
Antibody Recognition of Shiga Toxins (Stxs):
Computational Identification of the Epitopes of Stx2
Subunit A to the Antibodies 11E10 and S2C4
Yongjun Jiao1, Fiona S. Legge3, Xiaoyan Zeng1, Herbert R. Treutlein2,3*, Jun Zeng2,3*

1 Institute of Pathogenic Microbiology, Jiangsu Provincial Center for Disease Prevention and Control, Key Laboratory of Enteric Pathogenic Microbiology, Ministry Health,

Nanjing, China, 2 Monash Institute of Pharmaceutical Sciences, Monash University, Parkville, Victoria, Australia, 3 Computist Bio-Nanotech, Small Technology Clusters,

Scoresby, Victoria, Australia

Abstract

We have recently developed a new method to predict the epitopes of the antigens that are recognized by a specific
antibody. In this work, we applied the method to identify the epitopes of the Shiga toxin (Stx2 subunit A) that were bound
by two specific antibodies 11E10 and S2C4. The predicted epitopes of Stx2 binding to the antibody 11E10 resembles the
recognition surface constructed by the regions of Stx2 identified experimentally. For the S2C4, our results indicate that the
antibody recognizes the Stx2 at two different regions on the protein surface. The first region (residues 246-254: ARSVRAVNE)
is similar to the recognition region of the 11E10, while the second region is formed by two epitopes. The second region is
particularly significant because it includes the amino acid sequence region that is diverse between Stx2 and other Stx
(residues 176-188: QREFRQALSETAPV). This new recognition region is believed to play an important role in the
experimentally observed selectivity of S2C4 to the Stx2.
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Introduction

Escherichia coli O157:H7 and other Shiga toxin (Stx)-producing

E. coli (STEC) strains cause over 10000 infections and over 90

deaths each year in the United States [1]. In China, it was

responsible for two large disease outbreaks in three neighboring

Provinces (Jiangsu, Anhui and Henan) between 1999–2000. The

infection with STEC causes diarrhea and hemorrhagic colitis, and

potential development of hemolytic-uremic syndrome (HUS)

characterized by acute renal failure, thrombocytopenia, microan-

giopathic hemolytic anemia, and death [2].

The Shiga toxins consist of a single domain A-subunit and a

pentamer B-subunit. The 32 kDa A-subunit embodies the N-

glycosidase catalytic activity by removing a specific adenine base

from the 28 S rRNA of 60 S ribosomes within infected cells, and

hence stop protein synthesis in a targeted cell. The B-subunit binds

to the eukaryotic glycolipid receptor globotriaosylceramide (Gb3)

or CD77 [3,4]. There are two major types of Stx designated as

Stx1 and Stx2. Stx1 differs at a single amino acid in the A subunit

from the Stx of Shigella dysenteriae 1 [5], while Stx2 has

approximately 68% and 73% amino acid homology with Stx1

from subunits A and B [6,31], respectively, and consists of several

variants [7]. STEC isolates produce Stx1, Stx2 (or its variants), or

both of these toxins. Although the mechanisms of action of the

Stxs are thought to be the same, Stx2 is much stronger than Stx1

in mediating HUS [8].

Currently, there is no effective therapy or prophylaxis for HUS

other than clinical supportive measures. While certain antibiotics

have been shown to increase the risk of HUS development [9],

passively administered toxin-specific antibodies have been shown

to be highly effective at preventing toxin-mediated diseases. So far,

several Stx2-specific monoclonal antibodies have been developed,

and many have been shown to neutralize the activity of Stx2 in

vitro and/or in vivo [10–15,32]. More recently, a monoclonal

antibody (MAb) designated S2C4 has been isolated and shown to

be able to neutralize Stx2 and its variant cytotoxicity [34,35]. It

also specifically acts against the A subunit of Stx2 [34,35]. The

availability of Stx2-specific MAb provides an opportunity to

administer a safe immunotherapeutic reagent and prevent

development of HUS in susceptible individuals.

Understanding how the antibodies recognize their antigens is

important for developing antibody therapeutics. Previously, we

have developed a new approach for determining the antibody-

binding epitope of an antigen [16]. It has been successfully used to

identify the important epitopes of the envelop glycoproteins of

HIV gp120 to its human neutralizing antibody and to predict the

epitopes of ecodomains of glycoproteins of a bunyavirus, ‘‘Severe

fever with thrombocytopenia syndrome (SFTS) virus’’, to its

human antibody Mab 4–5 [1]. Briefly, our method involves three

steps: Firstly, we identify the locations of chemical functional

groups on the key region of the antibody using an exhaustive

‘‘multiple copy simultaneous search’’ (MCSS) approach [17–22].
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Each of these functional groups corresponds to an individual

amino acid type [22]. Secondly, the MCSS clusters of a specific

functional group with favorable interaction energies with the

protein, also referred to as ‘‘minima’’, are selected to identify the

pattern of functional groups on the surface of the antigen. These

functional group patterns are subsequently converted into the

amino acid sequence pattern. Thirdly, the antigen protein

sequence is sliced into short peptides of seven amino acids, and

the set of peptide sequences are scored according to the number of

matched amino acids with the sequence pattern identified. The

peptides with high score which match the key pattern are

considered to be mimotopes. Our method presented here is an

extension of our computational combinatorial inhibitor design

(CCLD) approach, presented in refs. [19–22]. Previously, our

CCLD approach has been successfully applied to design peptide

inhibitors that could, e.g. block the Ras interacting to its down

stream target Raf protein [21,22]. We developed a novel scheme

that allows the application of CCLD to identify several peptide

inhibitors that target the protein surface [20–22]. Several designed

peptides were confirmed by in vitro Enzyme-Linked ImmunoSor-

bant Assay (ELISA), radioassay and Biosensor-based assays [21].

