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Enterococcus faecium have high rates of antibiotic resistances, with
vancomycin-resistant E. faecium acknowledged as the most important in
the clinical setting and declared by WHO to be a threat to humankind, for
which rapid actions are needed. PpiC is a membrane-bound lipoprotein of
E. faecium endowed with both a peptidyl-prolyl isomerase and a foldase
activity, and plays a key role in assisting the folding of many secreted
enterococcal proteins. It is located at the membrane-wall interface, there-
fore easily accessible to inhibitors and to the immune system and an ideal
target for drug and vaccine development. Despite their potential, entero-
coccal peptidyl-prolyl isomerases have been understudied. We previously
identified PpiC as an important cross-protective vaccine antigen. To gain a
better understanding of the PpiC biological role in E. faecium survival, we
determined the crystal structure of PpiC and investigated its biophysical
properties. Consistent with PpiC’s folding activity, the biological assembly
of PpiC is a bowl-shaped structure containing two parvulin-type
peptidyl-prolyl cis/trans isomerase domains. We also dissected the role of
N- and C-terminal regions of the molecule in its dimerisation, an event
which is predicted to play an important role in the folding of client pro-
teins. Our data point to a functional cross-talk between the foldase and
peptidyl-prolyl isomerase activities of PpiC, through the protein-swapping
involved in dimerisation. Also, our work provides key structural data for
the design of antimicrobials and cross-protective vaccine antigens against
nosocomial infections.

Introduction

Enterococci are ubiquitous gram-positive, facultative
anaerobic microorganisms, which colonise a broad
invertebrates to mammals,

range of hosts, from

Abbreviations

including humans [1,2]. It was shown in mice that
enterococci can invade extra-intestinal regions, in a
process facilitated by the administration of antibiotics
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domain, PPlase foldase domain formed by N- and C-terminal regions; NC, foldase domain of PPlases; PBP, penicillin-binding protein; PDB,
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[3.4]. Therefore, E. faecium and E. faecalis [5,6] are the
major etiological agents of nosocomial infections as
they infect patients with recent surgery, organ trans-
plantation, diabetes, malignancy, and renal insuffi-
ciency [7,8]. Although both strains have clinical
importance, E. faecium infections have higher rates of
antibiotic resistance and mortality [9]. Enterococci
often have intrinsic tolerance and/or resistances to
many antibiotics (e.g. beta-lactams [10-13], cephalo-
sporins  [14,15],  glycopeptides, = aminoglycosides
[16,17]), and acquired resistances toward gentamicin
and streptomycin [18,19]. Moreover, vancomycin resis-
tance is important in the clinical setting because of its
use for other MDR gram-positive bacteria, and for
patients allergic to semi-synthetic penicillins and ceph-
alosporins [20]. In 2017, the WHO declared
vancomycin-resistant E. faecium (VRE) a threat to
humankind for which rapid actions are needed [21,22].

The folding and maturation of many secreted
enterococcal proteins depend on an extracellular fol-
dase, a lipoprotein endowed with both Peptidyl-prolyl
cis-trans isomerase (PPIase) and foldase activities [23].
Indeed, cis-trans isomerisation is the rate-limiting step
in the folding of proteins containing cis-prolines [24].
In E. faecalis, the PPlase denoted as PrsA was found
to be a potential virulence factor, mediating high resis-
tance to salt concentrations and ampicillin. The pro-
tein was also involved in the folding and trafficking of
penicillin-binding proteins (PBPs) [25]. PrsA was also
discovered in Bacillus subtilis and other Firmicutes
[26]. Most recently, the PPlases PrsA and SIrA of
Streptococcus pneumoniae were shown to play an
important role in the secretion of the cholesterol-
dependent pore-forming toxin pneumolysin [27].

Some PPlases act as selective enzymes and recognise
proline residues preceded only by certain signals, such
as phosphorylated amino acids as in the case of
human Pinl [28-30]. Other PPlases can act on a
wide range of substrates, and recognition can be
phosphorylation-independent [25]. Within PPlases, we
can distinguish three families: the cyclophilins, the
FK506 binding proteins, and the parvulins [31,32]. At
their N-terminus, PPlases typically present a signal
sequence followed by a flexible linker containing a cys-
teine residue that is enzymatically modified upon sig-
nal sequence cleavage with a diacylglycerol residue for
membrane association. Parvulin-type PPlases contain
a family-conserved core region, generally embedding a
parvulin domain and a chaperone domain composed
of both N- and C-terminal regions. To date, it is
unclear whether the chaperone and parvulin domains
are in an inter-domain cross-talk, that is if the chaper-
one domain is actively delivering substrates to the
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active site of the parvulin domain or the two functions
are completely independent.

Due to the importance of their catalysed reaction,
PPlases are potential targets for novel antimicrobials.
However, despite the clinical relevance of enterococci,
their PPIases have been poorly investigated. We previ-
ously identified the PPlase PpiC of E. faecium as a
promising vaccine antigen, as it can induce the produc-
tion of opsonic and cross-protective antibodies target-
ing enterococci [33]. Also, we proved that rabbit serum
raised against PpiC can mediate opsonophagocytic
killing of several S. aureus strains (i.e. MW2, LAC,
and Reynolds) [34], suggesting that PpiC can act as a
cross-reactive antigen, similar to other recently discov-
ered antigens [35]. Given the relevance of PpiC as a
drug target and as a promising antigen against
multi-resistant gram-positive pathogens, we decided to
investigate its structural features. Here, we determined
the crystal structure of the enzyme at 2.5 A resolution,
showing that PpiC adopts a dimeric organisation
embedding two catalytic parvulin-type PPlase domains
joined by a large crevice. This crevice is likely func-
tional as an extended interactive surface to help the
folding of client proteins. Also, we set out to investi-
gate the structural determinants of PpiC oligomeric
organisation, an important feature in PPIases for their
interactions with client proteins [36]. Biophysical stud-
ies of truncated forms of the enzyme suggested the
existence of a cross-talk between parvulin and chaper-
one domains of PpiC, that allows it to fold coopera-
tively. This cross-talk, mediated by the swapping of
N- and C-terminal regions, is likely responsible for the
concerted action of the two catalytic functions of
PpiC. Finally, our data provide a structural basis for
the structure-based design of improved vaccine anti-
gens and for the design of specific inhibitors.

Results

PpiC is a stable and dimeric protein

Native PpiC of E. faecium is a 336 residues
protein belonging to the PrsA family of foldases, as pre-
dicted through searches in the Protein Family Database
(PFAM) database [37]. From its N-terminal side, the
protein embeds a signal peptide, followed by a linker
region including Cys22. In other PPlases, cleavage
occurs upstream from the cysteine, which is enzymati-
cally modified to accommodate the cell wall-anchoring
lipo-box (diacylglycerol) [38]. According to the PFAM
database [37], the mature enzyme starts with Cys22, and
contains a trigger factor/SurA domain superfamily and
a peptidyl-prolyl cis-trans isomerase (PPlase) domain
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Fig.1. PpiC is a multi-domain dimeric protein. (A) Domain
boundaries in PpiC sequence; N-terminus, parvulin and C-terminus
domain are reported in yellow, blue and purple, respectively. The
signal peptide at the N-terminal ends and the flexible C-terminus
(residues 331-336) is coloured in grey and red, respectively. (B)
Analytical size exclusion chromatography coupled with light-
scattering (SEC-LS) of PpiC. Relative Rayleigh ratios (left scale) and
derived molar masses (right scale, red points) are plotted versus
elution time.

between residues 142-223 (Fig. 1A). PPlase domains are
known to accelerate protein folding by catalysing the
cis-trans isomerisation of proline imidic peptide bonds
in oligopeptides [38]. The protein terminates with a
strongly negative C-terminal end, rich in Asp and Glu
amino acids (304-336).

