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Abstract

Prolines take longer than other amino acids to be incorporated into nascent proteins and cause
ribosomes to stall during translation. This phenomenon occurs in all domains of life and is
exacerbated at polyproline motifs. Such stalling can be eased by elongation factor P (EFP) in
bacteria. We discovered a potential connection between horizontally transferred EFP variants and
genomic signs of EFP dysfunction. Horizontal transfer of the ¢fp gene has occurred several times
throughout the bacterial tree of life, and such transfer events are associated with the loss of otherwise
highly conserved polyproline motifs. In this study, we pinpoint cases of horizontal EFP transfer
among a diverse set of bacterial genomes and examine the consequences of these events on genome
evolution in the phyla Thermotogota and Planctomycetes. In these phyla, horizontal EFP transfer is
not only associated with the loss of conserved polyproline motifs, but also with the loss of entire
polyproline motif containing proteins, whose expression is likely dependent on EFP. In particular,
three proteases (LLon, ClpC, and FtsH) and three tRNA synthetases (ValS, IleS1, 11eS2) appear highly
sensitive to EFP transfer. The conserved polyproline motifs within these proteins all reside within, or
in close proximity to ATP binding regions, some of which have been shown to be crucial to their
function. Our work shows that the horizontal transfer of EFP has left genomic traces that persist to
this day. It also implies that the process of ‘domesticating’ a horizontally transferred ¢fp gene can

perturb the overall function of EFP.
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Introduction

Proline-rich regions are important for protein function. They are over-represented in protein
domains that are important for interactions with other proteins and with nucleic acids'. They ate also
associated with high cellular complexity™. Howevet, proline-rich regions cause a problem during
mRNA translation that is universal to all domains of life. Due to its uniquely rigid structure, proline
is the slowest amino acid to be incorporated into proteins during translation. Proline causes
translating ribosomes to pause or “stall” on mRNA, which slows down protein synthesis. This
problem is compounded when an amino acid sequence contains multiple adjacent prolines
(polyproline motifs, =22P). The severity of this stalling is determined by several factors. They include
the identity of the surrounding amino acids (particularly the two amino acids before and one after the
prolines e.g., XXPPX)*, the translation initiation rate’, and the position of the polyproline motif
within a protein’. Polyproline motifs can have a dramatic impact on translational rate in highly
expressed proteins, where they cause ribosomal queuing, wreak havoc on translational efficiency, and

unlink the coupling between transcription and translation™"".

To mitigate this problem, species in all three domains of life encode proteins that minimize
the impact of ribosomal stalling at polyproline motifs’. In bacteria, this protein is called elongation
factor P (EFP). EFP binds to the ribosome between the peptidyl-tRNA binding and tRNA-exiting
sites. From here, EFP interacts with the peptidyl-transferase center, accelerating the formation of
proline-proline bonds’. In many species, EFP must be post-translationally modified to function
properly. While several different types of modification are known, these modifications all reside at
the same position within EFP—on an amino acid positioned at the tip of a conserved loop region in
domain I of the protein’. In most Gammaproteobacteria, the modified amino acid is a lysine (I.34). It
is modified by B-(R)-lysylation" in chemical reactions that are catalyzed by the proteins EpmA and
EpmB, as well as by a hydroxylation step of unknown function carried out by EpmC'. In some
Firmicutes the modified amino acid is also a lysine (.32, equivalent to .34 in E. /), but it is
modified by the attachment of a 5-aminopentanol group carried out in several steps by the proteins
Ymfl, YnbB, and GsaB'>". In Betaproteobacteria, the modified amino acid is an arginine (R32,
equivalent to .34 in E. cw/j), which is thamnosylated by the protein EarP'’. Some bacteria, such as the
Actinobacteria, use an unmodified EFP that can be identified by the presence of a conserved proline
loop"”. Lastly, some species contain an EFP paralog of unknown function known as YeiP'’. YeiP is
most often found in genomes encoding an EpmAB type EFP and is common among

Gammaproteobacteria'*.

Because EFP is important for efficient translation, loss of the ¢fp gene can have dramatic
phenotypic consequences. They include reduced growth rate®'’, loss of motility*"**, loss of

virulence!"**?? reduced antibiotic resistance®?, and in the case of Acinetobacter baumanni?* and
Neisseria meningitidis™*, death. Many of these phenotypes are caused by the under-expression of

proteins containing polyproline motifs'. In some proteins, altering such motifs to reduce the severity
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82  of ribosomal stalling can ease EFP loss-of-function phenotypes. For example, swarming motility can
83  be restored to Bacillus subtilis efp mutants by modifying a ribosomal stalling polyproline motif in the
84  flagellar C-ring component FIiY?'. In other proteins, polyproline motifs cannot be altered without
85  substantial negative impacts on protein function. Examples include a polyproline motif within the

86  glucose importer component EII°*

in Corynebacterium glutamicum, which cannot be altered without
87  inactivating the protein® and a proline triplet in valine tRNA synthetase that is crucial for efficient
88  and accurate tRNA charging in E. co/7°. In other words, while some proteins can be modified to
89  reduce their reliance on EFP, other proteins seem unavoidably dependent on EFP for normal

90  expression.

91 In this study, we investigate a genomic mystery. In the course of a previous analysis’, we
92 discovered that some species within the bacterial phylum Planctomycetota do not encode a proline
93 triplet in valine tRNA synthase that is crucial to the enzyme’s function and was thought to be
94 universally conserved across all domains of life*’. Where the valine tRNA synthases of all other
95  known forms of life encode a ‘PPP’ motif*, these species instead encode ‘PLP’. Pulling at this thread,
96  we found that loss of this motif coincides with the appearance of a horizontally transferred EFP
97  variant in these Planctomycete genomes. Relevant in this regard is that modifying polyproline motifs
98  to reduce the severity of the ribosomal stall they cause during protein synthesis can restore normal
99  expression in EFP deletion mutants®. Taken together, these observations suggest a connection
100 between the horizontal transfer of EFP and global EFP dysfunction. EFP transfer has been observed
101 previously'*'’, but never studied in detail. For example, the EarP type EFP is believed to have
102 originated within the Betaproteobacteria, but is also sporadically present within some
103  Gammaproteobacteria, Thermotogota, Planctomycetes, Spirochaetes, and Fusobacteria'®. In the
104 underlying transfer events, the proteins that post-translationally modify EFP are generally co-
105  transferred together with the EFP-coding gene in a single operon. This supports previous

106 speculations that different EFP ‘types’ co-evolve with their modification systems'*".