Recently, Smith et al studied the recognition regions of Stx2 A

subunit to the antibody 11E10 by generating a set of chimeric

Stx1/Stx2 molecules and evaluating the capacity of 11E10 to

recognize the hybrid toxins using Western Blots and in Vitro cell

cytotoxicity assays [23]. Three regions were identified as the

epitopes of Stx2 to the antibody; the sequences of these three

regions are the most divergent between Stx2 and Stx1 which is

why the 11E10 antibody specifically recognizes Stx2 instead of

Stx1 [23]. In this work, we will first apply our approach to identify

the epitopes of Stx2 subunit A to the 11E10, in comparison with

the previous experimental results. Afterwards, we will use it to

predict the epitopes of Stx2 subunit A to the newly developed

antibody S2C4. The results will be further verified experimentally.

Methods

Homology modeling of the antibodies
The sequence of the antibodies 11E10 [33] and S2C4 [34,35]

were used to search for the closest related antibody with known 3D

structure using the BLAST (http://blast.ncbi.nlm.nih.gov) data-

base search method focused on sequences of proteins from the

protein data bank. Figure 1 shows the sequence alignment of the

template antibodies with the VL and VH domains of 11E10 (A)

and S2C4 (B). For the 11E10, the templates were found to be PDB

entry ‘‘1KB5’’ - Murine T-cell receptor vairable domain/FAB

complex [24], entry ‘‘1XIW’’ - UCHT1 single-chain antibody

fragment complexed with human CD3-e/d dimer [25] and entry

‘‘3Q3G’’ - Fab fragment of mAb107 complexed to the low- and

high-affinity states of CD11bA [26]. The VL and the VH domains

of 11E10 show sequence identities of 54% and 84% to 1KB5, 50%

and 80% to 1XIW, and 90% and 61% to 3Q3G, respectively. For

the S2C4, the best matching antibody sequences found were entry

‘‘2HKF’’ - Murine unglycosylated IgG Fc fragment [27] and entry

‘‘3S35’’ - anti-VEGF receptor antibody IMC-1121B [28]. The

amino acid identities of S2C4 are 59% and 81% to 3HKF, 88%

and 40% to 3S35 for the VL and VH domains, respectively.

The domains VL and VH of the antibodies 1KB5, 1XIW and

3Q3G PDB structures were used as the templates to create a

homology model of the antibody 11E10, and the antibodies 3S35

and 3HKF PDB structures were used to construct the model of the

S2C4. The model was created using the Modeller software [29]

including explicit optimization of the important loop regions

(Complementarity Determining Regions) as implemented in

Modeller.

MCSS of functional groups
The MCSS method has been widely used to determine

energetically favorable positions and orientations of functional

groups in a target protein [18,22]. Using the homology model of

an antibody, our quCBit software (http://www.computistresearch.

com), which implements our MCSS approach, was used to scan

the preferred locations of functional chemical groups on the

binding surfaces, i.e. the ‘‘Complementarity Determining Re-

gions’’ (CDRs). Eleven functional groups were used, each of which

corresponds to the side chains of different amino acids [22,39].

Table 1 lists the relationship between the functional groups and

amino acids. The parameters for both protein and functional

groups were taken from the CHARMM22 all-hydrogen atom

force field [36].

Three hundred replicas of each functional group were randomly

distributed inside a sphere with a 12-Å radius around the CDRs of

the antibodies. In previous work, we have shown that the details of

the CDR loop conformations have insignificant effect on the

distribution of MCSS minima and on the sequence pattern

derived from the minima [1]. This could be due to the fact that the

functional groups are of small size so that the clusters of MCSS

minima are insensitive to the conformational change of the CDR

loop. Therefore, in this study we use only single conformation of

the CDR. The CDRs are defined by (Leu29, Tyr31, Arg33,

Trp56, Ser99) of L chain and (Asp31, Asn35, Trp47, Tyr55,

Arg57, Gly102) of H chain for the 11E10, and (Val29, Tyr32,

Arg54, Glu97) of VL domain and (Thr31, Asn53, Trp47, Asn56,

Ala59 and Asp103) of VH domain for the S2C4, respectively. A

500-step multiple copy simultaneous minimisation was performed.

During all the MCSS calculations, each replica only interacts with

a target protein, and not with the other replicas. The interaction

energy, UMCSS, was defined as

U(MCSS)~U(protein{replica)zU(protein)zU(replica) ð1Þ

where U(protein-replica) represents non-bonded interactions (i.e.

van der Waals and electrostatic interactions) between the target

protein and the replica. U(protein) and U(replica) represent the

internal energy of the protein and each replica, respectively. In the

first protocol where the protein atoms were fixed and each replica

treated as a single group, U(protein) and U(replica) were excluded.

The binding energy for a functional group in each minimum

obtained from the MCSS calculations was defined as

U(bind)~U(protein{replica)zU(replica)U(replica0) ð2Þ

where U(replica0) indicates the internal energy of each replica in

vacuum. The nonbonded interaction was truncated at 20 Å. The

dielectric constant was set to 10 to mimic solvent screening effects

[37].

Identification of sequence pattern
Interaction energy of 210.00 kcal/mol was used as the

threshold for the minima of polar and apolar functional groups,

as used in previous work [16]. For the positively charged groups

MAMM and MGUA, 210.00 kcal/mol and 215.00 kcal/mol

were used for the antibodies 11E10 and S2C4. For the negatively

charged group, a threshold of 230.00 kcal/mol was used for the

11E10 and 215.00 kcal/mol for the S2C4, respectively. The

larger threshold used for the 11E10 is due to their well-defined
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electrostatic interactions of the charged residues Arg33 of L chain

and Arg102 of H chain of the antibody.

The spatial patterns of the locations of the MCSS minima on

the surface of the antibody were converted into a sequence pattern

according to the relationship between the functional groups and

amino acids as given in Table 1, and this sequence pattern served

as the fingerprint to identify the epitopes of antigens.

