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Abstract

Horizontal gene transfer between Gram-positive bacteria leads to a rapid spread of virulence factors and antibiotic
resistance. This transfer is often facilitated via type 4 secretion systems (T4SS), which frequently are encoded on
conjugative plasmids. However, donor cells that already contain a particular conjugative plasmid resist acquisition
of a second copy of said plasmid. They utilize different mechanisms, including surface exclusion for this purpose.
Enterococcus faecalis PrgA, encoded by the conjugative plasmid pCF10, is a surface protein that has been
implicated to play a role in both virulence and surface exclusion, but the mechanism by which this is achieved has
not been fully explained. Here, we report the structure of full-length PrgA, which shows that PrgA protrudes far out
from the cell wall (approximately 40 nm), where it presents a protease domain. In vivo experiments show that PrgA
provides a physical barrier to cellular adhesion, thereby reducing cellular aggregation. This function of PrgA
contributes to surface exclusion, reducing the uptake of its cognate plasmid by approximately one order of
magnitude. Using variants of PrgA with mutations in the catalytic site we show that the surface exclusion effect is
dependent on the activity of the protease domain of PrgA. In silico analysis suggests that PrgA can interact with
another enterococcal adhesin, PrgB, and that these two proteins have co-evolved. PrgB is a strong virulence factor,
and PrgA is involved in post-translational processing of PrgB. Finally, competition mating experiments show that
PrgA provides a significant fitness advantage to plasmid-carrying cells.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
Introduction

Infections caused by multi-drug resistant bacteria
have become increasingly problematic all over the
world. Enterococci are normally considered com-
mensal bacteria and reside in the gastro-intestinal
tract of humans and other mammals. However,
they are also among the leading nosocomial
pathogens, most often associated with bloodstream
and urinary tract infections [1–3]. Of special concern
are Enterococcus faecalis and Enterococcus fae-
cium, as these two species are known to have highly
transmissible mobile genetic elements (MGEs) in
uthor(s). Published by Elsevier Ltd. This
ses/by/4.0/).
their genomes. These MGEs encode various viru-
lence factors as well as resistance to many
antibiotics. Enterococci can very efficiently spread
these MGEs to other bacteria, including other
medically relevant species such as streptococci
and staphylococci. This horizontal gene transfer is
mostly carried out via type 4 secretion systems
(T4SS) that are encoded on these MGEs [4–7].
Enterococci are therefore acknowledged as impor-
tant reservoirs for the spread of antibiotic resistance.
The conjugative plasmid pCF10 from E. faecalis

has for several decades served as an important
model to understand the regulation, structural and
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Figure 1. Structure of the CAP domain of PrgA. (a) Structural comparison of PrgA (orange) with several other CAP
domain proteins available in the PDB (PBB code 1 U53: beige, 1XTA: green, 2DDA: blue, 3Q2R: cyan, 5JYS, light purple).
Their sequence homology of the CAP domain is low (ca. 15%), but they all share the same overall fold. (b) Surface
representation of the PrgA CAP domain, with the homology to other CAP domains indicated by color, ranging from cyan
(no homology), via white, to purple (indicating 100% conserved residues). (c) The proposed catalytic triad of the CAP
domain in PrgA consists of S476, D470, His412 and His477. A Zn2+ atom (gray sphere) was modeled in between the two
histidines based on the anomalous difference density collected at the Zn edge (green mesh).
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functional features of T4SS in G+ species [8,9].
pCF10 contains a tetracycline resistance gene and
is effectively transferred from donor to recipient cells
following induction of the prgQ operon by a peptide
pheromone secreted by recipient cells. The 24
genes in this operon encode for all proteins needed
to process the pCF10 plasmid (67.7 kb), establish a
channel between mating cells and subsequently
transfer the DNA into the recipient cell. The first
module of the operon encodes three surface
proteins, PrgA, PrgB and PrgC as well as a small
predicted RNA-binding protein called PrgU that is
involved in mitigating the toxicity in cells associated
with production of PrgB [9,10]. All three surface
proteins have a characteristic C-proximal sortase-
dependent cell wall anchoring motif (LPxTG).
PrgA (also known as Sec10), which is the focus of

this study, is a 92-kDa large protein in its mature
form. It is one of the first identified pCF10-encoded
proteins, is known to spread over the cell surface
of the polar regions and has earlier been indicated
to be involved in surface exclusion [11,12], which
functions to block efficient transfer of a plasmid into a
host cell that already carries the same plasmid [13].
Recent work has shown that PrgA also increases
biofilm formation upon overexpression, and that it is
an important virulence factor in a Caenorhabditis
elegans infection model [14]. PrgB (also known as
Aggregation Substance, or AS) has been extensive-
ly characterized, and mediates binding to host cells
and tissues [9], the cell wall of recipient bacteria and/
or extracellular DNA which leads to biofilm formation
[14–17]. Expression of PrgB, after induction of the
pCF10 plasmid, has shown to yield a ca. 140 kDa
full-length version along with a truncation of about
78 kDa. The ratio between the two variants seems to
depend on how strongly PrgB expression is induced
as well as in which bacterial species it is produced
[18]. The amount of the 78-kDa variant is strongly
diminished when PrgB is expressed in a ΔprgA
background in E. faecalis [14], implicating that PrgA
might be involved in post-translational processing of
PrgB.
Although the role of PrgA in surface exclusion was

suggested over 30 years ago, little direct experi-
mental evidence has been published. Here we
present new data that confirm the role of PrgA in
surface exclusion. Furthermore, we report the crystal
structure of PrgA, whose structural features show
that it presents a protease domain far outside the
cellular envelope. This protease domain is shown to
play a direct role in surface exclusion. We also show
that PrgA plays a direct role in the processing of
PrgB, and that its expression contributes to compet-
itive fitness of E. faecalis.
Results

Protein purification and crystallization

PrgA28–814 (lacking the N-terminal signal se-
quence and C-proximal LPXTG motif) was initially
used for protein expression and purification. How-
ever, this variant was very prone to degradation
during expression and purification, resulting in
a ladder of bands on SDS-PAGE after immobilized
metal affinity chromatography and size exclusion
chromatography (Figure S1). Six of the most
prominent bands were analyzed by mass spectrom-
etry and all represented PrgA fragments (Table S1).