107 In this study, we examined how frequently horizontal transfer of EFP occurs within bacterial
108 genomes. We find that horizontally transferred EFP does not often coexist with the ‘native’ ortholog,
109 that is, the variant of EFP that existed within the recipient genome before the transfer. We also

110 examined in more detail the genomes of species within two phyla that encode horizontally

111 transferred EFP, the Planctomycetota and Thermotogota. In these species, horizontal transfer of
112 EFP is consistently linked with loss of otherwise highly conserved polyproline motifs, such as the
113 nearly universally conserved proline triplet in valine tRNA synthetase. Our work shows that the

114 horizontal transfer of EFP is associated with proteome remodeling to alter polyproline motifs. In
115 some species, this leads to the loss of entire proteins that appear dependent on EFP for proper

116 expression. We show that these HGT events leave behind telltale genomic signatures and may have
117 affected these species’ evolution, as many of these conserved polyproline motifs appear to be

118  important for ATP binding and hydrolysis. These patterns of genome evolution suggest that
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119 horizontally transferred EFP and its modification systems interact with ‘native’ EFP with deleterious

120 consequences.

121

122 Results
123 Genome dataset overview

124 Although EFP is an important protein in bacteria, as evidenced by its near universal

125  conservation and the severe, detrimental effects of its loss' "%

, it has been studied in only a

126 handful of species"”">****. The phylogenetic diversity of these species is limited mostly to the

127 Gammaproteobacteria™'**. In order to investigate horizontal transfer of EFP from a wider diversity
128 of species than purely experimental methods allow, we first needed to characterize these proteins.
129 Presently, there are five known types of EFP. They differ in the amino acid residing at the tip of the
130 conserved loop region in domain I, and the post-translational modifications of this amino acid. As
131 detailed further in the Methods section, these comprise the lysine-EpmAB type EFP, the lysine-YmfI
132 type, the unmodified lysine proline loop type, the arginine-EarP type, and the unmodified arginine-
133 YeiP type’. We bioinformatically annotated all known EFPs within a dataset of more than 3000

134 bacterial species, comprising 35 phyla spread across 382 families. This procedure still left us with
135  many ‘unknown’ EFP types—almost half of the genomes in our dataset (1606 genomes) encode an

136 unknown type EFP.

137 To further characterize these unknown type EFP, we sorted all EFP sequences (3638

138 proteins) into ‘families’ using similarity network-based sequence homology clustering (Mezhods). In
139 this process, we assigned protein sequences with =249% sequence identity and =80% sequence length
140 alignment to the same family. We chose this threshold as a compromise between sorting known

141 modification types into unique families and minimizing the number of families with few members
142 due to poor representation of some clades in the dataset. This procedure left us with 15 EFP families
143 (Figure S1). The largest of these families contained 2979 EFPs, including all lysine type EFPs—the
144 EpmAB type (13.9%), the YmfI type (6%), the unmodified proline loop type (15.2%), and many

145 EFPs of unknown modification (51%). The next largest families contained 299 EFPs primarily of the
146 arginine-EarP modification type, and 265 EFPs of the arginine-YeiP type. The remaining families
147 were unique to discrete phylogenetic clades. For example, we found the phyla Spirochaetota,

148  Acidobacteriota, and Verrucomicrobiota to have particularly rich EFP diversity, encoding seven

149 unique EFP types between them (Figure S1 & Supplemental results).

150 We found that the vast majority of bacterial genomes (2910 genomes, or 88.8% of our

151  dataset) contain just one copy of the ¢fp gene. A small proportion encoded two copies of the ¢fp gene
152 (362 genomes, or 11.0%), and just one species encoded three copies (the Gammaproteobacteria

153 Marinobacterium rhizophilum). When two efp genes are present in a genome they usually encode

154 different amino acids at the tip of the conserved loop region (314 or 86.5% of genomes with two
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155  EFPs encode EFPs with different amino acids at this position). Furthermore, the two EFPs are

156 wusually quite distinct in sequence composition (In 301 or 83% of genomes encoding two EFPs these
157 EFPs fall into different sequence cluster families). In those species encoding two ¢fp genes, the

158  identity of the pair is usually a lysine-EpmAB type EFP and an arginine-YeiP type EFP (256

159 genomes, or 70.7% of genomes encoding two EFP). This pairing is most common among the

160  Gammaproteobacteria (245 genomes), but also occurs in the phyla Desulfobacterota (5 genomes)
161 and Planctomycetota (6 genomes). We found several other combinations of EFP pairs, which are
162 detailed in the Supplemental results.

163 Horizontal transfer of EFP

164 As a first pass at identifying horizontally transferred EFPs, we superimposed the
165  bioinformatically inferred EFP modification types onto the phylogenetic tree of our bacterial species

1216, thi

166 (Figure 1). Because EFP modification types evolved in distinct phylogenetic clusters
167  procedure can help identify EFP types that appear outside of the cluster where they originated. For
168  example, the EarP rhamnose modification system originated within the Betaproteobacteria'’. Any
169 instances of the EarP type EFP residing outside this phylogenetic group therefore indicate HGT of
170 ¢fp. Using this approach, we identified 10 likely instances of EFP transfer, which are shown

171  individually in Figure 1. They include 6 transfers of EpmAB type EFPs and 4 transfers of EarP type
172 EFP. We see no evidence of transfer of the aminopentanol YmfI EFP type, perhaps because three
173 separate genes are required for the synthesis and attachment of this modification'”. We decided to
174 investigate two instances of EFP transfer within the phyla Thermotogota and Planctomycetota

175 further. We chose the Planctomycetota specifically because, as mentioned in the Introduction, they
176 do not encode an otherwise universally conserved proline triplet in Valine tRNA synthetase™.

