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ABSTRACT

Cyclic dimeric GMP (c-di-GMP) is a widespread bacterial second messenger that controls a
variety of cellular functions, including protein and polysaccharide secretion, motility, cell division,
cell development, and biofilm formation, and contributes to the virulence of some important
bacterial pathogens. While the genes for diguanylate cyclases and c-di-GMP hydrolases (active
or mutated) can be easily identified in microbial genomes, the list of c-di-GMP receptor domains
is quite limited, and only two of them, PliZ and MshEN, are found across multiple bacterial phyla.
Recently, a new c-di-GMP receptor protein, named CdgR or ComFB, has been identified in
cyanobacteria and shown to regulate their cell size and, more recently, natural competence.
Sequence and structural analysis indicated that CdgR is part of a widespread ComFB protein
family, named after the “late competence development protein ComFB” from Bacillus subtilis. This
prompted the suggestion that ComFB and ComFB-like proteins could also be c-di-GMP receptors.
Indeed, we revealed that ComFB proteins from Gram-positive B. subtilis and
Thermoanaerobacter brockii were able to bind c-di-GMP with high-affinity. The ability to bind c-di-
GMP was also demonstrated for the ComFB proteins from clinically relevant Gram-negative
bacteria Vibrio cholerae and Treponema denticola. These observations indicate that the ComFB
family serves as yet another widespread family of bacterial c-di-GMP receptors. Incidentally, some

ComFB proteins were also capable of c-di-AMP binding, identifying them as a unique family of c-
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di-NMP receptor proteins. The overexpression of comFB in B. subtilis, combined with an elevated
concentration of c-di-GMP, suppressed motility, attesting to the biological relevance of ComFB as

a c-di-GMP binding protein.

IMPORTANCE

The cellular content of the bacterial second messenger c-di-GMP is controlled by c-di-GMP
synthases (GGDEF domains) and hydrolases (EAL or HD-GYP domains), whose activities, in
turn, respond to the signals perceived by their upstream sensory domains. Cyclic-di-GMP
transmits the signals to a variety of its targets, which may contain inactivated GGDEF, EAL, or
HD-GYP domains, widespread PilZ or MshEN domains, or various lineage-specific c-di-GMP
receptors. Many organisms encode multiple GGDEF domains but few c-di-GMP-binding proteins,
suggesting the existence of still unidentified c-di-GMP receptors. Here, we demonstrate that the
ComFB family proteins, which include the recently characterized cyanobacterial CdgR/ComFB,
constitute yet another widespread family of bacterial c-di-NMP receptors. We additionally show

that ComFB controls bacillar motility in a c-di-GMP-dependent manner.
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INTRODUCTION

Cyclic dinucleotide (c-di-NMP)-based second messengers are widely used by bacterial, archaeal,
and eukaryotic cells to transduce signals from sensor proteins to various cellular receptors (Yoon
& Waters, 2021). The first discovered c-di-NMP was 3’-5’-cyclic dimeric GMP (c-di-GMP), initially
described in 1987 (Ross et al., 1987) and subsequently shown to be involved in protein and
polysaccharide secretion, motility, cell division, cell development, and biofilm formation (Rémling
etal., 2013, Jenal et al., 2017), as well as contributing to the virulence of some important bacterial
pathogens (Rémling et al., 2013, Conner et al., 2017, Hall & Lee, 2018, Valentini & Filloux, 2019).
Another second messenger, 3’-5-cyclic dimeric AMP (c-di-AMP), was discovered in bacterial cells
in 2008 (Witte et al., 2008, Corrigan & Grindling, 2013). Cyclic-di-AMP controls bacterial
response to the changes in osmotic pressure and envelope stress by regulating the transport of
potassium ions and glutamate, which makes it essential for cell growth in standard growth media
(Commichau & Stiilke, 2018, He et al., 2020, Kriger et al., 2021). In Bacillus subtilis and related
bacteria, c-di-AMP also controls sporulation and is involved in the response to DNA damage
(Commichau et al., 2015, Stllke & Kriger, 2020). In cyanobacteria, c-di-AMP primarily controls
day-night metabolism via regulating glycogen synthesis, photosynthesis, redox balance and
carbon/nitrogen metabolism (Selim et al., 2021a, Mantovani et al., 2022, Mantovani et al., 2023,
Haffner et al., 2023b). Yet another second messenger, cyclic GMP-AMP (cGAMP), has been
implicated in Vibrio cholerae virulence (Davies et al., 2012). In the past several years, cyclic
dinucleotide second messengers have also been described in eukaryotes, where they are
involved in cellular immunity and anti-viral defense (Millman et al., 2020, Yoon & Waters, 2021,
Slavik & Kranzusch, 2023).

Cellular levels of c-di-GMP and c-di-AMP are controlled by environmental and intracellular signals
that modulate the activities of the respective synthases (diguanylate and diadenylate cyclases,
respectively) and hydrolases (phosphodiesterases). Genes encoding c-di-GMP synthetases
(containing the GGDEF domain) and hydrolases (containing EAL or HD-GYP domains) are found
in members of all bacterial phyla, sequenced so far (see the c-di-GMP census at

https://www.ncbi.nlm.nih.gov/Complete Genomes/c-di-GMP.html). In contrast to the well-

conserved — and therefore easily identified — sequences of c-di-GMP turnover enzymes, c-di-
GMP receptors are much harder to pinpoint (Chou & Galperin, 2016, Khan et al., 2023). So far,
only two types of widespread c-di-GMP receptor proteins have been identified to contain PilZ or
MshEN c-di-GMP-binding domains (Amikam & Galperin, 2006, Galperin & Chou, 2020, Wang et
al.,, 2016, Junkermeier & Hengge, 2021, Sellner et al., 2021). The list of experimentally
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83 characterized c-di-GMP receptors also includes (i) c-di-GMP-binding riboswitches (Sudarsan et
84  al., 2008); (ii) inactivated enzymes of c-di-GMP turnover, such as PelD, BcsE, or LapD, that
85  contain modified (mutated or truncated) GGDEF, EAL, or HD-GYP domains (Whitney et al., 2012,
86  Whitfield et al., 2020, Fang et al., 2014, Zouhir et al., 2020, Chatterjee et al., 2014), and (iii) a
87 variety of lineage-specific proteins, such as BIdD and RsiG (actinobacteria), FleQ
88 (pseudomonads), VpsT and VpsR (vibrios), CLP-like transcriptional regulators (xanthomonads),
89 or CheY-like response regulators with Arg-rich tails in Caulobacter sp. (Tschowri et al., 2014,
90 Gallagher et al., 2020, Hickman & Harwood, 2008, Matsuyama et al., 2016, Waters et al., 2008,
91 Krasteva et al., 2010, Chin et al., 2010, Nesper et al., 2017), reviewed in (Chou & Galperin, 2016,
92 Khan et al.,, 2023). However, comparing the phylogenetic distribution of c-di-GMP turnover
93 enzymes and c-di-GMP receptors reveals a variety of organisms whose genomes encode multiple
94  GGDEF, EAL, and/or HD-GYP domains but very few, if any, c-di-GMP-binding proteins or
95 riboswitches (see the above-mentioned c-di-GMP census web site). Further, the newly identified
96 c-di-GMP-binding proteins typically have a narrow phylogenetic distribution (Skotnicka et al.,
97 2020, Li et al., 2023, Nie et al., 2024). These discrepancies indicate the existence of previously

98  unrecognized c-di-GMP receptors.

99 A generally similar picture is seen for c-di-AMP signaling. Genes encoding c-di-AMP-producing
100 diadenylate cyclases are found in most bacteria and many archaea (Galperin, 2023), in keeping
101  with the essentiality of this second messenger (Commichau & Stilke, 2018). Several c-di-AMP-
102  binding domains have been described (Corrigan et al., 2013, He et al., 2020), e.g., various
103  members of Py signaling superfamily are conserved c-di-AMP-receptor proteins (Selim & Alva,
104 2024, Selim et al., 2023, Selim et al., 2021b, Selim et al., 2021a), but the current list of c-di-AMP-
105 specific receptors is probably still incomplete (He et al., 2020, Stulke & Kruger, 2020, Mantovani
106 etal., 2023).

107  Recently, a novel c-di-NMP receptor protein has been discovered in cyanobacteria and found to
108  bind both c-di-GMP and c-di-AMP; it was initially named CdgR for “c-di-GMP Receptor” (Zeng et
109 al., 2023). In the multicellular cyanobacterium Nostoc sp. PCC 7120 (Alr3277, GenBank
110  accession number BAB74976), this 179-aa protein was shown to bind c-di-GMP with high affinity
111  (Kd = 0.18 pM) and to regulate the bacterial cell size (Zeng et al., 2023). It could also bind c-di-
112 AMP, albeit with a lower affinity (Kd = 2.66 uM). The CdgR homolog SIr1970 from the unicellular
113  cyanobacterium Synechocystis sp. PCC 6803 showed weaker c-di-GMP binding (Kd = 1.68 pM)
114  than Alr3277 but allowed solving the structure of its c-di-GMP-bound complex (Protein DataBank
115 (PDB) entry 8HJA). SIr1970 was found to bind also c-di-AMP with comparable affinity to c-di-GMP

4
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116  (Samir etal., 2023). We showed that both c-di-AMP and its receptor SIr1970 are required for DNA
117 uptake and natural competence in Synechocystis. Since the CdgR proteins possess a close
118 similarity to the late competence factor B domain from Bacillus subtilis (BsComFB; domain
119 PF10719 in the Pfam database), we renamed SIr1970 to ComFB (also annotated as ComFB in
120 the NCBI's RefSeq database) (Samir et al., 2023). However, Zeng and colleagues argued that
121 these proteins were functionally different (Zeng et al., 2023). In B. subtilis, the comFB gene is part
122  of the comF competence operon that also encodes the DNA helicase ComFA and the predicted
123  phosphoribosyltransferase ComFC, which mediate cellular uptake and handling of single-
124  stranded DNA (Londono-Vallejo & Dubnau, 1993, Sysoeva et al., 2015, Damke et al., 2022).
125 However, in contrast to these two neighbors, BsComFB appears to play no role in DNA uptake
126  and its cellular role remains elusive (Sysoeva et al., 2015). Further, comFB genes are found in a
127  variety of bacteria but missing in many comFA- and comFC-encoding organisms, including
128 several Bacillus species (Kovacs et al., 2009, Kovacs et al., 2013). As a result, ComFB was
129 assumed to participate in some kind of regulation. Given the widespread distribution of the
130 ComFB-related proteins among diverse bacteria, we wondered if they could comprise a new
131 family of c-di-GMP receptors that were missing in several bacterial lineages. Here, we present a
132  bioinformatic and biophysical characterization of this protein family, along with binding assays of
133  several of its members. This work shows that ComFB proteins, indeed, represent a widespread
134  family of c-di-GMP (and also c-di-AMP) receptors. Moreover, we show its physiological relevance

135 in controlling B. subtilis motility.

136

137 RESULTS

138 Phylogenetic distribution of ComFB proteins

139 Toinvestigate the phylogenetic landscape of the ComFB family, we searched for homologs of the
140 ComFB protein from B. subtilis (BsComFB) and CdgR from Synechocystis sp. PCC 6803
141  (SIr1970; SyComFB) using BLAST against the NCBI non-redundant protein sequence database.
142  The search seeded with SIr1970 predominantly returned matches to other cyanobacterial
143  proteins, while the search with BsComFB primarily yielded matches to proteins from the Bacillota
144  phylum. Although these two proteins share the same core fold, their sequences are highly
145  divergent, exhibiting less than 14% pairwise identity, with similarity largely limited to the residues

146  involved in protein dimerization and the c-di-GMP-binding motif (Fig. 1A,B). Additionally, the zinc-
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147  binding cysteine residues found in BsComFB are not conserved in the cyanobacterial sequences
148  (see below; Fig. 1B). To further substantiate the homology between BsComFB and SyComFB
149  and to detect additional homologs, we ran HHpred searches against the PDB70 profile HMM
150 database and the profile HMM database of various proteomes. Searches against representative
151  proteomes identified ComFB family members in other phyla, including Actinomycetota,
152 Bdellovibrionota, = Myxococcota, Nitrospirota, Pseudomonadota, Spirochaetota, and
153 Thermodesulfobacteriota (Table S1). HHpred also detected a match between BsComFB and
154  SyComFB with a probability value greater than 99.5%, indicating their homology.

155  The structures of BsComFB (PDB: 4WAI) and SIr1970 (PDB: 8HJA) represent stable dimers, with
156 each subunit consisting of four long a-helices and one or two short B-strands (Fig. 1A,B).
157  Additionally, SIr1970 features an N-terminal three-helical subdomain, which is almost exclusively
158 found in its cyanobacterial homologs, as well as in some uncharacterized cyanobacterial proteins,
159  such as Nostoc punctiforme Npun_F5121 (UniProt: B2J269). The structures of BsComFB and
160  SIr1970 align with an RMSD of 3.6 A over 91 C, residues, despite their low (14%) pairwise

161 sequence identity.

162 Using structure-based sequence alignment of BsComFB and SIr1970 in iterative database
163  searches, we identified members of this protein family in several distinct bacterial lineages. These
164 lineages include, in addition to cyanobacteria, members of the phyla Bacillota (classes Bacilli,
165 Clostridia, Negativicutes, and Tissierellia), Pseudomonadota, Deferribacteriota, Spirochaetota,
166  Thermotogota (Fig. 1B), and several others, as well as various candidate phyla (see a larger
167  alignmentin Fig. S1 and a partial list of family members in Table S1). A representative selection
168 of ComFB family proteins is also available in the InterPro database (Paysan-Lafosse et al., 2023)
169 under entry IPR019657, corresponding to the Pfam database (Mistry et al., 2021) domain
170 PF10719. However, we discovered a subfamily of ComFB-related proteins widespread in
171  cyanobacteria (Fig. 1C), but not included in the InterPro database, likely due to the presence of
172  two insertions and changes in several conserved residues, including the c-di-GMP binding motif
173 (Fig. S1 and Table S1). Most members of this new subfamily, such as, Nostoc sp. All3687
174  (UniProt: Q8YQX4), Anabaena cylindrica Anacy_5104 (UniProt: K9ZNS1), Trichormus variabilis
175 Ava_3600 (UniProt: Q3M730) and CEN44 21400 of Fischerella muscicola (UniProt:
176  AOA2N6JYB2, misannotated as a DUF3349 domain-containing protein), represent stand-alone
177 ComFB-like domains. However, in several proteins within this new subfamily, such as Sll1170

178  from Synechocystis sp. (UniProt: P74197), the N-terminal ComFB-like domain is followed by
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179 DUF1816, PAS, and GGDEF domains. This domain architecture suggests potential diguanylate

180 cyclase activity, with the ComFB-like domain presumably acting as a regulatory domain.