Image of Figure 1
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Based on the analysis of the mass spectrometry data
and bioinformatic analysis, we identified a part of PrgA
that seemed resistant to degradation (residues 291–
541). We therefore made a PrgA291–541 construct for
use in crystallization experiments.
PrgA291–541 crystallized in space group P21 with

two molecules in the asymmetric unit. The crystal-
lographic phase problem was solved by means of
single-wavelength anomalous dispersion using crys-
tals soaked with an iodine compound (Materials and
Methods), and the crystal structure was refined at a
resolution of 1.5 Å.

PrgA contains a CAP domain

PrgA291–541 contains a central alpha-beta-alpha
sandwich, which is formed by a three stranded
antiparallel β-sheet (residues 435–441 and 487–
509) flanked by a layer of α-helices on each side
(Figure 1(a)). One side contains three helices
(formed by residues 362–383, 451–468 and 476–
482), while the other side harbors two (formed by
residues 392–404 and 414–424). The search for
homologous proteins based on the amino acid
sequence was inconclusive, but a structure based
homology search using the DALI server identified
significant similarity to proteins from the superfamily
of cysteine-rich secretory proteins, antigen 5, and
pathogenesis-related 1 proteins (CAP, Pfam:
PF00188) [19]. Proteins of this family can be found
in a wide range of organisms, spanning from
prokaryotes to higher eukaryotes. They have been
associated with a plethora of diverse functions
including but not restricted to fungal virulence, ion
channel regulation and cell–cell adhesion [20–24].
Sequence comparison of different CAP proteins with

PrgA (Figure S2) revealed that despite very high
structural similarity (Figure 1(a)), PrgA lacks all
conserved CAP sequence motifs, and this explains
why this domain was not identified by bioinformatic
approaches [22,24]. According to structural superim-
position only four residues of PrgA are conserved
among known CAP proteins, namely Histidine 412,
Glutamate 436, Aspartate 470 and Histidine 477, all of
which are located around a cleft on the protein surface
(Figure 1(b)). This structural feature has earlier been
described as a CAP cavity tetrad. It can be found in all
structurally characterized CAP domains and was
suggested to act as an active site [22,24].
In the electron density, we noted a feature located

in between His477 and His412 that could originate
from a metal ion, likely originating from the crystal-
lization condition. Several structures of different CAP
proteins have a divalent cation modeled in between
the two conserved histidines [24–26]. We therefore
tested a range of different metal ions (Zn2+, Mg2+,
Ca2+, K+ and Na+) for binding to PrgA, with
isothermal titration calorimetry (ITC). The only ion
that bound with a near physiologically relevant
affinity was Zn2+, which bound to PrgA with a KD of
ca. 8.0 μM (Figure S3). That Zn2+ could indeed bind
to the predicted metal binding site was verified by
soaking PrgA291–541 crystals with ZnSO4 and col-
lecting data at the peak of the Zn absorption edge.
The corresponding anomalous signal from a single
Zn2+ ion was located exactly between His477 and
His412 (Figure 1(c)).

PrgA contains a potential hydrolase domain

Interestingly, in the CAP cavity of PrgA, His477,
Ser476 and Asp470 are positioned as a classical
catalytic triad that strongly resembles the active site
of a hydrolase. Fitting with this, the amide nitrogen of
Ser467 together with Gly474 form a pocket, resem-
bling the so-called oxyanion hole, which acts in
stabilization of hydrolase reaction intermediates.
However, while the carboxyl group of Asp470
forms a hydrogen bond to the near nitrogen of
His477, the imidazole ring is rotated by 90°. This
orientation prevents the nucleophile activation of
Ser476, thus rendering the catalytic triad inactive
(Figure 1(c)). The observed rotamer of the imidazole
ring is stabilized by the Zn2+, which is coordinated
between His412 and His477.
As mentioned previously, we had noted that

PrgA28–814 was heavily degraded during purification.
Based on this, the obtained structural data, and
published reports from other CAP proteins, we
therefore predicted that the CAP domain of PrgA
would be a serine protease, and that its protease
activity could be inhibited by divalent cations. To
investigate if PrgA was a serine protease with Ser476
as the catalytic residue, a PrgA variant containing a
Ser476 to Ala mutation (PrgA28–814(S476A)) was de-
signed, overexpressed and purified. PrgA28–814(S476A)
could be purified to high homogeneity, without any
major degradation products (Figure S4). The same
result could also be achieved when we purified wild-
type PrgA (PrgA28–814) in the presence of 10 mM
divalent cations (data not shown). This indicates that
PrgA indeed can function as a serine protease that
depends on S476 and is inhibited by divalent cations.

PrgA presents its CAP domain far outside the
cell wall

With the obtained knowledge that the addition of
divalent metal ions blocks degradation, intact
PrgA28–814 was purified and subjected to crystalliza-
tion trials. Weakly diffracting crystals were obtained
in space group P4322 (to ca. 20 Å). The diffraction
properties of the crystals were subsequently im-
proved via controlled dehydration by sequential
transfer of the crystals into solutions with ever higher
PEG400 concentrations, going from 37.5% to 90% in
10 steps. The ultimate resolution was 3.0 Å. We
solved the phase problem with the previously solved



Figure 2. Structure of PrgA28–814, with the protein in a cartoon (rainbow colored from N-terminal, blue, to C-terminal,
red) representation and its surface as a translucent gray. (a) The structure of PrgA consists of a CAP domain (shown on the
left), formed by the residues of roughly the middle of the protein sequence, and a coiled-coil domain that is ca. 40 nm long.
The cell-wall anchoring motif is located at the C terminus of full-length PrgA, which would mean the CAP domain is
presented around 40 nm away from the cell-wall surface. (b) Two prolines (P131 and P707), one in each helix, are located
close to each other in the coiled-coil domain resulting in a kink.
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core domain as a molecular replacement model, and
subsequently improved the phases using solvent
flattening, which worked very well due to the high
solvent content (81%).
The overall structure resembles a head on a stick,

similar to a tadpole. The core domain (residues 304–
530) forms the head that sits at the top. The N-proximal
(residues 55–303) and C-proximal (residues 531–798)
domain form thestick; a 2-helix coiled-coil that protrudes
straight away from the core domain (Figure 2(a)).
The coiled-coil domain extends to a total length of
385 Å, making it to our knowledge the longest 2-helix
coiled-coil reported in bacteria to date. Only the first 27
and last 16 residues of the protein construct used for
crystallization are missing in the electron density. Since
the C terminus of PrgA is anchored to the cell wall in
vivo, the long coiled-coil positions the CAP domain
~40 nm away from the cell wall. Two proline residues
(P131 and P707) are located next to each other
approximately 15 nm from the anchoring point in the
cell wall, causing a kink in the coiled-coil (Figure 2(b)).
This kink region provides increased flexibility compared
to the otherwise relatively rigid coiled-coil.