To experimentally assess the structural and unfold-
ing features of PpiC of E. faecium, we recombinantly
produced and purified PpiC depleted of the signal pep-
tide (residues 1-26) in high yields. As shown in
Fig. 1B, light-scattering experiments unambiguously
show that PpiC has a dimeric structure. Indeed, inten-
sity of the Rayleigh scattering provides a weight aver-
age MW of 69.29 +0.99 kDa (Fig. 1B). Dimerisation
is often observed in foldases, as it leads to a large
crevice that may protect substrate proteins from aggre-
gation in vivo [39].

Crystal structure of PpiC dimer

The purified PpiC of E. faecium was crystallised in the
monoclinic space group P2; with cell dimensions of
a=67.5b=69.7 ¢c=874A, p=102.8°, and two pro-
tein molecules in the asymmetric unit. The crystals dif-
fracted beyond 2.5 A resolution, and the structure was
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solved by the molecular replacement method, using
Phaser [40]. The best search model was obtained using
the ALPHAFOLD 3.0 tool, which produced a reliable
monomeric structure for the region T30-T300 (PIDDt
> 90) [41]. The molecular replacement procedure iden-
tified two molecules in the asymmetric unit. After sev-
eral rounds of model building and refinement, the final
model includes residues 29-303 (chain A) and 30-300
(chain B), 15 Cd** jons and 109 water molecules
(Table 1). No signs of electron density were visible for
the C-terminal charged arm (residues 304-336).
Consistently, this region is rich in serine and threonine
residues and acidic residues (301-SAFTTTSSSTKD
SSETTASTKSSDTKSTDSTKESSTEETTDSSK-336),
with an isoelectric point of 4.5, and is predicted to be
fully flexible [42]. Statistics of data collection and
refinement are reported in Table 1.

The structure of PpiC presents a highly symmetric
bowl-shaped dimer, with root mean square deviations
(RMSD) computed on backbone atoms of the two
chains of 0.5A (Fig. 2A.B). Each chain of PpiC is
formed by two domains, the catalytic parvulin-type
PPlase domain and a domain formed by both an N-
terminal and C-terminal region, here denominated as
the NC domain (Fig. 2). The NC domain, also known
as foldase domain, is formed by three different
regions. A swapped N-terminal p-hairpin-helix motif
(residues 29-50) belonging to one chain interacts with
both an N-terminal (residues 51-143) and a C-terminal
region (redidues 244-301) of the adjacent chain
(Fig. 2).

The swapped N-terminal B-hairpin regions, located
close to the lipo-box carrying Cys22, point toward the
E. faecium membrane surface and potentially interact
with it. Consistently, the analysis of the electrostatic
potential surface of the PpiC structure, computed
using ChimeraX [43], shows that PpiC is an almost
fully negatively charged molecule, with the most prom-
inent positively charged region in the bottom part of
the molecule, constituted by the swapped p-hairpin
regions (Fig. 3A.B). Another positively charged region
is a lysine-rich region connecting the NC domain with
the parvulin domain of each chain (residues 238-250)
(Fig. 3C). Although PpiC substrate client proteins are
hitherto unknown, it is well established that electro-
static interactions provide the initial driving force for
attraction of foldases to the unfolded client [44.45].
Therefore, it can be assumed that PpiC is endowed
with a specific preference for positively charged
proteins.

Five homologous proteins were detected in the PDB
database using the tool BLASTP [46] (Table 2), including
PPlases from S. pneumoniae, S. mutans, L. monocytes
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Table1. Data collection and refinement statistics. Values in
parentheses are for the highest resolution shell, 2.6-2.5 A.

Data collection

Wavelength 0.8731

Beamline ESRF beamline ID30B
Detector DECTRIS EIGER X 4 M
Oscillation step 0.1°

Number of fremes 3600

Data processing

Space group P2,

Unit-cell parameters a, b, c; B 67.5, 69.7, 87.4 A; p=102.8°

Resolution range (A) 65.8-2.5
Total no. of reflections 50297 (3103)
No. of unique reflections 17572 (879)
Completeness (%) 86.7 (63.2)
*Rmerge (%) 21.7 (147)
Average l/o(l) 5.1 (1.5)
CC1/2 88.7 (50.1)
Refinement
*Rwork/Rfree (%) 21.2/24.9
No. of residues 546
No. of water molecules 109
RMS deviations
Bond lengths (A) 0.003
Bond angles (°) 0.79
MolProbity score 2.93
MolProbity clashscore 14.5
Ramachandran favoured (%) 90.6
Ramachandran outliers (%) 1.7
Average B-factor 47.5
Chain A
All atoms 50.4
Main chain 48.6
Side chain 51.3
Chain B
All atoms 445
Main chain 42.0
Side chain 45.8
Solvent 33.3

*Rmerge = X hZi l(h,)— < [th) > /= hZi I(h,), where [(h,) is the inten-
sity of the ith measurement of reflection h and < /(h) > is the mean
value of the intensity of reflection h.

and B. subtilis [27,36,39] (Table 2). Despite the general
overall conserved fold with these five proteins, we
observe large structural variations among them, mainly
in the relative orientations of the PPlase domains with
respect to the NC domains. Consistently, backbone
RMSD values computed upon superposition of each
of them on the structure of PpiC are in a wide range,
from 2.3 A in the case of S. pneumoniae, to 8.6 A in
the case of B. subtilis (Table 2). After superposition of
NC domains, rotational angles of the PPlase domain
range from 8.3° in the case of S. pneumoniae to 70° in
the case of B. subtilis (Table 2, Fig. 4A). A high flexi-
bility is a typical feature of foldases, as flexibility
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allows the client proteins to sample a wide conforma-
tional space while still bound to the chaperone [44].

The catalytic PPlase domain

Typical of parvulin-type PPlase domains, the parvulin
domain of PpiC consists of a four-stranded antiparallel
B-sheet surrounded by four a-helices (E147-N242) [47]
(Fig. 4A,B). When compared to other known PPlase
domains, an overall conservation of its structure is
observed, with RMSD values computed on backbone
atoms in the range 0.8-1.8 A and sequence identities
ranging between 29.5 and 46.3%. Structural similarity
is also observed with the PPlase domain of human
Pinl (RMSD 1.3 A), despite the low sequence identity
(18%) [48]. Due to its relevance in cancer in activating
oncogenes and inactivating tumour suppressors, the
structure and function of hPinl has been extensively
studied [49,50].

On analogy to PrsA and hPinl, a hydrophobic
pocket is formed in PpiC by Ile199, Val203, and
Vall190, which likely constitutes the binding site for the
cyclic side chain of proline (Fig. 4A). Indeed,
the hydrophobic character of these residues is fully
conserved in all homologous PPlases (Table 3). In
hPinl, the peptidyl-prolyl bond undergoing catalysed
isomerisation is surrounded by side chains of residues
Cys113, His59, His157, and Serl54 (corresponding to
Aspl180, I1e248, Tyr232 and Asn223 in PpiC, Table 3).
As shown in Table 3, Cys113 of hPinl is replaced by
an aspartic residue in almost all bacterial PPlases,
whereas His59 is conserved in several bacterial PPlases
including PrsA of B. subtilis and L. monocytes. Con-
versely, a hydrophobic residue replaces His59 in PpiC
(Ile248) and PrsA PPlases of S. mutans (Vall48), S.
pneumoniae (Ile150) and L. lactis (Vall58) (Table 3).
As for Hisl57 and Ser154 of hPinl, their hydrogen-
bonding donor nature is almost fully conserved in all
species (Tyr232 and Asn223 in PpiC, Table 3).

