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Abstract—A computerized method for predicting the locations of protein antigenic determinants is
presented. which requires only the amino acid sequence of a protein, and no other information. This
procedure has been used to predict the major antigenic determinant of the hepatitis B surface antigen, as
well as antigenic sites on a series of test proteins of known antigenic structure [Hopp & Woods (1981)
Proc. natn. Acad. Sci. U.S.A. 78, 3824-3828.] The method is suitable for use in smaller personal com-
puters. and is written in the BASIC language, in order to make it available to investigators with limited
computer experience and/or resources. A means of locating multiple antigenic sites on a homologous
series of proteins is demonstrated using the influenza hemagglutinin as an example.

INTRODUCTION

In an earlier report from this laboratory (Hopp
& Woods, 1981) we described a method for
deducing antigenic portions of proteins using
no other information besides the amino acid
sequence. The method is based on calculated
estimates of local hydrophilicity along the
polypeptide chain, and the assumption that
hydrophilic regions are predominantly surface-
oriented and therefore potentially antigenic.
This approach has been applied to the
sequence of the hepatitis B surface antigen
(HBsAg) in order to identify and synthesize a
short peptide bearing a major antigenic
determinant of that virus (Hopp, 1981). This
peptide was found to bind specifically to
natural antibody to HBsAg, and was also
shown to be capable of inducing anti-HBsAg
antibody responses when coupled to carriers
and used to immunize mice (Prince er al,
1982). Because the prediction method is highly
successful in locating antigenic sites in the
sequences of the twelve test antigens from
which it was developed (Hopp & Woods, 1981)
it 1s probable that anfigenic sites on many
other proteins can be correctly identified by
use of this procedure. This paper describes a
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computerized version of the prediction method,
and demonstrates its use on several viral sur-
face antigens.

METHOD

The computer program for the prediction
procedure is listed in Fig. 1. It is written in
Hewlett-Packard BASIC and is suitable for use
in the HP-85 computer. Only minor changes
are required to convert the program into Apple
BASIC or other similar languages. A printout
of hydrophilicity values for myoglobin is
shown in Fig. 2.

The following points are important to the
proper execution of the program.

(1) Amino acids are entered as the one letter
codes defined by the IUPAC-IUB Commission
on Biochemical Nomenclature and found in
The Atlas of Protein Sequence and Structure
(Dayhoft, 1976).

(2) Up to 500 amino acids can be entered:
larger proteins must be divided into two or
more parts for analysis.

(3) No provision is made for entering B or Z
codes corresponding to unassigned amide
states for the acid residues (Asx or GIx). The
difference in hydrophilicity values for the acids
versus amides is so great that antigenic
determinant predictions are severely affected
by changing the amide assignment of a particu-
lar residue, and therefore, it is not rec-
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Antigenic determinant prediction program, suitable for use in the Hewlett-Packard HP-85 com-

puter. The program is interactive, with prompts for entry of the necessary information: ‘name of protein’

(up to 10 characters): "number of amino acids’ (up to 500): and the sequence, entered as single letters,

each followed by the ‘end of line’ key. The standard one letter amino acid codes are: D, aspartic acid; N,

asparagine: T, threonine: S, serine: E, glutamic acid; Q, glutamine: P, proline: G, glycine; A, alanine: C,

cysteine: V. valine; M. methionine; I, isoleucine: L, leucine; Y, tyrosine: F, phenylalanine; W. trypto-
phan; K. lysine; H. histidine; R, arginine.

ommended that predictions be made for any
protein for which a complete amide assignment
has not yet been reported.

(4) The six residue hydrophilicity average is
listed opposite the first amino acid of the
group, for example, in myoglobin the first aver-
age value, 0.500, is shown opposite valine 1; it
actually represents the average of the hydro-
philicity values for the six residues from valine
1 to glutamic acid 6. Similarly, the value of
0.183 at leucine 2 represents the average for
residues 2 through 7. No values are listed
opposite the five C-terminal residues. However,
their hydrophilicity values have been averaged
along with that of glutamic acid 148, as the last
six residue average: this average is listed oppo-

site glutamic acid 148. Therefore, even though
there are five fewer averages than the total
number of residues, all residues have been in-
cluded in at least one average value.