181 Hereafter, we refer to these proteins collectively as the ComFB family, as the name CdgR is
182 potentially confusing, having been previously used for the c-di-GMP regulator YdiV, which
183  consists of a stand-alone EAL domain (Hisert et al., 2005, El Mouali et al., 2017).

184  Most bacterial genomes encode a single copy of the comFB gene, if any (Table S1). However,
185 certain lineages, particularly within Clostridia, Cyanobacteria, and Spirochaetota, often encode
186  two or more orthologs of ComFB. Specifically, the cyanobacterial genomes of Synechococcus sp.
187 PCC 7502, Pseudanabaena biceps PCC 7429, and Pseudanabaena sp. PCC 7367 encode six
188 ComFB proteins each (Table S1). Synechocystis sp. PCC 6803 possesses four ComFB family
189 members (SIr1970, SIr1505, SlI1739, and SlI1170), while F. muscicola CCMEE 5323 and Nostoc
190 sp. PCC 7120 each has two different ComFB-like proteins.

191 Outside bacterial lineages, ComFB family members have been found in two archaea,
192  Methanocella sp. (GenBank: OPY29888) and Candidatus Methanomethylicus sp. (GenBank:
193 HGS80389, recently suppressed but still available in UniProt and on the NCBI and EBI websites),
194  the fornicate Aduncisulcus paluster (GenBank: GKT31366), and as part of a multidomain protein
195 from the model plant Arabidopsis thaliana (GenBank: OAO89096; see Fig. S1). These instances

196 likely arose from bacterial contamination.

197 In many lineages, ComFB exhibits a patchy distribution, including its previously noted presence
198 in close relatives of B. subtilis but not in other Bacillus species such as B. anthracis, B. cereus,
199 and B. thuringiensis (Kovacs et al.,, 2009, Kovacs et al., 2013). Within the phylum
200 Pseudomonadota, ComFB is found in the classes Betaproteobacteria and Gammaproteobacteria
201 (Fig. S1), as well as in the former Deltaproteobacteria (recently reclassified as the phylum
202 Thermodesulfobacteriota), but so far not in Alphaproteobacteria or Epsilonproteobacteria (the
203  new phylum Campylobacterota). Furthermore, all betaproteobacterial ComFB sequences come
204  from the single order Burkholderiales, and nearly all deltaproteobacterial sequences are from the
205 order Desulfovibrionales (Table S1). Among gammaproteobacteria, ComFB sequences are found
206 in lineages such as Aeromonadales, Alteromonadales, Pseudomonadales, and Vibrionales, but
207  so far not in enterobacteria or xanthomonads. This patchiness is also evident at lower taxonomic
208 levels. For example, within the order Pseudomonadales, all ComFB sequences are found in the

209 genus Marinobacter and none in Pseudomonas. Similarly, among spirochetes, ComFB is
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210 encoded in oral pathogens Treponema denticola (Fig. 1B) and Treponema socranskii, as well as
211 inthe cattle skin pathogen Treponema brennaborense, but not in the closely related Treponema
212  pallidum, the causative organism of syphilis, or the Lyme disease spirochete Borrelia (Borreliella)
213  burgdorferi (Table S1).

214  Evolutionary landscape of ComFB superfamily

215 To gain a comprehensive understanding of the evolutionary relationships among ComFB family
216  proteins, we gathered homologs of several representative ComFB proteins and clustered them
217  using the CLANS tool (Frickey & Lupas, 2004) based on the strength of their all-against-all
218 pairwise sequence similarities. The resulting map (Fig. 1C) revealed four distinct clusters of
219 ComFB sequences: two exclusively composed of proteins from the Cyanobacteriota phylum, one
220 from the Pseudomonadota phylum, and one that includes proteins from a variety of phyla. Despite
221 the low sequence similarity (less than 15%) between these clusters, many residues of the c-di-
222  GMP-binding motif are conserved (Fig. 1B).

223  The B. subtilis ComFB sequence is located in the central cluster (colored orange), which includes
224  sequences from diverse phyla such as Actinomycetota, Bacillota, Bdellovibrionota, Myxococcota,
225 Nitrospirota, Spirochaetota, and Thermodesulfobacteriota, and from which the other three
226  clusters are radiating. The Synechocystis ComFB sequence (SIr1970; SyComFB), along with its
227  additional homologs in Synechocystis (SIr1505 and SlI1739), are in the closely connected
228  cyanobacterial cluster (in cyan). This cluster also contains the Nostoc CdgR/ComFB (Alr3277),
229  the multiple ComFB homologs found in Synechococcus sp. PCC 7502, Pseudanabaena biceps
230 PCC 7429, and Pseudanabaena sp. PCC 736, as well as the fusions of the ComFB-like domain
231 with phage shock protein A (Synechococcus sp. PCC 7502; UniProt: K9SSQ8) and ABC
232  transporter ATP-binding protein (Limnothrix sp. P13C2; UniProt: AOA1COVII2).

233  The second cyanobacterial cluster (in green), which is weakly connected to the central cluster (in
234  orange), contains the new subfamily of ComFB-like proteins (lower sequence block in Fig. 1B).
235 This cluster consists of stand-alone ComFB-like proteins (e.g., CEN44_21400, All3687, and
236  Ava 3600) and multidomain diguanylate cyclases with an N-terminal ComFB-like domain, such
237  as the Synechocystis diguanylate cyclase Sll1170 (UniProt: P74197). The separation of this new
238  cyanobacterial subfamily in the map suggests functional distinction from the other cyanobacterial
239 ComFB proteins. Notably, many cyanobacterial species have representatives in both cyan and

240  green clusters (e.g., Synechocystis sp. PCC 6803, Nostoc sp. PCC 7120, F. muscicola, and T.
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241  variabilis ATCC 29413). The fourth cluster (in violet) possesses sequences of Pseudomonadota

242  phylum, and most sequences of this cluster consist solely of the ComFB domain.

243  Sequence conservation within the ComFB family

244 Despite the relatively low level of sequence identity between BsComFB and SyComFB, the key
245  functional residues are conserved between these two (Fig. 1B) and within the entire family (Fig.
246  S1). Indeed, the three residues, Asn4, Glu7, and Tyr46 (BsComFB numbering), that are involved
247  in protein dimerization, are conserved in ComFB proteins from all bacterial phyla (Fig. S1 and Fig.
248  S2). Accordingly, it would be reasonable to assume, that, like BsComFB and SyComFB (Zeng et
249  al., 2023, Sysoeva et al., 2015), all family members form dimers (or higher oligomers). In addition,
250 several c-di-GMP-binding residues, identified in the structure of the SyComFB-c-di-GMP complex
251 (PDB: 8HJA) (Zeng et al., 2023), are widely conserved as well (Fig. 1B and Fig. S1). These
252  residues include (i) Asp33, Asn40, and Arg/Lys41 (BsComFB numbering) that bind c-di-GMP
253  through electrostatic interactions; (ii) hydrophobic amino acid residues in positions of Ala36,
254  Leud7, and Val47 that form hydrophobic contacts with the c-di-GMP ligand, and (iii) Tyr55 that
255  forms a m-bond with the guanine moiety of c-di-GMP. Several other c-di-GMP-binding residues of
256  SyComFB are poorly conserved, suggesting greater flexibility in ligand binding within the family
257  with altered affinity (or a loss of binding altogether).

258 comFB genomic neighborhoods

259  Members of the ComFB family are typically annotated as “late competence development protein
260 ComFB”, based on BsComFB, the founding member of the family (Londono-Vallejo & Dubnau,
261 1993, Sysoeva et al., 2015). However, the comFA-comFB-comFC operon organization is only
262 seen in B. subtilis (Fig. 2) and its closest relatives, B. amyloliquefaciens, B. atrophaeus,
263 B. licheniformis, B. pumilis, B. velezensis, and B. xiamenensis. A comparison of the comF gene
264  distribution using the COG database (Galperin et al., 2021) shows that comFB is typically found
265  without either comFA or comFC, and often in those organisms that do not carry either of these
266  genes (Table S2).

267 In B. subtilis and several other organisms (e.g. Treponema denticola ATCC 35405), comFB is
268 located in the vicinity of one or more flagellar genes (Fig. 2). In many members of the clostridial
269 order Thermoanaerobacterales, including Caldicellulosiruptor and Thermoanaerobacterium

270  species, comFB is located within the operon that codes for type IV pili (Khan et al., 2020) (see
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271  Fig. 2). In cyanobacteria, comFB is frequently found in an operon with hfq (Fig. 2), a key
272  component of cyanobacterial type IV-pili machinery that is required for motility and DNA uptake
273  (Samir et al., 2023, Schuergers et al., 2014). This genomic organization suggests a possible
274  involvement of ComFB proteins in the regulation of cell motility or other type IV pili-related
275  functions. In Vibrio cholerae, V. harveyi, V. parahaemolyticus and some other organisms (e.g.
276  Aliivibrio fischeri), the comFB gene is transcribed divergently from a gene coding for a GGDEF-

277  containing diguanylate cyclase, highlighting a possible functional link to c-di-GMP signaling.

278 ComFB domain architectures

279  The vast majority of ComFB domains are found in a stand-alone form (e.g., BsComFB; PDB:
280  4WAI) (Fig. 3). Also, most sequences of the Pseudomonadota cluster, e.g. as seen in V. cholerae,
281 are found as a sole ComFB domain (see the violet cluster in Fig. 1C). However, canonical
282 cyanobacterial members often contain an additional three-helical N-terminal subdomain, as seen
283 in the structure of SyComFB (PDB: 8HJA), or other N-terminal and/or C-terminal extensions, as
284  in Synechocystis sp. PCC 6803 proteins SIr1505 and Sll1739 (see Fig. 3 and Fig. S3 for domain
285 architectures and GenBank accession numbers). Some cyanobacterial proteins contain two
286 tandem ComFB domains (e.g., Pse7367_0880, UniProt: K9SGA4) (Fig. 3). Remarkably, such
287 tandem-domain ComFB proteins include five out of the six paralogs encoded by the genomes of
288  Pseudanabaena biceps PCC 7429, Pseudanabaena sp. PCC 7367, and Synechococcus sp. PCC
289 7502 (Table S1 and Fig. S3). Some of these proteins (such as UniProt: K9SSQ8) additionally
290 contain long N-terminal coiled-coil segments that bear limited similarity to phage shock protein A
291  of the PspA/IM30 family (Pfam domain PF04012) (Fig. 3 and Fig. S3).

292  Several other cyanobacteria, such as Halothece sp. PCC 7418, combine ComFB (e.g., UniProt:
293 K9YBB1) with an N-terminal PATAN (DUF4388, PF14332) domain (Fig. S4), which is usually
294  found in PatA-type response regulators that control heterocyst formation in cyanobacteria
295  (Makarova et al., 2006). Remarkably, a large-scale protein interaction screen in Synechocystis
296 sp. PCC 6803 revealed an interaction between the second ComFB protein, encoded by slr1970,
297 and the SIr1594 protein of the PatA family (Sato et al., 2007); however, the relevance of this
298 interaction is still unclear. Additionally, in the cyanobacterium Limnothrix sp. P13C2, the ComFB
299 domain is found in combination with an ATPase subunit of an ABC transporter (UniProt:
300 AOA1COVII2) (Fig. S3). Also, as mentioned above, in the Sll1170 protein of the cyanobacterium
301  Synechocystis sp. PCC 6803 and several other proteins, the N-terminal ComFB domain is
302 followed by DUF1816, PAS, and GGDEF domains (Fig. 3 and Fig. S3).
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303  Other architectures can also be found (Fig. S3), including several clostridial response regulators
304 that combine the ComFB domain and the two-component phosphoacceptor receiver (REC,
305 PFO00072) domain (e.g. UniProt: RBWME1) (Fig. S3 and Fig. S4). Similarly, some proteins from
306 the Candidatus Omnitrophota phylum (e.g., UniProt: AOA1G1PT98) couple the ComFB domain
307  with the chemotaxis methyltransferase CheR (PE01739) domain (Fig. S3 and Fig. S4). The
308 ComFB proteins from Treponema denticola (UniProt: Q73MV1) and many other spirochetes
309 combine an N-terminal ComFB domain with a predicted C-terminal immunoglobulin-like
310 (transthyretin-like) domain (Fig. S3 and Fig. S4; Table S1). This diverse array of domain
311  architectures highlights the functional versatility of the ComFB family and suggests that these

312  proteins may play a variety of regulatory roles across different bacterial lineages.
313  Metal-binding Cys residues in the ComFB family

314  In the structure of ComFB from B. subtilis, each monomer contains a tightly bound Zn?* ion that
315 s coordinated by four Cys residues: Cys25, Cys27, Cys30, and Cys88, and appears to contribute
316 to the stabilization of the protein (Sysoeva et al., 2015). Examination of ComFB sequences from
317  other members of the phylum Bacillota reveals conservation of the first three Cys residues but
318 not the last one (Fig. 1B). These three Cys residues are also conserved in ComFB proteins from
319 members of the phyla Deferribacteres and Thermotogae and occasionally found in proteins from
320 other lineages, such as Maridesulfovibrio salexigens (Thermodesulfobacteriota) and the
321 cyanobacterium Synechococcus sp. JA-2-3B'a(2-13) (Fig. S1). The same three Cys residues are
322 conserved in some, albeit not all, spirochetes. Some spirochete ComFB sequences, like the one
323 from T. denticola, contain an additional Cys residue that is located in the last turn of the second
324  long a-helix. Others, like ComFB from Spirochaeta africana, carry just two of these Cys residues,
325 and some, like ComFB from Brachyspira murdochii, neither of them (Fig. 1B). Beta- and
326 gammaproteobacterial ComFB sequences typically contain a single conserved Cys residue in the
327  same position, near the end of the second long a-helix. Finally, except for the above-mentioned
328 M. salexigens and Synechococcus sp. JA-2-3B'a(2-13), ComFB proteins from the phyla
329 Cyanobacteriota and Thermodesulfobacteriota do not contain any of these Cys residues.
330 Altogether, the conservation of these Cys residues is seen only in a fraction of ComFB family
331 members (Fig. S2).

