N

N

Correlation between the location of antigenic sites and
the prediction of turns in proteins
Jean-Luc Pellequer, Eric Westhof, Marc H.V. van Regenmortel

» To cite this version:

Jean-Luc Pellequer, Eric Westhof, Marc H.V. van Regenmortel. Correlation between the location of
antigenic sites and the prediction of turns in proteins. Immunology Letters, 1993, 36 (1), pp.83-99.
10.1016,/0165-2478(93)90072-A . hal-03232176

HAL Id: hal-03232176
https://hal.science/hal-03232176

Submitted on 26 May 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03232176
https://hal.archives-ouvertes.fr

Immunology Letters, 36 (1993) 83-100

0165 2478 /93 / § 6.00 1« 1993 Elsevier Science Publishers B.V. All rights reserved

IMLET 01945

Correlation between the location of antigenic sites and
the prediction of turns in proteins

Jean-Luc Pellequer™®, Eric Westhof® and Marc H.V. Van Regenmortel®

UPR Structure des Macromolécules Biologiques et Mécanismes de Reconnaissance, " Laboratoire d' Immunochimic and
P Equipe de Modélisation et de Simulation des Acides Nucléiques, Institut de Biologic Moléculaire et
Cellulaire du CNRS, 67084 Strashourg Cedex, France

(Received 2 March 1993; accepted 5 March 1993)

1. Summary

In the present study, we developed new turn
scales based on the occurrence of amino acids at
each of the four positions of a turn using a struc-
tural database comprised of 87 proteins. We
found that the scales correctly predicted a frac-
tion of the turn regions in proteins with approxi-
mately 80% confidence. We used the turn scales
for predicting the location of antigenic sites in
proteins. The method was developed with the spe-
cific aim of predicting only a few peaks for each
protein (two or three). We found that it leads to
a high level of accurate prediction (70% of cor-
rect prediction of known epitopes). Our method
should be useful for selecting protein regions Lo
be synthesized in order to produce anti-peptide
antibodies cross-reacting with the parent protein.

2. Introduction

The regions of a protein antigen that are recog-
nized by the combining sites of an antibody are
known as antigenic determinants or epitopes.
Two types of epitopes are generally distinguished:
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continuous epitopes that are constituted of conse-
cutive residues in the protein sequence and dis-
conlinuous epitopes made up of residues distant
in the sequence but brought together in the three-
dimensional space by the folding of the polypep-
tide chain. It is generally assumed that most anti-
genic regions in proteins are constituted of discon-
tinuous epitopes [1-5], a view reinforced by recent
X-ray crystallographic studies of antibody-anti-
gen complexes. Until now, six protein-antibody
complexes have been solved: three Fab-lysozyme
complexes [6-8], two Fab-influenza neuramini-
dase complexes [9,10] and a Fab-Fab idiotypic
complex [11]. In each case, the epitope was clear-
ly discontinuous.

Another commonly used method for delineat-
ing epitopes consists in preparing a large number
of synthetic peptide fragments of the protein anti-
gen and testing their ability to be recognized by
antibodies raised against the protein. This meth-
od only identifies so-called continuous epitopes
in proteins [4]. A synthetic peptide that mimics a
protein epitope will react with the antiprotein an-
tibodies and in addition it is also expected to be
able to induce antipeptide antibodies that recog-
nize the parent protein.

Although some attempts have been made to
predict the location of epitopes by analyzing the
known three-dimensional structure of a few pro-
teins [12-16] most efforts have concentrated on
predicting the location of continuous epitopes
only on the basis of the amino acid sequence of
the protein [17-19].
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A recent comparative study of prediction algo-
rithms [20] has shown that the classical antigenici-
ty prediction methods. which use certain propen-
sity scales of the amino acids such as hydrophilici-
ty [21,22], accessibility [23,24] or flexibility scales
[25,26] have a fairly low success rate. The highest
level of correct prediction observed in that study
[20] was obtained with the turn scale of Levitt
[27] which led to 61% of residues being correctly
predicted. We decided therefore to investigate fur-
ther the use of secondary structure prediction,
concentrating mainly on turns, for the purpose of
antigenicity prediction. Since available turn scales
have been constructed using only a few proteins
[27-30] we developed a new turn database using
a set of well-refined proteins from which the four
positions of the turns could be extracted.

2.1, Use of turns in antigenicity prediction

A turn is a scquence of the polypeptide back-
bone involved in a change of direction of the
main chain. A turn can be assigned when the dis-
tance between the Ca of residue i and the Cx of
residue i+ 3 is less than 7 A, except in the case of
the central residues of a helix [31]. Only ff-turns
which are made of four residues [32] were exam-
ined in our study. In such turns, a hydrogen
bond between the CO of residue i and the NH of
residuc 1+3 is generally present. The different
classes of fi-turns (type I, II, IV, VI) were not dis-
tinguished except type III, which is a helix 3y
fragment and for which a separate scale was
made [32].

The location of turns in proteins has been used
previously for antigenicity prediction [20,33,34]
since turns present properties of surface accessibil-
ity, hydrophilicity and mobility known to be cor-
related with antigenicity. The importance of turns
as recognition sites in proteins has been stressed
by Rose [35] and it seems that many continuous
epitopes are located within turns. It should be no-
ted that turn sequences may also contain loop se-
quences as discussed by Leszczynski and Rose
[36].

NMR and X-ray diffraction studies of peptides
have shown that many peptides corresponding to
turns in proteins have a high probability of adopt-
ing a turn-like structure in water [37-40]. The an-

84

tigenic properties of such turn peptides have been
shown to resemble those of the corresponding re-
gions in the protein [41-44] and correlations be-
tween turns and cross-reactive antigenicity have
been established in the case of many proteins
[45-48]. Krchnak et al. [34] also showed that pep-
tide sequences that are predicted to have a turn
conformation, tend to induce antibodies able to
cross-react with the parent protein.

