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A previous study showed that the minimal epitope recognised by the PLY-5 mAb in the conserved
undecapeptide Trp-rich loop of bacterial CDCs should consist of WEWWRT (Jacobs et al., 1999) [5].
Now, through immunoscreening of amino acid substitution analogues, it is concluded that the second
Trp and the Arg residues are essential in the PLY-5 epitope. The E residue is an auxiliary epitope contrib-
utor. Antibody modelling and docking simulations provided support for these findings. For recognition by
the antibody, the Trp-rich loop flipped out, mimicking the mechanism of membrane insertion. The dis-
placed second Trp was seen to establish aromatic stacking interactions with aromatic residues of the
antibody paratope and the notably extruded guanidium tip of the arginine residue mediated electrostatic
interactions with well-exposed carboxylic groups of glutamic residues on the surface of the paratope.

Thus, the epitope/paratope interaction is mainly mediated by aromatic and by ionic interactions.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Bacterial cholesterol-dependent cytolysins (CDCs) are proteins
which form pores on cholesterol-bearing membranes [1,2] and
are therefore lytic for sheep red blood cells (SRBCs). Most of them
have a highly conserved tryptophan-rich undecapeptide (ECTGLA-
WEWWR) which is essential for membrane insertion and subse-
quent lytic activity; this is the case of pneumolysin (PLY).

The crystal structure of four CDCs - perfringloysin O (PFO),
intermedilysin (ILY), anthrolysin O (ALO) and suilysin (SLY) - has
been solved [3]. In the four, the undecapeptide forms a flexible
loop that is well exposed to the solvent. The mostly hydrophobic
character of this loop confers on it an unfavourable antigenic
propensity.

The PLY-5 mAb was raised against native PLY after extensive
immunisation [4] and shown to recognise the conserved Trp-rich
undecapeptide of some bacterial CDCs. Its minimal epitope should
consist of WEWWRT [5].

In spite of some weaknesses and pitfalls still present, homology
modelling of antibodies from their sequences, based on the struc-
tural data of well-known examples, is one of the methodologies
with allows researchers to predict and build three dimensional
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models of antibodies with very high accuracy [6,7]. The character-
istics of the binding site (paratope) predicted by these models may
be of help in explaining its reactivity patterns.

From an immunological viewpoint, the above-mentioned fea-
tures of the Trp-rich loop make of it an interesting subject for of
analysis. By immunoscreening of CDCs with amino acid variations
in the undecapeptide (Table 1) and by means of amino acid substi-
tution analogues, we describe here new experimental findings.
Together with data from Fv modelling and docking simulations,
we discuss the nature of the epitope recognised by the PLY-5
mADb and its binding characteristics.

2. Materials and methods
2.1. Purified toxins

Purified pyolysin (PYO) was kindly provided by Prof. Michael
Palmer, Department of Chemistry, University of Waterloo,
Waterloo, Ontario, Canada; and purified vaginolysin (VLY) by Prof.
Adam ]. Ratner, Departments of Paediatrics and Microbiology and
Immunology, Columbia University, New York, USA [8]. Purified
recombinant PLY was prepared by us [9].

2.2. PLY-5 mAb

The PLY-5 secreting-mouse hybridoma was grown in
BioWhittaker” UltraDOMA™ - PF Serum-free, Protein-free Medium
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Table 1
Multiple alignment of the Trp-rich undecapeptide of some known CDCs. Discrepan-
cies with the consensus sequence are in bold.

VLY E K T G L v W E P w R
ILY G A T G L A W E P w R
PYO E A T G L A W D P w W
SLG E C T G L F W E w W R
CONSENSUS E C T G L A W E w W R

(Lonza Group). From the supernatant, equilibrated with 1.0 M
ammonium sulphate, the mAb was purified by means of hydropho-
bic interaction chromatography on a 20-ml HiLoad™ 16/10 Phenyl
Sepharose™ HP column (Amersham Biosciences), on an AKTAde-
sign FPLC system (Amersham Biosciences). The mAb was recovered
by elution in a linear gradient from 1.0 M to 0 M ammonium sul-
phate in 50 mM Tris-buffered saline (TBS), pH 7.0.

