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A set of 38 epitopes and 183 non-epitopes, which bind to alleles of the HLA-A3 supertype, was subjected
to a combination of comparative molecular similarity indices analysis (CoMSIA) and soft independent
modeling of class analogy (SIMCA). During the process of T cell recognition, T cell receptors (TCR) interact
with the central section of the bound nonamer peptide; thus only positions 4-8 were considered in the
study. The derived model distinguished 82% of the epitopes and 73% of the non-epitopes after cross-
validation in five groups. The overall preference from the model is for polar amino acids with high electron
density and the ability to form hydrogen bonds. These so-called “aggressive” amino acids are flanked by
small-sized residues, which enable such residues to protrude from the binding cleft and take an active role
in TCR-mediated T cell recognition. Combinations of “aggressive” and “passive” amino acids in the middle
part of epitopes constitute a putative TCR binding motif.

Introduction

T lymphocytes are an essential component of the adaptive
immune response and have been documented in almost all
chordates.1 They recognize degraded intracellular protein frag-
ments with lengths of 8-12 amino acids bound to major
histocompatibility complex (MHC) class I proteins. Intracellular
peptide fragments are from two sources: self-proteins and
antigenic proteins.2 Self-proteins are degraded at a fast rate,
including some newly synthesized proteins, producing large
quantities of short peptides. Antigenic proteins are derived from
external agents, such as viruses and bacteria, which are degraded
by the host in a similar way to self-proteins. Intracellular protein
degradation is undertaken by a supramolecular complex known
as the proteasome. After peptides are generated, they are
translocated into the endoplasmic reticulum (ER) lumen by the
transporter associated with antigen processing (TAP). In the ER,
peptides associate with MHC class I molecules and the resulting
peptide-MHC complexes are transferred to the cell surface,
where they are recognized by T cells via T cell receptors (TCR).
However, not all presented peptides are recognized by T cells.
Those that are recognized are commonly referred to as epitopes.

The TCR-peptide-MHC complex is shown in Figure 1.
TCR molecules are membrane-bound glycoproteins. Most TCR
molecules consist of two polypeptide chains,R andâ.3 TCRs
are associated with the CD3 complex, which helps to transport
TCRs to the cell surface and send activating intracellular signals
to the T cell when peptide-MHC complexes are recognized.4

The TCR proteins are produced by gene rearrangement, as are
immunoglobulins.5 TheR chain is formed by the rearrangement
of the variable (V) to the joining (J) segment, and theâ chain
is produced by the rearrangement of the variable (V), diversity
(D), and joining (J) genes.6 This rearrangement creates a
potential repertoire of∼1013 different T cells.7 The rearranged
genes are attached to the constant (C) gene to form the complete
R andâ chains. There are four hypervariable complementarity-
determining regions (CDRs) onR andâ chains, three of which

(CDR1, CDR2, and CDR3) resemble the CDRs of immuno-
globulins.8 These hypervariable regions form the contact site
between the TCR and the peptide-MHC complex. CDR3 is
the most variable and is considered to be principally responsible
for TCR specificity. CDR3 contacts position 4 to position 8 of
the peptide.9 Mutations on the CDR3 loops are known to abolish
peptide-MHC recognition.10 The crystallized structures of a
TCR complex with class I MHC8-18 shows that the TCR-MHC
binding surface is not parallel to the major axis of the MHC
peptide binding groove. Instead, it varies between 20° 9 and
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Figure 1. Crystal structure of TCR complexed with HLA-A*0201 and
viral peptide Tax (PDB code 1AO7).8 The TCRR chain is in green,
and theâ chain is in purple. The HLAR chain is in yellow, andâ2-
microglobulin is in cyan. The peptide is in red.
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70° 16 toward the diagonal. A hydrophobic pocket was formed
above the binding site between residues 93-104 of theR chain
and 95-107 of theâ chain, which could accommodate a peptide
side chain.9 The great structural variability and large confor-
mational changes induced in the TCR upon binding allows the
receptor to interact with many different peptide-MHC inter-
faces.13

