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Criteria for the design of peptide vaccines to prevent AIDS are presented. The best vaccine candidates con-

tain both B and T lymphocyte-defined epitopes in regions conserved in sequence between viral isolates. We

propose that attention should focus on proteins specified by the gag and, possibly, pol genes in addition

to the env gene envelope glycoproteins being actively studied. The predictions of B- and T-epitopes are re-

fined by consideration of secondary structure prediction and inter-isolate sequence variability to suggest
peptides from env, gag and pol that would be the best vaccine candidates.
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1. INTRODUCTION

The dramatic spread of the human immunodefi-
ciency virus (HIV-1) highlights the need for
prevention of AIDS (acquired immune deficiency
syndrome) by a vaccine (e.g. [1—6]). Towards this
goal, the nucleotide sequences of several virus
isolates have been determined [7—10] and they con-
tain the three main retroviral genes (5’ to 3') —
gag, pol and env. gag encodes three proteins: pl7,
p24 (the major capsid protein) and p15 (a nucleic
acid-binding protein); pol specifies a protease, a
reverse transcriptase and an endonuclease and env
determines. the envelope glycoprotein and a
transmembrane protein.

The search for vaccines has focussed on B
lymphocyte-defined epitopes (B-epitopes) of env
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proteins [1—-5] encouraged by the use of retroviral
envelope proteins to confer protection against viral
challenge in animals [11]. Experimental identifica-
tion of env B-epitopes by synthetic peptides [1,2]
and by recombinant DNA technology [3] is often
guided by predictions (e.g. [4]) that scan for local
maxima in hydrophilicity [12]. As B-epitopes are
often loops between the regular secondary struc-
tures [13], a further guide to their location would
be to predict from the sequence which parts of the
chain are not a-helices or #-sheets [14—-17].
However, the importance of antibodies alone as
the protective arm of the immune response is in
doubt as, for instance, patients can die of AIDS
with high levels of anti-env antibody in their blood
[18]. In addition, only low levels of neutralising
antibodies are present in HIV-1 infection and per-
sist in AIDS [19,20]. Thus, cell-mediated immuni-
ty, particularly cytotoxic T-cells, may play an
important role in resistance to HIV-1 as this type
of cell induces protection in chronic viral infection
[21]. The locations [22] of T lymphocyte-defined
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epitopes (T-epitopes), which generally are on dif-
ferent parts of the protein from B-epitopes [12,13],
can to some extent be predicted [22].

Any successful vaccine must be effective against
a range of isolates. Thus, we consider that the best
candidates for peptide vaccines should be one or
several sections of the chain with both B- and T-
epitopes that are conserved in sequence.

Recently, clinical progression to AIDS has been
associated with a reduction in antibodies to the
main capsid protein, gag p24 [23]. Thus, stimula-
tion of these antibodies by a gag vaccine might pre-
vent the onset of AIDS. In general, we propose
that the search for a peptide vaccine should con-
sider not only the env proteins but also those from
gag and perhaps even pol. One strategy might be to
include components from several proteins in the
vaccine.

Here, algorithms to locate potential B- and T-
epitopes [12,22] are refined by the identification of
inter-strain sequence variability [14] and secondary
structure prediction [14—17] and are applied to the
env, gag and pol proteins. Interpretation of the
secondary structure prediction also leads to the
assignment of structural domains for the large pro-
teins [24]. A preliminary account of this approach
has been reported [6].

2. PROCEDURES

The studies considered the lymphadenopathy-
associated virus (LAV) [7] with the gag, pol and
env sequence files identified by the Protein Infor-
mation Resource Databank [25] codes FOVWLYV,
GNVWLYV and VCLIJILV. In addition, analyses of
sequence variation (section 2.1) considered three
other isolates — HTLV-III (FOVWH3, GNVWH3
and VCLJH3); LV (FOVWVL, GNVWVL and
VCLJVL) and ARV-2 (FOVWA2, GNVWA2 and
VCLJA2). The following studies were performed
and the results presented for LAV in figs 1-3.

