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Abstract In this mini-review, we present a perspective on
the recent findings relating SpoOM structure and function
that will stimulate and guide further studies in the char-
acterization of this interesting protein. Cell division and
sporulation constitute two of the best studied processes in
the model organism Bacillus subtilis; however, there are
many missing pieces in the giant regulatory puzzle that
governs the independent and shared networks between
them. SpoOM is a little studied protein that has been
related to both, cell division and sporulation, but its bio-
chemical function and its direct interactions have not been
yet defined. Structural analysis of SpoOM revealed the pres-
ence of an arrestin-like domain and an FP domain (a dimer-
ization domain present in proteasome elements), motifs
more commonly found in eukaryotic proteins. The aim
of this perspective is to present open questions regarding
the functional and structural features of SpoOM that make
this protein a good candidate for the ancestor of arrestins
in bacteria and an important element in developmental and
differentiation processes of Bacillus subtilis.
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SpoOM background

SpoOM is a regulator of sporulation whose role has recently
been extended to include cell division in Bacillus subtilis
(Vega-Cabrera et al. 2017). Interestingly, this protein con-
tains motifs that were only previously found in eukaryotes,
and the analysis of the mutant phenotype, the possible
interaction partners of the protein, and its structure, could
shed light on the role of this multi-functional protein in
bacteria and explain its presence in several genera of non-
sporulating species.

Adaptive bacterial responses to environmental stress
have led to the evolution of highly robust cell survival
mechanisms. Sporulation constitutes a cell differentiation
program that bacteria activate to contend with harsh condi-
tions and promote the survival of its progeny. Sporulation
in Bacillus subtilis is a strictly regulated process that begins
with the phosphorylation of the master regulator SpoOA by
sensor histidine kinases KinA-B in response to environ-
mental and metabolic signals (Al-Hinai et al. 2015). The
level of phosphorylation of SpoOA regulates a continuous
transition between different pathways established to assure
the survival of the bacteria, including biofilm formation,
motility or sporulation, which is the ultimate fate (De Hoon
et al. 2010; Grau et al. 2015).

After the decision to sporulate is taken, at stage zero,
asymmetric cell division proceeds generating a small pre-
spore and a large mother cell. From this point, two different
genetic programs are established in each compartment that
direct the pathway they will follow until the release of the
mature spore (Piggot and Hilbert 2004). Many of the key
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regulators of the sporulation program have been studied in
depth and the mechanisms governing activation of succes-
sive stages along the sporulation pathway are well charac-
terized. Despite this, gaps in our knowledge remain, possi-
bly due to lack of phenotype when proteins with redundant
functions are mutated.

Our knowledge of SpoOM function represents one of
these gaps. Almost 20 years ago, SpoOM was first described
as a sporulation control protein after its role in this process
of Bacillus subtilis was demonstrated in the absence and
overexpression of the protein. Loss of function mutation of
SpoOM resulted in lower expression of the master regulator
SpoOA (Han et al. 1998), although how this effect is medi-
ated is unknown. Intriguingly, homologs of SpoOM are
present in several non-sporulating bacterial species (Vega-
Cabrera et al. 2017), which hints at further roles for SpoOM
beyond regulation of sporulation.

Recently, it was demonstrated that SpoOM participates
in the cell division process of Bacillus subtilis, constitut-
ing the first report of its function in the vegetative stage of
the bacteria. SpoOM null mutants, besides being affected in
sporulation, are elongated and have membrane and nucle-
oid anomalies, when compared to wild-type cells. Using
immunoprecipitation analysis, it was determined that
SpoOM is in the same molecular complex as the septum
proteins FtsZ and ZapA, and co-localization experiments
demonstrated overlap in their intracellular spatial distribu-
tions (Vega-Cabrera et al. 2017). It remains to be shown
whether these interactions are relevant to the cell division
defects observed in the spoOM mutants and could yet pro-
vide the basis to explain the presence of SpoOM in non-
sporulating bacteria.