Surface expression of PrgA in donor cells reduces
aggregation and transfer

The elongated structure of PrgA that we deter-
mined by X-ray crystallography raised the possibility
that the protein architecture itself could play a key
part in surface exclusion. Since PrgA can protrude
40 nm out from the cell surface, it could spatially
interfere with close contacts between cells and in this
way prevent mating pair formation and subsequent
conjugation. This hypothesis was first tested by
comparing the aggregation phenotype of monocul-
tures of cells harboring: 1) wild-type pCF10, 2)
pCF10 with the putative active-site serine of prgA
mutated (pCF10:prgA::S476A) or 3) pCF10 deleted
for prgA (pCF10:ΔprgA). After induction, cells were
pelleted, resuspended in PUM-buffer and vortexed.
We found that aggregates reformed significantly
faster in the pCF10:ΔprgA strain compared to both
pCF10 and pCF10:prgA:S476A (Figures 3(a) and
S5). This suggests that the role of PrgA in reduction
of cell clumping/aggregation is not influenced by its
serine protease activity, but could indeed be a direct
result of its extended structure.
We then investigated if this PrgA-dependent interfer-

ence with the aggregation process also led to a lower
donor efficiency. We compared the donor efficiency for
cells carrying pCF10 or pCF10:ΔprgA. As expected,
the lack of PrgA on the cell surface significantly
increased the donor efficiency to a plasmid-free
recipient (Figure 3(b)). Presumably the absence
of PrgA on the pCF10:ΔprgA donor cells allowed
for closer contacts with recipient cells. When this
assay was done with the prgA:S476A derivative
of pCF10, we did not detect a difference in donor
ability relative to wild-type pCF10 (data not shown),

Image of Figure 2


Figure 3. Phenotypes of pCF10:prgA::S476A and
pCF10:ΔprgA. (a) Aggregate formation is increased upon
deletion of prgA, but unaffected by mutating its putative
active-site serine. Cells harboring wild-type PrgA (pCF10),
PrgA:S476A or pCF10 with an in-frame deletion of prgA
were induced with cCF10, pelleted, resuspended in PUM-
buffer and vortexed. The optical density (OD) of the
supernatant was measured as a proxy for the strength of
aggregate formation after 15 min of settling. Lower OD
indicates stronger aggregate formation (as aggregates
sink to the bottom and are not measured). Comparing
pCF10:ΔprgA with either pCF10 or pCF10:prgA:S476A
gives a p-value of <0.0001 with a one-way ANOVA, and a
p-value of 0.0005 when performing a Welch's t-test. (b)
Absence of PrgA increases donor ability. Fifteen-minute
matings were performed with either OG1RF:pCF10 or
OG1RF:pCF10:ΔprgA as donor cells and OG1Sp as
recipient cells. Donor cells were induced with 10 ng/ml
cCF10 for 45 min before contact with recipient cells.
Transconjugants were selected on plates containing
tetracycline and spectinomycin and enumerated. T/D:
transconjugant/donor. p = 0.013, Unpaired t-test with
Welch's correction.
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suggesting that the putative protease motif was not
required for PrgA-dependent reduction in donor ability
shown in Figure 3(b). Note that pCF10 is not required
for aggregation if PrgB is expressed [18,27].

Expression of PrgA on the recipient cell surface
reduces pCF10 transfer

If the role of PrgA in surface exclusion is indeed
due to spatial interference, we expect the same
effect of PrgA expression in the recipient cell. We
therefore examined transfer into pCF10-containing
recipient cells using donor cells containing the
pCF10 derivative pCF10/G2, which encodes a
gentamicin resistance marker. Note that pCF10/G2
has a small deletion of the C terminus of the protein
PrgY, which acts as a negative regulator of the
system [8]. This deletion leads to an increase in
transfer efficiency as when compared with pCF10,
likely due to decrease of PrgY function.
As predicted, the recipient cells carrying

pCF10:ΔprgA had a significantly higher number of
transconjugants per donor cell, relative to the wild-type
pCF10 strain (Figure 4(a)). There also appeared to be a
slight increase in transconjugants in the prgA:S476A
mutant strain, but the difference from the wild-type
strain was not statistically significant (p = 0.08).
To examine the role of PrgA expression in

recipient cells, independent of other pCF10 gene
products, the prgA, prgA:S476A and ΔprgA alleles
were cloned into the cCF10 inducible expression
vector pCIE [28]. The expression of wild-type PrgA
from pCIE led to a 5- to 10-fold reduction in transfer
of the pCF10/G2 plasmid from donor cells (Figure 4
(b)). Notably, expression of PrgA:S476A did not
provide surface exclusion to the same extent. This
suggests that the postulated active site in the CAP
domain of PrgA is required for its full surface
exclusion activity (Figure 4(b)).

PrgA expression confers a competitive fitness
advantage in mixed cultures

To investigate the effect of PrgA on the competitive
fitness of pCF10-carrying strains, OG1Sp:pCF10/G2
and OG1RF:pCF10 (or prgA allelic variants) cells
were placed on an agar surface at high density and
grown for 3 days in the presence of the plasmid-free
strain OG1ES to provide pheromone induction. The
data, normalized to the recipient cell numbers,
showed that plasmid transfer into pCF10 containing
cells from pCF10/G2 donor cells was increased in
cells lacking prgA, as expected from earlier results
(Figure S6). Recipient cells harboring pCF10:prgA::
S476A showed an intermediate level of transfer
(Figure S6). Table 1 shows that the ratio of donors
with pCF10/G2 (D2) to donors with pCF10 (D1) as
percentage of the population in all three experimen-
tal set-ups was around 1 at the outset of the
experiment. In the pCF10/G2–pCF10 pairing the
D1/D2 ratio only showed a mild increase over 3 days
for wild-type pCF10 (less than 2-fold from 1.4 to 2.6,
p = 0.24), but this ratio increased much more in the
prgA::S476A mutant (ratio increased 9-fold from 0.8
to 7.3, p = 0.047) and further shifted in the
pCF10:ΔprgA mixture (D1/D2 ratio increased 11-
fold from 0.7 to 7.7, p = 0.020). These data indicate
a loss of cell viability or growth disadvantage for cells
carrying prgA::S476A or ΔprgA mutant alleles as
compared to wild-type under the conditions of this
experiment.

