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The human cytotoxic T-lymphocyte (CTL) response to human immunodeficiency virus type 1 (HIV-1) has
been intensely studied, and hundreds of CTL epitopes have been experimentally defined, published, and
compiled in the HIV Molecular Immunology Database. Maps of CTL epitopes on HIV-1 protein sequences
reveal that defined epitopes tend to cluster. Here we integrate the global sequence and immunology databases
to systematically explore the relationship between HIV-1 amino acid sequences and CTL epitope distributions.
CTL responses to five HIV-1 proteins, Gag p17, Gag p24, reverse transcriptase (RT), Env, and Nef, have been
particularly well characterized in the literature to date. Through comparing CTL epitope distributions in these
five proteins to global protein sequence alignments, we identified distinct characteristics of HIV amino acid
sequences that correlate with CTL epitope localization. First, experimentally defined HIV CTL epitopes are
concentrated in relatively conserved regions. Second, the highly variable regions that lack epitopes bear
cumulative evidence of past immune escape that may make them relatively refractive to CTLs: a paucity of
predicted proteasome processing sites and an enrichment for amino acids that do not serve as C-terminal
anchor residues. Finally, CTL epitopes are more highly concentrated in alpha-helical regions of proteins.
Based on amino acid sequence characteristics, in a blinded fashion, we predicted regions in HIV regulatory and
accessory proteins that would be likely to contain CTL epitopes; these predictions were then validated by
comparison to new sets of experimentally defined epitopes in HIV-1 Rev, Tat, Vif, and Vpr.

Strong cytotoxic T-lymphocyte (CTL) responses are likely to
be an important aspect of an effective human immunodefi-
ciency virus (HIV) vaccine, as their benefit has been estab-
lished in simian immunodeficiency virus (SIV) vaccination
studies and in natural infections (7, 14, 25, 32, 48). HIV-
specific CTLs have been detected in HIV type 1 (HIV-1)-
exposed persistently seronegative individuals, suggesting a pro-
tective effect (11, 35, 54). CTL responses coincide with the
early containment of the virus (40, 52), and CTL escape mu-
tations arise in conjunction with progression to AIDS (29, 36).
Furthermore, depletion of CD8� lymphocytes during primary
HIV infection of monkeys results in poor containment of viral
replication and early death (56).

Particular patterns of escape mutation in vivo depend on
specific host-virus interactions (7, 23, 30, 36) and on a complex
balance of functional constraints on viral proteins and immune
pressure (7, 63, 64). In the controlled setting of a clonal SIV
infection of Mamu A�01 macaques, escape can be reproduc-

ible; both the initial dominant CTL response to a Tat epitope
and the rapid emergence of escape variants occurred consis-
tently during acute infection of different animals (3). In con-
trast, CTL escape mutations that unfold in a single patient with
a specific human leukocyte antigen (HLA) genotype, naturally
infected with a unique viral quasispecies, are difficult to extend
to the population of infected individuals. Most CTL studies
focus on summarizing individual responses; here we took a
different approach, integrating the global HIV sequence and
immunology databases to define broad correlates between nat-
ural variation in HIV-1 proteins and CTL epitope localization.
We explored how escape mutations that could influence pro-
cessing, HLA interactions, and T-cell recognition may impact
the variability of the population of circulating viruses and in
turn how HIV-1 variation may impact CTL responses.

Each step of CTL epitope generation and recognition has
potential constraints imposed by sequence specificity. For viral
proteins to be recognized by CTLs they must first be cleaved
into short peptides; generally this step occurs in the cytosol and
is due to the immunoproteasome (15, 20, 51) and often re-
quires the additional trimming of epitope precursors by pep-
tidases in the endoplasmic reticulum (ER) (60). After cleav-
age, the transporter associated with antigen processing (TAP)
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protein translocates peptides into the ER (1) for loading onto
HLA class I molecules (51, 53). The peptide binding groove of
HLA class I molecules accommodates peptides of 8 to 12
amino acids, and peptide binding depends in particular on
amino acids known as anchor residues (53). The complex of a
peptide and class I molecule is then presented on the cell
surface, allowing recognition by epitope-specific CTLs (51).

Mutations both within and proximal to epitopes can influ-
ence their immunogenic potential. Some amino acid substitu-
tions within an epitope can be tolerated without inhibiting class
I molecule binding or T-cell receptor (TCR) recognition (17,
19, 46), while others eliminate the CTL response or reduce its
efficiency (65). There is evidence that TAP transports peptides
selectively, as successful presentation of peptides by class I
molecules was found to correlate with affinity for TAP (22).
Mutations that influence the cleavage step of epitope process-
ing can also be critical; for example, cases of immune escape
due to mutations in an epitope’s flanking regions have dem-
onstrated that escape through inhibition of processing is of
immunological significance (9, 21, 30). Cleavage sites gener-
ated by the immunoproteasome are sensitive to the surround-
ing amino acid sequence (15, 49), although no simple cleavage
signal is apparent; in this study we show that HIV-1 known
cleavage sites are associated with high cleavage prediction
scores by using a neural network approach (37), which is a
computational way to identify complex predictive patterns in
data. Alternative cleavage or trimming pathways (28, 60) may
confer an additional layer of sequence specificity. Thus, poten-
tial epitope boundaries may differ among diverse HIV-1 strains
because of greater or lesser propensity to be cleaved. The
majority of HIV CTL escape and cross-reactivity studies, how-
ever, focus on the influence of substitutions within an epitope
that would influence only class I HLA and TCR interactions,
by testing synthetic peptide variants for cross-reactivity in vitro
(19). Thus the relative influence of processing escape muta-
tions is not well understood.

