structural studies revealed the molecular basis of cyclic di-GMP binding to MotI
[73]. The observed protein–ligand complex was similar to other PilZ domain-
containing proteins such as PP4397 and Alg44 from Pseudomonas putida and
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Pseudomonas aeruginosa, respectively, in which two molecules of cyclic di-GMP
bound between the N- and C-terminal domains of MotI [74, 75]. Overexpression of
MotI caused a severe defect in swarming motility. This phenotype could be allevi-
ated by site-directed mutagenesis of conserved binding site residues, thereby show-
ing that the MotI cyclic di-GMP binding site is functionally relevant [76]. In
contrast, site-directed mutations of residues outside of the cyclic di-GMP binding
site did not alter MotI’s ability to inhibit swarming motility. In total, these results
suggest that MotI represses B. subtilis motility when bound to cyclic di-GMP
(Fig. 15.1b).

A second class of cyclic di-GMP receptors is comprised of catalytically inactive
enzymes. While GGDEF domain proteins DgcK, DgcP, and DgcW were catalyti-
cally active in vitro, YdaK was not [53]. Inspection of the YdaK sequence revealed a
nonconsensus GGDEF active site (A-site) motif. Structural studies of other GGDEF
domain-containing proteins complexed with cyclic di-GMP revealed an additional
cyclic di-GMP binding site, distinct from the catalytically A-site [77, 78]. The
residues that make up this allosteric inhibitory site (I-site), RxxD, are highly
conserved in a number of active and inactive DGCs. This allows the I-site to have
two functions [79]. For active DGCs, the I-site prevents overproduction of cyclic di-
GMP by the DGC. For enzymatically inactive proteins, the I-site allows these
proteins to function as cyclic di-GMP receptors. The presence of an intact I-site
but not A-site in YdaK suggests that it is an enzymatically inactive DGC that instead
functions as a receptor. Consistent with this prediction, the purified nonconsensus
GGDEF domain from YdaK bound cyclic di-GMP with a Kd of 1.1 μM, but was
unable to synthesize cyclic di-GMP [53]. Furthermore, overexpression of YdaK
in vivo did not result in detectable elevation of cyclic di-GMP, as compared to a
wild-type strain. Recent data suggest that YdaK targets polysaccharide production,
as discussed later in this review. Future studies of YdaK complexed with cyclic di-
GMP will resolve whether cyclic di-GMP binds to the inactive A-site, the RxxD I-
site, or both locations.

While GdpP also has a nonconsensus GGDEF domain, its overall protein archi-
tecture is more complicated than YdaK. GdpP also has a DHH/DHHA1 domain,
which is commonly associated with RNA and DNA phosphodiesterases or phos-
phatases [80]. Indeed, HPLC analysis on the purified DHH/DHHA1 domain from
GdpP detected the linear product pApA after incubation with cyclic di-AMP,
showing that it possessed cyclic di-AMP phosphodiesterase activity. Biochemical
analysis of the purified nonconsensus GGDEF and PAS sensory domains resulted in
ATP hydrolysis, not cyclic di-GMP synthesis. Furthermore, accumulation of intra-
cellular cyclic di-AMP has been observed in a B. subtilis gdpP mutant
[81, 82]. Taken together, all currently available evidence suggests that GdpP is
involved in cyclic di-AMP signal transduction rather than cyclic di-GMP signaling
[83, 84]. Because of this, it has been disregarded as a member of the B. subtilis cyclic
di-GMP signaling pathway and is not discussed further in this chapter, but rather in
the included chapter on cyclic di-AMP signaling in B. subtilis.

Enzymatically inactive PDEs can also function as cyclic di-GMP receptors
[61, 62, 85–87]. B. subtilis YkuI is one such candidate. Biochemical analysis of
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both the full-length and truncated EAL domain variants of B. subtilis YkuI failed to
demonstrate PDE activity [54]. The presence of an EAL domain, but lack of PDE
activity in vitro allows it to potentially function as another cyclic di-GMP receptor.
While many inactive PDEs have degenerate active site sequences, intriguingly, YkuI
has a perfectly intact active site sequence. Furthermore, high-resolution structural
analyses of full-length YkuI confirmed binding of cyclic di-GMP to the EAL domain
[54]. Unlike other active PDEs, however, the structure of YkuI revealed an alternate
arrangement for D152, a residue involved in the coordination of a divalent cation for
other PDEs. The lack of one metal ion might render the protein catalytically inactive.
It should be noted, however, that YkuI has a C-terminal domain (PF10388) with a
PAS-like fold. This PAS-like domain is found immediately adjacent to the EAL
domain and is highly conserved in Bacillus species. Given that PAS domains
frequently function as sensors, it remains possible that YkuI could still be activated
for PDE activity with the appropriate PAS-like ligand. To assess YkuI function (as a
receptor or PDE) a ykuImutant was tested for swarming motility [76]. Compared to a
pdeH mutant, deletion of ykuI only mildly impaired swarming. A mutant lacking
both ykuI and pdeH resulted in inhibition of swarming motility to an extent that
resembled the single pdeH mutation. Therefore, under the tested conditions, YkuI
does not contribute significantly to inhibition of swarming. A transposon mutagen-
esis screen of wild-type B. subtilis cells revealed that insertion of transposons into
ykuI conferred resistance to inhibitory (millimolar) concentrations of zinc [88]. Yet,
unlike other zinc resistance mutants, a ykuI mutant did not accumulate intracellular
zinc, suggesting that inactivation of ykuI affects the metal indirectly. It is possible
that deletion of ykuI somehow restricts access to zinc, although a mechanistic model
for this phenotype has not yet been identified (Fig. 15.1d). Interestingly, B. subtilis
YkuI has an ortholog in B. cereus group bacteria named CdgJ, which does have a
degenerate EAL domain. Gene expression patterns of B. thuringiensis cdgJ showed
an increase in expression during the transition from planktonic growth to biofilm
[89]. Subsequent overexpression of cdgJ resulted in increased biofilm formation and
earlier entry into sporulation. Conversely, no sporulation was observed in a
B. thuringiensis cdgJ mutant. Given the 55% identity in protein sequences between
B. subtilis YkuI and B. thuringiensis CdgJ, it is therefore possible that YkuI might
also exhibit a similar role in B. subtilis, although this has yet to be explored.

A large, third class of cyclic di-GMP receptors is comprised of noncoding RNA
elements called riboswitches. Riboswitches are cis-acting regulatory RNAs that
contain a sensor domain (aptamer), which folds into a complex three-dimensional
shape that binds target metabolites with high affinity and selectivity, and an expres-
sion platform, which couples the ligand-induced conformational changes to control
of downstream gene expression [90]. Cyclic di-GMP riboswitches typically regulate
gene expression by controlling formation of transcription termination sites or by
affecting the efficiency of translation initiation [91]. To date, two different classes of
cyclic di-GMP riboswitches, each characterized by a GEMM motif, have been
discovered [92, 93]. Over 500 examples of cyclic di-GMP riboswitches have been
identified among diverse bacterial species, including Bacillales such as B. cereus,
B. thuringiensis, B. anthracis, and B. licheniformis, although none have been found
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in B. subtilis [94]. Some bacterial species appear to be more replete in cyclic di-GMP
riboswitches than others. For example, there are 16 different cyclic di-GMP
riboswitches located across the Clostridioides difficile genome [95]. Cyclic di-
GMP riboswitches are predicted to regulate expression of a broad array of functional
gene categories, including but not limited to genes encoding GGDEF/EAL/HD-GYP
proteins, flagella and pili, other motility factors, transcription factors, and membrane
transporters [94]. This diversity allows for the control of a complicated network of
cyclic di-GMP-responsive changes in gene expression. As more cyclic di-GMP
riboswitches are discovered in Bacillales, they will undoubtedly reveal new regula-
tory connections. For example, one of the cyclic di-GMP riboswitches from
B. licheniformis is positioned immediately upstream of a secondary metabolite
biosynthesis gene cluster, which if confirmed would represent a new functional
category of genes regulated by cyclic di-GMP in Bacilli and Clostridia. The prev-
alence of cyclic di-GMP riboswitches among Firmicutes suggests they play a
broadly important role in cyclic di-GMP regulation that awaits characterization for
B. subtilis.

Not all cyclic di-GMP receptors can be easily predicted, as exemplified by the
discoveries that cyclic di-GMP binds to certain transcription factors and to the MshE
protein [63–67, 69, 70, 96–98]. Simply put, it is difficult to accurately predict
regulatory proteins that might bind cyclic di-GMP through bioinformatic approaches
alone. The cyclic di-GMP binding proteins that have been identified have been found
to exhibit significant differences in sequence and structure and individually required
experimental analysis of cyclic di-GMP binding. Given the extensive regulation by
cyclic di-GMP in Bacillales, it is reasonable to suspect that other classes of receptors
have yet to be identified. Several high-throughput methods have been recently
developed for assessing cyclic di-GMP-binding partners [99–103]. It is possible
that the use of one of these methods to target B. subtilis cyclic di-GMP interactions
could potentially reveal new cyclic di-GMP binding partners in the future.

15.4 Cyclic di-GMP Regulation of B. subtilis Motility

A number of experiments have shown that in B. subtilis, elevated cyclic di-GMP
levels leads to suppression of flagellar motility. B. subtilis uses peritrichous flagella
for two forms of motility: swimming and swarming. Swimming takes place auton-
omously through liquid, while swarming is a highly coordinated, social form of solid
surface migration, only observed by undomesticated strains of B. subtilis
[104, 105]. As noted above, prior studies have assessed changes in swarming
motility to functionally characterize enzymes that process cyclic di-GMP. A qua-
druple mutant devoid of all GGDEF domain proteins (DgcK, DgcP, DgcW, and
YdaK) was constructed to assess the contribution of each individual DGC in
B. subtilis. While this mutant showed no difference in swarming compared to wild
type, individual overexpression of the active DGCs DgcP, DgcK, and DgcWΔEAL in
this mutant background led to a reduction in swarming [53]. No difference was
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observed when YdaK was overexpressed. In contrast, individual deletion of the
DGCs did not exert a strong effect on motility, likely due to some level of functional
redundancy for the DGCs. The role of PdeH as an active PDE was also demonstrated
through its effect on motility. Specifically, deletion of pdeH caused a severe defect in
swarming [13, 14]. Together these studies indicate that cyclic di-GMP represses
flagellar motility in B. subtilis.

Cyclic di-GMP has been shown in a number of bacteria to inhibit flagellar
rotation at the post-translational level [106, 107]. In enteric bacteria such as E. coli
and S. enterica serovar Typhimurium, one such mechanism has been investigated in
great detail. Briefly, elevated cyclic di-GMP levels inhibit flagellar rotation through
the PilZ domain-containing cyclic di-GMP receptor YcgR. Upon binding of cyclic
di-GMP, YcgR undergoes a drastic conformational change which subsequently
allows YcgR to directly interact with components of the flagella to slow down
rotation [55, 108, 109]. B. subtilis encodes a YcgR homolog, MotI, that is thought
to perform a similar function. Furthermore, several studies have begun to elucidate
the mechanism of MotI’s regulation of motility. Compared to wild-type B. subtilis,
deletion of MotI showed a mild enhancement of swarming activity [76]. In contrast,
when MotI was overexpressed, a defect in swarming was observed. Swarming was
completely abolished when MotI was simultaneously overexpressed in a ΔpdeH
background, providing further evidence that the combination of MotI and elevated
cyclic di-GMP levels negatively regulate motility [53, 76]. Furthermore deletion of
MotI in a ΔpdeH background relieved inhibition of swarming similar to that of wild
type, suggesting that cyclic di-GMP regulation of flagellar motility in B. subtilis is
primarily through MotI [76]. Bacterial two-hybrid assays showed that MotI interacts
directly with the flagellar stator protein MotA [76, 110]. This interaction was
supported by additional localization studies and suppressor analyses [73]. Further-
more, mutations in the PilZ domain of MotI abolished its ability to interact with
MotA. In B. subtilis, MotA is part of the MotA/B stator complex, which exploits the
proton motive gradient to impart torque on the rotor, FliG. The torque on FliG
subsequently generates force to the flagellum, allowing rotation. Therefore, MotI is
thought to behave as a molecular clutch by disengaging the stator MotA’s contact
with the rotor FliG [73] (Fig. 15.1b). However, unlike MotI, overexpression of the
putative receptors YdaK or YkuI in a ΔpdeH background did not impact motility,
suggesting that YdaK and YkuI may target other pathways in B. subtilis.

15.5 Cyclic di-GMP Regulation of B. subtilis Biofilm
Formation

In the lab, biofilms can form as colonies at the agar–air interface, or as floating
communities at the liquid–air interface (pellicles). In both instances, these biofilms
form architecturally complex morphologies. Biofilm formation begins when a subset
of cells become activated for expression of genes required for extracellular matrix
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production. The matrix is primarily composed of EPS and proteins. In B. subtilis, the
epsA-O operon is a long 15-genes cluster that is 16 kb in length, responsible for
production of poly-N-acetylglucosamine (PNAG) [111]. Regulation of PNAG and
other EPS by cyclic di-GMP has emerged as a frequent theme among bacteria
[112, 113]. After all, the discovery of cyclic di-GMP by Moshe Benziman and his
colleagues arose from their investigation of the regulation of cellulose synthesis in
Komagataeibacter xylinus (formerly Gluconacetobacter xylinus or Acetobacter
xylinum) [33]. Cellulose synthesis is also positively regulated by cyclic di-GMP in
E. coli and S. enterica serovar Typhimurium [28, 114]. In P. aeruginosa, three
different exopolysaccharides (pel, alginate, and psl) are positively regulated by
cyclic di-GMP [35, 58, 63, 115, 116]. In Gram-positive organisms, EPS biosynthesis
was also shown to be increased in response to elevated cyclic di-GMP levels in
Listeria monocytogenes [117, 118]. Yet it is not fully resolved whether cyclic di-
GMP regulates EPS for B. subtilis. While epsA-O gene expression is controlled by
multiple transcription factors and signaling pathways, cyclic di-GMP does not
appear to affect epsA-O gene expression [25]. Furthermore, no apparent change to
B. subtilis biofilm colonies or pellicles has been observed upon deletion of the DGCs
or PDEs. These results suggest that cyclic di-GMP is not important for control of
PNAG. However, a recent study provided evidence of a different connection
between a previously unknown exopolysaccharide and cyclic di-GMP, via the cyclic
di-GMP receptor YdaK (Fig. 15.1c).

The first clue that YdaK participates in biofilm formation arose from its genomic
location within the ydaJKLMN operon [119, 120]. Bioinformatics approaches pro-
posed that members of some of the genes in the ydaJKLMN operon encode for EPS
synthesis machinery. Because manipulation of ydaK alone had no effect on biofilm
formation or motility, Bedrunka and Graumann overexpressed the entire operon, and
assessed biofilm formation by standard colony morphology and Congo Red
(CR) staining. CR stains amyloid fibrils and some polysaccharides and it has
therefore been employed previously as a reporter for measuring matrix production
in biofilms and for indirectly measuring elevated cyclic di-GMP levels [11, 121,
122]. Overexpression of ydaJKLMN resulted in enhanced CR binding and a visible
increase in colony rugosity, implying a change in extracellular matrix composition.
Analysis of each gene encoded by the operon suggested that YdaLMN are involved
in the synthesis of a new, but still unknown, EPS product, which is likely to be
modified by YdaJ [119]. Furthermore, YdaK is required for the synthesis of the
unknown polysaccharide by YdaLMN, suggesting that YdaK somehow activates
production of the unknown EPS. But is YdaLMN YdaK’s target? A fluorescent
YdaK-YFP fusion appeared to co-localize with YdaM and YdaN at the cell poles
and septa. This observation is somewhat reminiscent of the subcellular localization
pattern of the large biosynthesis complex that produces the polyketide bacillaene
[123]. Also, deletion of one of the DGCs, dgcK, inhibited synthesis of the putative
EPS machinery encoded by the yda operon, suggesting that the yda EPS is dgcK
dependent [120]. Furthermore, fluorescent DgcK fusions localized similarly to
YdaK at the poles and septa, suggesting spatial proximity between the putative
DGC-effector pair (Fig. 15.1c). Intriguingly, the fluorescent YdaK reporter was
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observed in only a small subset of the population (~18.5%), suggesting that the yda
operon is expressed in only a subpopulation of B. subtilis cultures [119]. It would be
interesting to know if the YdaK-YFP fusion is specifically “on” for biofilm-forming
cells, perhaps by co-expression alongside transcriptional reporters that clearly
demarcate if cells are swimming, matrix-producing, sporulating, or competent.
Indeed, analyses from our own lab show that cyclic di-GMP levels are strikingly
different among B. subtilis cellular subtypes at the single-cell level [44, 124]. We
recently constructed a fluorescent reporter based on a cyclic di-GMP-responsive
riboswitch to visualize cyclic di-GMP abundance among B. subtilis cells
(Fig. 15.2a). This reporter revealed a bimodal distribution of fluorescence,
suggesting that cyclic di-GMP levels are indeed different among cellular subtypes,
and that biofilm-forming cells display higher levels of cyclic di-GMP than motile
cells [124] (Fig. 15.2b, c). This reporter highlights the utility of single-cell analyses
in future studies of cyclic di-GMP regulation in a heterogeneous population of
B. subtilis.

Many questions remain to be answered regarding cyclic di-GMP regulation of
YdaKLMN. What is the EPS produced by YdaLMN? What is the role for cyclic di-
GMP and YdaK in regulation of YdaLMN? And under what physiological condi-
tions are these factors relevant? Deletion of the yda operon has no effect on biofilm
formation during standard lab conditions. Indeed, a phenotype during biofilm
formation is only observed upon overexpression of ydaLMN. Furthermore, the yda
operon is regulated by SigB, an alternate sigma factor induced in response to general
cellular stresses [125]. Together, these observations might suggest that the unknown
yda EPS is stimulated during conditions of stress that remain to be elucidated.
Furthermore, if YdaK is paired with DgcK activity, is dgcK also induced by stress?
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Several clues already exist that lead us to hypothesize when other cyclic di-GMP
metabolic enzymes are active. For example, dgcW is regulated by σD, suggesting a
specialized role in motility. Conversely, pdeH is inhibited by the master regulator
Spo0A, further establishing a connection between PdeH and cyclic di-GMP dynam-
ics in specialized cell types during biofilm formation and/or sporulation
[76, 124]. Therefore, single-cell analyses are likely to be an important first step
toward identifying the physiological conditions that activate cyclic di-GMP dynam-
ics in a heterogeneous population of B. subtilis.

15.6 Concluding Remarks

The second messenger molecule cyclic di-GMP is a widely used regulator in the
switching of lifestyle choices among bacteria. In general, high levels of cyclic di-
GMP promote biofilm formation and cell cycle control, while low levels are asso-
ciated with motility and virulence [126]. This theme is largely maintained for
B. subtilis, where a high level of cyclic di-GMP is correlated with production of
an unknown biofilm EPS and reduced motility. Yet, there is certainly more to be
uncovered, both for B. subtilis and the other Gram-positive bacteria it represents;
indeed, ongoing studies have revealed increasing diversity in cyclic di-GMP regu-
latory mechanisms for Gram-positive bacteria. For example, studies on B. subtilis,
C. difficile, and Streptomyces coelicolor suggested a link between cyclic di-GMP
metabolism and endospore formation, which is a developmental program almost
exclusive to the three genera [30]. And it appears that some Gram-positive species
have an expanded range of cyclic di-GMP regulatory mechanisms. For example, one
of C. difficile’s 16 cyclic di-GMP riboswitches is found upstream of its flagellar
operon, suggesting a close genetic relationship between cyclic di-GMP and motility
[127]. While B. subtilis does not utilize riboswitches for this purpose, a cyclic di-
GMP effector protein (MotI) is employed instead. Interestingly, a cyclic di-GMP
riboswitch has also been found upstream of the B. licheniformis lchAA secondary
metabolite biosynthesis gene cluster, suggesting that secondary metabolites might be
under direct regulatory influence by cyclic di-GMP in some Bacillus species. The
proteins encoded by this exceptionally large operon synthesize lichenysin, which is
nearly identical to the secondary metabolite surfactin, produced by B. subtilis.While
no such riboswitch has been found upstream of the corresponding surfactin biosyn-
thesis operon, it remains possible that cyclic di-GMP regulates surfactin production
through alternate mechanisms. Future studies using RNA-seq analysis might resolve
this possibility, which could also reveal yet undiscovered regulatory targets of cyclic
di-GMP. Lastly, studies on S. coelicolor led to the discovery of the only known
cyclic di-GMP-sensing transcriptional regulator among Gram-positive organisms.
When bound by cyclic di-GMP, BldD represses expression of antibiotic synthesis
genes as well as sporulation genes during vegetative growth. Correspondingly,
deletion of BldD leads to accelerated sporulation [69]. These phenotypes were
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inhibited through overexpression of the diguanylate cyclases cdgA and cdgB, which
are also direct targets of BldD [128, 129].

In summary, while B. subtilis has served as a general model organism for many
Gram-positive bacteria, emerging studies in B. subtilis and other organisms have
revealed an unambiguous role for cyclic di-GMP signaling during differentiation
pathways such as sporulation and biofilm formation [53, 69, 76, 89, 117–120, 130–
136]. However, it remains to be determined if cyclic di-GMP levels drive lifestyle
switching, or are a consequence of lifestyle switching in Gram-positive bacteria. A
theme is also emerging that cyclic di-GMP signaling may affect secondary metab-
olite production, which is important for many industrial and therapeutic applications
[137]. Therefore, B. subtilis and other Gram-positive organisms utilize cyclic di-
GMP signaling to regulate unique cell development pathways in bacterium. And
there are yet more regulatory mechanisms and new candidates for cyclic di-GMP
receptors that undoubtedly still await discovery.
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Chapter 16
Cyclic di-GMP Signaling Systems
in the Gram-Positive Bacillus cereus Group

Wen Yin, Lu Liu, Siyang Xu, and Jin He

Abstract Cyclic di-GMP is a nucleotide second messenger molecule widely dis-
tributed in Gram-negative bacteria and plays a central role in the regulation of
bacterial metabolism and signaling. However, its importance in affecting Gram-
positive bacterial physiology is less known. The Bacillus cereus group is an impor-
tant class of Gram-positive Bacilli, including more than ten species such as
B. thuringiensis, B. anthracis, and B. cereus with minute genetic differences.
Intriguingly, there exist up to 13 cyclic di-GMP turnover enzymes containing
functional domains GGDEF, EAL, or HD-GYP as well as signal sensor domains
such as PAS and GAF domains in the B. cereus group strains, which are stimulated
by environmental signals to regulate intracellular cyclic di-GMP concentration.
Cyclic di-GMP can bind to downstream receptors or targets to perform its biological
functions. Its downstream receptors or targets are mainly proteins and RNA
aptamers, although protein receptors have not yet been reported in the B. cereus
group strains. The RNA receptors are mostly riboswitches, including Bc1 RNA, Bc2
RNA, and Bc3-5 RNA. Cyclic di-GMP is involved extensively in affecting various
physiological activities of bacteria, such as cell motility, biofilm formation,
exopolysaccharides synthesis, and expression of pathogenic factors. In this chapter,
we review the features of cyclic di-GMP turnover enzymes, the homeostasis of
cyclic di-GMP, the study of receptors/targets, and the function of cyclic di-GMP in
regulation of physiology in Gram-positive B. cereus group.
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16.1 Introduction

Bacillus belongs to the Fimicutes, Bacilli, Bacillales, Bacillaceae. In the 2009 edition
of Berger’s System Bacteriology, a total of 19 genera were included [1]. To date, there
are as many as 376 species recorded in the genus Bacillus (http://www.bacterio.net/-
allnamesac.html). Among them, the B. subtilis group and the B. cereus group are two
important groups. While the B. subtilis group includes B. amyloliquefaciens,
B. atrophaeus, B. licheniformis, B. mojavensis, B. paralicheniformis, B. pumilus,
B. subtilis, B. tequilensis, B. vallismortis, and B. velezensis [2], the B. cereus group
includes B. anthracis, B. cereus, B. cytotoxicus, B. mycoides, B. pseudomycoides,
B. thuringiensis, B. weihenstephanensis, B. toyonensis, and nine newly identified
species [3, 4]. Although the B. cereus group and B. subtilis group belong to the
same genus, many gene structures and regulatory mechanisms differ between the two
groups of bacteria.

In the 1980s, Benziman and his colleagues discovered cyclic di-GMP as an
allosteric activator of cellulose synthase when studying the cellulose biosynthesis
pathway of Gluconacetobacter xylinus (formerly Acetobacter xylinus and presently
Komagataeibacter medellinensis) [5–7]. As research progressed, cyclic di-GMP was
identified as a second messenger molecule that is widely present in bacteria. In
bacterial cells, cyclic di-GMP is synthesized by diguanylate cyclase (DGC) and
degraded by cyclic di-GMP-specific phosphodiesterase (PDE). While DGC contains
a conserved GGDEF domain, PDE contains a conserved EAL or HD-GYP domain [8–
10]. Upon perception of different environmental signals, the cyclic di-GMP concen-
trations vary dramatically and speedily via enzymatic activity modulation to change
the bacterial behavior through cyclic di-GMP binding to downstream receptors. For
example, when Pseudomonas aeruginosa encounters surface, the cyclic di-GMP
concentration is increased within a few seconds, leading to the adherent pili activation
and subsequent asymmetric cell divisions [11]. Cyclic di-GMP usually binds to
downstream receptors or targets to regulate a wide variety of physiological functions
of cells, including cell differentiation, cell motility, biofilm formation, and pathogenic
factors production.

Four proteins containing GGDEF domain [YdaK, DgcK (formerly YhcK), DgcP
(formerly YtrP), and YybT], two proteins containing EAL domain [YkuI and PdeH
(formerly YuxH)], and one protein DgcW (formerly YkoW) containing GGDEF/EAL
dual-domain, were identified in B. subtilis, while MotI (formerly YpfA/DgrA) was
predicted to be a protein receptor with a PilZ domain [12]. To date, three functional
synthesizing enzymes DgcP, DgcK, and DgcW, a degrading enzyme PdeH, and a
protein receptor MotI were experimentally demonstrated [13, 14]. Remarkably,
although 13 turnover enzymes containing GGDEF/EAL/HD-GYP domains were
predicted in the B. cereus group strains [15], no cyclic di-GMP protein receptor was
identified to date, and only RNA-like receptors were present (cyclic di-GMP
riboswitches) [16, 17]. As the cyclic di-GMP signaling systems are very diverging
between the B. subtilis group and B. cereus group, this chapter will mainly review the
regulation of cyclic di-GMP metabolism in B. cereus group.
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16.2 Metabolism of Cyclic di-GMP

Through bioinformatics analysis in 2016, Fagerlund et al. discovered that the bacterial
genomes of Gram-positive B. cereus group strains encode 13 cyclic di-GMP turnover
enzymes, named after CdgA-M (Fig. 16.1) [15]. CdgA and CdgB contain a conserved
GGDEF motif, most likely related to the synthesis of cyclic di-GMP; CdgC’s GGDEF
domain contains a degenerate sequence motif DENKY at the position of A-site motif,
but a conserved RxxD motif (I-site) five amino acids upstream of the A-site, which
possibly serves as a competitive site for cyclic di-GMP binding; therefore, CdgC is
predicted to lack DGC activity. The seven proteins CdgD-CdgI and CdgK include a
GGDEF/EAL dual-domain, and all contain the signature motif sequences required for
PDE activity. Therefore, these seven proteins are predicted to be capable of hydrolyz-
ing cyclic di-GMP. Among them, the CdgD’s GGDEF domain has a non-canonical
AGDEF motif on A-site, and the GGDEF motif of CdgH is found to contain a
degenerate HDDQF at the similar A-site motif. Therefore, it is predicted that CdgD
and CdgH lack DGC activity. As for the remaining five proteins CdgE-G, both CdgI,
and CdgK contain the canonical GGDEF motif, and are predicted to be involved in
cyclic di-GMP synthesis. CdgJ consists of a modified EAL domain (EVVmotif) and a
YkuI_C-terminal domain with a degenerate enzyme motif, so it is predicted to lack
cyclic di-GMP-specific PDE activity. CdgJ and B. subtilis YkuI proteins are structur-
ally and functionally identical with a 55% similarity, with the latter found to bind but
not hydrolyze cyclic di-GMP. CdgL contains a highly degenerate GGDEF domain and
is predicted to lack DGC activity. CdgM has a complete HD-GYP domain, presum-
ably acting as a functional PDE. Figure 16.1 shows the domain compositions of
13 cyclic di-GMP turnover enzymes in the B. cereus group strains and Fig. 16.2
shows the distribution of the turnover enzymes encoded by the cdg genes in partial
B. cereus group strains. It was predicted that the three enzymes CdgC, CdgJ, and CdgL
did not have enzyme activity. The two proteins (CdgA and CdgB) were predicted to be
DGCs while the three proteins (CdgD, CdgH, and CdgM) predicted as PDEs. The
remaining five proteins, CdgE, CdgF, CdgG, CdgI, and CdgK all contain a GGDEF/
EAL dual-domain, but it is currently difficult to predict the functionality as DGC and/
or PDE for these enzymes [18].

Figure 16.1 also shows that eight Cdg proteins contain multiple transmembrane
domains, which are predicted to localize on the cell membrane, and the other five
may be present in the cytoplasm. Most Cdg proteins contain sensor domains,
including GAF (cGMP-specific phosphodiesterases, adenylyl cyclases, and FhlA)
and PAS (Per-ARNT-Sim), which are involved in signal perception to regulate
intracellular cyclic di-GMP concentration through changes of the turnover enzyme
activities [19]. Among them, CdgD-I contain a PAS-PAC dual-domain, and CdgK
contains tandem GAF domains in front of a PAS-PAC dual-domain [18].

In order to verify the above predictions, Fagerlund et al. identified the function of
11 cdg genes (excluding cdgK and cdgM) in B. thuringiensis 407 by gene knockout
and overexpression [15]. Since cdgL gene encodes a highly degenerate GGDEF
domain, it is not included in further analyses. The results indicated that CdgA may
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Fig. 16.1 Domain compositions of 13 cyclic di-GMP turnover enzymes in the B. cereus group
strains. Four proteins contain an isolated GGDEF domain, one with an isolated EAL domain, seven
with a dual GGDEF/EAL domains and one with an HD-GYP domain. Predicted transmembrane
regions are shown with gray rectangles. PAS and GAF domains are sensor domains, and are shown
in blue and yellow, respectively, while PAC domains are proposed to help PAS domain folding and
are shown in brown. GGDEF domains are shown in orange, EAL domains in green, while the
YkuI_C domain shown in pink, with the HD-GYP domain shown in purple. Two GGDEF domain
proteins (CdgC and CdgI) contain intact inhibitory I-sites, which are further annotated as RxxD.
Domain symbols are taken from the SMART database. The number of amino acids for each protein
in B. cereus group strains is shown beside the domains. The non-canonical GGDEF domains (light
orange) in CdgC, CdgD, CdgH, and CdgL and non-canonical EAL domain (light green) in CdgJ are
highly degenerate. For CdgL, it contains a highly degenerate GGDEF domain, bearing an insig-
nificant (below threshold) match to the GGDEF Pfam family, and is thus not annotated
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have partial DGC activity; CdgB has DGC activity; CdgD, CdgE, CdgH and CdgI
have PDE activity; while CdgF has DGC activity and may also exhibit PDE activity.

B. thuringiensis BMB171 encodes 12 cyclic di-GMP turnover-related proteins
(CdgK and CdgM are absent in this strain, but there are two CdgG proteins encoded
by two genes RS17435 and RS28330 locating in chromosome and plasmid, respec-
tively). Four DGCs [RS19835 (CdgC), RS20080 (CdgB), RS26115 (CdgL), and
RS27040 (CdgA)] contain a GGDEF domain, one (RS19795, CdgJ) contains the

B.mycoides ATCC 6462 A B C D E F H I J L

B.mycoides KBAB4 A B C D E F HG I J L

B.cereus K8 A B C D E F HG I J L

B.thuringiensis Bt407 A B C D E F HG I J L

B.thuringiensis YBT–1518 A B C D E F HG I J L

B.thuringiensis CT–43 A B C D E F HG I J L

B.anthracis Tangail–1 A B C D E F HG I J M

B.anthracis HYU01 A B C D E F HG I J M

B.anthracis 2002013094 A B C D E F HG I J M

B.thuringiensis HD12 A B C D E HGG I J L

B.thuringiensis YC–10 A B C DD E F H I J L

B.cereus Q1 A B C D E F H I J K M

B.cereus FRI–35 A B C D E F H I J KG

B.thuringiensis Bt185 A B C D E F HG I J L

B.thuringiensis 97–2 A B C D E F HG I J L MK

B.anthracis K3 A B C D E F HG I J ML

B.thuringiensis BMB171 A B C D E F HGG I J L

B.thuringiensis HD682 A B C D E F HGG I J L

B.pseudomycoides 219298 B J

B.cereus M3 A B C D E F H I J K

M

B.cereus 3a A B C D E F HG I J L M

B.anthracis 2000031021 A B C D E F HG I J M

B.anthracis BA1035 A B C D F HG I J M

B.cereus FORC60 A B C D F HG I JE L

B.cereus AH820 A B C D F HG I J ME K

B.cereus E33L A B C D F HG I J ME K L

B.anthracis PR08 A B C D F HG I J ME

B.anthracis Ames A B C D F HG I J ME

LB.thuringiensis SCG04–02 A B C D F HG I JE

B.cereus D17 A B C D F H I J ME K L

B.anthracis Canadian_bison A B C D F H I J ME G

B.anthracis RA3 A B C D F H I J MG

B.anthracis 14RA5914 A B C D F H I J MGE L

B.cereus C1L A B C D F H I J MGE L

B.anthracis PAK–1 A B C D F H I J MGE L

B.cereus AR156 A B C D F I J MGE L

B.cytotoxicus CH_13 B C D J L

B.cytotoxicus CH_15 B C D J L

B.cytotoxicus CH_4 B C D J L

B.cytotoxicus CH_23 B C D J L

B.pseudomycoides BTZ B J

Fig. 16.2 The distribution of cyclic di-GMP turnover enzymes encoded by the cdg genes in some
partial B. cereus group strains. On the left is a phylogenetic tree constructed by analysis of 16S
rRNA gene sequences using the maximum likelihood method from representative strains in the
B. cereus group. On the right is the distribution of turnover enzymes encoded by the genomes of
these strains. The letters A, B, and C to M represent CdgA, CdgB, and CdgC to CdgM, respectively.
B. thuringiensis YC-10 contains two genes encoding a CdgD, and both B. thuringiensis HD12 and
B. thuringiensis BMB171 contain two genes encoding a CdgG

16 Cyclic di-GMP Signaling Systems in the Gram-Positive Bacillus cereus Group 265



EAL domain, and the remaining seven [RS02850 (CdgH), RS03240 (CdgF),
RS17435 (CdgG), RS18570 (CdgE), RS26475 (CdgD), RS26720 (CdgI), and
RS28330 (CdgG)] contain a dual GGDEF/EAL domain [20]. In 2018, Fu et al.
demonstrated that CdgA and CdgB have both in vitro and in vivo DGC activity
through enzymatic activity assay and cell-based sensor experiments, respectively [20] .
Besides, they also confirmed that CdgE, CdgH, and CdgJ have high PDE activity
in vitro, while CdgF mainly acts as a PDE along with weak DGC activity. The
activities of these turnover enzymes were also verified by gene knockout and pheno-
type studies. Therefore, according to the above experiments, it can be confirmed that
CdgA and CdgB are DGC, CdgE, CdgH, and CdgJ are cyclic di-GMP-specific PDE,
and CdgF is a bifunctional enzyme with strong PDE but weak DGC activities [20]. By
a markerless gene knockout experiment and LC-MS/MS data, Δ2dgc (ΔcdgAΔcdgB)
was confirmed to be a low-concentration cyclic di-GMP mutant strain [16], while
Δ3pde (ΔcdgEΔcdgFΔcdgH) was a high-concentration cyclic di-GMP mutant
strain [20].

16.3 Cyclic di-GMP Receptor

Two categories of cyclic di-GMP receptors have been reported in bacteria [21]
(Table 16.1). Protein receptors mainly include: (1) PilZ domain-containing proteins
[46], (2) transcription factors (TF) [47], (3) degenerate GGDEF and EAL domains
containing proteins [48], (4) MshEN domain-containing proteins with high cyclic di-
GMP binding affinity [43], and polynucleotide phosphorylase (PNPase) [44]. The
other category is RNA receptors, namely, the cyclic di-GMP riboswitches.
Riboswitches are mRNAs that contain specific domains capable of controlling
gene expression in response to changing concentrations of their target ligands.
Since cyclic di-GMP has a wide variety of receptors or targets, and many of which
do not seem to exhibit sequence or structural similarity, therefore, the identification
of receptors or targets has always been a hotspot and key research issue.

16.3.1 Protein Receptors

Although a PilZ domain-containing MotI protein was found in B. subtilis and
interacted with MotA to affect bacterial motility [12], it was later confirmed by
experiments that the protein was indeed a cyclic di-GMP receptor [13, 14], but no
homologous protein of MotI was found in the B. cereus group strains, and no other
type of protein receptor was found. Since the CdgC contains a highly degenerate
motif DENKY at the A-site position, and a conserved RxxD motif (I-site) locating
five amino acids upstream of A-site, and CdgL also contains a highly degenerate
GGDEF domain, it is therefore suggested that both CdgC and CdgL may be cyclic
di-GMP-binding receptors [15], but further experimental confirmation is required.
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Table 16.1 Cyclic di-GMP-specific effectors

Target Strain Kd (μM) Method Function References

PilZ domain-containing proteins

PlzD Vibrio
cholerae

0.1–0.3 Isotope labeling
couple with
filter-binding
assay

Motility
Biofilm formation
Virulence

[22, 23]

YcgR E. coli 0.84 Equilibrium
dialysis

Direction of flagel-
lar switching

[24]

BcsA Salmonella
typhimurium

8.24 FRET Bacterial cellulose
synthase

[25]

DgrA Caulobacter
crescentus

<0.050 Isotope labeling
couple with UV
cross-linking

Motility [26]

Alg44 P. aeruginosa 8.4 ITC Alginate
production

[27]

MrkH Klebsiella
pneumoniae

0.24 ITC Type 3 fimbriae
expression
and biofilm
formation

[28, 29]

Tlp1 Azospirillum
brasilense

2.1 Equilibrium
dialysis

Motility [30]

Transcription factors

FleQ P. aeruginosa 7.0 ITC Biofilm formation
Motility

[31]

VpsT V. cholerae 3.2 ITC Biofilm formation
Motility

[32]

Clp Xanthomonas
campestris

0.16 ITC Virulence [33]

Bcam1349 Burkholderia
cenocepacia

10 Isotope labeling Biofilm formation
virulence

[34]

Degenerate GGDEF and EAL domains containing proteins

PleD C. crescentus 0.5–1 Unknown Cell differentiation [8, 35]

WspR Pseudomonas Not
available

Unknown Biofilm formation [36]

PelD P. aeruginosa 0.5–1.9 SPR Exopolysaccharide
production

[37]

PopA C. crescentus 2 Isotope labeling
couple with UV
cross-link assay

Cell cycle
regulation

[38, 39]

Fimx P. aeruginosa 0.1–0.2 ITC Twitching motility [40]

LapD P. fluorescens 5.5–13 Isotope labeling
couple with
filter-binding
assay

Biofilm formation [41, 42]

(continued)
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16.3.2 RNA-Like Receptors

The cyclic di-GMP receptors currently identified and validated in the B. cereus
group strains are mainly riboswitches, including Bc1, Bc2, and triple tandem
riboswitches Bc3-5, and these riboswitches are fairly conservative [17]. Among
the 155 sequenced bacterial strains in the B. cereus group, Bc1, Bc2, and Bc3-5
accounts for 98.7%, 38.1%, and 20.6%, respectively, but there is no similar cyclic di-
GMP RNA receptor in the B. subtilis group strains. In 2016, Zhou et al. found three
tandem cyclic di-GMP riboswitches—Bc3, Bc4, and Bc5 RNAs in B. thuringiensis
subsp. chinensis CT-43, which are similar in structure and arranged in a series of
three cascades Bc3-5 RNA riboswitches that are located at the 50-untranslated region
(50-UTR) of cspABCDE mRNA [49]. This is the first three-tandem riboswitch found
in nature. Experiments have shown that the Bc3–5 encoding region could be fused to
the fluorescent reporter genes amcyan and turborfp and induced for overexpression.
This natural triple tandem riboswitch can control downstream gene expression more
stringently and sensitively than double tandem or single nucleotide riboswitches.
This riboswitch-based dual fluorescence reporter enables efficient and convenient
detection of the activity of putative DGCs in cells. For example, Yang et al. have
used this reporter system to detect the putative DGCs—YhcK and YtrP in
B. amyloliquefaciens PG12 [50].

In the same year, Tang et al. reported that Bc2 is located in the 50 UTR encoding
region of the collagen adhesion protein-encoding gene cap in B. thuringiensis
BMB171 [16]. The expression of cap was strongly inhibited by the presence of
Bc2, and in the Bc2 deletion mutant ΔBc2, the cap gene transcription level increased
by nearly 20-fold. Experiments in strains with different cyclic di-GMP concentrations
(low-concentration mutant Δ2dgc, normal concentration strain BMB171, and high-
concentration mutant Δ3pde) demonstrated that Bc2 regulates cap transcription in
response to changes in cyclic di-GMP concentrations. The manner in which Bc2
regulates downstream genes was further confirmed by the β-galactosidase activity

Table 16.1 (continued)

Target Strain Kd (μM) Method Function References

Others

MshEN V. cholerae 0.5 ITC Biofilm formation [43]

PNPase E. coli 2.9 Isotope labeling
couple with UV
cross-linking

RNA processing [44]

Riboswitches

Cyclic di-
GMP-I

V. cholerae 1 � 10�3 Isotope labeling
couple with
in-line probing

Gene expression [17]

Cyclic di-
GMP-II

Clostridium
difficile

2 � 10�4 Isotope labeling
couple with
in-line probing

Translational
control

[45]

FRET fluorescence resonance energy transfer, ITC isothermal titration calorimetry, SPR surface
Plasmon resonance
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assays. Combined with in vitro transcription experiments, the authors first proposed
that the expression pattern of Bc2-regulated cap acts in a “repression/de-repression”
model [16].

The riboswitch Bc1 encoding region is prevalent in B. cereus group strains, and
interestingly, its downstream gene encodes a methyl-accepting chemotaxis protein
McpE. The structure of Bc1-mcpE is found in almost all strains in this group, and is
predicted to be related to bacterial motility. We are now conducting an in-depth
research on this issue.

16.4 Biological Functions of Cyclic di-GMP

Due to a wide variety of cyclic di-GMP receptors with different binding affinities
(riboswitches are usually very strong cyclic di-GMP receptors), bacteria can respond
to various intracellular and extracellular signal stimuli, and thus transmit and amplify
these signals step by step to regulate a series of physiological and biochemical
activities [51].

16.4.1 Regulation of Bacterial Motility

Cyclic di-GMP generally regulates the motility of bacteria [32, 52]. In the B. cereus
group strains, the regulation of bacterial motility by cyclic di-GMP is mainly
confined on the swimming and swarming motility. Swimming refers to bacteria
relying on flagella to move in three-dimensional space in a liquid or semi-solid
environment. Swarming motility usually refers to the use of flagella to move on a
solid surface. Usually high concentration of cyclic di-GMP stabilizes the sessile state
of the bacteria on the surface of the substrate, while low concentration of cyclic di-
GMP promotes the bacterial motility. The vast majority of receptors that have been
elucidated seemed to be involved in motility regulation (Table 16.1). For instance,
MotI is a member of a family of cyclic di-GMP receptors, and could control motility
via flagellar motor regulation in C. crescentus [14, 26].

Fagerlund et al. confirmed that CdgF exhibited DGC activity in B. thuringiensis
407 [15]. When overexpressing cdgF, the swimming motility was strongly inhibited,
but the inhibition was diminished when the GGDEF motif of CdgF was mutated to
GGAAF. Overexpression of cdgA or cdgB also caused a slight decrease in motility.
When overexpressing the degrading enzyme-encoding gene cdgE, bacterial swim-
ming motility was increased significantly, but knockout of another degrading
enzyme-encoding gene cdgI weakened the bacterial motility. These data are consis-
tent with the general rule of cyclic di-GMP for motility regulation.

To examine the effect of cyclic di-GMP on bacterial motility in BMB171, Fu et al.
compared the motility differences among three different numbers of pde deletion
mutants Δ1pde (ΔcdgF), Δ2pde (ΔcdgFΔcdgH), and Δ3pde (ΔcdgFΔcdgHΔcdgE)

16 Cyclic di-GMP Signaling Systems in the Gram-Positive Bacillus cereus Group 269



[20]. The three strains showed a decreasing pattern of motility, i.e., with a dosage
dependence, and Δ3pde showed the weakest motility. Then RT-qPCR experiments
demonstrated that the transcription levels of the four genes—fliD, fliC, flgL, and flgE
participating in hook and filament assembly were significantly reduced in Δ3pde, and
transmission electron microscopy also characterized that the number of flagella of
Δ3pdewas significantly less than that in BMB171. These results confirmed that a high
concentration of cyclic di-GMP in B. thuringiensis BMB171 has an inhibitory effect
on bacterial motility [20].

In addition, ΔBc2 motility is significantly weakened, due to the fact that exces-
sive Cap protein could inhibit the swimming motility of B. thuringiensis
171 [16]. The downstream of the Bc1 riboswitch is a methyl-accepting chemotaxis
protein-encoding gene mcpE, indicating that in the B. cereus group strains, cyclic di-
GMP is likely involved in controlling bacterial motility and adaptation through this
riboswitch [14], but the specific mechanism remains to be further studied.

16.4.2 Regulation of Biofilm Formation

The biofilm formation mechanism is very complicated [53]. For pathogenic bacteria,
biofilms help bacteria fight against drug and evade the attack of host’s immune
system [54]. For environmental microbes, formation of biofilm is beneficial for
bioremediation and environmental management.

In theory, cyclic di-GMP regulates the biofilm formation mainly through two
aspects. Firstly, increasing cyclic di-GMP levels can regulate the transition of
bacterial motility from motile to sessile, thus promoting the biofilm formation
[15]. Second, cyclic di-GMP directly regulates the production of extracellular matrix
components, including adhesion proteins and exopolysaccharides. Changes in cyclic
di-GMP levels can be sensed by specific intracellular protein and RNA receptors
(Table 16.1) [48, 55], for example, in P. aeruginosa, cyclic di-GMP binds to the
cyclic di-GMP-responsive transcription factor FleQ to derepress the expression of
pel and other exopolysaccharides genes necessary for biofilm formation [47]. In
addition, cyclic di-GMP could regulate the formation of pilus through a remarkable
allosteric regulation mechanism [40].

Fagerlund et al. used B. thuringiensis 407 as a model to examine the effect of
deletion and overexpression of cdgA-J gene on biofilm formation [15].
Overexpression of both cdgA and cdgB seemed to increase cyclic di-GMP levels
and induce a slight increase in biofilm formation, while overexpression of cdgD, cdgE,
cdgH, and cdgI resulted in decreasing cyclic di-GMP levels and completely abolished
biofilm formation. In accordance, deletion of cdgD and cdgE led to an increase in
biofilm formation. In addition, knockout of the bifunctional enzyme-encoding gene
cdgF prevented the bacteria from forming biofilm, and overexpression of cdgF
increased biofilm formation nearly sixfold, while overexpression of the cdgF with
mutated GGAAF motif did not seem to increase biofilm formation. The effect of cdgJ
on biofilm formation is similar to that of cdgF, but is less dramatic than that of cdgF.
These data indicate that in B. thuringiensis 407, there are many cyclic di-GMP
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turnover enzymes that regulate the production of biofilms, and cyclic di-GMP seems
to play a positive regulatory role [15]. In addition, the authors used the biofilm
phenotype as a criterion for the DGC/PDE activity of these turnover enzymes. For
example, CdgD, CdgE, and CdgI are predicted to function as PDEs in the regulation of
biofilm regulation. In contrast, CdgF acts as the major DGC to promote the production
of biofilm.

In 2016, Tang et al. knocked out the riboswitch encoding region Bc2 in
B. thuringiensis BMB171, and found decreased biofilm formation [16]. In contrast,
knocking out the Bc2 downstream gene cap seemed to significantly increased the
biofilm content [16], indicating that cyclic di-GMP affects biofilm formation via Bc2
receptor. Coincidentally, Fu et al. confirmed that the biofilm content of high-level
cyclic di-GMP mutant Δ3pde was significantly increased [20]. Combined with
KEGG PATHWAY Database, the authors further detected the transcription levels
of genes related with the biofilm formation via RT-qPCR. Genes linked to sporula-
tion (including spo0A, spo0B) and two-component system pathway (kinA, kinB1,
kinB2, kinB3, and kinD) that contribute to biofilm formation are upregulated, while
genes abrB1 and abrB2 encoding the global transcription regulator AbrB that has
been reported to repress the biofilm formation are downregulated [20].

In general, the molecular mechanisms to regulate biofilm formation are complex,
but elucidation of them will greatly aid to understand mechanisms of pathogenicity
and to develop means of disease prevention and treatment, biocontrol or other
agricultural applications.

16.4.3 Other Phenotypic Regulation

Cyclic di-GMP can also affect the virulence of bacteria in pathogen–host interac-
tions. In B. thuringiensis 407, overexpression of the bifunctional enzyme CdgF
decreased the level of the B component of the Nhe enterotoxin (NheB), as well as
decreased cytotoxicity to Vero cells. In B. thuringiensis BMB171, a PDE mutant
(Δ3pde) with high cyclic di-GMP concentrations enhances virulence to insect hosts
[20]; Bc2 responds to varying cyclic di-GMP concentrations to regulate the expres-
sion of is downstream gene cap, which often acts directly as a virulence factor, and
was excessively expressed in the ΔBc2 mutant to enhance the toxicity of
B. thuringiensis to cotton bollworm [16].

In addition, cyclic di-GMP also affects the process of sporulation. In the cdgC
deletion mutant of B. thuringiensis 407, the number of spores increased two folds at
the 20th hour of cell growth, indicating that cdgC negatively regulates the sporula-
tion; whereas a ΔcdgJ mutant strain, in contrast, did not form a spore during the first
20 hours of cell cycle [15]. Since formation of spores is the most important feature of
Bacillus, the effect of cyclic di-GMP on sporulation is worthy of further evaluation.
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16.5 Summary and Outlook

Cyclic di-GMP is a crucial second messenger molecule involved in regulating many
different phenotypes of bacteria, but most studies to date have focused on Gram-
negative bacteria, with many structures of turnover enzymes and receptors resolved,
and the detailed molecular mechanisms of many signaling pathways have been
unraveled. However, the study of cyclic di-GMP in Gram-positive bacteria, espe-
cially in B. cereus group strains, is still in its infancy, and there are still many key
issues to be solved and further explored: (1) How does a large number of DGCs and
PDEs regulate the cyclic di-GMP concentrations in an orderly and precise manner?
(2) Are there any other types of receptors in B. cereus group strains other than the
reported cyclic di-GMP receptors? (3) Most of the cyclic di-GMP mediated signal-
ing pathways of B. cereus group strains are not clearly demonstrated, therefore, how
do they regulate the physiological function of the bacteria remain unclear? (4) Can
cyclic di-GMP be secreted out to interact with the host cyclic di-GMP receptors to
affect the physiological function of the host similarly as cyclic di-AMP [56]?
(5) How does the cyclic di-GMP signaling pathway specifically relate to other
signaling pathways? (6) Cyclic di-GMP can affect the pathogenicity of bacteria;
therefore, it remains to be elucidated whether the enzymes and regulatory proteins in
the cyclic di-GMP metabolic pathway can serve as targets for antibiotic development
to solve the emerging problem of drug resistance.
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Chapter 17
Cyclic di-AMP in Bacillus subtilis Biofilm
Formation

Sarah M. Yannarell, Loni Townsley, and Elizabeth A. Shank

Abstract Bacillus subtilis is a soil-dwelling bacterium that forms highly structured
microbial communities called biofilms. Biofilm formation is important for bacterial
survival, as biofilms are highly tolerant to environmental stresses. In B. subtilis, the
formation of biofilms facilitates important interactions with plants. While the genetic
regulation of biofilm formation is highly studied in B. subtilis, little is known
regarding the molecular details of how signaling molecules feed into the biofilm
regulatory network of this bacterium. Recent studies found that the second messen-
ger cyclic di-adenylate monophosphate (cyclic di-AMP) plays an important role in
B. subtilis biofilm formation and plant attachment. B. subtilis secretes cyclic di-AMP
via three putative cyclic di-AMP transporters, suggesting that cyclic di-AMP can act
as an extracellular signal for biofilm formation and plant attachment. Here, we
discuss how cyclic di-AMP metabolism and secretion impact colony biofilm archi-
tecture, biofilm gene expression, and plant attachment in B. subtilis and speculate on
future directions for the field.

Keywords Bacillus subtilis · Cyclic di-AMP · Cyclic dinucleotide signaling ·
Second messengers · Biofilms

17.1 Biofilms Thrive in Diverse Environments

Biofilms are communities of cells encased in a self-produced extracellular matrix
that are abundantly found in nature [1]. Biofilm formation is important for microbial
survival in diverse environments because biofilm cells are more tolerant to stress
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than planktonic cells [2]. The extracellular matrix, which is composed of proteins
and polysaccharides, provides the cells with protection from chemical and physical
insults, access to nutrients [3–5], and protection from invading species [6]. Cells
within the biofilm can be spatially organized by nutrient availability [7] and form
subpopulations—a division of cellular labor that facilitates coordination to benefit
the entire population [8, 9]. In natural environments, a multitude of different species
can comprise a biofilm. Multispecies biofilms display enhanced resistance to envi-
ronmental stressors, like predators and antibiotics, when compared to their single-
species counterparts [10]. Thus, biofilm formation is advantageous in stressful
environments; in fact, the frequency of environmental fluctuations impacts the
selection for phenotypic flexibility in biofilm production in bacteria [11].

17.2 Bacillus subtilis Biofilm Formation

17.2.1 Bacillus subtilis Cell-Type Differentiation in Biofilms

Bacillus subtilis is a Gram-positive soil-dwelling organism that forms biofilms on
the surface of plant roots [12]. B. subtilis produces three structural components that
are critical to biofilm architecture: extracellular polysaccharides (EPS) encoded by
the epsA-O operon; a protein that provides structural integrity to the biofilm, TasA,
encoded by the tapA-sipW-tasA operon; and a hydrophobic protein that forms a
protective coat on the surface of the biofilm, BslA, encoded by bslA [13–15]. Foun-
dational studies initially established that, within a biofilm, genetically identical
B. subtilis cells differentiate into six transcriptionally and functionally distinct cell
subpopulations [16–19], and that only a subpopulation of cells expresses genes that
encode biofilm matrix components [19, 20].

The five other described transcriptionally and functionally distinct cell states are
sporulating cells, motile cells, competent cells, cannibals, and protease producers
[21] (Although cannibals were later shown to be the same subpopulation as biofilm
matrix producers [22]). Cells that are swimming, producing matrix, and sporulating
occupy unique niches that are non-overlapping both temporally and spatially within
structured biofilm colonies [19]. These data suggest that cellular transcriptional
heterogeneity among genetically identical B. subtilis cells may confer a fitness
advantage in some environments [23, 24]. Furthermore, there are developmental
checkpoints that regulate the transitions between some of these cell states [25]. For
instance, the Spo0A-signaling pathway regulates both matrix-producing and sporu-
lating cells in a B. subtilis biofilm [26–28]. In B. subtilis mutants that are unable to
produce matrix components, sporulation is delayed [19, 25]. In addition, cellular
differentiation is not terminal within a B. subtilis biofilm. Matrix-producing cells can
become spores over the lifetime of the biofilm [19]. Taken together, these observa-
tions suggest that Spo0A links biofilm and sporulation cell states, while other cell
states and their phenotypic outcomes are regulated through different mechanisms.
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17.2.2 Environmental Interactions That Impact B. subtilis
Biofilm Formation

B. subtilis encounters a variety of stimuli in the environment that impact cellular
differentiation. B. subtilis possesses five sensor histidine kinases that sense environ-
mental signals to change downstream gene expression through a complex
phosphorelay system. Four of these kinases (KinA, KinB, KinC, and KinD) can
directly act on Spo0A, the master transcription factor that regulates biofilm forma-
tion and sporulation, or act indirectly on Spo0A by activating the upstream regulator
Spo0F [29–31]. KinE, the fifth kinase, is not reported to affect biofilm formation or
sporulation in B. subtilis.

B. subtilis senses a multitude of environmental signals that impact biofilm
formation (Fig. 17.1). Small molecules produced by neighboring organisms in the
soil can induce biofilm matrix production when sensed by B. subtilis. Compounds
that insert into the B. subtilis cell membrane, creating potassium leakage, stimulate
matrix gene expression through the activation of the histidine kinase KinC
[32]. Membrane potential is another signal sensed by B. subtilis that impacts biofilm
formation. The biocide chlorine dioxide causes ion leakage across membranes and
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Fig. 17.1 Schematic of the potential role of cyclic di-AMP during B. subtilis biofilm formation.
Upon B. subtilis cells encountering an environmental signal, cyclic di-AMP may accumulate in the
cell and impact the activity of the master transcriptional regulator Spo0A. Spo0A controls biofilm
formation in B. subtilis by activating genes that encode essential extracellular matrix components,
which allows these and surrounding cells to adhere to plant roots
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induces biofilm formation in a KinC-dependent manner [33]. Root exudates are
another signal that induce biofilm formation in B. subtilis. Plant polysaccharides
induce biofilm formation and plant attachment through the induction of biofilm
genes; this response is dependent on Spo0A [34]. In addition, L-malic acid produced
by tomato roots induces biofilm formation in a KinD-dependent manner [35]. Once
B. subtilis senses these signals through sensor histidine kinases, secondary messen-
gers within the cell can act to influence downstream cellular processes and induce
biofilm formation.

17.3 Cyclic di-AMP in B. subtilis

Second messengers relay environmental stimuli to receptors to rapidly change gene
expression and impact cellular physiology in bacteria. Cyclic di-adenylate
monophosphate (cyclic di-AMP) is a recently discovered signaling molecule that
is widely conserved in Gram-positive bacteria and has been found in a limited
number of Gram-negative bacteria [36]. Cyclic di-AMP signaling is involved in a
multitude of processes crucial to the survival of B. subtilis, including DNA integrity
sensing, sporulation, cell wall homeostasis, potassium ion transport, and osmoreg-
ulation. Recent findings also indicate that cyclic di-AMP plays a role in B. subtilis
biofilm formation (Fig. 17.1).

17.3.1 Cyclic di-AMP Synthesis, Degradation,
and Regulation

Cyclic di-AMP is synthesized by diadenylate cyclases (DACs) and degraded by
phosphodiesterases (PDEs). The B. subtilis genome encodes three DACs, cdaA,
cdaS, and disA, which contain the conserved DAC domain [37–40]. These enzymes
catalyze the synthesis of cyclic di-AMP from two ATP molecules [39]. Two PDEs
are encoded in the B. subtilis genome, gdpP and pgpH. GdpP contains a heme-
binding PAS domain with a hydrophobic pocket that could potentially bind cyclic
di-AMP, as well as a catalytic Asp-His-His (DHH/DHHA1) domain to break down
cyclic di-AMP to 50-pApA and eventually to 50-AMP [41, 42]. PgpH contains a His-
Asp (HD) domain, which degrades cyclic di-AMP to 50-pApA [43].

As with most signaling molecules, cyclic di-AMP production and degradation are
tightly regulated [44]. In B. subtilis, cyclic di-AMP is essential for growth because it
is required for the proper functioning of numerous important cellular processes
[45, 46]. Deletion of all DACs is lethal to B. subtilis [40, 47]. Cyclic di-AMP
impacts resistance to antibiotics through effects of cell wall integrity, and a study
examining β-lactam resistance revealed an essential role for cyclic di-AMP in
peptidoglycan homeostasis [47]. Moreover, excess cyclic di-AMP leads to
B. subtilis cell growth defects and eventually toxicity, potentially due to impacts
on cell wall biosynthesis [40, 48].
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17.3.2 Cyclic di-AMP Regulation of Biofilm Matrix Gene
Expression in B. subtilis

As discussed in the beginning of this review, B. subtilis biofilms consist of three
major structural components: TasA, EPS, and BslA. Our recent paper showed that
transcription of the tapA-sipW-tasA operon is modulated by cyclic di-AMP levels
[49]. A B. subtilismutant lacking the DAC disA exhibits a decrease in cyclic di-AMP
levels and displays a corresponding decrease in biofilm gene expression when
compared with wild-type cells [49]. Likewise, B. subtilis mutants lacking either
PDE (gdpP or pgpH) have increased levels of cyclic di-AMP and tapA-promoter
activity compared to wild type [49]. Similar effects on biofilm formation have been
observed in Streptococcus suis and Streptococcus mutans when cyclic di-AMP
levels are altered [50, 51]. Flow cytometry experiments suggest that, although the
size of the subpopulation of cells expression biofilm matrix genes is unchanged
between wild type and the mutant gdpP and pgpH B. subtilis strains, those cells in
the gdpP and pgpH mutants have higher levels of matrix gene expression than
observed in wild-type cells [49].

In contrast, a recent study reported that B. subtilis single mutants lacking either
PDE (gdpP or pgpH) exhibited no change in biofilm gene expression in terms of
tapA or epsA mRNA abundance, but a double-PDE deletion strain showed lower
mRNA abundance for both of these biofilm genes [52]. These results suggest that the
absence of either PDE (and thus an expected increase in cyclic di-AMP in the cell)
should lead to a decrease in biofilm formation. However, other biofilm-related genes
in this gdpP pgpH double-mutant strain were inconsistent with this conclusion: the
biofilm-inducing gene abh was transcriptionally upregulated, and the biofilm-
repressing gene abrB was downregulated relative to wild-type cells [52]. Based on
what is known about how B. subtilis changes its subpopulation distributions in
response to subtle changes in environmental conditions, and the limited number of
investigations examining the impact of cyclic di-AMP on biofilm formation in
B. subtilis thus far, it is perhaps not surprising that a unified understanding of this
signaling process in B. subtilis has not yet emerged. The growth condition differ-
ences between these two studies, [49, 52], may provide a simple explanation for the
disparate results observed. Regardless, these differences highlight the need for
additional experiments to understand the potential impact of cyclic di-AMP on
biofilm formation as well as other subpopulations of B. subtilis cells.

17.3.3 Cyclic di-AMP Receptors, Potassium Ion Transport,
and Their Link to B. subtilis Biofilm Formation

While cellular levels of cyclic di-AMP impact biofilm gene expression, the molec-
ular mechanism by which cyclic di-AMP is feeding into the biofilm regulatory
network is still unclear. There are multiple reasons to suspect that cyclic di-AMP
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may be impacting biofilm formation by altering or responding to intracellular
potassium (K+) concentrations or potassium flux. Ions like K+ are essential for
B. subtilis growth, enzyme function, and osmotic stability within cells [53]. As
mentioned above, potassium leakage is a trigger for biofilm matrix production in
B. subtilis [32]. It has also been shown that B. subtilis contains ion channels and may
use K+ signaling as a mechanism for cellular coordination and communication
within biofilms [54]. Cyclic di-AMP can directly bind to and regulate K+ trans-
porters and their associated genes with high specificity, specifically KtrA, the ktrA
riboswitch, and the kimA riboswitch [55–58]. KtrA is a potassium transport protein
that can bind cyclic di-AMP. KtrA associates with the membrane protein KtrB,
creating the potassium uptake system KtrAB [59]. The gene ktrA that encodes the
KtrA receptor contains a ydaO riboswitch in the 50 untranslated leader region that
can also bind cyclic di-AMP [60]. The link between cyclic di-AMP and matrix
production in response to potassium fluctuations is supported by the proximity of
ktrA to matrix genes within the genome of B. subtilis [61]: ktrA is immediately
downstream of the hydrophobic matrix protein encoding gene bslA. Another poten-
tial cyclic di-AMP effector is the ydaO riboswitch located in the kimA (formerly
ydaO) gene [60]. kimA encodes a potassium transporter in B. subtilis and expression
of this gene is regulated by cyclic di-AMP [58, 62]. When cyclic di-AMP binds to
kimA, transcription of the kimA gene is halted, which is likely one mechanism for
tight control of potassium levels in the cell [63]. Potassium ions can control gene
expression of the DAC cdaA through an unknown mechanism [58]. Taken together,
these data suggest that cdaA expression may increase in response to high potassium
concentrations, leading to high levels of cyclic di-AMP in the cell that goes on to
regulate potassium transporter activity [58]. The last currently known cyclic di-AMP
effector is DarA, the PII signal transducer protein [45, 64]. Both the ydaO riboswitch
and darA are conserved among Gram-positive bacteria [64, 65], and therefore cyclic
di-AMP may serve as a signal that regulates biofilm formation in other organisms
related to B. subtilis.

17.3.4 Other Molecular Mechanisms of Cyclic di-AMP
in B. subtilis Biofilm Formation and Sporulation

There are additional and perhaps complementary mechanisms to potassium flux by
which cyclic di-AMP could regulate biofilm formation. One possible mechanism is
through the canonical Spo0A pathway. Spo0A is a master regulator in the response
regulator family of two-component signal transduction proteins. Intermediate levels
of phosphorylated Spo0A (Spo0A~P) induce matrix gene expression, while high
levels of Spo0A~P lead to entry into sporulation [27]. Studies have shown that cyclic
di-AMP does impact sporulation in B. subtilis: a decrease in cyclic di-AMP concen-
tration results in decreased sporulation [40, 66]. Biofilm formation and sporulation
are both regulated by Spo0A; therefore, fine-tuning cyclic di-AMP levels could act
as a signal to transition between the two cellular states. Indeed, it is possible that, if
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cyclic di-AMP acts on Spo0A, moderate levels of this signal could stimulate biofilm
formation, while higher levels could cause sporulation. Based on the ability of cyclic
di-AMP to impact differentiation into both biofilm-forming and sporulating cells, it
would therefore be interesting to monitor the impact of cyclic di-AMP levels on the
other four cell states, to determine if cyclic di-AMP controls cellular differentiation
more generally in B. subtilis.

All three characterized DACs in B. subtilis have been shown to impact its
physiology. B. subtilis DNA integrity and sporulation are linked through cyclic di-
AMP signaling via DisA, which acts as a sporulation checkpoint protein
[66, 67]. DisA has an octameric quaternary structure and readily binds single- or
double-stranded DNA as well as cyclic di-AMP [37]. When DisA encounters
Holiday Junctions or other instances of branched DNA that may disrupt replication,
DisA stalls, causing cyclic di-AMP levels to decrease and sporulation to be blocked
until the DNA damage is repaired [37, 66–68]. DNA damage detected by DisA
affects germination [69] and DisA is essential for spores to revive properly [70]. A
second protein involved in cyclic di-AMP synthesis, CdaA, is also implicated in
DNA repair after exposure to a DNA-damaging agent [71]. Lastly, it is thought that
CdaS has a sporulation-specific role in other Bacilli [72], and this holds true for
B. subtilis: CdaS is expressed in the forespore of B. subtilis [73]. The accumulation
of cyclic di-AMP in the spore may allow for effective germination upon encounter-
ing a nutrient source [73]. Together, these data continue to highlight the connection
between B. subtilis biofilm and sporulation cell states—a connection that may be
mediated by both Spo0A and cyclic di-AMP.

In support of the role cyclic di-AMP plays in the complex biofilm regulatory
cascade, there are clear morphological features of B. subtilis biofilms that implicate
cyclic di-AMP in biofilm formation. A B. subtilis mutant lacking disA displays a
striking biofilm defect when grown on a biofilm-inducing medium, indicating that
DisA may play a role in B. subtilis biofilm formation [49]. Mutants in the other two
B. subtilis DACs, cdaA and cdaS, produced biofilms with similar colony morphol-
ogy to that of wild type [49]. Both B. subtilis PDE mutants, gdpP and pgpH,
displayed altered biofilm wrinkling, a hallmark for B. subtilis biofilm formation,
which is likely due to the impact of these mutations on tapA gene expression
[49]. The alternative sigma factor σD is described to regulate GdpP levels in the
cell, as well as the expression of genes critical for motility, chemotaxis, and autolysin
production [74]. It is known that chaining (mediated by repression of autolysins) is
associated with B. subtilis matrix gene expression [75]. Perhaps low levels of σD

activity (and therefore GdpP and autolysin activity) are associated with the high
cyclic di-AMP levels observed during biofilm formation. It will be interesting to see
how other matrix components are impacted by cyclic di-AMP levels, which could
allow us to discern whether lower overall production of matrix or a change in matrix
composition is responsible for these phenotypes.
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17.3.5 Cyclic di-AMP Levels Impact Plant Attachment

As discussed earlier, B. subtilis is found in the soil and surrounding plant roots,
where a biofilm lifestyle is not only important for its survival but also for its
interactions with plant hosts. Plant roots are often colonized by bacterial biofilms,
which can provide benefits to both plants and the root-associated microbes
[76, 77]. Plants release compounds that can serve as carbon or nitrogen sources for
microbial cells in proximity to the roots [78]. In return, microbial biofilms on roots
can protect plants from pathogens [79], promote plant growth [80], and protect the
plant from abiotic stresses such as salt [81] and drought [82]. B. subtilis attaches to
Arabidopsis thaliana roots in a cyclic di-AMP-dependent manner [49]. A low cyclic
di-AMP mutant exhibits a severe root attachment defect, while high cyclic di-AMP
mutants attach to roots at higher than wild-type levels [49]. These data agree with the
impact that cyclic di-AMP has on matrix production, which is required for plant
attachment [34].

17.4 B. subtilis Secretes Cyclic di-AMP

17.4.1 B. subtilis Transporters Are Necessary for Cyclic di-
AMP Secretion and Plant Attachment

Cyclic di-AMP is an established intracellular signaling molecule, however, there is
also evidence that certain bacteria can secrete cyclic di-AMP, thereby acting as an
extracellular signal. Cyclic di-AMP is secreted by Listeria monocytogenes using
MdrM and MdrT transporters [83]. The B. subtilis genome encodes four genes
(mdtP, imrB, ycnB, and yhcA) that are predicted homologues of cyclic di-AMP
transporters identified in Listeria monocytogenes [49, 83]. Two of these putative
transporters (ycnB and yhcA) are necessary for cyclic di-AMP secretion in B. subtilis
[49]. Extracellular cyclic di-AMP measurements indicate that a strain lacking either
ycnB or yhcA did not significantly impact cyclic di-AMP secretion. Yet, a strain
lacking both of these transporters has a cyclic di-AMP secretion defect and plant
attachment defect when compared with wild-type B. subtilis, suggesting that they are
involved in cyclic di-AMP secretion but are likely redundant with one another [49].

B. subtilis also has the ability to take up cyclic di-AMP produced by neighboring
cells. The low cyclic di-AMP mutant B. subtilis disA has a significant cyclic di-AMP
secretion defect as well as a severe plant attachment defect [49]. Plant attachment can
be complemented by the presence of a strain that secretes cyclic di-AMP (but does
not produce matrix), indicating that B. subtilis senses cyclic di-AMP in its environ-
ment and that cyclic di-AMP acts as an extracellular signal that stimulates biofilm
formation in communities of cells (Fig. 17.1) [49]. Cells within a biofilm on plant
roots are held together tightly in the extracellular matrix and are likely in close contact,
which would facilitate chemical and physical interactions between cells. The biofilm
matrix itself could provide a mechanism to disperse signaling molecules such as cyclic
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di-AMP to other nearby bacteria. Cells expressing biofilm matrix genes are spatially
organized within a biofilm [19], perhaps resulting from concentration gradients that
could occur within the biofilm due to a population of cyclic di-AMP-secreting cells.
Determining how B. subtilis differentiates and regulates its cellular heterogeneity in
response to intracellular and secreted cyclic di-AMP within biofilms will be a signif-
icant step toward understanding, and eventually manipulating complex community
behaviors of environmentally and agriculturally important bacteria.

17.4.2 Implications of Cyclic di-AMP Secretion
in Multispecies Biofilm Communities

It has been demonstrated that the bacterial pathogens Listeria monocytogenes [83],
Mycobacterium tuberculosis [84], Chlamydia trachomatis [85], and Staphylococcus
aureus [86] all produce and secrete cyclic di-AMP, which affect their interactions
with their host. During infection, cyclic di-AMP produced by these organisms
induces type I interferon production as an innate immune response [83–85]. It is
unknown if other nonmammalian hosts like plants can sense and respond to cyclic
di-AMP, but it is interesting to speculate that cyclic di-AMP might act as a potential
interkingdom signaling molecule that mediates plant–microbe interactions.

It is also possible that cyclic di-AMP could act as a cell–cell communication
molecule between cells within multispecies microbial communities in natural settings.
There is growing literature on multispecies communities and the chemicals that
mediate communication within these complex structures [10, 87]. In B. subtilis, we
know that biofilm formation is affected by interspecies and interkingdom interactions.
The presence of closely related soil-dwelling Bacilli can induce B. subtilismatrix gene
expression [88]. There are other soil-dwelling organisms that contain transporters
homologous to YcnB and YhcA and therefore, those bacteria could potentially secrete
cyclic di-AMP as well. B. subtilis has the potential to interact with these microbes in
the soil and on plant roots. If these microbes secrete cyclic di-AMP, their presence in
multispecies communities may promote biofilm formation in B. subtilis as well as
potentially within other bacteria. Indeed, cyclic di-AMP has been shown to impact
biofilm formation in other Gram-positive organisms including the pathogens Strepto-
coccus gallolyticus [89], Enterococcus faecalis [90], Streptococcus mutans [91],
Streptococcus suis [50], and Staphylococcus aureus [92]. Studies on interbacterial
interactions within multispecies communities have been somewhat limited, and to our
knowledge, no study to date has explored whether cyclic di-AMP might mediate such
cell-cell interactions between different bacterial species. However, the recent devel-
opment of tools [93–97] to label and monitor individual species and molecules within
heterogeneous groups of cells will enable the study of cyclic di-AMP as a potential
exogenous signal within microbial communities. Furthermore, metagenomic studies
will be useful in determining whether native soil organisms contain the genes neces-
sary to produce, transport, and degrade cyclic di-AMP, while metatranscriptomic
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studies may reveal whether these genes are expressed in soil- or plant-associated
communities.

17.5 Conclusions

Here, we have discussed the secondmessenger cyclic di-AMP as an essential signaling
molecule produced by B. subtilis. Cyclic di-AMP is important for numerous cellular
processes in B. subtilis, including biofilm formation. B. subtilis cells can secrete and
sense exogenous cyclic di-AMP, which promotes biofilm formation on plant roots.
With this foundational data, there are fruitful avenues to follow to discern the
molecular details of cyclic di-AMP in biofilm formation and its role as an extracellular
signal in soil-dwelling bacterial communities. If established as an interbacterial signal
in microbial communities, harnessing this knowledge could serve as a mechanism for
promoting biofilm on plant roots and improving plant health and yields.
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Chapter 18
Regulation by Cyclic di-GMP in
Myxococcus xanthus

María Pérez-Burgos and Lotte Søgaard-Andersen

Abstract Myxococcus xanthus has a complex lifecycle that is regulated by nutrient
availability. In the presence of nutrients,M. xanthus cells grow, divide, and move to
assemble into colonies that feed cooperatively either saprophytically or on prey. In
response to starvation, a developmental program is initiated that culminates in
formation of multicellular spore-filled fruiting bodies. The nucleotide-based second
messenger cyclic di-GMP accumulates in M. xanthus and has critical functions in
both stages of the lifecycle. Here, we describe the roles of cyclic di-GMP, its
metabolizing proteins, and receptor proteins. During growth, the correct level of
cyclic di-GMP is important for type IV pili-dependent motility. During develop-
ment, the cyclic di-GMP level increases and a threshold concentration of cyclic di-
GMP is essential for completion of the developmental program. By individually
inactivating the genes involved in cyclic di-GMP synthesis or degradation, two
diguanylate cyclases, DmxA and DmxB, were identified to function at specific
stages of the lifecycle with DmxA involved in type IV pili-dependent motility and
DmxB in development. Similarly, the phosphodiesterase PmxA is specifically
important for development but functions independently of DmxB. Bioinformatics
analyses suggest the existence of various cyclic di-GMP receptor proteins, a few of
which have been confirmed experimentally while the remainder are still
uncharacterized. We are only just beginning to understand regulation by cyclic di-
GMP in M. xanthus and it will be exciting to identify all the processes regulated by
cyclic di-GMP and the underlying mechanisms.
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18.1 Introduction

Bis-(30-50)-cyclic dimeric guanosine monophosphate (cyclic di-GMP) is an excep-
tionally versatile nucleotide-based second messenger that regulates a multitude of
physiological processes in bacteria in response to environmental and cell-intrinsic
signals. In many species, cyclic di-GMP is involved in regulating the transition
between planktonic and surface-associated lifestyles by enhancing the production of
extracellular matrix components and inhibiting motility [1–3]. However, cyclic di-
GMP is also involved in controlling more complex lifecycle changes such as the
transition between growth and multicellular development in Streptomyces spp. [4, 5]
and Myxococcus xanthus [6] and between axenic growth and predation in
Bdellovibrio bacteriovorus [7]. While these changes occur in response to alterations
in the external environment, cyclic di-GMP can also regulate cell-intrinsic processes
including cell cycle progression in Caulobacter crescentus [3] and possibly also
unipolar growth in Sinorhizobium meliloti [8].

Cyclic di-GMP is produced from two GTP molecules by diguanylate cyclases
(DGCs) that contain a GGDEF domain named after the conserved GG[E/D]EF motif
in the active site (A-site). Often these proteins also contain an allosteric I-site with
the conserved RxxDmotif that allows product feedback inhibition. Cyclic di-GMP is
hydrolyzed by phosphodiesterases (PDEs) with either an EAL or HD-GYP domain
(again named after conserved sequences in the active site) to 50-phosphoguanylyl-
(30-50)-guanosine (pGpG) and then further degraded to 2 GMP molecules [1–3]. The
latter step may depend on an oligoribonuclease [9, 10]. In order for cyclic di-GMP to
elicit a response, it binds to downstream effectors. Effectors include riboswitches
and proteins [1, 3]. Proteinaceous effectors are functionally and sequence wise
highly diverse encompassing PilZ domain proteins, MshEN domain proteins, vari-
ous families of transcription factors, various ATPases, and proteins with degenerate
and enzymatically inactive GGDEF and EAL domains [1–3]. Upon effector binding,
cyclic di-GMP can regulate processes at the transcriptional, posttranscriptional or
posttranslational level [1, 3].

Here, we focus on regulation by cyclic di-GMP in M. xanthus, a model organism
for motility and multicellular development in bacteria. We will describe the role of
cyclic di-GMP during the two stages of the lifecycle, the different cellular networks
in which cyclic di-GMP is involved and conclude with open questions.

18.2 Introduction to Myxococcus xanthus

M. xanthus is a Gram-negative rod-shaped deltaproteobacterium with a lifecycle that
includes two stages and with the switch between the two stages being regulated by
nutrient availability. In the presence of nutrients, cells grow, divide, and move
forming coordinately spreading colonies on a solid surface and cells feeding sapro-
phytically or by preying in a wolf pack-like manner on other microorganisms
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(Fig. 18.1a) [11]. When nutrients become scarce,M. xanthus initiates a multicellular
developmental program that culminates in the formation of spore-filled fruiting
bodies (Fig. 18.1a) [12]. Completion of this developmental program depends on
motility, temporally regulated gene expression, regulated proteolysis, intercellular
signaling [12–14] as well as intracellular signaling by the nucleotide-based second
messengers cyclic di-GMP [6] and (p)ppGpp [15, 16]. Motility and its regulation are
important for both stages of the lifecycle. M. xanthus cells move in the direction of
their long axis by means of two distinct motility systems, type IV pili (T4P)-
dependent motility (T4 PM) and gliding motility (Fig. 18.1b) [13, 17]. T4 PM favors
the movement of groups of cells in a cell–cell contact-dependent manner on soft,
moist surfaces (e.g. 0.5% agar), whereas gliding motility promotes the motility of
single cells on firm and dry surfaces (e.g. 1.5–2.0% agar) [18]. T4 PM depends on
T4P, exopolysaccharides (EPS) and possibly also the O-antigen part of the lipopoly-
saccharide (LPS) [12]. The current model suggests that upon attachment of T4P to
the EPS on a neighboring cell, pili retraction is triggered enhancing the movement of
cells within groups (Fig. 18.1c) [19]. Gliding motility depends on the Agl/Glt
machinery that assembles at the leading cell pole, adheres to the substratum,
moves rearwards as cells move, and finally disassembles at the lagging cell pole
[13, 17, 20]. Both motility systems are highly polarized and only assemble at the
leading cell pole. Occasionally, and in response to signaling by the Frz
chemosensory system, cells reverse their direction of movement; during a reversal,
the polarity of the two motility systems is inverted, and after a reversal, T4P and the
Agl/Glt machinery assemble at the former lagging cell pole [17].

Frz chemosensory 
system

Direction of movement

Direction of movement

A B

EPS
C

+ nutrients - nutrients

Fig. 18.1 Overview of M. xanthus life cycle and motility. (a) Colony morphology (left) and
fruiting body formation (right) are regulated by nutrient availability. Scale bars: 0.5 mm. (b)
M. xanthus has two polarized motility systems. T4P assembles at the leading cell pole. Agl/Glt
complexes (colored circles) assemble at the leading cell pole, adhere to the substratum, remain
stationary as a cell moves forward, and disassemble at the lagging pole. Leading-lagging polarity is
inverted during Frz-induced reversals. (c) T4P retractions are induced by EPS on a neighboring cell
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18.3 Bioinformatics-Based Analysis of Cyclic di-GMP
Metabolism in M. xanthus

The first evidence that cyclic di-GMP could play a role in M. xanthus came from
investigations of the two component signal transduction system (TCS) SgmT/DigR,
which regulates extracellular matrix composition [21, 22]. The histidine protein
kinase SgmT contains a C-terminal GGDEF domain with a degenerate A-site and
an intact I-site. This domain binds cyclic di-GMP in vitro and SgmT variants in
which this domain is mutated are affected in localization, but not in function
[21]. These findings motivated further research into the possible functions of cyclic
di-GMP in M. xanthus.

Genome-wide analyses of the M. xanthus genome have revealed a large capacity
for regulation by cyclic di-GMP. This genome encodes 26 proteins with a GGDEF,
EAL, or HD-GYP domain (Fig. 18.2) (https://www.ncbi.nlm.nih.gov/Complete_
Genomes/c-di-GMP.html) [23]. Among the 18 GGDEF domain-containing proteins,
11 are predicted to have DGC activity based on sequence analysis. Four of the
predicted enzymatically inactive proteins possess the I-site motif and may function
as cyclic di-GMP effectors. Additionally, M. xanthus has two and six proteins with
an EAL or HD-GYP domain, respectively. Six of these eight proteins are predicted
to be enzymatically active based on sequence analysis. Many bacteria contain hybrid
proteins with both a GGDEF and an EAL domain [27]. Interestingly, no such
proteins have been identified in M. xanthus. However, the majority (22 out of 24)
of the GGDEF and HD-GYP domain-containing proteins in M. xanthus possesses
additional N-terminal domains, the majority of which belong to TCS (13 out of 22),
whereas the EAL domain proteins do not contain additional identified domains
(Fig. 18.2) [23]. Three of the 26 proteins are predicted to be integral membrane
proteins (Fig. 18.2). These two observations suggest that the activity of the majority
of these 26 proteins could be directly regulated by phosphorylation or ligand binding
and that this regulation may not directly depend on extracellular cues.

The diversity among cyclic di-GMP binding effector proteins makes it difficult to
predict how many potential effectors the M. xanthus genome encodes. However, in
the case of PilZ and MshEN domains, which typically function as cyclic di-GMP
effectors [28, 29], the M. xanthus genome is predicted to encode a surprisingly high
number of PilZ and MshEN domain proteins (https://www.ncbi.nlm.nih.gov/Com
plete_Genomes/c-di-GMP.html). Among the predicted 24 PilZ domain-containing
proteins, 14 are stand-alone PilZ domain proteins while 10 contain additional
domains. Among the predicted 22 MshEN domain proteins [28], MXAN2513 is
predicted to be an ATPase important for type II secretion based on the genetic
context of the gene and MXAN5788 encodes the PilB ATPase of the T4P system
[30] while the remaining proteins contain other domains.