Recognition of peptide-MHC by the T cell is a multistep
process.7 Initially, the T cell probes cells presenting peptide-
MHC complexes with pseudopodial extensions (scanning phase).
This contact with the MHC orients the TCR so that it can
quickly determine whether the peptide occupying the binding
groove is appropriate. This is followed by folding of the CDR3
loops around the peptide to achieve a stable state. The T cell
then becomes activated with a sustained release of calcium from
internal stores (early activation phase). At this point, it begins
to form a synapse characterized by a discrete pattern of central
TCR/CD3 accumulation surrounded by a ring of coreceptors
(synapse phase). Finally, the cytotoxic T cell secretes factors
to induce cell death (effector phase).

Despite the tremendous potential diversity of an individual
T cell repertoire, there are common patterns underlying the
recognition of epitopes and initiation of the immune response
by T cells, as manifest in the interactions observed between
the TCR and the peptide-MHC complex. First, the TCR fits
into a surface feature common to all MHC molecules, suggesting
that the diagonal mode of binding might be general.8-18 MHC
helices impose steric limitations on the orientation and depth
of approach of the TCR to the bound peptide; the diagonal
orientation allows for the deepest docking solution of the TCR
CDRs onto the peptide-MHC surface. Thus, the diverse CDR3
R andâ loops interact primarily with the most exposed middle
region of the bound peptide. Second, very different TCR
sequences can recognize the same antigen.12 At the same time,
however, small changes in ligand structure can induce different
signals when recognized by the same TCR (cross-reactivity).19

These signals can vary from strong agonistic to full antagonistic
effects.14 Subtle changes in the structure and conformation in
the middle region of peptide may generate analogues with
unexpectedly high immunogenicity, defined as “heteroclitic
analogues”.20,21

Third, there is no clear relationship between MHC binding
affinity and T cell recognition. Although most of the T cell
epitopes are good MHC binders, there are numerous exceptions,
such as cancer epitopes.22 This means that other structural
factors, arising from the non-MHC-buried part of the peptide
structure, may account for the interaction with TCR. Moreover,
no clear relationship has been established between the binding
of TCR to pMHC and the contingent functional response of
whole T cells. Thus, instead of attempting to quantify TCR-
pMHC interactions, we have addressed functional responses by
discriminating predictively epitopes, which give rise to T cell
responses, from peptides that do not engender either naı¨ve
immunogenic or recall antigenic T cell responses.

It is important not to confuse the capacity of being an epitope
with thermodynamic measurements that characterize the binding
of pMHC and TCR. It is well-known that a peptide can either
be an epitope or be inactive in terms of immunogenicity (initial
response by an unprimed T cell) or antigenicity (an equivalent
recall response). For class I presentation, arguably the most
direct approach is to measure T cell killing. CD8+ T cells, often
called cytotoxic T lymphocytes or CTL, lyse cells upon antigen
activation. This can be measured by use of51Cr, or radiolabeled
thymidine, taken up into target cells and released upon CTL

lysis. Alternatively, for class II presentation, the proliferative
response of CD4+ T cells, which act more indirectly through
the activation of B cells or macrophages rather than by direct
cell killing, can be measured by use of tritiated thymidine that
is incoporated into T cell DNA during cell division. Alterna-
tively, enzyme-linked immunospot (ELISpot) assays measure
the ability of class I and/or class II T-cells to produce cytokines
(most often interferon-γ, but also interleukins IL-2 or IL-10)
or other molecules when exposed to antigen. More recently
attention has turned to RT-PCR and tetramers as tools for
detecting T cell responses. As there are many different ways to
identify T-cell epitopes, the quantitative data produced by such
assays is not consistent enough to be used outside of particular
experimental conditions. Ultimately the diversity of measure-
ments means that we are obliged to accept the judgment of
experimentalists as to what are, or are not, T-cell epitopes.
Although somewhat subjective, it does bring the immunologist’s
intimate knowledge of particular assays to bear on this difficult
equation. The only general criterion for separating one epitope
from another is the property of “immunodominance”: the
principal epitope, with the greatest response, is said to be
immunodominant and other measurable responses, as opposed
to inactive peptides, are labeled subdominant. Interestingly,
though this distinction is often alluded to, it is not one which is
drawn sufficiently widely, or sufficiently consistently, by
experimental immunologists to be useful in the present context.

