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Competence allows bacteria to internalize exogenous DNA frag-
ments for the acquisition of new phenotypes such as antibiotic
resistance or virulence traits. In most streptococci, competence is
regulated by ComRS signaling, a system based on the mature Com$S
pheromone (XIP), which is internalized to activate the (R)RNPP-type
ComR sensor by triggering dimerization and DNA binding. Cross-
talk analyses demonstrated major differences of selectivity between
ComRS systems and raised questions concerning the mechanism of
pheromone-sensor recognition and coevolution. Here, we decipher
the molecular determinants of selectivity of the closely related
ComRS systems from Streptococcus thermophilus and Streptococcus
vestibularis. Despite high similarity, we show that the divergence in
ComR-XIP interaction does not allow reciprocal activation. We per-
form the structural analysis of the ComRS system from S. vestibu-
laris. Comparison with its ortholog from S. thermophilus reveals an
activation mechanism based on a toggle switch involving the re-
cruitment of a key loop by the XIP C terminus. Together with a
broad mutational analysis, we identify essential residues directly
involved in peptide binding. Notably, we generate a ComR mutant
that displays a fully reversed selectivity toward the heterologous pher-
omone with only five point mutations, as well as other ComR variants
featuring XIP bispecificity and/or neofunctionalization for hybrid XIP
peptides. We also reveal that a single XIP mutation relaxes the strict-
ness of ComR activation, suggesting fast adaptability of molecular
communication phenotypes. Overall, this study is paving the way to-
ward the rational design or directed evolution of artificial ComRS sys-
tems for a range of biotechnological and biomedical applications.
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Competence for natural DNA transformation is a mechanism
of horizontal gene transfer that was discovered for the first
time in Streptococcus pneumoniae (1) but exists in many bacteria
(2, 3). This transient physiological state, which generally affects
part of the bacterial population, is induced by various environ-
mental stimuli and allows bacteria to internalize exogenous DNA
fragments, which could then be integrated into the genome (2—
4). Competence provides a high genetic plasticity and facilitates
the acquisition of new phenotypic features. Concerning patho-
gens, competence has been shown to play a role in the evolution
of escape mechanisms against the host immune system or in the
acquisition of antibiotic resistance genes (5, 6). Competence
activation also contributes to the virulence of many streptococci
by improving bacterial fitness in the host through bacteriocin
production and biofilm formation (7-9).

Competence is regulated at the population level by cell-to-cell
communication systems based on secreted signaling molecules
(10). Phylogenetic analyses of streptococcal genome sequences
and functional studies revealed the existence of two paralogous
competence-regulating systems, i.e., the well-characterized ComCDE
three-component system (11, 12) and the more recently identified
ComRS signaling system (10, 13-17). In contrast to the response
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regulator ComE, which is indirectly activated by the ComC-
derived competence-stimulating peptide through the trans-
membrane histidine kinase receptor ComD, the sensor ComR
is a cytoplasmic competence regulator directly activated by
the reinternalized ComS-derived peptide pheromone. ComR
belongs to the family of regulators called (R)RNPP for (Rgg),
Rap, NprR, PIcR, and PrgX (18, 19), characterized by a C-
terminal tetratricopeptide repeat (TPR)-type peptide-binding
domain (20) and an N-terminal helix-turn-helix (HTH)-type
DNA-binding domain (21). The ComR regulon includes the
alternative sigma factor SigX/ComX, which positively regu-
lates genes required for DNA transformation. The activating
pheromone, a small linear peptide (7 to 11 amino acids [aa])
derived from the C-terminal part of the ComS precursor, has
thus been named XIP for sigX/comX-inducing peptide (13, 15,
16, 22, 23).

Although the ComRS system is widespread in streptococci
groups, sequence analysis has shown an evolutionary divergence of
both transcriptional regulator and peptide, suggesting a pheromone-
sensor coevolution (10). In the case of ComR, this polymorphism is
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more pronounced in the peptide-binding receptor domain than
in the conserved DNA-binding domain (10). Furthermore, on
the basis of observed differences in XIP sequences, three general
classes of ComRS systems have been proposed among the seven
phylogenetic groups of the Streptococcus genus (10, 16). Type I
peptides are characterized by the presence of a hydrophobic
(V/L)P(F/Y)F motif and are exclusively found in streptococci
from the salivarius group. Peptides from type II, which are found
in the groups bovis, mutans, agalactiae, and pyogenes, contain a
WW motif and in some cases, a basic and/or acidic residue. Be-
cause, in most Streptococcus suis strains, the XIP peptides do not
contain two contiguous aromatic residues but display a WG(T/K)W
motif, they have been classified as type III (10). A cross-talk analysis
performed on ComRS systems from types II and III showed that
they could be classified as strict (e.g., Streptococcus mutans and
S. suis), intermediate (e.g., Streptococcus agalactiae) or promiscuous
(e.g., Streptococcus bovis) based on their ability to recognize
heterologous XIP peptides (24). The sequence diversity in XIP
peptides and variations in ComR selectivity raise questions related
to the mechanism of peptide pheromone recognition and the
evolutionary driver of this divergence. Interestingly, among type I
ComRS systems, cross-activation has been observed between
ComRgyy, from Streptococcus thermophilus LMD-9 and ComRgg,
from Streptococcus salivarius SK126, which recognize highly simi-
lar peptide sequences, i.e., XIPs;, LPYFAGCL and XIPgg,
LPYFTGCL, respectively (13). In turn, ComRgy, was not acti-
vated by the more distant type I XIPg,. peptide VPFFMIYY from
Streptococcus vestibularis F0396 (14). These two ComRS systems
thus represent an interesting model to decipher the molecular
basis of XIP selectivity.

