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ABSTRACT. A method to predict the relative binding strengths of all possible  nonapeptides to the M H C  class I 
molecule HLA-A2 has been developed based on experimental peptide binding data.  These  data indicate that,  for 
most  peptides,  each side-chain of the peptide contributes a certain amount to the stability of  the HLA-A2 complex 
that is independent of  the sequence of the peptide. To quantify these contributions, the binding data from a set of 
154 peptides  were combined together to generate a table containing 180 coefficients (20 amino acids X 9 
positions),  each of  which represents the contribution of one particular amino acid residue at a specified position 
within the peptide to  binding  to HLA-A2. Eighty peptides formed stable HLA-A2 complexes, as  assessed by 
measuring the rate of dissociation of p2m. The remaining 74  peptides formed complexes that had a half-life of P2m 
dissociation of less than 5 min at  37”C,  or did not bind  to HLA-A2, and  were included because they could be used 
to constrain the  values  of  some  of  the coefficients. The ”theoretical” binding stability (calculated by multiplying 
together  the corresponding coefficients) matched  the experimental binding stability to  within  a factor  of 5. The 
coefficients were then used to calculate the theoretical binding stability for all the previously identified self  or 
antigenic nonamer  peptides known  to  bind  to HLA-A2. The binding stability for all other  nonamer  peptides  that 
could be  generated from the proteins from which these peptides  were derived was  also predicted. In every case, 
the previously described HLA-A2 binding peptides  were  ranked in the top 2% of all possible  nonamers  for  each 
source protein. Therefore,  most biologically relevant  nonamer  peptides should be identifiable using  the table of 
coefficients. We conclude that the  side-chains  of  most  nonamer  peptides to the  first approximation bind inde- 
pendently of one  another to the HLA-A2 molecule. Journal of Immunology, 1994, 152: 163. 

M HC  class I molecules  are normally expressed 
on the  cell  surface  in  a  stable  complex, with 
any one of a large  number of peptides  gener- 

ated upon proteolysis of intracellular  proteins (1, 2).  In 
theory,  each  allelic  variant of a  class I MHC molecule 
selects  these  peptides  based on the  complementary  struc- 
ture of the  peptide and the  polymorphic  pockets within the 
peptide-binding  groove (3, 4). In the  past,  motifs  specific 
to individual class I molecules have been  determined by 
comparing  the  sequences of endogenous  peptides isolated 
from purified class I molecules (5, 6), or by comparing the 
sequences  of  peptides that are known to bind to each class 
I molecule (7). In  every case studied so far, at certain 
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positions  within  the peptide, one  aa2 or a  small number of 
related aa  are  found to be nearly invariant; these aa 
are  called  dominant anchor residues ( 5 )  and appear to 
“anchor”  the peptide into  the  class I peptide binding  site 
by having  a  structure that is  complementary to a pocket of 
the  peptide-binding groove. For  example,  endogenous 
peptides isolated from purified HLA-A2 contain as dom- 
inant  anchor  residues  Leu or Met at P2, and Val or Leu at 
P9 (5 ,  S), which  are thought to bind in the B and F pockets, 
respectively (4). Some of the  other  positions within the 
endogenous  peptides  are  also  enriched  for  specific aa; 
these are  defined as auxiliary  anchor  residues (5).  In many 
cases, it is not clear to what  degree  the  allele-specific 
peptide-binding  motifs  consisting of dominant and auxil- 
iary anchor  residues  are  a  consequence of the requirements 

Abbreviations used in this paper: aa, amino acid residue;  CF,  gel filtration; 

tide 58-66 (CILCFVFTL); P1, position 1 in  a peptide; Pa, last position in  a 
IBS, independent binding of side-chains; M1, influenza A matrix protein pep- 

peptide; p2m, p2-microglobulin. 

Copyright 0 1994 by The American Assoclation of Immunologists 0022-1  767/94/$02.00 



164 RANKING POTENTIAL HLA-A2  BINDING PEPTIDES 

for peptide  binding (9), or whether part of the motif is a 
consequence of Ag processing (5). These  motifs  have oc- 
casionally proven useful for localizing the optimal  class I 
binding  peptide within the sequence of a  longer peptide 
that is known to contain  a HLA-A2-restricted T  cell  epi- 
tope (10, l l ) .  However, in other  cases, no obvious motif is 
present within the antigenic peptide (12-15), possibly re- 
flecting the limitations in our  knowledge  about  what  are 
acceptable  variations  in  peptide-binding  motifs. 

