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ABSTRACT

Enterococcus faecalis is a resident of the human gut, though upon translocation to the blood or
body tissues, it can be pathogenic. Here we discover and characterize two peptide-based
qguorum-sensing systems that transcriptionally modulate de novo purine biosynthesis in E.
faecalis. Using a comparative genomic analysis, we find that most enterococcal species do not
encode this system; E. moraviensis, E. haemoperoxidus and E. caccae, three species that are
closely related to E. faecalis, encode one of the two systems, and only E. faecalis encodes both
systems. We show that these systems are important for the intracellular survival of E. faecalis
within macrophages and for the fitness of E. faecalis in a murine wound infection model. Taken
together, we combine comparative genomics, microbiological, bacterial genetics,
transcriptomics, targeted proteomics and animal model experiments to describe a paired
quorum sensing mechanism that directly influences central metabolism and impacts the
pathogenicity of E. faecalis.

INTRODUCTION

Quorum-sensing (QS) is a communication mechanism employed by many bacterial species to
coordinate their behavior based on population density. This allows unicellular microbes to
display collective behavior and adapt to environmental challenges more effectively’?. QS is
mediated by diffusible chemical signals, ranging from small molecules to small peptides, that
are produced by bacteria and accumulate in their environment as they multiply. Once a
threshold concentration of the signaling molecule is reached, the bacteria can sense it, and this
triggers a coordinated transcriptional response’2. QS has been implicated in various biological
functions including virulence®#, biofilm formation®8, motility’, sporulation®®, conjugation®',
competence'?, bioluminescence'®, and biosynthesis of secondary metabolites, such as
bacteriocins#15,

Over the past decades, small molecule-based QS, most common in Gram-negative bacteria,
has been studied extensively. By contrast, peptide-based QS, which predominates in Gram-
positive bacteria, has garnered less attention. One of the main reasons that peptide-based QS
systems are less well understood is that the signaling microproteins, which are encoded by
small open reading frames (smORFs), are overlooked in both computational and experimental
annotation of microbial genomes'®"°. Small genes are difficult to distinguish from random in-
frame genomic fragments and thus gene prediction tools have classically included a minimum
OREF length cutoff. Furthermore, experimental approaches such as Tn-mutagenesis fail to
disrupt small genes because of their size, and biochemical identification using targeted and high
throughput methods is also challenging. Recent advancements in computational identification
and annotation of these prokaryotic smORFs2°-22, such as the new prokaryotic smORF
annotation pipeline smORFinder?®, have revealed many more microproteins in bacterial
genomes than previously known. Among these newly annotated smORFs, a subset likely
represent yet undiscovered and uncharacterized peptide-based quorum sensing signals.
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92
93  There are two main types of peptide-based communication systems in Gram-positive bacteria?*:
94  systems in which the peptide quorum signal binds to a cell surface receptor, and those in which
95 it binds to an intracellular receptor. In the first type (cell surface receptor system), a small
96  protein precursor is expressed, and as it is secreted, its N-terminal signal sequence is cleaved
97  off, resulting in secretion of the remaining peptide. This mature signaling peptide then interacts
98  with a membrane-bound cell-surface receptor, triggering a cascade of events that ultimately
99  regulates target gene expression. In the second (intracellular receptor system), a small protein
100  precursor is expressed and trafficked extracellularly through its N-terminal signal sequence. The
101  signal sequence is cleaved off, producing a mature peptide that is linear, unmodified, and
102  typically 5-10 amino acids in length?®. In some cases, the mature QS peptide is further modified
103 by processes such as cyclization. The mature QS peptide is then imported back into the cell
104  through an ATP-binding cassette transporter called oligopeptide permease (Opp). Once inside
105 the cell, it binds to its cytoplasmic receptor, which acts as a transcriptional regulator. The
106  peptide-bound transcriptional regulator can then bind to specific DNA sequences and modulate
107  expression of its target gene(s).
108
109 One of the best studied intracellular receptor types of systems is the RRNPP family of signaling
110 systems, named after the peptide receptors of prototypical systems in this family: Rap, Rgg,
111  NprR, PIcR, and PrgX#526, The RRNPP family of communication systems shares characteristic
112  features in their genomic organization, where a typical system consists of a small ORF located
113  directly next to a larger gene that encodes its cognate receptor. The receptors always contain
114  one or multiple C-terminal tetratricopeptide repeats (TPR) or a TPR-like domain. With the
115  exception of the Rap proteins?’, RRNPP receptors also contain a N-terminal helix-turn-helix type
116  DNA-binding domain?. Known RRNPP systems mediate quorum regulation of a broad range of
117  biological processes?. For example, Rap systems regulate sporulation and competence in
118  Bacillus subtilis?”?%, PIcR systems regulate virulence in the Bacillus cereus group?®, NprR
119  systems regulate necrotrophism and sporulation in the Bacillus cereus group®3', and ComR
120  systems regulate competence in different Streptococcus spp®2. Most known RRNPP systems
121  are present as a single copy within a genome - small peptide and receptor pair - that controls a
122 specific function, as noted above. In Enterococcus faecalis, a commensal resident of the human
123  gut and an opportunistic pathogen that is among the leading causes of hospital-acquired
124  infections®, there are no known RRNPP systems encoded on the bacterial chromosome. The
125  only two characterized RRNPP systems in this organism are encoded on plasmids, and they
126  control the conjugative transfer of plasmids CF10 and AD13*.
127
128 In most cases, a single RRNPP system is encoded within a given bacterial genome.
129  Streptococcus pyogenes is an exception, as it encodes two very similar systems - the Rgg2/3
130  systems - within the same organism3®. Research spanning a series of manuscripts on this
131  system and its function suggests that it is involved in regulating cell surface attributes?3>37, It
132  remains unclear why both systems exist and are widely conserved across all strains of S.
133 pyogenes; however, it has been postulated that having two systems that regulate the same
134  downstream function might offer functional redundancy, cooperativity, or provide fine-tuned
135  regulation of downstream processes®**'. Taken together, peptide-based QS systems control a
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136  range of downstream functions, and there is limited but exciting evidence that duplication and
137  divergence of these systems within an organism can lead to nuanced regulation functions

138  critical for bacterial fitness. Thus, the identification and characterization of such systems, where
139  two related QS programs control the same downstream process, would be particularly exciting.
140

141  In this study, we sought to identify novel peptide-based communication systems in bacteria of
142  the human microbiome. To achieve this, we first searched for the minimal elements of a

143  peptide-based communication system: a TPR domain-containing protein and a neighboring
144 smORF. We identified 125 unique systems in 1,661 Human Microbiome Project reference

145 genomes*?, most of which are of unknown function. Detailed characterization was performed to
146  de-orphan the function of two homologous systems identified in the chromosome of the gut
147  bacterium and opportunistic pathogen, Enterococcus faecalis. Furthermore, an evolutionary
148 analysis was conducted to provide insight into when these systems emerged in the evolutionary
149 history of enterococci. Finally, genetic, biochemical, cell biological, and animal studies were
150 carried out to mechanistically dissect the functions of this intriguing set of QS systems.

151

152 RESULTS

153

154 Discovery of new peptide-based quorum sensing systems in human associated microbes
155 RRNPP family communication systems typically contain a pair of genes: (i) a ‘receptor’

156 sequence that contains one or more TPR domains and (ii) a microprotein sequence with a

157  signal peptide that, when cleaved, results in a C-terminal short peptide that can bind to and
158 activate the receptor (Figure 1a). We sought to discover new communication systems that

159  contained these genomic features. To search for such putative QS systems in human-

160 associated microbes, we mined all annotated protein-coding genes in 1,661 reference genomes
161 from the Human Microbiome Project (HMP) based on the following criteria: (i) the small open
162  reading frame (smORF) must be < 50 amino acids long, (ii) the smORF must have a N-terminal
163  signal peptide sequence that targets the protein for secretion , (iii) the putative ‘receptor’ gene
164  up- or down-stream of the smORF must encode a protein with at least one TPR domain. Since
165 not all TPR domain-containing proteins interact with microproteins, we began by annotating the
166  putatively secreted smORFs in the HMP genomes to narrow our computational search space
167  before searching for putative TPR domain-containing receptors in the vicinity of the smORFs.
168  Out of all open reading frames annotated in 1,661 HMP reference genomes, we detected

169 6,239,015 proteins of all sizes. Of these, 138,792 were smORFs (< 50 amino acids) with a start
170  and stop codon. Among these smORFs, 21,860 were predicted to be secreted based on

171 analysis with Phobius, which predicts signal peptide sequences that direct proteins for

172  secretion. By analyzing a 1-gene window upstream and downstream of the putative secreted
173  smORFs (n = 43,720), we identified 342 small secreted proteins with an adjacent TPR-

174  containing protein. After removing redundancies (i.e. multiple instances of the same pair of
175 genes occurring in the same species), we identified a total of 125 unique putative smORF-

176  RRNPP receptor pairs of genes (Figure 1b; Supplementary Table 1). These systems were

177  distributed across 75 phylogenetically-diverse Gram-positive and Gram-negative bacteria

178  (Supplementary Figure 1) and 1 archaeon (Methanobrevibacter smithii).