Our previous structure-function analysis of the ComRS system
from S. thermophilus LMD-9 revealed the first clues on the ac-
tivation mechanism of type I ComR (25). We showed that pep-
tide binding induces ComR dimerization and release of the HTH
domain, which is sequestered in the apo form of the regulator,
thus preventing inappropriate activation of competence in absence
of peptide. To go further in the understanding of the molecular
mechanism of peptide selectivity by ComR regulators, we present
here a detailed structural and functional comparison of the
ComRS systems from S. thermophilus and S. vestibularis. In par-
ticular, we solved the structure of ComRg,. from S. vestibularis
F0396, alone and in complex with its cognate peptide XIPgs,.. We
engineered ComR chimeric proteins and ComRgy, point mutants
to perform activation assays using wild-type (WT) and hybrid
peptides. Together, these results allowed us to identify residues
directly involved in peptide selectivity and helped decipher the
XIP-induced conformational change required for activation.

Results

Absence of Cross-Talk between ComRSx; and ComRSy,. Because
natural competence had not yet been demonstrated under lab-
oratory conditions for S. vestibularis, and to confirm the func-
tionality of its ComRS system, we tested its transformability in
response to XIP. We showed that S. vestibularis F0396 is unable
to be transformed in absence of its cognate XIPs,. peptide but
becomes competent when the pheromone is added, as observed in
most strains of the salivarius group (SI Appendix, Table S1) (26).
We then performed cross-talk experiments with a bioluminescent
reporter strain of S. thermophilus LMD-9 (P,,,,s-luxAB) that is
deficient for XIP production and contains a replacement of
ComRg,, by ComRgy, from S. vestibularis F0396. The HTH DNA-
binding domains of the two proteins (helices al to a6) display 93%
sequence identity and recognize the same (pseudo)palindromic
ComR box (Fig. 1). As already observed with ComRg;, (14), we
showed that ComRg,. is strongly activated by addition of its
cognate peptide XIPg, but not by the heterologous XIPsy, (Fig.
2). This demonstrated the absence of cross-activation between
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these two type I ComRS systems, despite 79% sequence identity
between their TPR peptide-binding domains (Fig. 1) (14).

Interaction experiments using fluorescence polarization assays
demonstrated that this absence of cross-talk is directly correlated
with the incapacity (ComRgy,.) or weak ability (ComRg,) to bind
the XIP peptide of the other species (Fig. 34). The data revealed
that the affinity of ComR for its cognate peptide is lower in the S.
vestibularis system compared to S. thermophilus with K4 values of
120.2 + 22.5 nM and 2.0 + 0.7 nM, respectively.

Differential scanning calorimetry (DSC) experiments showed
that both ComR proteins are strongly stabilized upon binding of
their cognate peptide, with a melting temperature (Tm) shifted
from 35 °C to 40 °C in absence of peptide to about 75 °C in
presence of peptide (Fig. 3B). This stabilization is most probably
due to the formation of a similar dimeric complex. The thermal
denaturation curve of the ComRgy,XIPsy, complex showed a
minor peak at a Tm of 35 °C, presumably reflecting an equilib-
rium between monomeric and dimeric forms of the protein. By
contrast, the curve of the ComRgye*XIPsy. complex displayed no
peak corresponding to the monomer at a Tm of 35 °C but two
small additional peaks at Tm values of 50 °C and 60 °C, revealing
the formation of less stable intermediate forms. Interestingly,
these two peaks disappeared in the curve obtained with the
ComRgye*XIPsye'DNA complex, which only displayed two peaks
corresponding to the stable dimer at a Tm of 75 °C and free
DNA at a Tm of 65 °C (SI Appendix, Fig. S14). We also verified
that addition of DNA in the absence of peptide did not shift the
Tm value of ComRgy. (SI Appendix, Fig. S14).

Electrophoretic mobility shift assay (EMSA) experiments con-
firmed that ComRgy, like ComRgy,, binds to DNA only in the
presence of its cognate peptide (Fig. 3C and SI Appendix, Fig. S1B)
and forms multimeric complexes in addition to the well-defined
ComRS-DNA complex, as already observed for ComRgy, (25).

Together, these results demonstrate that type I ComRS sys-
tems from S. thermophilus and S. vestibularis behave similarly but
are not cross-talking to each other.

Conserved XIP-Binding Mode between ComRsy, and ComRs,.. TO go
further in the comparison of the peptide-induced activation
mechanism of the two proteins, a structural analysis of ComRgy.
was undertaken. We solved the crystal structure of the apo form
of ComRsy. (Protein Data Bank [PDB] ID 6HUS) (27) showing
that it is highly similar to apo ComRgy, (PDB ID 5JUF) (25),
with a rmsd of 0.8 A over 298 aligned Ca atoms. Crystal packing
analysis did not identify strong mtermolecular contacts, with a
maximal interface area of only 789 A? for a total surface of
15,502 A2, This confirmed that ComRSVC is monomeric in the
absence of bound peptide as observed in solution during the
purification step by size exclusion chromatography (SEC) (S
Appendix, Fig. S1C). Remarkably, the sequestrating HTH-TPR
interactions observed in apo ComRgy, (25) are conserved in the
crystal structure of apo ComRg,. (Fig. 44).

We also solved the crystal structure of ComRg, in complex
with its cognate peptide XIPg,. (V{PFFMIYYjy). In the refined
structure of the dimeric ComRgye*XIPg,. binary complex (PDB
ID 6HUA) (28), only one DNA-binding domain is visible. The
second HTH domain as well as the linker region of both subunits
are disordered, confirming the previous model of ComR regula-
tion mechanism (25). This demonstrates in particular that HTH
release does not require the presence of DNA and that TPR di-
merization can also occur in the absence of DNA. The TPR
domain of ComRgy.-XIPg,. binary complex forms a tight dimer highly
similar to that observed in the ternary complex ComRgy XIPsir DNA
(PDB ID 5JUB) (25), with a rmsd of 0.92 A over 451 aligned Ca
atoms (Fig. 4B). However, we can notice that the E282-K246 salt
bridge stabilizing the ComRgy, dimer is replaced by a H bond
between E282 and Y250 in the ComRgyeXIPs,. complex (S
Appendix, Fig. S2). This may explain why less stable intermediate
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Fig. 1. Sequence alignment of ComR, XIP, and ComR box from S. thermophilus LMD-9 and S. vestibularis F0396. (A) ComR. The a-helices are labeled in blue in
the HTH domain and colored by spectrum according to the structure representation in the TPR domain (Fig. 4). Nonconserved residues are indicated in red.
Functionally important residues are highlighted: residues implicated in HTH sequestration are squared in purple (R35, R39, and R/K-51 in the HTH, and E117,
E118, E146, and D147 in the TPR domain); residues involved in dimer stabilization are squared in orange (K87, D200, K246, and E282); and residues T90 and
K100 interacting with the XIP C terminus are squared in green. Red arrows indicate positions of substitutions that have been introduced by mutation in
ComRsih (R/G-92, P/K-94, V/IA-201, V/A-205, S/G-248, S/K-289, and 1/T-290). (B) XIP. Nonconserved residues are indicated in red. (C) ComR box of Pcoms and Peomx.
The palindromic sequences are underlined. Differences in the nucleotide sequence are indicated in gray.