The important role played by peptide confor-
mation in determining immunogenicity and anti-
genicity has been clearly demonstrated in the case
of antigenic site A influenza hemagglutinin, since
only cyclized synthetic peptides could elicit anti-
bodies capable of reacting with influenza virus
[49] and of inducing protective immunity [50].
The superiority of cyclic peptides compared to lin-
ear peptides for raising antibodies able Lo react
with the cognate protein has also been demonstra-
ted in other systems [51-53].

Various synthetic strategies have been devel-
oped to induce a turn conformation in peptides
[54.55] including the incorporation of D amino
acids [56.57].

In the present study, we developed new turn
scales for improving the accuracy of antigenicity
prediction. We shall first describe how our turn
database was devised and will then describe how
antigenicity prediction scores can be obtained
with these scales.

We did not attempt to improve antigenicity
prediction by identifying as many epitopes as pos-
sible in a particular protein but concentrated in-
stead on the prediction of a few epitopes with the
lowest possible rate of incorrect predictions. In-
deed. in many cases, an investigator is mainly in-
terested in identifying a cross-reactive continuous
epitope that will allow the production of a useful
immunological reagent for detecting a gene pro-
duct, and his main concern is to avoid incorrect
epitope assignments that would lead to the synth-
esis of ineffective peptides.

3. Establishment of the databases
3.1. Turn database

The turn database contains 87 high resolution
(<2A) proteins, extracted from the Brookhaven



Protein Data Bank [58], each with a crystallo-
graphic R-factor below 0.20 (Table 1). From this
database composed of 15938 residues, a total of
793 turns (four positions) could be identified.
The turn identification was made with the pro-
gram of Kabsch and Sander [59] based on the hy-
drogen bonding pattern. We identified three clas-
ses of turns: first the classical turn named ‘33’
which has no preferred localization, second the
hairpin turn named ‘EE’ which is localized be-
tween two strands of a f-sheet and, third the 3,y
helical turn named ‘10°. The one letter code of
Kabsch and Sander was used, i.e., T for turn, B
for isolated f-bridge, S for bend, E for sheet and
G for 3, helix. The turn class ‘33" has the hydro-
gen bond pattern: >33 < with the Kabsch and
Sander letter code corresponding to TT or TTS
or BTT or TTTT. The hairpin class ‘EE’ has the
same hydrogen bond pattern (>33<) and a let-
ter code corresponding to ETTE or ETT or TTE.
The 3o turns have a particular hydrogen bond
pattern like > >33< < and a letter code like
GGG or GGGG.

A bias is present in our database since only hy-
drogen-bonded turns were taken into account.
However, this was done deliberately since it
seemed likely that synthetic peptides correspond-
ing to turns in proteins would have a higher prob-
ability of adopting a ff-turn structure in solution if
turn stability could be enhanced by a hydrogen-
bond [35,37]

The conformational parameters were deter-
mined in the usual manner [27,28,31] using the
conformational parameter Pti= {EE) =%j%%
where fti is an AA frequency; ni is the number of
residues of a particular kind in position i (from 1
to 4) and Ni is the total number of these residues
in the database; <fti> is a secondary structure
frequency; Nj is the total number of residues that
occurs in turns and N is the total number of resi-
dues in the whole database.

The method used for predicting the location of
turns was based on an individual assignment. This
means that, for a four-position turn, we calcula-
ted four profiles corresponding, respectively, to
the first, second, third and fourth position of a
turn. The final value assigned to each residue in
the sequence was obtained after adding (ADDI-

TIO routine) or multiplying (MULTIPLI rou-
tine) these four files in the following way. The
first AA in the first file (which corresponds to the
first position of the turn) was added to (or multi-
plied by) the second AA in the second file and so
on until the fourth residue. All the positions were
then shifted by one residue and the calculation
was continued until the end of the sequence. In
order to eliminate the uncertain assignments, a
null value was assigned when at least two of the
four values were of opposite sign. At the end, all
the values were normalized between +3 and —3
in order to facilitate comparisons between differ-
ent scales [60].

3.2.  Epitope database

The antigenic database is comprised of 14 pro-
teins in which 82 continuous epitopes have been
identified (Table 2). Only continuous epitopes
shorter than 18 residues were taken into account.
This does not mean that all 18 residues in the pep-
tide were considered to be contact residues of the
epitopes [61] but simply that these peptides con-
tain at least one continuous epitope responsible
for their antigenic reactivity. In addition, it
seemed that the likelihood of finding antigenic re-
activity in peptides was bound to increase the
longer the peptide [62] and thus that any predic-
tion would increasingly lose its significance with
very long peptides. The existence of many contin-
uous epitopes in proteins does present a problem
in the evaluation of antigenicity prediction since
random allocation of epitopes should lead to a
not insignificant level of correct predictions [3].

The tertiary structure of 11 of the proteins has
been established either by X-ray study or by
homology prediction with known structures. We
found that 50% of antigenic residues occurred in
turn and loop regions while nearly 35% occurred
in helices (Table 3). As epitopes are usually loca-
ted at the surface of proteins, it could be expected
that helical epitopes would belong to amphiphilic
helices. Such helices can also be predicted with the
PREDITOP program [60].

3.3.  Evaluation of the accuracy of predictions

The use of a window of five residues in length
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TABLE 1

The 87 three-dimensional structures of proteins used in this study®.