332

333
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334  Cyclic-di-NMP binding by ComFB proteins

335 Although c-di-GMP binding by SyComFB (SIr1970) was suggested to be specific for
336 cyanobacteria (Zeng et al., 2023), the structural similarity between SyComFB and BsComFB (Fig.
337 1A), coupled with the conservation of several c-di-GMP-binding residues within the entire ComFB
338 family (Fig. 1B), suggested that other members of this family might also serve as c-di-GMP and/or
339  c-di-AMP receptors. Moreover, we were able to show that SyComFB can also bind c-di-AMP with
340 comparable affinity to c-di-GMP (Samir et al., 2023). To investigate whether c-di-NMP binding is
341 a common property of diverse members of the ComFB family, we heterologously expressed
342 ComFB proteins from four phylogenetically distinct bacterial lineages and tested their ability to
343  bind c-di-GMP and/or c-di-AMP. The binding assays were performed with ComFB proteins from
344  B. subtilis (phylum Bacillota, class Bacilli), Thermoanaerobacter brockii (phylum Bacillota, class
345  Clostridia), Vibrio cholerae (phylum Pseudomonadota, class Gammaproteobacteria), and
346  Treponema denticola (phylum Spirochaetota, class Spirochaetia); their sequences are shown in
347 Fig. 1B. While both B. subtilis and T. brockii are environmental Gram-positive bacteria, V. cholerae

348 and T. denticola represent pathogenic Gram-negative bacteria.

349  First, we used size exclusion chromatography coupled to multiangle light scattering (SEC-MALS)
350 to determine the oligomeric state of all ComFB proteins in solution. As expected, B. subtilis
351 ComFB (BsComFB) protein showed a species of ~ 23.5 kDa (Fig. S5), indicating that BsComFB
352  protein (the theoretical molecular mass of a monomer with an 8xHis tag is 12.1 kDa) is a dimer in
353  solution, in agreement with the crystal structure of BsComFB (Sysoeva et al., 2015). Similarly, T.
354  denticola ComFB (TdComFB; with the theoretical mass of monomer of 27.8 kDa) behaved as a
355  dimer in solution with a molar mass of 45.5 kDa (Fig. S5). Unexpectedly, ComFB proteins of both
356 T brockii (TbComFB) and V. cholerae (VcComFB) behaved as monomers in solution with molar
357 masses of 11.4 kDa and 13.4 kDa, respectively (Fig. S5).

358 Next, we measured the binding affinity of ComFB proteins to either c-di-GMP or c-di-AMP using
359 isothermal titration calorimetry (ITC). The raw isothermal data for titration of c-di-GMP or c-di-
360 AMP were fitted using a one-binding site model for monomeric ComFB proteins to determine the
361 dissociation constant (Kp) (Table 1; Fig. 4 and Fig. 5). For BsComFB, the titration of c-di-GMP
362 yielded an exothermic profile with a high affinity in the very low micromolar range (Kp 0.17 pM;
363  Fig. 4A). In contrast, the c-di-AMP binding events showed endothermic calorimetric signals with
364  aKpof 83.3 uM, indicating very weak binding (Fig. 5), implying that BsComFB preferentially binds
365 to c-di-GMP. Next, we assessed the ability of BsComFB protein to bind to c-di-GMP in the
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366  presence of saturating concentrations of c-di-AMP, and vice versa. In a competition binding assay,
367 when BsComFB protein was saturated first with 150 yM c-di-AMP, c-di-GMP binding events again
368  showed strong exothermic calorimetric signals, however the binding enthalpy of c-di-GMP was a
369  Dbit reduced and the Kp value of 0.24 yM was substantially higher than the Kp in the absence of c-
370  di-AMP (compare Fig. 4A with 4B; Table 1). When BsComFB protein was saturated with 150 uM
371  c-di-GMP, the binding of c-di-AMP was further reduced with a Kp of 121.1 uM (Table 1; compare
372  Fig. 5A with 5B).

373  Again, the binding assays for ComFB from T. brockii (ThbComFB) showed exothermic signals for
374  c-di-GMP binding and endothermic profile for c-di-AMP binding (Fig. 4 and Fig. 5). However,
375 compared to BsComFB, TbComFB showed weaker affinity towards c-di-GMP (Fig. 4C) with a Kp
376  value of 7.9 yM and enhanced affinity towards c-di-AMP (Fig. 5C) with a Kp value of 20.1 yM
377 (Table 1), implying that TbComFB could bind both c-di-GMP/c-di-AMP in vivo, similar to
378 cyanobacterial SyComFB (Samir et al. 2023). The competition binding assays at saturating
379  concentration of 150 yM of c-di-AMP (Fig. 4D) or c-di-GMP (Fig. 5D) also revealed that both
380 molecules could compete with each other for binding to TbComFB. However, the binding affinity
381  was substantially reduced compared to that in the absence of the competitor nucleotide (Table 1;
382  compare isotherm of Fig. 4C with 4D and Fig. 5C with 5D).

383  Finally, we assessed the ability of the ComFB proteins from the gram-negative bacteria V.
384  cholerae (VcComFB) and T. denticola (TdComFB) to bind c-di-GMP or c-di-AMP. Remarkably, the
385 TdComFB possesses in addition to the N-terminal ComFB domain, a C-terminal immunoglobulin-
386 like domain (Fig. S4). As expected, both VcComFB and TdComFB proteins were able to bind to
387  c-di-GMP (Table 1), however TdComFB bound to c-di-GMP endothermically (Fig. 4F) with very
388 low affinity (Ko 284 uM) compared to exothermic binding (Fig. 4E) and high affinity with Kp value
389  of 1.4 uM for VcComFB. Surprisingly, both VcComFB and TdComFB proteins were not able to
390  bind c-di-AMP and c-di-AMP did not compete with c-di-GMP (Table 1 and Fig. 5E,F).

391  To further confirm that VcComFB binds only c-di-GMP, we used nano differential scanning
392  fluorimetry (nanoDSF) compared to ThComFB, which binds both c-di-GMP and c-di-AMP with
393  good affinity (Table 1). Both ¢c-di-GMP and c-di-AMP thermally stabilized TbComFB, but only c-di-
394  GMP stabilized VcComFB (Fig. S6), which further confirms that VcComFB binds only c-di-GMP,
395  while TbComFB binds both c-di-NMPs. As all ComFB proteins showed robust binding of c-di-GMP
396 and, in some cases, c-di-AMP (e.g. TbComFB and SyComFB), these experiments establish the
397 ComFB superfamily as c-di-NMP receptor proteins, with preferential binding of c-di-GMP.
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398 Table 1. c-di-NMP binding by different ComFB proteins
Organism protein name Titrant Competitor Average Ky AH AG
(Taxonomy) (M) (kcal mol-1)b (kcal mol-1)c
c-di-GMP 0.17 £0.07 -8.5+1.3 -9.310.25
Bacillus subtilis ComFB c-di-GMP 150 uM c-di-AMP 0.24 £0.09 -6.0 -8.1+1.8
° (Bacillota, class Bacilli) c-di-AMP 83.3+73.1 44.8 +35.2 6.2+1.2
}E c-di-AMP 150 pM c-di-GMP 121.1+85.9 43.4 +36.6 -5.555 + 0.74
g Thermoanaerobacter brockii c-di-GMP - 79+1.8 -3.56+0.4 -6.9+0.15
© Thebr_1103 (Bacillota, class c-di-GMP 150 uM c-di-AMP 12.2+3.6 -3.1+0.1 -6.7+0.3
Clostridia) c-di-AMP 20.1+3.4 80.0£0.2 -5.1401
c-di-AMP 150 uM c-di-GMP | 33.9£2.6 54+1.8 -6.1+0.03
Vibrio cholerae VC_A0561 c-di-GMP 14110 -4.4+1.7 -8.010.49
v (Pseudomonadota, class ) ) o
-go Gammaproteobacteria) c-di-AMP 150 uM c-di-GMP No binding
()
% Treponema denticola c-di-GMP 284+97.0 35.9+31.2 -4.7
G Tde_1406 (Spirochaetota, . ) -
class Spirochaetia) c-di-AMP 150 pM c-di-GMP No binding
399
400  The raw isothermal titration calorimetry (ITC) data were fitted using a one-site binding model for monomeric
401 ComFB proteins. (a) The dissociation constant (Kp) values correspond to the mean of at least 2 independent
402  experiments * standard deviation. All titrations were performed in 50 mM Tris-HCI based buffer (pH 8.0);
403 (b) enthalpy; (c) Gibbs free energy. To test potential competition by another c-di-NMP, the protein was
404 preincubated with 150 uM of the ‘competitor’ dinucleotide, followed by titration with the other one.
405
406  Physiological importance of comFB in Bacillus
407  Next, to determine the biological significance of comFB, we investigated the in vivo function of
408 comFB in the genetically accessible model bacterium, B. subtilis. As mentioned previously, B.
409  subtilis comFBis localized in the vicinity of flagellar genes required for motility (Fig. 2), and it binds
410  specifically to c-di-GMP (Fig. 4; Table 1), which is well known to inhibit motility in many bacteria,
411  including B. subtilis (Wolfe & Visick, 2008, Rémling et al., 2013, Chen et al., 2012, Subramanian
412  etal., 2017). To examine whether ComFB plays a role in motility and if its function depends on c-
413  di-GMP signaling, we expressed it from a constitutive promoter in the ectopic amyE locus of B.
414  subtilis in the background of both wild-type and ApdeH, a phosphodiesterase mutant
415  characterized by elevated levels of c-di-GMP (Chen et al., 2012, Gao et al., 2013). In these
416  strains, growing in LB where competence is not expressed, the ComK-driven promoter in front of
417  the comF operon is not active, and the main source of ComFB will be from the construct in amyE.
418  Along with negative controls carrying empty vectors, all strains were inoculated in the centers of
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419  Petri dishes containing LB Medium with 0.3% agar and permitted to grow overnight. As shown in
420  Fig. 6, ectopic expression of ComFB markedly inhibits swimming, and this inhibition is propagated
421  in the absence of PdeH, the only c-di-GMP phosphodiesterase of B. sublilis. Deletion of pdeH
422  significantly affects swimming by itself, presumably due to its effect via Motl (Subramanian et al.,
423  2017). To rule out the sensitivity of the motility assay to growth differences, we additionally
424  compared the growth of the relevant strains and detected no significant differences (Fig. S7).
425 These data provide strong evidence that ComFB interferes with motility in the presence of

426  elevated c-di-GMP, confirming the biological relevance of its high affinity for c-di-GMP (Table 1).
427

428 DISCUSSION

429  Proteins of the ComFB family (Pfam domain PF10719) are widespread in bacteria, being
430 encoded, besides Bacillota and Cyanobacteriota, in the genomes of representatives of at least
431 five other phyla (Fig. 1B and Fig. S1). Further, metagenomic sequencing identified comFB genes
432  in members of a dozen more phyla (Table S1) and several candidate phyla. These proteins are
433  usually encoded in a single copy per genome, such as CdgR from Nostoc sp. PCC 7120, but are
434  occasionally found in multiple copies, from two genes in Alkaliphilus metalliredigens (Amet_2487
435 and Amet_3088) to six paralogous copies in the genomes of Synechococcus sp. PCC 7502 and
436  Pseudanabaena PCC 7367 and seven in Allocoleopsis franciscana PCC 7113 (Table S1).

437  With respect to cyanobacterial c-di-GMP signaling, the discovery of CdgR (Zeng et al., 2023)
438 closed an important gap in knowledge: the paucity of known c-di-GMP receptors in cyanobacteria.
439 Indeed, as seen in the c-di-GMP census, Nostoc sp. PCC 7120 and Synechocystis sp. PCC 6803
440 encode multiple diguanylate cyclases (Enomoto et al., 2023), but no PilZ-domain proteins and
441  very few MshEN-containing proteins (1 and 3, respectively). The c-di-GMP binding by these
442 MshEN domains has not been tested so far, although c-di-GMP has been shown to control
443  cyanobacterial cell motility and phototaxis (Savakis et al., 2012, Angerer et al., 2017, Enomoto et
444  al., 2023, Wallner et al., 2020). Other cyanobacteria encode PilZ domains as part of their bacterial
445  cellulose synthase (bcsA) genes and MshEN domains at the N-termini of their PilB/GspE
446  ATPases, which control twitching motility and type Il secretion. No other cyanobacterial c-di-GMP
447  targets had been characterized until last year. Characterization of CdgR, which is widespread in
448  cyanobacteria, and demonstration of its involvement in controlling cell size (Zeng et al., 2023)
449  provided a much-needed rationale for the presence of multiple c-di-GMP turnover enzymes in

450  various cyanobacterial genomes.
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451  While Zeng and colleagues assumed that CdgR was specific for cyanobacteria (Zeng et al.,
452  2023), the structural similarity between CdgR and ComFB (Fig. 1A), coupled with the conservation
453  of several c-di-GMP-binding residues within the entire ComFB/CdgR family (Fig. 1B), suggested
454  that other members of this family might also bind c-di-GMP, such that this family would represent
455  a widespread c-di-GMP receptor protein. This suggestion was verified here by demonstrating
456  high-affinity c-di-GMP binding by BsComFB (Table 1), the founding member of the family, whose
457  proposed role in competence had been used for annotating the entire family (PE10719 in Pfam
458 database and IPR019657 in InterPro) (Mistry et al., 2021, Paysan-Lafosse et al., 2023) as “late
459  competence development protein ComFB”. BsComFB was shown to bind c-di-GMP with high
460  affinity, Kd = 0.17 uM, which is remarkably close to the value previously reported for the CdgR
461  from Nostoc sp. PCC 7120 (Zeng et al., 2023).