At the time of this writing, the boundaries of 334 unique
HIV CTL epitopes have been experimentally defined and de-
scribed in the literature (38) and were available through the
HIV Molecular Immunology Database, year 2000 edition (38).
By unique epitopes we mean that either the optimal epitopes
have distinct boundaries (although sometimes overlapping) or
different HLA-presenting molecules if they share boundaries
or both. (If an epitope was defined in multiple individuals and
had the same precise boundaries and HLA-presenting mole-
cule, it was considered only once.) There are regions in HIV
proteins that are rich in experimentally defined unique CTL
epitopes and other regions where no epitopes have yet been
identified despite repeated and thorough searching by many
groups using overlapping peptides that span the complete pro-
teins to test for reactive epitopes (31, 38, 64). The biology
underlying this highly nonuniform distribution is not yet un-
derstood, although some correlations have been noted. In par-
ticular an association between conserved regions in the vari-
able proteins and high epitope density was noted for p17 and
Nef (42). Studies of major histocompatibility complex binding
motifs in HIV-1 proteins revealed that the binding motifs tend
to cluster in relatively short regions and that regions with low
motif density tend to be the most variable protein regions (24,
47, 67).

In this study we systematically explored the relationship be-
tween the distribution of experimentally defined CTL epitopes
and HIV-1 protein sequences. We confirmed and extended
observations indicating there are very few HIV experimentally
defined epitopes in the most variable regions of the virus (42)
by using the much larger current data sets. Viral variation can
influence a CTL response via processing, presentation, or rec-
ognition of an epitope. We examined variation in processing
using a neural network approach to immunoproteasome cleav-
age sites in proteins. Instead of simply basing our predictions
on a single protein, we extended the method to analyze full
protein alignments to determine the levels of conservation of
predicted cleavage sites in the viral population. Our method
showed a very strong correlation between conserved high
cleavage prediction scores and boundaries of known epitopes.
We then explored HLA binding potential through estimating
the frequency of amino acids that do not serve as C-terminal
anchor residues comparing protein subregions that either carry
or do not carry epitopes. Finally, we successfully used the
sequence characteristics associated with epitope density to pre-
dict where new epitopes would be localized on regulatory pro-
teins and compared our predictions to new experimentally
defined epitopes.

MATERIALS AND METHODS

Protein alignments. Protein alignments containing one protein sequence per
individual were initially taken from the year 2000 alignments of the HIV data-
base (41) (www.hiv.lanl.gov). To make the alignments comparable, each protein
alignment was pared down to contain 101 protein sequences from different
individuals with similar subtype distributions and all subtypes represented. (Pro-
tein translations of the full-genome alignments would have been more directly
comparable, but many of these sequences do not include complete nef gene
sequences. To enable the inclusion of nef, the compromise of using data sets
comparable in terms of subtype distribution was used. Generally, information
concerning a given patient’s therapy status is not provided with full-length pro-
tein sequences, and we are not certain to what extent drug resistance mutations
might contribute to the variation found in reverse transcriptase (RT) or protease.
We ascertained that none of the B subtype isolates with known years of sampling
(19 out of 27) were obtained after 1996, so these sequences were not subject to
evolutionary pressure due to the use of highly active antiretroviral therapy,
although certainly some of the patients received sequential therapies. The other
74 protein sequences were derived from other clades and were generally sampled
in regions of the world where therapy is rarely available. Sequences that did not
span full-length proteins were not included. The alignments are available from
the authors upon request.

Measure of variability. A Shannon entropy score (39) was calculated for each
position in the protein alignment. Entropy is a measure of the amino acid
variability at a given position that takes into account both the number of possible
amino acids allowed and their frequency. (Entropy in each amino acid position
is calculated as ��Paalog Paa, where Paa is the proportion of each amino acid in
the respective position.) Positions where the majority of the protein sequences
had gaps were excluded from consideration. When only a minority of protein
sequences had gaps in a position, however, the position was included and the
gaps were treated as separate symbols.

Measure of correlation between epitope distributions and amino acid vari-
ability. To study whether the CTL epitope-rich regions correlate with the amino
acid variation in protein sequences, we used the following statistical test (42).
First, the density of unique CTL epitopes that contain a particular position in the
protein was estimated by tallying for each position the number of distinct
epitopes that span that position. Only well-characterized epitopes no longer than
11 amino acids with known HLA-presenting molecules were included in this
study. Optimal epitopes were counted as distinct if the optimally defined bound-
aries of the epitopes differ or if different HLA molecules present them; epitopes
with identical boundaries and with the same HLA-presenting molecule identified
in multiple individuals were only counted once. Second, an entropy score was
calculated for each position in a protein alignment. Entropy scores sometimes
vary dramatically between contiguous sites. To identify regions of high variability
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or low variability, the entropy scores were smoothed by averaging over a window
of nine amino acids, a typical epitope size, and both raw and smoothed scores
were tested in statistical analyses.

Proteasome cleavage predictions. The immunoproteasome cleavage predic-
tions were made by using NetChop (www.cbs.dtu.dk/Services/NetChop) (37), an
artificial neural network program that is trained on experimentally verified,
naturally processed C termini of 1,110 known human CTL epitopes and peptides
eluted from 59 HLA class I molecules and that models in vivo cleavage. HIV-1
epitopes were not included in the training set, so HIV-1 protein sequences could
be used as a test set without bias.

NetChop uses a flanking region of eight residues on each side to predict the
cleavage probability of a position in protein sequences (37). The input to the
program is the protein sequence or, in our case, a protein alignment. The
program assigns a value between 0 and 1 to each position in a protein, with
higher values indicating sites that are most likely to be cleaved and serve as C
termini of epitopes.