PDB code Proteins Resolution R-Factor Length
1 AAP PROTEASE INHIBITOR DOMAIN OF ALZHEIMER AMYLOID 1.5 0.177 58
I ACX ACTINOXANTHIN 2 108
1 ALC a-LACTALBUMIN 1.7 0.22 123
| BBP BILIN BINDING PROTEIN 2 0.2 173
1 BP2 PHOSPHOLIPASE A2 1.7 0.171 123
1 CRN CRAMBIN 1.5 0.114 46
I CSE SUBTILISIN CARLSBERG chain E 1.2 0.178 274
1 ECA HEMOGLOBIN 1.4 0.19 136
I ERB ENDOTHIAPEPSIN chain E 2 0.17 330
1 GCR g-11 CRYSTALLIN 1.6 0.23 174
1 GDI GLYCERALDEHYDE 3 P DEHYDROGENASE 1.8 0.177 334
1 GOX GLUCOLATE OXIDASE 2 0.189 369
1 GP1 GLUTATHIONE PEROXIDASE 2 0.171 198
I HOE a-AMYLASE INHIBITOR 2 0.199 74
1 MBD MYOGLOBIN 1.4 = 153
1 NXB NEUROTOXIN B 1.38 0.24 62
| PAZ PSEUDOAZURIN 1.55 0.18 123
1 PCY PLASTOCYANIN 1.6 0.17 99
1 PPT AVIAN PANCREATIC POLYPEPTIDE 1.37 36
1 PSG PEPSINOGEN 1.65 0.173 370
1 R69 434 REPRESSOR 2 0.193 69
1 RNH SELENOMETHIONYL RIBONUCLEASE H 2 0.198 155
1 SGT TRYPSIN 1.7 0.161 223
1 §SN3 SCORPION NEUROTOXIN 3 1.8 .16 65
1 UBQ UBIQUITIN 1.8 0.176 76
I XYI S-MERCAPTOPROPIONATE-OXYTOCIN 1.04 0.088 8
2 ACT ACTINIDIN 1.7 0.171 219
2 ALP a-LYTIC PROTEASE 1.7 0.131 198
2 APP ACID PROTEINASE 1.8 0.136 323
2 APR ACID PROTEINASE 1.8 0.143 325
2 AZA AZURIN 1.8 0.157 129
2 B5SC CYTOCHROME C5 2 93
2 CAB CARBONIC ANHYDRASE B 2 0.193 260
2 CCY CYTOCHROME C 1.67 0.188 128
2CDhV CYTOCHROME C3 1.8 (0.176 107
2CGA CHYMOTRYPSINOGEN A 1.8 158 i 245
2C12 CHYMOTRYPSIN INHIBITOR 2 2 0.198 82
2 CNA CONCANAVALIN A 2 237
2 CPP CYTOCHROME P450 1.63 0.19 414
2CTS CITRATE CYNTHASE COMPLEX 2 0.161 437
2CYP CYTOCHROME C PEROXIDASE 1.7 0.202 294
2 FB4 FAB 1.9 0.189 445
2 LHI LEGHEMOGLOBIN 2 153
2LHB HEMOGLOBIN V 2 0.142 149
2 LZM LYSOZYME 1.7 0.193 164
2 MHR MYOHEMERYTHRIN 1.7 0.158 118
20V0 OYOMUCOQID THIRD DOMAIN 1.5 0.199 36
2 PRK PROTEINASE K 1.5 0.167 279
2 PTN TRYPSIN 1.55 0.193 223
2 RHE BENCE JONES PROTEIN 1.6 0.149 114
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PDB code Proteins Resolution R-Factor Length
2 SGA SUBTILISIN CARLSBERG COMPLEX WITH EGLIN 1.5 0.126 181
2 SNS STAPHYLOCOCCAL NUCLEASE COMPLEX 1.5 0.19 149
2 TRX THIOREDOXIN 1.68 0.165 108
2TSC THYMIDYLATE SYNTHASE 197 0.18 264
2UTG UTEROGLOBULIN 1.64 0.19 70
3 BLM f#-LACTAMASE 2 0.163 257
jcac CYTOCHROME C2 1.68 0.175 112
3CLA CHLORAMPHENICOL ACETYLTRANSFERASE 1.75 0.183 213
3 DFR DIHYDROFOLATE REDUCTASE 1.7 0.152 162
3 EBX ERABRUTOXIN B 1.4 0.176 62
3 EST NATIVE ELASTASE 1.65 0.169 240
3 GRS GLUTATHIONE REDUCTASE 1.54 0.186 478
3 INS INSULIN 1.5 0.182 1|
JLYM LYSOZYME 2 0.149 129
3 RNT RIBONUCLEASE Tl 1.8 0.137 104
3 RP2 RAT MAST CELL PROTEASE 11 1.9 0.191 224
3 SGB PROTEINASE B chain E 1.8 0.125 241
IWGA WHEAT GERM AGGLUTININ 1.8 0.179 170
451C CYTOCHROME C551 1.6 0.187 82
4 DFR DIHYDROFOLATE REDUCTASE 1.7 0.155 159
4 FDI FERREDOXIN 1.9 0.192 106
4 FXN FLAVODOXIN 1.8 0.2 138
4 HHB HEMOGLOBIN 1.74 0.135 287
411B INTERLEUKIN-1 f# 2 0.19 153
4 PTI TRYPSIN INHIBITOR 1.5 0.162 58
5 CPA CARBOXYPEPTIDASE A 1.54 0.19 307
SCXT CYTOCHROME C 1.5 0.159 103
5 HVP HIV-1 PROTEASE 2 0.176 99
5 RXN RUBREDOXIN 1.2 0.096 54
5 TNC TROPONIN C 2 0.155 162
6 LDH APO LACTATE DEHYDROGENASE 2 0.202 329
6 TMN THERMOLYSIN COMPLEX 1.6 0.171 ile
7 RSA RIBONUCLEASE A 1.26 0.15 124
8 ABP L-ARABINOSE BINDING PROTEIN 1.49 0.175 306
8 DFR DIHYDROFOLATE REDUCTASE 1.7 0.188 189
9 PAP PAPAIN 1.65 0.161 212
1.9 0.141 388

9 XIA D-XYLOSE ISOMERASE

*The mean resolution of this database is 1.72 A with a mean R-factor of 0.173. The hyphen sign means that the R-factor is not present
in the PDB file. Care has been taken not to choose proteins which have more than 30% residue identity. The minimum acceptable

resolution was 2 A,

centered on the third residue was found to be bet-
ter than a seven residue length window for pre-
dicting turns (result not shown). The smoothing
procedure has been described elsewhere [18]. The
test for evaluating the accuracy of turn prediction
was performed as follows. Only residues above
the threshold of 0.7 times the standard deviation
around the mean of all points were counted. Two
categories were formed, the A class (predicted re-
sidues localized in known turn regions) and the C

class (predicted residues outside any known turn
structure). The prediction results were expressed

by the ratio A+C which is equal to 1 if there is

no incorrect prediction and to 0 if not a single
predicted residue belongs to any known turn re-
gion. It should be pointed out that residues and
not regions are counted, which allows a rigorous
evaluation of the prediction. Only peaks were ta-
ken into account since the major application of
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TABLE 2

List of the 85 continuous selected epitopes™.