To determine to what  degree  the  dominant anchor res- 
idues or the auxiliary anchor  residues  of the HLA-A2  mo- 
tif are  important for peptide  binding, we have extended  our 
previous  peptide-binding  study (16) to include  a  more  ex- 
tensive set of nonapeptides,  many  of which are  interrelated 
by single aa substitutions.  These new data indicate that at 
each position within the peptide, some  aa  are  more  favor- 
able than others,  regardless of the sequence of the rest of 
the peptide; therefore, it should theoretically be possible to 
improve upon predictions  based solely on the anchor res- 
idues at P2 and P9 that are  specific to HLA-A2  binding 
peptides. We present a  table of 180 coefficients  specific 
for  each of the 20 aa at each of the 9 positions within the 
peptide. This table of coefficients  incorporates  all of the 
data that we have  collected and can  be used to predict the 
stability of HLA-A2 complexes  containing any desired 
peptide. A  mathematical  combinatorial  approach  similar to 
that used to generate  the HLA-A2 binding  coefficients 
could  also be applied to other  macromolecular  interac- 
tions, such as between  oligonucleotides and DNA-binding 
proteins. 

Materials  and  Methods 
Peptides 

Peptides were synthesized and purified as described (17). 

HLA-A2 binding assays 

Native isoelectric focusing gel and  GF peptide binding  assays  were used 
as described (17).  These assays measure peptide binding indirectly by 
monitoring the ability of  peptides to promote incorporation of lZ5I- 
labeled P2m into HLA-A2/Pzm/peptide heterotrimeric complexes. Be- 
cause the HLA H chain is refolded from inclusion bodies prepared from 
Escherichia coli, there are no endogenous  peptides present to  confound 
the data. Instead, '251-&m is incorporated into  HLA  complexes only 
when an appropriate synthetic peptide is present. 

Rate  measurements 

The stability of HLA-A2 complexes containing specific peptides was 
assessed by measuring the Pzm dissociation rate as described (17). 
Briefly, HLA complexes containing 1z51-pzm were isolated by GF and 
&m dissociation was measured by means of a second round of GF.  To 
make accurate measurements of half-lives that were less than 20 min, it 
was necessary to collect the purified complexes from the first round of 
GF directly into microcentrifuge tubes that were then maintained at 0°C. 
Each aliquot to be used for a time point was separately incubated from 
between 1 and 30 min at 37°C before the second round of GF. 

Mathematical  modeling 

To combine the data mathematically from a large number of experiments, 
a Fortran program was written that could optimize for the values of all 

180  (20 aa X 9 positions) coefficients with any number of simultaneous 
equations. The rate data for a peptide whose sequence was GILGFVFTL 
would be entered as follows: 

ERR = In(t,,z) 

- In(G1 X I2 X L3 X G4 X F5 X V6 X F7 X T8 X L9 X Constant) 

where ERR squared equals the error function to be minimized, r,,2 equals 
the measured half-life of dissociation in minutes at 37"C, G1 represents, 
for example, the coefficient for Gly at P1 to be determined (see Table I), 
and Constant equals the overall normalization constant. For the peptides 
that had half-lives of dissociation of <5 min, ERR was set equal to 0.0 if 
the second term (the logarithm of the product of the coefficients and the 
normalization constant) was less than ln(5.0); otherwise, ln(5.0) was sub- 
tracted from the second term. The program calculated the values for the 
coefficients that minimized the sum of the error functions of the 154 
equations, where each equation corresponds to the rate data for one pep- 
tide. After the coefficients were calculated, the coefficients at each po- 
sition were normalized by dividing by the coefficient for Ala at that same 
position, and all of the normalization constants  for Ala at each position 
were combined into Constant. As a result, the coefficients for  Ala are not 
independent, and there are only 172 independent variables: one for each 
aa (19 independent terms relative to Ala) at each of the 9 positions within 
a nonameric peptide, plus Constant. Thus, Constant equals the predicted 
half-time for dissociation of a complex containing  the peptide 
AAAAAAAAA in minutes at 37°C. 