In the present study, we investigate the structural differences
between T cell epitopes and non-epitopes in the middle region
of the peptide molecule, which is thought to contact the TCR.
The focus of our study is a set of epitopes known to bind to
human MHC class I molecules comprising the HLA-A3
supertype (HLA-A*0301, HLA-A*0302, HLA-A*1101, and
HLA-A*3301).23 A set of non-epitopes was generated by a
multistep algorithm from the same epitope source proteins. As
the study examined the middle part of the binding peptides,
only positions 4-8 were included in the analysis. CoMSIA
fields were generated for each binder to describe its steric,
electrostatic, hydrophobic, and hydrogen-bond donor and ac-
ceptor properties.24 A discriminant analysis performed via
SIMCA25 was applied to CoMSIA fields in order to model the
structural differences between epitopes and non-epitopes as-
sociated with the peptide region directly involved in the
interaction with TCRs.

Results

A set of 38 nonapeptide T cell epitopes belonging to 25
proteins was collected from AntiJen,26 SYFPEITHI,27 and the
HIV database.28 These epitopes bind to four HLA-A3 supertype
alleles (HLA-A*0301, HLA-A*0302, HLA-A*1101, and HLA-
A*3301). Only proteins consisting of less than 1000 amino acids
were considered in the study. The source proteins were
processed by an algorithm, called EpiJen, which mimics the
antigen processing pathway of the cell. EpiJen, as described
elsewhere,29 is based on quantitative matrices, created by the
additive method,30 which are applied as a succession of filters.
Briefly, each protein is presented as a set of overlapping peptides
that are processed successively through three models: protea-
some cleavage, TAP binding, and MHC binding. At each step,
peptides are eliminated according to predefined thresholds. In
the present study, the thresholds were defined as follows: 0.1
for proteasome cleavage, 5.0 for TAP binding, and 6.3 for
binding to HLA-A*0301, HLA-A*0302, HLA-A*1101, and
HLA-A*3301. After the last step, a small set of good MHC
binders remain. In 85% of the cases, the known epitopes are
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among the top 5% of this final set. The epitopes used in the
present study corresponded to this final set of binders. This
formed the class of epitopes. The remaining binders were
considered as non-epitopes. As the non-epitopes were signifi-
cantly more numerous than the epitopes, their number was
reduced further by selecting only binders with affinities higher
than those of the epitopes. The final set of non-binders consists
of 183 peptides; they formed the non-epitope class. The epitopes,
non-epitopes, and source proteins used in the present study are
provided as Supporting Information.

The X-ray structure of the HIV RT epitope AIFQSSMTK
bound to HLA-A*110118 was used as a starting conformation.
To minimize the conformational noise, only peptides of the same
length (9 amino acids) were selected for the study. The peptide
structures were built with the BIOPOLYMER option in
SYBYL.31 The side chains followed the side-chain conforma-
tions of the X-ray structure. The built peptides underwent full
geometry optimization with the standard Tripos molecular
mechanics force field (Powell method,32 no electrostatics, and
0.05 kcal/(mol‚Å) energy gradient convergence criterion). The
peptide backbone was fixed in the X-ray conformation by use
of the option “Aggregates” in the Minimize Energy menu. The
aggregate consists of theR-carbon atoms, the carbonyl carbon
and oxygen atoms, and the amide nitrogen and hydrogen atoms.
After MM optimization, the final conformations did not differ
significantly from the starting ones. As the middle part of the
peptide (positions 4-8) does not make significant contacts with
the HLA molecule, the protein environment was not necessary
for effective energy minimization. The partial atomic charges
were computed by the AM1 semiempirical method33 available
in MOPAC V6, as implemented in SYBYL. Single-point
calculations were performed.