Proteins Epitopes References Proteins Epitopes References
CHO 12-21 ref. 73 MYO 1-6 ref. 91
32-40 ref. 73 15-22 ref, 92
48-63 ref. 73 48-55 ref. 93
83-97 ref. 74 56-62 ref. 92
94-99 ref. 92
CYT 1-4 ref. 75 113-119 ref. 92
13-25 ref. 76 121-127 ref. 91
42-50 ref. 77 145-151 ref. 92
56-73 ref. 78
PIL 512 ref. 94
HBV 2-16 rel. 79 38-50 ref. 94
22-35 ref. 80 65-75 ref. 94
48-65 ref. 81 93-104 ref. 94
69-79 ref. 81 103-116 ref. 94
95-109 ref. 79 119-131 ref. 94
125-139 ref. 79
139147 refl 82 RAS 1-18 ref. 95
29-44 refl, 95
HCG 1-7 ref. 83 64-76 ref. 96
40-52 ref. 84 91-108 ref. 95
92-105 ref. 83
110-122 ref. 85 REN 50-60 rel. 97
134-145 ref. 85 63-71 ref. 97
81-90 ref. 97
IFB 7-22 ref. 86 118-126 ref. 97
40-47 ref. 86 133-144 ref. 98
73-81 ref. 86 162-169 ref. 97
105-112 ref. 86 180188 ref. 98
117-120 rel. 86 211-224 ref. 98
247-255 ref. 97
LEG 15-23 ref. 87 287-295 ref. 97
52-59 ref. 87 300-310 ref. 98
92-98 ref. 87
107-116 ref. 87 SCO 1-14 ref. 99
132-142 ref. 87 27-35 ref. 99
36-46 ref. 99
LYS 38-54 ref. 88 55-63 ref. 99
64-80 ref. 89
T™MV 1-10 ref. 100
MHR 4-9 rel. 90 19-32 ref. 101
16-21 ref. 90 34-39 ref. 102
3746 ref, 13 55-61 ref. 100
54-58 ref, 90 62-68 ref. 103
63-72 refl. 90 7688 ref, 101
80-85 ref, 90 103112 ref. 104
90-95 ref. 90 134-146 ref. 101
110-115 ref, 90 149158 ref. 102

“Abbreviations are: CHO, cholera toxin; CYT, cytochrome c: HBV, surface antigen of the hepatitis B virus: HCG, human chorionic
gonadotropin hormone; IFB. f-interferon: LEG, leghemoglobin: LYS, hen-egg lysozyme; MHR, myohemerythrin; MYO, myoglobin;
PIL, Gal-Gal pyelonephritis E. coli pili; RAS, h-RAS p21 oncogene; REN, human renin; SCO, scorpion neurotoxin; TMYV, tobacco
mosaic virus protein. All these fragments have been selected for the cross-reactivity of antibodies raised against peptides with the
native proteins. All the three dimensional structures have been extracted from the PDB except 1FB which is a model.
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TABLE 3

Secondary structure composition of epitopes in 11 known three-dimensional structures®.

Protein codes” Number of antigenic amino acids in
Helices Sheets Turns
CHO 5 24 21
CYT 21 0 23
IFB 22 0 23
LEG 40 0 5
LYS - 13 38
MHR 29 0 26
MYO 36 0 20
RAS 41 16 28
REN 1 29 78
SCO 6 10 27
™YV 35 6 49
TOTAL 243 98 338

RATIO 3579 14.43 49,79

Total Protein length Structure references
50 103 ref. 105
44 104 ref. 106
45 166 ref. 86
45 153 rel. 107
55 129 refl. 108
55 118 ref. 109
56 153 rel. 110
85 189 ref. 111
111 340 ref. 112
43 65 rel. 113
90 158 rel. 114

679 1678
100 40.46

"The protein codes are listed in Table 2. PThe ratio cells show that 50% of antigenic determinants are located in turns while 35% are
found in helices and 15% in f-sheets. The total cells indicate the sum of the column. The last ratio of the protein length column
indicates that nearly 40% of amino acids of those proteins are antigenic. This reveals that our antigenic database is not biased toward

too small proteins.

antigenicity prediction is to select peptides for
synthesis and this is based only on positive corre-
lation.

The test for the accuracy of antigenicity predic-
tion was performed as for the turn prediction, ex-
cept that the comparisons are now made with the
epitopes of Table 2. It should be noted that the
precision of data on epitope localization in pep-
tides. that may be as long as 18 residues, is not as
good as that of the localization of turns in erystal-
lographic structures of proteins. This means that
the sensitivity of the A/A +C criterion for accu-
rate prediction is not the same in both cases.

4. Results
4.1.  Deseription of the turn databases

The comparison of our turn frequency values
with those of Chou and Fasman [30] presents
some discrepancies for some amino acids. Unfor-
tunately, it is not possible to distinguish errors at-
tributable to the limitation of the size of the Chou
and Fasman database from those caused by the
presence in that database of poorly refined struc-
tures [63].

The most striking difference concerns the un-
derestimation of Gly and the overestimation of
Met and Cys at the 2nd and the 3rd position in
the Chou and Fasman frequencies (Table 4). In-
terestingly the value of Trp at the 4th position is
the highest in both the Chou and Fasman data-
base and in our own database (Table 4).