Search for epitopes based on the sequence pattern
The sequence pattern obtained using the method described in

Section ‘‘Identification of sequence pattern’’ was used to identify

the peptides derived from Stx2 subunit A. We divided the whole

protein sequence into overlapping peptides of length of seven

amino acids as it allows a more efficient scan of the MCSS minima

distributions of the average sized binding epitopes. The peptides

with a sequence that matched the key pattern derived from MCSS

minima of functional groups were considered to be potentially part

of the epitope and labeled as the ‘‘binders’’. To avoid artifacts by

Figure 1. Sequence alignment of the VL and VH domains of the 11E10 and S2C4 antibodies and their templates. A) 11E10 aligned to
antibody of the Murine T-cell receptor vairable domain/FAB complex (PDB 1KB5) [24], UCHT1 single-chain antibody fragment (PDB 1XIW) [25] and a
Fab fragment of mAb107 complexed to the low- and high-affinity states of CD11bA (PDB 3Q3G) [26]; B) S2C4 aligned to a Murine unglycosylated IgG
Fc fragment (PDB 2HKF) [27] and the anti-VEGF receptor antibody IMC-1121B (PDB 3S35) [28].
doi:10.1371/journal.pone.0088191.g001
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starting from a particular residue, the protein was sliced into 7-mer

peptide libraries several times, starting from the residue 1 up to 7.

This results in seven libraries of 7-mer peptides. Each of the seven

libraries was checked for sequence matches with the key pattern.

Residues occurring in binder peptides from more than three

libraries were considered part of the epitope. Therefore, the

epitopes predicted from the seven sets of peptide libraries could

vary in their length. The details of the epitope searching were

described previously [16].

Results

Recognition of Stx2 subunit A to antibody 11E10.
Antibody 11E10 has been developed specifically against subunit

A of Stx2 and the recognition regions of the Stx2 to the antibody

have been investigated experimentally [23]. Firstly we used our

approach to identify the epitopes of Stx2 subunit A to 11E10. The

antibody structure was built using the X-ray structures with PDB

identifiers 1KB5 [24], 1XIW [25] and 3Q3G [26] as templates.

Figure 2 shows the model structure and surface of the 11E10 with

the important residues highlighted (Figure 2A). Two distinctive

regions are identified around the CDR3 loop. Firstly, Arg33 of L

chain and Arg102 of H chain form a positively charged surface S1,

and secondly, oxygen atoms of Ser58, Thr59 and Ser73 of L chain

form a negatively charged surface S2. These two binding surfaces

are separated by ca. 14.00 Å.

Figure 3 shows the distribution of MCSS minima of functional

groups on the surface. Overall, the distributions of the MCSS

minima closely correspond to the physical properties. For the

apolar groups, MESH and IBUT (small group), BENZ and PHEN

(aromatic rings), no minima were found due to the highly charged

nature of the surface around the CDR3 loop. In contrast, for the

polar groups, ACEM minima were identified with two clusters in

S1, forming hydrogen bonds to the charged residues Arg33 of L

chain and Arg102 of H chain, respectively. In addition two ACEM

minima were also found on S2 with weak interaction energies of

210.00 kcal/mol to residue Thr59 of L chain. The MEOH group

showed a strong presence with 42 minima identified in two

clusters, interacting with Arg33(L) and Arg102(H), respectively.

For the IMIA group, there were three minima interactions with

Arg102(H), two of which are hydrogen bonded to Arg102 and the

third forms a perpendicular p-p conformation to the side chain of

the residue. For the larger INDO group, the majority of minima

were located on S2 with the indole-NH atom forming hydrogen

bonds to Thr59-OG of the L chain.

For the positively charged groups MAMM, MGUA, and

ACET, no MAMM minima were found with interaction energies

less than 215.00 kcal/mol. While three MGUA minima were

found only on S2 interacting with Thr59(L), eighteen ACET

minima were distributed on S1 only and grouped into two clusters

interacting with Arg33(L)and Arg102(H), respectively. The best

minima were located close to Arg102 with interaction energies of

239.00 kcal/mol.

Using the minima on the two surfaces S1 and S2, we

constructed a sequence pattern for the peptides that could

potentially bind to the antibody. The maximum distance between

the two binding surfaces S1 and S2 is approximately 14.00 Å,

corresponding to a separation of three amino acids. While only

MGUA minima interact with Thr59 of L chain on the surface S2,

the best minima of MEOH, ACEM, IMIA and INDO, as well as

ACET interact with both Arg33 of L chain and Arg102 of H chain

on S1. Therefore, the key sequence pattern for the binding epitope

peptides can be defined as ‘‘X—Z’’, in which X = R,

Z = S,T,Q,N,H or W, and D or E. Note that the sequence is

aligned from S2 to S1 as the positively charged minima MGUA is

only found on S2 and corresponding to the N-terminal of peptides.

Table 1. The relationship between the functional groups
used and amino acids.

Functional group Abbreviation Amino acids

Charged (2) Acetate ion ACET ASP, GLU

Charged (+) Methylguanidinium MGUA ARG

Charged (+) Methylammonium MAMM LYS

Polar Acetamide ACEM ASN,GLN

Polar Methanol MEOH SER,THR

Hydrophobic Methanethiol MESH CYS,MET

Aromatic Polar Phenol PHEN TYR

Aromatic Polar Indole INDO TRP

Aromatic Polar Imidazole IMIA HIS

Aromatic
Hydrophobic

Benzene BENZ PHE

Hydrophobic Ibutane IBUT VAL, ILE, LEU, ALA

doi:10.1371/journal.pone.0088191.t001

Figure 2. Model structure A) and surface presentation B) of
antibody 11E10. The important residues for the antibody interaction
are shown in stick form in A). (L) and (H) denote the L and H chain of the
antibody respectively. The figure was prepared using PyMOL [38].
doi:10.1371/journal.pone.0088191.g002
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Table 2 lists the distribution of key MCSS minima and its derived

sequence pattern.