179
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180 Among these, one putative communication system, consisting of a putative smORF and RRNPP
181 receptor pair, was found exclusively in the gut bacterium and opportunistic pathogen E. faecalis.
182  Further investigation revealed a second putative system highly homologous to the first, located
183 in a different chromosomal location. Both systems were present in every complete publicly

184  available E. faecalis genome we inspected (n=948), indicating that these two systems are most
185 likely part of the core genome of E. faecalis. Notably, only one other organism, Streptococcus
186  pyogenes, is known to have two highly homologous RRNPP systems®. In E. faecalis, each
187  system contains two genes organized in an antisense orientation in the genome. The first gene
188 encodes a putative RRNPP receptor with an N-terminal DNA-binding domain and 3 TPR

189 domains (Figure 1c); the predicted 3-dimensional structures of the receptors for these two

190 systems are highly homologous (Figure 1d). The second gene encodes a 20-amino acid

191 microprotein. Based on signal sequence prediction tools, the small proteins encode a 15-amino
192 acid signal peptide sequence that directs the peptides for secretion, leaving a pentapeptide,
193 NAPHQ and NVPHV (N—C), as the putative signaling molecules of these communication

194  systems (Figure 1e). The receptors sequences are ~70% identical at the nucleotide and amino
195 acid levels, as are the small proteins. Thus, a computational approach for identifying new

196  RRNPP-type signaling systems revealed the first chromosomally encoded system in E. faecalis,
197  and only the second example of an organism encoding two highly homologous RRNPP

198  systems.

199

200 Evolutionary analysis reveals that the presence of the NAPHQ- and NVPHV Systems

201  correlates with the E. faecalis speciation event

202 Inrecent years, extensive computational and experimental work has shed light on the

203  evolutionary history and phylogeny of enterococci®®. All enterococcal species appear to fall into
204  one of four main clades, based on a core-genome SNP-based analysis. The two new RRNPP
205  systems we discovered in E. faecalis are highly conserved in the species; we next sought to
206  determine whether these systems are present in closely related organisms, and thus are

207  evolutionarily conserved. To assess this, we attempted to determine whether other enterococcal
208 clades encode one or both of the new RRNPP systems. To this end, we annotated putative

209 RRNPP-like communication systems in reference genomes representing 28 Enterococcus and
210 outgroup species as described above and searched for systems that are homologous to either
211 QS system. Nearly all the species in our analysis contained at least one putative RRNPP-like
212  communication system (with the exception of Tetragenococcus halophilus and Enterococcus
213  faecium - Supplementary Table 2). However, only the E. faecalis lineage (Figure 1f) contained
214  RRNPP-like systems that were similar to the NAPHQ- and NVPHV- systems. These species
215 include E. moraviensis, E. haemoperoxidus, and E. caccae. Interestingly, of these organisms in
216 the E. faecalis lineage, only E. faecalis has both a NAPHQ system and a NVPHV system; the
217  other species only contained one system with NTGHV as the putative signaling micropeptide.
218  Furthermore, the broader genomic neighborhood of the NVPHV system in E. faecalis shares
219  several conserved features among all of the organisms that contain the NTGHV system in E.
220  moraviensis, E. haemoperoxidus, and E. caccae (Supplementary Figure 2). These observations
221  support a model whereby the NVPHV-like system was introduced into enterococci prior to the
222  evolution and diversification of the E. faecalis group and the NAPHQ system likely emerged in
223  E. faecalis through a duplication and divergence event at the point when it split from the other
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224  species in the lineage. Taken together, our analysis suggests that this particular type of

225  communication system was first acquired in the common ancestor to the E. faecalis lineage
226  within the Enterococci phylogeny, and then through a duplication and divergence event that
227  coincided with the E. faecalis speciation event, the second system emerged.

228

229 The NAPHQ and NVPHV system receptors and microproteins are transcribed and

230 translated

231  Given the in silico discovery of these putative communication systems, we sought to determine
232  whether the receptor and microproteins that were annotated were transcribed and translated.
233  First, we measured the transcription of the both receptors and microprotein signals by RT-gPCR
234  in E. faecalis OG1RF cultures grown to saturation in rich (BHI) and defined (DM) media. This
235 RNA-level evidence demonstrated that all four genes were transcribed, and that the

236  microprotein genes were more highly expressed in defined vs. rich media (NAPHQ microprotein
237 - 3-fold difference (P=1.2 x 10*); NVPHV microprotein- 5-fold difference (P=7.2 x 108); Figure
238 2a). By contrast, the expression of the receptor genes for both systems were comparable

239 across media conditions (Figure 2a). These results suggest that the RRNPP receptors are

240  constitutively expressed, while the expression of the signaling peptides varies depending on
241  environmental conditions (e.g. nutrient limitation). Furthermore, we found that expression of the
242  smOREFs is cell density dependent, suggesting that there is a feed-forward loop in their

243  production and supporting the model that these communication systems are quorum-dependent
244  (Supplementary Figure 3).

245

246  We next sought to determine whether the microproteins were translated and if our prediction
247  regarding the sequences of the mature, processed gene products was accurate. To do so, we
248  performed liquid chromatography tandem mass spectrometry (LC-MS/MS) of enriched culture
249  supernatants. As the microproteins are predicted to contain a signal peptide, which is

250 presumably cleaved by the Sec-associated signal peptidase or extracellular proteases, the

251 mature peptides that we expected to detect are pentapeptides (NAPHQ and NVPHV) (Figure
252 1a, 1e). For this purpose, the strains were grown to saturation in defined media, the culture

253  supernatant was clarified by centrifugation, filtered, subjected to solid-phase extraction to enrich
254  the samples for small peptides, and then analyzed by LC-MS/MS. Both predicted pentapeptides
255  were detected; further, they were quantified based on standard curves of synthesized peptide
256  standards (Figure 2b). As a control, we analyzed the culture supernatant of deletion mutants of
257  the QS systems for the presence of these pentapeptides. Specifically, strains with targeted

258  deletion of both components (receptor and microprotein) of the NAPHQ system and NVPHV
259  system were made, as was a double mutant. These mutants were verified using whole genome
260  sequencing (Supplementary Data). As expected, NAPHQ was absent from the culture

261  supernatant of a deletion mutant of the NAPHQ system, and conversely NVPHV was

262  undetectable in the culture supernatant of a deletion mutant of NVPHV system (Figure 2b). In
263  summary, we find that both QS peptides are transcribed and translated, and we confirm that
264  they are secreted extracellularly as per the canonical model of RRNPP QS systems.

265

266 The NAPHQ and NVPHV systems control de novo purine biosynthesis
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267  Having demonstrated that these systems are transcribed and translated, we sought to

268 determine what genetic programs these systems control. Most peptide-based QS systems in
269  Gram-positive organisms control the transcription of downstream programs through the binding
270  of specific promoter sequences within the genome. We therefore hypothesized that the

271  predicted ‘receptors’ function as transcriptional regulators upon binding to their cognate QS
272  peptide signals. To evaluate the effect of the QS peptides on gene regulation in E. faecalis and
273  to identify the putative transcriptional targets of these QS systems, we grew wild type E. faecalis
274  (HM201) in defined media to log-phase and treated with 5 uM of synthetic pentapeptides

275  (NAPHQ, NVPHYV, or their corresponding scrambled controls, which were used as negative
276  controls) for 15 minutes. Treatment of E. faecalis with NAPHQ led to the increase in the

277  expression of all 10 genes involved in de novo purine biosynthesis along with 2 other genes (the
278  guanine/hypoxanthine permease pbuO and the nucleobase transporter PlUacP) involved in the
279  transport of purine nucleobases (Figure 3a-3b, Supplementary Table 3, 4). Conversely,

280 treatment of E. faecalis with NVPHYV resulted in the decrease in the expression of de novo

281  purine biosynthesis genes (Figure 3b). De novo purine biosynthesis is the process by which
282  bacteria produce purine nucleotides, the building blocks of DNA and RNA from intermediates of
283  central metabolic pathways. The pathway produces inosine 5’-monophosphate (IMP), the

284  precursor of the purine nucleotides adenosine monophosphate (AMP) and guanosine

285  monophosphate (GMP) (Figure 3b). The genes involved in this pathway are organized together
286 in a single polycistronic operon (Figure 3c). We note that when we exposed E. faecalis to the full
287 length smORFs, we did not observe significant changes in gene expressions, suggesting that
288  the mature pentapeptides are required to elicit the transcriptional response, and that cleavage
289  and maturation of the signaling peptides does not occur in the extracellular environment

290  (Supplementary Figure 4).