PrgA is involved in PrgB processing

PrgB can be found in pCF10 containing cells both
as a full-length product of 140 kDa as well as in a
smaller form of about 78 kDa. The amount of the

Image of Figure 3


Figure 4. Serine in position 476 is required for effective
surface exclusion by PrgA. Matings were performed with a
pCF10 (OG1Sp:pCF10/G2) derivative as primary donor and
recipient strains containing prgA-alleles in a pCF10 (a) or
pCIE (b) background. Recipient strains used were OG1RF:
pCF10, OG1RF:pCF10:prgA:S476 and OG1RF:
pCF10:ΔprgA in (a) and OG1RF:pCIE:prgA, OG1RF:pCIE:
prgA:S476A and OG1RF:pCIEΔprgA in (b) (p-value =
0.0489, one-way ANOVA; Mann–Whitney, p = 0.0041).
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shorter form is greatly diminished if prgA is deleted
from pCF10 [14]. Since the data we have described
so far indicate that the CAP domain of PrgA can act
as a serine protease, it is therefore tempting to
speculate that PrgA is directly responsible for the
hydrolysis of PrgB.
The conjugative plasmid pAD1 contains a close

homolog of PrgB, Aggregation Substance Asa1,
which has a known cleavage site [29]. This is located
just after the adhesion domain, in a predicted
unstructured region of PrgB (Figure S7a). If PrgB is
Table 1. Comparison of the cell numbers from two donor strain
competition experiment indicate that active PrgA increases do

Day 0

D1 D2 P-value Ratio
D1/D2

pCF10 0.57 ± 0.23 0.42 ± 0.4 0.50 1.4 0.2

pCF10:
prgA
::S476A

0.66 ± 0.16 0.81 ± 0.26 0.29 0.8 0.7

pCF10:
ΔprgA

0.32 ± 0.19 0.48 ± 0.51 0.53 0.7 0.7

These data from the Triple Mating competition experiment depicted in
population of Donor 1 (D1; OG1Sp:pCF10/G2) and Donor 2 (D2; OG1R
in relation to the number of recipient OG1ES cells (Value = 1). The rat
Day 3. The two competitions involving altered D2 (pCF10:prgA::S476A
D2, indicating that donor cells with these prgA variants have a lowe
(between D1 and D2) were determined by unpaired t-test with Welch'
cleaved there, it matches with the 78-kDa size of
processed PrgB as previously reported [14,18]. To
determine if the cleavage site is conserved, we
aligned all prgB genes in Enterococcus plasmids
annotated in the NCBI database. This revealed that
the proteolytic site can be divided into four main
groups (Figure S7b and Table S2). For PrgB the
sequence around the proposed cleavage site is
IFNYGNPKEP. To analyze whether PrgA could bind
to this sequence, a IFNYGNPKEP peptide was
docked onto the structure of the PrgA CAP domain
using the CABS-dock webserver in an unbiased
manner [30]. The top seven clusters indeed placed
the IFNYGNPKEP peptide in the cavity with the
active-site serine (Figure 5(a)).
We then analyzed the sequences of the prgA

genes from all enterococcal plasmids that also
contain prgB. This revealed that the prgA genes
cluster into four distinct groups that coincide with the
prgB clusters (Table S2 and Figure S8). Strikingly,
when grouping the PrgA homologs based on their
sequence of the residues interacting with the PrgB
peptide (Figure 5(b)), they still group together with
the distinct PrgB groups (Table S2). This suggests
that the binding cleft in PrgA (containing the
predicted active-site serine) has thus co-evolved
with the sequence around the cleavage site in PrgB,
indicating that PrgA might indeed be directly
involved in the hydrolysis of PrgB.
To test this in vivo, Western blot analysis (with

PrgB-specific antibodies) was done on extracts from
induced donor cells with wild-type pCF10,
pCF10:ΔprgA or pCF10:prgA:S476A. In line with
previously published findings [14], extracts from
wild-type showed a prominent band for the 78-kDa
version of PrgB, and a faint band for full-length PrgB,
while in the pCF10:ΔprgA strain, the 78-kDa band
was hardly detected and more full-length PrgB was
s (D1 and D2) in relation to the recipient strain after a 3-day
nor cell fitness

Day 3 Day 3/Day 0

D1 D2 P-value Ratio
D1/D2

Fold increase
in D1/D2 ratio

6 ± 0.36 0.065 ± 0.058 0.24
2.6

1.9

± 0.49 0.086 ± 0.067 0.047
7.3

9.1

6 ± 0.49 0.091 ± 0.089 0.020
7.7

11.0

Figure S6 (the number of cells on day 3) show cell numbers of the
F:pCF10 and variants, vertical column). These values are reported
io of D1/D2 on Day 0 is compared to the ratio of the two strains on
and pCF10:ΔprgA) show a significant increase in the ratio of D1/
r fitness. Mean and standard deviation are presented. P-values
s correction.

Image of Figure 4


Figure 5. Docking studies of the predicted PrgB proteolysis region onto the structure of the PrgA CAP domain. (a) The
IFNYGNPKEP peptide (rainbow colored from N-terminal, blue, to C-terminal, red) docked onto the PrgA CAP domain,
which is shown in a yellow cartoon and surface representation. (b) The CAP domain of PrgA in cartoon representation with
potential interacting side chains shown as blue sticks, and a representative docked peptide (with the sequence of the
predicted proteolysis region in PrgB: IFNYGNPKEP) shown as green sticks.
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present (Figure 6). Cells with pCF10:prgA:S476A
also produced significantly more full-length PrgB,
but they also showed considerable amounts of the
78-kDa variant. This suggests that either PrgA:
S476A has residual protease activity or this variant
can modulate cleavage of PrgB by another protease.
Figure 6. Western blot analysis with PrgB-specific
antibodies on extracts from cells with induced pCF10
(lane 1), uninduced pCF10 (lane 2), induced pCF10:prgA::
S476A (lane 3) or induced pCF10:ΔprgA (lane 4).
The most prominent proteases in E. faecalis are GelE
and SprE [46]. We therefore moved the pCF10
derivatives into both ΔgelE and ΔgelEΔsprE strain
backgrounds to investigate the impact of those
proteases on the size of PrgB. However, no effect on
theamount of 78-kDa-sizedPrgBcould beobserved. In
vitro proteolysis experiments were also performed,
using PrgA28–814 with PrgB, BSAor itself as substrates,
but no cleavage of either PrgB, BSA or PrgA28–814
could be seen (data not shown).
Discussion