(5) Following the hydrophilicity printout, a
list of up to 10 peaks is presented. These are
ranked according to peak height, with the
highest point listed first (in this case, position
58). Peaks 2, 3, etc. represent the second high-
est peak, third highest peak, and so forth, in
order of decreasing peak height. As detailed in
the previous paper (Hopp & Woods, 1981)
only the three highest peaks are strongly corre-
lated with antigenicity. Smaller peaks should
not be considered as potential antigenic sites.
Where two averages have the same value, the
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MYOGLOBIN
HYDROFPHILICITY ANALYSIE

FIrRST RUERAGE
AR H VRLUE
1 VAL
2 LEU
2 SER
4 G
= GLY -
5 GLU -
7 TRP -1
3 GLH -1
s LEU -1.7
18 SRL -1
11 LEQ -
12 HIS -
13 VAL -
14 TRP
15 ALA 1
16 LYs
17 YAL
12 GLu
15 ALA @
24 ASP
21 VAL -
22 ALA
23 GLY
24 HIS -
28 GLY
26 GLN
a7 ASF
52 ILE -1
23 LEUY
28 ILE
3 ARG
2 LEW -
33 PHE
34 LYS
35 SER
35 HiS
37 PRO H
i3 SLu
3= THR
43 LEU 1
41 GLu 1
42 LYS 1
432 FHE
44 RSP
4% ARG
45 PHE
47 Lys 1
43 RIS
49 LEY 1
Sa Lre 1
51 THR 1
52 GLu 1
53 ALF
54 GLU 1
53 MET 1
56 LYS i
57 ALA 1
52 SER i
53 GLu 1
&8 RSP 1
&1 LEU
&2 LYS .
&3 LYS -
&4 HIS -3
&% SLY -
88 VAL -1
67 THR -1
83 AL ~1.
(34 LEU -
78 THR M
21 ALR -1
72 LEU -
73 GLY
74 ALA
’5 ILE
& LEY 1
77 LYs 1
73 Lys 1
7’9 L¥S
80 GLY
81 HIS
82 HIS 1

83 GLU 1117
34 ALA 37
as GLU 317
86 LEU - 158
87 LYS 200
88 PRO -~ 383
839 LEU - .46
93 ALR - 233
a1 GLN 35
32 SER 232
22 HIS 683
a4 ALA 457
55 THR 550
95 LYS 217
87 HIiS 317
93 LYE @17
3% ILE ~ 783
19@ PRO a1y
1ot ILE ~. 488
18z L¥S - 48
182 TYF -, 85
104 LEU 33
185 GLY L2508
pY-13 PHE - B850
187 ILE - 4332
1088 SER - 217
189 GLL - 547
1ia ALR -1.37
111 ILE -1.317
112 ILE - g7
113 HIS - 167
114 AL ~ 167
115 LEY 883
its HIS 3832
117 SER Se
itg ARG 8332
118 HIS - 467
128 FRO - 467
12t GLY 633
122 RSN -. @%@
123 FHE - . a%a
124 GLY 367
125 ALA 283
126 ASP 150
127 ALR - 317
i23 GLN 267
129 GLY 15¢
13e ALR - 150
1314 MET 4332
132 ASN 359
133 LYS -. 188
134 ALA ~. 188
135 LEU 483
136 GLu t.283
137 LEU 483
138 PHE 7ol
139 ARG 1.033
140 LYS 1.833
141 RSP 158
142 ILE 158
143 RLA ans
144 ALA 732
143 Lys 817
146 TYR - BET
147 LYS 358
148 GLU -. 1858
149 LEY
158 GLY
151 TYR
152 GLN
153 GLY
FERKS
1 58
2 T
2 46
4 138
S 54
13 Sa
4 83
e 15
9 g
19 3

Fig. 2. Printout for sperm whale myoglobin. This output is obtained after entering the amino acid
sequence of myoglobin. Amino acids are printed out as the three letter codes in order to [facilitate
reading of the sequence.

program lists both as peaks, so long as they
have at least three residues intervening between
them. The N-terminal-most peak is listed first
and the C-terminal-most peak is ranked next,
even though they should have an equal rank-
ing. Where two identical values occur closer
then three residues apart (as in myoglobin pos-
itions 77 and 78) only the first position is listed,
in order to prevent multiple rankings for what
is in essence the same peak.

APPLICATION OF THE METHOD

A suitable approach for applying this
method is to synthesize the predicted antigenic
determinant by the Merrifield peptide synthesis
procedure, and then test the peptide for anti-
genic and immunogenic activity. It is prudent
to synthesize more than just the six residues
yielding the highest hydrophilicity average for
several reasons: (1) other investigators have
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found that additional amino acids flanking the
antigenic sequence often enhance the antigenic
reactivity of a given sequence, probably by im-
parting a more native conformation to the
sequence in question (Atassi & Saplin. 1968:
Crumpton, 1974): (2} the predicted point some-
times lies immediately to one side of the
natural antigenic determinant, so that several
additional residues are required to cnsure a
good overlap of the synthetic peptide on the
antigenic site (Hopp & Woods, 1981). There-
fore, it is appropriate to synthesize peptides of
no fewer than twelve residues, including three
residues on either side of the six amino acids
that yielded the highest average hvdrophilicity
value.