462  Further, three other ComFB family members from diverse bacterial lineages were also found to
463  bind c-di-GMP (Table 1). The shared ability to bind c-di-GMP by ComFB-like proteins from
464  B. subtilis, two cyanobacteria, and these three organisms strongly suggests that the ComFB
465  family represents the missing widespread family of c-di-GMP receptors, the third one after PilZ
466  and MshEN domains. Accordingly, the entire family can now be renamed “ComFB-like c-di-GMP

467  receptors.”

468 The new name also makes sense because of the uncertain role of BsComFB in competence.
469  Genome analysis has revealed the absence of the comFB gene in several Bacillus species that
470 appeared to be transformable (Kovacs et al., 2009, Kovacs et al., 2013). Further, while comFA-
471  comFC operons are fairly widespread, they are commonly found in the genomes that do not
472  encode comFB (Table S2); the comFA-comFB-comFC operons, like the one in B. subtilis are only
473  found in a few closely related Bacillus species. Finally, a B. subtilis strain expressing comFA and
474  comFC in the absence of comFB was reported to be normally transformable (Sysoeva et al.,

475  2015). These data suggested that ComFB may not be required for competence in B. subtilis.

476  Nevertheless, the ability of ComFB proteins to bind c-di-GMP, the master regulator of motility-
477  related functions, and the genomic association of comFB with flagella (as seen in B. subtilis and
478 T. denticola) or pili (as seen in cyanobacteria, Caldicellulosiruptor and Thermoanaerobacterium
479  species) genes still suggests a possible involvement of ComFB proteins in regulation of cell
480 motility. However, the role of ComFB might be different in other organisms. In this context, we
481  were able to show that ComFB is participating in a c-di-GMP-mediated inhibition of motility in B.

482  subtilis using swimming assay (Fig. 6). However, it is important to note that the swimming assay
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483  does not distinguish between an effect of ComFB on the production or function of flagella, not
484  does it exclude an effect on chemotaxis. It will require further investigation to distinguish between
485 these alternatives. Nevertheless, BsComFB joins Motl (Subramanian et al., 2017) as a c-di-GMP
486  binding protein associated with a motility-related phenotype in B. subtilis. Moreover, our recent
487 work showed that SyComFB (encoded by s/r1970), the CdgR ortholog from the model
488 cyanobacterium Synechocystis sp. PCC 6803, is required for pilus biogenesis and natural
489  competence, albeit through its interaction with c-di-AMP, another bacterial second messenger
490 (Samir et al., 2023). These data, along with the recently demonstrated roles of CdgR in the
491  regulation of cell size (Zeng et al., 2023), cyanobacterial motility, and DNA uptake, highlight the
492  unique properties of the ComFB family proteins as dedicated receptors for both c-di-NMP second
493 messengers, c-di-GMP and c-di-AMP.

494  The demonstration of c-di-GMP-binding by ComFB family proteins leaves many questions to be
495  addressed in future studies. One of them is the ability of (some) ComFB proteins to bind a metal
496  atom, such as Zn?*, and, if so, the potential regulatory role(s) of this metal atom. The Zn?*-binding
497  Cys residues of BsComFB are conserved in other members of the phylum Bacillota, as well as in
498 Deferribacterota, Thermotogota, and some spirochetes (Fig. S1), suggesting that these proteins
499 may also contain Zn?* atoms. The presence of metal atoms in the ComFB proteins from
500 Betaproteobacteria and Gammaproteobacteria, which contain a single conserved Cys residue
501 (Fig. S1) is uncertain. Some alteromonads, however, have an additional Cys residue in the Cys-
502 Cys motif (Fig. S1). Accordingly, a metalloproteome study of the marine bacterium Alteromonas
503 sp. BB2-AT2 found that its ComFB contained Zn?* ions (Mazzotta et al., 2021). Anyway, given the
504  structural similarity and similar c-di-GMP binding properties of Zn?*-containing BsComFB and
505 Zn?'-less CdgR (Fig. 1A), the structural role of Zn?* atoms is likely to be dispensable in the ComFB

506  family proteins but might play a role in the regulation of their binding affinities.

507  In conclusion, this work, along with the recent finding on cyanobacterial comFB (Zeng et al., 2023,
508 Samir et al.,, 2023), shows that diverse members of the ComFB family serve as dedicated
509 receptors for c-di-GMP and/or c-di-AMP and play important regulatory roles in diverse lineages of
510 bacteria. The ability of at least some ComFB proteins to bind two distinct second messengers and
511 the diversity of comFB-containing operons (Fig. 2) and ComFB domain architectures (e.g., in
512 combination with PATAN, REC, CheR, PspA/IM30, immunoglobulin-like, or other domains; Fig. 3
513 and Fig. S3), suggest that the spectrum of these regulatory roles could be quite wide. This
514  establishes the ComFB superfamily as new c-di-NMP receptor proteins widespread in almost all

515 bacterial domains.
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516 MATERIALS AND METHODS

517 Sequence and structure analysis

518  Structural alignment of the ComFB protein from B. subtilis (GenBank: CAB15563; PDB: 4WAI)
519 and SyComFB (SIr1970) from Synechocystis sp. PCC 6803 (GenBank: BAA18199; PDB: 8HJA)
520 was performed with Dali (Holm, 2022). Secondary structure elements were taken from the Dali
521  alignment and adjusted using DSSP outputs of the PDB data. The alignment was visualized with
522  PyMol (Schrodinger, LLC). Closely and distantly related members of the ComFB/CdgR
523  superfamily were retrieved through iterative searches of the NCBI protein database using PSI-
524  BLAST (Altschul et al., 1997) and of UniProt using HMMer (Potter et al., 2018), respectively. In
525 addition, InterPro (Paysan-Lafosse et al., 2023) was used to retrieve ComFB family members
526  assigned to the Pfam domain PF10719 (InterPro entry IPR019657). Additional proteins, such as
527  Anabaena cylindrica Anacy_5104 (UniProt: K9ZNS1) or Trichormus variabilis Ava_3600 (UniProt:
528 Q3M730), that were annotated as ComFB in UniProt but not included in these InterPro and Pfam
529 families, were verified with HHpred (Zimmermann et al., 2018) and then used as queries in further
530 PSI-BLAST and HMMer searches. The sequences obtained (see Fig. S1 and Table S1) were
531 added to the ComFB superfamily.

532 The presence or absence of ComFB family members in certain bacterial lineages, as well as
533 ComFB domain counts in individual bacterial genomes, were evaluated using taxonomy-restricted
534  BLAST searches and taxonomy-based sorting of the BLAST outputs. Sequence alignments of
535 distant family members against B. subtilis ComFB and SyComFB (SIr1970) structures were
536  verified using HHpred (Zimmermann et al., 2018) tool of the MPI Bioinformatics Toolkit (Gabler et
537 al., 2020). Domain architectures of the ComFB proteins were analyzed using the CDD (Wang et
538 al., 2023) and Pfam (Mistry et al., 2021) databases; domain assignments were checked with
539 HHpred (Zimmermann et al., 2018).

540  Cluster map analysis

541  To gather protein sequences for cluster analysis, we queried the UniProt database for homologs
542  of the ComFB protein sequences from B. subtilis (P39146), Synechocystis sp. PCC 6803
543  (P74113), Vibrio cholerae (Q9KM28), and Fischerella muscicola (AOA2N6JYB2, AOA2N6JYC8)
544  using BLAST with an E-value threshold of 1e-04 and a “max_target_seqs” parameter of 20,000.
545 We aggregated the full-length sequences of the resulting matches, removing any flagged as

546  “Fragment,” and then filtered them using MMseqs2 to retain sequences with a maximum pairwise
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547  identity of 70% and a length coverage of at least 70%. The resulting filtered set, comprising a total
548 of 1,626 sequences, was subjected to clustering analysis using CLANS (CLuster ANalysis of
549  Sequences) tool (Frickey & Lupas, 2004) based on all-against-all pairwise P-values calculated
550  with BLAST. The clustering was performed until equilibrium was reached in a 2D space, applying
551  a P-value cutoff of 1e-06 and using the default settings in CLANS. The clustering was visualized
552  using CLANS.

553  Protein production and purification

554  The plasmids and primers used in this study are listed in Table S3. The plasmids expressing
555  comFB of Bacillus subtilis (BSU_35460, GenBank: CAB15563) and Vibrio cholerae (VC_A0561,
556  GenBank: AAF96463.1) were constructed using polymerase chain reaction (PCR) using a
557 genomic DNA B. subtilis and V. cholerae as a template, while comFB of Thermoanaerobacter
558  brockii (Thebr_1103, GenBank: ADV79679.1) and Treponema denticola (Tde_1406: GenBank:
559 AAS11923.1) were constructed using a designed gBlocks DNA fragments (IDT, USA) as
560 described previously (Selim et al., 2018). The comFB genes were cloned into a pET-28a vector
561 with Gibson assembly, incorporating a C-terminal 8xHis-tag. Positive clones were selected on
562  agar plates supplemented with 50 pg/ml kanamycin. The recombinant proteins were expressed
563 and purified as described previously in E. coli strain LEMO21 (DE) (Selim et al., 2021b, Selim et
564 al., 2019). Briefly, the 8xHis-tagged constructs were expressed by overnight cultivation of E. coli
565 cells at 20°C in the presence of 0.5 mM IPTG and purified by immobilized metal affinity
566  chromatography using Ni?*-Sepharose resin (Cytiva™), followed by size exclusion
567 chromatography on a Superdex 200 Increase 10/300 GL column (GE HealthCare, Munich,
568 Germany), as described previously (Selim et al., 2020). Protein purity was assessed by
569 Coomassie-stained SDS-PAGE, and protein concentrations were determined using Bradford

570 assay.
571 Size exclusion chromatography and multiangle light scattering analysis (SEC-MALS)

572  Analytical size exclusion chromatography was carried out at room temperature, as described
573  previously, using the AKTA purifier (GE Healthcare) on Superdex™ 2% prep-grade column (GE
574  Healthcare) coupled to a multiangle light scattering (MALS) detector (Selim et al., 2019, 2020;
575  (Walter et al., 2019)). The protein samples diluted 1:4, centrifuged for 5 min at 15000 g, and 250
576  pul of the supernatant were injected into the column with a flow rate of 0.4 ml/min, after equilibrating
577 the column with the running buffer (50 mM Tris/HCI, pH 8.0, 300 mM NaCl). ASTRA software
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578  (Wyatt) was used for data analysis and molecular mass calculations using the MALS data. The

579 elution volume was plotted against the UV signal and molecular mass (Selim et al., 2019).

580 Isothermal titration calorimetry (ITC) analysis and nucleotides binding assays

581  Binding of c-di-GMP or c-di-AMP by recombinantly produced ComFB proteins was analyzed by
582 isothermal titration calorimetry (ITC), as described previously (Haffner et al., 2023a, Mantovani et
583 al, 2024). Protein samples for ITC were dialyzed against the assay buffer (50 mM Tris/HCI, pH
584 8.0, 300 mM NacCl, 0.55 mM EDTA), then diluted with the same buffer to a working concentration
585  of 30-300 uM, before loading into the ITC cell. C-di-GMP/c-di-AMP was dissolved in the same
586  buffer to the concentration of 1.0 mM and added gradually in 2 pl injections using a microsyringe.
587 ITC measurements were conducted on a MicroCal PEAQ-ITC instrument (Malvern Panalytical,
588  Westborough, MA, USA), at 25 °C, with a reference power of 10 pcal/s. Control experiments to
589 determine the dilution heat of c-di-GMP or c-di-AMP were performed by titrating c-di-GMP or c-
590 di-AMP into a cell filled with assay buffer. Dissociation constants Kp and AH values were
591 calculated using the single binding site model with the MicroCal PEAQ-ITC Analysis Software
592 (Malvern Panalytical) after subtracting the dilution heat of the control experiments. In the
593 competition assay of c-di-GMP and c-di-AMP binding to ComFB, the protein was incubated with
594 150 uM of one of the nucleotides and titrated against 1 mM of the other competing ligand. For
595  reproducibility, different batches of purified ComFB proteins were used for different ITC

596  experiments. The details of ITC measurements are presented in Table 1 and Figures 4 and 5.

597 Growth of bacteria and strain construction

598 Constructs were introduced into B. subtilis using the transformation of competent cells. Antibiotic
599  selections were on LB-agar plates using spectinomycin (100 pg/ml) or kanamycin (5 pg/ml). All
600  constructs were confirmed by sequencing. The ApdeH::kan construct and plasmid pKB149, which
601 carries a constitutive promoter and confers spectinomycin resistance, were kind gifts from Dan
602  Kearns (Indiana University) (Subramanian et al., 2017). For overexpression, the coding sequence
603  of comFB was isolated by PCR using the P.-forward and Pc-Reverse primers (Table S3). The
604  resulting DNA fragment was inserted into pKB149 after cutting with Hindlll and BamH|, placing
605 comFB under the control of a constitutive promoter (P.). The resulting plasmid was linearized
606 using Scal to favor replacement recombination and transformed into B. subtilis 1S75 for insertion
607 into the ectopic amyE locus. Correct insertion was confirmed by testing on starch-plates and the

608 overexpression of ComFB was verified by Western blotting, using an antiserum raised against
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609  purified ComFB. The empty vector (pKB149) was similarly inserted in amyE to produce a control
610  strain.

611 Swim test

612 The method used was as described in (Hall et al., 2018). Single colonies were picked with
613 toothpicks and inoculated into LB fortified with 0.35% agar. The plates were grown overnight at
614 30 C in a humidified incubator, then transferred to 37 C for further growth, and photographed
615 when the control strain (BD9422) had nearly reached the outer edge of its Petri dish.

616
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919 FIGURE LEGENDS

920 Figure 1. Sequence and structural conservation within the ComFB superfamily.

921  (A) Structural alignment of the dimeric forms of Bacillus subtilis ComFB (BsComFB, PDB: 4WAI,
922  yellow and teal) and CdgR from Synechocystis sp. PCC 6803 (PDB: 8HJA, orange and red). The
923 CdgR-bound c-di-GMP molecules are shown in stick mode with carbon atoms in blue. The c-di-
924  GMP binding residues D53, N100, R101 and Y115 of CdgR are shown in stick mode with carbon

925 atoms in green.