177 Otherwise, these phyla had sufficiently many genomes (>20) to reliably identify HGT, and also

178  comprise free-living bacteria unlikely to be undergoing genome degradation, a confounding

179 phenomenon that could complicate our analyses.
180
181  EFP transfer leads to loss of conserved polyproline motifs in the phylum Thermotogota

182 The phylum Thermotogota consists of mostly thermophilic, fermentative anaerobes with a
183  distinctive “toga”-shaped outer cell envelope”. Members of the phylum are commonly found within
184  hydrothermal vents, petroleum reservoirs, and hot springs*’. Our phylogenetic tree indicates that an
185  ¢fp gene may have been horizontally transferred into this phylum (Figure 1). Specifically, while the
186 majority of Thermotogota species encode an EFP type of unknown modification which falls within
187  the most common EFP family (Family 1, Figure S1), two species from the Petrotogaceae family
188 (Geotoga petracae and Oceanotoga teriensis) encode the EarP type EFP and its modification system EarP
189  (Figure 1 & Figure S1, Family 3). We used gene synteny (Figure 2) and gene-species tree

190  phylogenetic distance comparisons (Figure S2) to verify the exogenous origin of this EarP type
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191 EFP. These analyses showed that the gene synteny of the EarP type EFP is inconsistent with other
192 members of the phylum (the conserved placement of EFP within an operon together with the genes
193 pepP, yloU, and nusB is lost, Figure 2) and that this EFP type is more sequence divergent from other
194 Thermotogota EFPs than their shared phylogeny would predict (Figure S2). For example, the EarP
195  type EFP of O. feriensis is more similar in sequence composition to EFPs from the

196 Gammaproteobacteria family Burkholderiaceae (49.7% aa identity to P. granuli EFP) than to EFPs
197 within its same phylogenetic family (39.5% aa identity to intrafamily member M. bydrogenitolerans

198 EFP). Unexpectedly, these analyses uncovered a second case of EFP transfer within the same family.
199 That is, species within the genera Petrotoga and Defluviitoga have also lost the conserved gene

200  synteny present in all other Thermotogota (Figure 2), and as opposed to the preceding example,
201  encode EFPs that are more similar in sequence to EFP from the Thermotogaceae family than their
202 shared phylogeny would predict (Figure S2). For example, the EFP of Defluviitoga tunisiensis shares
203 75.1% aa identity to the EFP of Thermotoga sp. RQ7 of the Thermotogaceae family, yet this EFP

204 shares only 61.1% aa identity to the EFP of intrafamily member M. hydrogenitolerans. 1t appears that
205  species within the genera Petrotoga and Defluviitoga now encode an unknown type EFP that

206  originated from a different family within Thermotogota, the Thermotogaceae.

207 To investigate the effect of horizontal transfer of EFP on polyproline motifs in the

208  Thermotogota, we first clustered all proteins within the phylum into families based on amino acid
209 sequence identity (Mezhods), then identified conserved polyproline motifs and polyproline motif-

210 containing proteins within these families. We next performed phylogenetic ANOVAs™ to test the
211 null hypothesis that horizontal transfer of EFP is not associated with a loss of conserved polyproline
212 motifs, or of the proteins which contain them, while taking the phylogeny of our species into

213 consideration. We found that horizontal transfer of EFP is significantly associated with the loss of 11
214 polyproline motifs or polyproline motif-containing proteins (Figure 3). Loss of entire polyproline
215  motif-containing proteins may indicate that the polyproline motif is crucial to their function, as is the
216 case for the polyproline motif in the glucose importer component EII® of Corynebacterium

217 glutamicuns”.

218 Next, we examined the polyproline motif-containing proteins that were significantly

219 associated with horizontal transfer of EFP within members of the Petrotogaceae. These proteins
220  were functionally diverse. They include three ATP-dependent proteases (Lon, ClpC, FtsH), two
221 enzymes related to metabolism (the tryptophan synthase beta chain TrpB, the trehalose synthase
222 TreT), four poorly characterized proteins (the putative ATPase YcaJ, a cation efflux protein

223 annotated as FAM556 by our amino acid sequence clustering (Mezhods), an uncharacterized B12-
224 binding /radical SAM-type protein FAM304, an uncharacterized metalloprotease FAM437), and two
225  proteins of varied functions (type IV pilus assembly protein PilC, RNA polymerase primary sigma
226 factor RpoD). Many of the polyproline motifs these proteins contain are highly conserved among
227 our 3000 bacterial genomes (Table S1). For example, the polyproline motifs located within the
228  bacterial proteases are generally highly conserved among bacteria—85.5%, 97.9%, and 98.8% of


https://doi.org/10.1101/2023.10.19.563058
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.19.563058; this version posted October 22, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

229  FtsH, ClpC, and Lon proteins contain polyproline motifs at these exact positions, respectively. This
230  strong conservation implies that these polyproline motifs are important to their resident proteins and

231 that these proteins likely depend on EFP for expression.
232 EFP transfer leads to loss of conserved polyproline motifs in the phylum Planctomycetota

233 Next, we examined the suspected horizontal transfer of EFP and its effects on members of
234 the phylum Planctomycetota. In the course of a previous study’, we discovered that the loss of a

235 polyproline triplet in the protein Val tRNA synthetase, which is otherwise conserved across all three
236 domains of life*’, coincided with a case of horizontally transferred EFP in this phylum. We wanted to
237  find out if additional patterns of polyproline motif loss coincided with this event. The phylum

238  Planctomycetota includes cosmopolitan species that can be found in soil, aquatic, and wastewater
239 habitats®. These bactetia possess diverse cell structures and metabolism. Some species divide by

240  budding, some have cytoplasmic compartments, some perform anaerobic ammonium oxidation, and
241 many have complex life cycles featuring transitions between sessile and swimming states”. Our initial
242 analyses (Figure 1) indicated that Planctomycetota species have undergone at least three EFP

243 transfer events. As a result, they now encode at least four distinct types of EFP, including EFP types
244 with unknown modifications (likely the ‘native’ EFP types, which cluster into three distinct EFP

245  families, Figure S1), EpmAB type EFP, EarP type EFP, and YeiP type EFP.

246 As before, we verified HGT events using gene synteny (Figure S3) and phylogenetic distance
247  comparisons between gene and species trees (Figure S4). We found that members of the class

248  Planctomycetes, including the families Planctomycetaceae, Pirellulaceae, and Thermoguttaceae, no
249 longer encode the native EFP type present at the base of the Planctomycetes tree, and instead

250  encode an EpmAB type EFP (Figure S3). This EFP type is distinct in sequence to all other types in
251  the phylum (Figure S4), and in most species is flanked by the EpmB gene (Figure S3). A different,
252 EarP type EFP, is encoded by members of the genus Planctopirus, and is flanked by the EarP gene
253 (Figure S3). The final horizontally transferred EFP type, YeiP is encoded somewhat sporadically
254 within the class Planctomycetes, including within the Pirellulaceae, Isosphaeraceae, and

255 Thermoguttaceae families (Figure S3). Consistent with its identity as a “secondary” EFP subfamily",
256  the YeiP type EFP is in all species paired with a non-YeiP type EFP.