Compared to PpiC and PrsA, hPinl contains a long
positively charged loop, between Pl and «l, which
forms the recognition site for the phosphorylated
Ser/Thr-Pro substrates [48]. This loop is replaced by a
two-residue turn in PpiC and in PrsA of B. subtilis and
L. monocytes (Fig. 4C). On the other hand, a longer,
albeit neutral loop, exists in PpiC between the p strands
B3 and p4 (Fig. 4C), that is a two-residue turn in both
hPinl and the PrsA PPlases of L. monocytes and
B. subtilis (Fig. 4C). These findings suggest that,
similar to PrsA proteins [39,51], substrate recognition
by PpiC is likely phosphorylation independent,
although a different specificity may be conferred by the
B3—-p4 loop in PpiC (Fig. 4C). Consistent with a
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Fig. 2. Cartoon representation of PpiC crystal structure. In the side (A) and bottom views (B), chain B is drawn in grey whereas in chain A
the parvulin and the foldase (NC) domains are colour coded. The parvulin domain (residues 144-243) is coloured blue. The NC domain is
composed of N-terminal residues 51-143 (drawn in orange), and the C-terminal residues 244-301 (drawn in purple) and is completed by the
swapping of the N-terminal residues 29-50 of the adjacent chain (grey). A zoom of the swapping region is reported as an inset of panel B.

The figure was generated using pymoL1.1.

phosphorylation-independent mechanism, the electro-
static potential surface at the putative catalytic site of
PpiC is fully negative (Fig. 4D), a finding that suggests
a specificity for positively charged residues preceding
proline.

Dimerisation and swapping

The crystal structure of PpiC, similar to its homologous
structures, suggests that an important contribution to
protein dimerisation is given by protein-swapping.
Domain-swapping is a widespread structural mecha-
nism that favours protein oligomerisation in several dif-
ferent contexts. Indeed, proteins able to assemble

through domain-swapping are capable of reaching
functional properties that are not available to their
monomeric counterparts [52,53]. In the PpiC crystal
structure, swapping is stabilised by multiple backbone—
backbone (e.g. 130-K284 and T32-K282), backbone-
sidechain (K34-A279 and G35-N68) and sidechain—
sidechain (e.g. N53-N53) hydrogen-bonding interac-
tions (Fig. 5A). Also, a compact hydrophobic core is
formed by the small C-terminal helix «l0
(residues 290-295) and the side chains of Ile272,
Leu276, and I1e283 (Fig. 5A). To better understand
molecular determinants of the PpiC dimerisation pro-
cess, we recombinantly produced two truncated forms
where either the N-terminal swapping region (1-50) or
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Side view

Top view

Bottom view

Fig. 3. Electrostatic potential (EP) surface of PpiC. (A-C) Three views of EP (residues 27-303), computed with cHIMERAX, are shown. The

black circles highlight the positively charged EP surface areas.

Table 2. PpiC homologous structures in the Protein Databank.

Backbone RMSD Rotation of the PPiase

Query Sequence upon superposition domain after
cover identity of PrsA chains with superposition of the
Description  Scientific name (%) (%) Accession  PpiC NC domain (°) References
PrsA Streptococcus mutans 81 46.3 7L75_A Chains A, B: 3.4, 15.4 [27]
35A
PrsA Streptococcus 78 411 5TVL_A Chains A, B: 2.3, 3.2, 8.3 [27]
pneumoniae str. 3.3, 4.0 A
Canada MDR_19A
PrsA Lactococcus lactis 79 38.2 6VJ2_A Chains A, B: 3.0, 17.0 Not available
subsp. lactis 111403 35A
PrsA 1 Listeria monocytogenes 75 31.0 BHTF_A Chains A, B: 4.5, 28.3 [36]
EGD-e 49A
PrsA Bacillus subtilis subsp. 80 295 4WO7_A  Chains A, B: 7.2, 70.0 [39]
subtilis str. 168 8.6A

the C-terminal region 291-336 were depleted. These two
truncated forms, here PpiCAY and PpiC*C, were ana-
lysed for their structural features in solution.
Light-scattering analysis of PpiC*N shows a single
peak, with an average MW of 31.2 £ 0.4kDa, corre-
sponding to a monomeric form of the protein

(Fig. 5B). This finding confirms a strong engagement
of the swapped N-terminal B-hairpin-helix motif (res-
idues 29-50) in the dimerisation process. The same
analysis shows that PpiCA€ is also monomeric, with
an average MW of 29.3+0.7kDa (Fig. 5C). Given
the flexible nature of the charged C-terminal region
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(A) (8)

(©) PpiC p3-p4

hPin1 1-a1
loop (D)

Proline
recognition

Fig. 4. Structural features of PpiC catalytic domain. (A) Cartoon and surface representation of PpiC parvulin domain. Residues lining the
catalytic pocket are drawn in sticks. (B) (2Fo-Fc) electron density map contoured at 26, at PpiC catalytic cleft. (C) Cartoon representation of
PpiC parvulin domain (light blue) superposed to hPin1(purple) and PrsA of B. subtilis (white). (D) Electrostatic potential surface of PpiC
parvulin domain. The figure was generated using pymoL1.1.

Table 3. Putative PpiC catalytic residues and corresponding residues in other PPlases.

Enterococcus faecium PpiC 1le148 Asp180 Val190 Phe192 1le199 Val203 Thr221 Asn223 Tyr232
Streptococcus mutans PrsA Val151 Gly184 Tyr189 Phe191 Leu198 Val202 Ala220 Asp222 Tyr231
Streptococcus pneumoniae PrsA 1le150 Asp183 1le193 Phe195 Val202 Val206 Ala224 Gly226 Tyr235
Lactococcus lactis Foldase Val158 —* Val193 Phe195 Val202 Val206 Ser224 Ser226 Tyr235
Listeria monocytogenes PrsA 1 His142 Asp174 Leu184 Phe187 Met192 Phe196 Ser215 —* His220
Baciullus subtilis PrsA His123 Asp155 Leu164 Phe167 Met173 Phe177 Thr195 Tyr197 His200
Homo sapiens Pin1 Hisb9 Cys113 Leu122 Phe125 Met130 Phe134 Thr152 Ser154 His157
Escherichia coli SurA-P2 His178 Asp222 Leu341 Ala344 Leu239 Phe243 Ser261 Val263 His266
Escherichia coli Par10 His8 Cys40 Leud9 Pheb2 Metbs7 Phe61 Thr79 Phe81 His84

*Not present in the specific structure due to loop deletion.
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Fig.5. The role of N- and C-termini in PpiC dimerisation. (A) Cartoon representation of PpiC structure. The inset shows a zoom of the
interface between the two protomers in the PpiC dimer. Key residues in protomer—protomer interactions are drawn in sticks. (B) Analytical
size exclusion chromatography coupled with light scattering (SEC-LS) of PpiC2N and (C) of PpiCA€. Relative Rayleigh ratios (left scale) and
derived molar masses (right scale, blue points) are plotted versus elution time. Panel A was generated using pymoL1.1.

304-336, as confirmed by the absence of electron
density for these residues, this result suggests a role
of the al0 helix in dimerisation (Fig. 5A). By inter-
acting with o2 and o9 helices of the NC domain,
the ol0 helix stabilises the conformation of the
strand connecting «9 and olO, which is directly
interacting with the swapped p-hairpin of the next
chain (Fig. 5A).

Circular dichroism (CD) studies show that neither
the N-terminal nor the C-terminal truncation affect the
structural integrity of the protein. Indeed, far-UV CD

5482

spectra of PpiC, of PpiCAN and PpiCA€ are character-
istic of a-helical proteins, and all fully superposable
(Fig. 6A). However, the truncations affected the pro-
tein thermal stabilities. Indeed, thermal denaturation
curves, recorded at 222 nm, provided Tm of 55 °C for
PpiC, of 52 °C or PpiC2N and of 48 °C for PpiCA¢
(Fig. 6A.B). In addition to different values of Tm,
thermal denaturation curves show clear differences in
the shape of the thermal transition plot, which appears
fully cooperative in the case of PpiC, but not for the
truncated forms (Fig. 6B). The difference in thermal

The FEBS Journal 292 (2025) 5475-5490 © 2025 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



V. Napolitano et al.

(A) 2
] —PpiC

s 151 . \AC
= —— PpiC
o 10 e PpiCAN
[} )

1S
O 5

£

o

g O

o .