The alignment of all peptides was based on the corresponding
backbone atoms (the same as in the aggregate) in the conforma-
tion derived from X-ray data (Figure 2). As the study was
focused on the middle region of the binding peptides, positions
1, 2, 3, and 9 were eliminated and a grid box was defined to
extend 4 Å beyond the aligned pentapeptides. Five CoMSIA
fields were calculated to account for the steric, electrostatic,
hydrophobic, and hydrogen-bond donor and acceptor properties
of the peptides. The fields underwent SIMCA discriminant
analysis and the generated models were used to elucidate the
structural differences between epitopes and non-epitopes in the
middle region of the binding peptides. The models were
internally cross-validated in five groups.

Both single-field and combination models were developed
in the study. Representative statistics for some of these are
shown in Table 1. Among the single-field models, the hydro-

phobic-field model performed best with 76%sensitiVity [defined
as true positives/(true positives+ false negatives)] and 73%
specificity [defined as true negatives/(true negatives+ false
positives)], where epitopes were defined as positives and non-
epitopes as negatives. The steric-field model followed with 68%
sensitivity and 67% specificity. Electrostatic field and hydrogen-
bond donor field models had lower sensitivity (66%), although
the former model had moderate specificity (70%). In terms of
sensitivity, the hydrogen-bond acceptor field model performed
poorly (58%), while in terms of specificity, the hydrogen-bond
donor field model was worst (50%). Two- and three-field
combinations did not improve the results (data not shown). Only
the all-field combination gave significant increase in the
sensitivity (82%) by comparison with the single hydrophobic-
field model. The best performed all-field model revealed the
complexity of the TCR-peptide interaction. It indicated the
importance of van der Waals, electrostatic, hydrophobic, and
hydrogen-bond interactions for effective T cell recognition. This
model was used to analyze each aspect of this complex
interaction. The preferences at positions 4-8 (p4-p8) are
summarized in Table 2. The loadings of CoMSIA fields onto
principal component 1 (PC1), derived by SIMCA for the epitope
class, are shown in different colors in Figure 3. The HIV T cell
epitope KLTEDRWNK, which binds to HLA-A*0301, is shown
within the fields.

Steric Bulk. Sterically favorable areas are shown in green
in Figure 3, upper left, whereas disfavored regions are shown
in yellow. For epitope activity, bulky substituents are favored
at p6-p8 and disfavored at p5. In the non-epitope plot (data
not shown), the preferred bulky area is along the main backbone,
whereas the spatial regions around side chains show no favorable
interactions.

Electron Density.Areas where the electron density is favored
for T cell epitope recognition are colored red (Figure 3, upper
right), and the disfavored electron density is shown in blue.
Electron density is required at p6-p8 for T cell epitope
recognition and disfavored at p5. In the non-epitope map, the
areas of preferred and non-preferred electron density are close
to the backbone, which indicates their importance for MHC
binding (data not shown).

Local Hydrophobicity. Favored areas are shown in yellow,
while the disfavored areas are shown in white (Figure 3, lower
left). Favored areas are situated distantly at p5 and close to p6
and p7. Hydrophobic substitutents are disfavored distantly at
p4 and p6-p8. For non-epitope class, the preferred hydrophobic
areas are at p4 and p8 and close to the backbone at p4 and p5
(data not shown).

Hydrogen-Bond Donor and Acceptor Properties.Cyan
areas depict hydrogen-bond donor preferred positions, and the
purple areas show the positions where hydrogen-bond acceptor
amino acids are favored (Figure 3, lower right). Amino acids

Figure 2. Alignment between the X-ray structure of the HIV RT
epitope AIFQSSMTK bound to HLA-A*110118 and the HIV T cell
epitope KLTEDRWNK bound to HLA-A*0301, shown from p4 to p8.