2.1. Sequence variation

A multiple alignment of the sequences of the
four isolates was obtained [14]. In the row denoted
VARIABLE of the figures, the letter V indicates
that there is sequence variability at this position
whilst a G denotes that a gap was introduced into
the alignment.
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2.2. Secondary structure prediction

The algorithms of Zvelebil et al. [14], Chou and
Fasman {15], Lim [16] and Rose [17] were used to
predict o-helices, G-sheets and bends in the pro-
teins. There is considerable variation in the results
between the different algorithms (see fig.3) and to
obtain a final prediction of the secondary structure
(denoted SS-PRED in figs 1-3), it is necessary to
interpret the individual predictions using an
understanding of the main features of protein ar-
chitecture. Of particular importance is that large
proteins tend to form domains linked by sections
of the polypeptide chain that are hydrophilic.
These domains tend to belong to one of four struc-
tural classes [24]: o/a, B/8, a/B and a+ (.

2.3. B-epitopes

The algorithm of Hopp and Woods [12] searches
for a local maximum in a hydrophilicity profile
smoothed over an average of 6 residues. The most
hydrophilic peak was selected first and then others
taken in order of hydrophilicity until on average
there was one site per 30 residues of the polypep-
tide chain. In figs 1-3, the numbers indicate the
rank order of the peaks. The best candidates for
vaccines, denoted by a + sign, were selected so
that the 6 residues, and one residue before and
after, were in a sequence-conserved region and on-
ly one of the 6 residues overlapped with a predicted
secondary structure. The other peaks are denoted
by a — sign.

2.4. T-epitopes

The approach of DeLisi and Berzofsky [22] was
applied. The amphipathicity of sections of 7
residues was calculated and regions with a
periodicity corresponding to that of an a-helix
were identified. The letter T denotes the best vac-
cine candidates where the section, and one residue
before and after, is in a sequence-conserved
region, otherwise a / is used.

3. RESULTS AND DISCUSSION

We must emphasise that the description below
refers to predicted secondary structures, domain
links and epitopes, being only suggestions for ex-
perimental verification. The env gene (fig.1) begins
with a hydrophobic signal peptide (residues
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HWKEI(YQHLHRIGHKK}'I‘HLLGILHICSAMMYYGW&MWASWAWMWMMWWMW@I ISLWDQSLKPCV
VARIABLE v GUVVWWWWWWW v
SS-PRED NHHHiMH‘PMMﬂ-HHHH}M HHHHHHHHHHH HHHHHHHKHHRHHHHH SSSSSSSS H}NMI'HHHHHH
B-EPITOPE  ---6-- --26-- --21-- --22---15--
T-EPITOPE tirttt TTTIT 1Hierei TITTrT

200

130 220 230 240
KL’I'PLCVSLKCI'DLGNATN'I’NSSN'I'NSSSGBQHEKGEIKNC SFNISTSIRGKVQKEYAFFYKLDI IPImmTSCNTSVITQACPKVSFEP'PIHYCAPAGFAILKCNNKTFNC
vy v GGGGGYVVVWVG Vv vw w v