In general, the frequencies of the different resi-
dues at the 2nd and 3rd position of a turn are very
similar in both databases. It is well-known that
the two middle positions of a turn (i+1, i+2) are
the most important ones for a correct chain rever-
sal [32]. The important role of these two positions
is supported by a comparison of the four posi-
tions in the turns in each database (i.e., 33", “10°,
‘EE’). The frequency distribution of each AA in
the three databases gave a lower standard devia-
tion for the 2nd and the 3rd position (Table 4).
This is in line with the observation that only a
few amino acids (Pro, Gly, Ser, Asn, Asp for in-
stance) occurred in these positions.

The database corresponding to TURNIO is
closer to a helix database than to a typical turn
class since component AAs like Ala, Glu, Asp.
Ser are mainly found in helices [27]. However,
some typical turn AAs such as Pro and Asn were
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TABLE 4

List of the conformational parameters obtained for each of the four turn databases”.

Amino  Position | in the turn database MEAN Shv Amino  Position 2 in the turn database MEAN SDV
acids  TURN33 TURNEE TURNIO acids  TURN3 TURNEE TURNIO
A 0.67 0.62 1.00 0.76 0.21 A 0.86 0.62 1.24 0.91 0.31
C 1.37 0.85 1.29 1.17 0.28 C 0.29 1.13 0.64 0.69 0.42
D 2.30 1.46 2.39 205 0.51 D 0.93 1.68 0.77 1.13 0.49
E 0.62 0.77 0.39 0.59 0.19 E 1.20 1.03 1.66 1.30 0.33
F 1.09 0.70 1.59 1.13 0.45 F 0.54 0.52 0.80 0.62 0.16
G 0.78 0.87 1.16 0.94 0.20 G 0.63 224 0.94 1.27 0.85
H "l | 0.91 3.24 2.09 1.17 H 0.21 0.91 0.46 0.53 0.35
1 0.36 1.56 0.20 0.71 0,74 1 0.32 0.52 0.49 0.44 0.11
K 0.56 0.76 0.33 0.55 0.22 K 1.31 0.86 1.32 1.16 0.26
L 0.58 0.70 0.87 0.72 0.15 L 0.33 .44 0.87 0.55 0.29
M 0.38 0 0 0.13 0.22 M 0.38 0 0.83 0.40 0.42
N 1,72 1,92 1.36 1.67 0.28 N 0.62 2.06 0.31 1.00 0.93
P 1.29 0.60 2.50 1.46 0.96 P 4.19 1.64 .64 3.16 1.34
Q 1.06 (.54 0.14 0.58 0.46 Q 0.75 0.54 0.41 0.57 0.17
R .52 1.31 .14 0.99 0.42 R 1:37 0.19 1.00 .85 0.60
S 1.59 1.08 0,70 1,12 0.45 S 2.00 1.50 1.27 1.59 0.37
T 1.13 0.51 0.54 0,73 0.35 15 1.31 0.92 0.47 (.90 0.42
A 0.66 1.98 0.34 0.99 0.87 A% 0.34 0.36 0.82 0.51 0.27
w 0.60 1.30 2.31 1.40 0.86 w 0.45 0 0.99 0.48 0.50
Y 0.89 0.68 1.04 0.87 0.18 ¥ 0.83 0.17 .65 0.55 0.34
SUM 20.28 19.12 22.53 20.64 1.73 SUM 18.86 17.33 19.58 18,59 1.15
Amino  Position 3 in the turn database MEAN SDV  Amino Position 4 in the turn database ~ MEAN  SDV
aads  TURN33 TURNEE TURNIO aids  TURN3 TURNEE TURNIO
A 0.57 0.54 0.95 0.69 0.23 A 0.83 093 1.30 1.02 0.25
C 0.49 0.28 1.29 0.69 0.53 C 1.47 0.56 1.72 1.25 0.61
D 1.52 1.35 222 1.70 046 D 1.44 0.79 1.88 1.37 0.55
E 1.07 0.9 225 1.41 0.74 E 1.07 0.77 0.98 0.94 0.15
F 0.73 0.87 0.13 0.58 0.39 F 0.66 0.87 1.46 1.00 0.41
G 342 4.05 0.33 2.60 1.99 G 1.93 1.30 0.50 1.24 0.72
H 0.95 0.3 1.85 1.03 0.78 H 0.84 0.30 1.85 1.00 0.79
1 0.09 0.13 0 0.07 0.07 1 0.45 1.04 0.69 0.73 0.30
K 0.94 0.43 1.32 0.90 0.45 K 0.67 1.19 1.23 1.03 0.31
L 0.27 0.26 0.33 0.29 0.04 L 0.67 0.18 1.07 0.64 0.45
M 0.25 0.37 0.28 0.30 0.06 M 1.01 1.83 0.56 1.13 0.64
N 2.24 1.79 1.99 2.01 0.23 N 0.86 0.96 1.67 1.16 0.44
P 0.16 0.3 (.68 0.38 0.27 P ) 0 0 0 0
Q 0.69 .54 1,23 0.82 0.36 Q 1.13 2.52 110 1.58 0.81
R 0.85 113 0.43 0.80 0.35 R 1.04 1.13 1.71 1.29 0.36
5 1.1 1.42 2.6 1.71 0.79 S 1.13 1.25 0.70 1.03 0.29
E 0.67 0.61 0,78 0.69 0.09 T 1.06 0.92 0.39 0,79 0.35
v 0.09 0.09 0.27 0.15 0.10 v 0.87 1.17 0.14 0.73 0.53
W 0.75 1.3 0 0.68 0.65 W 1.20 2.17 1.65 1.67 0.49
Y 0.95 0.34 0.36 .55 0.35 Y 1.24 .85 1.82 1.30 0.49
SUM 17.8 17 19.29 18.03 l.16  SUM 19.57 20.73 2242 20.91 1.43

*The values are given by the formula: (ni/Ni)/(Nj/N); where N is the total number of amino acids in the data base (N = 15938), Nj is
the total number of residues occurring in turns (Nj =793 for the turn column), ni is the number of residues in position 1 (nl = 30 for Ala
in the first position of the turn scale) and Ni is the total number of such a residue in the whole database (N1 = 1342 for Ala). The mean
column corresponds to the mean value for each AA of the three turn database. one position at a time. It should be noted that the
standard deviations of the means are lower for the two middle positions (namely the positions 2 and 3).
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found but no significant quantity of Gly.