forms of ComRg,-XIPs,. were observed in the DSC experi-
ments where DNA does not stabilize the dimer (Fig. 3B and SI
Appendix, Fig. S14).

Both ComRgye*XIPsye and ComRg,XIPsi'DNA complexes
display a conserved peptide-binding mode despite all sequence
variations (Fig. 4 C and D and SI Appendix, Fig. S3). The XIP
octapeptide is bound with its C-terminal extremity deeply buried
in the closed conformation of the pocket formed by the TPR
domain while its N-terminal moiety forms a single-turn 3;¢-helix
pointing toward the solvent (Fig. 54). Most polar contacts are
conserved, in particular the nonspecific interaction between the
peptide backbone and ComR residue N208, corresponding to
the asparagine conserved in most TPR domains (29). The es-
sential interactions between the C-terminal carboxylate of the
peptide and the two residues, K100 from helix «7 and T90 from
loop a6-a7 (named L6), are conserved (Fig. 4C) (25). XIP main
chain atoms are superimposable, except for the N-terminal res-
idue (rmsd of 0.572 A over the eight superimposed Ca). Indeed,
compared to the bound XIPgy,, the XIPg,-V1 residue is rotated
away from the hydrophobic pocket formed by residues F/Y-171
(aaj/aa, substitution, aa; for Sth and aa, for Sve throughout the
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paper) and Y-174 from helix «10, thus allowing binding of residue
XIPs,.-M5 and accommodating the XIP A/M-5 substitution (Fig.
4C). Interestingly, the ComR R/G-92 substitution seems to be
compensated by the XIP G/I-6 substitution (Fig. 4C). Similarly,
ComR substitutions V/A-205 in helix 12 and S/G-248 in helix
al4 may compensate for the XIP substitutions L/Y-8 and C/Y-7,
respectively. The conservative XIP Y/F-3 substitution maintains
hydrophobic interactions with the capping helix al6 (named
CAP), and the impact of the ComR substitutions S/K-289, 1/T-290,
and G/E-293 remains unclear (Fig. 4C). Taken together, these
observations indicate that only a few ComR substitutions may
ensure peptide selectivity and prevent cross-talk between the
ComRS systems from S. thermophilus and S. vestibularis.

Reversion of ComRg,, Selectivity by Swapping of Multiple o-Helices.
In parallel to this structural analysis, a large mutagenesis pro-
gram was undertaken to understand ComR-XIP specificity and
validate the structural hypotheses. As a first approach, we in-
vestigated the role of the loop L6 (residues 89 to 94) and helices
a7 (residues 95 to 115), 12 (residues 197 to 221), al4 (residues
242 to 262), and CAP (residues 284 to 296) in the peptide
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Fig. 2. In vivo selectivity assays. Maximum specific luciferase activity (RLU ODgoo~"), expressed in percentage, emitted by the S. thermophilus P o,s reporter
strain. The strain producing (A) ComRsy, WT, ComRsye WT, and chimeric proteins (ComRsy, + a-helices from ComRs,e) grown in presence of 1 pM XIPsy,
(LPYFAGCL, open bars) or XIPs,. (VPFFMIYY, cyan bars); (B) ComRs;, point mutants grown in presence of 1 pM XIPsy, (open bars) or XIPs,e (cyan bars); and (C)
ComRsi WT, ComRsye WT, and ComRsy, point mutants grown in presence of XIPsy, (open bars), XIPs,. (cyan bars), XIPss,-v1 (LPYFAICL, green bars), XIPsye-v1
(VPFFMGYY, purple bars), or XIPsyn-v2 (LPYFAGYY, orange bars). Bars represent the average of at least three independent repeats + SD. Loop a6-a7 is noted
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recognition. We engineered ComRgy, chimeric proteins by ex-
changing these TPR elements by the corresponding sequences
of ComRgy.. The transcriptional response of these chimeras
to XIPg, and XIPg,. peptides was then analyzed by in vivo
bioluminescent assays (Fig. 24). Single swapping of each in-
dividual element had only a minor impact on the activation
capacity of XIPg,.. Furthermore, the chimera carrying these sin-
gle helix substitutions retained a complete or partial activation ca-
pacity in presence of XIPgy,. By contrast, a dual substitution of
a7(+L6) with either al2, al4, or CAP differentially resulted in a
change of specificity. In particular, the dual swapping of a7(+L6)
with a14 completely reversed the recognition strictness toward
the heterologous XIPs,. peptide. The same pattern was observed
with the chimeric protein carrying the simultaneous substitution
of the four elements, which displayed a quasisimilar behavior
than ComRgy.. Taken together, these results confirm that the
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TPR elements identified in the crystal structure as essential for
specific XIP recognition play a major role in ComR selectivity
and activation.