296 M. Pérez-Burgos and L. Søgaard-Andersen

https://www.ncbi.nlm.nih.gov/Complete_Genomes/c-di-GMP.html
https://www.ncbi.nlm.nih.gov/Complete_Genomes/c-di-GMP.html
https://www.ncbi.nlm.nih.gov/Complete_Genomes/c-di-GMP.html
https://www.ncbi.nlm.nih.gov/Complete_Genomes/c-di-GMP.html


PDE

-

MXAN1525

MXAN2643  HyprB

MXAN3705  DmxA

MXAN3735  DmxB

MXAN4029

MXAN4463  HyprA

MXAN5199

MXAN5366

MXAN5791

MXAN7362

MXAN3213  ActA

MXAN4257

MXAN4445  TmoK

MXAN4640  SgmT

MXAN5053

MXAN5340

MXAN2997

Proteins with GGDEF domain

MXAN2424

MXAN2530

Proteins with EAL domain

MXAN2061  PmxA

MXAN2807

MXAN4232

MXAN4675

MXAN3353

Proteins with HD-GYP domain

GGDEF

EAL

HD-GYP

A site

Predicted
PDE activity

In vitro
activity

In vitro binding 
of cyclic di-GMP

I siteIn vitro
activity

+

+

+

In vitro
activity

Predicted
PDE activity

+

+

+

Hpt

HPK

REC

GGDEF

GGEEF

GGDEF

GDCQF

GGEEF

GGDEF

GGEEF

GGDEY

GGEEF

AGDDF

EGGAF

GGEEF

GGEEF

GGEEF

GGEEF

GGGVF

SDQEF

ADSRF

RxxD

QxxD

RxxD

RxxD

RxxD

RxxD

RxxD

RxxD

RxxD

RxxD

RxxD

RxxD

VxxG

AxxD

RxxD

RxxD

RxxD

RxxQ

DGC + / DRaCALA

DGC

- DGC

- DGC

TMH

FHA

GAF

GSPII_E/MshEN

PAS

RPT HAMP

Cache

MXAN5347 HADAF YxxA

MXAN6298

-

+ / DRaCALA

- / DRaCALA

+ / DRaCALA/cdG-CC

cAG synth

cAG synth

Fig. 18.2 Proteins containing GGDEF, EAL, or HD-GYP domains in M. xanthus. Domain
organization of M. xanthus GGDEF, EAL, and HD-GYP proteins modified from [23]. Locus tags
and protein names are listed on the left. Predicted domain structures are indicated and domains are
not drawn to scale. Domain predictions were done by using the SMART [24] and TMHMM 2.0 web
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only listed for proteins that have been tested; cAG synth is short for 30, 30-cGMP-AMP synthase.
Predicted PDE activity is based on conservation of conserved active site residues [23]. Cyclic di-
GMP binding in vitro is listed for proteins tested together with the method used, DRaCALA [25]
and cyclic di-GMP capture compound (cdG-CC) methodology [26]
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18.4 Cyclic di-GMP Accumulates in M. xanthus and Is
Important for Motility and Development

As expected based on the bioinformatics analysis, wild-type cells of M. xanthus
accumulate cyclic di-GMP during growth as well as development [6, 23]. The cyclic
di-GMP level does not change during the switch from exponential to stationary
growth phase [23]. By contrast, the level of cyclic di-GMP increases more than 20-
fold during development [6].

To begin to understand, whether the precise level of cyclic di-GMP is important for
specific processes in M. xanthus, an approach in which a heterologous DGC or PDE
was expressed was used [23]. Expression of DgcA, an active DGC from C. crescentus
[31], or PA5295, an active PDE from Pseudomonas aeruginosa [32] in otherwise
wild-type cells, demonstrated that a significant increase or decrease in the cyclic di-
GMP level in growing cells caused a decrease in T4 PM [23] (Figs. 18.3a, b). The
mechanistic basis for the motility defect in response to increased cyclic di-GMP was
tracked down to reduced pilA transcription, causing reduced accumulation of the major
pilin, PilA, and reduced T4P formation. By contrast, EPS was not affected by the
increased cyclic di-GMP level. Transcription of pilA is regulated by the TCS PilS/PilR
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[33]. Inactivation of the transcriptional regulator PilR causes a reduction in pilA
transcription [33, 34]. Interestingly, PilR belongs to the family of NtrC-like transcrip-
tional regulators several of which bind cyclic di-GMP [1]. Therefore, it would be
interesting to study whether a high cyclic di-GMP level influences pilA transcription
by directly binding to PilR. A reduced cyclic di-GMP level affected neither T4P
formation nor EPS accumulation [23]. Thus, the mechanism underlying this motility
defect remains unknown. During starvation, an increased level of cyclic di-GMP
resulting from expression of DgcA did not interfere with development (Fig. 18.4a).
By contrast, a reduction of the cyclic di-GMP level caused by expression of PA5295
resulted in delayed fruiting body formation and reduced sporulation [6] (Fig. 18.4b).
The mechanism(s) underlying this defect has not been analyzed (but see also below).
Thus, based on these analyses, the precise level of cyclic di-GMP is important for
T4 PM during growth and a sufficiently high level is important for development,
whereas a higher level does not interfere with development.

Whereas the genes encoding PilZ- or MshEN domain proteins have not been
systematically analyzed genetically, the systematic inactivation of 24 of the 26 genes
(the two exceptions being MXAN5347 and MXAN3353) encoding proteins with a
GGDEF, EAL, or HD-GYP domain followed by phenotypic description of their
growth, motility, and developmental characteristics, identified proteins specifically
important for motility, development, or for motility as well as development [6, 21,
23]. These observations lend support to the idea that different proteins involved in
cyclic di-GMP metabolism and/or regulation have distinct functions during the two
stages of the life cycle. Moreover, they suggest that either the remaining proteins
function redundantly or their function(s) is not evident under laboratory conditions.

18.5 GGDEF Domain Proteins Important for T4P-
Dependent motility

DmxA is a predicted integral membrane protein composed of two N-terminal GAF
domains and a C-terminal GGEEF domain (Fig. 18.3c). A variant of DmxA com-
prising the two GAF domains, and the GGDEF domain has DGC activity in vitro
and binds cyclic di-GMP in vitro likely via the intact I-site [23] (Fig. 18.2). Surpris-
ingly, insertional inactivation of dmxA caused a 1.5-fold increase in the cyclic di-
GMP level (Fig. 18.3c). The ΩdmxA cells displayed a defect in T4 PM and
assembled T4P at wild-type levels but a higher level of EPS. Therefore, it was
suggested that the increase in EPS causes the defect in T4 PM [23]. How the lack of
DmxA causes an increase in EPS accumulation remains to be elucidated.

SgmT is a cytoplasmic hybrid histidine protein kinase that functions together with
the DNA binding response regulator DigR [21, 22] (Fig. 18.3d). The sgmT and digR
mutants were originally identified based on their defect in T4 PM [22, 35]. SgmT
contains an N-terminal GAF domain, the two canonical domains of histidine protein
kinases [36], a receiver domain, and a C-terminal degenerate GGDEF domain
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[21, 35]. While the GAF domain and kinase activity are important for SgmT function
in T4 PM, the receiver domain and the GGDEF domain are not [21]. As expected
based on sequence analyses (Fig. 18.2), the GGDEF domain does not have DGC
activity, but it binds cyclic di-GMP through the intact I-site [21, 23]. In vitro full-
length SgmT engages in phosphotransfer to DigR independently of the presence or
absence of cyclic di-GMP [21] (Fig. 18.3d). So far, the only function attributed to the
SgmT GGDEF domain is that it brings about the localization of SgmT to one or more
clusters distributed along the cell length; because SgmT variants that no longer
localize to these clusters still function as the wild-type protein under all conditions
tested, the relevance of this localization pattern is not known [21].

Lack of SgmT or DigR results in a defect in T4 PM [21, 22]. To begin to
understand the underlying mechanism(s), global transcriptomics analyses together
with in vitro DNA binding experiments were performed [21]. These analyses
provided evidence that SgmT/DigR directly regulates the expression of genes coding
for proteins secreted to the extracellular matrix including the FibA protease, which is
among the most abundant proteins in the extracellular matrix [37], as well as
enzymes involved in secondary metabolism [21]. Among these proteins, only the
FibA protein has been analyzed in some details and lack of this protein does not
cause a defect in T4 PM [38]; for the remainder proteins, it is not known whether
they have a function in T4 PM or EPS accumulation. Lack of SgmT or DigR also
causes an increase in PilA accumulation, increased T4P formation, and increased
EPS accumulation [23] without affecting pilA transcription or transcription of genes
for EPS synthesis. Finally, a ΔsgmT mutant displays a 1.5-fold increase in cyclic di-
GMP accumulation [23]. It has been speculated that lack of certain secreted proteins
may cause a compensatory response involving the increased accumulation of EPS
and T4P and that this increase would be responsible for the motility defect
(Fig. 18.3d) [21]. How lack of SgmT causes an increase in the cyclic di-GMP
level remains to be investigated.

TmoK is a cytoplasmic hybrid histidine protein kinase, that contains a GGDEF
domain with degenerate A- and I-sites, and neither synthetizes nor binds cyclic di-
GMP in vitro (Figs. 18.2 and 18.3e) [23]. Lack of TmoK does not affect the cyclic
di-GMP level [23]. However, lack of TmoK results in a T4 PM defect and increased
accumulation of EPS, whereas PilA accumulation and T4P formation are as in wild
type. These observations suggest that also in the case of the ΔtmoK mutant the
altered EPS accumulation may cause the defect in T4 PM. Interaction partners of
TmoK remain to be identified.

Altogether, lack of DmxA, SgmT/DigR, or TmoK affects T4 PM. However, the
molecular mechanism(s) underlying this effect still needs to be precisely defined.
The available evidence suggests that they could be diverse and possibly indirect, i.e.,
the primary function of these four proteins may not be regulation of T4 PM, but
rather regulation of extracellular matrix composition and EPS accumulation. Simi-
larly, it is not clear how lack of DmxA or SgmT causes a change in the cyclic di-
GMP level and how these changes in cyclic di-GMP may affect T4P formation and/
or EPS accumulation and in that way T4 PM.
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18.6 GGDEF Domain Proteins Important for Development

The systematic inactivation of genes coding for proteins with GGDEF, EAL, or HD-
GYP domains demonstrated that DmxB is the only GGDEF domain protein that
specifically caused a developmental defect. Previous research suggested that ActA,
which contains a degenerate GGDEF domain with an intact I-site (Fig. 18.2) is
important for development [39]. Posterior reannotation of actA suggested that the
original actA mutation affected the promoter of the act operon causing a polar effect
on actB, which is required for fruiting body formation [6, 39]. Consistently, an actA
in-frame deletion mutant had no developmental defect [6].

DmxB is a cytoplasmic protein with an N-terminal receiver domain of TCS
systems and a C-terminal GGDEF domain. Full-length DmxB has DGC activity
and binds cyclic di-GMP via its I-site in vitro (Fig. 18.2). Lack of DmxB causes a
defect in fruiting body formation and sporulation [6]. Importantly, ΔdmxB cells do
not progressively accumulate cyclic di-GMP during development and the level is
comparable to that in growing cells, suggesting that DmxB is the DGC responsible
for the 20-fold increase of cyclic di-GMP during development (Fig. 18.4c). Lack of
DmxB specifically causes developmental defects. This specificity has been tracked
down to transcriptional regulation of dmxB expression, which is upregulated during
development ensuring that DmxB specifically accumulates during development [6]
(Fig. 18.4c).
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Consistently, a DmxB variant with a substitution in the active site did not restore
development of the ΔdmxBmutant and did not support the increase in cyclic di-GMP.
By contrast, a DmxB variant with a mutated I-site developed as wild type, but
accumulated cyclic di-GMP at a much-increased level compared to wild type
suggesting that this variant was not subject to feedback inhibition by cyclic di-GMP.
Moreover, genetic evidence supports that phosphorylation of the N-terminal receiver
domain does not have an impact on DmxB function in vivo and in vitro. The
developmental defects of the ΔdmxB mutant were partially restored by expression of
the heterologous DGC DgcA. Altogether, these findings suggested a model in which
DmxB per se is not important for development but rather its DGC activity is important.
Taken together with the observation that a reduction in the cyclic di-GMP level caused
by expression of the heterologous PDE PA5295 inhibited development, it was con-
cluded that the important function of DmxB is to generate a minimal threshold level of
cyclic di-GMP that is essential for development to proceed successfully. Of note, an
even higher increase in cyclic di-GMP level does not interfere with development.

Lack of DmxB caused reduced EPS accumulation during development due to
reduced expression of a subset of eps genes, which code for enzymes important for
EPS synthesis and export. Guided by these observations and the observations that
NtrC-like transcriptional factors such as FleQ in P. aeruginosa [40, 41] and VpsR of
Vibrio cholerae [42] bind cyclic di-GMP, the NtrC-like transcriptional activator
Nla24/EpsI, which is encoded in the eps locus and was previously shown to be
important for eps expression or EPS accumulation [43–45], was identified as a cyclic
di-GMP binding protein.

Altogether, in the current model for the function of DmxB during development,
dmxB transcription is upregulated early during development leading to accumulation
of DmxB. DmxB activity allows the cyclic di-GMP level to reach the minimal
threshold level that is essential for development. One of the effectors for cyclic di-
GMP during development is Nla24/EpsI, which, in turn, activates eps transcription and
EPS accumulation [6]. Because an artificial increase in cyclic di-GMP levels in
growing cells does not initiate the developmental program [23], it is clear that an
increase in cyclic di-GMP is required for development but it is not sufficient to initiate
development. By contrast, accumulation of (p)ppGpp is required and sufficient for
initiating development [15, 16]. Interestingly, cyclic di-GMP also regulates
multicellular development in Streptomyces spp. [4, 5]. While an increase in cyclic
di-GMP is necessary for the multicellular developmental program inM. xanthus, it has
the opposite effect in Streptomyces spp. in which a high level of cyclic di-GMP inhibits
multicellular development by binding to the transcription factor BldD, which, in turn,
inhibits expression of sporulation genes. Thus, cyclic di-GMP appears to have opposite
effects on multicellular development in Streptomyces spp. and M. xanthus.

Although the current model for the function of DmxB during development
explains all experimental observations, several questions remain open: Given that
Nla24/EpsI has been implicated in regulation of eps expression in growing cells [43],
how does cyclic di-GMP modulate the activity of Nla24/EpsI during development?
How is dmxB expression activated during development? Are there other cyclic di-
GMP effectors that are important for development?
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Among the 18 GGDEF domain-containing proteins in M. xanthus, lack of SgmT
(as well as its cognate response regulator DigR) and TmoK also causes defects in
development [6, 21, 22]. Lack of SgmT/DigR and TmoK also causes defects in EPS
accumulation and T4 PM (see above), which are important for development
[46, 47]. Therefore, it has been speculated that the developmental defects observed
in theΔsgmT andΔtmoKmutants are caused by the defect in EPS accumulation and/
or T4 PM.

18.7 PmxA, an HD-GYP Type PDE Is Important
for Development

Inactivation of seven of the eight genes containing either an EAL or HD-GYP
domain identified PmxA as important for development, whereas lack of any single
one of the remaining six proteins neither caused defects in growing cells nor in
development [6, 23]. PmxA is a membrane protein with an HD-GYP domain, and N-
terminal CaChe (domain named after the first proteins in which it was identified:
Calcium channels and chemotaxis receptors [48]) and HAMP (domain named after
its presence in histidine kinases, adenyl cyclases, methyl-accepting proteins, and
phosphatases [49]) domains (Figs. 18.2, 18.4d). In vitro the HD-GYP domain has
PDE activity and degrades cyclic di-GMP [6] (Fig. 18.2). Nevertheless, inactivation
of pmxA had no effect on the level of cyclic di-GMP during development
(Fig. 18.4d) [6]. It is currently not known which processes during development are
affected by lack of PmxA or how PmxA may act at the molecular level. However, it
has been speculated that PmxA may regulate a local pool of cyclic di-GMP—as
opposed to DmxB that regulates the global pool of cyclic di-GMP—and possibly
engage in protein complex formation [6].

18.8 Cyclic di-GMP Effectors in M. xanthus

Little is known about cyclic di-GMP effectors in M. xanthus. So far, the only
experimentally verified effectors are SgmT and Nla24/EpsI [6, 21, 23]. No system-
atic study of the 24 PilZ domain-containing proteins in M. xanthus has been done
and only three of these proteins have been analyzed experimentally.

PlpA is a cytoplasmic stand-alone PilZ domain protein and contains all the residues
predicted to be important for cyclic di-GMP binding (RxxxR and D/NxS/AxxG
separated by 20–30 amino acid residues) [1, 50] (Fig. 18.5a). Nevertheless, the
purified protein was reported not to bind cyclic di-GMP in vitro [50]. The deletion
of plpA results in strong defects in both motility systems; however, motility per se is
not affected rather the mutant has a defect in regulation of motility and reverses more
frequently than wild-type cells [50]. Consistent with the observation in vitro that
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PlpA does not bind cyclic di-GMP; expression of predicted nonbinding PlpA variants
did not cause motility defects [50].

In M. xanthus, the leading-lagging polarity axis for motility is established by a
protein module comprised of three proteins, the Ras-like GTPase MglA, its cognate
GTPase Activating Protein (GAP) MglB, and the response regulator RomR [17]. All
three proteins localize asymmetrically to the cell poles and their polarity is switched
in response to signaling by the Frz chemosensory system causing the cells to change
the direction of movement (Fig. 18.5a). Interestingly, PlpA localizes to the lagging
cell pole and also interacts with the gliding motility protein AglS (Fig. 18.5a) [50]
and in the absence of PlpAMglA and MglB localize more symmetrically to both cell
poles [50]. How PlpA is targeted to one of the poles remains unknown; similarly, it is
not known whether PlpA interacts with any of the proteins in the polarity module.
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Interestingly, regulation of leading-lagging polarity in the predatory
deltaproteobacterium Bdellovibrio bacteriovorus depends on the interplay between
the cyclic di-GMP-binding protein CdgA, which contains a degenerate a GGDEF
domain, a RomR homolog, an MglA homolog, and a tetratricopeptide repeat (TPR)
domain protein, Bd2492. These proteins localize and interact at the leading cell pole,
which is the prey invasion pole [7, 51]. Based on this comparison, it will be
interesting to explore whether any cyclic di-GMP binding protein is involved in
regulating cell polarity in M. xanthus.

The Ser/Thr kinase Pkn1 is important for development [52, 53] and contains a C-
terminal PilZ domain. Transcription of pkn1 is induced during development
[52]. The Pkn1 PilZ domain lacks consensus residues important for cyclic di-GMP
binding (Fig. 18.5b) and it is not known whether the PilZ domain binds cyclic di-
GMP or whether the domain is important for development. Nevertheless, the domain
structure of Pkn1 suggests that regulation by cyclic di-GMP could potentially be
coupled to signaling by a Ser/Thr kinase during development.

MXAN2902 is a σ54 dependent transcriptional factor with an N-terminal PilZ
domain that also lacks the consensus residues important for cyclic di-GMP binding.
Transcription ofMXAN2902 increases during development, and a mutant containing
an insertion in MXAN2902 has a defect in fruiting body morphology (Fig. 18.5c)
[54]. As for Pkn1, it is not currently known whether the PilZ domain binds cyclic di-
GMP or whether this domain is important for development.

The MshEN domain was recently identified as a new cyclic di-GMP binding
domain typically associated with ATPases involved in type II secretion or T4P
function [28, 55]. The M. xanthus genome encodes 22 MshEN-containing proteins
[28]. As discussed above, MXAN2513 is predicted to be an ATPase important for
type II secretion, and MXAN5788 encodes the PilB ATPase of the T4P system [30];
however, none of these two proteins have been tested for cyclic di-GMP binding.
Interestingly, one of the proteins containing an MshEN domain is the HD-GYP
domain-containing protein MXAN2807 (Fig. 18.2). Lack of this protein does not
cause defects in growth, motility, or development (see above) [6, 23]. By contrast,
inactivation of MXAN6627 (sgnC), which encodes a response regulator with a C-
terminal MshEN domain, has been reported to result in a defect in T4 PM by an
unknown mechanism [35]. None of the remaining proteins have been analyzed
experimentally and it is not known whether they bind cyclic di-GMP.

18.9 Conclusions and Outlook

In this review, we have described the role of cyclic di-GMP during the M. xanthus
lifecycle. Looking forward, it will not only be important to determine the function of
all 26 proteins with a GGDEF, EAL, or HD-GYP domain, it will also be important to
determine when during the lifecycle they accumulate in order to understand to what
extent the activity of these proteins is temporally separated. Along the same lines, it
will be of interest to understand if they contribute to a global cellular pool of cyclic
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di-GMP or act more locally in confined protein complexes. The identification of
cyclic di-GMP binding effectors in different signaling pathways will also be an
important goal for the future. Currently, this research area is understudied and it is
largely not clear how different effects of alterations in cyclic di-GMP concentrations
are implemented. Along the same lines, sporadic evidence suggests that cyclic di-
GMP signaling in M. xanthus may connect to signaling by Ser/Thr kinases for
regulating development and to a small GTPase/GAP module to regulate cell polarity.
It will be interesting to follow up on these leads to obtain a complete picture of how
cyclic di-GMP interfaces with other signaling modalities. Finally, it was recently
reported that M. xanthus cells accumulate cyclic AMP-GMP (30, 30-cGMP-AMP),
and that the two GGDEF domain proteins MXAN2643 (HyprB) and MXAN4463
(HyprA) synthesize this molecule in vitro [56] (Fig. 18.2). Lack of MXAN2643 and
MXAN4463 does not cause defects in growth, motility, or development
[6, 23]. Therefore, up to now, it is a completely open question of what the function
of cyclic AMP-GMP could be in M. xanthus.
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Chapter 19
Light-Regulated Nucleotide Second
Messenger Signaling in Cyanobacteria

Gen Enomoto, Annegret Wilde, and Masahiko Ikeuchi

Abstract Photoautotrophic organisms depend on the ambient light for their growth
and viability; therefore, it is not surprising that they utilize sophisticated light-
regulated signaling systems to acclimate to variable light environments.
Cyanobacteria are important primary producers that perform oxygenic photosynthe-
sis in various environmental niches. Cyanobacterial genomes encode multiple and
diverse photoreceptors which are often connected to second messenger signaling
networks. Here, we review the current knowledge of light-regulated second mes-
senger signaling in cyanobacteria, focusing on two examples: cyclic di-GMP sig-
naling systems for regulation of Thermosynechococcus sessility and Synechocystis
motility. We also briefly introduce the present research on various nucleotide second
messenger molecules, such as cAMP, cGMP, cyclic di-GMP, cyclic di-AMP, and
the alarmone (p)ppGpp in cyanobacteria. In natural conditions, incident light con-
tains a lot of different information on wavelength, intensity, and time scales. Further
understanding of second messenger signaling in cyanobacteria will uncover how
cyanobacteria extract the crucial information from their light environment to regulate
cellular responses of ecophysiological importance.
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Cyanobacteria are photoautotrophic bacteria that perform oxygenic photosynthesis.
They are assumed to be the ancestor of plant and algal chloroplasts [1]. As model
organisms, cyanobacteria have provided valuable insights into the mechanism and
evolution of oxygenic photosynthesis [2]. Cyanobacteria are found in various
habitats, including freshwater lakes and rivers, terrestrial soils, hot springs, and
coasts and oligotrophic regions of the ocean. They are important primary producers,
largely contributing to the present O2 containing atmosphere on Earth [3]. Recently,
industrial applications that use cyanobacteria for sustainable biomaterial production
have been gaining attention [4].

Light is one of the most crucial environmental factors for cyanobacteria, because
in addition to giving information about their surroundings, it is indispensable as an
energy source. Thus, it is not unexpected that various sophisticated light response
systems have been reported in cyanobacteria. Cyanobacteria harbor diverse photo-
receptors, such as cyanobacteriochromes (CBCRs), phytochromes, LOV- and
BLUF-domain proteins, and rhodopsins (Table 19.1) [10, 11].

Interestingly, CBCRs have been described only in cyanobacteria
[12, 13]. CBCRs and phytochromes exist in two forms distinguished by the config-
uration of the covalently bound linear tetrapyrrole (bilin) chromophore: C15-Z and
C15-E, representing two distinct configurations at double bond C15¼C16 of the
bilin chromophore, which is cradled in their photosensory GAF domain
[14, 15]. Upon light absorption, the two forms of the chromophore are reversibly
interconverted. Further, in contrast to phytochromes, CBCRs spectrally tune the
covalently bound chromophore by surrounding amino acids and thereby are able to
perceive the whole range of the visible light spectrum, extending into the near-UV
and the infrared regions [16–18]. More comprehensive reviews on the function and
molecular mechanisms of cyanobacterial photoreceptors are found in [11, 19].

Many photoreceptor proteins are modular and contain various output domains,
such as serine/threonine- and histidine-kinase domains [10]. In a typical light-
responsive system, light absorption by a chromophore causes a conformational
change of the protein, leading to modification of the signaling output activity of
the photosensory protein. Then downstream signaling events involving typical
signal transducer components, induce cellular changes that enable the cells to
acclimate to environmental light conditions [20]. GGDEF, EAL, and HD-GYP
domains, which are associated with the metabolism of the bacterial dinucleotide
second messenger, cyclic dimeric GMP (cyclic di-GMP) [21], are prominent in
cyanobacterial genomes and are the second most common output domain in
cyanobacterial photoreceptors (after histidine kinase domains) [22].

In recent years, much progress has been achieved on light-dependent second
messenger signaling systems in cyanobacteria. In this chapter, we highlight such
systems which have been mainly characterized in two cyanobacteria. Species of the
genus Thermosynechococcus and the strain Synechocystis sp. PCC 6803
(Synechocystis) are the most intensively investigated organisms regarding cyclic
di-GMP signaling. We also discuss cyclic di-GMP related pathways in other
cyanobacteria and other second messenger signaling systems.
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Table 19.1 Representatives of putative cyanobacterial photoreceptors involved in second messen-
ger signaling (excluding photoreceptors described in Fig. 19.1)

Protein
Name

Domain
architecturea

Absorption
peak

Output
activityb Species Reference

Slr0359 GAF-LOV-
3PAS-GGDEF-
EAL

Blue? DGC?/
PDE?

Synechocystis
sp. PCC 6803

[5]

NpR1060 EAL-GAF-
GGDEF

422 nm/
424 nm

DGC?/
PDE?

Nostoc
punctiforme
ATCC 29133

[6]

SL2 Rec-PAS-LOV-
GGDEF-EAL

447 nm BL-acti-
vated
PDE

Synechococcus
elongatus PCC
7942

[7]

CY0110_24941 Rec-LOV-
GGDEF

Blue? DGC? Cyanothece
sp. CCY0110

n.a.

mPAC PAS-LOV-CYC 450 nm BL-acti-
vated AC

Microcoleus
chthonoplastes
PCC 7420

[8]

OaPAC BLUF-CYC ~445 nm BL-acti-
vated AC

Oscillatoria
acuminata PCC
6304

[9]

Npun_F4182 FHA-PYP-GAF-
GGDEF-EAL

Blue? DGC?/
PDE?

Nostoc
punctiforme
ATCC 29133

n.a.

OSCI_1020014 GAF-PHY-
GGDEF-EAL

Red/far-
red?

DGC?/
PDE?

Oscillatoria
sp. PCC 6506

n.a.

OSCI_3720019 GAF-PHY-
GAF-2PAS-
GAF-GGDEF

Red/far-
red?,?

DGC? Oscillatoria
sp. PCC 6506

n.a.

OSCI_3180052 2Rec-GAF-
GGDEF

Blue/
green?

DGC? Oscillatoria
sp. PCC 6506

n.a.

OSCI_860033 2PAS-GAF-
GGDEF

Blue/
green?

DGC? Oscillatoria
sp. PCC 6506

n.a.

aPossible photosensory region is highlighted in bold. Numbers leading domain names mean that
there are the same domains consecutively in that number. GAF, cGMP-specific phosphodiesterases/
adenylyl cyclases/FhlA; LOV, Light-Oxygen-Voltage; PAS, Per-Arnt-Sim, GGDEF: diguanylate
cyclase, which has been named after the conserved sequence motif GG[DE][DE]F; EAL, cyclic di-
GMP-specific phosphodiesterase, which has been named after the conserved sequence motif EAL;
Rec, CheY-like phosphoacceptor/receiver; CYC, class III cyclase; BLUF, sensors of blue light
using FAD; FHA, Forkhead-associated; PHY, Phytochrome, PYP, Photoactive Yellow Protein
bDGC, diguanylate cyclase to synthesize cyclic di-GMP; PDE, phosphodiesterase to degrade cyclic
di-GMP; AC, adenylate cyclase to synthesize cAMP
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19.1 Cyclic di-GMP Dependent Cell Aggregation
in Thermosynechococcus

Thermosynechococcus species are thermophilic cyanobacteria isolated from micro-
bial mats in hot springs [23, 24]. They show cell flocculation/aggregation response to
incident light irradiation, which is enhanced at low temperature [25]. Cell aggrega-
tion of Thermosynechococcus is mainly mediated by the accumulation of extracel-
lular cellulose [26], like in many other biofilm-forming bacteria [27, 28]. The
responsible cellulose synthase, XcsA (Tll0007), has a PilZ domain [26], which
works as a universal cyclic di-GMP binding module [29, 30]. Cell aggregation is
induced at increased cyclic di-GMP levels. Cyclic di-GMP synthesis is induced by
blue light, and cyclic di-GMP breakdown is enhanced by teal/green light (Fig. 19.1a)
[31, 32]. To tightly control this response, three distinct CBCR photoreceptors, SesA,
SesB, and SesC are involved. They synthesize and/or degrade cyclic di-GMP
according to incident light conditions [32]. The SesA protein shows reversible
photoconversion between blue light- and green light-absorbing states [33]. The
output domain of SesA, which has diguanylate cyclase (DGC) activity, is induced
by blue light and inhibited by green light [31]. SesB shows blue/teal reversible
photoconversion which involves reversible attachment of a thiol group to the
chromophore [34]. SesB shows not DGC but cyclic di-GMP phosphodiesterase
(PDE) activity, which is upregulated by teal light and GTP [32]. The physiological
significance of the GTP-dependent regulation remains to be clarified. The blue/green
light-responsive SesC has both DGC and PDE activities. Its DGC activity is
enhanced by blue light, whereas its PDE activity is enhanced by green light
[32]. In summary, SesA, SesB, and SesC proteins show distinct photobiochemical
properties, but their activities are coordinated to achieve the concerted light regula-
tion of cyclic di-GMP signaling; cyclic di-GMP is produced under blue light and
degraded under teal/green light. Consistently, blue light (λmax ~450 nm) is crucial for
efficient induction of cell aggregation while teal-green light (λmax ~500–530 nm)
completely represses cell aggregation [32]. SesA is a trigger protein to induce cell
aggregation under blue light as a ΔsesA mutant does not aggregate under any tested
conditions. ΔsesB mutant cells showed somewhat enhanced aggregation, especially
under teal-green light illumination. Thus, SesB seems to enhance the light color
dependency of cell aggregation by degrading cyclic di-GMP, which is particularly
effective under teal light. This suggests that SesB counteracts the induction of cell
aggregation by SesA. SesC seems to improve signaling specificity as an auxiliary
backup to SesA/SesB activities, because sesC is crucial for blue light-enhanced
aggregation of ΔsesA/ΔsesB mutant cells [32]. Thus, the light signal is sensed by
SesA/SesB/SesC proteins and transduced via cyclic di-GMP levels to regulate cell
aggregation. Low temperature seems to independently induce cell aggregation via
transcriptional upregulation of the gene xcsB, encoding a crucial component of the
cellulose synthase [35].

The binding of cyclic di-GMP to the PilZ domain of the cellulose synthase
subunit XcsA (Tll0007) was experimentally demonstrated, although the affinity of
the Tll0007-PilZ protein for cyclic di-GMP is relatively low (Kd ¼ 63.9 � 5.1 μM),
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Fig. 19.1 Scheme for the light-dependent cyclic di-GMP signaling system of cyanobacteria (a)
Blue light-induced/teal-green light-repressed cyclic di-GMP signaling for cellulose-dependent cell
aggregation of Thermosynechococcus vulcanus. (b) Blue light-induced/green light-repressed cyclic
di-GMP signaling for type IV pili-dependent phototactic motility of Synechocystis sp. PCC 6803.
The cyclic di-GMP signaling is also possibly regulated by red/far-red light. Domains are labeled as
in Table 19.1. Because of diversity in the motif “GGDEF”, each GGDEF domain in this figure is
labeled as the exact amino acid residues, e.g., “GSDEF” of SesB represents Gly-Ser-Asp-Glu-Phe,
which is inactive in cyclic di-GMP synthesis. See the text for further details
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suggesting either that a high amount of cyclic di-GMP is needed for the activation of
XcsA or that the Tll0007-PilZ protein has lost activity during purification
[36]. SesA, on the other hand, is subject to product feedback inhibition with high
affinity (IC50 ¼ 1.07 � 0.13 μM). These results suggest that XcsA may not be a
direct target of cyclic di-GMP produced by SesA. Systematic analysis of mutants of
all of the ten genes encoding cyclic di-GMP synthesis/degradation domain proteins
of Thermosynechococcus, revealed that the Δtlr1612 mutant strain had a strong
aggregation phenotype even under teal-green light, indicating that Tlr1612 is the
primary enzyme to repress cell aggregation under teal-green light [36]. The Tlr1612
protein harbors both GGDEF and EAL domains, yet the biochemical evidence of its
enzymatic activities is currently missing. Besides SesA, no other cyclic di-GMP-
synthesizing protein is crucial for induction of cell aggregation under blue light at
low temperatures. None of the ten genes encoding cyclic di-GMP synthesizing/
degrading proteins are differently expressed under blue light in comparison to under
teal-green light [36]. These results suggest that posttranscriptional or (post)transla-
tional regulation of cyclic di-GMP synthesizing/degrading proteins (e.g. Tlr1612) is
crucial for the cyclic di-GMP signaling network. However, the molecular mecha-
nisms underpinning regulation of cyclic di-GMP signaling in this organism, e.g.,
protein localization and protein–protein interaction to confer high spatiotemporal
resolution, has been still unexplored.

In the natural environment, formation of cell aggregates is advantageous because
of self-shading of the cells which protects the photosynthesis machinery from
photodamage [37]. This is especially important at low temperatures when the repair
process is decelerated [38]. On the other hand, cell aggregation should be avoided
under optimal light conditions to drive photosynthesis efficiently. Furthermore,
Thermosynechococcus cells mainly inhabit in the top layer of microbial mats in
hot springs [24, 39]. The light-dependent regulation of lifestyle transition between a
sessile aggregated state and a planktonic state should be of ecological importance,
although it remains to be addressed under which conditions the SesA/B/C-mediated
light color-specific cyclic di-GMP signaling system functions in natural environ-
ments. These sesA/B/C-type genes are widely distributed beyond the thermophilic
cyanobacteria, suggesting that the light-dependent lifestyle regulation is widespread
in nature.

19.2 Cyclic di-GMP Signaling in Phototactic Motility
in Synechocystis

The cyanobacterium Synechocystis, among others, exhibits type-IV pili-dependent
twitching motility on solid surfaces [40]. They can sense the direction of incident
light based on lensing effects of the entire spherical cell body [41, 42] and accord-
ingly move toward (positive phototaxis) or away from the light source (negative
phototaxis) [43, 44]. It is believed that phototactic movement allows the cells to find
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optimal conditions for photosynthesis avoiding the damaging effects of excess light
[43]. Green and red light irradiation induce positive phototactic movement of
Synechocystis, whereas blue light irradiation inhibits motility. Blue light can also
induce negative phototaxis depending on the light intensity and quality [45, 46]. Fur-
ther, cyclic di-GMP is also involved in cellular buoyancy and biofilm formation of
Synechocystis [47].

The four-color sensor Cph2 is necessary for the blue light-dependent inhibition of
motility, as Δcph2 mutant cells move toward blue light [48]. Cph2 comprises six
domains in the order GAF1-GAF2-GGDEF1-EAL-GAF3-GGDEF2 (Fig. 19.1b).
The N-terminal GAF1-GAF2 phytochrome module can bind covalently
phycocyanobilin (PCB) as a chromophore and exhibits a canonical phytochrome-
like red/far-red photocycle [49, 50]. The C-terminal GAF3 CBCR domain cova-
lently binds PCB and/or phycoviolobilin via two cysteine residues and shows
photoconversion between a blue light- and a green light-absorbing state [51]. The
C-terminal photosensory module comprising the GAF3 and GGDEF2 domains
exhibits high specific DGC activity, which is doubled by blue light compared to
green light, and suffices to inhibit blue light-dependent phototaxis [51]. This sug-
gests that Cph2 inhibits cellular motility by producing cyclic di-GMP under blue
light. Indeed, the overall intracellular cyclic di-GMP concentrations are higher under
blue light compared to green or white light illumination [22, 52]. The N-terminal part
of Cph2 (domains 1–4) containing a GGDEF1 domain with a degenerated
motif (HGDGF) and an EAL domain compensates the blue light-dependent inhib-
itory effect, suggesting that the Cph2 (1–4) module can degrade cyclic di-GMP
[51]. However, how red/far-red light affects the function of Cph2 is unknown. The
identification of an interaction partner of Cph2 raised the hypothesis that a red/far-
red light-induced conformational change of Cph2 affects the activity of another
protein. This interaction partner of Cph2, Cip1 (Slr1143), inhibits motility under
high-intensity red light irradiation probably via its high DGC activity, though an
enhanced cellular cyclic di-GMP concentration was not measured under red light,
and a putative red/far-red light-dependent regulation is still elusive [52]. Interest-
ingly, there is some evidence that Cph2 might also be involved in heterotrophic
metabolism and heat and high-light stress responses [53].

No cyclic di-GMP receptor protein has been characterized in Synechocystis so far.
One candidate for a cyclic di-GMP receptor in Synechocystis is the cytoplasmic
ATPase PilB1 which, as in other bacteria, presumably powers type IV pili extension
[54, 55]. PilB1 harbors a recently identified cyclic di-GMP binding module, the
MshEN domain, which is widespread in the bacterial kingdom [56]. Cyclic di-GMP-
dependent control of PilB is important for the function of type IV pili in heterotro-
phic bacteria [57, 58]. Interestingly, in Synechocystis, the localization of PilB1
correlates with the direction of light irradiation and most probably defines the
direction of movement [55]. This suggests that light-dependent cyclic di-GMP
signaling may not only control the decision between a sessile or motile lifestyle
but also the directional movement of cells. This could be achieved by locally acting
c-d-GMP pools as described for Caulobacter crescentus [59, 60]. Clearly, there may
be more cyclic di-GMP receptors yet to be identified in Synechocystis.
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Phototaxis of Synechocystis is also regulated by several other photoreceptors that
do not harbor domains involved in second messenger signaling [46, 61–64]. The
information on quality, intensity, and direction of light irradiation is sensed by
multiple photoreceptors and should be integrated with the light-dependent second
messenger signaling cascade, in order to determine specific wavelength-dependent
cellular behavior.

Notably, a Light-Oxygen-Voltage (LOV)-type photoreceptor protein Slr0359
having GGDEF and EAL domains may serve as another blue light sensor for cyclic
di-GMP signaling in Synechocystis. However, a mutant of this gene behaved like the
wild-type strain under blue light conditions, i.e., it was non-motile [5]. Another
putative photosensory histidine kinase Slr1759 carries a flavin binding domain with
the neighboring response regulator Slr1760 having a GGDEF domain. More photo-
receptors may remain unidentified which are involved in light-dependent second
messenger signaling in cyanobacteria. Moreover, in Synechocystis, in total 30 cyclic
di-GMP-related domains fused to a plethora of various signaling domains have been
annotated [22]. Thus, it is largely not understood how cyclic di-GMP-mediated
signals, such as blue light-dependent stimulation of cyclic di-GMP synthesis by
Cph2 can act so specifically.

19.3 Cyclic di-GMP Signaling in Other Cyanobacteria

The filamentous cyanobacterium Anabaena sp. PCC 7120 develops specialized cells
for nitrogen fixation, the heterocysts. Mutational analysis revealed that only one of
the 14 genes encoding GGDEF domains (all2874) functions in the development of
heterocysts. Upon nitrogen starvation, the all2874 mutant exhibited fewer hetero-
cysts and vegetative cells were smaller, especially under high irradiance
[65]. Although, the All2874 protein shows DGC activity in vitro [65], the mecha-
nism by which cyclic di-GMP may control cell differentiation remains elusive.

Many cyanobacterial GGDEF and EAL-domain-containing proteins often are
fused to photosensory domains [22]. More importantly, many cyanobacteria con-
tain a special blue light-absorbing variant of the CBCR sensory domain which is
combined with a GGDEF domain [51]. This suggests that blue light-regulated cyclic
di-GMP signaling is common in cyanobacteria. However, blue light does not
increase intracellular cyclic di-GMP levels in cyanobacteria, in general. Interest-
ingly, Fremyella diplosiphon showed lower cyclic di-GMP accumulation under blue
light than under white, green, and red light [22]. Further, Synechococcus elongatus
PCC 7942 contains SL2 protein, a blue light-activated cyclic di-GMP phosphodies-
terase (Table 19.1) [7]. It is of note that many non-phototrophic bacteria also sense
blue light to regulate cyclic di-GMP dependent responses [66]. The genomic era has
revealed a variety of potential cyclic di-GMP metabolizing enzymes in
cyanobacteria [67], though cyclic di-GMP receptor proteins are largely unexplored.
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19.4 Other Nucleotide Second Messengers
in Cyanobacteria

In cyanobacterial genomes, various genes encoding putative proteins involved in
second messenger signaling others than cyclic di-GMP, such as cAMP, cGMP, and
cyclic di-AMP have been identified [20]. Furthermore, the alarmone molecule (p)
ppGpp functions as a light- “starvation” signal for dark adaptation of the cyanobac-
terium Synechococcus elongatus PCC 7942 [68]. In addition, a basal amount of (p)
ppGpp seems to be crucial for normal cell physiology under photosynthetic condi-
tions [69]. Although (p)ppGpp broadly regulates cellular behavior, such as the
transcription/translation rate, cell size control, and global gene expression pattern,
no (p)ppGpp receptor that regulates downstream signaling events has been identified
to date. Interestingly, (p)ppGpp functions in plant and algal chloroplasts, though
whether (p)ppGpp synthetase genes originate from cyanobacteria are still under
debate [70].

Cyclic AMP is the most intensively investigated second messenger in
cyanobacteria. In Synechocystis, cAMP is required for community-based phototactic
motility [71, 72]. A mutant of the adenylate cyclase gene cya1 is non-motile, though
addition of cAMP to the medium can restore motility [71]. The transcription factor
SyCRP1, which shows homology to the well-analyzed cAMP receptor protein CRP
from heterotrophic bacteria, can bind cAMP and regulate expression of a number of
genes, mainly involved in motility or of unknown function [73, 74]. In Arthrospira
platensis (formerly Spirulina platensis), cAMP enhances respiration and motility,
triggering mat formation [75]. Cyclic AMP signaling is also under control of light
irradiation in both cyanobacteria, although how light information is transduced to
cAMP signaling is elusive [76, 77]. The PII-like protein SbtB is a new member of
cAMP effectors in cyanobacteria [78]. SbtB binds cAMP as a signal for high-carbon
cellular state and then dissociates from the bicarbonate transporter SbtA, possibly
leading to repression of CO2 uptake. SbtB is crucial for transition from low- to high-
CO2 conditions, although the molecular mechanism of the action of SbtB is unclear.
Interestingly, Cya1 of Synechocystis and CyaB1 of Anabaena sp. PCC 7120 are
activated by inorganic carbon [79]. Thus, cAMP may play a crucial role in acclima-
tion to a low-CO2 environment.

Cyanobacterial adenylate cyclases are classified as class III nucleotide cyclases,
which also include all known eukaryotic adenylate cyclase [80]. It is of note that
Synechocystis Cya2 is not an adenylate cyclase but a guanylate cyclase [81]. How-
ever, the function of cGMP in cyanobacteria is elusive. One study implicates a role
of cGMP in the repair process of photosystem II under UV-B light irradiation [82],
although the target gene slr2100 is categorized as an HD-GYP domain-encoding
gene, and biochemical characterization of Slr2100 is missing. Thus the gene product
might be a cyclic di-GMP phosphodiesterase rather than a cGMP phosphodiesterase.
To consider cGMP to be a physiologically important signaling molecule in
cyanobacteria, we should await the identification of specific receptors of cGMP.
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Cyclic di-AMP is a recently discovered second messenger molecule that is
widespread in Gram-positive bacteria and also in some Gram-negative bacteria
and archaea [83, 84]. Cyanobacteria are classified as Gram-negative bacteria but
have certain characteristics typical for Gram-positive bacteria, e.g., a thick and
highly cross-linked peptidoglycan layer [85]. Interestingly, all cyanobacterial
genomes encode putative cyclic di-AMP signaling proteins that are known to
regulate peptidoglycan homeostasis in other bacteria [20]. Cyclic di-AMP is crucial
for relieving oxidative stress in the nighttime but seemed not to be essential for
survival under constant-light conditions in Synechococcus elongatus PCC 7942
[86]. Binding of cyclic di-AMP to the potassium transport regulator KdpD was
experimentally demonstrated [86]. Disturbing cyclic di-AMP homeostasis in another
cyanobacterium, Synechocystis, resulted in impaired growth and induced cellular
aggregation [87]. Further, cyclic di-AMP riboswitches have been found upstream of
genes involved in transport and synthesis of osmoprotectants [88]. However,
although cyclic di-AMP regulates major physiological traits such as potassium
transport and osmoprotection as in other bacteria, input or downstream signaling
events for a cyanobacterial cyclic di-AMP-dependent system remain to be identified
in cyanobacteria.

Taken together, cyanobacteria might have a more complex regulatory network
than many other prokaryotes because they utilize all of the above mentioned nucle-
otide second messengers in one organism for sophisticated decisions on their
lifestyle according to the incident stimuli.

19.5 Cyanobacterial Photoreceptors as Light-Controlled
Tools to Manipulate Second Messenger Signaling

Various photoreceptors have been biochemically characterized as light-induced
switches for control of second messenger molecules. Thermosynechococcus SesA
exhibits strict light regulation of its DGC activity (~38-fold difference between the
blue light- and green light-induced activities), which seems much more strict than for
other light-regulated DGC or PDE proteins [31]. Thermosynechococcus SesC
exhibits a blue/green sensor/regulator activity for cyclic di-GMP metabolism. A
single photosensory GAF domain regulates two distinct output activities—cyclic di-
GMP synthesis and degradation [32]. Because phototrophic cyanobacteria harbor
diverse photosensory proteins, database searches can reveal new type of photore-
ceptors (Table 19.1), such as a BLUF-dependent adenylate cyclase fromOscillatoria
acuminate [8, 9, 89]. These photoreceptor proteins might be useful as light-con-
trolled tools to manipulate second messenger signaling in orthologous systems [90].

On the other hand, in the past, artificial proteins that regulate second messenger
signaling upon light absorption have been developed [91–97]. CBCRs are particu-
larly promising photoreceptors given their extensive variation in optical properties.
In contrast to the other photoreceptors, most CBCRs exhibit a bistable photocycle,
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namely, they do not thermally decay to be the deactivated form. This feature is
advantageous because the enzymatic activity can be rapidly controlled by illumina-
tion with light of the second wavelength, providing further spatiotemporal regulation
[98]. Such optogenetic tools are promising to advance the research field of second
messenger signaling in any organisms, with high spatiotemporal resolution of
signaling control [99, 100].

19.6 Concluding Remarks

Considerable progress has been made on the analysis of second messenger signaling
in cyanobacteria in recent years. Cyanobacteria can utilize cAMP, cyclic di-GMP,
cyclic di-AMP, (p)ppGpp, and possibly cGMP signaling systems to regulate a
variety of physiological responses. Light (and the absence of it) is a crucial envi-
ronmental factor to control these nucleotide signaling systems. However, little is
known on how composite light information is perceived and integrated into the
whole signaling network to regulate cellular physiology. Complex light signals will
stimulate multiple photoreceptors and photosynthesis simultaneously in nature. For
a better understanding of how cyanobacteria integrate multilayered information from
incident light signals, future studies should address the cross talk of each
photosensory pathway, with discriminating the effects of photosynthetic activities.
Further, although there is a growing knowledge for single second messenger signal
transduction, the interrelationships among multiple signaling pathways are elusive in
cyanobacteria. Most of the previous studies utilized laboratory strains under con-
trolled cultivation conditions, namely, continuous light and temperature using axenic
cultures. Future work should also address the physiological and ecological signifi-
cance of light-controlled second messenger signaling systems. Finally, it is impor-
tant to reveal how nucleotide second messengers affect the cyanobacteria-specific
physiology, including photosynthetic activity and photoautotrophic metabolism. It is
of note that second messengers can invoke more rapid downstream events when
compared to transcriptional regulation. Although the research on nucleotide signal-
ing in cyanobacteria is years behind that in heterotrophic bacteria, we expect to get
new knowledge on how organisms utilize light-dependent second messenger sig-
naling for adaptation to fluctuating environmental conditions. Further, these
cyanobacterial systems may provide new-generation optogenetic tools to investigate
second messenger signaling systems with high spatiotemporal control in other
organisms.
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Chapter 20
Cyclic di-GMP-Dependent Regulation
of Antibiotic Biosynthesis in Lysobacter

Guoliang Qian, Gaoge Xu, Shan-Ho Chou, Mark Gomelsky,
and Fengquan Liu

Abstract Lysobacter enzymogenes is an environmental bacterium that secrets a
heat-stable antifungal factor, HSAF, an antibiotic against crop fungal pathogens.
Elevated levels of cyclic di-GMP inhibit HSAF synthesis. The transcription factor
cAMP receptor-like protein Clp binds to two sites upstream of the promoter of the
HSAF biosynthesis operon and activates gene expression. At elevated cyclic di-
GMP levels, cyclic di-GMP binding to Clp compromises binding to DNA, particu-
larly at the low-affinity binding site, which results in lower expression of the HSAF
biosynthesis operon. Two cyclic di-GMP phosphodiesterases contribute the most to
cyclic di-GMP-dependent regulation of HSAF production. One of them, the
GGDEF-EAL protein, LchP, forms a protein complex with Clp. Such specificity
of targeted action allows LchP that has relatively weak phosphodiesterase activity, to
play an oversized role in Clp-dependent HSAF biosynthesis. The HD-GYP phos-
phodiesterase RpfG is another major phosphodiesterase, whose activity is increased
at higher cell density via a quorum-sensing mechanism. Further, a common regulator
of type IV pilus synthesis, PilR, modulates HSAF biosynthesis via an as yet
uncharacterized cyclic di-GMP signaling pathway. These findings represent novel
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insights into cyclic di-GMP-dependent antibiotic biosynthesis regulation in an
agriculturally important bacterium.

Keywords Lysobacter · Cyclic di-GMP · Phosphodiesterase · Diguanylate cyclase ·
HSAF · Cyclic di-GMP-binding receptor

The resistance of pathogens to antimicrobials is becoming a major issue not only
from the human health perspective but also from the perspective of agricultural crop
production [1]. To solve this problem, it is important to continue searching for new
antimicrobials, ideally with novel modes of action. Members of the
gammaproteobacterial genus Lysobacter, which belongs to the family of
Xanthomonadaceae, is an underexplored resource for natural antibiotics and anti-
fungal products [2–4]. Heat-stable antifungal factor (HSAF) is one such antifungal
metabolite produced by Lysobacter enzymogenes [3–8]. This bacterium and the
culture medium in which it is grown can be used for biological control.

The chemical structure of HSAF differs from other available antifungals, and
HSAF exhibits a novel activity mode. It targets sphingolipid biosynthesis in fila-
mentous fungal pathogens [5, 7], a unique pathway in these fungi. HSAF is also
effective against Candida albicans, an important nonfilamentous fungal pathogen
that causes human candidiasis. In Candida, microtubule formation appears to be the
major target of HSAF activity [9, 10]. These unique features render HSAF a
promising antifungal for both agricultural and medical applications.

Earlier studies performed by several laboratories, including ours, have resulted in
identifying an HSAF biosynthesis operon, which contains ten genes [11, 12]. In this
operon, lafB (originally described as hsaf pks/nrps) encodes a hybrid polyketide
synthase/nonribosomal peptide synthetase that catalyzes the linkage of one ornithine
to two polyketide chains. This reaction appears to be unique for the HSAF synthetic
pathway as it has not been observed in biosynthetic pathways of other natural
products [11]. The increasing interest in HSAF production at a commercial scale
requires understanding of factors important for HSAF synthesis in L. enzymogenes.

We discovered that elevated intracellular levels of second messenger, cyclic di-
GMP, are detrimental to HSAF production in L. enzymogenes. The major target of
downregulation is transcription of the HSAF biosynthesis operon [13]. High cellular
cyclic di-GMP concentrations inhibit HSAF biosynthesis operon expression via
several mechanisms (Fig. 20.1). The key mechanism involves the cyclic di-GMP-
binding transcription factor Clp, which is similar to the Clp protein from
Xanthomonas campestris, the first member of this class shown to bind cyclic di-
GMP [23, 24]. Both proteins belong to a subbranch within the CRP branch of the
CRP-FNR superfamily with the cAMP receptor protein CRP from E. coli as the best-
studied representative [23, 25, 26]. L. enzymogenes Clp binds cyclic di-GMP instead
of cAMP [14]. We identified two Clp-binding sites (designated PA and PB)
upstream of the HSAF biosynthesis operon promoter and showed that both of
them are involved in activation of expression of the HSAF biosynthesis operon by
Clp in the absence of cyclic di-GMP. At elevated cyclic di-GMP levels, Clp binding
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to DNA is compromised, particularly so at the lower affinity site (PA), which results
in decreased transcription of the operon and therefore lowered HSAF synthesis [14].

We also observed that while L. enzymogenes has twelve EAL and HD-GYP
proteins that are potentially capable of cyclic di-GMP degradation, the cyclic di-
GMP-dependent transcriptional activity of Clp on HSAF operon expression was
particularly sensitive to only two PDEs, RpfG and LchP [14]. The former PDE,
RpfG, has been extensively characterized in X. campestris, where it plays a major
role in promotion of plant pathogenesis and downregulation of biofilm formation
[15, 18, 20]. L. enzymogenes RpfG is 96% similar to it at the amino acid level
[14]. The RpfG proteins have the cyclic di-GMP PDE domain, HD-GYP, linked to
the N-terminal receiver domain, REC. In X. campestris, RpfG and its histidine kinase

Fig. 20.1 A schematic model of cyclic di-GMP-dependent regulatory pathways in modulating
HSAF biosynthesis in L. enzymogenes. The cyclic di-GMP-bind transcription factor Clp could be
released from the Clp-cyclic di-GMP complex when “local” intracellular cyclic di-GMP is degraded
by two PDEs, LchP (Middle) and RpfG (Right). The free Clp (dimer) directly binds to the promoter
region of the HSAF biosynthesis operon, leading to activate the operon gene expression and HSAF
production [14]. According to our findings and studies from the Xanthomonas RpfG [15, 16], it is
proposed that LchP and RpfG utilize different mechanisms to degrade cyclic di-GMP. For the
GGDEF-EAL domain protein, LcpP, upon sensing a yet-to-be-identified signal, it functions as an
in vivo phosphodiesterase (PDE) to degrade intracellular cyclic di-GMP into 50-pGpG [14]. Direct
physical interaction with Clp further stimulates the PDE activity of LchP [14]. For the HD-GYP
domain, RpfG, its PDE activity depends on the cell density-mediated phosphorylation
[15, 16]. RpfF participates in the production of a fatty acid chemical signal, LeDSF3
(L. enzymogenes diffusible signal factor 3) [17]. This signal could be secreted into the extracellular
environment [17, 18]. At high cell density, LeDSF3 is proposed to be sensed by RpfC via its
periplasmic domain to promote its histidine kinase activity [19], leading to generation of phosphor-
ylated RpfG (RpfG-P) [16, 20]. The RpfG-P is active in degrading cyclic di-GMP into GMP [16]. In
left part, PilS-PilR comprises a two-component transduction system, which typically controls
bacterial type IV-mediated twitching motility [21, 22] According to our earlier report [13], it is
likely that upon PilS senses an unknown signal, its histidine kinase activity is promoted, which is
followed by phosphorylation of the cognate response regulator PilR, leading to produce phosphor-
ylated PilR (PilR-P). Phosphorylated RpfG (RpfG-P) is possibly more active in repressing expres-
sion of an unidentified DGC gene or enhancing expression of an unknown PDE gene, both of which
contribute to produce intracellular low “local” cyclic di-GMP level. This “local” cyclic di-GMP
signaling promotes HSAF operon gene expression via an unknown receptor
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RpfC comprise a two-component regulatory system. The RpfC kinase is activated by
the diffusible signal factor (DSF), a fatty acid-like quorum-sensing molecule. At high
cell density, DSF accumulation in the medium is sensed via the periplasmic domain of
RpfC, which stimulates its histidine kinase activity and leads to increased phosphor-
ylation of the REC domain of RpfG [15, 19]. Because the phosphorylated RpfG has
higher PDE activity, this leads to lower cellular cyclic di-GMP levels, an increased
fraction of cyclic di-GMP-free Clp [23], and higher occupancy of Clp binding sites.
Many of these sites are present upstream of the promoters of virulence-associated
genes, which leads to enhanced X. campestris infectivity of host plants at low cyclic
di-GMP levels [20]. Therefore, the RpfC-RpfG-Clp signal transduction pathway
bridges cell density (via DSF) and cyclic di-GMP-dependent gene regulation in
X. campestris. We believe that a similar RpfC-RpfG pathway operates in
L. enzymogenes. Our studies indicate that a DSF-like molecule, designated LeDSF3,
is involved in activating HSAF biosynthesis in L. enzymogenes [17, 27].

The phosphorylated form of RpfG has high PDE activity, in both X. campestris
and L. enzymogenes with the rpfG mutants to show a significant decrease in cellular
cyclic di-GMP levels [16]. Therefore, it is not surprising that RpfG plays a major role
in controlling Clp activity. In contrast, the second L. enzymogenes PDE, LchP, that
plays a major role in the Clp-dependent regulation of the HSAF operon expression,
is weak. The lchP gene mutation results in a minor change in cellular cyclic di-GMP
levels, and PDE activity of LchP in vitro is barely detactable [14]. What accounts for
the disproportionately large impact of LchP on Clp activity and HSAF production
[14] is that LchP forms a complex with Clp. The sequestration of the key transcrip-
tion factor compensates for low PDE activity of LchP and enhances specificity of its
action. Interestingly, LchP–Clp interaction appears to increase PDE activity of LchP
[14], which provides positive feedback and further compensates for the relatively
low PDE activity of LchP (Fig. 20.1). Note that neither RpfG nor other PDEs from
L. enzymogenes interact with Clp, according to several protein–protein interactions
assays [14].

What environmental factors govern LchP activity remains unknown. LchP con-
tains an N-terminal domain located in the periplasm and two cytoplasmic PAS
domains [14]. Some or all of these domains may be involved in sensing distinct
intrinsic or environmental signals. Identification of these factors may shed light on
the natural conditions that promote HSAF production in L. enzymogenes, in addition
to cell density that is sensed via the RpfC-RpfG pathway.

While our recent discovery of a PDE that forms a complex with a cyclic di-GMP-
dependent transcription factor appears to be unique [14], it falls into a broader
pattern emerging in the cyclic di-GMP signaling field. The direct interactions
between specific DGCs or PDEs with their cognate cyclic di-GMP-binding effector
proteins have now been observed in several pathways in many bacteria. These
interactions help to establish specificity of the responses in cells that may have
several active cyclic di-GMP signal transduction pathways operating
simultaneously [28].

While Clp is a major player in the cyclic di-GMP-dependent regulation of HSAF
biosynthesis, it is not the only transcriptional regulator involved. We identified that
PilR, a key regulator of type IV pilus (T4P) synthesis, also modulates HSAF
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biosynthesis in a cyclic di-GMP-dependent manner [13]. In various proteobacterial
species, including the well-studied Pseudomonas aeruginosa, PilR controls T4P-
dependent twitching motility. PilR activates transcription of pilA that encodes the
major T4P pilin subunit and other related genes [21, 22]. In L. enzymogenes, PilR
retains its role as T4P pilin regulator [13]. We tested whether PilR binds cyclic di-
GMP and found out that it does not bind to the promoter of the HSAF biosynthesis
operon [13] (Fig. 20.1). Our data strongly support the notion that PilR activation
results in lowering cellular cyclic di-GMP levels [13]. Since PilR is a transcription
regulator, we expect that it either activates expression of a PDE gene(s) or represses
expression of a DGC gene(s). The identity of these genes remains to be investigated.

It is worth noting that the cyclic di-GMP-dependent regulation of secondary
metabolites, and antibiotics in particular, appears to be a widespread phenomenon
(Table 20.1) [35]. The first example of cyclic di-GMP-dependent antibiotic regula-
tion was described in Serratia, where the GGDEF-EAL domain protein PigX was
found to function as a PDE that inhibits the production of the antibiotic prodigiosin
by regulating transcription of the prodigiosin biosynthetic operon [29]. Other exam-
ples include actinomycetes, Streptomyces coelicolor, and Streptomyces venezuelae,
where elevated cyclic di-GMP levels result in the repression of the syntheses of
several antibiotics, such as actinorhodin [30], undecylprodigiosin [31], and
methylenomycin [31]. In these bacteria, the transcriptional repression of antibiotic
biosynthesis genes is mediated by the cyclic di-GMP-binding repressor BldD, a
master regulator of key developmental genes [36]. In another actinomycete,
Saccharopolyspora erythraea, a BldD homolog inhibits biosynthesis of antibiotic
erythromycin [32]. In the alphaproteobacterium Ruegeria mobilis, elevated cyclic di-
GMP levels inhibit production of the antibiotic tropodithietic acid [33], yet in the
Pseudomonas aeruginosa, high intracellular cyclic di-GMP level stimulates synthe-
sis of the phenazine antibiotic pyocyanin [34]. While there may be no uniformity in
how cyclic di-GMP affects synthesis of antimicrobial secondary metabolites, it is
clear that bacteria coordinately regulate synthesis of these metabolites in parallel
with their motility and biofilm formation, the phenotypes that are traditionally
associated with cyclic di-GMP regulation. Second messengers, like cyclic di-
GMP, are particularly well-suited to coordinate several physiological activities of
the cell, perhaps even those inversely regulated by cyclic di-GMP, in parallel via
spatially highly restricted diverse regulatory mechanisms.
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Chapter 21
Cyclic di-GMP Signaling in Extreme
Acidophilic Bacteria

Matías Castro, Mauricio Díaz, Ana Moya Beltrán, and Nicolas Guiliani

Abstract Extreme acidophilic bacteria are a phylogenetically diverse group of
microorganisms that grow optimally at pH values below 3. They thrive in natural
or man-made environments where life is challenged by extreme acidity, low avail-
ability of organic matter, and high concentrations of heavy metals. Most acidophilic
bacteria are chemolitho(auto)trophs, obtaining energy from the oxidation of metal
sulfides, one of the most abundant mineral classes on earth. Bacterial attachment on
mineral surface and the subsequent biofilm development plays critical role in
mineral dissolution, which is directly related with ecologic phenomena and biotech-
nological applications, such as acid mine drainage, biogeochemical cycles, and
bioleaching processes. In contrast to well-studied neutrophilic bacterial strains, the
understanding of cyclic di-GMP signaling in extreme acidophilic bacteria is still
incipient. However, significant progress has been made in the last several years
through global genomic analysis on acidophilic communities, and genetic work on
species belonging to the most iconic acidophilic genus, Acidithiobacillus. This
chapter presents an overview of molecular insights into cyclic di-GMP signaling
obtained from At. ferrooxidans, At. caldus, and At. thioooxidans. In addition, it
describes the cyclic di-GMP signaling network as a widespread but highly diverse
mechanism used by acidophilic bacteria to transduce environmental signals into
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biofilm-related responses mainly driven by cyclic di-GMP effector proteins involved
in swarming motility and the production of exopolymeric substances.

Keywords Acidithiobacillus · Acidophilic bacteria · Biofilm · Cyclic di-GMP
pathway · Extremophile

21.1 Acidophilic Microorganisms

Acidophilic microorganisms are defined as those that have pH optima below 7. They
have been classified as acid-tolerant (7 � pH � 5), moderate acidophiles
(5 > pH > 3), and extreme acidophiles (pH � 3) [1]. Acidophilic microorganisms
exist in natural acidic environments such as acid sulfate soils, volcanic and geother-
mal areas where sulfur gases occur in association with water vapor (solfataras),
hydrogen sulfide caves, as well as man-made environments such as biomining
operations and bioreactors for wastewaters treatment. These environments are char-
acterized by low pH, high metal, and low nutritional conditions, which result in a
relatively low phylogenetic diversity of microorganisms [2], dominated by
chemolithoautotrophic bacteria and archaea capable of oxidizing inorganic electron
donors, generally ferrous iron and reduced inorganic sulfur compounds (RISCs),
coupled to the reduction of oxygen or ferric iron. Chemolithoautotrophic microor-
ganisms provide organic materials to some acidophilic mixotrophs and heterotrophs,
such as bacteria belonging to Alicyclobacillus and Acidiphilium genus, respectively,
that in turn, consume these compounds potentially toxic for chemolithoautotrophs
maintaining the community structure [3]. Along with pH, a key physical–chemical
parameter for the occurrence of particular microorganism is temperature, ranging
from near to zero in acid mine drainages to near to 90 �C at solfataric springs. While
most of the extreme thermophilic acidophiles correspond to archaea, mesophilic and
moderate thermophilic bacteria dominate acidic environments below 50 �C.

Molecular mechanisms that allow the recognition of environmental cues and the
coordination of suitable responses are important to survive in these challenging
environments. Recently, through bioinformatics analysis, we have described com-
ponents of different nucleotide second messenger-based signaling in extreme acido-
philic bacteria of the Acidithiobacillus genus [4]. An extended analysis, comprising
201 prokaryotic genomes [106 Bacteria (38 completes, 36 drafts >91% complete-
ness and 16S sequence complete predicted), 95 Archaea (44 completes, 35 draft)]
from extreme, moderate and acid-tolerant acidophiles, gave us a general scenery of
nucleotide transduction pathways in acidophilic microorganism (Fig. 21.1).
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21.2 General Overview of Nucleotide Second Messenger
Metabolism in Acidophilic Microorganisms

Among the most important signaling nucleotides are guanosine 30,50-
bispyrophosphate (ppGpp) and guanosine 30-diphosphate, 50-triphosphate
(pppGpp), known as (p)ppGpp [5], cyclic adenosine 30,50-monophosphate (cAMP)
[6], cyclic dimeric guanosine 30,50-monophosphate (cyclic di-GMP) [7], and cyclic
dimeric adenosine 30,50-monophosphate (cyclic di-AMP) [8]. (p)ppGpp, cAMP,
cyclic di-GMP, and cAMP are synthetized, respectively, by (p)ppGpp synthetases,
adenylyl cyclases (ACs), diguanylate cyclases (DGCs), and diadenylate cyclases
(DACs). Based on amino acid sequences, nucleotidyl cyclases (NCs) have been
classified into six classes (I–VI) [9]. Class III is the most diverse group of cyclases,
including ACs and DGCs, while NCs belonging to classes I, II, IV, V, and VI are all
AC enzymes.

The repertoire of enzymes related with the metabolism of nucleotide second
messengers is very different between acidophilic Bacteria and Archaea. Just a few
enzymes for the synthesis and degradation of signaling nucleotides are encoded in
acidophilic archaeal genomes. Genes coding for (p)ppGpp metabolizing enzymes
are mainly absent in the Archaea domain, excepting a few genes likely acquired by
horizontal gene transfer from Bacteria [10]. Indeed, acidophilic Archaea have no
genes for (p)ppGpp metabolism (personal communication), and therefore, they
probably do not use this signaling molecule. A public database of cyclic di-GMP
related proteins (http://www.ncbi.nlm.nih.gov/Complete_Genomes/c-di-GMP.
html), shows that three out of 105 archaeal genomes only encode one protein
containing the GGDEF domain related to cyclic di-GMP synthesis. On the other
hand, the acidophilic archaeal genome of Candidatus Micrarchaeum acidiphilum
ARMAN-2 encodes a predicted inactive GGDEF domain containing protein because
it does not possess the key amino acids for catalytic activity neither for cyclic di-
GMP binding at the inhibition sites location. Then, altogether this data indicate that
acidophilic archaea do not use cyclic di-GMP either. Moreover, besides moderate
acidophilic marine archaea belonging to the Aciduliprofundum genus, no other
acidophilic archaea possess homologues of DAC for synthesis of cyclic di-AMP.
The most common component found in 80% of the acidophilic archaeal genomes is a
single putative AC belonging to class IV NCs. These proteins are formed by a single
CYTH domain whose name was coined from the first two identified members, the
CyaB adenylyl cyclase from Aeromonas hydrophila and the human thiamine
triphosphatase (ThTPase).

Only few bacterial members of class IV ACs have been biochemically charac-
terized so far. CyaB (A. hydrophila) and YpAC-IV (Yersinia pestis), two bacterial
homologues of archaeal CYTH-containing ACs, show optimum activity at 65 �C
and 50 �C, respectively [11, 12].

In acidophilic bacteria, cAMP synthesis could be achieved by CyaB orthologs
(class IV NC), as well as through class III NCs. In Betaproteobacteria and
Acidithiobacillia classes, the CYTH domain of ACs is fused with a “conserved
histidine alpha-helical domain” (CHAD), and therefore, probably are able to interact
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with polyphosphate (polyP) [13], a key player in metal resistance/tolerance of
acidophilic bacteria [14]. Notably, Candidatus Koribacter, Candidatus Soilbacter,
and Leptospirillum class III NCs possess extracellular or membrane sensory domains
like CHASE, dCache, or HAMP, suggesting that cAMP synthesis may be regulated
by direct sensing of extracellular signals such as cytokinin-like adenine derivatives
or peptides [15], polyamines [16], and also by signals not determined yet [17] that
may be inherent to its acidophile habitat. To date, just one acidophilic bacterial
genome code for one protein belonging to class I NC (Anthrax_toxA), Acidiphilium
angustum ATCC 35903. The presence of a canonical secretion signal indicates that
this protein may be secreted, suggesting an extracellular role, as it happens in class I
NCs from other bacteria. The outcome of cAMP signaling may be the regulation of
gene expression through direct binding to transcription regulator proteins such as
well-known CRP (cAMP receptor protein) [18]. Class II, V, and VI NCs were not
found in acidophilic bacterial genomes.

Thirteen out of twenty acidophilic bacterial genera encode DACs for cyclic di-
AMP synthesis. Putative DACs are present in every Gram-positive acidophilic
bacterium but are absent in 7 out of 13 Gram-negative genera, including
Acidithiobacillus. Acidophilic bacteria possess one or two copies of DAC genes in
their chromosomes. The DAC encoded as a single copy corresponds to a DacZ
ortholog, a cytoplasmic protein with a stand-alone DisA_N domain generally found
in Archaea [8]. Instead, when two DAC encoding genes are present in a single
genome, one of them code for an orthologue of the membrane protein DacA, while
the second one is a Thermotoga maritima DisA ortholog (DisA-DisA_linker-HhH)
which couple chromosome integrity state with cyclic di-AMP synthesis [19]. Except
those involved in cyclic di-AMP synthesis, none homologs genes coding for
enzymes that catalyze the synthesis of other signaling nucleotides have been iden-
tified in the extremely acidophilic methanotroph Methylacidiphilum infernorum V4,
suggesting that cyclic di-AMP pathway could be the exclusive nucleotide signaling
system in this microorganism.

Excepting M. infernorum V4, every acidophilic bacterial genus encodes proteins
for (p)ppGpp and cyclic di-GMP metabolism. All acidophilic bacteria encode one
long (p)ppGpp synthetase with a classical domain configuration: synthesis
(RelA_SpoT, pfam04607), hydrolysis (HD, pfam13328), TGS (ThrRS, GTPase,
and SpoT), ZFD (zinc-finger domain), and RRM (RNA recognition motif) domains
[10, 20]. The conservation of these accessory domains suggests that (p)ppGpp
synthesis could be activated by amino acid and/or fatty acid starvation as it occurs
in well-studied model microorganisms [20, 21]. As it occurs in non-acidophilic
bacteria (e.g., E. coli), (p)ppGpp signaling may work through global control of
gene expression by direct binding to the RNA polymerase omega subunit (RpoZ),
whose gene product is encoded together with (p)ppGpp synthase gene by the same
operon in many acidophilic bacteria. On the other hand, the multiplicity of DGCs
and phosphodiesterases (PDEs) enzymes involved in cyclic di-GMP synthesis and
degradation, respectively, present in acidophilic bacteria suggests that these micro-
organisms probably integrate a wide range of signals into cyclic di-GMP pathway
for targeting different cellular functions.
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21.3 Cyclic di-GMP in Acidophilic Bacteria

Globally, acidophilic bacteria encode near to the same amount of putative DGC
proteins (481 GGDEF domains) and PDEs (446) including EAL (304) and
HD_GYP (142) domains. However, the distribution of cyclic di-GMP metabolism
related genes is not balanced in individual chromosomes, some of them having more
DGCs than PDEs, while in others the opposite distribution occurs. GGDEF and
HDGYP containing proteins possess sensor domains in almost the half of cases, 47%
and 42%, respectively, meanwhile only one fifth (21%) of EAL PDEs does.

As shown in Fig. 21.1c, most common partners domains in GGDEF-containing
proteins are PAS (Period circadian protein, Aryl hydrocarbon receptor nuclear
translocator protein and Single-minded protein) and GAF (cGMP-specific phospho-
diesterases, Adenylyl cyclases, and FhlA), followed from afar by other domains such
as REC (response regulator receiver domain) and Protoglobin [or globin-coupled
sensor (GCS)]. On the other hand, most partner domains present in EAL and HD-
GYP putative PDEs belong to metal-dependent phosphohydrolase [HD (histidine
and aspartate)] family. Recently, the regulation of DGC/PDE activities through the
binding of small nucleotides (such as cAMP, GDP) to GAF domain have been
characterized [22, 23], suggesting that the GAF domain may establish a functional
link between signaling pathways based in different nucleotides. PAS and GCS
domains are able to sense two key environmental factors for energetic requirements
of chemolithoautotrophic acidophilic bacteria: redox potential [24] and O2

[25, 26]. Energetically, molecular oxygen is the most favorable electron acceptor
during RISCs and iron oxidation, while redox potential, which is conditioned by
ferrous/ferric iron ratios, drives the composition of the community [27]. In some
acidophilic bacteria, such as Acidithiobacillus and Leptospirillum, REC-GGDEF-
EAL proteins are encoded together with a histidine kinase in a characteristic
configuration of a two-component system [28]. In these cases, phosphorylated and
unphosphorylated state of REC domain may modulate the rates of cyclic di-GMP
synthesis or degradation by these enzymes. Since acidophilic bacteria thrive in
metal-rich environments, it is interesting to note that signaling transduction through
chemoreception of metals like zinc may perform through CZB (Chemoreceptor Zn-
Binding) domain coupled to GGDEF-EAL (7%), GGDEF-only (2%), or EAL-only
proteins (3%).

The output of cyclic di-GMP signaling in acidophilic bacteria appears to mainly
occur by PilZ receptor proteins. Excepting for M. infernorum V4, every acidophilic
bacterial genera [19] encode at least one PilZ domain protein (Fig. 21.1b). However,
there is no evident correlation between the quantity of PilZ proteins and cyclic di-
GMP turnover proteins. This could be explained by the presence of other cyclic di-
GMP receptor proteins in acidophilic bacteria such as FleQ, PelD and catalytically
degenerate and inactive GGDEF and EAL domains also able to bind cyclic di-GMP
allosterically (personal communication). PilZ domain occurs alone or in conjunction
with other domains in the same polypeptide chain. The most frequent configuration
is PilZ domain alone, but it includes proteins long enough to contain non-character-
ized domains. These proteins are generally related with the formation of type 4 pili
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(T4P) and twitching motility [29], which has been implicated in irreversible attach-
ment to surfaces, microcolony grouping, and structural development of biofilm
[30, 31]. Common partner domains of PilZ proteins of acidophiles are YcgR
(pfam07317) and Glycosyl_transferase_2 (pfam00535), which are related with
flagellar-based motility [32] and synthesis of different types of exopolysaccharide
(EPS) [33, 34], respectively. Among the later, the most recognizable PilZ proteins
correspond to A subunit of bacterial cellulose synthase (BcsA), which in some
acidophiles is fused with BcsB, forming a fused membrane protein predicted to
produce a cellulose-like EPS. An interesting subgroup of enhancer-binding proteins
(EBPs) containing PilZ domains are present in the “professional” iron oxidizer
genus, Leptospirillum, which have been related with lipopolysaccharide and flagellar
biosynthesis [35]. Besides PilZ, a few acidophilic bacteria encode PelD-like effector
proteins (see below).

21.4 Cyclic di-GMP Pathway in Acidithiobacillus

Acidithiobacillus genus members are the most studied acidophilic microorganism.
They are chemolithoautotrophic Gram-negative bacteria involved in bio-oxidation of
metal sulfides in natural and mining environments. Acidithiobacillus obtain energy
from the oxidation of RISCs, producing sulfuric acid as a byproduct. Therefore, all of
them are also extreme acidophiles, with optimal growing at pH values below 3. How-
ever, there are some important differences among Acidithiobacillus species. Besides
RISCs, At. ferrooxidans, At. ferrivorans, At. ferridurans, and At. ferriphilus catalyze
the oxidation of ferrous to ferric iron (Fe3+). While most of acidithiobacilli are
mesophilic, showing an optimum growth temperature near to 30 �C, At. ferrivorans
has psychrotolerant characteristics, being able to grow at 4 �C [36]. On the other
hand, At. caldus is the only moderate thermophilic species of the genus, growing
between 30 and 50 �C [37]. Several acidithiobacilli are able to express a single polar
flagellum for swimming and/or swarming motility. However, strains of At.
albertensis express a tuft of polar flagella [38], meanwhile, some At. ferrooxidans
strains have no genes required for production and functioning of the flagellum
machinery [39]. These variations may be very important in the colonization and
dominance at different micro-niches in natural environments, as well as in
bioleaching operations, since bio-oxidation activity depends largely on the physio-
logical state of the cell, which in turn is intimately associated with the different
bacterial lifestyles such as the single-cell planktonic state and multicellular biofilms.
The attachment of acidithiobacilli to the substrate surface and the subsequent biofilm
development (Fig. 21.2) plays essential role in bio-oxidation processes for the
acidithiobacilli. This is due to the creation of a reaction space that concentrates
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leaching chemicals at the cell/mineral interface, accelerating the leaching activity
[40, 41].

Recently, some DGCs and cyclic di-GMP receptor proteins of Acidithiobacillus
type strains of At. ferrooxidans (ATCC 23270) [42], At. thiooxidans (ATCC 19377)
[43, 44], and At. caldus (ATCC 51756) [45, 46] have been characterized experi-
mentally, validating the functionality of a cyclic di-GMP based signaling in these
microorganisms and its relationship with the classical motility and biofilm
phenotypes.

The number and the nature of cyclic di-GMP related proteins among
Acidithiobacillus species differ notably, ranging from near to 40 metabolism pro-
teins in At. thiooxidans to just 5 (4 GGDEF-EAL, 1 EAL) proteins in both collection
strains of At. ferrooxidans (ATCC 23270 and ATCC 53993) (Fig. 21.1). This
variability is widespread in acidophile bacteria and it is not related with genome
size (Fig. 21.3). In part, this asymmetry could be explained by the presence of
transferable genetic elements that contain cyclic di-GMP related genes. Different
plasmids and mobile genetic elements containing GGDEF/EAL and PilZ genes have
been identified in complete genomes of Acidithiobacillus species, suggesting that
they constitute a coherent cyclic di-GMP control module [4]. For instance, the
integrative and conjugative element ICEAcaTY2, widely present in At. caldus
genomes, carries genes predicted to encode cyclic di-GMP metabolism enzymes
(dgc1879, pde1853), and cyclic di-GMP effector proteins (pilz1908, ycgR and fleQ).
Besides the inherently biofilm-related functions encode in ICEs, such as assembly
factors of T4P and the conjugation machinery, ICEAcaTY2 encodes accessory genes
for assembly and functioning of flagellar apparatus. Such elements are potential
direct or indirect targets of cyclic di-GMP signaling as it has been observed in other
bacteria [47].

Compared with other Acidithiobacillus species, the cyclic di-GMP signaling
pathway in At. ferrooxidans ATCC 23270 has the lowest complexity and comprise
four GGDEF-EAL, one single EAL, and only two PilZ proteins. Moreover, the
single EAL protein and one of the two PilZ proteins do not possess key amino acid
motifs for cyclic di-GMP interaction. The use of different electron donors, such as
sulfur and iron, supports the expression of all four GGDEF-EAL domain proteins.
Furthermore, induction of the cellulose-production phenotype in heterologous com-
plementation assays suggests a net DGC activity of these enzymes [42]. Notably,
three GGDEF-EAL proteins, as well as the second PilZ protein are encoded on the
ICEAfeTY2 (also present in At. ferrooxidans ATCC 53993). These four genes are
clustered in a cyclic di-GMP genetic hot spot together with Tra conjugation and
transposase genes, while the fourth GGDEF-EAL protein is encoded next to von
Willebrand factor type A domain-containing protein. The genetic contexts strongly
suggest the association of the cyclic di-GMP pathway with cellular attachment and
clustering. Consequently, cyclic di-GMP levels in biofilm cells are near to 10 times
higher than planktonic cells harvested from the same culture [42].
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The bioinformatic analysis of At. caldus ATCC 51756 genome allowed the
identification of 18 genes related to cyclic di-GMP turnover (9 single GGDEF,
6 GGDEF-EAL, and 3 single EAL) and 10 putative cyclic di-GMP effector proteins
(9 PilZ and 1 PelD). Based on key amino acid conservation and cellulose-production
phenotype assays in E. coli and Salmonella Typhimurium, the single GGDEF
protein ACAty1319 was identified as a functional DGC in this bacterium and
selected for mutagenesis experiment [46].

A null-mutant strain ΔACAty1319 was developed by using a suicide vector
harboring a kanamycin cassette and both 50 and 30 ends of ACAty1319 encoding
gene [46]. Then, by comparing mutant and wild-type strains it was reported that this
DGC is mainly responsible for 85–93% of the global cyclic di-GMP intracellular
levels and plays significant roles on (1) early stages of biofilm development
(Fig. 21.4a) and (2) swarming motility (Fig. 21.4b). The immediate gene context
of ACAty1319 that contains fliL, motA, and motB orthologous suggests that it may
affect flagellar motor performance [46].