2.3. Anti-haemolytic activity of PLY-5 and blocking assays with soluble
peptides

Haemolysis neutralisation and blocking assays were performed
as already described [4,5,9]. Briefly, the haemolytic activity of
recombinant PLY preparations was titered immediately before
neutralisation tests and they were assayed at two haemolytic units
(HU). Similarly, the neutralisation capacity of PLY-5 was also
titered and this mAb was assayed at its neutralising minimal
amount.

Synthetic peptides, >95% pure, were supplied by PolyPeptide
Laboratories France SAS. i-tryptophan, L-tyrosine, .-phenylalanine,
L-arginine and L-lysine were from Sigma.

For competition tests, PLY-5 was mixed with different amounts
of the competitor in 10 mM phosphate-buffered saline-0.1% so-
dium azide (PBS-SA), preincubated for 30 min at 37 °C and then
with 2 HU of PLY for another 30 min at 37 °C. Finally, SRBCs at
1% were added and incubated again at 37 °C for 30 min.

In the positive neutralisation control samples, the addition of
the competitor was omitted. Determinations were conducted in
triplicate.

2.4. Immunoblot analyses

One pg/lane of purified recombinant PLY and 2 pig/lane of puri-
fied recombinant VLY and PYO were subjected to 12% polyacryl-
amide SDS-PAGE under reducing conditions and, subsequently,
electrotransferred onto nitrocellulose membranes. After blocking
overnight at 4 °C in 50 mM TBS-3% bovine serum albumin-0.1%
SA (TBS-BSA-SA), pH 7.5, the membranes were then incubated with
the PLY-5 mAb (3 pg/sample-lane), in 10 ml of 10 mM PBS-1% BSA-
0.1% SA, with gentle rocking for 2 h at room temperature. After sev-
eral washing steps, blots were incubated with an 1:50,000 dilution
of anti-mouse v chain specific - HRPO-conjugate (Sigma A3673) in
PBS-1% BSA-0.1% Tween-20, for 2 h as above, and finally developed
with the Immobilon™ western chemiluminescent HRP Substrate
(Millipore).

2.5. Modelling of the Fv of PLY-5 and docking simulations

The VH and VL sequences of PLY-5, deposited in GenBank
(accession numbers AAM34748.1 and AAM34749.1, respectively)
[9], were submitted to the “RosettaAntibody: Fy Homology Model-
ing Server” (http://antibody.graylab.jhu.edu/) [10].

The 1M3I PDB file (http://www.rcsb.org/pdb/explore/explore.
do?structureld=1M3I) [3] contains the structural information from
a new crystal form of perfringolysin O. This toxin is made of four
domains, of which the C-terminal domain or domain 4 (residues

391-500) includes the Trp-rich undecapeptide. The atom coordi-
nates of its D4 domain were obtained from this pdb and used for
docking on the modelled Fv of PLY-5.

Docking simulations were generated by “The RosettaDock
server for local protein-protein docking” (http://rosettadock.
graylab.jhu.edu/) [10-12]. Simulations were done with the D4
domain, as above stated, in such a way that the total number of
residues involved were 221 for the Fv and 110 for the D4 domain.
The PyMOL 1.1 software (DeLano Scientific LLC, Palo Alto, CA, USA)
was used to position the tip of the D4 domain in front of the bind-
ing site of the modelled PLY-5 Fv for docking as well as to generate
molecular renditions. Electrostatic potentials were obtained and
visualised using the Molegro Molecular Viewer 2.2.0 (Molegro
ApS, Aarhus C, Denmark).

3. Results

3.1. Soluble peptide blocking assays on the neutralising capacity of
PLY-5

The neutralising capacity of PLY-5 on the haemolytic activity of
PLY was challenged by means of blocking assays with 11-mer sol-
uble peptides corresponding to the undecapeptide sequences of
VLY, ILY, PYO, SLG (seeligeriolysin O), and with PLY as a consensus
sequence of CDCs. Peptides were first probed at 1 mg/ml. Only the
SLG and the consensus undecapeptides showed blocking activity
on the PLY-5 paratope (Table 2). These blocking peptides were next
assayed at progressively doubling dilutions; and, as shown

Table 2
Soluble peptides assayed and their capacity to block the neutralising activity of the
PLY-5 Ab in PLY-mediated haemolysis.