Moreover, proteomic analysis revealed a sizable group
of proteins that include proteases, chaperones and late
sporulation proteins, that apparently interact with SpoOM
(Vega-Cabrera et al. 2017). It remains to be determined
which of those interactions are crucial for SpoOM func-
tion and in which mechanisms, yet such a diverse array of
potential interaction partners, does hint at a complex and
probably multi-functional role for SpoOM in bacterial cell
biology. Insights from the structure of SpoOM may prove
informative in this regard.

A bacterial protein with eukaryotic features

Recently, the structure of SpoOM was published. Sur-
prisingly, SpOM was found to contain two domains with
similarity to motifs which were only previously found in
eukaryotic proteins: an N-terminal arrestin-like domain and
a C-terminal region with homology to the FP dimerization
domain of the human proteasome inhibitor PI31 subunit
(Sonoda et al. 2015).
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The arrestin-like domain and its relation to the
cell division/sporulation phenotype

The arrestin protein is a ubiquitous family of eukaryotic
proteins that are involved in endocytosis, receptor desensi-
tization, signal transduction and regulation of gene expres-
sion among others activities (Lefkowitz 2013). This fam-
ily of proteins is divided into two categories: o-arrestins
or visual arrestins, which include proteins that contain
arrestin-like domains, such as ARRDCI1-4, TXNIP or
Vsp26, and B-arrestin proteins, both sharing greater struc-
tural similarities than sequence identity (Aubry and Klein
2013). Until now, it was thought that the arrestin family of
proteins is only present in eukaryotes. Arrestins have two
domains, a C-terminal domain involved in dimerization and
endocytosis-related protein interactions, and an N-terminal
domain involved in receptor recognition. Arrestin proteins
have been shown to interact with a wide range of binding
partners, as befits their diversity of function (Gurevich and
Gurevich 2013).

As previously mentioned, a null mutant in spoOM is
impaired in sporulation and cell division, and has mem-
brane and nucleoid abnormalities when compared with
the wild-type strain (Vega-Cabrera et al. 2017). Cell divi-
sion defects could be in part explained by the interac-
tion of SpoOM with a molecular complex that includes
the cell division proteins FtsZ and ZapA. However, the
decondensed nucleoid and the wide distribution of cell
lengths of the elongated mutant strain are more diffi-
cult to explain. Among the possible binding partners of
SpoOM, its interaction with DivIVA is worth exploring in
this respect.

DivIVA is a topological determinant that is active during
both, vegetative growth and sporulation (Fig. 1). DivIVA
recruits the MinCDJ system to the cell poles and the sep-
tum region preventing the formation of aberrant septa dur-
ing the vegetative stage (Fig. la) (Eswaramoorthy et al.
2011). During sporulation, DivIVA recruits RacA and
facilitates its interaction with oriC, promoting the forma-
tion of the axial filament (Fig. 1b) (Eswaramoorthy et al.
2014). In a recent report, it was demonstrated that DivIVA
forms a molecular complex at the cell poles along with the
MinD/MinJ, ComN, and Spo0J/Soj (homologs of ParA/
ParB) proteins that is necessary for the proper segregation
of the chromosome during vegetative growth and sporula-
tion (Fig. 1c¢) (Kloosterman et al. 2016). Most probably,
the element responsible for the chromosome segregation is
the complex Spo0J/Soj which could interact with specific
regions of the DNA near the oriC and the structural chro-
mosome maintenance (SCM) system to ensure the proper
distribution of the chromosome and regulate its condensa-
tion state (Touzain et al. 2011).