As the key pattern sequence ‘‘X—Z’’ is derived from the

locations of MCSS minima of functional groups corresponding to

the side chain of the amino acids, the influence of the spacer

region between X and Z on the stability of the peptide structures is

expected to be small. To verify this, we constructed the

conformations of several peptides of key pattern sequence with

randomly selected amino acids for the spacer region. The results

showed that the position differences of the key residues X and Z

from the different peptides are relatively small with RMSD of less

than 0.50 Å.

The sequence pattern was subsequently used to search for

‘‘binders’’ (see Methods section) from the peptide libraries derived

from the sequence of the Stx2 subunit A (given in Figure A in File

S1). The seven libraries (see Method section) were searched for

peptides matching the calculated sequence pattern of the binding

epitope. There are 286 residues in the Stx2 subunit A, which result

in 41 peptides of a length of seven amino acids for each set of 7

libraries. Figure B in File S1 shows the identified epitopes from

each set of peptide libraries with the epitopes highlighted in orange

lower case characters. The five peptides (1: residues 51–67,

sequence ‘‘avdirgldvyqarfdhl’’; 2: residues 87–95, sequence

‘‘ntfyrfsdf’’; 3: residues 148–176, sequence ‘‘ntmtrdasravlrfvtv-

Figure 3. Selected MCSS minima of functional groups on the surface of antibody 11E10. A) ACEM; B) MEOH; C) IMIA; D) INDO; E) MGUA; F)
ACET. Figures were prepared using PyMOL[38].
doi:10.1371/journal.pone.0088191.g003

Table 2. Distribution of key minima and the derived
sequence pattern for the binding epitope peptides to
antibody 11E10.

Binding Surface S2 ---14.00 Å--- S1

MCSS minima
Pattern

MGUA MEOH

ACEM

IMIA

INDO

ACET

Sequence
Pattern

R Gap of 3 amino
acid

S/T

Q/N

H

W

D/E

A sequence pattern of ‘‘X—Z’’ [X = R and Z = (S/T, Q/N, H, W, D/E) ] was
obtained.
doi:10.1371/journal.pone.0088191.t002
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taealrfrqiqr’’; 4: residues 200–217, sequence ‘‘lnwgrisnvlpeyr-

gedg’’; 5: residue 246–254, sequence ‘‘arsvravne’’) of Stx2 are

predicted to bind to the antibody. Figure 4 shows the Stx2 subunit

A and subunit B with the epitopes highlighted in lower case and

colored in orange (Figure 4A), and their positions in the protein

(Figure 4B) and on the protein surface (Figure 4C). The antibody

only binds to subunit A. Previously, three regions, i.e. A (residues

42–49: NHTPPGSY), B (residues 96–101: THISV), and C
(residue 245–260: QGARSVRAVNESQPE), were identified to

be responsible for the specificity of Stx2-11E10 recognition due to

the significant sequence divergence at these regions between Stx1

and Stx2 [23]. Figure 4 also shows these regions, as underlined in

Figure 4A and colored as cyan in Figures 4B and C. Overall, our

calculation reproduced the majority of the region C by the binding

peptide 5 (‘‘ARSVRAVNE’’ vs ‘‘QGARSVRAVNESQPE’’). The

binder peptides 1 ‘‘AVDIRGLDVYQARFDHL’’ and 2
‘‘NTFYRFSDF’’ are adjacent to the regions A and B, even

through peptide 1 is exposed to the solvent on the top of Stx2

subunit A and the majority of peptide 2 is buried inside the protein

except the last three amino acids ‘‘SDF’’. Moreover, peptide 4 is

located next to region C and peptide 5. The recognition surface

from regions A, B and C largely corresponds to the predicted

epitope peptides 1 and 5, and possibly also peptide 4 (Figure 4C).

Note that the long peptide 3 forms a helical conformation; it is

buried inside the protein and is therefore unable to bind the

antibody.

Prediction of epitopes of Stx2 subunit A to antibody
S2C4

We created a 3D model of the VL and VH domains of antibody

S2C4 using the X-ray structures with PDB identifiers 3HKF [27]

and 3S35 [28] as templates. Figure 5 shows the model structure

and surface with the important residues highlighted. Compared to

the 11E10 antibody, the shape of the surface around the CDR3

loop becomes more defined with a hydrophobic pocket (labeled as

B2) formed by residues Phe36, His38, Thr95 of VL domain and

Asp103 of VH domain. Two charged binding regions B1 and B3

are formed by residues (Glu27, Glu97) and (Arg54, Lys57) in VL

domain, respectively.

Figure 6 shows the locations of the minima of functional groups

on the surface of S2C4. Overall, the minima are clustered around

the three binding sites B1, B2 and B3 as described above, except

that some minima are located inside a narrow groove formed

between side chains of peptides Arg50-Asp56 and Asp103-Tyr104

of VH domain. Due to the flexibility of the side chains (especially

the turn at residues 103–104 of the VH domain), this groove is

unstable. Therefore, we disregarded the minima located inside the

groove and focused on those at the binding sites B1, B2 and B3.

Overall, no minima of apolar groups such as MESH, IBUT,

BENZ and PHEN were found on the surfaces around the CDR3

loop of the S2C4. For the polar groups, ACEM minima were

found at the three binding sites – clusters of 22, 20 and 7 with

favorable interaction energy values of 211.10 kcal/mol (B1),

213.90 kcal/mol (B2) and 212.20 kcal/mol (B3), respectively.