291

292  Based on these results, we predicted that the receptors in both systems likely bind to the

293  promoter sequences of the genes that drive purine biosynthesis. The regulation of purine

294 biosynthesis has been extensively studied in other bacteria, such as Lactobacillus lactis,

295  Bacillus subtilis, and Staphylococcus aureus. To assess whether the transcriptional signature of
296 the QS systems was mediated by a direct interaction between the receptors of the QS systems
297  and the pur operon promoter region, we carried out an electrophoretic mobility shift assay

298 (EMSA) using purified recombinant QS system receptors and a fluorescent DNA probe

299  corresponding to the 230 bp region promoter region upstream of the start codon of purE, the
300 first gene in the pur operon. This region contains a predicted pur box. Upon incubating the DNA
301 probe with either QS receptor, the complex migrates more slowly in the gel matrix during

302 electrophoresis when compared with the free probe (Figure 3c). Taken together, these results
303  suggest that the both receptors of the QS systems act as transcription factors that directly

304 interact with the pur operon, presumably through their DNA-binding domain, and modulate de
305 novo purine biosynthesis in E. faecalis. Taking together the predicted role of these systems in
306 regulating purine biosynthesis and the order in which they emerged evolutionarily, we named
307 the smORFs encoding genes for NVPHV and NAPHQ pgs? and pgs2 (purine quorum signal),
308 respectively, and we name their corresponding receptors pqr1 and pqr2 (purine guorum

309  receptor).

310
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311 The pgs2-pqr2 system is required for robust growth in purine-limited media

312  Given that we successfully created single and double deletion mutants of each of the QS

313  systems, we sought to determine whether the deletion of either system impacts the optimal
314  growth of E. faecalis in vitro. To this end, we grew the WT, single, and double deletion mutants
315 of the pgs7-pqr1 and pgs2-pqr2 systems in defined media without purines to saturation and
316 performed a spot dilution assay on selective plates (Figure 4a). We observed that the Apgs2-
317  pqr2 mutant displayed a growth defect relative to the WT strain. Interestingly, the Apgs7-pqr1
318 mutant showed no such defect; deleting both systems retained the same growth phenotype as
319 in Apgs2-pqr2, suggesting that there was no additive effect from the loss of both systems. Thus,
320  while these systems are not required for viability in vitro, the Apgs2-pqr2 and double deletion
321  mutants exhibit compromised growth.

322

323 The QS systems are critical for maximal biofilm production in E. faecalis

324  De novo purine biosynthesis is the most highly upregulated pathway in biofilms of E. faecalis
325 and S. aureus compared to planktonic growth*®. Given this, a communication system that

326  enables robust purine biosynthesis might be advantageous in the context of a biofilm. To assess
327  this, we tested whether deletion of the QS systems impacts biofilm production in E. faecalis and
328 found that there is an up to ~25% decrease in the biomass of biofilm produced by the single and
329  double deletion mutants in the QS systems relative to the WT strain (Figure 4b). These results
330 indicate that while the QS systems are not essential for biofilm formation in E. faecalis, they are
331 important for maximal biofilm production.

332

333 The QS systems are important for intracellular survival of E. faecalis within human

334 macrophages

335  Adistinguishing feature of E. faecalis, compared to many other pathobionts, is its ability to

336  survive inside macrophages. This ability has contributed to E. faecalis’ success and versatility
337  as a pathogen. Several groups have shown that E. faecalis can sustain robust growth within
338 macrophages for up to 72 hours post-infection, outperforming several other bacterial species,
339 including the closely-related L. lactis**. Several obligate and facultative intracellular pathogens
340 have a strict requirement for purine biosynthesis for their survival and replication, either due to
341 the lack of host purine nucleotides or because de novo synthesis is favored over the import of
342  purines in the intracellular environment*>#¢, Given that survival of E. faecalis within

343  macrophages is thought to be critical for its pathogenicity, we postulated that the purine

344  Dbiosynthesis compromised Apqs7-pqr1 and Apqs2-pqr2 mutants would have lower survival in
345 macrophages. To test this, we measured the survival of the WT, single, and double deletion
346  mutants in pgs7-pqr1 and pgs2-pqr2 in a human macrophage cell line (Figure 5a). Briefly, we
347 infected U937 human macrophage cells with either the WT, single, or double QS deletion

348 mutants. After 24 hours, the macrophages were lysed, and the recovered bacteria plated on
349  selective plates. Based on these counts, the QS deletion mutants were significantly impaired in
350 their survival within macrophages relative to the WT strain. These results show that the QS
351 systems are important for optimal intracellular survival within macrophages.

352 The QS systems are important for E. faecalis fitness in a murine in vivo infection model
353  Given that the QS systems appear to be important for E. faecalis fitness in host-facing

354  phenotypes, such as intracellular survival, we sought to determine whether these systems are
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355 important in a relevant organismal infection model. Specifically, we tested the viability of the QS
356 mutant strains in a murine skin abscess infection model. Briefly, a superficial skin abrasion was
357 made on the back of a mouse, and this lesion was infected with a fixed inoculum of either the
358  WT or the QS single and double deletion mutant strains. At 2-day intervals over a period of 10
359 days, the mice were euthanized, and the area of scarified skin was excised, homogenized, and
360 the recovered bacteria were enumerated by serial dilution plating (Figure 5b). We observed an
361 initial increase in the bacterial load in the wounds infected with the Apgs7-pqr1 mutant or the
362 double QS deletion mutants and a relative stability in the bacterial load of the Apgs2-pqr2

363 mutant 2 days post-infection. Subsequently, the bacterial counts for each of the single or double
364  deletion mutants dropped substantially relative to the WT strain. In summary, the QS systems
365  are essential for the fitness of E. faecalis in the host.

366

367 DISCUSSION

368

369  Bacterial peptide-based communication systems are important in cis-regulation of various

370 functions in bacterial populations. However, only a few such systems are known to date?, likely
371 due to technical challenges in the annotation of microproteins in microbial genomes. Here, by
372 leveraging recent and improved computational approaches for annotating microprotein genes,
373  we identified hundreds of novel candidate peptide-based communication systems in human
374  associated bacterial genomes. These putative systems are distributed across phylogenetically
375  diverse bacteria, including non-Firmicutes. With the development of new tools to annotate

376  RRNPP systems*, it would be interesting to further explore the full extent of the phylogenetic
377  diversity of this type of peptide-based communication system.

378

379  Among the systems we identified, a particularly interesting set of two systems (which we call
380 pgs1/pgr1 and pgs2/pqr2) were identified in the gut ‘pathobiont’ E. faecalis. Using a combination
381 of comparative genomics, microbiological, transcriptomics, targeted proteomics and animal

382  model experiments, we discovered that these two peptide-based QS systems regulate de novo
383  purine biosynthesis, the first evidence, to our knowledge, of a QS system regulating central
384 metabolism. Using cell-based and animal model experiments, we further demonstrated that
385 these two systems are important for E. faecalis fitness and survival within the host.

386  Purine accessibility is critical for all bacteria. Some bacteria must scavenge purines from the
387  environment, while others, including many important human pathogens, are capable of

388 synthesizing purines de novo. This is important because free host-derived purines are not

389 accessible to extracellular or intracellular bacteria. Thus bacteria must either possess the ability
390 to synthesize purines de novo or have the necessary nucleases and transporters to extract

391  purine building blocks from extracellular DNA. In this context, the emergence of de novo purine
392  biosynthesis in enterococci marks a critical evolutionary advance for this genus, granting

393  species within the phylogeny the ability to synthesize their own purines. Among the enterococci,
394  E. faecalis has been described as the best ‘generalist’ - it can thrive in different host

395 compartments with highly variable concentrations of purines, including the gut, urogenital tract,
396 bloodstream, inside macrophages, and within tissues. We posit that the ability to efficiently fine-
397  tune purine biosynthesis at the population level through the pqs1/pqr1-pqs2/pqr2 QS systems is
398 akey feature in enabling E. faecalis to adapt to these different environments.

10
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399

400 When viewed through an evolutionary lens, E. faecalis likely acquired the ability to regulate
401  purine biosynthesis through QS in two steps. The first of the two systems, pqs1/pqr1, appears to
402  be evolutionarily older, as it is found in E. faecalis as well as in organisms in a neighboring
403  evolutionary branch (E. moraviensis, E. haemoperoxidus, and E. caccae). While we do not have
404  experimental evidence regarding the function of the pqs1/pqr1 homolog in organisms of this
405 neighboring branch, it may also be involved in regulating purine biosynthesis. We posit that the
406  second, newer system likely arose through a duplication and divergence event. This second
407  system (pgs2/pqr2) is unique to E. faecalis, suggesting that it plays a role in differentiating E.
408 faecalis from closely related species. We find that while not essential, both systems are critical
409 for the fitness of E. faecalis, particularly in its interaction with the host. Our finding that purine
410 biosynthesis is regulated by multiple QS mechanisms suggests that tight regulation of purine
411 levels in E. faecalis is important for its lifestyle. The ability of E. faecalis to carefully and

412  dynamically regulate purine biosynthesis likely enables it to thrive in highly variable purine-
413  containing niches. Consistent with this model, our data show that these QS systems are

414  important for maximum biofilm production, survival within macrophages, and fithess in vivo in a
415 wound infection model. Furthermore, our in vivo results are concordant with recent work that
416 identified purine biosynthesis genes as critical for the replication and persistence of E. faecalis
417  during wound infection and catheter-associated urinary tract infection“®.