Curr Genet (2018) 64:17-23

19

A

Medial
septum

Z ring
assembly

DivIVA

MinJ
MinD

Axial
filament

MinC
RacA

Chromosome
ComN

Soj

oriC

or
sporulation

Medial division

o
( Spo0J
%ﬁ SpoOM

Fig. 1 DivIVA protein complexes that regulate different stages of
the B. subtilis life cycle. a During the vegetative stage, DivIVA local-
izes the MinCDJ system to the cell poles and the nascent septum to
avoid formation of aberrant septa by inhibition of the assembly of the
Z ring. b During sporulation, DivIVA recruits RacA to the cell poles

The arrestin domain of SpoOM could mediate an inter-
action with the pole protein complex (Fig. Ic), as it was
reported that p-arrestins associate with PDZ domain-con-
taining proteins (Gallon et al. 2014). PDZ domain function
has been linked to the interaction of receptor proteins in
the plasma membrane with cytoskeletal elements (Lee and
Zheng 2010) and the organization of signal transduction
complexes (Jelen et al. 2003). The PDZ domain is present
in MinJ, but the biochemical function of this domain and
the entire protein is still under study.

Additional support for this hypothesis comes from (1)
the location pattern of SpoOM being very similar to that of
DivIVA/MinCDJ (Strahl and Hamoen 2012; Vega-Cabrera
et al. 2017); (2) Minl interacts with several elements of
the divisome (Bramkamp and van Baarle 2009); (3) minJ
mutants are filamentous and form septa, albeit of aberrant

and facilitates assembly of the axial filament. ¢ During sporulation
and vegetative cell division, DivIVA forms a cell pole protein com-
plex that is necessary for the proper segregation of the chromosomes.
N-terminal arrestin-like domain of SpoOM could participate in this
protein complex through interaction with the PDZ domain of MinJ

function or irregularly located, and cells produce approxi-
mately 30% fewer spores than the wild-type strain (Meeske
et al. 2016) these latter traits are similar to those reported
for SpoOM mutants.

The interaction of SpoOM with a PDZ domain could
also explain the poor resistance of the spores generated by
the spoOM mutant strain. Resistance to heat, desiccation,
radiation, and chemical hazards is a well-known charac-
teristic of wild-type B. subtilis spores. In the spoOM null
mutant, this diminished resistance was attributed to a pos-
sible involvement of SpoOM in advanced stages of spore
maturation (Vega-Cabrera et al. 2017), and not just at stage
zero, as previously reported (Han et al. 1998). In addition,
proteins involved in cortex and coat formation, and germi-
nation, were identified as possible interactors with SpoOM
(Vega-Cabrera et al. 2017).

@ Springer



20

Curr Genet (2018) 64:17-23

Proteins that form the coat and cortex (the resistant
structures of the spores) and elements necessary for ger-
mination are synthesized from the mother cell-specific fac-
tors SigmaE and SigmaK (Driks and Eichenberger 2016).
Specifically, SigmaK is produced as a pro-sigma factor that
requires processing to attain activity by the serine proteases
SpolVB and CtpB, of which both, incidentally, contain
PDZ domains (Mastny et al. 2013).

The arrestin-PDZ domain interaction is not restricted
to P-arrestins, but it is also shared by the Vps26 a-arrestin,
an element of the heterotrimeric complex of the retromer
that mediates recycling of proteins from endosomes to the
trans Golgi network and the plasma membrane. The groove
region between the two arrestin domains of Vps26 interacts
with the PDZ domain of sorting nexin 27 (SNX27); another
component of the retromer. This conservative interaction
between different members of the arrestin family and PDZ
domain-containing proteins could be shared by the N-ter-
minal domain of SpoOM and would support its function as
a true arrestin.

Finally, another conserved activity of the arrestin family
of proteins in SpoOM could be the regulation of metabo-
lism. o and B-Arrestins are related to different metabolic
cues (Xiao et al. 2010). Of special interest is the involve-
ment of TXNIP in glucose metabolism. This a-arrestin is
highly overexpressed in diabetes, which makes it a good
target for strategies to control this disease (Patwari et al.
2009). In a similar fashion, it has been reported that SpoOM
might interact with the carbon metabolism regulator CcpA
(Wiinsche et al. 2012), but the physiological implications
of this interaction and the participation of the N-terminal
arrestin-like domain of SpoOM should be studied.