There were strong differences between the
TURN33 and TURNEE databases. Most differ-
ences appeared in the first and the fourth posi-
tion where hydrophobic AAs like Val and lle,
which have a typically fi-sheet AA preference, are
more prevalent in the TURNEE database. Fur-
thermore, the two middle positions in the TURN-
EE database have few large AA like Trp and Tyr
in the 2nd position or His and Tyr in the third
position (Table 4) and charged AAs are nearly al-
ways excluded from those two positions com-
pared to the TURN33 database.

The diversity in amino acid composition for
each turn position implies that a global database
(i.e., the mean of the frequencies in the four data-
bases) would lead to a smoothing of those confor-
mational subtleties and could lead to possible mis-
interpretation in the location of turns in proteins.

4.2.  Description of the turn predictions

The three turn databases (TURNI10, TURN-
EE, TURN33) were normalized between the va-
lues +3 and —3 by the PREDITOP package [60]
and were used as propensity scales for secondary
structure predictions. The PREDITOP package

TABLE 5

Turn predictions using our own turn databases®.

was run for all the prediction curves and the AD-
DITIO and MULTIPLI routines were used as de-
scribed [60]. Cross validation of our prediction
method was not considered to be necessary since
the removal of one protein from a database of
the size we used would have led to only a very
small change in the data base.

We used the calculated files to localize turns or
loops in all the proteins of the database. The re-
sults for the three scales are given in Table 5. We
obtained a mean, with all the scales, of 80% of
correctly predicted peaks using the MULTIPLI
routine and nearly 70% when using the ADDI-
TIO routine. The result files obtained by the mul-
tiplication routine have only a few predicted
peaks but with only few incorrect predictions,
while the addition result files predict five times
more peaks than the multiplication routine but
with a ten percent point increase in incorrect pre-
dictions. It is interesting to note that the best pre-
diction results obtained by Chou and Fasman [30]
was 70% which corresponds o our addition pro-
cedure score. This means that the ADDITIO rou-
tine could be useful for predicting turns in a sec-
ondary structure prediction. If we compare the
addition results, our results are closer to those ob-
tained with the neural network method [64,65]

Turn database A C AJA+C

TURNIO0 multiplication 127 22 0.85
addition 1555 990 0.61

TURNEE multiplication 450 148 0.75
addition 1818 912 0.67

TURN33 multiplication 320 72 0.82
addition 1994 §11 0.71

Mean ratio AJA+C multiplication 0.81

for addition 0.66

“The predictions are obtained by multiplying (first lines) or by adding (second lines) the profiles corresponding to positions | to 4 ina
turn (detailed in the text). The three turn databases have been tested on the 87 proteins from the BRK database. The A column
corresponds to the correctly predicted amino acids above the threshold of 0.7 times the standard deviation; this means that the
predicted amino acids are located in known loop regions {non-helix and non-sheet). The C column corresponds to the incorrect
predictions above the threshold of 0.7 times the standard deviation; this means that the predicted peaks are located outside of any

known loops. The accuracy ratio A?C gives the percentage of correct predictions.
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which gave 70% of correctly predicted residues in
turns. However, the results obtained with the mul-
tiplication are closer to those obtained with the
pattern approach developed with well known pro-
tein families [66,67] which gave up to 90% of cor-
rect prediction using homologous proteins.
Nevertheless, our method is less accurate regard-
ing specific turns than the turn assignment predic-
tion done by Wilmot and Thornton [31] who ana-
lyzed the different types of f-turns in proteins by
searching locations of typical AAs in well known
types of turns namely, type I, type II as well as in
non-specific turns where specific side-chain inter-
actions could be the basis for turn conformation.
It should be emphasized that our method does not
attempt to predict the location of all turns in a
protein but only tries to identify regions where
turns have a high probability of occurrence. Our
results indicate that our turn prediction method
is indeed sufficiently accurate for the purpose of
antigenicity prediction.

4.3. Correlation between predicted turns and
antigenic sifes

There is considerable evidence that antigenic
sites are often located in the turns of proteins. In
the present study we did not attempt to examine
the correlation between antigenicity and the loca-
tion of actual turns in proteins of known struc-
ture, but to use the likely correlation between pre-
dicted turns and the location of antigenic sites in
order to predict antigenicity. Furthermore, our
major aim was not to use the turn scales for iden-
tifying all antigenic regions of a protein but to use
them for identifying with a high level of accuracy
at least a couple of the antigenic regions of a pro-
tein.

For this purpose we computed four files, each
one representing a position in a four residue turn.
The calculation was based on a window assign-
ment of five residue length centered on the third
one [60]. This window size was preferred over the
four residue window size because of the proximity
effect obtained by an odd centered window. Each
position of the window was smoothed by a Gaus-
stan function as already described [60]. Then we
added or multiplied those four result files in or-
der to eliminate incorrect predictions. One value
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in the result file corresponds to one turn in the
protein (four residues), leading to sharp predicted
peaks. The MULTIPLI routine was principally
used to evaluate antigenicity predictions. All the
results are presented in Tables 5-9. The left col-
umns of the tables represent the predictions ob-
tained with the MULTIPLI routine while the
right columns correspond to the ADDITIO rou-
tine.

The TURNIO0 scale was the least successful in
antigenicity prediction. This may be due to the
fact that such turns are fragments of 3, helices.
This is revealed by the fact that peaks fall in com-
pletely different regions from those predicted with
the other turn scales. However, we can notice that

TABLE 6

Ratio between correctly and uncorrectly predicted amino acids
in epitopes using the TURNI0 scale™.