418

419  Curiously, our results present an intriguing paradox: why does E. faecalis possess two QS
420 systems that oppositely modulate purine biosynthesis at the transcriptional level, yet have

421  similar impacts on host-facing phenotypes, such as survival within macrophages and survival in
422  awound infection model? The simplest model we can deduce from these data is that, at the
423  mechanistic level, the two systems are antagonistic to one another -pqs7-pqr1 acts as a

424  repressor of de novo purine biosynthesis, and pgs2-pqr2 acts as an activator. The in vivo

425 phenotypes can be potentially explained by positing that purine levels that are either too high or
426  too low are detrimental to E. faecalis in these settings, and thus careful and tight regulation of
427  exact purine levels is critical to optimal survival. While we provide some insight into the

428 coordinated regulation and consequences of these two systems, ongoing and future work will
429  focus on resolving the question of why a dual QS system for de novo purine biosynthesis

430 modulation exists and the biochemical model by which the two systems interact and perform
431 their function.

432

433  While we have discovered and demonstrated the function of two new QS signaling systems in
434  vitro and in vivo, our study has several limitations. First, we do not yet fully understand how the
435 two systems interact with each other and whether they display cross-talk or cross-regulation.
436  Second, we do not know how these QS systems sense purine levels. Beyond their role as

437  energy-carrying compounds and building blocks of nucleic acids, purine metabolites are also
438  signaling molecules that regulate different functions within the cell**-' or mediate microbe-
439  microbe interactions®. Recent work has uncovered a widely-distributed purine-binding motif in
440 the sensor domains of thousands of bacterial receptors implicated in various functions®. It is
441  intriguing to speculate whether the QS systems discovered in our work interface with other
447  purine-sensing receptors in E. faecalis. Third, the interaction between these QS systems and
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443 the classical purR-mediated regulation of de novo purine biosynthesis or the purine salvage
444  pathway is not yet known. Carefully controlled experiments using metabolomics-based

445 approaches and varying levels of exogenous purines might provide some answers to these
446  mechanistic questions.

447

448  This study provides insights into the evolution and function of two new antagonistic peptide-
449  based QS in the biology and lifestyle of one of the most prevalent enterococcal species in the
450 human gut and an important hospital-associated pathogens. We posit that having an additional
451 layer of regulation of purine biosynthesis at the population level has given E. faecalis the ability
452  to thrive in highly variable purine-containing niches, making it the most successful generalist
453  among human-associated microbiota. Notably, while E. faecalis is classified as a commensal
454  gut bacterium, it can also be pathogenic and, along with other Enterococcus spp., presents a
455  major burden in the clinic due to their intrinsic and acquired antibiotic resistance. Establishing
456  the critical role of these QS systems for E. faecalis fitness in vivo in a murine infection model
457  validates these systems as promising anti-E. faecalis targets. Understanding this

458 communication system will help devise strategies to block it and prevent enterococcal

459  domination, which is associated with Enterococcus bacteremia and significant morbidity in
460 hospitalized patients.

461

462

12
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Figure 1. Discovery of novel peptide-based communication systems in HMP reference
genomes

a)

b)

d)

f)

RRNPP general mechanism. Intracellular peptide-based communication systems in
Gram-positive bacteria. In this system, (1) a small protein precursor is expressed and
secreted extracellularly through its signal sequence. (2) During secretion, it undergoes
proteolytic cleavage and sometimes post-translational modification to produce the
mature form of the signal peptide. (3) The mature peptide is imported back into the cell
through the ATP-binding cassette transporter, oligopeptide permease (Opp). (4) Inside
the cell, the signaling peptide binds to its cognate receptor and transcriptional regulator
which, in turn, (5) modulates the expression of its target genes.

Computational mining for novel peptide communication systems in HMP. We
analyzed a collection of 1661 reference genomes from the Human Microbiome Project
(HMP) looking for putative smORF-RRNPP receptor pairs of genes. We identified 125
unique pairs of which two are specific and prevalent in Enterococcus faecalis genomes.
Putative receptor domain structure of the novel systems. Similar to most known
receptors from the RRNPP family of peptide-based communication systems, the
receptors of both systems have a N-terminal DNA-binding domain (DBD; green) and
multiple tetratricopeptide (TPR) domains (purple), degenerate 34 amino acid tandem
repeats that mediate protein-protein interactions.

AlphaFold predicted structures of receptors. The predicted structures of the NAPHQ
receptor (average pLDDT 95.45) and the NVPHV receptor (average pLDDT 96.61).
Discovery of two novel peptide-based communication systems in E. faecalis. We
identified two putative peptide communication systems in E. faecalis, each comprising a
large gene encoding a putative receptor/transcription factor and a 20-amino acid small
protein. Based on in silico prediction of signal sequences, the small proteins are
predicted to have a 15-amino acid signal sequence, suggesting that the mature active
peptides of these systems are pentapeptides, NAPHQ and NVPHV.

Evolutionary analysis of the prevalence of the QS systems in Enterococcal
species

Cladogram summarizing the prevalence of RRNPP systems that are homologous to the
NAPHQ and NVPHYV systems in E. faecalis. We propose an evolutionary model whereby
the dual QS system was introduced sequentially, with the NVPHV system being the
older system and existing in the common ancestor of the E. faecalis group of the
enterococcal phylogeny, comprising E. moraviensis, E. haemoperoxidus, and E. caccae.
The NAPHQ system is newer and likely arose through a duplication and divergence
event that coincides with the split and speciation of E. faecalis from the rest of the
enterococcal species in the group.
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Figure 2. The E. faecalis communication systems are transcribed and translated.

a)

b)

Expression of the communication systems. RT-gPCR data is presented
demonstrating the relative gene expression levels of the smORF and receptor genes in
cultures of E. faecalis grown to saturation in either BHI medium (BHI) or defined medium
(DM). The expression levels are represented as fold-changes in target gene expression
in DM relative to it in BHI. Data are expressed as the mean of n = 4 biological replicates
+ standard deviation. Comparisons between groups are performed using a Student's t
test. * P<0.05, ** P<0.01, *** P<0.001.

Translational evidence of the signaling peptides. The two candidate signaling
peptides, NAPHQ and NVPHV, were detected by targeted LC-MS/MS analysis from
culture supernatants of WT and communication system deletion strains of E. faecalis.
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Figure 3. The QS systems modulate de novo purine biosynthesis in E. faecalis
a) The signaling peptides elicit a distinct transcriptional response. VVolcano plots
demonstrate gene expression analysis of E. faecalis grown in DM and treated with 5 yM

of the peptides NAPHQ or NVPHYV or their respective scrambled controls for 15 min.
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Differentially expressed genes are defined as those that display at least 4-fold change in
gene expression relative to the scrambled control with FDR cutoff < 0.01.

Effect of signaling peptides on de novo purine biosynthesis. A schematic diagram
of de novo and salvage pathways of purine biosynthesis in E. faecalis is shown. De novo
purine biosynthesis (blue) in bacteria begins with the molecule 5-phosphoribosyl-1-
pyrophosphate (PRPP), which is derived from the pentose phosphate pathway
intermediate ribose-5-phosphate (R5P). PRPP then proceeds through a series of
enzymatic reactions to eventually produce inosine 5'-monophosphate (IMP), a precursor
to the purine nucleotides adenosine monophosphate (AMP) and guanosine
monophosphate (GMP). Enzymes within the salvage pathway (green) are responsible
for making purine nucleoside di- and triphosphates as well as recycling purine bases and
nucleotides available in the environment. Treatment of E. faecalis with 5 uM of the
peptides NAPHQ or NVPHYV for 15 minutes results in changes in the transcription level
of the genes involved in de novo IMP biosynthesis. The log.-fold change in gene
expression relative to the corresponding scrambled controls is shown in the boxes next
to the genes along the pathway.