The At. thiooxidans ATCC 19377 strain encodes an extended cyclic di-GMP
signaling network with 25 cyclic di-GMP metabolism genes (9 GGDEF,
12 GGDEF-EAL, 3 EAL, 1 HD-GYP) plus 9 PilZ and 1 PelD. Most of GGDEF-
containing proteins were characterized as functional DGCs through induction of the
rdar (rough, dry and red) biofilm morphotype in S. Typhimurium and high intracel-
lular levels of cyclic di-GMP were reported in attached cells [44]. Like At. caldus, At.
thiooxidans encode a PelD cyclic di-GMP effector in a complete pel operon
(Fig. 21.5a) [48, 49] that includes an additional gene, wcaG [uridine diphosphate
(UDP)-glucose-4-epimerase], downstream pelG gene and it is probably involved in
the synthesis of PEL exopolysaccharide precursor. Transcription levels of pelA,
pelD, and wcaG genes increase in At. thiooxidans biofilm cells. In cells attached to
sulfur surface, the deletion of pelD gene induces a decrease of EPS production
(sixfold less of total carbohydrates fraction), and an increase of the total protein
fraction. SEM imaging reveals that ΔpelD null-mutant cells attached to sulfur
overexpress a filamentous structure (Fig. 21.5b) that could have a proteinaceous
nature [44]. Intriguingly, Pel biosynthesis operon does not fallow the phylogenetic
distribution, and are not carried on an apparent mobile genetic element. The Pel
exopolysaccharide cluster is present in Sulfurihydrogenibium [moderate acidophile
(pH 6) thermophilic (68 �C)], Acidihalobacter prosperus [extreme acidophilic
(pH 2) mesophile (37 �C)], Ferrovum myxofaciens [moderate acidophile (pH 2.5–
4.8) mesophile (30 �C)], At. caldus [extreme acidophilic (pH 2.5), moderate ther-
mophilic (45 �C)] and At. thiooxidans [extreme acidophilic (pH 2.5), mesophile
(30 �C)]. Interestingly, PelB, a component that spans the periplasm and the outer
membrane, seems to be the most variable element of the Pel biosynthesis gene
products, probably due to adaptation to different extracellular conditions
(Fig. 21.5a).
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Fig. 21.4 Attachment (a) and motility (b) phenotypes in At. caldus ATCC 51756 wild type
(WT) and DGC null-mutant (ΔACAty1319) strains. Attached cells on elemental sulfur were
visualized by fluorescence microscopy (upper panel a) and SEM (bottom panel a). Swarming
motility patterns were observed on semi-solid media [phytagel 0.2%, pH 4.7 (upper panel b), and
phytagel 0.1% pH 2.5 (bottom panel b)] with tetrathionate as an energy source
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21.5 Concluding Remarks

Signal transduction mechanisms are key molecular processes that allow diverse
microorganisms to adapt and respond to their surroundings. This is particularly
important in extremophilic microorganisms which thrive in very harsh environ-
ments. As pointed out in this chapter, acidophilic microorganisms have the

A
pH Tº

A B D E F GCP. aeruginosa 7.0 37
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At. thiooxidans
ATCC 19377
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Fig. 21.5 (a) Organization and conservation of the pel gene clusters in acidophilic bacteria. Optima
growth pH and temperature for pel operon containing acidophilic bacteria are noted. Pel operon
structure from P. aeruginosa PA14 is presented as a reference. The percentage of identity between
adjacent gene clusters is represented as gray bars. PelD gene is depicted in purple. Note that wcaG is
part of pel gene cluster in several acidophiles. (b) SEM imaging of biofilm structure produced by the
At. thiooxidans ΔpelD null-mutant strain overexpressing a filamentous structure
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capability to create signaling circuits based on diverse nucleotide second messen-
gers. Most acidophilic Archaea probably use cAMP-based signaling, meanwhile
several acidophilic bacteria use cAMP, cyclic di-AMP, (p)ppGpp, and cyclic di-
GMP, with the last two being the most prevalent second messenger signaling
molecules. In acidophilic bacteria, (p)ppGpp and cAMP seem to regulate gene
expression in response to starvation and polyP-related signal, respectively. On the
other hand, cyclic di-GMP signaling integrates several input signals through differ-
ent metabolism components. DGCs from acidophilic bacteria detect environmental
signals through protein domains related with critical cues for chemolithoautotrophic
bacteria which dedicate large quantity of energy to carbon fixation. Oxidation of
RISCs and iron II offers little amount of energy, leaving oxygen as the most
favorable electron acceptor [27]. Besides, the redox potential and consequently the
energy output has a tremendous impact on the growth rate of acidophilic bacteria
such as Acidithiobacillus and Leptospirillum due their different iron oxidizing
machinery [27]. Then, DGCs containing domains able to sense redox potential
and/or oxygen, such as PAS and protoglobin may be vital to transduce these cues
to a particular response, such as biofilm formation on an oxidizable substrate. On the
other hand, metal sensing through CZB domain appears as an important cue for
regulation of acidophiles DGCs, probably impeding biofilm formation through DGC
activity inhibition, as has been shown for other bacteria [50]. Besides, acidophiles
DGCs couple GGDEF domain with poorly characterized N-terminal signaling
domains involved in the perception of signals at extracellular (7TMR-DISMED2
and dCache_1), membrane (CHASE, MASE1 and MHYT), and periplasmic
(Reg_prop and Y_Y_Y) level. They may help to transduce specific signals from
acidic ecological niche and then have to be targeted for further studies.

Key behaviors for energy acquisition, such as attachment and subsequent biofilm
formation, may be regulated by cyclic di-GMP through flagellar motility inhibition
and EPS synthesis, specially, cellulose-like and PEL expolysaccharides, which in
turn is achieved through effector proteins such as PelD and PilZ domains containing
proteins.

The physiological characterization of cyclic di-GMP pathway in acidophilic
bacteria is still incipient but the current knowledge obtained from bioinformatics
analysis and biological experiments in Acidithiobacillus species introduces some
clues about the regulation of biofilm formation in this kind of microorganisms. Thus,
it opens new ways to regulate this key physiological behavior for industrial or
environmental applications, either to increase precious metals release from leaching
ores or to control unwanted acid production in natural habitats.

References

1. Johnson DB, Quatrini R (2016) Acidophile microbiology in space and time. In: Quatrini R,
Johnson DB (eds) Acidophiles: life in extremely acidic environments. Caister Academic Press,
London, pp 1–16. https://doi.org/10.21775/9781910190333.16

350 M. Castro et al.

https://doi.org/10.21775/9781910190333.16


2. Garcia-Moyano A, González-Toril E, Aguilera A, Amils R (2007) Prokaryotic community
composition and ecology of floating macroscopic filaments from an extreme acidic environ-
ment, Río Tinto (SW, Spain). Syst Appl Microbiol 30:601–614

3. Nancucheo I, Johnson DB (2010) Production of glycolic acid by chemolithotrophic iron- and
sulfur-oxidizing bacteria and its role in delineating and sustaining acidophilic sulfide mineral-
oxidizing consortia. Appl Environ Microbiol 76:461–467

4. Moya-Beltrán A, Rojas C, Díaz M, Guiliani N, Quatrini R, Castro M (2019) Nucleotide second
messenger-based signaling in extreme acidophiles of the Acidithiobacillus species complex:
partition between the core and variable gene complements. Front Microbiol 10:381. https://doi.
org/10.3389/fmicb.2019.00381

5. Hauryliuk V, Atkinson GC, Murakami KS, Tenson T, Gerdes K (2015) Recent functional
insights into the role of (p)ppGpp in bacterial physiology. Nat Rev Microbiol 13(5):298–309.
https://doi.org/10.1038/nrmicro3448

6. McDonough KA, Rodriguez A (2011) The myriad roles of cyclic AMP in microbial pathogens:
from signal to sword. Nat Rev Microbiol 10(1):27–38. https://doi.org/10.1038/nrmicro2688

7. Römling U, Galperin MY, Gomelsky M (2013) Cyclic di-GMP: the first 25 years of a universal
bacterial second messenger. Microbiol Mol Biol Rev 77(1):1–52. https://doi.org/10.1128/
MMBR.00043-12

8. Corrigan RM, Gründling A (2013) Cyclic di-AMP: another second messenger enters the fray.
Nat Rev Microbiol 11(8):513–524. https://doi.org/10.1038/nrmicro3069

9. Sinha SC, Sprang SR (2006) Structures, mechanism, regulation and evolution of class III
nucleotidyl cyclases. Rev Physiol Biochem Pharmacol 157:105–140

10. Atkinson GC, Tenson T, Hauryliuk V (2011) The RelA/SpoT homolog (RSH) superfamily:
distribution and functional evolution of ppGpp synthetases and hydrolases across the tree of life.
PLoS One 6(8):e23479. https://doi.org/10.1371/journal.pone.0023479

11. Sismeiro O, Trotot P, Biville F, Vivares C, Danchin A (1998) Aeromonas hydrophila adenylyl
cyclase 2: a new class of adenylyl cyclases with thermophilic properties and sequence similar-
ities to proteins from hyperthermophilic archaebacteria. J Bacteriol 180(13):3339–3344

12. Smith N, Kim SK, Reddy PT, Gallagher DT (2006) Crystallization of the class IV adenylyl
cyclase from Yersinia pestis. Acta Crystallogr Sect F Struct Biol Cryst Commun 62
(Pt 3):200–204

13. Tumlirsch T, Jendrossek D (2017) Proteins with CHADs (conserved Histidine α-helical
domains) are attached to polyphosphate granules in vivo and constitute a novel family of
polyphosphate-associated proteins (Phosins). Appl Environ Microbiol 83(7):e03399–e03316.
https://doi.org/10.1128/AEM.03399-16

14. Navarro C, von Bernath D, Jerez CA (2013) Heavy metal resistance strategies of acidophilic
bacteria and their acquisition: importance for biomining and bioremediation. Biol Res
46:363–371

15. Anantharaman V, Aravind L (2001) The CHASE domain: a predicted ligand-binding module in
plant cytokinin receptors and other eukaryotic and bacterial receptors. Trends Biochem Sci 26
(10):579–582

16. Gavira JA, Ortega Á, Martín-Mora D, Conejero-Muriel MT, Corral-Lugo A, Morel B, Matilla
MA, Krell T (2018) Structural basis for polyamine binding at the dCACHE domain of the
McpU chemoreceptor from pseudomonas putida. J Mol Biol 430(13):1950–1963. https://doi.
org/10.1016/j.jmb.2018.05.008

17. Finkbeiner M, Grischin J, Seth A, Schultz JE (2019) In search of a function for the membrane
anchors of class IIIa adenylate cyclases. Int J Med Microbiol S1438-4221(19):30021–30029.
https://doi.org/10.1016/j.ijmm.2019.03.006

18. Green J, Stapleton MR, Smith LJ, Artymiuk PJ, Kahramanoglou C, Hunt DM, Buxton RS
(2014) Cyclic-AMP and bacterial cyclic-AMP receptor proteins revisited: adaptation for dif-
ferent ecological niches. Curr Opin Microbiol 18:1–7. https://doi.org/10.1016/j.mib.2014.01.
003

21 Cyclic di-GMP Signaling in Extreme Acidophilic Bacteria 351

https://doi.org/10.3389/fmicb.2019.00381
https://doi.org/10.3389/fmicb.2019.00381
https://doi.org/10.1038/nrmicro3448
https://doi.org/10.1038/nrmicro2688
https://doi.org/10.1128/MMBR.00043-12
https://doi.org/10.1128/MMBR.00043-12
https://doi.org/10.1038/nrmicro3069
https://doi.org/10.1371/journal.pone.0023479
https://doi.org/10.1128/AEM.03399-16
https://doi.org/10.1016/j.jmb.2018.05.008
https://doi.org/10.1016/j.jmb.2018.05.008
https://doi.org/10.1016/j.ijmm.2019.03.006
https://doi.org/10.1016/j.mib.2014.01.003
https://doi.org/10.1016/j.mib.2014.01.003


19. Witte G, Hartung S, Büttner K, Hopfner KP (2008) Structural biochemistry of a bacterial
checkpoint protein reveals diadenylate cyclase activity regulated by DNA recombination
intermediates. Mol Cell 30(2):167–178. https://doi.org/10.1016/j.molcel.2008.02.020

20. Winther KS, Roghanian M, Gerdes K (2018) Activation of the stringent response by loading of
RelA-tRNA complexes at the ribosomal A-site. Mol Cell 70(1):95–105.e4. https://doi.org/10.
1016/j.molcel.2018.02.033

21. Battesti A, Bouveret E (2009) Bacteria possessing two RelA/SpoT-like proteins have evolved a
specific stringent response involving the acyl carrier protein-SpoT interaction. J Bacteriol 191
(2):616–624. https://doi.org/10.1128/JB.01195-08

22. da Costa Vasconcelos FN, Maciel NK, Favaro DC, de Oliveira LC, Barbosa AS, Salinas RK
et al (2017) Structural and enzymatic characterization of a cAMP-dependent diguanylate
cyclase from pathogenic Leptospira species. J Mol Biol 429(15):2337–2352. https://doi.org/
10.1016/j.jmb.2017.06.002

23. Chen HJ, Li N, Luo Y, Jiang YL, Zhou CZ, Chen Y et al (2018) The GDP-switched GAF
domain of DcpA modulates the concerted synthesis/hydrolysis of c-di-GMP in Mycobacterium
smegmatis. Biochem J 475(7):1295–1308. https://doi.org/10.1042/BCJ20180079

24. Qi Y, Rao F, Luo Z, Liang ZX (2009) A flavin cofactor-binding PAS domain regulates c-di-
GMP synthesis in AxDGC2 from Acetobacter xylinum. Biochemistry 48(43):10275–10285.
https://doi.org/10.1021/bi901121w

25. Chang AL, Tuckerman JR, Gonzalez G, Mayer R, Weinhouse H, Volman G, Amikam D,
Benziman M, Gilles-Gonzalez MA (2001) Phosphodiesterase A1, a regulator of cellulose
synthesis in Acetobacter xylinum, is a heme-based sensor. Biochemistry 40(12):3420–3426

26. Tuckerman JR, Gonzalez G, Sousa EH, Wan X, Saito JA, AlamM, Gilles-Gonzalez MA (2009)
An oxygen-sensing diguanylate cyclase and phosphodiesterase couple for c-di-GMP control.
Biochemistry 48(41):9764–9774. https://doi.org/10.1021/bi901409g

27. Rawlings DE (2005) Characteristics and adaptability of iron- and sulfur-oxidizing microorgan-
isms used for the recovery of metals from minerals and their concentrates. Microb Cell Factor
4:13. https://doi.org/10.1186/1475-2859-4-13

28. Zschiedrich CP, Keidel V, Szurmant H (2016) Molecular mechanisms of two- component
signal transduction. J Mol Biol 428:3752–3775

29. Guzzo CR, Salinas RK, Andrade MO, Farah CS (2009) PILZ protein structure and interactions
with PILB and the FIMX EAL domain: implications for control of type IV pilus biogenesis. J
Mol Biol 393(4):848–866. https://doi.org/10.1016/j.jmb.2009.07.065

30. O’Toole GA, Kolter R (1998) Flagellar and twitching motility are necessary for Pseudomonas
aeruginosa biofilm development. Mol Microbiol 30(2):295–304

31. Semmler AB, Whitchurch CB, Mattick JS (1999) A re-examination of twitching motility in
Pseudomonas aeruginosa. Microbiology 145(10):2863–2873

32. Ryjenkov DA, Simm R, Römling U, Gomelsky M (2006) The PilZ domain is a receptor for the
second messenger c-di-GMP: the PilZ domain protein YcgR controls motility in enterobacteria.
J Biol Chem 281(41):30310–30314

33. Merighi M, Lee VT, Hyodo M, Hayakawa Y, Lory S (2007) The second messenger bis-(30-50)-
cyclic-GMP and its PilZ domain-containing receptor Alg44 are required for alginate biosyn-
thesis in Pseudomonas aeruginosa. Mol Microbiol 65(4):876–895

34. Morgan JL, McNamara JT, Zimmer J (2014 May) Mechanism of activation of bacterial
cellulose synthase by cyclic di-GMP. Nat Struct Mol Biol 21(5):489–496. https://doi.org/10.
1038/nsmb.2803

35. Francke C, Groot Kormelink T, Hagemeijer Y, Overmars L, Sluijter V, Moezelaar R, Siezen RJ
(2011) Comparative analyses imply that the enigmatic sigma factor 54 is a central controller of
the bacterial exterior. BMC Genomics 12(1):385. https://doi.org/10.1186/1471-2164-12-385

36. Hallberg K, González-Toril E, Johnson D (2010) Acidithiobacillus ferrivorans, sp. nov.;
facultatively anaerobic, psychrotolerant iron-, and sulfur-oxidizing acidophiles isolated from
metal mine-impacted environments. Extremophiles 14:9–19. https://doi.org/10.1007/s00792-
009-0282-y

352 M. Castro et al.

https://doi.org/10.1016/j.molcel.2008.02.020
https://doi.org/10.1016/j.molcel.2018.02.033
https://doi.org/10.1016/j.molcel.2018.02.033
https://doi.org/10.1128/JB.01195-08
https://doi.org/10.1016/j.jmb.2017.06.002
https://doi.org/10.1016/j.jmb.2017.06.002
https://doi.org/10.1042/BCJ20180079
https://doi.org/10.1021/bi901121w
https://doi.org/10.1021/bi901409g
https://doi.org/10.1186/1475-2859-4-13
https://doi.org/10.1016/j.jmb.2009.07.065
https://doi.org/10.1038/nsmb.2803
https://doi.org/10.1038/nsmb.2803
https://doi.org/10.1186/1471-2164-12-385
https://doi.org/10.1007/s00792-009-0282-y
https://doi.org/10.1007/s00792-009-0282-y


37. Hallberg KB, Lindström EB (1994) Characterization of Thiobacillus caldus sp. nov., a moder-
ately thermophilic acidophile. Microbiology 140(12):3451–3456

38. Castro M, Moya-Beltrán A, Covarrubias PC, Gonzalez M, Cardenas JP, Issotta F, Nuñez H,
Acuña LG, Encina G, Holmes DS, Johnson DB, Quatrini R (2017) Draft genome sequence of
the type strain of the sulfur-oxidizing acidophile, Acidithiobacillus albertensis (DSM 14366).
Stand Genomic Sci 12:77. https://doi.org/10.1186/s40793-017-0282-y

39. Valdés J, Pedroso I, Quatrini R, Holmes DS (2008) Comparative genome analysis of
Acidithiobacillus ferrooxidans, A. thiooxidans and A. caldus: insights into their metabolism
and ecophysiology. Hydrometallurgy 94:180–184

40. Schippers A, Sand W (1999) Bacterial leaching of metal sulfides proceeds by two indirect
mechanisms via thiosulfate or via polysulfides and súlfur. Appl Environ Microbiol 65
(1):319–321

41. Vera M, Schippers A, Sand W (2013) Progress in bioleaching: fundamentals and mechanisms
of bacterial metal sulfide oxidation--part A. Appl Microbiol Biotechnol 97(17):7529–7541.
https://doi.org/10.1007/s00253-013-4954-2

42. Ruiz LM, Castro M, Barriga A, Jerez CA, Guiliani N (2012) The extremophile
Acidithiobacillus ferrooxidans possesses a c-di-GMP signalling pathway that could play a
significant role during bioleaching of minerals. Lett Appl Microbiol 54:133–139

43. Diaz M, Copaja S, Guiliani N (2013) Functional analysis of c-di-GMP pathway in biomining
bacteria Acidithiobacillus thiooxidans. Adv Mater Res 825:133–136

44. Díaz M, Castro M, Copaja S, Guiliani N (2018) Biofilm formation by the Acidophile bacterium
Acidithiobacillus thiooxidans involves c-di-GMP pathway and Pel exopolysaccharide. Genes
(Basel) 9(2):E113. https://doi.org/10.3390/genes9020113

45. Castro M, Ruíz LM, Barriga A, Jerez CA, Holmes DS, Guiliani N (2009) C-di-GMP pathway in
biomining bacteria. Adv Mater Res 71–73:223–226. https://doi.org/10.4028/www.scientific.
net/AMR.71-73.223

46. Castro M, Deane S, Ruiz L, Rawlings DE, Guiliani N (2015) Diguanylate Cyclase null mutant
reveals that C-Di-GMP pathway regulates the motility and adherence of the extremophile
bacterium Acidithiobacillus caldus. PLoS One 10(2):e0116399. https://doi.org/10.1371/jour
nal.pone.0116399

47. Ryan RP, Tolker-Nielsen T, Dow JM (2012) When the PilZ don’t work: effectors for cyclic
di-GMP action in bacteria. Trends Microbiol 20(5):235–242

48. Friedman F, Kolter R (2004) Genes involved in matrix formation in Pseudomonas aeruginosa
PA14 biofilms. Mol Microbiol 51(3):675–690

49. Lee VT, Matewish JM, Kessler JL, Hyodo M, Hayakawa Y, Lory S (2007) A cyclic-di-GMP
receptor required for bacterial exopolysaccharide production. Mol Microbiol 65(6):1474–1484

50. Zähringer F, Lacanna E, Jenal U, Schirmer T, Boehm A (2013) Structure and signaling
mechanism of a zinc-sensory diguanylate cyclase. Structure 21(7):1149–1157. https://doi.org/
10.1016/j.str.2013.04.026

21 Cyclic di-GMP Signaling in Extreme Acidophilic Bacteria 353

https://doi.org/10.1186/s40793-017-0282-y
https://doi.org/10.1007/s00253-013-4954-2
https://doi.org/10.3390/genes9020113
https://doi.org/10.4028/www.scientific.net/AMR.71-73.223
https://doi.org/10.4028/www.scientific.net/AMR.71-73.223
https://doi.org/10.1371/journal.pone.0116399
https://doi.org/10.1371/journal.pone.0116399
https://doi.org/10.1016/j.str.2013.04.026
https://doi.org/10.1016/j.str.2013.04.026


Part VIII
Pathogens



Chapter 22
Signals Modulating Cyclic di-GMP
Pathways in Vibrio cholerae

Erin Young, Garett Bonds, and Ece Karatan

Abstract Vibrio cholerae is an aquatic bacterium that is also the causative agent of
the diarrheal disease cholera. In this bacterium, the secondary messenger, cyclic di-
GMP, regulates the lifestyle transition between a motile state and a sessile biofilm
state as well as other key processes such as virulence factor production. The
V. cholerae genome encodes 62 proteins that contain GGDEF, EAL, or HD-GYP
domains that are predicted to be involved in the synthesis or degradation of cyclic di-
GMP. Presumably, one or more signals modulate the activity of each of these
proteins to regulate cyclic di-GMP levels in the cell; however, to date, only a few
of these signals have been elucidated. In this chapter, we present our current
knowledge about the signals that have an effect on cyclic di-GMP signaling in
V. cholerae and the signaling networks that play direct or indirect roles in processing
these signals. These signals include polyamines, bile acids, temperature, and molec-
ular oxygen. We also discuss how cyclic di-GMP signaling networks interact with
other signal transduction pathways, such as quorum sensing, to regulate behavior. In
addition to the many unidentified signals, there are other gaps in our knowledge
including how signal specificity and processing is achieved and what is the nature
and the extent of crosstalk among cyclic di-GMP and other signal transduction
networks. Future research addressing these questions will help us better understand
how V. cholerae assimilates cues in both aquatic habitats and host organisms to
optimize its response to specific environments through cyclic di-GMP signaling.
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22.1 Introduction

Bacteria can process signals in the environment and respond to these signals through
behavioral modifications that increase the likelihood of survival. This adaptation is
especially crucial for bacteria that transition through multiple different environments
in their lifecycle. The Gram-negative bacterium Vibrio cholerae is a natural inhab-
itant of aquatic environments worldwide. In these environments, V. cholerae can be
motile by means of a polar flagellum or exist in biofilms associated with biotic and
abiotic surfaces [1, 2]. Two serogroups, O1 and O139, are human pathogens that
cause the diarrheal disease cholera. Upon ingestion by the human host, V. cholerae
colonizes the small intestine and produces the main virulence factors, toxin co-
regulated pilus (TCP) and cholera toxin (CT) [3]. TCP is required for the bacterium
to colonize the intestinal epithelium and CT causes an imbalance of electrolytes,
leading to the massive watery diarrhea that is the hallmark of this disease [3–
5]. While there is evidence that the biofilm state is advantageous for this bacterium
to survive in and ultimately colonize the host, expression of the main virulence
factors and colonization occurs in the planktonic state [6]. Therefore, the transition
between aquatic reservoirs and the human host requires careful regulation of these
different lifestyles to ensure successful pathogenesis, survival, and dissemination to
continue the lifecycle of V. cholerae.

The principle molecule regulating the transition between motility and biofilm
formation in V. cholerae is the nucleotide secondary messenger bis 30–50 cyclic
dimeric-guanosine monophosphate or cyclic di-GMP [7, 8]. Cyclic di-GMP is
synthesized from two molecules of GTP by diguanylatecyclases (DGCs) character-
ized by a GGDEF domain. It is hydrolyzed by phosphodiesterases (PDEs) charac-
terized by EAL or HD-GYP domains into either the linear molecule 50pGpG or two
molecules of GMP, respectively (reviewed in [9]). As with other bacterial species,
high levels of cellular cyclic di-GMP are required for biofilm formation in
V. cholerae; low levels of cyclic di-GMP facilitate a motile lifestyle. Additionally,
colonization and expression of the main virulence factors are associated with low
levels of cellular cyclic di-GMP (Fig. 22.1). Late in infection, however, several
genes are induced that may increase cyclic di-GMP levels and enhance survival of
V. cholerae once it is disseminated into the aquatic environment [10].

The V. cholerae genome encodes 62 proteins that potentially regulate cyclic di-
GMP levels in the cell—31 with GGDEF domains, 12 with EAL domains, 10 with
tandem GGDEF and EAL domains, and 9 with HD-GYP domains. Proteins with
GGDEF, EAL or HD-GYP domains typically contain additional sensory or trans-
membrane domains; therefore, these proteins presumably respond to one or more
environmental or metabolic signals [2]. Transduction of signals occurs through the
modulation of the enzymatic domains, which affects intracellular cyclic di-GMP
levels [9]. Specific signals detected by the majority of the GGDEF/EAL/HD-GYP
proteins remain to be elucidated.

In this chapter, we first review the cyclic di-GMP signaling networks in
V. cholerae that regulate biofilm formation, motility, virulence and other cellular
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processes. We then focus on signals that have been shown to be transduced by cyclic
di-GMP-metabolizing enzymes. We also discuss some future directions of investi-
gation needed to fully elucidate the role of this secondary messenger in V. cholerae
physiology.

Aquatic environment
Motile: low cyclic di-GMP

Colonization/virulence factor 
production 

medium to low cyclic di-GMP

Entry
high cyclic di-GMP

Aquatic environment
Sessile: high cyclic di-GMP

Human host Late infection/ 
dissemination
high cyclic di-GMP

Fig. 22.1 Model of Vibrio cholerae lifestyle transitions and cyclic di-GMP levels: V. cholerae can
exist in its natural aquatic habitats either as sessile biofilms attached to abiotic or biotic surfaces or
swim by means of a polar flagellum. Biofilm bacteria have high cellular levels of cyclic di-GMP;
whereas, motile bacteria have low levels. Biofilms increase the likelihood of survival upon entry
into the human host. In order to colonize the crypts of the intestinal villi, bacteria have to transition
to the motile phase to swim out of the lumen and toward the villi. During this transition, cyclic di-
GMP levels decrease. Low cyclic di-GMP levels and additional signals in the host environment
allow expression of the main virulence factors, TCP and CT, leading to the colonization of the villi
and electrolyte imbalance in the intestines. Late in the infection, additional signals, such as high cell
density, downregulate virulence factor production and upregulate motility, allowing bacteria swim
away from the crypts of the intestines. Other signals are likely to induce biofilm formation in a sub-
population of bacteria that are disseminated back into the environment
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22.2 Cyclic di-GMP Enhances Biofilm Formation

Biofilms are aggregations or communities of cells encased in an extracellular matrix
composed mostly of polysaccharides, proteins, and extracellular DNA
[2, 11]. V. cholerae is thought to exist primarily in a biofilm in aquatic environments.
The biofilm state confers increased resistance to environmental stressors such as
nutrient limitation, predation by protozoa, and changes in pH [12–15]. Ingestion of
V. cholerae in a biofilm protects the bacteria from the acidic conditions of the
stomach and enhances colonization of the small intestine [6, 16]. Biofilm formation
is positively regulated by cyclic di-GMP at both the transcriptional and post-tran-
scriptional levels. Cyclic di-GMP activates the genes necessary for surface attach-
ment as well as those necessary for the synthesis of the extracellular matrix. In
addition, cyclic di-GMP enhances the synthesis of MshA (mannose sensitive hem-
agglutinin) pilus by a post-transcriptional mechanism (Fig. 22.2).

MSHA is critical for surface attachment and subsequent biofilm formation
[17]. Several msh genes, which encode proteins needed for assembly and export of
the MshA type IV pilus, are upregulated with increased levels of cyclic di-GMP
[18]. One gene in the msh operon, mshE, codes for an ATPase that is crucial to the
biosynthesis and secretion of the MshA pilus [19, 20]. MshE was the first T2SSE
(Type II secretion system based on general secretion protein E) ATPase protein
identified as having a cyclic di-GMP binding domain and this domain represented a
novel cyclic di-GMP binding motif. MshE bound by cyclic di-GMP is necessary for
the assembly and function of MshA pili, indicating that cyclic di-GMP regulates
initiation of biofilm formation both at the level of transcription and enzyme function
[19–21] (Fig. 22.2a).

The genes necessary for synthesis of Vibrio polysaccharide (VPS), a main
component of the biofilm extracellular matrix, reside in two clusters referred to as
vps-I and vps-II [22, 23]. Biofilm matrix proteins RbmA, RbmC, and Bap1 are also
crucial to the development of a mature biofilm. RbmA and RbmC are encoded by the
rbm gene locus located between the vps-I and vps-II operons, whereas Bap1 is
encoded by a gene elsewhere in the genome [24–26]. Transcription of the vps,
rbm, bap1 genes are positively regulated by two transcriptional activators, VpsR
and VpsT [27–29] (Fig. 22.2b). Both VpsR and VpsT have two-component system
response regulator receiver domains and C-terminal helix-turn-helix (HTH) domains
important for DNA binding [28, 30]. Both of these transcriptional regulators can also
bind cyclic di-GMP [31, 32]. For VpsT, the binding of cyclic di-GMP is necessary
for dimerization and binding to DNA for transcriptional activation of target genes
[29, 31]. Initial reports showed that cyclic di-GMP did not have an effect on the
regulatory function of VpsR; however, a recent study has indicated that cyclic di-
GMP binding may play a role in the specific conformation necessary for the
VpsR�RNA polymerase complex to activate transcription [32, 33]. This suggests
that expression of the VpsR-regulated target genes cannot be achieved without cyclic
di-GMP [33].
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While VpsT and VpsR have a number of similarities and share many targets, the
two proteins also have unique features. For example, transcriptional activation of vps
and rbm clusters by VpsR is higher than by VpsT [27, 28]. More importantly, VpsR
is absolutely required for activation of vps genes whereas VpsT plays an auxiliary
function [30]. These two regulators also promote their own as well as each other’s
transcription [28]. Analysis of the promoter regions of the genes involved in biofilm
formation showed putative VpsR and VpsT binding sites upstream of vspT, rbmA,
and vpsU, the first gene in the vps-I operon [29]. Putative VpsR binding sites were
identified upstream of rbmC and bap1. A VpsT binding site was identified in the
regulatory region of the second gene in the vps-I cluster, vpsA [29].

22.3 Cyclic di-GMP Inhibits Motility

As in other bacteria, low levels of cyclic di-GMP are associated with a motile
lifestyle in V. cholerae; high levels inhibit motility. Several cyclic di-GMPmetabolic
proteins that affect motility have been identified through genetic screens. Predicted
DGCs (CdgD, CdgH, CdgK, and CdgL) inhibit motility whereas CdgG, CdgJ, and
RocS enhance this phenotype [34–36]. All of the DGCs are predicted to be integral

Fig. 22.2 (continued) construction of the MshA pilus. MshA is required for attachment of
V. cholerae to surfaces. (b) VpsR and VpsT are transcriptional factors that bind cyclic di-GMP to
enhance transcription of the vps, rbm, and bap1 (elsewhere in the genome and not shown) genes
required for biofilm formation. These transcriptional factors also upregulate transcription of vpsT
and vpsR genes. (c) and (d) Cyclic di-GMP negatively regulates motility. (c) Expression of the
genes required for flagellar synthesis, such as flaA encoding the major flagellin, requires activation
by the transcription factor FlrC. FlrC is a two-component response regulation that is activated upon
receiving a phosphoryl group from FlrB; FlrC in turn activates the transcription of various flagellar
genes including flaA encoding the major flagellin required for flagellar synthesis. Binding of cyclic
di-GMP to FlrA inhibits binding of FlrA to the flrBC promoter region, leading to inhibition of
flagellar synthesis. (d) Motility is also positively regulated by TfoY. Translation of the tfoY mRNA
is regulated by the cyclic di-GMP-responsive riboswitch Vc2. When cyclic di-GMP binds Vc2,
translation of tfoY is inhibited and this leads to inhibition of motility. This regulation might be
relevant in low-nutrient environments. One mechanism of how TfoY inhibits motility might be by
the transcriptional repression of frhA, a hemagglutinin important in binding chitin and intestinal
epithelium. (e) and (f) Virulence gene expression is influenced both negatively and positively by
cyclic di-GMP. (e) High cyclic di-GMP levels inhibit transcription of toxT encoding the major
transcriptional regulator by an unknown mechanism. ToxT is required for the expression of tcpA,
encoding TcpA, the major subunit of Tcp required for colonization and ctxAB, encoding A and B
subunits of cholera toxin. Contact with host cells enables signaling through the two-component
system VieSAB (VieB is not shown). Transfer of the phosphoryl group from VieS to the response
regulator VieA, activates the cyclic di-GMP phosphodiesterase activity of this protein, leading to
low cellular levels of cyclic di-GMP. (f) Levels of GpbA, an adhesin important in binding chitin in
the environment and mucin in the host intestines, are regulated both negatively and positively by
cyclic di-GMP. High levels of cyclic di-GMP inhibits transcription of gbpA. In contrast, cyclic di-
GMP binding to the Vc2 riboswitch in the gbpA mRNA positively regulates expression of GbpA
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membrane proteins containing GGDEF domains; in addition, CdgD and CdgL
contain PAS and CHASE domains, respectively (reviewed in [37]). CdgG, a cyto-
plasmic protein with a non-functional GGDEF domain, may act as a receptor for
cyclic di-GMP through a conserved RXXD motif [34]. CdgJ and RocS are predicted
cytoplasmic PDEs; CdgJ contains an EAL domain whereas RocS contains PAS,
GGDEF, and EAL domains [37]. The contribution of each protein to the regulation
of motility as well as the signals that modulate the activity of these proteins remain to
be elucidated.

V. cholerae achieves motility through the construction and use of a polar flagel-
lum [1]. The genes required for the production of the flagellum have been catego-
rized into four hierarchical classes which are regulated by the transcriptional
activator FlrA at the top of the transcriptional hierarchy (Fig. 22.2c) [1]. FlrA
promotes transcription of Class II genes including the flrBC operon, which encodes
a regulatory two-component system necessary for activation of genes in Classes III
and IV [1, 38, 39]. Cyclic di-GMP inhibits motility by binding FlrA and preventing it
from binding upstream of the flrBC operon to activate transcription of these genes
[39]. Additionally, high intracellular levels of VpsT also represses the transcription
of the flagellar genes [39]. The mechanism by which VpsT achieves this inhibition is
not known.

PilZ domains were one of the first characterized protein domains that bind cyclic
di-GMP [40]. The V. cholerae genome encodes five proteins with PilZ domains,
PlzA�E. Of these, only PlzC and PlzD can bind cyclic di-GMP. PlzC positively
regulates motility whereas, at least in certain environments, PlzD represses the
motility of V. cholerae [41]. Molecular mechanisms of motility regulation by Pilz
domain proteins remain to be elucidated.

Riboswitches are regulatory segments of mRNA that affect the translation of
proteins in response to the presence or absence of a small ligand. Two riboswitches
have been identified in V. cholerae that bind to cyclic di-GMP, Vc1 and Vc2
[42]. The Vc2 riboswitch lies upstream of tfoY which has recently been implicated
in cyclic di-GMP regulation of motility (Fig. 22.2d) [42, 43]. When bound by cyclic
di-GMP, this Vc2 riboswitch acts as an “offswitch” to prevent translation of TfoY; at
low levels of intracellular cyclic di-GMP, the Vc2 riboswitch inhibition is removed
and TfoY expression is induced, leading to higher motility [43]. TfoY is a putative
transcription factor implicated in the regulation of motility and the Type VI secretion
system in V. cholerae [43, 44]. One of the targets of TfoY is frhA (flagellum-
regulated hemagglutinin A), an adhesin that plays a role in attachment and intestinal
colonization [44, 45]. Transcriptional repression of this gene by TfoY may contrib-
ute to induction of high motility. Interestingly, at high cyclic di-GMP concentra-
tions, transcription of tfoY is activated in a VpsR-dependent manner. This regulation
is mediated by promoter elements downstream of the Vc2 region [43]. It is possible
that at high levels of cyclic di-GMP, TfoY plays a role in the transcriptional
regulation of other cellular processes.
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22.4 Cyclic di-GMP Inhibits Virulence Factor Production

Two primary virulence factors of V. cholerae are toxin co-regulated pilus (TCP) and
cholera toxin (CT). TCP is a type IV pilus that is required for microcolony formation
and intestinal colonization in humans and infant mice models of cholera [4, 5]. Addi-
tionally, V. cholerae strains lacking tcpA, which encodes the major pilin of TCP, are
defective in attachment to Caco-2 intestinal cell lines [46]. CT is an AB toxin
composed of an A subunit that houses ADP-ribosylating activity, while the B
subunit binds to GM1 gangliosides on the surface of intestinal epithelial cells and
facilitates entry of the toxin into target cells [47–50]. Transcription of tcpA and
ctxAB is regulated by a complex network that culminates in the production of the
transcriptional activator ToxT, the master virulence regulator in V. cholerae
[51, 52]. At the beginning of this cascade, transcription factors AphA and AphB
together activate the transcription of TcpP and TcpH [53]. Acting jointly with a
second set of transcription factors ToxR and ToxS, TcpP and TcpH activate the
transcription of the toxT gene [54, 55].

In V. cholerae, cyclic di-GMP regulation of virulence factor production
primarilyoccurs through the action of the VieSAB complex (Fig. 22.2e). This
complex comprises a sensor kinase (VieS), an auxiliary protein (VieB), and a
response regulator (VieA). VieA contains an EAL domain and is a functional cyclic
di-GMP phosphodiesterase [56]. VieB has an unclear role, although some data
suggest that it may play a regulatory role in the complex by modulating the activity
of VieSA [57]. VieA is required for maximal expression of the ctxAB and toxT
genes. A point mutation in the EAL domain of VieA is sufficient to cause a
significant reduction in the amount of CT produced, suggesting that VieA activates
CT production by lowering the intracellular concentration of cyclic di-GMP. Fur-
thermore, transcription of toxT is significantly reduced in a ΔVieA mutant strain
[7]. The production of VieSAB has recently been linked to signaling mechanisms
that are activated upon contact with intestinal epithelial cells [58]. Immediately after
adherence of V. cholerae to intestinal epithelial cell line INT 407, an increase in V
ieA expression occurs, which leads to upregulation of toxT gene expression. Sur-
prisingly, the effect of cyclic di-GMP on virulence factor production appears to be
strain dependent. The studies mentioned earlier were performed using the classical
biotype of V. cholerae O1. In V. cholerae O1 El Tor, the biotype responsible for
most of the current cholera cases, VieA does not play a major role in infection and
the effect of cyclic di-GMP on the production of TCP and CT is not well understood
[59]. High levels of cyclic di-GMP enhance production of AphA, one of the
transcription factors that starts the virulence factor production cascade; however,
this leads to only a small increase in the transcription of ctxA and tcpA genes [32].

Cyclic di-GMP signaling pathways in V. cholerae O1 El Tor also play a role in
regulating the expression of GbpA, a colonization factor that aids in attachment of
V. cholerae to N-acetylglucosamine surfaces (Fig. 22.2f). These surfaces are present
on zooplankton and crustaceans in the native environment of V. cholerae; N-
acetylglucosamine is also a component of mucin and present on glycoproteins and
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lipids on human intestinal epithelial cells [60, 61]. Thus, GbpA aids in environmen-
tal persistence as well as colonization of the human host by promoting attachment.
Reduced levels of intracellular cyclic di-GMP enhance gbpA transcription
[60, 61]. How cyclic di-GMP regulates gbpA transcription in currently not known.
Interestingly, expression of gbpA is also post-transcriptionally regulated in a positive
manner by cyclic di-GMP. Binding of cyclic di-GMP to a riboswitch identified in the
50 untranslated region of the gbpA mRNA, called Vc1, allows translation of gbpA
with a subsequent increase in GbpA levels [62]. Contrasting effects of cyclic di-
GMP on gbpA transcription and translation is puzzling. Clearly, more work needs to
be done to delineate the role of cyclic di-GMP on virulence factor production in
V. cholerae.

22.5 Cyclic di-GMP Regulates Other Cellular Processes

In addition to the regulation of motility, biofilm formation, and virulence factor
production in V. cholerae, recent studies have identified a role for cyclic di-GMP in
other cellular processes including Type VI and Type II secretion, DNA damage
repair, and acetoin production.

22.5.1 Type VI Secretion System

The transcription factor TfoY, described in an earlier section, has also been identified
as a second, non-redundant transcriptional activator of the genes necessary for the
Type VI secretion system in V. cholerae [44]. Low cellular cyclic di-GMP increases
TfoY levels presumably through the action of the Vc2 off switch, which then leads to
a significant increase in predatory killing. With combined regulatory roles for both
motility and the Type VI secretion system, the purpose of the activator TfoY is
hypothesized to be related to defensive escape [44].

22.5.2 Type II Secretion System

The type II secretion system of V. cholerae is responsible for the secretion of CT and
the biofilm matrix proteins RbmA, RbmC, and Bap1 [63, 64]. Twelve of the thirteen
genes responsible for the type II secretion system in V. cholerae reside together in
the eps gene cluster and are transcriptionally activated by cyclic di-GMP through
VpsR [65]. Neither toxin secretion nor biofilm formation are affected by the cyclic
di-GMP-dependent increase in eps gene transcription; however, increased transcrip-
tion of the epsG gene, which encodes a pilin-like protein, results in more
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extracellular EpsG pili [65]. The function of the EpsG pili in V. cholerae has not yet
been elucidated.

22.5.3 DNA Repair

Cyclic di-GMP plays a role in DNA repair by enhancing transcription of the tag
gene, which codes for the 3-methyladenine glycosylase, Tag. Tag, an enzyme of the
baseexcision repair pathway, removes methylated adenines and guanines at the N3
position to prevent mutations and maintain genome integrity [66]. Cyclic di-GMP
was shown to enhance transcription of the tag gene in a VpsT- and VpsR-dependent
manner [67]. Treatment with the DNA-methylating agent, MMS, stunted growth of
bacterial cultures; however, this effect was partially reversed by increasing cyclic di-
GMP levels, presumably through elevated levels of the Tag enzyme [67].

22.5.4 Acetoin Synthesis

Acetoin is critical to the viability of V. cholerae as it prevents intracellular acidifi-
cation from the by-products of glucose metabolism [68]. AphA, one of the tran-
scriptional activators involved in the virulence cascade in V. cholerae, also represses
the transcription of the operon encoding the genes required for acetoin synthesis
[32, 68]. Transcription of aphA was induced by cyclic di-GMP through the tran-
scriptional activator VpsR; elevated levels of cyclic di-GMP decreased acetoin
synthesis in an aphA-dependent manner [32]. Thus, in addition to regulation of
major lifestyle transitions, cyclic di-GMP also plays a role in regulation of the
metabolic processes in V. cholerae.

22.6 Signals that Regulate Cyclic di-GMP-Associated
Phenotypes

The presence of sensory domains in cyclic di-GMP metabolizing proteins imply that
the activity of these enzymes is regulated by environmental signals. To date, only a
few signals whose effects are mediated by GGDEF/EAL/HD-GYP proteins, have
been identified; these are polyamines, molecular oxygen, temperature, bile acids and
inorganic phosphate (Fig. 22.3). For polyamines and molecular oxygen, the specific
proteins that directly detect these signals have been identified. For others, one or
more proteins required to respond to these signals have been identified; however, the
molecular mechanisms of how these signals are detected remain elusive.
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22.6.1 Polyamines

Polyamines are ubiquitous, organic cations synthesized by almost all organisms and
utilized for growth and other cellular processes in both eukaryotes and prokaryotes
[69]. The polyamines spermine and spermidine inhibit V. cholerae biofilm formation
whereas the polyamine norspermidine enhances it [70–72]. Norspermidine is syn-
thesized by only a few organisms including members of the family Vibrionaceae,
some plant species, and aquatic eukaryotes [73–75]. Both spermine and spermidine
are produced by humans; they are alsoobtained from food sources and intestinal
microbiota [76–78]. Therefore, norspermidine is primarily found in environments
outside of the human host whereas spermine and spermidine are present in the
human gastrointestinal tract. Thus, the types of polyamines V. cholerae comes into
contact with could help this bacterium differentiate between the host environment
and the external environment and adapt accordingly.

Polyamines in the environment are detected by NspS, a periplasmic protein that
can bind spermine, spermidine, and norspermidine (Fig. 22.3) [72, 79]. NspS is
hypothesized to interact with MbaA, a transmembrane protein with a periplasmic
domain and tandem GGDEF and EAL domains [71]. Signal transduction is proposed
to occur through NspS complexing with a polyamine and binding to the periplasmic
domain of MbaA. The deletion of nspS results in an inhibition of biofilm formation
whereas a deletion of mbaA results in a significant increase in biofilm formation,
indicating that NspS inhibits the phosphodiesterase activity of MbaA [70–72]. Alter-
ation of PDE activity would putatively change the level of cyclic di-GMP in the cell
leading to either the inhibition or enhancement ofbiofilm formation; however,
nochange in the global level of this molecule was detected by the methods used
[72]. This may indicate that only local levels of cyclic di-GMP are affected rather
than theglobal, cellular level of cyclic di-GMP.

Fig. 22.3 (continued) cyclic di-GMP levels whereas AgcB enhances them. The NspS�MbaA
protein complex responds to distinct polyamines in the environment. MbaA is a cyclic di-GMP
PDE. Binding of norspermidine to NspS inhibits MbaA whereas binding of spermidine and
spermine to NspS enhances MbaA activity. Bile acids enhance cyclic di-GMP levels through the
DGCs VC1372, CdgH, and CdgM and the inhibiting transcription of the gene encoding VC1295.
Low temperature increases cyclic di-GMP levels; this effect is mediated by six DGCs, CdgA,
CdgH, CdgK, CdgL, CdgM, and VpcC. Two major quorum sensing systems, CpqS and LuxPQ,
contribute to regulation of cyclic di-GMP levels. At low cell density, LuxO is activated by
phosphorylation, which activates transcription of the sRNAs Qrr1–4; these in turn bind and
destabilize hapR mRNA, leading to repression of HapR. HapR indirectly decreases cyclic di-
GMP levels by decreasing transcription of a number of genes encoding DGCs and enhancing
transcription of others encoding HD-GYP domains (not shown). Additionally, HapR also decreases
transcription of vpsT (not shown). Qrr1–4 also enhance translation of the VCA0939 mRNA
encoding a DGC, which enhances cyclic di-GMP levels. Green, purple, and blue rectangles denote
proteins with GGDEF, EAL, and HD-GYP domains, respectively. Many of these proteins have
multiple domains, which are not shown in this figure. Broken lines denote indirect effects
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22.6.2 Hemerythrin

VcBhr-DGC is a diguanylate cyclase whose activity is regulated by molecular
oxygen (Fig. 22.3). This protein has an N-terminal bacterial hemerythrin domain
(Bhr) and a GGDEF domain [80]. The Bhr domain binds two molecules of non-
heme iron and fluctuates between diferric and diferrous forms with the diferrous
form present only in anaerobic conditions. Purified VcBhr-DGC protein in the
diferrous form has a tenfold higher diguanylate cyclase activity compared to the
diferric form. VcBhr-DGC may respond to the level of molecular oxygen in the
environment through modulation of its activity where lower levels of molecular
oxygen promote DGC activity and higher levels decrease it [80]. Interestingly,
transcription of the gene locus encoding VcBhr-DGC (VC1216) is upregulated in
an mbaA mutant, suggesting that high levels of cyclic di-GMP enhances production
of this protein [71].

22.6.3 Temperature

V. cholerae experiences temperature shifts during the transition from its aquatic
reservoirs to the human host. In V. cholerae, biofilm formation and cyclic di-GMP
levels are increased at lower temperatures (15 �C) in comparison to higher temper-
atures (25 or 37 �C) [81]. Six diguanylatecyclases, CdgA, CdgH, CdgK, CdgL,
CdgM, and VpvC, were identified as contributors to the increase in cyclic di-GMP in
low temperatures (Fig. 22.3). Deletion of all six DGCs resulted in a lack of response
to low temperature, but deletion of each protein individually had a varying effect on
biofilm formation and the level of intracellular cyclic di-GMP. This may indicate
redundancy in the V. cholerae response to low temperatures. Domain analysis of the
six proteins identified sensory domains present in four of the DGCs; all six were
predicted to have transmembrane domains and localize to the membrane. It was
hypothesized that these transmembrane domains could receive a signal from changes
in membrane fluidity as a result of temperature changes [81].

22.6.4 Bile Acids

As part of its pathogenesis, Vibrio cholerae colonizes the small intestine exposing it
to bile acids present in the duodenum. Bile acids increase biofilm formation both in
classical and El Tor strains of Vibrio cholerae O1 [82]. They also increase intracel-
lular cyclic di-GMP levels through the enzymatic activities of three DGCs, VC1067,
VC1372 and VC1376 (Fig. 22.3) [83]. Bile acids also decrease the transcription of
the gene encoding VC1295, a phosphodiesterase with an HD-GYP domain. The
deletion of these three DGCs and the PDE results in a lack of response to bile acids.
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These DGCs appear to play partially redundant roles in mediating the response to
bile acids as deletion of only one or two results in a smaller reduction in biofilm
formation as compared to deletion of all three. Each of the DGCs is predicted to have
a transmembrane domain and, interestingly, two of the proteins VC1067 (CdgH) and
VC1376 (CdgM) were also identified as having increased enzymatic activity in
response to low temperatures [81]. This suggests that DGCs can sense and respond
to multiple external signals possibly through fluctuations in membrane fluidity
[81]. The positive effect of bile acids on cyclic di-GMP synthesis can be abolished
by the addition of bicarbonate. This effect appears to be pH dependent as addition of
a Tris buffer also neutralizes the effect of bile acids [83]. The opposing effects of bile
acids and bicarbonate on cyclic di-GMP synthesis have led to the hypothesis that
these two molecules act as locational cues to inform V. cholerae of where they are in
the host. Bile acids indicate to the bacteria that they are in the lumen of the small
intestine. Bicarbonate indicates that they are close to the intestinal epithelial cells and
decreases cyclic di-GMP levels in preparation for virulence factor production.

22.6.5 Inorganic Phosphate

The response regulator PhoB, which is phosphorylated under low phosphate levels,
is responsible for mediating a response to phosphate limitation [84]. Transcription of
the agcAB operon is induced indirectly by PhoB under low phosphate conditions by
an unknown mechanism (Fig. 22.3). Interestingly, agcA and agcB genes encode a
functional PDE and DGC, respectively. Under low phosphate conditions AgcA
enhances motility whereas AgcB inhibits it; neither protein has an effect on biofilm
formation. It is likely that these proteins respond to additional environmental cues
detected by their sensory domains to fine tune the response of V. cholerae to
phosphate limitation.

22.7 Quorum Sensing Regulation of Cyclic di-GMP Levels

High cell density negatively regulates V. cholerae biofilm formation and virulence
factor production partially byaffecting intracellular cyclic di-GMP levels [32, 85,
86]. V. cholerae communicates about cell density by two primary quorum sensing
(QS) pathways—the LuxP/Q pathway detects autoinducer AI-2 and the CqsS
pathway detects CAI-2 (Fig. 22.3) [87]. These pathways merge at LuxO, which is
phosphorylated at low density to activate the transcription of four regulatory small
RNAs, Qrr1�4 [88]. Qrr1�4 repress expression of HapR by destabilizing the hapR
mRNA. At high cell density, Qrr1�4 are not transcribed, leading to the production
of HapR (Fig. 22.3).

HapR, the master transcriptional regulator at high cell density, regulates tran-
scription of genes encoding nine GGDEF proteins, three tandem GGDEF/EAL
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proteins, and two EAL proteins [86]. Additionally, HapR has also been implicated in
transcriptional activation of genes encoding four HD-GYP proteins that potentially
degrade cyclic di-GMP [85]. Collectively, this regulation could account for the
decreased level of intracellular cyclic di-GMP at high cell density. HapR also
represses the transcription of both vpsT and aphA [32, 86]. As mentioned earlier,
VpsT activates transcription of the vps genes; AphA is a master transcriptional
regulator at low cell density. At low cell density, repression of hapR alters the
transcriptional regulation of the genes encoding cyclic di-GMP turnover proteins,
which may contribute to an increase in cyclic di-GMP in the cell. cyclic di-GMP
levels may also be elevated through translational stimulation of the DGC, VCA0939,
by small RNAs Qrr1�4 in a HapR-independent manner [89, 90].

It is important to note that some strains of the classical biotype of V. cholerae O1,
have a frameshift mutation in the hapR gene leading to a nonfunctional HapR protein
[91]. This impacts the effect of quorum sensing on the transcriptional and transla-
tional modulation of cyclic di-GMP metabolic proteins. Although quorum sensing
does play a role in regulation of biofilm formation, cyclic di-GMP levels have been
shown to be epistatic to HapR [86]. This suggests that while cell density does have
an indirect impact on cyclic di-GMP synthesis and degradation, there may be other
environmental signals that serve to directly affect cyclic di-GMP and the cell
processes it regulates [32].

22.8 Conclusion and Future Directions

Over the last 20 years, we have learned a great deal about how cyclic di-GMP affects
the major lifestyles of V. cholerae such as biofilm formation, induction of motility,
and virulence factor production. However, much still remains to be elucidated.

For example, the presence of 62 GGDEF/EAL/HD-GYP proteins predicts that
there are similar numbers of environmental or metabolic signals detected by these
proteins to regulate cyclic di-GMP levels in the cell. Yet, only a small number of
these signals have been identified; therefore, most of these proteins are still “orphan”
receptors. Similarly, of these 62 proteins, only a subset has been shown to affect,
directly or indirectly, a particular cellular process. This could be partially explained
by some degree of functional redundancy in which removal of one protein can be
compensated by the activity of a different protein. As we have seen in this review,
multiple GGDEF/EAL/HD-GYP proteins are required for a complete response to
some signals, such as temperature and bile acids, where deletion of one of these
proteins does not negate but instead reduces the response to that signal. More
importantly, however, it is likely that we have not yet been able to simulate all of
the environments where these pathways are relevant for V. cholerae physiology.
Consistent with this idea, a recent study in Pseudomonas fluorescens, which ana-
lyzed mutants in cyclic di-GMP-relevant pathways for biofilm formation in 188 dif-
ferent environments, found that 39 of the 50 mutants showed a biofilm phenotype
[92]. A similar approach in V. cholerae should yield more information about the
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cyclic di-GMP metabolizing enzymes. Additionally, the majority of the studies to
date have focused on biofilm formation and motility. It is possible that a number of
GGDEF/EAL/HD-GYP proteins regulate cellular processes that are different from
biofilm formation and motility. Recent reports on the effect of cyclic di-GMP on
Type II secretion, Type VI secretion-mediated bacterial killing, and DNA repair
covered in this chapter underscore this point.

In this chapter, we focused our attention on signals that either affect cyclic di-
GMP levels or are transduced through cyclic di-GMP metabolizing enzymes as well
as processes that are directly modulated by cyclic di-GMP. Many additional signals
and protein networks have been identified that affect cyclic di-GMP-regulated
processes such as vps gene expression, biofilm formation, and motility. For example,
mucin inhibits vps gene transcription whereas mannitol enhances it through the
mannitol specific phosphotransferase system [93, 94]. The mechanisms by which
these effects occur and whether or not they are mediated through modulation of
cyclic di-GMP levels are not currently known. In the future, elucidation of connec-
tions among these systems will allow us to construct a more complete map of the
cyclic di-GMP networks that regulate V. cholerae physiology.

While it has been conclusively shown that low cellular levels of cyclic di-GMP
enhance motility and high levels promote biofilm formation, many mutations or
signals that have large effects on these phenotypes do not result in detectable
changes in cellular cyclic di-GMP levels. This phenomenon is consistent with the
evidence reported for a “high-specificity” signaling model for V. cholerae cyclic di-
GMP networks. In this model, each GGDEF/EAL/HD-GYP enzyme activates spe-
cific downstream events rather than contribute to a general cyclic di-GMP pool
whose levels determine the ultimate response [95]. How signal specificity is
achieved is not well understood and remains one of the big mysteries in the field
of cyclic di-GMP signaling. It is highly likely that cyclic di-GMP levels are altered
locally and/or temporally in response to cues to give rise to the observed phenotype.
However, we do not currently have the tools to detect these localized and potentially
transient changes. Technological advances that would allow quantification and
visualization of these changes could shed light on mechanistic details of many cyclic
di-GMP signaling networks.

Our current understanding of how cyclic di-GMP affects V. cholerae colonization
of the human host paints a complex picture. It appears that local and temporal signals
in the host environment facilitate the effect of cyclic di-GMP on colonization of the
human host. Identification of more signals that activate or inhibit cyclic di-GMP
networks and better elucidation of how V. cholerae integrates these will provide a
more thorough understanding of V. cholerae colonization of the human host. In the
future, however, we hope to see more extensive use of other models of colonization
and attachment such asDaphnia magna,Drosophila melanogaster, andDanio rerio.
These should yield additional information about determinants of colonization and
shed more light on how signals regulating cyclic di-GMP networks affect
V. cholerae physiology in the natural environment of this bacterium.
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Chapter 23
Cyclic di-GMP Regulation of Gene
Expression

Meng-Lun Hsieh, Deborah M. Hinton, and Christopher M. Waters

Abstract Cyclic di-GMP is a nearly ubiquitous bacterial second messenger
signaling molecule that links changes in environmental cues to the regulation of a
myriad of phenotypes including but not limited to biofilm formation, motility,
virulence, and DNA repair. A complex network of cyclic di-GMP synthesis and
degradation enzymes is present in many bacteria, each of which is hypothesized to
respond to a different signal that is integrated into changes in cyclic di-GMP levels.
Cyclic di-GMP regulates downstream phenotypes via a variety of different mecha-
nisms including control of transcription initiation via direct interaction with tran-
scription factors, binding to RNA riboswitches to control gene expression post-
transcriptionally, or direct interaction with enzymes or protein complexes to alloste-
rically regulate their activity. In this chapter, we will review what is known about
cyclic di-GMP regulation of gene expression, both transcriptionally and post-tran-
scriptionally, focusing on transcription factors and riboswitches that directly bind to
cyclic di-GMP.
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23.1 Cyclic di-GMP Signaling

From relative obscurity to one of the most ubiquitous bacterial signaling mole-
cules, cyclic dimeric (30 ! 50) guanosine monophosphate (cyclic di-GMP) was
first discovered by Moshe Benziman and colleagues in 1987 as the long-sought
allosteric activator of cellulose biosynthesis in Komagataeibacter xylinus (for-
merly Acetobacter xylinum). Around the beginning of this century, it was appre-
ciated that GGDEF and EAL or HD-GYP domains, named for the amino acids in
their active sites, are widespread regulators of cyclic di-GMP signaling in many
organisms (Fig. 23.1). GGDEF domains are diguanylate cyclase enzymes (DGCs)
that synthesize cyclic di-GMP; EAL or HD-GYP domains are phosphodiesterase
enzymes (PDEs) that degrade cyclic di-GMP [1–3]. While the GGDEF motifs
synthesize cyclic di-GMP from two molecules of GTP, the EAL motifs use
cyclic di-GMP to generate 50-pGpG, which can be further degraded by the
nanoRNase Orn [4, 5]. HD-GYPs directly degrade cyclic di-GMP to generate
two GMPs (Fig. 23.1). Cyclic di-GMP signaling networks are complex as most

Fig. 23.1 Synthesis and degradation of Cyclic di-GMP and effector targets. Synthesis and degra-
dation of cyclic di-GMP is dependent on diguanylate cyclases (DGCs) containing modular sensory
GGDEF domains and phosphosdiesterases (PDEs) containing EAL or HD-GYP domains, respec-
tively. As cyclic di-GMP levels rise, cyclic di-GMP exerts its effects on three different targets:
transcriptional factors, riboswitches, and allosteric regulation of proteins or enzymes
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bacteria encode numerous DGCs and PDEs. For example, Vibrio cholerae contains
31 GGDEFs, 12 EALs, and 10 GGDEF-EAL hybrids with 9 HD-GYP PDEs [6–8].

Similar to two-component signal transduction systems, synthesis and degradation
of cyclic di-GMP is dependent on signal inputs. Some GGDEF, EAL, and HD-GYP
domains contain modular N-terminal sensory input domains with one or more
transmembrane helices placed in the periplasm of Gram-negative bacteria while
others are located in the cytoplasm [7]. Environmental and cellular signals perceived
by the bacterium include oxygen, light, starvation, redox conditions, antibiotics,
polyamines, or intercellular signaling molecules, such as heme- or flavin-associated
PAS (Per-Arnt-Sim) domains [9–12].

Along with the discovery of cyclic di-GMP as a regulator of cellulose biosyn-
thesis, we now know that cyclic di-GMP is involved in regulating a wide variety of
phenotypes. These phenotypes include type two (T2SS) and type six secretion
systems (T6SS), DNA repair, virulence, cell cycle progression, antibiotic produc-
tion, and the regulation of the transition between biofilm formation and motility
(Fig. 23.2) [12–14]. In order for cyclic di-GMP to exert its wide variety of different
effects, it must first bind to different effectors, allosterically altering structure and
function. Regulation by these effectors/cyclic di-GMP complexes occurs at many
different levels including transcriptional, post-transcriptional, and direct allosteric
regulation at the protein level. This chapter will discuss the mechanisms by which
cyclic di-GMP controls gene expression at the level of transcriptional initiation
through binding to transcription factors and at the level of post-transcriptional
control via riboswitches.

Fig. 23.2 Cyclic di-GMP controls a wide variety of phenotypes. High levels and low levels cyclic
di-GMP exert different phenotypic behaviors
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23.2 Cyclic di-GMP-Dependent Transcription Factors

Transcription, the fundamental process of copying genetic information into a trans-
ferable RNA molecule for subsequent protein production, is conserved across all
three domains of life [15]. This multistep process, which initiates gene expression, is
highly regulated. At the heart of this process is the catalytic enzyme, RNA poly-
merase (RNAP), which in bacteria is comprised of a core of five subunits: β, β0, two
αs, ω, and a specificity factor, sigma (σ), needed to recognize the promoter DNA
[16]. σ factors are classified into two groups, the σ70 family and the σ54 family,
based on their phylogenetic relatedness [17, 18]. Primary σ factors, such as σ70 in
Escherichia coli, are housekeeping σ’s that are responsible for exponential
growth [16].

Though both σ70 and σ54 bind to similar regions of core polymerase, the sigma
factors themselves do not share sequence similarities. Furthermore, transcription
activation is fundamentally different between the two families of sigma factors. σ70-
RNAP needs protein activators at promoters with less than ideal promoter recogni-
tion sequences. Two main classes are utilized: Class I activators that typically bind to
sites from ~�50 to�100 bp upstream of the transcription start site (TSS) and contact
the C-terminal domains of the α subunits (αCTDs) and Class II activators that bind
just upstream or overlapping the core promoter sequence, from ~�30 to �45, and
contact σ70 and/or the N-terminal domains of the α subunits (αNTDs). Unlike σ70-
RNAP, which can transcribe promoters with excellent promoter recognition
sequences in the absence of additional regulators, σ54-RNAP transcription abso-
lutely requires an activator. These activators, which contain AAA+ (ATPases Asso-
ciated with diverse cellular Activities) domains, typically bind to sites around 80–
150 bps upstream of the TSS [19–21]. Because this distal binding is reminiscent of
eukaryotic enhancer binding proteins, σ54-RNAP activators are also commonly
known as bacterial enhancer binding proteins (EBPs). ATP hydrolysis of the EBP
generates energy needed to open the transcription bubble at the TSS of a σ54-
dependent promoter.

Currently there are 12 known transcriptional regulators that bind to cyclic di-GMP
(Table 23.1). Interestingly, these transcription factors work with either σ70-RNAP or
σ54-RNAP and belong to myriad families including the EBP, Catabolite Repressor
Protein (CRP), LuxR/FixJ/CsgD, MerR, and TetR families. These factors can function
as both repressors and activators, and cyclic di-GMP acts to both positively and
negatively regulate transcription initiation, highlighting the diversity by which cyclic
di-GMP controls gene expression. A comparison of these transcription factors sug-
gests that diverse regulatory networks can evolve the ability to integrate information
about the surrounding environment contained in the concentration of cyclic di-GMP
within preexisting networks to adapt gene expression to the environmental conditions.
To illustrate this diversity, we will briefly summarize the known systems by which
cyclic di-GMP regulates transcription initiation (Table 23.1).

The bacterial pathogen V. cholerae is the best understood system for how
cyclic di-GMP regulates transcription. V. cholerae contains three known
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cyclic di-GMP-dependent transcription factors: FlrA, VpsT, and VpsR. FlrA is an
EBP that binds cyclic di-GMP with a Kd of 2.4 μM. Cyclic di-GMP functions as an
anti-activator for this protein as binding of FlrA to cyclic di-GMP abrogates DNA
binding, which is needed to activate transcription of flrBC for flagellar biosynthesis
genes [22]. The cyclic di-GMP binding pocket of FlrA includes two arginines, R135
and R176, located at the REC/AAA+ domain junction [22].

Alternatively, cyclic di-GMP interacts with VpsT and VpsR as a co-activator signal
to upregulate overlapping biofilm genes [23–26]. VpsT belongs to the LuxR/FixJ/
CsgD family of transcription regulators. Two cyclic di-GMPmolecules bind to a VpsT
dimer with a Kd of 3.2 μM using the four-residue motif W[F/L/M][T/S]R [27]. In the
absence of cyclic di-GMP, biofilm promoters are silenced by the presence of H-NS, a
highly abundant transcriptional silencer and nucleoid organizer that binds to AT-rich
sequences. Cyclic di-GMP activated VpsT functions as an anti-H-NS repressor
[28, 29]. Interestingly, at the rpoS promoter, VpsT/cyclic di-GMP binds to two
identified transcription initiation sites, repressing transcription of rpoS [30].

VpsR binds to and is activated by cyclic di-GMP, but unlike VpsT, binding of
cyclic di-GMP has no effect on VpsR dimerization ability and DNA binding affinity at
the promoter for vpsL, the first gene of one of the extracellular polysaccharide operons
of V. cholerae [31]. Instead, VpsR requires cyclic di-GMP to generate the specific
protein–DNA architecture needed for activated transcription, a previously
unrecognized role for cyclic di-GMP in gene expression [31]. Alignment of VpsR
with other cyclic di-GMP-dependent transcription regulators does not reveal any
conserved cyclic di-GMP binding residues (data not shown) [32]. Though the binding
pocket is unknown, VpsR binds cyclic di-GMP with a Kd of 1.6 μM in vitro [33].

Pseudomonas aeruginosa contains two known cyclic di-GMP-dependent transcrip-
tion factors: FleQ and BrlR. FleQ, an EBP that regulates promoters with both σ70-
RNAP and σ54-RNAP, is the best characterized cyclic di-GMP dependent transcrip-
tional regulator [34–38]. Together with the ATPase FleN, FleQ upregulates both
flagellar and exopolysaccharide synthesis in response to low or high cyclic di-GMP
concentrations, respectively [34–38]. At the exopolysaccharide pel promoter, FleQ
binds to two sites: Site 1, overlapping the TSS and Site 2, just upstream of the promoter.
At low cyclic di-GMP concentrations, the conformation of FleQ and FleN results in
repression. However, upon binding to cyclic di-GMP with a Kd of 4.1 μM, FleQ
appears to undergo a conformational change that results in transcriptional activation.
The structure of holo and apo FleQ bound to cyclic di-GMP identified three key motifs
within the N-terminal region of the AAA+ domain involved in cyclic di-GMP binding:
LFR144S motif (R-switch), R185 and N186 (post-Walker A), and ExxxR334 [32]. The
R144 and R185 are analogous to R135 and R176 of FlrA [22]. FleQ alone forms
dimers, trimers, and hexamers in solution, which is unusual for an EBP; however,
addition of cyclic di-GMP stalls this oligomerization and stabilizes the protein in a
dimeric conformation both in the absence and presence of ATP [32].

BrlR, which belongs to the MerR family of activators, activates transcription in
the presence of cyclic di-GMP, and interestingly, also binds pyocyanin, another
small molecule [39]. MerR-like activators bind between the �10 and �35 promoter
elements to distort the DNA and shorten an unfavorably long spacer distance
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between the �10 and �35 regions. BrlR upregulates at least two multidrug efflux
pumps as well as its own promoter, enhancing antibiotic drug tolerance
[40, 41]. BrlR binds cyclic di-GMP with a Kd of 2.2 μM, stimulating increased
DNA binding and stabilizing the dimeric conformation [41]. Crystal structures
reveal that there are two binding sites for cyclic di-GMP, both located within the
N-terminal DNA binding domain [39, 42]. Upon binding to cyclic di-GMP, the H-T-
H and the flexible coiled-coiled linker domains undergo conformational changes,
altering the spacing and orientation of the DNA-binding domains to enhance DNA
binding [39]. Important residues in the first binding site include R31, Y40, and
R270, which interact with the Hoogsteen edge of the guanine base, stack against the
edge of the guanine base, and form hydrogen bonds with the phosphorous group of
cyclic di-GMP, respectively [42]. The second binding site is located between two
arginine residues (R66 and R86), and binding to cyclic di-GMP is mediated by a
hydrophobic pocket formed by V60, P61, A64, and F93 [42].

Klebsiella pneumoniae MrkH binds to cyclic di-GMP with a Kd of 2.4 μM to
stimulate interactions with the Mrk box of mrkABCDF, upregulating type three
fimbriae synthesis genes [43–45]. Crystal structures reveal that the MrkH monomer
binds to an intercalated cyclic di-GMP dimer using two PilZ motifs, RxxxR and D/
NxSxxG, and a novel motif (HSDSGK) in the N-terminal domain [46]. Binding does
not change the monomeric oligomeric state, but does result in a large 138� interdomain
rotation [46].

Both Burkholderia cenocepacia Bcam1349 (also known as BerA) and BerB
upregulate transcription of biofilm genes in a cyclic di-GMP-dependent manner.
Belonging to the CRP/FNR family of transcriptional regulators, binding of
Bcam1349 to cyclic di-GMP significantly enhances its ability to bind to DNA
recognition sites within promoters of the cellulose and fimbriae synthesis genes as
well as the Bcam1330-Bcam1341 gene cluster involved in the synthesis of extra-
cellular biofilm matrix components [47, 48]. Binding of cyclic di-GMP to
Bcam1349 was estimated to have a Kd of 10 μM [48]. BerB belongs to the EBP
family of transcription factors and binds cyclic di-GMP with a Kd of 3 μM
[49]. Unlike BerA, binding of BerB to cyclic di-GMP does not alter its DNA binding
affinity. The molecular mechanisms by which cyclic di-GMP acts as a co-activator
of BerA and BerB remain to be determined [47–49].

Similar to Bcam1349, Clp is also a cyclic di-GMP-dependent transcription regula-
tor belonging to the CRP/FNR family. Found in Xanthomonas campestris, Clp binds
to its promoter DNA in the absence of any ligand [50]. Similar to FlrA, cyclic di-GMP
is also an anti-activator of Clp. Upon binding to cyclic di-GMP with a Kd of 3.5 μM,
Clp no longer binds the DNA, ceasing transcription of virulence genes [50]. Important
cyclic di-GMP binding residues include D70, R154, R156, and D170 [50].

One cyclic di-GMP-dependent transcriptional regulator has been identified in a
Gram-positive bacterium. Controlling the expression of at least 167 genes, Strepto-
myces venezuelae BldD sits at the apex of the regulatory cascade of multicellular
progression and development, repressing sporulation genes during vegetative growth
[51, 52]. Interestingly, the crystal structure of BldD revealed that binding of tetrameric
cyclic di-GMP stabilized the dimeric conformation of BldD using the bipartite RXD-
X8-RXXD cyclic di-GMP interaction signature sequence [53]. CTD BldD binds cyclic
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di-GMPwith aKd of 2.5 μM, thereby increasing dimerization to subsequently enhance
DNA binding around the �10 element, resulting in gene repression [53]. As the only
transcription factor that uses a tetrameric cyclic di-GMP, the mechanism of cyclic di-
GMP binding to BldD occurs in a sequential manner in which cyclic di-GMP dimers
first bind to motif 2 (RXXD) and then to motif 1 (RXD) [54].

Belonging to neither Gram-positive nor Gram-negative bacteria, Mycobacterium
smegmatis also contains two cyclic di-GMP-responsive transcription regulators.
LtmA, from the TetR-type H-T-H domain family, is cyclic di-GMP-dependent,
and broadly activates 37 lipid transport and metabolism genes [55]. With unknown,
unidentified, and non-conserved binding motifs, LtmA binds cyclic di-GMP with a
Kd of 0.83 μM, stimulating DNA binding affinity [55].

The second transcription factor in M. smegmatis, designated HpoR, is a small
repressor of an unknown family that regulates resistance to reactive oxygen species
(ROS) by directly binding to cyclic di-GMP with a Kd of 1.78 μM [56]. HpoR is a
repressor of genes that respond to ROS, but interestingly while low concentrations of
cyclic di-GMP enhance HpoR binding to target promoters, higher concentrations of
cyclic di-GMP inhibits its binding, leading to increased tolerance to ROS. Thus,
HpoR repression can be either enhanced or inhibited by cyclic di-GMP in a
concentration dependent manner [56]. Interestingly, at high cyclic di-GMP concen-
trations HpoR physically interacts with LtmA, enhancing the ability of LtmA to
activate transcription of ROS stress response genes, indicating these two transcrip-
tion factors that exhibit opposing activities are functionally integrated [57].

23.3 Post-transcription Regulation by Cyclic di-GMP via
Riboswitches

Concurrent with the identification of FleQ as the first known cyclic di-GMP-depen-
dent transcription factor, the 50-untranslated regions in a multitude of genes were
found to encode riboswitches that bind and respond to cyclic di-GMP. These cyclic
di-GMP riboswitches were subsequently demonstrated to belong to either class I
(GEMMmotif, 500 members) or class II (45 members) depending on their particular
secondary structure (Fig. 23.3) [58]. We refer the reader to recent reviews that
describe the in vitro physical properties and structures of cyclic di-GMP
riboswitches [59, 60]. In this chapter, we will highlight studies that describe the
in vivo mechanism and function of cyclic di-GMP binding riboswitches.

Unlike cyclic di-GMP-dependent transcription factors, cyclic di-GMP-dependent
riboswitches have been more thoroughly studied in Gram-positive bacteria, partic-
ularly Clostridium difficile. The first demonstration of a cyclic di-GMP riboswitch
from C. difficilewas the 84 bp class II cyclic di-GMP binding riboswitch, renamed to
Cdi-2-1, located ~600 bp upstream of the predicted start codon of the gene cd3246, a
putative adhesin of this opportunistic pathogen. Binding of cyclic di-GMP to the
Cdi-2-1 aptamer alters splicing of a Type I ribozyme located immediately 30 of the
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aptamer. At low concentrations of cyclic di-GMP, alternate splicing deletes the
ribosome binding site (RBS) reducing expression of cd3246 [61]. Subsequently, it
was confirmed that cyclic di-GMP-induced-in vivo-splicing placed a RBS at the
appropriate distance from a non-canonical start codon. Furthermore, the Cdi-2-1
aptamer can repress translation of cd3246 when cyclic di-GMP is not bound even
after splicing has occurred [62]. The connection of the cyclic di-GMP aptamer to a
Type I ribozyme results in two layers of regulation by which cyclic di-GMP can
induce expression of cd3246.

C. difficile encodes an unusually large number of cyclic di-GMP riboswitches:
11 within class I and 4 within class II. The riboswitch Cd1, renamed to Cdi-1-3, is
located in the 50-UTR of the flgB flagellar gene cluster. Analyses in E. coli showed that
binding of cyclic di-GMP to Cdi-1-3 decreased expression of the flgB flagellar gene
[63], and it was later demonstrated that cyclic di-GMP inhibited motility in C. difficile,
presumably including this mode of regulation [64]. Another riboswitch in C. difficile,
Cdi-2-4, induces transcription of the pilA1 gene upon binding to cyclic di-GMP. PilA1
is the major subunit of a Type IV pilus apparatus that promotes cellular aggregation
and virulence in a mouse infection model [64, 65]. Binding of cyclic di-GMP to Cdi-2-
4 generates an anti-terminator structure that prevents the formation of a factor-inde-
pendent transcriptional terminator stem-loop [66]. A recent transcriptomics analysis in
C. difficile found that 124 genes were negatively regulated by cyclic di-GMP while
another 42 were positively regulated [67]. Much of this regulation appears to be driven
by 11 of the cyclic di-GMP riboswitches. Interestingly, the class 1 riboswitches appear
to function primarily as off-switches in response to cyclic di-GMP while the class II
riboswitches function as on-switches [67]. The net result of this extensive regulation is
to remodel the cell surface to promote a biofilm state.

Fig. 23.3 The crystal structure of the Class I Vc2 riboswitch from V. cholerae (PDB 3IRW) and a
Class II riboswitch from Clostridium acetobutylicum (PDE 3Q37). The riboswitch is shown in a
cartoon format while bound cyclic di-GMP is depicted using ball and stick
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Gene regulation by cyclic di-GMP-dependent riboswitches has also been studied
in V. cholerae. Along with the cyclic di-GMP binding transcription factors VpsR,
VpsT, and FlrA described previously, V. cholerae encodes two cyclic di-GMP
binding riboswitches named Vc1 and Vc2. Vc2 is the first cyclic di-GMP-dependent
riboswitch that was described and has been the most extensively characterized
in vitro, but its role in controlling cyclic di-GMP regulated phenotypes in
V. choleraewas only recently reported [13]. Vc2 refers to an aptamer domain located
~200 base-pairs upstream of the putative transcription factor tfoY, which was shown
to positively regulate expression of the Type VI secretion system [68]. Vc2 functions
as an off-switch, inhibiting expression of TfoY when bound to cyclic di-GMP at
moderate to high intracellular concentrations of cyclic di-GMP [13]. At very low
levels of cyclic di-GMP, TfoY is produced and via an uncharacterized mechanism
increases dispersive motility in V. cholerae [13]. Although the exact mechanism by
which binding of cyclic di-GMP to Vc2 inhibits TfoY production has not been
determined, binding of cyclic di-GMP does not impact transcription termination
in vitro and both in vitro and in vivo studies suggest it regulates translation of tfoY
[13, 69, 70]. Vc2 has an extremely low Kd for cyclic di-GMP at 10 pM, which is due
to a low off-rate leading to a half-life of cyclic di-GMP bound to Vc2 of ~1 month
[63]. This suggests that binding of cyclic di-GMP to Vc2 is essentially permanent,
but it is not clear why such kinetics are optimal for regulation of tfoY by Vc2.

Vc1, which has a high sequence identity to Vc2, is encoded upstream of the gene
gbpA, an adhesin that has been shown to bind to chitin and promote colonization in
an infant mouse model of infection. Genetic analysis of Vc1 suggests that binding of
cyclic di-GMP to the aptamer increases gbpA expression, although the mechanism
by which this occurs has not been elucidated [71]. Vc1 binds cyclic di-GMP with
much lower affinity than Vc2. When labeled cyclic di-GMP is bound to Vc1, it can
be competed with unlabeled cyclic di-GMP, suggesting that Vc1 can cycle between
bound and unbound states whereas Vc2 is “locked” once cyclic di-GMP is bound.
The role of Vc1 regulation of gbpA in the lifecycle of V. cholerae remains to be
determined.

cyclic di-GMP binding riboswitches have also been described in other bacteria. In
the bacterial parasite Bdellovibrio bacteriovorus, the apparent cyclic di-GMP
riboswitch merRNA is one of the most highly expressed RNAs in the growth
phase when the bacterium stalks and attacks its prey [72]. The authors proposed
that merRNA sequesters cyclic di-GMP molecules in the cell to serve as an available
pool of cyclic di-GMP when needed, although this intriguing hypothesis has not yet
been tested. In Bacillus thuringiensis, the Bc2 cyclic di-GMP binding riboswitch
functions as an on-switch inducing expression of the cap gene (collagen adhesion
protein) at increasing cyclic di-GMP concentrations. Generation of an anti-termina-
tor structure is the mechanism that promotes transcriptional readthrough to regulate
motility, aggregation, biofilm formation, and virulence [73]. Aptamer domains that
bind cyclic di-GMP have also been harnessed to create biosensors that can measure
cyclic di-GMP concentrations at the single-cell level [74].
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23.4 Conclusion

The last 10 years since the identification of FleQ as the first cyclic di-GMP-
dependent transcription factor and Vc2 as the first cyclic di-GMP-dependent
riboswitch has led to the discovery of many more effectors that bind to cyclic di-
GMP to control gene expression [63, 75]. The overarching theme of this research is
that cyclic di-GMP exhibits a wide diversity of effectors and mechanisms to control
gene expression at both transcriptional and post-transcriptional levels.

Because of the large diversity of cyclic di-GMP-dependent transcription factors,
only a small number have been described for different transcription factor classes and it
is thus difficult to bioinformatically predict these regulators (Table 23.1). Structural
studies have demonstrated a variety of nonhomologous binding pockets. Consequently,
one cannot identify a putative cyclic di-GMP binding factor unless it falls into a
previously identified group. However, despite the differences in binding motifs, similar
mechanisms appear to be used to activate and/or inactivate gene expression in the
presence and/or absence of cyclic di-GMP. As the study of cyclic di-GMP signaling in
bacteria is still relatively new, we expect that many more cyclic di-GMP-dependent
transcription factors remain to be uncovered. Expanding the list of cyclic di-GMP-
dependent transcription factors, along with determining the cyclic di-GMP binding
sites can allow refinement of bioinformatic prediction of these regulators. Understand-
ing the molecular mechanism by which cyclic di-GMP controls transcription is also a
central question that remains to be answered for many of these systems.

Another important question in this field is why some regulatory networks are
controlled by regulation of transcription initiation, such as P. aeruginosa, while
other rely primarily on post-transcriptional regulation that utilizes riboswitches, such
as C. difficile, or a mix of the two as observed in V. cholerae. We currently do not
have a good understanding of the evolutionary benefit of regulation using cyclic di-
GMP-dependent riboswitches compared to transcription factors. We speculate that
transcription factors might have a slower response but exert a longer lasting effect as
these proteins could be relatively more stable than RNA effectors. Alternatively,
riboswitches could respond quickly with effects that may be short-lived. Clearly,
these differences in kinetics produce the optimal regulation for the different behav-
iors controlled by cyclic di-GMP, and cyclic di-GMP regulatory systems offer an
opportunity to elucidate fundamental principles in how regulation of transcription
initiation compared to post-transcriptional regulation impacts gene networks.

Finally, there is still much debate in the field if cyclic di-GMP signaling occurs in
specific, localized regions of the cells, or as a global regulator that exerts its effects
throughout the cell. Answering this question is challenging as the situation might be
different for different bacterial species and even for the specific signaling pathway.
Furthermore, a different answer might be obtained for one species grown in disparate
growth conditions. Cyclic di-GMP signaling in E. coli has been suggested to be
highly specific, and several DGCs and PDEs were shown to form a complex with the
transcription factor MrlA [76]. DGC activity of the associated GGDEF protein
YdaM enhances transcriptional activation of MrlA while the EAL YciR (renamed
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PdeR), inhibits this activity [76]. We propose that high-specificity signaling in cyclic
di-GMP gene regulatory networks occurs through formation of such protein com-
plexes. Thus, identifying the protein partners of cyclic di-GMP transcription factors
of interest is key to understanding cyclic di-GMP regulation.
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Chapter 24
Cyclic di-GMP Signaling in Salmonella
enterica serovar Typhimurium

Ute Römling

Abstract Cyclic di-GMP is perhaps the most abundant nucleotide-based second
messenger in bacteria. In the gamma-proteobacterium Salmonella enterica serovar
Typhimurium, a gastrointestinal pathogen, this signaling network regulates biofilm
formation, flagella-associated physiology, and acute virulence properties. This chap-
ter summarizes the impact of the complex cyclic di-GMP signaling network on the
physiology of S. typhimurium in different environments and compares its conse-
quences, when appropriate, with the close relative, the commensal and pathogenic
Escherichia coli. The substantial diversity and variability in the cyclic di-GMP
turnover protein network span from single amino acid replacements and stop
codon variants in individual proteins to deletion and acquisition of novel cyclic di-
GMP turnover genes by horizontal transfer. Despite differences in enzyme activities
and gene combinations, cyclic di-GMP signaling modules become integrated into a
common but even isolate-specific regulation of lifestyle transitions that are coordi-
nated with cell cycle regulation. On a wider phylogenetic perspective, the observed
conservation of cyclic di-GMP turnover proteins with a similar domain structure
found in S. enterica throughout the phylogenetic tree poses a quest for the origin and
maintenance of common principles in cyclic di-GMP signaling.