Multiplication Addition

Protein

codess A € AJA+Q) A C  AA+Q)
CHO 0 0 11 4 0.73
CYT 1] 1 1] 9 5 .64
HBY 0 2 0 15 14 0.52
HCG 4 I 0.80 12 [§] 0.67
IFB 1 3 0.25 4 17 0.19
LEG 0 | 0 12 17 .41
LYS 4] 1 1 9 g .64
MHR 0 0 4 11 0.27
MYO 0 0 f 10 0.38
PIL 0 1 0 13 19 0.41
RAS 1 | 0.50 18 9 0.67
REN 5 1 0.83 26 1R 0.59
SCO 2 3 0.40 3 4 0.43
™V 3 0 | 18 7 0.72

Mean L14 107 034" 11.43 10.43 0.52"

“The A and C columns correspond to the same values as in the
legend of Table 5, except that the prediction is compared to the
epitope location. It is noteworthy that the Aj{A +C) ratios do
not correspond Lo a global antigenicity prediction, but rather to
a ratio of no incorrect prediction, The three scales are
represented as well as the total turn scale. The first columns
correspond to the multiplication of the four predicted files of
each turn position and the second columns correspond to the
addition. "The removal of the five proteins (CYT, LEG. LYS,
MHR and MYQ) that are common to the turn and antigenicity
data bases led to a change of the value 0.34 to (.47 and of the
value (.52 1o 0.55, indicating an even better prediction score.



TABLE 7

Ratio between correctly and incorrectly predicted amino acids
using the TURNEE scale”.

TABLE 8

Ratio between correctly and incorrectly predicted amino acids
using the TURN33 scale®.

Multiplication Addition Multiplication Addition

Protein - Protein —
codes A e AlA+C) A C AA+C) codes A C AJA+C) A E: AlA+C)
CHO 2 | 0.67 10 3 0.77 CHO 2 ] 1 6 i 075
CYT 2 0 1 [§] 3 0.67 YT v} 1 0 8 5 0.62
HBYV 7 1 0.88 20 19 0.51 HBV 2 4 0.33 25 14 0.64
HCG 4 2 0.67 12 7 0.63 HCG 4] 0 | 17 10 0.63
IFB 9 1 0.90 14 b 0.64 1B 7 0 1 14 16 0.47
LEG 3 ] 0.27 9 20 0.31 LEG 0 2 0 6 13 0.32
LLYS 2 0 | 5 5 0.50 LYS 4 0 | 15 v} |
MHIR 3 4] 1 7 8 0.47 MHR 1 1 0.50 5 7 0.42
MYO 2 0 1 10 14 0.42 MYO 1 0 1 12 8 0.60
PIL 8 2 0.80 23 4 0.85 PIL 1 2 .33 23 3 (.88
RAS 4 4 00.50 15 20 0.43 RAS 1 0 | 10 9 0.53
REN 4 10 0.29 21 40 (.34 REMN 5 1 (L83 20 22 (.48
SC0 1 1 .50 g 2 0.82 SCO 1 0 1 7 1] 1
T™MV 2 3 0.40 18 7 0.72 ™V 2 | 0.67 12 & 0.67

2.36 0.70 12.79 11.43 0.58" Mean 236 0.86 0.69" 13.07 821 0.64"

Meun 179

*Same comments as in Table 6.
PWithout the five proteins present in both data bases, the value
0.70 became 0.62 and the value 0.58 became (1.63 (see Table 6).

the TURNIO0 scale is the only one that gave a pre-
diction ratio of 1 for TMV protein (Table 6). It is
also surprising that this scale gave better results
with the ADDITIO routine than with the MUL-
TIPLI routine. This indicates that this turn scale
1s not very reliable for antigenicity predictions.
The TURNEE scale (hairpin) gave the best re-
sult when the multiplication routine was used, i.e.,
a mean ratio (A/A+C) of 70% (Table 7). One
can notice that the predicted antigenic peaks arc
often found in hairpin turns in proteins of known
three-dimensional structures. If a peptide adopts a
hairpin structure in solution, such a scale could be
of great advantage in antigenicity prediction. In
the many instances where the TURNEE scale
leads to incorrect antigenicity predictions for pro-
teins of known three-dimensional structure, the
incorrectly predicted peaks fall within hairpin
turns of the three-dimensional structure (Fig. 1)
indicating that the incorrect antigenicity predic-
tions are not a consequence of wrong turn assign-
ments. As expected we observed better results
with the multiplication than with the addition

“Same comments as in Table 6.
"Without the five proteins present in both data bases, the value
0.69 became 0.79 and the value 0.64 became 0.67 (sce Table 6).

TABLE 9

Ratio between correctly and incorrectly predicted amino acids
using the Lewilt scale”.

Protein codes A C ANA+C)
CHO 16 8 0.67
CYT 12 12 (0.50
HBYV 41 21 .66
HCG 17 15 0.53
IFB 18 19 0.49
LEG 17 18 0.49
LYS 29 2 0.94
MHR 17 7 0.71
MYO 16 17 0.48
PIL 27 12 .69
RAS 23 18 0.56
REN 35 48 0.42
SCO 13 1 .93
TMV 28 8 0.78
Mean 22.07

14.71 0.63

“A window length of five residues centered on the third was
used. The window is smoothed by a Gaussian function as in the
addition or multiplication routines. The threshold s 0.7 tmes
the standard deviation.
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Fig. 1. Antigenicity prediction profile of renin constructed by the scale TURNEE as explained in the text. This graph was normalized
between +3 and —3. The two plain lines around the mean correspond to +0.7 time the standard deviation. Rectangles at the top of
the curves correspond to the known protein epitopes with the circles drawn on the curves corresponding to these residues. The
secondary structure pattern, if known, is shown above the rectangle. The plain line corresponds to a helix, a dashed line corresponds
to a sheet and a dotted line to a turn. The percentage of correct prediction is 29%. However, we can note that the two highest peaks
fall in turn regions near a f-sheet structure. In this case, an incorrect antigenic prediction is not caused by an incorrect turn prediction.

routine. In fact, the ADDITIO routine gave re-
sults as reliable as those obtained with the turn
scale of Levitt [27] but always with fewer peaks
(Fig. 2). The capacity of our method to identify
only a small number of turns fulfills our major
aim which was to predict few peaks but with a
high degree of reliability.