VARIABLE GV VvV GGWwW
SS-PRED SS585SS588 um-n-u»mm $588885 85888SS §88S58
B-EPITOPE --14-- -==-5-- --10~- --28--
T-EPITOPE TTTTTT
’ 250 260 280 90 30 310 320 360
'[‘GPCI‘NVS'I‘VQCMGIRWVSTQLLLNGSLAEE:\N IRSAH‘ETDNAKTI XVQLNQSVEINL‘L‘RPNNNTRKS IRIQRGPGRAFVTIGK IGMQAHCHISRAKPNATLKOIASKLREQFGN
VARIABLE V v GG V V VGGW V vV v Vv
SS-PRED SSSSSSSS SSSSSSSSSSSSSSS S58S8 wmmmunu
R-EPITOPE -=17-- ++24+416++ -~11--
T-EPITOPE 1Hrtrre
370 380 390 400 410 420 430 440 450 460 470 480
NKT1 IFKQSSGGDPEIVWSNCGGE}TYCNSTQLFNSTHFNSTHSMSNMEX?SMITLPCR IKQFIN!HQEVGKAHYAPPISGQ IRCSSNITGLLLTRDGGNNNNGSEIFRPGGGDM
VARIABLE vV v VUVUGG Vv v v VGG W v
SS-PRED 558558 §555S558 588S8S HHHHHI-IPMHI-{!W SSSSSSS25
K~EPITOPE --23-- -=27-- --25--
T-EPITOPE TTITTT ritrt
490 500 510 5§20 530 540 590 600
RDNWRSELYKYKVVK IEIPLGVAPTKAKRRWQREKRAVGIGALFLGFLGAAG‘%THGARSHILTVQARQLLSGIVQQQKKLLRAIEAQQHLLQLTWBIKQLQARILAVERYLKDQQLLGI
VARIABLE v v GG V vV
SS-PRED 585855858 HHHHHHHHHHHHHHHH $888588S HHHHHHHHHHHH mmmmnmm
B-EPITOPE +12++ +++44+ +HB44+ --=9--
T-EPITOPE TTTTTT
610 620 630 640 650 660 670 680 690 700 710 720
HGCSGKL!C’I'I‘AVPWASHSNKSLEQIWNKMBWREINNYTSLIHSLIE‘EQNQQBKNEQELLBLDKHASLHHNITNHLHYIKIFIHIVGGLVGLRIVFAVLS IVNRVRQGYSPL
VARIABLE v v vy v wvwy w
$§5-PRED $8SSSSS HHHHHHHHHHHHHHHHHHHH mll-lHl'lHHHl-lﬁM WHMMMHHHHHHHHW
B-EPITOPE ~=20~- #4424+
T-EPITOPE 2R EEEE TTTTT 11rrreitree
730 740 750 760 770 780 790 800 810 820 B30 840
SFQ’IHLPTPRGPDRPEG TEEEGGERDRDRS I RLVNGSLAL IFDDLRSLCLF‘SYHRLRDLLLIVI‘R IVELLG‘I;RGHFALK b WNVLLQYHS QBLKNSAVS[‘;LNATAI AVcEGTDRV 1 EVVQG
VARIABLE v v v v w v
55-PRED SSSSS SSSSSS HHHHHHHHHHHHHHHH HHHHRHHHHHHHH HHHHHHHHHHHH 13 HHHHH'HH
- --=7-- —=-3--4+144 --29-- -=13--
’%—gggggg 1hiee PHOPEEEE TIIEEETE i
a50 B60
ACRATRHIPRRIRQGLERILL
VARIABLE \Y v v
$S-PRED HHHHHHH HHHHHHHHNH
B-EPITOPE --19-- --18--

T-FPITOPE /77777117

Fig.1. Analysis of the env gene. The LAV sequence [7] is given. SS-PRED gives the result of the final interpretation
of the secondary structure prediction. H denotes an a-helix and S, a #-sheet.

10-28). After this until 130 there is a region
predicted to be mainly a-helices. Residues 130—165
are devoid of structure and may well be a domain
link. The next region is predicted to be rich in 8-
sheets which is typical of the influenza virus
glycoproteins, neuraminidase and haemagglutinin
[26,27]. Residues 391—425 form another domain
link to a region that ends at 516. This Lys/Arg-rich
region is considered to be a proteolytic cleavage
site [7] before the hydrophobic transmembrane a-
helical section (517—532). There is another highly
hydrophobic section (689-708) which would be
suitable for another transmembrane a-helix. All
the rest of the polypeptide chain (i.e. 533—688 and
709—C-terminus) is not particularly hydrophobic
and so we propose that only these two a-helical
sections are buried in the membrane. Indeed, pep-
tides from HTLV-III which correspond to residues

501-529, 584—604 and 732—751 of LAV can raise
antisera that recognise the virus {1-3] suggesting
that these regions are not buried within the mem-
brane. The first and third of these regions are
predicted B-epitopes in our analysis.