@ -5

el

[0]

N

® -104

£ ]

(o]

=z -15 4

-20 T T T T T T T T
200 210 220 230 240 250 260
A (nm)

—_
w
~"

Tm 47.1°C Tm 51.8°C

Normalized © (deg cm*dmol™) x 10°
IS
1

Tm 54.6°C

T(°C)

Fig. 6. Effect of N- and C-terminal truncations on PpiC stability. (A)
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phosphate buffer at pH 7. (B) Thermal unfolding curves obtained by
following changes in the CD signal at 222nm as a function of
temperature for PpiC, PpiCAN and PpiCAC. Melting temperatures
(Tm) of the three PpiC variants are shown in colour code.

stabilities, but not in the secondary structures of pro-
teins, suggests that the decreased Tm of PpiC*N and
of PpiC2€ may be ascribed to the loss of stabilising
interactions provided by dimerisation. Therefore, we
decided to further characterise PpiC unfolding thermo-
dynamics wusing differential scanning calorimetry
(DSC).

Unfolding thermodynamics of PpiC by differential
scanning calorimetry

DSC was used to characterise the thermodynamics of
unfolding of the dimeric PpiC and of the monomeric
truncated form PpiC2€. As shown in Fig. 7A, DSC
thermograms recorded at 1.0mgmL™' highlight

Structural and biophysical properties of PpiC

completely different unfolding mechanisms for the
two proteins, as indicated by the sharp peak in the
PpiC thermogram and the shallow peak in the case
of PpiCAC. The enthalpy of the reaction is directly
determined using calorimetry (AH). To analyse the
experimental data, we applied the model-free van’t
Hoff data analysis to discriminate between different
possibilities of protein-unfolding, for example two-
state unfolding, non-two state unfolding, and oligo-
mer unfolding of the protein [54]. Indeed, the ratio
AH"M/AH® can suggest different models of unfold-
ing, (a) when AH"M/AH' =1, the protein unfolding
is well described by a two-state model (i.e., the pro-
tein contains a single energetic domain); (b) if
AH™M/AH® <1, the thermogram indicates that par-
tially overlapping transitions occur and the protein
unfolds according to a non-two-state model (i.e. the
protein contains domains which unfold indepen-
dently); (c) if AH"™/AH“"> 1, the thermogram indi-
cates a protein-unfolding coupled to subunit
dissociation [54]. Results of model-free van’t Hoff
data analysis (Table 4) suggest that PpiC unfolds in a
single transition of the dimer N, =2D with a con-
comitant unfolding and dimer dissociation, as the
enthalpies ratio AH'Y/AH® was 2.9. In a different
way, the AHH/AH ratio of 0.6 for PpiCA€ is indic-
ative of a non-two-state model with more overlapping
independent transitions (Table 4A). These data sug-
gest in PpiCA€ that the parvulin domain (holding a
PPlase function) and the NC domain (holding a fol-
dase function) unfold independently. Contrarily,
unfolding of parvulin and NC domains in the PpiC
dimer occurs in a concerted manner, likely due to the
stabilising interactions involved in dimerisation
(Fig. 5). Further deconvolution of the DSC profile of
PpiC2¢ (Fig. 7B) showed best fit using three different
curves, corresponding to the unfolding of PpiCA“ and
of its two domains. Tm values and corresponding
enthalpies are reported in Table 4B. Altogether, DSC
data show that monomer-monomer interactions in
PpiC dimer determine a fully cooperative unfolding
of parvulin and NC domains in the PpiC molecule.
Differently, the non-cooperative unfolding of the
monomeric PpiC*C suggests the loss of those interac-
tions which allow a cross-talk between parvulin and
NC domains.

Discussion

Peptidyl-Prolyl Isomerases (PPlases) play a vital role
in various cellular functions, as they accelerate the cis-
trans interconversion of the peptide bond before pro-
line, a process that is intrinsically slow and plays an
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essential role in protein-folding [55]. The PPIase family
is highly conserved in eukaryotes, bacteria and archaea
[56]. The human pathogen E. faecium, one of the most
notorious nosocomial pathogens belonging to the
ESKAPE family, encodes for the PPlase PpiC. In pre-
vious works, we showed that PpiC is a promising vac-
cine antigen [33] and that antibodies against PpiC are
opsonic in vitro and protective in vivo also against S.
aureus [34]. Despite this important role in both the E.
faecium cellular life and as a promising vaccine anti-
gen, this crucial enzyme of E. faecium has been poorly
characterised. To gain a clearer understanding of the
biological role of PpiC in E. faecium, we have solved
its X-ray crystal structure. We show that PpiC adopts
a dimeric bowl-like shape, where two NC domains of
the two chains are kept together through the swapping
of the N-terminal regions. Based on structural and bio-
physical data, we aimed to dissect the structural basis
of PpiC dimerisation. Indeed, dimerisation is an
important feature for the foldase action of PPlases
[36]. It was shown for PrsA of B. subtilis that, in addi-
tion to the PPlase domain, the N- and C-terminal
domains are essential for bacterial function in vivo
[26,39], suggesting that the non-PPIase activity of these
domains is required along with the PPlase domain
activity. In L. monocytogenes, dimerisation of PrsA is
also required for virulence [36]. Also, domain-mapping
experiments revealed that the binding between PrsA of
S. aureus and its client protein SpA specifically
required the NC domains but not the PPlase domain,
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suggesting that the NC domains of PrsA play a role in
substrate recognition independent of the PPlase activ-
ity [57]. Recently, it was shown that PrsA of S. aureus
also formed dimers through their NC domains [34,57].

The crystal structure of PpiC reported here allowed
us to identify key interactions for PpiC dimerisation,
namely between the N-terminal f-hairpin regions
20-49 and the C-terminal helix al0 (Fig. 5). Several
hydrogen bonds and hydrophobic contacts stabilise
the interaction between swapped p-hairpins and the
core of the NC domain. Analysis of protein interface,
performed using the software PISA [58], shows that
the dimer formation area occurs with through the
burial of a small surface. Indeed, the Accessible Sur-
face Area (ASA) of the PpiC dimer is 35332.3 A2
whereas the Buried Surface (BSA) is 1656.1 A% To dis-
sect important interactions for the dimer formation,
we generated truncated variants lacking either the N-
terminal p-hairpin-helix motif (PpiC*N) or the C-
terminal helix al0 (PpiC2%). We observed that both
PpiC truncated forms, different in the way that the
variant corresponded to the mature wild type protein,
were unable to dimerise. Moreover, we observed differ-
ent unfolding mechanisms of monomeric PpiC*Y and
PpiCA€ variants compared to the native enzyme, as
measured using CD spectroscopy and differential scan-
ning calorimetry. The dimerisation of PpiC is indeed
associated with a high cooperativity of unfolding, con-
sistent with the multiple hydrophobic interactions
mediated by the C-terminal helix 296-300 in the
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Table 4. Thermodynamic parameters of PpiC and PpiC unfolding, as measured by DSC.