In practice, to limit the number of variables to a number more appro- 
priate for  the amount of data we had collected, 82  variables  were selected 
that appear to be the most important for determining peptide binding to 
HLA-A2  (see Table V). Of these variable coefficients 40 were at the 
dominant anchor positions at P2 and P9, which are known to be critical 
for peptide binding to HLA-A2 (5, 8). A total of 31 variable coefficients 
were selected on the basis of the relationship between the sequences of 
the peptides and the data that were collected. For example,  a coefficient 
was  always allowed to be a variable if the dissociation rate for an 
HLA-A2 complex containing  a peptide was significantly different from 
the dissociation rate of a complex that contained a second peptide that 
differed in sequence only at the position of the coefficient. Eight other 
coefficients were allowed to be variable (D at P1; R and W  at P3; W and 
Y at P5; W and Y at P6; and W  at P7) because they correspond to aa that 
are chemically similar to aa that are expected to be important for binding 
based on the singly substituted peptide studies described above. Three 
coefficients at P4 (corresponding to Ile, Leu, and Phe) were allowed to be 
variable because peptides containing these aa formed complexes that 
were less stable than could otherwise be accounted for. All other coef- 
ficients were fixed at 1.0. A fortran program was written based on the 
algorithm of Davidon (18) to solve for all 82 variables simultaneously. A 
second program was written that further optimized each coefficient sep- 
arately starting with the output from the first program. In addition, this 
program determined the maximum tolerable value  for  a coefficient that 
was present only in the set of nonbinding peptides. The coefficients (see 
Table V) were obtained using these two programs starting with the as- 
sumption that each coefficient (and Constant) had a value of 1.0. Almost 
all nonapeptides for which we have collected data were used in the cal- 
culations, and are listed (see Tables 11-IV). There  were two classes of 
exceptions. Some peptides contained such poor dominant anchor residues 
at P2 and P9 that including them would have no impact on the calcula- 
tions. The second class of exceptions (see Table VI) were excluded be- 
cause they were not consistent with the bulk of the data.  Three of these 
peptides (see Table  VIA) probably violate the requirement of indepen- 
dent binding of side-chains (see below). The remaining 12 peptides (see 
Table VIB) contained poor dominant anchor residues at P2 and P9 or 
poor auxiliary anchor residues at P3, and often formed complexes in 
relatively low yield, or highly variable yield. It is possible that the active 
species in some  of the peptides (see Table VIB) are contaminating pep- 
tides. We are currently investigating the basis for the unusual behavior of 
these peptides. 

Comparison of experimental to theoretical 

To test how well the coefficients fit the experimental data, theoretical 
Pzm dissociation rates were calculated from the table of coefficients (see 
Table V) and the overall normalization constant. In practice, this was 
done using a program written using Dbase 111 software (Ashton-Tate, 
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Torrance, CA). In this program, the inputs  are the table of coefficients to 
be used, a table containing peptide sequences (in single aa code)  and 
experimental binding data. The program calculates the theoretical disso- 
ciation rate and the ratio of the experimental to theoretical. 

Ranking of potential HLA-A2 binding peptides 

Software was written in the Dbase I11 programming language that gen- 
erates  a table containing the sequence of every possible contiguous nine 
aa peptide starting from a protein’s primary sequence. The  peptides can 
then be indexed according to the theoretical pzm dissociation rate, 
calculated using the coefficients (see Table V). 

Results 
Pzm dissociation rate  data for pairs of peptides that 
differ at single aa 