Prediction and synthesis of an HBsAy antigenic
determinant

A plot of the computer generated prediction
profile for HBsAg is shown in Fig. 3. The sur-
face antigen is an unusually hydrophobic pro-
tein, containing a large proportion of apolar
and aromatic amino acids, and this is reflected
in the hydrophilicity profile which for the most
part lies below the zero line. There are. how-
ever. a number of more hydrophilic sequences
which presumably have some degree of ex-
posure to the aqueous environment on the sur-
face of the virus. The largest of these peaks
{peak 1) corresponds to amino acids 141 to 146
of the protein. This region was synthesized in a
peptide containing residues 138-149, and found
to bind up to 9°; of antibodies directed against
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Fig. 3. Hydrophilicity profile for hepatitis B surface anti-
gen. Average hydrophilicity values are plotted against
sequence position in the peptide chain. Each average is
plotted in the middle of the six positions from which it was
derived (i.e. the value for positions 1-6 1s plotted at pos-
ition 3.5). The number. 1. indicates the maximum hydro-
philicity value. located at position 143.5. corresponding to
amino acids 141-146.

HBsAg (Hopp, 1981) and furthermorc to elicit
anti-HBsAg responses in animals (Prince et al.,
1982). More recently Bhatnagar ¢t al. (1982)
have shown that a similar peptide (residucs
139-147} is capable of inhibiting up to 80", of
the reaction of HBsAg with its antibody. and
have identified it as the major. or « determin-
ant of HBsAg. These results suggest that the
present prediction method may facilitate the
search for the antigenic sites on proteins, and
short-cut the laborious procedures of chemical
modification or cross-reaction studies  on
homologous proteins that have been necessary
in the past.

Application to influenza hemagglutinins

The unreliability of lower peaks in predicting
antigenic sites has led to an alternative method
for obtaining multiple predictions for a given
protcin. Hydrophilicity analysis is applicd to a
homologous serics of protein antigens. and the
most promincnt peaks from the whole group
are used to predict antigenic sites on different
parts ol the molecule. Figure 4 illustrates the
use of hydrophilicity scans of the hemaggluti-
nin of influenza virus to deduce likely antigenic
sites.

The antigenic structure of the hemagglutinin
is known to vary with substitutions of amino
acids on its surface. This variability is reflected
in the hydrophilicity plots for the five anti-
genically distinct hemagglutinins shown. The
highest peak of hydrophilicity can be seen 1o
reside at a different position in each of the
hemagglutinins, and the second and third high-
est peaks occupy different positions. as well.
Because many of the antigenic residues of the
hemagglutinin have already been identified
(Wiley et al.. 1981) it is possible to develop a
strategy that can be followed to quickly synthe-
size peptides corresponding to a number of
predicted antigenically active sites. Thus, if the
antigenic structure of the hemagglutinin were
not known, the following procedure would be
carried oul.

(I) A twelve amino acid peptide, corre-
sponding to a scquence centered on the highest
predicted peak would be synthesized for cach
hemagglutinin, and tested for antigenicity
and/or immunogenicity.

(2) The second highest peaks, and then the
third highest peaks would be synthesized. with
one important restriction: peptides that over-
lap substantially with previously svnthesized
regions are omitted (regardless of whether the
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Fig. 4. Hydrophilicity analysis of influenza hemagglutinins
(HA1 subunit). The letters A to D refer to the antigenic
sites described by Wiley et al., (1981); vertical lines in the
bottom panel represent individual antigenic residues. The
hemagglutinins are: WSN, A/WSN/33 (Hiti et al., 1981);
PR. A/PR/&/34 (Winter et al., 1981); JAP, A/Japan/305/57
(Gething ¢t al., 1980); MEM, A/Memphis/102/72 (Ward &
Dopheide 1980): X31, A/Aichi/2/68i (Ward & Dopheide.
1981). Peaks are numbered according to their height in the
hydrophilicity profile.

previous peptide had proved to be antigeni-
cally active or inactive).

Using this conservative strategy, and assum-
ing that antigenic activity can be demonstrated
on the appropriate peptides, it would be poss-
ible to explore a major portion of the antigenic
structure of the hemagglutinin with very few
incorrect prediction assignments. As outlined

MIALM. 204 0

Table 1. Strategy for identifying antigenic sites on influenza
hemagglutinin

Residues Known antigenic
Hydrophilicity to be residues
Step peak synthesized incorporated
1 WSN-1 217-228 217. 220
2 PR-1 167-178 174
3 JAP-1 86-97 none”
4 MEM-1 137-148 137, 143- 146
5 X31-1 321-332 none*
6 WSN-2 103114 none
7 JAP-2 184-195 186, 188, 189, 193
8 JAP-3 152-163 155. 160

*All residues are numbered according to the numbering
scheme for A/Aichi/2/68 (X31) of Ward & Dopheide (1981).