926 (B) Sequence alignment of representative members of the ComFB superfamily. Proteins are
927  shown under their UniProt identifiers, and secondary structure assignments (H, a-helix, E, B-
928 strand) of ComFB and CdgR are shown with their PDB codes. The numbers indicate the positions
929 of the start and end of the alignment and the lengths of the gaps between the aligned blocks.
930 Conserved negatively (D, E) and positively (K, R) charged residues are shown in red and blue,
931 respectively; nonpolar hydrophilic residues (N, Q, S, T) are in purple. Conserved hydrophobic
932 residues are indicated with yellow shading, and conserved turn residues (G, P, S, A) are shaded
933  green. Zinc-binding Cys residues of ComFB and the conserved Cys residues in other proteins are
934 shown on a light blue background. The last sequence in the upper block represents the Pfam
935 entry PF10719. The symbols in the “Function” line indicate (as specified by Zeng et al., 2023): d,
936 residues responsible for protein dimerization; asterisks, residues involved in binding c-di-GMP; h
937 and T, residues involved in hydrophobic interactions with the c-di-GMP ligand. The lower block
938 represents ComFB-related sequences that are not recognized by the PF10719 sequence model;
939 its top two lines display secondary structure predictions by AlphaFold (Varadi et al., 2022) and
940 HHpred (Zimmermann et al., 2018). The last three lines show sequences of the N-terminal
941 ComFB domains of four-domain diguanylate cyclases. The sequences in the upper block are from
942  the following organisms: ComFB, Bacillus subtilis; Q8YS15, Nostoc sp. PCC 7120; P74113,
943  Synechocystis sp. PCC 6803 (both, cyanobacteria); E4S4A5, Caldicellulosiruptor acetigenus;
944  QOAV46, Syntrophomonas wolfei;, EBUSFO, Thermoanaerobacter brockii (all three, Clostridia);
945 D3P9N1, Deferribacter desulfuricans (Deferribacterota); H2J3K4, Marinitoga piezophila
946  (Thermotogota); Q73MV1, Treponema denticola; HOUJ27, Spirochaeta africana; D5U3J8,
947  Brachyspira murdochii (all three, Spirochaetota); Q21X05, Albidiferax ferrireducens; A2SG25,
948  Methylibium petroleiphilum (both, Betaproteobacteria); Q9KM28, Vibrio cholerae; Q8EGOO,
949  Shewanella oneidensis (both, Gammaproteobacteria); Q728W3, Desulfovibrio vulgaris; Q313N7,
950 Oleidesulfovibrio alaskensis (both, Thermodesulfobacteriota). All sequences in the lower block

951 are from cyanobacteria.
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952  (C) Cluster map of ComFB homologs. A set of 1,626 representative ComFB sequences (£ 70%
953 pairwise identity and = 70% length coverage) was clustered using the CLANS tool (Frickey &
954  Lupas, 2004) based on pairwise BLAST P-values. Dots represent individual sequences, colored
955 according to their group. Line color intensity reflects sequence similarity, with darker lines
956 indicating higher similarity. The analysis revealed four clusters: two within Cyanobacteriota, one
957 comprising diverse phyla (e.g., Actinomycetota, Bacillota), and a distinct Pseudomonadota

958 cluster, highlighting conserved c-di-GMP-binding residues across these diverse groups.

959  Figure 2. Genomic neighborhoods of selected ComFB/CdgR family proteins.

960 Genomic fragments are listed with the organism names, GenBank accession numbers, and
961 genomic coordinates. Gene sizes are drawn approximately to scale, and gene names are from
962 GenBank, RefSeq, and/or the COG database. ComFB genes are in red, other competence-
963 related genes are in pink, flagella-related genes are in orange, pili-related genes are in green,
964  signal transduction genes are in yellow, metabolic genes are in various shades of blue, poorly
965 characterized genes are in grey or white. The graph displays fragments of the following genomes:
966 A, Bacillus subtilis 168, GenBank accession AL009126: 3,643,558..3,637,338; B, Synehocystis
967 sp. PCC 6803, BA000022: 1,776,983..1,783,355; C, Thermoanaerobacter tengcongensis MB4,
968 AE008691: 1,261,742..1,271,495; D, Allochromatium vinosum DSM 180, CP001896:
969  3,319,557..3,327,133; E, Desulfohalobium retbaense DSM 5692, CP001734: 792,659..799,553;
970 F, Treponema denticola ATCC 35405, AE017226: 1,452,441..1,444,590; G, Vibrio cholerae O1
971  biovar El Tor str. N16961 chromosome II, AE003853: 495,055..503,153. The genomic fragments

972  for B. subtilis and T. denticola are shown in reverse complement.
973

974  Figure 3. Structural gallery of representative ComFB domain-containing proteins from
975 various species. a-helices in the ComFB domain are colored red, 3-strands are in yellow, and
976 the remainder of the protein in grey. For proteins with two ComFB domains, one domain is shown
977 in lighter shades. The structures are AlphaFold2 (Jumper et al.,, 2021) predictions from
978  UniProt/AlphaFold DB (Varadi et al., 2024), except for Bacillus subtilis (PDB 4WAI). The species
979 represented include Synechocystis sp. PCC 6803 (SIr1970, Sli1170, SIr1505, and SII1739,
980 UniProt accessions P74113, P74197, P73943, and P73385, respectively), Vibrio cholerae
981 (Q9KM28), Fischerella muscicola (AOA2N6JYB2), Trichormus variabilis (Q3M730),
982  Synechococcus sp. PCC 7502 (K9SSQ8), and Pseudanabaena sp. PCC 7367 (K9SGA4).

983 Several of these proteins also contain additional features, such as N- or C-terminal extensions
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984 (e.g., SIr1505), coiled-coil segments (e.g., PspA), or other domains: Sll1739 and SIr1970 have
985 uncharacterized a-helical bundle domains, and SIl1170 contains DUF1816, PAS, and GGDEF
986 domains.

987

988 Figure 4. Isothermal titration calorimetry (ITC) analysis of c-di-GMP binding to
989 phylogenetically different ComFB proteins. Upper panels show the raw ITC data in the form
990 of heat produced during the titration of c-di-GMP on different ComFB proteins; lower panels show
991 the binding isotherms and the best-fit curves according to the one binding site model. (A-D) ITC
992  analysis of ¢c-di-GMP binding to B. subtilis or T. brockii ComFB proteins in the absence (A,C) or
993  presence of 150 uM c-di-AMP (B,D). (E,F) ITC analysis of c-di-GMP binding to V. cholerae (E) or
994 T denticola (F) ComFB proteins.

995

996 Figure 5. Isothermal titration calorimetry (ITC) analysis of c-di-AMP binding to

997 phylogenetically different ComFB proteins. Upper panels show the raw ITC data in the form

998 of heat produced during the titration of c-di-GMP on different ComFB proteins; lower panels show

999 the binding isotherms and the best-fit curves according to the one binding site model. (A-D) ITC
1000 analysis of c-di-AMP binding to B. subtilis or T. brockii ComFB proteins in the absence (A,C) or
1001  presence of 150 yM c-di-GMP (B,D). (E,F) ITC analysis of c-di-AMP binding to V. cholerae (E) or
1002 T denticola (F) ComFB proteins in the presence of 150 yM c-di-GMP.

1003

1004 Figure 6. ComFB inhibits swimming. The swimming assay was conducted as described in
1005 Methods by inoculating cells into 0.3% agar LB plates. Plasmid vectors carrying comFB under the
1006  control of a constitutive promoter or the same vector without comFB (empty vector) were inserted
1007  separately at amyE in wild type and ApdeH backgrounds. The image was acquired after 20 hours
1008  of growth at 30 C in a humidified chamber, followed by a further 5 hours at 37 C.
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1009  Supplementary Materials

1010 Table S1. Alist of representative ComFB family members in various bacterial phyla.

1011 Table S2. Phylogenetic distribution of ComFB, ComFA and ComFC proteins, according to the
1012 COG database.

1013 Table S3. Plasmids and primers used in this study.

1014

1015 Figure S1. Sequence alignment of representative ComFB/CdgR family members

1016  Figure S2. Sequence logo of ComFB/CdgR family, based on an alignment of 180 distinct family

1017 members.

1018 Figure S3. Domain architectures of various ComFB proteins.

1019 Figure S4. Additional representative structures of ComFB domain-containing proteins from
1020 various species. The structures are AlphaFold2 predictions obtained from the UniProt/AlphaFold
1021 DB, with the exception of Treponema denticola, which was predicted independently using
1022 AlphaFold2. The species represented include Thermoanaerobacter brockii (UniProt EBUSFO),
1023  Halothece sp. PCC 7418 (K9YBB1), Roseburia sp. CAG:380 (R6WME1), and Omnitrophica
1024  WOR_2 bacterium (AOA1G1PT98). Four of these proteins feature additional domains: T. denticola
1025 contains an Ig-like domain, Halothece sp. PCC 7418 a PATAN domain, Roseburia sp. CAG:380
1026 a REC domain, and Omnitrophica WOR _2 bacterium a CheR domain.

1027  Figure S5. The oligomeric state of different ComFB proteins was determined by SEC-MALS.

1028 Figure S6. NanoDSF of c-di-NMP binding to ComFB proteins from T. brockii and T. denticola.
1029  Light scattering thermograms were obtained by measuring the attenuation of the back-reflected
1030 light intensity passing through the protein sample with or without 0.5 mM c-di-AMP or c-di-GMP

1031 as a function of temperature.

1032  Figure S7.BD9422 (amyE::;pDR511), BD9385 (amyE::pDR511 pdeH::kan), BD9389 (Pc-comFB),
1033  BD9398 (Pc-comFB pdeH::kan) and the wild-type strain 1S75, were grown in liquid LB medium
1034  with vigorous shaking at 37 C. Growth was followed as turbidity with a Klett colorimeter.
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Cyanobacteriota

P74113 SYNY3/60-143  KKFINVMEEMVLTEVVSQVSKYQ--—---- KTTEKQPDIADIAAYALNRLBBLYATSEEBAEYQRQORASEE-—-LEFLIQQQVKDGLGRYFDRP
PDB: 8HJA --EEEEHHHHHHHHHHHEHAHAE - ——————-——————— HHHHHHHHH----— EEEE-HHHHHHHHHHHHHH . . . ~-HHHHHHHHHHEHHHHAHA- -
08YS15 NOSS1/60-143  KQFINVMEELVLTEATARVAEIE------ ATSESSIDVGDIAAYALNRLPBLYATTEEGASYQRIRAKAE---LQELTAQQVSEAINLNLDQP

