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Background: A sex pheromone system controls bacterial conjugation.

Results: The initial receptor PrgZ has been crystallized in complex with the sex pheromone cCF10.

Conclusion: An extensive network of hydrogen bonds explains the high peptide specificity of PrgZ.

Significance: The sex pheromone and inhibitor peptide compete for binding to PrgZ, providing new insight into the regulation

of conjugation.

We present the crystal structure of the pheromone receptor pro-
tein PrgZ from Enterococcus faecalis in complex with the hepta-
peptide cCF10 (LVTLVFV), which is used in signaling between
conjugative recipient and donor cells. Comparison of PrgZ with
homologous oligopeptide-binding proteins (AppA and OppA)
explains the high specificity of PrgZ for hydrophobic heptapep-
tides versus the promiscuity of peptide binding in the homologous
proteins.

Enterococcus faecalis is a Gram-positive bacterium that
inhabits the gastrointestinal tract of mammals (1). In the past
decades, E. faecalis infections in humans have increased, espe-
cially in nosocomial environments (2, 3). One of the main rea-
sons for this increase is an abundance of efficient conjugative
resistance transfer systems induced by peptide sex phero-
mones, which allow E. faecalis to quickly become multiresistant
to antimicrobial agents. The enterococcal sex pheromone sys-
tems represent a variation on quorum sensing, which allows an
entire microbial population to carry out coordinated responses
in a density-dependent fashion (4). In E. faecalis, oligopeptides
secreted by plasmid-free recipient cells allow plasmid donors to
express conjugation functions only in the presence of recipi-
ents. One of the peptides in E. faecalis is the heptapeptide
c¢CF10 (LVTLVFV), which originates from processing of the
chromosomal gene product of ccfA (5). This peptide, together
with the 70-kb plasmid pCF10, which confers antibiotic resist-
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ance and carries genes for conjugation proteins, contributes to
the virulence of the bacteria (6). pCF10 conjugation is activated
using cCF10 as the signal.

The inhibitor peptide iCF10 (AITLIFI), encoded by the icf10
gene on pCF10, prevents self-induction of the conjugation sys-
tem by endogenous cCF10. Both ¢CF10 and iCF10 are secreted
in the process of their production, and thus, both are re-im-
ported into the cell (6). The initial receptor for cCF10 is PrgZ, a
lipid-anchored extracellular peptide-binding protein. PrgZ
delivers cCF10 to the oligopeptide permease (Opp), which sub-
sequently transports it inside the cell (7), where cCF10 binds to
PrgX, a DNA repressor protein (8, 9). Inside a pCF10-harboring
cell, PrgX normally has a tetrameric quaternary structure with
iCF10 bound. In the tetrameric state, PrgX binds to pCF10 and
represses transcription of the conjugation genes. Upon an
increase in the cytoplasmic concentration of cCF10, the inhib-
itor peptide is displaced, and the tetrameric structure of PrgX is
disrupted, leading to loss of its repressor activity (9). This initi-
ates the transcription of the prgQ conjugation operon (10).

PrgZ is the sole extracellular receptor for cCF10 at typical
concentrations of the pheromone in vivo of 10 pm (6, 11). The
oligopeptide-binding protein A (OppA) of E. faecalis can also
bind ¢CF10 and initiate pheromone import at higher (non-
physiological) concentrations (12). It is clear that iCF10 and
cCF10 compete for the same binding site in PrgX, but it has not
been shown to date whether iCF10 also competes with cCF10
for binding to PrgZ. Furthermore, it is unknown what discrim-
inates PrgZ from OppA in terms of structure determinants that
allow the pheromone receptor to bind cCF10 with high affinity,
whereas OppA, based on studies of its homologs in Salmonella
typhimurium, Escherichia coli, and Lactococcus lactis, is highly
promiscuous and binds a wide variety of peptides with moder-
ate affinity (13-15). To gain detailed insight in how PrgZ binds
its ligands, we present here the structure of PrgZ complexed
with cCF10, as well as ligand-binding studies.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Plasmids, Growth Conditions, and Protein
Purification—The prgZ gene was obtained by PCR using the
template vector pINY6033 (8) and the complementary primers
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(forward, ATGGTGAGAATTTATATTTTCAAGGTATGA-
CAAAAGATTCACAAGATGCA; and reverse, TGGGAGGG-
TGGGATTTTCACCATATACCCTCCATTACTTCTCTATT-
CTC) to yield prgZ*, i.e. prgZ without the nucleotide sequence
coding for the signal sequence. The product was subsequently
ligated into the pREnLIC vector (16); the resulting plasmid (pREn-
LIC-PrgZ*) was transformed into E. coli MC1061. The prgZ* gene
was then transferred from pREnLIC to pNZnLIC via Sfil digestion
and mixing of pREnLIC-PrgZ* and pERL according to the LIC-
VvBEX (ligation-independent cloning-vector backbone exchange)
procedure (16). The plasmid was transformed into L. lactis
NZ9000.