It has  been  found that the P2m  dissociation rate from 
HLA-A2  complexes  containing  peptides  with  a  Leu at P2 
and a Val at P9 varies  over at least four orders of magni- 
tude, depending on the sequence of the rest of the  peptide 
(17). Nonetheless,  the  Leu at P2 in either  peptide 
GLGGGGGGV (t1/2 < 1 min) and in peptide LLF- 
GYPVYV (tI lz 4000 min) might stabilize the correspond- 
ing HLA-A2 complex to the same degree. One way to test 
this  idea  is to compare  the P2m dissociation  rates of pairs 
of peptides that differ in sequence by a  single  aa  substi- 
tution. Table I  contains  data of this  kind,  listed  according 
to the position within the peptide, and then alphabetically 
according to the  single letter aa code of the aa to be  com- 
pared (first column).  For  example, at the  top of Table I, 
there are  five  pairs of peptides that differ  only by substi- 
tution of Lys  for Gly at P1. The ratio of P2m dissociation 
rates obtained  for HLA-A2 complexes  containing  each 
pair of peptides  is  shown in Table I, second  column. It can 
be seen that, in this  instance, the ratio of the rate constants 
falls within  a rather narrow range, from 2.5 to  6.1. Simi- 
larly, peptides that contain  Leu at P2 bind  between 100 
and 200 times  better than the  corresponding Ala peptide, 
whereas Ile peptides bind about 15- to 25-fold  worse than 
the  corresponding  Leu  peptides.  In  most  cases, of the 15 
combinations of aa that are compared in Table I, the range 
in the  ratio  observed is considerably less than an order of 
magnitude. The variability in these ratios may be due  to 
experimental error (especially in cases  where one or both 
dissociation  rates  are <10 min or more than 2000  min) or 
may be  dependent on the  other  amino  acids present in the 
same peptide  (see Discussion). 

Prediction of Pzm dissociation rates using coefficients 
specific for each combination  of aa and 
peptide  position 

When a  given  peptide  binds to a  class  I  molecule,  the 
stability of the  complex  can  theoretically  be  divided  into 
coefficients that represent the contribution of each  aa 
within  the  peptide to the  overall  stability. To  the first  ap- 
proximation,  each of these  coefficients could be  indepen- 
dent of the  sequence of the rest of the peptide; that is, there 
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Table I. Comparison of p2m dissociation rates of HLA-A2 
complexes containing peptides differing by one amino acid 
at given position 