Twenty five MEOH minima were located at B1 and B2 with the

best minima at B2. In the aromatic group, IMIA minima were

distributed over the surface with 36, 12 and 7 minima located at

the three binding sites. The best minima interactions involved

Glu27 and Glu97 at B1, Asp98 and Phe100 at B2, and Arg54 at

B3, with the binding energies of 211.80 kcal/mol, 212.00 kcal/

mol and 212.40 kcal/mol, respectively. For the positively charged

groups MAMM and MGUA, 27 MAMM minima were concen-

trated at B1 through electrostatic interactions to Glu27 and Glu97,

and 4 minima were inside the pocket B2 held in place by hydrogen

bonding to the carbonyl oxygen of Thr95 and Asn96. However,

the 13 MGUA minima identified were spread over B1 and B2 with

the best minima at B1 having an interaction energy of

218.20 kcal/mol. For the negatively charged group ACET, 25

minima were distributed at the B3 site by forming salt bridges to

Arg54 or Lys57.

Based on the distribution of the important minima as shown in

Figure 6, a sequence pattern for peptides that bind to S2C4 was

derived. The MCSS minima at the binding sites B2 and B3 are

separated by ca 10.50 Å, a distance that could accommodate two

amino acids. While only ACET minima were obtained at B3

exhibiting interactions with Arg54 and Lys57 of VL domain, most

of the functional groups are located in the sites B1 and B2. At B1,

the positively charged groups MGUA and MAMM showed the

best minima with strong interaction energies, due to the strong

electrostatic interactions to the negatively charged residues Glu27

and Glu97 of VL domain. Polar groups are mainly located inside

the binding pocket at B2, however, because B1 and B2 are ca. 5.00

Å apart there is still a significant preference for MGUA and

MAMM at B1. Therefore, the key sequence pattern for the

binders was defined as ‘‘XZ—J’’, in which X = R or K, Z = R, Q

or N, H, S or T, and J = D or E. Table 3 lists the distribution of

key MCSS minima and the derived sequence pattern. Due to the

short length of peptides (7mer), we loosened the search criteria to

‘‘XZ’’ only. A similar approximation has been applied previously

[16].

Seven sets of peptide libraries were generated using the protocol

as described in Method section ‘‘Search for epitopes based on the

sequence pattern’’. Figure C in File S1 show the identified binders

of each set of peptide libraries with the binder residues highlighted

in lower case and colored orange. The final predicted epitopes of

the Stx2 subunit A using the protocol described in section ‘‘Search

for epitopes based on the sequence pattern’’ are shown in

Figure 7A) with the epitope shown in orange lower case

characters. We number the epitopes as I-IV so as to distinguish

them from the epitopes (1–5) predicted for antibody 11E10Over-

all, four binding peptides (I: residue 18–25, sequence ‘‘NSIR-

TEIS’’; II: residues 121–136, sequence ‘‘AALERSGM-

QISRHSLV’’; III: residues 168–183, sequence

‘‘ALRFRQIQREFRQALS’’; IV: residues 243–251, sequence

‘‘HQGARSVRA’’) are predicted and these epitopes are located

on the surface of subunit A of Stx2. If we compare these Stx2

epitopes to the experimentally derived recognition regions and the

predicted epitopes of the 11E10 (Figure 4), significant overlap can

be observed in the two antibodies. Stx2 shares the recognition

region C - overlap occurs in both the predicted epitope of peptide

5 to the 11E10 and peptide IV to the S2C4. However, the binding

peptides I-III are located on the opposite side of the recognition

regions (epitopes) to the 11E10 (Figure 7B), due to the different

sequence pattern derived from MCSS minima. Interestingly, the

peptides II and III are located closely enough to form a

recognition surface which on examination contains the sequence

that is least conserved between Stx1 and Stx2. This region is

located between binding peptides II and III, and labeled as D
(residues 176–188, sequence ‘‘REFRQALSETAPV’’, as colored in

cyan in Figure 7C). The significant sequence differences of region

D between Stx1 and Stx2 (Figure 8), give a strong indication that

this is a novel recognition region, resulting in the selective binding

of the antibody S2C4 to the Stx2.

Discussion

Previously, we have developed a new method to predict the

binding epitopes of an antigen to the antibody [16]. It involves
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three steps: 1) mapping of functional groups onto the surface of the

antibody, 2) deriving a sequence pattern for potential binding

peptides based on the distribution of significant minima of

functional groups, and 3) searching the binding peptides from

the sequence of the antigen. Here, we have applied the new

method to identify binding epitopes of Shiga Toxin to two

independent antibodies 11E10 [23,30] and S2C4 [34,35] that

have been developed specifically against the subunit A of Stx2.

Our results provide insights into the recognition mechanisms of

Stx2 to the antibodies. Our method is able to predict and identify a

set of peptides that potentially form part of the epitope, thus

significantly reducing the amount of experimental work needed to

find an antibody binding epitope.

For the epitopes of Stx2 binding to its specific antibody 11E10,

experimental work has identified three recognition regions A, B
and C in the subunit A of Stx2 [23] (as shown in Figure 4). Based

on the model structure of the 11E10, the MCSS calculations

predicted five peptides as potential candidates for the binding

Figure 4. The predicted epitopes of Stx2 to antibody 11E10. A) The predicted epitopes of Stx2 to antibody 11E10 are highlighted in lower
case and colored orange in the protein sequence. The recognition regions identified previously (Smith et al 2009) are underlined. B) Backbone
presentation of the antigen subunits A and B showing the predicted epitopes in orange and identified regions A-C colored in blue. The antibody
binds to subunit A only. Subunit B is shown in green. C) Surface presentation of the antigen subunits A and B showing the predicted epitopes in
orange and recognition regions A, B and C colored in blue. Note that the region C is only partially shown as the region is missing in the crystal
structure of Stx2 (PDB 1R4P) (Fraser et al, 2004). Figures were prepared using PyMOL [38].
doi:10.1371/journal.pone.0088191.g004
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epitopes (Figure 4). One of the peptides ‘‘ARSVRAVNE’’ is in fact