L. lactis NZ9000 cells expressing PrgZ* were cultivated semi-
anaerobically in M17 broth, 1% (w/v) glucose, and 5 ug/ml
chloramphenicol at 30 °C to A,,, = 0.6, at which they were
induced by the addition of a 0.2% (v/v) culture supernatant of
the nisin A-producing strain NZ9700 (17). The cells were har-
vested 2 h after the start of induction, resuspended to Ay, =
200 in buffer A (50 mm potassium P; (pH 8.0) and 200 mm NaCl)
supplemented with 10% glycerol, flash-frozen in liquid nitro-
gen, and stored at —80 °C.

Frozen cells were thawed at room temperature and diluted to
Agoo = 80 with buffer A. Subsequently, 100 ug/ml deoxyribo-
nuclease type I, 10 mm MgSO,, and 0.1 mm phenylmethanesul-
fonyl fluoride were added. The cells were broken by two con-
secutive passes in a cell disruptor (Constant Systems Ltd.) at
39,000 p.s.i. and 5°C. Unbroken cells and cell debris were
removed by ultracentrifugation at 267,000 X g for 75 min at
4°C. The supernatant was collected (resulting in 20 ml of
lysate/liter of culture), and 1.0 ml of Ni*"-Sepharose resin
(Amersham Biosciences) was added per 20 ml of lysate. The
mixture was incubated for 1 h at 4 °C in buffer A supplemented
with 15 mMm imidazole plus 10% (v/v) glycerol. Subsequently, the
resin was poured into a disposable column (Bio-Rad) and
washed with buffer A containing 50 mm imidazole (20 column
volumes). The protein was eluted with 20 mm Na-MES (pH 6.0),
300 mm NaCl, and 500 mm imidazole (pH 6.0; 2 column vol-
umes). PrgZ* was further purified on a Superdex 200 10/300 GL
size exclusion column (Amersham Biosciences) in 20 mm Na-
MES (pH 6.0) and 150 mMm NaCl. Fractions containing PrgZ*
were pooled and concentrated in spin concentrators with a
30-kDa cutoff (Vivaspin with polyethersulfone membrane, Sar-
torius) to 32 mg/ml protein. For differential scanning calorim-
etry (DSC)? experiments, the Superdex 200 10/300 column was
run in 20 mm Na-HEPES (pH 7.5) and 150 mm NaCl.

Crystallization and Structure Determination—To co-crystal-
lize PrgZ* with ¢cCF10 (LVTLVEV), 0.5 mg of solid cCF10 was
added to 200 ul of 32 mg/ml PrgZ* with 0.01% n-dodecyl-B3-p-
maltoside added. After overnight incubation at 4 °C, this solu-
tion was used as a basis to grow crystals using the hanging drop
vapor diffusion method. Crystallization conditions that yielded
the open conformation consisted of 2 ul of protein (32 mg/ml
PrgZ) and 1 ul of reservoir solution (0.01 M zinc sulfate, 0.1 m
MES (pH 6.5), and 25% (w/v) PEG 550 monomethyl ether).
Crystals were soaked in cryoprotectant (0.01 M zinc sulfate, 0.1

3 The abbreviation used is: DSC, differential scanning calorimetry.
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M Na-MES (pH 6.5), 30% (w/v) PEG 550, and 10% glycerol) for
30 s and subsequently flash-cooled in liquid nitrogen. Data were
collected to 2.0 A (wavelength of 0.874 A) on beamline ID23-2
at the European Synchrotron Radiation Facility (Grenoble,
France). Data processing and reduction were carried out using
XDS (18).