The analysis of the pol gene (fig.2) uses the pro-
position of Johnson et al. [28] that the order of the
proteins is: protease — reverse transcriptase —
ribonuclease — endonuclease. The protease ends
between residues 160 and 180 and mainly consists
of [-sheet structure. Residues 160—180 are a
proline-rich region without a- or F-structure. The
reverse transcriptase ends around residue 430 and
is an a/@-structure. Sequence comparisons [28]
have identified a consensus polymerase sequence
around two conserved aspartate residues (340 and
341). In addition, there is a conserved triplet LPQ
(304-306) and a conserved doublet SP (311-312)
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SS-PRED HHHHHHHHHHH $89933S8 8s883SS 833338
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VARIABLE
SS-PRED  HHHHHMM HHMHHHHHHHH B HH mumnm HHHHH
B-ERITOPE -- 4644 ++3144 154+ ++21++ --29-
T-EPITOPE TTTTTTIT 101 TTTTTT
490 500 510 520 540 $50 560 570 580 590 600
uzzoxococomorvomnmxvmmmqnmvokvt%wmIvmmnplommmawrmmwmomwcm
VARIABLE v v
SS-PRED  HHHHHHH ERELLER] HHHHHHHHHHHHHHH 9888S 53838838
B-EPITOPE - --32--
T-EPITOPE XX RN
510 620 650 660 670 690 700 710 72
Asnmncmwmcnququmumqnscnmtmovmronomsmvuol Isoumwuuvacmcmmwsmmmnmx
VARIABLE V VvV w ww v v v
SS-PRED 83353388 sssss 38358883 mcm HHHHHHHHHHHHHHH
B-EPITOPE --22-- --17-- ———1-- =20~ --26--
T-EPTTOPE R TTTTT 1"
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VARIABLE
SS-PRED HHHHHHHHHHHHHHHH $8998338 uuummmnwm FEEELEEL] s
B-EPTTOPE ---7--
T-EPITOPE ///
850 A60 890 900 910 920 930 940 950 960
vxucmmom:wvu?osocwmmxmxl Icqvnogmnmvpmvnmnxccmcvsmwm TATDIQTKELOKQ Intomwvnnsmpwcnxnwc
VARIABLE
$53-PRED  8SSSSSSSSS EEEE] mmmmm HHHHHHHHHHHHHHHHHHH HHHHHHHHHHHHHHHHHHHHHHEH H
R-EPITOPE -12-- -=23-- --33-- ~-28-~ -e-3--

T-EPITOPE FrEry 1HiriEiee
970 980 100

EGAVVIQDNSDIKVVPRRKAKI IRDYGKQHABDIEVASRQ

VARIABLE

5S-PRED §8858S8

B-EPITOPE =27 --+++84++ +Hebes

T-EPITOPE TTTTTT

TITTT

Fig.2. Analysis of the po! gene, see legend to fig.1.

before this consensus section. The secondary struc-
ture prediction gives a faF unit and all the con-
served sequences would lie at the C-end of the two
strands and at the N-terminus of the a-helix. This
is reminiscent of a binding motif using the positive
N-terminus of the a-helix to bind negatively
charged phosphate groups such as in nucleotides
[29]. Residues 370—405 form a proline-rich section
devoid of - and @-structure. Johnson et al. [28]
propose that residues 430—590 form a tether region
between the reverse transcriptase and the
ribonuclease. This section has a structure with a-
helices and #-strands arranged in a similar fashion
to that of the reverse transcriptase. The
ribonuclease (590—718) has an « + #-structure. The
endonuclease (719—C-terminus) is predicted to
adopt an a/@-structure.

234

The results for the gag polyproteins (fig.3) have
been presented elsewhere [6]. In outline, pl7
(1-132) and p24 (133 to about 373) belong to the
a/a class of proteins. The last 40 residues of pl17
and residues 220—260 of p24 are probably exposed
loops that would be ideal candidates for
stimulating a B-cell antigenic response. The C-
terminal section, plS, is predicted not to have
regular secondary structure.