Other versions of NetChop trained on different data sets are available. For
example, another network was trained to predict N termini of epitopes, but this
network performed much more poorly than the network trained to predict
C-terminal cleavage sites (37). Similarly we found that predictions of N termini
were not correlated with actual N termini of observed HIV epitopes (results not
shown). One explanation for the poor performance of the neural network for
predicting N termini is possible serial trimming of N termini made by endopep-
tidases in ER, which does not seem sequence specific but rather time dependent
(60).

Cleavage predictions for HIV-1 proteins were also made by using a version of
NetChop trained on yeast enolase (61) and bovine beta-casein (26) degradation
data obtained by in vitro cleavage with the constitutive proteasomes (37), not the
immunoproteasomes. This network, however, did not do as well in terms of
predicting the C termini of HIV-1 epitopes (see the legend for Fig. 5). The poor
performance using this training set may be due to immunoproteasomes, not
constitutive proteasomes, that generate most of the major histocompatibility
complex ligands (20, 59, 62), and the two kinds of proteasomes recognize dif-
ferent patterns of amino acids surrounding cleavage sites (37). As a consequence
of the two considerations above, we limited our conclusions in Results to the
predictions of C termini of epitopes by the version of NetChop trained on in vivo
cleavage.

Statistics. Statistical tests were performed with GraphPad Prism software,
version 3.0, or with the R Package for Statistical Computing (http://www
.r-project.org/).

RESULTS

Classification of HIV proteins by their variability. The rel-
ative variability of HIV proteins was assessed by estimating the
average entropy (see Materials and Methods) of all positions
within each protein by using matched sets of 101 aligned amino
acid sequences to allow for direct comparison among the pro-
teins. Here we are not attempting to assess the evolutionary
distances between proteins; rather we are trying to obtain a
cross-sectional measure of the amino acid variability in the
population of infected individuals. Entropy is a simple measure
that takes into account both the frequency and spectrum of
amino acids at each position. HIV proteins have a range of
variability (Fig. 1). Integrase has the lowest, and Vpu has the
highest. Gag is usually considered a highly conserved polypro-
tein; however, the entropy-based classification clearly distin-
guishes conserved Gag p24 from the more-variable Gag p17.
Env is considered to be the most variable HIV protein, yet it
doesn’t have the highest average entropy score. This is because
Env is also subject to rapid and dramatic change by frequent
insertions and deletions and by the gain and loss of potential
N-linked glycosyation sites (the amino acid motif NX[S or T],
where X can be any amino acid) in hypervariable domains.
These changes are likely to have profound impact on the an-
tigenic variability of Env, but they would not be captured in
these simple entropy measures, which incorporate only amino

acid substitutions. Because of these considerations, the entropy
measure does not reflect the full potential antigenic diversity of
Env.

Correlation between occurrence of epitopes and HIV vari-
ability in proteins with highly variable domains, p17, Nef, and
Env. Both variability and epitope distributions are highly non-
uniform within HIV proteins. Thus we compared the epitope
distributions with regional entropy scores. The smoothed en-
tropy (the entropy scores averaged over a nine-amino-acid
window, the size of a typical CTL epitope) and the epitope
density (the number of unique well-defined epitopes that over-
lap each amino acid position; see Materials and Methods) for
the more-variable proteins, p17, Nef, and Env, are plotted for
all amino acid positions in Fig. 2. The regions with no reported
epitopes are associated with high entropy in p17, Nef, and Env,
while the epitope-rich regions are relatively conserved. This
observation was confirmed by using a nonparametric Spear-
man’s rank correlation. Statistically significant negative corre-
lations between entropy scores and the number of epitopes at
each position were observed by using entropy measurements
made both with and without smoothing (Fig. 2). The number
of epitopes versus entropy was also plotted in the scatter dia-
grams of Fig. 3. Each point of the diagram corresponds to a
position in a protein sequence. As shown in the diagrams,
especially for Env, there are no experimentally defined
epitopes found in highly variable positions and epitopes that
have been experimentally defined are concentrated in con-
served regions.

Because of the potential cross-reactivity of CTL epitopes,
our method of determining the frequency of unique epitopes
that overlap each amino acid position may be biased by the
nonindependence of epitopes. Therefore, in addition to the
above analysis, instead of epitope distributions, we defined two
classes of protein regions: regions with experimentally defined
epitopes and epitope-lacking regions. A protein sequence po-
sition belongs to an epitope-presenting region if it overlaps
with at least one epitope. If no epitopes overlap with this
position, it belongs to an epitope-lacking region. Epitopes may
ultimately be discovered in some epitope-lacking regions, yet