The structure was solved using the MR protocol of Auto-
Rickshaw, the European Molecular Biology Laboratory Ham-
burg automated crystal structure determination platform (19),
which performs molecular replacement using BALBES (20),
density modification using PIRATE (21), and model building
using ARP/WARP (22). The calculated electron density was of
sufficient quality to let ARP/WARP build 95% of the residues
of the final model, which Auto-Rickshaw returned. A few cycles
of refinement using Refmac5 (23), interspersed with manual
model building using Coot (24), were necessary to complete the
model. Water molecules were placed automatically in F, — F,
Fourier difference maps at a 3o cutoff level and validated to ensure
correct coordination geometries using Coot. MolProbity (25) was
used during the final refinement for model validation. Relevant
statistics of the data collection and model refinement are given in
Table 1.

Differential Scanning Calorimetry—The stability of PrgZ*,
with and without ligand, was measured by DSC on a VP-DSC
system (MicroCal) at 25 °C and at 25 p.s.i. For measurements,
PrgZ was diluted in 20 mm Na-HEPES (pH 7.5) and 150 mMm
NaCl to 4 um. The samples (1 ml) were incubated in the absence
or presence of 0.2 mg of lyophilized cCF10 or iCF10 at 4 °C for
14 h while rotating. After incubation, the samples were centri-
fuged for 10 min at 20,000 X g to remove any not dissolved
peptide, and the supernatant was used for the analysis. Protein
samples and buffers were degassed before injection into the cell
to prevent air bubble formation. The temperature scans were
performed between 25 and 80 °C at a scan rate of 60 °C/h. Data
were analyzed using the MicroCal software (26).

Data Analysis—Binding pocket volumes were calculated
with the program VOIDOO from the Uppsala Software Factory
(27) using the probe-occupied volume for calculation. The pro-
gram was run 10 times with the exact same parameters (probe
radius of 1.4 A, grid spacing of 0.5 A, atomic fattening factor of
1.2 A, and grid shrink factor of 0.9) but with randomly rotated
copies of the molecule to average out random errors.

RESULTS

Crystallization and Structure Determination—PrgZ without
alipid anchor (termed PrgZ*) was produced in the cytoplasm of
L. lactis. PrgZ* was co-crystallized together with cCF10, yield-
ing crystals of the proteins in the closed liganded conformation
in space group P2,2,2, diffracting to 2.0 A (Table 1). The struc-
ture was solved using molecular replacement in Auto-Rickshaw
(19) with the structures of OppA from S. typhimurium (Protein
Data Bank code 1JET) and YliB from E. coli (code 1UQW) as
search models. The final model comprises residues 58 —564.
The first 57 residues and the Ser-408 —Asn-410 loop are (par-
tially) disordered and not visible in the resulting electron
density.

PrgZ* Complexed with cCF10—Based on the connectivity of
the B-strands, PrgZ* has the typical type II fold of substrate-
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TABLE 1
Data collection and refinement statistics

Data collection

Space group P2,2,2,
Cell dimensions

a,b,c(A) 68.6,74.1,112.6

o, B,y . 90°
Wavelength (A) 0.872
Resolution range 35-2.0
R 0.11 (0.46)
1/a(D) 11.8 (3.7)
Completeness (%) 100.0 (100.0)
Redundancy 49

Refinement statistics

Resolution range (A) 35-2.0
No. of reflections 43,632
R Reree 0.155/0.192
No. of atoms

Protein 4053

Ligand 69

Water . 380
Average B-factors (A?)