Keywords Cyclic di-GMP · Diversity · Salmonella typhimurium · Escherichia coli ·
Horizontal gene transfer

24.1 Introduction

After its discovery as an allosteric activator of the cellulose synthase in 1987 [1], the
cyclic di-nucleotide bis-(30-50)-cyclic dimeric guanosine monophosphate (cyclic di-
GMP) had largely fallen into a “sleeping beauty” dormancy. Fortunately, cyclic di-
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GMP awoke again in 2004 as a second messenger that directs the lifestyle transition
between sessility and motility on the single cell level, regulates the cell cycle and
positively affects biofilm formation [2–4]. The cyclic di-GMP network exists in all
branches of the phylogenetic tree in >75% of all bacterial species and thereby
widens the spectrum of multimodular signal transduction systems, such as the
phosphotransfer two-component system, in bacteria [5]. The number of genes
encoding cyclic di-GMP metabolic enzymes is grossly linearly correlated with
genome size within the phyla. The protein domains that modulate cyclic di-GMP
turnover, GGDEF domain diguanylate cyclases (DGCs) and the EAL and HD-GYP
domain cyclic di-GMP phosphodiesterases (PDEs), belong to the most abundant
protein superfamilies in bacteria (https://www-ncbi-nlm-nih-gov.proxy.kib.ki.se/
Complete_Genomes/c-di-GMP.html; [6, 7]). Similar to other nucleotide-based sec-
ond messenger networks, the cyclic di-GMP signaling pathway perceives signals
that manipulate, activate or repress, turnover enzymes that synthesize and hydrolyze
the second messenger signal. Once made, the second messenger interacts with
protein and RNA receptors to regulate effector function, to regulate other distinct
effector(s) in order to subsequently alter physiological target output or to regulate
gene expression. The gastrointestinal pathogen Salmonella enterica serovar
Typhimurium has been one of the first model organisms to investigate the cyclic
di-GMP signaling network in molecular detail. In this organism, the cyclic di-GMP
signaling pathway has been initially detected due to the interest in the rdar (red, dry,
and rough) colony morphology biofilm [8, 9], an agar-plate grown biofilm activated
by the orphan response regulator CsgD to produce the exopolysaccharide cellulose
and amyloid curli fimbriae as extracellular matrix components [10–12]. This chapter
summarizes the current knowledge on cyclic di-GMP signaling in S. typhimurium.

24.2 The Salmonella typhimurium Cyclic di-GMP Signaling
System: Cyclic di-GMP Turnover Proteins

The S. typhimurium ATCC14028 reference strain encodes a network of cyclic di-
GMP turnover proteins of medium complexity compared to other bacterial genomes
that utilize cyclic di-GMP signaling. Genes encode turnover enzymes of cyclic di-
GMP such as DGCs that contain a characteristic GGDEF domain and PDEs that
contain an EAL domain. Often, these turnover genes can combine multiple domains
to generate GGDEF-EAL proteins. In S. typhimurium, the network has 22 members
(including catalytically inactive and highly degenerated but still readily recognizable
domains), 5 GGDEF, 7 GGDEF-EAL, and 10 EAL domain proteins, while HD-
GYP domain phosphodiesterases that hydrolyze cyclic di-GMP are absent
(Fig. 24.1a) [13]. Combined genetic, biochemical, and bioinformatic analyses indi-
cate that five GGDEF, six of ten EAL, and two GGDEF-EAL domain proteins
(STM1703 and STM3388) are fully catalytically active (Fig. 24.1a). Several hybrid
proteins possess one catalytically inactive domain. In the GGDEF-EAL domain
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protein STM2123, the GGDEF is catalytically active; in contrast, in the three
GGDEF-EAL domain proteins, STM2410, STM2503, and STM3615, only the
EAL domain is catalytically active (Fig. 24.1a).

Since cyclic di-GMP is a potent signaling molecule with its levels regulated by
numerous and apparently redundant turnover enzymes, the activities of these turn-
over enzymes are post-translationally highly regulated not only via N-terminal
sensory domains, but also by their products, other small molecules and proteins
that interact directly with the catalytic domain. One form of regulation occurs
through allosteric or competitive product inhibition of the catalytic activity of
GGDEF and EAL domains (see below). Furthermore, in Escherichia coli, metabolite
intermediates and key enzymes of the de novo metabolic pathway of UTP directly
suppress the catalytic activity of the diguanylate cyclase YdeQ (STM1987 in
S. typhimurium) via the GGDEF domain [14]. Those and other regulatory mecha-
nisms govern species and even strain specific activity of cyclic di-GMP turnover
proteins.

With a functionality besides the catalytic activity, cyclic di-GMP turnover pro-
teins can act through alternative mechanisms [15, 16]. STM1703 regulates protein–
protein interactions by cyclic di-GMP sensing independent of the catalytic activity;
this type of regulation has been demonstrated for other turnover enzymes (see below;
[17]). Also the catalytically inactive gene products participate in cyclic di-GMP
signaling through alternative mechanisms. Catalytically non-functional (STM1344,
STM1697, and STM3375) and highly degenerated (STM0551 and PSLT032) stand-
alone EAL domain proteins are integrated to, indirectly, regulate the cyclic di-GMP
signaling network and related phenotypes through protein–protein or RNA–protein
interactions (see below; [17–20]).

24.3 The Salmonella typhimurium Cyclic di-GMP Signaling
System: N-terminal Sensory Domains

Most of the GGDEF and EAL domain proteins possess recognized, defined or
undefined, N-terminal signaling or sensory domain(s) that affect their catalytic
activity (Fig. 24.1a) [21, 22]. In S. typhimurium, five stand-alone EAL domains
contrast 17 GGDEF, EAL and GGDEF-EAL domain proteins with at least one
sensory domain. While diverse sensory domains can be coupled to GGDEF and
EAL domains, proteins that share functionally related N-terminal sensory domains
contain more closely related GGDEF and EAL domains [13, 23]. For example, five
of six catalytically active EAL domain proteins possess covalently linked N-terminal
CSS signaling domain, termed according to the conserved amino acid motif [24],
and their EAL domains are more closely related to each other than to other EAL and
GGDEF-EAL proteins [25]. A different set of five more closely related proteins
consisting of stand-alone EAL domains, four of which are catalytically inactive, are
involved in regulation of flagella biosynthesis and functionality or type 1 fimbrial
expression via enzymatic activity and protein–protein interactions [19, 26, 27].
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Furthermore, the integral membrane domain MASE1 [28] and the versatile PAS/
PAC [22] are found at the N-terminus of three and two GGDEF-EAL proteins,
respectively. Other types of N-terminal signaling domains include the integral
membrane domains MHYT and MASE2, the periplasmic CHASE and Cache
domains, a cytoplasmic signal transmitting HAMP domain, and recently defined
GAPES1 and GAPES3 domains (Fig. 24.1a) [13, 29]. How the preferential occur-
rence of certain signaling domains has been shaped by the environmental niches in
which S. typhimurium thrives remains to be shown.

24.4 The Salmonella typhimurium Cyclic di-GMP Signaling
System: Input Signals

The multi-domain structure of the majority of cyclic di-GMP turnover proteins with
multiple N-terminal sensory domains allows multiplex regulation of enzymatic
activity by diverse signals (Fig. 24.1a) [25]. Molecular oxygen binding to a heme-
containing PAS domain was the first signal identified to inhibit the phosphodiester-
ase activity of DosC in E. coli [30, 31]. In S. typhimurium, a range of physiologically
relevant molecules, including L-arginine, salicylic acid, N-acetylglucoseamine, glu-
cose, m-hydroxyphenylacetic acid, and L-glutamate, affects cyclic di-GMP turnover
[32]. Several of those molecules are sensed, directly or indirectly, through the
membrane-bound diguanylate cyclase STM1987, which activates the production
of the biofilm matrix component cellulose (Fig. 24.1a; see below). L-arginine is a
potent signal with a low effective concentration of 0.13 μM to upregulate cellulose
biosynthesis, which requires the periplasmic binding protein ArtI to alter cyclic di-
GMP levels through STM1987 (Fig. 24.1a) [32]. The multiple small molecules
sensed through STM1987 indicate possible crosstalk to modulate microbial behavior
by plant and animal hosts [33, 34]. As such, L-arginine might be a relevant signal to
upregulate cellulose biosynthesis inside macrophages [33]. Another cellular signal
that regulates cyclic di-GMP turnover is the redox state of the cell. Five catalytically
active EAL-only proteins with the CSS domain containing the characteristic
C(xxxx)nCSS motif allow for redox regulation through disulfide bond formation.
This redox regulation has been demonstrated for YjcC, the E. coli STM4264
homolog [24], and might be combined with additional regulation through binding
of a protein or small molecule ligand. Another form of regulation occurs through
interaction with cellular proteins. The MASE1 domain is connected to a functional
diguanylate cyclase (STM2123) and two phosphodiesterases (STM2410 and
STM2503). A dynamin-like GTPase complex interacts with the MASE1 domain
of DgcE, the STM2123 homolog in E. coli, to promote catalysis perhaps through
conformational changes in DgcE in the absence of GTP turnover [35]. As an
expansion of the functional repertoire, sensory domains can also be self-sufficient
signaling entities. The cytoplasmic three amino acid loop motif KKE of the MASE1
transmembrane domain of STM2503 binds L-aspartate to inhibit redox signal-related
chemotaxis toward this amino acid [36].
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Furthermore, signals identified for homologs of S. typhimurium proteins in
distantly related species suggest at least partially conserved signals and sensory
modes. Such binds the PAS domain of the STM1703 homolog RpfR in
Burkholderia cenocepacia, the Burkholderia diffusible signal factor (BDSF) cis-2-
dodecenoic acid [37]. The MHYT domain of STM3388 possesses 74% similarity to
the MHYT domain of PA1727 (MucR), which senses a variety of structurally
unrelated small molecules such as nitrate, NO, and L-glutamate (Figs. 24.1a and
24.2a) [21, 38, 39]. The identification of input signals combined with the ability of
N-terminal sensory domains to integrate multiple signals suggests that future com-
parative analyses of small molecule binding motifs in homologous sensory domains
of cyclic di-GMP turnover proteins, two component system histidine sensor kinases,
and methyl-accepting chemotaxis sensory proteins will lead to a comprehensive
understanding of how cells regulate the individual turnover enzymes of this impor-
tant signaling pathway.

24.5 The Salmonella typhimurium Cyclic di-GMP Signaling
System: Cyclic di-GMP Receptors

Compared to cyclic di-GMP turnover, perception of the second messenger signal is
less well defined in S. typhimurium. Four cyclic di-GMP protein receptors, YcgR,
BcsA, BcsE, and FliI, have been bona fide identified and characterized [40–42]. Two
of them, BcsA and BcsE activate cellulose biosynthesis when bound to cyclic di-
GMP. YcgR represses flagellar motility in the cyclic di-GMP bound state. Two of
the four identified receptors, YcgR and the cellulose synthase BcsA, possess a cyclic
di-GMP binding PilZ domain [41, 43]. With the core consensus RxxxR and D/
NxSxxG motifs, divergent PilZ domains, stand-alone or in conjunction with addi-
tional domains, can bind cyclic di-GMP in various conformations and multimers
with highly variable affinities [7, 44]. The DUF2819 domain, renamed GIL, of BcsE
binds cyclic di-GMP (Kd ¼ 2.4 μM) via the RxGD motif, a variant of the RxxD of
the PelD receptor that constitutes a degenerated GGDEF domain [40]. The flagellar
export AAA+ ATPase FliI binds cyclic di-GMP with low affinity (Kd of 0.75 μM),
but the effect of cyclic di-GMP binding to FliI has not been phenotypically inves-
tigated [42, 45]. AAA+ ATPases, first exemplified for the bacterial enhancer binding
proteins (bEBPs) FleQ/FlrA, can bind cyclic di-GMP close to, but distinct from the
ATP binding Walker A motif to inhibit ATPase activity [46–48].

Cyclic di-GMP binding can be an integral part of GGDEF and/or EAL domains
[49, 50]. The RxxD motif of the inhibitory I-site, which is located three amino acids
N-terminal of the RxGG(D/E)EF motif in diguanylate cyclases allosterically,
inhibits cyclic di-GMP synthesis by binding an intercalated cyclic di-GMP dimer
[49, 51] to restrict production of the cyclic di-GMP and receptor interaction for
localized signaling [52]. The I-site is present in five of eight functional
S. typhimurium GGDEF domains (Fig. 24.1a). Regulatory exceptions seem to exist
as, although the diguanylate cyclase STM0385 (AdrA) possesses the RxxD I-site
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motif [17], STM0385 is a highly potent diguanylate cyclase in vivo [2]. A “true”
GGDEF domain-based cyclic di-GMP receptor where maintenance of the RxxDmotif
is combined with loss of catalytic activity as demonstrated in other bacteria [53, 54] is
not present in S. typhimurium. Furthermore, catalytically competent and catalytically
impaired EAL proteins can serve as receptors that bind their (previous) substrate or
product [52, 55, 56]. However, STM1344 (YdiV) and STM1697, two stand-alone
EAL proteins that lack catalytic activity, do not even bind cyclic di-GMP [18, 27]
suggesting that the remaining groove fits alternative small molecule(s) [57].

In an attempt to identify novel cyclic di-GMP binding proteins, several catalyt-
ically active EAL domain proteins were pulled down with a cyclic di-GMP column
which indicates EAL domain proteins to become apparently catalytically inactive
in vivo and temporarily serve as cyclic di-GMP receptors (unpublished data; [37, 40,
58]). In homologs of the so-called “trigger” enzyme STM1703, signal sensing that
stimulates catalytic activity is alternately switched with control of gene expression
by protein–protein interactions with transcriptional regulator(s) [37, 55]. Such alter-
nating functions might occur much more often than previously anticipated to be
performed by catalytically active EAL domain proteins.

Considering the broad cyclic di-GMP network in S. typhimurium, the diversity of
phenotypes, including multilayer regulated expression of the major rdar biofilm
activator csgD, affected by cyclic di-GMP signaling (see below) and the various
cyclic di-GMP binding protein and RNA aptamer receptors that have been discov-
ered in bacteria [6, 59], certainly additional receptors await discovery.

24.6 Physiological Roles of the Cyclic di-GMP Signaling
Network in Salmonella typhimurium

The universal cyclic di-GMP directed single cell level lifestyle switch between
motility and sessility, initially demonstrated in S. typhimurium, E. coli, and Pseu-
domonas aeruginosa [2], is associated with alterations in a variety of physiological
processes such as tolerance against antimicrobials and disinfectants coupled with
regulation of fundamental processes such as the cell cycle, cell division, or cell
morphology [60, 61]. In S. typhimurium, cyclic di-GMP signaling has mainly been
characterized with respect to biofilm formation, flagella-associated physiology, and
virulence [62].

24.6.1 Role of the Cyclic di-GMP Signaling Network
in Salmonella typhimurium Biofilm Formation

A hallmark in the majority of biofilms is a self-produced extracellular matrix.
Activated by the major biofilm regulator CsgD, S. enterica produces amyloid curli
fimbriae, the exopolysaccharide cellulose, the large surface protein BapA, and an O-
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antigen capsule [12, 63–65]. The rdar biofilm, termed after the characteristic colony
morphology and dye-binding capacities of curli fimbriae and cellulose on Congo red
agar plates, is a deeply integrated physiological trait of S. enterica and E. coli
[62]. The extracellular appendages curli and cellulose perform various, and even
opposite and distinctively expressed, functionalities in biofilm formation and bene-
ficial and pathogenic microbial–host interactions with humans, animals, and plants
[66–72]. The orphan response regulator CsgD, produced predominantly in stationary
phase at ambient temperature and low osmolarity upon nutrient limitation, is an
integral component of the csgDEFG csgBAC divergently transcribed curli biosyn-
thesis operons on the core genome and a major regulatory hub of the rdar biofilm
[8, 10]. The divergently transcribed cellulose biosynthesis operons, required for the
production of phosphoethanolamine decorated cellulose, are conditionally integrated
anciently horizontally transferred modules [12, 73–75]. Nevertheless, cellulose
biosynthesis is controlled by the csgD regulated diguanylate cyclase STM0385/
AdrA or independently of csgD by the diguanylate cyclase STM1987 [9, 76].

Expression of the biofilm activator csgD is a major target of cyclic di-GMP
signaling. Thereby, cyclic di-GMP signaling is thought to work locally and globally,
temporally discrete, through distinct GGDEF/EAL domain protein combinations. At
least three diguanylate cyclases (STM1987, STM2123, and Salmonella-specific
STM4551), three phosphodiesterases (STM1827, STM3611, STM4264), the
diguanylate cyclase/phosphodiesterase STM3388, and the cyclic di-GMP sensor/
diguanylate cyclase/phosphodiesterase STM1703 are combinatorially involved in
regulation of csgD expression and downstream rdar biofilm formation [55, 77,
78]. Deletion of STM1703 switches csgD expression from ambient temperature to
temperature-independent expression. In contrast, in uropathogenic E. coli CFT073,
temperature-independent expression of csgD upon deletion of the STM1703 homo-
log occurs only in the STM3375/csrD/yhdA background [79, 80]. It is believed that
STM1703 mainly functions as a cyclic di-GMP sensor and scaffold protein for the
binding of cyclic di-GMP turnover proteins and the transcriptional regulator MlrA to
regulate transcription of the biofilm activator csgD [55, 77]. STM1703, however,
provides multilayer functionality as it can also modulate csgD expression and
alternative physiological traits through its diguanylate cyclase and phosphodiester-
ase activity (unpublished results; [77, 81]). The GGDEF-EAL protein STM3388 is
another example of a multifunctional protein with respect to csgD expression as
STM3388 oppositely affects csgD expression depending on the growth phase
[82]. This dual functionality of STM3388 is reflected in P. aeruginosa, where the
STM3388 homolog PA1727 (MucR) causes reciprocal alterations in cyclic di-GMP
concentrations in planktonic and biofilm cells and triggers dispersion as well as
overexpression of the exopolysaccharide alginate upon perception of different
signals (Fig. 24.2a); 38, 39].

The cyclic di-GMP signaling network also has a role in population diversity as it
maintains the bistable expression of the csgD biofilm activator. Single csgD pro-
moter mutations and deletion of the GGDEF-EAL domain protein STM1703 lead to
a semi-constitutive csgD expression that dramatically shift the biofilm/planktonic
cell equilibrium of the population [8, 83]. The two cell types display significantly

406 U. Römling



different transcriptomes, and, of note, both cell populations pronouncedly express
distinct sets of diguanylate cyclases and phosphodiesterases [84] that are hypothe-
sized to produce and degrade cyclic di-GMP in parallel to create millisecond
responsive systems for ultrafast reply to alternating signals.

Regulation of csgD expression by cyclic di-GMP turnover proteins can eventu-
ally also become effective in S. typhimurium in a background of gene deletion,
indicating that specific physiological conditions for phenotype expression are not
met by the wild type in the agar plate rdar biofilm model. The phosphodiesterase
STM3615 functions unconventionally as it post-transcriptionally represses csgD
expression under reducing conditions in the absence of the periplasmic DsbA/
DsbB disulfide bond formation system [85]. Of note, the orphan regulator CsgD
does not bind cyclic di-GMP directly in contrast to its homolog VpsT, a major
biofilm regulator of Vibrio cholerae, due to amino acid changes that alter the cyclic
di-GMP binding site [11, 86]. Cyclic di-GMP is, though, not the only nucleotide-
based second messenger signal that affects csgD expression. The cAMP receptor
protein Crp in complex with cAMP binds directly in the csgD promoter region to
activate rdar biofilm formation (unpublished results; [87]). An interconnection of
cAMP and cyclic di-GMP signaling to regulate biofilm formation has been observed
in several bacterial species [88, 89].

Furthermore, spatial, within one single cell, and temporal regulation of different
biofilm components by the cyclic di-GMP signaling has been sparsely addressed. As
the biofilm forms and matures, the extracellular matrix components can switch to
form a flagella-based, a type 1 fimbriae, and finally a cellulose and curli dominated
biofilm [90, 91], questioning how cells achieve such a delicate temporal regulation
[92]. All matrix components are temporally regulated by distinct diguanylate
cyclases, phosphodiesterases, catalytically non-functional and highly degenerated
proteins. An important differential regulator of motility versus type 1 fimbrial
expression is the highly degenerated EAL protein STM0551 encoded as a part of
the type 1 fimbriae biosynthesis operon, which stimulates motility and
downregulates type 1 fimbriae [19, 93]. Upregulation of yaiC (homologous to
STM0385/adrA in S. typhimurium) encoding the cellulose-specific diguanylate
cyclase from a distinct phosphate starvation-responsive promoter represses type
1 fimbriae transcription in an uropathogenic E. coli strain [94]. As STM0385/adrA
directs post-transcriptional activation of cellulose, curli fimbriae, and colanic acid
[12, 34, 82], it functions to switch cells from a type 1 fimbriae to a cellulose and curli
dominated biofilm [90]. Previously, the small RNA arcZ has been shown to regulate
the type 1 fimbriae/csgD-mediated biofilm transition in S. typhimurium [90]
questioning whether sRNA and cyclic di-GMP signaling might be more tightly
interconnected than currently investigated. In summary, combined experimental
evidences suggest that spatial and temporal regulation of cyclic di-GMP signaling
allows cells within the biofilm to synthesize a parallel or subsequent series of biofilm
matrix components. Future work will determine the precise mechanisms whereby
these complex regulatory pathways can be modulated over time, within one cell and
in different subsets of cells in the population.
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24.6.2 Regulation of Motility by Cyclic di-GMP Signaling

The peritrichous flagella of S. typhimurium are energetically costly both during
biosynthesis and at functionality such as swimming and swarming motility, using
approximately 20% of the cellular energy. Tight regulation of these multifunctional
appendages on the transcriptional, post-transcriptional, and functional level is a
prerequisite for the multifactorial and even opposite roles of flagella in motility,
biofilm formation, and virulence including interactions with biotic and abiotic
surfaces, the environment and association with animal and plant hosts [34, 69, 95,
96]. In various Gram-positive and Gram-negative bacterial species, the cyclic di-
GMP signaling network contributes to the tuning of flagellar biosynthesis and
functionality from the transcriptional to the post-translational level [97, 98] that
reaches far beyond regulation of swimming and surface swarming motility.

In S. typhimurium, the motility-dedicated phosphodiesterase STM3611 (alterna-
tively called YhjH) effectively hydrolyzes motility-dedicated cyclic di-GMP
[79, 99]. In the background of deletion of STM3611/yhjH, the diguanylate cyclases
STM2676, STM4551, and STM1987 elevate the levels of cyclic di-GMP, which
distinctly binds to PilZ containing receptors YcgR and BcsA to post-translationally
regulate swimming and swarming motility [41, 100, 101].

When cells transition from swimming to biofilms, there is a multilayer level
process initiated by post-translational inhibition of motility, and production of the
exopolysaccharide cellulose might be the subsequent step in surface attachment and,
eventually, biofilm formation [40–42, 83, 100]. Binding of cyclic di-GMP-YcgR to
the motor�stator complex adjusts the speed of motor rotation and affects the switch
frequency leading to a preferentially counterclockwise flagellar rotation [102–
104]. Subsequently, initial production of cellulose slows down flagellar rotation
through mechanical hindrance by entanglement of cellulose fibers [105], which
might be the next subsequent step in approaching a surface to initiate a cellulose
matrix-based biofilm [83].

Furthermore, catalytically inactive EAL proteins contribute to regulation of
flagellar biosynthesis. The evolved EAL proteins STM1344 and STM1697 neither
hydrolyze nor bind cyclic di-GMP. Instead, these proteins bind to FlhD4C2, the class
1 master regulator of the flagella regulon, which prevents promoter binding of
FlhD4C2, promotes removal of FlhD4C2 from a target promoter, and provides
potential adaptor function for degradation by ClpXP [18, 26, 106]. The physiolog-
ical role of STM1344 and STM1697 spans from energy-saving under nutrient
deprivation, sensing of envelope stress, maintenance of bistable flagella production
of planktonic cells, persistence on leaf surfaces to concerted regulation of flagella
biosynthesis and resistance to phagocyte oxidase in the animal host in order to
withstand and avoid innate and adaptive immune system recognition for successful
systemic infection [26, 34, 95, 96, 107, 108]. As such, STM1344 and STM1697
contribute to the tight regulation of flagella biosynthesis in diverse environments.
STM1344, STM1697, and STM3611 stand-alone EAL proteins with counteracting
roles in flagellar regulation as well as other cyclic di-GMP turnover proteins are
globally regulated by the RNA-binding protein CsrA [109].
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Swarming is defined as flagella-mediated motility on a wet surface associated
with cell elongation and hyper-flagellation [110]. The complexity of the swarming
phenotype goes in line with a multifaceted regulation [93]. Mutant analyses indi-
cated that STM1344 and STM1697 inhibit predominantly swarming
[18, 27]. Recently, regulation of swarming motility has been coupled to the presence
of periplasmic components. Osmoregulated periplasmic glucans (OPG), also called
membrane-derived oligosaccharides (MDO), are abundant oligosaccharides in
the periplasm consisting of 10–20 and 10–60 linked highly substituted β-D-glucose
chains, with stress-buffering pleiotropic phenotypes affecting virulence, motility,
and exopolysaccharide synthesis [111]. OPGs affect swarming, but not swimming
with their absence to be associated with differential regulation of several GGDEF
and EAL protein-encoding genes [112]. Of note, genes encoding the EAL protein
STM1344, the phosphodiesterase STM3611, in line with this effect on swarming
motility [27], and the EAL protein STM1827 (YoaD) are most differentially
regulated.

However, the role of cyclic di-GMP in flagella-related functionality in
S. typhimurium and E. coli further extends. Identification of the rotatory AAA+
ATPase FliI and overexpression of distinct GGDEF domain proteins indicate cyclic
di-GMP signaling to interfere with flagella biosynthesis in E. coli and
S. typhimurium [113]. As particular phenotypes are only affected upon
overexpression of selected GGDEF domain proteins, distinct regulatory mechanisms
such as requirement of an input signal or involvement of the protein scaffold in
protein–protein or RNA–protein interactions that cannot be overcome upon
overexpression must take place [20, 73, 114].

On the first sight contradictory, upon overexpression of the potent diguanylate
cyclase STM0385/AdrA, a dual role of cyclic di-GMP in flagellar biosynthesis and
functionality was recognized [69]. While cyclic di-GMP enhanced the amount of
cell-associated flagellin indicative of functional flagella, it inhibited the secretion of
monomeric flagellin which initiates a Toll-like receptor 5-dependent, innate immune
response with subsequent production of a proinflammatory cytokine IL-8, by the
epithelial cell line HT-29 [69]. The multiple functionalities of flagella-associated
phenotypes in motility, adherence, biofilm formation and architecture, immune
stimulation, and suppression can be reflected in regulation by cyclic di-GMP
signaling in S. typhimurium and other bacteria [69, 101, 115, 116]. Thereby, the
cyclic di-GMP network complexity might indicate the degree of regulatory involve-
ment of the second messenger in adjusting flagella regulon functionalities.

24.6.3 Regulation of Virulence by the Cyclic di-GMP
Signaling Network in Salmonella typhimurium

S. typhimurium is a food-borne pathogen. In humans, S. typhimurium causes self-
limiting gastroenteritis, alternatively a systemic infection depending on the immune
status [117, 118]. The cyclic di-GMP signaling system of S. typhimurium and other
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bacteria is involved in the switch between acute and chronic (or even commensal)
microbial–host interactions [69, 119]. Acute infection requires to alter cyclic di-
GMP levels at distinct instances during the process as the phosphodiesterase activity
of STM2215 is necessary for virulence in the mouse model of systemic infection (see
also below; [9, 120]). Virulence is also promoted by catalytically inactive STM1344
through resistance against phagocyte oxidase [107] and, in combination with
STM1697, dysregulation of flagella [18]. Furthermore, the cyclic di-GMP network
affects long-term colonization and systemic infection in the streptomycin-treated
mice (unpublished data; [17]). Intriguingly, a Salmonella protective monoclonal IgA
antibody triggers biofilm formation through the diguanylate cyclase STM1283
[121], which might mimic one of the mechanisms to govern acute infection versus
chronic gut colonization through the cyclic di-GMP network.

Cumulative experimental evidence of the regulatory mechanisms suggests that
the cyclic di-GMP signaling network, circumstantially in combination with the
major biofilm activator CsgD and the extracellular matrix component cellulose,
contributes to the tuning of key disease-related mechanisms to modulate
virulence [69].

Causing intestinal disease and systemic infection, S. typhimurium interacts with a
battery of immune cells such as macrophages [122]. Considered to be a facultative
intracellular pathogen, survival within macrophages is a virulence factor of
S. typhimurium [123, 124]. In susceptible mice, upon systemic infection, virulence
of S. typhimurium is inhibited by elevated expression of the exopolysaccharide
cellulose [68, 125]. Indeed, S. typhimurium resides intracellularly in the Salmo-
nella-containing vacuole of cell-cultured macrophages where it builds up an
exopolysaccharide cellulose producing biofilm [68]. Biosynthesis of cellulose is
suppressed by the MgtC virulence factor by restriction of the cyclic di-GMP
concentration [68]. MgtC also directly inhibits the F1 F0 ATP synthase to maintain
physiological intracellular ATP levels and pH homeostasis, which promotes intra-
cellular proliferation. However, elevated cyclic di-GMP levels upon overexpression
of the diguanylate cyclase STM0385/AdrA are sufficient to restrict intracellular
proliferation [68]. Alternatively, the periplasmic cellulase BcsZ equally limits cel-
lulose biosynthesis and promotes proliferation of S. typhimurium in cell-culture
macrophages independent of cyclic di-GMP signaling [125]. Cumulatively, these
data suggest that cellulose production acts as an antivirulence factor and is determi-
native for regulation of bacterial proliferation in cell-culture macrophages.

In contrast, primary bone-marrow-derived human macrophages effectively reduce
preferentially a subpopulation of internalized cellulose-producing S. typhimurium,
with lower cyclic di-GMP concentrations to counteract mortality [126]. To enhance
survival, predominantly in this slow-growing cellulose positive subpopulation, three
phosphodiesterases, STM2215, STM2503, and STM3615, keep cyclic di-GMP low.
The FRET-based sensor, the motility-dedicated receptor YcgR, might thereby sense a
local or the overall cyclic di-GMP concentration. These data point to alternative cyclic
di-GMP independent or cyclic di-GMP dependent divergently regulated resistance
mechanisms evolved as relevant to pathogen–host interactions present in subpopula-
tions of bacterial cells. The divergent outcome of bacterial–macrophage interaction
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from proliferation to effective reduction of the intracellular bacterial population might
reflect systemic disease versus gastroenteritis.

In the intestine of humans, S. typhimurium breaches the epithelial lining to cause a
massive immune response. Major virulence factors involved in invasion of epithelial
cells and induction of a proinflammatory response are controlled by the cyclic di-GMP
signaling network [69]. Invasion of the gastrointestinal epithelial cell line HT-29 and
stimulation of the proinflammatory cytokine IL-8 are modulated by distinct subsets of
cyclic di-GMP signaling proteins with conventional and unconventional phenotypes
(Fig. 24.1a) [17, 18]. Reflected by the panel of cyclic di-GMP turnover proteins that
affect invasion, multiple traits seem to be affected in this multistep process of invasion.
A distinct pair of diguanylate cyclases and a phosphodiesterase, the DGCs STM1987/
STM4551 and the PDE STM4264, control invasion through the biofilm activator csgD
and the cellulose synthase BcsA. These findings are in line with a previously demon-
strated inhibition of invasion by biofilm components upon high cyclic di-GMP levels
[69]. On the other hand, inhibition of invasion upon deletion of the phosphodiesterase
STM3611 (YhjH) is not relieved by biofilm components and must thus involve other
mechanisms required for invasion such as motility and regulation of the type three
secretion system (TTSS). Major cyclic di-GMP turnover proteins that manipulate
induction of IL-8 in gastrointestinal epithelial cells are the diguanylate cyclase
STM1283, which pairs up with the phosphodiesterases STM2503 and STM4264
[17]. The molecular mechanisms of action of some of these proteins start to become
unraveled (see above for STM1697 and below; [18]).

The regulatory effects of the cyclic di-GMP signaling network on virulence can be
traced down to specific molecular mechanisms. The TTSS is a major virulence factor
of S. typhimurium and other bacteria, which delivers effector proteins directly into host
cells to manipulate their functionality. Independent of their catalytic activity, the
scaffold of cyclic di-GMP turnover proteins, DGCs and PDEs, divergently alters
secretion of TTSS effector proteins [17, 120]. In parallel, the biofilm regulator csgD
represses the secretion of TTSS effector proteins. csgD-dependent expression of TTSS
is reflected by the transcriptome data from biofilm versus planktonic cells of the
bistable population [84]. In line with the findings in S. typhimurium, the cyclic di-
GMP signaling network is a general regulator of TTSS expression and functionality
[6]. Nevertheless, cumulative data suggest that the cyclic di-GMP signaling network in
S. typhimurium prevents acute virulence in a mouse model of systemic infection
caused by a delicate regulation of acute virulence properties such as TTSS function-
ality, invasion of epithelial cells, induction of proinflammatory cytokines, and intra-
cellular survival in macrophages [68, 125, 126].

24.6.4 Role of Cyclic di-GMP in Environmental Survival
and Transmission

Salmonellosis is a food-borne disease. Many outbreaks of Salmonella infection are
caused due to contamination of produce suggesting that plants serve as a host for
Salmonella enterica [127]. Alfalfa is an important forage crop and a well-

24 Cyclic di-GMP Signaling in Salmonella enterica serovar Typhimurium 411



investigated plant model as contamination of alfalfa sprouts by Salmonella cause
disease outbreaks. The extracellular matrix components of the rdar biofilm, cellu-
lose, and amyloid curli and the cyclic di-GMP signaling network show a complex
temporal contribution of S. typhimurium to alfalfa attachment, colonization of the
rhizosphere, and persistence in the phyllosphere [34, 128]. Activated by the
diguanylate cyclase STM1987, the exopolysaccharide cellulose is a major contrib-
utor to root colonization by S. typhimurium 24 h after inoculation, while curli
are 48 h contributors. By using the exopolysaccharide cellulose as an adhesin in
root attachment and subsequent colonization factor, S. typhimurium resembles
professional plant symbionts and pathogens such as Rhizobium meliloti and
Agrobacterium tumefaciens [129]. Persistence on leafs on the other hand requires
diguanylate cyclase STM0385/AdrA activated colanic acid, but also contribution of
the redox-active phosphodiesterases STM3615 and STM4264 [34]. Only the
GGDEF-EAL protein STM3375 in S. typhimurium with two catalytically inactive
domains contributes to colonization and persistence in the two environments.

Environmental survival and transmission by rdar biofilm formation, and conse-
quently cyclic di-GMP signaling, are based on multiple tolerance mechanisms. For
example, a hallmark of the wild type rdar biofilm is a desiccation-tolerant spore-like
morphology to promote long-term survival and persistence [130]. Furthermore,
ethanol exposure induced csgD aids to protect the bacterial cells [131]. The extra-
cellular matrix buffers S. typhimurium against the biocide triclosan and cellulose is
specifically protective against the disinfectant sodium hypochlorite [73, 132, 133]. A
specific cyclic di-GMP dependent cell division checkpoint might exist for those
compounds as relocation of the cyclic di-GMP-YfiN (diguanylate cyclase STM2672
in S. typhimurium) receptor complex to the cell division site in E. coli K-12 inhibits
cell division specifically upon elevated osmolarity and exposure to the cell envelope
targeting antibiotic polymyxin [60]. Biofilm formation and cyclic di-GMP mediated
tolerance mechanisms challenge the effective eradication of S. typhimurium
[127, 133]. In this context, it is important to note that Africa-originating
S. typhimurium ST313, which causes invasive disease in immunocompromised
humans, has a diminished rdar biofilm formation ability due to a mutation in the
cellulose biosynthesis operon and a reduced capacity to survive desiccation and
sodium hypochlorite stress which impairs environmental survival [134, 135].

24.7 Comparison of the Cyclic di-GMP Signaling Network
Between Salmonella typhimurium ATCC14028
and E. coli K-12

With an even slightly larger genome size of 4.9 Mbp for the S. typhimurium
ATCC14028 compared to 4.6 Mbp for the E. coli K-12 reference genome, with
30 proteins, the cyclic di-GMP signaling network is more complex in E. coli
compared to S. typhimurium (22 turnover proteins) (Fig. 24.1) [13, 136]. The
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significantly larger set of cyclic di-GMP turnover genes in E. coli K-12 suggests that
cyclic di-GMP can disappear quickly in evolution as it is also the case, for example,
for Shigella within the E. coli species and within diverse bacterial genera such as
Mycobacterium, Bacillus, and Campylobacter (https://www-ncbi-nlm-nih-gov.
proxy.kib.ki.se/Complete_Genomes/c-di-GMP.html). Reduction of the cyclic di-
GMP signaling network in S. typhimurium compared to E. coli K-12 is characterized
by the absence of eight GGDEF diguanylate cyclases, one EAL and two GGDEF-
EAL phosphodiesterases, and one catalytically inactive GGDEF and EAL protein
each (Fig. 24.1b); [13, 137]. The absence of eight cytoplasmic proteins eliminates
cyclic di-GMP network responsiveness to, for example, the divalent cation Zn2+,
light, oxygen, and DNA binding [31, 138–140]. On the other hand, S. typhimurium
ATCC14028 (clonal with LT2) uniquely encodes five species-specific proteins, the
membrane-bound hybrid diguanylate cyclase-phosphodiesterase GGDEF-EAL pro-
tein STM3388 and the diguanylate cyclase GGDEF protein STM4551, the catalyt-
ically inactive EAL protein STM1697, and the two highly degenerated stand-alone
EAL domain proteins STM0551 and PSLT032.

E. coli is a diverse species thriving in humans, in animals, and in the environment
[141]. The genomic and ecological diversity of E. coli is reflected by a substantial
variability in cyclic di-GMP signaling components among E. coli strains [81, 142,
143]. This variability stretches from the acquisition and deletion of gene products to
the occurrence of single amino acid changes and thus reflects the high phylogenetic
diversity of the E. coli population. In a panel of nine commensal and urinary tract
infection strains (including the two reference strains probiotic Nissle 1917 and
uropathogenic UTI89), for example, the E. coli K-12 specific diguanylate cyclase
YddV was deleted or inactivated in seven [81]. Introduction of novel GGDEF and
EAL proteins by horizontal transfer is regularly observed such as chromosomal
acquisition of the E. coli specific diguanylate cyclase DgcX by the commensal
isolate Fec101 and the Shiga toxin-producing 2011 German outbreak strain or
stand-alone EAL domains on plasmids [23, 81, 144]. However, even signaling
proteins synthesizing alternative cyclic di-nucleotides can be newly introduced
into E. coli [145, 146]. As a prominent example, the cyclic GAMP synthesizing
cyclase DncV has an inhibitory effect on csgD and rdar biofilm expression opposite
to cyclic di-GMP producing GGDEF domains [146]. Of note, dncV also restricts
motility post-transcriptional of the class 1 flagella regulon regulator FlhD4C2. The
wider physiological impact of this novel second messenger signaling system in
E. coli remains to be unraveled, but has recently been shown to be involved in
phage resistance [147]. Of note, evolutionary forces seem to have restricted the
occurrence of DncV mainly to individual strains of E. coli and pandemic V. cholerae
El Tor [146, 148].

Compared to E. coli K-12, core genome cyclic di-GMP turnover proteins of other
E. coli strains can display a high conservation of their amino acid sequence, while
others show multiple amino acid changes [81]. Variability in the protein sequences
of the GGDEF-EAL trigger enzyme YciR (STM1703 in S. typhimurium), the
phosphodiesterases YjcC (STM4264 in S. typhimurium), and YcgG (STM2215 in
S. typhimurium) have been associated with temperature-independent rdar
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morphotype expression (unpublished data; [81]). Homologs of the trigger enzyme
YciR (STM1703 in S. typhimurium) are present in bacterial species beyond gamma-
proteobacteria [149]. A decrease in functionality of YciR, judged by downregulation
of csgD and rdar morphotype expression, has been consistently observed in all
strains with a temperature-independent rdar morphotype. Single amino acid changes
in the N-terminal FI domain involved in protein–protein interactions in a YciR
homolog [149] and the GGDEF domain outside the conserved signature motifs for
catalytic activity are responsible for loss of functionality [81]. Intriguingly, another
mutation created a stop codon at the C-terminal end of the GGDEF domain, which
converted YciR from a catalytic activity-independent rdar biofilm inhibitor [55] into
a diguanylate cyclase that strongly activates rdar biofilm formation [81]. Variability
of the functionality of additional candidate proteins, the phosphodiesterases YjcC
(STM4264) and YcgG (STM2215 in S. typhimurium) associated with alterations in
biofilm formation, await further characterization equally as the reconstruction of the
chromosomal cyclic di-GMP network transforming the temperature-dependent to
the temperature-independent rdar biofilm and vice versa. Minor alterations within
cyclic di-GMP network modules associated with dramatic phenotypic changes are
not unique to E. coli. Elevated diguanylate cyclase activity upon one amino acid
change in the non-canonical sequence of a GGDEF diguanylate cyclase led to an
enhanced rugose colony phenotype in Vibrio cholerae [150]. Such findings indicate
that the cyclic di-GMP signaling network is highly plastic and can readily rewire
with minimal mutational effort in vivo and in vitro [93, 151–153]. Therefore, strong
evolutionary forces continuously shape the cyclic di-GMP signaling network.

24.8 Phylogeny of Cyclic di-GMP Signaling

GGDEF and EAL domains encoded by S. typhimurium, as in other bacterial
genomes, show a pronounced sequence diversity with a low average sequence
identity/similarity of around 35% [13, 23]. However, cyclic di-GMP turnover pro-
teins can be categorized into different subclades, for example, the stand-alone EAL
proteins [23] and CSS signaling domain associated EAL domains [13, 24]. We
observed that even within gamma-proteobacterial species, phylogenetic clustering of
GGDEF and EAL domains occurs according to domain structure [23]. As several of
the GGDEF and EAL domain proteins in S. typhimurium and E. coli have homologs
beyond gamma-proteobacteria, those findings might point to distinct conserved
functionalities of cyclic di-GMP turnover proteins throughout the phylogenetic
tree (Figure 24.2 as exemplified for STM3388). Such a functionality might be
governed by the receiving signal, which is subsequently necessarily coupled to the
interaction between a distinct sensory and signaling domain and/or to the provision
of interfaces for intermolecular protein–protein interaction. Interestingly, the
diguanylate cyclase AdrA, a cellulose and biofilm matrix component dedicated
DGC in S. typhimurium (STM0385), is not only involved in regulation of adherence,
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but also motility in Pseudomonas fluorescens [154]. If and when congruent and
dissimilar functionality of homologous cyclic di-GMP turnover proteins become
characterized in more detail through systematic mutant and overexpression studies,
in combination with the assessment of gene synteny and other functional parameters,
categorization and prediction of functionality of cyclic di-GMP turnover proteins
throughout the phylogenetic tree might become readily possible.

24.9 Conclusions

Compared to the entire bacterial population, cyclic di-GMP signaling in
S. typhimurium is of moderate complexity. Relevant physiological traits manipulated
by cyclic di-GMP signaling are related to biofilm formation, flagella-related phys-
iology, virulence properties, and initially characterized persistence. In this context,
major questions remain unresolved. For example, few signals, few cyclic di-GMP
receptors and few protein–protein interactions have been identified in the cyclic di-
GMP signaling network of S. typhimurium. Also, is there more than one mechanism
to regulate expression of the major biofilm hub csgD by cyclic di-GMP signaling?
What are the molecular mechanisms of resistance toward the action of immune cells?
What are the molecular mechanisms of regulation of secretion of TTSS effector
proteins by the scaffold of cyclic di-GMP turnover proteins and the biofilm regulator
csgD? How does cyclic di-GMP inversely regulate flagella biosynthesis and secre-
tion of the immunostimulatory subunit flagellin? On the population level, what are
the molecular mechanisms to achieve and maintain cell heterogeneity and how is the
cyclic di-GMP signaling system involved?

Surprisingly, the variability of the cyclic di-GMP signaling system within the
serovar S. typhimurium, within and among other S. enterica serovars, and within the
genus Salmonella has not been addressed. For example, is invasive infection by the
African S. typhimurium ST313 and the human-specific Salmonella enterica serovar
Typhi reflected in its cyclic di-GMP signaling network? Furthermore, are S. Typhi
specific virulence traits regulated by cyclic di-GMP signaling and, if so, what are the
molecular mechanisms of regulation? In E. coli compared to Salmonella, how does
the extended complexity of the cyclic di-GMP signaling network rewire the network
structure with respect to catalytic activity and protein–protein interactions and what
additional phenotypes are regulated by cyclic di-GMP signaling? The answers to
these and other open questions will certainly shed light on the mechanisms of cyclic
di-GMP signaling in S. typhimurium and the species Salmonella enterica.
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Chapter 25
Cyclic di-GMP Signaling
in the Phytopathogen Xanthomonas
campestris pv. campestris

Ya-Wen He, Wei Qian, and Shan-Ho Chou

Abstract Xanthomonas campestris pv. campestris (Pammel) Dowson (Xcc hereaf-
ter) is the causal agent of black rot of crucifers. Whole genome sequencing has
revealed an abundance of GGDEF-, EAL-, and HD-GYP-domain-containing pro-
teins in Xcc. Most GGDEF, EAL, and HD-GYP domains are linked to a wide range
of signal-input domains, suggesting that numerous environmental and internal
signals can be potentially integrated into the cyclic di-GMP metabolism network.
This chapter summarizes these interesting findings with a focus on diffusible
signaling factor (DSF)-dependent quorum sensing, RavS/RavR-dependent hypoxia
sensing and the identified cyclic di-GMP effectors in Xcc.

Keywords Xanthomonas campestris · Cyclic di-GMP · RpfG · RavR · Clp · YajQ

25.1 Xcc Is Important in Both Agriculture and Molecular
Plant Pathology

Xanthomonas campestris pv. campestris (Pammel) Dowson (Xcc hereafter) is the
causal agent of black rot of crucifers. It is a rod-shaped, aerobic Gram-negative,
nonspore-forming bacterium. Besides, it contains a single polar flagellum, it is
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positive in catalase activity and hydrogen sulfide reaction, and it does not produce
nitrate or indole [1, 2]. Black rot of crucifers has been recorded in over 90 countries
representing all of the five continents. The hosts of Xcc belong to the members of
Brassica oleracea, including cabbage, cauliflower, broccoli, Brussel sprouts, and
kale, and the model plant Arabidopsis thaliana [3].

Crucifer black rot is a systemic vascular disease caused by the Xcc cells. They
infect cabbage either through hydathodes at the leaf margins, causing V-shaped
lesions, or through stomata, causing round lesions [4]. Once inside the plant, Xcc
colonizes the vascular system where it produces an extracellular polysaccharide
(EPS) called xanthan, which can obstruct the xylem vessels, causing tissue necrosis
and severe leaf wilting [3]. Xanthan may also enhance plant susceptibility to Xcc [5]
and is associated with the formation of biofilms, which plays a protective role for
bacterial cells to fight against plant defense responses [6]. Xcc also produces a range
of extracellular enzymes (including proteases, pectinases, and endoglucanase) that
are capable of degrading plant cell components and may be required to overcome the
plant defense responses to allow bacteria to move into uncolonized plant tissues or to
mobilize plant polymers for nutritional purposes [2, 6]. Besides, Xcc encodes genes
for a type III secretion system (also known as the Hrp secretion system), which
contribute to the pathogenicity of Xcc through interference with the plant defenses
[7]. Furthermore, Xcc produces a yellow pigment xanthomonadin, which serves a
role in maintaining the ecological fitness of the bacteria, protecting the cells against
photooxidative stress, and contributing to the bacterial pathogenicity [8–11].

Over the last century, there have been intensive investigations of Xcc, with
several whole genome sequences available. Research works into Xcc and closely
related pathovars have now reached the genomic age [2], and it has therefore been
selected as one of the top 10 model phytopathogens in molecular pathology [12].

25.2 Xcc Contains Multiple Genes for Cyclic di-GMP
Metabolism

Proteins with GGDEF, EAL, and HD-GYP domains are involved in cyclic di-GMP
metabolism. The sequenced genomes of Xcc strains encode at least 39 proteins with
GGDEF, EAL, or HD-GYP domains, including two strain ATCC33913-specific
proteins [13]. Figure 25.1 summarizes the domain organization of all these proteins.
Generally, the HD-GYP domain proteins are less abundant than the GGDEF and
EAL domain proteins in Xcc. The enzymatic activities of these domains, except
those for HD-GYP of RpfG and GGDEF-EAL fusion domain of RavR (see next
section), have not been biochemically characterized.

Analysis of the proteins associated with cyclic di-GMP metabolism in Xcc has
revealed that most GGDEF, EAL, and HD-GYP domains are linked to a wide range
of signal-input domains (Fig. 25.1). These signal-input domains generally fall into
three categories: (1) cytoplasmic domains, including the PAS domain, REC domain,
GAF domain, HAMP domain, and cNMP domain; (2) periplasmic domains,
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including the CHASE domain and CACHE domain; (3) intramembrane domains,
including the TM domain, MHYT domain, and MASE domain. TM domains are the
most widely distributed type associated with GGDEF/EAL/HD-GYP domains in
Xcc (Fig. 25.1). They are believed to localize the sensory sites in the periplasm and
have been shown to affect whole protein function through sensing the signals in the
periplasm in Gram-negative bacteria [14, 15]. PAS/PAC domains are the second
most popular signal-input domains associated with GGDEF and/or EAL in Xcc
(Fig. 25.1). They serve important functions as sensory modules for oxygen tension,
redox potential, and light intensity [16, 17]. PAS domain-mediated oxygen sensing
has been well characterized in the cellulose biosynthesis regulators AxPDEA1 and
AxDGC2 of Gluconacetobacter xylinus [18] and in the E. coli oxygen sensor
EcDOS [19]. The REC domain is the receiver part of the response regulator
(RR) of a two-component system (TCS) and enables bacteria to sense, respond,
and adapt to a wide range of environments, stressors, and growth conditions
[20]. Although RRs are often assumed to serve as transcriptional regulators, a
significant number of bacterial RRs contain GGDEF, EAL, or HD-GYP domains
(Fig. 25.1), suggesting that cyclic di-GMP synthesis and degradation can be the
output of a specific TCS pathway.

GAF domains are involved in a variety of processes, including the binding with
small molecules or protein–protein interaction. In particular, GAF domains regulate
the catalytic activity of certain vertebrate cyclic nucleotide PDEs by allosteric and
non-catalytic binding of cyclic nucleotides [21]. The periplasmic CHASE domain
always occurs N-terminally in extracellular or periplasmic locations and is followed
by an intracellular tail housing a variety of enzymatic signaling domains (e.g.,
histidine kinase, adenyl cyclase, GGDEF, or EAL domain), as well as a
nonenzymatic domain (e.g., PAS, GAF, or REC domain). It is predicted to bind
diverse low-molecular weight ligands, such as cytokinin-like adenine derivatives or
peptides [22, 23]. The CACHE domain has two substructures: (1) the N-terminal
part, with three predicted β-strands and an α-helix, and (2) the C-terminal part, with a
strand dyad followed by a relatively unstructured region. The conservation pattern is
centered on several hydrophobic and polar residues. The end of the last C-terminal
strand contains a conserved polar position (often a histidine residue) that is impli-
cated in small molecule binding [24]. The intramembrane MHYT domain contains
three conserved Met, His, and Tyr residues, which are predicted to locate near the
outer face of the cytoplasmic membrane to function as metal-containing (e.g.,
copper-containing) sensors or possibly sensors of oxygen, carbon monoxide, and
nitrogen oxide [25]. The MASE domain contains eight transmembrane helices with
two conserved residues of Pro and Trp. MASE1-containing receptors appear to be
involved in iron and/or oxygen sensing via hemerythrin-containing proteins in the
sulfate-reducing bacterium [26].

Although the majority of these domains have not been studied in any detail and
their functions and ligand-binding potentials are, in general, poorly understood, the
diversity of the signal-input domains suggest that numerous environmental and
internal signals can be potentially integrated into the cyclic di-GMP metabolism
network. Thus, cyclic di-GMP network sensors may be able to recognize various
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internal or external signals and translate them into cyclic di-GMP levels, which then
modulate the function of cyclic di-GMP binding molecules, resulting in alternations
in gene expression and behavior of the cell.

25.3 Cyclic di-GMP Signaling Is Associated with Xcc
Adaptation and Virulence

25.3.1 RpfC/RpfG-Dependent Cyclic di-GMP Signaling
System Senses Cell Population and Controls Diverse
Biological Functions

Quorum sensing (QS) is one of the cell–cell communication mechanisms by which
bacteria count their own number by producing, detecting, and responding to the
accumulation of signaling molecules secreted into the environment [27–29]. Xcc has
evolved a unique QS system to regulate xanthan and extracellular enzyme biosyn-
thesis, bacterial adaptation, and virulence. The Xcc-dependent QS signals have been
well studied and were characterized as long-chain unsaturated fatty acids named
DSF-family signals [28, 30, 31]. The rpf cluster consisting of rpfABCDEFG (for
regulation of pathogenicity factors) is responsible for the DSF biosynthesis and
signaling [32]. Within the cluster, RpfF is a putative enoyl CoA hydratase and is
the key enzyme for DSF biosynthesis [33, 34], while RpfC and RpfG constitute a
TCS to sense and transduce the DSF signal using a conserved phosphorelay mech-
anism [35, 36]. In this TCS, RpfC serves as a hybrid sensor kinase consisting of five
transmembrane domains (TM), a histidine kinase (HK) domain, a receiver (REC)
domain, and a histidine phosphotransfer (HPT) domain. Recently, Cai et al. [36]
showed some evidence to prove that DSF directly bound and allosterically activated
the histidine kinase Xcc RpfC to regulate quorum sensing and virulence. RpfG, on
the other hand, contains a REC domain and an output HD-GYP domain, which has
been characterized as a cyclic di-GMP phosphodiesterase [37]. The activated RpfG
degrades cyclic di-GMP, and the change in cyclic di-GMP level affects the tran-
scriptional expression of the global regulator Clp, which directly and indirectly
induces the expression of over 300 genes [38] (Fig. 25.2). Using yeast two-hybrid
analysis and fluorescence resonance energy transfer experiments, Ryan et al. [39]
showed that RpfG interacts with at least two GGDEF domain-containing proteins to
control a subset of the RpfG-regulated virulence activities in Xcc. RpfG–GGDEF
interactions are dynamic and depend on the DSF signaling. Ryan et al. [40] later
showed that the complex of RpfG and GGDEF domain proteins recruited a specific
PilZ domain protein (XC_2249) that interacted with the pilus motor proteins PilU
(XC_1359) and PilT (XC_1358), allowing control of Xcc motility. These findings
suggest that the RpfC/RpfG-dependent cyclic di-GMP signaling system is not only
essential for coordinating the expression of virulence genes at the community level
but also appears to be of critical importance for the maintenance of Xcc ecological
competence.
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25.3.2 RavS/RavR/RavA-Dependent Cyclic di-GMP
Signaling Is Involved in Hypoxia Sensing

Xcc is a facultative aerobic organism that requires respiration to generate energy
(ATP). As a vascular pathogen, invasion into xylem, where the oxygen level is
limited, is likely to place the pathogen in a low oxygen environment especially when
Xcc proliferates to high population density [41]. Evolving a mechanism to sense
oxygen stress and to provide a synergetic input to the quorum sensing-mediated
virulence regulon for enhancing the production of virulence factors can presumably
facilitate Xcc infection and survival. By deleting all the genes encoding proteins with
EAL or HD-GYP domain, He et al. [42] identified another TCS RavS/RavR (ravS
for regulation of adaptation and virulence, sensor) encoded by Xcc1958 and

Fig. 25.2 RpfC/RpfG and RavS/RavR systems regulatory network in Xanthomonas campestris
pv. campestris. U: PilU, Z: PilZ, T: PilT. For details, please refer to the text
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Xcc1960 to regulate virulence in response to low oxygen tension. RavS contains one
transmembrane domain, two PAS domains, one histidine kinase (HK) domain, and
one HK-like ATPase domain. RavS is highly similar to the oxygen sensor FixL of
Rhizobium species in domain organization. Deletion of the second PAS domain of
RavS, or point mutation of the conserved heme-binding residue R425, or double
point mutation of R413 and R439 all showed a similar effect as the deletion of ravS
on virulence factor production [42]. RavR contains one REC domain and a GGDEF–
EAL fusion domain. The GGDEF–EAL domain of RavR was purified and biochem-
ically characterized to be a cyclic di-GMP phosphodiesterase in vitro [42]. Microar-
ray analysis showed that 39 genes were downregulated and 206 genes upregulated
when ravR was knockout in the Xcc strain XC1. The products of RavR-regulated
genes could be grouped into the following 11 functional categories: (1) extracellular
enzymes; (2) lipopolysaccharide and EPS synthesis and secretion; (3) multidrug
resistance and detoxification; (4) flagellar synthesis and chemotaxis; (5) hypersensi-
tive reaction and pathogenicity system (Hrp) genes; (6) iron uptake; (7) protein
metabolism; (8) tricarboxylic acid cycle; (9) aerobic and anaerobic respiration;
(10) transcription regulators; and (11) membrane components and transporters
[42]. In addition to RavS, Tao et al. [43] also identified one specific gene XC2229
(ravA) encoding another cognate histidine kinase of RavR. RavR was further found
to be a bifunctional enzyme involved in cyclic di-GMP synthesis and degradation,
yet RavA-dependent phosphorylation seemed to determine the functional switch of
RavR [43].

RpfG also regulated the majority of the RavR-affected genes, and both RpfG and
RavR acted by degrading cyclic di-GMP. Furthermore, a synergistic regulation on the
virulence factor production and pathogenicity was observed for the RavS/RavR
system and RpfC/RpfG-dependent QS system [42]. These findings suggest that Xcc
couples the DSF-dependent quorum sensing signaling with the RavS/RavR-mediated
low oxygen tension sensing to regulate adaptation and virulence through modulating
the intracellular levels of the second messenger cyclic di-GMP (Fig. 25.2).

25.3.3 Other Cyclic di-GMP Signaling Systems Involved
in Xcc Adaptation and Virulence

Using a panel of defined mutants of Xcc strain 8004, Ryan et al. [44] investigated the
role of each of the 37 genes encoding proteins with GGDEF, EAL, or HD-GYP
domains in affecting virulence to plants, producing virulence factors under a range of
growth conditions in vitro, or altering motility and biofilm formation. Mutation of
13 genes (XC_0249, XC_0420, XC_0637, XC_0831, XC_1036, XC_1411,
XC_1476, XC_1582, XC_1755, XC_1841, XC_2324, XC_2335 (rpfG) and
XC_3163) seemed to result in a significant diminution in virulence after repeated
tests. The most profound effects on virulence were seen with mutation of rpfG, but
this did not lead to a complete loss of virulence, indicating the participant of other

25 Cyclic di-GMP Signaling in the Phytopathogen Xanthomonas. . . 433



co-effectors. Mutations in the genes XC0637, XC2228, XC2276, XC3829, XC3163,
as well as, as expected, the XC2335 (rpfG), seemed to cause a significant (>
twofold) reduction in the synthesis of both endoglucanase and endomannanase in
culture supernatants of strains grown to an OD600 of 2.0 in the rich medium NYGB.
When grown in the minimal MME medium, mutants of five genes, rpfG, XC1582,
XC1841, XC2275, and XC3163 led to synergistic reduction in the synthesis of
endoglucanase and endomannanase, while mutation of XC2324 led to an increase in
biofilm formation at the air–media interface. In contrast, mutation of XC2161 led to
reduced biofilm formation. When inoculated onto plates with 0.5% (w/v) agar,
XC2161 deletion mutant showed a substantial reduction in motility, while
XC2226 deletion mutant displayed increased motility [44].

Hsiao et al. [45, 46] investigated the roles of two GGDEF domain-containing
genes, XCC1294 and XCC2731 (XC_2946 and XC_1383 in Fig. 25.1) in Xcc strain
17. The transcription of XCC1294 was directly regulated by Clp in a positive mode
and was subject to catabolite repression and several stress conditions. Mutation of
XCC1294 resulted in enhanced surface attachment and increased transcriptional
levels of three putative adhesin genes (xadA, fhaC, and yapH) [46]. These findings
indicate that XCC1294 serves as a regulator of bacterial attachment and regulates
different adhesin genes expression. In contrast, overexpression of GGDEF domain
protein XCC2731 in wild-type Xcc caused cell aggregation with reduced motility
and decreased the production of extracellular enzymes and exopolysaccharides
[45]. Mutation of the conserved Gly, Gly, and Glu residues in the GGDEF motif
abolished its function. The XCC2731 mutant has thus attenuated virulence and
surface attachment capability. Furthermore, reporter assays also revealed that
XCC2731 transcription was subject to catabolite repression, and the effect was
reduced under conditions of oxygen limitation and high osmolarity stresses
[45]. Taken together, these findings revealed highly diverse cellular functions
regulated by cyclic di-GMP signaling in Xcc.

25.4 Effectors Mediating Cyclic di-GMP Signaling in Xcc

It has been well known that cyclic di-GMP must bind to an individual protein or
RNA receptor to allosterically alter its structure to carry out function for phenotypic
changes. The effective cellular cyclic di-GMP concentrations, together with the
affinities of effector components for cyclic di-GMP, are crucial for triggering cyclic
di-GMP-dependent outputs [47]. The highly diverse cellular functions modulated by
cyclic di-GMP signaling imply the existence of many different receptors that carry
out downstream signal transductions in Xcc.
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25.4.1 Clp Is a Crucial Transcriptional Effector
of Cyclic di-GMP

The global transcription factor Clp (Crp-like protein) was the first cyclic di-GMP
receptor characterized in Xcc. It was named for its substantial similarity to Crp, a cyclic
AMP (cAMP) receptor protein of E. coli [48]. Clp contains a cNMP domain and an
HTH DNA-binding domain, which has been found in Xanthomonas spp., Xylella
fastidiosa, and clinical strains S.maltophilia [28]. As described above, activated RpfG
is a cyclic di-GMP phosphodiesterase that degrades second messenger cyclic di-GMP
to GMP. The change in cyclic di-GMP level affects the transcriptional expression of
the global regulator Clp, which directly or indirectly induces the expression of over
300 genes, including those for the biosynthesis of EPS, extracellular cellulase, and
polygalacturonate lyase [38, 41, 48]. Similar to the case of RpfC/RpfG, null mutants of
RavS/RavR show decreased transcriptional expression of clp, and expression of clp in
trans rescues the mutant phenotype [42]. These findings suggest that Clp may play a
key role in sensing and responding to the changes in intracellular levels of cyclic di-
GMP caused by the DSF QS system and the RavS/RavR system.

Three groups of researchers have demonstrated independently that Clp interacts
with cyclic di-GMP in Xcc and X. axonopodis pv. citri and that Clp is a novel cyclic di-
GMP effector [49–51]. Chin et al. [49] have further determined the crystal structure of
Clp by X-ray crystallography (Fig. 25.3). Interestingly, Clp negatively controls gene
expression by binding on the target promoter DNA with submicromolar affinity in the
absence of any ligand. However, the DNA-binding capability of Clp is abrogated by
cyclic di-GMP, which binds to Clp with micromolar affinity. In fact, Clp cannot bind
cyclic di-GMP in its cNMP-binding pocket because of its small size and the presence
of different amino acid residues at the ligand-binding site [52]. Unfortunately, the Clp/
cyclic di-GMP complex could not be obtained; instead, a modeling study has indicated
that cyclic di-GMP “wedges” itself into the void between the cNMP domain and the
helix-turn-helix domain to shift the DNA recognition helix out of register with DNA
binding, causing Clp to lose its binding affinity with promoter DNA.

25.4.2 YajQ Is a New Class of Cyclic di-GMP Effector
that Regulates Xcc Virulence

The YajQ protein family is broadly distributed in bacteria, with typically one
member of this family in each species. They have motifs characteristic of nucleotide
or nucleic acid-binding proteins [53]. In the past few years, An et al. [54] identified a
gene XC_3703 encoding a protein in the YajQ family that might serve as a potential
cyclic di-GMP receptor in Xcc. Mutation of XC_3703 led to reduced virulence to
plants and alteration in biofilm formation. Yeast two-hybrid and far-western analyses
showed that XC_3703 was able to interact with XC_2801, a transcription factor of
the LysR family. Mutation of XC_2801 and XC_3703 exhibited partially
overlapping effects on the transcriptome and both affected the virulence. XC_3703
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Fig. 25.3 Docked model of cyclic di-GMP–Clp complex. (a) Clp dimer drawn in electrostatic
surface (positive, blue, and negative, red), with the cyclic di-GMP molecule drawn in van der Waals
(nitrogen atoms in blue, oxygen atoms in red, and carbon atoms in green). The docked region is
circled in yellow and expanded in a close-up at right. Specific H-bonds between cyclic di-GMP and
Clp are indicated by yellow dotted lines. (b) Specific interactions between cyclic di-GMP and Clp
drawn in cartoon representation. Residues participating in these interactions are drawn as sticks, with
H-bonds or salt bridges shown as dotted red lines. (c) Superimposition between the DNA-binding
domains of apo Clp (cartoons in red) and the Clp–cyclic di-GMP complex (cartoons in blue). Carbon
atoms of the apo Clp are colored pink, while those in the cyclic di-GMP–Clp are colored gray.
Binding of cyclic di-GMP seems to change the conformation of Clp to an inactive open form (blue)
compared to the active closed form (red) of apo Clp (indicated by curved cyan arrows)
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positively affected the binding of XC_2801 to the promoters of target virulence
genes, and this could be reversed by cyclic di-GMP [54]. The structure of XC_3703
was determined and consisted of two domains adopting the same topology, which is
similar to that of the RNA-recognition motif (RRM). Arg65, which is conserved
among the cyclic di-GMP-binding subfamily in the YajQ protein family, together
Phe80 in domain II, forms a putative cyclic di-GMP binding site [55].

25.4.3 PilZ Domain-Containing Proteins Affect Xcc
Pathogenicity

PilZ domain was the first cyclic di-GMP binding domain identified in bacteria
[56]. So far, two types of PilZ domains were characterized, the canonical type I
PilZ domain that binds cyclic di-GMP in μM affinity and noncanonical type II PilZ
domain that exhibits no detectable or very weak cyclic di-GMP binding activity
[57]. The Xcc strain 8004 encodes four PilZ genes, XC_0965, XC_2249, XC_2317,
and XC_3221. Mutation of XC_0965, XC_2249, and XC_3221 led to a significant
reduction of virulence in Chinese radish. Mutation of XC_2249 and XC_3221 led to
a reduction in motility, whereas mutation of XC_2249 and XC_0965 affected
extracellular enzyme production [58].

XC_3221 (XC1028 in Xcc strain 17) encodes a putative type IV fimbriae assembly
protein but lacks detectable cyclic di-GMP binding capability. Crystal structure
analysis revealed that it adopts a PilZ domain-like structure without the canonical
cyclic di-GMP-binding motif at the N-terminal [59]. Guzzo et al. [60] showed that the
PilZ domain protein encoded by XAC1133, the homolog of XC_3221 in citrus
bacterial pathogen X. axonopodis pv citri, bound to PilB (an ATPase required for
type IV pili polymerization), and to the EAL domain of FimX (XAC2398), which
regulated T4P biogenesis and localization in other bacterial species. Similar complex
involving a full set of “degenerate” GGDEF, EAL, and PilZ domains was also
observed to control type IV pili function in Xcc [61]. These findings provided the
first evidence that XC_2249 (XCC6012 in Xcc strain 17) encoded a noncanonical type
II PilZ protein exhibiting no detectable or very weak cyclic di-GMP binding activity
[62, 63]. Collectively, these studies indicate that different types of PilZ domain pro-
teins may affect different cellular processes in Xcc, although this regulatory action is
not totally dependent on the binding of cyclic di-GMP.

25.5 Conclusion and Perspective

The phytopathogen Xcc contains multiple genes for cyclic di-GMP biosynthesis,
degradation, and signaling. Functional analyses of these genes offer insight into the
complexity and specificity of cyclic di-GMP signaling. One of the explanations for

25 Cyclic di-GMP Signaling in the Phytopathogen Xanthomonas. . . 437



these specific effects has been ascribed to highly localized pool of cyclic di-GMP.
Further investigation of the cell biology, enzymatic activity, and spatial and temporal
aspects of the various signaling systems will enhance our understanding on the issue
of local specificity of individual signaling systems.

Most GGDEF, EAL, and HD-GYP domains are associated with various N-
terminal sensory-input domains, suggesting that a wide variety of environmental
and intracellular cues can be directly perceived and transmitted by the cyclic di-GMP
signaling network. Although the nature of these signals is unclear in most cases, low
oxygen tension, DSF signals, and other uncharacterized signals are some of the
environmental and intracellular signals that trigger cyclic di-GMP metabolism.
Determining the presence of other outside signals with in-depth analysis of the
signal-input domains and signaling mechanisms should uncover the novel principles
of cell signaling to provide more details about how bacteria respond to environmen-
tal cues via cyclic di-GMP signaling.

Downstream effectors are essential for cyclic di-GMP signaling. Since Clp and
YajQ have been characterized as the cyclic di-GMP effectors, it would be informa-
tive to determine the structural features of Clp and YajQ that govern the ligand
specificity. The crystal structure of Clp and YajQ may serve as a useful platform to
investigate the functional roles of the complexes of Clp/cyclic di-GMP/DNA and
YajQ/cyclic di-GMP/Xc_2803 in Xcc. In addition, although Xcc contains numerous
enzymes associated with cyclic di-GMP metabolism, only a handful of them seem to
influence the Clp regulon. It is believed that co-localization of cyclic di-GMP
metabolic enzymes and other receptors may be one of the reasons accounting for
such specificity. Identification of novel cyclic di-GMP effectors will further charac-
terize the network of cyclic di-GMP signaling in Xcc.
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Chapter 26
Cyclic di-AMP in Mycobacterium
tuberculosis

Yinlan Bai and Guangchun Bai

Abstract Mycobacterium tuberculosis (Mtb) is the etiologic agent of tuberculosis
(TB), which is the leading cause of death worldwide by a single bacterial pathogen.
This bacterium encodes a diadenylate cyclase, which is a homolog of Bacillus
subtilis DNA integrity scanning protein A (DisA) and converts ATP into cyclic di-
adenosine monophosphate (cyclic di-AMP). Mtb also possesses a DHH/DHHA1
family cyclic di-AMP phosphodiesterase, CnpB, which degrades cyclic di-AMP into
AMP. Interestingly, elevating cyclic di-AMP levels by either overexpression of Mtb
disA or deletion of cnpB in this pathogen results in significant virulence attenuation
in a mouse pulmonary TB model. It has also been shown that cyclic di-AMP from
Mtb activates autophagy and limits the growth of bacteria within infected cells.
These findings indicate that cyclic di-AMP plays an important role in TB pathogen-
esis. Mtb exports cyclic di-AMP via an undefined mechanism, which induces a type
I interferon response in a STING-dependent manner within the infected host. In
contrast, the current live vaccine strain M. bovis BCG is unable to secrete cyclic di-
AMP and is defective in inducing a type I interferon response. Thus, enabling the
vaccine strain to induce type I interferon may provide better protection against
infection of Mtb.
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26.1 Introduction

Mycobacterium tuberculosis (Mtb) is the etiologic agent of tuberculosis (TB), which
remains a major cause of morbidity and mortality worldwide, especially in many
low- and middle-income countries. Although the pathogen was recognized over a
century ago, the pathogenesis of Mtb is still not fully understood. A sole approved
TB vaccine, Bacillus Calmette-Guérin (BCG), which has been used for nearly a
century, mainly prevents severe TB in infants and children but is ineffective in
controlling the global TB epidemic [1]. Thus, a better understanding of the Mtb
biology and the Mtb–host interaction is urgently needed to effectively eradicate TB.

Mtb is a slow-growing mycobacterium with a doubling time of 12–24 h under
optimal conditions [2]. Mtb primarily infects the lung of the host. As an intracellular
bacterial pathogen, Mtb is phagocytized by alveolar macrophage after infection.
Within the phagosome of the macrophage, Mtb employs a range of defense strate-
gies to circumvent the hostile environment of the macrophage, such as inhibiting
phagosome-lysosome fusion and evading acidic environments inside the
phagolysosome [3]. Meanwhile, Mtb also utilizes a myriad of virulence determinants
that modulate expression of host factors, which result in pro- and anti-inflammatory
responses that allow the bacilli to survive inside the infected cells [4, 5]. These
responses are fundamentally mediated through sensing pathogen-associated molec-
ular patterns (PAMPs) by host pattern-recognition receptors (PRRs) [6–9].

Second messengers are molecules that control important signaling cascades in
bacteria as well as the host during infection. Several cyclic nucleotides have been
shown to play important roles in bacterial gene regulation and pathogenesis. For
example, cyclic adenosine monophosphate (cAMP) is a ubiquitous second messen-
ger that has been studied for several decades in both eukaryotic and prokaryotic
cells. It has been extensively reported to regulate bacterial catabolite repression and
microbial virulence [10, 11]. Mtb secretes cAMP directly into the infected macro-
phages and interferes with the signaling pathway of the host [12–14]. Another
important second messenger cyclic di-guanosine monophosphate (cyclic di-GMP)
has been shown to play a role in a wide range of cellular functions and processes
including bacterial motility, biofilm formation, cell cycle progression with transition
from the motile to the sessile state, differentiation, and bacterial virulence
[15, 16]. cyclic di-GMP is synthesized from two molecules of GTP by diguanylate
cyclases each containing a GGDEF domain and is degraded into phosphoguanylyl
guanosine (pGpG) by specific phosphodiesterases with an EAL domain or into GMP
by phosphodiesterases with an HD-GYP domain [15–17]. Mtb Rv1354c encodes a
bifunctional protein with both the GGDEF and EAL domains, and Rv1357c only
possesses an EAL domain [18]. Previous studies showed that cyclic di-GMP regu-
lates the long-term survival of mycobacteria under conditions of nutritional starva-
tion [19, 20]. Recently, cyclic di-adenosine monophosphate (cyclic di-AMP) was
recognized as another signaling molecule [21]. cyclic di-AMP has been implicated
in diverse essential cellular processes including cell wall and membrane homeosta-
sis, regulation of potassium ion channels, DNA damage repair and sporulation,
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resistance to antibiotics, sensitivity toward stress conditions, virulence, and stimu-
lation of type I interferon response in host cells [22, 23]. In this chapter, we will
summarize the current knowledge regarding cyclic di-AMP in Mtb.

26.2 Synthesis of Cyclic di-AMP in Mtb

Cyclic di-AMP is synthesized from ATP or ADP by diadenylate cyclases that
contain a diadenylate cyclase domain [24]. These proteins are most frequently
found in Gram-positive phyla Firmicutes and Actinobacteria [24]. Most bacteria
studied to date possess only one diadenylate cyclase [25–27], whereas Bacillus
subtilis encodes three, DisA, CdaA, and CdaS [28, 29]. In Mtb, Rv3586 (disA,
also referred to as dacA) encodes a sole diadenylate cyclase [30], which shares 42%
identity in amino acid sequence with B. subtilisDisA [31]. Orthologs of disA exist in
all mycobacterial species exceptM. leprae [32]. Deletion of disA abolishes cyclic di-
AMP production in Mtb, meanwhile overexpression of disA significantly elevates
cyclic di-AMP levels in this pathogen [30, 32, 33].

Mtb DisA forms a large octamer in solution, and each monomer contains three
domains including an N-terminal catalytic domain, a linker domain, and a C-
terminal HhH domain [31]. In the oligomerization of DisA, the N-terminal domain
contributes to tetramerization, whereas the C-terminal HhH domain is responsible
for additional dimerization, which deviates from the structural model of Thermotoga
maritima DisA [21, 31]. Two motifs in DisA, DGA and RHR, which are critical for
the cyclase activity in the cyclic di-AMP synthesis [21], are highly conserved in Mtb
DisA in comparison with DisA proteins of other bacterial species. The conserved
RHR motif in Mtb DisA is essential for interacting with ATP, and mutation of this
motif to AAA completely abolishes DisA’s diadenylate cyclase activity [31]. Based
on in vitro biochemical assays, the diadenylate cyclase activity of Mtb DisA is
dependent on divalent metal ions such as Mg2+, Mn2+, or Co2+. This enzyme is more
active at a basic pH rather than at an acidic pH with the optimal in vitro activity at
pH 8.5 [31].

It has been shown that Mtb produces more cyclic di-AMP during late-log and
stationary phases of growth compared to early-log phase [32]. However, the regu-
latory mechanism of DisA’s expression and activity in Mtb remains unexplored. In
the Mtb genome, disA is located in an operon with genes encoding DNA repair
protein Rv3585 (radiation-sensitive gene A, RadA) and lipoprotein Rv3584 (LpqE).
In M. smegmatis, a RadA homolog (MSMEG_6079) physically interacts with DisA
and inhibits the cyclic di-AMP synthesis activity of DisA [34]. It is unknown
whether Mtb RadA has the same effect.
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26.3 Degradation of Cyclic di-AMP in Mtb

The first cyclic di-AMP phosphodiesterase, YybT (also known as GdpP), was iden-
tified in B. subtilis, which degrades cyclic di-AMP into linear phosphoadenylyl
adenosine (pApA). This protein possesses two transmembrane domains, a PAS
domain, an atypical GGDEF domain, a DHH domain, and a DHHA1 domain
[35]. Subsequently, a stand-alone DHH-DHHA1 domain protein, Pde2, in Strepto-
coccus pneumoniae was shown to hydrolyze cyclic di-AMP into AMP. Meanwhile,
this protein can also degrade pApA into AMP [25]. Mtb contains a single Pde2-like
cyclic di-AMP phosphodiesterase Rv2837c, which shares 22.5% identity in amino
acid sequence with Pde2 of S. pneumoniae and was designated CnpB (or CdnP)
[33, 36]. CnpB has a molecular mass of 34 kDa and forms a stable dimer in solution
[33]. The two crystallographic symmetry-related monomers make up the biologically
active dimer [33, 37]. Each monomer contains a DHH domain and a DHHA1 domain.
The N-terminal DHH and C-terminal DHHA1 domains consist of residues 15–202
and 220–336, respectively. Crystal structure and biochemical analysis of CnpB
indicate that both the DHH and DHHA1 domains are essential for cyclic di-AMP
degradation [37]. The DHH domain has the phosphodiesterase activity catalytic core,
the DHHA1 domain contributes to both recognition and stabilization of substrate, and
the linker region connects two distinct domains [37]. The DHHA1 domain is more
flexible than the DHH domain. The DHH domain has a five-parallel strand β-sheet,
which is sandwiched by 10 α-helices [37]. CnpB hydrolyzes cyclic di-AMP into AMP
rapidly in two steps. First, it linearizes cyclic di-AMP into pApA, which is further
hydrolyzed to AMP [38]. Either Co2+ or Mn2+ is necessary for CnpB’s phosphodies-
terase activity in hydrolysis of cyclic di-AMP. The enzymatic activity of CnpB adapts
to a broad pH range and peaks at pH 8.5 [33, 37], which is similar to DisA.

CnpB inhibitors have been explored in a recent study [36]. A number of either
commercially available or FDA-approved phosphodiesterase inhibitors were exam-
ined for inhibition of CnpB in hydrolysis of cyclic di-AMP. All four FDA-approved
inhibitors tested are active against CnpB. A set of six pApA analogs have also been
explored for inhibition of cyclic di-AMP phosphodiesterase activity of CnpB,
including ApA, Ap(S)A, α-dAp(carboxylate)A, α-dAp(carboxylate)dA, β-dAp(car-
boxylate)A, and β-dAp(carboxylate)dA. All of these analogs except ApA are resis-
tant to hydrolysis of cyclic di-AMP by CnpB. Among these analogs, Ap(S)A
displayed maximal inhibitory activity against hydrolysis of cyclic di-AMP [36].

In addition to cyclic di-AMP, the substrates for CnpB also include pAp, pApA,
pGpG, cyclic di-GMP, cyclic GMP-AMP (cGAMP), and nanoRNA (short oligonu-
cleotides of five or fewer residues) [33, 36, 37, 39, 40]. Overall, the hydrolysis activity
of cyclic di-AMP by CnpB is much higher than that of cyclic di-GMP [33, 37]. How-
ever, the activity toward hydrolysis of substrates other than cyclic di-AMP should not
be ignored. For example, clustered regularly interspaced short palindromic repeats
(CRISPR) and the CRISPR-associated proteins (Cas) provide bacteria and archaea
with adaptive immunity to specific DNA invaders. It has been shown that CnpB
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controls the expression of the type III CRISPR-Cas system inMtb, which is associated
with nanoRNA rather than cyclic di-AMP [40].

26.4 Cyclic di-AMP Functions in Mtb Physiology

B. subtilis encodes three diadenylate cyclases, CdaA, DisA, and CdaS. Each of them
can be deleted individually, but the three genes cannot be deleted together when the
bacterium is cultivated in regular growth media [29]. Similarly, the sole diadenylate
CdaA (also named DacA) in Staphylococcus aureus, Listeria monocytogenes, and
S. pneumoniae is essential when bacteria are grown in routine laboratory culture
media [41–43]. These findings indicate that cyclic di-AMP is essential for viability
of these Gram-positive bacteria. Surprisingly, disA is the sole diadenylate cyclase in
Mtb, as cyclic di-AMP was not detected in both the ΔdisA andΔdisAΔcnpBmutants
[30]. disA has been easily deleted in Mtb, and the mutant grows well in different
culture media without significant growth defect [30, 33]. Therefore, the biological
role of cyclic di-AMP in Mtb is distinct from those cyclic di-AMP-producing Gram-
positive bacteria and remains to be determined. On the other hand, similar to
S. aureus, Mtb ΔcnpB exhibited about 30% reduction in cellular length, which is
likely due to the elevated bacterial cyclic di-AMP levels [33]. In M. smegmatis,
when its own disA is overexpressed, it causes cell expansion and bacterial aggrega-
tion as well as loss of motility [44]. Therefore, the role of cyclic di-AMP in Mtb may
also be different from the fast-growing M. smegmatis.

DisA has been well studied in Bacillus spp. It is a direct sensor of DNA integrity
before spore formation, and the elevated cyclic di-AMP levels are associated with a
high cell density and the onset of sporulation [21, 45, 46]. Mtb does not form spores,
but it has been speculated that cyclic di-AMP might be important to ensure DNA
integrity when Mycobacterium spp. enter a dormant state [24].

No cyclic di-AMP effector protein has been identified in Mtb to date. A TetR
family regulator designated DarR has been characterized as a cyclic di-AMP receptor
in M. smegmatis [47]. DarR recognizes and binds to a 14-bp palindromic sequence
motif in its own promoter region. Moreover, DarR can specifically bind with the
upstream DNA regions of three genes: MSMEG_5347 (which encodes a major
facilitator family transporter), MSMEG_5348 (which encodes a medium chain fatty
acyl-CoA ligase), and MSMEG_5696 (which encodes a cold shock protein gene
encoded by CspB). Cyclic di-AMP enhances the ability of DarR to bind to its target
DNA in a concentration-dependent manner, and ATP had a modest effect on the
activity of DarR [47]. However, no DarR homolog has been identified in Mtb.
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26.5 The Role of Cyclic di-AMP in Mtb Pathogenesis

Cyclic di-AMP has been linked to pathogenesis of several bacterial pathogens
[25, 27, 48–52]. Deletion of disA in Mtb slightly enhances the virulence in a
mouse pulmonary infection model. In the same study, overexpression of disA in
Mtb results in significant attenuation of the virulence and intracellular growth
[32]. Additionally, either deletion of cnpB in the Mtb H37Rv strain or disruption
of this gene in the CDC1551 strain significantly reduced the virulence in a mouse
pulmonary infection model. In both experiments, mice infected with the wild-type
(WT) strain or complemented ΔcnpB mutants succumbed to the infection, whereas
the ΔcnpB-infected mice exhibited increased survival time or remain alive until the
end time point of the experiments [33, 36]. The bacterial loads in the infected lungs
and spleens were approximately tenfold less in the mice infected with ΔcnpB
compared to those infected with the WT strain at 8 weeks or later time points
postinfection [33, 36]. In all these experiments, mice infected with bacterial strains
possessing elevated cyclic di-AMP levels displayed less lung pathology and bacte-
rial loads compared with those infected with the WT bacteria. These results clearly
demonstrate an association between elevated bacterial cyclic di-AMP levels and the
attenuated Mtb virulence. The virulence attenuation is likely caused by regulation of
virulence factors and/or modulation of the host response by cyclic di-MP, which
remains to be explored.