FIG. 1. M group protein variability. The variability was estimated
by using Shannon entropy scores calculated for each position in a
protein alignment (see Materials and Methods). The average entropies
and standard deviations of all positions in the alignment of each of the
12 HIV proteins are shown. IN, integrase; PR, protease.
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FIG. 2. Correlation between entropy and epitope density for proteins that have been the focus of the most HIV-1 CTL studies. The plots show
the numbers of defined CTL epitopes overlapping with each protein sequence position (red line; scale on the right axis) and Shannon entropy of
each site in the protein alignments (black line; scale on the left axis). Protein sequence positions are given according to HXB2R sequence
(accession no. K03455). The entropy data were smoothed by using a window of nine amino acids (the average size of a CTL epitope). The entropy
scores for each site were calculated by using comparably diverse data sets for each protein (see Materials and Methods) and were plotted on the
same scale for each protein, so that the figures can be directly compared. Spearman’s correlation coefficient (r) and the P value for the correlation
between number of epitopes and smoothed entropy are shown for each protein. r and P values for the correlation between the number of epitopes
and nonsmoothed (raw) entropy scores are r � �0.36 and P � 0.0001 for Nef, r � �0.17 and P � 0.04 for p17, r � �0.12 and P � 0.0003 for
Env, r � �0.1 and P � 0.3 for p24, and r � 0.1 and P � 0.001 for RT. Known secondary structural elements were assigned to positions based on
crystal structures of each protein; gp160 was constructed by joining the structural models of gp120 and gp41, and Nef was constructed from N
terminus and core Nef models. Alpha helices are blue, beta sheets are pink, and loops are left blank. Models used were as follows: Nef, 1AVV
(5) and 1ZEC (6); p17, 1HIW (34); p24, 1E6J (12); gp120, 1G9M (43); gp41, 1DLB (58); RT, 1QE1 (55); and protease, 1HVK (66).
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the current lack of epitopes in these regions suggests that
epitopes are not readily detected in them. By this strategy,
positions where epitopes overlap are considered equivalent to
positions where only one epitope is found and bias due to
potential cross-reactivity is minimized. A two-sided nonpara-
metric Mann-Whitney test showed that Nef and Env entropy
distributions in epitope-presenting and epitope-lacking regions
were significantly different (Nef, P � 0.0001; Env, P � 0.0012),
with the higher variability scores found in the epitope-lacking
regions. For p17, the P value was 0.06, which is not statistically
significant but which follows the same trend as Nef and Env.
(The higher P value may be related to the relatively small size
of p17, as there were only 132 amino acid positions to consider
in p17, compared to 206 in Nef and 856 in Env.)

Weak correlations are found for the more-conserved pro-
teins, p24 and RT. p24 and RT do not have highly variable
regions comparable to those found in Nef, p17, and Env (Fig.
2). Spearman’s correlation between entropy and the number of
epitopes is not significant for p24 (P � 0.3 on the basis of
site-specific raw entropy, and P � 0.1 on the basis of smoothed
entropy). The P value in the Mann-Whitney test comparing the
distributions of entropy scores in epitope-presenting and
epitope-lacking regions is 0.65. This lack of correlation may be
related to the conserved nature of p24: p24 simply does not
have regions variable enough to be free from defined epitopes,
and epitopes are more evenly spread across the protein than
across more variable proteins (Fig. 2).

Although RT is a conserved protein (Fig. 1), the defined
epitopes are more sparsely distributed than in p24 (Fig. 2) (the
median length of epitope-lacking regions in RT is 12 amino
acid positions, and that in p24 is only 2 positions). Spearman’s
correlation between entropy values and epitope density is ac-
tually positive for RT (Fig. 2), the distributions of entropy
scores in epitope-presenting and epitope-lacking regions are
statistically distinct (P � 0.0001 in Mann-Whitney test). In
contrast to what is found for other proteins, however, it is the
most highly conserved positions that are associated with re-
gions of no identified epitopes.

Interestingly, there are two short epitope-lacking regions in
RT that are almost invariant (HXB2 positions 220 to 242 and
253 to 262). When we excluded these 33 amino acid positions
from the RT comparison, the positive correlation between
entropy scores and epitope density was lost and RT behaved
like p24 in comparisons of epitope density versus entropy (P �
0.07 and 0.24 for the smoothed and raw entropy scores, re-
spectively [Spearman’s correlation test]) and in comparisons of
entropy scores at epitope-presenting and epitope-lacking re-

gions (P � 0.25; Mann-Whitney test). Similarly, in protease
(Fig. 2), although only a few epitopes have been reported so far
and thus there is inadequate data for statistical analysis, nota-
bly there are two essentially invariant regions (HXB2 positions
21 to 29 and 45 to 58) which to date are free from experimen-
tally defined epitopes.

RT belongs to the polymerase superfamily, and HIV pro-
tease belongs to a family of aspartyl proteases, raising the
possibility that the highly conserved regions in the proteins
may be functional domains that have analogs in human pro-
teins; these regions thus may be seen as “self” and be immu-
norefractive. To begin to explore this idea, we searched the
Pfam database of protein domains (8) against the HXB2R
protease and RT protein sequences and we examined the lo-
calization of conserved regions in the folded proteins to look
for spatial proximity to the active sites. For protease, both of
the conserved regions with no epitopes are proximal to the
active site in the three-dimensional structure of the folded
protein and one of these two regions (positions 21 to 29)
contains the Asp cleavage residue (66) (Fig. 2). Both regions
are in the top scoring domains from the Pfam alignment, which
includes human proteases such as the renin precursor protein
sequence angiotensinogenase from Homo sapiens (accession
no. P00797). For RT, the conserved regions gave high scores in
a Pfam alignment of the polymerase superfamily, but human
proteins were not evident in the alignment.

Sequence variability within a single individual. Results
shown in the preceding sections were obtained by using HIV-1
protein sequences collected at the population level. To test
whether these results can be extrapolated to the level of a
single individual, we used partial Env gp160 sequences from
nine patients collected over time from an extensive longitudi-
nal study of HIV sequence variation (57). Figure 4a shows the
smoothed entropy versus site for each patient separately. Fig-
ure 4b shows the averaged entropy of these nine patients su-
perimposed with the entropy of subtype B protein sequences
taken from the HIV database and the numbers of reported
CTL epitopes observed in the literature at the respective pro-
tein sequence positions.