257 Following the same procedure as for the phylum Thermotogota, we found that three

258  polyproline motifs were significantly associated with horizontal transfer of EFP, but in two different
259 subsets of the class Planctomycetes (Figure 4). We found that all members of the class

260  Planctomycetes that no longer encoded the native Planctomycetota EFP also lost the polyproline

261  motif containing Lon protease, similar to what we had observed in the Thermotogota (Figure 3).
262 Additionally, all members of the class Planctomycetes lost the polyproline-motif containing protein
263 isoleucine tRNA synthetase type 1, instead encoding isoleucine tRNA synthetase type 2. Two distinct
264  forms of isoleucine-tRNA synthase exist among bacteria—the typical form present in E. co/7 and

265  most other species (type 1) and a second form more closely related to eukaryotic type IleS, which
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266 lacks tRNA-dependent pre-transfer editing activity (type 2)*'. In just the family Planctomycetaceae,
267  we found that the loss of conserved polyproline motifs in valine tRNA synthetase was associated
268  with EFP transfer (Figure 4).

269  Characteristics of proteins sensitive to horizontal transfer of EFP

270 From our investigations of the phyla Thermotogota and Planctomycetota, two major groups
271 of proteins that appear to be sensitive to EFP transfer emerged. These are ATP dependent proteases
272 (Lon, ClpC, and FtsH) and class I tRNA synthetases (ValS, IleS1, and I1eS2). We searched for

273 commonalities within these groups of proteins and tried to determine whether the polyproline motifs

274  linked to EFP transfer are important for the function of these proteins.

275 The polyproline motifs within the three proteases (L.on, ClpC and FtsH) are well conserved
276 among our wider dataset of over 3000 bacterial species. Specifically, 98.8% of Lon, 97.9% of ClpC,
277 and 85.5% of FtsH proteins have polyproline motifs in this position (Table S1). Upon further

278  examination, we discovered that each of these well-conserved polyproline motifs are located within
279 the same PFAM domain (PF00004). This domain characterizes a diverse ATPase family associated
280  with a broad range of cellular activities’'. Within this domain, each polyproline motif is positioned
281  within the ATP binding pocket (Figure 5). Although not predicted to be a protease, we also found
282 the same pattern in the putative ATPase Yca] (Figure 3). Mutations of residues within this ATP
283  binding pocket are known to inactivate Lon protease™ and FtsH> in E. /. Furthermore, the

3% and Salmonella enterica'.

284  expression of Lon and Clp proteins is dependent on EFP in E. co/i
285  Expression of FtsH (known by the synonym HfIB) is EFP-dependent in Salmonella enterica'. Together,
286  these observations suggest that these highly conserved polyproline motifs are important for ATP

287  binding and hydrolysis in ATP-dependent proteases. Consequently, these proteins are prone to

288  depend on EFP for proper expression.

289 The polyproline motifs within the three class I tRNA synthetases (ValS, 1leS1, and 11eS2) are
290  the most strongly conserved in our wider 3000 species dataset. Specifically, 99.8% of ValS, 99.7% of
291 11eS1, and 99.3% of 1leS2 proteins have polyproline motifs in this position. Indeed, a previous study
292 found that these polyproline motifs are invariant across all domains of life*. The ValS polyproline
293 motif is encoded by all non-Planctomycetaceae species in our wider genome dataset, with only one
294 exception, the Cyanobacterium Pseudanabaena sp. PCC 7367. However, all other available genomes
295  from the Pseudanabaenaceae family encode the polyproline motif, meaning there are no additional
296  genomes that can help validate the accuracy of this exception. Similar to the ATP-dependent

297  proteases, the polyproline motif in ValS lies within the ATP binding region of this protein, near the
298  His-lle-Gly-His (“HIGH”) motif that is characteristic of this class of tRNA synthetases (Figure

299  5)** Mutation of the polyproline motif in E. co/i results in a ValS that nonproductively hydrolyzes
300  ATP to ADP and mischarges tRNA"" with threonine®. The polyproline motifs of IleS type 1 and 2
301  also lie next to the HIGH motif of these proteins (Figure 5). While the function of this motif in IleS
302 has not been characterized, it is also likely to be involved in ATP binding and hydrolyzation.
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303  Expression of ValS is strongly dependent on EFP in E. /i and S. enterica'. Indeed, under-
304  expression of ValS in E. w/i EFP deletion mutants is partially responsible for their growth defect™.

305 In summary, we find that the highly conserved polyproline motifs present in both the ATP
306  dependent proteases and class I tRNA synthetases are likely involved in ATP binding. Many of these
307  proteins are dependent on EFP for normal expression across multiple species®”. The alteration of
308  these highly conserved polyproline motifs, or the loss of the proteins containing them, coincides with
309  EFP transfer in two independent phyla. We conclude from these observations that EFP transfer is
310  associated with a disruption of global EFP function. In response to this disruption, selective pressure
311  against polyproline motifs emerges, namely in proteins that are dependent on EFP for proper

312 expression.
313

314  Discussion

315 Loss of EFP activity can have dramatic impacts upon bacteria, leading to the under-

17,18,20,22 8,17-20

316  expression of proteins that contain polyproline motifs , general growth defects ,and in
317  some species cell death®*!. During the course of a previous analysis’, we discovered hints of a

318  connection between the horizontal transfer of ¢fp and disruption of EFP activity through the loss of
319  highly conserved polyproline motifs. In this work, we thoroughly investigate this connection, and
320  study how EFP transfer may have affected modern-day bacterial species from a wider phylogenetic
321  diversity than experimental methods allow. To this end, we first characterized EFP from a set of over
322 3000 bacterial genomes from 35 phyla. We found that horizontal transfer of the ¢fp gene has

323 occurred multiple times along the bacterial tree of life, with several cases of EarP type EFP and

324  EpmAB type EFP found outside their clades of phylogenetic origin (Figure 1). We examined in

325  more detail two phyla whose members contain horizontally transferred EFP, the Thermotogota

326  (Figure 2 & S2) and the Planctomycetota (Figure S3 & S4) and found that EFP transfer is

327  consistently associated with the loss of polyproline motifs and polyproline motif-containing proteins
328  (Figure 3 & 4). In particular, we found two groups of proteins which seem to be particularly

329  sensitive to HGT of ¢fp. These are the ATP dependent proteases Lon, ClpC, and FtsH, as well as the
330  class I tRNA synthetases IleS (type 1 and 2) and ValS (Figure 5). We show that the position of the
331  polyproline motifs within these proteins is highly conserved within the wider diversity of our 3000
332 bacterial species (Table S1). That is, 85.5-99.8% of these six proteins contain polyproline motifs in
333 the same conserved positions. Additionally, these motifs are all within or in close proximity to ATP-
334 binding domains (Figure 5). While the polyproline motif within ValS is known to be crucial for

335  proper ATP hydrolyzation®, the precise function of the other polyproline motifs have not been

336 studied in detail.