Reversion of ComRs, Selectivity by Point Mutations. In order to gain
insights into the exact roles played by substituted residues either
in direct contact with the bound XIP or located in the vicinity of
its binding site, we prepared several mutant proteins carrying
point substitutions in the abovementioned TPR elements. The
engineered ComRgy, mutants R92G-P94K (L6*), V205A-V201A
(«12%), S248G (14*), and S289K-1290T (CAP*) globally dis-
played similar XIP selectivity profiles compared to the corre-
sponding ComRg;, chimeric proteins (Fig. 2B). Furthermore, the
combination of all of these seven point mutations had the same
effect as the chimeric protein carrying the simultaneous swapping
of all corresponding TPR elements. Intriguingly, the tetramutant
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Fig. 3. In vitro interaction measurements. (A) Fluorescence polarization assays. Titration was performed in presence of a fixed concentration (30 nM) of FITC N-
labeled XIPs, or XIPs, peptide (open or blue dots, respectively) and serial dilutions of ComR starting from 1 pM. Experimental values represent the averages + SD
of at least three replicates. Curves reaching the saturation were fitted by the one ligand-binding site equation to deduce the apparent Ky value. (B) DSC analysis of
ComRs WT. Comparison of the variation of heat capacity (Cp) during thermal denaturation of 15 pM ComR alone and in complex with 150 pM of the cognate XIP
peptide. The thermal transition midpoint (Tm) representing the stability of the sample was determined from the top of the DSC peak. We verified that the
peptide alone did not give any signal. (C) EMSA. Labeled P,,s 40-bp DNA fragments (20 ng) were incubated with a fixed concentration of ComRs WT or mutants
(1 pM, except for ComRsi-L6*+a12* used at 4 pM) in absence of peptide () or in presence of increasing concentrations of peptide (from 0 to 2 uM, except for
ComRsy-L6*+a12*, which was incubated with 0 to 8 uM XIP). The well-defined ComR-XIP-DNA complex and multimeric complexes are respectively indicated by
closed and open arrowheads. One representative experiment of at least two independent replicates is shown.

Ledesma-Garcia et al. PNAS Latest Articles | 5 of 10

BIOCHEMISTRY



Downloaded at SCEB on March 20, 2020

[ ComRgy," XIPg,, ComRg, XIPg,, %

V205
[ sa0s koo |
\ 4 e g i

<.
N208 f-\\w

J‘. " | 29|
F171 C7
(Y
A5/

- f N
Y174 \ -
- B

D [F171 szss]cnp s8] al

v174 1290 Rgz] o ,vzos]

..--To0]

xwmLPYE‘AGC.L8
XIPg, VIPFE‘MIYY

¢l ™~~-k100] o7
Kzgg '691 \‘\ A205
T200 Y171 G248

Y174

Fig. 4. Structural comparison of ComRs, and ComRs,.. (A) Superimposition
of the apo forms. The superimposed crystal structures of the proteins are
shown as cartoon. ComRs,. (PDB ID 6HUS8) (27) is colored by spectrum from
blue (N-ter) to red (C-ter). ComRst, (PDB ID 5JUF) (25) is shown in gray. The
a-helices are labeled as well as the HTH and TPR domains. (B) Superimposition
of the ComRsye-XIPsye and ComRs-XIPsy'DNA complexes. The proteins are
shown in cartoon representations and the bound peptides are shown in sticks
and highlighted by dots. The ternary complex from S. thermophilus (PDB 1D
5JUB) (25) is colored in gray. One subunit of the binary complex from S. ves-
tibularis (PDB ID 6HUA) (28) is colored by spectrum and the second subunit,
whose HTH domain is not visible, is shown in beige. (C) Residues involved in
peptide binding. The bound peptides are shown in sticks, colored by atom
types, and their residues are labeled. Most relevant ComR residues are high-
lighted in sticks, colored by spectrum as the a-helices in A and B. Their labels
are colored accordingly. (D) Summary of ComR-XIP interactions. Identical
and different ComR residues interacting with peptides are in black and
gray, respectively.

combining R92G-P94K and V201A-V205A (L6*+a12*) has dual
specificity, contrasting with the corresponding helix-swapped chi-
mera that is not activated by XIPgsy,. This suggests that an addi-
tional substitution(s) in a12 is required to restore the strict profile
observed with the complete exchange of helix al2. However, in-
creased selectivity toward XIPg,, was partially restored upon ad-
dition of the fifth «a14* mutation S248G compensating the C/Y-7
XIP substitution, and fully recovered upon further addition of the
CAP* mutations S289K-1290T, which shows that they play a major
role in the recruitment of the CAP helix by the XIPg,, residue F3.
In addition, we verified using EMSA experiments that the multi-
ple mutants of ComRg;,, which are activated by XIPg., can bind
DNA in presence of this heterologous peptide (Fig. 3C and SI
Appendix, Fig. S1B). By careful examination of the structure,
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residues 94 and 201 were identified as less essential in the protein-
peptide interaction. Indeed, reversion of these two mutations had
no impact on the inversion of peptide selectivity. Hence, we
showed that a ComRg,;, mutant protein carrying only five substi-
tutions (i.e., R92G-V205A-S248G-S289K-1290T) displayed a full
inversion of peptide selectivity (Fig. 2B). This emphasizes the fact
that stabilization of the active closed conformation of the TPR
domain requires not only the recruitment of loop L6 through in-
teractions between residues XIP-6 and ComR-92 but also re-
cruitment of CAP through interactions of the peptide with helices
al2 and al4.

Tight Interconnection between XIP Affinity and Activation Effect. In
order to compare the involvement of the abovementioned resi-
dues in in vitro peptide binding with in vivo transcriptional ac-
tivation, the affinity of ComRgy, point mutants for XIPgy, and
XIPsy. was measured by fluorescence polarization (Fig. 34).
Comparison with the fluorescence data obtained with the WT
protein demonstrated that the R92G-P94K (L6*) mutations
alone decreased the affinity of ComRgy, for its cognate peptide
and slightly improved the interaction with XIPg,., whereas
V205A-V201A (al2*) or S289K-I1290T (CAP*) mutations did
not significantly affect the peptide affinity of ComRgyy, (SI Ap-
pendix, Fig. S1D). Combination of L6* and «l2* mutations
produced a promiscuous receptor with similar and low affinity
for both peptides, mainly due to L6* mutations. Surprisingly, the
S$248G (a14*) mutation showed an essential role for XIPsgy.
binding, with an estimated K, value of 246.4 + 136.9 nM, similar
to the Ky of the natural receptor ComRg,, (120.2 + 22.5 nM).
This result contrasts with the absence of in vivo activation ob-
served with the al4* mutation in presence of XIPg,. (Fig. 2B),
which could be explained by a lack of activating conformational
change even if the pocket of this mutant protein accommodates
the noncognate peptide. Interestingly, the «l4* mutation only
weakly affected the affinity for XIPgy, (Kg = 8.2 + 1.4 nM) and
required its combination with L6* and «12* mutations to achieve
inversion of selectivity, with a Ky value of 66.2 + 23.0 nM for
XIPg,.. Further addition of the CAP* mutations had almost no
effect on the affinity for XIPg,. (K4 value of 70.3 + 42.4 nM)
(SI Appendix, Fig. S1D), suggesting that they do not play an
essential role in peptide binding but might be important for the
stabilization of the closed conformation of the TPR domain.
These results nicely correlate with the in vivo activity assays
(Fig. 2 A and B) and further emphasize the role of the R/G-92
and S/G-248 ComR substitutions compensating the G/I-6 and
C/Y-7 XIP substitutions. Taken together, they show that affinity
and activating effect of the peptide are tightly interconnected with
selectivity.