That PrgA plays an important role in surface
exclusion in pheromone-responsive plasmids was
already established several decades ago. To the best
of our current knowledge, all pheromone-responsive
plasmids encode for a homolog for the pCF10 prgA
gene (with the sole exception of the in other aspects
unusual plasmid pAM373). The high degree of
homology and conservation indicate the importance
of PrgA. More recently, PrgA was found to also play a
role during biofilm formation [14]. However, structural
information and molecular details about its function
have been lacking. The crystal structures of PrgA that
we present here reveal two previously unknown
features that could play important roles in its function
as a gatekeeper against unnecessary conjugation with
other pCF10 containing cells.
First of all, we found that PrgA has a long extended

structure that can protrude as far as 40 nm from the

Image of Figure 5
Image of Figure 6
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cell surface (Figure 2). This is made possible by a
coiled-coil domain that extends to a total length of
385 Å, making it the longest 2-helix coiled-coil
structure reported from bacteria in the Protein Data
Bank to date. Donor cells without PrgA on the
surface (pCF10:ΔprgA) aggregated faster and ex-
hibited improved mating efficiency in comparison to
wild-type pCF10 cells (Figure 3). This effect of PrgA
(lowering aggregation and mating efficiency) could
result from steric hindrance by its long rigid coiled-
coil domain.
The second significant structural feature that we

found is that PrgA has a CAP domain that is
presented ~40 nm away from the cell surface
(Figure 2). This globular domain contains a CAP
cavity tetrad consisting of His412, Glu436, Asp470
and His477. Further inspection of the structure
revealed that two of these residues (Asp470 and
His477) together with Ser476 were positioned in a
way that strongly resembles a classical catalytic triad
as found in hydrolases (Figure 1(c)). In our structure,
a metal ion is coordinated by the two histidines from
the CAP tetrad: His412 and His477. Due to this
conformation, the side-chain of His477 is in a
position that is not compatible with a hydrolase
activity, since it then cannot activate Ser476. Based
on the structure, we speculated that PrgA might
function as a serine-dependent protease that is
inhibited by metal ions. Previous literature on CAP
domain proteins indicates that this could be the case.
One other CAP protein, Tex31 from cone snails, has
been indicated to have a Ca2+-dependent protease
activity that can be blocked by serine protease
inhibitors [47]. Another CAP protein (Sav1118, PDB
code: 4H0A) has been crystallized with a peptide
bound in the proposed active site. However, experi-
mental evidence of proteolytic activity in Tex31 and
other proteins is relatively scarce [22,24].
The role of the potential protease activity of PrgA

was addressed by exchanging the serine in the
putative active site with an alanine (PrgAS476A) and
studying the effect of this change both in vivo and
in vitro. In contrast to wild-type PrgA where divalent
cations needed to be added to all purification buffers
to prevent protein degradation, the PrgAS476A variant
could be purified as the full-length protein in standard
buffers without any metals added. Protease assays
were tried in vitro, using wild-type PrgA, PrgB and
BSA as substrates. However, no activity could be
shown in these assays. This might be due to the fact
that our in vitro conditions do not reflect the in vivo
conditions needed for activity. One obvious differ-
ence is that both PrgA and PrgB are soluble proteins
in these assays, as in contrast to the in vivo situation
where they are both anchored to the cell wall. To
study the role of the putative protease activity of
PrgA in vivo, E. faecalis recipient cells with a pCIE
plasmid containing either prgA::S476A, prgA or
ΔprgA were compared in conjugation assays.
Surface exclusion in the PrgA::S476A expressing
cells was reduced in comparison to the wild-type allele
and resembled the ΔprgA allele, therefore suggesting
thatSer476, and therefore theproteaseactivity of PrgA,
has a central role in surface exclusion.
PrgB is the most obvious target for the protease

activity of PrgA. It has long been known that induced
donor cells contain two major forms of PrgB as
visualized by Western blots: the 140-kDa full-size
protein and a truncated version of ca. 78 kDa
[14,18]. It was recently discovered that the amount
of full-length PrgB is increased and the smaller-sized
PrgB band cannot be detected in cells with
pCF10:ΔprgA [14]. The exact cleavage site in the
PrgB homolog from pAD1 has been determined and
corresponds to an unstructured region directly
downstream of the adhesin domain [29]. This region
is also present in PrgB. We know from previous
studies that PrgB is known to form dimers, so the N-
terminal fragment could still be present at the cell
wall via heterodimeric PrgB, if only one monomer
would be cleaved. In silico docking indicates that the
presumed proteolytic region in PrgB could indeed
bind to the active cavity of the CAP domain in PrgA
(Figure 5). Sequence alignments suggest that prgA
and prgB have co-evolved, not only as a whole, but
specifically in the regions predicted to be involved in
the binding (Figures S7 and S8, Table S2). The co-
evolution of the prgA and prgB genes could provide a
means to specifically prevent mating of a donor cell
with a cell containing the same plasmid, while
allowing the mating with donor cells with a different
plasmid (and therefore another prgA/prgB pair).
These in silico data therefore strengthen the
suspicion that PrgA binds to the unstructured region
of PrgB downstream of the adhesion domain and
hydrolyses PrgB at this specific position.
The data indicate that PrgA could be responsible

for this cleavage and accomplish its role in surface
exclusion by reducing the amount of PrgB and
thereby the efficiency of donor–donor cell contact. It
is also possible that a PrgB cleavage product could
compete with the full-length protein for mediating
formation of an effective mating pair. Experimentally,
we could not detect the cleaved 78-kDa version of
PrgB in extracts from cells containing pCF10ΔprgA,
while this form is abundant in pCF10 containing cells
(also shown by Bhatty et al. [14]). Performing the
same analysis with a strain carrying pCF10prgA::
S476A showed a marked increase in the ratio
between the full-length PrgB and 78-kDa fragment,
with much more full-length protein observed than in
wild-type pCF10. However, the 78-kDa cleaved
PrgB fragment could still be detected. That we still
see the 78-kDa band in the prgA::S476A back-
ground could have several explanations. It could be
due to that we have not found the optimal conditions
for the assay, or alternatively that PrgA might not be
solely responsible for PrgB processing. When



Figure 7. Schematic drawing highlighting the various
functions of PrgA. 1: PrgA provides surface exclusion,
inhibiting the uptake of another pCF10 plasmid into a cell
that already contains pCF10. 2: PrgA decreases cellular
adhesion, likely by steric hindrance. 3: PrgA is involved in
the proteolytic cleavage of PrgB.