337 Our observations suggest that genomes which encode horizontally transferred ¢fp at one

338  point experienced a disruption in global EFP activity. This disruption would have negatively
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339  impacted the expression of polyproline motif containing proteins, as has been shown experimentally
340  in multiple species'”"*****. To mitigate this disruption, some proteins seem to have lost highly

341  conserved polyproline motifs, thereby severing their dependence on EFP for expression. In other
342 proteins, like Lon protease, these highly conserved polyproline motifs may be critical to the function
343 of the protein, leading instead to the loss of the entire protein. However, with only present-day

344 genomes to work from, we can merely hypothesize what the cause of this disruption was. One

345  possibility is that species within the Planctomycetota and Thermotogota first lost their ‘native’ form
346 of EFP, which would make EFP transfer especially advantageous. While the present-day

347  Thermotogota and Planctomycetota species which encode horizontally transferred versions of EFP
348  no longer encode the EFP native to their phylum (Figure 2 & S3), it is relevant to note that we do
349  find cases of horizontally transferred EFP coexisting with native EFP, albeit in only a small fraction
350  of our overall dataset (8 genomes from the Desulfuromonadota, 3 genomes from the Chloroflexota,
351  and 25 genomes from the Alphaproteobacteria). Additionally, EFP loss has not been observed in
352 free-living organisms: EFP is universally conserved in bacteria, with the exception of a few

9,36

353  endosymbiotic species undergoing genome degradation™”. EFP loss can have stark consequences, as

354  experimental EFP loss is known to be lethal in two species™*

8,17-20

, and cause severe phenotypes in other

355  tested species

356 Another possibility is that the transfer of an extraneous EFP and its modification system into
357  the Thermotogota and Planctomycetota happened before any loss of native EFP. In this case,

358  deleterious interactions between the native and horizontally transferred proteins may have perturbed
359  the expression of EFP-dependent proteins. It is tempting to speculate that these perturbations arose
360  from deleterious interactions between the horizontally transferred modification system and the native
361  EFP. Different EFP types and their corresponding modification systems co-evolved, such that

362  switching just the conserved, post-translationally modified amino acid of an EFP is not sufficient to
363 switch its modification system'*'"®. For example, the function of an EarP-type EFPrsx from

364  Shewanella oneidensis cannot be rescued by expression of the EpmAB system from E. co/, and neither
365  can the function of an EpmAB-type EFPksr from E. co/i be rescued by the expression of EarP from
366 5. oneidensis'. Indeed, subjecting an EFP to a non-native post-translational modification can inhibit its
367  function below that of the post-translationally unmodified state'®. If a non-native modification

368  system can modify and impair the function of the native EFP type, overall EFP function could be
369  compromised, leading to the genome evolution patterns we observe. In support of this hypothesis,
370  we note that the conserved positions within EFP that bear post-translational modifications in both
371  the Thermotogota and the Planctomycetes are theoretically compatible with their horizontally

372 transferred modification systems. That is to say, the native EFP within the Thermotogota is an

373  arginine type EFP, and the horizontally transferred EarP modifies arginine residues (Figure S5).

374  Likewise, the native EFP within the Planctomycetota fluctuates between a lysine and asparagine type
375  (Family 11, Figure S1), and the horizontally transferred EpmAB system modifies lysine residues
376  (Figure S6).
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377 Lastly, we note that our two focal phyla in which the horizontal transfer of ¢fp occurred have
378  very different lifestyles. The Petrotogaceae are fast-growing thermophiles with optimal growth

379  temperatures between 45 - 60°C”. The Planctomycetota are mostly mesophilic and notoriously slow
380  growing, with doubling times ranging from 6 hours to 1 month”. In a previous study, we found that
381  both slow-growing bacteria and thermophilic bacteria are enriched in polyproline motifs when

382 compared to fast-growing mesophiles’. We hypothesized that this is because of lower selective

383  pressures on translation speed in slow-growing organisms, which do not need to synthesize proteins
384  rapidly, and the catalytic “boost” that thermophiles derive from high growth temperatures, which can
385  lead to naturally higher rates of translation’. If so, these two groups of organisms may be particularly
386  well poised to endure disruptions in EFP function, which may give them sufficient time to adapt
387  evolutionarily by altering polyproline motifs to make key proteins less EFP-dependent. Tentative
388  support for this hypothesis comes from studies of the ¢fp deletion mutant phenotype in E. co/i®. The
389  growth defect of these mutants is less severe when E. co/i cells grow more slowly, indicating that

390  dependence on EFP is strongest when protein expression and demand for translational efficiency is
391 high®. However, these speculations require expetimental validation, as all EFP mutants thus far have

392 been studied in fast-growing, mesophilic organisms®'".

393 The power of comparative genomics comes from the ability to leverage the evolutionary

394  history of thousands of species, and to make predictions based upon their signatures of genomic

395  change. It has allowed us to discover a recurrent connection between the horizontal transfer of EFP
396  and signs of EFP dysfunction through the loss of highly conserved polyproline motifs and

397  polyproline-motif containing proteins. Ancient disruptions in EFP activity have not only left clear
398  traces in the genomes of modern-day species, but they may also have impacted the evolution of these

399  species to the present day.

400

401  Materials & Methods
402 Selection of Study Phyla

403 We used a set of 3265 phylogenetically diverse bacterial genomes that we characterized in a
404  previous study’. These genomes span 35 phyla and were selected to maximize phylogenetic

405  diversity—we included only one genome per Average Nucleotide Identity cluster, or in other words,
406  only one genome per species present in the Integrated Microbial Genomes (IMG) database™. We
407 checked each genome for completeness and contamination with CheckM* (with cutoffs of 290%
408  completeness and =5% contamination), and reassigned taxonomy using the Genome Taxonomy
409  Database and GTDB-Tool kit (GTDB-Tk) version 0.2.2*".

410 We used these genomes to identify taxonomic groups that may have lost their ‘native’ EFP
411  and obtained exogenous EFP through horizontal gene transfer, as identified through ‘non-native’

412 types of post-translational EFP modifications. The presence of such modifications can be
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413 computationally inferred by identifying the genes that encode the proteins performing the

414 modification, as well as by identifying the modified amino acid within EFP. Because EFP

415  modification types originated in distinct phylogenetic clusters of bacteria, EFP modification types
416 that occur outside their cluster of origin indicate that an EFP-coding gene and its associated

417 modification genes have been transferred.