EMSA detection for direct binding of the smORF receptors to the pur promoter
region. Agarose gel showing the electrophoretic mobility shift assay (EMSA) using
purified recombinant QS system receptors and a 5'-FAM-labeled DNA probe
corresponding to the 230 bp region promoter region upstream of the start codon of purE,
the first gene in the pur operon. When the DNA probe is incubated with either QS
receptor, the complex migrates at a slower rate through the gel relative to the free DNA
probe.
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Figure 4. Deletion of QS systems impacts in vitro phenotypes of E. faecalis.

a)

b)

The pqgs2-pqr2 system is required for robust growth in defined media without
purines. Spot dilution assay of E faecalis WT and KO strains (n = 3 biological replicates,
each spotted in 2 technical replicates) grown in defined media at 37°C for 18 hours and
10-fold serially diluted and spotted on BHI-RIF plates.

Mutants in the signaling systems are defective in biofilm formation. The mass of
biofilms formed by E. faecalis wild-type and deletion mutants in the signaling systems
was quantified by crystal violet staining. Strains were grown in DMYE in 96-well
microtiter plates for ~18 hours at 37°C without shaking to allow for the biofilms to grow.
After multiple washes, biofilms were solubilized in ethanol:acetone (80:20 v/v).
Absorbance was measured at 570 nm. The biofilm mass for each strain is expressed
relative to its mass in the wild-type strain.
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580 Figure 5. The QS systems are important for optimal E. faecalis fitness at the host
581 interface.

582 a) Fitness of mutants in the signaling systems is impaired inside human
583 macrophages. U937 human macrophage cell line was infected with E. faecalis wild-type
584 or mutant strains (n = 6 wells per strain). At time intervals, the macrophages were lysed
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585 and the recovered bacteria plated. Based on the colony-forming unit (CFU) counts of the
586 recovered bacteria, the % survival of mutants within macrophages is expressed relative
587 to the survival of the WT strain 24 hours post-infection. Comparisons between groups
588 are performed using a Student's t test. * P<0.05 and ** P<0.01.

589 b) Mutants in the smORF systems are impaired in growth in vivo. Skin abscess

590 infection mouse model with E. faecalis OG1RF wild-type and signaling systems knock-
591 out strains. The back of each mouse was sterilized and shaved, and a superficial skin
592 abrasion was made with a needle prior to application of 20 uL of bacteria in saline

593 solution (at 5x10” CFU per mL) to the abraded area. The progress of infection was

594 monitored every two days for 10 days. At time intervals, animals (n = 4 mice per group)
595 were euthanized and the area of scarified skin was excised, homogenized, and the
596 CFU's were quantified by 10-fold serial dilution of the homogenate on selective plates.
597 Comparisons between groups are performed using a Student's t test. * P<0.05 and **
598 P<0.01.

599

600
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601 METHODS

602 Identification of putative peptide-based communication systems

603  The Human Microbiome Project reference genomes files (n = 1661 complete genomes as per
604  HMP website) were downloaded from https://www.hmpdacc.org/hmp/HMRGD/#data. Prodigal
605 was used to annotate all open reading frames with adjusted thresholds to detect ORFs as short
606 as 20 amino acids. A total of 6,239,015 proteins of all sizes were detected, 138,792 of which
607  were smORFs (< 50 aa) with a start and stop codon. Those predicted ORFs that were 50

608 residues or fewer (with a lower threshold of 20 residues which is the lowest threshold that can
609  be used to successfully run prodigal annotation on all the genomes.) were then evaluated using
610 Phobius® to identify those with a predicted signal peptide, to determine which peptides were
611 likely to be secreted. TPRpred=2, which predicts proteins that contain Tetratricopeptide Repeat
612 (TPR) domains, was run on the proteins that are 1 gene upstream or downstream of the

613  putative small secreted protein and those with = 50% probability of containing a TPR domain
614  were scored as positive. Through this analysis, we identified putative peptide-based

615 communication systems, each composed of a small, secreted protein and an adjacent TPR-
616 containing protein. RRNPP-like systems were identified in enterococcal genomes using the
617  same criteria as described above (Supplementary Table 2). The full sequence smORFs were
618 clustered using CD-HIT®® with a 60% identity threshold. The representative sequences from the
619 smOREF clusters were visually inspected to identify those that looked similar.

620

621 Building a phylogenetic tree of the species with putative RRNPP systems

622 76 HMP genomes representing the microbial species in which we identified the 125 putative
623 RRNPP systems were used to build a phylogenetic tree. The tree was built with GTDB-tk

624  v2.3.05 de_novo workflow. Briefly, for each genome 120 bacterial marker genes were identified,
625 these marker genes were used to create multiple sequence alignment and a phylogenetic tree
626  was inferred based on the multiple sequence alignment using FastTree. The tree was visualized
627 iniTOL®8. The phyla were colored based on the GTDB-tk classification workflow with default
628  parameters.

629

630  Culture media

631 Brain heart infusion (BHI) broth (Millipore-Sigma 53286) was prepared as per product

632  specification. Defined media (DM) was prepared as follows. Per 500 mL of media: 3.5 g of

633  dipotassium hydrogen phosphate (K2HPOQO4), 1 g of potassium dihydrogen phosphate (KH2POj4),
634 50 mg of magnesium sulfate (MgSOa), 7.5 g of D-glucose (1.5% w/v final concentration),

635  mineral supplement solution (ATCC MDMS) and vitamin supplement solution (ATCC MDVS) to
636  a final concentration of 1%, and 0.5 g of each of the 20 proteinogenic amino acids. The pH of
637 the media was adjusted to pH 7.2, filter-sterilized through a 0.22 um filter, and stored at 4 °C.
638 DMYE was prepared by adding yeast extract (Fisher Scientific BP1422-500) to DM to a final
639  concentration of 0.2%.

640

641 Generating deletion mutants in the quorum-sensing systems

642  Deletion mutants of the peptide quorum sensing systems were generated in E. faecalis OG1RF
643  in a 2-step procedure based on homologous recombination as described in 5%, All primers
644  used for making the deletion mutants are in Supplemental Table 5. For each deletion strain, the
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645 mutant allele in which the entire quorum sensing system (smORF + receptor) is deleted was
646  constructed. Each of the putative QS systems along with a 1000 bp of flanking DNA from up-
647  and downstream from the of the systems and cloned into the temperature-sensitive vector

648 pJHO086 (courtesy of Chris Kristich lab) using Gibson assembly®? (NEB). The construct was then
649 transformed into E. faecalis by electroporation. Electrocompetent cells were prepared using

650 established protocols 864, Cells were suspended in 1000 uyl BHI and allowed to recover at 30 °C
651  for 1.5-2 hours prior to plating on selective agar (BHI with 10 ug/ml Chloramphenicol and 150
652  ug/ml X-Gal) at 30°C (permissive for pJH086 replication). Pale blue colonies typically appeared
653  within 24-36 hours. Four to eight pale blue transformants were restreaked 1x on the same

654  selective medium as above for single-colony purification. Single-colony-purified transformants
655  were restreaked on the same selective medium as above at 42 °C (non-permissive

656  temperature). Dark blue colonies in which the pJH086 derivative has integrated into the

657  chromosome typically appeared within 24-36 hours. These integrants were restreaked 2x on the
658 same selective medium at 42 °C for single-colony purification. Colony PCR was used to verify
659 that the pJH086 derivative plasmid integrated into the genome in the correct locus. 2-4 verified
660  single integrants derived from independent transformants were streaked directly on the

661 counterselection medium MM9OYEG agar supplemented with 10 mM p-CIPhe and 150 ug/ml
662 XGal at 30°C. Isolated white colonies in which the integrated plasmid has been excised and lost
663 by segregation appeared within ~24 hours. The colonies were patched on chloramphenicol

664 plates to confirm their sensitivity (due to the excision of the integrated plasmid), then re-streaked
665  on counterselection media to further purify them, and screened by PCR and Sanger sequencing
666 to determine that they carry wild-type or deletion mutant allele. A deletion mutant of each

667  system was created. The double deletion mutant in both systems was created sequentially by
668 introducing the second deletion in competent cells of the first deletion mutant.

669

670  For 100 mL of MMOYEG with 10 mM p-CI-Phe, the following was added: 0.25 g yeast extract,
671 199.6 mg p-Cl-Phe (Sigma C 6506), 1.6 g Bacto agar (Becton-Dickinson cat# 214010), water up
672 1o 89 mL, and a stir bar. Imnmediately after autoclaving for 30 minutes, the medium was

673  thoroughly mixed to fully dissolve p-ClI-Phe and the mix maintained at 55 °C on a hot plate.

674  Then the following was added: 10 mL of 10x sterile M9 salts (made with 60 g anhydrous

675 NaxHPO,, 30 g KH2PO4, 5 g NaCl, 10 g NH4CI per liter and autoclaved for 30 minutes), 0.5 mL
676  sterile 50% glucose, 150 yg/mL XGal, and 20% sucrose. The media was mixed and the plates
677  poured.