26.6 The Role of Cyclic di-AMP in Mtb–Host Interaction

It has been well established that cyclic di-AMP secreted by L. monocytogenes elicits
a strong STING-dependent type I interferon response in the infected host [53–
57]. However, multiple reports have shown that Mtb DNA is the major inducer of
type I interferon during infection of mice with wild-type Mtb [58–60]. Meanwhile, it
has also been demonstrated that deletion of disA in Mtb reduces both type I
interferon and TNF response in vitro within either macrophage cell lines or primary
bone marrow-derived macrophages (BMDMs) [32, 33]. In contrast, overexpression
of disA in Mtb enhances the induction of both cytokines in infected cells [32]. A
similar response has also been demonstrated in vivo in a mouse TB model [32]. Con-
sistent with these findings, deletion or disruption of cnpB in Mtb results in signif-
icantly elevated induction of type I interferon in infected macrophages prepared from
WTmice [30, 33, 36]. The induction of type I interferon was diminished in STING�/�

cells during infection with cnpB-deficient Mtb [30, 36]. However, a significant amount
of type I interferon still could be detected in BMDMs and bone marrow-derived
dendritic cells (BMDCs) isolated from cGAS�/� mice when these cells were infected
with cnpB-deficient Mtb [30, 36]. These findings indicate that Mtb cyclic di-AMP also
plays a minor role in type I interferon induction. It is likely thatWTMtb secretes much
less cyclic di-AMP [30], which differs from L. monocytogenes. In addition to type I
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interferon, enhanced induction of IL-1α, TNF, and IL-6 were also detected during
infection of host cells with cnpB-deficient Mtb [36]. Taken together, cyclic di-AMP
produced by Mtb elicits induction of cytokines including type I interferon, TNF, IL-
1α, and IL-6.

Mtb produced cyclic di-AMP also induces autophagy of infected macrophages. In
a study determined using fluorescent microscopy, the percentage of cells showing
autophagy-specific marker LC3 puncta formation was decreased in ΔdisA infected
cells but was elevated in cells infected with disA-overexpressing Mtb in comparison
to WT bacteria-infected cells [32]. Therefore, induction of autophagy by elevated
cyclic di-AMP levels may be one of the contributing factors that restricts the growth
of Mtb in macrophages [32].

26.7 Cyclic di-AMP in TB-Complex Mycobacteria
and Vaccine Consideration

L. monocytogenes secretes cyclic di-AMP using multidrug resistance (MDR) efflux
pumps [54–56, 61, 62]. Mtb is also capable of exporting cyclic di-AMP to the
extracellular environment [30, 32, 33]. However, the cyclic di-AMP secretion mech-
anism by Mtb has not been demonstrated. Importantly, the TB vaccine strain BCG is
unable to secrete cyclic di-AMP [30]. BCG was derived from M. bovis and has been
used as a TB vaccine for nearly a century. However, it inadequately controls the TB
epidemic and the molecular basis of this limitation is not fully understood. It is well
known that BCG is defective in induction of type I interferon. Interestingly, multiple
studies have shown that type I interferon enhances BCG’s immunogenicity. It has
been reported that vaccination of BCG mixed with type I interferon improves the
immunity by acting on DCmaturation [63]. Additionally, intramuscular boosting with
type I interferon protects BCG-vaccinated mice against infection with M. leprae in a
murine leprosy model [64]. Furthermore, expressing of ESX-1 ofM. marinum in BCG
induces a type I interferon response, which may provide enhanced immunity against
TB [65]. Thus lacking a type I interferon response after BCG vaccination may be one
of the major reasons for its protective limitation.

Both Mtb DNA and Mtb secreted cyclic di-AMP induce type I interferon in Mtb-
infected cells [30, 36, 58–60, 66] (Fig. 26.1). Comparison of genome sequences
among Mtb and different BCG strains revealed that there are 14 loci known as
regions of difference (RD1-RD14), which are present in the laboratory virulent Mtb
H37Rv but are absent from the BCG strains [67]. Genes in RD1 encodes ESAT-6
and also part of the ESAT-6 secretion system 1 (ESX-1). It has been well established
that ESX-1 is required for Mtb to export its components from the infected
phagosome into the cytosol and is critical for Mtb to induce the type I interferon
response [68, 69] (Fig. 26.1). A recent report has also demonstrated that cyclic di-
AMP-induced type I interferon response is abolished by deletion of RD1 in Mtb,
whereas deletion of RD1 does not affect cyclic di-AMP production and secretion.
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Therefore, both cyclic di-AMP secretion and RD1 are needed for the cyclic di-AMP-
mediated type I interferon response [30]. Taken together, an engineered BCG
capable of secreting cyclic di-AMP and permeabilizing the phagosomal membrane
will induce type I interferon and enhance the vaccine efficacy, which warrants
further investigation.

26.8 Future Perspective

While the biological importance of cyclic di-AMP has only been recognized for a
decade, it is apparent that cyclic di-AMP plays a role in mycobacterial physiology.
However, it remains unknown how cyclic di-AMP signal is induced and transduced
in Mtb for the bacterium to adapt to different environment niches. It is also critical to
determine how cyclic di-AMP is secreted by this pathogen. Furthermore, our overall
knowledge about the cyclic di-AMP-induced host response is still limited. Since
increased cyclic di-AMP levels in Mtb result in significant elevated survival rates of
infected mice, it is important to explore host responses induced by cyclic di-AMP
that is produced and exported by Mtb. The knowledge of cyclic di-AMP signaling in

Fig. 26.1 Working model of the Mtb-induced cyclic di-AMP-mediated type I interferon response.
Mtb DNA and cyclic di-AMP secreted by Mtb are released through phagosomal membrane in an
ESX-1-dependent manner. In the cytosol of the infected cell, Mtb DNA activates cGAS to produce
cGAMP. Both cGAMP and cyclic di-AMP are detected by STING of the infected cell, which
subsequently induces a type I interferon response. The figure is adapted from a previous publication
with permission from the publisher [30]
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Mtb will not only accelerate our understanding of Mtb pathogenesis but also provide
input in vaccine improvement to eradicate TB.

Conflict of Interest The authors declare no conflict of interest.
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Chapter 27
Cyclic di-AMP Signaling in Streptococcus
pneumoniae

Tiffany M. Zarrella and Guangchun Bai

Abstract Streptococcus pneumoniae causes diseases such as pneumonia, otitis
media, meningitis, and bacteremia. As such, this pathogen survives and adapts to
different environmental stimuli and withstands stress conditions encountered during
colonization, dissemination, and infection in the respective host compartments.
Recent studies designate the bacterial signaling nucleotide cyclic di-adenosine
monophosphate (cyclic di-AMP) as an important facet to pneumococcal physiology
and virulence. In this chapter, we will describe the signaling network and the role of
cyclic di-AMP as a second messenger in pneumococci. In S. pneumoniae, cyclic di-
AMP is produced by a sole diadenylate cyclase, CdaA, and is catabolized by two
phosphodiesterases, Pde1 and Pde2. cyclic di-AMP is secreted through an
unidentified mechanism which may impact host–pathogen interactions. The gene
encoding CdaA is essential, and perturbation of cyclic di-AMP levels affects adap-
tation to stress, epithelial cell adhesion, and pneumococcal virulence, demonstrating
that cyclic di-AMP is a pervasive molecule in pathogenesis. A Trk-family cyclic di-
AMP binding protein, CabP, has been characterized as a mediator of potassium
uptake via the transporter TrkH. Potassium levels affect expression of CdaA, and
CabP modulates cyclic di-AMP homeostasis, suggesting that cyclic di-AMP plays a
fundamental role in ion transport. Nevertheless, repercussions of cyclic di-AMP
signaling discussed here allude to the existence of additional cyclic di-AMP effec-
tors. Future avenues of research and outlying questions of interest are addressed.
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27.1 Introduction

The pathogen Streptococcus pneumoniae (the pneumococcus) is a Gram-positive
facultative anaerobic organism that is restricted to the human host through asymp-
tomatic carriage in the nasopharynx, but can cause diseases such as sinusitis, otitis
media, meningitis, pneumonia, and septicemia [1]. The method of transmission is
person-to-person, and community-acquired cases are of concern [2]. S. pneumoniae
is a formidable pathogen to prevent and treat due to its ability to withstand many
stress conditions, cause infections in different organs, evade available vaccines, and
acquire antibiotic resistance genes. Therefore, deciphering the molecular mecha-
nisms that govern these pathogenic traits may lead to novel treatments against
pneumococcal disease.

S. pneumoniae is proficient at surviving in numerous compartments in the host as
evidenced by its range of disease outcomes. The conditions vary as pneumococci
progress from colonizing the nasopharynx to dissemination into the lung, middle ear,
bloodstream, and central nervous system. Therefore, pneumococci adapt to environ-
mental changes, such as fluctuations in temperature, nutrient availability, oxidation,
osmolality, and pH by utilizing an effective stress response and virulence factors
[3, 4]. Through a course of invasive infection, in the upper respiratory tract temper-
atures range from 30 to 34 �C and after dissemination are 37 �C and higher with
fever and inflammation [5]. In addition, wide-ranging oxidative gradients are
encountered, from immune cells and endogenous hydrogen peroxide production,
as well as micro-aerobic and anaerobic tissues [4, 6–8]. Pneumococci withstand
acidic stress from short-term survival at pH 4.4 in phagosomes to long-term at
pH 6.8 at inflammatory sites [9, 10].

There are two available vaccines in use: a pneumococcal polysaccharide vaccine
(PPS23) and a pneumococcal conjugate vaccine (PCV13), which contain polysac-
charide antigens from 23 and 13 capsular serotypes, respectively. Pneumococcal
infections caused by the serotypes covered in the current vaccines have been
significantly reduced [11]. With over 90 capsular serotypes, most are not covered
by administration of these vaccines [12, 13]. Thus, there are still serious concerns for
the available pneumococcal vaccines, including limited efficacy and the prevalence
of non-targeted serotypes [14]. Antibiotic resistance among pneumococcal strains
also thwarts available treatments, extends hospital stays, and may have impacts on
mortality rates [15]. Coverage of more strains in prevention, identification of new
essential targets, and subversion of the stress response may help curb the trends in
pneumococcal acclimatization to these therapeutic strategies.

When bacteria encounter changes in environmental conditions and coordinate a
fine-tuned response to survive, one rapid method of responding to stimuli includes
modulating the levels of nucleotide-based second messengers. One such molecule,
cyclic di-adenosine monophosphate (cyclic di-AMP), is a recently discovered bac-
terial second messenger that has been broadly implicated in bacterial physiology and
pathogenesis. Diadenylate cyclases convert ATP to cyclic di-AMP, while phospho-
diesterases catabolize cyclic di-AMP into AMP or phosphoadenylyl adenosine
(pApA) [16]. S. pneumoniae encodes and expresses one diadenylate cyclase,
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which is an essential enzyme for viability, and two cyclic di-AMP phosphodiester-
ases. Recently, the exploration of cyclic di-AMP signaling in bacteria has demon-
strated a diversity of cyclic di-AMP-producing species and specialized effector
functions [16, 17].

In this chapter, we will focus on the advancing studies that have elucidated
portions of the pneumococcal cyclic di-AMP signaling network and will review
what has been reported for how cyclic di-AMP affects the stress response and
virulence.

27.2 Pneumococcal Cyclic di-AMP Homeostasis

Homeostasis of cyclic di-AMP is achieved by diadenylate cyclases that produce the
dinucleotide, phosphodiesterases that break it down, and secretion to the extracel-
lular environment. In S. pneumoniae, there exists a sole diadenylate cyclase, CdaA
(previously designated as DacA), that produces cyclic di-AMP from two molecules
of ATP [18]. Two cyclic di-AMP phosphodiesterases, Pde1 and Pde2, hydrolyze
cyclic di-AMP to pApA and AMP, respectively (Fig. 27.1) [18]. Extracellular cyclic

Fig. 27.1 Summary of cyclic di-AMP signaling in S. pneumoniae. In S. pneumoniae, the
diadenylate cyclase CdaA converts ATP to cyclic di-AMP. Two different phosphodiesterases,
Pde1 and Pde2, break down cyclic di-AMP into pApA and AMP, respectively. Cyclic di-AMP is
exported by a yet unresolved mechanism. A cyclic di-AMP-binding Trk-family protein CabP
complexes with TrkH to uptake potassium. This interaction is inhibited by cyclic di-AMP binding.
Additionally, cyclic di-AMP homeostasis is affected by CabP. CabP likely alters cyclic di-AMP
production by CdaA
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di-AMP is detected in supernatants from 20 pmol/OD620 in wild type (WT) and
100 pmol/OD620 in Δpde1 Δpde2 pneumococci; however, the secretory mechanism
has not been established [19].

Pneumococcal CdaA consists of three putative transmembrane helices at the N-
terminus and a diadenylate cyclase domain at the C-terminus, which is characteristic
of other enzymes of the CdaA class [16, 17, 20]. cdaA is an essential gene in
pneumococci [18], but lower levels of protein expression, paired with lower intra-
cellular cyclic di-AMP concentrations, have been detected in minimal potassium
conditions [19]. This finding is consistent with expression patterns of Bacillus
subtilis CdaA in response to potassium limitation [21]. Two single nucleotide
changes within pneumococcal cdaA have been described that alter the cyclase
activity and/or protein expression [19]. The first nucleotide change is a V76G
mutation that is predicted to be within the third transmembrane helix of the protein,
according to TMHMM analysis. CdaA V76G has similar expression levels to native
CdaA, but cyclic di-AMP production is reduced in vivo and when expressed
heterologously in Escherichia coli [19]. The second nucleotide change reported
was an adenine insertion immediately preceding the stop codon, which extended
translation by 32 amino acids. This mutation resulted in undetectable protein by
immunoblot with polyclonal antibodies and a decrease in cyclic di-AMP levels [19].

The gene encoding the diadenylate cyclase CdaA is located in a conserved operon
with cdaR and glmM in Firmicutes [16]. In other species, CdaR has been shown to
regulate CdaA activity by a direct protein–protein interaction, although CdaR may
either inhibit or enhance diadenylate cyclase activity in different bacterial species
which may depend on experimental conditions and environmental stimuli [22–
25]. GlmM is a phosphoglucosamine mutase which catalyzes an early step in
peptidoglycan synthesis [26]. glmM is an essential gene in E. coli but in Strepto-
coccus gordonii a glmM insertional mutant was obtained and the mutant exhibited
increased sensitivity to beta-lactams and longer chain length [26, 27]. Interestingly,
in Lactococcus lactis and B. subtilis GlmM has been shown to directly interact with
CdaA to inhibit cyclic di-AMP production, which is thought to be in a complex with
both CdaA and CdaR [24, 28].

The two cyclic di-AMP phosphodiesterases, Pde1 and Pde2, each contain a DHH
domain and a DHHA1 domain, necessary for their activity. Pde1 is a homolog of
GdpP and additionally contains two transmembrane helices, a PAS (Per-Arnt-Sim)
sensory domain, and a degenerate GGDEF domain. Pde2 is a soluble protein with
only the DHH/DHHA1 domains. Remarkably, Pde1 and Pde2 hydrolyze cyclic di-
AMP into distinct products pApA and AMP, respectively (Fig. 27.1) [18]. Analysis
of recombinant truncated Pde1 (lacking the transmembrane and PAS domains) or
Pde2 showed optimal enzymatic activities in the presence of manganese ions and at
pH 8.5 [18]. It has been suggested that the two phosphodiesterases may maintain
disparate stores of cyclic di-AMP based on their putative cellular localization and/or
provide different biological signals by releasing pApA or AMP, respectively
[18]. Homologs of the other types of cyclic di-AMP phosphodiesterases have not
been found in S. pneumoniae.
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27.3 Effects of Cyclic di-AMP on Pneumococcal Virulence

A genome-wide transposon mutagenesis analysis led to the finding that two DHH
subfamily 1 proteins (later characterized as cyclic di-AMP phosphodiesterases and
named Pde1 and Pde2) are important in virulence in several animal models of
pneumococcal disease [29, 30]. Upon closer inspection at different hallmarks of
pneumococcal pathogenesis, both Pde1 and Pde2 contribute to epithelial cell adher-
ence, colonization of the murine nasopharynx, and lethality [18, 30]. Pde1 is
required for optimal adherence to epithelial cells, while both proteins have an
additive effect, suggesting that lower cyclic di-AMP levels correlate with better
adherence. Phosphodiesterase mutants have defects in nasopharynx colonization
alone and in competition with WT bacteria. Dissemination to the middle ear in an
otitis media model, or to the lungs in a pneumonia model, is attenuated in phospho-
diesterase-null strains as well [30]. Bacterial burden after intravenous inoculation is
severely affected by the absence of Pde1 and Pde2 in S. pneumoniae. Since Pde1 and
Pde2 are distinct proteins and hydrolyze cyclic di-AMP into different products, these
findings would suggest that precisely regulated cyclic di-AMP levels may affect
colonization and infection.

Pneumococcal capsule forms the basis for the currently available vaccines.
Alternatively, developing vaccines that target a more conserved antigen may be
productive or additive to the current vaccines. Recombinant Pde1 and Pde2 alone are
immunogenic in mice but are not protective antigens when administered subcutane-
ously prior to challenge in a TIGR4 strain-infected pneumonia model [30]. However,
vaccination with a combination of both recombinant proteins was shown to signif-
icantly reduce bacterial burden and pneumococcal disease after challenge with
TIGR4 [30]. Therefore, Pde1 and Pde2 not only affect physiology and virulence,
but may offer attractive targets in vaccine design.

The effects of high levels of cyclic di-AMP on pathogenesis could be impacted by
physiological changes, such as the expression of virulence factors, growth defect or
stress susceptibility, or could be a result of increased secreted cyclic di-AMP. As
mentioned, pneumococci release cyclic di-AMP, and more extracellular cyclic di-
AMP is recovered from culture supernatant ofΔpde1Δpde2 bacteria [19]. However,
the secretion mechanism is still unknown. In Listeria monocytogenes, efflux pumps
belonging to the multidrug resistance (MDR) family secrete cyclic di-AMP
[31, 32]. During infection, increase of cyclic di-AMP secretion by the MDR proteins
was shown to induce the host type I interferon response, which is mediated by
STING (stimulator of interferon genes) and DDX41 [31, 33–37]. Since eukaryotes
do not produce cyclic di-AMP, cyclic di-AMP can be recognized as a pathogen-
associated molecular pattern (PAMP) by these surveillance proteins. It is likely that
the role of cyclic di-AMP in pneumococcal pathogenesis is a combination of
controlling bacterial biology and alerting the host–pathogen interaction.
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27.4 A Trk-Family Cyclic di-AMP Effector Protein
in S. pneumoniae

A multitude of functions have been attributed to cyclic di-AMP signaling, including
maintaining cell wall homeostasis, sporulation initiation, and many aspects of the
stress response [17, 22, 38–40]. As mentioned, nucleotide-based second messengers
exert their functional outcomes through effector molecules. cyclic di-AMP has been
found to bind both proteins and RNA in the form of riboswitches. One major target of
cyclic di-AMP is the regulation of potassium transport. Regulation of intracellular
potassium cation concentrations is essential for all domains of life. Controlled potas-
sium flux by transporters maintains turgor during rapid osmoregulation [41–47], aids
in response to pH stress [48–50], and is required for the activity of many enzymes
[51, 52]. In bacteria, the potassium transporter families include Ktr, Trk, and Kdp. The
protein systems designated as Ktr were historically distinguished from Trk by releas-
ing Na+ when uptaking potassium [53], while Trk family proteins use protons instead
of Na+ [54]. Both of these classes have a regulatory component that facilitates
potassium uptake by protein–protein interaction with a transporter subunit [55]. In
the Kdp system, low potassium conditions and turgor pressure induce expression of
the ATP-dependent K+ transporter-encoding genes via the two-component system
KdpDE [41, 56–58]. It has been recently described that the regulatory subunits of each
of these transporter families bind cyclic di-AMP in several cyclic di-AMP-producing
species [59–62]. cyclic di-AMP binds the RCK_C (regulator of conductance of K+)
domain on Ktr proteins and the USP (universal stress protein) domain on KdpD [60–
62]. S. pneumoniae does not encode a Kdp or Ktr system. However, a Trk family
protein that binds cyclic di-AMP, CabP, has been characterized. The RCK_C domain
of CabP is required for cyclic di-AMP binding, which is not competed by NAD
derivatives, cyclic di-guanosine monophosphate, ATP, or cAMP [59]. CabP forms an
octamer in solution, like other RCK-domain family proteins [59, 63]. Based on the
high affinity and specificity of CabP for cyclic di-AMP, a competitive enzyme-linked
immunosorbent assay (ELISA) was developed as an inexpensive and efficient method
to measure cyclic di-AMP from biological samples [64].

It has been well-established that Trk family proteins translocate potassium ions
[55, 65]. Besides CabP, an additional RCK domain-encoding gene, trkA
(SPD_0430) is present in the pneumococcal genome. The TrkA protein possesses
two copies of the RCK_C domain and is approximately twice the size of CabP. The
N-terminal domain of TrkA has higher identity with CabP (20.0%; 44.7% similarity)
than the C-terminal domain which has 17.6% identity. However, the binding of
cyclic di-AMP by TrkA has not been reported in S. pneumoniae. Both CabP and
TrkA are encoded adjacent to genes encoding the putative potassium transporters
TrkH (SPD_0076) and TrkG (SPD_0429), respectively. CabP and TrkH are both
required for potassium uptake, but TrkA and TrkG are dispensable for growth in low
potassium media under the standard media conditions that were tested [59]. CabP
complexes with TrkH to allow for potassium uptake. However, when CabP binds
cyclic di-AMP, the protein–protein interaction between CabP and TrkH is disrupted
and potassium transport is blocked [59]. As a result, the Δpde1 Δpde2 mutant that
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has higher cyclic di-AMP levels grows slower in low potassium media [59]. Despite
the similarities between TrkH and TrkG, the transporter function of TrkA-TrkG has
not been reported.

In a stress suppressor screening of pneumococcal cyclic di-AMP phosphodies-
terase mutants, a S69A substitution in the potassium transporter TrkH reduced cyclic
di-AMP levels by ~30%, and improved growth and stress resistance [19]. In addi-
tion, deletion of CabP in both WT and pde-null strains decreased intracellular cyclic
di-AMP levels by 50%, which was independent of CdaA protein abundance. The
molecular mechanism of how CabP affects cyclic di-AMP homeostasis has not been
fully discerned; however, there are several possibilities: (1) CabP complexes with a
protein that mediates an interaction with CdaA to affect its diadenylate cyclase
activity; (2) CabP complexes with a transporter or other protein to produce a
functional output that can be sensed by CdaA or proteins that affect CdaA activity;
and/or (3) CabP directly interacts with CdaA or an unknown phosphodiesterase to
control cyclic di-AMP levels [19, 66].

27.5 Cyclic di-AMP Controls the Pneumococcal Stress
Response

Dysregulation of cyclic di-AMP homeostasis has been associated with bacterial
virulence and the stress response. The repercussions of cyclic di-AMP signaling in
S. pneumoniae have been elucidated by manipulating cyclic di-AMP levels through
deletion of one or both phosphodiesterases. Both Δpde1 and Δpde2 strains have an
increased lag phase and slower overall growth rates in rich medium, which is more
pronounced in the Δpde1 Δpde2 strain [18]. The growth rate was further determined
to be cyclic di-AMP dependent by the introduction of CdaA variants that lower
intracellular cyclic di-AMP levels in the Δpde1 Δpde2 background [19]. It was also
observed that the pde mutants have shorter chains [18], which suggests aberrant cell
division is occurring.

Overall, the Δpde1 Δpde2 strain demonstrates increased sensitivity to many
stress conditions. Fewer single and double pde mutants than WT cells are recovered
after UV treatment [18]. Strains lacking pde2 were tenfold more susceptible than the
Δpde1 mutant, demonstrating that Pde2 is more critical to surviving DNA damage
[18]. The pde mutants are also highly sensitive to heat shock, acidic stress, and high
salt conditions [19]. The cyclic di-AMP effector pathways that lead to these pheno-
types have not been described, but could be mediated by CabP-TrkH as potassium
transport can affect pH and osmotic tolerance [41–43, 45, 46, 49, 50, 65]. However,
B. subtilis and S. aureus deleted for homologs of pde1 are more resistant to acidic pH
conditions despite encoding cyclic di-AMP-binding Ktr potassium transporters,
suggesting a divergence in cyclic di-AMP signaling with regard to pH stress. The
link between potassium transport and heat shock is less clear. In L. lactis, a cyclic di-
AMP phosphodiesterase mutant was more resistant to high-temperature stress which
was conducted at 37.5 �C, and is in contrast to pneumococcal heat shock sensitivity
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at 45 �C [19, 67]. Even with the variances in heat stress survival, these results
suggest that cyclic di-AMP may be involved in bacterial adaptation to temperature.
Analysis of the role of cyclic di-AMP in the temperature stress response in other
species has not been reported.

27.6 Looking Forward

The second messenger cyclic di-AMP is a principal regulator of the stress response
and virulence in pneumococci. Based on recent advances in deciphering the cyclic
di-AMP signaling network in S. pneumoniae, there are many imperative unknown
topics to investigate regarding cyclic di-AMP homeostasis, effector proteins, and the
link to pathogenesis.

S. pneumoniae encodes one diadenylate cyclase, yet cyclic di-AMP is responsible
for controlling a multitude of phenotypes including pH, osmotic, and heat stress
resistance; growth in different concentrations of K+; and virulence. However, it is
not known how cyclic di-AMP achieves specificity of the signal output. It is possible
that cyclic di-AMP-binding proteins directly interact with the cyclase or phospho-
diesterase to facilitate localized signaling in the cell and/or cyclic di-AMP-binding
proteins have a range of affinities for the signal, which directs the specific response
to the global concentration of the same stimuli. These possibilities are not exclusive
and could be occurring simultaneously. The localization and expression pattern of
the diadenylate cyclase, CdaA, and the phosphodiesterases, Pde1 and Pde2, in varied
stress conditions have not been explored. As more proteins in the cyclic di-AMP
signaling network are identified, a map of protein–protein interactions with CdaA,
Pde1, and Pde2 should be constructed to examine their respective roles in controlling
cyclic di-AMP homeostasis and signaling specificity.

CdaA is an essential protein in S. pneumoniae. As such, pneumococcal studies
have been conducted with cyclic di-AMP phosphodiesterase deletion strains; how-
ever, a condition configured for cdaA deletion could inform on specific contributions
of cyclic di-AMP. For example, in B. subtilis, all three diadenylate cyclases were
deleted together only in minimal media with low [K+], suggesting that cyclic di-
AMP is necessary to maintain intracellular potassium concentrations [21]. The gene
encoding the CdaA homolog in L. monocytogenes was deleted in minimal medium
but could not be recovered in rich medium without suppressor mutations due to a
toxic increase in the alarmone (p)ppGpp [68]. Cross talk between these two signaling
nucleotides could be a conserved affiliation in cyclic di-AMP producers since it has
been described in B. subtilis and Staphylococcus aureus as well [69, 70]. The
relationship between (p)ppGpp and cyclic di-AMP signaling should also be explored
in S. pneumoniae. It may be possible to obtain a cdaA deletion strain in the
appropriate media with altered (p)ppGpp levels.

Recent work has amplified the importance of cyclic di-AMP during the course of
pneumococcal infection [18, 30]. Since cyclic di-AMP is needed for the stress
response and is an essential nucleotide for bacterial viability, the cyclic di-AMP
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signaling pathway is an attractive target for therapeutics in pneumococci. Two specific
mutations in CdaA that affected its enzymatic activity have been described and may
provide clues into the residues responsible for cyclic di-AMP production, as well as
which domains to pursue for treatment [19]. Additional mapping of CdaA substitu-
tions and clinically relevant mutations may reveal more about this essential protein.

Cyclic di-AMP affects adhesion and virulence of S. pneumoniae [18, 30]. It is not
clear if this is due to intrinsic changes to pneumococci and/or host sensing of cyclic
di-AMP. Extracellular cyclic di-AMP is detected in supernatant of S. pneumoniae
cultures, but the cyclic di-AMP export mechanism has not been determined [19]. In
L. monocytogenes, an intracellular pathogen, cyclic di-AMP secretion affects the
host–pathogen interaction [32, 71, 72]. It will be interesting to define the specific
host recognition and responses to extracellular cyclic di-AMP in the context of
pneumococcal infection, and if cyclic di-AMP release during infection is beneficial
or detrimental to pathogenesis.

A Trk-family protein, CabP, binds cyclic di-AMP to control potassium uptake via
the transporter TrkH [59]. Despite the wide range of critical roles for potassium ions,
it is unlikely that CabP mediates all of the cyclic di-AMP-dependent phenotypes that
have been described. It is expected that there exist additional cyclic di-AMP-binding
effector proteins that warrant investigation. It is clear that some aspects of cyclic di-
AMP signaling in S. pneumoniae deviate from what has been learned in other
species or are specific to pneumococcal disease progression; therefore, it is vital to
further uncover the actions of cyclic di-AMP in this pathogen.

Overall, cyclic di-AMP plays an important role in pneumococcal physiology and
pathogenesis. A better understanding about the signaling mechanism of cyclic di-
AMP in S. pneumoniae may provide more insights into prevention and/or treatment
of pneumococcal disease in the future.
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Chapter 28
Regulation of Cyclic di-GMP Signaling
in Pseudomonas aeruginosa

Matthew J. Pestrak and Daniel J. Wozniak

Abstract Pseudomonas aeruginosa is found ubiquitously throughout the environ-
ment, and it readily adapts to survive in different environments. Genome analysis
reveals P. aeruginosa has a proportionally high number of transcriptional regulators
and two-component systems, and it has become a model for studying bacterial gene
regulation. Furthermore, P. aeruginosa is an opportunistic pathogen, establishing
infections that are often difficult to treat, due to its recalcitrance to antimicrobials and
host immune factors. This tolerance can be attributed to its ability to form protective
communities known as biofilms. The transition from a planktonic to biofilm lifestyle
is complex, and many regulatory pathways are involved. The secondary messenger
molecule, cyclic di-GMP, regulates many factors involved in this process, including
type IV pili, flagella, and exopolysaccharides. Thus, understanding how
P. aeruginosa modulates cyclic di-GMP levels has important implications for
P. aeruginosa virulence and environmental lifestyle. P. aeruginosa encodes 38 pro-
teins predicted to be involved in cyclic di-GMP metabolism, indicating intricate
regulatory mechanisms are in place to control intracellular cyclic di-GMP levels in
response to various stimuli. While the role and regulation of many of these proteins
remains unknown, this chapter will review currently identified cyclic di-GMP
regulatory mechanisms in P. aeruginosa, including the Wsp, Gac, and Roc
networks.
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28.1 Overview and Relevance of Pseudomonas aeruginosa

Pseudomonas aeruginosa is a Gram-negative opportunistic pathogen that causes
devastating diseases in immunocompromised individuals. P. aeruginosa is currently
one of the most common causes of nosocomial infection, and is frequently isolated
from chronic pulmonary, wound, and medical device-associated infections [1]. The
incidence of multidrug resistance in P. aeruginosa has increased drastically in recent
years, and P. aeruginosa is now ranked by the World Health Organization (WHO) as
one of the most serious threats to human health [2].

Aside from its ability to establish infections, P. aeruginosa also thrives in marine
and soil environments. Given the remarkable range of environments P. aeruginosa
inhabits, it is no surprise that this bacterium has one of the largest bacterial genomes
(up to 7.1 Mbp). Approximately 9% of its genes are predicted to function as
transcriptional regulators or as part of two-component systems [3, 4]. These features
emphasize the adaptability of P. aeruginosa, to respond to different environmental
conditions. Perhaps the most prominent of these survival mechanisms is the forma-
tion of protective biofilm communities, which requires a complex coordination of
regulatory mechanisms to transition from a planktonic to biofilm lifestyle. During
biofilm formation, P. aeruginosa encases itself within a matrix composed of
exopolysaccharides, extracellular DNA, and proteins. The biofilm enhances bacte-
rial persistence, and P. aeruginosa becomes more tolerant toward environmental
stress, antimicrobial treatment, and the host immune system [5, 6]. The
exopolysaccharides alginate, Psl, and Pel are major structural components of the
biofilm matrix and contribute to antimicrobial tolerance and defense against the host
immune system [7–9]. Thus, biofilms have important clinical implications for
chronic infection and antimicrobial tolerance, and it is apparent that understanding
this bacterial process is essential for controlling infection.

It is now well-established that the transition from a motile to sessile biofilm
lifestyle is primarily driven by modulating levels of the secondary messenger
molecule cyclic dimeric (30–50) GMP (cyclic di-GMP) [10, 11]. High intracellular
cyclic di-GMP concentrations generally activate production of various adhesins and
biofilm matrix components while simultaneously downregulating motility [11]. Con-
versely, low levels of cyclic di-GMP promote biofilm dispersal and motility function
[11]. The levels of cyclic di-GMP in the cell are controlled by the competing activity
of two classes of enzymes known as diguanylate cyclases (DGCs) and phosphodi-
esterases (PDEs). DGCs are identified by a conserved GGDEF domain and synthe-
size cyclic di-GMP from two molecules of GTP. PDEs can be identified by an EAL
or HD-GYP domain and degrade cyclic di-GMP into pGpG or two molecules of
GMP, respectively [10]. Furthermore, many of these enzymes contain both DGC and
PDE associated domains; however, typically only one of these domains exhibits
catalytic activity. P. aeruginosa is predicted to produce up to 38 proteins
(17 GGDEF, 5 EAL, and 16 GGDEF/EAL) involved in the metabolism of cyclic
di-GMP depending on the strain [12]. Thus, a complex regulatory network must be
in place to control cyclic di-GMP production in response to environmental signals.
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This chapter will discuss the regulation and function of the currently identified
P. aeruginosa DGCs and PDEs, which are summarized in Table 28.1.

28.2 Principals of Cyclic di-GMP Regulation and Signaling
Inputs

The transition between a motile and biofilm lifestyle requires the concerted regula-
tion of many systems, and cyclic di-GMP serves as a master regulator of this process
(Fig. 28.1). To exert its function, cyclic di-GMP binds to a protein or RNA, and the
resulting conformational change alters activity. Depending on the target, cyclic di-
GMP is capable of regulating at both a transcriptional or posttranslational level.
Thus, cyclic di-GMP regulation is predominately controlled by modifying its con-
centration within the cell. One way this occurs is by activation or deactivation of
DGCs and PDEs by a regulatory sensor, and in many P. aeruginosa cyclic di-GMP
systems such sensors harbor an N-terminal domain that perceives signals. In these
systems, signal transduction often occurs through a phosphotransfer event between
the sensor histidine kinase and the response regulator, leading to its activation.
Through this mechanism, it is possible for P. aeruginosa to modify DGC and
PDE activity in response to environmental signals recognized by the sensor kinase.
In Gram-negative bacteria, conserved signaling domains respond to a variety of
factors including oxygen, phosphorylation, nutrients, antibiotics, protein/cyclic
nucleotide binding, and light [43, 44]. In the context of cyclic di-GMP, multiple
regulatory components with Per-Arnt-Sim (PAS) and receiver (REC) sites have been
identified which respond to oxygen, surface attachment, and nutrient conditions

Fig. 28.1 Overview of cyclic di-GMP activity in P. aeruginosa. DGCs synthesize cyclic di-GMP
from two molecules of GTP, while PDEs degrade cyclic di-GMP into pGpG or GMP. DGCs can be
self-regulated at an allosteric I-site that binds to cyclic di-GMP to inhibit function. Once produced,
cyclic di-GMP can regulate many bacterial processes by directly binding to RNA or proteins.
Conformational changes in response to cyclic di-GMP binding regulate processes at the transcrip-
tional, translational, and posttranslational level
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(Table 28.1) [26, 28, 44]. This suggests environmental signals are crucial for
controlling DGC and PDE activity depending on whether conditions are preferable
for biofilm or planktonic growth.

Additionally, DGCs and PDEs frequently contain either a degenerate or
nonfunctional GGDEF or EAL site, or an allosteric RxxD inhibitory site (I-site)
[44]. These degenerate domains are enzymatically inactive but retain binding affin-
ity. These serve as allosteric inhibitor or activator sites, where cyclic di-GMP or GTP
can bind, leading to a conformational change that alters enzyme activity.
P. aeruginosa encodes 16 proteins with predicted dual DGC and PDE domains,
and often one of these sites is degenerate [12, 44]. These I-sites serve as an efficient
self-regulatory mechanism, allowing these enzymes to control their own activity
based on local concentrations of cyclic di-GMP and GTP.

28.3 P. aeruginosa Cyclic di-GMP Synthesis, Degradation,
and Regulation

Currently, the function and regulation of only a few of the predicted P. aeruginosa
DGC and PDE enzymes have been determined (Table 28.1). These proteins have a
number of critical regulatory functions, and their identification has vastly improved
our understanding of motility, biofilm formation, and dispersion. The following
sections will summarize the function and regulation of the currently identified
P. aeruginosa DGCs and PDEs.

28.3.1 Cell Motility

The regulation of motility is a crucial step in controlling the transition between a
motile and biofilm lifestyle, and cyclic di-GMP has an important role in regulating
flagella-mediated swarming motility and type IV pili-mediated twitching motility.
One system involved in controlling swarming motility is the Gac/Rsm network. This
system is a complex regulatory system involving multiple sensor kinases and more
than 500 downstream targets [45, 46] (Fig. 28.2a). The activity of this system is
controlled by two sensor kinase proteins, LadS and RetS [47, 48]. RetS recognition
of an unknown carbohydrate signal represses the sensor kinase GacS [49]. Con-
versely, LadS calcium signaling activates GacS [50]. Once activated, GacS-medi-
ated phosphorylation of GacA results in the production of two noncoding small
RNAs, rsmY and rsmZ. These factors bind and sequester the translational repressor
RsmA [51]. Inhibition of RsmA ultimately results in reduced motility and virulence
factor production, but increased production of biofilm factors, including Psl and Pel
[51, 52]. GacS-mediated inhibition of RsmA promotes translation of three DGCs,
SiaD, GcbA (AdcA), and SadC [23, 53, 54]. SiaD activity promotes biofilm matrix
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Fig. 28.2 Pseudomonas aeruginosa regulation of cyclic di-GMP. Schematic of three of the main
cyclic di-GMP regulating pathways in P. aeruginosa. Green arrows indicate activation, while red
bars indicate inhibition. (a) GacS activity is promoted by LadS and inhibited by RetS interaction.
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production [18], while GcbA and SadC activity promotes attachment and
downregulates swimming and swarming motility, respectively [19, 23]. Thus,
these DGCs contribute toward biofilm formation.

Furthermore, GcbA and SadC are regulated by additional factors independent of
the Gac/Rsm network. The transcriptional factor AmrZ regulates a number of
virulence factors, and it directly inhibits transcription of GcbA, resulting in reduced
cyclic di-GMP levels and increased motility [55]. SadC activity is further promoted
by PilY1, which is part of the type IV pili (T4P) machinery [56]. T4P is necessary for
twitching motility and biofilm maturation in P. aeruginosa [40, 57]. PilY1 is an
important adhesion protein, containing a conserved von Willebrand A
mechanosensory domain, which indicates it may have a signaling function in
response to surface sensing [20]. Since PilY1 production is regulated by the FimS-
AlgR two-component system and Pil-Chp chemotaxis complex, an intricate regula-
tory network involving interactions between all these systems is likely involved in
modulating SadC activity [20]. While the details of this regulatory network remain to
be elucidated, it is clear that SadC and PilY1 interaction enhances surface attach-
ment, while inhibiting swarming motility during biofilm formation [20, 56].

Another role for cyclic di-GMP in T4P regulation has been reported. The PDE
FimX promotes localization of T4P components to the cell pole, which is a critical
step in pili formation. FimX contains both a GGDEF and EAL domain, but it appears
to exhibit only PDE activity [40–42]. While PDE activity was required for T4P
function, mutation of the nonfunctional GGDEF domain also inhibited T4P locali-
zation [58]. This could indicate the GGDEF site functions as an allosteric activation
site that promotes PDE activity. Interestingly, the necessity of FimX for T4P
production is limited to low cyclic di-GMP conditions, and fimX deletion mutants
still produce T4P in high cyclic di-GMP conditions [40].

28.3.2 Biofilm Matrix Production

The Wsp (wrinkly spreader) chemosensory system is one of the most well-defined
cyclic di-GMP regulatory systems in P. aeruginosa. It has an active role in

⁄�

Fig. 28.2 (continued) GacS activates GacA, which leads to the production of the sRNAs rsmY and
rsmZ. These sRNAs bind and inhibit RsmA translational regulation, allowing for unimpeded
translation of the DGCs, GcbA, SiaD, and SadC. DGC activity results in increased
exopolysaccharide production and attachment, as indicated. AmrZ inhibits GcbA transcription,
and PilY1 promotes GcbA activity. (b) WspC and WspF regulate WspA activity through transfer of
a methyl group. In response methylation state and surface signals, WspA modulates WspE
autophosphorylation activity, which in turn phosphorylates and activates the DGC, WspR. Activa-
tion of WspR leads to cyclic di-GMP production and increased production of the
exopolysaccharides Pel and Psl [13–15, 17]. (c) RocS1 and RocS2 phosphorylate multiple response
regulators in response to unknown environmental signals. Phosphorylation and activation of the
PDE RocR results in reduced levels of cyclic di-GMP and CupC fimbriae production leading to
reduced biofilm formation
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regulating swimming motility and the production of biofilm matrix components
[13, 59–61]. This system is encoded by the wspABCDEFR (PA3708-PA3702)
operon, and its components closely resemble the enteric chemotaxis signal trans-
duction system (Che) (Fig. 28.2b). WspA functions as a membrane-bound methyl-
accepting chemotaxis protein (MCP), which responds to surface contact and envi-
ronmental stresses that alter membrane fatty acid composition, such as high NaCl
concentrations [14–16]. WspA is activated by the transfer of a methyl group via the
methyltransferase WspC. Conversely, WspA is deactivated by the methylesterase
WspF, which removes this methyl group [13]. WspB and WspD act as linkers to
connect the sensor histidine kinase, WspE, toWspA. Activation of WspA results in a
conformational change promoting WspE autophosphorylation. WspE is then able to
phosphorylate and activate two response regulators, WspF and WspR [62]. Phos-
phorylation of WspF promotes methylesterase activity leading to WspA deactiva-
tion, while phosphorylation of the DGCWspR stimulates cyclic di-GMP production.
WspR activity is further regulated through its oligomerization. At high concentra-
tions of cyclic di-GMP, the molecule binds to the WspR RxxD allosteric I-site,
which results in a conformational change that promotes the assembly of enzymati-
cally inactive WspR tetramers, thus limiting its DGC activity [17].

Loss-of-function mutations inhibiting the regulatory activity of WspF result in
constitutive WspR activity, providing insight into the downstream targets of WspR
activity [13, 15, 60]. These studies suggest WspR activity promotes biofilm produc-
tion and persistence by increasing Pel, Psl, and CdrA production [61, 63, 64]. The
transcriptional regulator, FleQ, directly binds to both the psl and pel promoters
[65, 66]. FleQ promoter binding represses pel transcription. In the presence of cyclic
di-GMP, the molecule binds FleQ, leading to a conformational change, which
elevates pel transcription due to derepression [65, 66]. While FleQ binding to the
psl promoter was reported, a regulatory role for FleQ has not yet been directly
demonstrated [65]. However, considering cyclic di-GMP is required to activate Psl
production, it is likely FleQ regulates Psl similarly. Additionally, cyclic di-GMP
promotes Pel production posttranslationally by directly binding to PelD, a compo-
nent of the synthesis complex [67]. While it is unknown if WspR DGC activity is
involved in alginate production, cyclic di-GMP similarly promotes alginate produc-
tion by binding and activating the synthesis protein Alg44 [68].

Another DGC that promotes exopolysaccharide production is the DGC YfiN,
which induces Pel and Psl production [69]. YfiN is embedded within the inner
membrane, and is part of the YfiBNR three-component system. YfiN activity is
regulated by interaction with YfiR, which binds to the PAS periplasmic domain of
YfiN. Interaction with YfiR causes a conformational change of YfiN that disrupts its
DGC activity. YfiB is located within the outer membrane and binds and sequesters
YfiR, allowing for YfiN activity and cyclic di-GMP production [25]. This system is
activated by the detergent SDS or high concentrations of Na-succinate, indicating
that membrane stress promotes YfiN activity [25]. Combined with the Wsp system,
cyclic di-GMP may be produced by multiple DGCs in response to membrane stress.
However, whether YfiN activity is directly integrated with the Wsp system is
unclear.
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Lastly, two other DGCs are also involved in biofilm matrix production. RoeA
activity promotes Pel production, likely through the interaction of cyclic di-GMP
with FleQ and PelD [21]. MorA contains both active DGC and PDE domains and is
capable of synthesizing and degrading cyclic di-GMP [29]. Upregulation of MorA
was observed in a clinical P. aeruginosa isolate from a chronic lung infection, which
indicates it may have an important role in bacterial persistence [30]. Deletion of
morA in Pseudomonas putida enhanced motility and reduced biofilm formation.
However, morA deletion in P. aeruginosa only resulted in decreased biofilm forma-
tion, with no effect on motility [70]. While this indicates MorA DGC activity may be
important for biofilm formation in P. aeruginosa, the function of its PDE activity
remains unclear.

28.3.3 Biofilm Dispersal

Biofilm dispersion is often an active bacterial process, triggered in mature biofilms
by poor nutrient and anoxic conditions within the biofilm [71, 72]. Therefore, this
process encourages the bacteria to seek nutrient-rich environments better suited for
survival. The initiation of biofilm dispersal has been linked to low levels of cyclic di-
GMP and the activity of a number of PDEs, including MucR, NbdA, RbdA, and
DipA [31, 33, 38]. MucR and NbdA are anchored to the inner membrane and each
contains a GGDEF and EAL domain. MucR exhibits both PDE and DGC activity,
while NbdA only possesses PDE activity. However, deletion of either gene inhibits
biofilm dispersion [31]. Nitric oxide (NO) accumulates in the biofilm during anaer-
obic growth, and it is a major stimulator of P. aeruginosa biofilm dispersal
[72]. NbdA and MucR contain an MHYT domain, which is predicted to recognize
diatomic gases including NO. NbdA-mediated biofilm dispersion was found to be
specifically tied to NO signaling, and increased transcription of NbdA was observed
following NO exposure [31]. Similarly, the PDE RbdA also promotes biofilm
dispersal [73]. This protein contains both GGDEF and EAL domains; however,
only exhibits PDE activity [73]. RbdA activity is regulated by the GGDEF domain,
which acts as an allosteric activation site when bound to GTP [38, 73]. RbdA also
contains a PAS domain and disruption of this domain inhibits biofilm dispersal,
indicating that RbdA may be important for sensing anoxic conditions and promoting
dispersal via PDE activity [73].

DipA (Pch) is another PDE that promotes biofilm dispersion, flagella-mediated
motility, and chemotaxis in response to nutrient and environmental conditions,
including glutamate, NO, ammonium chloride, and mercury chloride
[33, 74]. DipA localizes to the flagellated cell pole leading to asymmetrical PDE
distribution following cell division. This results in heterogeneous subpopulations
that exhibit a range of motility phenotypes, which is predicted to promote bacterial
survival in dynamic environments [41]. As an additional level of control, DipA
activity is regulated by the inner membrane-bound DGC, NicD, and the chemotaxis
protein, BdlA. In the presence of extracellular glutamate, NicD is dephosphorylated
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leading to increased DGC activity [28]. BdlA is subsequently phosphorylated and
activated by NicD-produced cyclic di-GMP and nonprocessive proteolysis via ClpP
and GcbA [34, 39, 75]. Once activated, BdlA promotes DipA PDE activity resulting
in biofilm dispersion. Thus, NicD and GcbA appears to temporarily increase cyclic
di-GMP in response to extracellular nutrients, which leads to DipA PDE activation
and biofilm dispersal through reducing cyclic di-GMP levels. As mentioned previ-
ously, GcbA DGC activity also promotes surface attachment by inhibiting flagella-
mediated motility. These seemingly opposing dual functions for GcbA further
highlight the intricate regulatory system required to transition between sessile and
motile lifestyles.

The RocSAR system in PAO1 and SadARS in PA14 are homologous three-
component systems with multiple response regulators (Fig. 28.2c). This system
regulates the production of cup fimbriae adhesins and the Type III secretion system
(T3SS) [35, 36]. One of the response regulators in each of these systems (RocR/
SadR) contains an active EAL domain [76]. RocS1 functions as the sensor kinase,
which has a domain associated with solute-binding proteins (Sbp3) and a PAS
domain in the periplasm [35]. The presence of a PAS domain suggests oxygen or
redox signaling activates the phosphorelay in this system [37]. A paralog of RocS1,
named RocS2, has also been identified and functions similarly to RocS1 [77]. RocS1
and RocS2 activate RocR, RocA1, and RocA2 via phosphorylation at the histidine-
containing phosphotransfer (HPt) domain [35, 76]. Activation of RocA1 results in
increased Cup fimbriae formation and inhibited T3SS gene expression, while RocA2
phosphorylation leads to decreased mexAB-oprM-dependent efflux activity
[36, 77]. RocR contains an active PDE domain and functions antagonistically on
the Roc system [76, 77]. RocR activation by RocS1 and RocS2 inhibits cupC
fimbriae expression and attachment, likely due to reduced cyclic di-GMP levels.

28.4 Conclusions and Moving Forward

Our understanding of the regulation and function of cyclic di-GMP in P. aeruginosa
has improved considerably since its original discovery in 1987 [78]. As discussed
here, a significant amount of work has gone into identifying cyclic di-GMP regula-
tors, and the effect these systems have on the cell. However, considering that the
P. aeruginosa genome encodes 38 proteins with conserved GGDEF and EAL
domains, many proteins involved in the synthesis and degradation of cyclic di-
GMP remain to be discovered. Moreover, there remains a large disparity in the
number of DGC/PDEs compared to cyclic di-GMP effectors. To date, only four
cyclic di-GMP effectors that bind cyclic di-GMP have been identified, Alg44, PelD,
FimX, and FleQ [42, 65, 67, 68]. The role of these effectors is related to the transition
between motile and sessile lifestyles. However, a recent study determined that the
DGC PA3177 promotes antibiotic tolerance independent of biofilm formation
[79]. These findings suggest that a broader role for cyclic di-GMP effectors may
exist for P. aeruginosa, and given the quantity of DGCs and PDEs, it is likely that
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many cyclic di-GMPs effectors are still unidentified. Two studies have attempted to
address this, and using cyclic di-GMP binding affinity assays have identified a
number of predicted possible effectors [22, 80]. Future studies that verify and
identify the function of cyclic di-GMP effectors will be necessary to fully understand
the extent of cyclic di-GMP regulation in P. aeruginosa.

Another major hurdle in understanding cyclic di-GMP regulation is related to
signal specificity. Cyclic di-GMP controls a range of processes which effectively
share the same signaling molecule, and it is unclear how a specific process is targeted
by cyclic di-GMP produced by any given DGC. In the simplest model, cyclic di-
GMP could be thought of as a global pool within the cell. Here, all active DGCs and
PDEs would contribute to raising or lowering the total pool of cyclic di-GMP, which
in turn alters cyclic di-GMP effector activity. The relative activity of a given cyclic
di-GMP target could then be further controlled by differences in binding affinity
among individual effectors. In this system, reaching various cyclic di-GMP concen-
trations would result in either motility or biofilm phenotypes. A global pool model
could explain the observed redundancy among DGC effects, such as WspR and
YfiN, which both upregulate Pel and Psl production [25, 64]. Further evidence
supporting a global pool model is observed in regards to T4P formation. As
described previously, T4P assembly at low cyclic di-GMP concentrations requires
functional FimX PDE activity, but high levels of cyclic di-GMP bypass the require-
ment of FimX [40]. Jain and colleagues (2012) also report that FimX could be
bypassed in P. aeruginosa by overexpression of an unrelated DGC isolated from
Caulobacter crescentus. This suggests the source of cyclic di-GMP may be irrele-
vant in this system and high global levels of cyclic di-GMP are sufficient to stimulate
T4P production. Contrary to this model, there is also evidence suggesting cyclic di-
GMP signaling is highly specific to a particular target. In a local pool model, DGCs
and PDEs are trafficked to the vicinity of their target effector. This would allow for
the creation of local cyclic di-GMP pools that act only on their nearby effectors.
Merritt and colleagues (2010) report that the activity of two DGCs, RoeA and SadC,
have different and distinct effects on biofilm formation, despite producing similar
total levels of cyclic di-GMP [21]. Furthermore, SadC and RoeA appear to be
differentially distributed throughout the cell. While both proteins are localized to
the inner membrane, SadC forms distinct foci around the cell periphery, and RoeA
forms a diffuse patchy background. Differing localization patterns could explain
why SadC controls swarming motility, and RoeA controls Pel production, despite
producing similar levels of cyclic di-GMP [20]. It is possible that a combination of
these models function in P. aeruginosa, depending on the effector, but future studies
will be necessary to fully understand cyclic di-GMP signaling.

In conclusion, we have made great strides in understanding cyclic di-GMP
regulation, but many of the details regarding its function and regulation remain
elusive. Cyclic di-GMP controls a number of virulence factors associated with
chronic infection, and the continued study of cyclic di-GMP in P. aeruginosa will
provide important insights into biofilm formation, development, and dispersal.
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Chapter 29
Unconventional Cyclic di-GMP Signaling
in Escherichia coli

Nikola Zlatkov and Bernt Eric Uhlin

Abstract The species Escherichia coli represents an unfathomable variety of com-
mensal, pathogenic, and environmental strains. The conventional cyclic di-GMP
signaling in E. coli controls sessility-motility changes linked to commensalism and/
or pathogenicity. Extraintestinal Pathogenic E. coli (ExPEC) are “commensals” that
can cause an array of infections outside the gastrointestinal tract. To accommodate
their pathogenic lifestyle with the commensal one, ExPEC biology is shaped not
only by the presence of specific virulence genes and pathoadaptive mutations but
also by regulatory adaptations. Bioinformatic and genetic studies indicate that the
cyclic di-GMP signaling network is included in the adaptation process. For example,
some neuroinvasive ExPEC were found to maintain reduced cyclic di-GMP levels
due to RpoS deactivation, resulting in loss of appearance of the rugose morphotype.
Moreover, ExPEC has a diversified repertoire of cyclic di-GMP degrading enzymes
obtained by acquisition of novel genes often associated with fimbrial biogenesis
gene clusters (e.g., sfaY/papY/focY) and by modification or deletion of specific core
genome genes. For example, the majority of ExPEC contains a shortened allelic
variant of the ycgG gene and some ExPEC strains do not even carry the genetic
locus. New combinations of regulators offer a new cyclic di-GMP platform for S-
fimbrial biogenesis and for new metabolic capabilities leading to citrate utilization
and ferric citrate uptake. In this review, we outline the prerequisites for the uncon-
ventional signaling network, the rationale behind its existence in ExPEC, and future
perspectives in studies of ExPEC.
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29.1 Escherichia coli: A Very Versatile Species

The role of the unconventional signaling via bis-(30,50)-cyclic dimeric guanosine
monophosphate (cyclic di-GMP) described here is presented in the light of the
phenotypes exhibited by some extraintestinal pathovariants of Escherichia coli
compared to the conventional and well-studied role of cyclic di-GMP in biofilm
formation and motility mainly in E. coli K-12.

29.1.1 Commensal and Pathogenic Escherichia coli

E. coli and Salmonella enterica diverged between 120 and 160 Myr ago which
coincided with the appearance of the first eutherians [1–3]. At that period, E. coli
established a commensal relationship with its host—the gastrointestinal tract (GIT)
of the lactose producing, homeothermic animals, i.e., the mammals. As summarized
by Tenaillon et al., establishing a partnership with a host provides the bacteria with a
relatively constant influx of nutrients, a steady environment, a safety from some
imminence, and finally the host can be used for dissemination [4]. It is supposed that
the last common ancestor of the modern E. coli strains emerged between 20 and
40 Myr ago [5]. E. coli come in many flavors. This gammaproteobacterial species
has been defined from studies of a large variety of commensal, pathogenic, envi-
ronmental, and laboratory strains. The majority of the strains can be found as
commensals in the GIT of mammals (including humans), birds, and reptiles, while
they also have the ability to escape the GIT of their host and survive in different
environments such as soil and water [6–8]. The species also represents professional,
opportunistic, and accidental pathogens that can cause colibacillosis with a variety of
outcomes in their hosts. Based on the disease they are associated with and the
virulence factors they have, pathogenic E. coli are usually divided into two major
groups. The first group is the Intestinal Pathogenic E. coli (IPEC) whose members
cause diarrhoeagenic colibacillosis [6, 8]. Based on the adhesion/colonization mech-
anism and the virulence factors, the IPEC representatives are divided into the
following major groups: Enteropathogenic E. coli (EPEC), Enterotoxigenic E. coli
(ETEC), Enteroinvasive E. coli (EIEC), Enteroaggregative E. coli (EAEC),
Enterohaemorrhagic E. coli (EHEC), and Adherent-Invasive E. coli (AIEC) [6, 9–
16]. Extraintestinal Pathogenic E. coli (ExPEC) forms the second group of patho-
genic E. coli. Its members can escape the GIT and cause diseases outside the GIT
with various outcomes.

With the discovery of so many and so different E. coli strains, the first molecular
classification was introduced by Selander et al. and Goullet et al. who showed by the
use of 38 enzymes for multilocus enzyme electrophoresis that E. coli strains form
stable phylogenetic groups [17–19]. Followed by studies with a higher number of
genomes of representative strains, the polyclonal evolution of E. coli was confirmed
and the strains of this species are categorized into the phylogroups A, B1, B2, D, E,
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and F [20]. The distribution of the E. coli strains is as follows—IPEC serotypes and
the “true” commensals fall into group A, B1, and E, while the ExPEC are generally
distributed in groups B2, D, and F [20].

29.1.2 Extraintestinal Pathogenic Escherichia coli

The group of Intestinal Pathogenic E. coli (IPEC) causes diarrhoeagenic
colibacillosis, while Extraintestinal Pathogenic Escherichia coli (ExPEC) is a vast
and diverse subgroup of E. coli pathovars that belong to the normal intestinal
microbiota of healthy individuals and have the capacity to cause various infections
outside of the GIT of their host [6, 8, 21–23]. Based on the site of infection, the
ExPEC group is mainly represented by Uropathogenic E. coli (UPEC) and Neonatal
Meningitis-causing E. coli (NMEC) also considered as meningitis-causing UPEC
[6, 8, 21–23]. UPEC strains are the most frequently isolated bacteria from urinary
tract infections (UTIs) in humans [8, 13, 24]. The route of UPEC starts with the
transfer of bacteria from the GIT to the urethra and, once established in the urine
(a condition called bacteriuria), the bacteria can ascend and infect the bladder
causing cystitis [24–26]. Eventually, the infection can spread from the bladder to
the kidneys, which results in pyelonephritis [24–26]. Sepsis and kidney failure are
the most detrimental complications that can result from the bacterial-mediated
damage of the kidney [24–26]. NMEC, on the other hand (together with the
Group B streptococci), are the leading cause of neonatal meningitis and early-
onset sepsis [27, 28]. NMEC meningitis reaches up to 40% mortality and can lead
to severe neurological abnormalities [29–32]. NMEC meningitis is haematogenous,
i.e., bacteria in the blood cross the blood–brain barrier (BBB) and colonize the brain
tissue resulting in inflammation leading to meningitis [13, 21, 33–35]. Matching
with the ferocity of the NMEC newborn meningitis, the NMEC early-onset sepsis
has a three times higher mortality, compared to sepsis caused by the Group B
Streptococcus [36].

Based on the similarities and differences between ExPEC and commensal E. coli,
one can speculate that ExPEC virulence results from a combinatorial effect of a
selected virulence repertoire and specific characteristics (i.e., the exploitation in
virulence of typically commensal features) that are collectively called fitness factors
(Fig. 29.1). The ExPEC virulence factors represent an assortment of particular
capsular antigens (quite often, UPEC are K1, K2, K3, K5, K12, K13, or K15
isolates, while NMEC form predominantly the K1 capsule), virulence-associated
fimbriae (see Sect. 29.3.2), iron uptake systems (see Sect. 29.3.4), invasins (e.g.,
IbeA, IbeB, OmpA) and toxins (such as CNF-1 and α-haemolysin) (Fig. 29.1) [8, 21,
30, 38–53]. The genetic determinants of ExPEC virulence factors are often encoded
on large mobile genetic elements called pathogenicity islands (PAIs) [21–
23]. NMEC and UPEC strains share many virulence and genetic traits that suggest
an ongoing evolution. (Fig. 29.1).
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29.2 Prerequisites for Unconventional Cyclic di-GMP
Signaling

To better understand the altered signaling in the pathoadaptation of a particular
strain, in this section, we start by outlining the main players in the conventional
cyclic di-GMP signaling, to then present the events that have led to the existence of
the unconventional one. In short, together with the specificities of the ExPEC
biology, the lack of active RpoS and the presence of novel stand-alone PDEs result
in changes of the differential fimbrial expression and new metabolic eventualities
due to unconventional cyclic di-GMP signaling.

29.2.1 Conventional Cyclic di-GMP Signaling

Cyclic di-GMP is an important second messenger that serves as a main motility-
sessility switch, manufactured by immense number of eubacteria (there are more
than 700 bacterial species enlisted on https://www.ncbi.nlm.nih.gov/Complete_
Genomes/c-di-GMP.html so far that carry at least one genetic determinant involved
in cyclic di-GMP signaling) [54–57].

The second messenger is produced in E. coli by a group of enzymes that carry the
so-called GGDEF domain with diguanylate cyclase functionality, and degraded by
cyclic di-GMP phosphodiesterases (PDEs) that bear the EAL domain [58, 59]. There
are a total of 29 genes in the E. coli K-12 genome encoding GGDEF/EAL domains:

Fig. 29.1 Schematic comparison between NMEC (in blue) and UPEC (in red) and their properties
(adapted from [37]). Some of the common features are present in the intersection. Even though quite
diverse, all ExPEC isolates are of fecal origin whose virulence is a combinatorial display of fitness
factors that include virulence-associated fimbriae, iron-acquisition systems, capsular antigens,
toxins and novel cyclic di-GMP metabolizing regulators. The main differences in their lifestyles
rooted from the RpoS inactivation in NMEC (shown for IHE3034, IHE3034F, and RS218) and the
presence of active RpoS in UPEC
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12 genes coding for GGDEF proteins, 10 genes coding for EAL proteins, and
7 genes that encode proteins carrying both domains [60, 61].

Some of the cyclic di-GMP enzymes are located in the periphery of the cell,
attached to the inner membrane via transmembrane (TM) helices so that they can
quickly respond to a signal and exert some effect on their target. Independently from
the presence or absence of TM helices, they can also harbor additional accessory
domains that can either sense environmental signals (such as the PAS domain in the
YdaM cyclase and in the DosP and YciR PDEs; the BLUF domain in the EAL-
protein YcgF and the globin-containing sensor domain in the GGDEF-containing
DosC) or that can sense DNA through the HTH domain and introduce a transcrip-
tional response (such as the HTH DNA-binding domain of the YahH PDE) [57, 58,
62–66]. Some of the PDEs contain an additional CSS domain, which carries two
conserved Cys residues located between two TM helices [67]. Herbst et al. recently
showed that it participates in the regulation of the PDE activity of YjcC (PdeC)
[67]. When the Cys residues are in their reduced state, the YjcC is active but upon
formation of a disulphide bond within the CSS domain, mediated through the DsbA/
DsbB system, the enzymatic activity of YjcC decreases [67]. In addition to the
sensor domains, some of the cyclic di-GMP enzymes are composed of both EAL and
GGDEF domains [68, 69]. In some cases either only one of the two domains of the
EAL-GGDEF proteins might be active (e.g., DosP, YciR) and in others, as in the
case of CsrD, both domains are inactive and the regulatory function is exerted via
protein–protein and protein–RNA interactions [58, 63, 68, 70–72].

The third component of a cyclic di-GMP signaling module is the receptor protein
that is activated or repressed upon binding to the messenger. The fact that there is a
plethora of cyclic di-GMP metabolizing proteins would suggest that a definite number
of cyclic di-GMP-binding effectors should be present. Yet, so far there are very few
verified cyclic di-GMP-binding effectors. The prototypical receptor proteins belong to
the PilZ-like family and there are two PilZ effector proteins in E. coli—the molecular
break YcgR and the cellulose biosynthesis protein BcsA [56, 73]. The second protein
domain, shown to bind cyclic di-GMP, is the GIL (for GGDEF I-site like domain)
domain part of the BcsE protein required for the maximal cellulose synthesis in
S. enterica and E. coli [74]. The third cyclic di-GMP-binding domain recently
discovered by several research groups is the MshEN domain, which is also predicted
to be encoded within the nfrB gene in E. coli [75–77].

29.2.2 Loss of RpoS Activity

Trade-offs in bacterial evolution often represent mutually exclusive adaptations
which suggest that loss of one function can lead to the gain of another. The loss of
global stress regulation in a subset of NMEC strains is such a trade-off that results in
pathoadaptation in which cyclic di-GMP signaling plays a major part [37, 78]. RpoS
belongs to the family of the sigma 70 factor that acts in the RNA polymerase
complex at transcription initiation [79, 80]. It is the main global stress regulator
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that provides cross-resistance against nutrient starvation due to carbon, phosphorous,
nitrogen, and magnesium limitation; against alteration in temperature, pH, osmolar-
ity; and against oxidative stress [80–82]. RpoS triggers cyclic di-GMP signaling in
E. coli which results in the production of curli fimbriae and cellulose, contributing to
the rdar (red, dry and rough) colony appearance [71]. Under the condition that the
other control modules involved in biofilm formation are not altered (see Sect.
29.3.1), the deficiency in rpoS results in reduced rdar morphotype and other types
of biofilm formation [71, 83]. Bioinformatic analysis on the sequence of the rpoS
gene reveals that there is a subset of NMEC strains that are deficient in RpoS
activity, i.e., CE10, S88, NMEC O18, RS218, IHE3034, and IHE3034F [37]. The
studies that have led to the new roles of cyclic di-GMP were done with E. coli O18:
K1:H7 NMEC strains IHE3034, IHE3034F, and RS218. NMEC strain IHE3034F
was isolated in Finland in 1976, and after its storage for a couple of decades under
laboratory conditions, it became a new strain variant—IHE3034, and RS218 is a
neuroinvasive American pathovar [78, 84, 85]. One of the common features among
these strains is that they carry an inactive RpoS either due to premature interruption
of its translation (IHE3034 and RS218) or to point mutations that result in the
production of a nonfunctional product (IHE3034F), i.e., IHE3034 and IHE3034F
strains can be discriminated by different mutation events in the rpoS allele [78, 84,
85]. The RpoS inactivation is the first condition for the unconventional cyclic di-
GMP signaling to evolve since presumably it downregulates the expression of the
RpoS-dependent cyclic di-GMP enzymes YdaM (which carries the GGDEF domain)
and YciR (a PAS-GGDEF-EAL protein) [71]. Of note, we will also consider in this
review the intra-strain—and genotype—specific impact of the naturally occurring
rpoS mutations that are reported for different EHEC O157:H7 isolates.

29.2.3 Presence of Stand-Alone Cyclic di-GMP Enzymes

The other condition for the unconventional cyclic di-GMP signaling is the presence
of stand-alone cyclic di-GMP phosphodiesterases, not encoded in the genomes of the
commensal K-12 strains. There are additional genes in the genomes of ExPEC that
code for stand-alone PDEs, i.e., PDEs that only carry the EAL catalytic domain
[37, 61, 86, 87]. Our experiments on strain IHE3034 revealed that they are expressed
independently from RpoS (since it is inactive) which further prompted us to inves-
tigate their role in the lifestyle of NMEC [37, 86]. Here, we will briefly discuss two
stand-alone PDE genes—one acquired via HGT, called sfaY (Fig. 29.2) and the other
one resulted from a pathoadaptive mutation in the ycgG gene that gave rise to a new
allelic variant, ycgG2 (Fig. 29.3).

The sfaY gene and its homologues are located downstream of the sfa/foc/pap
structural genes, together referred to as sfaY/papY/focY (Fig. 29.2) [86, 91]. Their
products are involved in the regulation of motility [86]. SfaY/PapY/FocY proteins
are novel, active, stand-alone cyclic di-GMP EAL PDEs, encoded by NMEC and
UPEC [86]. Previous studies performed in our laboratory showed that SfaY is an
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active PDE and its gene, i.e., sfaY, is under the regulation of the main promoter of the
sfa gene cluster, responsible for the assembly and formation of the virulence-
associated S-fimbriae [86].

The ycgG (pdeG) gene codes for a CSS-domain membrane-bound PDE in the
genomes of different E. coli strains, including the commensal ones [61]. Interest-
ingly, Sarenko et al. and Reinders et al. showed that the expression levels of ycgG are
very low under different laboratory conditions [88, 89]. Recently we found that ycgG
has a phosphodiesterase activity that triggers the transition from rugose to smooth
colony morphology when it is ectopically expressed in a Vibrio cholerae luxOc

mutant [37, 88, 89]. In most of the genomes of phylogroup B2 E. coli strains, due to
adaptive mutations, the ycgG gene gave rise to a new allelic variant—ycgG2 [37].
The new allelic variant resulted from a deletion event that removed the part of the
ORF coding for the membrane-binding domain, followed by a point mutation that
turned the first codon of the remaining coding sequence into a rare start codon, i.e.,
TTG (Fig. 29.3) [37]. ycgG2 indeed is an ORF, as shown by in vitro transcription/
translation, and is expressed by the bacteria in LB and artificial urine medium
(AUM) [37]. YcgG2 has also a phenotypic impact on biofilm formation when
overproduced in a Vibrio cholerae luxOc strain which resulted in a transition from
rugose to smooth colony morphology [37].

Local regulators

pap
/J96/

I B A H C D J K E F G Y X

GF H Y X

SGFEDABC

I B A I C

H Y X

foc
/536/

sfa
/IHE3034/

EAL
pap gane cluster → P-fimbriae → Galactosyl-galactosylated receptors

foc gane cluster → Type–1C fimbriae → N-acetylgalactosyl-galactosylated receptors
cyclic di-GMP

pGpG

2 GMP

sfa gane cluster → S-fimbriae → Sialylated receptors

Major subunits Usher Chaperone Minor subunits Adhesin PDE MarR-like

Fig. 29.2 The genetic determinants of virulence-associated fimbrial gene clusters located on PAIs
in the ExPEC genomes. The name of the specific operons is indicated below the first gene “from the
left” of each cluster and their distribution among ExPEC is exemplified with the UPEC J96 and
536 isolates and NMEC IHE3034. The product of each of the genes is color coded and indicated
above. The EAL stand-alone “Y” PDE genes (papY, focY and sfaY) are shown in green, localized at
the end of the module coding for the fimbrial biogenesis [86]. Downstream of the “Y” genes are the
“X” genes which code for DNA-binding regulators [86]. The products of the different gene clusters,
i.e., their different types of fimbriae, are presented below and their specific receptors are indicated.
Type-1C fimbriae are very similar to the S-fimbriae and their genetic determinants encoded by the
foc operons share high homology with the sfa gene cluster
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29.3 The Role of the Unconventional Cyclic di-GMP
Signaling in ExPEC

29.3.1 The Role of Conventional Cyclic di-GMP Signaling
in E. coli

Previous studies on this signaling in E. coli showed that cyclic di-GMP is involved in
the regulation of motility, biofilm formation, and virulence [92–94]. Thus, high
concentrations of cyclic di-GMP trigger biofilm formation and low levels of cyclic
di-GMP—motility [55, 92, 93]. E. coli bacteria do not live in solitary but they rather
coexist together, organized in matrix-enclosed microbial communities, called biofilms,

Fig. 29.3 Comparison of the two allelic variants of the ycgG gene, i.e., ycgG and ycgG2, found in
the genomes of E. coli (adapted from [37]). The ycgG gene codes for a cyclic di-GMP PDE that
carries the CSS domain in the vicinity between two transmembrane domains. The redox control of
this domain is concluded based on studies conducted on the CSS domain of PdeC (YjcC)
[67]. Previous studies on the role of YcgG did not manage to detect any environmental conditions
under which the role of this gene could be elucidated unless it is ectopically expressed in a model
system [37, 88, 89]. The ycgG variant is predominantly established in the genomes of strains that
belong to phylogenetic group A (e.g., K-12 MG1655, ETEC H10407), group B1 (e.g., EHEC
O111), group D (e.g., UPEC UMN026), and group F (e.g., UPEC IAI39). It is interesting to note
that ycgG is absent in the group E of EHEC O157:H7 serotypes and group S of EIEC/Shigellae. On
the other hand, the ycgG2 allele is typical for the ExPEC genomes that belong to group B2 (e.g.,
NMEC IHE3034, RS218; UPEC CFT073, and ABU 83972). This variant of PDE with only an EAL
domain underwent pathoadaptive mutation which resulted in the deletion of the CSS domain,
followed by a point mutation in the first codon (shown in red) of the rest of the ORF to produce a
rare start codon [37]. Compared to the expression of ycgG, ycgG2 is expressed under different
conditions, i.e., at 37 �C and 30 �C; aerobic and anaerobic conditions and when bacteria are cultured
in standard rich and minimal media [37]. It is another curious observation that even though it is
predominantly found in the B2 group of ExPEC, not all of their genomes code for ycgG2, as in the
case of the UPEC strain UTI89 [90]
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in which bacteria take advantage on the social benefits linked to protection against
environmental imminence, antibacterial agents, bacteriophages, predators and other
challenges, as reviewed in references [95, 96]. Discovered in 1989 as fibronectin-
binding, curli-coiled surface organelles, produced at temperatures lower than 37 �C, by
bovine-mastitis ExPEC and commensal isolates, the curli fimbriae were later shown to
be the major players in the multicellular behavior of Enterobacteriaceae that results in
the formation of the rdar morphotype biofilm [97, 98]. The curli fimbriae are linear
amyloid fibers composed of the CsgA protein and formed in the presence of its
nucleator CsgB [98, 99]. Along with curli fimbriae, another constituent of the rdar
biofilm in E. coli is the exopolysaccharide cellulose [100].

Biofilm formation in E. coli is a very complex and fascinating process that is
triggered by environmental stimuli (e.g., temperature, oxygen, and bile acids), nutrient
starvation, and quorum sensing signals, which eventually culminates in the expression
of CsgD—the master activator of the genetic determinants of the curli biosynthesis
(csgBAC and csgDEG) and of the cyclic di-GMP cyclase gene adrA (yaiC) which
leads to an increase of the cyclic di-GMP levels [70, 96, 97, 101]. Cyclic di-GMP
serves as an allosteric activator of the cellulose synthase BcsA-B complex and BcsE
and thus, the synthesis of cellulose is initiated [74, 97, 102]. Upstream of the CsgD
control module, the different environmental signals are sensed and integrated by
dedicated two-component systems which in the end either activate or downregulate
the expression of csgD. For example, the EnvZ/OmpR two component system senses
changes in osmolarity which results in the activation of csgD expression by OmpR,
while the response regulator RcsB of the RcsABC system downregulates csgD
transcription as a result of cell envelope stress [103, 104].

As a truly global stress regulator, RpoS also plays an important part in the
regulation of csgD expression by upregulating the expression of mlrA coding for a
transcriptional activator of csgD [105]. Moreover, RpoS on its own can bind the
promoter of csgBAC and thus, it can activate biofilm formation independently from
the other regulatory modules [105]. The production of cellulose and the expression
of curli are further orchestrated by RpoS-triggered cyclic di-GMP signaling events
that results in the production of cyclic di-GMP enzymes including the YdaM and
YegE cyclases (in addition to AdrA) and the YciR PDE [55, 71, 92, 97]. Thus, the
formation of rdar morphotype has been a key read-out system when this second
messenger is investigated.

Interestingly, even though produced at temperatures lower than 37 �C, some
E. coli isolates can exhibit the rdar morphotype at 37 �C [90, 106–110]. Previous
studies showed that due to spontaneous mutations in and of genes whose products
participate in the different signaling modules for biofilm formation, certain EHEC,
UPEC and commensal E. coli strains can maintain the curli and/or cellulose pro-
duction at 37 �C [103, 111–114]. For example, Vidal et al., as a result of continuous
culturing of hypermutating E. coli K-12 mutT�, managed to isolate a constant
biofilm former that carries a point-mutated ompR allele, called ompR234, whose
product constantly activates the expression of csgD in an RpoS-independent manner
[103]. Furthermore, the bacteria of the EHEC O157:H7 isolate from the 1993
hamburger outbreak were reported by Carter et al. to have large deletions in the
rcsB gene (whose product acts as a repressor of csgD), thus making the production of
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curli by EHEC temperature—and RpoS—independent [111]. Nevertheless, in a
study with 49 different bovine and human EHEC isolates, Uhlich et al. observed
that certain EHEC strains (i.e., ATCC 43894 and 43895) can give rise to rugose and
smooth colonies appearing at equal numbers (the smooth colonies represented 40–
60% from the total number) which suggests that the control of the curli-mediated
biofilm is subject to switching in a phase—variation—like manner [114]. The
authors demonstrated that the observed phase variation involved a single point
mutation (A ! T) in the promoter of csgD which leads to a fourfold increased
promoter activity in the exponentially growing bacteria at 37 �C [114]. This point
mutation was suggested to enhance the affinity of the RpoD-driven RNA polymerase
to the csgD promoter and thus it triggers the switch from smooth to rugose colony
morphology in a temperature-independent manner [114]. For maintained biofilm
formation, other E. coli strains have displayed another regulatory approach—they
regulate the cellulose production independently of CsgD via expressing cyclic di-
GMP cyclase genes alternative to adrA [112, 113]. Hufnagel et al. reported that
under reducing conditions, the UPEC strain UTI89 regulates its biofilm formation in
a CsgD-independent manner via expression the cyclic di-GMP cyclase gene yfiN
whose product is under the regulation of the DsbA/DsbB disulfide bonding system
[112]. As a result of transposon screen, they found out that UTI89ΔdsbA and ΔdsbB
mutants produce cellulose under many growth conditions (high salt, high osmolarity,
presence of glucose and 37 �C) due to the expression of yfiN [112]. The membrane-
bound YfiN cyclase is under the regulation of its periplasmic repressor YfiR which is
destabilized in a reducing environment and thus the cyclase activity of YfiN is
activated in a redox-dependent manner [112]. Another E. coli isolate, the commensal
1094 strain, has been reported by Da Re and Ghigo to constantly produce cellulose
in an AdrA-independent manner due to the expression of the membrane-bound
cyclic di-GMP cyclase yedQ gene [113]. Altogether, the examples with the different
E. coli strains suggest for alternative strain-specific and intrastrain-specific adaptive
strategies. That can involve regulatory mutations either in the cis-regulatory regions
or in trans-acting regulators that affect signaling modules of the rdar morphotype
which can be of different order (up- or downstream of CsgD or CsgD-independent)
and integrate different environmental cues so that the different variants can exploit
similar or different modes of adaptation to similar or different ecological niches.

29.3.2 Differential Fimbrial Expression

Three main cyclic di-GMP-regulated physiological processes, involved in the dif-
ferential fimbrial expression, are integrated in the pathogenesis program of ExPEC
[37, 87, 115]. These include the expression of virulence-associated fimbriae, curli
and cellulose, and bacterial motility [37, 87, 115].

Establishing in a new environment always starts with the difficult necessity to
physically remain there. To achieve that, ExPEC bacteria are equipped with different
kinds of adhesins via which they can selectively attach to different biotic and/or
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abiotic surfaces, and establish a physical contact with the host. Different adhesins
selectively adhere to different host receptors, which provide the bacteria with the
ability to colonize their niche and to perform tissue tropism. It is often the case that
these adhesive proteins are located on the tip of long, extracellular fibers, called
fimbriae (or pili). Unlike the curli fimbriae which are formed via the nucleation–
precipitation secretion mechanism, the virulence-associated fimbriae belong to the
family assembled by the chaperone usher pathway [105, 116]. The most intensively
studied fimbriae are the type-1, P- and S-fimbriae. Type-1 fimbriae (encoded by the
fim gene cluster) are the most common type of fimbriae produced by 80% of all
E. coli strains via which bacteria can selectively adhere to mannosylated
glycoconjugates [117]. They play a role in the virulence of UPEC and NMEC during
different stages of their pathogenesis [118–123]. Experiments conducted in infant
rats infected with type-1 and S-fimbriated NMEC bacteria demonstrated that type-1
fimbriated cells are less virulent with low mortality [124]. However, Teng et al.
showed that type-1 fimbriae are important for the interaction of NMEC bacteria with
human brain microvascular endothelial cells (BMECs) [123]. In the case of UPEC,
type-1 fimbriae enhance the urovirulence and trigger the uptake of the bacteria into
the bladder endothelial cells by binding to mannosylated glycoconjugates and
uroplakin 1a with their FimH adhesin [118, 120, 122, 125, 126]. P-fimbriae are
specific for UPEC and are encoded by the pap (pyelonephritis-associated pili)
operons in the genomes of up to 70% of UPEC isolates [127, 128]. Eleven genes
are required for the biogenesis of the P-fimbriae that includes papA, coding for the
main fimbrial subunit, and papG encoding the adhesin via which UPEC bind to the
digalactoside epitope of vascular endothelium and muscular tissues [129, 130]. S-
fimbriae, encoded by the sfa (sialic acid fimbrial adhesion) gene cluster, are found in
15% of UPEC and 30% of NMEC and they allow bacteria to adhere to sialylated
glycoconjugates [39, 124, 127, 131]. These fimbriae are often produced by the
cystitis UPEC isolates, allowing binding to vascular and glomerular epithelium as
well as to connective tissues [130, 132]. The S-fimbriae, together with the K1
capsule, are considered the major virulence factors of NMEC [30, 52, 91]. S-
fimbriae can bind brain tissue and cultured endothelial cells [133, 134]. Experiments
performed with bovine BMECs indicated that the SfaS fimbrial adhesin promotes
attachment of the NMEC bacteria to BMECs due to the sialic acid containing
glycoproteins and, intriguingly, SfaA (the main fimbrial subunit) also plays a role
as an adhesive molecule that recognizes sulfated glycolipids [131, 135]. Unlike type-
1 fimbriae, the P- and S-fimbriae are often referred to as virulence-associated
fimbriae for the fact that they are specific for the ExPEC strains and their genetic
determinants are encoded on PAIs [136, 137].

In UPEC, genetic analyses, performed by Spurbeck et al., elucidated the involve-
ment of several cyclic di-GMP players that participate in the regulation of the
expression of amyloid fibers and cellulose [87]. Deletion in the rtn gene (coding
for a PDE) leads to an increased production of curli at 30 �C and deactivation of yciR
(coding for a PAS-GGDEF-EAL protein) is shown to increase the expression of both
curli and cellulose at 30 �C [87]. When csrD (yhdA) is deleted, the mutants produce
more cellulose at both 30 �C and 37 �C [87]. Deletions in the yhdA and ycgF genes
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result in reduced flagellar expression in UPEC [87]. YdiV that carries degenerated
EAL domain regulates bacterial motility by interacting with FlhD, thus preventing
the formation of the FlhD4C2 complex [138]. In addition to the downregulation of
flagellar biogenesis, Spurbeck et al. showed that inactivation of ydiV leads to
increased P-fimbriation followed by improved bladder epithelial cell colonization
[115]. Furthermore, it was demonstrated by Crepin et al. that when PhoB is switched
on in UPEC bacteria, it activates the expression of YaiC and the increased cyclic di-
GMP levels cause a downregulation of the type-1 fimbriae with reduced
urovirulence of the bacteria [139].