Protein 22.1

Ligand 17.5

Water 33.0
r.m.s.d.” .

Bond lengths (A) 0.010

Bond angles 1.12°

“r.m.s.d., root mean square deviation.

binding proteins, with two a/3-domains that enclose the bound
ligand (28). PrgZ has an extra domain, as has been previously
described for OppA from S. typhimurium and L. lactis (14, 29),
and thus has a total of three domains (domains I-III). Sub-
strate-binding proteins are structurally related even though
their sequence identity is often below 20% (30). Compared with
other peptide-binding proteins for which crystal structures are
available, PrgZ is most similar in sequence to OppA from E. coli
(25% identity). With its 60-kDa size and extra domain (domain
II), it structurally belongs to Cluster C of the substrate-binding
proteins (30).

During refinement, electron density became apparent
between the two domains and accounted for the bound peptide
c¢CF10 (LVTLVEFV). The peptide was buried inside PrgZ*, with
no access to the bulk solvent. The electron density of the ligand
was of excellent quality, allowing for straightforward model
building of the heptapeptide. An extensive network of hydro-
gen bonds is present between the protein and the ligand, with
10 direct hydrogen bonds between cCF10 and PrgZ* and an
additional eight via bridging water molecules within the bind-
ing cavity (Fig. 1A). The N terminus of cCF10 forms a salt bridge
with Asp-472, whereas the C terminus is not fixed.

The volume of the binding cavity of PrgZ* is 1600 A, which
is smaller than that of AppA from Bacillus subtilis (2500 A®) or
OppA from L. lactis (4900 A®) but larger than that of OppA
from S. typhimurium (1000 A®) (14). The side chains of cCF10
are located in defined, mostly hydrophobic, side chain pockets,
and with the exception of a hydrogen bond to the Thr-3 side
chain, the side chains do not form specific interactions with the
protein. Instead, hydrophobic and van der Waals bonds shape
the interaction between the peptide side chains and the protein.
The C terminus of cCF10 is located in a spacious area, with the
binding cavity extending farther within the protein (Fig. 1B).

Ligand Binding to PrgZ*— cCF10 and iCF10 are poorly solu-
ble in aqueous buffers. Solubility increases to 1 and 0.2 mwm,
respectively, when a minimum of 10% (v/v) Me,SO is present.
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Unfortunately, PrgZ was not stable in the presence of 10%
Me,SO, which prohibited the use of intrinsic protein fluores-
cence titration or isothermal titration calorimetry to determine
binding affinities. Instead, the binding of cCF10 and iCF10 to
PrgZ* was characterized by DSC. PrgZ* was incubated for 16 h
with 0.2 mg of solid cCF10 or iCF10 in the presence of 0.01% of
the detergent n-dodecyl-B-p-maltoside, which was added to
dissolve the peptides but lowered the melting temperature (7',
of PrgZ from 42.5 * 0.5 to 40.5 = 0.5 °C (n = 3). Upon peptide
binding, the T, of PrgZ* increased from 40.5 °C (apoprotein) to
64 °C (cCF10-bound) or 61 °C (iCF10-bound) (Fig. 2). The var-
iation in T, in two independent experiments was <1 °C. The
exact T,, of PrgZ* complexed to either peptide could not be
determined because the protein began to aggregate within this
temperature interval. The endotherms are relatively broad,
which may be attributed to the tendency of PrgZ to aggregate in
both the absence and presence of ligand (pheromone or inhib-
itor peptide). Moreover, neither PrgZ nor any other substrate-
binding protein is a standard globular protein but instead has
two similarly sized domains. It is likely that the two domains
unfold at slightly different temperatures that are not resolved in
the DSC scans, which leads to a broadening of the endotherms.

DISCUSSION

Previous in vivo activity assays indicated that PrgZ selectively
binds cCF10 and does not tolerate large deviations in its peptide
sequence (12). However, the assay could not discriminate
between peptide binding to PrgZ or to the DNA regulatory
protein PrgX. The measured response of the in vivo assays was
the induction of cell clumping in the culture, for which binding
to both proteins is required. Based on the DSC experiments and
consistent with the crystal structure, it is clear that PrgZ binds
both ¢CF10 and iCF10, two related but different peptides.