(a) DSC parameters

Protein Tm (°C) AR (kJ-mol ™) Co, max (kd-mol"-K™) AH™ (kJ-mol ™) AR AR
PpiC 54.0+0.2 510 + 25 143.6 1501 2.9
PpiCA€ 53.240.2 508 + 25 45.9 319 0.6

(b) DSC parameters after the deconvolution analysis of PpiCAC thermograms

Protein Tm (°C) AH" (kJ-mol™") Tm1 (°C) AH; (kJ-mol™") Tm2 (°C) AH, (kJ-mol™)
PpiCA¢ 53.2+0.2 509 + 25 50.4 +0.1 260+3.6 54.8 +0.05 230+3.8

dimeric model of the PpiC structure. On the contrary,
a scarcely cooperative unfolding process characterises
PpiCA€. This feature elucidates the important role of
domain-swapping in PpiC and other PrsA-like PPIases.
Indeed, domain-swapping enables the formation of sta-
ble oligomers despite the small interface region charac-
terising the dimer formation. The unfolding profile we
observe for PpiC suggests that the PpiC biological
dimer behaves like a compact monomeric protein,
where parvulin and NC domains unfold cooperatively.
On the other hand, the small interface region guaran-
teed by domain-swapping allows the dimer to expose a
large surface to interactions with the client proteins.
When comparing the structure of PpiC with that of
other PPlases, we observe a large conformational vari-
ability, a fundamental property of foldases, which need
to adapt to different client proteins. The degree of vari-
ability in the orientations between the PPlase (parvu-
lin) and chaperone (NC) domains could suggest that
the two domains function independent of each other.
However, the cooperativity of unfolding of PpiC,
which is lost in its monomeric forms, highlights the
existence of an inter-domain cross-talk between NC
and parvulin domains, likely governed by domain-
swapping. This finding suggests that the functions of
the two domains are not independent.

Overall, our work provides a structural basis to the
understanding of the role of PPI-containing foldases,
confirming that these proteins act far above catalysing
cis-trans isomerisation and provide an extended flexi-
ble albeit well-structured hydrophobic and hydrophilic
surface, helping client proteins to refold on the bacte-
rial membrane. Structural data released here are a pre-
requisite to the design of advanced vaccine antigens,
using a structural vaccinology approach, which has
been demonstrated to lead to antigens with stronger
immune-stimulating properties [35,59,60]. In addition,
our work delivers structural data for the future design
of specific PPlase inhibitors as novel antimicrobials
against gram + pathogens.
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Materials and methods

Cloning strategy of PpiC and its truncated
versions PpiC2"N and PpiC*¢

Plasmid pQE30, containing the gene-encoding for the protein
mature PpiC (residues 25-336) from E. faecium and a six His-
tag at the N-terminus spaced by a GS linker, was obtained
from Ludwig Maximillian University of Munich (Germany).
The oligonucleotide primers were ordered from Eurofins
Genomics Italy S.R.L (Milan, Italy) and used to amplify the
nucleotide sequence corresponding to the truncated version
PpiC*N and PpiC*€ by Polymerase Chain Reaction (PCR)
are reported in Table 5. The amplified fragments were digested
with Ncol/Xhol restriction enzymes and then ligated into
pETM-13 plasmid (EMBL, Heidelberg, Germany), enconding
for a six histidine tag directly linked to the C-terminus of the
protein, digested with the same enzymes (New England Bio-
Labs, Ipswich, MA, USA). Recombinant plasmids were prop-
agated using DH5a E. coli competent cells and further purified
with a Qiagen mini-prep kit (Hilden, Germany). Since terminal
His-tags are known to potentially affect the experimental
reproducibility [61], we performed all experiments at pH 7.4 to
keep histidine residues in an unprotonated form and therefore
limit possible bias.

Recombinant production of PpiC and its
truncated versions PpiC*N and PpiC*®

The recombinant vectors carrying selected genes were intro-
duced into different competent E. coli bacteria via the heat
shock method. To detect the optimal growth and produc-
tion conditions, we explored different types of E. coli com-
petent cells, isopropyl B-p-1-thiogalactopyranoside (IPTG)
concentrations and temperatures of induction. Once infor-
mation on the optimal conditions for expression has been
obtained, proteins were expressed on a large scale using
E. coli BL21 (DE3), using a previously reported protocol
[35]. Cultures were kept, with the appropriate antibiotics,
at 37 °C with agitation 180 rpm until OD600 reached
0.4-0.6. Subsequently, the bacterial cultures were induced
with optimal concentration of IPTG (0.8 mm for PpiC and
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Table5. Sequences of the forward and reverse oligonucleotide primers used to amplify the nucleotide sequence corresponding to the

truncated version PpiC*N and PpiCAC.

Primers
Construct Forward Reverse
PpiCAN CATGCCATGGCGCTTGAATCATCGAACCAATCCT CCGCTCGAGTTTTGATGAATCAGTTGTTTCTTC
PpiCAC CATGCCATGGATACTAATAAAGATATCGCAAC CCGCTCGAGCACATTTTCAAAGGCATCATCT

0.2mm for PpiC*N and PpiC2%) and transferred to 22 °C
o/n with agitation 180 rpm for protein production.

For harvesting, cultures were centrifuged for 20 min at 4
°C, at 7000 rpm. Pellets were dissolved in a lysis buffer
(300 mm NaCl, 50mm Tris—-HCI, 2.5% glycerol, pH 7.8)
containing protease inhibitor cocktail (Roche, Basel, Swit-
zerland) and further sonicated on ice for 15 min (10-s soni-
cation followed by 10-s rest). Then, the solutions were
centrifuged at 4 °C for 45 min, at 16 000 rpm. The superna-
tants were transferred onto a gravity-flow column loaded
with Ni-NTA resine (Qiagen, Hilden, Germany), where
washing steps were performed with buffer A (300 mm NaCl,
50 mm Tris—=HCI, 2.5% glycerol, pH 7.8 and 10 mm imidaz-
ole). Elution of the proteins was performed at a final con-
centration of 150mm imidazole and concentrated on
Amicon 10 kDa cut-off (Merck Millipore, Burlington, MA,
USA). Proteins were further purified on Superdex 200
increase 10/300 GL (GE Healthcare, Chicago, IL, USA)
(PpiC) or Superdex 75 increase 10/300 GL (GE Healthcare)
(PpiC2N and PpiCA€) pre-equilibrated in a buffer contain-
ing 50 mm Tris—-HCI, NaCl 150 mm, and 5% glycerol, pH
7.8. When the yield of the protein was high, columns with
higher capacities were used [16/600 Superdex 200 and 75 pg
(GE Healthcare)]. Proteins were concentrated on Amicon
10 kDa cut-off (Merck Millipore).

Circular dichroism studies

For the analysis of the conformational state of proteins,
far-UV circular dichroism (CD) spectra were registered
using a Jasco J-810 spectropolarimeter with a Peltier tem-
perature control system (model PTC-423-S; Jasco Europe,
Cremella (LC), Italy). Far-UV measurements at protein
concentration of 0.2mg-mL~! were carried out in a 20 mm
phosphate buffer, at different temperatures, using a 0.1 cm
optical path length cell. The range of the reported wave-
lengths 198-260 was fine-tuned as a function of the
observed HT voltage. The spectra, recorded with a time
constant of 4s, a 2nm bandwidth, and a scan rate of
10nmmin~', were signal averaged over at least two scans.
The final spectra were expressed as molar ellipticity [6] (deg
cm?>dmol ') per residue. The temperature of the transition
midpoint (7,,) was investigated by monitoring the change
in ellipticity at 222 nm, while increasing the temperature
from 25 to 70 °C with the scan rate of 1.0 °C per minute.
The reversibility of the transition was checked by lowering

the temperature to 25 °C and re-scanning the sample. The
mean residue ellipticity, [6] in deg-cm*dmol~!, was calcu-
lated from the equation:

[0] = [0]obs - mrw - (10 -1- C)71

where [f]obs is the ellipticity measured in degrees, mrw is
the mean residue molecular mass (Da), C is the protein
concentration in g1~ 'and 1 is the optical path length of the
cell in cm.