Peptide Blocking

capacity

VLY undecapeptide: EKTGLVWEPWR -
ILY undecapeptide: GATGLAWEPWR -
PYO undecapeptide: EATGLAWDPWW -
SLG undecapeptide: ECTGLFWEWWR +
CONSENSUS undecapeptide: ECTGLAWEWWR +

Designed variants®

Variant of the VLY undecapeptide: EKTGLVWEWWR +
Variant of the ILY undecapeptide: GATGLAWEWWR +
Variant of the PYO undecapeptide: EATGLAWDWWW +(50%)
Variant of the PYO undecapeptide: EATGLAWDWWR +(50%)

Shortenings of the consensus undecapeptide
CTGLAWEWWRT

TGLAWEWWRT

GLAWEWWRT

LAWEWWRT

AWEWWRT

+ o+ o+ o+ o+

Alanine-substituted analogues of the consensus heptapeptide
AWEWWRT

AAEWWRT +(75%)
AWAWWRT +(75%)
AWEAWRT -
AWEWART
AWEWWAT
AWEWWRA

+ 1+

Conservative-substituted analogues

AWDWWRT +(75%)
AWEFWRT -
AWEYWRT -
AWEWWKT -

¢ Substitutions are in bold.
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Fig. 1. Competitive neutralisation assays with free soluble SLG and consensus
undecapeptides (A), and variant ILY and VLY undecapeptides (B). The figure was
generated in GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA).

(Fig. 1A) the neutralisation of PLY by PLY-5 was clearly inhibited by
both peptides in a dose-dependent manner.

To further validate the above observations, purified recombi-
nant VLY and PYO were probed, by Western-blot, with the PLY-5
mAb; PLY served as positive control. As shown in Fig. 2, PLY was
strongly recognised by this antibody; PYO was hardly reactive;
and VLY was not reactive at all.

The VLY, ILY and PYO undecapeptides have a proline instead of
the second conserved tryptophan of the consensus sequence; and
pyolysin has one more tryptophan instead of arginine. Next, the
EKTGLVWEWWR, GATGLAWEWWR, EATGLAWDWWW and EATG-
LAWDWWR peptides, in which the P of VLY, ILY and PYO, respec-
tively, was replaced by W, and the final W of PYO by R, were
similarly probed. The first two peptides were fully blocking in a
dose-dependent manner (Fig. 1B), but the last two were partially
blocking (50%) when assayed at 1 mg/ml. These results pointed
to a very relevant role of the second conserved W in the antigenic-
ity of the Trp-rich undecapeptide; the E and R residues seem to be
also involved; and the amino acid residues at the left of the
WEWWR stretch do not seem to be determinants of that
antigenicity.

Then, the five progressively shorter peptides: CTGLAWEWWRT,
TGLAWEWWRT, GLAWEWWRT, LAWEWWRT, and the AWEWWRT

FEé MIEY PYO
e B A

Fig. 2. Western-blots of recombinant PLY, VLY and PYO with the PLY-5 mAb.
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were probed. They were all fully blocking, confirming that the ami-
no acid residues to the left of WEWWRT are dispensable for recog-
nition by the PLY-5 mAb.

Next, the contribution of each of the residues of the consensus
sequence AWEWWRT to the building-up of the epitope was evalu-
ated by testing the capacity of six alanine-substituted analogues to
be recognised by PLY-5 and to block its neutralising activity on PLY.
The AWEWART and AWEWWRA heptapeptides were fully block-
ing, indicating that the third W and the final T residues are dis-
pensable for antibody recognition. In contrast, AWEAWRT and
AWEWWAT were not blockers at all, meaning that the second W
and the R residues are essential in the PLY-5 epitope. The
AAEWWRT and AWAWWRT peptides were mostly blocking, and
therefore the first W and the E residues should be envisaged as
minor epitope contributors. Thus, according to these last observa-
tions, within the WEWWRT sequence, the PLY-5 epitope would be
mainly configured by the second aromatic W and the charged R
amino acid residues.