Individually secondary structure algorithms
have accuracies of between 50% and 65% for
prediction of «- and @G-structures. However,
regions where there is agreement from several
methods have been shown to be predicted more ac-
curately [30]. To provide an indication of the con-
sistency of the individual predictions, the results of
the individual algorithms are given in fig.3.
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VARIABLE
ZVELEBIL HHHHH HHHHHHH HHHHHHHHHHHHH $558988
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CF SHEET 558888 5588888555885553888S
LIM $888sS
ROSE BEND BBBEBB BBBBB BBBBB BBBBBB BBB BBB BBB
SS-PRED HHHHHHHHHH HHHHHHHHHHHHHH
B-EPITOPE ~-16-++144+-9-~ -~-6-- ~=17-~-5--10--~14+3+++2++
T-EPITOPE TTTTTITT TTTTTTTTTTT 11104t

la0 150 160 170 180 210 220 230 240
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VARIABLE G v
ZVELEBIL 5855888 5558888 558888 8SSS
CF H/BEND BBEB BBBB HHHHHHHHHHB! BBBBHHHHHHHHH BBBB BBBB HHHHHHHHHHHHHHHHHHHHH BBBB BBBB BBBB
CF SHEET 5558555585S858 S558558SS 88888
LIM HHHHHHHHHHHHHH 588888 HHHHHHHHHHHH = SSSSSS
ROSE BEND BBB BBBBB BBBBB BBBBB BBB BBBBB BBBBB
SS-PRED HHHHHHHHHHHHHHH HHHHHHHHHHHHH HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH
B-EPITOPE --13-- ++12++
T-EPITOPE TTTTTTTTTTT TTTTIT TTTTTTTT

260 300 310 320 360

STLQEQ IGHHTNNPPIPVGEI YKRWI ILGLN'I(IVRHYSPTS ILDIRQGPKEPFRDYVDRFYKTLRAEQASQEVKWLLVQNAR PECKTI LKALGPMTLMACQGVGGPGHKA

VARIABLE

ZVELEBIL $5558
CF H/BEND HHHHHHH BEBB

SS5555558S8S 888888 §88SS

588888 HHHHHHHHHHHHH

HHHH mmmmm
BBBBHHHHHHBBBB BBBE BBBBHHHHHHHHHHHHHHHHHHHHHHH  BBBBHHHHHHHHHHHHHHHHHHHHH BBBBHH

CF SHEET 555858 55853555 88S8SSSS 88888888558S 858583 88888855
LIM HHHHHHHH HHHHHHH HHHHHHHHHHHHHHHHHHHHHHHHHHHH  HH
ROSE BEND BBEB BBBB BBBBB BBBEBB BBBBB BBBBB BBBBB BBBB
§S-PRED HHHHHHHHH HHHHHHHHHHHHHHHHHHH HHHHHHHHHHHHH H
B-EPITOPE +15+11++
T-EPITOPE TTITTTIT TITTTTTTT 1errtreet TTTTTTITTT TTTTTTTIT
70 380 390 400 410 420 430 440 450 460 470 480
RVLAEAHSQVI'NSATIHHQRGNPRNQRK IVKCFNCGKB}HIARNCRAPRKKGCHKCGK‘BGHQN(DCTERQAMGKIHPSYKGRPG!IFLQSRPEPTAPP.FRSGVE'I‘!TPSQKQEPID
VARIABLE vV v vv VVVVVVVVVVVVGGVVVVVVVGGYVVVVVGGGGGGGUVVVVVV
ZVELEBIL HHHHHHHHHHH SSSSS s§ss
CF H/BEND HHHHHHHHHH BBBE BBBB BBBB BBBB BBBB BBBB HHHHHH BBBB BBBB BBBE BBBB BBBB BBBB HHHHH
CF SHEET S85SS SS8SS S 55888
LIM HHHHHHHHHH S885S HHHHHHHHHHHHH  HHHHHHH §S8SS8S
ROSE BEND B BBBBB BBBB BBBBB BBBB BBBBB BBBBB BBB BBBBB BBBBBBB
55-PRED HHHHHHHHHH -
B-EPITOPE Ry 2 e +44T 4+ ---8
T-EPITOPE TTTTTTTTT 11rerritd
490 500
KELYPLTSLRSLFGNDPSSQ
VARIABLE VVVVVVVGGGGGGGGGGGGG
ZVELEBIL
CF H/BEND HHH BBBE
CF SHEET 58585 SSSSS
LIM SSS585
ROSE BEND B BBB
SS-PRED
B-EPITOPE --
T-EPITOPE