Differential scanning calorimetry

DSC measurements were performed by means of a high sen-
sitivity Nano DSC (TA Instruments, New Castle, DE, USA)
equipped with 300 pL twin gold capillary cells, pressurised to
3 atm. The partial molar heat capacity of the protein in solu-
tion was measured as a function of temperature and the
excess heat capacity function (<AC,>) was obtained after
baseline subtraction. Buffer-buffer scans were recorded
under the same conditions and subtracted from sample pro-
files. The experiments were performed at protein concentra-
tion of 1 mg-mL ™" (27 um), in PBS buffer at pH 7.4. A scan
rate of 1.0 °C-min~"! in the temperature range of 25-80 °C
was chosen for all the experiments. Data analysis was per-
formed by using the NANO ANALYSE software, provided by the
manufacturer and plotted using the Origin software package
(OriginLab, Northampton, MA, USA).

The van’t Hoff denaturation enthalpy, AH'M was calcu-
lated according to the following equation [62]:

ARTACpmax

H _
AH™ = AHcal

where n is 6 or 4 for a bimolecular or monomolecular pro-
cess, respectively; Ty, is the midpoint of the unfolding
curve, Cp max is the maximal molar excess heat capacity
measured at T, and AH® is the molar enthalpy calculated
by integrating the area under the transition peak. R is the
gas constant (R =8.314 J-mol~".K~).

Light-scattering

Multiple Angle Light-Scattering Experiments on purified
proteins were analysed by size-exclusion chromatography
coupled to a DAWN MALS instrument (Wyatt Technology,
Santa Barbara, CA, USA) and an Optilab rEX (Wyatt
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Technology). Five hundred micrograms of each sample were
loaded on Superdex 200 increase 10/300 GL (GE Healthcare)
(PpiC) or Superdex 75 increase 10/300 GL (GE Healthcare)
(PpiC*€) equilibrated in a buffer containing 50 mm Tris—
HCI, NaCl 150 mMm, and 5% glycerol, pH 7.8. A constant
flow rate of 0.5 mL-min~! was applied. The on-line measure-
ment of the intensity of the Rayleigh scattering as a function
of the angle as well as the differential refractive index of the
eluting peak in SEC was used to determine the weight aver-
age molar mass (Mw) of eluted protein, using the ASTRA
5.3.4.14 (Wyatt Technologies) software.

Molecular modelling

The search model used for Molecular Replacement was
obtained using ALPHAFOLD3.0 [41]. The reliability of the AF
predictions was assessed both by the Local Distance Differ-
ence Test (LDDT) score, a per-residue confidence score,
with values greater than 90 indicating high confidence, and
values below 50 indicating low confidence. We considered
only parts of the model with a pIDDT value higher than 70
to be reliable.

Crystallisation of PpiC, data collection and
refinement

Purified PpiC protein in 150 mMm NaCl, 50 mm Tris/HCI,
pH 7.8, was concentrated to 20 mg-mL~!. Crystallisation
trials were conducted at 20 °C using the hanging drop
vapour-diffusion method as described elsewhere [63]. Crys-
tals were obtained after 1-2 days. The reservoir solution
contained 0.1 M Sodium acetate trihydrate pH 4.6, 0.1 M
Cadmium chloride hydrate, 30% v/v Polyethylene glycol
400. Diffraction data were collected at the ESRF (Greno-
ble, France) at 100 K and at the wavelength 0.8731 A.
Cryoprotection of the crystals was achieved by rapid soak-
ing in a solution consisting of 0.095M Cadmium chloride
hydrate, 0.095M Sodium acetate trihydrate pH 4.6, 28.5%
v/v Polyethylene glycol 400, 5% (vol/vol) glycerol. Diffrac-
tion images were processed using HKL.3000 [64].

The crystal structure of PpiC was determined using
molecular replacement and the program Phaser [40]. The
best search model was obtained through modelling, using
ALPHAFOLD3.0 [41]. The refinement started with data up to
3.0A resolution and increased to the highest resolution in
successive manual and automated rounds of refinement
using the software coot [65] and PHENIX [66], respectively.
The software pymoL was used to visualise the structure and
generate figs [67].

Author contributions

RB planned experiments; VN, EK, OG and FS per-
formed experiments; RB, FRS, JH and PDV analysed

Structural and biophysical properties of PpiC

data; RB wrote the original draft; all authors revised
the draft.

Acknowledgements

This work was supported by the project INF-ACT “One
Health Basic and Translational Research Actions
addressing Unmet Needs on Emerging Infectious Dis-
eases PE00000007”, PNRR Mission 4, European Com-
mission “NextGen-erationEU” — D.D. MUR Prot.n.
0001554 of 11/10/2022, CUP B53C20040570005, and by
the project TENET - “Targeting bacterial cell ENvelope
to reverse rEsisTance in emerging pathogens”,
202288EJ8B, funded by Next Generation EU, Mission
4, CUP B53D2301595 0006. E.K. was supported by
BactiVax — Anti-Bacterial Innovative Vaccines, Marie
Sktodowska-Curie Actions, GA 860325. F.S. was sup-
ported by MUR through the PRIN2020 CANNOT-
ESKAPE (2020XNFHO9R): Targeting baCteriAl cell
eNvelope of Nosocomial paThogens to ESKAPE resis-
tance, 2021-2024. VN, OG, FS and RB are members of
the SBN@CNR network. Open access publishing facili-
tated by Consiglio Nazionale delle Ricerche, as part of
the Wiley - CRUI-CARE agreement.

Conflict of Interest

The authors declare no conflict of interest.

Peer review

The peer review history for this article is available at
https://www.webofscience.com/api/gateway/wos/peer-
review/10.1111/febs.70160.

Data availability statement

All the plasmids and relevant data are available upon
request from the corresponding authors. The model of
monomeric PpiC used for Molecular Replacement was
deposited to ModelArchive (https://www.modelarchi-
ve.org/doi/10.5452/ma-eg3yv/). The coordinates and
structure factors have been submitted to the Protein
Data Bank under the accession code 91BN.

References

1 Murray BE (1990) The life and times of the
enterococcus. Clin Microbiol Rev 3, 46-65.

2 Selleck EM, Tyne DV & Gilmore MS (2019)
Pathogenicity of enterococci. Microbiol Spectr 7, 2018.

3 Wells CL, Jechorek RP, Maddaus MA & Simmons RL
(1988) Effects of clindamycin and metronidazole on the

The FEBS Journal 292 (2025) 5475-5490 © 2025 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of 5487

Federation of European Biochemical Societies.


https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/febs.70160
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/febs.70160
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/febs.70160
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/febs.70160
https://doi.org/10.5452/ma-eg3yv
https://doi.org/10.5452/ma-eg3yv
https://doi.org/10.5452/ma-eg3yv
https://doi.org/10.5452/ma-eg3yv

Structural and biophysical properties of PpiC

10

1

[

12

13

5488

intestinal colonization and translocation of enterococci
in mice. Antimicrob Agents Chemother 32, 1769-1775.
Archambaud C, Derré-Bobillot A, Lapaque N,
Rigottier-Gois L & Serror P (2019) Intestinal
translocation of enterococci requires a threshold level
of enterococcal overgrowth in the lumen. Sci Rep 9,
8926.

Weiner LM, Webb AK, Limbago B, Dudeck MA, Patel
J, Kallen AJ, Edwards JR & Sievert DM (2016)
Antimicrobial-resistant pathogens associated with
healthcare-associated infections: summary of data
reported to the National Healthcare Safety Network at
the Centers for Disease Control and Prevention,
2011-2014. Infect Control Hosp Epidemiol 37,
1288-1301.

Zhou X, Willems RJL, Friedrich AW, Rossen JWA &
Bathoorn E (2020) Enterococcus faecium: from
microbiological insights to practical recommendations
for infection control and diagnostics. Antimicrob Resist
Infect Control 9, 130.

Kodali S, Vinogradov E, Lin F, Khoury N, Hao L,
Pavliak V, Jones CH, Laverde D, Huebner J, Jansen
KU et al. (2015) A vaccine approach for the prevention
of infections by multidrug-resistant Enterococcus

faecium. J Biol Chem 290, 19512-19526.