418 To detect such instances of HGT we first created a phylogenetic tree of all our genomes

419 using 43 concatenated and conserved marker protein sequences generated by CheckM (v1.0.12)* for
420  aprevious study’, then used IQ-TREE (v1.6.12)* to build the tree. We used the model finder

421 feature® included in IQ-TREE to determine the best-fit substitution model for our tree (which was
422 the “LG+F+R10” model). This tree is shown in Figure 1 and is rooted with the genome of the

423 Archaeon Haloguadratum walsbyi.

424 Next, we determined the post-translationally modified amino acid residue of each EFP. We
425  did this by first aligning all proteins annotated as EFP by the KEGG functional database (Kegg

426 Orthology term: K02356) using MUSCLE (v3.8.31)* with default settings. We then identified the
427  post-translationally modified amino acid residue using the MUSCLE alignment with validated EFP
428  sequences as a guide. We assigned EFP modification types by searching for a mix of annotations
429 from the Clusters of Orthologous Groups (COG)* and Pfam (Protein families) databases®. First, we
430 considered a species to have an EFP modified by 3-(R)-lysylation if its genome encoded the genes
431  for EpmA (COG2269) and EpmB (COG1509). To identify the optional hydroxylation of EpmAB-
432 modified EFP, we looked for the gene encoding EpmC (pfam04315)"". Second, we considered an
433 EFP to be modified by rhamnosylation if its genome encoded EarP (pfam10093)'. Third, we

434 considered an EFP to be modified by the 5-aminopentanol moiety if its genome yielded BLASTP
435  (v2.13.0+)* hits in a search for the three proteins that carry out the attachment (Ymfl, YnbB, and
436 GsaB)", using Bacillus subtilis orthologs of these proteins as our query sequences. We used different
437  bit-score cut-offs for each gene (Ymfl : 145, YnbB : 200, and GsaB : 525). We used a BLAST-based
438  approach for these proteins because they do not have a consistent annotation in either the COG or
439  Pfam databases. Fourth, we identified YeiP type EFPs using the TIGRfam (The Institute for

440  Genomic Research Protein Families) database®. TIGRfam is a collection of manually curated protein
441  families similar to Pfam, and it is the only database that distinguishes between canonical EFP

442 (TIGRO0038) and the YeiP (TIGR02178) subtypes. We validated these four EFP modification type
443 assignments by confirming that the respective ¢fp genes encoded lysine (EpmAB and

444 Ymfl/YnbB/GsaB) or arginine (EarP and YeiP) at the conserved modification position. Lastly, we
445  identified EFPs that are thought to function without any modification by searching for the

446 characteristic unmodified proline loop in the conserved positions 30 and 34 (P;)NNNP3,) within
447  EFP protein sequences'.

448 We used these assigned EFP types to identify which bacterial phyla to target further for in-

449 depth investigation. Our initial findings led us to focus on the Planctomycetota, and we also chose
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450  the Thermotogota because they are a free-living clade unlikely to be undergoing genome degradation,

451  and whose genomes are well-represented in our data set (with >20 genome sequences per phylum).
452 Verifying HGT of the ¢fp gene

453 Within these target phyla, we next constructed phylogenetic trees of the EFP protein

454 sequence, as well as species trees to verify the exogenous origin of putative horizontally transferred
455  EFPs. If an EFP-coding gene has been transferred horizontally, the species tree and the EFP tree
456 will be discordant, because the transferred EFP gene has not evolved within the clade it now resides
457 in. We built phylum specific EFP gene trees with IQ-TREE (v1.6.12) after aligning the EFP protein
458  sequences using MUSCLE’". To prepare the species tree we used 43 concatenated and conserved
459 marker protein sequences generated by CheckM (v1.0.12)* for a previous study’, then used 1Q-

460  TREE to build the tree.

461 We verified the HGT of EFP with two methods. First, we compared the species and EFP
462 trees by plotting the distance (cumulative branch length) between pairs of species on each tree. We
463  found that generally, these cumulative branch lengths are highly correlated between the two trees. In
464  other words, the rate at which amino acid substitutions occur in the native ¢fp gene is similar to the
465  rate of amino acid substitutions within the 43 conserved marker protein sequences we used to build
466  the species tree. This association renders likely ¢fp horizontal transfer events visually obvious outliers
467  (Figures S2 & S4). Second, we investigated gene synteny between the ¢fp gene and adjacent genes
468  for each genome from our phyla of interest to verify that gene order differs between putatively

469  transferred and native ¢fp copies (Figures 2 & S3).

470  Loss of conserved polyproline motifs

471 To find polyproline motifs whose loss coincided with horizontal transfer of EFP, we used a
472 computational method that is independent of annotation databases. This is important, because our
473 phyla of interest are poorly studied, and thus poorly annotated. (For example, 45% of genes in the
474 Planctomycete Planctopirus limnophila have no predicted function). For each phylum we were

475  interested in, we combined all proteins from each genome within that phylum into one file (49

476 species for the Planctomycetes and 24 species for the Thermotogota), then performed an all-versus-
477 all BLASTP (v2.13.0+)" search, using default parameters. With the resulting BLASTP output, we
478  performed de novo clustering of the proteins using Silix (v1.3.0)*. Silix is a softwate tool that clusters
479 protein sequences into homologous families using similarity networks®. Sequences with >35%

480  sequence identity and =80% sequence alignment were assigned to the same family. This generated
481 2379 and 74409 protein families respectively, for the phyla Thermotogota and Planctomycetes. We
482 aligned each family of proteins with MUSCLE and used custom python scripts to locate polyproline
483  motifs within the proteins.

484 We tested the null hypothesis that horizontal transfer of the ¢fp gene into a genome is not

485  associated with 1) the loss of conserved polyproline motifs within particular proteins, or 2) the loss
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486  of entire proteins containing well conserved polyproline motifs. We sub-selected the proteins we
487  tested using the following criteria. First, we created two groups of genomes—those which encoded a
488  putative horizontally transferred efp gene (HGT group) and those which still encoded their native efp
489  gene (non-HGT group). To select which conserved polyproline motifs within particular proteins to

490 test, each polyproline motif and the protein it resides within must pass one of two conditions:

491 1) The protein and polyproline motif must be well conserved among the non-HGT group
492 and poorly conserved among the HGT group (70% of genomes in the non-HGT group
493 encode the protein and the polyproline motif is present at a conserved position in at least
494 85% of these, while genomes in the HGT group encode the polyproline motif less than or
495 equal to 20% of the time).