Fig.3. Analysis of the gag gene. The results of the individual secondary structure predictions are given with B denoting
bend (i.e. turn) regions. CF indicates the approach of Chou and Fasman [15] and all potential a-helices and F-sheets
are given for later selection using the results from the other predictions.

The algorithm to locate B-epitopes tends to
overpredict with sections of chain located that, as
yet, are not known to be antigenic [12]. According-
ly, our prediction of B-epitopes used an additional
constraint that the chain section is not in a secon-
dary structure. This approach is however a
simplification designed to suggest the most likely
B-epitopes but after these candidates have been
tried, attention should focus on predicted B-
epitopes that overlap with a predicted secondary
structure. Indeed, in foot and mouth disease virus,
a major B-epitope lies within residues 141-160 of
the capsid polypeptide VP1 but this region is

predicted by the approach of Chou and Fasman
[15] to be a-helical [31].

The difficulty of predicting B-epitopes can be
seen from a comparison of our results and those of
Robson and co-workers [5] on the epv protein. We
locate 5 good candidates for B-epitopes (denoted
+) whilst Robson et al. [5] suggest 7 sections.
Residues 480—485, 503—515 and 659—665 in our
predictions correspond to sites 6, 7 and 1 of Rob-
son et al. [5]. Sites 2 and 4 of Robson et al. [5]
(residues 75—84 and 367—375) are predicted poten-
tial B-epitopes of rank 21 and 23 but we do not
consider them as good candidates due to overlaps
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with a predicted secondary structure and a region
of sequence variability, respectively. Sites 3 and 5
of Robson et al. [5] are not predicted as B-epitopes
by the algorithm of Hopp and Woods [12]. Our
site around residues 303-311 is probably not
predicted by Robson et al. [5] as they exclude
potential glycosylation sites and residues 305-307
have the sequence NNT. The most hydrophilic
peak of Hopp and Woods’ algorithm [12] is
745-749 and forms one of our sites but is not
predicted by Robson et al. [5], possibly due to se-
quence variation nearby.

T-epitope predictions are still in the early stage
of development and a different approach is being
developed (Rothbard, J. and Taylor, W.R. per-
sonal communication). This gives predictions with
substantial overlap with the algorithm of Del.isi
and Berzofsky [22]. Thus, both the B- and T-
epitope predictions must be considered as sugges-
tions that should be refined as improved
algorithms are developed.

4. CONCLUSION

Studies on other proteins, such as influenza
haemagglutinin and VP1 of polio [32], have used
B-epitope predictions to design synthetic peptide
vaccines that yield some protection in animals. We
have located B- and T-epitopes in sequence-
conserved regions in all three HIV-1 gene
products. These epitopes in env, gag and possibly
pol should be considered as candidates for vac-
cines. This paper proposes that the best vaccine
candidates are those sections with both B- and T-
epitopes in sequence-conserved regions. Because of
the variability of the env sequences, no 15-30
residue section meets this condition and this
suggests that larger sections of the molecule should
be used. However, in gag, which has a more
conserved sequence than env, a short peptide
containing residues 288-304 (GPKEPFRDY-
VDRFYKTL) meets this condition and may be
effective as a synthetic vaccine. Although there is
no evidence yet that the immune response to any
pol proteins is important clinically, this analysis
shows that, as these proteins have highly conserved
sequences, there are several short regions which
meet the condition and might well prove successful
as peptide vaccines. These considerations are
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affecting our decisions as to which peptides to
synthesise for in vitro testing as vaccines.
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