We conclude that iCF10 will thus act as a competitive inhib-
itor for cCF10 binding to PrgZ. The apparent T, values, derived
from the DSC measurements, indicate that PrgZ may have a
slightly higher affinity for cCF10 than for iCF10. The affinities
have to be high, as the typical extracellular concentration of
cCF10 in vivo is only 10 pMm (6, 11). High-affinity pheromone
binding is achieved because PrgZ forms an extensive network of
hydrogen bonds with cCF10 (Fig. 14), mainly to the backbone
of the peptide. The peptide sequence selectivity of PrgZ must
originate from the physical shape, charge, and polarity of the
side chain pockets, which determine how well a side chain fits.
Side chain pockets 2, 4, 6, and 7 form a confined space, which is
lined mostly by hydrophobic residues. Side chain pockets 1, 3,
and 5 have a larger volume, and pockets 3 and 5 are lined mostly
by hydrophilic residues (Table 2). We note that the most hydro-
philic residue of the pheromone, i.e. Thr, is found in pocket 3.
Interestingly, the results of a previous genetic screen suggested
the importance of this residue in a specific interaction with
PrgZ (12). The properties of the side chain pockets suggest that
not just a unique side chain is tolerated at any given position.
However, for high-affinity binding of a given peptide, the phys-
icochemical properties of the side chains (size and hydropho-
bicity) should match those of the PrgZ pockets. Further support
for this notion comes from the observation that water mole-
cules reside in all side chain pockets, and these could form
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FIGURE 1. A, hydrogen-bonding network forming the binding site for cCF10 (pink) within PrgZ* (teal). B, schematic representation of PrgZ*, with the bound

cCF10 ligand in orange and the binding cavity outlined in gray mesh.
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FIGURE 2. DSC scans of PrgZ* without ligand (solid black line), with cCF10
added (dotted blue line), and with iCF10 added (dashed red line). The T,,, of
each measurement is indicated above each peak.

bridging hydrogen bonds to bound peptides, as seen previously
in OppA (14, 15, 29). The more hydrophilic pockets harbor
more defined water molecules inside compared with the more
hydrophobic ones (Table 2). That the side chain pockets can
harbor different residues is also evident from the fact that PrgZ
binds both cCF10 and iCF10 (LVTLVFV and AITLIF], respec-
tively). Both pheromones are hydrophobic, and although
related in sequence, they differ at positions 1, 2, 5, and 7. The
largest difference is the N-terminal residue, which is changed
from leucine to alanine in iCF10. Even though the hydrophobic
side chain pockets form a confined space for the peptide side
chains, there are no obvious specific interactions between the
peptide pheromone and the protein. Although both iCF10 and
cCF10 bind PrgZ and compete with one another for import into
the donor cell, the striking differential effects of these two pep-
tides when bound to PrgX (9, 31) account for a major difference
in their biological activities.

OppA from L. lactis is the most promiscuous peptide-bind-
ing protein known to date. It binds peptides in the range of
4-35 residues and tolerates small, neutral, charged, and
large bulky hydrophobic amino acids at any position in the
peptide. There is a voluminous “nonspecific” binding cavity,
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and the peptides are bound via hydrogen bonds with up to 6
backbone residues. There is only one pocket in OppA from
L. lactis that favors binding of a hydrophobic peptide side
chain. This pocket mimics side chain pockets 2, 4, 6, and 7 of
PrgZ; pocket 5 of OppA corresponds structurally to side
chain pocket 2 of PrgZ (Table 2). The four hydrophobic
pockets in PrgZ do not provide much extra space for larger
side chains, and they will strongly favor the binding by PrgZ
of hydrophobic peptides such as cCF10 and iCF10. Most side
chain pockets of AppA from B. subtilis and the nonspecific
binding cavity of OppA from L. lactis can more easily adapt
to a much greater diversity of amino acids (13, 14, 32, 33).
These proteins also have far more hydrophilic side chain
pockets than PrgZ (Table 2). Thus, the structural compari-
son of PrgZ with the homologous chemosensors explains the
high selectivity of PrgZ for hydrophobic peptides (cCF10 and
iCF10) compared with the promiscuous binding of peptides
by the OppA and AppA proteins (14, 29, 33). It is likely that
in E. faecalis, PrgZ and OppA have diverged to obtain differ-
ent functions to discriminate hydrophobic pheromones
from nutritional peptides.