496 2) The protein and polyproline motif must be well conserved among the non-HGT group,
497 but the protein itself is rare in the HGT group (same cutoffs as above for the non-HGT
498 group, but the polyproline containing protein is present in 20% or fewer genomes in the
499 HGT group).

500  For polyproline motifs or polyproline containing proteins that passed these filters, we used the

501 phylANOVA function from the R package phytools (v. 0.7-70)* to test our null hypothesis that

502 horizontal transfer is not associated with a loss of polyproline motifs or of proteins harboring them.
503  PhylANOVA allowed us to control for the phylogenetic interdependence of protein sequences using
504  the species trees described above. We corrected P-values for multiple testing using the Benjamini &

505  Hochberg method at a false discovery rate of 0.1.
506  Characterizing conservation of protein sites with polyproline motifs

507 For each annotated protein and/or polyproline motif whose loss was significantly associated
508  with the HGT of ¢fp, we also determined how conserved the relevant polyproline motif is in our
509  wider 3000 species genome set. To this end, we first extracted the amino acid sequences of these
510  proteins (YcaJ, FtsH, ClpC, RpoD, TrpB, Lon, PilC, TreT, ValS, and IleS) from each genome in our
511  dataset using KEGG annotations. For each set of proteins, we again used Silix to cluster its

512 homologues into families using the same parameters as described above. We clustered these protein
513  sequences because we found some orthologous proteins to be annotated with the same KEGG

514  Orthology term. For example, the Lon protease, the Lon-like protease BrxL, and the sporulation
515  protease LonC are all annotated as ATP-dependent Lon proteases (KK01338) by KEGG. We next
516  aligned the Silix families bearing our protein of interest using MUSCLE, and then used our custom
517  python scripts to locate conserved polyproline motifs. We then calculated how conserved each of
518  these polyproline motifs are within each target protein across our 3000 genomes dataset (Table S1).

519
520
521
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522 Data availability

523  All genomes used in this study are publicly available from JGI’s IMG database™. R scripts and all
524 files needed to reproduce these analyses and figures are available at:

525  https://github.com/tessbrewer/pattern_project.
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649  Figure 1: EFP modification systems evolved in phylogenetically conserved clusters of
650  bacteria, making horizontal transfer of different efp types clearly discernable.

651  We created this phylogenetic tree using the amino acid sequences of concatenated conserved

652 proteins from >3000 bacterial genomes from 35 phyla. The ring indicates which EFP post-

653  translational modification type is predicted to be encoded by each genome (Methods). The color of the
654  circle at the leaves indicates which phylum each EFP sequence came from according to the Genome
655  Taxonomy Database (GTDB)”. For clarity, only 11 phyla are colored, all others are termed ‘other’.
656  (We note that Betaproteobacteriales is technically classified as an order within the

657  Gammaproteobacteria in the GTDB®). Likely cases of EFP transfer are highlighted directly on the
658  tree with blue shading and letters, and correspond to: a) Classes Leptospirae and Spirochaetia

659  (EpmAB EFP) & family Treponemataceae (EarP EFP), b) Phyla Planctomycetota and

660  Verrucomicrobiota (EpmAB EFP) & genus Planctopirus (EarP EFP), ¢) Family Fibrobacteraceae
661  (EpmAB EFP), d) Family Fusobacteriaceae (EarP EFP), ¢) Family Petrotogaceae (EarP EFP), f)
662  Family Dehalococcoidaceae (EpmAB EFP), ¢) Phyla Aquificota and Campylobacterota (EpmAB
663  EFP), h) Members of the phyla Desulfobacterota, Desulfuromonadota, and Myxococcota (EpmAB
664  EFP), i) Many members of the Alphaproteobacteria (EpmAB EFP), j) Gammaproteobacteria orders
665  Pseudomonadales, Enterobacterales, Thiomicrospirales, and Thiotrichales (EarP EFP). In several
666  genomes both EarP and EpmAB type EFPs coexist, i.e., in L. /polytica, Z. antarctica, M. rhizophilum,
667  and the genus Plasticicumnlans).
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669  Figure 2: Horizontal gene transfer of EFP in the phylum Thermotogota.

670  Left: Phylogenetic tree of EFP amino acid sequences in the phylum Thermotogota (Methods). The
671  phylogeny of EFP in the family Petrotogaceae is not congruent with the overall phylogenetic tree of
672 the family’s species (Figure S2). Within the Petrotogaceae family two separate gene transfer events
673  of the ¢fp gene have occurred (highlighted with blue grey shading across the figure), one from within
674  the Thermotogaceae family (top) and one from outside the phylum (bottom). The color of the circle
675  at the tree’s tips represents the family these genomes belong to, according to the Genome Taxonomy
676  Database (GTDB)”. The tree branch with the indicated scale break has been shortened to 1/3 of its
677  original length.

678  Right: Gene synteny of each EFP gene from the tree on the left. For clarity, only select genes of
679  interest are indicated with color. The ‘native’ copy of EFP (purple, centered) within the

680  Thermotogota consistently co-occurs with YloU (mint green) and NusB (blue). This high

681  conservation of synteny is absent for the EFPs highlighted within the blue-grey boxes, which

682  supports their horizontal transfer into the corresponding genomes. Additionally, the EarP type EFPs
683  have been transferred together with their moditying enzyme (EarP, salmon), and with several genes
684  in the rhamnose biosynthesis pathway (light purple).
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Figure 3: Eleven polyproline motifs and polyproline motif-containing proteins that are
significantly associated with horizontal transfer of EFP into the Petrotogaceae family.

We built this phylogenetic tree using amino acid sequences of 43 concatenated and conserved marker
genes generated by CheckM™ (details in Methods). The color of the circle at the tree’s tips represents
the family these genomes belong to, according to the Genome Taxonomy Database (GTDB)®. The
size of the circle corresponds to relative genome size. Loss of ‘native’ EFP is indicated with a red X
on the phylogenetic tree, while gain of a horizontally transferred EFP is indicated with a green +.
The exact timing and order of these events is unknown. Species encoding horizontally transferred
EFP are highlighted with grey-blue shading across the figure. The heatmap on the right shows for
eleven proteins the presence of a conserved polyproline motif (blue), the absence of the polyproline
motif in the same position of the protein (purple), or the complete absence of the protein (grey). The
eleven proteins are, from the left-most to the right-most column, as indicated by their acronyms: The
putative ATPase YcaJ, the cell division protease FtsH, the ATP-dependent Clp protease ATP-
binding subunit ClpC, the cation efflux protein FAMS550, the polymerase primary sigma factor
RpoD, the tryptophan synthase beta chain TrpB, the ATP-dependent Lon protease, the
uncharacterized B12-binding /radical SAM-type protein FAM304, the uncharacterized
metalloprotease FAM437, the type IV pilus assembly protein PilC, and the trehalose synthase TreT.
Proteins with the prefix FAM- are not annotated by the KEGG database, and this designation refers
to their Silix”" identifier (Methods).