consistent to the region C identified experimentally [23]. While

the epitope peptides ‘‘AVDIRGLDVYQARFDHL’’ and

‘‘NTFYRFSDF’’ are located next to the regions A and B,

respectively, they are either exposed away from the recognition

surface or buried inside the protein (Figure 4). Nevertheless, the

predicted epitopes ‘‘NTMRDASRAVLRFVTVTAEALRFR-

QIQR’’, ‘‘LNWGRISNVLPEYRGEDG’’ and ‘‘ARSVRAVNE’’

are close enough to resemble the recognition surface constructed

by regions A, B and C (Figure 4). Our calculations thus

qualitatively reproduced the experimental recognition regions,

and demonstrate a significant simplification of the experimental

search for the binding epitope. In addition, the MCSS minima are

grouped around the charged residues Arg33 of L chain and

Arg102 of H chain of the antibody due to a flat surface around the

CDR3 loop of 11E10 (Figure 3). This indicates that the antibody-

antigen recognition of Stx2 and 11E10 is determined by these

charged residues.

For the antibody S2C4, the surface of antibody around the

CDR3 loop becomes more defined with a hydrophobic pocket

formed by residues Phe36, His38, Thr95 of VL domain and

Asp103 of VH domain (Figure 5). The distribution of MCSS

minima are thus different from those found in 11E10 (Figure 6 vs

Figure 3). Accordingly, the sequence pattern identified from the

MCSS minima is significantly different (Table 2 vs Table 3). Four

peptides are predicted as the binding epitopes of the S2C4. While

the peptide ‘‘HQGARSVRA’’ overlays with the recognition

region C of Stx2 subunit A that binds the antibody 11E10, the

other three epitopes are located on the region opposite to the

epitopes of 11E10, indicating different recognition regions for the

two antibodies (Figure 7 vs Figure 4).

Both antibodies selectively bind to Stx2. For the 11E10,

experimental work showed that the selectivity is due to its binding

to the three epitope regions A, B and C in which the sequence of

Stx2 is divergent from Stx1 as shown in Figure 8 [23], and our

calculations are consistent with the experimental observations. For

the antibody S2C4, our results suggest that selectivity is achieved

by binding to the epitope ‘‘HQGARSVRA’’ which is similar to the

region C. However, our results also suggest the possibility of an

alternative site, that is, to the epitopes ‘‘AALERSGM-

QISRHSLV’’ and ‘‘ALRFRQIQREFRQALS’’ which form a

separate recognition surface (Figure 7). This is of particular interest

because the predicted epitope ‘‘ALRFRQIQREFRQALS’’ con-

tains a region (residues 176–188, sequence ‘‘REFRQALSE-

TAPV’’) where the sequence is significantly different between

Figure 5. The model structure A) and surface presentation B) of antibody S2C4. The important residues for the antibody interaction are
shown in stick form in A). (L) and (H) denote the VL and VH domain of the antibody respectively. The figure was prepared using PyMOL [38].
doi:10.1371/journal.pone.0088191.g005
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Stx1 and Stx2, presenting a new epitope region (region D) for

selective antibody recognition (Figure 8).

Conclusions

Previously we have developed a simple qualitative method to

search the epitopes of the antigen that bind to an antibody [16]. In

this work, we have applied this method to identify the antibody

recognition regions of Stx2 subunit A to the antibodies 11E10 and

S2C4. Both antibodies bind selectively to the Stx2 of the Shiga

Toxin family, as illustrated by the predicted epitopes from our

calculations. For the 11E10, the possible epitopes are ‘‘AV-

DIRGLDVYQARFDHL’’, ‘‘NTFYRFSDF’’, ‘‘LNWGRISNVL-

PEYRGEDG’’ and ‘‘ARSVRAVNE’’ which form the recognition

surfaces incorporated in the regions of NHTPPGSY (A), THISV

(B), QGARSVRAVNEESQPE (C) identified experimentally [23].

The recognition regions NHTPPGSY and QGARSVRAV-

NEESQPE are the least conserved regions of Stx2 and other

Stxs, and are responsible for the observed selectivities of the 11E10

[23]. For the S2C4, the best epitopes are predicted to be residues

121–136 (sequence ‘‘AALERSGMQISRHSLV’’), 168–183 (se-

qeuence ‘‘ALRFRQIQREFRQALS’’, and 243–251 (sequenece

‘‘HQGARSVRA’’). While the third epitope overlays with the

observed recognition region C, the first two epitopes indicate a

novel recognition region D (residues 176–188, sequence ‘‘RE-

FRQALSETAPV’’) with significant sequence difference between

Figure 6. Selected MCSS minima of functional groups on the surface of antibody S2C4 against subunit A of Stx2. A) ACEM; B) MEOH;
C) IMIA; D) ACET; E) MAMM; F) MGUA. Figures were prepared using PyMOL [38].
doi:10.1371/journal.pone.0088191.g006

Table 3. Distribution of key minima and the derived
sequence pattern for the binding epitope peptides to the
antibody S2C4.