The TURN33 scale (classical turns, Table 8)
led to similar results as the TURNEE scale (Ta-
ble 7). This scale produced, with seven proteins, a
fully correct prediction (i.e., a ratio A/A+C of 1,
for the multiplication routine) (Fig. 3). The totally
incorrect prediction obtained for the leghemoglo-
bin protein may be due to the fact that this pro-

tein belongs to the helical class of proteins (A
class) in which few hydrogen-bonded turns are
present. The excellent results obtained with myo-
globin may be due to the fact that, because of ex-
tensive immunochemical studies, all epitopes of
this molecule have been identified. After the
TURNIO0 scale, the TURN33 scale gave the low-
est number of peaks, i.e., a mean of 2.36 per pro-
tein in the case of the multiplication routine (Ta-
ble 8). One should remember that turn predictions
lead to one residue peak for the four positions of
a turn. Surprisingly, the results obtained with the
addition procedure are similar (mean ratio A/
A+ C of the 14 proteins equal to 0.64) to those

o

Fig. 2. Antigenicity prediction profile of renin constructed by the scale TURN33 (top) and by the turn scale of Levitt (bottom) as
explained in the text. The plot description is identical to that of Fig. 1. In the second plot, 21 peaks were predicted (standard method
leading to a correct prediction of 42%) while in the first plot only 3 peaks were predicted (multiplication method leading to a correct
prediction of 83%). Our calculation method is thus well suited for predicting a small number of peaks with a high level of confidence.
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Fig. 3. Antigenicity prediction profile of human chorionic gonadotropin hormone constructed by the scale TURN33 as explained in
the text. The plot description is identical to that of Fig. 1. In this case, the percentage of correct prediction is 100%.

obtained with the multiplication procedure (mean
ratio of 0.69). However, the drawback of the ad-
dition procedure is that five times more peaks
were predicted (13.07 for the addition and 2.36
for the multiplication procedure).

In order to ascertain the value of a new predic-
tive method it is necessary to compare its results
with those obtained with standard methods. We
therefore compared our results with those ob-
tained with the Levitt scale which was found ear-
lier to give the best antigenicity prediction [20].
The mean ratio (0.63) obtained in the present
study (Table 9), using 14 proteins, is nearly identi-
cal to the ratio of 0.61 found with 11 proteins in
our previous study [20]. However, the Levitt scale
gave 7% more incorrect predictions and also pre-
dicted 10 times more peaks than the multiplica-
tion procedure on the four-position turn scales (a
mean of 22.07 amino acids predicted per profile).

5. Discussion
Many algorithms have been developed to pre-

dict the position of continuous epitopes in pro-
teins from certain features of their primary struc-
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ture. The relative effectiveness of the various
methods has been difficult to assess mainly be-
cause different authors have used different criter-
ia for evaluating the level of correct prediction. In
the present study, as well as in an earlier compar-
ison of various algorithms [20] we used an evalua-
tion method (A/A + C) similar to that used in the
first study of Hopp and Woods [21] except that
we counted amino acids instead of simply count-
ing the highest peaks. '

Previous studies have shown that some of the
best results were obtained by combining several
parameters such as hydrophilicity, surface accessi-
bility, backbone flexibility or secondary structure
[22,33]. However, different authors have com-
bined various scales in different ways. Jameson
and Wolf [33] for instance, gave the different
parameters an arbitrary weight before adding the
separate curves to compute the so-called antigenic
index. Unfortunately, the integrated version of
the antigenic index into the UWGCG package
[68] does not provide any accuracy testing rou-
tine [69].

Parker et al. [22] used the superimposition of
three profiles namely their HPLC hydrophilicity



profile, the surface profile according to Janin [70]
and the flexibility profile according to Karplus
and Schulz [25]. They reported a high level of cor-
rect prediction although they did not consider in-
correct predictions in the evaluation of their
method. Other methods of predicting antigenicity
by combining different scales have also been pro-
posed [71,72], but no information was provided
regarding the obtained level of incorrect predic-
tions.

In the present study, we developed new turn
scales based on the occurrence of amino acids at
each of the four positions of a turn using a data-
base comprised of 87 proteins. We found that
these scales correctly predicted turn regions in
proteins with approximately 80% confidence.
When the turn scales were used to predict antige-
nicily in proteins, it was found that the level of
correct prediction was 70% (with 14 proteins).
The major difference compared to previous re-
sults is the smaller number of predicted peaks of
antigenicity, approximately two peaks per predic-
tion for each protein. This high level of accurate
prediction shows a posteriori that turn prediction
does correlate with antigenic sites. Such a score
has never been reached by any technique in
which the accuracy was estimated by counting
correctly and incorrectly predicted amino acids.

The principal assumption made in this study is
that short peptides corresponding to turns in pro-
teins will tend to have a turn conformation in so-
lution. The advantage of using turns for antigeni-
city prediction is that they incorporate structural
information which cannot be represented by a sin-
gle physico-chemical parameter such as hydrophi-
licity. Indeed, it seems at least as important for
antigenicity to take into account the form of the
peptide in solution as to consider the chemical
properties of its constituents.

It may be surprising that our antigenicity pre-
diction based on turns is so successful since, in
our antigenic database, only 50% of the epitopes
are constituted of turns. However, our method
detects the most probable turns and it is conceiva-
ble that these turns are also the major epitopes of
a protcin. Moreover, turns possess all the well-
known parameters considered to be important in
antigen-antibody recognition, namely hydrophili-
city, accessibility and flexibility.
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