5689Enterococcal PrgA Extends Far Outside the Cell
pCF10 and its variant alleles were placed in strains
devoid of the prominent E. faecalis proteases GelE
and SprE no alteration of PrgB degradation activity
was seen, thus indicating that neither of those
proteases are involved in PrgB processing.
Although PrgA and its presumed protease activity

mediated by serine 476 seems to play a significant
role in surface exclusion, it is only a minor contributor
to the overall exclusion phenotype of pCF10. This
is shown by the around 1000-fold stronger surface/
entry exclusion of any prgA allele exhibited in
the pCF10 background, compared to the pCIE
plasmid background. This indicates that there is
another component involved in the surface/entry
exclusion process in pCF10. Based on homologous
systems, we suggest that this most likely will be on
the level of entry exclusion. A similar two-factor
approach is present in the Escherichia coli F-plasmid
family. These F-plasmids contain traS (surface exclu-
sion) and traT (entry exclusion), where TraS provides
a ~10-fold contribution and the membrane protein
TraT a ~1000-fold reduction to plasmid entry
compared to a plasmid-free recipient. Anentry exclusion
component was recently also identified in the ICEBs1
element of the Gram-positive Bacillus subtilis [31].
The YddJ protein of this element is the sole component
that provides entry exclusion (at a level of 1000-fold),
but no clear homolog can be found on pCF10. Although
the contribution of PrgA in surface exclusion
appears to beminor in our plasmid transfer experiments
(ca. 10-fold reduction), our competition experiment
on solid surface indicates that it is a major disadvantage
for cells harboring pCF10 to not have functional PrgA
at high cell densities, e.g. in biofilms, conducive to
formation of potential mating pairs. Both pCF10ΔprgA
and pCF10prgA::S476Awere at a severe disadvantage
in comparison to a donor with intact prgA after 3 days
of co-culture with a recipient and a competing
pCF10 donor strain. These results suggest that forma-
tion of spurious mating pairs between plasmid-
containing donor cells may confer a high fitness
cost whether or not intercellular plasmid transfer
actually occurs.
Taken together, our results demonstrate that PrgA

has multiple roles in pCF10 carrying cells (Figure 7).
It has an active role in decreasing cellular adhesion,
likely due to steric hindrance. We solved the crystal
structure of PrgA and show for the first time that it
has a CAP domain with a hydrolase-like active site,
that sticks out ~40 nm outside the cell wall. We also
verified that PrgA is active in surface exclusion, as
postulated almost 30 years ago, and we now show
that this effect is dependent on the active-site serine
of the CAP domain of PrgA. In silico analysis
indicates that a conserved unstructured region of
PrgB binds to this active site and gets cleaved,
resulting in the 78-kDa PrgB fragment that has been
described in literature. Finally, we show that donor
cells with PrgA have a competition advantage.
Materials and Methods

Plasmids and cloning

For a list of strains and plasmids used, please see
Table 3. We used a standard overlapping PCR-based
approach to introduce a two base-pair changes
at position 11,440–11,441 in pCF10 from AGC (Ser)
to GCC (Ala), generating a fragment containing the
mutation. The product was cloned into pGEMT-easy
and the mutation verified by sequencing. We then
recloned the fragment from pGEMT-easy into the

Image of Figure 7


5690 Enterococcal PrgA Extends Far Outside the Cell
conditionally replicating integration vector pCJK47 and
used conjugative mobilization of the resulting recombi-
nant plasmid into a target strain carrying pCF10
followed by allelic exchange as described by Kristich
et al. [33] to replace the wild-type prgA sequence with
the mutated sequence, generating pCF10::prgA:
S476A. While this procedure generated the desired
allelic replacement within prgA, a secondary recombi-
nation event involving the target plasmid and the
plasmid used formobilization of the integrative pCJK47
derivative resulted in a mutation of the oriT region from
the target plasmid, abolishing self-transfer ability.
Restoration of the original oriT was accomplished by
cloning a 1099-bp fragment containing the pCF10 oriT
sequence (originating from the use of forward primer
ATATTAGGATCCGGAAAGTCCCAAGCTAACG and
reverse primer ATATTACCATGGCAGACGGATTAT-
CATTCG) into pGEMT-easy and recloning this frag-
ment into the temperature-sensitive plasmid pCJK218
[35]. The plasmid was introduced by electroporation
into OG1RF:pCF10::prgA:S476A oriT-. Replacement
of the mutated oriT with the wild-type sequence was
successful, and a transfer positive plasmid was
identified in a plasmid transfer screen. The sequences
of oriT and prgA were confirmed by sequencing. To
express prgA or the S476A variant separately from
other pCF10 genes from the pCF10 background, the
prgA alleles were amplified by PCR and cloned into the
cCF10-inducible vector pCIE [28].
We isolated plasmid pCF10/G2 (a derivate of

pCF10) during transposon library construction of
pCF10 using pZXL5 [36] encoding gentamycin
resistance. Integration of the transposon occurred
on pCF10 and resulted in the loss of the last 3 amino
acids of PrgY. This results in a higher background
of plasmid transfer in uninduced cells in a standard
mating (Transconjugants/Donor: 10−4) compared to
uninduced pCF10 cells (Transconjugants/Donor: 10−6).
For overexpression and purification purposes,

the DNA encoding for PrgA28–814, PrgA291–541 or
PrgA294–754 was amplified from the pCF10 plasmid
and cloned into the expression vector p7XC3H using
FX cloning [37]. PrgA28–814 was also cloned into the
pGEX-6P-2 vector toobtainedGST-taggedPrgA28–814.
These constructs do not contain theC-terminal cell-wall
anchoring motif.