Individual sequence variability consistently tracks with the
population level sequence variability (Fig. 4). This result con-
cerns a small portion of Env and may not hold for other
regions of HIV. Assuming, however, that it can be extrapo-
lated, this result suggests that the locations of variable regions
in individual patients and in the population are generally sim-
ilar. The CTL epitopes described in the literature (Fig. 4b) also
correspond to the more-conserved regions in each of these

FIG. 3. Scatter diagrams of the number of epitopes and entropy for each protein sequence position of the three most variable proteins, p17,
Nef, and Env. Each point of the diagram corresponds to a protein sequence position to which two coordinates, entropy and number of epitopes,
are assigned.
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nine individual patient sequences, analogous to our finding at
the population level.

Immunoproteasome cleavage predictions. To test whether
epitope clustering might be influenced by the proteasome spec-
ificity and to predict which sites in HIV-1 protein sequences
are most likely to be cleaved by the proteasome and serve as C
termini of CTL epitopes, we used cleavage prediction program
NetChop (37). This predictive method is based on the use of
artificial neural networks, a nonlinear classification technique.
The neural network we used was trained on naturally pro-
cessed C termini of known human CTL epitopes. To train the
neural network, many examples of true, known cleavage sites
embedded in protein sequences are used as positive examples.
Likewise a negative training set is provided by the amino acid
sequences that do not contain cleavage sites. The training set
deliberately excluded HIV epitopes, so known HIV-1 epitope
C-terminal positions could be used as an unbiased test set to

examine the ability of the neural network to identify C-termi-
nal cleavage sites in HIV-1. Predictions are made for each
position in a protein sequence by using a symmetrical flanking
region of eight amino acids, i.e., a 17-residue sliding window is
used for each prediction. Prediction scores are between 0 and
1, with higher values indicating sites that are most likely to be
cleaved and serve as C termini of epitopes (see reference 37
and Materials and Methods for more details). Since we are
interested in learning about the tendency of a site to be cleaved
at the population level, we used the median value of predic-
tions over all sequences obtained for each site in each HIV-1
protein alignment to represent the population cleavage predic-
tion score for the site.

The median prediction scores for true C termini of experi-
mentally observed HIV-1 epitopes were found to be greater
than those for all other remaining sites and those for sites from
only epitope-lacking regions, and the difference was highly
significant for each of the five proteins studied (P � 0.01;
Mann-Whitney test; Fig. 5). NetChop predictions are of course
imperfect; a particular site might be misclassified. Tested on
other non-HIV data sets NetChop gave 69% specificity and
73% sensitivity (37). The highly significant correlation between
C termini of identified CTL epitopes and conservation of pre-
dicted cleavage sites in HIV proteins (Fig. 5) shows that, at the
population level (as opposed to just a single strain), NetChop
can distinguish classes of positions that are typically favorable
for cleavage and positions that are embedded in a context that
makes cleavage very unlikely. Regional localization of low Net-
Chop scores in areas where there are no defined CTL epitopes
suggests that these protein subregions may have reduced
epitope-processing potential and that this feature persists
throughout the HIV-1 M group.

Being trained on C termini of HLA ligands, NetChop may
capture the combined specificity of TAP (22) and HLA mol-
ecules (53) as well as immunoproteasome cleavage. Since
training of the neural network was conducted on a training set
of known epitopes and eluted peptide ligands from 59 different
HLA class I molecules (see Materials and Methods), however,
the chance of the neural network learning a certain HLA
binding motif instead of the specificity of the immunoprotea-
some was minimized (37). To further address this issue, we
took into account the possibility that the training set for Net-
Chop could be biased toward HLA-A2 binding motifs because
a large portion of CTL class I epitopes described in the liter-
ature are presented by HLA-A2, the most common HLA type
in Caucasians (45). We therefore considered separately the
subset of HIV epitope C terminus prediction scores excluding
HLA-A2 epitopes. The Mann-Whitney test showed that these
prediction scores were still highly significant (Fig. 5). This
result supports the ability of the method to minimize the in-
fluence of certain HLA binding motifs, even the most highly
represented one.

C-terminal amino acids unfavorable for epitopes. Whether a
peptide binds to an HLA class I molecule depends critically on
the anchor residues (53). In particular, C-terminal positions of
peptides bind to the F pocket of the peptide binding groove in
the class I molecule. Different types of HLA molecules have
different binding motifs. To account for anchor residues as
generally as possible, we considered a set of particular amino
acids which are rare among C-terminal anchor motifs of class

FIG. 4. Variation of HIV protein sequences at the level of individ-
ual patients compared to the population. (a) Entropy scores for all
positions in partial Env alignments were calculated for nine patients
from the study of R. Shankarappa et al. (57). For entropy calculations
each patient’s protein sequences were combined into a single align-
ment and then aligned with the HIV database B subtype protein
sequences. Protein sequence positions are given according to the
HXB2R sequence (accession no. K03455). Smoothed entropies are
shown. (b) Average of the individual smoothed entropies of nine
patients (solid black line with error bars indicating standard errors),
entropies of subtype B protein sequences taken from the HIV Se-
quence Database (each sequence corresponds to a different patient),
and numbers of experimentally defined epitopes from HIV database
overlapping with each position.
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I molecules (18). These amino acids are G, S, T, P, N, Q, D, E,
and H (using the one-letter amino acid code). We checked
their frequencies in experimentally observed HIV epitopes
that are compiled in the HIV database (41). Indeed D and G
do not appear at all at the C termini of 334 well-characterized
HIV epitopes, and the each of the remaining amino acids from
the list appears in less than 1.5% of defined epitopes. These
amino acids that are rarely found as C termini tend to be small,
polar, or negatively charged.