Many peptide-binding proteins for which structures are
available fixate their peptide termini with salt bridges. DppA
and MppA from E. coli, OppA from S. typhimurium, and
AppA from B. subtilis all form salt bridges to both the N and
C termini of the bound peptides (29, 33-35). OppA from
L. lactis is an important exception. This protein leaves both
peptide termini free, allowing binding of small (4-5 resi-
dues) and very large (up to 30 residues) peptides in the most
optimal position (14). PrgZ fixes the N terminus of cCF10,
but not the C terminus. When inspecting the binding cavity
of PrgZ, it is evident that there is space for an additional
amino acid at the C-terminal end of the peptide. We hypoth-
esize that an octapeptide could also bind to PrgZ. Finally,
given the similarity of the overall structures of PrgZ, AppA,
and OppA, it is most likely that PrgZ operates according to a
similar Venus flytrap mechanism (30), providing a direct
path for the entry of pheromone into the binding site.

In conclusion, we propose that cytosolic accumulation of
both cCF10 and iCF10 is PrgZ-dependent. PrgZ selects these
peptides at the very low extracellular concentrations among
high concentrations of nutritional peptides. iCF10, which
inhibits expression of the conjugation system, acts as a com-
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TABLE 2

Description of the side chain pockets, including the amino acids lining the pockets, the number of ordered water molecules per pocket, and the
overall hydrophobicity of pockets in PrgZ, OppA, AppA, and DppA
The numbering of the pockets is based on the cCF10 ligand in PrgZ; the numbering of the pockets of OppA and AppA is shown in parentheses. The hydrophobicity
description is based on inspection of the side chain pockets in each of the proteins. “Mixed” means that both hydrophilic and hydrophobic residues line the pocket. A dash
indicates that the side chain pocket does not exist in that protein. We also note that in OppA from L. lactis, most of the pockets are not well defined, and instead, a large cavity
is present that even allows peptides to bind in different register (14, 32). The data were generated using the following Protein Data Bank codes: OppA, 3DRG; AppA, 1XOC;
and DppA, 1DPP.

Peptide Binding to Pheromone Receptor PrgZ

Side chain Ordered water Hydrophobicity
pocket Residues lining the pocket (PrgZ) molecules (PrgZ) PrgZ OppA AppA DppA
- - Hydrophilic (1) Hydrophilic (1) -
- - - Hydrophilic (2) Hydrophilic (2) -
- - - Mixed (3) Mixed (3) -
1 GlIn-81, Ile-84, GIn-470 1 Mixed Mixed (4) Hydrophilic (4) Mixed
2 Val-79, Met-454, Met-489, His-491 3 Hydrophobic Hydrophobic (5) Hydrophobic (5) Hydrophobic
3 Asn-318, Met-320, Gly-468, Gln-470 3 Hydrophilic Mixed (6) Mixed (6) -
4 Phe-453, Met-454, Leu-457, Ser-467 1 Hydrophobic Mixed (7) Mixed (7) -
5 Gly-67, Thr-68, Ser-418, Glu-423 4 Hydrophilic Hydrophilic (8) Mixed (8) -
6 Met-320, Leu-356, Phe-422, Glu-423, 2 Hydrophobic Hydrophobic (9) Mixed (9) -
Ala-426, Phe-531
7 Ile-280, Pro-296, Ala-298, Phe-422 3 Hydrophobic - - -
petitive inhibitor of cCF10 at the level of both PrgZ and 1395-1406

PrgX.
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