Compensating Mutations between XIP and ComR. In order to vali-
date the essential role played by the abovementioned compen-
sating substitutions, we evaluated the impact of various XIP
variants on ComR selectivity. In a first step, we investigated the
compensating substitution XIP G/I-6 versus ComR R/G-92. For
this purpose, we tested the activity of the hybrid variants XIPgy,-
vl (LPYFAICL) and XIPgs.,-vl (VPFFMGYY) on both WT
proteins and on the ComRgy;, point mutants (Fig. 2C), as well as
the chimera with swapped helices (SI Appendix, Fig. S44). No-
tably, both WT proteins ComRg,, and ComRg, were efficiently
activated by these two XIP variants, showing that a single XIP
substitution at position 6 could result in cross-activating pep-
tides. In particular, whereas XIPg,, was totally inefficient with
ComRgy, introducing a G residue at position 6 is sufficient for
proper binding of the peptide variant XIPg,.-vl (VPFFMGYY)
and stabilization of the active closed conformation of the pro-
tein. However, activation of ComRgy, by XIPgy,-v1 (LPYFAICL)
demonstrates that the 16 residue impairing the binding of XIPgy.
does not have the same effect when introduced in XIPsy,. This
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Fig. 5. Structural insights into ComR activation mechanism. The protein from the ComRs,*XIPsye binary complex (PDB ID 6HUA) (28) is represented as cartoon
and colored by spectrum as in Fig. 4. Loop L6 and important helices are labeled. The bound XIPs,. (VPFFMIYY) is represented in sticks as in Fig. 4C. (A) XIP-
binding pocket. The closed peptide-bound pocket of ComRsyy, is shown as surface colored by electrostatic potential (basic regions in blue, acidic region in red,
and nonpolar residues in white). (B) Recruitment of loop L6. Residues from helices a6, a8, «10, and «12 forming the hydrophobic pocket where residue XIPs,-Y8
binds are shown in sticks and dots. The interactions between the C-terminal carboxylate (COO™) group of the peptide and residues K100 and T90 are shown as
black dashed lines. (C) Stabilization of the TPR closed conformation. The complex ComRs,-XIPs,. is superimposed with the apo form of ComRs,. (PDB ID 6HUS8)
(27) shown as cartoon colored in gray. The shifts of helices a7 and CAP are highlighted by green and red arrows, respectively. The stabilizing salt bridge between
R96 and D283 is shown as black dashed lines. Residues Y91 and L286 forming a hydrophobic stacking interaction are shown as sticks and dots. (D) Release of the
HTH domain. The superimposed structures of the apo and peptide-bound forms of ComRs,, are colored as in C, shown from the opposite face compared to A-C.
The shift of a6 (cyan arrow) is transmitted to «8 (green arrow) through the conserved salt bridge between residues K82 and E119 (red circle). The resulting break

of the salt bridge between E117 and residue R39 from helix a3 (blue circle) releases the HTH domain, which is shifted away (blue arrow).

suggests that the steric clash between XIPg,.-16 and ComRg,-
R92 that was expected from the structure analysis (Fig. 4C) can
be avoided in the context of the XIPgy, sequence. Reciprocally,
the requirement of XIP-16 for ComRyg,, activation is only needed
in the XIPg, context, further emphasizing the complexity of the
peptide recognition mechanism. Finally, the ComRgy, R92G-P94K
(L6*) mutant was efficiently activated by the XIPgy,-v1 (LPYFAICL)
containing the compensating XIP G/I-6 substitution but was only
poorly or not activated by the peptides containing a G residue at
position 6, i.e., XIPsy, (LPYFAGCL) and XIPg,.-v1 (VPFFMGYY).
Moreover, the swap of helix a7(+L6) had a dominant-negative effect
on XIPg,-v1 activation when combined with swapped o12, a14, or
CAP, reinforcing the importance of this complementarity for acti-
vation (SI Appendix, Fig. S44).

Together, these results thus confirm the importance of the
compensation between XIP G/I-6 and ComR R/G-92 for acti-
vation. They also support the key role of residue XIP-6 in con-
trolling the selectivity of peptide recognition.

In a second step, we addressed the importance of compensating
substitutions XIP L/Y-8 and C/Y-7 versus ComR V/A-205 and
S/G-248 in peptide selectivity by introducing the double substitution
L/Y-8 and C/Y-7 in XIPgy, (XIPsy,-v2 LPYFAGYY), which is
characteristic of the C terminus of XIPs,. (Fig. 2C). The modi-
fied peptide XIPg,-v2 impaired activation of both ComRg, and
ComRg,.. However, activation of ComRgy, by XIPgy,-v2 was
partially restored by the mutations V201A-V205A (al2*) or
S248G (al4*), supporting the complementarity between com-
pensating substitutions. Intriguingly, both WT ComR are activated
by XIPsy-vl (VPFFMGYY) but not by XIPgy-v2 (LPYFAGYY),
suggesting that interactions involving the N terminus of the bound
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peptide (i.e., residues LPYFA versus VPFFM) could also play an
important role in the activating conformational change.