To test if these unfavorable amino acids are enriched in
highly variable regions that contain no defined epitopes, we
compared the frequencies of unfavorable amino acids in the M
group consensus amino acid sequences for all five proteins in

epitope-presenting and epitope-lacking regions using Fisher’s
exact test. The M group consensus was generated based on the
consensus of each subtype, so it was not biased by subtypes
with large numbers of available sequences. The epitope-lack-
ing regions turned out to be enriched for unfavorable amino
acids in Nef (P � 0.05), Env (P � 0.01), and p17 (P � 0.01) (by
using a Bonferroni correction for multiple tests, the value for
Nef no longer reaches significance but the trend is consistent
with what we observed for Env and p17). In p24 and RT, which
have no highly variable subdomains that might better tolerate
escape, there was no statistical difference in the distribution of
unfavorable amino acids between regions with epitopes and
epitope-lacking regions (p24, P � 0.17; RT, P � 0.25).

Comparison of epitope locations with known secondary
structure of the proteins. It has been suggested that the folding
of peptides into a native alpha-helical structure may be an
important aspect of CTL antigenicity (10, 13). To study possi-
ble relationships between protein secondary structure and
epitope locations, we mapped secondary structural informa-
tion derived from HIV-1 crystal structures concerning whether
or not a site is embedded in an alpha-helix, beta-sheet, or loop
onto protein sequences (Fig. 2). We then correlated these
secondary structural elements with epitope density (the num-
ber of unique epitopes that overlap a given site) or with the
simpler classification of presence or absence of epitopes, sum-
marizing the five HIV-1 proteins that have been the focus of
HIV-1 CTL studies: RT, Gag p24 and p17, Nef, and Env gp160
core and gp41 (Table 1). We constructed a two-by-three con-
tingency table tallying the number of protein sequence posi-
tions that were either in an epitope-presenting region or an
epitope-lacking region and whether they were embedded in an
alpha helix, beta sheet, or loop (Table 1). Fisher’s exact test
revealed a highly significant distinct distribution of epitopes in
the different structural elements (P � 10�6). CTL epitopes are
more highly concentrated in alpha-helical regions of proteins
than in other regions; the percentage of positions that overlap
with known epitopes is higher in alpha-helices than in loops or
beta-sheets, both in summary of all five proteins (Table 1) and
for each of the proteins separately (not shown).

For the statistical analysis above, we used the simple classi-
fication of epitope-presenting regions and epitope-lacking re-
gions to avoid bias of cross-reactive epitopes, but there is also
an interesting trend when one considers the underlying struc-
ture in conjunction with the number of unique epitopes that
overlap a given position in a protein (Table 2). There is a
distinct tendency for sites with large numbers of overlapping
epitopes to be found in either alpha helices or loops; these

FIG. 5. Proteasome cleavage predictions. For each protein and for
each sequence in the alignment site-specific prediction scores were
computed with NetChop (www.cbs.dtu.dk/Services/NetChop) (37) by
using a neural network trained with HLA ligands (modeling in vivo
degradation; see Materials and Methods). Then for each site of the
alignment the site-specific predictions were calculated as the medians
of the predictions from all protein sequences in the alignment. Site-
specific predictions were then organized into four groups for each
protein: group 1 (C-term), prediction scores at the sites corresponding
to known C termini of experimentally defined epitopes; group 2 (C-
term no A2), subset of group 1 excluding sites corresponding to C
termini of HLA-A2 epitopes so we could establish that the NetChop
program wasn’t simply recognizing a common anchor motif; group 3,
(no epitopes), predictions at all sites taken from epitope-lacking re-
gions; group 4 (no C-term), predictions at all sites which do not serve
as C termini of experimentally observed HIV epitopes. The bars in the
figure show the medians of the distributions for each group for each
protein. Error bars, 25th and 75th percentiles of the distributions. The
nonparametric Mann-Whitney test was used to compare scores for
known C-terminal positions; scores for group 1 were compared to
those for groups 3 and 4, and those for group 2 were also compared
with those for groups 3 and 4. For all five proteins the prediction scores
for C termini of all experimentally observed HIV epitopes and for the
subset excluding HLA-A2 binders were found to be statistically signif-
icantly higher than prediction scores for the epitope-lacking regions
(for p24 and Nef, P � 0.002 for comparison of groups 1 and 3 and P
� 0.0005 for comparison of groups 2 and 3; for p17, P � 0.002; for RT,
P � 0.0001; for Env, P � 0.0001) and for positions that are not C
termini of experimental epitopes (for p24 and Nef, P � 0.007 and
0.001, respectively, for comparison of groups 1 and 4 and 0.0003 for
comparison of groups 2 and 4; for p17, P � 0.001; for RT, P � 0.0001;
for Env, P � 0.0001). A different strategy for training NetChop to
recognize cleavage sites, based on relative frequency of cleavage events
in vitro observed in the yeast enolase and bovine beta-casein proteins
(see Materials and Methods) rather than known epitopes, gave a
statistically significant difference in the prediction scores between C-
terminal positions and epitope-lacking regions for Env (P � 0.0012)
and P24 (P � 0.0006) and a trend for RT (P � 0.08), but not for p17
(P � 0.67) and Nef (P � 0.67).

TABLE 1. Protein sequence positions embedded in alpha helices,
beta sheets, and loops with regard of whether they overlap epitope-

presenting or epitope-lacking regionsa

Secondary
structure

No. (%) of protein sequence positions embedded
in protein regions:

Epitope lacking Epitope presenting

Alpha helix 122 (30.1) 283 (69.9)
Beta sheet 123 (50.4) 121 (49.6)
Loop 292 (44.5) 364 (55.5)

a P � 10�6 by Fisher’s exact test, summary for RT, Gag p24, and p17, Nef, and
Env gp120 gp41.
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positions are embedded in highly immunogenic regions and
are less commonly found in beta sheets.