Table 1. Statistics of CoMSIA-SIMCA Models

model PCa TPb TNc FNd FPe sensitivity,f % specificity,g %

steric field 3 26 122 12 61 68 67
electrostatic field 3 25 129 13 54 66 70
hydrophobic field 4 29 134 9 49 76 73
H-bond donor field 1 25 92 13 91 66 50
H-bond acceptor field 2 22 119 16 64 58 65
all fields 3 31 134 7 49 82 73

a PC, optimum number of principal components giving the highest
sensitivity.b TP, true positives: correctly predicted epitopes.c TN, true
negatives: correctly predicted non-epitopes.d FN, false negatives: incor-
rectly predicted epitopes.e FP, false positives: incorrectly predicted non-
epitopes.f Sensitivity ) true positives/(true positives+ false negatives).
g Specificity ) true negatives/(true negatives+ false positives).
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at p6-p8, which could take part in hydrogen-bond formation
as donors, contribute positively to TCR interaction. Hydrogen-
bond acceptors contribute positively at p4 and p7. In the non-
epitope map (data not shown), positively contributing donors
and acceptors are located close to the backbone, indicating their
significance for MHC binding.

Discriminating Power of the All-Field Model. The dis-
criminating power is a ratio between the sum of squared
residuals when fitted to a false class and the sum of squared
residuals when fitted to the true class.34 Thus, the larger the
value of the discriminating power, the better the column is at
differentiating between the classes. The discriminating power
of the all-field model was examined for each field at the 90%
contribution contour level. In the steric and electrostatic maps,
the discriminating areas appeared at p5 (Figure 4, upper left
and right); in hydrophobic and hydrogen-bond donor maps at
p5 and p7 (Figure 4, lower left and right); and in the hydrogen-
bond acceptor field map at p4 and p7 and close to NH at p6
(Figure 4, lower right).

Discussion

The models derived in this study aim to distinguish between
T cell epitopes and non-epitopes among peptides that bind well

to MHCs. Whereas the N- and C- termini are responsible for
securing peptides within the MHC binding site, the middle
region is known to bulge out of the cleft and thus interact with
TCRs. This middle section of binding peptides, from p4 to p8,
was examined here to identify the main physicochemical
properties responsible for steric, electrostatic, hydrophobic, and
hydrogen-bond interactions with the TCR. The good perfor-
mance of the all-field model is indicative of the complexity of
this key interaction. The model predicts 82% of epitopes and
73% of non-epitopes.

The main anchor residues for this supertype are hydrophobic
(Leu, Ile, Val, Met) or hydroxyl-containing (Ser, Thr) residues
at p2 and positively charged amino acids (Arg, Lys) at the
C-terminal. A previously performed CoMSIA study on peptides
binding to the HLA-A3 supertype23 revealed the preferred
properties at each position.35 In the present study, the preferences
for MHC binding and T cell recognition in the middle part of
the peptides have been compared for each position. Despite the
great diversity among TCRs and their ligands, some general
conclusions could be drawn for the preferred properties of the
exposed positions.

Position 4. Hydrophilic substituents with hydrogen-bond
acceptor properties are favored at this position for the interaction

Table 2. Physicochemical Properties Preferred for Interaction with TCR

property position 4 position 5 position 6 position 7 position 8

steric bulk disfavored (small side
chains preferred)

favored (bulky side
chains preferred)

favored (bulky side
chains preferred)

favored (bulky side
chains preferred)

electron density disfavored (aliphatic side
chains preferred)

favored (aromatic or
polar side chains
preferred)

favored (aromatic or
polar side chains
preferred)

favored (aromatic or
polar side chains
preferred)

hydrophobicity disfavored (polar side
chains preferred)

favored (nonpolar side
chains preferred)

disfavored (polar side
chains preferred)

disfavored (polar side
chains preferred)

disfavored (polar side
chains preferred)

hydrogen bond acceptor donor donor/acceptor donor
suitable amino acids Asp, Glu, Met Ala, Leu, Ile, Pro, Val Arg, Cys, His, Lys Asn, Gln, His, Tyr Arg, Cys, His, Lys

