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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
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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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