21


https://doi.org/10.1101/2023.10.19.563058
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.19.563058; this version posted October 22, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Species tree 5y

Rhodopirellula bahusiensis
Rhodopirellula islandica
Rhodopirellula rubra
Rhodopirellula lusitana
Rubripirellula obstinata
Rubripirellula reticaptiva
Rhodopirellula sp. MGV
Rhodopirellula baltica
Crateriforma conspicua
) Roseimaritima ulvae ] >
Pirellula sp. SHSr6A Genome size (M B)
Planctomycetaceae bacterium FC18 o 3
Pirellula staleyi ~
Blastopirellula cremea HEX1 MGV ‘f’
Blastopirellula marina
Blastopirellula cremea HEX PRISMGV O
Blastopirellula cremea HEX2 MGV ~
Bremerella volcania
Blastopirellula retiformator
Thermogutta terrifontis

o N~ B

() Gimesia sp. JC646 B :
(") Gimesia sp. E7 I Famlly (GTDB-TK)
-{ (") Gimesia maris DSM 8797 =i
{_) Fuerstia marisgermanicae [ [ ] |505Phaeraceae
— {_) Alienimonas californiensis [ @® Pirellulaceae
{_)_Rubinisphaera brasiliensis ) Planctomycetaceae
_) Rubinisphaera italica 1 > Th
(_) Planctomicrobium piriforme i @ eerQUttaceae
I _) Planctomyces sp. SHPL14 | — @ Unclassified
©®) P:anctopirus ephydatilae © Brocadiae
—+96" ) Planctopirus limnophila | | :
() Planctopirus hydrillae ] e Phyc:sphaerae
Tautonia sp. JC657
Aquisphasta sp.JCA30 Conserved PP motif
Tautonia sociabilis
Paludisphaera sp. JC665 present
Planctomyces sp. SHPL62 I j absent
Paludisphaera borealis =]
Tuwongella immobilis = gene absent

Sedimentisphaera cyanobacteriorum
Sedimentisphaera salicampi
Phycisphaerae bacterium STNAGABD1
Phycisphaera mikurensis
Algisphaera agarilytica

Ca. Brocadia fulgida {i |
Ca. Brocadia sapporoensis
@ Ca. Kuenenia stuttgartiensis |
;O Scalindua japonica
7 0 6 0.09

707  Figure 4: Three polyproline motifs and polyproline motif-containing proteins are
708  significantly associated with horizontal transfer of EFP in the class Planctomycetes.

709 We built this phylogenetic tree using amino acid sequences of 43 concatenated and conserved marker
710 genes generated by CheckM™ (details in Methods). The color of the circle at the tree’s tips represents
711 the family these genomes belong to, according to the Genome Taxonomy Database (GTDB)®. The
712 size of the circle corresponds to relative genome size. Loss of native EFP is indicated with a red X
713 on the phylogenetic tree, while gain of horizontally transferred EFP is indicated with a green +. The
714 exact timing and order of these events is unknown. Species encoding horizontally transferred EFP
715 are highlighted with grey-blue shading across the figure. The heatmap on the right reports the

716 presence of a conserved polyproline motif (blue), the absence of the polyproline motif in the same
717  position in the protein (purple), or the complete absence of the corresponding protein (grey).

718  Sequence homology clustering of Planctomycetes proteins revealed two distinct forms of isoleucine-
719 tRNA synthase, the typical form present in E. /i and most other bacteria (type 1) and a second form
720  more closely related to eukaryotic type IleS which lacks tRNA-dependent pre-transfer editing activity
721 (type 2)*'. While IleS2 was not significantly linked with horizontal transfer of EFP after phylogenetic
722 correction, its appearance in the phylum Planctomycetota and loss of a highly conserved polyproline
723 motif led us to include it here. The four proteins displayed are, in order: isoleucine tRNA synthetase
724 type 2 11eS2, valine tRNA synthetase ValS, isoleucine tRNA synthetase type 1 1leS1, and ATP-

725  dependent Lon protease.
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727  Figure 5: Polyproline protein sequence motifs sensitive to the loss of native EFP.

728  Left: We found conserved polyproline (PP) motifs within three tRNA synthetases (ValS, IleS1, and
729 11eS2) and three proteases (FtsH, Lon, ClpC) to be significantly linked to the loss of native EFP.

730 That s, in species that no longer encode their phylogenetically ‘native’ EFP, these motifs are often
731  absent. Protein length is indicated by grey narrow horizontal bars, on top of which PFAM domains
732 annotated by InterProScan™ ate displayed, colored by either theit PFAM or PFAM clan description™.
733 Locations of conserved PP motifs are indicated with a pink X. White vertical bars correspond to

734 regions predicted to interact with ATP. More specifically, they represent (i) the conserved tRNA class
735 I His-Ile-Gly-His “HIGH” consensus motifs* InterprolD (IPR001412) for the tRNA synthetases,
736 and (ii) ATP binding regions (InterprolD IPR001270 or PIRsitepredict ID PIRSR001174-2) for the
737  proteases. For consistency, all proteins shown in the figure are from the genome of Kosmotoga

738 arenicorallina (which encodes all indicated PP motifs and the native EFP of the phylum

739 Thermotogota), except for IleS2, which is from Mesotoga prima. (K. arenicorallina encodes only IleS1,
740 not 1leS2. M. prima also encodes the native EFP type of the phylum Thermotogota).

741 Right: Sequence logos of the well conserved PP motifs represented with a pink X in panel A) within
742 our dataset of >3000 bacterial genomes from 35 phyla. Specifically, 99.8% of ValS, 99.7% of 1leS1,
743 99.3% of 11eS2, 85.5% of FtsH, 98.8% of Lon, and 97.9% of ClpC proteins in our dataset have PP
744 motifs in the indicated position. The consensus motifs of the species which do not encode the

745 canonical PP motifs are, following the figure order from top to bottom: “MIPLP”, “DGPIY”,

746 “DGPIT”, “VGSPG”, “VGAPG”, and “GSAPG”.
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