The NMEC strains IHE3034 and RS218, which are deficient in RpoS, maintain
distinctly lower cyclic di-GMP levels when compared to the UPEC strains (Fig. 29.1)
[37]. The bacteria are also deficient in the expression of curli and cellulose which
results in poor biofilm formation (Fig. 29.4, boxes I and II) [37]. After restoration of
active RpoS, NMEC cyclic di-GMP levels increase to the levels produced by the
commensal and UPEC strains. Moreover, the RpoS+ NMEC bacteria gain the ability
to form rugose colonies due to the expression of curli and cellulose (Fig. 29.4, boxes I
and II) [37]. RpoS inactivation as a pathoadaptive strategy may be a conserved
mechanism among E. coli pathovars, since Uhlich et al. showed that more than 70%

Fig. 29.4 The SPANC (self-preservation and nutrient competence) balance exemplified with the
presence and absence of RpoS activity in the natural RpoS� NMEC IHE3034 isolate and the RpoS+

UPEC UTI89 strain (adapted from [140] and [37]). The SPANC balance is schematically presented
as a trade-off between biofilm formation and nutrient competence due to the RpoS activity in
ExPEC. For example, when RpoS activity is restored in IHE3034, its bacteria are capable of
producing the rugose colonies due to the expression and secretion of curli and cellulose (box I)
while the loss of RpoS deprives E. coli IHE3034 of biofilm formation (box II). However, the lack of
RpoS provides strain IHE3034 with the nutrient competence for aerobic citrate utilization in the
presence of a co-substrate (boxes III and IV), while the restored RpoS activity abolished this
metabolic ability (box V). To highlight the influence of this trade-off, the experiments with UPEC
UTI89 and its ΔrpoS mutant, shown here, were performed at 22 �C. The wild-type UTI89 display
severes growth retardation on minimal medium coupled with the inability to feed on citrate (box
VII) while the UTI89ΔrpoS mutant exhibits normal growth and is able to utilize citrate (box VI)

498 N. Zlatkov and B. E. Uhlin



of the EHEC strains tested fail to form curli-mediated biofilm due to inactive,
heterogeneously mutated rpoS alleles and, additionally, to the disruption of the mlrA
gene via phage insertion, which abolishes csgD expression [141].

Furthermore, results from experiments on the production of virulence factors by
NMEC strain IHE3034 in artificial urine indicate that the NMEC strains exhibit
urofitness considered important for the vertical transmission from mother to infant, i.
e., NMEC can reside in the maternal urinary tract [37]. Moreover, the S-fimbrial
production was higher in bacteria cultured in artificial urine medium (AUM) than in
the NMEC bacteria cultured in LB [37]. Deletion of ycgG2 combined with the
restoration of RpoS led to dramatically reduced S-fimbrial expression in NMEC
bacteria cultured in LB or AUM [37]. Studies on ycgG2 in UPEC, done by Spurbeck
et al., show that when ycgG2 (c1610) is deleted in the CFT073 strain, the bacteria
upregulate type-1 fimbrial expression which suggests for a YcgG2-dependent cross-
talk between type-1 fimbriae and the S- or P-fimbriae [87].

29.3.3 Citrate Utilization

In this part of the review, we will present one of the main outcomes resulting from
the unconventional cyclic di-GMP signaling, i.e., the ability of RpoS-deficient
ExPEC bacteria to use citrate in the presence of a co-substrate (Figs. 29.4 and 29.5).

By definition, E. coli is a citrate-negative species (Fig. 29.5, box I) [6]. The main
reasons for this inability were demonstrated by Lutgens and Gottschalk, and Lara
and Stokes [142, 143]. Firstly, E. coli bacteria cannot use citrate because the main
citrate transporter, CitT, is expressed under anaerobic conditions when at least the
metabolic pathways for citrate conversion in the TCA cycle are repressed
[142, 143]. Even though that E. coli produces citrate lyase that breaks down the
citrate to acetate and oxaloacetate, due to the lack of oxaloacetate decarboxylase
(present in the citrate positive enterobacteria), the E. coli bacteria cannot further
ferment anaerobically the citrate to pyruvate and CO2 [142]. Lutgens and Gottschalk
showed that E. coli’s inability for citrate utilization is conditional and it can be
overcome when a co-substrate, such as glucose, is provided together with the citrate
[142]. The co-substrate provides the reducing power to the malate dehydrogenase
and fumarate reductase which can further convert the oxaloacetate to malate (cata-
lyzed by the malate dehydrogenase), from malate to fumarate (catalyzed by the
fumarase) and finally from fumarate to succinate (catalyzed by the fumarate reduc-
tase) [142]. Of note though, some E. coli strains become fully competent for aerobic
citrate utilization either due to plasmid acquisition (e.g., from Salmonella typhi) that
provides the bacteria with all the cit genes (including the genetic determinant for
oxaloacetate decarboxylase) necessary for aerobic citrate utilization, or due to an
insertion of a promoter element upstream of the cit operon that can trigger citT
expression under aerobic conditions [144–147].

The lack of RpoS activity in NMEC leads to alteration in NMEC metabolism due
to a regulatory trade-off between nutrient utilization and stress resistance (Fig. 29.4)
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[37]. Such a regulatory trade-off is within the frame of Ferenci’s SPANC (Self
Preservation And Nutrient Competence) theory which suggests that nutrient com-
petence is inversely related to RpoS-mediated stress resistance, and vice versa (the
SPANC balance is explained in detail and exemplified by ExPEC in Fig. 29.4)
[140, 148]. In one of our studies, we tested if RpoS-deficient NMEC bacteria can use
substrates for which E. coli encode the enzymes and the transporters but due to their
separate production, the utilization and the metabolic pathways are incomplete
[37]. We found that NMEC deficient in rpoS is capable of aerobic citrate utilization
when the medium is supplemented with glucose (Fig. 29.4, boxes III and IV and
Fig. 29.5, boxes II and III) [37]. To test that, we designed a modified version of
Simmons’ Citrate agar which represents a solidified version of the citrate medium

Fig. 29.5 IHE3034 and its derivatives do not grow aerobically on plain Simmons’ media media
(box I) unless a co-substrate (glucose) is provided. Test considered positive when a blue halo is
present around the colony, the K-12 strains MC4100 and MC4100ΔrpoS were used as negative
controls. Citrate utilization by IHE3034 and its ΔycgG2 and ΔsfaY mutant strains after 5 days of
incubation (box II) and after 10 days of incubation (box III) at 37 �C
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developed by Koser [149, 150]. The medium contains the pH indicator Brom-thymol
blue which colors the medium in olive green at neutral pH [149]. The color changes
may vary from yellow/orange, when sufficient acid (below pH 6) is produced, to
Prussian blue, when alkaline (pH above 7.6) [149]. By embedding glucose on the
surface of the citrate plate, we created an environment which offers two different
carbon sources, i.e., glucose and citrate, according to Lutgens and Gottschalk
[37]. Due to the citrate utilization to pyruvate and CO2, to the production of
NaHCO3, and to the formation of NH4OH in the process of nitrogen assimilation
from the ammonium salt, the medium becomes alkaline which results in the forma-
tion of a blue halo around the bacterial colony—a positive signal for citrate utiliza-
tion [149]. If bacteria do not use citrate, they metabolize only the glucose which
acidifies the medium and results in the formation of a yellow halo around the
colony [37].

Our study indicated that strain IHE3034 was able to grow on the modified
Simmons’ medium, i.e., to use citrate [37]. Further experiments confirmed that
CitT is expressed aerobically by IHE3034, and the fact that the IHE3034 strain
failed to grow on the regular Simmons’ agar but grew on the modified version
suggested that the IHE3034 TCA cycle is somehow repressed or incomplete even in
aerobic conditions (Fig. 29.5, box I) [37]. Interestingly, the restored RpoS activity
abolishes the growth of IHE3034 in the presence of citrate, which suggests the
existence of a trade-off that favored the nutrient competence over the cross-resis-
tance (Fig. 29.4, compare boxes III, IV and V) [37]. Besides NMEC, we also
demonstrated that the aerobic citrate utilization is a potential property of ExPEC
[37]. We tested two RpoS+ UPEC serotypes—strain UTI89 (a cystitis isolate,
serotype O18:K1:H7) and strain 536 (a pyelonephritis isolate, serotype O6:K15:
H31) [37]. UTI89 strain showed an interesting behavior. The wild type did not use
citrate and exhibited retarded growth at 25 �C on Simmons’ medium with glucose,
but after inactivation of rpoS, UTI89 bacteria use citrate and the growth at 25 �C on
the modified Simmons’ agar was restored (Fig. 29.4, compare boxes VI and VII)
[37]. These findings further extended the conceptual advantages of RpoS inactiva-
tion. Moreover, all but one of the pyelonephritis isolates tested in our study showed
the ability to use citrate aerobically [37]. Altogether, our results suggest that this type
of citrate utilization is a property of ExPEC which provides the bacteria with
nutritional advantage in environments where the carbon sources are scarce. Interest-
ingly, enhanced metabolic plasticity is observed in some curli-producing EHEC
strains linked to the 2006 US spinach-associated outbreak which, in addition to the
rcsB deletion (responsible for the RpoS-independent curli-mediated biofilm forma-
tion), also carry rpoS null variants [151]. As a trade-off, the reported strains also lost
their acid resistance most probably due to deactivation of the RcsB response
regulator which, together with Ferenci’s findings and our results, implicates RpoS
not only as a global stress regulator, but also as a “global metabolite
repressor” [152].

A shift from an anaerobic, reducing environment enriched with nutrients into new
oxidative niches (such as the ones of the urinary tract) with limited nutrients often
requires changes in the key metabolic pathways of the ExPEC bacteria. Urine is one
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of the harsh environments that ExPEC bacteria occupy. It is a complex, nutrient-poor
environment, characterized by buffered pH (6–7), high osmolarity (due to the
presence of 0.5 M urea and 0.29 M NaCl), and dissolved oxygen at 4 ppm [153–
155]. From a nutritional point of view, urine represents a dilute growth medium that
contains amino acids, small peptides, glucose (its concentration varies between 0.05
and 3.4 mM), citrate (concentration between 1–4 mM) and other compounds [156–
159]. Alteri et al. showed that the primary carbon, energy and nitrogen sources for
UPEC in the urine are short peptides and amino acids [160]. D-serine is another
metabolic signal that increases the virulence gene expression and hypercolonization
of UPEC strain CFT073 [161]. Besides amino acids and peptides, UPEC bacteria
can also utilize hexouronates and hexanates [162]. The import of peptides, gluco-
neogenesis and the tricarboxylic acid (TCA) cycle are necessary for UPEC in the
course of UTI, while glycolysis, the pentose phosphate pathway and Entner–
Doudoroff pathway do not play a role [160]. Snyder et al. demonstrated that
UPEC bacteria in a mouse urinary tract infection model downregulate many genes
involved in the anaerobic bacterial growth [162]. Most of the pyelonephritis isolates
tested already use citrate together with glucose which serves as a metabolic upgrade
used by UPEC in the urine, but it has yet to be shown if the citrate utilization of the
pyelonephritis isolates is cyclic di-GMP-signaling dependent. Though urea is abun-
dant in urine, E. coli are urease-negative and cannot use urea as a nitrogen source.
The nitrogen limitation is overcome by producing the GluP and GluQ glutamine
importers [162]. Moreover, Conover et al. showed that upon invasion of bladder
epithelial cells UPEC intracellular bacterial communities prefer to use galactosides
rather than other C-sources [163]. This finding together with our observations that
the cystitis isolates are citrate-negative suggests another kind of substrate hierarchy.

Changes in the availability of C-sources serve as a signal that can trigger ExPEC
pathogenesis. For example, presence of glucose increases the transcytosis of the
NMEC strain RS218 while the presence of other carbon sources or cAMP inhibits it
[45]. It has yet to be shown whether NMEC avoids catabolite repression via RpoS
inactivation which, on one hand, provides the bacteria with the opportunity to thrive
in different host niches such as urine, blood and the central nervous system by (co-)
utilizing a greater variety of substrates and, on the other hand, maintains their
pathogenic potential.

In addition to the lack of RpoS, the IHE3034 mutants deficient in either ycgG2 or
sfaY encoding PDEs displayed increased citrate utilization (Fig. 29.5, boxes II and
III) [37]. Evidence hinting to the involvement of cyclic di-GMP in the bacterial
metabolism came from earlier studies which led to the identification of Rtn—an EAL
protein which, when overexpressed, conferred resistance to bacteriophages lambda
and N4 [164]. This discovery paved the way for the working hypothesis that the
resistance can be due to downregulation of the receptor for bacteriophage λ, e.g.,
LamB, that also happens to be the porin facilitating the uptake of maltose [164]. This
“phenotype-mutation” link is of interest since it opens the door for a possible
connection between cyclic di-GMP and the existence of regulation that can adapt
the metabolism of E. coli according to the environmental conditions and the spec-
ificities of the strain.
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29.3.4 Ferric Citrate Uptake

Life without iron is impossible for the vast majority of living organisms. It exists in
different redox states, the less soluble ferric (Fe3+) and in the more soluble ferrous
(Fe2+) form, and which one of the two prevails depends on the redox potential and
the pH of the environment [165]. Also, Fe(II) has strong catalytic properties of
generating reactive oxygen species (ROS) through the Fenton reaction that have
severe biological damage potential, i.e., iron can also be very toxic [165, 166]. To
defend themselves against the iron-generated ROS, in addition to the production of
catalase and superoxide dismutase, De Pas et al. found that the UPEC UTI89 strain
forms the CsgD-dependent biofilm [167]. The authors found that when the UPEC
bacteria were exposed to 2 mM FeCl3, the bacteria grow in rugose colonies due to
the activation of CsgD as a physiological resistance mechanism against the iron-
triggered free radical toxicity [167]. Further support to this concept comes from the
genetic experiments demonstrating that the mutant bacteria deficient in the main iron
regulator, i.e., UTI89Δfur, display the rdar morphotype which is also displayed by
the superoxide dismutase deficient UTI89ΔsodAΔsodB bacteria [167]. Besides the
defense mechanisms against iron-toxicity, ExPEC bacteria have also developed
systems for ferric and ferrous iron uptake; for iron storage in iron-binding proteins
(such as ferritin A, bacterioferritin, or Dps), and for iron secretion (i.e., a unique
bacterial process performed by E. coli via FieF) [165, 168, 169]. Here, we will
briefly outline the different systems used by ExPEC for iron acquisition inside and
outside the gut.

In the ExPEC pathogenic niches, iron is present in its less soluble Fe(III) form and
it is constantly bound to host’s compounds such as haem, hemoglobin, transferrin,
and lactoferrin [165]. Bearing in mind that bacteria need 105 Fe3+ ions per genera-
tion, iron limitation by the host is a logical, widely applied defense mechanism
against invading pathogens, often referred to as nutritional immunity [165]. For
example, there is 20 μMof iron in the blood plasma, but the free iron is only 10�18 M
[170]. To retrieve iron(III) from the host niche, ExPEC bacteria synthesize and
secrete small chelator molecules, called siderophores, that have higher affinity to
iron(III) than the affinity of the host’s iron-binding proteins [165, 171]. ExPEC
typically produce more siderophores than the commensal E. coli bacteria which only
produce one siderophore, i.e., enterobactin [171]. In addition to enterobactin, ExPEC
siderophores include aerobactin, salmochelin, and yersiniabactin [21, 23, 165,
172]. In general, the production of siderophores increases the survival of ExPEC
in iron-limited environments such as blood and urine [171–174].

Another scenario about iron takes place in the gut, where ExPEC are commensal
inhabitants. In the GIT, iron exists in both of its forms, i.e., Fe(III) and Fe(II), and it
is highly abundant [175]. Even though the existence of a nutritional immunity in the
gut is yet unknown, E. coli has to compete with the other members of the gut
microbiota for iron. In addition to the Fe(II) ions that E. coli can directly take up via
the Feo and EfeU (YcdN) systems, the ferric ions in the gut are often associated with
siderophores produced by GIT inhabitants or associated with the food-delivered
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chelators, which provides the need for specific iron (III) uptake systems [165, 175–
177]. Since Fe(III) is already chelated in water-soluble complexes, the commensal
E. coli strains do not need to secrete a lot and different siderophores to extract the
iron from them, instead, the commensal E. coli bacteria produce iron(III)-specific
transport systems whose outer membrane receptors can directly capture the already
formed Fe(III) complexes [165]. E. coli K-12 strains produce 8 Fe(III)-specific
transport systems whose receptors can recognize and bind to iron(III) complexed
with coprogen, rhodotorulic acid, ferrichrome, ferroxamine, citrate, enterobactin,
dihydroxybenzyl serine, etc. [165].

Iron(III) citrate, for instance, is a common water-soluble complex that E. coli can
take up by the FecAB system in which FecA is the receptor and FecB is the
periplasmic iron(III) citrate-binding protein [178–181]. The ferric citrate uptake
system is encoded by the fecIR and fecABCDE gene clusters. The fact that different
combinations of fec genes are found on a PAI of Shigella flexneri 2a YSH6000 and
on the pLVPK virulence plasmid of Klebsiella pneumoniae CG43 suggests that the
fec gene cluster was previously acquired horizontally in Enterobacteriaceae [180].
Ochman et al. and Mahren et al. pointed out that not all E. coli genomes carry the fec
operons (e.g., O157:H7, CFT073) [5, 180]. Interestingly, a large subset of ExPEC
genomes do not contain the operons coding for Fe(III) citrate uptake, i.e.,
fecIRfecABCDE [37]. In our study, we found a new role of CitT used by NMEC
not only for citrate uptake, but also for ferric citrate transport (Fig. 29.6) [37]. Which
type of import CitT will complete is a molecular decision regulated by ycgG2.

It was an intriguing finding that the ΔycgG2 mutant bacteria cannot take up iron
(III) citrate (Fig. 29.6) [37]. Having in mind that iron is chelated with citrate in the

Fig. 29.6 Fe(III) citrate
utilization assay (adapted
from [37]). Wild-type
IHE3034 bacteria are able to
import iron(III) citrate in
contrast to the ΔcitT mutant
bacteria. YcgG2 is
implicated in the regulation
of this process since ΔycgG2
mutant bacteria also failed to
import iron(III) citrate. The
ΔcitTΔycgG2 mutant was
used as a negative control as
described earlier [37]. The
assay is considered positive
upon the accumulation of Fe
(III) in the wild-type
bacteria resulting in the
appearance of brown color
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gut, one can speculate that in the commensal phase of growth, E. coli IHE3034
expresses ycgG2 which stimulates the iron(III) citrate uptake. Once the strain has
escaped the gut, the level of YcgG2 is decreased and the bacteria trigger the citrate
fermentation program due to nutrient restriction. Thus, YcgG2 could serve as a
switch, i.e., when present, it triggers iron(III) uptake, while when it is
downregulated—citrate fermentation is promoted via an unknown mechanism that
may include differential regulation of other potential players (Fig. 29.7) [37]. CitT is
a citrate/succinate antiporter and one plausible mechanism for the switch could be
that under different conditions it can export anions, different from succinate, which
may allow the uptake not only of citrate but also of larger citrate complexes such as
iron(III) citrate [182]. Mechanistically, this switch might work if cyclic di-GMP
binds to the CitT antiporter and changes the conformation of the transporter in a way
that the Fe(III) citrate cannot pass through it. Then, upon YcgG2-mediated hydro-
lysis of cyclic di-GMP, the conformation of CitT changes into a more relaxed state. It
has yet to be shown how specific this YcgG2-mediated regulation is and if CitT can
interact with YcgG2, so that a local signaling module is formed.

29.4 Future Perspectives

NMEC strains are a unique group of human-specific invasive ExPEC that are
haematogenously borne in neonates and do not need to colonize any host mucosal
surface in the process of pathogenesis. The lack of necessity for biofilm formation

Fig. 29.7 Bacterial adaptation represents a trade-off between regulatory and mutational events
(adapted from [37]), as evidenced by NMEC—ExPEC that have naturally lost the stress sigma factor
RpoS. Loss of RpoS also leads to a decrease in the intracellular cyclic di-GMP levels, followed by
reduction in biofilm formation. The loss also triggers biogenesis of S-fimbriae, exemplified with
increased levels of SfaA (in purple). Lack of RpoS induces the production of CitT (in blue) which
develops the nutrient competence of NMEC for citrate and ferric citrate uptake. The uptake of the two
compounds is further regulated by ycgG2 (in green). Low ycgG2 levels (in green) stimulates citrate
fermentation and they also lead to a decrease in the SfaA (in purple) production. Due to the lack of
fecIRfecABCDE (shown in red), the bacteria utilize CitT (in blue) to import ferrous iron citrate whose
utilization is further increased in the presence of ycgG2 (shown in green). All the events which come
from the loss of RpoS activity are abolished once the activity is restored
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and the need for enhanced physiology presumably have led to the occurrence of
RpoS� NMEC strains that have lost the capability to produce curli-mediated bio-
film—a hallmark of the conventional cyclic di-GMP signaling. The unconventional
cyclic di-GMP signaling is proposed here as an alternative control network that is
rather involved in the regulation of phenotypes linked to aerobic citrate utilization
and Fe(III) citrate uptake through CitT than in triggering the rdar biofilm. This
unconventional signaling may also accommodate other phenotypes found in E. coli
K-12 that are not directly related to sessility-motility transitions such as the anaer-
obic PNPase-dependent RNA processing events triggered by the DosC/DosP system
and the Rtn-mediated resistance to bacteriophages λ and N4 [62, 183, 184].

Environmental cues combined with evolved regulatory nodes could serve as a
trigger for a reversible commensal-pathogen transition. The group of ExPEC strains
is often defined as “commensals” that cause a variety of diseases outside of the GIT.
The ExPEC virulence resulted from a combinatorial and cumulative effect of
acquired virulence genes via HGT from a common “virulence gene pool” and
pathoadaptive mutations. Even though studies on the ExPEC PAIs and
pathoadaptive mutations immensely contributed to a better understanding of the
development of pathogenicity, further studies need to be performed on the triggers of
this transition. The proposed mechanisms, based on our studies, are exemplified and
summarized in Fig. 29.7. The Eco-Evo dynamics of ExPEC take place in different
niches of their host. Any of these niches can induce and select for variation in
bacterial serotypes, that maybe privileged by natural selection, making them dom-
inant in the bacterial population. It is interesting to consider what evolutionary forces
determined the existence of only a couple of hundred serotypes, and it will be even
more intriguing to discover the conditions that can lead to the selection of new
variants that we might see in the near future. Along with ExPEC virulence, the
adaptive changes in ExPEC metabolism contribute to the commensal-pathogen
transition. Since there are dedicated signaling cascades that link the presence of
environmental factors to the expression of fitness genes, it will be interesting to
elucidate how cyclic di-GMP signaling, or signaling via other second messenger(s),
can bridge these cascades eventually leading to either pathogenic or commensal
“lifestyle.”
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Chapter 30
Cyclic di-GMP in Burkholderia spp.

Grace I. Borlee, Mihnea R. Mangalea, and Bradley R. Borlee

Abstract Burkholderia spp. survive in diverse ecological niches in association with
soil, plants, and animals. In these environments, some members of the Burkholderia
spp. participate in beneficial interactions that promote plant growth, nutrient cycling,
and bioremediation; however, some Burkholderia spp. are also pathogens of plants,
fungi, amoebae, insects, animals, and humans. In order to transition between niches
and compete with other microbes, Burkholderia spp. have evolved sophisticated
sensory systems to detect and respond to a variety of cues and signals from external
stimuli that allow rapid response to changing environmental conditions. Cyclic di-
GMP is a nearly universal bacterial second messenger and a key signaling molecule
in Burkholderia spp. that regulates a variety of bacterial behaviors including viru-
lence, motility, and biofilm formation. This chapter will review the progress toward
understanding the sensory components and associated regulatory components that
respond to environmental cues and correspondingly alter the intracellular levels of
cyclic di-GMP. Recent reports indicate that various members of the Burkholderia
spp. respond to alterations in temperature, nutrient availability, and population
density (via Burkholderia diffusible signal factor) to control bacterial behaviors
associated with pathogenesis, dissemination, and survival in the niches that
Burkholderia spp. inhabit.

Keywords Burkholderia · Cyclic di-GMP · Biofilm · Motility · BDSF · Virulence

30.1 The Genus Burkholderia

Burkholderia spp. were originally considered part of the genus Pseudomonas;
however, this changed in 1992 with the proposal to transfer P. cepacia, P. mallei,
P. pseudomallei, P. caryophylli, P. gladioli, P. pickettii, and P. solanacearum into
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the new genus Burkholderia, named after the plant pathologist Dr. Walter
Burkholder [1]. This transition was then followed with a second proposal in 1995
to transfer B. pickettii and B. solanacearum from the genus Burkholderia to
Ralstonia [2]. The Burkholderia genus, which currently contains 122 described
members, occupies a wide variety of ecological niches [3]. Within the genus
Burkholderia an ambiguous division exists between clinical pathogens and environ-
mental symbionts [4], which is due in part to the wide-ranging biogeographical
distribution and extensive nutrient cycling abilities of these organisms. In the
environment, Burkholderia species contribute to key biological processes such as
nitrogen fixation in plants [5–8], and carbon flow in mycorrhizal fungi [9]. As such,
Burkholderia spp. are important saprophytes inhabiting the rhizosphere and
mycorrhizosphere that promote soil productivity through beneficial biological func-
tions that increase plant fitness [10]. The diverse abilities of Burkholderia spp. as
plant growth-promoting bacteria are largely facilitated by systems that sense and
respond to the equally diverse niches in which these bacteria reside.

Symbiotic associations with fungi, plants, and insects have been described for
numerous Burkholderia species, indicating many beneficial biochemical functions
such as plant growth promotion, nutrient cycling, and bioremediation [11]. In
addition to nitrogen fixation, plant-associated Burkholderia promotes growth [10]
via auxin production [12, 13], siderophore synthesis [14], phosphate solubilization
[15], and activation of the plant defense response by increasing phenolic materials in
infected cells [16]. One of the most studied endophytic species that stimulates
growth in host plants, B. phytofirmans PsJN, senses environmental abiotic stressors
such as temperature, drought, oxidative stress, and responds to these extracellular
changes by activating extracytoplasmic function (ECF) sigma factors [17]. The ECF
sigma factor system allows bacteria the ability to sense and respond to extracellular
cues, and the genome of B. phytofirmans PsJN is predicted to encode 18 ECF loci
[17]. Cold-stress sensing and signaling responses by B. phytofirmans PsJN have
been suggested to prevent plant tissue damage by strengthening plant cell walls
[18]. Beneficial Burkholderia species, specifically nitrogen-fixing groups, also con-
tribute to plant litter decomposition and nutrient cycling in tropical soils and on
rhizoplanes of plant root surfaces. These organisms have been observed as the
predominant members in these soil communities at the genus level potentially
indicating their substantial contributions to tropical soil ecosystems
[19]. Burkholderia species also contribute to biodegradation and remediation of
soils contaminated with xenobiotic chemicals such as those generated from mining
[20] or landfills [21]. The mechanisms that Burkholderia spp. have evolved to
survive in diverse ecological niches with dynamic physiochemical stressors have
undoubtedly influenced their ability to thrive and infect numerous eukaryotic hosts,
from soil-dwelling amoeba to immunocompromised humans.

Burkholderia species have been isolated from free-living amoebae from Burkina
Faso, Vietnam, and Thailand [22, 23]. The similarities between an amoeba and a
macrophage may select for pathogenic Burkholderia species that have adapted to
survive intracellularly in amoebae, which further enhances their ability to sense,
respond, and readily infect a mammalian host. Bacterial interactions with amoebae,
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protists, and other organisms residing in the soil have potentially trained or adapted
some bacteria to be opportunistic intracellular pathogens [24]. The ability of
Burkholderia spp. to thrive in a variety of dynamic ecological niches, which range
from beneficial associations with plants, insects, and microbial communities in the
soil and then transition to infection of diverse hosts, intracellular replication, and
formation of biofilms undoubtedly hinges on these organisms’ propensity to sense
and respond to ever-changing extracellular conditions (Fig. 30.1).

Within the genus Burkholderia, two phylogenetically distinct clades or com-
plexes exist that have been categorized as the Burkholderia cepacia complex
(Bcc) and the Burkholderia pseudomallei complex (Bpc). The Burkholderia cepacia
complex (Bcc) comprises more than 20 species that share ecological niche

Fig. 30.1 Niche adaptation and ecological capabilities of bacteria within the Burkholderia genus.
Burkholderia spp. are important soil saprophytes with beneficial plant growth promoting properties,
nutrient cycling capabilities in the rhizosphere and mycorrhizosphere, and potential biological tools
for bioremediation. However, Burkholderia spp. can also cause serious infection in a range of
organisms and can survive intracellularly in amoebae or host immune cells, potentially leading to
chronic infection that is difficult to treat with antibiotics
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preferences and whole-genome sequence similarity further divided into nine
genomovars, of which B. cenocepacia (genomovar III) poses the most significant
nosocomial threat to immunocompromised patients [25, 26]. Bacteria from the Bcc
are primarily known for their designation as opportunistic pathogens that can
colonize the lungs of cystic fibrosis patients and result in cepacia syndrome [27–
29]. More recently, Bcc members have been detected in contaminated medical
products [30–36]. Paradoxically, members of the Bcc are generally “benign” envi-
ronmental isolates and have been shown to possess antifungal activities useful for
agricultural applications [37–39]. The ecological niches of the Bcc are often
overlapping with those of the other Burkholderia clade, the Burkholderia
pseudomallei complex (Bpc), as Bcc bacteria have been previously found during
sampling for B. pseudomallei in Northern Australia [25]. B. pseudomallei, the
etiological agent of melioidosis, and its reduced genome relative, B. mallei, the
etiological agent of glanders are both intracellular pathogens. These organisms are
animal pathogens and have been weaponized for biological warfare [40] resulting in
diligent placement on the US federal select agent program [41].

The agility of Burkholderia spp. to establish symbiotic relationships with insects
or fungi or transition from environmental saprophytes to opportunistic pathogens
speaks to the bacterium’s ability to rapidly sense and respond to the ever-evolving
environments that these strains thrive in. Burkholderia spp. are constantly sensing
environmental cues, whether it be temperature, ion concentrations, secondary metab-
olites, small molecules, or other signals. They subsequently respond to these extra-
cellular cues by executing complex intracellular signaling cascades that ultimately
modulate levels of the secondary messenger, cyclic di-GMP. Although Burkholderia
spp. were once part of the genus Pseudomonas, significantly more is known about
cyclic di-GMP signaling in Pseudomonas aeruginosa than the entire Burkholderia
genus. In the current version of “Distribution of GGDEF, EAL, HD-GYP and PilZ
domains in bacterial genomes” (https://www.ncbi.nlm.nih.gov/Complete_Genomes/
c-diGMP.html), 17 genomes from diverse Burkholderia spp. were analyzed [42–45]
for the presence and distribution of predicted proteins containing GGDEF [46], EAL
[46], HD-GYP [47], and PilZ domains [31], which are associated with cyclic di-
GMP signaling. We further expanded and evaluated the distribution of predicted
proteins that contain cyclic di-GMP-associated domains in the context of the envi-
ronmental niches that these Burkholderia spp. occupy (Table 30.1). This analysis
revealed some interesting trends about the number of cyclic di-GMP domains with
respect to the environmental niches these bacteria occupy and their need to sense and
respond to a changing environment in order to be competitive in their current
environment and during colonization of new environments. It is striking that
Burkholderia spp. that are known to have obligate associations have a reduced
number of domains for cyclic di-GMP signaling as compared to their free-living
relatives (Table 30.1). This observation is consistent with previous reports that state
the distribution of cyclic di-GMP metabolizing enzymes and their corresponding
domains is usually greater in free-living bacteria with lifestyles that require them to
survive in dynamic environments as compared to obligate parasites from the same
phylum [44, 48].
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Table 30.1 Comparison of cyclic di-GMP genes across Burkholderia spp.

Burkholderia
species

Environmental
niche(s) References GGDEF

GGDEF
+EAL EAL

HD-
GYP PilZ

Burkholderia
ambifaria
AMMD

Plant-associated,
isolated from pea
plant rhizosphere in
Wisconsin, USA in
1985

[49] 13 7 7 1 3

Burkholderia
cenocepacia
AU 1054

Plant-associated,
soil, isolated from
the blood of a
patient with CF

[50] 13 5 6 2 3

Burkholderia
gladioli BSR3

Plant-associated,
isolated from
unhealthy rice
sheath in South
Korea

[51] 12 8 8 2 3

Burkholderia
glumae BGR1

Plant-associated,
isolated from
unhealthy rice pani-
cle in South Korea

[52] 12 5 7 2 2

Burkholderia
mallei ATCC
23344

Obligately associ-
ated with animals,
isolated from a
patient with glan-
ders in Burma in
1944

[53] 4 4 4 2 3

Burkholderia
multivorans
ATCC 17616

Soil isolated from
soil in the USA

[54] 9 7 6 – 2

Burkholderia
phymatum
STM815

Plant-associated;
nitrogen-fixing
symbiont of
Mimosa species
Isolated from
Machaerium
lunatum root nodule
in French Guiana

[55] 20 18 11 1 3

Burkholderia
phytofirmans
PsJN

Endophytic plant
growth-promoting,
isolated from onion
roots infected with
Glomus
vesiculiferum

[56] 18 16 8 3 4

Burkholderia
pseudomallei
K96243

Soil, water, animals,
clinical isolate from
Thailand

[57] 5 5 6 2 3

Burkholderia
pseudomallei
1026b

Soil, water, animals,
clinical isolate from
blood of patient
with melioidosis in
Thailand in 1993

[58] 5 5 6 4 3

(continued)
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30.2 Conservation of Genes Encoding Cyclic di-GMP
Signaling Components in Burkholderia spp.

In this chapter, we have cross-referenced genes and predicted proteins between
Burkholderia spp. on the basis of the genome annotation that was used to report a
role in cyclic di-GMP signaling. Additionally, we have also included the genome
annotation of the species under discussion, the corresponding annotation for

Table 30.1 (continued)

Burkholderia
species

Environmental
niche(s) References GGDEF

GGDEF
+EAL EAL

HD-
GYP PilZ

Burkholderia
rhizoxinica
HKI 454

Fungus-associated;
isolated from the
fungus Rhizopus
microsporus van
Tieghem var.
chinensis.

[59] – 1 3 – –

Burkholderia
sp. 383

Originally recov-
ered from forest soil
in Trinidad in 1958

[60] 14 7 7 1 3

Burkholderia
sp. CCGE1001

Plant-associated;
isolated from a nod-
ule of a Mimosa
affinis plant grown
in soils from
Acayuca, Veracruz

[61] 14 15 6 1 3

Burkholderia
sp. CCGE1002

Plant-associated;
isolated from a nod-
ule of Mimosa
occidentalis col-
lected in Tepic,
Mexico

[62] 18 12 7 – 3

Burkholderia
sp. CCGE1003

Plant-associated [63] 15 12 7 2 2

Burkholderia
thailandensis
E264

Plant-associated,
soil, isolated from
rice field in
Thailand

[64] 6 4 4 2 2

Burkholderia
vietnamiensis
G4

Soil, wastewater
isolate from Pensa-
cola, USA

[65] 21 10 8 1 3

Burkholderia
xenovorans
LB400

Soil; isolated from a
PCB-containing
landfill in upper
New York State

[49] 15 17 12 – 5

Modified from https://www.ncbi.nlm.nih.gov/Complete_Genomes/c-di-GMP.html
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B. pseudomallei 1026b as a point of reference, and the enzymatic function or
predicted protein domain required for cyclic di-GMP signaling. A brief analysis of
cyclic di-GMP genes from representative members of the Bpc and Bcc has also been
included to facilitate the comparison of cyclic di-GMP signaling systems between
members of the Burkholderia spp. (Table 30.2).

A recent comparative analysis of cyclic di-GMP genes across five Burkholderia
species (B. pseudomallei, B. mallei, B. thailandensis, B. cenocepacia, and
B. glumae) indicates that the more closely related the Burkholderia species are to
each other, the more conservation there is in genes encoding cyclic di-GMP signal-
ing components [66]. None of the GGDEF-only encoding genes from
B. pseudomallei are conserved in all four of the other Burkholderia species
[66]. Two B. pseudomallei EAL domain encoding genes, Bp1026b_I0571 and
Bp1026b_I2659, are conserved across all five Burkholderia species suggesting

Table 30.2 Comparative analysis of cyclic di-GMP genes for B. pseudomallei, B. mallei, and
B. cenocepacia

Burkholderia
pseudomallei
1026b Protein domain

Burkholderia
mallei ATCC
23344

AA
similarity
(%)

Burkholderia
cenocepacia
J2315

AA
similarity
(%)

Bp1026b_I2260 EAL BMA1766 69.98 BCAL1100 61.18

Bp1026b_I3148 EAL N/A N/A BCAL0652 85.51

Bp1026b_I1579 EAL N/A N/A N/A N/A

Bp1026b_II0879 EAL BMAA0654 99.14 N/A N/A

Bp1026b_I0571 EAL BMA2061 99.63 BCAL3188 80.15

Bp1026b_I2659 EAL BMA2261 99.76 BCAL2749 85.85

Bp1026b_I2928 GGDEF + EAL BMA0026 99.35 N/A N/A

Bp1026b_I2456 GGDEF + EAL BMA2221 100 BCAL2449 84.08

Bp1026b_II2498 GGDEF + EAL BMAA2078 100 N/A N/A

Bp1026b_I2284
(cdpA)

GGDEF + EAL N/A N/A BCAL1069 85.52

Bp1026b_II0885 GGDEF + EAL BMAA0664 99.85 N/A N/A

Bp1026b_I2235 GGEEF BMA3066 100 BCAL1975 69.16

Bp1026b_II0153 GGEEF N/A N/A N/A N/A

Bp1026b_II2115 GGEEF BMAA0097 99.0 N/A N/A

Bp1026b_II1380 GGEEF BMAA0984 100 N/A N/A

Bp1026b_II2523 GGEEF BMAA2105 100 BCAM2836 81.67

Bp1026b_II0700 HD superfamily BMAA0821 100 BCAM2184 72.54

Bp1026b_I2285 HD superfamily N/A N/A BCAL1068 76.14

Bp1026b_II1761 HD superfamily BMAA1662 99.79 N/A N/A

Bp1026b_I2818 HD superfamily BMA0261 99.77 BCAS0263 64.96

Bp1026b_II1683
(bcsA)

PilZ BMAA1585 99.53 BCAL1395 72.80

Bp1026b_I3233
(ycgR)

PilZ BMA3334 100 BCAL0575 78.17

Bp1026b_II0807 PilZ BMAA1391 99.54 N/A N/A
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that these genes might not be specific for an ecological niche, but rather for general
cellular homeostasis [66]. Indeed, BCAL3188 (Bp1026b_II0885) protein expression
and BCAL2749 (Bp1026b_I2659) transcription and protein expression in
B. cenocepacia H111 were mildly induced under nitrogen-limiting conditions
[67]. Only one GGDEF + EAL encoding gene, Bp1026b_I2456, is conserved across
all five species, the protein expression levels of BCAL2449 were mildly induced
under nitrogen-limiting conditions [67]. None of the HD-GYP-like proteins from
B. pseudomallei are conserved; however, this might be expected since the
B. pseudomallei HD-GYP-like genes do not conform to prescribed HD-GYP motifs
[47, 66]. Lastly, Bp1026b_I3233 (ycgR), a PilZ-containing, cyclic di-GMP binding
protein, which functions as the flagellar brake protein, is conserved across all five
species. This finding is especially interesting considering that B. mallei is nonmotile
bacterium due to a 65-kb insertion in fliP and a frameshift mutation in motB
suggesting that YcgR potentially has additional functions beyond regulating motility
[53]. These types of comparative analyses are useful to identify the common
elements of cyclic di-GMP signaling within Burkholderia spp., but also serve to
highlight and identify unique cyclic di-GMP signaling elements that may be crucial
for niche adaptation and pathogenic adaptation.

30.3 Burkholderia pseudomallei Complex (Bpc)

The Bpc clade includes B. pseudomallei and B. mallei, which are notorious patho-
gens of humans and animals. The Bpc clade also includes the phylogenetically
related B. thailandensis, B. oklahomensis, and B. humptydooensis, which are gen-
erally nonvirulent soil saprophytes [68]. Thus, the Bcc and Bpc often have similar
niches and transmission epidemiology, but are divided based on sequence similarity
and phylogeny. Burkholderia pseudomallei (Bp), which is the causative agent of
melioidosis, is an environmental saprophyte found in soils and surface waters in
endemic regions [69].

B. pseudomallei is an opportunistic bacterial saphrophyte in the environment that
can transition to a pathogen when introduced into an animal host. This bacterium is
intrinsically resistant to various antibiotics due to chromosomally encoded β-
lactamases and 10 RND efflux pumps [70]. Bp and melioidosis are more widespread
than previously thought and rivals other tropical diseases in terms of case fatality rate
[71]. The number of documented melioidosis cases may only represent the tip of
iceberg as these numbers are inaccurate due to issues with diagnosis and lack of
adequate health care [69]. Given the widespread global distribution of Bp, there is an
increasing focus on defining the environmental factors that contribute to risk of
pathogen exposure and acquisition [71]. Environmental factors have been associated
with increased acquisition of melioidosis during anthropogenic disturbance events
which include agricultural practices and extreme weather events such as monsoons
[72–74]. However, relatively little is known about the ability of Bp to sense and
respond to changing environmental cues and how this alters antibiotic susceptibility
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and pathogenicity of the organism. The transition of Bp from an environmental
reservoir to the establishment of an infection and development of melioidosis within
a human host requires a sophisticated sensory system.

Melioidosis is often misdiagnosed as other diseases and it has a high mortality
rate of approximately 50%. As a result, B. pseudomallei is designated as an overlap
Tier 1 select agent by the Centers for Disease Control and Prevention as well as the
US Department of Agriculture Animal and Plant Health Inspection Service and must
be handled in a biosafety level 3 laboratory [75]. Specifically, Tier 1 select agent
status exists for B. pseudomallei due to the severe risk to threaten public and animal
health, difficult treatment regiment, ease of aerosolization, and complicated diagno-
sis. Answering the questions of how, when, and what signaling cues initiate
B. pseudomallei to transition from an environmental saprophyte to a dangerous
pathogen will be key to developing strategies to combat this deadly pathogen.

The first reported study describing cyclic di-GMP signaling in Burkholderia spp.
interrogated B. pseudomallei strain KHW [76]. In this study, Lee et al. scanned the
publically available genome sequence of B. pseudomallei strain K96243 to charac-
terize ten genes that putatively encoded for GGDEF or EAL-containing proteins
[46, 76]. From these ten candidates, the authors selected and characterized the gene
locus BPSL1263 (Bp1026b_I2284), which they designated as cdpA (cyclic di-GMP
phosphodiesterase A). CdpA is predicted to encode a PAS domain, a catalytically
inactive GGDEF domain, and a functional EAL domain [76]. Recombinant CdpA
was further shown to exhibit phosphodiesterase (PDE) activity in vitro [76]. Addi-
tional analysis demonstrated that a cdpA mutant strain disrupted with a tetracycline
resistance cassette was nonmotile (aflagellated) and produced more biofilm than the
parental wild-type strain [76]. All of these phenotypes would be predicted to be
associated with loss of phosphodiesterase activity. In addition, the cdpA mutant
exhibited decreased invasion of A549 cells, decreased cytotoxicity to THP-1 cells,
and decreased expression of bsaN, bipB, and fliC, which are known to contribute to
virulence [76]. The predicted number of proteins that metabolize cyclic di-GMP in
B. pseudomallei strain K96243 has been reported to include five GGDEF, five
GGDEF+EAL, six EAL, two HD-GYP-like genes, three PilZ domain containing
proteins (Table 30.1 and references [42–45, 77]). A recent genomic analysis of the
B. pseudomallei 1026b genome concurs with the K96243 analysis with the addition
of two noncanonical genes encoding predicted HD-GYP domains, Bp1026b_I2285
(BPSL1262), and Bp1026b_II0700 (BPSS0634) [66]. This analysis took advantage
of a library of B. pseudomallei 1026b transposon mutants to take a reverse genetics
approach to identify all of the genes predicted to play a role in cyclic di-GMP
mediated phenotypes in B. pseudomallei 1026b such as biofilm formation and
swimming motility. Using this approach, independent transposon insertions in
cdpA (Bp1026b_I2284) or Bp1026b_I2285 (a noncanonical analog of HD-GYP)
exhibited decreased swimming motility at both 30 �C and 37 �C which concurs with
the B. pseudomallei KHW cdpA mutant [66, 76]. Inactivation of Bp1026b_II2523, a
predicted diguanylate cyclase (DGC), by insertion of a transposon resulted in
increased swimming motility at both 30 �C and 37 �C [66]. Decreased swimming
motility of the transposon insertional mutants in cdpA (PDE, Bp1026b_I2284) or
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Bp1026b_I2285 and the contrasting increase in swimming motility of the
Bp1026b_II2523 transposon mutant was explained by decreased or increased FliC
protein levels, respectively [66]. Biofilm formation using static biofilm assays at
30 �C demonstrated that the cdpA (PDE, Bp1026b_I2284) mutant was similar to
wild type and the Bp1026b_I2285 (HD-GYP-like) mutant exhibited a slight
decrease; however, inactivation of Bp1026b_II2523 (DGC) resulted in a significant
decrease in biofilm formation at 30 �C as would be predicted to result from the loss
of a diguanylate cyclase [66]. In contrast, a transposon insertion in Bp1026b_ II2523
(DGC) exhibited a greater than twofold increase in biofilm formation at 37 �C
[66]. The molecular mechanism governing the paradoxical phenotype of the
II2523 transposon mutant has yet to be elucidated.

Very little is known about how extracellular stimuli induce or reduce intracellular
levels of cyclic di-GMP in B. pseudomallei. A recent study byMangalea et al. (2017)
demonstrated that a nearly twofold decrease in cyclic di-GMP levels is observed in
statically grown B. pseudomallei when the media was supplemented with 10 mM
NaNO3 [78]. This decrease in cyclic di-GMP levels in response to sodium nitrate
could be at least partially attributed to an increase in cdpA (PDE) transcript levels
[78]. However, biofilm formation of a cdpA transposon mutant was decreased in the
presence of sodium nitrate or sodium nitrite suggesting that CdpA is not the only
cyclic di-GMP regulatory component that mediates nitrate or nitrite biofilm inhibi-
tion [78]. There were no significant differences in gene expression of
Bp1026b_II0885 (DGC and PDE), Bp1026b_I3148 (PDE), or Bp1026b_II2523
(DGC) in response to 10 mM NaNO3 [78]. Thus, although nitrate sensing increases
cdpA phosphodiesterase activity, the complete cyclic di-GMP signaling response to
nitrate remains to be characterized in B. pseudomallei. Bp1026b_II0885 (DGC and
PDE), the gene with the most homology to cdpA, has been shown to be
downregulated in a B. pseudomallei Bp82 (select-agent excluded strain) mutant
that lacks all three AHL synthases when grown with three exogenously added
AHLs suggesting a possible linkage between quorum sensing and cyclic di-GMP
in B. pseudomallei [79].

Additional evidence for the contribution of cyclic di-GMP during the transition of
Burkholderia spp. to form biofilms arises from several long-term natural and exper-
imental evolution studies. Strikingly, selective pressure during biofilm growth
appears to be exerted on Bp1026b_II2523 (DGC) because it has been shown to
undergo alterations in both B. pseudomallei and B. cenocepacia. Transcriptomic
studies of B. pseudomallei isolates collected 55 months apart from a cystic fibrosis
patient (CF9) identified decreased expression of BPSS2342 (DGC,
Bp1026b_II2523) in addition to a synonymous mutation within the gene
[80]. Nonsynonymous mutations in Bcen2424_5684 (DGC, Bp1026b_II2523)
have been identified in both biofilm and planktonic B. cenocepacia HI2424
populations from biofilm evolution experiments [81]. These data point to the
potentially complex role that this diguanylate cyclase may contribute in the transi-
tion of Burkholderia spp. from a state of planktonic growth to the formation of a
biofilm and then back again to a planktonic lifestyle.
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The ability to sense signals and cues outside of the bacterial cell is crucial to allow
bacteria to respond to changes in their environment, especially during the transition
from an environment that the opportunistic pathogen resides in and subsequent entry
into a eukaryotic host and establishment within specific niches and organs within
that host. Two-component signal transduction systems provide a means to sense
environmental signals in order to alter gene expression and secondary messengers.
B. pseudomallei K96243 has more than 60 two-component signal transduction
systems [82], which are relatively uncharacterized. One of these, a two-component
sensor kinase, bprS (BPSS0687), was identified in a screen for B. pseudomallei
K96243 tagged mutants with impaired in vivo growth in an acute murine model
(BALB/c) of melioidosis [82]. Comparative transcriptomic analysis revealed that
BPSS0799 (PDE, Bp1026b_II0879) was upregulated in both a bprS and a bprR
(cognate response regulator) mutant suggesting a minor role for the phosphodies-
terase in this murine model of melioidosis [82].

30.4 B. mallei

The closest phylogenetic relative to B. pseudomallei is B. mallei, which is the
etiological agent of glanders. B. mallei has adapted to an obligate intracellular
lifestyle in animals (horses, donkeys, mules, camels, humans, nonhuman primates,
etc. [83]), and has lost over 1000 genes during this evolutionary adaptation [84]. It
has retained a smaller core-genome with high sequence homology to
B. pseudomallei, while maintaining a larger variable gene set amid genome
rearrangement events that ultimately shaped B. mallei speciation [85]. Despite
substantial gene loss and genetic variation, B. mallei has maintained key virulence
factors including secretion systems and capsular polysaccharides [84, 86], and
therefore joins B. pseudomallei as an overlap Tier 1 select agent that poses a
bioterrorism risk. B. mallei and B. pseudomallei share a similar capsular polysac-
charide (CPS), which is a primary antigen and vaccine candidate, as well as
structural similarities among the LPS O-antigen [87]. Among biofilm-associated
genes, B. mallei ATCC23344 encodes the biofilm exopolysaccharide gene cluster
(bec) encoding becA-R genes (BMA0027—BMA0048) that has been shown to
significantly contribute to biofilm formation in B. pseudomallei 1026b
[88]. B. mallei also encodes 18 of the 23 cyclic di-GMP metabolic enzymes
described by Plumley et al. [66], with high sequence homology at the nucleotide
and amino acid levels, although five GGDEF, EAL, and HD-GYP genes are lost as
shown in Table 30.2. Putative orthologs encoding the B. pseudomallei phosphodi-
esterase CdpA (PDE, Bp1026b_I2284) and Bp1026b_I2285 (HD-GYP-like) are
missing in B. mallei. Additionally, orthologs of the predicted EAL domain
containing phosphodiesterases, Bp1026b_I3148 and Bp1026b_I1579, as well as
the GGEEF-domain containing diguanylate cyclase Bp1026b_II0153 are also absent
from the B. mallei ATCC 23344 genome (Table 30.2). The remaining 18 B. mallei
cyclic di-GMP metabolic enzymes share ~99% amino acid homology with
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B. pseudomallei, except for BMA1766 (PDE, Bp1026b_I2260), although sequence
divergence exists at the N-terminus of protein sequences indicating gene decay
events. Thus, although B. mallei represents a genome-reduced variant of
B. pseudomallei and has become an obligate intracellular pathogen, many of the
genes encoding cyclic di-GMP metabolic enzymes remain intact (Table 30.2),
indicating a potential role during host pathogenesis. It is plausible to consider that
the cyclic di-GMP signaling genes that were not retained during genome reduction
have more important roles for survival in the environment outside of a
eukaryotic host.

30.5 B. cenocepacia Complex (Bcc)

The Bcc clade is comprised of more than 20 closely related species primarily
existing as soil saprophytes that have ubiquitous distribution in moist environments
and are also often implicated in infections of immunocompromised individuals.
Although they are generally considered less virulent than Bpc bacteria that are
designated as Select Agents, the Bcc contain similar genetic mechanisms for biofilm
formation and are therefore capable of causing chronic difficult-to-treat infections.
Significantly more is known about the regulatory role of cyclic di-GMP in
B. cenocepacia than in other Burkholderia spp. especially at the intersection of
quorum sensing that is controlled by the Burkholderia diffusible signal factor
(BDSF) and the downstream effects on secondary messaging through cyclic di-
GMP. Members of the Bcc reside in the environment and can be opportunistic
pathogens when introduced into a compromised host such as a cystic fibrosis patient.
Although, the Bcc do not represent a large percentage of the microbial population in
the sputum from cystic fibrosis patients, they can cause cepacia syndrome, a
necrotizing pneumonia [89, 90]. Bcc members produce a plethora of polysaccharides
including cepacian, co-cepacian, bep (Burkholderia exopolysaccharide locus), bcs
(bacterial cellulose synthesis) as well as others; however, only cepacian has been
linked to biofilm formation in B. cenocepacia [87, 91–95]. The production of these
polysaccharides in the context of cyclic di-GMP signaling has only recently been
investigated.

Bacterial genetics and phenotypic analysis has provided much of what has been
learned concerning cyclic di-GMP signaling in members of the Bcc. Utilizing a
reverse genetics approach, transposon mutant analysis of 12 selected B. cenocepacia
K56-2 genes predicted to encode GGDEF and/or EAL and sensory domains iden-
tified three mutants, cdpA (PDE, BCAL1069, Bp1026b_I2284), BCAM0580 (rfpR),
and BCAM1161 that were impaired in swimming motility [96]. The cdpA transpo-
son mutant from B. cenocepacia K56-2 did not exhibit a decrease in flagellin
production via western blot or loss of flagella via TEM [96]. This is in contrast to
the cdpA mutants from B. pseudomallei (both KHW and 1026b strains) that
exhibited decreased fliC gene expression or FliC protein levels [66, 76]. A transpo-
son insertion in BCAL1068, which is adjacent to cdpA, did not exhibit a decrease in
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motility in contrast to what was noted with the Bp1026b_I2285 transposon mutant
from B. pseudomallei 1026b [66, 96]. Additionally, the BCAM2836 insertional
mutant, which is a homolog of B. pseudomallei Bp1026b_II2523 (DGC with a
PAS domain), did not exhibit enhanced swimming motility whereas the
BCAM2836 deletion mutant in B. cenocepacia H111 did exhibit enhanced motility
[96, 97]. The B. cenocepacia K56-2 cdpA mutant was unable to respond to arginine
or glutamine in swimming media suggesting that the PAS domain of CdpA is
responsible for sensing these external cues [96]. In concordance with the
B. pseudomallei KHW cdpA mutant, the cdpA mutant in B. cenocepacia K56-2
had elevated levels of cyclic di-GMP [76, 96]. Furthermore, the K56-2 cdpA mutant
had decreased protease activity compared to wild type [96]. Biofilm formation in the
K56-2 cdpA mutant did not differ from wild type and was similar to the
B. pseudomallei 1026b cdpA mutant at 30 �C but exhibited decreased biofilm
formation at 37 �C and is in stark contrast to the B. pseudomallei KHW cdpAmutant
that produced fourfold more biofilm biomass [66, 76, 96]. Although there are some
commonalities among the cyclic di-GMP mutants from B. pseudomallei and
B. cenocepacia, these studies highlight the role(s) that genetic background and
environmental conditions participate in influencing phenotypes.

B. cenocepacia produces a Burkholderia diffusible signal factor (BDSF), cis-2-
dodecenoic acid, which is a kin to AHL-mediated quorum-sensing systems
[98, 99]. In an attempt to identify genes responsive to exogenous BDSF, McCarthy
and colleagues identified 74 mutants in a transposon mutant screen of
B. cenocepacia J2315 searching for mutants unable to respond to exogenous
BDSF in a dsfA (diffusible factor synthase) (BCAM0581) mutant background
[100]. One of these transposon insertions was in BCAM2836 (DGC,
Bp1026b_II2523), a diguanylate cyclase with a PAS domain [100]. Remarkably,
there were five independent insertions in BCAM2836 suggesting that this gene plays
a role in BDSF-sensing, although this transposon mutant was not further pursued in
this study [100]. Microarray analysis of dfsA mutants and BCAM0227, a two-
component sensor histidine kinase involved in BDSF perception, revealed that a
phosphodiesterase (BCAM2426) was downregulated in both of these mutants in
comparison to the wild type [100]. These foundational studies provide a link
between BDSF-mediated quorum sensing and cyclic di-GMP signaling.

To identify the receptor for BDSF, Deng and colleagues investigated the gene
adjacent to dfsA and verified that BCAM0580, which contains PAS-, EAL-, and
GGDEF-encoding domains, was the BDSF receptor based on binding experiments
and designated it as rpfR [101]. The B. cenocepacia H111 ΔrpfR mutant exhibited
increased levels of cyclic di-GMP along with decreased motility, biofilm formation,
and virulence in a C. elegans killing assay similar to that of the ΔdfsA mutant
indicating that loss of phosphodiesterase activity was ultimately responsible for the
phenotypes associated with ΔrpfR mutant [101]. This hypothesis was further
supported by studies that demonstrated that the overexpression of either the
GGDEF+EAL or EAL domains from RpfR could complement the ΔdsfA mutant
suggesting that cyclic di-GMP enzymatic activities could compensate for the loss of
the BDSF synthase (dsfA) [101]. The role of the GGDEF domain from RpfR remains
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undefined. RpfR degraded cyclic di-GMP into pGpG and this degradation was
enhanced with the addition of BDSF, which binds to the PAS domain of RpfR
[101]. Interestingly, rpfR mutations have been reported in B. multivorans isolates
recovered from a cystic fibrosis patient with a chronic B. multivorans infection and
an amino acid substitution in the PAS domain of RpfR resulted in elevated levels of
cyclic di-GMP and decreased motility [102]. Mutations in RpfR have also been
detected in B. cenocepacia HI2424 isolates selected during a 6 month biofilm
evolution assay utilizing recurrent growth on beads [81], thus indicating a strong
selective pressure during biofilm growth and during chronic infection.

Expression of a B. cenocepacia H111 rpfR with a mutated EAL motif (AAL)
resulted in elevated cyclic di-GMP levels but decreased levels of BDSF and AHLs
levels, suggesting an interplay between cyclic di-GMP and quorum-sensing systems
in Burkholderia cenocepacia [103]. This strain that produces elevated cyclic di-
GMP levels was attenuated in both C. elegans and G. mellonella infection assays
[103]. RNA-seq analysis of B. cenocepacia H111 strains with altered levels of cyclic
di-GMP (either low or high) in comparison to wild type revealed a suite of 111 genes
that were differentially expressed with an overwhelming majority of the genes being
downregulated, which implies a role for cyclic di-GMP as negative regulator
[103]. A B. cenocepacia H111 strain with reduced levels of cyclic di-GMP exhibited
upregulation of bapA (T3SS-2 effector), cepI (AHL synthase), bclA (lectin),
pyochelin biosynthesis, and bce-I polysaccharide biosynthetic cluster (bceA, bceC,
bceE, bceF, and gtaB contribute to cepacian biosynthesis) in comparison to a strain
with high levels of cyclic di-GMP [103]. These data suggest that cyclic di-GMP is a
negative regulator of quorum sensing and cepacian biosynthesis in
B. cenocepacia H111.

More recently, a FIS family transcriptional regulator termed gtrR (BCAL1536)
was also identified as a signaling modulator of BDSF signaling cascade [104]. The
gtrR mutant exhibited decreased motility and biofilm formation as compared to the
wild type [104]. Expression of gtrR in the rpfR background restored the reduced
motility and biofilm rpfR phenotypes back to wild type [104]. Furthermore, GtrR
and RpfR have been shown to physically interact using microscale thermophoresis
and bacterial two-hybrid screening [104]. While GtrR did not bind cyclic di-GMP,
the EAL domain of RpfR did bind cyclic di-GMP [104]. Binding of the GtrR–RpfR
complex to the promoters of bclACB (lectin) or cepI (AHL synthase) was disrupted
by cyclic di-GMP only at very high concentrations (150 and 500 μM) in gel shift
studies [104]. Under low BDSF concentrations, cyclic di-GMP binds to the EAL
domain of RpfR preventing the GtrR–RpfR complex from binding to DNA [104]. At
high BDSF concentrations, BDSF binds to the PAS domain of RpfR and increases
phosphodiesterase activity of RpfR thus allowing the GtrR–RpfR complex to bind to
its target promoter DNA [104]. This study identified a single control element for a
signaling system that simultaneously incorporates information from the environment
and the population of the pathogen into regulation of virulence.

Burkholderia spp., due to their large genome size, produce numerous polysac-
charides including LPS, capsular polysaccharides, biofilm-associated polysaccha-
rides, cepacian, and other EPS components that have yet to be characterized
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[87, 105]. Cepacian is an exopolysaccharide encoded by two distinct biosynthetic
clusters, bce-I and bce-II, and is hypothesized to be a virulence determinant
[92]. Microarrays were used to assess the differences in gene expression from
planktonically grown wild-type B. cepacia IST408 and the corresponding bceF
(tyrosine autokinase, part of the bce-I cluster) mutant [106]. Differential regulation
was noted with the downregulation of a single phosphodiesterase, cdpA (PDE,
Bp1026b_I2284), and the upregulation of two diguanylate cyclases BCAL0430
(DGC, Bp1026b_II0153), and BCAM1670 (DGC unique to Bcc) in the bceF
mutant vs. wild type indicating that cyclic di-GMP signaling genes are involved in
cepacian regulation/biosynthesis either directly or indirectly [106]. Paradoxically,
the bceF mutant had elevated levels of cyclic di-GMP but decreased biofilm
formation as compared to wild-type B. cepacia IST408 [106]. This mutant also
exhibited decreased motility and attenuated virulence in a G. mellonella infection
model [106]. These data suggest the potential interplay between cyclic di-GMP and
cepacian, a key exopolysaccharide produced by the Bcc.

A mechanism in which cyclic di-GMP signaling alters B. cenocepacia behaviors
was first shown by Fazli and colleagues [107]. A transposon mutagenesis screen of
B. cenocepacia H111 heterologously expressing a diguanylate cyclase DgcQ (pre-
viously referred to as YedQ) from E. coli, identified transposon insertions in rpoN
and berA (BCAM1349, Bp1026b_I2910), which is a CRP/FNR transcriptional
regulator with helix-turn-helix motif and a cyclic nucleotide-monophosphate bind-
ing domains [95, 107, 108]. Both berA and rpoN mutants were defective in biofilm
formation and the berA mutant showed attenuated virulence in G. mellonella larvae
[107, 108]. Cyclic di-GMP binding studies with BerA (BCAM1349) demonstrated
that both full-length protein and a C-terminal truncated version lacking the helix-
turn-helix cyclic nucleotide-monophosphate (NMP) regulatory domain bound cyclic
di-GMP equally, whereas an N-terminal truncated version lacking the cyclic NMP
binding domain was impaired [107]. A comparative proteomics approach of the
BCAM1349 (berA) mutant versus wild type revealed a decrease in BCAL1391
(BcsC), part of the cellulose biosynthetic cluster [107]. Furthermore, BCAM1349
(berA) was shown to regulate the expression of a B. cenocepacia biofilm
exopolysaccharide (bep, Burkholderia exopolysaccharide locus A to L) that shares
some homology to a B. pseudomallei biofilm exopolysaccharide (bec, biofilm
exopolysaccharide gene cluster) [88, 94, 95]. Gel shift studies showed that
BCAM1349 (berA) bound to the intergenic region of bcsB, BCAM1330 (bepA),
and BCAM1331 (bepB) and these interactions were enhanced with the addition of
cyclic di-GMP [95, 107, 108]. These data indicate that BCAM1349 (BerA) is
responsible for regulating more than one polysaccharide [107]. However, cellulose
has been shown to not be important for biofilm formation in B. cenocepacia H111
[95]. BerB (BCAM1342), a sigma54 interacting transcriptional regulator adjacent to
the bep exopolysaccharide gene cluster, binds to the berA promoter and binding is
enhanced with the addition of RpoN but not cyclic di-GMP [108]. Both BerA and
BerB proteins bound cyclic di-GMP with identical binding affinities [108]. Similar
to the berA and rpoN mutants, the berB mutant formed weak biofilms that were
sensitive to SDS [107, 108].
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A recent analysis of 25 putative cyclic di-GMP metabolizing proteins encoded in
the genome of B. cenocepacia H111 was evaluated for their ability to affect motility,
biofilm formation, and virulence [97]. In this comprehensive study, Richter et al.
discovered that RpfR is a key regulator of cyclic di-GMP signaling under dynamic
environmental conditions [97]. Additionally, BCAL2449 which has the potential to
catalyze and degrade cyclic di-GMP was identified as a regulator virulence during
infection in G. mellonella larvae indicating that decreased levels of cyclic di-GMP is
required for virulence [97]. Richter and colleagues also characterized the role of
additional proteins in regulating motility as mediated by CdpA (PDE, BCAL1069,
Bp1026b_I2284) and biofilm formation by BCAM1160 (GAF, PAS, GGDEF, and
EAL domains), in addition to the dual role of BCAM2836 in regulating biofilm
formation and motility. Their study validated the crucial regulatory role of RpfR
modulation of multiple cyclic di-GMP phenotypes under varying environmental
conditions; however, many of the deletion mutants were not significantly different
than wild type suggesting the need for generating double and triple mutants to
unmask the behaviors that some of these “silent” cyclic di-GMP genes might be
involved in.

Burkholderia lata is another member of the Burkholderia cepacia complex
originally isolated from soil in Trinidad [109, 110]. B. lata is predicted to encode
for 27 proteins with either EAL, GGDEF, or both domains based on analysis of the
B. lata 383 genome [111]. A transposon library of B. lata SK875 was screened for
mutants with attenuated virulence in a C. elegans infection assay [111]. One mutant
with attenuated virulence in C. elegans had a transposon insertion in rpfR [111]. The
B. lata SK875 rpfR mutant exhibited a decrease in swimming motility but not
swarming motility, which agrees with rpfR mutants characterized from
B. cenocepacia [96, 111]. Decreased motility of the rpfR mutant corresponded
with an increase in biofilm formation with a peak at 8 h which might be attributed
to a rough surface colony morphology [111]. Characterization of cyclic di-GMP
signaling in the Bcc has been limited to just a few strains. Nonetheless, it is important
to understand what role cyclic di-GMP plays in allowing Bcc members to effort-
lessly transition from being saprophytes to human pathogens.

30.6 Additional Burkholderia spp.

Members of the Burkholderia spp. that are generally regarded as opportunistic
human pathogens have received a majority of the effort regarding research on
signaling; however, there are examples of other Burkholderia spp. that are capable
of forming symbiotic, beneficial, or antagonistic relationships with fungi, plants, and
insects that have considerable relevance in the context of cyclic di-GMP signaling.
One such example is the Burkholderia strain RPE64, which has been shown to
colonize and form symbiotic relationships within the midgut of Riptortus pedestris
(commonly known as the bean bug) [112]. This symbiotic strain has been reported to
colonize the M4 midgut of R. pedestris and co-localizes with a polysaccharide
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matrix that resembles a biofilm [112]. Deletion of purT, one of the genes responsible
for purine biosynthesis, resulted in decreased exopolysaccharide production with a
concomitant decrease in biofilm formation [112]. Both PurT and PurN are involved
in the third step of purine biosynthesis; however, PurT uses formate and ATP, while
PurN utilizes 10-formyltetrahydrofolate [113]. Furthermore, the ΔpurT mutant did
not efficiently colonize the midgut of fifth instar and adult R. pedestris [112]. The
inability of the ΔpurTmutant to efficiently colonize did not alter body length but did
decrease dry body weight [112]. Cyclic di-GMP levels measured in the ΔpurT
mutant were lower than ΔpurN and wild-type strains [112]. These data indicate
that purine metabolism as contributed by purT, but not purN, plays an integral role in
this symbiotic relationship between the insect and Burkholderia strain RPE64. The
finding that cyclic di-GMP levels are specifically modulated by purT, without
altering growth, should be further evaluated in other Burkholderia spp. to evaluate
this key metabolic target.

Very little is also known about how cyclic di-GMP signaling modulates patho-
genic or beneficial Burkholderia spp. in relationship to plants. Burkholderia glumae,
one of the etiological agents of bacterial panicle blight of rice, produces toxoflavin
and a lipase, which are major virulence factors [114]. B. glumae BGR1 is predicted
to encode for 12 GGDEF, 5 GGDEF + EAL, 7 EAL, 2 HD-GYP, and 2 PilZ domain
containing proteins (https://www.ncbi.nlm.nih.gov/Complete_Genomes/c-di-GMP.
html and Table 30.1). A diguanylate cyclase (dgcB, bglu_1g02180) was identified in
a transposon screen to identify genes involved in B. glumae 336gr-1 toxoflavin
production that was independent of tofI, a homolog of the luxI AHL synthase
[115]. In the absence of tofI, the dgcB mutant was deficient in toxoflavin production
[115]. However, toxoflavin production of the dgcB mutant with a wild-type copy of
tofI was similar to that of the wild type [115]. Virulence of the dgcB mutant was
significantly attenuated in an onion maceration assay [115]. A more recent B. glumae
transposon mutant screen highlights the potential linkage between cyclic di-GMP
levels and virulence. A miniTn5gus insertional screen identified 85 B. glumae
336gr-1 mutants that were altered in toxoflavin production, lipase activity, or
exopolysaccharide production [116]. One of these mutants, LSUPB79 had increased
exopolysaccharide production and conversely decreased toxoflavin production
[116]. The transposon insertion mapped to bglu1g10180 and bglu1g10190, which
corresponds to the cdpA (PDE, Bp1026b_I2284) and to Bp1026b_I2285 (HD-GYP-
like, Bp1026b_I2285) that were also identified in B. pseudomallei and
B. cenocepacia [116]. These two transposon screens in B. glumae suggest that cyclic
di-GMP signaling may participate in the regulation of virulence in this important rice
pathogen. B. gladioli, which is similar to B. glumae that can also cause rice panicle
blight. B. gladioli is an opportunistic bacterium that can be an important human
pathogen, a fungivore, and a potential biocontrol agent [11, 29, 37, 117–
120]. B. gladioli strain 3A12 has been shown to possess antifungal activity against
Sclerotinia homeocarpa, the causative against of dollar spot of turfgrass [121]. An
insertional mutation in yajQ, a cyclic di-GMP receptor, exhibited loss of antifungal
activity against S. homeocarpa, decreased biofilm formation, and decreased motility
due to loss of flagella [122].
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30.7 Outstanding Questions in Burkholderia and Cyclic di-
GMP Signaling

Burkholderia spp. are excellent candidates for elucidating how bacteria sense the
environment and respond by altering the levels of the secondary messenger cyclic di-
GMP to regulate cellular behaviors. The diverse niches that Burkholderia spp.
survive in and transition between combined with the molecular tools that are
available to study these organisms will provide insights into novel signaling com-
ponents that are comparable to other model organisms and potentially reveal novel
mechanisms of cyclic di-GMP signaling. The elucidation of Burkholderia diffusible
signal factor and the downstream effects on secondary messaging through cyclic di-
GMP is an important discovery that paves the way for future discoveries concerning
the integration of quorum sensing and secondary signaling. Although research into
cyclic di-GMP signaling in the Burkholderia spp. is still in its infancy, mutational
analyses of predicted phosphodiesterases and diguanylate cyclases are revealing
novel phenotypes associated with these genes. As the discovery phase of cyclic di-
GMP signaling in Burkholderia spp. continues, the field will ultimately focus its
attention to understanding these unique and sometimes paradoxical molecular
mechanisms that have been revealed in recent studies of Burkholderia cyclic di-
GMP signaling. These fundamental studies will be instrumental for advancing the
cyclic di-GMP field.
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Chapter 31
Cyclic di-GMP and the Regulation
of Biofilm Dispersion

Karin Sauer

Abstract In nature, bacteria are primarily found as residents of surface-associated
communities called biofilms. The formation of biofilms is a cyclical process that is
initiated by single planktonic cells attaching to a surface, and comes full cycle when
cells disperse from the mature biofilm to resume a planktonic lifestyle. Dispersion
occurs in response to various signals and environmental cues, and results in surface-
attached organisms liberating themselves from matrix-encased biofilms, apparent by
single cells actively escaping from the biofilm, leaving behind eroded biofilms and
microcolonies having central voids. Given the cyclic process of biofilm formation,
it is not surprising that dispersion, like biofilm formation, is coincident with
significant changes in the levels of the second messenger cyclic di-GMP. However,
dispersion is not simply a reversion from the biofilm lifestyle to the planktonic mode
of growth, as dispersed cells have been described as having a phenotype that is
distinct from planktonic and biofilm cells. Using primarily the pathogen
P. aeruginosa as example, this chapter provides an up-to-date compendium of cyclic
di-GMP pathways connected to biofilm dispersion, including how sensing a diverse
array of dispersion cues leads to the destruction of cyclic di-GMP, the escape from
the biofilm matrix, and the appropriate phenotypic responses associated with dis-
persed cells.
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31.1 Dispersion as a Flight Response

Biofilms are defined as a structured community of bacterial cells enclosed in a self-
produced polymeric matrix and adherent to inert or living surfaces [1]. The ability to
form a biofilm is a common trait of a diverse array of microbes, including lower
order eukaryotes, with biofilms being the predominant mode of bacterial growth in
nature [2]. The sessile lifestyle affords bacteria multiple protective advantages,
allowing bacteria to remain within a favorable environmental niche or host. Com-
pared to free-swimming bacteria, biofilms are better adapted to withstand nutrient
deprivation, pH changes, oxygen radicals, biocides, and antimicrobial agents
[3]. However, being in a biofilm is not only advantageous. As a biofilm grows in
size, some cells will become increasingly separated from the bulk liquid interface
and essential sources of energy or nutrients. Accumulation of waste products and
toxins in the interior of biofilms pose additional challenges. Being trapped deep
within a biofilm can, therefore, threaten cell survival. Thus, biofilm cells have
evolved mechanisms which enable escaping the sessile mode of growth as a
means of self-preservation, by liberating themselves from matrix-encased biofilms,
and reverting back to the planktonic mode of growth. The transition to the planktonic
mode of growth is referred to as dispersion [4–7]. Moreover, dispersion is consid-
ered a mechanism by which enables dissemination to new locales for colonization
[4, 5, 8]. First described by Davies in 1999 [9], dispersion is apparent by single cells
actively escaping from the biofilm, leaving behind eroded biofilms and
microcolonies having central voids (Fig. 31.1) [4–7, 10–15]. Dispersion rarely
involves the entire biofilm, with no more than 80% of the biofilm biomass being
removed upon induction of dispersion [10, 13, 16–18]. Instead, selected
microcolonies or areas within a biofilm will undergo a dispersion event at any
particular time, in a manner often dependent on microcolony diameter [8].

microcolonies 

having central 

voids

eroded 

biofilmsDispersion

Fig. 31.1 Appearance of the remaining biofilm architecture post induction of dispersion. Repre-
sentative drawings and confocal images of P. aeruginosa biofilms prior to and post dispersion are
shown
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31.2 Dispersion Induces a Switch in the Mode of Growth

Considering that dispersed cells escape from the biofilm as single cells suggests that
dispersion is a way for bacteria to transition from the surface-associated to the
planktonic mode of growth. Transition to and from the surface have been linked to
the modulation of the intracellular signaling molecule bis-(30-50)-cyclic dimeric
guanosine monophosphate (cyclic di-GMP). More specifically, biofilm formation
or the sessile lifestyle have been associated with high levels of cyclic di-GMP, with
elevated cyclic di-GMP levels, in turn, resulting in increased production of biofilm
matrix components, adhesiveness/autoaggregation, and antimicrobial tolerance, but
repressed motility [19–26]. In contrast, low cyclic di-GMP levels have been associ-
ated with a motile or planktonic existence. Levels of cyclic di-GMP are enzymati-
cally modulated by diguanylate cyclases (DGCs), proteins containing a GGDEF
domain, and phosphodiesterases (PDEs) harboring either an EAL or HD-GYP
domain. In agreement with dispersion coinciding with single cells actively escaping
from the biofilm and transitioning toward a motile mode of growth, dispersed cells
are motile, characterized by increased expression of fliC (encoding flagellin type B),
and cyclic di-GMP levels comparable to or lower than those found in planktonic
cells [12, 13, 27, 28].

31.3 Translation of Dispersion Cue Perception into
the Modulation of the Intracellular
Cyclic di-GMP Pool

How is dispersion induced and how does dispersion result in a reduction in cyclic di-
GMP levels? Dispersion occurs in response to a number of cues and signals
including fatty acid signaling molecule belonging to the family of diffusible signal-
ing factors (DSF), pH, ammonium chloride, heavy metals, and nitric oxide (NO),
host factors such as bile salts, and availability of oxygen, iron, amino acids, and
carbon sources (Table 31.1). The mechanism of dispersion cue perception has been
determined in more detail for a select number of dispersion agents including fatty
acid signals, carbon sources, and NO. In each case, dispersion cue sensing was found
to require at minimum a membrane-bound sensory protein, and a protein involved in
the modulation of cyclic di-GMP levels such as a phosphodiesterase or in the case of
NO sensing, a bifunctional enzyme harboring GGDEF-EAL domains (Fig. 31.2).
The components form a signal transduction cascade that upon dispersion cue
perception likely initiate a phosphorelay to the cyclic di-GMP modulating enzyme,
resulting in the activation of the phosphodiesterase activity, and thus, the reduction
of cellular levels of cyclic di-GMP (Fig. 31.2). Our current understanding of selected
dispersion signaling pathways resulting in the alteration in the cellular level of cyclic
di-GMP is discussed in detail below.
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Table 31.1 Cues and signals linked to biofilm dispersion

Species Effector regulatory system Source

Oxygen depletion, cessation of flow

Pseudomonas aeruginosa PDE RbdA [29]

Shewanella oneidensis Transcriptional regulators ArcA and CRP [23, 30]

Hydrogen peroxide

Aggregatibacter
actinomycetemcomitans

Upregulation of dspB expression encoding Dispersin B [31]

Carbon starvation

P. putida Release of LapA (biofilm matrix degradation) [32]

P. fluorescens [33, 34]

P. aeruginosa [35, 36]

Nutrient availability (glucose, glutamate, succinate, citrate)

P. aeruginosa • Phosphorylation-dependent signaling (response
inhibited with phosphatase inhibitor)
• Increased cellular PDE activity
• Chemotaxis transducer BdlA
• PDE DipA
• DGC GcbA
• Sensory protein NicD, DGC activity

[11–16,
37–39]

Acinetobacter sp [40]

Streptococcus
pneumoniae

[41]

Ammonium chloride

P. aeruginosa • Phosphorylation-dependent signaling (response
inhibited with phosphatase inhibitor)
• Chemotaxis transducer BdlA
• PDE DipA

[12, 13,
16]

Heavy metals (mercury chloride, sodium arsenate, silver nitrate)

P. aeruginosa • Chemotaxis transducer BdlA
• PDE DipA
• DGC GcbA

[12, 13,
15]

Nitric oxide

E. coli
Vibrio cholerae
B. licheniformis
Serratia marcescens
Legionella pneumophila

• Sensing via proteins with heme nitric oxide/oxygen
(H-NOX) domains
• GGDEF-EAL domain

[17, 42,
43]

Shewanella woodyi Sensing via proteins with heme nitric oxide/oxygen
(H-NOX) domains

[44]

Nitrosomonas europaea,
N. gonorrhoeae

[45]

P. aeruginosa • Sensory protein NbdA, PDE activity
• MucR, dual activity (PDE, DGC)
• Increased cellular PDE activity
• Decreased cellular cyclic di-GMP levels
• Chemotaxis transducer BdlA

[18, 38,
39]

(continued)
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31.3.1 Fatty Acids as Dispersion Signals

Akin to cell–cell signaling molecules, fatty acid signals are involved in intra-species,
inter-species, and cross-kingdom communication where they regulate community-
associated behavior including biofilm dispersion. The fatty acid acting as a disper-
sion autoinducer of P. aeruginosa biofilms has been identified as cis-2-decenoic acid
(cis-DA) [10]. Additional dispersion autoinducer molecules include cis-11-methyl-
2-dodecenoic acid (DSF) that has been shown to disaggregate flocs by Xanthomonas
campesitris in liquid [46], and the Burkholderia cenocepatia cis-2-dodecenoic acid
(BDSF) [47]. The dispersion response to cis-unsaturated fatty acids is fairly con-
served, as cis-DA has been shown to induce dispersion of biofilms by Escherichia
coli, Klebsiella pneumoniae, Proteus mirabilis, Streptococcus pyogenes, Bacillus
subtilis, Staphylococcus aureus, and yeast Candida albicans biofilms [10], while the
B. cenocepatia BDSF has been shown to trigger dispersion of Francisella novicida
biofilms [47]. Amari et al. [51] demonstrated that production of cis-DA requires an
enoyl-CoA synthetase encoded by dspI (PA14_54640, a PA0745 ortholog), with
dspI inactivation resulting in significantly reduced dispersion and defective
swarming motility. Microarray analysis furthermore suggested cis-DA to affect the
expression of 666 genes encoding proteins involved in motility, chemotaxis, cell
attachment, TCA cycle, exopolysaccharides and LPS synthesis and secretion, viru-
lence, iron uptake, and respiration [52]. Rahmani-Badi et al. [52] furthermore
predicted PA4982–PA4983 encoding a two-component system, to be involved in
cis-DA signal perception. No experimental evidence, however, for cis-DA being
sensed via PA4982–PA4983 exist. While mechanism by which cis-DA is perceived

Table 31.1 (continued)

Species Effector regulatory system Source

Fatty acid signaling

Xanthomonas campesitris • cis-11-Methyl-2-dodecenoic acid (DSF)
• Fatty acid synthase RpfF
• Sensory protein RpfC
• Phosphodiesterase RpfG

[46]

Burkholderia cenocepatia
Francisella novicida

cis-2-Dodecenoic acid (BDSF) [47]

P. aeruginosa
Escherichia coli
Klebsiella pneumonia
Bacillus subtilis
Proteus mirabilis
Staphylococcus aureus
Streptococcus pyogenes
Candida albicans

• cis-2 Decenoic acid (cis-DA)
• Fatty acid synthase DspI

[10]

Iron

P. aeruginosa [48, 49]

Bile salt taurocholate

Vibrio cholerae [50]
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by P. aeruginosa and relayed to result in dispersion has yet to be elucidated, much is
known about DSF signal sensing by X. campesitris (Fig. 31.2a) which requires the
rpf gene cluster. While RpfF directs the synthesis of DSF, a two-component sensory
transduction system comprising the hybrid sensor kinase RpfC and the response
regulator RpfG has been implicated in the perception of the DSF signal and signal
transduction [46]. DSF perception by RpfC is believed to lead to its
autophosphorylation and subsequent phosphorelay to RpfG. RpfG is unique in that
it contains no DNA-binding domain, but an HD-GYP domain that exhibits phos-
phodiesterase activity capable of degrading cyclic di-GMP to GMP [46, 53–
55]. Phosphorylation is thought to activate RpfG for cyclic di-GMP degradation.
In this way, RpfC/RpfG link perception of the cell–cell signal DSF to alteration in
the cellular level of cyclic di-GMP.