Predictions of regions favorable for epitopes in regulatory
and accessory proteins. Based on our findings for p17, Nef,
Env, p24, and RT, for which many epitopes have been de-
scribed, we developed a general strategy to predict regions of
epitope localization. Through incorporating quantitative infor-
mation about entropy measurements, proteasome cleavage
prediction scores, and frequency of unfavorable anchor residue
amino acids into a summary graphic, we could predict regions
in new protein alignments that would be likely to carry
epitopes. We applied this strategy to regulatory proteins Tat
and Rev and to accessory proteins Vpr, Vif, and Vpu. Few
epitopes in these proteins have previously been defined, and
we made our predictions blinded with regard to any known
epitopes.

Regions designated likely to have epitopes were those that
were conserved, contained sites with high proteasome cleavage
scores (the median NetChop score for the alignment was high),
and had a low proportion of unfavorable amino acids. The
unlikely regions are either highly variable regions or regions in
which there are no strong cleavage predictions or in which the
proportion of unfavorable amino acids is high in every position
or all of the above. To make predictions, the strategy was to
move along the protein from right to left (from C terminus to
N terminus). When a position was located in a conserved
region, was predicted to be a C terminus of an epitope by
NetChop, and had no or a low proportion of unfavorable
amino acids, we included that position and 10 amino acids to
the left in the epitope-favorable category. When a position
within an already-marked promising region had analogous fea-
tures, we again calculated 10 amino acids to the left of this
position and elongated the promising region appropriately.
With this approach the boundaries of the predicted epitope
regions could be roughly defined. Tat, Rev, and Vif are vari-
able enough to make predictions using this strategy, but Vpr is
too conserved.

To assess whether epitope localization could be predicted
accurately, our predictions were sent for comparison to the
Partners AIDS Research Center at Massachusetts General
Hospital, where a number of optimal CTL epitopes in Tat,
Rev, Vif, and Vpr have recently been defined experimentally
(2, 4; M. M. Addo and M. Altfeld, unpublished data). Nine out
of 11 new epitopes in Tat, Rev, and Vif were identified in
regions that we predicted would carry epitopes, and a 10th
overlapped such a region. The correlation between our pre-
dicted epitope regions and the location of actual epitopes is
highly significant (Fig. 6). At the time of this writing there is no
experimental CTL epitope data available for Vpu; however,

our predictions may be of interest for future experimental
studies, so they are provided in Fig. 6.

DISCUSSION

We have shown, at the population level, using set of protein
sequences from 101 different individuals with HIV-1 infection
from viruses representing HIV-1 M group diversity and the
database of hundreds of published CTL epitopes, that the
presence of HIV-specific CTL epitopes is generally inversely
correlated with protein sequence variability. One highly likely
(and trivial) contributing factor to the inverse correlation be-
tween epitope density and protein sequence variability is an
experimental selection effect due to the use of reference strain-
based reagents for studying antiviral CTL activity that have
limited cross-reactivity, i.e., CTLs that target variable regions
may go undetected due to sequence substitutions in reagents
used to define the CTL response. It is not possible at this time
to measure the relative importance of this potential for lack of
cross-reactivity, because experimental studies can only de-
scribe the epitopes they find, not those they miss; there are still
very little data comparing early autologous isolates to refer-
ence strains. (Autologous sequences may help alleviate this
problem for future studies; however, sequences from later time
points in an infected individual may miss key early CTL re-
sponses, as these sequences may be preselected as escape mu-
tants by the time they are sampled [50].) Despite possible
reference strain experimental bias, our study strongly suggests
that there are additional underlying immunological reasons for
the clustering of epitopes, beyond reagent strain differences,
that account for the paucity of epitopes in highly variable
regions.

First, we have shown that variable, epitope-lacking regions
of the virus have low median values of predicted proteasome
cleavage sites; potential cleavage sites are infrequent and are
not conserved. This observation goes beyond merely being an
indication that the prediction method is working as antici-
pated. It indicates that the proteasomal cleavage of C termini
contributes to the apparent clustering of HIV CTL epitopes:
observed epitopes cluster in regions where most HIV protein
sequences are predicted to carry C-terminal cleavage sites, and
such cleavage sites tend to be selectively depleted from
epitope-lacking regions. Our analysis also suggests that the C
termini of epitopes that have been defined experimentally by
using a few reference strains are well conserved through the
spectrum of HIV-1 variants. Second, we have shown that
epitope-lacking regions are enriched for amino acids that di-
minish HLA binding. Thus escape mutations that inhibit either
processing or HLA binding occur more often in variable re-

TABLE 2. Distribution of protein sequence positions with regard to the protein secondary structure and number of CTL epitopes
overlapping with a given positiona

Secondary
structure

No. of epitopes overlapping with position:

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Alpha helix 82 88 30 22 8 6 9 7 6 5 9 7 4
Beta sheet 40 31 26 4 8 5 6 1
Loop 145 55 57 23 10 17 13 13 7 2 6 4 2 4 2 2 2

a Summary for RT, Gag p24 and p17, Nef, and Env gp120 and gp41.
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FIG. 6. Predictions of regions likely to hold epitopes in regulatory and accessory proteins Rev, Tat, Vif, Vpr, and Vpu and the localization of
newly defined epitopes relative to these regions. Quantitative values used to predict regions likely to contain epitopes are plotted relative to the
HXB2R reference strain. (Note that HXB2R strain is shown only for orientation, and predictions are done based on alignments described in
Materials and Methods.) Green, regions deemed favorable for finding CTL epitopes; yellow, regions less likely but still promising. Black bars,
site-specific proteasome cleavage prediction scores calculated as for Fig. 5 (high is favorable); pink bars, proportions of unfavorable amino acids
at each site of the alignment (low is favorable); blue lines, smoothed entropy (low is favorable). To estimate the likelihood of finding an epitope
in a region as a function of entropy, the entropy range was divided into 10 equal intervals and the ratio of the number of epitopes that fall into
each interval out of all epitopes from Nef, p17, p24, Env, and RT was calculated (red lines; high is favorable) and can be considered as an estimate
of the probability of finding an epitope given the entropy. The experimental epitopes defined by M. M. Addo and M. Altfeld (Partners AIDS
Research Center, Massachusetts General Hospital) are shown by red letters below strain HXB2R. A Tat peptide that is the most highly recognized
peptide in Tat (no optimal epitope was available) is indicated in blue below the HXB2R reference sequence. Since our analysis cannot discriminate
well between epitope-presenting and epitope-lacking regions in conserved proteins (e.g., p24), our predictions for potential epitope locations within
conserved Vpr are rather wide and cover about 74% of the protein. For more-variable Vif and highly variable Tat and Rev, the regions where we
anticipated finding experimental epitopes span about 54% of the proteins considered. Experimental CTL epitopes in these proteins were found
in regions spanning 25% of the positions, and 82% of experimental epitope positions were in regions that we predicted would carry epitopes. The
predictions for Tat, Rev, and Vif were highly significant by Fisher’s exact test (P � 0.001).
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gions. Such mutations confer a deep and general form of CTL
escape; if a cleavage site is lost or a peptide cannot bind to any
class I molecule, then an accumulation of such mutations de-
creases the immunogenic potential of the regions where they
are localized.

The decrease in the immunogenic potential of variable re-
gions of the virus is a measurable trace of past CTL immune
escape concentrated in regions of the virus that readily tolerate
change. At a population level, this means that the virus may
have evolved, within its structural and functional constraints,
toward a state more refractive to the CTL response. This could
be considered analogous to the increasing number of drug
resistance mutations found among individuals with primary
infections in populations where combination therapy is readily
available (16, 44). It is not possible at this time to distinguish
whether the accumulation of mutations that confer CTL resis-
tance in variable domains can be associated with the infection
of the human species or whether viral evolution to a state more
refractive to the CTL response could have had an even earlier
origin in a primate host; as more SIVcpz sequence data derived
from chimpanzees accrue, it may become feasible to examine
this question.

The variation of HIV-1 Env protein sequences within nine
individual patients tracked with the B-subtype population vari-
ation (Fig. 3). Although the longitudinal history of the CTL
response in these patients is not known, the CTL epitopes
described in the literature correspond to the more conserved
regions of these nine individual patient protein sequences.
These observations are compatible with the notion that escape
occurs within individual patients and influences detection of
host-specific CTL responses, as well as the overall pattern of
evolution of the virus.

Mutations that influence the level of processing of CTL
epitopes may diminish a CTL response and be of importance
in vivo. The magnitude of epitope-specific CTL responses is
correlated with the expression level of the corresponding class
I molecule-peptide complex on the surface of the infected cell
(27). Moreover, it was recently found that antigenic stimula-
tion of T cells can be induced by multiple short-lived contacts
(on the scale of several minutes) and that repetitive short-term
signaling might be necessary (33). Thus, the amount of a given
peptide appearing on the surface of the infected cell and the
frequency of HLA molecules loaded with this peptide are
crucial in regulation of the immune response, and a mutant
that can even only partially escape in vivo presentation (by
reducing either processing or HLA binding) may have a large
advantage compared to the wild type. Thus experiments that
examine variant peptide CTL cross-reactivity in vitro may not
reveal the actual immunogenic potential of the variant epitope
in vivo. Protein domains that are highly variable at the popu-
lation level are obviously regions that tolerate change. Since
the variation of HIV-1 protein sequences within single patients
tracks with the population variation (Fig. 3), there may be an
additional explanation for the lack of observed epitopes in the
variable domains. Mutations may in part arise stochastically
simply because the domain tolerates variability. If this is the
case, a CTL epitope may be present in only a fraction of the
virus quasispecies, at a frequency that is inadequate for the
stimulation of the CTL response.

Using entropy as a measure of regional variability, protea-

somal cleavage prediction results, and the frequency of the
C-terminal amino acids that inhibit HLA binding, we accu-
rately predicted the epitope-promising regions in HIV regula-
tory and accessory proteins (Fig. 6). This has direct applica-
tions in vaccine development and further indicates that
immunological features of the proteins that we have studied
here are relevant to epitope clustering. A particular strength of
the approach is the ability to predict regions likely to have CTL
epitopes, regardless of the restricting HLA class I molecule.
Our strategy is not generalizable to relatively conserved patho-
gens such as DNA viruses or human T-cell leukemia virus type
1. It could, however, potentially give good results if applied to
other variable pathogens such as hepatitis C virus.

Our approach demonstrating immunological correlations
with epitope clustering favors an alternative way to design
polyepitope vaccines by inclusion of short regions where
epitopes cluster and the proximal regions that might influence
processing, rather than a string of single epitopes. Like a poly-
epitope string, these short regions may be safer than full-length
proteins and would facilitate the inclusion of cocktails of vari-
ants. Additionally, these regions include overlapping epitopes
with multiple HLA-presenting molecules, and natural process-
ing signals of known epitopes would be included in a poly-
epitope construct.
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