DSC experiments (SI Appendix, Fig. S4B) showed that binding
of XIPgy,-v1 had the same stabilizing effect as the WT peptide on
ComRgy, but only resulted in intermediate forms of the complex
with ComRgy.. In turn, neither of the two proteins was shifted to
the highly stable form upon binding of XIPg,.-v1, which only
resulted in less stable complexes. Finally, the scans obtained in
presence of the inactive XIPgy,-v2 variant were highly similar to
the apo form of ComRgy, and ComRg,.. Interestingly, EMSA
experiments demonstrated that the less stable complexes formed by
ComRgy, and ComRg,. with either XIPgy,-v1 or XIPg-v1 shifted
DNA in a similar manner than the cognate complexes (SI Appendix,
Fig. S4C). These results thus demonstrate that noncognate peptides
can bind to ComR regulators and form alternative active complexes.

Finally, we can conclude that these results allowed us to
identify key XIP and ComR residues directly implicated in the
activating conformational change and the main compensatory
substitutions that lead to divergence in peptide selectivity be-
tween the two type I ComRS systems.

Integrative View between ComR Selectivity and Activation. Resolu-
tion of a new crystal structure of ComRgy, apo form (PDB ID
6QER) (30) demonstrated that the superhelix of the peptide-
free TPR domain can adopt distinct conformations (SI Appen-
dix, Fig. S5 A and B), thus demonstrating the structural plasticity
of the monomeric open conformation of ComR. Modeling
analysis showed that, in both ComRg,, and ComRgy, proteins,
the closed conformation of the peptide-binding pocket, which is
not accessible to the peptide from outside of the protein (Fig. 54),
can however easily accommodate all noncognate (active and inactive)
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XIP peptides used in this study. In particular, a simple shift of the
R92 side chain allows modeling of XIPs,. in the pocket of ComRg,
without any clash with XIP-16 (SI Appendix, Fig. S6). Together,
these results suggest that the pheromone first binds in the
flexible open conformation of the TPR pocket and that the
activation mechanism mostly relies on the ability of the peptide
to stabilize the closed conformation of the TPR domain.

At the bottom of the open pocket, helices al4 and al2 most
probably form the first binding scaffold for the peptide (Fig. 4C).
This would explain the essential role in peptide selectivity played
by residues 205 (from al2) and 248 (from «14), which accom-
modate the XIP substitutions L/Y-8 and C/Y-7, respectively.
Formation of an essential salt bridge between the C-terminal
carboxyl group of the peptide and the conserved o7 residue
K100 (25) ensures the recruitment of loop L6 via an additional
H bond with residue T90 from the conserved PgoTogYo; motif.
Proper positioning of the carboxylate requires the binding of
residue XIP-8 in the hydrophobic pocket formed by residues
from helices a6, a8, «10, and al2 (Figs. 4C and 5B). Our mu-
tational analysis further highlighted the essential role played by
the compensating XIP G/I-6 and ComR R/G-92 substitutions in
loop L6 recruitment and peptide selectivity. Comparison of the
structures showed that, in both ComRS systems, the recruitment
of loop L6 results in a small shift of helix o7, and in particular of
its conserved residues Y91 and R96 (Fig. 5C). At the other end
of the TPR domain, the CAP helix is recruited by a hydrophobic
interaction between residues 289 to 290 and XIP-3 and shifted
toward o7, allowing the formation of 1) a salt bridge between
residues R96 and D283 and 2) a hydrophobic stacking in-
teraction between Y91 and L286, thus ensuring stabilization of
the closed conformation (Fig. 5C). These movements further
allow stabilization of the TPR dimer, in particular through
reorientation of the conserved residue E282 from the loop pre-
ceding the CAP helix, which is directly involved in the interaction
with the neighboring subunit (SI Appendix, Fig. S2). In addition,
they also result in the release of the sequestered HTH domains.
In particular, we observed in both ComRS systems that the re-
cruitment of loop L6 is associated with a shift of helix a6. The
latter contains residue K82, which forms a conserved salt bridge
with E119 from a8 in the absence of bound peptide (Fig. 5D).
This strong interaction allows proper positioning of a8 and for-
mation of the sequestering interaction between E117 and R39

OPEN

MONOMER

from helix o3 (25). Upon peptide binding, the break of the K82-
E119 interaction might play an essential role in the disruption of
the interaction between HTH and TPR domains.

The proposed mechanism thus explains how peptide binding
induces the break of helix a9 shown to be essential for the re-
lease of the sequestered HTH domain and the dimerization re-
quired for DNA binding.

Discussion

This structural and functional comparison between two type I
ComRS systems that do not cross-talk to each other sheds light
on the molecular determinants responsible of pheromone se-
lectivity. In addition, modified sensors and pheromones were
generated that allowed communication between these two sig-
naling systems due to either high promiscuity or exchange in
specificity. This work also highlighted the role of key residues in
ComR-XIP complementarity and helped gain a better un-
derstanding of the peptide-induced activation mechanism of
ComRS systems.

Two crystal structures of ComRg,. were solved in this study, its
apo form and the binary complex with XIPg,.. They demonstrate
that the overall activation mechanism, initially proposed for the
protein from S. thermophilus (25), is conserved in S. vestibularis
(Fig. 6). In particular, we confirmed our previous hypothesis
suggesting that, in the absence of bound DNA, the ComR-XIP
complex dimerizes while the sequestered HTH domains are released
and freely float around the TPR dimer through highly flexible
linkers. Comparison of the ComRg-XIPs,. binary complex with the
previously published ternary complex ComRgy, XIPgyrDNA (25),
together with an extensive mutagenesis analysis based on the transfer
of ComRg,, features in ComRg,;, mutants, allowed us to unravel the
atomic details of the peptide-induced activation mechanism of type I
ComR regulators (Fig. 5). This mechanism relies on an initial
pheromone selection by the TPR domain in an open confor-
mation, in which helix a14 plays a predominant role for peptide
discrimination. Then, we proposed that the recruitment of the
first TPR motif (x6-L6-a7) by the C terminus of the XIP peptide
acts as a “toggle switch” for the conformational change of the
whole TPR domain from an open to a closed conformation (Fig.
6). We suggest that this shift allows 1) the stabilization of the
CAP helix (via a7-CAP and XIP-CAP interactions) in a config-
uration that induces dimerization and 2) the reorientation of key