678

679 RT-gPCR assays

680  Overnight cultures of E faecalis HM201 were set up in BHI and grown at 37 °C shaking at 150
681 rpm. The overnight cultures were diluted 1/100 in either BHI or defined media (DM) at 37°C,
682  shaking at 150 rpm and were grown overnight to saturation. Cultures (6-7 mL) were collected
683 and placed on ice and cells were pelleted at 9,200 x g at 4 °C for 10 minutes. For RNA

684  extractions, cell pellets were resuspended in lysis buffer (250 uL 1X PBS + 5 pL lytic enzyme
685 (Qiagen) per sample) and incubated at 37 °C for 30 minutes. A volume of 30 pLof 20% SDS
686  was added to each sample then the samples were incubated at 37 °C for another 30 minutes. A
687  volume of 1.5 mL Trizol was added to each cell lysate followed by a 10-minute incubation on the
688  bench. A volume of 0.5 mL chloroform was added to each sample, mixed vigorously for 15
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689  seconds, incubated on the bench for 3 minutes, and centrifuged at 13,200 x g for 10 minutes.
690 The aqueous phase (~800-900 pL of the supernatant) was transferred to a new tube, mixed with
691 an equal volume of isopropanol, and incubated on the bench for 20 minutes. Samples were then
692  spun down at 13,200 x g for 10 minutes at 4 °C. The pellets were washed twice with 75%

693  ethanol then left to air dry on the bench. RNA was eluted with 50 uL of RNAse-free water and
694  samples were stored at -80 C. For RT-qPCR measurements, equal amounts of RNA (100 ng)
695  were set up in 384-well plates using a Biomek FX liquid handler (Applied Biosystems) and

696  processed as follows. Samples were DNAse treated with DNAse | (NEB) in 6 pL reactions.

697  Reactions were run at 37 °C for 10 minutes followed by heat inactivation at 75 °C for 10 minutes
698 then the reactions were carried over to the cDNA synthesis step. 20 uL reactions were set up as
699  per the AffinityScript Multiple Temperature cDNA Synthesis Kit protocol (Agilent), then diluted
700  with 80 uL of nuclease-free water and stored at -20 °C. For gPCR, 10 uL reactions were set up
701  with 2 uL of each cDNA preparation using the Luna Universal gPCR Master Mix protocol and
702  primers to amplify the genes encoding the small proteins (NAPHQ smORF and NVPHV

703  smORF), their receptors (NAPHQ receptor and NVPHYV receptor), recA and rpoZ as

704  housekeeping genes (Supplementary Table 5). The relative fold gene expression in the samples
705  was calculated using the AACq method and expressed as fold change in gene expression in DM
706  relative to BHI media.

707

708 Proteomics assays to measure micropeptides

709 In order to detect and quantify the micropeptides in culture supernatants of E. faecalis, overnight
710  cultures of the wild-type and deletion mutant strains were set up in BHI broth with rifampicin

711 (100 pg/mL) at 37 °C, 180 rpm. The cultures were diluted 1/100 in 350 mL of defined media

712  supplemented with 0.2% yeast extract (to promote maximum culture growth) and grown

713  overnight at 37 °C, 180 rpm. The following day, the cultures were centrifuged at 9,200 x g for 20
714  minutes. The supernatants were then filtered through 0.2 um filters to remove any bacterial

715  cells, and stored at 4 °C until the next step of processing. To optimize the detection of secreted
716  small peptides, 100 mL of medium alone or 300 mL of filtered bacterial culture supernatants
717  was enriched using Cis silica resin, as follows. The samples were acidified with the addition of
718  glacial acetic acid to a final concentration of 0.5 N. The acidified samples were filtered through
719  0.45 pm filters and purified using Bond Elut C1s, 40 um, solid phase extraction cartridges

720  (Agilent, Santa Clara, CA), 1 x 1 g C4g for 100 mL medium alone and 4 x 1 g for 300 mL of

721  culture supernatant. Cartridges were primed with methanol and equilibrated with two column
722  volumes of triethylammonium formate (TEAF), pH 3. Samples were applied and cartridges were
723  washed with multiple volumes of TEAF, pH 3 buffer. The peptide enriched fraction was eluted
724  with 75% acetonitrile/25% TEAF pH 3 and evaporated to dryness using a SpeedVac

725  concentrator. Lyophilized samples were reconstituted in 1 mL water and then centrifuged at
726 15,000 x g for 10 minutes to remove insoluble material. An aliquot was used to measure total
727  protein content and the clarified, peptide enriched fraction was used for LC-MS/MS analysis.
728  For LC-MS/MS quantitation, samples were analyzed on a Dionex Ultimate 3000 LC system

729  (Thermo) coupled to a TSQ Quantiva mass spectrometer (Thermo) fitted with an Accucore C g+
730  column (1.5 uym, 100 x 2.1 mm i.d., Thermo). The following LC solvents were used: solution A,
731 0.1 % formic acid in water; solution B, 0.1 % formic acid in acetonitrile. The following gradient
732  was utilized: 0 % B for 2 minutes, 0-40 % B in 15 minutes, 40-100 % B in 2 minutes, 100 % B
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733  for 1 minutes and re-equilibrate at 0 % B for 7 minutes, for a total run time of 25 minutes at a
734  flow rate of 0.1 mL/min. The injection volume was 10 pL, the column oven temperature was set
735  to 40 °C and the autosampler kept at 4 °C. MS analyses were performed using electrospray
736  ionization in positive ion mode, with spray voltages of 3.5 kV, ion transfer tube temperature of
737  325°C, and vaporizer temperature of 275°C. Multiple reaction monitoring (MRM) was performed
738 by the following transitions: NAPHQ, 566.3>207.1, 566.3>235.1, 566.3>284.1, 566.3>381.3,
739  283.7>235.1, 283.7>266.6, 283.7>381.1; NVPHV, 565.4>235.1, 565.4>255.1, 565.4>334.2,
740 565.4>352.1, 283.3>235.1, 283.3>255.1, 283.3>352.1. Skyline ® was used to measure peak
741  areas, quantitation was obtained by using standard curves of the pure peptides spiked in media.
742

743  Measuring the promoter activity of the smORF genes using luciferase reporter assays
744  To make the promoter-reporter systems, the following DNA fragments were prepared. The

745  luxABCDE operon was amplified from pKS310 plasmid (courtesy of Michael Federle lab) with
746  primers SZBP425 and SZBP426. The backbone of the plasmid pGCP123-GFP_g1 (Addgene
747  #153518) was amplified with the primers SZBP427 and SZBP428. The regions upstream of the
748  start codon of the NAPHQ smORF (198 bp) or the NVPHV smORF (197 bp) were amplified by
749  SZBP429 and SZBP430, or SZBP431 and SZBP432, respectively. The fragments were

750 assembled by Gibson assembly®? (NEB) to generate promoter-reporter constructs where

751  luxABCDE expression is under the control of each Psnorr promoter.

752  To monitor the activity of the Psmore promoters in vitro, a kinetic assay was adapted from®7 as
753  described below. Reporter constructs (PnapHa-uxascoe OF Pnvervauxascoe) in E. faecalis OG1RF
754  were grown in BHI with kanamycin (500 pg/mL) at 37 °C, 180 rpm. The overnight cultures (4
755  biological replicates) were diluted 100-fold into different media (BHI, defined media

756  supplemented with 0.2% yeast extract (DMYE), or defined media (DM)) and set up in a Greiner
757  clear-bottom opaque white 96-well plate (cat. no. 655098) (200 uL per well). The inter-well

758  spaces were filled with 1% decanal in mineral oil (50 uL per space). While the luxABCDE

759  operon generates its own substrate for luminescence, decanal vapor helps to saturate the assay
760 as it provides an exogenous substrate for LuxA-B to produce luminescence. The plate was

761  placed in a SpectraMax Paradigm Multi-Mode microplate reader (Molecular Devices) and set to
762 incubate at 37 °C. The lid was kept on the plate and sealed with parafilm throughout the kinetic
763 run in the plate reader. At 30-minute intervals, absorbance at 600 nm and luminescence were
764  measured. Relative luminescence was calculated by normalizing luminescence to absorbance
765  values at each timepoint.