The FP domain and the stress response

Sonoda et al. (2015) have proposed that the homology
of the FP domain of the PI31 protein in SpoOM could be
indicative of a common evolutionary origin and could
allow SpoOM to form dimers (Sonoda et al. 2015). FP
domains have been identified in the PI31 and the F-box 7
proteins, both proteasome elements, and it is known that
they facilitate their homo- and heterodimerization (Shang
et al. 2014).

In eukaryotes, the proteasome system contributes to
the quality control mechanism of protein synthesis; it con-
stitutes a compartmentalized complex of proteases that
degrade misfolded proteins (often tagged with a ubiqui-
tin mark). The proteasome is composed of the core parti-
cle (CP) 20S that contains the active cleavage site, and
the regulatory particle (RP) 19S that removes the ubiqui-
tin tag, unfolds the proteins, and directs them to the 20S
CP (Livneh et al. 2016). Bacteria lack a homolog of the

@ Springer

proteasome with the exception of some members of the
Actinomycetales and Nitrospirales orders that have struc-
turally similar proteasomes to eukaryotes, but the assembly
and activation paths of the subunits are different and the
ubiquitination mark is substituted for an analogous pupyla-
tion signal (from Prokaryotic Ubiquitin-like Protein) (Jas-
trab and Darwin 2016).

Notwithstanding the absence of a proteasome, most
bacteria contain quality control systems that eliminate
misfolded proteins and contribute to the regulation of spe-
cific protein abundance, such as the heat-shock response or
complexes of AAA + ATP-dependent proteases.

The heat-shock response is a ubiquitous homeostasis
maintenance system that helps the cells eliminate mis-
folded proteins. In B. subtilis, the chaperones Dnak,
GroESL, and the SigmaB regulon are activated in the heat-
shock response. Both chaperones have been reported as
possible interactors of SpoOM (Vega-Cabrera et al. 2017)
and both generate a filamentous phenotype when mutated
in E. coli due to its possible interaction with the cell divi-
sion protein FtsZ (Sugimoto et al. 2008). On the other
hand, the Sigma B regulon is kept inactive in physiologi-
cal conditions by the anti-sigma factor RbsW (Benson and
Haldenwang 1993), a kinase also reported to be an inter-
actor of SpoOM. In heat-shock and other physical stresses
like acid, salt, and ethanol exposure, RsbW is sequestered
by the anti-anti-sigma factor RsbV that releases the active
SigmaB factor that goes on to regulate the transcription of
approximately 200 genes that contend with general con-
ditions of stress (Hecker et al. 2007). Given that SpoOM
has been reported to be a member of the SigmaW stress
response regulon (Zweers et al. 2012), it is possible that its
FP domain contributes to this function through regulation
of the “proteasome-like” response in bacteria. Sustained
stress can lead bacteria to sporulate, and participation in the
stress response may explain the role of SpoOM at the begin-
ning of this differentiation process.

AAA + ATP-dependent proteases recognize their sub-
strate through the ATPase domain; they unfold the protein
and transfer it to the catalytic domain. Some complexes
contain additional adaptor proteins that are modified in
response to environmental or developmental signals that
direct the proteolysis of particular substrates (Battesti and
Gottesman 2013). An example of this type of complex is
the CIpCP system that is a possible interactor of SpoOM
(Vega-Cabrera et al. 2017) and is involved in competence,
motility, and sporulation (Msadek et al. 1998).