Some conservative changes were also tested. The E residue was
substituted by D. The AWDWWRT peptide was 75% blocking as
was its respective Ala substitute; thus, the E residue, being a minor
epitope contributor, allows a conservative change. In contrast,
when the second W was replaced by F or Y, or the R residue by
K, the heptapeptides AWEFWRT, AWEYWRT and AWEWWKT were
not blockers, just like their Ala substitutes, evidencing that the sec-
ond W and the R residues of the conserved tryptophan-rich
undecapeptide (ECTGLAWEWWR) are essential for its recognition
by the PLY-5 mAb and that they cannot be replaced without loss
of its antigenicity.

In view of the preceding results, free tryptophan, tyrosine,
phenylalanine, arginine and lysine were also individually tested
but none of them were blocking even when assayed at 1 mg/ml.

Thus, according to all these observations using soluble peptides,
the PLY-5 epitope seems to respond to an X' X2 W3 X* R> X°®
pattern.

3.2. Analysis of the binding site of PLY-5

The PLY-5 Fv generated by the RosettaAntibody: Fy, Homology
Modeling Server assigned a very low confidence prediction for
the CDR-H3 loop, which comprises three amino acid residues
(99EAS101), matching length only.

When this Fv modelling is visualise with the PyMOL 1.1 soft-
ware (Fig. 3A), the paratope, as defined by the CDRs (Table 3), com-
prises a deep central crater followed by an eccentric canyon.

This crater includes a lateral concavity, delimited by the
LQYASFPP residues of CDR-L3. At the bottom of the crater, is the
Trp102 residue, from FR-H4.

One of the walls of the canyon is built up by the aromatic rings
of Tyr91 (CDR-L3), Phe32 (CDR-L1) and Tyr49 (FR-L2). On the
opposite wall, the Glu99 residue of CDR-H3 and behind this the E
6 residue of FR-H1 protrude above the surface as electronegative
horns (Fig. 3B), while the R 59 of CDR-H2 gives rise to an electro-
positive area.

3.3. Docking simulations

In the crystal form of PFO, the Trp-rich undecapeptide
(458)ECTGLAWEWWR(468) conforms two antiparallel B-strands
joined by a B-turn. One of these strands is made of ECTGL. The cen-
tral AWEW tetrad configures the B-turn (Fig. 3C) in such a way that
the loop is curled back; on this loop, the free carboxylic acid group
of the Glu465 residue produces an electronegative surface spot
(Fig. 3D). The following WR residues run backwards parallel to
ECTGL; the free guanidium side chain of R 468 confers an electro-
positive charge to this location.
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FR-H1

D R 468

D4 of PFO

4§ E 465

R 468
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Fig. 3. A: Orthogonal view of the modelled Fv. CDR-H1, brown; CDR-H2, green. The R 59 residue of CDR-H2 is highlighted in magenta. CDR-H3 is in blue. The E 99 residue of
CDR-H3 is highlighted in yellow. CDR-L1, pink; CDR-L2, wheat; CDR-L3, cyan. The figure was generated in PyMOL. B: Surface electrostatic map of the modelled Fv. The figure
was generated in Molegro. C: The WEWWR residues of the undecapeptide are shown in detail at the tip of the D4 domain of PFO. The figure was generated in PyMOL. D: Close-
up view of the surface electrostatic map of the EWWR stretch of the D4 domain of PFO. The figure was generated in Molegro. E: Molecular rendition of the modelled
simulation of D4 docking on the Fv of PLY-5. The figure was generated in PyMOL. F: Close-up view of the surface electrostatic map of the EWWR stretch of the D4 domain of
PFO as in the docking simulation. The figure was generated in Molegro. G: Superimposition of the WEWWR stretch as in the crystal (at the back, darker colour) and as in the
docking simulation (at the front, light colour). The figure was generated in PyMOL. H: Close-up view of the docking. The R 59 residue of CDR-H2 and the E 99 residue of CDR-
H3 are in magenta and yellow, respectively, as in A. The figure was generated in PyMOL. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

In the third lowest energy score conformer (the one which best the tip of the D4 domain lay perpendicular to the binding surface
fitted experimental observations), according to the simulations of of the PLY-5 Fv (Fig. 3E). The electropositive guanidium tip of R
docking of the D4 domain of PFO with the modelled Fv of PLY-5, 468 was markedly extruded (Fig. 3F) and was located between
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Table 3
CDRs characteristics of PLY-5 according to the Rosetta model.