"Synthetic pepudes from this region have been shown to
be immunogenic despite the absence of known naturally
occurring antigenic residues.

“This peptide would overlap the site of proteolytic acti-
vation of the hemagglutinin.

in Table 1, a series of peptides would be syn-
thesized and tested in the following order:

(1) WSN peptide 1, incorporating two resi-
dues of antigenic site D;

(2) PR peptide 1, incorporating one addi-
tional residue assigned to site D;

(3) JAP peptide 1, no known antigenic resi-
dues incorporated;

(4) MEM peptide 1, incorporating five resi-
dues of site A;

(5) X31 peptide 1. an unconfirmed predic-
tion (actually coincident with the protease acti-
vation site, see below);

{6) WSN peptide 2, an unconfirmed predic-
tion:

(7) PR peptide 2, not done—covers the same
area as WSN peptide 1. For similar reasons,
MEM-2, X31-2, WSN-3 among others would
not be done;

(8) JAP peptide 2, incorporating four resi-
dues of site B;

(9) JAP peptide 3, incorporating two ad-
ditional residues of site B.

By this approach, after synthesizing only eight
peptides, three of the four major antigenic sites
of the molecule (Sites A, B and D) would have
been covered, at least partially, and a total of
14 out of the 25 known antigenic residues
(56%,) would have been incorporated into test
peptides.

Although the prediction success rate is lower
in this example than in the test system used to
develop the method, several factors that im-
prove the outlook should be considered: (1)
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delineation of the antigenic sites of the
influenza hemagglutinin i1s by no means com-
plete, leaving open the possibility that in some
cases the predictions were locating as yet
unrecognized antigenic sites: (2) Muller et al.
(1982) have recently synthesized a peptide that
substantially overlaps the ‘wrong’ predicted
peptide at site JAP-1, and shown that it can
produce anti-hemagglutinin responses upon
immunization. This suggests that this region
may be a previously undetected antigenic site,
or may represent an area where an unnatural
response may be generated, producing anti-
bodies that bind the hemagglutinin in an al-
together new site: {3) the "unconfirmed predic-
tion" at site X31-1 actually covers the location
of the proteolytic cleavage which is necessary
to activate the virus for membrane penetration.
Despite the lack of known antigenicity at this
site, it is suggested that the prediction method
may be of value in locating other types of
surface ortented activity on protein molecules;
{(4) in several instances, the ‘unconfirmed’ pre-
dictions were actually found to be located on
highly exposed portions of the three-dimen-
sional structure (Wilson er al, 1981) of the
hemagglutinin, suggesting that these areas
might be capable of inducing anti-hemaggluti-
nin antibody responses despite their lack of
correlation with natural antigenic determin-
ants.

DISCUSSION

Prediction of protein antigenic determinants
is likely to become important in advancing our
understanding of protein immunochemistry
and as an aid in the development of synthetic
vaccines, monoclonal antibodies and immuno-
logic reagents. The laboriousness of alternative
procedures has been a major impediment to
this field in the past. The present method
should eliminate much of the preliminary work
necessary to an intelligent attack on the immu-
nochemistry of protein antigens of viruses and
other pathogens. This ts demonstrated by its
high success rate with the model systems from
which it was developed, by the prediction and
synthesis of the major antigenic determinant of
HBsAg, and now by the demonstration of its
potential for rapidly identifying multiple anti-
genic sites on a molecule such as the influenza
hemagglutinin.

Careful application of the hydrophilicity
program and synthesis strategy described in
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this paper should enable much more rapid elu-
cidation of protein antigenic structures than
has been possible in the past. For example, the
antigenic structure of sperm whale myoglobin
was worked out by Atassi and co-workers
(Atassi, 1975) over a period of 11 years, and
required gram quantities of the protein. More
recently, several groups have been able to do
away with the need for purified antigen by
using synthetic peptides corresponding to poly-
peptides coded for by nucleotide sequences, as
immunogens (Walter er al. 1980; Sutcliffe et
al., 1980). However, in a study on HBsAg
where synthesis targets were chosen based on a
prediction method that was not specifically de-
veloped for antigenic determinant prediction
(Kyte & Doolittle, 1982) 9 out of 13 synthetic
peptides failed to produce significant anti-
HBsAg responses. and antigenic activity was
not detected in the major () determinant
region {Lerner et al., 1981). The addition of
this prediction method to the modern methods
of immunochemistry should enable a further
acceleration of the pace of molecular immu-
nology and synthetic vaccine development.
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