Chilambi GS, Nordstrom HR, Evans DR, Ferrolino
JA, Hayden RT, Marén GM, Vo AN, Gilmore MS,
Wolf J, Rosch JW et al. (2020) Evolution of
vancomycin-resistant Enterococcus faecium during
colonization and infection in immunocompromised
pediatric patients. Proc Natl Acad Sci USA 117, 11703-
11714.

Jabbari Shiadeh SM, Pormohammad A, Hashemi A &
Lak P (2019) Global prevalence of antibiotic resistance
in blood-isolated Enterococcus faecalis and Enterococcus

faecium: a systematic review and meta-analysis. Infect

Drug Resist 12, 2713-2725.

Sifaoui F, Arthur M, Rice L & Gutmann L (2001) Role
of penicillin-binding protein 5 in expression of
ampicillin resistance and peptidoglycan structure in
Enterococcus faecium. Antimicrob Agents Chemother 45,
2594-2597.

Signoretto C, Boaretti M & Canepari P (1994)
Cloning, sequencing and expression in Escherichia coli
of the low-affinity penicillin binding protein of
Enterococcus faecalis. FEMS Microbiol Lett 123, 99—
106.

Duez C, Hallut S, Rhazi N, Hubert S, Amoroso A,
Bouillenne F, Piette A & Coyette J (2004) The ponA
gene of Enterococcus faecalis JH2-2 codes for a low-
affinity class A penicillin-binding protein. J Bacteriol
186, 4412-4416.

Ch’ng J-H, Chong KKL, Lam LN, Wong JJ & Kline
KA (2019) Biofilm-associated infection by enterococci.
Nat Rev Microbiol 17, 82-94.

14

16

17

18

20

21

22

23

24

25

26

V. Napolitano et al.

Miller WR, Munita JM & Arias CA (2014)
Mechanisms of antibiotic resistance in enterococci.
Expert Rev Anti-Infect Ther 12, 1221-1236.

Hackbarth CJ & Chambers HF (1993) blal and blaR1
regulate beta-lactamase and PBP 2a production in
methicillin-resistant Staphylococcus aureus. Antimicrob
Agents Chemother 37, 1144-1149.

Costa Y, Galimand M, Leclercq R, Duval J &
Courvalin P (1993) Characterization of the
chromosomal aac(6')-ii gene specific for Enterococcus
faecium. Antimicrob Agents Chemother 37, 1896-1903.
Galimand M, Schmitt E, Panvert M, Desmolaize B,
Douthwaite S, Mechulam Y & Courvalin P (2011)
Intrinsic resistance to aminoglycosides in Enterococcus
faecium is conferred by the 16S rRNA m5C1404-specific
methyltransferase EfmM. RNA 17, 251-262.

Krogstad DJ, Korfhagen TR, Moellering RC,
Wennersten C, Swartz MN, Perzynski S & Davies J
(1978) Aminoglycoside-inactivating enzymes in clinical
isolates of Streptococcus faecalis. J Clin Invest 62,
480-486.

Eliopoulos GM, Farber BF, Murray BE, Wennersten C
& Moellering RC (1984) Ribosomal resistance of
clinical enterococcal to streptomycin isolates.
Antimicrob Agents Chemother 25, 398-399.

Rubinstein E & Keynan Y (2014) Vancomycin revisited
— 60 years later. Front Public Health 2, 217.

Centers for Disease Control and Prevention (U.S.)
(2019) Antibiotic resistance threats in the United States.
2019 Centers for Disease Control and Prevention
(U.S)).

Tacconelli E, Carrara E, Savoldi A, Harbarth S,
Mendelson M, Monnet DL, Pulcini C, Kahlmeter G,
Kluytmans J, Carmeli Y et al. (2018) Discovery,
research, and development of new antibiotics: the WHO
priority list of antibiotic-resistant bacteria and
tuberculosis. Lancet Infect Dis 18, 318-327.

Anchal KV & Goel M (2021) Distribution of peptidyl-
prolyl isomerase (PPlase) in the archaea. Front
Microbiol 12, 751049.

Gavini N, Tungtur S & Pulakat L (2006) Peptidyl-
prolyl cis/trans isomerase-independent functional NifH
mutant of Azotobacter vinelandii. J Bacteriol 188, 6020—
6025.

Hyyryldinen H-L, Marciniak BC, Dahncke K,
Pictidinen M, Courtin P, Vitikainen M, Seppala R,
Otto A, Becher D, Chapot-Chartier M-P et al. (2010)
Penicillin-binding protein folding is dependent on the
PrsA peptidyl-prolyl cis-trans isomerase in Bacillus
subtilis. Mol Microbiol 77, 108-127.

Vitikainen M, Lappalainen I, Seppala R, Antelmann H,
Boer H, Taira S, Savilahti H, Hecker M, Vihinen M,
Sarvas M et al. (2004) Structure-function analysis of
PrsA reveals roles for the Parvulin-like and flanking N-
and C-terminal domains in protein folding and

The FEBS Journal 292 (2025) 5475-5490 © 2025 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



V. Napolitano et al.

27

28

29

30

31

32

33

34

35

36

37

The FEBS Journal 292 (2025) 5475-5490 © 2025 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

secretion in Bacillus subtilis. J Biol Chem 279,
19302-19314.

Agbavor C, Torres M, Inniss NL, Latimer S, Minasov
G, Shuvalova L, Wawrzak Z, Borek D, Otwinowski Z,
Stogios PJ et al. (2025) Structural analysis of
extracellular ATP-independent chaperones

of streptococcal species and protein substrate
interactions. mSphere 10, e01078-24.

Lu KP & Zhou XZ (2024) Pinl-catalyzed
conformational regulation after phosphorylation: a
distinct checkpoint in cell signaling and drug discovery.
Sci Signal 17, eadi8743.

Lu KP & Zhou XZ (2007) The prolyl isomerase PIN1:
a pivotal new twist in phosphorylation signalling and
disease. Nat Rev Mol Cell Biol 8, 904-916.

Shaw PE (2002) Peptidyl-prolyl isomerases: a new twist
to transcription. EMBO Rep 3, 521-526.

Rahfeld J-U, Riicknagel KP, Schelbert B, Ludwig B,
Hacker J, Mann K & Fischer G (1994) Confirmation of
the existence of a third family among peptidyl-prolyl
cis/trans isomerases amino acid sequence and
recombinant production of parvulin. FEBS Lett 352,
180-184.

Singh M, Kaur K, Sharma A, Kaur R, Joshi D,
Chatterjee M, Dandapath I, Kaur A, Singh H & Singh
P (2021) Genome-wide characterization of peptidyl-
prolyl cis—trans isomerases in Penicillium and their
regulation by salt stress in a halotolerant P. oxalicum.
Sci Rep 11, 12292.

Romero-Saavedra F, Laverde D, Wobser D, Michaux
C, Budin-Verneuil A, Bernay B, Benachour A, Hartke
A & Huebner J (2014) Identification of peptidoglycan-
associated proteins as vaccine candidates for
Enterococcal infections. PLoS One 9, e111880.

Sadones O, Kramarska E, Laverde D, Berisio R,
Huebner J & Romero-Saavedra F (2024) Investigation
of cross-opsonic effect leads to the discovery of PPlase-
domain containing protein vaccine candidate to prevent
infections by gram-positive ESKAPE pathogens. BMC
Microbiol 24, 280.

Kramarska E, Toumi E, Squeglia F, Laverde D,
Napolitano V, Frapy E, Autiero I, Sadones O, Huebner
J, Skurnik D et al. (2024) A rationally designed antigen
elicits protective antibodies against multiple nosocomial
gram-positive pathogens. NPJ Vaccines 9, 151.