31.3.2 Nutrient-Induced Dispersion

Both starvation and the sudden excess of nutrients have been shown to induce
dispersion by Pseudomonas sp (Table 31.1). Nutrient cues include glucose, gluta-
mate, succinate, citrate and induce dispersion when biofilms are exposed to a sudden
increase in the carbon source concentration. Basu Roy and Sauer [11] demonstrated
that while L-glutamate supported growth of P. aeruginosa, D-glutamate did not.
However, both D- and L-glutamate were capable of inducing dispersion, indicating
that nutrient cues are not metabolized in order to induce dispersion. Instead, in
P. aeruginosa, nutrient cues including glutamate, citrate, and glucose are sensed by
the diguanylate cyclase NicD belonging to a family of seven transmembrane (7TM)
receptors (Fig. 31.2b). NicD directly interacts with BdlA and the phosphodiesterase
DipA, with NicD contributing to the membrane association of the protein complex
[11, 37]. Nutrient cue perception by NicD is believed to lead to dephosphorylation,
with posttranslational modification coinciding with increased cyclase activity. Thus
activated NicD contributes to the non-processive proteolysis and activation of the
chemotaxis transducer protein BdlA, via phosphorylation and temporarily elevated
cyclic di-GMP levels [11, 14]. BdlA activation requires an unusual, non-processive
proteolytic cleavage found to be stimulated by increased cyclic di-GMP levels, and
dependent on the protease ClpP, the chaperone ClpD, and BdlA phosphorylation
[14, 37]. BdlA, in turn, activates the phosphodiesterase DipA, and recruits a second
phosphodiesterase, RbdA, to ultimately reduce cellular cyclic di-GMP levels
(Fig. 31.2b). An additional player is the diguanylate cyclase GcbA. GcbA contrib-
utes to BdlA cleavage during biofilm growth and has been shown to play an essential
role in allowing biofilm cells to disperse in response to a variety of substances
including carbohydrates, heavy metals, and NO [14, 15]. Likewise, BdlA and DipA
appear to be required for P. aeruginosa biofilm dispersion in response to NO and
heavy metals [12, 13], indicating GcbA, BdlA, and DipA to play a central role in the
translation of a large variety of dispersion cues into the modulation of the intracel-
lular cyclic di-GMP pool.
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31.3.3 NO-Induced Dispersion

The diatomic gas nitric oxide (NO), a well-known signaling molecule in both
prokaryotes and eukaryotes, is able to induce the dispersal of P. aeruginosa and
other Gram-negative bacterial biofilms (Table 31.1). NO was first suggested by
Webb et al. [56] to stimulate the release of planktonic cells from an established
P. aeruginosa biofilm. The finding of NO serving as dispersion inducer was con-
firmed by Barraud et al. [18, 57] using several NO donors. Moreover, the studies
linked NO to low cyclic di-GMP levels and changes in phosphodiesterase activity in
a dose-dependent manner. In most species, NO is sensed by H-NOX (heme-nitric
oxide/oxygen-binding) domain proteins, by NO binding to the heme moiety of H-
NOX. H-NOX can directly interact with DGC to regulate cyclic di-GMP synthesis
and degradation. In Legionella pneumophila or Shewanella woodyi, the H-NOX
protein interacts upon NO binding with the bifunctional GGDEF-EAL (HaCE)
protein, and lowers cyclic di-GMP levels by inhibiting the DGC activity but
stimulation the PDE activity of the HaCE [58] (Fig. 31.2c). In Vibrio cholerae or
S. oneidensis, interaction of the NO-bound H-NOX domain with a coupled histidine
kinase (H-NOK) controls the phosphorylation activity of the kinase (Fig. 31.2c).
Specific phosphorylation events lead to a decrease in cyclic di-GMP levels, either by
stimulating the hydrolysis of cyclic di-GMP by a cognate PDE (via the fused REC
domain) or by controlling the transcriptional response through a dedicated transcrip-
tion regulator (HTH) [58]. In P. aeruginosa, NO sensing likewise involves the
activation of cyclic di-GMP-specific phosphodiesterases in P. aeruginosa, ulti-
mately leading to cyclic di-GMP decrease and biofilm dispersal (Fig. 31.2d). How-
ever, P. aeruginosa does not encode H-NOX proteins. Instead, NO sensing in
P. aeruginosa was found to be linked to NbdA, an MHYT domain harboring
phosphodiesterase [38, 58]. MHYT is a transmembrane domain of seven predicted
membrane spanning helices and proposed to possess putative sensory function for
diatomic gases like oxygen, carbon monoxide, or NO through protein-bound copper
ions [59]. Considering that inactivation of bdlA, dipA, and gcbA impairs dispersion
by P. aeruginosa biofilms in response to NO, the signaling cascade likely requires,
in addition to NbdA, also BdlA, DipA, (Fig. 31.2d), and GcbA.

31.4 The Dispersion Phenotype

The cellular cyclic di-GMP levels noted upon dispersion cue sensing and induction
of dispersion have been reported to be comparable to or lower than those found in
planktonic cells [12, 13, 27, 28]. The low cyclic di-GMP levels explain much of the
similarities found between dispersed and planktonic cells. Relative to biofilms, both
are motile, and are susceptible to antimicrobial agents [16, 60–62]. However, dis-
persed cells are not identical to planktonic cells [4, 60, 61]. Instead, dispersed cells
were found to be highly virulent when tested using various acute and chronic
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virulence models, to produce more matrix degrading enzymes, to be more primed to
re-attach following egress from the biofilm, and to exhibit protein production and
gene expression profiles that are distinct from planktonic cells and biofilms from
which they escaped [4, 39, 60, 61, 63]. The distinct phenotype of dispersed cells,
however, was found to be reversible and short-lived. Using qRT-PCR and antimi-
crobial susceptibility assays, Chambers et al. [60] demonstrated that in
P. aeruginosa, differences between planktonic and dispersed cells remained for
2 h post-dispersion, with additional time being required for dispersed cells to display
expression of genes indicative of exponential growth.

31.5 Cyclic di-GMP Levels and Downstream Pathways

The finding of dispersed cells being characterized by reduced cyclic di-GMP levels
has led to the hypothesis that dispersed cells can be generated by reducing the
intracellular cyclic di-GMP content through modulation of PDEs [28]. However, the
cyclic di-GMP activated pathways have not been fully elucidated. Considering that
dispersion coincides with biofilm erosion and single cells escaping the biofilm struc-
ture (Fig. 31.1), dispersion likely relies on factors that weaken the biofilm matrix. The
biofilm matrix is composed of polysaccharides, eDNA, and adhesins [64], with
Pseudomonas sp. using cyclic di-GMP regulated adhesins to reinforce the biofilm
matrix. These adhesins have been identified in P. putida and P. fluorescens as the large
outer-membrane protein LapA [27, 65–67], and CdrA in P. aeruginosa [67, 68]. Ele-
vated cyclic di-GMP levels contribute to the localization of LapA to the cell surface,
while low cyclic di-GMP levels result in LapA being released from the outer mem-
brane via cleavage by the periplasmic cysteine protease LapG [66]. Gjermansen et al.
[27] demonstrated that in P. putida, carbon starvation decrease the level of LapA, with
LapA release resulting in biofilm dispersal, a response that was absent in ΔlapG
mutant biofilms. Additionally, a plethora of matrix degrading factors such as pro-
teases, deoxyribonucleases, and glycoside hydrolases have been linked to biofilm
dispersal [39, 61, 69–72]. However, most studies have relied on inducing dispersion
by the exogenous addition of these factors. For instance, PslG, a glycosyl hydrolase
involved in the synthesis/degradation of a key biofilm matrix exopolysaccharide Psl in
P. aeruginosa, disassembles existing biofilms within minutes at nanomolar concen-
trations when supplied exogenously [71]. However, as PslG is not predicted to be
released from the cell, it is unlikely that PslG indeed contributes to matrix degradation
during dispersion or activated in a low cyclic di-GMP environment. As for now,
specific matrix degrading factors remain elusive.

Dispersion furthermore coincides with bacteria escaping from the biofilm being
susceptible to antimicrobial agents. Recent findings suggested a link between cyclic
di-GMP and drug susceptibility [60, 73, 74]. For instance, Gupta et al. [73] demon-
strated that P. aeruginosa planktonic cells were rendered more resistant to antimi-
crobial agents upon increasing intracellular cyclic di-GMP, from 10–30 pmol/mg, to
cyclic di-GMP levels more commonly found in biofilm cells (�80 pmol/mg).
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Additionally, drug tolerance by P. aeruginosa biofilms and dispersed cells has been
linked to the cyclic di-GMP-responsive transcriptional regulator BrlR [60, 75]. BrlR
contributes to biofilm drug tolerance by activating the expression of multidrug efflux
pumps and ABC transporters [76–78]. Low cyclic di-GMP levels, however, nega-
tively impact BrlR levels and BrlR-DNA binding [26].

31.6 Concluding Remarks

Being a near-ubiquitous second messenger that coordinates diverse aspects of
bacterial growth and behavior, it is not surprising that cyclic di-GMP has become
known as the “second messenger extraordinaire” [79]. However, despite the large
number of bacterial behavior and functional outputs that have been characterized
since its discovery in the late 1980s, there is still much to learn, especially when it
comes to the role of cyclic di-GMP in biofilm dispersion. While future experiments
will be required to elucidate cyclic di-GMP dependent pathways leading to disper-
sion, indirect evidence suggests a role of AmrZ and FleQ. Originally described to
inversely regulate alginate production and swimming motility in P. aeruginosa,
AmrZ is now recognized as a global regulator of multiple virulence factors, includ-
ing cyclic di-GMP, extracellular polysaccharide production including Pel and Psl
polysaccharides, and flagella [80]. Support for AmrZ playing a role in dispersion
stems from AmrZ affecting gcbA expression and inversely regulating
exopolysaccharide production and motility [80]. Additionally, Chua et al. [61]
demonstrated amrZ to be differentially expressed in dispersed relative to planktonic
cells using RNA-seq. Similarly, FleQ may contribute to the cyclic di-GMP depen-
dent pathways to induce dispersion. This cyclic di-GMP responsive transcriptional
inversely contributes to the expression of pel genes required for Pel polysaccharide
biosynthesis and of flagellar genes in response to cyclic di-GMP [81–83]. At high
cyclic di-GMP levels, FleQ induces the expression of the pel operon while at low
cyclic di-GMP levels, FleQ regulates the expression of flagellar genes but represses
transcription of the pel operon required for Pel polysaccharide biosynthesis. It is of
interest to note that FleQ is under the transcriptional control of AmrZ [80].
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Chapter 32
Cyclic di-GMP Activates Adenylate Cyclase
A and Protein Kinase A to Induce Stalk
Formation in Dictyostelium

Zhi-hui Chen, Christina Schilde, and Pauline Schaap

Abstract Cyclic di-GMP, an important prokaryote second messenger is used by the
eukaryote Dictyostelium discoideum as a secreted signal to trigger stalk formation in
fruiting bodies. Cyclic di-GMP is synthesized by a prokaryote-type diguanylate
cyclase DgcA, but its mode of action was unknown. Transcriptional profiling
yielded several target genes for cyclic di-GMP, which were tested for cyclic di-
GMP induced expression in mutants with similar phenotypes as dgca-. A mutant
with reduced PKA activity showed defective cyclic di-GMP induced stalk gene
expression. Cyclic di-GMP increased cAMP levels in wild-type cells, but not in a
mutant that lacked adenylate cyclase A (ACA) activity in slugs. This mutant also did
not show cyclic di-GMP induced stalk gene expression. The stalk-less dgca- mutant
regained its stalk by expression of a light-activated adenylate cyclase from the ACA
promoter and exposure to light, indicating that cAMP is the intermediate for cyclic
di-GMP in normal development. ACA is expressed at the tip of emerging fruiting
bodies, where it produces the cAMP pulses that organize morphogenetic movement.
The tip is also the site where stalk differentiation initiates. Our finding that cyclic di-
GMP acts on tip-expressed ACA explains why the Dictyostelium stalk is always
formed at the morphogenetic organizer.

Keywords Dictyostelium discoideum · Cyclic di-GMP · Fruiting bodies · Stalk
formation · Protein kinase A · Adenylate cyclase A · Organizer

32.1 Introduction

From an early role in activating cellulose synthesis, cyclic di-GMP is now recog-
nized as the most ubiquitous second messenger in prokaryotes [1, 2]. The biological
roles of cyclic di-GMP expanded to regulation of biofilm formation, cell motility,
bacterial virulence, cell polarity, gene expression, the cell cycle and more, and the
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range of proteins involved in synthesis, degradation, and detection of cyclic di-GMP
increased accordingly. Synthesis occurs by the diguanylate cyclase catalytic domain
with conserved GGDEF motif. This domain is often combined with a range of other
protein functional domains. Common combinations are with EAL or HD-GYP
phosphodiesterase domains that hydrolyze cyclic di-GMP, or with the REC
(receiver) endpoint of histidine–aspartate phosphorelay systems. Also small mole-
cule or light-sensing PAS and GAF domains are often found to be associated with
GGDEF domains and to regulate its cyclase activity [1]. Intracellular targets for
cyclic di-GMP are manifold and include the PilZ domain, the allosteric cyclic di-
GMP binding I-sites of defunct GGDEF domains, the substrate binding site of
defunct EAL domains as well as many cyclic di-GMP binding sites intrinsic to
transcription factors and cyclic di-GMP regulated enzymes [2, 3]. Cyclic di-GMP
also binds to riboswitches in the noncoding regions of some mRNAs that control
transcript stability and translation. The related molecule cyclic di-AMP was identi-
fied later, with its own di-adenylcyclase, phosphodiesterase, and cyclic di-AMP
binding proteins, and, like cyclic di-GMP, controls a wide range of cellular functions
[4]. The hybrid cGMP-AMP dinucleotide is synthesized by the DncV dinucleotide
cyclase and has up to now more limited roles in Vibrio cholerae virulence [5] and
riboswitch-mediated gene regulation in Deltaproteobacteria [6].

Cyclic dinucleotide signaling is not (entirely) confined to the prokaryote domain.
The human innate immune system senses invasion of foreign DNA using a DNA-
activated cGAMP synthase (cGAS), that links GMP and AMP by a 20,-30 linkages
instead of the 30-30 linkage used by prokaryote dinucleotidyl cyclases. The resulting
2030-cGAMP binds to the STimulator of INterferon Genes (STING), causing it to
recruit the protein kinase TBK1 and transcription factor IRF3, which upon phos-
phorylation by TBK1, translocates to the nucleus to induce expression of interferon
genes [7]. Thus far unique among eukaryotes, the dictyostelid social amoebas
contain a functional homolog of the bacterial diguanylate cyclases with the canonical
GGDEF cyclase domain [8].

Dictyostelia are members of the Amoebozoa that display conditional
multicellularity. In their unicellular stage they feed on bacteria in forest soils.
Upon food depletion, the amoebas chemotactically collect into aggregates, which,
after a migrating “slug” stage transform into fruiting bodies, consisting of a ball of
spores, supported by a column of vacuolated stalk cells (Fig. 32.1). Deletion of the
single diguanylate cyclase gene of Dictyostelium discoideum rendered cells incapa-
ble of differentiating into stalk cells, thereby preventing fruiting body formation.
This chapter summarizes data on the function of cyclic di-GMP in D. discoideum,
the identification of cyclic di-GMP regulated genes and the elucidation of the cyclic
di-GMP signaling pathway.
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32.2 Secreted Cyclic di-GMP Triggers Formation
of the Fruiting Body Stalk

Comparative sequence analysis across the Dictyostelium phylogeny highlighted
conserved orthologous proteins with high similarity to prokaryote diguanylate
cyclases. Disruption of the diguanylate cyclase-like gene dgcA in the model
D. discoideum generated cells that developed normally into migrating slugs, but
then failed to form fruiting bodies [8]. Fruiting body formation was restored by
mixing dgca- cells with 10% wild-type cells, indicating that the dgca- mutant lacked
a secreted molecule that was produced by wild-type cells. The dgca- slugs also
formed fruiting bodies when submerged in 1 mM cyclic di-GMP, indicating that the
missing signal was cyclic di-GMP. Purified DgcA was confirmed by mass

feeding
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slug migration

fruiting body
 formation

germination

prespore prestalk

basal disc

upper cup

lower cup

stalk

spores

mound

slug formation

pre-disc/cup

cAMP waves

Fig. 32.1 The Dictyostelium discoideum life cycle. D. discoideum amoebas feed as single cells on
soil bacteria and emit pulses of cAMP when starved. cAMP acts as attractant causing cells to collect
in aggregates. The aggregate tip continues to emit cAMP pulses attracting the cells underneath,
thereby causing upward projection of the cell mass. After toppling over, the cell mass migrates to
the soil’s top layer and amoebas differentiate into presumptive spore, stalk, basal disc, and cup cells.
At the onset of fruiting body formation, the slug tip veers upward and prestalk cells move into its
central core to initiate stalk formation. Some cells remain at the stalk base and form a basal disc of
stalk-like cells. Others move up the stalk, where the prespore cells encapsulate to form mature
spores and the amoeboid cup cells anchor the spore mass to the stalk
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spectrometry to be able to synthesize cyclic di-GMP from GTP, validating that
Dictyostelium DgcA is a diguanylate cyclase.

DgcA is first expressed after aggregates have formed and expression is highly
enriched in the anterior prestalk cells of slugs (Fig. 32.3) and later the stalk of
fruiting bodies. The dgca-mutant normally expressed prestalk and prespore genes in
slugs, but did not express stalk or spore genes that are normally upregulated during
fruiting body formation. Stalk genes could be induced by cyclic di-GMP in dgca-
cells in suspension, and cyclic di-GMP also induced the vacuolated stalk phenotype
in V12M2, a strain that readily differentiates into mature stalk cells in vitro, when
incubated with DIF-1, a stalk-inducing factor that was identified earlier [9]. However,
unlike the PKA activator 8Br-cAMP, cyclic di-GMP was not able to induce spore
differentiation in vitro.

Combined, these data indicated that D. discoideum diguanylate cyclase synthe-
sized cyclic di-GMP in the prestalk region. cyclic di-GMP was subsequently
secreted to induce formation of the stalk, which initiates fruiting body formation.
The lack of spore formation in the dgca- mutant is likely a secondary defect, since
spores are only formed after the prespore mass has been carried aloft by the stalk [8].

32.3 Interactions Between Cyclic di-GMP and DIF-1

As mentioned above, cyclic di-GMP is not the only signal capable of inducing stalk
cell differentiation in Dictyostelium. DIF-1 was purified from developing cells in the
1980s and identified as a chlorinated hexanone [9]. While DIF-1 is very effective in
inducing stalk cell differentiation and expression of the (pre)stalk genes ecmA and
ecmB in vitro, its role in normal development is restricted. Knockouts of individual
genes in its biosynthetic pathway, encoding the polyketide synthase stlB, the DIF
chlorinase chlA, and the desmethyltransferase dmtA yield mutants that form elon-
gated fragile slugs and fruiting bodies with thin, but otherwise normal stalks, that
lack the basal disc and lower cup [10–12]. The basal disc is a structure that anchors
the stalk to the substratum and, like the stalk, consists of vacuolated cells with
cellulose walls. The lower cup anchors the spore mass to the stalk and consists of
amoeboid cells (see Fig. 32.1). Both basal disc and lower cup cells differentiate from
a subpopulation of so-called prestalk B cells that are formed by dedifferentiation of
prespore cells at the slug posterior. Due to lack of the lower cup, the spore heads of
stlb-, chla- and dmta- do no fully ascend the stalk.

While these data suggest that DIF-1 and cyclic di-GMP regulate different subsets
of stalk-like cells, in vitro studies indicate that the interactions between cyclic di-
GMP and DIF-1 are more complex [13]. In the ura- strain DH1, both DIF-1 and
cyclic di-GMP induce vacuolated cells in vitro and strongly promote each other’s
effects. Mutants in talin, dhkM, and iplA that do not respond to DIF-1, still respond
to cyclic di-GMP, indicating that DIF-1 and cyclic di-GMP use separate signal
transduction pathways. However, in the talin, dhkM, and iplA null mutants, DIF-1
still promotes the effects of cyclic di-GMP. This suggests that the pathway used by
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DIF-1 in synergy with cyclic di-GMP is distinct from the pathway used by DIF-1
alone. In the DIF-less stlb-mutant, cyclic di-GMP could not induce vacuolization on
its own, suggesting that DIF-1 is essential for cyclic di-GMP induced vacuolization
in vitro [13].

Further studies measuring the effects of increasing cyclic di-GMP concentrations
on stalk gene expression showed that the stlb- mutants required approximately
tenfold higher concentrations of cyclic di-GMP than wild-type cells to achieve the
same level of gene expression. This suggests that DIF-1 contributes to rendering
cells competent to respond to cyclic di-GMP by, e.g., inducing expression of an as
yet unknown cyclic di-GMP receptor [14].

32.4 Identification of Cyclic di-GMP Target Genes
and Elucidation of Its Mode of Action

Transcriptomic profiling of dgca- and wild-type structures at the stage of wild-type
fruiting body formation yielded ~150 genes that were over tenfold downregulated in
the dgca- mutants and could therefore be potential target genes for cyclic di-GMP.
About half of these genes where spore related, and many of the remaining genes
were expressed in cup cells, with relatively few being specifically expressed in the
stalk [14]. The latter set was enriched in extracellular matrix- and cellulose-binding
proteins and contained known stalk genes such as ecmB, but no other DIF-1-
regulated stalk genes, such as ecmA, staA(pDd26), and staB [15, 16]. The cup
genes were, like the stalk-specific genes, upregulated by cyclic di-GMP in vitro,
but required at least 30-fold higher cyclic di-GMP concentrations than stalk genes
for optimal expression.

A screen for cyclic di-GMP target proteins was initiated by analyzing cyclic di-
GMP induced expression of the newly identified stalk genes abcG18 and staC in
mutants defective in fruiting body formation. One such mutant overexpresses a
dominant negative inhibitor of cAMP-dependent protein kinase (PKA) from a
prestalk-specific promoter [17]. These PkaRm cells showed strongly reduced cyclic
di-GMP induction of abcG18 and staC transcription, suggesting PKA mediates the
effects of cyclic di-GMP [14]. This was substantiated by observations that the PKA
activator 8Br-cAMP could replace cyclic di-GMP in abcG18 and staC gene induc-
tion experiments, and that cyclic di-GMP induced a persistent cAMP increase in slug
cells (Fig. 32.2a), but not in pre-aggregative cells.

In D.discoideum, cAMP is synthesized by three adenylate cyclases ACA, ACG,
and ACR, and degraded intracellularly by the cAMP phosphodiesterase RegA. Null
mutants in acg, acr, and regA still showed the cyclic di-GMP induced increase in
cAMP levels. Aca- mutants cannot aggregate and involvement of ACA was there-
fore tested in an aca- mutant transformed with a temperature-sensitive variant of
ACA. This mutant formed slugs at the permissive temperature of 22 �C and then
showed cyclic di-GMP induced cAMP synthesis at 22 �C, but not at the restrictive
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temperature of 28 �C (Fig. 32.2b). The aca-/tsACA mutant also lost cyclic di-GMP
induced stalk gene expression (Fig. 32.2c), indicating that at least in vitro cyclic di-
GMP induces stalk gene expression by successively activating ACA and PKA.

In slugs, ACA is expressed at the anterior tip of the structure, which is also the site
where stalk formation initiates (Figs. 32.1 and 32.3). To demonstrate that localized
cAMP production and PKA activation at the tip are sufficient to induce stalk
formation, the light-inducible cyanobacterial adenylate cyclase mPAC [18, 19]
was fused to the tip-specific ACA promoter and transformed into dgca- cells.
When transformants were kept in the dark, they remained in the slug stage, but
when exposed to light they formed fruiting bodies with normal stalks [14]. These
experiments showed that local activation of cAMP synthesis at the slug tip (by cyclic
di-GMP) activates stalk formation during normal development.

32.5 Cyclic di-GMP Acting on ACA Links Morphogenetic
Movement with Stalk Formation

While the role of cyclic di-GMP in D. discoideum is thus far restricted to stalk
differentiation, ACA has an additional well-documented role in producing the cAMP
pulses that coordinate aggregation [20] and upregulate the expression of aggrega-
tion-specific genes [21], and in coordinating post-aggregative morphogenesis by
initiating cAMP waves from the slug and fruiting body tip [22]. In this role, ACA
activity is under both positive and negative feedback by secreted cAMP acting on G-
protein coupled cAMP receptors (cARs). A complex mechanism that involves
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Fig. 32.2 Cyclic di-GMP activation of ACA mediates cyclic di-GMP induced stalk gene expres-
sion. (a) Dissociated wild-type slugs were incubated with cAMP phosphodiesterase inhibitors in the
presence (red) and absence (blue) of 2 μM cyclic di-GMP, and assayed for cAMP. (b) Dissociated
wild-type, acg-, acr-, and regA- slugs were incubated with and without cyclic di-GMP for 30 min
and assayed for cAMP. Aca- cells expressing a temperature-sensitive ACA protein were developed
into slugs at the permissive temperature of 22 �C, and then dissociated and incubated for 30 min at
either the permissive or restrictive temperature (28 �C) with and without cyclic di-GMP as above.
(c) aca-/tsACA cells were developed into slugs at 22 �C, then dissociated, incubated with or without
cyclic di-GMP at either 22 �C or 28 �C, and assayed for transcripts of the stalk genes abcG18
(lighter hue) or staC (darker hue) by RT-qPCR. Simplified figure from [14]
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activation of ACA activity, desensitization of cARs, and hydrolysis of both intra-
cellular and extracellular cAMP, enables starving cells to initiate cAMP oscillations
and to relay the pulses as propagating waves [23]. Cells respond with chemotaxis
toward the highest cAMP concentration and stream together in aggregates. While

cAMP

PKA

stalk genes

prespore

ACA

DgcA

cyclic di-GMP

prestalk

dgcAp::LacZ

acaAp::LacZ

A B

C

Fig. 32.3 Prestalk-expressed dgcA acts on tip-expressed ACA to induce stalk formation at the
organizing tip. DgcA is expressed throughout the slug prestalk region (a), but ACA is only highly
expressed at the utmost tip (b), where it generates the cAMP waves that coordinate the cell
movement that causes slugs and fruiting bodies to form. While more broadly synthesized, cyclic
di-GMP can therefore only activate ACA at the tip, which then results in local PKA activition and
stalk gene expression (c). This interaction between cyclic di-GMP and ACA explains why the stalk
is always formed from the organizing tip
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ACA is first expressed in all cells, after aggregation it is predominantly expressed at
the tip [24], which continues to emit cAMP pulses and to attract the cells behind it
[25]. In this manner the tip functions as a typical embryonic organizer [26], i.e., as a
small group of cells that emit signals that control the behavior of a much larger
group [27].

The tip is also the site where stalk formation initiates and until recently it was
unclear how these two roles were connected. The observation that cyclic di-GMP
acts on ACA to induce stalk formation suggests a model that links stalk formation
with organizer function (Fig. 32.3). DgcA is widely expressed throughout the slug
prestalk region (Fig. 32.3a), under at least partial control of the transcription factor
gtaG, that is also exclusively expressed in prestalk cells [28]. However, cyclic di-
GMP can only exert its function in the extreme tip where ACA is expressed
(Fig. 32.3b). The persistently elevated cAMP levels at the tip then activate PKA to
induce stalk gene expression (Fig. 32.3c). The interaction between cyclic di-GMP
and ACA explains why the stalk is always formed from the organizing tip.

32.6 Open Questions

32.6.1 Unknown Signal Transduction Components

There are still several missing components in the pathway linking cyclic di-GMP to
stalk gene expression. Firstly, it is unknown how cyclic di-GMP activates ACA.
Preliminary data using a temperature-sensitive mutant in the single G-protein β-
subunit of D. discoideum show that a heterotrimeric G-protein is not involved
(Schilde and Schaap, unpublished results). Also knockout of several G-protein
coupled receptors (GPCRs) that are expressed after aggregation in prestalk cells
did not yield a cyclic di-GMP insensitive mutant (Chen and Schaap, unpublished
result). The activation of ACA by cyclic di-GMP is also not direct, since it occurs
only in slug cells and not in aggregating cells where ACA is most highly expressed.
It may, therefore, involve a transmembrane receptor that is not a GPCR, or a
transporter that carries cyclic di-GMP into the cell.

The target for PKA is also not known. Cells defective in the transcription factors
cudA and statA show, like dgca-, a cell autonomous defect in fruiting body forma-
tion [29, 30]. However, statA- cells showed normal cyclic di-GMP induced stalk
gene expression, and it was reduced, but not absent in cudA- cells (Chen and Schaap,
unpublished results).

32.6.2 Cell-Type Specificity

PKA activation not only induces terminal stalk cell differentiation, but also spore
maturation and expression of cup genes [14, 17, 31]. This means that cyclic di-GMP
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only selectively induces stalk gene expression, because both dgcA and ACA are
selectively expressed in prestalk cells. The stalk fate of these cells must already have
been determined earlier. The primary candidate for prestalk specification is DIF-1,
which is produced by prespore cells and induces expression of several prestalk genes
in vitro [32]. However, because loss of DIF-1 does not prevent stalk formation [10–
12], an additional, as yet unknown, factor has to be present to direct cells to a
stalk fate.

32.6.3 Evolutionary Conservation

D. discoideum is a member of one of the four major groups of Dictyostelia, which
themselves are members of Amoebozoa. Among Amoebozoa, there are other taxa,
such as the myxogastrids and the protostelids that make stalked fruiting structures.
However, while diguanylate cyclase genes were conserved in all four major taxon
groups of Dictyostelia, none were found in the proteomes of Protostelium
fungivorum [33], the myxogastrid Physarum polycephalum [34] or other
Amoebozoa, such as Acanthamoeba castellani [35] and Entamoeba histolytica
[36]. Phylogenetic analysis indicated that dgcA most likely entered Dictyostelid
genomes by lateral gene transfer from bacteria [37], probably aided by the fact
that Dictyostelia feed on bacteria. Three other developmentally essential genes, chlA,
iptA, and dokA uniquely entered Dictyostelia by LGT [37]. Like, dgcA, two of those,
chlA [11] and iptA [38], synthesize secreted signals that regulate cell-type special-
ization. This suggests that these foreign genes became fixed during early (pre)
dictyostelid multicellularity, because they met a need for intercellular communica-
tion to direct cell specialization.

No genes encoding the EAL or HD-GYP phosphodiesterases, or any of the
prokaryote cyclic di-GMP binding proteins have been detected in Dictyostelium
genomes (unpublished results), nor homologs of the mammalian dinucleotide
cyclase cGAS or the cGAMP or cyclic di-GMP binding protein STING [39]. Appar-
ently, with ACA and PKA as downstream cyclic di-GMP targets, Dictyostelia have
evolved their own unique cyclic di-GMP signaling pathway.

Acknowledgment Research reported in this study was funded by Leverhulme Trust grants RPG-
2012-746 and RPG-2016-220, Wellcome Trust grant 100293/Z/12/Z and European Research
Council grant 742288.

References

1. Romling U, Galperin MY, Gomelsky M (2013) Cyclic di-GMP: the first 25 years of a universal
bacterial second messenger. Microbiol Mol Biol Rev 77(1):1–52. https://doi.org/10.1128/
mmbr.00043-12

32 Cyclic di-GMP Activates Adenylate Cyclase A and Protein Kinase A. . . 571

https://doi.org/10.1128/mmbr.00043-12
https://doi.org/10.1128/mmbr.00043-12


2. Jenal U, Reinders A, Lori C (2017) Cyclic di-GMP: second messenger extraordinaire. Nat Rev
Microbiol 15(5):271–284. https://doi.org/10.1038/nrmicro.2016.190

3. Chou SH, Galperin MY (2016) Diversity of cyclic di-GMP-binding proteins and mechanisms.
J Bacteriol 198(1):32–46. https://doi.org/10.1128/jb.00333-15

4. Fahmi T, Port GC, Cho KH (2017) c-di-AMP: an essential molecule in the signaling pathways
that regulate the viability and virulence of gram-positive bacteria. Genes (Basel) 8(8):197.
https://doi.org/10.3390/genes8080197

5. Davies BW, Bogard RW, Young TS, Mekalanos JJ (2012) Coordinated regulation of accessory
genetic elements produces cyclic di-nucleotides for V. cholerae virulence. Cell 149(2):358–370.
https://doi.org/10.1016/j.cell.2012.01.053

6. Nelson JW, Sudarsan N, Phillips GE, Stav S, Lünse CE, McCown PJ, Breaker RR (2015)
Control of bacterial exoelectrogenesis by c-AMP-GMP. Proc Natl Acad Sci U S A 112
(17):5389–5394. https://doi.org/10.1073/pnas.1419264112

7. Margolis SR, Wilson SC, Vance RE (2017) Evolutionary origins of cGAS-STING signaling.
Trends Immunol 38(10):733–743. https://doi.org/10.1016/j.it.2017.03.004

8. Chen ZH, Schaap P (2012) The prokaryote messenger c-di-GMP triggers stalk cell differenti-
ation in Dictyostelium. Nature 488(7413):680–683. https://doi.org/10.1038/nature11313

9. Morris HR, Taylor GW, Masento MS, Jermyn KA, Kay RR (1987) Chemical structure of the
morphogen differentiation inducing factor from Dictyostelium discoideum. Nature 328
(6133):811–814

10. Saito T, Kato A, Kay RR (2008) DIF-1 induces the basal disc of theDictyostelium fruiting body.
Dev Biol 317(2):444–453. https://doi.org/10.1016/j.ydbio.2008.02.036

11. Neumann CS, Walsh CT, Kay RR (2010) A flavin-dependent halogenase catalyzes the chlori-
nation step in the biosynthesis of Dictyostelium differentiation-inducing factor 1. Proc Natl
Acad Sci U S A 107(13):5798–5803. https://doi.org/10.1073/pnas.1001681107

12. Thompson CR, Kay RR (2000) The role of DIF-1 signaling in Dictyostelium development. Mol
Cell 6(6):1509–1514

13. Song Y, Luciani MF, Giusti C, Golstein P (2015) c-di-GMP induction of Dictyostelium cell
death requires the polyketide DIF-1. Mol Biol Cell 26:651–658. https://doi.org/10.1091/mbc.
E14-08-1337

14. Chen ZH, Singh R, Cole C, Lawal HM, Schilde C, Febrer M, Barton GJ, Schaap P (2017)
Adenylate cyclase A acting on PKAmediates induction of stalk formation by cyclic diguanylate
at the Dictyostelium organizer. Proc Natl Acad Sci U S A 114(3):516–521. https://doi.org/10.
1073/pnas.1608393114

15. Jermyn KA, Williams JG (1991) An analysis of culmination inDictyostelium using prestalk and
stalk-specific cell autonomous markers. Development 111:779–787

16. Robinson V, Williams J (1997) A marker of terminal stalk cell terminal differentiation in
Dictyostelium. Differentiation 61:223–228

17. Harwood AJ, Hopper NA, Simon M-N, Driscoll DM, Veron M, Williams JG (1992) Culmina-
tion in Dictyostelium is regulated by the cAMP-dependent protein kinase. Cell 69:615–624

18. Raffelberg S, Wang L, Gao S, Losi A, Gartner W, Nagel G (2013) A LOV-domain-mediated
blue-light-activated adenylate (adenylyl) cyclase from the cyanobacterium Microcoleus
chthonoplastes PCC 7420. Biochem J 455(3):359–365. https://doi.org/10.1042/bj20130637

19. Chen ZH, Raffelberg S, Losi A, Schaap P, Gartner W (2014) A cyanobacterial light activated
adenylyl cyclase partially restores development of a Dictyostelium discoideum, adenylyl
cyclase a null mutant. J Biotechnol 191:246–249. https://doi.org/10.1016/j.jbiotec.2014.08.008

20. Pitt GS, Milona N, Borleis J, Lin KC, Reed RR, Devreotes PN (1992) Structurally distinct and
stage-specific adenylyl cyclase genes play different roles in Dictyostelium development. Cell
69:305–315

21. Pitt GS, Brandt R, Lin KC, Devreotes PN, Schaap P (1993) Extracellular cAMP is sufficient to
restore developmental gene expression and morphogenesis in Dictyostelium cells lacking the
aggregation adenylyl cyclase (ACA). Genes Dev 7:2172–2180

572 Z.-h. Chen et al.

https://doi.org/10.1038/nrmicro.2016.190
https://doi.org/10.1128/jb.00333-15
https://doi.org/10.3390/genes8080197
https://doi.org/10.1016/j.cell.2012.01.053
https://doi.org/10.1073/pnas.1419264112
https://doi.org/10.1016/j.it.2017.03.004
https://doi.org/10.1038/nature11313
https://doi.org/10.1016/j.ydbio.2008.02.036
https://doi.org/10.1073/pnas.1001681107
https://doi.org/10.1091/mbc.E14-08-1337
https://doi.org/10.1091/mbc.E14-08-1337
https://doi.org/10.1073/pnas.1608393114
https://doi.org/10.1073/pnas.1608393114
https://doi.org/10.1042/bj20130637
https://doi.org/10.1016/j.jbiotec.2014.08.008


22. Siegert F, Weijer CJ (1992) Three-dimensional scroll waves organize Dictyostelium slugs. Proc
Natl Acad Sci U S A 89:6433–6437

23. Kriebel PW, Parent CA (2004) Adenylyl cyclase expression and regulation during the differ-
entiation of Dictyostelium discoideum. IUBMB Life 56(9):541–546

24. Verkerke-van Wijk I, Fukuzawa M, Devreotes PN, Schaap P (2001) Adenylyl cyclase A
expression is tip-specific in Dictyostelium slugs and directs StatA nuclear translocation and
CudA gene expression. Dev Biol 234(1):151–160

25. Siegert F, Weijer CJ (1995) Spiral and concentric waves organize multicellular Dictyostelium
mounds. Curr Biol 5:937–943

26. Raper KB (1940) Pseudoplasmodium formation and organization in Dictyostelium discoideum.
J Elisha Mitchell Sci Soc 56:241–282

27. Anderson C, Stern CD (2016) Organizers in development. Curr Top Dev Biol 117:435–454.
https://doi.org/10.1016/bs.ctdb.2015.11.023

28. Katoh-Kurasawa M, Santhanam B, Shaulsky G (2016) The GATA transcription factor gene
gtaG is required for terminal differentiation in Dictyostelium. J Cell Sci 129(8):1722–1733.
https://doi.org/10.1242/jcs.181545

29. Fukuzawa M, Hopper N, Williams J (1997) cudA: a Dictyostelium gene with pleiotropic effects
on cellular differentiation and slug behaviour. Development 124:2719–2728

30. Mohanty S, Jermyn KA, Early A, Kawata T, Aubry L, Ceccarelli A, Schaap P, Williams JG,
Firtel RA (1999) Evidence that theDictyosteliumDd-STATa protein is a repressor that regulates
commitment to stalk cell differentiation and is also required for efficient chemotaxis. Develop-
ment 126(15):3391–3405

31. Hopper NA, Harwood AJ, Bouzid S, Véron M, Williams JG (1993) Activation of the prespore
and spore cell pathway of Dictyostelium differentiation by cAMP-dependent protein kinase and
evidence for its upstream regulation by ammonia. EMBO J 12:2459–2466

32. Kay RR, Thompson CR (2001) Cross-induction of cell types in Dictyostelium: evidence that
DIF-1 is made by prespore cells. Development 128(24):4959–4966

33. Hillmann F, Forbes G, Novohradska S, Ferling I, Riege K, Groth M, Westermann M, Marz M,
Spaller T, Winckler T, Schaap P, Glockner G (2018) Multiple roots of fruiting body formation
in Amoebozoa. Genome Biol Evol 10(2):591–606. https://doi.org/10.1093/gbe/evy011

34. Schaap P, Barrantes I, Minx P, Sasaki N, Anderson RW, Benard M, Biggar KK, Buchler NE,
Bundschuh R, Chen X, Fronick C, Fulton L, Golderer G, Jahn N, Knoop V, Landweber LF,
Maric C, Miller D, Noegel AA, Peace R, Pierron G, Sasaki T, Schallenberg-Rudinger M,
Schleicher M, Singh R, Spaller T, Storey KB, Suzuki T, Tomlinson C, Tyson JJ, Warren WC,
Werner ER, Werner-Felmayer G, Wilson RK, Winckler T, Gott JM, Glockner G, Marwan W
(2015) The Physarum polycephalum genome reveals extensive use of prokaryotic
two-component and metazoan-type tyrosine kinase signaling. Genome Biol Evol 8
(1):109–125. https://doi.org/10.1093/gbe/evv237

35. Clarke M, Lohan AJ, Liu B, Lagkouvardos I, Roy S, Zafar N, Bertelli C, Schilde C,
Kianianmomeni A, Burglin TR, Frech C, Turcotte B, Kopec KO, Synnott JM, Choo C,
Paponov I, Finkler A, Soon Heng Tan C, Hutchins AP, Weinmeier T, Rattei T, Chu JS,
Gimenez G, Irimia M, Rigden DJ, Fitzpatrick DA, Lorenzo-Morales J, Bateman A, Chiu CH,
Tang P, Hegemann P, Fromm H, Raoult D, Greub G, Miranda-Saavedra D, Chen N, Nash P,
Ginger ML, Horn M, Schaap P, Caler L, Loftus B (2013) Genome of Acanthamoeba castellanii
highlights extensive lateral gene transfer and early evolution of tyrosine kinase signaling.
Genome Biol 14(2):R11. https://doi.org/10.1186/gb-2013-14-2-r11

36. Loftus B, Anderson I, Davies R, Alsmark UC, Samuelson J, Amedeo P, Roncaglia P,
Berriman M, Hirt RP, Mann BJ, Nozaki T, Suh B, Pop M, Duchene M, Ackers J, Tannich E,
Leippe M, Hofer M, Bruchhaus I, Willhoeft U, Bhattacharya A, Chillingworth T, Churcher C,
Hance Z, Harris B, Harris D, Jagels K, Moule S, Mungall K, Ormond D, Squares R,
Whitehead S, Quail MA, Rabbinowitsch E, Norbertczak H, Price C, Wang Z, Guillen N,
Gilchrist C, Stroup SE, Bhattacharya S, Lohia A, Foster PG, Sicheritz-Ponten T, Weber C,
Singh U, Mukherjee C, El-Sayed NM, Petri WA Jr, Clark CG, Embley TM, Barrell B, Fraser

32 Cyclic di-GMP Activates Adenylate Cyclase A and Protein Kinase A. . . 573

https://doi.org/10.1016/bs.ctdb.2015.11.023
https://doi.org/10.1242/jcs.181545
https://doi.org/10.1093/gbe/evy011
https://doi.org/10.1093/gbe/evv237
https://doi.org/10.1186/gb-2013-14-2-r11


CM, Hall N (2005) The genome of the protist parasite Entamoeba histolytica. Nature 433
(7028):865–868. https://doi.org/10.1038/nature03291

37. Gloeckner G, Lawal HM, Felder M, Singh R, Singer G, Weijer CJ, Schaap P (2016) The
multicellularity genes of dictyostelid social amoebas. Nat Commun 7:12085. https://doi.org/10.
1038/ncomms12085

38. Anjard C, Loomis WF (2008) Cytokinins induce sporulation in Dictyostelium. Development
135:819–827

39. Schaap P (2013) Cyclic di-nucleotide signaling enters the eukaryote domain. IUBMB Life 65
(11):897–903. https://doi.org/10.1002/iub.1212

574 Z.-h. Chen et al.

https://doi.org/10.1038/nature03291
https://doi.org/10.1038/ncomms12085
https://doi.org/10.1038/ncomms12085
https://doi.org/10.1002/iub.1212


Part XI
Interference Strategies



Chapter 33
Targeting Cyclic Dinucleotide Signaling
with Small Molecules

Herman O. Sintim and Clement Opoku-Temeng

Abstract Cyclic dinucleotides (CDNs) are now established as master regulators of
bacterial physiology (cyclic di-GMP, cyclic di-AMP, 3030-cGAMP) and immune
function (bacterial cyclic dinucleotides and host’s 2030-cGAMP). Metabolic enzymes
that modulate the concentrations of CDNs and/or effector proteins or nucleic acids
that bind to these second messengers are potential therapeutic targets for the devel-
opment of antibiofilm, antivirulence, and immunomodulatory agents. Here, we
discuss some of the recent advances in the development of small molecule regulators
of cyclic di-GMP, cyclic di-AMP, and cGAMP signaling.

Keywords Cyclic di-GMP inhibitors · Cyclic di-AMP inhibitors · cGAMP inhibitors

33.1 Introduction

Cyclic dimeric guanosine 3050–monophosphate (also cyclic di-GMP or cyclic di-
GMP) is a ubiquitous second messenger predominant in Gram-negative bacteria but
also present in some Gram-positive bacteria [1]. Cyclic di-GMP signaling has now
been studied in several clinically relevant bacteria, including Pseudomonas
aeruginosa, Yersinia pestis, Vibrio cholerae, Salmonella typhimurium, Clostridium
difficile, and Escherichia coli [1, 2]. Following the discovery of cyclic di-GMP in the
Gram-negative bacterium Komagataeibacter xylinus (previously
Gluconoacetobacter xylinus or Acetobacter xylinum) in 1987 [3], the relevance of
the second messenger was not immediately apparent. It will take over two decades
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before researchers realized the central role of cyclic di-GMP [4]. The second
messenger has now been established as a master regulator of various processes
including virulence factor production, biofilm formation, cell cycle, and motility
[1, 5].

In 2008, cyclic dimeric adenosine 3050–monophosphate (also cyclic di-AMP)
was discovered during the structural analysis of DNA integrity scanning protein
A (DisA), a checkpoint protein in B. subtilis. Following this discovery, cyclic
di-AMP signaling has been demonstrated to be widely distributed across
Firmicutes such as Listeria monocytogenes and Staphylococcus aureus, and in
Actinobacteria like Mycobacterium tuberculosis and M. smegmatis [2]. Cyclic
di-AMP signaling has been identified in some Gram-negative bacteria such as
Chlamydia trachomatis [6]. Cyclic di-AMP has now been shown to control a
dazzling array of processes in different bacteria, including cell wall formation, cell
size regulation, biofilm formation, heat stress, virulence, ion transport, resistance to
acid and others [7, 8].

Davies et al. discovered the novel hybrid CDN, cyclic GMP-AMP (30,30-
cGAMP) while exploring the contribution of the Vibrio seventh pandemic island-1
(VSP-1) to pathogenesis in V. cholerae [9]. Thus far, 30,30-cGAMP has been studied
in Vibrio cholerae to affect chemotaxis [9]. In an infant mouse model, low cellular
levels of 30,30-cGAMP due to deletion of dncV resulted in decreased intestinal
colonization [9]. A similar but distinct hybrid CDN, cyclic GMP-AMP (20,30-
cGAMP) was identified in mammalian cells by Ablasser, Hornung and colleagues
in 2012 [10]. This second messenger contains a unique phosphodiester linkage
between the 20-OH of GMP and 50-phosphate of AMP which makes it distinct
from 30,30-cGAMP and other bacterial CDNs [11]. In immune cells, 20,30-cGAMP
has been demonstrated to bind to the adaptor protein, stimulator of interferon genes
(STING), leading to the induction of type I interferon response [12].

33.2 Cellular Metabolism of Cyclic di-GMP, Cyclic di-
AMP, and Cyclic GAMP

Bacteria and mammalian cells that utilize CDN signaling possess enzymes that
function in concert to regulate their cellular concentration. Usually, there is a
synthase that makes the second messengers and a phosphodiesterase that degrades
the signal.

The synthesis of cyclic di-GMP is mediated by diguanylate cyclases (DGC) in
response to first messengers such as oxygen and light [13]. The conserved GGDEF
(Gly-Gly-Asp-Glu-Phe) or GGEEF (Gly-Gly-Glu-Glu-Phe) motifs in the active sites
(A site) of DGCs is required for the synthesis of cyclic di-GMP [13, 14]. First well-
characterized in PleD in Caulobacter crescentus, [15] GGDEF domain proteins have
since been identified in diverse bacteria [5]. Examples are WspR from P. aeruginosa
as well as YdaM from E. coli and DgcK and DgcL from Vibrio cholerae [2]. A
structural feature possessed by many DGCs in addition to the active site motif is the
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RxxD (x represents any amino acid) motif of the inhibitory site (I-site) [5]. The
RxxD motif functions in feedback regulation since binding of cyclic di-GMP to the
I-site allosterically inhibits cyclic di-GMP synthesis [5].

The degradation of cyclic di-GMP is mediated by specific phosphodiesterases
(PDEs) [2, 5]. Two types of PDEs have been documented based on residues in their
catalytic pocket. The first type, EAL (Glu-Ala-Leu) domain-containing PDEs, was
first identified in tandem with the GGDEF domain described above. PDEs that have
catalytically active EAL domains preferentially hydrolyze cyclic di-GMP into the
linear 50-phosphoguanylyl-guanosine (50-pGpG), although they have been shown to
degrade 50-pGpG into GMP [2, 5]. Some examples of EAL domain-containing PDEs
include YahA, YhjH, and DosP from E. coli and RocR from P. aeruginosa [2]. The
HD-GYP (His-Asp and Gly-Tyr-Pro) domain-containing PDEs are the second group
cyclic di-GMP specific PDEs [16]. These enzymes are capable of hydrolyzing cyclic
di-GMP directly into two GMP molecules. Examples of HD-GYP domain-
containing PDEs include RpfG from Xanthomonas campestris pv. Campestris,
Bd1817 from Bdellovibrio bacteriovorus, PmGH from Persephonella marina, and
PA4781 from P. aeruginosa [2].

In cyclic di-AMP signaling, synthesis of the second messenger is controlled by
diadenylate cyclases (DACs) following the condensation of two molecules of ATP at
the dimer interface of DisA_N domain (Pfam PF02457) [2, 7]. The first DAC
domain protein identified was DNA integrity scanning protein A (DisA) in
B. subtilis [17]. Homologs of DisA have been identified in Thermatoga maritima,
M. tuberculosis, and M. smegmatis [2, 7]. CdaA is another class of DAC domain-
enzymes found in bacteria such as B. subtilis, S. aureus, Streptococcus pneumoniae,
and S. pyogenes [2]. These enzymes are membrane-bound proteins with cytosolic
DAC domains [18]. The CdaS and CdaM DAC proteins represent two other classes
of DAC proteins. The CdaS enzyme has been reported in B. subtilis [19] while
CdaM is found in Mycoplasma pneumoniae [20].

Degradation may yield either the linear pApA or AMP and is mediated by cyclic
di-AMP specific phosphodiesterases. Like cyclic di-GMP signaling, two catalytic
domains have been identified to be responsible for cyclic di-AMP degradation. The
DHH/DHHA1 domain was first observed in B. subtilis YybT (now called GdpP)
[21]. Other examples of DHH/DHHA1 domain PDEs include Staphylococcus
aureus GdpP, L. monocytogenes PdeA, and Pde1 and Pde2 from S. pneumoniae
[2]. The second type of cyclic di-AMP PDEs contains the HD (His-Asp) domain. An
example of the HD domain PDE is PgpH from L. monocytogenes [22].

The V. cholerae 3030-cGAMP is synthesized from a molecule each of ATP and
GTP by the cyclase DncV, a member of the nucleotidyltransferase superfamily
[9]. The cyclase activity of DncV was observed to require the conserved G[G/S]
X9-13DX[D/E] active site motif [9]. The HD-GYP domain proteins V-cGAP1, V-
cGAP2, and V-cGAP are responsible for the hydrolysis of 30,30-cGAMP to either 50-
pApG or 50-ApG [23]. The extracts of Geobacter sulfurreducens was found to
contain 30,30-cGAMP, although a dncV-like gene is not present in its genome
[24]. In G. sulfurreducens, hybrid promiscuous GGDEF (HyprGGDEF) enzymes
produce 3030-cGAMP [25].
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The cyclic GMP-AMP synthase (cGAS) present in immune cells, like macro-
phages, has been shown to be responsible for the synthesis of 20,30-cGAMP [10]. In
response to double-stranded DNA in the cytosol, cGAS synthesizes 20,30-cGAMP
via the pppGp(20–50)A linear intermediate [10]. Degradation of 20,30-cGAMP is
attributed to the PDE function of ectonucleotide pyrophosphatase/phosphodiesterase
1 (ENPP1), which hydrolyzes the second messenger into AMP and GMP
[26]. Recently, a collaborative work between Sintim and Bishai groups revealed
that the M. tuberculosis cyclic di-AMP PDE, CdnP could hydrolyze 20,30-cGAMP,
suggesting a function for the bacterial PDE in interfering with host immune
response [27].

33.3 Modulators of Cyclic Dinucleotide Signaling

From the above, the various synthases and phosphodiesterases contribute signifi-
cantly to the cellular concentrations of CDN. Hence, to modulate CDN signaling,
efforts have been directed toward identifying inhibitors of the metabolizing
enzymes.

Given that cellular cyclic di-GMP levels regulate biofilm formation in human
pathogens like P. aeruginosa, significant effort has been directed toward the iden-
tification of inhibitors of cyclic di-GMP metabolizing enzymes, particularly DGC
(Fig. 33.1). A decrease in cellular cyclic di-GMP levels reduces biofilm formation in
Gram-negative bacteria [2]. Accordingly, several of the identified DGC inhibitors
(Fig. 33.1) such as DI-3, DI-10, terrein and anthranilate could decrease cellular
levels of cyclic di-GMP and were shown to reduce bacterial biofilms (Figs. 33.1 and
33.2) [28, 29, 31]. DGC inhibitors such as LP 3134, LP 3145, LP 4010, LP 1062,
and ebselen could also inhibit biofilm formation [32, 33]. Other compounds that
inhibit DGC activity have also been identified (Fig. 33.1) [2, 34].

From the above, it is apparent that inhibiting DGC activity, which decreases
cyclic di-GMP levels, leads to decreased biofilm formation. As such it may appear
counterintuitive to develop cyclic di-GMP PDE inhibitors. Consequently, there is a
paucity of small molecules that inhibit cyclic di-GMP PDEs. However, it is impor-
tant to note that not all cyclic di-GMP PDEs affect the global pool of cyclic di-GMP
and hence selectively inhibiting cyclic di-GMP PDEs could potentially have thera-
peutic applications. For example, biofilm formation in P. aeruginosa rocR mutants
was not affected but the cells were avirulent compared to wild type in a mouse model
[35]. In X. campestris, the activity of the HD-GYP domain-containing protein, RpfG
was shown to enhance the production of virulence factors such as
exopolysaccharides and exoproteins [36]. Thus, it may be possible to develop cyclic
di-GMP PDE inhibitors as antivirulence agents. For this reason, the Sintim group has
been interested in identifying cyclic di-GMP PDE inhibitors. We reported the
identification of a benzoisothiazolinone compound (Fig. 33.1) as the first small
molecule inhibitor of the PDE activity of RocR from P. aeruginosa [30]. The
compound had an inhibition constant of 83 μM. Impressively, P. aeruginosa viabil-
ity and biofilm formation were not affected but treatment of P. aeruginosa with the
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RocR inhibitor resulted in a decrease in the production of the virulence factor,
rhamnolipid and consequently inhibition of swarming motility (Fig. 33.2) [30].

The Sintim group has pioneered several small molecule regulators of cyclic di-
AMP signaling, especially DAC inhibitors. To identify inhibitors of cyclic di-AMP
metabolism, we developed the coralyne assay for the detection of cyclic di-AMP
[37]. The first DAC inhibitor to be identified was bromophenol thiohydantoin (BTH)
(Fig. 33.3), which could inhibit the cyclic di-AMP synthesis activity of B. subtilis
DisA [39]. BTH was demonstrated to inhibit DisA with an IC50 56 μM [39]. Efforts
to identify more potent inhibitors yielded suramin and theaflavin digallate (Fig. 33.3)
which inhibited DisA with IC50 values as low as 1.1 μM and 3.4 μM, respectively.
Although potent, these compounds had undesirable properties. For example,
suramin has a large molecular weight and net negative charge (Fig. 33.3). Subse-
quent work by the Sintim group resulted in the discovery of the cell permeable DisA

Fig. 33.1 Structures of small molecule inhibitors of cyclic di-GMP signaling showing DGC
inhibitors (top panel) and PDE inhibitors (bottom panel)
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inhibitor, GW5074 and related compounds like HSD-03-11 [38]. GW5074 was
initially identified as a potent c-Raf kinase inhibitor and demonstrated to possess
neuroprotective effects, inhibiting neurodegeneration in a Huntington disease animal
model [40, 41]. We demonstrated that GW5074 and related compounds could inhibit
cyclic di-AMP synthesis and prevent MRSA biofilm formation (Fig. 33.3)
[38]. These DAC inhibitors also possessed antibacterial activity against Gram-
positive bacteria and could sensitize MRSA and VRE to methicillin and vancomy-
cin, respectively [38].

Small molecules that inhibit the synthesis of 20,30-cGAMP are desirable in that the
activation of STING by the second messenger induces inflammatory response which
could be detrimental in patient with autoinflammatory diseases [42]. Consequently,
several research groups including the Sintim group have interests in identifying
inhibitors of cGAS, the 20,30-cGAMP synthase. The first example of cGAS inhibitors
bind to the active site. Examples of this include PF-06928215, RU.365, and RU.521
[43, 44]. Other cGAS inhibitors directly interact with dsDNA and prevent cGAS
binding. The antimalarial drugs hydroxychloroquine and quinacrine (Fig. 33.4) are
typical examples [45]. The Sintim group found that suramin potently inhibited cGAS
[46]. Unlike the antimalarial drugs, suramin did not interact with the dsDNA but
rather competed with dsDNA for binding to cGAS. Suramin was found to also
decrease cGAS-dependent interferon induction [46].

Fig. 33.2 (a)(i) Inhibition of P. aeruginosa biofilm formation by DI-3 and DI-10. (ii)
P. aeruginosa biofilm dispersal in the presence of anthranilate (AA) compared to without anthra-
nilate (�). (b) Inhibition of P. aeruginosa swarming motility by RocR inhibitor, compound
1 (10, 50 and 100 uM). (a)(i) was reproduced with permission from [28], Copyright © 2012
American Society for Microbiology. (a)(ii) was reproduced with permission from [29], Copyright
© 2015, American Society for Microbiology. (b) was reproduced with permission from [30],
Copyright © 2016, The Royal Society of Chemistry
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33.4 Perspective on Targeting Cyclic Dinucleotide-Related
Enzymes

Although several cyclic dinucleotide inhibitors have been identified, these com-
pounds are yet to be developed into drugs. The majority of the inhibitors discovered
so far are not drug-like and contain many hydroxyl groups (such as glycosylated
triterpenoid saponin, LP 3145 and theaflavin digallate) or are promiscuous inhibitors
(such as ebselen). Perhaps the lack of high-quality lead compounds identified so far
could be due to the fact that these discovery campaigns have mainly been done by
academic groups, which might lack the resources to screen high-quality compound
libraries. Thus far, the pharmaceutical industry has shown interest in identifying

Fig. 33.3 (a) Small molecule inhibitors of cyclic di-AMP synthesis. (b) Biofilm inhibition by the
DisA inhibitors GW5074 and HSD-03-11. (b) was reproduced with permission from [38], Copy-
right © 2017, The Royal Society of Chemistry
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inhibitors of 2030-cGAMP signaling in mammalian cells but not cyclic di-GMP or
cyclic di-AMP signaling in bacteria.

Another major reason for the lack of quality lead compound that inhibits cyclic
dinucleotide signaling in bacteria progressing to the clinic could be that the redun-
dancy in metabolism enzymes, particularly in the case of cyclic di-GMP signaling,
has prevented the identification of very potent inhibitors that can completely shut
down cyclic dinucleotide synthesis or degradation in bacteria. Several bacteria that
utilize cyclic di-GMP signaling encode multiple proteins with GGDEF, EAL, and
HD-GYP domains, which differentially contribute to the global pool of cyclic di-
GMP [5, 35]. For example, 5 GGDEF, 7 GGDEF/EAL, and 8 EAL domain-
containing proteins are encoded in the genome of Salmonella enterica serovar
Typhimurium [47] while P. aeruginosa encodes 18 GGDEF, 16 GGDEF/EAL,
5 EAL, and 3 HD-GYP domain-containing proteins [48]. Targeting these DGCs
and PDEs in a given bacteria is therefore nontrivial. In addition to having numerous
cyclic dinucleotide metabolism enzymes, their cellular localization and temporal
regulation may vary considerably. For example, in S. typhimurium, activation of
curli fimbriae synthesis, a component of the extracellular matrix, by CsgD is
regulated by cyclic di-GMP levels [49]. Römling and colleagues found that although
the DGC AdrA contributes greater than 50% of the global cyclic di-GMP concen-
tration in S. typhimurium, it is not required for CsgD expression [49]. Interestingly,
the authors determined that the GGDEF domain proteins STM2123 and STM3388,
which also make cyclic di-GMP were required for CsgD expression. It was therefore
suggested that the two cyclic di-GMP pools generated by the DGC activities of
AdrA and STM2123 and STM3388 may be differentially localized [49]. Conse-
quently, only targeting AdrA for biofilm inhibition may yield little success due to the
cyclic di-GMP pools generated from other DGCs like STM2123 and STM3388. The
traditional strategy to develop inhibitors against one target is obviously going to fail
to uncover a compound that inhibits multiple cyclic di-GMP or cyclic di-AMP
synthases or PDEs. However, the use of artificial intelligence and high-level com-
putational methodologies could aid the design of small molecules that can inhibit

Fig. 33.4 Structures of cGAS inhibitors. Suramin (Fig. 33.3a) also inhibits cGAS
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multiple protein targets, while limiting indiscriminate inhibition of other host pro-
teins. The cyclic dinucleotide signaling attenuation in bacteria presents a test case for
the AI community to come up with lead inhibitors.

Perhaps a way to circumvent this issue of redundancy is to focus on bacteria that
encode few DGCs and PDEs. In the Lyme disease pathogen Borrelia burgdorferi,
cyclic di-GMP is essential for the survival of spirochetes in ticks [50]. The genome
of B. burgdorferi harbors a single DGC gene rpr1, which encodes the DGC Rpr1
that modulates cyclic di-GMP synthesis [50]. He et al. demonstrated that while rpr1
mutants could infect mammalian host, their survival in ticks was significantly
abolished [50]. Hence, potent inhibitors of Rpr1 DGC activity could potentially
reduce the spread of Lyme disease, especially at the tick phase of the infection cycle.
Cyclic di-GMP degradation in B. burgdorferi is modulated by the EAL domain
protein, PdeA and the HD-GYP domain protein, PdeB [51, 52]. Inactivation of either
PdeA or PdeB had detrimental effects on the motility and virulence of B. burgdorferi
[51, 52]. Motaleb and coworkers showed that pdeA mutant cells had defective
swimming patterns, compared with wild type. Also, while pdeA mutant cells sur-
vived in ticks, ticks carrying these cells were unable to infect naïve mice [51]. On the
other hand, pdeB mutant cells were found to have decreased survival in ticks, which
affects their ability to infect naïve mice [52]. These observations imply that targeting
the two cyclic di-GMP PDEs could yield agents that can affect the fitness or survival
of B. burgdorferi.

Cyclic dinucleotides routinely affect the transcription of genes that regulate
various physiological processes in bacteria. This is achieved through regulating
the activities of transcription factors as downstream effectors of signaling
[1, 2]. As an alternative approach, instead of directly targeting the numerous
metabolism enzymes, specific transcription factors regulated by cyclic di-GMP
could be targeted to blunt the signal. In V. cholerae, biofilm formation is regulated
by the cyclic di-GMP-dependent transcription factors VpsR and VpsT [53, 54]. At
high concentrations, cyclic di-GMP binds to and activates the transcription factors to
induce the expression of genes required for biofilm formation [53, 54]. In
P. aeruginosa, the cyclic di-GMP responsive transcriptional regulator BrlR induces
the expression of genes required for the high tolerance of biofilms for antibiotics
[55]. Chambers et al. showed that high levels of cyclic di-GMP enhanced the
expression of blrR as well as binding of BlrR to its target DNA [55]. Cyclic di-
GMP directly binds to these transcription factors to modulate the expression of genes
involved in biofilm formation, motility, and virulence. Consequently, potential
inhibitors would be compounds that can compete with cyclic di-GMP for binding
to these transcriptional regulators. Alternatively, allosteric inhibitors of these tran-
scription factors that prevent binding of the transcription factors to their target DNA
may also be successful at disrupting the signaling cascade. Therefore, targeting
cyclic di-GMP dependent transcription factors could yield compounds with potential
use as antibiofilm and antivirulence therapeutics.

Both cyclic di-GMP and cyclic di-AMP bind to other effector proteins, in
addition to transcription factors already discussed, with resultant changes in physi-
ological processes. For example, in Pseudomonas fluorescens, cyclic di-GMP binds
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to and activates the transmembrane cyclic di-GMP receptor LapD [56]. In the active
state, LapD interacts with and inhibits the protease activity of LapG, a protein that
cleaves the outer membrane adhesin, LapA. Without the protease activity of LapG,
the adhesin is retained in the outer membrane, allowing for cell adhesion and biofilm
formation [56, 57]. Cyclic di-GMP regulates exopolysaccharide biosynthesis in
P. aeruginosa by binding to PelD and Alg44, receptors that modulate Pel polysac-
charide and alginate production, respectively [58, 59]. These polysaccharides are
required for biofilm formation. Indeed, compared to wild type, Pel polysaccharide
production and biofilm formation were abolished in a ΔpelD mutant strain
[58]. Inhibiting effector proteins such as LapD, PelD, and Alg44 with small mole-
cules could also lead to biofilm or virulence reduction.

Beyond protein effectors, Breaker has reported a few riboswitches that bind to
cyclic dinucleotides [60, 61]. Sintim and Strobel groups have reported analogs of
cyclic dinucleotides that bind to these riboswitches [62–65]. These nucleotide-based
compounds are however not drug-like, so future efforts should perhaps be focused
on non-nucleotide binders of cyclic dinucleotide riboswitches.

When grown in rich medium, bacteria that express single DAC required cyclic di-
AMP to survive, implying that the second messenger was essential under such
conditions [66, 67]. S. aureus dacA mutants, that do not synthesize cyclic di-
AMP, had significantly impaired growth in tryptic soy broth (TSB), a rich growth
medium [66, 67]. However, recent work done by Gründling and colleagues revealed
that suppressor mutations in alsT and opuD, which encode a predicted amino acid
transporter and an osmolyte transporter, respectively, afforded the growth of
S. aureus dacA mutants in rich medium [66]. This observation hints at a potential
for bacteria to rapidly develop resistance to DAC inhibitors such as GW5074. A
validated strategy to slow resistance generation is the antibiotic-adjuvant approach
[68]. With this approach, DAC inhibitors could be combined with traditional
antibiotics. Sintim and colleagues showed that the DAC inhibitor GW5074 could
synergize with cell wall-targeting antibiotics like methicillin and vancomycin
[38]. Indeed, recent work demonstrated that GW5074 preferentially synergized
with β-lactam antibiotics [69]. Cell wall homeostasis is one of the critical physio-
logical processes regulated by cyclic di-AMP signaling [2, 7, 8]. Consequently,
combining DAC inhibitors with β-lactam antibiotics could be a successful therapeu-
tic strategy for treating bacterial infections, particularly those caused by S. aureus.
However, GW5074 and related hydroxybenzylidene indolinone compounds repre-
sent the only DAC inhibitor scaffold with such activity. As such, further research is
required to identify diverse and more potent inhibitors to validate this approach.

Activation of cGAS due to the cytosolic presence of DNA leads to a strong
inflammatory response via STING signaling [12]. As such an uncontrolled activation
could be detrimental to the host. An et al. [42] found that the peripheral blood
mononuclear cells of systemic lupus erythematosus (SLE) patients contained signif-
icantly higher cGAS transcripts compared with normal controls. Also, cGAMP was
detected in about 15% of SLE patient samples whereas none of the control samples
contained cGAMP [42]. Indeed, cGAS inhibitors are sought after in
autoinflammatory diseases. However, to achieve this, the potency of inhibitors
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needs to be improved [43–46]. A recent global proteomics study revealed that cyclic
dinucleotides modulate several signaling cascades in macrophages, including kinase
signaling (in addition to the well-characterized TBK1/IKK kinases) [70]. Thus it is
plausible that inhibitors of some kinases could be used to perturb cyclic dinucleotide
signaling in mammalian cells.

33.5 Conclusions

The role of CDNs in regulation of the physiology of both bacterial and mammalian
cells cannot be overemphasized. Many significant researches have led to the iden-
tification of components of the CDN signaling in various bacterial pathogens.
Several small molecule inhibitors of the various synthases have been identified/
developed (DGC, DAC, and cGAS). Conversely, PDE inhibitors have not received
as much attention although in the case of cyclic di-GMP and cyclic di-AMP PDEs,
inhibitors could have potential as antivirulence agents. Nonetheless, there remains a
huge gap between development of inhibitors and their translation into drugs which
could be bridged by identifying more potent and drug-like compounds.
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Chapter 34
Cyclic di-GMP Signaling Gone Astray:
Cyclic GAMP Signaling via Hypr GGDEF
and HD-GYP Enzymes

Todd A. Wright, Andrew B. Dippel, and Ming C. Hammond

Abstract GGDEF domain and HD-GYP enzymes are classically associated with
cyclic di-GMP signaling. Here we describe our current knowledge of variants of
these enzyme classes that instead are involved in cyclic GMP-AMP (cGAMP)
signaling, including their discovery, recent elucidation of signature active site
residues, specific phenotypes, and regulatory mechanisms. Furthermore, we high-
light our development of in vivo activity assays using riboswitch-based fluorescent
biosensors that enabled the discovery and validation of these divergent signaling
enzymes.

Keywords Bacterial signaling · Cyclic dinucleotide · cGAMP · Cyclic di-GMP ·
GGDEF enzyme · Biosensor

34.1 Introduction

Bacterial cyclic GMP-AMP (cGAMP) signaling first was discovered through the
identification of the novel synthase activity of DncV, a previously uncharacterized
gene product of the VSP1 pandemic island in the Vibrio cholerae El Tor strain
[1]. Thus, it initially appeared that cGAMP signaling would follow the paradigm of
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having synthase and phosphodiesterase (PDE) enzyme classes that are distinct from
ones associated with other cyclic dinucleotides. However, in the past several years it
has been discovered that there are at least two evolutionarily distinct cGAMP
signaling pathways in bacteria (Fig. 34.1). One pathway utilizes the DncV/CD-
NTase class of synthases, which are associated with horizontally transferred geno-
mic islands and structurally related to the OAS-like family of enzymes [1–3]. The
other pathway utilizes GMP-AMP cyclases (GACs) [7], which are “Hypr” variants
of the GGDEF domain enzymes that are widespread in bacteria and classically
associated with cyclic di-GMP signaling [8, 9] (Fig. 34.1).

The latter pathway is the focus of this chapter, as the three main components of
the signaling pathway (synthase, phosphodiesterase, riboswitch effector) have
recently been elucidated [7, 10, 11]. Remarkably, we have found that each of
these components are variants of enzyme and riboswitch classes that are associated
with cyclic di-GMP signaling, making this the “variant” cGAMP signaling pathway.
Here we describe our current knowledge of the signature active site residues that
distinguish the cGAMP enzymes, as well as recent elucidation of specific pheno-
types and regulatory mechanisms. Furthermore, we highlight our development of
in vivo activity assays using riboswitch-based fluorescent biosensors that enabled
the discovery and validation of divergent signaling enzymes.

3’,3’ cGAMP

1

2

3’,3’ cGAMP

cGAS

DncV

GAC

DGC

CdnE 3’,3’ CDNs

2’,3’ cGAMP

GGDEF
Domain

CD-NTase
Domain

RmCdnE
PDB 6E0L

VcDncV
PDB 4TXZ

CcPleD
PDB 2V0N

GmGacA

hcGAS
PDB 4KM5

3’,3’ cyclic di-GMP

Fig. 34.1 Evolutionary diversity of cGAMP and related synthases. Current cGAMP synthases
belong to two domain families, CD-NTase (1) and GGDEF (2). Synthase X-ray crystal structures
are depicted next to their CDN product, with their active site denoted by a star. CD-NTase enzymes
include Rhodothermus marinus CdnE (RmCdnE, PDB 6E0L) [2], Vibrio cholerae DncV (VcDncV,
PDB 4TXZ) [3], and human cGAS (hcGAS, PDB 4KM5) [4]. GGDEF enzymes include the
diguanylate cyclase (DGC) Caulobacter crescentus PleD (CcPleD, PDB 2V0N) [5] and GMP-
AMP cyclase (GAC) Geobacter metallireducens GacA (GmGacA) [6]
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34.2 Hypr GGDEF Enzymes Function as GMP-AMP
Cyclases (GACs)

34.2.1 Discovery of Hypr GGDEFs

The unexpected breakthrough that led to the discovery of Hypr GGDEF enzyme
activity was through initial identification of cGAMP-sensing riboswitches
[10, 12]. We initially showed that a G-to-A point mutation in the ligand binding
pocket of a cyclic di-GMP-binding riboswitch aptamer (GEMM-I class) altered its
specificity to bind both cyclic di-GMP and cGAMP [13]. This led to the hypothesis
that some GEMM-I riboswitches naturally harboring an A at this position would be
selective for cGAMP, which turned out to be the case. Indeed, the X-ray crystal
structure of a cGAMP riboswitch (GEMM-Ib class) showed that the overall RNA
fold is the same as the cyclic di-GMP riboswitch, but a set of signature mutations in
and around the ligand binding pocket, including the predicted A variation, was
responsible for the switch in ligand specificity (Fig. 34.2a) [15].

In addition to characterizing the cGAMP riboswitch, we found that the bacterium
harboring many copies of this riboswitch class, Geobacter sulfurreducens strain
PCA, produces the three cyclic dinucleotides cyclic di-GMP, cGAMP, and cyclic di-
AMP [10]. Surprisingly, however, there were no apparent homologs to the DncV
class of cGAMP synthases in the G. sulfurreducens genome. Based upon the
precedent that the cGAMP riboswitch appears to have evolved from the cyclic di-
GMP riboswitch, we similarly hypothesized that one or more GGDEF domain-
containing genes in the G. sulfurreducens genome encoded a cGAMP synthase.

To screen candidate enzymes for cyclic di-GMP or cGAMP synthase activity, we
developed a high-throughput in vivo activity assay that employs riboswitch-based
fluorescent biosensors selective for either cyclic di-GMP [17] or cGAMP [10]. One
advantage over in vitro biochemical activity assays is that rather than having to
separately optimize expression and purification of all candidate enzymes, genes
(or potentially genome fragments) are simply co-expressed along with the
corresponding biosensor, resulting in fluorescence changes measured via flow
cytometry (Fig. 34.3). This assay enabled rapid screening of all 29 GGDEF
domain-containing enzymes from Geobacter sulfurreducens and has since been
adapted to work in a 96-well culture plate format, which further streamlines and
accelerates the screening process [18].

Another advantage of the in vivo activity assay is that GGDEF enzymes can be
assessed even when the activation signal is not known. GGDEF enzymes are
activated by dimerization, allosteric regulation of the dimer, or oligomerization,
which occurs in response to small molecules, light, or phosphorylation by upstream
kinases [19–22]. With no a priori knowledge of the activating signals for any of the
GGDEFs in our initial screen, we instead relied on the fact that plasmid-based
overexpression should lead to high protein levels in vivo, which favors dimerization
and enables enzymatic activity to be assayed in the absence of activating signal. In
the initial screen of 29 G. sulfurreducens GGDEF enzymes, 8 were expected to be
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inactive due to mutations in the conserved GGDEF motif. The fact that 17 of
21 predicted active GGDEFs changed the biosensor fluorescence suggests the
robustness of the in vivo assay for promoting enzymatic activity, even in the absence
of activating signal.

Furthermore, when applied to study the activity of endogenous signaling
enzymes, i.e. without high overexpression, the in vivo biosensor can identify small
molecule modulators of GGDEF enzymes. This fluorescent assay can be useful for
determining natural input signals and/or drug molecules that affect these pathways
[23, 24] (Fig. 34.3). For example, we showed that zinc directly inhibits the E. coli

Fig. 34.2 Structural basis for variant substrate selectivity in riboswitches, GGDEF domain-
containing proteins, and HD-GYP domain PDEs. (a) Crystal structures of the Vc2 riboswitch
aptamer from Vibrio cholerae (PDB 3IRW) [14] bound to cyclic di-GMP (left) and the Gm970
riboswitch aptamer from Geobacter metallireducens (PDB 4YAZ) [15] bound to cGAMP (right).
Hydrogen-bonding contacts between ligand and aptamer are shown as dotted lines. (b) Crystal
structures of the diguanylate cyclase PleD from Caulobacter crescentus (PDB 2V0N; left) [5] and
the GacA Hypr GGDEF from Geobacter metallireducens (PDB 6D9M; right) [6] bound to guanine
nucleotides in the active site. Hypothetical model of GacA with ATP in place of GTP is boxed in
red. Hydrogen-bonding contacts between ligand and protein side chains are shown as dotted lines.
(c) Crystal structure of the cyclic di-GMP HD-GYP domain PDE PmGH from Persephonella
marina (PDB 4MDZ) [16]. Hypothetical model of PmGH with K317Q and cGAMP in place of
cyclic di-GMP is boxed in red. Hydrogen-bonding contacts between CDN and protein side chains
are shown as dotted lines
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Fig. 34.3 Workflow for using RNA-based fluorescent biosensors to interrogate CDN signaling
pathways. RNA-based fluorescent biosensors that respond to CDNs can be used to screen for
synthase activity, PDE activity, or small molecule modulators of CDN signaling by pairing
appropriate plasmids. The plasmids are expressed in bacterial cells and biosensor fluorescence is
analyzed by flow cytometry. Fluorescent signal increases, decreases, or changes over time can be
used to identify synthases, PDEs, or small molecule modulators, respectively
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GGDEF enzyme DgcZ and alters intracellular cyclic di-GMP levels within 20 min of
zinc depletion.

Very recently, we modified the in vivo screening methodology to screen for
candidate phosphodiesterase enzymes that hydrolyze cyclic di-GMP or cGAMP [11]
(Fig. 34.3). Many phosphodiesterase candidates predicted by our bioinformatic
search contain transmembrane domains, which make them difficult to purify and
test in vitro as full-length proteins. We observed that even proteins with multiple
transmembrane domains showed activity when tested as full-length proteins in our
flow cytometry assay. When expressed and purified in vitro as truncated proteins,
specific metal cofactors were required to reconstitute enzyme activity in some cases.
To summarize, in vivo screening may avoid several complications that arise when
testing the activity of purified proteins in vitro, namely lack of activation signal,
issues with protein solubility, and required cofactors.

Gratifyingly, the fluorescent biosensor screen of the 29 G. sulfurreducens
GGDEFs revealed that GSU1658 (now called GsGacA), significantly increased
cGAMP levels, but had little effect on cyclic di-GMP levels [7]. This enzyme
harbors a response regulator receiver (Rec) domain N-terminal to the GGDEF
domain, which implies that it is downstream of a histidine kinase, but there is no
histidine kinase gene in the same operon as GsGacA. In vitro, GsGacA was
confirmed to accept both ATP and GTP as substrates to synthesize cGAMP. When
provided GTP only, however, GsGacA synthesizes cyclic di-GMP, which in part
explains why its cGAMP synthase activity had remained hidden from view.

Due to the high quality of structural information about the GGDEF domain, it was
possible to identify the first signature amino acid variation that permits both ATP and
GTP to bind in the active site (Fig. 34.2b). Canonical GGDEFs harbor an Asp
residue that interacts with the Watson–Crick face of GTP, whereas GsGacA was
found to have a Ser at that position (Fig. 34.2b). Indeed, the Ser-to-Asp mutant of
GsGacA reverted to synthesizing only cyclic di-GMP.

A bioinformatic survey of 32,587 predicted active GGDEF domain-containing
enzymes identified other sequences that harbor a Ser or Thr at this signature position,
although these variants comprise only 0.17% of the total. Promisingly, four of these
variant GGDEFs were validated to produce predominantly cGAMP when expressed
in E. coli: Bd0367 from Bdellovibrio bacteriovorus, Cabther_A1065 from
Candidatus Chloroacidobacterium thermophilum, and MXAN_2643 and
MXAN_4463 from Myxococcus xanthus [7]. Thus, these variant GGDEF enzymes
that are hybrid cyclic dinucleotide-producing and promiscuous substrate binding
have been called “Hypr” GGDEF enzymes. A summary of their domain architec-
tures is shown in Fig. 34.4, revealing that the majority are associated with Rec and
GAF N-terminal signaling domains.
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34.2.2 Structure of Hypr Versus Canonical GGDEFs

Recently, we gained additional structural insight into the function of Hypr GGDEF
domains by obtaining a 1.4 Å X-ray crystal structure of the GacA GGDEF domain
from Geobacter metallireducens (GmGacA) in the presence of GTP (Fig. 34.2b,
middle panel) [6]. The overall protein fold is the same as the canonical GGDEF
domain, which enabled detailed comparison between the active sites. Additionally,
the dimer of our structure could be modeled via superimposition onto the symmetric
dimer X-ray crystal structure obtained for the Idiomarina sp. A28L
bacteriophytochrome GGDEF (ImDGC) [20]. The latter was important because all
GGDEF enzymes function as homodimers, where each GGDEF domain serves as a
half-active site that binds one nucleotide substrate.

In the canonical diguanylate cyclase (DGC) PleD from Caulobacter crescentus
(CcPleD), the guanine nucleobase of GTP is specifically recognized by hydrogen
bonding to the Watson–Crick face by an Asp residue and a sugar-face interaction by
an Asn residue (Fig. 34.2b, left panel) [5]. An absolutely conserved His is positioned

Fig. 34.4 Domain architectures of Hypr GGDEF enzymes. (a) 49 Hypr GGDEF enzymes with a
Ser or Thr at the signature residue were sorted and categorized by their N-terminal sensory domain
and domain structures using the SMART database (http://smart.embl-heidelberg.de/). (b) Repre-
sentative enzymes for the seven domain structures are depicted and labeled with corresponding
gene annotations. Predicted transmembrane helices are shown as yellow rectangles
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above and perpendicular to the guanine nucleobase, suggesting a cation–π bond also
contributes to substrate binding [25]. In our Hypr GGDEF structure, similar inter-
actions are observed, except that the variant Ser participates in the Watson–Crick
interaction. Although the structure of the Hypr GGDEF with ATP bound was not
obtained, the hydroxyl side chain of Ser can serve as either hydrogen bond acceptor
or donor and therefore is predicted to hydrogen bond to either guanine or adenine
(Fig. 34.2b, right panel).

One insight gained by comparing the CcPleD and GmGacA structures was the
reason why not all GGDEF domain active sites can accommodate the Asp-to-Ser
variation. Specifically, the third residue in the [G/A/S]G[D/E]E[F/Y] active site
motif must be Asp instead of Glu in order for the GTP substrate to shift toward
the shorter Ser side chain and still maintain coordination of its phosphates to the
active site Mg2+ ion. In support of this idea, we found that predicted Hypr GGDEF
enzymes (harboring the signature Ser/Thr residue, Fig. 34.2b) exclusively have Asp
at the third position of the active site motif (e.g., GGDE[F/Y]). In contrast, this
position is almost evenly distributed between Asp and Glu (57% to 43%) for all
GGDEF domain-containing enzymes, the majority of which make cyclic di-GMP
[6]. Mutational analysis with both GsGacA and WspR, a diguanylate cyclase from
Pseudomonas aeruginosa, also supported this hypothesis. Thus, we found that Asp
at the central residue of the active site motif was a second signature for Hypr activity.

Finally, by superimposing our structure onto the symmetric dimer structure for
ImDGC, we were able to assign specific, cross-dimer functions to two previously
identified ultra-conserved residues [25]. Both dimer structures show that Glu at the
fourth residue in the active site motif (e.g., GGDEF) is close to the substrate bound to
the opposite monomer. Furthermore, in the modeled dimer of GmGacA, this Glu is
oriented properly to deprotonate the 30 hydroxyl group that serves as the nucleophile
in the catalysis step. Mutating this residue to Gln abrogates catalytic activity
[6]. Mutational studies showed that this residue is essential for canonical diguanylate
cyclase activity as well [26]. Thus, the absolutely conserved Glu in the active site
motif (e.g., GGDEF) serves as the catalytic general base, which is consistent with
related nucleotidyltransferases that use Asp or Glu as the general base [27].

Even more intriguingly, a residue that is Arg in 94% of predicted GGDEF
enzymes [25] was found to be a Tyr variant in Hypr GGDEFs. This residue had
no previously assigned function, but in the ImDGC structure the Arg appears to form
a cross-dimer cation–π interaction with the guanine nucleobase of GTP bound to the
opposite monomer. The corresponding Tyr in GmGacA is tucked away in the
monomer structure, but with a side chain rotation it can form a π–π stacking
interaction with either adenine or guanine. We showed that the Tyr-to-Arg mutant
of GacA has a product ratio more skewed toward cyclic di-GMP [6], which supports
the functional importance of this cross-dimer interaction and the hypothesis that
cation–π interaction with Arg favors guanine over adenine. Furthermore, enzymes
harboring the Ser-GGDEF-Arg set of signature residues produce more cyclic di-
GMP (Cabther_A1065 and Ddes_1475), whereas enzymes harboring Ser-GGDEF-
[Tyr/Ser/Ala/Gln] produce predominantly cGAMP [7].
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Taken together, these results reveal three signature variations that give rise to
cGAMP synthase activity by GGDEF enzymes: (1)Watson–Crick residue: Ser (and
not Asp) interacting with the Watson–Crick face of the nucleobase (Fig. 34.2b),
(2) Mg2+ coordinating residue: GGDEF (and not GGEEF) coordinating with the
active site Mg2+ ion, and (3) cross-dimer stacking residue: Tyr (and not Arg) from
the opposite monomer stacking with the nucleobase. Importantly, we have evidence
that other amino acid substitutions such as Ala at sites (1) and (3) still result in
cGAMP production. So, in some ways, the strongest signature is that diguanylate
cyclase enzymes harboring Ser-GG[D/E]EF-Arg make cyclic di-GMP, but other
variations may have noncanonical activity, including but not limited to cGAMP
production. For example, our results do show that Hypr GGDEFs produce low
amounts of cyclic di-AMP; other variants yet to be elucidated may have the
capability to be selective diadenylate cyclases.