CLOSE

TPR STATUS

XIP-ACTIVATED DIMER TERNARY COMPLEX

XIP low-affinity binding
+ 214 + L6 selectivity

HTH sequestration

CAP switch + stabilization

HTH dimerization
DNA binding

TPR1 switch

TPR dimerization

a6/l relay + a9 break

HTH release

Fig. 6. Schematic drawing of the proposed XIP-driven activation mechanism of ComR. The HTH and TPR domains of the protein are shown with the flexible
linker. Helices a12, a14, and L6 implicated in peptide binding are labeled. Helices a6, a7, a8, a9, and CAP, which are directly implicated in the activating
conformational change, are shown as sticks and labeled. Helices are colored as in Fig. 4. Red and blue ellipses represent residues involved in HTH sequestration
and TPR dimerization, respectively. While dimeric binary and ternary complexes have been shown experimentally, the monomeric ComR-XIP low-affinity

complex remains hypothetical.

8 of 10 | www.pnas.org/cgi/doi/10.1073/pnas.1916085117

Ledesma-Garcia et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916085117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916085117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1916085117

Downloaded at SCEB on March 20, 2020

residues resulting in HTH release (via an a6-a8 relay and a break
of a9) (Fig. 6). This highly detailed structure-function analysis
thus allows us to gain a deep understanding of ComR selectivity.

The crystal structure of type III ComRsgg, from S. suis (PDB
ID 5FD4) (24) displayed the same overall apo conformation
characterized by the HTH sequestration, suggesting that a sim-
ilar mechanism occurs in all ComR regulators. A modeling and
mutagenesis analysis performed on type II and type III ComR
proteins by using this structure of apo ComRgy, as a guide sug-
gested that a conserved face of the peptide-binding pocket could
contribute to XIP binding, whereas a more variable face could be
involved in pheromone selectivity (24).

Here, we demonstrated that five amino acid substitutions are
mainly responsible for the distinct peptide specificity of the two
closely related type I XIP sensors. In particular, we showed that
the conversion of ComRgy, is associated with progressive trade-offs
between initial and new function, whereas intermediate mutants (e.g,
L6*+a12*) can be described as generalist receptors that are responsive
to both XIPs (Fig. 2B). In addition, we also demonstrated that a
single mutation at position 6 in either of the two XIP sequences
induced cross-talk between these two cell-to-cell communication
systems (Fig. 2C). These results show that XIP can easily evolve
from a strict pheromone toward a promiscuous-inducing peptide
for type I ComR sensors. Reciprocally, we also generated the
XIPgy,-v2 variant (LPYFAGYY), which cannot activate WT ComRgy,
and ComRg,., but instead activates the ComRg,;, mutants «12* and
ald* (Fig. 2C), therefore highlighting that the mutated residues
compensate the XIP C/Y-7 and L/Y-8 substitutions.

In nature, a progressive coevolution of the pheromone/re-
ceptor couple should be the real scenario and it is not clear
whether the evolutionary trajectory would involve more or less
generalist systems. However, such generalist receptors were
previously reported for type II ComRS systems of the bovis
group of streptococci (24). Although the advantages of highly
selective versus promiscuous ComRS systems in complex mi-
crobial populations are not clearly understood yet (24), our re-
sults indicate that the ComRS system is easily evolvable into each
direction. The receptor and pheromone alleles might coevolve
sequentially in an “evolutionary ratchet,” dictated either by a
mutation in XIP or ComR. Based on our results showing fast
XIP evolvability, one possible scenario would be an initial single
mutation in the XIP sequence. This modification in the signaling
peptide may slightly reduce its activation capacity (e.g., XIPgy-v1
and XIPg,.-v1), and be followed by the selection of modifications
in the receptor in order to optimize protein interactions (e.g.,
XIP-6 and ComR-92 positions). It is interesting to note that
sequence alignment of type I ComR proteins revealed a higher
mutation rate in a-helices that are in close contact with the XIP
peptide (i.e., a7[+L6], al4, and CAP) (SI Appendix, Fig. ST) as
well as a strong conservation of the substituted residues involved
in XIP selectivity (SI Appendix, Figs. S7 and S8). Moreover, in
addition to the previously reported type I XIPs, i.e., LPYF[A/T]
GCL and VPFFMIYY, a deeper investigation of type I ComRS
systems revealed the presence of three additional XIP variants
(i.e., APFFIIYY, APFFINYY, and CPVLIHYL) (SI Appendix,
Fig. S8). As found in ComRgy., their corresponding ComR
proteins contained G92 to accommodate a XIP bulky residue
(I, N, or H) at position 6. The most divergent XIP peptide
CPVLIHYL showed a remarkable conservation of ComR resi-
dues involved in selectivity (i.e., XIP-H6/ComR-G92, Y7/G248,
L8/V208) as well as a lack of conservation for ComR S/K289 and
I/T290 corroborating the absence of a XIP aromatic residue at
position 3 (SI Appendix, Fig. S8). These in silico observations
strengthen the coevolution scenario as well as the identification
of the key residues involved in selectivity.

Finally, the dissection of the molecular regulatory mechanism
of ComR and understanding of the structural determinants of its
peptide pheromone selectivity exposed here also paves the way
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toward the rational design and/or directed evolution of artificial
transcriptional control and chemical communication based on
ComRS systems with a large potential of applications in the
fields of synthetic biology and pathogen biocontrol (e.g., quorum
enhancers/quenchers).

Materials and Methods

Bacterial Strains, Plasmids, Oligonucleotides, and Growth Conditions. See S/
Appendix, Materials and Methods. Bacterial strains, plasmids, and oligonu-
cleotides used in this study are listed in S/ Appendix, Tables 52-54.

Transformation Assays, DNA Techniques, Genetic Constructions, Protein Purification,
and In Silico Analyses. See S/ Appendix, Materials and Methods.