Protein expression and purification

The vectors for overexpression were transformed in
E. coliBL21(DE3). Cells were grown to anOD600 of 1.5
in Terrific Broth medium at 37 °C, before lowering the
temperature to 16 °C and inducing the expression by
the addition of 0.5 mM IPTG. Expression was done
overnight (16 h). Cells were harvested and disrupted
with a Constant cell disruptor (Constant Systems) at 25
kPsi in 50 mM Hepes/NaOH (pH 7.5), 500 mM NaCl,
30 mM Imidazole (pH 7.8). The lysate was clarified by
centrifugation for 30 min at 30,000g.
The his-tagged protein was purified at 20 °C on Ni-
NTA-Sepharose (Macherey-Nagel). The column
was washed with 10 column volumes of 20 mM
Hepes/NaOH (pH 7.5), 300 mM NaCl, 30 mM imid-
azole (pH 7.8) and bound proteins were eluted from
the column with the same wash buffer supplemented
with 500 mM Imidazole (pH 7.8). GST-tagged pro-
teins were purified on glutathione-agarose bead
(Protino). The beads were washed, and the protein
was eluted by addition of 50 mM Hepes (pH 7.5),
500 mM NaCl, 5 mM EDTA and 30 mM reduced
glutathione. Both the His-tagged and GST-tagged
variants of PrgA were subsequently loaded on a
Superdex-200 16/600 size exclusion chromatogra-
phy column (GE Healthcare) in 10 mMHepes/NaOH
(pH 7.5) and 200 mM NaCl. Both tags were
removed by the addition of HRV 3C protease.
Proteins were concentrated to 12 mg/ml using an
Amicon Ultra Centrifugal Filter (Merck-Millipore). To
purify non-degraded PrgA (without the S476A
mutation), 10 mM Mg2+ was added before cell lysis
and to all subsequent buffers during the purification.
Protein purity was assayed via SDS-PAGE. Note
that PrgA contains a many positively charged
residues, and therefore migrates slower through
the gel than expected based on its molecular weight.

Mass spectrometry

Peptides for mass spectrometry analysis were
generated by in-gel digestion of cut-out bands indicated
in Figure S1, in the presence of 20 mM ammonium
bicarbonate, 0.01%ProteaseMax (Promega) and6 ng/
μl of sequencing grade trypsin (Promega) for 1 h at
50 °C. For analysis by mass spectrometry, the liquid
phase of the in-gel digests was acidified using formic
acid (final concentration 1%), and insoluble material
was removed by centrifugation (20,000g, 10 min,
4 °C). The in-gel digest samples were analyzed by
LC–MS/MS using a HCT Ultra ETDII iontrap mass
spectrometer (Bruker) linked to an Acquity-M nano
UPLC (Waters). Peptides were separated at a flow rate
of 350 nl/min using a 15-cmC18 nano-reversed phase
column (HSS T3 1.8 μm 75 μm × 150 mm, Waters)
and a 15-min gradient from 3% to 50% acetonitrile in
0.1% formic acid. TheMS scans were performed in the
enhanced scanmode covering amass range from 300
to 2200. Acquisition of MS/MS spectra was performed
using alternating CID and ETD fragmentation. Pro-
cessing of the raw data files was performed using Data
Analysis software (version 4, Bruker).

Crystallization and structure determination

Crystals of PrgA291–541 were grown at 20 °C by
sitting drop vapor diffusion in a condition containing
0.02 M sodium/potassium phosphate, 0.1 M Bis-Tris
propane (pH 6.5), 20% PEG 3350 with a protein
concentration of 12 mg/ml and a protein to reservoir



Table 2. Data collection and refinement statistics

PrgA294–541 PrgA28–814

Data collection summary
Space group P1211 P4322
Cell dimensions

a, b, c (Å) 83.87, 36.00, 84.85 126.36, 126.36, 293.21
α, β, γ (°) 90.00, 114.47, 90.00 90, 90, 90

Resolution (Å) 45.65–1.50 (1.52–1.50) 49.11–3.06 (3.25–3.06)
Completeness (%) 96.8 (69.3) 99.5 (97.2)
Rmeas (%) 8.1 (129.8) 26.6 (271.0)
I/σ (I) 10.9 (1.1) 8.56 (0.75)
CC(1/2) 99.9 (28.5) 99.7 (34.2)
Redundancy 4.9 (3.8) 12.68
No. unique reflections 72,211 45,500
Refinement summary
Resolution (Å) 45.65–1.50 49.11–3.06
Rwork (%) 15.95 28.39
Rfree (%) 19.77 31.51
Number of atoms

Protein 3876 5812
Water 206 0
Other ligands 15 90

B-factors
Protein 29.30 151.01
Water 44.89

r.m.s. deviations
Bond lengths (Å) 0.003 0.006
Bond angles (°) 0.549 0.944

Ramachandran statistics
Outliers (%) 0.00 2.51
Allowed (%) 1.03 5.42
Favored (%) 98.97 92.06
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ratio of 1:1 in the drop. Crystals of PrgA28–814 were
grown at 20 °C by sitting drop vapor diffusion in a
condition containing 37.5% (v/v) PEG400, 0.1 M Tris/
HCl (pH 8.5), 0.114 M LiSO4. The crystals were
dehydrated by sequential transfer of the crystals into
solutions with ever higher PEG400 concentrations,
going from 37.5% to 90% in 10 steps with 20-min
incubation time per step. Crystals for native data
collection were flash cooled in liquid nitrogen. For
soaking with iodine, the crystals were transferred into
the mother liquor containing 500 mM JBS Magic
triangle I3C and were soaked for 30 s prior to flash
cooling in liquid nitrogen.
Table 3. Plasmids and strains used in this study