P73943 SYNY3/15-98 GVHVNVMETLVYEEIDKQLRFYP-—---— KNLRNYLNLTEVATYALNRL VEEQRRVAARQ---YRSELTSAVRRATAAVERDP
P73385 SYNY3/125-207 KTCLNLLEVVVKDEIYNELQKLP------ VNVAKFVSIAEVASYTLNRIL KAFQMORVEQ----MRGEIRTAVLRGIGAIMRDP
K9T1S5 9CYAN/60-142 KQFINVMEELVISEVVKRVSEVD-—-—--——-— GNDSALDVGDIAAYALNRL ADYQRQRAKEE---LRDLIAEQVQEAMGRYLNRP
EOU819 GLOV7/60-142 KQFINVMEELVISQAINRVAELK-----—-— SSNDSLDVGDIAAYALNRL ANYQRQRAKEE---LOQELIKQQVEEATIYRYLARP
K9YPRO CYASC/60-143 KQFINVMEELVVSEVIARVAEIE-—---— TTSNRLLDVGDIAAYALNRL ASFORERAKEE---LSDIINSQVEQAISLYLERP
K9WJV2 9CYAN/60-143 KQFINVMEELVLTEAVAQIAEIE-—----- AKSDRILDVGDIAAYALNRL ARYQORQRAKEE---LHDLITQQVSAALTRNLDRP
K9UBH3 CHAP6/60-144 KQFINVMEELVITETISQITAIE----— VNTDDVQLDVGDIAAYALNRL ASYQORERAQTE---LKDLIRQQVESATAQNLDRP
Ql1l6P4 TRIEI/60-143 KQFINVMEELVLSEAIARVAENE-—----— GSSDQTLDVGDIAAYALNRL AQFQRSKAKDE---LOHLISKQVSEAIDQONITRK
K9YGVO HALP7/60-143 KKCINVMEELVLTEAITIVAEIE-—----- VTSDQSIDLSDITAYALNRL ANYQKQRAQNE---LOELINQRVQEATITHHLKSD
B2J7T3 NOSP7/65-148 KQFINVMEELVLTEAIARVAEIE-—----- ATSESSLDVGDIAAYALNRL ASFORQTAQAE---LQELISQQVSEAINRYLDRP
K7WD54 9NOST/60-143 KQFINVMEELVLSNVIAKVAEIE-—----- VITSEISLDVGDITAYALNRI, AKYQRERANTE---LDALISQQVSEAICKYLDTP
K9U537 CHRTP/60-143 KQFINVMEELVLTEVIARVAEIK-—----- VTSGHSLDVGDIAAYALNRI, ANYQRQRAKEE---LAALIVQQIDEATIARSLDRP
K9SQX5 9SYNE/60-146 KQFINVMEELVLAESVARVAEIE-—---- SATNTVLDLGDIAAYALNRL AAYQORKRALAE---LQTLITQQVKEAIDRSLDRP
Q8DKLO_ THEEB/60-143 KQFINVMEELVLTEAMTRIAAIE-—----— AEQKCALDLGDIAAYALNRL AQYQORQRAQEE-—--LMDLIRSQVQEATINHNMARP
B8HM73 CYAP4/60-143 KQFINVMEELVLTEAITRVAAIE-—----— ANGEQTLDLGDIAAYALNRI, ANFOQRKHAQEE---LMDLIIQQVEEATHRNLARP
BOC3D2 ACAM1/64-147 KQFINVMEELVLTEAITRVSKIE-—----— ATSNHTLDLGDIAAYALNRI, ANYQRQRARQE---LLDLIIQQVETAISRNLDQP
B1WRQO CROS5/67-150 KQFINVMEELVLSEAMSQIAQQE-——---- SKESCQLDIGDIAAYALNRL ADYQRQRAKEE---LKTLIAQQVKEGIQRYFERP
K9SSR2_9SYNE/196-279 LRISNVMEKIVEEAVLNIMSEWS------ TEMKAQVNTEAIVAFALNRL CRFLRSRAINQ---LHQEINLIVSDALVHVRRMP
K9SGU8_9CYAN/2-85 VSLKNTIEDLVVEEAKHQLORLG---——-- NSISQSIELSDVAAYALNLI, WLOORKRAHSE---MRPKVISAVQKAMMNVSRDS
K9SGU8 9CYAN/211-294 YGITNVLEKLVLTESEEQLKRLS------ SLVSRQVKGEDVAAYALNRL YKRQOQORAHLE---LADEIESAVVQAILTLSKTP
K9SXG6_ 9SYNE/2-83 ASLKNVLEDIVLSEAIAQLKAID---—-——--— KSDHSNLSEIVAYALNRL WLOORKRAHSE---LISKIQSTVRQAILGAKFDP
K9SXG6_9SYNE/194-277 YAFTNALEKLVVTNVEQQOMTQLG------ SVLARAVKIEDAAAYALNRIL LOYQQQKAKTD---LADEISSTVIQALLTLGKAP
K9SGA4 9CYAN/2-85 ENCRNAIEEIVLEEINTQLNRLG-—----- QODARRNINMGEVVAYALNRL WIQQRKLARDR---LOHQVNSAVRQALMGVRRDP
K9SGA4 9CYAN/196-279 YNYSNILENLVTSVALRQIAKLN------ PEVVDQLNMDDVVAYALNRL LKKLRQKIKDE---MTHEIAAVVRRAVSKIAQEP
K9SNQ3 9SYNE/4-87 QOGCRNAIEELVVEEIKAQISRLS-—---— SAVKAKPSLDEVAAYALNRL YIQQOKRAHTD---MKQEIAQTISKGLIGVKKDS
K9SNQ3 9SYNE/200-283 WNEVNTLENLVASVAQRQISKLA------ DNLSQRVTLEEVSAYALNRL LKYWRERARTE---LSSDILVTVRQGVITILKSP
K9SH83 9CYAN/200-283 FDFVNVLENPVLAVVHRQLARLH------ PALIDQIKPEEVAAYTLNRL LKEQRYRVKAE---LAKDIILMVREGISIVVNSP
K9SpP86_9CYAN/2-85 SSLRNALEDIVIREAQKQLAPLK---—--- SAIGTSIRLADVVAYTLNRL WOLORRRLVKE---MRSQITEAVSVATIAAFSTKN
K9SP86 9CYAN/263-346 LEFSNVLEKLVLLVAGHLVRNFD------ PEIRAQINLTEVMAYALNRL YRRORQYAQSE---LANRVTDLVKRGIELVLASP
K9SNM1 9CYAN/2-85 ASFRNVLEDLVVREAKLRVSHLR---—-- HEAIPKLNVGEVIAYSLNRL CLRLRARIRNE---IGYQISETVRRAISAVQVGD
K9SNM1 9CYAN/206-289 LGYCNVLERLVLTLAELQISRLA------ PEIRDRIDAAEVTAFTLNRL LOQLHQRVKAE---FASSINRTLYHAITVIVDSP
K9SXAl 9SYNE/201-284 WNYTNILENLVMAVAELQLKRME------ PAAKERITLNEVAAYTLNRLPPMYATSNKGLOQLRIRAKTE---MAHQIVALVREAVVRVREYP
K9SSQ8 9SYNE/152-235 SFLVNVIEYPVIQEAISQHSQLA------ VDIRIKFKPIEVAAYALNRLPSMYVTTLDDYNQQIRFVSND---MKPKISDAVKRAIHSLRMGD
K9SzS6 9CYAN/10-93 QTYONIMELLVREELEKQLKQCP———---— ETLAQYINTVEVATYALNRL KNMQKLLAQKQ---YREEIKKAVRQGLAAIQRDP
K9T3B6 9CYAN/18-101 QOSNKNAMELLVAQEIKKQLEPCS———---— AEIKELVNQVEVATYALNRL LAWQKQRGQOKE---MQQOLITATVREALEVVRKDP
K9WUV3 9NOST/22-105 KSSRNVMEVLVVEEVEKQFQSLP-—----— AKTAKYIKASEVIAYALNRI, WORQWHRGKTE---MYQKITTAVRQGIIAVQQDP
K9XSF2_ STAC7/8-91 QITRNVMELLVEEEIERQISRLP-—---- VPISQYINRVEVATYALNRI FNKQKLKGKAE---FSADVTKAVRQGFAAVQKDL
K9YBB1 HALP7/326-409 GVKVNVMETLVAQEVEQQLKALP------ RASAECITKLDVITYALNRL IAHQKEEAKQK---HQQAIKSAVKRAITAVQRDP
B7K1H4 RIPO1/10-93 QVHLNVMEILVQQEIEKQLKFYP-—-—-——- SNIKAYLNRIEIATYALNRL KEQQLKVGQQOK---YKSEIVAAVRRALAAVERDP
B1WUF5 CROS5/10-93 KIHVNIMELLVQEEIEKQLKLYP-—----- KNLKNYINKVEVATYALNRL KEYQKRTGKKQ---YQSQINLAVRRALAAIERDP
L8MYS8 9CYAN/2-85 TSLKNVLEEIVVVEAQAQLKQIS-—----- QPIREAINLSEVAAFALNRL WLOORKRAHSE---LKNQVTSAVQQALLGIKRDP
L8MYS8 9CYAN/193-276 YFLVNVLEDLAIREVKNQLTYMA------— NVLPRKVGVDDVCAYVLNRI VINQTQKAKEQ---LSSQIESTVIQSLMTLGKTP
EOUCY2 GLOV7/13-96 QIYONIMEVLVKEEIQRQLKIYP-—-—-—-—- AQIRSSFNIVEIEAYALNRL RDMQKEIGKQK---YRKEIGIAVRRALATVEKNP
EOUCY3 GLOV7/17-99 CIHINVMEVLVQQEIEKQLRDYS—-—----- CRLKPYLNRVEVATFALNRL KNYQIALGKK----YQQQITLAVRRAIAAVERDP
B7K9K2 GLOC7/12-95 HIYENTMECLVKEEIEKQLKNYP-—----- KTVIKFINKTEIEAYALNRL REKQKEIGQQK---YQKQISLAVSQALVTVRENP
B7K9K3_GLOC7/17-99 GIRONIMELLVKQEIEKQLKHYS-—-—---— POLKPYINKIEVATFALNRL KNHQIELAKK----YQEQITLAVRRGIAAVERDP
BOBZM3_ ACAM1/9-92 QVYKNVMEELVEEEIDRQTRNFK-——---— PETAKALNRIDVVSYALNRL VYROKQRGQQQO---FGQRLRAAVHQSLKVVAQQP
BOCEZ4 ACAM1/9-90 NSYKNIMEILVDEEIDQQTCAWS-———-— LEEAQRINRIEVAAHALNHL VALQYERAQRE---HQGDITTAVTDALTAVKRIP
K9TDR7_9CYAN/10-96 PLYRNALEPLVLEESQRQLQQLP--PKMLGSLKPERVLAQVVAYALNRI, WOFQOHQAQK-—---LRPQIVMAVRQGFAAVQRDP
K9ZA58 CYAAP/6-93 QOTYKNVMEAFVQEEIEFQLONNK----ALSRSADYINLLEVATFALNRL IERQRRRIKEK-RELKQKISFVVSQAFAAVERDP

K9YPH5 CYASC/6-92
E0U686_GLOV7/6-92

NIYKNVMEILVDEEIEYQLIHNR---TVNRNLKKYINPVEVATFALNRL
HKYINVMEELVEIEVNKQLKNLP---PMFLKYRDCLNPVEIQTYALNHI

INKQRKRALIQ---YKKEIRQAVTQGFAAVERDP
KEYQLEKGKTQ---LSEQIQTTVTRAIASVLRDP

D7DY23 NOSA0/22-105 ONSRNVMEMLVAEEVEKQIESLP-—----- VKTASFIKSSEVAAYALNRL WOKQWHHGKTE---LCQKITMAVGQGIVAVQRDP
K8GHTO_9CYAN/8-91 YTYRNVMESLVVEEVERQMMSLP——----— PKVLQYFNKTEATAYALNRL WEQORAKASRE---MQLQITAAVRQALVAVQRDP
Q2JNL8_SYNJB/9-96 KSLENQMERAVLEMVNEILLMES----QQRYCFCEKFCNDAAALALNNLQ SLRTLEAIQAD-QELQRLIRLEVVKAMDKVAANP
Q2JUI8 SYNJA/1-82  ------ MERAVLEMVNELLLLES----QQRYCSCERFCHDAAALALNNLOQ SIYTLEAIQAD-QELQSLIRREVGKAMEIVAANP

Bacillota (Firmicutes)

Bacilli

COMFB_BACSU/1-84 -MLVNSKEIVMKELLDRYMDQLH-----— MACTEOVEONDVLALSLNKVEBSYVTDFKKIAYTKAELVDK--OKNTAMLVILAESAAVVSESP
PDB: 4WAI --EEEHHHHHHHHHHHH-HHHH--—————————— HHHHHHHHHHHH-———— EEEE-HHHHHHHHHH-——————— HHHHHHHHHHHHHHHHHE- -
C8WQ62 ALIAD/1-85 MPIVNMTEVLARQILKDPELQKL-————- LPCHEDQCLDDVLAMALNHLBERYATTDEGQLYVQVEYLRP--QLRSDILRELTQAALRVSSHP
Q65EA8 BACLD/1-84 -MLVNAKEAVLEELFDQYIDQLH-----— MSCTCSRCREDVLALALNAVKPOYVTDQOSKLAYIKAELVDK--QKNTSMLVTLAEAARKVNENP
A8BFHY2 BACP2/1-84 -MLLNAKETLLKEILYQYLNQLN-----— MICHCEKCIEDVLAISLNQVKPQYITDINKISYSKSEMVDK--QKNTAMLVILTEAASKVSAFP
U5SL9B8 9BACI/1-81 --—---- MEEIVATLVKVLMLSPD----YQTFCQCMKCRADI IATSLNNLBNHYVTTEEERKMVFEQLNTE--ENRKWINKRIINATHVVSKYP
F2F6C1_SOLSS/4-90 IKLINVTEEIVKGLVSFLLHGVE----YQTFCHCEQCEMDVNAIVLNVLPARYVTSDETRDAVFKQMSTP--EYLEEINKQI IRALHIVKQYP

Clostridia

EBUSFO_THEBF/1-84 MOLKNYMEDAVEQMMDRVLKDLD-——---=- VCKCDRCRMD IKALALNNLPPKYVVSEEGELYVKTNELVR--QFEVDITIKAITMAATIKVNNNK
U5MS12 CLOSA/2-85 NGVINYMEVLVEEHMEILLKESN-—-—-—---— SCTCDRCKSDIFALALNNL RVMTKLOMTEQ--QFDTDITIEVTRAIEQVKNNP
MINOJO 9CLOT/2-85 YNVINYMEIWVNEYMDVLLERSG-—---——- GCKCDNCKRDIFTLSLNNL ?INIMARLESTKQ——QFETDIIVEITKAINKINSNP
G8LWC2_ HUNCD/12-99 AGLENLTENLVFQELNDFIEKIK-NTPDSQFCICNICLADVAAIVLNDLKPQYCSNFIDKHKSKDYYIKH----RLEVREKIVKAFDMVKKNP
ISARU2 EUBCE/50-134 YHVVNVMSEVMKRENVLEIMQQL-—----- GVCTCORCOADVLALTLTQTKPKYCVMYDNEKTLLISDYAR--IHQKEIHAKIMRACIVVQQHP
D7GSS2_9FIRM/151-235 YRVVNIMEEILTPELILDALKSN------ DTCTCSRCOADVKALMLTRLPPKYIVADNTTVPMLLTEFYRN--KFRVAVLSQSMRACMEVKEHP
DI9R9Z4 CLOSW/206-289 YEYLNVMEYVVKNRVKDYMEKFD------- VCLCGRCIADVTALALTNLPBKYIVVEPPSASPLLNFYSN--RYSQHIIVELTKACSAVKENP
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F6DRUL_DESRL/5-88
F3ZVH4_MAHA5/3-86
Q8RAF2_CALS4/1-84
A3DDQ6_ HUNT2/2-85
L7VNCY THES1/1-84
BBI7CO_RUMCH/2-85
A6TR22_ALKMQ/1-84
H6LJ92 ACEWD/1-84
AOPY62 CLONN/2-87
E3DQL1_HALPG/12-98
E4RNZO_HALHG/12-98
B8CZE1l HALOH/12-98
LOK911 HALHC/11-97
F4LVH4_TEPAE/6-89
D9RXL1_THEOJ/5-88
BOTEG7 HELMI/1-84
K4L1G7 9FIRM/2-86
FOT2R8_SYNGF/2-86
J7IRW7_DESMD/2-86
WOEBO3 9FIRM/2-86
Q24W94 DESHY/2-86
LOF6Z2_DESDL/2-86
I14DC42_DESAJ/7-91
Q3ACZ4 CARHZ/2-85
B1I3R7 DESAP/1-88
F6B5A0 DESCC/1-88
A4J5H1 DESRM/1-88
F6DKP9 DESRL/1-88

D5XEK7 THEPJ/20-104

B2A554 NATTJ/4-88
Q2RMC9 MOOTA/5-89

R7INC8_9FIRM/129-212
QO0AV46 SYNWW/17-101

D7CL50 SYNLT/1-85
K4LEW8 THEPS/2-86

A5D5P8 PELTS/19-103

R5T5Q3_9CLOT/2-85
R6D9T8_9CLOT/1-78
A9KP56 LACP7/3-86
Negativicutes
C9LS53 SELS3/1-85
FINPR6_9FIRM/1-85
AOA517DSN4/1-85
AOA075KC76/1-85
I8TZQ0 9FIRM/1-58
Tissierellia
KOB3T4_GOTA9/1-84
M1YRU4 9FIRM/1-83
M1ZKTO_9FIRM/1-86
RIAY00_O9FIRM/1-86
RICDA7 9FIRM/1-84