A notable example of a protein belonging to both, the
heat-shock response and the specific protease system, is
the ATP-dependent metalloprotease FtsH. It is known that
FtsH degrades SpoOM in vitro and it is proposed that this
activity maintains the optimal levels of SpoOM abundance
in vivo (Thi Nguyen and Schumann 2012). This protease
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is induced in heat shock and is involved in sporulation, cell
division, and biofilm formation (Yepes et al. 2012); more-
over, it has been suggested that FtsH could degrade EzrA
(Mielich-Siiss et al. 2013) the main negative regulator of
the polymerization of FtsZ in vivo (Land et al. 2014). It
could be that SpoOM activity is regulated by a feedback
loop with FtsH through its FP domain (Fig. 2), which
might in turn explain part of the spoOM mutant phenotype,
such as the sporulation defect or the filamentation resulting
from increased levels of EzrA. Although twofold overex-
pression of EzrA in wild-type cells has no apparent effect
(Haeusser et al. 2004), raising EzrA levels beyond this
level has to have an impact on cell regulation, which we
speculate could be the reason behind the partial phenotype
observed in the spoOM mutant, where just approximately
30% of the cells are elongated (Vega-Cabrera et al. 2017).
Furthermore, EzrA is linked to cell morphology through
regulation of PBP1 (Fig. 2) (Claessen et al. 2008) and the
serine/threonine protein kinase PrkC (Pompeo et al. 2015),
both also reported to be possible interactors of SpoOM
(Vega-Cabrera et al. 2017). The participation of SpoOM in
a complex that regulates EzrA could also explain the cell
membrane abnormalities present in the spoOM mutant.

It has been recently proposed that proteins which share
an evolutionary origin and conserved structural motifs

2

Fig. 2 Schematic representation of the proposed participation of
SpoOM in a regulatory feedback loop with FtsH. FtsH is a metal-
loprotease that degrades SpoOM in vitro and possibly maintains its
physiological levels in vivo. FtsH is involved in sporulation, cell
division, and biofilm formation and it has been reported to degrade
EzrA, the main negative regulator of FtsZ polymerization that is

B~ S

could preserve functional interaction through these struc-
tural elements (Derouiche et al. 2016). SpoOM could repre-
sent an example of this phenomenon, preserving the capac-
ity of its arrestin and FP domain to interact with potential
partners that have so far been observed only in eukaryotic
organisms. The functionality of the FP domain should be
experimentally tested and differentiated from the function
of the arrestin-like domain. Full domain deletions or loss of
function mutations would help to corroborate or eliminate
the proposals presented.

Conclusions and future remarks

Assigning a specific function to a newly discovered protein
is an arduous task that requires analysis of its structure,
genomic context, genomic origins, homologies, mutant
phenotype, structure, and interactors. Even when all these
features have been analyzed, it is still often impossible to
entirely define all such functions that a particular protein
may possess. In this mini-review we have presented our
perspective of the relation between the structure of SpoOM
and its role in multiple processes during the life cycle of
B. subtilis. The functional characterization of SpoOM is
likely to be complicated, as it contains two domains with

Cell
membrane

also involved in cell morphology maintenance through regulation of
PBP1. The C-terminal domain of SpoOM, with homology to an FP
domain, could mediate a regulatory feedback loop with FtsH, which
would explain some of the alterations observed in the spoOM null
mutant, for example sporulation, elongation, and cell membrane
defects
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not-known homologs in bacteria and a partial, but pleio-
tropic phenotype. We propose that analyses of the possible
interactors in the context of the homologies of the identi-
fied SpoOM domains constitute the best approach to deter-
mine the functions of SpoOM. We speculate that SpoOM
will share functional as well as structural homology to
eukaryotic arrestins and could be considered the bacterial
ancestor of this family of proteins with important regula-
tory functions.

Without doubt, much work remains to be performed
before we may definitively assign a function or functions
to SpoOM. Once achieved, the broad distribution of SpoOM
among bacteria genera may enable targeting of specific
physiological and developmental programs, like cell divi-
sion, in pathogenic bacteria that carry a SpoOM copy such
as Vibrio cholerae, to mention just one example.
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