766

767  Transcriptomics

768  All peptide exposure experiments were conducted in 3 biological replicates. Overnights of E.
769  faecalis HM201 were set up in BHI and grown at 37 °C shaking at 150 rpm. The overnights

770  were diluted 1/100 in defined media at 37 °C, 150 rpm to ODeoo ~ 0.4 (3-4 hours). The cultures
771  were exposed to either the test peptide or its corresponding scrambled control to a final

772  concentration of 5 uyM for 15 minutes at 37 °C, 150 rpm. Cultures (4 mL) were then quenched
773  with 0.5 mL of ice-cold quenching solution (90% vol/vol ethanol + saturated acidic phenol). The
774  quenched cultures were incubated on ice for 10 minutes. Cells were pelleted at 9,200 x g at 4
775  °C for 10 minutes. For RNA extractions, cell pellets were resuspended in lysis buffer (250 pL 1X
776  PBS + 5 L lytic enzyme (Qiagen) per sample) and incubated at 37 °C for 30 minutes. A volume
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777  of 30 uL of 20% SDS was added to each sample then the samples were incubated at 37°C for
778  another 30 minutes. A volume of 1.5 mL Trizol was added to each cell lysate followed by a 10
779  minute incubation on the bench. A volume of 0.5 mL chloroform was added to each sample,
780  mixed vigorously for 15 seconds, incubated on the bench for 3 minutes, and centrifuged at

781 13,200 x g for 10 minutes. The aqueous phase (~ 800-900 uL of the supernatant) was

782  transferred to a new tube mixed with an equal volume of absolute ethanol. RNA was then

783  extracted from the samples as described in the Zymo RNA Clean & Concentrator-5 kit protocol.
784  Column purification was found to be superior in obtaining RNA samples of sufficient quality to
785  be used for RNA sequencing. RNA was eluted from the columns with 25-30 uL of RNAse-free
786  water. RNA extracts were stored at -80 °C. Ribosomal RNA was depleted with the lllumina

787  Ribo-Zero Plus rRNA Depletion Kit (Bacteria) according to the manufacturer’s instructions.

788  cDNA sequencing libraries were prepared with the Truseq Stranded mRNA kit following the
789  Truseq Stranded mRNA LT protocol. Libraries were sequenced with 2 x 150 bp reads on an
790  lllumina NovaSeq 6000 Sequencing System (Novogene), each library receiving =2 2 Gb

791  sequence coverage.

792

793  Transcriptomics reads (150 bp in length) were quality filtered using trim galore®®, using default
794  parameters and a quality score cutoff of 30. Reads were mapped to the Enterococcus faecalis
795  strain HM201 reference genome using bowtie2®° using default parameters except allowing for
796  no mismatches. For each ORF, mapped reads were counted using bedtools coverage™.

797  Differential expression analysis was done using DESeq2”". All raw sequencing data will be
798  released on SRA upon publication.

799

800 Cloning, expression and purification of recombinant peptide receptors

801 To isolate receptor recombinant proteins, constructs were created to overexpress each protein
802  with an C-terminal 6-histidine tag. Briefly, the genes encoding NAPHQ receptor and NVPHV
803  receptor were amplified from E. faecalis genomic DNA using Q5 polymerase using the following
804  primers which were designed to contain a ribosomal binding site and a C-terminal 6-histidine
805 tag: for NAPHQ receptor: 5'-

806 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAACTTTAAGAAGGAGATATACATATGAGAGT
807 AGCGGGAG-3'and 5-

808 GGGGACCACTTTGTACAAGAAAGCTGGGTTTTAGTGATGGTGATGGTGATGTTTAAAACTG
809 ATATTAAACTCT-3'; for NVPHV receptor:5'-

810 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAACTTTAAGAAGGAGATATACATATGAATTTA
811 CATAATAATACAAGTGGAG-3'and 5'-

812 GGGGACCACTTTGTACAAGAAAGCTGGGTTTTAGTGATGGTGATGGTGATGATAGGAAATA
813 TTAAAAGC-3'. The PCR products were purified and cloned into pDEST14 using the Gateway
814 cloning and Expression Kit (Invitrogen) as per manufacturer instructions, and the constructs
815  were confirmed by DNA sequence analysis. Each construct was transformed into E. coli BL21-
816 Al chemically-competent cells before protein expression and purification. The following

817  procedure was followed for the expression and purification of each of the two proteins. For

818  protein expression, each clone was grown in 1 L of LB with ampicillin (100 pyg/ml) at 37 °C with
819  shaking at 200 rpm until the culture reached an ODeggo ~ 0.5. The culture was then induced with
820  0.2% L-arabinose and grown for an additional 4 hours before harvesting by centrifugation at
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821 10,000 x g for 20 minutes. The cell pellets were resuspended and washed with a 0.85% saline
822  solution, pelleted and stored at —20°C. For protein purification, the cell pellets were thawed on
823 ice and resuspended in 50 mL of lysis buffer (HEPES 25 mM, NaCl 300 mM, DTT 5 mM, 30%
824  glycerol, 20 mM imidazole, 0.1% Triton X-100, 100 ug/mL lysozyme, 0.5 mg DNase, 0.5 mg
825 RNase, protease inhibitor cocktail (Roche) pH 7.5). Cells were lysed using a microtip attached
826  to an ultrasonic sonicator (Model 705 - Fisher) on ice over 5 rounds each lasting 30 seconds at
827 amplitude 60. The lysate was clarified by centrifugation in a Sorvall Lynx 4000 Centrifuge at
828 12,000 rpm for 1 hour at 4 °C. The clarified lysate (~ 45 mL) was mixed with 3 mL of HisPur Ni-
829  NTA Resin (Thermofisher) and placed on a rocking mixer for 1.5 hour at 4 °C to allow the

830 recombinant protein to bind to the nickel resin. Purification was done by gravity flow by placing
831 clarified lysate nickel resin mix in the column and allowing it to flow through. The resin (~ 3 mL)
832  was then washed with 45 mL of Buffer A (HEPES 25 mM, NaCl 300 mM, DTT 5 mM, 30%

833  glycerol, 100 mM imidazole, pH 7.5). Recombinant protein was eluted with 6 mL of Buffer B
834 (HEPES 25 mM, NaCl 300 mM, DTT 5 mM, 30% glycerol, 500 mM imidazole, pH 7.5). Fractions
835  were analyzed by SDS-PAGE tricine gels (Supplementary figure 5), and those containing pure
836  His-tagged protein were pooled and buffer exchanged using 10 mL ZEBA desalting columns
837  (Thermofisher) as per manufacturer instructions. The fractions were first buffer exchanged

838 against HEPES 25 mM, NaCl 300 mM, DTT 5 mM, 30% glycerol, 50 mM EDTA, pH 7.5 to

839 chelate any free nickel in the eluate and avoid protein precipitation, then against the final

840  storage buffer HEPES 25 mM, NaCl 300 mM, DTT 5 mM, 30% glycerol, pH 7.5. All

841 centrifugation steps were done at 1000 x g at 4 C. About 10-12 mg were obtained per 1 L pellet
842  for each of the two recombinant proteins. Aliquots of pure protein were stored at —80 °C.

843

844 EMSA assays

845  The probe DNA fragment corresponding to 230 bp upstream of the start codon of the pur

846  operon in E. faecalis was amplified from genomic DNA by PCR using primers containing a 5'-
847  FAM fluorescent tag on the forward primer. The resulting DNA fragments were run on a 4%
848  agarose gel, the bands excised, and gel purified using the Qiagen gel purification kit. The

849  purified probe was eluted in nuclease-free water and stored in opaque tubes at -20 °C. EMSA
850 reactions (20 uL) were set up in the following reaction buffer: 20 mM HEPES, pH 7.9, 100 mM
851 KCI, 12.5 mM MgClI2, 0.2 mM EDTA, pH 8.0, 0.5 mM DTT, 50 ug/mL salmon sperm DNA, 0.001
852  U/uL poly(dl=dC), 100 yg/mL BSA, 0.5 mM CaCl2, and 12% (v/v) glycerol. Recombinant

853  receptor proteins (4 uM) were added to the reaction mix for 30 minutes prior to the addition of
854  the DNA probe to allow the recombinant protein to interact with the excess non-specific DNA in
855  the reaction mix. Reactions were initiated by adding 10 nM of fluorescent DNA probe. The

856  binding assay was run for 15 minutes at room temperature. To visualize DNA probe migration, a
857 6% DNA retardation gel (Thermofisher) was pre-run at 90 V for 5 minutes with 0.5X TBE buffer
858  (prepared from 5X TBE buffer (Thermofisher)). Then 8 uL of each sample was loaded directly in
859 the wells of the gel, then the gel was run in the same buffer at 90 V at 4 C. The gel was imaged
860  using the Typhoon biomolecular imager (Cytiva) using the FAM settings (Ex 495 nm, Em 520
861 nm).

862

863  Spot dilution assays
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864  Overnights of the strains were set up in BHI media with rifampicin (100 pg/mL) and grown

865  overnight at 37 °C at 180 rpm. Cultures were diluted back 1/100 in DM (which does not contain
866  any purines). The subcultures were set up in a sterile clear polystyrene flat-bottom 96-well plate
867 (200 uL per well). The plate was incubated overnight at 37 °C. The cultures were then 10-fold
868  serially diluted and spotted on selective plates (BHI agar with rifampicin at 100 pg/mL). The
869  assay was set up in 3 biological replicates, each spotted in 2 technical replicates.