Binding Site B1 B2 ---10.50 Å--- B3

MCSS minima
Pattern

MGUA MEOH ACET

MAMM ACEM

IMIA

MGUA

Sequence
Pattern

R S/T Gap of 2 amino
acid

D/E

K Q/N

H

R

S/T

A sequence pattern of ‘‘XZ—J’’(X = R or K, and Z = R, Q or N, H, S or T, and J = D
or E) was obtained.
doi:10.1371/journal.pone.0088191.t003
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Figure 7. The predicted epitopes of Stx2 to antibody S2C4. A) The predicted epitopes of Stx2 to antibody S2C4 are highlighted in lower case
and colored orange in the protein. The recognition regions identified previously (Fraser et al, 2004) are underlined. B) Backbone presentation of the
antigen subunits A and B showing the predicted epitopes on subunit A in orange. The antibody is predicted to bind only to subunit A. C) Surface
presentation of the antigen subunits A and B showing the predicted epitopes on subunit Ain orange and a novel recognition region D colored in
cyan. Note that the region C is only shown partially as the region is missed in the crystal structure of Stx2 (PDB 1R4P) (Fraser et al, 2004). Figures were
prepared using PyMOL [38].
doi:10.1371/journal.pone.0088191.g007
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Stx2 and other Shiga toxins. Therefore, there are strong

indications that S2C4 specifically binds to the Stx2 subunit A at

either the region C and/or the region D. The shared recognition

region C between two antibodies and the novel region D of

antibody S2C4 to the Shiga Toxin 2 will be tested using an in vitro

binding assay to verify our prediction.

Supporting Information

File S1 Figure A-C. Figure A: Sequence of Shiga toxin 2 (Stx2)

Subunit A. Figure B: Sequence alignment of Stx2 Subunit A with

7 sets of binder to antibody 11E10 highlighted in orange lower

case characters. Figure C: Sequence alignment of Stx2 Subunit A

with 7 sets of binder to antibody S2C4 highlighted in orange lower

case characters.

(DOC)

Acknowledgments

The epitope peptides will be deposited into Datadryad Digital Respository

(http://datadryad.org).

Author Contributions

Conceived and designed the experiments: HRT JZ. Performed the

experiments: JZ YJ XZ. Analyzed the data: JZ HRT FSL YJ. Contributed

reagents/materials/analysis tools: YJ XZ. Wrote the paper: JZ HRT FSL

JY.

References

1. Mead PS, Slutsker L, Dietz V, McCaig LF, Bresee JS, et al. (1999) Food-related

illness and death in the United States. Emerg Infect Dis 5: 607–625.

2. Zheng H, Jing H, Wang H, Xia S, Hu W, et al. (2005) stx2vha is the dominant

genotype of Shiga toxin-producing Escherichia coli O157:H7 isolated from

patients and domestic animals in three regions of China. Microbiol Immunol 49:

1019–1026.

3. Donohue-Rolfe A, Jacewicz M, Keusch GT (1989) Isolation and characteriza-

tion of functional Shiga toxin subunits and renatured holotoxin. Mol Microbiol

3: 1231–1236.

4. Furutani M, Ito K, Oku Y, Takeda Y, Igarashi K (1990) Demonstration of RNA

N-glycosidase activity of a Vero toxin (VT2 variant) produced by Escherichia

coli O91:H21 from a patient with the hemolytic uremic syndrome. Microbiol

Immunol 34: 387–392.

5. Kozlov Yu V, Kabishev AA, Lukyanov EV, Bayev AA (1998) The primary

structure of the operons coding for Shigella dysenteriae toxin and temperature

phage H30 shiga-like toxin. Gene 67: 213–221.

6. Fraser ME, Chernaia MM, Kozlov YV, James MN (1994) Crystal structure of

the holotoxin from Shigella dysenteriae at 2.5 A resolution. Nat Struct Biol 1:

59–64.

7. Jackson MP, Newland JW, Holmes RK, O’Brien AD (1987) Nucleotide

sequence analysis of the structural genes for Shiga-like toxin I encoded by

bacteriophage 933J from Escherichia coli. Microb Pathog 2: 147–153.

8. Tesh VL, Burris JA, Owens JW, Gordon VM, Wadolkowski EA, et al. (1993)

Comparison of the relative toxicities of Shiga-like toxins type I and type II for

mice. Infect Immun 61: 3392–3402.

9. Wong CS, Jelacic S, Habeeb RL, Watkins SL, Tarr PI (2000) The risk of the

hemolytic-uremic syndrome after antibiotic treatment of Escherichia coli

O157:H7 infections. N Engl J Med 342: 1930–1936.

10. Dowling TC, Chavaillaz PA, Young DG, Melton-Celsa A, O’Brien A, et al.

(2005) Phase 1 safety and pharmacokinetic study of chimeric murine-human

monoclonal antibody c alpha Stx2 administered intravenously to healthy adult

volunteers. Antimicrob Agents Chemother 49: 1808–1812.

11. Mukherjee J, Chios K, Fishwild D, Hudson D, O’Donnell S, et al. (2002)

Human Stx2-specific monoclonal antibodies prevent systemic complications of

Escherichia coli O157:H7 infection. Infect Immun 70: 612–619.

12. Mukherjee J, Chios K, Fishwild D, Hudson D, O’Donnell S, et al. (2002)

Production and characterization of protective human antibodies against Shiga

toxin 1. Infect Immun 70: 5896–5899.

13. Nakao H, Kiyokawa N, Fujimoto J, Yamasaki S, Takeda T (1999) Monoclonal

antibody to Shiga toxin 2 which blocks receptor binding and neutralizes

cytotoxicity. Infect Immun 67: 5717–5722.

14. Kimura T, Co MS, Vasquez M, Wei S, Xu H, et al. (2002) Development of

humanized monoclonal antibody TMA-15 which neutralizes Shiga toxin 2.

Hybrid Hybridomics 21: 161–168.

15. Ma Y, Mao X, Li J, Li H, Feng Y, et al. (2008) Engineering an anti-Stx2

antibody to control severe infections of EHEC O157:H7. Immunol Lett 121:

110–115.

16. Zhang W, Zeng X, Zhang L, Peng H, Jiao Y, et al. (2013) Computational

identification of epitopes in the glycoproteins of novel bunyavirus (SFTS virus)

recognized by a human monoclonal antibody (MAb 4-5). J Comput Aided Mol

Des 27: 539–550.