Figure 3. CoMSIA-SIMCA loading maps for PC1 of the epitope class. Positions 4-8 of the epitope KLTEDRWNK are shown inside the fields.
Upper left: steric field. Contour levels are+0.02 green (steric bulk favored) and-0.02 yellow (steric bulk disfavored). Upper right: electrostatic
field. Contour levels are-0.05 red (electron density favored) and+0.05 blue (electron density disfavored). Lower left: hydrophobic field. Contour
levels are+0.02 yellow (hydrophobicity favored) and-0.02 white (hydrophobicity disfavored). Lower right: hydrogen bond. Contour levels are
+0.05 cyan (donor favored) and+0.02 purple (acceptor favored).
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with TCR. The last property prioritizes Asp, Glu, and Met for
this position. Amino acids with mixed hydrogen-bond donor/
acceptor properties such as Asn, Gln, His, Ser, Thr, and Tyr
could be suitable here. However, in a previous study, hydrogen-
bond donor ability was found to be a key property at this
position for binding to HLA-A3 supertype molecules.35 This is
in a good agreement with the hydrogen-bond discriminating plot
(Figure 4, lower right), where p4 was indicated as one of the
three positions that are important for differentiating between
epitopes and non-epitopes.

X-ray data has shown that Lys at p4 can interact with CDR3
R-chain residues Ser93, Gly99, Phe100, and Ala101, making van
der Waals contacts with the amino acids side chains and also
making hydrogen bonds with the backbone carbonyl oxygens.13

Met at p4, together with Trp at p5, form a double side-chain
“peg” about which the TCR CDR loops residues cluster, making
intermolecular contacts, stabilized by hydrophobic and ring-
stacking interactions.36

Position 5.Hydrophobic aliphatic small-sized amino acids,
like Ala, Pro, Val, Ile, and Leu, are preferred at this position
for TCR recognition, whereas bulky side chains with negative
electrostatic potential were favored for binding to MHC proteins
in the A3 supertype.35 Thus, p5 was found to be of great
importance for epitope/non-epitope discrimination. However,
Garboczi et al.8 have shown that bulky Tyr at p5 is bound in a
deep pocket at the center of the TCR where the CDR3 loops
converge, forming a hydrogen bond with Ser31 from CDR1R
chain.14

Position 6.Preferences here are for bulky hydrophilic amino
acids with high electron density and hydrogen-bond donor
properties. This corresponds to strict donors such as Arg, Lys,
His, and Cys. Amino acids with mixed donor/acceptor abilities
are also acceptable at this position. Similar properties are
required for binding to A3 supertype molecules.35

The X-ray structure of HLA-A*1101 complexed with HIV-1
peptide AIFQSSMTK18 clearly shows that p6 is an important

additional anchor for binding to MHC molecule. The nitrogen
atom of p6 Ser makes a hydrogen bond with a bound water
molecule18 and it is important for discriminating between
epitopes and non-epitopes, as is evident from Figure 4.

Position 7. The favored amino acids for this position are
bulky, hydrophilic, with high electron density and mixed
hydrogen-bond donor/acceptor abilities. Asn, Gln, His, and Tyr
correspond to these requirements, but amino acids with strict
donor or acceptor properties are also appropriate. Along with
p4 and p5, p7 is of great importance for discriminating between
epitopes and non-epitopes. Accordingly, in a previous study it
was found that hydrophobic amino acids at p7 will increase
the A3 supertype binding affinity.35

Garcia et al.13 have shown that Tyr at p6 in an octamer peptide
EQYKFYSV (corresponding to p7 in a nonamer) complexed
with 2C TCR and mouse MHC class I H-2K makes a hydrogen
bond to Asn30 from the CDR1â chain. Likewise, p7 Tyr, which
resides within a bulged and exposed region of the EBV peptide,
is clearly the pivotal residue for LC13 TCR recognition.17 It
protrudes deeply within the TCR pocket formed by CDR1R,
CDR3R, and CDR3â chains.