870

871 Biofilm assay

872  Overnight cultures of strains of interest were set up in BHI media with rifampicin (100 pg/mL)
873  and grown overnight at 37 °C at 180 rpm. Cultures were diluted back 1/100 in DMYE with

874  rifampicin (100 pg/mL). The subcultures were set up in a sterile clear polystyrene flat-bottom 96-
875  well plate (200 uL per well). The two outer columns (16 wells total) were filled with blank media
876  as a sterility and assay baseline control. Given the high variability of the assay, the assay was
877  set up in multiple biological and technical replicates with 40-80 wells per tested strain. The

878  plates were incubated at 37°C (without shaking) for ~ 18 hours. At the endpoint, the cultures
879  were carefully removed from the assay plates using a multichannel pipettor taking care not to
880  disrupt the brittle and flaky biofilms that formed at the bottom of the plates. Holding the plates at
881  a45-degree angle and using gentle pipetting, the wells were washed 3 times with deionized
882  water (200 uL/well) without mixing, then allowed to air dry in an inverted position for 30 minutes.
883  Next, the wells were stained with 200 L of 0.1% crystal violet per well for 30 minutes at room
884  temperature in the dark (cover the plate with a piece of foil). The crystal violet stain was

885  removed from the plates then washed 3 times with deionized water (200 uL/well). The plates
886  were left to dry completely (several hours to overnight). The biofilms were solubilized with 200
887  uL/well of ethanol:acetone (80:20), mixed well, and allowed to incubate at room temperature for
888 15 minutes. The solubilized biofilms were quantified by measuring their absorbance at 570 nm
889  in a spectrophotometer plate reader. Absorbance intensity is directly proportional to the mass of
890  biofilm formed.

891

892  Macrophage infection assays

893  The U937 cell line (CRL-1593.2) was maintained in suspension culture in RPMI-1640

894  supplemented with 10% (v/v) heat-inactivated fetal calf serum, 2 mM L-glutamine and 100 U/mL
895  penicillin/streptomycin, at 37°C in a humidified atmosphere of 5% CO2. U937 monocytes were
896  seeded in tissue culture media at 250,000 cells/mL. After 24 hours, cells (~ 500,000 cells/mL)
897  were induced to differentiate with 100 ng/mL phorbol 12-myristate 13-acetate (PMA) (Sigma)
898 and incubated for up to 48 hours until most cells differentiated into adherent spindle-shaped
899 cells. Once differentiated, media were aspirated, cells were washed with cells were treated with
900 buffered saline (DPBS) without calcium and magnesium, then treated the monolayer with

901  TrypLE (ThermoFisher), incubated at 37 °C for 10 minutes until cells detached from the surface.
902 Media was added to the flask to inactivate the reagent and to collect the cells. The cell

903  suspension was centrifuged at 100 x g for 10 minutes in a 15 mL conical tube. After discarding
904 the supernatant, the cell pellet was resuspended in fresh media without PMA or antibiotics, split
905 into 24-well plates at a density of 100,000 cells/well, and incubated overnight at 37 °C. The

906 following day, the cells are adherent and ready for infection. Overnight cultures of the E. faecalis
907  wild-type and deletion strains were set up in BHI with rifampicin (100 pg/mL). The overnight
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908 cultures were pelleted and washed 3 times in sterile DPBS, then resuspended in sterile DPBS.
909 For each strain, quadruplicate wells of cells were infected at an MOI of 10 based on CFU counts
910 pre-determined for each of the strains. The plates were spun down at 100 x g for 2 minutes to
911  bring the bacterial cells in contact with the cell monolayer. After incubating the cells at 37 °C for
912 1 hour, the cells were washed 3 times with sterile DPBS and then incubated in media

913  with vancomycin (16 pg/ml) and gentamicin (150 pg/ml) to kill extracellular bacteria for 24 hours.
914 At the endpoint, the cells were washed twice with DPBS, the cells lysed and scraped in 0.3 mL
915  of lysis solution (40 mg/ml saponin, 8 mL/L polypropylene glycol P-2000, 9.6 ug/ml sodium

916 polyanethol sulfonate) to release intracellular bacteria. The cell lysate was transferred into

917  sterile tubes and 10-fold serially diluted. The number of recovered bacteria was quantified by
918  plating the serial dilutions on BHI agar with rifampicin (100 ug/mL) plates.

919

920  Skin abscess infection mouse model

921 E. faecalis strains were grown in BHI medium to an ODeoonm = 0.5 at 37 °C. Next, cells were
922  washed twice with sterile PBS (pH 7.4, 12,000 x g for 2 min) and resuspended to a final

923  concentration of 5x107 colony-forming units (CFU) per mL pre-determined through direct colony
924  counting by CFU plating for each of the strains. Six-week-old female CD-1 mice were

925  anesthetized with isoflurane and had their backs sterilized and shaved. A superficial linear skin
926  abrasion was made with a needle to damage the stratum corneum and upper layer of the

927  epidermis. An aliquot of 20 pL containing the bacterial load resuspended in PBS was inoculated
928 over the scratched area. Animals were euthanized and the area of scarified skin was excised
929  every two days for 10 days, homogenized using a bead beater for 20 minutes (25 Hz), and 10-
930 fold serially diluted for CFU quantification in BHI agar plates with rifampicin (100 yg/mL). The
931 experiments were performed with 4 mice per group’>73. All experiments were performed blindly,
932 and no animal subjects were excluded from the analysis. The skin abscess infection mouse
933  model was approved by the University Laboratory Animal Resources (ULAR) from the

934  University of Pennsylvania (Protocol 806763).
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Supplementary Figure 1. Phylogenetic tree of the HMP bacterial species that encode
putative RRNPP systems.

Phylogenetic tree of HMP reference genomes representing the 75 bacterial species in which
putative RRNPP systems were identified. The tree was built using GTDB-Tk'. The species are
colored based on their phylum, and labeled based on their Gram stain status.
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Supplementary Figure 2. Analysis of the genomic neighborhoods of the putative RRNPP
systems in Enterococcus spp.

The genomes of the enterococcal species that have putative RRNPP systems similar to the
NAPHQ and NVPHYV systems (E. caccae, E. haemoperoxidus, and E. moraviensis) were
functionally annotated using eggNOG-mapper?. The genomic regions comprising 7-9 genes
upstream and downstream of the putative RRNPP systems are illustrated with the RRNPP
systems (smORF + receptor) shown in a black rectangle. When compared to the genomic
regions around the NAPHQ and NVPHYV systems in E. faecalis, the regions around the NTGHV
system in E. caccae, E. haemoperoxidus, and E. moraviensis share a number of conserved
features with the NVPHV system in E. faecalis, namely sugar transporter or sugar utilization
genes. Specifically, similar to the NVPHV system in E. faecalis, E. caccae has a
phosphotransferase system (PTS) transporter subunit (labeled *) and a sugar glucosidase
(labeled **) next to its NTGHYV system. A sugar phosphohydrolase (labeled +) is present in the
genomic context of the NVPHV system in E. faecalis and the NTGHV systems of the three other
enterococcal species. Finally, both E. faecalis and E. moraviensis have a GNAT-N-acetyl
transferase (labeled #) in the genomic neighborhood of their NVPVH and NTGHV systems,
respectively. In contrast, the NTGHV systems in all three species don’t share any features in
common with the NAPHQsystem in E. faecalis.
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Supplementary Figure 3. smORF gene promoter activity is cell density-dependent.
Transcriptional activity of the smORF gene promoters was measured in different media using a
promoter-luciferase reporter plasmid system in E. faecalis. E. faecalis strains (n = 4 biological
replicates) harboring Puyaprg smore-lUXABCDE or P yyppy smore-lUXABCDE reporter vectors were
grown in in BHI, defined medium (DM), or defined medium supplemented with 0.2% yeast
extract (DMYE). Luciferase expression and optical density (ODgy,) were measured over time.
Data are expressed as the mean of n = 4 biological replicates + standard deviation.
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Supplementary Figure 4. The full-length signaling smORFs do not elicit a significant
transcriptional response in E. faecalis. VVolcano plots gene expression analysis of WT E.
faecalis grown in DM and treated with 5 uM of the full-length 20 amino acid smORFs, (a)
NAPHQ full-length smORF and (b) NVPHYV full-length smORF, or their respective scrambled
controls for 15 min before the samples were collected, quenched, and the RNA extracted for
analysis. Differentially expressed genes are defined as those that display at least 4-fold change
in gene expression relative to the scrambled control with FDR cutoff < 0.01.
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Supplementary Figure 5. SDS-PAGE analysis of recombinant smORF receptors

purification.

Recombinant 6xHis-tag labeled smORF receptor proteins were purified by nickel affinity
chromatography. Purification was done by gravity flow by placing clarified lysate nickel resin mix
in the column and allowing it to flow through. Bound protein was washed with increasing
concentrations of imidazole. Fractions were analyzed on SDS-PAGE tricine gels. The purest
fractions (eluted with 500 mM imidazole) were pooled, buffer exchanged, and used in

experiments.
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