17. Caflisch A, Karplus M (1995) Acid and thermal denaturation of barnase

investigated by molecular dynamics simulations. J Mol Biol 252: 672–708.

18. Caflisch A (1996) Computational combinatorial ligand design: application to

human alpha-thrombin. J Comput Aided Mol Des 10: 372–396.

19. Zeng J, Treutlein HR, Rudy GB (2001) Predicting sequences and structures of

MHC-binding peptides: a computational combinatorial approach. J Comput

Aided Mol Des 15: 573–586.

20. Zeng J (2000) Mini-review: computational structure-based design of inhibitors

that target protein surfaces. Comb Chem High Throughput Screen 3: 355–362.

21. Zeng J, Nheu T, Zorzet A, Catimel B, Nice E, et al. (2001) Design of inhibitors

of Ras—Raf interaction using a computational combinatorial algorithm. Protein

Eng 14: 39–45.

22. Zeng J, Treutlein HR (1999) A method for computational combinatorial peptide

design of inhibitors of Ras protein. Protein Eng 12: 457–468.

23. Smith MJ, Melton-Celsa AR, Sinclair JF, Carvalho HM, Robinson CM, et al.

(2009) Monoclonal antibody 11E10, which neutralizes shiga toxin type 2 (Stx2),

recognizes three regions on the Stx2 A subunit, blocks the enzymatic action of

the toxin in vitro, and alters the overall cellular distribution of the toxin. Infect

Immun 77: 2730–2740.

24. Housset D, Mazza G, Gregoire C, Piras C, Malissen B, et al. (1997) The three-

dimensional structure of a T-cell antigen receptor V alpha V beta heterodimer

reveals a novel arrangement of the V beta domain, EMBO J. 16:4205–4216

25. Arnett KL, Harrison SC, Wiley DC (2004) Crystal structure of a human CD3-

epsilon/delta dimer in complex with a UCHT1 single-chain antibody fragment.

Proc Natl Acad Sci U S A 101: 16268–16273.

Figure 8. Sequence alignment of subunit A of Stx2 and the subunit A of Stx1. The boxes highlight the recognition regions responsible for
the selectivity of antibodies 11E10 and S2C4 for the subunit A of Stx2 only. Regions A, B and C are indicated by a black box, and the novel
recognition region D identified here to be responsible for the selectivity of the S2C4 is highlighted by a cyan box.
doi:10.1371/journal.pone.0088191.g008

Antibody Recognition of Shiga Toxins

PLOS ONE | www.plosone.org 11 February 2014 | Volume 9 | Issue 2 | e88191



26. Mahalingam B, Ajroud K, Alonso JL, Anand S, Adair BD, et al. (2011) Stable

coordination of the inhibitory Ca2+ ion at the metal ion-dependent adhesion site
in integrin CD11b/CD18 by an antibody-derived ligand aspartate: implications

for integrin regulation and structure-based drug design. J Immunol 187: 6393–

6401.
27. Feige MJ, Nath S, Catharino SR, Weinfurtner D, Steinbacher S, et al. (2009)

Structure of the murine unglycosylated IgG1 Fc fragment. J Mol Biol 391: 599–
608.

28. Franklin MC, Navarro EC, Wang Y, Patel S, Singh P, et al. (2011) The

structural basis for the function of two anti-VEGF receptor 2 antibodies.
Structure 19: 1097–1107.

29. Sali A, Blundell TL (1993) Comparative protein modelling by satisfaction of
spatial restraints. J Mol Biol 234: 779–815.

30. Perera LP, Marques LR, O’Brien AD (1988) Isolation and characterization of
monoclonal antibodies to Shiga-like toxin II of enterohemorrhagic Escherichia

coli and use of the monoclonal antibodies in a colony enzyme-linked

immunosorbent assay. J Clin Microbiol 26: 2127–2131.
31. Higuchi R (1989) PCR technology, Erlich HA (ed.) P61–70, Stockton Press,

New York NY.
32. Edwards AC, Melton-Celsa AR, Arbuthnott K, Stinson JR, Schmitt CK, et al.

(1998) Escherichia coli O157:H7 and other Shiga toxin-producing E. coli strains,

Kaper JB and O’Brien AD (ed.) ASM Press Washington DC.

33. Stinson JR, Wong H, O’Brien D, Schmitt K, Melton-Celsa A (2007) US Patent,

US2007/0160607 A1 ‘‘Humanized monoclonal antibodies that protect against

shiga toxin induced disease’’.

34. Jiao Y, Zeng X, Guo X, Shi Z, Feng Z, et al. (2009) Monoclonal Antibody S2C4

Neutralizes The Toxicity of Shiga Toxin, Progress in Biochemistry and

Biophysics, 36:736–742.

35. Guo X, Wu T, Zeng X, Zhang X, Chen Y, et al. (2010) Cloning Variable

Region Gene Against Shiga Toxin 2 (Stx2) and Preparation and Functional

Characterization of Stx2 Single Chain Antibody, J Med Mol Biol 7:382–387.

36. Mackerell AD, Bashford D, Dunbrack MRL, Evenseck JD, Field MJ, et al (1998)

All-Atom Empirical Potential for Molecular Modeling and Dynamics Studies of

Proteins, J Phys Chem B 102:3586.

37. Simonson T, Brunger AT (1994) Solvation free energies estimated from

macroscopic continuum theory: an accuracy assessment, J Phys Chem 98:4683.

38. The PyMol Molecular Graphics System (2012) Version 1.5.0.4 Schrodinger

LLC.

39. Caflisch A, Miranker A, Karplus M (1993) Multiple copy simultaneous search

and construction of ligands in binding sites: application to inhibitors of HIV-1

aspartic proteinase, J. Med. Chem 36:2142–67.

Antibody Recognition of Shiga Toxins

PLOS ONE | www.plosone.org 12 February 2014 | Volume 9 | Issue 2 | e88191