Position 8.The requirements for T cell recognition at p8 are
the same as at p6: bulky hydrophilic amino acids with high
electron density and hydrogen-bond donor properties. Similar
propertiesssteric bulk and negative electrostatic potentialswere
found to be favored for HLA-A3 supertype binding affinity.

Ser at p7 in an octamer (corresponding to p8 in a nonamer)
forms a hydrogen bond with Asn30 from CDR1 â chain.13

Similarly, Tyr at p8 forms a hydrogen bond to Asp30 of CDR1â
from A6 TCR complexed with a Tax peptide and HLA-A2.8,14

The discriminating power analysis of the all-field model
indicates that p4, p5, and p7 are the most important for
distinguishing between epitopes and non-epitopes. The com-
parison with the requirements for binding to alleles belonging
to the HLA-A3 superfamily supports this. Similar properties

Figure 4. CoMSIA-SIMCA discriminating power maps. Positions 4-8 of the epitope KLTEDRWNK are shown inside the fields. Upper left,
steric field; upper right, electrostatic field; lower left, hydrophobic field; lower right, hydrogen-bond donor (cyan) and acceptor (purple) fields.
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for MHC binding and TCR interaction are favored at p6 and
p8, whereas the opposite preferences are shown at p4, p5, and
p7.

Overall, the preferred amino acids in the middle section of
the epitopes point to a common requirement for polar amino
acids with high electron density and ability to form hydrogen
bonds. These “aggressive” amino acids protrude out of the
binding cleft and take an active role in the process of T cell
recognition. At the same time, more than 30% of all amino acids
occupying p4-p8 are small-sized, “passive” residues such as
Gly, Pro, Ala, and Val. The role of these amino acids could be
2-fold. They may allow the backbone carbonyl oxygen and
amide nitrogen to be reached by the extended side chains of
the TCR. This is the case for the interaction of the Vâ17VR
10.2 TCR with the influenza virus matrix protein epitope MP-
(58-62) (a so-called “plain vanilla peptide”37) bound to HLA-
A2.16 Typically, the TCR fits over an exposed side chain of the
bound peptide. In this case, however, a TCR residue (Arg98 from
the CDR3â loop) inserts into a notch in the peptide-MHC
surface and forms a dense network of hydrogen bonds, including
some to the peptide main-chain carbonyl atoms. This mode of
TCR-peptide interaction is strongly facilitated by Gly residues
present in the middle part of the peptide. Alternatively, the small
residues flanking the long “aggressive” amino acids enable them
to protrude deeply into the centrally located TCR pocket.17 This
combination of “aggressive” and “passive” amino acids in the
middle part of epitopes could be thought to form a TCR binding
motif.

As a three-dimensional quantitative structure-activity rela-
tionship (3D QSAR) study, the present investigation is very
sensitive to any conformational ambiguity. Because of their
innate flexibility, the modeling of protein-bound peptides can
be a more complicated task than the modeling of small
molecules. Our experience38-40 indicates that the conformational
noise could be minimized by taking into account several
considerations. First, the modeled peptides should all be the
same length (nine amino acids in this case). Data from numerous
X-ray crystal structures shows beyond doubt that bound nine-
amino-acid peptides tend toward strong isomorphism without
significant differences in backbone structure. It is only as peptide
length increases beyond nine that we see real differences in
conformation. Second, the backbone and the side chains should
be built following the conformation of the template X-ray
structure. Third, MM optimization is allowed only for the side
chains, while the backbone is kept fixed. Finally, the alignment
is based on the corresponding backbone atoms. Given these
conditions, any remaining conformational ambiguity will not
preclude the development of a relevant and robust 3D QSAR
analysis.