Cahoon LA, Freitag NE & Prehna G (2016) A
structural comparison of listeria monocytogenes
protein chaperones PrsAl and PrsA2 reveals molecular
features required for virulence. Mol Microbiol 101,
42-61.

Mistry J, Chuguransky S, Williams L, Qureshi M,
Salazar GA, Sonnhammer ELL, Tosatto SCE, Paladin
L, Raj S, Richardson LJ et al. (2021) Pfam: the protein
families database in 2021. Nucleic Acids Res 49,
D412-D419.

Federation of European Biochemical Societies.

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

Structural and biophysical properties of PpiC

Unal CM & Steinert M (2014) Microbial peptidyl-
prolyl cis/trans isomerases (PPlases): virulence factors
and potential alternative drug targets. Microbiol Mol
Biol Rev 78, 544-571.

Jakob RP, Koch JR, Burmann BM, Schmidpeter PAM,
Hunkeler M, Hiller S, Schmid FX & Maier T (2015)
Dimeric structure of the bacterial extracellular Foldase
PrsA. J Biol Chem 290, 3278-3292.

McCoy AJ, Grosse-Kunstleve RW, Adams PD, Winn
MD, Storoni LC & Read RJ (2007) Phaser
crystallographic software. J Appl Crystallogr 40,
658-674.

Abramson J, Adler J, Dunger J, Evans R, Green T,
Pritzel A, Ronneberger O, Willmore L, Ballard AJ,
Bambrick J er al. (2024) Accurate structure prediction
of biomolecular interactions with ALPHAFOLD 3. Nature
630, 493-500.

Drozdetskiy A, Cole C, Procter J & Barton GJ (2015)
JPred4: a protein secondary structure prediction server.
Nucleic Acids Res 43, W389-W394.

Meng EC, Goddard TD, Pettersen EF, Couch GS,
Pearson ZJ, Morris JH & Ferrin TE (2023) UCSF
CHIMERAX: tools for structure building and analysis.
Protein Sci 32, e4792.

Arhar T, Shkedi A, Nadel CM & Gestwicki JE (2021)
The interactions of molecular chaperones with client
proteins: why are they so weak? J Biol Chem 297,
101282.

Koldewey P, Stull F, Horowitz S, Martin R & Bardwell
JCA (2016) Forces driving chaperone action. Cell 166,
369-379.

Hu G & Kurgan L (2019) Sequence similarity
searching. Curr Protoc Protein Sci 95, e71.

Fanghinel J & Fischer G (2004) Insights into the
catalytic mechanism of peptidyl prolyl cis/trans
isomerases. Front Biosci 9, 3453-3478.

Ranganathan R, Lu KP, Hunter T & Noel JP (1997)
Structural and functional analysis of the mitotic
rotamase Pinl suggests substrate recognition is
phosphorylation dependent. Cell 89, 875-886.

Chen Y, Wu Y, Yang H, Li X, Jie M, Hu C, Wu Y,
Yang S & Yang Y (2018) Prolyl isomerase Pinl: a
promoter of cancer and a target for therapy. Cell Death
Dis 9, 1-17.

Pu W, Zheng Y & Peng Y (2020) Prolyl isomerase Pinl
in human cancer: function, mechanism, and
significance. Front Cell Dev Biol 8, 168.

Tossavainen H, Permi P, Purhonen SL, Sarvas M,
Kilpeldinen I & Seppala R (2006) NMR solution
structure and characterization of substrate binding site
of the PPlase domain of PrsA protein from Bacillus
subtilis. FEBS Lett 580, 1822-1826.

Mascarenhas NM & Gosavi S (2016) Understanding
protein domain-swapping using structure-based models
of protein folding. Prog Biophys Mol Biol 128, 113.

5489



Structural and biophysical properties of PpiC

53 Smaldone G, Berisio R, Balasco N, D’Auria S,
Vitagliano L & Ruggiero A (2018) Domain swapping
dissection in Thermotoga maritima arginine binding
protein: how structural flexibility may compensate
destabilization. (BBA) — Proteins and Proteomics 1866,

V. Napolitano et al.

A, AlvereZ-Dominguez C, Gizurarson S et al. (2021)
Rational vaccine design in times of emerging diseases:
the critical choices of immunological correlates of
protection, vaccine antigen and immunomodulation.
Pharmaceutics 13, 501.

952-962. 61 Majorek KA, Kuhn ML, Chruszcz M, Anderson WF &

54 Ortega-Alarcon D, Claveria-Gimeno R, Vega S, Jorge- Minor W (2014) Double trouble — buffer selection and
Torres OC, Esteller M, Abian O & Velazquez-Campoy his-tag presence may be responsible for
A (2021) Stabilization effect of intrinsically disordered nonreproducibility of biomedical experiments. Protein
regions on multidomain proteins: the case of the Sci 23, 1359-1368.
methyl-CpG protein 2, MeCP2. Biomol Ther 11, 1216. 62 Marky LA & Breslauer KJ (1987) Calculating

55 Masoumzadeh E, Ying J, Baber JL, Anfinrud P & Bax thermodynamic data for transitions of any molecularity
A (2024) Proline peptide bond isomerization in from equilibrium melting curves. Biopolymers 26,
ubiquitin under folding and denaturing conditions by 1601-1620.
pressure-jump NMR. J Mol Biol 436, 168587. 63 Dessau MA & Modis Y (2011) Protein crystallization

56 Maruyama T & Furutani M (2000) Archaeal peptidyl for X-ray crystallography. JoVE 2285.
prolyl cis-trans isomerases (PPlases). Front Biosci 5, 64 Minor W, Cymborowski M, Otwinowski Z & Chruszcz
D821-D836. M (2006) HKL-3000: the integration of data reduction

57 Lin M-H, Liu C-C, Lu C-W & Shu J-C (2024) and structure solution — from diffraction images to an
Staphylococcus aureus foldase PrsA contributes to the initial model in minutes. Acta Crystallogr D Biol
folding and secretion of protein a. BMC Microbiol 24, Crystallogr 62, 859-866.

108. 65 Emsley P & Cowtan K (2004) Coot : model-building

58 Krissinel E & Henrick K (2007) Inference of tools for molecular graphics. Acta Crystallogr D Biol
macromolecular assemblies from crystalline state. J Mol Crystallogr 60, 2126-2132.

Biol 372, 774-797. 66 Afonine PV, Poon BK, Read RJ, Sobolev OV,

59 Romano M, Squeglia F, Kramarska E, Barra G, Choi Terwilliger TC, Urzhumtsev A & Adams PD (2018)
H-G, Kim H-J, Ruggiero A & Berisio R (2023) A Real-space refinement in PHENIX for cryo-EM and
structural view at vaccine development against M. crystallography. Acta Crystallogr D Struct Biol 74,
tuberculosis. Cells 12, 317. 531-544.

60 Schijns V, Majhen D, Van Der Ley P, Thakur A, 67 Schrodinger, LLC (2015) The pymor Molecular
Summerfield A, Berisio R, Nativi C, Fernandez-Tejada Graphics System, Version 1.8.

5490 The FEBS Journal 292 (2025) 5475-5490 © 2025 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



	Outline placeholder
	 Introduction
	 Results
	 PpiC is a stable and dimeric protein
	 Crystal structure of PpiC dimer
	 The catalytic PPIase domain
	 Dimerisation and swapping
	 Unfolding thermodynamics of PpiC by differential scanning calorimetry

	 Discussion
	 Materials and methods
	 Cloning strategy of PpiC and its truncated versions PpiCΔN and PpiCΔC
	 Recombinant production of PpiC and its truncated versions PpiCΔN and PpiCΔC
	 Circular dichroism studies
	 Differential scanning calorimetry
	 Light-scattering
	 Molecular modelling
	 Crystallisation of PpiC, data collection and refinement

	 Author contributions
	 Acknowledgements
	 Conflict of Interest
	 Peer review
	 Data availability statement