PLY-5 mAb Amino acid residues in CDR1-CRD2-CDR3

CDR1 CDR2 CDR3
VH11-16-3° (26)GYSITSDYAWN(36) (51)FITYSGSTRYNPSLKS(66) (99)EAS(101)
VL11-7-9 (24)RASQEISDFLS(34) (50)AASTLES(56) (89)LQYASFPPT(97)

Aromatic residues are in bold.
2 Number of amino acid residues in CDRs.

the electronegative carboxylic ends of Glu99 of CDR-H3 and Glu6
of FR-H1. The aromatic ring of Trp466 was somewhat displaced
(Fig. 3G) and lodged in the above-mentioned central crater, be-
tween the aromatic rings of Tyr91 and Phe94 of CDR-L3 (Fig. 3H).
In addition, the E 465 residue of the undecapeptide made contacts
with the R 59 of CDR-H2. In this simulation, neither the CDR-H1,
CDR-L1 nor the CDR-L2 residues made any apparent contact with
the undecapeptide and neither did the Trp464 and the Trp467 res-
idues of the undecapeptide make contact with the antibody para-
tope. From all this it can be deduced that the binding of the
undecapeptide loop to the PLY-5 antibody is mainly mediated by
aromatic and by ionic interactions.

4. Discussion

According to the results of a membrane bound-peptide scan [5],
the minimal epitope recognised by PLY-5 on the Trp-rich undeca-
peptide of PLY should consist of WEWWRT. A W492A mutant of
listeriolysin O (LLO) was recognised by PLY-5 but the W491A
mutant was not [13]. In accordance with this, and by means of sub-
stitution analogues, we now show that the second Trp and the Arg
residues are both essential for PLY-5 recognition of soluble pep-
tides related to the Trp-rich undecapeptide and that this recogni-
tion responds to an X' X2 W* X* R®> X5 amino acid residue
sequence. In bacterial CDCs, X? is a positively charged amino acid
residue, either E or D, which contributes to the binding interaction
with PLY-5 in an auxiliary role.

The essential participation of tryptophan residues in the config-
uration of B-cell epitopes has already been reported [14,15] but, so
far, to our knowledge, there are no descriptions of the characteris-
tics of the antibodies recognising this kind of epitope.

The CDRs of PLY-5 are not especially rich in tyrosine, which is
highly abundant in natural antigen-binding sites [16,17], but, as
a whole, according to the model described here, the paratope of
the PLY-5 mAb seems to be composed of a number of aromatic
amino acid residues (Phe, Trp and Tyr) [18,19]. The CDR-H3 is
remarkably short, with only three amino acids (EAS); in the mod-
elled Fv, this E residue gives rise to an electronegative surface spot.

The epitope recognised by the PLY-5 mAb resides on the same
flexible loop that is involved in membrane binding [1]; to do that,
this loop flips out. The docking simulation described here mimics
this displacement; this type of conformational change could
actually be induced by the antibody to optimise the binding
interaction.

Hydrophobic stacking interactions between aromatic side
chains of antigens and of antibody CDRs, and van der Waals
contacts, are thought to play a paramount role in the antibody rec-
ognition of protein antigens. The contribution of aromatic residues
to the combining sites of antibodies which recognise aromatic
rings has also been documented [20-22]. In our docking model,
the aromatic ring of W466 is seen as stacked between those of
Tyr91 and Phe94 of CDR-L3.

In the crystal form of PFO, the AWEW tetrad configures a g-turn,
whereas the following WRT residues are part of a reverse p-strand.
B-turns are well recognised antigenic sites [23].

The model of the Fv of the PLY-5 mAb described here shows a
central crater continued on one side by a canyon. According to
the docking simulation reported here, the main contacts of the
Trp-rich undecapeptide of PFO with the binding site of PLY-5
would be made through its EW-R residues. With respect to the
antibody, only residues of its CDR-H2, CDR-H3 and CDR-L3 around
that central crater are involved in epitope recognition.

Altogether, our experimental observations indicate that the
second Trp residue in the p-turn and the R residue in the following
B-strand of the Trp-rich undecapeptide are pivotal in the confor-
mation of the epitope and for the recognition of CDCs by the
PLY-5 mAb.
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