Name Source/Reference

Strains
OG1RF [27]
OG1ES [32]
OG1Sp [33]
Plasmids
pCF10 [34]
pCF10/G2 This study
pCF10:prgA:S476A This study
pCF10ΔprgA [14]
pCIE [28]
pCIE:: prgA This study
pCIE:prgA:S476A This study
X-ray diffraction data were recorded at beamlines
ID 29 and ID30-A at the European Synchrotron
Radiation Facility, Grenoble, France. The data were
processed using XDS [38]. The PrgA291–541 crystals
belonged to the monoclinic space group P1211 and
contained two molecules in the asymmetric unit. The
crystallographic phase problem was solved by
means of single-wavelength anomalous dispersion
using I3C soaked protein crystals. The iodine sites
were found and refined by SHELX, and an initial
model was built by ARP/wARP [39,40]. The structure
of the high-resolution native data was solved by
molecular replacement with PHASER [41] using the
initial PrgA291–541 structure as a search model. The
PrgA28–814 crystals belonged to space group P4322
and contained one molecule in the asymmetric unit.
PrgA291–541 was used as a molecular replacement
model to solve the phase problem. Building of the
models was conducted in COOT [42]. PrgA28–814
and PrgA291–541 were refined at a resolution of 3.0
and 1.50 Å, respectively, using PHENIX [43]. For
complete data collection and refinement statistics,
see Table 2. For PrgA28–814 and PrgA291–541,
92.06% and 98.97%, respectively, of the residues
are located in the favored region of the Ramachan-
dran plot as determined by MolProbity [44]. For
PrgA28–814, the exact register of the lower part of the
coiled-coil (residues 55–132 and 700–798) was
difficult to place due to the relatively low resolution.
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Isothermal titration calorimetry

The ITC experiments were performed on a MicroCal
iTC200 (Malvern). ZnSO4 solution (1 mM) was titrated
into a solution with 0.05 mM PrgA294–754. Both
solutions were prepared with identical buffer solution,
containing 20 mM Hepes (pH 7.0) and 150 mM NaCl.
The injection sequence consisted of an initial injection
of 0.5 μl to prevent artifacts arising from the filling of the
syringe (not used in data fitting), followed by injections
of 2 μl aliquots with a 120-s interval between each
injection. To correct for heats of dilution and mixing,
blank titrations of ZnSO4 into buffer were subtracted
from the ZnSO4-protein titration. The resulting titration
curves were fitted to a one-site model using the Origin
ITC software package supplied by Malvern to numer-
ically obtain the apparent binding constant (KD), the
number of binding sites (n) and binding enthalpy ΔH.

Aggregate formation assay

Cells were inoculated 1:100 in Todd–Hewitt Broth
(THB) and grown at 37 °C for 4 h. cCF10 (50 ng/ml)
was added to the induced cultures at time of
inoculation. After inoculation, cells were resuspend-
ed 10 times with a P1000 tip to homogenize the
culture. One milliliter was removed and pelleted at
16,000g for 5 min in a centrifuge. The pellet was
resuspended in 1 ml of PUM buffer (Rosenberg
1980) and then vortexed at top speed (Genie 2) for
10 s. The cultures were allowed to settle for 15 min,
before 800 μl was removed from the top to measure
the OD600. The difference in OD600 between unin-
duced and induced cultures served as measure for
aggregate formation with lower OD600 of the
supernatant indicating increased aggregate
formation.

Plasmid transfer assay (mating)

Donor (OG1Sp:pCF10/G2) and recipients
(OG1RF:pCIE:prgA or pCIE:prgA:S746A or
pCIE:ΔprgA) were inoculated 1:10 in THB and
grown separately for 1 h. cCF10 was added at
2.5 ng/ml for the donor and 10 ng/ml for the
recipients at time of inoculation. After 1 h, the
recipient culture was inoculated 1:10 with the donor
culture and incubated for a further 2 h to allow mating
to occur. After the completed mating, an aliquot of
cells was removed, mixed 1:1 with PUM buffer,
vortexed for 10 s and then serially diluted. Donors
and transconjugants were enumerated on spectino-
mycin (1000 μg/ml) plus tetracycline plates (10 μg/
ml) and rifampicin (200 μg/ml) plus gentamycin
plates (1000 μg/ml), respectively. For the mating
shown in the supplemental material, the donor was
not induced, recipients were induced with 10 ng/ml
cCF10 and mating was only allowed to proceed for
15 min.
Triparental mating

Population analysis of the competitiveness of the
prgA mutants was performed on an agar surface
created by filling 1 ml of melted THB + 1.5% agar in
a standard Eppendorf-tube. Overnight cultures were
1:10 diluted in K-PBS and a mating mixture of the
three strains was created in a ratio of 1:1:2 of donor 1
(D1) OG1Sp:pCF10-G2, donor 2 (D2) OG1RF:
pCF10 (or pCF10:prgA::S476A or pCF10:ΔprgA)
and recipient (R) OG1ES. Cell numbers of the Day 0
mating mixture were immediately determined by
serial dilution. Two microliters of the mating mixture
was placed on the agar surface in the prepared
Eppendorf Tube and incubated for 3 days at 37 °C.
After 3 days, the cells were removed from the agar
surface by resuspension and cell numbers of D1, D2, R
and the possible transconjugants (TC1–3) were
determined by serial dilution and plating on selective
plates. Transconjugants formed from the transfer of
pCF10-G2 into D2 (also referred to as Test strain) were
labeled TC1. Transconjugants resulting from plasmid
transfer into the recipient OG1ES from both D1 and D2
are referred to as TC2. Transconjugants from the
transfer of pCF10-G2 into OG1ES recipients are
identified as TC3. Selective plates contained
1000 μg/ml spectinomycin, 10 μg/ml tetracycline
(D1); 200 μg/ml rifampicin, 10 μg/ml tetracycline (D2);
200 μg/ml rifampicin, 1000 μg/ml gentamycin (TC1),
20 μg/ml erythromycin (R); 20 μg/ml erythromycin,
10 μg/ml tetracycline (TC2) and 20 μg/ml erythromycin
and 1000 μg/ml gentamycin (TC3).

Western blot

Western Blots were performed using standard
procedures. Equal amounts of cell extracts were run
on a 7.5% minigel and transferred to a Protran BA85
membrane (Whatman). After overnight blocking, the
membrane was incubated with a 1:2500 dilution of
the antibody against aggregation substance [45] for
2 h. Afterward, a goat-anti rabbit HRP-conjugated
secondary antibody (Invitrogen) was used at a
1:2500 dilution for 1 h. The signal was detected by
using Supersignal West Pico (Thermo Fisher).

Peptide docking

The structure of the CAP domain of PrgA and
sequence of the region around the proposed
PrgB cleavage site were used as input into the
CABS-dock server, which was run using default
settings [30].

Accession numbers

Atomic coordinates and structure factors of the
PrgA crystal structures have been deposited with the
Protein Data Bank (PDB: 6Z9K and 6Z9L).
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