Conclusion

The SIMCA classification of 221 epitopes and non-epitopes
as good binders to HLA-A3 supertype proteins, based on
CoMSIA fields, defined the preferred physicochemical proper-
ties at each of the five exposed positions from the middle region
of the binding peptide. Comparison with the preferred properties
for MHC binding at the same positions revealed similarities at
p6 and p8 and dissimilarities at p4, p5, and p7. The combination
of polar amino acids with high electron density and hydrogen-
bond-making abilities and small-sized residues in the middle
of the peptide may form a TCR binding motif. The present study
was focused on the last step of the long multistep process of
antigen processing and recognition. Because the T cell repertoire
is enormously diverse, the T cell recognition process has been

considered as a bioinformatic task of unprecedented complexity
with simply too many unknown variables to be tractable. As
this process is of extreme importance for epitope-based vaccine
design, the present study has attempted to look inside the “black
box” that is T cell epitope recognition.

Experimental Section

Epitopes.A set of 38 nonameric peptide epitopes, which bind
to four A3 supertype allelessHLA-A*0301, HLA-A*0302, HLA-
A*1101, and HLA-A*3301swas collected from AntiJen,26 SIF-
PEITHI,27 and the HIV database.28

CoMSIA. The set of 221 nonamer peptides (38 epitopes and
183 non-epitopes) was imported into the molecular modeling
software SYBYL 6.9.31 CoMSIA24 fields were autofilled with the
MSS option. Five physicochemical properties (steric, electrostatic,
hydrophobic, and hydrogen-bond donor and acceptor) were evalu-
ated, by use of a common probe atom with 1 Å radius, charge+1,
hydrophobicity+1, and hydrogen-bond donor and acceptor proper-
ties+1. The value of the attenuation factorR was set to 0.3. Column
filtering was set to 2.0 kcal/mol.

SIMCA. The table consisting of 221 rows, five CoMSIA fields,
and one categorical column (epitope/non-epitope) was used by the
SIMCA algorithm, as implemented within SYBYL 6.9. SIMCA
(soft independent modeling of class analogy) is a technique for
producing a mathematical description of the differences between
rows of different categories, based on columns of explanatory
properties.25 SIMCA constructs a set of principal components (PC)
for each category, relying on internally performed cross-validation
in five groups to determine which components distinguish between
the categories. The method is based on projecting each row into
each category’s factor space, reprojecting back into the original
space of the explanatory columns, and measuring the difference.
The category that yields the smallest differences is the category to
which the compound is predicted to belong.

The correctly predicted epitopes and non-epitopes were defined
as true positives (TP) and true negatives (TN), respectively, while
the incorrectly predicted ones yielded false negatives (FN) and false
positives (FP), respectively. On the basis of these predictions, two
assessments of the models were defined as follows:sensitiVity [true
positives/(true positives+ false negatives)] andspecificity [true
negatives/(true negatives+ false positives)]. As the non-epitopes
generated from one protein were significantly higher than the
epitopes, the parameteraccuracy[(true positives+ true negatives)/
total] could be misleading and has not been used in the study. For
example, if 98% of the peptides in one source protein are non-
epitopes, a model that simply predicts everything as non-epitope
will not be very useful but will nonetheless have an overall accuracy
of 98%.

To select the optimum number of components, different variants
for each studied model were calculated while the number of PCs
was varied from 1 to 7. An optimum number of principal
components (PCs) was selected where the addition of a component
decreases or does not change the number of true positives.

The loadings of different CoMSIA fields on PC1, as derived
according to the best-performing all-field CoMSIA-SIMCA model,
were visualized in maps contoured by actual values. A set of five
maps (steric, electrostatic, hydrophobic, and hydrogen-bond donor
and acceptor) were generated for both epitope and non-epitope
classes. Additionally, a set of five maps visualizing the discriminat-
ing power of the all-field model contoured by a 90% contribution
was generated. The HIV T cell epitope KLTEDRWNK, which binds
to the HLA-A*0301 allele, is shown inside the fields of the maps.
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