34.2.3 Signaling Specificity of Hypr GGDEFs

Since both GTP and ATP are substrates for Hypr GGDEFs, these enzymes are
capable of producing three different cyclic dinucleotides. In vitro, GsGacA was
observed to produce cyclic di-GMP~cGAMP >> cyclic di-AMP when provided
with a 1:1 ratio of ATP to GTP [7]. These in vitro results contrast dramatically with
the product ratio observed in our biosensor screen (cGAMP>> cyclic di-GMP) and
in extracts from E. coli cells overexpressing GsGacA (cGAMP >> cyclic di-
GMP~cyclic di-AMP). The lesser buildup of cyclic di-GMP could be explained
partly by the presence of endogenous cyclic di-GMP phosphodiesterases in E. coli,
but still left open the question whether Hypr GGDEFs function specifically in
cGAMP signaling, in both cyclic di-GMP and cGAMP signaling, or could even
switch between the signaling pathways depending on ATP-to-GTP ratios.

To address this question, we characterized the effect of deleting the gene gacA on
cGAMP and cyclic di-GMP levels inG. sulfurreducens. Two approaches were taken
to measure perturbation of these signaling pathways. First, selective riboswitch-
NanoLuc reporters were engineered for use in G. sulfurreducens that gave lumines-
cence signal relative to either cGAMP or cyclic di-GMP levels. Deletion of gacA led
to an 80% decrease in signal from the cGAMP reporter and correlated with LC/MS
analysis showing that cGAMP levels fell below the detection limit in the ΔgacA
strain, whereas no significant change was seen in the cyclic di-GMP reporter
[6]. Next, RNA-seq was performed comparing the global transcriptional profiles of
WT and ΔgacA strains. As expected, deletion of gacA led to decreased expression
(2- to 16-fold) of all genes downstream of GEMM-Ib riboswitches, which are
specifically responsive to cGAMP. Additionally, some genes that do not have
known riboswitch sequences were affected, suggesting other modes of
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transcriptional control by cGAMP or downstream effects of the riboswitch-regulated
genes [6].

The above results show that GsGacA specifically raises cGAMP levels in vivo
and thus expression of transcripts controlled by cGAMP-specific riboswitches.
While production of cyclic di-GMP by GacA is not completely ruled out, this
activity is sufficiently low that housekeeping phosphodiesterases likely prevent
cross-signaling in vivo [28]. This is also consistent with our cyclic di-GMP reporter
results in G. sulfurreducens. Furthermore, GacA and cGAMP signaling appear to
control a phenotype distinct from the one associated with cyclic di-GMP signaling.
The ΔgacA strain was found to be deficient in reducing Fe(III) oxide particles, while
growth as a biofilm attached to electrodes was unaffected [6]. In comparison, the
opposite effect is observed when deleting the diguanylate cyclase esnD, which
showed poor biofilm growth on electrodes, but reduction of Fe(III) oxide particles
similar to WT [6]. The specificity of these signaling outcomes strongly supports the
in vivo activity of GacA as predominantly a cGAMP synthase.

A prior Tn-Seq experiment had identified esnD as the only diguanylate cyclase
gene to affect bacterial growth on electrodes poised at �0.1 V versus standard
hydrogen electrode (SHE) [29]. EsnD is a Rec-GGDEF enzyme that makes cyclic
di-GMP [7] and appears to be downstream of a chemosensory cascade with methyl-
accepting chemotaxis-like protein GSU1704 (EsnA), CheW-like protein GSU2220
(EsnB), and CheA-like histidine kinase GSU2222 (EsnC) [29]. In an unpublished
work, we confirmed in vitro that EsnC is a cognate histidine kinase that phosphor-
ylates EsnD (Zachary Hallberg, personal communication).

Excitingly, these results together establish that cGAMP and cyclic di-GMP
signaling are responsible for enhancing extracellular electron transfer by
G. sulfurreducens to different types of surfaces. An electrode surface provides a
steady sink for electrons, so a permanent biofilm state driven by cyclic di-GMP
signaling is fitting and likely advantageous for long-range electron transfer between
cells. Alternatively, single Fe(III) oxide particles provide a limited sink for electrons
and dissolve as they are reduced, so a transient interacting state driven by cGAMP
signaling is more appropriate. More broadly, we expect that cGAMP regulates
transient surface interactions in other bacteria (exemplified by Fe(III) oxide reduc-
tion in G. sulfurreducens), in contrast to canonical cyclic di-GMP regulation of
permanent biofilm-associated growth on surfaces.

34.2.4 Mechanism of Hypr GGDEFs

While phenotypic and in vivo assays showed Hypr GGDEFs to have specific activity
as GMP-AMP cyclases, the in vitro biochemical data appeared to contradict that
conclusion. This gave rise to questions about the mechanisms that promote cellular
specificity for cGAMP production, despite the enzyme’s substrate promiscuity. In
order to address this question, we developed a full kinetic model of the Hypr
GGDEF enzyme using ATP and GTP substrates that was based on a model
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developed for diguanylate cyclases [30]. The model is experimentally derived, as
parameters were mostly obtained from in vitro enzyme kinetic assays and the two
unknown parameters were fit to a set of experimentally derived product ratios at
different ATP:GTP substrate ratios [6].

The kinetic model shows that preferential production of cGAMP is driven by
differences in substrate binding rather than differences in catalytic rate constants for
the three possible CDN products. This result implies that the catalytic mechanism is
the same regardless of the CDN produced, which is consistent with the fact that both
ATP and GTP can serve as either nucleophile donor or electrophile acceptor
[6]. Instead, ATP and GTP binding constants are different and appear to be tuned
so that cGAMP is the major product across the entire physiological range of
substrate ratios, in which [ATP] is always in excess of [GTP].

The kinetic model also shows that the enzyme is cooperative, meaning that the
first substrate binding changes the binding affinity for the second substrate. Excit-
ingly, this result revealed a second, unexpected mechanism for preferential cGAMP
production, which we have termed selective cooperativity. It appears that GTP
binding to the ATP-bound enzyme is favored by twofold over the GTP-bound
enzyme, which leads to cGAMP production over cyclic di-GMP. This observation
that binding of the second substrate depends on the identity of the pre-bound
nucleotide means that there must be communication between the two half-active
sites of the enzyme. As described in Sect. 34.2.2, the cross-dimer stacking residue in
fact is poised to “read” the nucleobase identity of the first substrate and transmit that
information to the other monomer [6]. We showed that mutating this residue in
GacA indeed changes the product ratios.

Two other explanations for the discrepancy between in vivo and in vitro results
should be mentioned, even though they are not related to the enzyme mechanism.
First, the product ratios for the in vitro reactions are skewed slightly by substrate
depletion, whereas cellular homeostasis of nucleotide pools should be maintained in
live cells. We were able to correct for this mathematically in the kinetic model.
Second, the cyclic di-GMP levels in E. coli are regulated by endogenous phospho-
diesterases such as PdeH [31], so product ratios measured from lysates of E. coli
overexpressing GacA likely do underreport the amount of cyclic di-GMP produced.

Through evaluating these mechanisms by which the Hypr GGDEF enzyme has
evolved to produce the asymmetric signal cGAMP, we found that “breaking sym-
metry” was the common theme. Both the asymmetry in cellular ATP:GTP ratios and
the asymmetric effects of ATP versus GTP binding first to the enzyme are apparently
exploited. This led us to theoretically consider one final mode of asymmetry:
asymmetric activation.

To start, our finding that the general base is a cross-dimer residue (see Sect.
34.2.2) reveals how the activity of all types of GGDEF enzymes can be regulated
through conformational changes in the homodimer. The orientation of the two
monomers affects whether the general base is positioned properly for catalysis,
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which can be regulated through the N-terminal sensory domain or the conserved
inhibitory site (I-site) within the GGDEF domain itself [32]. Notably, whether these
activation/inhibition sites are singly or doubly occupied has not been considered
before, but clearly the singly activated enzyme would be asymmetric. By applying
the kinetic model, we showed that if enzyme activation theoretically favors the rate
constant for cGAMP synthesis over the other two CDNs by ninefold (a difference in
energy of only 1.3 kcal/mol), GacA could be fully selective in vivo (>90%
cGAMP). However, the mechanism of asymmetric activation remains an intriguing
hypothesis to be tested.

34.3 HD-GYP Enzymes Function as GMP-AMP
Phosphodiesterases (GAPs)

34.3.1 Discovery of V-cGAPs

As previously mentioned, the first cGAMP synthase, DncV, was found in the
V. cholerae El Tor strain. The Su and Jiang groups in collaboration performed an
in vivo screen for PDEs capable of degrading cGAMP that involved co-expressing
candidate PDEs with DncV synthase, immune sensor STING protein, and IFN-β-
Luc reporter in HEK 293T cells [33]. A total of 36 candidate genes from V. cholerae
El Tor Inaba N16961 were tested, including 20 EAL and 9 HD-GYP domain-
containing genes. While five top candidates resulted from the screen (2 EAL,
1 general PDE, and 1 HD-GYP), subsequent follow-up assays led to a focus on
the HD-GYP enzyme VCA0681. In vitro activity assays with all HD-GYP enzymes
from this bacterium revealed that VCA0681, VCA0210, and VCA0931 are capable
of degrading cGAMP, leading to their designation as V-cGAP1, 2, and 3.

The three V-cGAP enzymes were shown to degrade bacterial cGAMP (30,30-
cGAMP) in preference to the mammalian signal 20,30-cGAMP that harbors mixed
linkages [33]. However, when activity against other 30,30-linkage cyclic dinucleo-
tides is compared, these PDEs appear to degrade both cyclic di-GMP and cGAMP,
with similar activity or preference for cyclic di-GMP, and no activity against cyclic
di-AMP. The most active V-cGAP, VCA0681, was found previously to regulate
cyclic di-GMP levels in V. cholerae [34], so does not appear to function as a
cGAMP-specific PDE in cells. Importantly, this study was the first to demonstrate
that HD-GYP enzymes can degrade not just cyclic di-GMP, but also cGAMP.

34.3.2 Discovery of Cyclic GAMP-Specific GAPs

Myxococcus xanthus is another bacterium that produces cGAMP through Hypr
GGDEFs and encodes six HD-GYP domain-containing genes. We hypothesized
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that one or more of these genes may degrade cGAMP selectively. Based on
structure-based alignment, MXAN_2061, also called PmxA, appears to have a
natural variation in the conserved motif Rxx[K/R] to RxxQ. This natural variation
is predicted to change hydrogen bonding to the nucleobase of the CDN substrate and
shift the substrate preference toward cGAMP [16] (Fig. 34.2c). Therefore, PmxA
activity was screened in vitro against all bacterial CDNs. Over 4 h, PmxA degraded
>60% of cGAMP, with minimal degradation of cyclic di-GMP and no degradation
of cyclic di-AMP at the same timepoint [11]. While a previous study showed that
PmxA degraded cyclic di-GMP in vitro [35], its activity against cGAMP was not
tested. Our results also provide an explanation for prior observations that deletion of
pmxA had no effect on cyclic di-GMP levels in vivo [35].

The RxxQ motif appears to be a signature variation that gives rise to cGAMP
phosphodiesterase (GAP) activity by HD-GYP enzymes. Accordingly, mutating
RxxQ to RxxR reverts PmxA back to a cyclic di-GMP-selective PDE [11]. The
RNA-based fluorescent biosensor assay was used to screen PmxA and other HD-
GYP enzymes with RxxQ or RxxN motifs for activity against cGAMP and cyclic di-
GMP (Fig. 34.3). When expressed along with the biosensors and corresponding
synthases, six out of seven enzymes showed cGAMP degradation activity, but some
showed cyclic di-GMP degradation activity as well. A candidate that most clearly
appeared to be active and selective for cGAMP in this screen is Bd2325, an HD-
GYP enzyme from Bdellovibrio bacteriovorus [11]. Further analysis of this enzyme
in vitro confirmed that it is cGAMP selective. One of the most intriguing results from
this study is the finding that HD-GYP genes harboring the variant Rxx[Q/N] motif
are distributed in bacterial classes with no previous association with cGAMP
signaling, e.g., Firmicutes. This study is the first to identify HD-GYP enzymes
that are selective for the bacterial signal cGAMP.

34.4 Conclusions

This chapter presents a new theme that has emerged just in the past several years:
enzymes and effectors classically associated with cyclic di-GMP signaling have
“gone astray” and have found new purposes in cGAMP signaling. Since these
discoveries were made through the use of in vivo activity assays, we have compiled
a useful table of resources for ways to measure different CDNs in vivo (Table 34.1).
Excitingly, it is clear that still more discoveries await the adventurous biochemists
and microbiologists that work together to understand the language of bacterial
signaling with an expanding alphabet of CDN signals.
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Chapter 35
Microbial Cyclic GMP-AMP Signaling
Pathways

Miriam S. Ramliden, Geoffrey B. Severin, Brendan J. O’Hara,
Christopher M. Waters, and Wai-Leung Ng

Abstract Cyclic dinucleotides are key second messengers essential for bacteria to
adapt and thrive in different environments. The recently identified bacterial cyclic
dinucleotide second messenger, 30,30-cyclic GMP-AMP (cGAMP), was first discov-
ered in Vibrio cholerae. A cGAMP isomer is also found in eukaryotes, and most of
the current research on cGAMP biology is focused on its role in mammalian innate
immunity regulation. In contrast, how cGAMP regulates its targets and the physio-
logical roles of cGAMP signaling in bacteria are not well understood. Here, we
summarize our current knowledge of microbial cGAMP signaling pathways. We
review how this unique second messenger was discovered in the current pandemic
strains of V. cholerae and how the first bacterial cGAMP protein target was identi-
fied. We discuss the potential roles of cGAMP signaling in membrane metabolism,
gene regulation, pathogenesis, and evolution of V. cholerae as well as in other
bacteria. We also compare the similarities and differences in microbial and eukary-
otic cGAMP signaling pathways. Finally, we discuss the outlook of microbial
cGAMP signaling research in the context of basic microbiology as well as in
studying host–pathogen interactions.
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35.1 Discovery of Bacterial Cyclic GMP-AMP (cGAMP)

Bacteria use cyclic dinucleotides (cdNs) as second messengers to regulate various
cellular processes at the level of transcription, translation, and protein activity [1–4]. In
1987, the first cdN, cyclic di-GMP, was identified in the lab of Dr. Moshe Benziman
while investigating the regulation of cellulose biosynthesis in Komagataeibacter
xylinus (previously referred to as Gluconacetobacter xylinus/Acetobacter xylinum)
[5]. It would be another decade before it was recognized that cyclic di-GMP is nearly
ubiquitously used in bacteria to regulate diverse behaviors such as motility, biofilm
formation, stress response, and cell cycle progression, often within the same organism
[1, 3, 4]. The second cdN, cyclic di-AMP,wasfirst identified in 2008 as a product of the
sporulation checkpoint protein DisA in Bacillus subtilis and its Thermotoga maritima
homolog [6]. Cyclic di-AMP is now known to play a critical role in sensing DNA
damage, cell wall homeostasis, and adaptation to changes in osmolarity [2]. While
cyclic di-AMP signaling networks may be less frequently distributed, they are often
essential in Gram-positive bacteria.

A recent addition to the bacterial cdN second messenger family is the novel
hybrid dinucleotide 30,30-cyclic GMP-AMP (cGAMP). In 2012, Dr. John
Mekalanos’ group discovered cGAMP and the cGAMP synthase, DncV, while
dissecting the virulence regulon of the human pathogen Vibrio cholerae [7]. During
infection, the master virulence regulator, ToxT, activates the gene expression of
several key virulence factors including the cholera toxin and the toxin-coregulated
pilus [8]. Using ChIP-Seq, six ToxT binding sites were identified throughout the
genome, five of which had been previously described. The new sixth binding site
was mapped to the regulatory region of a small RNA TarB, which was further
demonstrated to repress the production of a novel transcriptional regulator called
VspR [7]. Interestingly, VspR is encoded by the vc0177 locus and is part of the
Vibrio Seventh Pandemic island 1 (VSP-1), a unique genomic island found only in
the V. cholerae El Tor biotype causing the current seventh cholera pandemic (1961
to the present) [9, 10]. VspR represses the expression of a number of adjacent genes
in VSP-1 including vc0179 (renamed dncV for dinucleotide cyclase Vibrio). Thus, it
was suggested that ToxT, through inhibition of VspR production, induces the
expression of genes in VSP-1–including dncV–during V. cholerae host colonization.
Consistent with this idea, dncV mutants are attenuated in host colonization [7, 11].

DncV was predicted to be an enzyme belonging to the nucleotidyl transferase
superfamily. Using purified DncV protein and radiolabeled nucleotides, DncV was
shown to synthesize cyclic di-GMP from GTP and cyclic di-AMP from ATP. This
result identified DncV as the first noncanonical diguanylate cyclase or diadenylate
cyclase, as well as the first cyclic di-AMP synthase identified in a Gram-negative
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bacterium. However, when provided with a substrate cocktail containing equimolar
concentrations of ATP and GTP, DncV produced little cyclic di-AMP or cyclic di-
GMP, but instead preferentially synthesized the hybrid cdN cGAMP [7]. Mirroring
these in vitro analyses, accumulation of cGAMP was observed in both V. cholerae
and Escherichia coli cells following induction of dncV from a plasmid [7, 12].

35.2 Mechanism of Cyclic GAMP Synthesis
and Degradation in V. cholerae

Structural and biochemical studies illustrate how DncV preferentially hybridizes
ATP and GTP to produce substantially more cGAMP than either cyclic di-GMP or
cyclic di-AMP. Despite the clear preference for synthesizing the hybrid cGAMP,
ATP and GTP both bind the donor and acceptor pockets of DncV in a similar way
[13]. However, the catalytic efficiency may be greater when ATP is used as a proton
acceptor and, conversely, the donor pocket of the DncV active site may recognize
GTP with higher affinity than it does ATP [13, 14]. When incubated with GTP and
nonhydrolyzable ApCpp, DncV co-crystallized with pp (c)pA[30-50]pG bound in the
active site, implying that DncV initiates cGAMP synthesis first through adenosine
30-OH attack on the GTP α-phosphate to produce the linear intermediate pppApG
before cyclizing the molecule [14]. In the case of DncV, the 30-OH of ATP is closer
to the α-phosphate of GTP than the 20-OH group is, resulting in an initial 30-50

phosphodiester formation and ultimately 30,30-cGAMP [13]. In eukaryotes, the
isomer 20,30-cGAMP is produced by the synthase cGAS, which shares little primary
sequence homology with DncV but is structurally similar [15]. Unlike DncV, cGAS
initiates cGAMP synthesis through nucleophilic attack of the guanosine 20-OH on
the ATP α-phosphate, generating an initial 20-50 linkage (rather than 30-50) [13]. Link-
age specificity is thereby determined by the orientation of the acceptor nucleotide
[13]. DncV has also been co-crystallized with folates derived from the cell, and both
5-methyltetrahydrofolic acid (5MTHF) and 5-methyltetrahydrofolate diglutamate
(5MTHFGLU2) can inhibit DncV activity [16]. However, the purpose of this
regulation by folates and its relevance in V. cholerae cells is not well understood.

Thus far, three enzymes capable of degrading cGAMP have been identified in
V. cholerae, encoded at loci vca0681, vca0210, and vca0931. The three phosphodi-
esterases, designated V-cGAP1-3, are HD-GYP domain-containing proteins that
were found to act specifically on bacterial 30,30-cGAMP as they did not degrade
other tested cGAMP isoforms (30,20-; 20,30-; and 20,20-cGAMP) [11]. All three V-
cGAPs act as phosphodiesterases and linearize 30,30-cGAMP to the intermediate 50-
pApG, then V-cGAP1 (but not V-cGAP2 or 3) can hydrolyze this to produce 50-ApG
[11]. It is unknown whether the 50-ApG product is further hydrolyzed into nucleo-
sides or nucleoside mono-phosphates by other enzymes. The HD-GYP domain in
each of the V-cGAPs is required for cGAMP degradation, as mutations in either the
HD or GYP motif prevent degradation [11]. Interestingly, the transcript level of all
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three V-cGAPs increased after dncVwas induced from a plasmid, but the mechanism
behind this regulation is unknown [11]. Each V-cGAP individually contributes to
regulation of host colonization, suggesting that the V-cGAPs have nonredundant
functions and that fine-tuning the concentration of cGAMP is important during
V. cholerae infection [11].

35.3 The Functions of Cyclic GAMP in V. cholerae Biology

As mentioned, dncV is encoded at locus vc0179 in the VSP-1 island of El Tor
V. cholerae isolates responsible for the current cholera pandemic. VSP-1 is absent in
the classical biotype that predominated in the previous six pandemics but has since
been displaced by the El Tor biotype. Therefore, it is possible that acquisition of
VSP-1 is a critical step for the evolutionary success of the current pandemic strains.
Aside from DncV, the functions of most of the genes in VSP-1 have not been well
characterized. The role of DncV on global changes in gene expression was deter-
mined using RNA-seq [7]. This analysis revealed that nearly 90 genes were differ-
entially regulated by at least twofold following 15 min of DncV expression,
suggesting cGAMP is a global regulator similar to other cdNs. These genes could
be grouped into three major functions: shifting fatty acid anabolism to catabolism,
downregulation of MSHA pilus, and reduction in chemotaxis gene expression
[7]. Increased expression of DncV also limited V. cholerae chemotaxis through
low-density agar, even though individual cells appeared to remain flagellated and
motile [7]. A reduction in chemotaxis has been attributed to a hyper-infectious state
that is critical for efficient intestinal colonization by V. cholerae [17, 18]. In support
of a connection to virulence, deletion of dncV resulted in a colonization impairment
in the murine model [7].

Only one direct protein target of cGAMP has been identified so far in bacteria
[12]. In the El Tor biotype of V. cholerae, overproduction of cGAMP is toxic,
leading to growth inhibition, and eventually cell death [12]. Genetic suppressor
analysis determined that this cGAMP toxicity is dependent on the phospholipase
CapV, encoded at the locus vc0178 directly upstream of dncV on VSP-1
[12]. cGAMP binds directly to CapV and activates its phospholipase activity,
resulting in degradation of cell membrane phospholipids and release of free fatty
acids [12]. Activation of CapV phospholipase activity in vitro is specific to cGAMP
as other related dinucleotides required up to one thousand-fold higher concentrations
in order to activate CapV [12]. Once activated, CapV degrades phosphatidyletha-
nolamine and phosphatidylglycerol, the two most common classes of phospholipid
in the V. cholerae cell membrane, and releases fatty acids into the cytosol [12]. Such
sustained activation or overactivation of CapV by high intracellular levels of
cGAMP ultimately led to membrane damage, growth arrest, and cell death
[12]. As capV is encoded on the VSP-1 island, overproduction of dncV in classical
biotype strains of V. cholerae is not toxic. However, expressing both capV and dncV
together is toxic to classical strains as well as heterologous bacteria such as
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Escherichia coli [12]. Thus, CapV and DncV form a functional cGAMP signaling
pathway to regulate membrane lipid degradation.

Like DncV, CapV expression is controlled in part by the repressor VspR and is
therefore ultimately induced by the virulence regulator ToxT [7]. However, another
V. cholerae virulence regulator, ToxR, was also found to bind DNA upstream of
capV, thereby repressing its transcription [19]. It is not surprising that the cGAMP-
CapV pathway is highly regulated, as overactivation of the pathway results in cell
death [12]. However, it is not known how these two regulatory systems interact to
control CapV expression, nor is it known when the cGAMP-CapV pathway is
induced in the cell. In addition, while DncV is important for intestinal colonization
in the infant mouse model, CapV is not [7], and it is yet unclear what physiological
role this system plays in V. cholerae biology.

35.4 Bacterial Cyclic GAMP Signaling Outside of Vibrio

Cyclic di-GMP producing diguanylate cyclases are found throughout bacteria phyla
and are most frequently identified by their distinct GGDEF domain [20, 21]. System-
atic testing of proteins containing the GGDEF domain in Geobacter sulfurreducens
has shown that a subset of these enzymes can produce 30,30-cGAMP [22]. This
subset of proteins has been classified as hybrid, promiscuous (Hypr) GGDEF pro-
teins. Although they produce cGAMP, Hypr-GGDEF enzymes are distinct from
DncV and cGAS, both in structure and the variety of cdNs they synthesize [7, 13,
22]. Hypr-GGDEF proteins can make all three cdNs (cyclic di-AMP, cGAMP, and
cyclic di-GMP) in different ratios. This promiscuity is conferred by a change in the
GGDEF domain when a conserved aspartate in the nucleotide binding site is
replaced with a serine or threonine, allowing for greater plasticity of the binding
pocket [22]. While each Hypr-GGDEF enzyme appears to have a distinct innate
propensity toward a given cdN product, the ratio of these products is dependent on
the GTP:ATP ratio in the cell [22]. Thus, the presence of a Hypr-GGDEF protein in a
bacterium does not necessarily mean cGAMP is produced in significant quantities.
Still, Hypr-GGDEF enzymes in multiple δ-proteobacteria species, such as
Myxococcus xanthus and Bdellovibrio bacteriovorus, have been shown to favor
cGAMP synthesis [22]. These few promising examples leave open the possibility
that there are many more Hypr-GGDEF enzymes which produce cGAMP that are
yet to be demonstrated.

Riboswitches have been shown to specifically bind distinct cdNs [23, 24] and
much of what we know about the role of cGAMP in bacteria outside of Vibrio
species comes from the study of cGAMP-binding riboswitches. One class of
riboswitch that commonly binds cyclic di-GMP are the Genes for the Environment,
Membranes, and Motility (GEMM-I) which are found in firmicutes and
proteobacteria [25, 26]. Two groups independently found that modifying a single
nucleotide causes these riboswitches to favor the binding of cGAMP [25, 27]. These
cGAMP-binding switches have also been engineered to allow for the in vivo
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measurement of cGAMP, providing a tool for study of bacterial cGAMP
[26]. cGAMP-binding riboswitches also occur in nature and have been best charac-
terized in Geobacter metallireducens and Geobacter sulfurreducens. In these spe-
cies, ligand-free riboswitches contain a terminator loop that prevents transcription of
nearby downstream genes; when cGAMP is bound, the terminator structure is
disrupted allowing transcription of downstream genes. G. metallireducens contains
at least 11 riboswitches that specifically bind cGAMP to control transcription of
17 genes. Prominent among the genes regulated by cGAMP in Geobacter spp. are
pilins and cytochromes associated with exoelectrogenesis which can enable the
reduction of insoluble metal complexes to act as electron acceptors [25, 27]. There-
fore, in addition to the regulation of phospholipid metabolism in V. cholerae,
cGAMP has been suggested to play an integral role in regulating exoelectrogenesis
in these bacteria, although the exact molecular mechanism has not yet been
demonstrated.

While Geobacter spp. uses Hypr-GGDEF enzymes to synthesize cGAMP, there
are also homologs of DncV present in other bacteria. The animal-commensal E. coli
strain ECOR31, for example, has a horizontally transferred genomic island encoding
the homolog DncVECOR31, which also synthesizes 30,30-cGAMP
[28]. Overexpression of DncVECOR31 leads to a reduction in the steady-state
mRNA level of the transcriptional regulator csgD, resulting in downregulation of
the rdar (red, dry, and rough) biofilm morphotype commonly expressed by E. coli
strains [28]. This overexpression also inhibited swimming and swarming motility
through inhibition of flagellin production [28]. Thus, as in V. cholerae, DncVECOR31

impacts a variety of phenotypes, although the direct effectors of cGAMP in this
E. coli strain are yet to be identified.

An in-depth domain analysis using DncV as a template showed that similar
proteins likely are produced by many bacterial phyla [29]. This clustered analysis
connected DncV with similarly organized “Second Messenger Oligonucleotide or
Di-nucleotide Synthetases” that are often positioned next to a variety of effectors,
and this prediction was validated by the discovery of the DncV-cGAMP-CapV
signaling network in V. cholerae described above [12]. The presence of additional,
previously unknown cGAMP synthases has been recently confirmed in several
bacterial phyla, some of which, but not all, are encoded adjacent to patatin-like
phospholipases similar to capV [22, 30]. These analyses underscore how widespread
and diverse these associated genes are and serves as a reminder of how much
remains to be discovered from the study of cGAMP signaling in microorganisms.

35.5 Cyclic GAMP Signaling in Metazoans

Cyclic GAMP is the only cdN that has been observed in metazoans and its role in
innate immunity regulation has been well characterized (Reviewed in [31–34]). The
eukaryotic cGAMP synthase, cGAS, shares close structural similarity to DncV
[15]. cGAS is located primarily in the cytoplasm of eukaryotic cells, and its
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cGAMP synthesis activity is stimulated by binding to double-stranded DNA, which
is triggered during a viral infection, mitochondrial stress, or genome instability
[15, 35, 36]. Unlike DncV, which produces 30,30-cGAMP with a phosphodiester
ring containing two 30-50 bonds, cGAS synthesizes the isomer 20,30-cGAMP with a
20-50,30-50 linkage [37]. The structural similarity of cGAS to DncV is evident as one
amino acid change in cGAS switches this enzyme from producing 20,30-cGAMP to
bacterial 30,30-cGAMP [14]. The difference in structure of these two molecules
significantly impacts binding to eukaryotic receptors.

Cyclic GAMP synthesized by cGAS binds to the eukaryotic cdN receptor STING
to induce Type I interferon production [37]. STING bound to a cdN was originally
discovered as the signal essential for upregulation of Type I interferons by the
invasive bacterial pathogen Listeria monocytogenes, although in this case STING
was recognizing cyclic di-AMP secreted by the invading bacteria [38, 39]. While
STING can bind cyclic di-AMP, cyclic di-GMP, 20,20-cGAMP, and bacterial 30,30-
cGAMP (although not the recently discovered cyclic UMP-AMP), it has the stron-
gest affinity for eukaryotic 20,30-cGAMP [30, 37, 40, 41]. Moreover, binding of
20,30-cGAMP to STING is endothermic whereas binding to other cdNs is exother-
mic, and STING adopts a more compact folded structure when bound to 20,30-
cGAMP [37, 42].

STING is not the only eukaryotic receptor of cdNs, as the enzyme RECON, an
oxidoreductase, can bind to and be inhibited by bacterial cGAMP and cyclic di-
AMP, but it does not bind tightly to eukaryotic 20,30-cGAMP or cyclic di-GMP
[41, 43]. Inhibition of RECON by cdNs leads to the activation of iNOS and
production of reactive oxygen species, which inhibit bacterial growth. Furthermore,
binding of cdNs by RECON antagonizes signaling through STING by decreasing
their concentration in the cell [41]. Therefore, bacterial cGAMP is a potent modu-
lator of the immune system through multiple pathways.

35.6 Outlook and Future Directions

Discovery of cGAMP is one of the most exciting recent findings in the field of
bacterial second messenger signaling. We now understand that cGAMP functions as
a bona fide second messenger in V. cholerae, Geobacter species, and likely in many
other bacterial species. Yet, many important questions regarding the functions of
cGAMP signaling remain to be explored. For instance, although the first bacterial
cGAMP protein effector, the previously uncharacterized phospholipase CapV, has
been identified [12], the molecular mechanism by which this enzyme is activated by
cGAMP is unknown. Is there perhaps a conserved cGAMP-sensing domain present
in CapV, analogous to the ubiquitous PilZ domain for cyclic di-GMP [44, 45]?

Perhaps one of the more significant revelations to come from the discovery of
cGAMP is that cGAMP networks seem to both interact with and be insulated from
established cyclic di-GMP signaling networks. For example, in V. cholerae, aside
from opposing regulatory roles in MSHA pili expression [7, 46], these two cdN
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networks appear to have minimal overlap between their immediate transcriptional
regulons. Paradoxically, second messenger networks are often connected with each
other [47–50]. In the case of V. cholerae, the three cGAMP phosphodiesterases V-
cGAP1–3 can degrade both cyclic di-GMP and cGAMP and expression of these
phosphodiesterases is induced by cGAMP [11]. Thus, the boundaries between the
two cdN networks are not that clear cut. Evidence of this dichotomy can be seen in
GEMM-I riboswitches. Although they show strong selectivity for either cGAMP or
cyclic di-GMP, this selectivity can be altered with a single nucleotide change
[22]. Moreover, cGAMP appears to impact biofilm formation and motility, pheno-
types often regulated by cyclic di-GMP, in an animal-commensal strain of E. coli
[28]. Clearly some effectors responsible for sensing and responding to these two
second messengers are capable of discriminating between the structurally similar
molecules. However, could there be a reciprocal interaction in which cGAMP
competes with cyclic di-GMP for binding to cyclic di-GMP effectors to lower
their overall effective activity? We expect in-depth structural and biochemical
analyses of the interactions between cGAMP, cyclic di-GMP, and their effectors
will provide invaluable insights into these important questions.

In addition, the exact physiological roles of cGAMP in bacteria are still not
understood. For example, cGAMP-activated phospholipid degradation in the
V. cholerae life cycle is not essential because it is absent in the once-dominant
classical biotype. We hypothesize that acquisition of VSP-1, and hence the ability to
produce cGAMP to modulate membrane degradation by CapV, likely increases the
adaptability of the pathogen, perhaps allowing V. cholerae El Tor biotype to carry
out novel biochemical reactions to increase its metabolic flexibility under certain
environments. However, global transcriptomic analyses suggest that the cGAMP
regulon is extensive and it is unlikely that these genes are all regulated by cGAMP
through CapV activation. Therefore, identification of other targets controlled by
cGAMP will help us to fully understand the importance of cGAMP signaling in
V. cholerae. Our understanding of the role of cGAMP in controlling
exoelectrogenesis in Geobacter is also in its infancy and elucidating this regulatory
network should provide further insight on how Geobacter, and potentially other
bacteria, use cGAMP to respond to environmental changes.

Cyclic GAMP synthases and cognate effectors are present in a variety of species
besides Vibrio andGeobacter, providing a rich basis for future research into cGAMP
signaling. We expect that studying these other cGAMP signaling pathways will
reveal a wide variety of signaling mechanisms and physiological functions and will
shed light on the evolutionary advantages provided to the strains that carry them. In
eukaryotes, the interplay of cGAMP effectors such as STING and RECON, and their
modulation of the immune system in response to cdNs is an exciting area of active
research. We do not yet appreciate how many eukaryotic proteins interact with
different cdNs. Finally, as cdNs are widely produced by many bacterial species,
we hypothesize that these second messengers may also serve as chemical signals that
mediate interaction of the host with the resident microbiome by immune modulation.
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Chapter 36
20,30-Cyclic Mononucleotide Metabolism
and Possible Roles in Bacterial Physiology

Benjamin M. Fontaine, Yashasvika Duggal, and Emily E. Weinert

Abstract Novel intracellular small molecules, 20,30-cyclic nucleotide
monophosphates (20,30-cNMPs), have recently been discovered within both pro-
karyotes and eukaryotes. Within plants and mammals, wounding has been found
to increase levels of 20,30-cNMPs. Initial studies in prokaryotes have identified both
intra- and extracellular 20,30-cNMPs within bacterial culture, with recent work
demonstrating that 20,30-cNMP levels affect bacterial gene expression to impact
phenotypes such as biofilm formation. The enzyme responsible for 20,30-cNMP
production in Escherichia coli has been identified and proteins potentially involved
in 20,30-cNMP hydrolysis are currently under investigation. Furthermore, the devel-
opment of tools to modulate 20,30-cNMP levels in bacteria now allows for directly
probing the effects of altered 20,30-cNMP concentrations in bacteria. Controlled
perturbation of 20,30-cNMP pools in tandem with gene expression analyses
highlighted potential signaling pathways and identify other proteins involved in
20,30-cNMP metabolism and sensing. By dissecting the cellular roles of 20,30-
cNMPs within bacteria, these ongoing studies highlight novel pathways within
prokaryotes which potentially can be engineered to control bacterial proliferation.
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Bacteria have numerous methods to sense stress or damage and respond by regulat-
ing pathways responsible for either repair or cell death, resulting in changes in gene
expression and altered phenotypes, such as growth rate and biofilm formation [1–
3]. Following sensing of external stress, regulation of proteins and pathways that
control RNA stability and decay is often altered [4, 5]. This allows bacteria to
quickly alter protein expression levels because transcription of mRNA and protein
expression are typically tightly coupled [6]. However, our understanding of the
environmental factors controlling RNA decay, as well as the proteins involved, the
degradation products, and the cellular effects, are incomplete.

36.1 20,30-cNMPs in Mammalian Systems

A novel class of small molecules putatively derived from RNA degradation [7, 8]
and potentially involved in stress response pathways recently has been discovered in
eukaryotes. These molecules have been identified as 20,30-cyclic nucleotide
monophosphates (20,30-cNMPs; Fig. 36.1) [7, 9–13], which are the regioisomers of
the paradigmatic intracellular second messengers adenosine- and guanosine30,50-
cyclic monophosphate (30,50-cAMP and -cGMP). In addition to the canonical nucle-
otide signaling molecules, recent evidence demonstrates that 20,30-cNMPs regulate
certain processes in eukaryotes. The four 20,30-cNMPs derived from the canonical
RNA nucleobases, along with 20,30-cIMP, have been identified and quantified in
mammalian organs and cells [14–16]. Intriguingly, wounding of mammalian organs
ex vivo or administration of 20,30-cAMP to rodents via the renal artery dramatically
increases concentrations of 20-AMP, 30-AMP, and adenosine in the urine, alluding to

Fig. 36.1 (a) Structures of 20,30-cNMPs identified in bacteria. (b) Hydrolysis of RNA to form 20,30-
cyclic phosphate
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a potential role for 20,30-cAMP metabolism in physiological processes [17, 18]. Fur-
ther ex vivo experiments with isolated mouse kidneys demonstrated that metabolic
stress induces production of extracellular 20,30-cAMP, 20-AMP, 30-AMP, and aden-
osine, likely by stimulating mRNA degradation [16]. The extracellular adenosine
produced from the dephosphorylation of 20,30-cAMP in the wake of metabolic insult
likely elicits a subsequent anti-inflammatory effect on the system through activation
of purinogenic G-protein-coupled receptors (GPCRs), further demonstrating the
potential significance of 20,30-cAMP [7]. Notably, recent work suggests that metab-
olism of 20,30-cAMP to 20-AMP, 30-AMP, and adenosine occurs in diverse mamma-
lian cell types, and a similar degradative pathway exists which generates
extracellular adenosine from the established regioisomeric second messenger 30,50-
cAMP, suggesting the conservation of 20,30-cAMP-mediated signaling in various
mammalian tissues [7]. Exogenous 20,30-cAMP also stimulates Ca2+ efflux in rat
kidney cells and oligodendrocytes, resulting in depolarization of the mitochondrial
membrane and concomitant apoptosis, thus supporting a plausible physiological role
for this cyclic nucleotide in mammals [12]. The same effect was observed for
exogenous 20,30-cyclic nicotinamide adenine dinucleotide phosphate (20,30-
cNADP) as well [12], but the endogenous occurrence of 20,30-cNADP is unknown.

Previous in vitro studies identified a metal-independent 20,30-cyclic nucleotide 30-
phosphodiesterase (CNPase) as a component of myelin in the mammalian nervous
system [19, 20]. Subsequent experiments using oligodendrocytes and renal cells
either lacking or overexpressing CNPase confirmed that this enzyme hydrolyzes
20,30-cAMP to 20-AMP in vivo, and, importantly, 20,30-cAMP is not metabolized by
30,50-cAMP phosphodiesterases [13, 21]. As mentioned above, metabolism of 20,30-
cAMP also generates 30-AMP in vivo, but the eukaryotic enzymes that catalyze this
conversion are unknown [7]. Similarly, the mammalian nucleotidases that dephos-
phorylate 20- and 30-AMP to adenosine remain elusive, but the known 50-AMPase
CD73 does not hydrolyze these regioisomeric adenylates [18]. Moreover, the ribo-
nuclease(s) (RNase[s]) presumably generating 20,30-cAMP in eukaryotes have not
been identified, but candidate enzymes include members of the RNase A and RNase
T2 families, which cleave the phosphodiester backbone via transphosphorylation to
produce a 20,30-cyclic phosphate [22].

36.2 20,30-cNMPs and Plant Stress Responses

20,30-cAMP and -cGMP also have been quantified in Arabidopsis thaliana, with
increased concentrations observed in damaged leaves relative to control [23], pro-
viding further correlation of increased 20,30-cNMP levels with eukaryotic stress
responses. Moreover, 20,30-cAMP has been demonstrated to mediate stress granule
assembly in A. thaliana through interaction with the polyadenylate-binding protein
Rbp47b, constituting the first identification of a 20,30-cNMP-binding effector in any
organism [24]. Due to the role of Rbp47b in mRNA binding [25], this discovery
suggests that the balance between mRNA decay and 20,30-cAMP production
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modulates stress granule assembly to tune translation in response to stress [24]. The
potential relevance of other 20,30-cNMPs in eukaryotic physiology also awaits
further investigation.

36.3 Identification of 20,30-cNMPs and Possible Binding
Protein in Bacteria

In contrast to the expanding roles of 20,30-cAMP in eukaryotic biology, the functions
of 20,30-cNMPs in prokaryotic processes remain almost entirely unknown, despite
the fact that 20,30-cNMPs were detected over five decades ago in E. coli lysate by
thin-layer chromatography [26]. Various 20,30-cNMPs have been identified in dif-
ferent bacterial species (20,30-cCMP and -cUMP in Pseudomonas fluorescens [27];
20,30-cAMP in Staphylococcus aureus; 20,30-cAMP, -cGMP, -cUMP, -cCMP in
E. coli [28]), with our group quantifying the physiological concentration of these
cyclic nucleotides in E. coli [29]. In addition, heterologous expression of LfliZ, a
protein from Pseudoalteromonas sp. S9913, in E. coli resulted in purification of
20,30-cNMP-bound LfliZ protein [28]. The physiological function of LfliZ is
unknown, but the gene is located within a lateral flagellar gene cluster, suggesting
a possible role in motility. Given that binding of cyclic di-GMP to the backstop
brake protein, YcgR, inhibits E. coli motility [30], it is possible that LfliZ regulates
Pseudoalteromonas motility by binding 20,30-cNMPs.

36.4 Synthesis of 20,30-cNMPs in E. coli

20,30-cNMPs presumably arise from RNA degradation in prokaryotes, but the spe-
cific RNases involved have only been investigated in E. coli. Based on in vitro
studies, RNase T2 family endoribonucleases appear particularly promising, as these
enzymes activate the ribosyl 20-hydroxyl moiety as a nucleophile, producing a 20,30-
cyclic phosphate and the cleaved RNA product [22]. 31P NMR studies elucidated
that these metal-independent nucleases also catalyze a second, slower step in which
the liberated 20,30-cyclic phosphodiester rebinds the active site and undergoes
hydrolysis to the acyclic 30-monophosphate [8]. Importantly, members of the
RNase T2 family are nonspecific enzymes, resulting in complete digestion of
RNA to 20,30-cNMP monomers in vitro. The lack of sequence specificity distin-
guishes the RNase T2 family from other transferase-type endoRNases which typi-
cally cleave after particular nucleotides (e.g., RNase T1 and RNase A families [22])
or within specific sequence contexts (e.g., interferase family toxins of prokaryotic
toxin–antitoxin systems [31]) to produce a 20,30-cyclic phosphate at the 30-terminus
of the RNA, as opposed to free 20,30-cNMP monomers. RNase T2 family enzymes
are distributed throughout the kingdoms of life and function in diverse processes
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such as phosphate salvage, regulation of host immunity, and eukaryotic development
[22]. Within the bacterial domain, members of the RNase T2 family are most
abundant in Gram-negative phyla, particularly Proteobacteria, but they exist in
Gram-positive taxa as well. However, investigations of these bacterial nucleases,
both in vitro and in vivo, have been limited.

E. coli RNase I, the most well-studied bacterial member of the RNase T2 family,
was identified over 50 years ago [32], but its biological function remains enigmatic.
RNase I initially was isolated from the E. coli periplasm [33–36], and was shown to
degrade RNA nonspecifically to produce 20,30-cNMPs [37]. Subsequently, a cyto-
plasmic variant encoded by the same rna gene was purified from E. coli [37, 38];
however, the mechanism by which RNase I is partitioned between the periplasm and
cytoplasm is unknown. Notably, cytoplasmic RNase I is less stable than the peri-
plasmic version and only digests short oligoribonucleotides (oligoRNAs) devoid of
secondary structure in vitro, in contrast to periplasmic RNase I which is highly
promiscuous [37]. Despite thorough in vitro characterization, the significance of
RNase I in E. coli is unclear. Early reports identified a role for the enzyme in
ribosome decay under certain starvation conditions [39–42], but these studies were
performed prior to the identification of cytoplasmic RNase I which complicates
interpretation of the results. More recently, the 16S rRNA of the 30S ribosomal
subunit was shown to inhibit RNase I activity in vitro, and E. colimutants expressing
rRNA chimeras exhibited altered ribosome decay profiles compared to wild-type
E. coli. However, the potential physiological factors that stimulate ribosome decay
by RNase I in wild-type E. coli are unclear [43]. Consequently, the physiological
roles of periplasmic and cytoplasmic RNase I variants remain ambiguous. Periplas-
mic RNase I perhaps functions in catabolism of extracellular RNA, as it is co-
localized with the 20,30-cNMP phosphodiesterase CpdB which nonspecifically
hydrolyzes 20,30-cNMPs to 30-NMPs en route to nucleosides [44–46]. Several pro-
karyotic 20,30-cyclic nucleotide 20-phosphodiesterses have been characterized
in vitro [44, 45, 47–49], including EAL-family cyclic di-GMP phosphodiesterases
[50], but the poor catalytic efficiency casts doubt on the physiological relevance of
this activity. An analogous combination of a T2 RNase and a 20,30-cNMP phospho-
diesterase is expressed in the extracellular space of the tomato plant (Solanum
lycopersicum) in response to phosphate deprivation [51, 52], further suggesting
the importance of the RNase T2 family in nucleotide salvage. Prior work with
cytoplasmic RNase I has suggested a role for the enzyme in one of the final steps
of mRNA catabolism due to the specificity of RNase I for short oligoRNAs in vitro,
but such a function has not been investigated experimentally [37].

Within E. coli, RNase I (an RNase T2 family member [22]) generates all
detectable 20,30-cNMPs through hydrolysis of mRNA and rRNA, providing insight
into the biosynthetic origin of these atypical nucleotides [29]. The 20,30-cNMPs are
produced in both the cytoplasm and the periplasm, but extracellular 20,30-cNMPs are
not imported, demonstrating that m/rRNA degradation by cytoplasmic RNase I is
responsible for intracellular 20,30-cNMP production [29]. RNase I-catalyzed
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degradation of mRNA and rRNA is presumably one of the final steps in RNA
catabolism, based on the inability of RNase I to digest structured RNA
substrates [37].

36.5 Possible Links with Nucleotide Metabolism

As 20,30-cNMPs represent an additional pool of cellular nucleotides, these metabo-
lites may be regulated by the cell, given that absolute and relative nucleotide (NMP/
NDP/NTP/etc.) concentrations are maintained through tight regulation of de novo
synthesis and salvage pathways. RNase I homologs exist in several classes within
Proteobacteria, indicating that 20,30-cNMPs likely govern certain biological pro-
cesses in other bacterial taxa. In addition, genes encoding other RNase T2 super-
family enzymes are distributed across bacteria, eukaryotes, and viruses [22], alluding
to possible 20,30-cNMP-dependent pathways in diverse kingdoms of life. The
changes in 20,30-cNMP levels over the course of the E. coli growth curve
(Table 36.1), which start at low-mid micromolar (based on estimates of E. coli cell
volume [53]) and drop below the limit of detection, suggest that 20,30-cNMPs are
potentially involved in primary nucleotide metabolism, are controlled by cellular
rates of RNA decay, and/or constitute a novel nucleotide second messenger signal-
ing system [29]. 20,30-cNMPs may function as intermediates in a novel salvage
pathway, as the 30-NMPs resulting from enzymatic hydrolysis can be accepted by
the nonspecific cytoplasmic nucleotidase SurE [54]. While the previously published
NTP, NDP, NMP, and nucleoside concentrations in E. coli do not suggest obvious
parallels between the 20,30-cNMP ratio and other nucleotide/nucleoside pools
[55, 56], the finding that 20,30-cNMP levels decrease in stationary phase E. coli
cultures relative to exponential phase cultures mirrors the growth-dependent fluctu-
ations in dNTP concentrations [56] and could be due to differences in cellular
metabolic activity over the growth curve. The different relative concentrations of
20,30-cAMP and 20,30-cGMP, as compared to 20,30-cCMP, and -cUMP, in exponen-
tial and stationary phase cultures, suggests either a complex regulation of 20,30-
cNMP metabolism or differing rates of 20,30-cNMP hydrolysis, as RNase I does not
display strong sequence or nucleobase specificity in vitro [37]. To improve our
understanding of the regulation of 20,30-cNMP concentrations, further investigations
of their synthesis and degradation through analysis of growth-dependent relation-
ships between 20,30-cNMP, 30-NMP, and other nucleotide/nucleoside concentrations
are needed.

Table 36.1 20,30-cNMP levels during E. coli BW25113 growth (values reported as pmol/108 cells)
[29]

20,30-cAMP 20,30-cCMP 20,30-cGMP 20,30-cUMP

Log 8.22 � 1.80 2.67 � 0.62 4.47 � 1.01 3.37 � 0.75

Stationary 0.11 � 0.02 0.011 � 0.003 0.11 � 0.02 0.042 � 0.01
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36.6 RNase I, 20,30-cNMPs, and Biofilm Formation

To probe the role(s) of RNase I and 20,30-cNMPs within bacteria, two plasmid
systems were developed; one plasmid contains a gene without a ribosome binding
site that leads to increased cellular 20,30-cNMP levels, while the second plasmid
encodes the gene for the catalytic domain of mouse 20,30-cyclic nucleotide phospho-
diesterase (CNPase; [57]), which decreases 20,30-cNMP levels close to the limit of
detection. Using these tools, additional experiments have identified a physiological
function for 20,30-cNMPs and RNase I in biofilm production, with both the RNase I
deletion strain (Δrna) and WT cells heterologously expressing CNPase exhibiting a
hyper-biofilm phenotype [29]. In addition, wild-type E. coli cultures grown under
static conditions that promote biofilm formation have decreased levels of 20,30-
cNMPs as compared to the same strain grown with shaking. Collectively, these
data link reduced 20,30-cNMP concentrations to increased biofilm production. Tran-
scriptional analysis of E. coliWT and Δrna strains suggest that the increased biofilm
formation likely occurs due to increased levels of curli-related mRNA transcripts and
upregulated production of curli [29], the major protein constituent of biofilms
[58]. Recent studies have demonstrated that changing nucleoside and nucleotide
metabolism can alter biofilm formation [59–63], further suggesting the potential
importance of 20,30-cNMP pools in nucleotide metabolism and cellular physiology
(Fig. 36.2). Despite the changes in biofilm formation, depleting 20,30-cNMP levels
by rna disruption does not cause a measurable difference in cyclic di-GMP or pGpG
levels relative to WT E. coli, suggesting that 20,30-cNMPs may be altering biofilm
formation by either perturbing primary nucleotide metabolism or through
noncanonical cyclic nucleotide signaling pathways [29]. Quantitation of 20,30-
cNMP levels in exponential phase E. coli cultures revealed approximate

Fig. 36.2 Current understanding of 20,30-cNMP production and cellular effects
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concentrations of 10–30 μM [29], which are similar to the basal concentration of
30,50-cAMP [55, 64], a canonical second messenger, suggesting that these metabo-
lites the concentration range utilized for other second messenger signals.

Taken together, recent studies on 20,30-cNMPs within bacteria suggest that these
cyclic nucleotides control numerous downstream pathways and may be functioning
as a new class of signaling molecules. To fully understand the roles of 20,30-cNMPs,
further research is required to investigate the ubiquity of 20,30-cNMPs throughout
bacterial phyla. Furthermore, additional studies seek to elucidate the identity of 20,30-
cNMP metabolic enzymes, which will determine if RNase I or RNase T2 family
enzymes are the sole producers of bacterial 20,30-cNMPs. These investigations also
aim to discover cytoplasmic 20,30-cNMP phosphodiesterases. Finally, deploying
cell-permeable 20,30-cNMP analogs and other (bio)chemical tools to dissect the
mechanism(s) by which 20,30-cNMPs control downstream pathways, either through
modulation of cellular nucleotides pools or through 20,30-cNMP-sensing proteins/
pathways, will highlight the breadth of 20,30-cNMP biology in bacteria and expand
the scope of nucleotide metabolism and signaling.
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Chapter 37
Horizontal Transfer of Cyclic di-GMP
Associated Genes. Theoretical
Underpinnings and Future Perspectives

Jonas Stenløkke Madsen

Abstract Cyclic diguanlylate (cyclic di-GMP) is a second messenger utilized by
many bacteria to control a variety of phenotypes, such as motility, biofilm formation,
and virulence. In the genomes of these bacteria, a notably large number of genes are
found to encode proteins that not only respond to cyclic di-GMP, but also numerous
that synthesize and/or degrade the second messenger. A number of such genes that
are associated with cyclic di-GMP signaling are located on mobile genetic elements
(MGEs) including plasmids, integrative and conjugative elements, bacteriophages,
genomic islands, and transposons. These MGEs facilitate horizontal transfer
between bacteria, making cyclic di-GMP associated genes available to many differ-
ent hosts. This is curious because genes that are part of complex systems are
normally regarded as improbable to be transferred horizontally.

Here the relationship between cyclic di-GMP signaling and horizontal gene
transfer is examined. Many of the properties that make cyclic di-GMP signaling
such an effective, energetically favorable, and diverse system for controlling multi-
ple phenotypes, in addition to the modular nature of cyclic di-GMP associated genes,
seems to make it uniquely fit for horizontal transfer. Effector proteins that respond to
cyclic di-GMP levels should be able to enter a new genomic context with minimum
disturbance as the cellular level of cyclic di-GMP is not affected. Contrarily, MGE-
encoded proteins that alter the level of cyclic di-GMP may have detrimental effects
on host fitness. However, it is plausible that proteins that alter the levels of cyclic di-
GMP are transferred if they only are expressed or activated in response to specific
clues. Alternatively, such proteins may act by enforcing phenotypes that selfishly
enhance the evolutionary success of the MGE.
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37.1 Plasmid-Mediated Horizontal Transfer of Cyclic di-
GMP Associated Genes

Horizontal gene transfer (HGT) is the transfer of genetic material between cells
where the recipient is not the progeny (daughter cell) of the donor. Genes can in this
way traverse both relatively short but also long phylogenetic distances, thereby
having a large impact on the historical evolution and continuous adaptability of
bacteria. However, regions within bacterial genomes have different evolution histo-
ries, and even within the same species (identical 16S rRNA genes), the gene content
can differ dramatically [1]. A classic example shows how Escherichia coli genomes,
e.g., can have fewer than 40% genes in common [2]. Any gene can be transferred
horizontally but some are more likely to become established in a new bacterial
genome, and some bacteria have a noticeably higher propensity for HGT than others
[1]. Therefore, a central research challenge is to ascertain which genes are readily
transferred horizontally and why. Here, genes associated with the bis-(30-50)-cyclic
dimeric guanosine monophosphate (cyclic di-GMP) signaling system are considered
in this context, with a focus on the mobile genetic elements (MGEs) that have been
shown to mediate their horizontal transfer.

Many bacteria use the second messenger cyclic di-GMP to coordinate and change
their phenotype in response to signals or environmental clues. The basis of the cyclic
di-GMP system is the proteins that synthesize cyclic di-GMP, diguanylate cyclases
(DGCs), and the ones that break it down, phosphodiesterases (PDEs). Cyclic di-
GMP DGCs are characterized by containing a GGDEF domain and PDEs either
contain an EAL or HD-GYP domain. DGCs and PDEs typically also contain
additional sensory domains that when triggered can either activate or deactivate
the catalytic activity of DGCs and PDEs. Besides the proteins that alter the cellular
level of cyclic di-GMP, other proteins respond to cyclic di-GMP by binding or
releasing the messenger via cyclic di-GMP receptors. Upon cyclic di-GMP activa-
tion, these effector proteins facilitate a response, e.g., by changing the phenotype of
the bacterium. A number of phenotypes are in this way controlled via cyclic di-GMP
including, e.g., motility, biofilm formation, and the expression of virulence
factors [3].

Mobile genetic elements such as plasmids, are nucleotide sequences that mediate
HGT among bacteria at high frequencies. Plasmids are extrachromosomal replicat-
ing MGEs that facilitate their own replication and maintenance within genomes.
Many plasmids encode a full set of proteins that enable their horizontal transfer via
conjugation, where a copy of the plasmid is transferred to a recipient upon cell–cell
contact. Others, called mobilizable plasmids, do not encode a full set of proteins for
conjugation but instead piggyback ride on the conjugative systems of other compat-
ible conjugative MGEs to ensure horizontal transfer. Collectively, conjugative and
mobilizable plasmids are termed transmissible plasmids [4]. Plasmids that are
neither mobilizable nor conjugative are also common and horizontal transfer is
possibly less important for their evolutionary success. However, plasmids can also
be transferred horizontally via phage transduction and a process called
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transformation, where free DNA is taken up from the environment by bacteria that
can become naturally competent [5].

37.1.1 Dodging Cyclic di-GMP Regulation

Type 3 fimbriae enable adherence to biotic and abiotic surfaces and are a virulence
factor specifically associated with urinary tract infections and especially those where
catheters are present [6]. In Klebsiella pneumoniae, the expression of the type
3 fimbriae operon (mrkABCDF) is controlled by cyclic di-GMP via regulatory
proteins encoded by mrkH and mrkJ. When MrkH binds cyclic di-GMP via its
PilZ domain it activates transcription of mrkABCDF, which otherwise is not
expressed [7]. The phosphodiesterase (PDE) MrkJ negatively regulates transcription
of mrkABCDF by reducing the cellular levels of cyclic di-GMP [8]. Type 3 fimbriae
are also found encoded in the chromosomes of strains belonging to other genera
within Enterobacteriaceae, but also on conjugative plasmids [9]. Interestingly, when
encoded on conjugative plasmids, they do not seem to be regulated in unison with
cyclic di-GMP levels as neither mrkH nor mrkJ is present. Instead, the plasmid
mrkABCDF operon is expressed continuously throughout the growth phase via a
unique and strong promoter PmrkA[P]. The PmrkA[P] promoter is likely a hybrid of the
original PmrkA[Kp] found in K. pneumoniae and a promoter carried by the insertion
sequence (IS) elements located upstream the plasmid mrkABCDF operons [10]. This
was a curious finding as the conjugative plasmids were always found in strains that
utilize cyclic di-GMP signaling. One would assume that the host would benefit from
being able to control the expression of the type 3 fimbriae via cyclic di-GMP.

One explanation might be connected to the fact that the evolutionary success of a
chromosome and a plasmid may be different, since the plasmid can be transferred
horizontally while the chromosome cannot. Theories on selfish genes and genomic
conflict [11, 12] support this notion and suggest that the success of a plasmid is less
directly linked to the fitness of the host compared to traits encoded by the chromo-
some, meaning that the genes on plasmids might not necessarily be optimized to
enhance the fitness of the host but may simply promote the stability or transfer of the
plasmid itself. However, the two do not necessarily exclude one another, as plasmid-
encoded traits may transitionally enhance both the fitness of the host and the success
of the plasmid at the same time. The “type 3 fimbriae on plasmids” example might be
such a case, where the link to cyclic di-GMP has been severed because avoiding
cyclic di-GMP regulation is favorable to the plasmid. In this connection the biofilm
phenotype is highly relevant as research has shown that conjugation occurs at
elevated rates in these spatially structured communities [13]. Specifically, it was
shown that biofilm formation, induced by plasmid-encoded type 3 fimbriae,
enhanced the rate of conjugation [9, 14].
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37.1.2 Cyclic di-GMP Associated Gene Are Common
on Natural Plasmids

The lack of genes associated with the cyclic di-GMP signaling system (cyclic di-
GMP genes) in connection with plasmid-encoded type 3 fimbriae, raises the question
if cyclic di-GMP genes, in general, are absent from natural (as opposed to synthetic)
plasmid replicons. Searching for GGDEF and EAL domain-containing proteins
encoded by natural plasmids deposited in GenBank clearly dismisses this notion.
Surprisingly, GGDEF and/or EAL domain proteins are quite common on natural
plasmid as 6–10% of plasmids encode a GGDEF and/or EAL protein, dependent on
the size cutoff used [15]. Plasmids carrying such cyclic di-GMP genes were found in
bacteria belonging to a wide range of very different phyla including Proteobacteria,
Deinococcus–Thermus, Actinobacteria, Aquificae, Bacilli, Cyanobacteria, among
others [15]. Collectively this indicates that cyclic di-GMP genes are indeed subject
to HGT and implies a central role of HGT in the evolution of cyclic di-GMP
signaling systems. Furthermore, finding cyclic di-GMP genes on plasmids suggests
that they may function as “plug and play” modules that enable rapid integration of
phenotypes that enhance the fitness of the host bacterium in transitional environ-
ments. In other cases, cyclic di-GMP genes may mainly promote the success of the
MGE itself.

A connection between cyclic di-GMP genes and the conjugal transfer success of
plasmids has been documented [15]. Here, natural plasmids in GenBank were
divided into those predicted to encode enzymatically active GGDEF domains and
those with degenerate GGDEF domains. Enzymatically active GGDEF domain
proteins were assumed to be cyclic di-GMP diguanylate cyclases (DGCs). Next,
these plasmids were clustered as either being transmissible or not. This analysis
showed that cyclic di-GMP DGCs most often are carried by transmissible plasmids,
indicating a relationship between the two. To test the potential of DGCs to enhance
the conjugal transfer success of plasmids, a DGC-encoding gene from a conjugative
plasmid was cloned onto an inducible expression vector. This vector and a
conjugative plasmid were then transformed into five different bacterial hosts
(E. coli, Klebsiella oxytoca, K. pneumoniae, Salmonella enterica, and Serratia
liquefaciens). The DGC that originated from the conjugative plasmid induced the
biofilm phenotype of all the hosts in accordance with elevated cyclic di-GMP levels
and the swimming motility of the strains was reduced. But more intriguingly, the rate
of conjugation also increased. This not only lends support to an interconnection
between biofilm formation and HGT [13, 16] but implies that cyclic di-GMP may be
a very important facilitator of this relationship seeing that so many bacteria control
biofilm formation via cyclic di-GMP. Such proof-of-concept experiments suggest
that cyclic di-GMP genes may enhance the success of plasmid dissemination
indirectly by the phenotypes they induce.

It is, however, most likely that many of the cyclic di-GMP genes on plasmids
provides a fitness advantage for the host, at least transitionally when specific
selective pressures occur. Also, horizontal transfer of cyclic di-GMP genes into a
new host genome that is not mediated by an MGE (e.g., by transformation) is
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typically only successful if it does not lessen the fitness of the host. While this may
seem obvious, and it being highly unlikely that cyclic di-GMP genes on plasmids are
all purely plasmid selfish, simple experimental evidence that shows that cyclic di-
GMP genes of plasmids are beneficial for the fitness of the host cell, is still lacking.

37.2 Most Types of MGEs Have Been Associated
with Cyclic di-GMP Genes

No systematic studies of cyclic di-GMP genes and their association with MGEs,
besides plasmids, have to my knowledge been published. Yet, research has been
published that link cyclic di-GMP genes to most types of MGEs.

37.2.1 Integrative and Conjugative Elements

Like plasmids, bacteriophages and integrative and conjugative elements (ICEs) are
two other types of MGEs that are significant facilitators of HGT among bacteria.
ICEs transfer horizontally by conjugation, like plasmids. The difference from plas-
mids, however, is that ICEs integrate into other replicons within the genome,
typically the chromosome, and replicate as part of them. And much in the same
way as plasmids, some integrative elements piggyback on the conjugative systems of
other compatible conjugative MGEs and are known as integrative and mobilizable
elements [17].

Bordeleau et al. [18] showed that ICEs identified in Vibrio cholerae belonging to
the SXT/R391 family encode cyclic di-GMP DGCs. The two DGCs, DgcK and
DgcL, were shown to synthesize cyclic di-GMP in vitro and thereby enhanced
biofilm formation and reduced swimming motility. Moreover, overexpression of
dgcK or dgcL induced the expression of chromosome hemolysin-related gene
VC1888, a likely virulence factor. Further characterization indicated that DgcK
binds flavin mononucleotide and that this sensory function is linked to the control
of the protein’s DGC activity. The DGC activity of DgcL was augmented upon
phosphorylation suggesting that DgcL is part of a two-component signal transduc-
tion system. Collectively, this suggests that the cyclic di-GMP genes of these ICEs
act by complementing genomes of V. cholerae with additional sensory and signaling
functions and the output is facilitated by elevated cyclic di-GMP levels which
induced biofilm formation and virulence.

In addition to the SXT/R391 ICEs, the authors illustrated that other ICEs carried
by Providencea rettgeri, Pseudomonas flourescens, Saccharopolyspora erythraea,
and Streptomyces ambofaciens, also encode GGDEF domain proteins. Besides
these, a few more MGEs including various plasmids and a Pseudomonas aeruginosa
phage YuA were shown to carry GGDEF domain genes.
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37.2.2 Bacteriophages

Although phages are viruses that infect, replicate within, and spread by killing their
bacterial host, they can mediate HGT by a process termed transduction: Here, phages
can package and transfer regions of DNA from one bacterium to another
horizontally.

As revealed above, phages have also been shown to be associated with the cyclic
di-GMP signaling system. Early evidence was provided by Sudarsan et al. [19] who
experimentally characterized and validated a number of cyclic di-GMP riboswitches,
which are mRNA domains that by binding cyclic di-GMP can either block or induce
the transcription of the riboswitch-containing mRNA into protein. Sundarsan et al.
identified a cyclic di-GMP riboswitch with the GEMM motif in the PhiCD119
bacteriophage, located within the genome of Clostridium difficile. The cyclic di-
GMP riboswitch is part of the lysis module of the bacteriophage and was suggested
to be a way for the phage to monitor the physiological change that varying level of
cyclic di-GMP mediates. Interestingly, the authors did not find any other types of
riboswitches associated with bacteriophages despite exhaustive bioinformation
searches, suggesting a unique link between cyclic di-GMP riboswitches and phages.
This specific example implies that the phage eavesdrops on the level of cyclic di-
GMP signal in order to coordinate lysis of the host cell to probably optimize
subsequent spread of the phage particles. Thus, this is likely an example of a
phage selfish mechanism for phage dissemination and maintenance, as opposed to
HGT of cyclic di-GMP associated functions.

An example of a cyclic di-GMP gene likely to be transferred horizontally by
phages is dgcX [20]. This gene was identified in the virulent Shiga toxin-producing
E. coli O104:H4 and shown to encode a highly expressed cyclic di-GMP DGC,
DgcX. Richter et al. [20] found that dgcX was connected with the enteroaggregative
phenotype of O104:H4, which is defined by strong adherence and biofilm formation.
Richter and co. found that the cyclic di-GMP controlled biofilm regulator CsgD and
amyloid curli fibers were expressed at 37 �C. This is unlike the majority of E. coli
strains and likely a property owed to dgcX that thus may promote biofilm formation
of O104:H4 during infection. Additional investigations revealed that dgcX most
likely was subject to HGT as it only is found in few E. coli strains. Furthermore,
dgcX is localized directly adjacent to prophage DNA that typically is inserted at
phage insertion site attB, implying that dgcX can transfer horizontally by specialized
transduction [20].

37.2.3 Transposons

Moreover, MGEs including IS elements and transposons that facilitate mobilization
of genes within genomes, have also been associated with the cyclic di-GMP signal-
ing system.
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Genes that code for putative proteins with the IS2PRK14702-GGDEFcd01949 domain
architecture were found on S. enterica plasmids (NCBI Identical Protein Report
WP_012002053). These domains indicate that the putative protein is a transposase
of an IS element that likely responds to cyclic di-GMP or synthesizes it [15]. Other
genes known as urf2 [21, 22] that encode an EAL domain protein are typically part
of, e.g., Tn21, Tn501, or Tn5481 transposons but the function of this cyclic di-GMP
gene is still unknown.

37.2.4 Genomic Islands

Genomic islands, which are genomic DNA regions that have been subject to HGT,
have also been shown to hold cyclic di-GMP genes: Kulesekara et al. [23] found that
several cyclic di-GMP DGC and PDE genes of P. aeruginosa are located on
presumptive horizontally acquired genomic islands. A characterized example is the
pathogenetic island PAPI-1 that is found in P. aeruginosa PA14 but not, for
example, in P. aeruginosa PAO1 [24]. PAPI-1 encodes the CupD-type fimbriae, a
biofilm factor, in addition to two pairs of two-component regulatory systems
[24]. One of these proteins is PvrR, which is a verified cyclic di-GMP PDE
[23]. Experiments based on deletion and overexpression of pvrR have shown that
PvrR has a central role in the switch between planktonic and biofilm phenotypes
[23, 25] in addition to virulence. To this end, deletion of pvrR completely abolished
the virulence of P. aeruginosa PA14 in a murine burn wound model [23]. This
example illustrates a direct connection between a cyclic di-GMP gene subject to
HGT and the virulence of its host.

37.3 The Cyclic di-GMP Signaling System; An “Obvious
Target” for HGT?

All genes are subject to HGT but there is substantial variability in the probability and
frequency by which genes are transferred horizontally. It has been speculated, based
on the observation that relatively closely related bacteria can have very different
numbers of cyclic di-GMP genes, that HGT has a role in the evolution of the cyclic
di-GMP system [26]. E. coli K-12, for example, encode 29 GGDEF/EAL domain
proteins in its ~4.6 Mb genome, but do not encode any with HD-GYP domains. The
genome of the fellow Enterobacteriaceae S. enterica serovar Typhimurium only
encodes 19 GGDEF/EAL domain proteins [27] despite its genome being roughly the
same size as E. coli (~4.8 Mb). More than twice that (41 GGDEF/EAL/HD-GYP
domain proteins) were identified in P. aeruginosa (genome size ~6.9 Mb), while the
genome of V. cholerae encodes a staggering 72 despite this genome being the
smallest of the ones mentioned here (~4.0 Mb) [21].
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A principal hypothesis of what genes that are subject to HGT is termed the
“complexity hypothesis” [28]. This hypothesis suggests that “informational”
genes, which are characterized by being involved in translation, transcription, and
replication, are much less prone to HGT compared to “operational” genes, that code
for, e.g., metabolic and regulatory functions. This differentiation was further gener-
alized in terms of complexity, based on the number of interactions a protein has with
other proteins [28, 29]: Basically, that the more proteins the product of a recently
horizontally transferred gene has to interact with to function correctly in the new
genome, the less likely is the successful adoption of the gene. The division into
informational and operational genes may however be too simple, and further divi-
sion into functional classifications and correlating these with the probability of HGT
has provided further insight [30, 31]. While complexity has been investigated in
terms of protein–protein interaction [32–34], complexity may be broadened and thus
includes general connectivity (the degree of interactions with partners) among
molecules within the cell. In this sense the cyclic di-GMP signaling system as a
whole is indeed complex with a high degree of connectivity. Yet, and in accordance
with the examples given above, this level of connectivity does not appear to be a
hindrance for HGT of cyclic di-GMP genes, likely because the focus of connection is
a ubiquitous second messenger. This suggests that genes that are compatible with
universal signaling systems such as cyclic di-GMP are actually highly likely to be
subject to HGT. The ubiquity of the cyclic di-GMP signaling system and the overall
consensus in response (e.g., phenotypic) to relative changes in cellular cyclic di-
GMP levels suggests that many cyclic di-GMP associated functions should be
transferrable from one genome to another—even when the hosts are phylogeneti-
cally distinct. Experimental studies where heterologous expression of cyclic di-GMP
genes are done show that moving cyclic di-GMP genes from one host into another is
possible and the expressed proteins retain their function and effect on phenotypes
[15, 35, 36]. Although this of course introduces some experimental biases it does
indicate that many cyclic di-GMP genes are compatible with very different genomic
contexts, e.g., when moving cyclic di-GMP genes from the Gram-positive C. difficile
to the Gram-negative V. cholera [37].

An additional potential barrier to HGT is the energetic burden that a horizontally
transferred gene may impose on its new host [38, 39]. This barrier should, however,
be less of an issue in the context of cyclic di-GMP genes as it has been noted that
allosteric control and posttranslational regulation by second messenger turnover is
both more energetically favorable and much faster than regulation by synthesis and
degradation of complex constituents [40].

Another important aspect of HGT is recombination events that occur between
genes that encoded similar protein domains, hereby generating novel genes [41, 42]
with unique domain architectures (unique combinations of types, number, and
sequence of protein domains). Because of the modular nature of most cyclic di-
GMP proteins, with reoccurring domains such as the GGDEF, EAL, PilZ, and PAS,
they should be excellent targets for recombination when they are introduced into a
new genome, and this may have led to the remarkable diversity of cyclic di-GMP
proteins that is currently known [40]. As such novel genes are partly based on an
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“old” already established gene of the host genome, barriers to HGT such as promoter
use, ribosomal binding sites and codon usage [43] might be much less pronounced.
Looking at cyclic di-GMP genes (GGDEF and EAL) on plasmids and comparing
them with those in chromosomes showed that plasmid cyclic di-GMP genes are
more diverse (dissimilar) compared to the chromosome ones [15]. This might
indicate that cyclic di-GMP genes that are exposed to a relatively high rate of
HGT are subject to a higher degree of mutation and/or recombination events.

37.4 The Dawn of a New Day: Conclusive Remarks
and Perspective

It is evident that the second messenger cyclic di-GMP is used to coordinate and
switch between phenotypes that are intrinsic to the majority of bacteria. Naturally,
genes-encoding proteins that synthesize and degrade cyclic di-GMP, in addition, to
those that respond to the second messenger are therefore found in a majority of
bacterial chromosomes. Here it is illustrated that cyclic di-GMP genes are also found
on most typical types of MGEs including plasmids, ICEs, phages, genomic islands,
and transposons, suggesting that genes associated with the cyclic di-GMP signaling
system are readily transferred horizontally, and that the evolutionary history of the
cyclic di-GMP system has been affected by events of HGT. This is of fundamental
interest as genes that require integration into a complex cellular network, e.g., genes
with high connectivity, are typically significantly less disposed to HGT [44]. How-
ever, despite a seemingly high connectivity, this does not seem to be the case for
cyclic di-GMP genes. The properties of cyclic di-GMP signaling that makes it such
an effective, energetically favorable, and diverse system for controlling multiple
phenotypes, in addition to the modular nature of cyclic di-GMP genes, may make it
uniquely fit for horizontal transfer. The same might be true for other widely
distributed and conserved second messengers. Studies of how cyclic di-GMP sig-
naling is interconnected with HGT andMGEs is very much in its infancy, but there is
already substantial evidence that MGEs are vectors that carry cyclic di-GMP genes
and facilitate their horizontal transfer.

Generally, the function of cyclic di-GMP proteins is either to respond to the
cellular level of cyclic di-GMP and facilitating some kind of output, e.g., a change in
host phenotype or to adjust the cellular level of cyclic di-GMP.

As discussed here, MGE-encoded proteins that alter the level of cyclic di-GMP
can have detrimental effects to the fitness of the host, if their sole function is to
promote dissemination of the MGE. However, it is plausible that proteins that alter
the levels of cyclic di-GMP are transferred if they are only expressed or activated in
response to specific clues. Cyclic di-GMP catalytic domains are normally coupled
with domains that sense, e.g., redox potential, quorum-sensing autoinducers, oxy-
gen, or osmolarity [40]. The signal or clue that activates a DGC or PDE, and thus
facilitates a change in cyclic di-GMP, might supplement the host with a new sensory
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function. As long as the outcome level of cyclic di-GMP facilitates a “correct”
response to the signal, then it is likely an advantage for the host and an attractive
adaptive shortcut one would assume.

Effector proteins that respond to cyclic di-GMP levels should be able to enter a
new genomic context with minimum disturbance and examples given here support
this. It is possible for a genome to encode many different cyclic di-GMP effectors
that facilitate very different responses, (e.g., phenotypes) because different cyclic di-
GMP receptors exist that have very different affinities for the second messenger.
This is another reason why cyclic di-GMP effectors likely are readily transferred
horizontally.

Here current research has been summarized and the theoretical underpinnings
relevant for studies of HGT of cyclic di-GMP genes have been discussed. As is
evident, very little experimental research has currently been done that focuses on
HGT of cyclic di-GMP associated genes, despite the known importance of the cyclic
di-GMP signaling system, leaving a wealth of important questions unanswered. It,
therefore, feels appropriate to end this chapter posting some of these questions and
hereby encouraging the research community to consider focusing their research
efforts on this important topic.

Do some cyclic di-GMP genes follow patterns of shared ancestry while others do
not? Is there a connection between what functions cyclic di-GMP genes encode and
their likelihood of readily being transferred horizontally or not—and is this depen-
dent on the type of bacterium? Is host range important for successful integration in
new genomes—or can all cyclic di-GMP genes supplement any genome? Alterna-
tively, is the relationship between cyclic di-GMP genes and HGT a “who came first,
the chicken or the egg”-type conundrum? That is, is the modularity and ubiquity of
cyclic di-GMP systems an outcome of HGT, as opposed to properties that makes
cyclic di-GMP genes likely to become transferred horizontally? Are many of the
cyclic di-GMP genes that are transferred horizontally linked with pathogenicity and
virulence, given that MGEs are known to be important facilitators of virulence
genes—has such an important link so far been overlooked?
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Shan-Ho Chou, Nicolas Guiliani, Vincent T. Lee, Ute Römling,
and Lotte Søgaard-Andersen

Abstract The universal impact of cyclic di-nucleotide second messengers, with the
most prominent example of cyclic di-GMP, on microbial physiology and behavior
has been demonstrated in a multitude of studies performed in microorganisms from
the phylogenetic tree throughout. Here we address some of the still open fundamen-
tal questions in this vast research field.

Keywords Biofilm formation · Cyclic di-GMP · Life style · Motility · Turnover
enzymes

Given the universal importance of the second messenger cyclic di-GMP
in regulation of numerous aspects of bacterial physiology and behaviour, it had a
surprisingly slow rise to prominence. Functionality for some of its turnover
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proteins had already been discovered before the molecule was known, but the
mechanism of action could not be concluded. Cyclic di-GMP’s claim to fame started
in 1987 with the identification of its role as an allosteric activator of the cellulose
synthase in the fruit-degrading bacterium Komagataeibacter xylinus (formerly known
as Gluconacetobacter xylinus/Acetobacter xylinum). Even long after this functionality
had been unraveled, cyclic di-GMP was considered restricted to this species and its
function limited to regulation of cellulose production. The full potential for global
regulation of microbial physiology by cyclic di-GMP (and subsequently other cyclic
di-nucleotide second messengers) was only realized after its turnover proteins had
been initially identified early in the twenty-first century. Experimental (wet-lab) work
and bioinformatics converged to unravel physiological functionality and to demon-
strate that the enzymes involved in synthesizing and degrading cyclic di-GMP were
encoded in numerous copies on most bacterial genomes. Subsequently did bioinfor-
matic analysis also predict the first cyclic di-GMP receptor by phenotype/synteny
assessment just to be experimentally confirmed soon afterwards. The rest is history
and in the meantime, an ever-increasing number of processes regulated by cyclic di-
GMP has been reported. In this book, the current snapshot of the still expanding
breadth and depth of cyclic di-GMP second messenger signaling systems and the
subsequently discovered cyclic di-AMP and cyclic GAMP (cGAMP) second messen-
ger signaling systems has been captured and their broad impact on various aspects of
bacterial physiology and metabolism has been described.

Cyclic di-GMP has been identified in most bacterial branches of the phylogenetic
tree. Nevertheless, various physiological and metabolic traits that cyclic di-GMP is
regulating are surprisingly similar in diverse species with promotion of biofilm
formation, inhibition of different types of motility, cell cycle regulation, and inhibi-
tion of acute virulence traits as the most widespread and well-investigated examples.
Similarly, cyclic di-AMP directs osmohomeostasis and cell wall remodeling in
various bacteria.

Despite all the discoveries made within the field of microbial cyclic di-nucleotide
signaling, fundamental questions remain open. We list some of them below.
• Compared to other nucleotide-based second messengers in bacteria, cyclic di-GMP

appears to be special because a single bacterial cell typically encodes multiple
enzymes to synthesize and degrade cyclic di-GMP as well as multiple effectors
that can bind this molecule. What is the evolutionary advantage of this multiplicity
and versatility? And, if so, why has cyclic di-GMP been specifically selected?

• In this line, so far, readily accessible bacterial organisms have mainly been
investigated for cyclic di-GMP signaling. There is a need to broaden cyclic di-
GMP studies to include bacterial (and archaeal) models from larger than the
actual spectrum of habitats, especially covering extreme environments.

• Have we indeed discovered all true major functions of cyclic di-GMP turnover
proteins? And of the turnover proteins of other cyclic di-nucleotide second
messengers? Furthermore, what is the most basic role of this and other nucleotide
second messenger signaling systems?

• Most bacteria maintain multiple copies of the enzymes that synthesize and
degrade cyclic di-GMP, but these numbers vary vastly between species. By
contrast, enzymes for making cAMP or other nucleotide-based second
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messengers seem to be less numerous. So, what are the selective forces that
maintain multiple enzymes?

• Each diguanylate cycase and phosphodiesterase is usually comprised of many
different domains often including several N-terminal signaling domains. What is
the spectrum of environmental cues and signals that regulates a specific turnover
enzyme? Some cyclic di-GMP metabolizing proteins even contain antagonistic
diguanylate cyclase and phosphodiesterase domains in a single protein. How are
these antagonistic activities coordinated?

• Many bacteria from different branches of the phylogenetic tree possess multiple
cyclic di-GMP turnover proteins. Intriguingly, cyclic di-GMP synthesizing and
degrading enzymes from the same species more often than not possess and affect
very different functions. What are the mechanisms that ensure specificity and link
one enzyme to one particular process and insulate it from other processes? How is
temporal and/or spatial regulation further achieved in the different systems?
Along the same lines, are there subcellular pools of localized cyclic di-GMP
within a bacterial cell?

• Cyclic di-nucleotide signaling is a highly transmissible trait frequently found on
plasmids. What are the selective forces that promote dissemination of this sig-
naling system? Also, what particular functionality serves this horizontal gene
transfer and how can its advantages been assessed?

• What are the effectors that bind cyclic di-GMP and why are there so many
different types of effectors? Despite the multiplicity of effectors, what evolution-
ary forces maintain the motility to sessility transition that has been observed in all
bacteria investigated? How are different levels of cyclic di-GMP monitored by a
cell and how are these different levels coordinated to affect cellular physiology
and function?

• Cyclic di-GMP promotes the transition from motility to sessility on the single-cell
level ultimately resulting in the formation of a multicellular biofilm. The steps
from a free-swimming cell to a multicellular community have been investigated
in a few model bacteria. Can these developmental programs be generalized to
other bacteria? Also, how are adhesins, exopolysaccharides, and motility struc-
tures differentially regulated temporally and spatially by cyclic di-nucleotides and
their individual turnover components?

• Typically, a bacterial species can form morphologically different biofilms under
different growth conditions. What are the factors that regulate microbial physi-
ology and extracellular matrix components under the different growth conditions
and how do these components shape a biofilm?

• Cyclic di-GMP signaling networks are closely interconnected with other signal-
ing systems, such as two-component systems and quorum sensing. How are these
different systems interconnected in the different organisms?

• Last, but not least, due to the accumulation of knowledge, how will bioinformat-
ics analysis aid the future extrapolation and prediction of microbial behavior?

Many of the questions above also relate to alternative, less explored cyclic di-
nucleotide second messengers. In addition, many more questions certainly can be
posed, and, eventually, answered.
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