XIP Peptide Preparation. Synthetic XIP octapeptides and fluorescein iso-
thiocyanate (FITC) N-labeled nonapeptides were supplied by Peptide 2.0 or
GeneScript and resuspended in 100% dimethyl sulfoxide (DMSO) (vol/vol).

Luciferase Assays. Luciferase assays were performed as previously described
(14). Growth (ODggo) and luciferase (Lux) activity (expressed in relative light
units [RLUs]) of the cultures were monitored after addition of synthetic XIP
peptide (1 pM) during 24 h in a multiwell plate reader (Hidex Sense, Hidex).

Electrophoretic Mobility Shift Assays. A fixed concentration of purified ComR
protein was mixed with a 40-bp dsDNA fragment (20 ng) carrying the ComR box
of Pcoms coupled to the Cy3 fluorophore in absence or presence of increasing
amounts of XIP peptide as previously described (14). CoOmRs-L6*+a12*+014*
(1 pM) and ComRs-L6*+a12*+a14*+CAP* (1 pM) were mixed with twofold
serial dilutions of XIP at an initial concentration of 2 pM. ComRg,-L6*+a12*
(4 pM) was mixed with twofold serial dilutions of XIP at an initial concentration
of 8 uM. Increased concentrations of ComRsn-L6*+a12* and XIP were used to
better visualize the complexes as this mutant has a lower affinity for both WT
XIPs. ComRsihXIPs¢, and ComRs,eXIPsye WT controls were respectively assayed
in the two above-cited conditions. Negative controls were performed with
1 pM ComR in absence or presence of 2 uM XIP. Peptide variants were tested at
a fixed concentration of 1 pM ComR WT. The samples (20 pL) prepared in
binding buffer (20 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1 mM ethyl-
enediaminetetraacetic acid (EDTA), 10% glycerol [vol/vol], 1 mg-mL™' BSA)
were incubated at 37 °C for 10 min prior to analysis on a native 4 to 20%
gradient gel (iD PAGE gel; Eurogentec) in Tris-MOPS buffer (50 mM Tris-base,
50 mM 3-(N-morpholino)propanesulfonic acid, 1 mM EDTA, pH 7.7). DNA
complexes were detected by fluorescence on the Ettan DIGE Imager with
bandpass excitation and emission filters of 540/25 and 595/25 nm, respectively
(GE Healthcare).

Fluorescence Polarization Assays. Increasing concentrations of purified ComR
were mixed with a FITC N-labeled version (9 aa) of XIPsy, or XIPs,. peptides
(ILPYFAGCL and AVPFFMIYY, respectively) at a fixed concentration of 30 nM.
The samples were prepared in a final volume of 100 pL in binding buffer
(20 mM Tris-HCl, pH 7.5, 150 mM NacCl, 1 mM EDTA, 10% glycerol [vol/vol])
and incubated for 10 min at 30 °C in black well 96-well plates (Greiner).
Anisotropic measurements were performed in a multiwell plate reader
(Hidex Sense, Hidex) in polarization mode with 485/10-nm and 535/20-nm
excitation and emission filters, respectively. In order to calculate Ky values,
curves that reached saturation were fitted by the one ligand-binding site
equation using the SigmaPlot software.

Differential Scanning Calorimetry. Purified ComR samples (15 pM) were an-
alyzed alone and in presence of XIP peptides (150 uM) in the protein SEC
buffer in presence of 2% DMSO (vol/vol) by using a MicroCal PEAQ-DSC
Automated system (Malvern). Samples of 350 uL were heated from 20 °C
to 90 °C using a 1 °C/min rate. The thermal behavior of samples was recorded
and analyzed using the MicroCal PEAQ-DSC software and the thermal
transition midpoint (Tm) representing the stability of the sample was de-
termined at to the top of the DSC peak. The effect of DNA was tested by
addition of a 20-bp dsDNA fragment carrying the ComR box of Pcomx
(45 pM). We also verified that the peptide alone did not give any signal.

Crystal Structure Determination. Crystallization trials were performed at 18 °C
using a Cartesian robot and commercial kits. Initial hits were reproduced and
optimized manually using the hanging drop method and homemade solu-
tions. The apo form of ComRs,. crystallized at a concentration of 20 mg-mL‘1
in 20% polyethylene glycol (PEG) 3350 (wt/vol), 150 mM DL-malic acid, pH 7.0.
The complex ComRsyeXIPs,e crystallized in 12% PEG 4000 (wt/vol), 100 mM
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MgCl,, 100 mM Nacl, 100 mM trisodium citrate, pH 5.5, at a protein con-
centration of 6.6 mg-mL™" in presence of 1.5 mM peptide. Crystals were flash
frozen in the crystallization solution supplemented with 25 to 30% glycerol
(vol/vol) and conserved in liquid nitrogen prior to X-ray diffraction assays.

Diffraction data were collected at the French synchrotron SOLEIL on
beamline Proxima-2 for the apo form of ComRs,e and on beamline Proxima-1
for the ComRsye-XIPs,e complex. The crystals diffracted at 1.9-A and 3.4-A
resolution, respectively. The data were processed using XDS (31) and the
initial phases were determined by molecular replacement using PHASER
(32). The structure of apo ComRsy, (PDB ID 5JUF) (25) and the TPR domain
from the ComRsXIPsy,'DNA crystal structure (PDB ID 5JUB) (25) were used as initial
models for the apo form of ComRs,. and its complex with XIPs,., respectively.
The resulting models of ComRgye (PDB ID 6HU8) (27) and ComRse-XIPsye (PDB
ID 6HUA) (28) were refined using PHENIX Wizard (33) and manually opti-
mized using COOT (34). The statistics of the diffraction datasets and of the
refined models are given in S/ Appendix, Table S5.

Crystal packing analysis and structure comparison were performed using
PISA (35) and PDBeFold (36), respectively. Peptide-protein interactions were
analyzed and illustrated by LIGPLOT+ (37). The figures were prepared by
using the PyMOL Molecular Graphics System, Version 2.0 Schrédinger, LLC.
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