Deferribacterota

D3PEJ3_DEFDS/9-89
E4THP4_CALNY/10-90
D4H3CO DENA2/10-90
D3PEZ0_DEFDS/10-89
D3PI9N1_DEFDS/10-89

Pseudomonadota (Proteobacteria)

Betaproteobacteria

Q21X05 RHOFT/6-88
I0HU96 RUBGI/6-90
B1Y1I4 LEPCP/6-88
A25G25 METPP/6-88
Gammaproteobacteria
GOAOI1 METMM/2-85
D3RRD5 ALLVD/3-86
W8KJ90 9GAMM/3-86
I3Y605_THIV6/3-86
WOE3F1_MARPU/3-86
Q2SK09 HAHCH/5-86
B3PKD8 CELJU/14-96
C5BLT2_ TERTT/17-98

Q21KP7 SACD2/50-131

WODQ54 9GAMM/4-83
WODV99 9GAMM/4-85
Q311J0 HYDCU/5-86

FISNNVMEQIVDCKLKGLMELSK---——-— MCTCERCRADVRALALNDLPPRYVVTRVEGEVMTQCELLTL--QRQINITISIMRAIKIVSQNP
HAMRNYMEDVVEHTLKLILPDLD-----—-— VCKCEICOMDMMAYALNHLPRPKYVVTPEGELYSKLAELVQ--QSEVDAEVALIEAAKVVSKNP
MOLKNYMEDAVEQMMDRVLKDID-———---— VCKCERCRMDIKALALNNLPRPKYVVTEEGELYVKTNELVR--QFEVDI IKAITMAAMKVKENP
SQIKNYMEEVVEFSLMKDVLSDIN-=-———-- VCSCEKCRMDIAAIALNNLPPKYIVTDKGELYSKVDSLKQ--QFEVDVISALAKAAVIVKRNP
MELKNYMEEIVENFIDDVLKDID---—-—---— MCKCDICKLDVAAKALNELPPQOYFVTEKGEVYSKINNLRL--QFEVDVISAITRAAEVVRKKP
VITLKNYMEEVVENLIDSVLNDID--———-— MCKCELCIKDIAALALNSLPPKYIVSEKGELYSKVNSLRS--QFEVDVISAITKAAVLVKKTP
-MVKNYMEEVVNQEIMKILKNYP---—-—--— QOCOCVRCINDMKAITLNDLPPKYTIATDOGEVYTKVSELSI--QFATDVTRALIDAINRVGEYP
-MLKNYMEDTVDAFLPHLLEKYP------ DLCRCELCIEDVKAIALNKLKPAYFVTHEGLLFSKIEEMTT--QYRADLTSELTRAIEIVTKNP
CQLKNYSEEAVDKLLAKVLAKYE-—----- HICKCEQCQORDIKAYALNYIAPKYITSEKGEIYARALSEID-KQQTINIINAIMRGIEVVSKNP
SELNNITEEIVLEMLEKLLKREE----FDNICKDQECLLDMATYALNRLPAKYVATFRGEAFSKADELEQ--QHSVDVLAIVTQAIKVVAANE
SRLHNHTEDIVMQTLKDLLKREE----FSNVSDSEEALLDMATYALNRLARKYVATEKGEVYTKTEELEQ--QHSVDILSVVTKAIKVVSEDQ
KDLKNNTEKIVLETMEEVLSKPE----YKDVCKCHQCLLDIASYALNRLPAKYIASSKEGDLHTKIAEFEN--QVNVDALSTVAKAIKVVSKNP
ERLHNHTEDVVLEKIEELLQEDN----FKQICTCEQCLLDIASHALNQLPAKYTTSSKEGEVMTRLDEFEE--QPQVDFELKVIQAIKIVAKNP
LKLKNYMEDVVALLLDELTRDRD-----—- VCKCELCRLDMMATIALNNLPPKYIVTRKEGEVYAKTDLLSR--QYRTDVIIQLLKAMEIVSKNP
FKLKNYMEDVVEFSFLDELIRQKQ--—-———-— VCTCERCRYDIAATALNHLPAKYVVTDQGEVFAKTQLLSQ--QFKTDAVVELLRAIDIVRKNP
-MIHNLMEGVVANFLDDLLTQHP------— EVCRCSOCRMDIMAAALNRLPPRYVVTDKGEVYSKINLLAN--QFHVDIIGAIAHGMMLVAKNP
YELKNFSEVIVKKTLEDYLPVAN-—----— IPCKCERCOADIMAFVLNRFPPRYYVSLKGEVMTHFESQMEF --PDKARVLAEVVGAAQIVASFEFP
CEIKNLTELLVRKALDEYMEHNE-—----- LPCKCEKCRADIITYALNRLPPKYFSTRRGEIIKNAESQLL--YDKTRILTELVAGITLVAANP
LELKNHTEIVVQOALNKYLDNNT-—----— LSCSCERCRADIMALALNRLPARYYVSSREGEIMTQLESQTS--PDQARIMAEVVRAAQQVSATP
YELKNHMESVAQQALKEYMTKVS——---— LPCTCERCLADILALTLNQLPAKYYVSLKGEILTOWESQSR--PDQAKVIAAVARAAKQVEITP
YELKNHTEDVVQHVLKEYMQOKFK—-—---— LPCDCERCOADIKALTLNQLPSRYCVSLRGEILTHLELDSL--PDKTRVLSAIVLAAKQVADTP
YELKNHTESVVQHVLKEYMEKYQ-—----— LPCACELCQOADIKALSLNQLPSRYYVSLREGEILTQWEADSL--PDKARVISAIVNAAQRVAETP
HQVKNYSEILVNQALEEYLRDNV-—-----— IVCTCORCLADIMALALNCLPARYYVTSLGEVIIKSQSEDL--AEQVRLMS IVAHAVQQVGAKP
PVLRNYTEEVVDEILQEILPTQD---——-— VCKCERCLLDIKATIALNQLPPKYVVTDKGEVITRLNFTKI--ADRTEVLTAVLRAIDKVKKNP
-MLKNYVEVAVAEVFDDVLAEIR--KRKPDLCGCERCREDVMAIALNRLPRPKYIATDKGEIFTSVDFSRV--GGKAEIIANLIPAFELVDKRP
~MIRNYIELTVEETVDDVIQKYK--EKNPNTCTCARCRLDTMAIALNNLBTRYVVTNEGE IYTKVAMDLV--GGRAQIVAAILNAIKIVQSNP
-MIKNYIELAVEDMLDDVEFIKYA--AKNPGTCTCPRCRLDVMAIALNNLPTRYVVTDEGGIYTKVAMEQV--GGRAQVVAAILNGIQIVQKNP
-MIRNYIELAVEETLDDVLNRYA--LNHPGTCTCARCRLDIMAIALNNLPTRYVVTDVEGIFTKVALDQV--AGRAQVIAAILNAIPIVQKNP
KKLNNYTETVVEQVLKEILADRD-—-—---— DICKCETCQLDIMAKALNNLPPOYYVTDRGEVFSKLLASYL--DTRTKVVTEVTKAIMQVSRQP
LKLONYMEKVVEKKLEEILTDRK-—---— EVCDCOQOCKLDIMALALNDLPPRYVVTEKGEVESKIDSLEV--QFSTDVTTAIIKAIDQVKTQP
LFLKNYMEDCVWELLDQVLKRDP——----- EACRCDTCRHDIVALALNQLPPRYVVREQGAIYSKIAMLEA--QHRADIYSALTRALMIVKKAP
PDYKNVMEELVIEQIDKYIDKLG--—-———--— ICKCPTCRCDLAALALNHLKPKYVNTEKGRLISVTDKMSY--DNILEIVGVIAECAESVKMNP
MKVINIVEELVWECFKEVIEHRP------ GICRCDRCMADVCALALNKMKPRYVASDKGEVISKAAFLEK--ELKIELLVAVADAVEIVKVNP
MEVKNVVESLVWNNLDSVLAHKE---—--— GACRCERCRADIAAYALNRLKPRYVVTAEGEVYVKAEFLTP--QFQLDVITALAEAVNQVSEHP
LRLVNVMEILVEETIEDIMKSHP-—----- DFCTCERCRYDVAATIALNKLPBSYVVTMEGEAILRANSLKQ--QVRVDLIRAVTEAMI IVGKNP
YRLVNVMEILVKETIEEILRSAK-—----- NVCGCERCLLDIAAIALNKLBTLYVVTEEGEVLLRTTSLRQO--QAKVDIIRAVTEAIDIVGQKP
QTLKNLMEDTVLEKIDSLWPQTN-—-—-—-——-— YCMCDRCRLDIACYSLNHLPTRYVTTNAGAVLHKFDSLTT--RSDAEITACVYRAIQMVGECP
—————— MEETVLHKIDQIWQETD-------YCKCDKCKMDIAAYALNRLPPRYVQOSKEGEMLHKFDASTT--QMDVEITAVVCKAIQVVGEDP
KILHNLMEDLVIKQIDHIVDSEFN-----—--— CCKCEQCRLDIASYALNRLPAKYVVTTQGELITRLDSLDL--QFETNVTTAITQGIILVGNNP
MPIKNTMEEFVQONIDAVLRMYP-———---— DCCSCEKCKEDIMALALNHLPPKYVSTHKGDLFARIATMDP--VDKAFIIQEIAKATIQIVHKMP
MOLRNYMEDLVWQRLDELLEANP--—-—--— KFCOCEQCRYDVASLALNSLPPOYVVTNQGEAYAKVKSLEQ--QFTVDVIAAIVNGIKIVSAKP
MOIRNFMEDLVWQRLDEVLTRHP--——---— KACGCEKCRYDIAALALNFLPPRYVVTDOGETYTRIKGLEQ--QFNVDIITALSHAIQIVCQQP
MELKNYMEKLVMEKLEIVIQANP-—----- TMCTCORCOYDIAALALNALPTRYVATSTGETYTKISSLDQ--QFHVDVVSAITQAIKIVKKQP
MEIKNYMEILVMEKLDIVIKANR------ TTCNCKRCRYDIAALALNSLEBTRYVATSSGOHILK* DSLDO--QFHVDIVSVITQAIKIVKKSP
-MLKNYMEDFVDNTLPRVLEKYK-—----— DICKCEKCIMDIKAKCLNQLRPLYFVTERGDVYSKLNSLEA--QFKTDIVMELVKAIDTVSKSP
-MVKNYMEVLVDEIYEEVRHNYN---——--— PCECENCDDNIKSIALNNLPPVYFMSTASEGEKKAFLLDR--QRRITVLAALTQAKELLCKKC
MELRNLMEDEVIYAINRLLKDKK--—-—--- DICTCDKCKLDIAAIVLNNLKPKYVVTDKGELYGKVDTLDY--QFDADLIKEIVKAVNIVGAEP
MELHNFMEKEVLNTIDRLLKDRP------ DICHCEKCRMDIAAIALNNLKBKYVVTEKGEAYIKVSELEV--QFEVDILKEVIKAIEKVSKEP
-MTKNYMEILVKNALNEIIDKY-------— DICKCDKCKKDIMAIALNNLPPKYFLSSNDESEKTSFLLDR--QIKISVLAKVIEAIEIFTSKK
NYFVNLNEQRVVALVKRYLSANP--—-—--- QYCSCAGCVTDVIVMTLNQIPPHYI--VKDSAAEYAYQK----ISDSEIIRHIVNNIEIVKKEP
EQLKNVNEKRVWDILADYLDQDD-—----- SVCTCSICILDIAAIVLNSIPPHYQ--TYEESLDEARKK----VSDELIIEKIKLAVERVKRYP
DMLKNINEKRAWEIISVFLEHNP------ DMCICKSCILDLMAITLNSLPPCYH--SEEHNISAARNK----VSDEEIYRKMKEASIIVKSRP
ELLONVNEKRVWNLITVFYEYHS-—-—---- EFCTCRDCVLDVVAITLNSIPPHYQ--VSEDPTPAIKK-——--— ISDEEILKVIKKAALKVAENP
DKIKNINEKRVWELLINFYEEHP------ EFCTCRDCVLDVAAITLNTIPPHYQ--VSDDISTAIKK-—-—-— ISDEEILKVILEAAIRVSKYP
EQVHNYYERLVFEAVARQSAAHP-—-——-—---- GFTSDMLADVACVALNRLPARYVRHDVDMMEYLTEHERH--ATIEQSMAEGLIFAFAFVADRV
TSIHNHNENAVFEAVLAAAPAHP-—-———- GLAGDGELLADVACFALNRLQPRYIRHAVDFSFYLSERERE--ESARQIAEAVDFAFGEVQARV
SSVHNHYERPVFDAVARLAATYP---—-—-——- YLDEDALPDVACVALNRLGARYIRHTVDLAFYLTEKERL--SMDQTINEAVSFAFEFVQARI
AGIRNYQERAVFDAVRTWRDHYP---———-— LISDDLLPDVACVALNRLPARYIRHEVDLVEYQSEKERL--MAERLVASAVGFAFEFVQART
FDICNYYEQLVTDQLWQLKEQSE-—-—-----— ETLPPSFLMDVACLALNSLEPNCYVRNLVDKGAGMTEKEHQ--DMRDAAMKAIEQAILVVNRHP
ASIQONYYERLVLESIQDKLRDRD-==——--— EEQDADEFVADLACLALNGLPARYVRHAVDLWSHLGDADRT --AMRQEVETAVESALATMQORRR
GNIQONYYEHLVYDRIRHVLLELG------- DALDTTHMDDLACVALNRLPPRYVRFSVDLTTRLTDEDWE--LISSQVNEAVDYAMRTTGRRQ
SSIGNYFERLVMERIHGVLGENG-—-—-———-— SEFDTTYIEDLACVALNYLPPRYVRHAVDLASHLSDSDHR--NMREEVSDAVNFATIATTQRRO
SSIENHYERLVAARISELLAERG-—-————-— ETFDAGYFDDLACVALNYLPPRYVRHSIDFASHQSDEERS--RMAEEVADAVAFAFETTRRRR
DNVYNYYEKLVLEELAKQMEGQE--———---- PDEDFLTDAVCVALNHLPARYFRHGVDMAFYLSSDEFL--KMQEEVVGAVAKAVTYVKEGH
DFIHNFYERLVVQEAFDQSPRIQ---———-— OGDRDFLADVACVALNRLPPRYIRHDVDMTFFMSPQDMM--EIENKVATAVGDALHYVEARE
DSVHNYYESLVIAQLLRASDRAN--—-—-—-———-— EDAEFMADVTCVALNRLPPRYVRHDVDMTFFLSPAEME--EMETKVAHAVNHAMAYVETRE
ESTHNYYEAMVFEQLVRSSDRAA-———————— ADPEFMADAACVALNRLPPRYVRHDVDMTFFLSPTEME--EMLIKVAHAVNDAVSYVEERE
DAIQNYYEKLVFDEIVQHYWTHE--—-———---- LSEDELEDIACIALNT RYTIRHHVDLCFFMSQEERN--RMVDEVKIAVAFAYKKVES—--
DTIHNFYERHVINEITDNYLKSG--—-———---— LNEEQLADMGCIALNLIPPRYIRHDIDMSFYMTPDEYD--EIQMKVKLAVQKAFKRVQESN
QSVHNYYERPVEFNHIQENYLNVG-—--—-—-———— LTENQLADMACIALNRIAPRYIRHDIDMSFYMSSEEYQ--EIQTRVEKAVKKAFKKVKKLD
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Q5QWT67IDILO/5—86 DDIHNYYERLVADRIEELELEKQ-—-=-==——=--— HSQEFLADLSCLVLNQL,
G4QKV4_GLANF/5—86 DDIHNYYEHLVLEKIEALGLNQN-—-—-—-—-———-— KTADYLADLTCLVLNQL,
ElSW73_FERBD/3—84 LDIRNYNETLVRQVLEQVGLHLE-——-—-=-——-—-— LNEDQLTDLTCLALNKIL
AlS4Z57SHEAM/3—84 LEIRNYYEVLLMEILSDEGLMDE-=====—=—— LPEDYLADLSCITLNQL,
QO7ZT975HEFN/3—84 LEIRNYYEVLLMEMLRDEGLMEE-==—=—=———— LPEEYLADLCCVTLNQL,
Q5EOJ4_ALIF1/3—84 SNIHNYMEVLVNKRFFALEFHQI-—-———-———- YTLDQIADMKCIALNQL,
Q87HN9_VIBPA/5—86 SDVHNYMETLVGQVLSSDQYTSQ-—-——————— FDNEQLADIACLALIQLK
U4KIM079VIBR/5—86 VDVHNYMETLVGNRLGDPDYADA-—=——————— YDSEQLADLACIALNQL
Q9KM287VIBCH/5—86 EDVHNYMETLVGQVLGQPEYSET-—=—=—=———— YDQODQLADLACLALCQL
Q3IIU2_PSET1/5—86 EDIHNYYEKFVLEEIINRKLNEQ-——-—-—-—-—-—-— YTDDVMADFCCTVLNQL,
K6ZZN5_9ALTE/5—86 DDIHNYYEHLVLDRIETLGLNKS—-—-—-—-—-——--—- KGEDYLADLCCLALNQT
AOKPQZiAERHH/32—113 TDIHEHNFYEHLVLKEIERQGLNQK-—=—==—=——— LSANQMADLCCLTLNQL,
AOAB8ATFCX2/5-86 DDLHNYYEKIVLENIEERGLDHK--=—==——--— YDEDVMADLCCTALNRIL
BB2AT2_0549/5—86 DDIHNFYEKIVVEEIIKRKLDKV-—-—-——-——-—-— YSEDVMADFCCTVLNQL,
Spirochaetota

D5U3J87BRAM5/1—80 MYLVNLMEQKVSKLADSYLKEKN-—=———— IPVNTNMRMDIIAYTLNRVQPQYVTSA
V5WHS479SPIO/1O—93 EDLYNEAEELVFQELERQLELAG-—----— EDVPKDQDSVVDMAAYALNLVKPMYRANLL

HOUJ27 SPIAZ/1-91
HOUKKO_SPIAZ/10-92
VS5WIR9_9SPIO/1-91
GOGAJY9 SPITZ/1-91
EORR51 SPITD/1-87
F5YB0O3 TREAZ/10-95
F5YR57 TREPZ/10-95
E1R291 SEDSS/10-95
F8F3J2 TRECH/10-95
F5YJZ6 TREPZ/1-92
EIR1U3 SEDSS/1-90
FALKY9 TREBD/1-90
S6A514_9SPIO/-6-87
Q73MV1_TREDE/1-93
F8EZ03 TRECH/1-92
F5YAE5 TREAZ/1-92

MKVRNILEDEVFRVIKEIADEDQ-CSSSPHFATTDOCRVDAACYVLNRL:
EDLVNESERFVLEELEQQLETAA-——---— DACRTTECVLDMAAYALNK

MKVHNLMEDIVTRVVDDLCKEKA-HTEPDKYCLTEECRODIVCYVLNR
MKVHNLMEDIVTRVVDDLCKEKA-HTEPGKYCLTEECRQDIVCYVLNR
DLLINEAEKLVLADLGRQLEAYP----- EAICKCNDCVVDMAAMALNSVK
ENLANEAEHLVHDELGRQLESFQ----- GEICLCNDCVVDMAAMALNTVK
EYLANEAERLVLEKLEYYLSSEE----FSSVCKCODCVLDMAAYALNNV.
DQLVNEAERLVIDELEKQVLSYP---—--— EPLCLCEDCVLDMATFALNSV
MEIHNTTEDIVFTTIDEICASIESKGNPDKLCLCERCRTDVACEFVLNR
MQVFNVMEELVLEMVHEIFEEKR--GKGFPLVDCEQCRLDVACYVLNRIE
MTVHNIMEDRVAERVDALYEAIQKEHPGFLSCDCESCRADTLCYVLNRI
MITHNVMEDIVENEVNKMEFDEAEKNNEKWLTCSCMQCRLDTICYVLNRYV.
MIIHNVMEDLVYTEVNKLFDEAEEKKESWLTCSCMOCRVDTMCYVLNRVK
MDIHNTIEDRVLNVVHEIFDSIEKAGRPDKPCTCYQCRLDTACYVLNRL
MELHNTMEDKILAKVEDIFNTISKDGNPDNFCTCSQCRMDTACYVLNRT

Thermodesulfobacteriota

RYIRHEVDMAFFLPPSKRL--DMEMQVHKATAEALEFLKGRK
RYIRFEVDMAFYLPQSERR--QMEMNVSHSVNNACKYLDAHP
RYIRYPVDLAGYTSSTELE--SMITDARNAIDVALTHLKLHP
VRYIRHLVDTYFFEDYQELK--QMRNEIQTALEKSRAFLKKRN
VRYIRHLVDTYFFENYQELK--QMKTEISEALERSRQFLKANL
TLYIRYSLDMLAATSQKKLM--QYDEMVAAAVENAEKMIVNDR
VYIRHDIDFLSALPERKLT--QFKQSVDVAVHNAAAMILEDR
IYIRHDIDFLSALPEERLV--VLRKQVNDALQASESMIKDDR
IYIRHDIDFLSALPEAKLV--ILKDHALIAVQAAESMIVNDR
RYIRSDVDMAYYLSQTERM--HMQQORVQTAIDVAISQIAKKK
RYIRFEVDMSEFYLPQSERQ--QMEMNAVNAVSQAASFLDONV
HYTRHDVDMIYFLTDAKRT--EMEKNVIESLKLAQEKVQSAP
RYIRYDVDMEFYLPTDERA--EMEGRVKEAVDYALAQIAKKK
RYIRYDVDMAFYLPQSERI-HMEERVQTAIDVAISQISKKK

VLHSYNRDPI-——---— QOSNTEILSIIADACDIVS
RVYAPALSQE----HKDEIASAVNQAVAKISENP
QAYADTEFSL-NPQLEADILSLVHEGLRRVTTIR
RLFSSVPDAD----YQTAVQQAVSEAIRIVSKNP
FAHIESDIQD-DPQIQIDIVTLAHEGLRRVTTIQ
VAYTSVHYEE-DPQLLIDILTLATEGLKRITSIR
VAYTSVHYEE-———--— DPQLLIDILTLATEGLKRI
TIYASRAMDE--KAYATSIREAVEFKAIEKVRKNP
TLWASSAMSD--GAYAESVREAVSNAIEKVRKNP
TLYAHNVDDT---DYSRDVEKSVLEAIRRISANP
SMYAAHAMDE--ASYAESVKNAVASATIAKVKAHP
AARIEQETIK-KQQSAADTATLVFEAFKRVSHNQ
VVHVONELRQ-NFQKRADIVSLVNEGIRIITQNQ
VTYSSLAGST---QLKADIDALVIEGMKIVNTAK
LAHFLKFGGSEKNQIMADITALVIEGMHRVLSTR
LAHFLKFEKTEKVQIMADITSLVIEGMHRVLSTK
VARSESETLE-KQQEDADIVSLVYEGLNKIAKSM
AARVQQOETID-QQQKDADIAALIYEGLKRVNHNQ

Q313N7_DESAG/17—95 YHIRNRNEARVLRMMEKVLTEPP-—-———- GMTPSAADLHDIYALALNSLPARYA--QQOGSIVLRDPVRD-————— EDVLEAVRKATIATVVHNP
Q728W3_DESVH/172—250 SRTRNRNEIRVVKAIRTVLGEPP-—-—---— VYTPDPKDIQDIYALALNALPPRYA--QHGTIVLRDPVRD-————— EQILEAVRDAFIRVMEHP
FOJBV6_9DELT/14—93 SKIVNRNERRVAELVPQITAEYY----— EDYIFEDLDIQODIYALALNLLPAGYA--QAGSIVLSDRISD-———-— YEIRTQIRNAVERVLDNP
M1WPD97PSEP2/14—93 GMIKNRNESRVAELLPQLMEEHY----- VDFIFDPLDIQDIYALSLNLIPAHYA--QKGSIVLSDRLSD-—----— FEIRSRIRDAIERVLDNP
E6VUX7_PSEA9/14—93 NKIRNRNEKRVAKFMVEILDQYY-——-—— EDYLFEQLDLEDIYALTLNLLPARYV--QRGSIILSDRLSD-————— FVIKSKIREATERVLENP
C8XOL17DESRD/18—96 TGIVNRNERRVREQLPRILSEYE-—-———- EFPLDRLAVQODVYALTLNSLSPRYT--QAFSIVLKEPIQD-—-———— AETIEEALRAAIDKVIASP
C6BRV97DESAD/11—98 DEIVNLTEEIVYNELQALIGRAE----- IEFCQCDKCLFDIVCVVLNKIPSLYSSSIADRTYPSAEFKAEYDRLKLLAAEEIPRAIEQIKDRL
Thermotogota

H2J3K4_MARPK/6—91 YHITNVMEHIVEEITNEMFAMPN-—-——-— IDMCICDRCRADVIALALNHLHPKYVVTEKGRLYSELONYT--FQTRAEVLTEVLKAMEKVKEHP
AOA1M4SN03/6-91 YHIFNVLEHLVEDITNEMFSMPN-—-—---— VDMCVCDRCRADVIALALNHLNPKYVVTEKGRIFSELETYT--FQMRAEVLTEVLKAMEKVKRKP
AOA7G1G726/6-91 LKVFNLMEALVSEVVEEMFLMPN-—-—---— LDMCTCNRCKLDTLIMVLNKFPPKYSVTLKGKVFTELETLK--TQYRADILRETLNAMEIVKNNP
AOAT7G1G3P1/7-92 IQLKNIMEDIVEDVYNDLLKTNL-—--—— IKICNCPKCHADVLAIVLNNIKPKYVVTEKGEATIERTNELR--DQIRVDVLEQLLKAVEIVSKNP
AO0A47Z0VZR5/14-99 EMLVNIMEKIVDEIYEDILETHE-—-—-- INFCDCPKCREDVKAIVLNEITPKYVSTDKGLAISKAEMME--VQLRIDILDKIVKAIIKVGNNP
UY099622.1/1-85 -MIKNIMEDIVGECLTEILKDTN----- IKVCKCOKCISDIMALTLNHVKPKYVSTKKEEIYTRVELON--SQLKVDLMDTIIKSILIVARNP
PF10719/1-79 = ——-———- MEELVLEELEEQLEELP--—-—--- DYCTCERCLADVAAYALNRLPPRYVVSEEGEAYQKLESER--QQLRAEILSAVREATERVKKNP
Non-bacterial sequences

Methanocella sp.

AO0A1V4Z792/4-88 VOMVNRMEPMVAQAVDETLVREK-————— KVCSCERCRHDITALALNML.RYVVTPLIEVVTNVDLQS——SQWKADIMMAVYRAIEIVRGRP
Cand. Methanomethylicus sp.

AOATCAKWL5/2-85 YVTKNLMEELVLKFYDKVISDLN-—-——-—— VCCKCERCKADT IAIALNRL.RYYVTKEIEMYLKLKELE——IQFEVDIVAALAAAAFIVNNKP
Aduncisulcus paluster

GKT31366/8-91 DEIVNLSEEVVYDELQALTARAE-—-——— IEFCQCDKCLFDIACVVLNKI.LYSSSIADRTYPSAEFKA————EYDKLKVLAAKEIPRAIEQI
Arabidopsis thaliana

AQA178U577/213-296 RPYRNRPIVTDYFREHILGKYQL-—-—-—-—--— QCDCAKCRLDI IVLTLNQL.QYTSTQAIAAYIKALYMN*PQMQSDVLQALARSVQTVNRLL

Figure S1. Sequence alignment of representative members of the ComFB/CdgR family.

Proteins are shown under their UniProt identifiers and sorted by taxonomy. Conserved negatively (D, E) and positively (K, R) charged
residues are shown in red and blue, respectively; amide residues (N, Q) are in purple. Conserved hydrophobic residues are indicated
with yellow shading, conserved turn residues (G, P, S, A) are shaded green. Zinc-binding Cys residues of ComFB and the correspond-
ding Cys residues in other proteins are shown on light blue background. The last sequence in Thermotogota phylum is followed by a
consensus sequence from Pfam entry PE10719. The last four sequences represent non-bacterial entries, a potential contamination.
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Fig ure SH A) Bacillus subtilis ComFB C) Treponema denticola ComFB
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Figure S6

A Thermoanaerobacter brockii ComFB B Treponema denticola ComFB
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