Peptide 1 zzii Ratiob 
Peptide 2 

Sequence tllzc Sequence tllzc 

K l / G l  
K l IG1 
K l / G l  
K l / G l  
K l IG1 

L2/A2 
L2/A2 

L2/12 
L2/12 
L2/12 

L2IQ2 
L2IQ2 
L2IQ2 

L2IM2 
L2/M2 
L2/M2 

A3/E3 
A3/E3 

F3/G3 
F3IG3 
F 3/G 3 
F3IG3 

F3/L3 
F3IL3 

G4/K4 
G4/K4 

F5/K5 
F5IK5 

V6IG6 
V 6/G 6 
V6/G 6 

F7IA7 
F7/A7 

F7/E7 
F7IE7 

V 7/G 7 
V7IG7 

L9IA9 
L9/A9 

4.6 
2.5 
4.8 
4.3 
6.1 

>24 
1 70 

>22 
>24 

15 

11 
37 

3.4 

5 
1.4 

.88 

10 
43 

>loo 
>24 

>400 
>36 

>22 
9.2 

4.0 
1.1 

2.3 
1.2 

3.8 
1.1 

1.6 

10.3 
2.6 

15.0 
3.8 

7.5 
>18 

1.8 

KALGFVFTL 
KILGFVFTL 
K I  LGKVFTL 
KLFGGGGGV 
KLFGGVGGV 

GLFGGVGGV 
GLLGFVFTL 

GLFGGGGGV 
GLFGGVGGV 
GLLGFVFTL 

GLFGGVGGV 
GLLGFVFTL 
LLFGY P V Y  V 

GLFGGGGGV 
GLFGGVGGV 
LLFGYPVYV 

GIAGFVFTL 
ILASLFAAV 

GLFGGGGGV 
GLFGGVGGV 
GLFGGGFGV 
GLFGGFGGV 

GLFGGGVGV 
GLFGGGVGV 

GI LGFVFTL 
GLFGGGGGV 

GILGFVFTL 
KI LGFVFTL 

GLFGGVGGV 
GMFGGVGGV 
KLFGGVGGV 

GILGFVFTL 
GLFGGGFGV 

GILGFVFTL 
GLFGGGFGV 

GLFGGGVGV 
GLLGGGVGV 

GILGFVFTL 

41 0 
2500 
21 00 

470 
730 

120 
15000 

110 
120 

15000 

120 
15000 

6400 

110 
120 

6400 

240 
348 

110 
120 

2000 
180 

110 
830 

1000 
110 

1000 
2500 

120 
84 

730 

1000 
2000 

1000 
2000 

830 
90 

1000 

GALGFVFTL 
GI LGFVFTL 
GILGKVFTL 
GLFGGGGGV 
GLFGGVGGV 

GAFGGVGGV 
GALGFVFTL 

GI FGGGGGV 
GI F G G V G G V  
GILGFVFTL 

GQFGGVGGV 
GQLGFVFTL 
LQFGY P V Y V  

GMFGGGGGV 
GMFGGVGGV 
LMFGY P V Y  V 

GIEGFVFTL 
I LESLFAAV 

GLGGGGGGV 
GLGGGVGGV 
GLGGGGFGV 
GLGGGFGGV 

GLLGGGVGV 
GLLGGGVGV 

GILKFVFTL 
GLFKGGGGV 

GILGKVFTL 
KILGKVFTL 

GLFGGGGGV 
GMFGGGGGV 
KLFGGGGGV 

GILGFVATL 
GLFGGGAGV 

GI LGFVETL 
GLFGGGEGV 

GLFGGGGGV 
GLLGGGGGV 

GILGFVFTA 

89 
1000 
440 
110 
120 

<5 
89 

<5 

1000 
<5 

11 
41 0 

1900 

22 
84 

7300 

24 
8.1 

N/A 
<5 
<5 
<5 

<5 
9 0  

250 
104 

440 
21 00 

110 
22 

470 

97 
770 

65 
530 

110 
1 5  

550 
>4.8 GLFGGGGGL 24 GLFGGGGGA <5 

aa, using single  letter  code,  and peptide position to be compared. 
tl/2 of the first peptide divided by tlIz of the second peptide. 
Half-life of Pzm dissociation for HLA-A2 complexes containing the pep- 

tide, in  min at 37°C. 

could  be IBS. The ratio in Table I, second  column,  can  be 
thought of as the ratio of the  corresponding  coefficients 
(see  Table V).  To test the IBS idea, the  coefficients must 
be  experimentally  determined  for  a reasonably large  set of 
peptides.  For  a  9 aa peptide, there would be 180  (9 resi- 
dues X 20 aa)  possible  coefficients. For our  initial  cal- 
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culations, we chose to limit the number of variables by 
solving for only those coefficients that are most important 
for binding to HLA-A2 (82 coefficients in all), based on 
the peptides that  we have studied. All other coefficients 
were assigned a neutral value of 1.0. 

We calculated these coeff~cients from data on the sta- 
bility of HLA-A2 complexes containing individual pep- 
tides, and also took account of which peptides did  not  bind 
to HLA-A2. Peptides that form HLA-A2 complexes can 
be distinguished from nonbinding peptides by use of a GF 
assay in which the ability of each peptide to promote in- 
corporation of 1251-/3,m into HLA-A2 complexes is as- 
sessed. Average percentage.s of peptide-dependent Pzm in- 
corporation are listed in column 2 of Tables II,III, IV, and 
VI. The peptides that formed HLA-A2 complexes could be 
further subdivided according to how stable the complexes 
were once they were formed. Those peptides that formed 
complexes that  had a half-life of dissociation of >S min  at 
37°C (see column 3) are listed in Table 11, whereas those 
peptides that formed less stable complexes are listed in 
Table 111. Peptides that caused the incorporation of less 
than 10% of the labeled P2m into HLA-A2 complex when 
assayed at a concentration of 1 mM were considered to be 
nonbinders for HLA-A2, and are listed in Table IV. In the 
calculations, each peptide in Table I1 corresponded to one 
independent equation; in which the product of the appro- 
priate coefficients and  an overall normalization constant 
was set equal to the experimentally measured half-life (see 
Materials and Methods). In contrast, the peptides in Table 
I11 and Table IV corresponded to  an inequality; in which 
the product of the appropriate coefficients and the overall 
normalization constant was set equal to less than a half-life 
of 5 min. For the purpose of discussion, each category of 
peptide was further divided by sequence into three cate- 
gories; those based on a poly-Gly or poly-Ala backbone 
(Tables IIA, IIIA, and IVA), those related to the M1 pep- 
tide, which is an optimal HLA-A2 restricted antigenic in- 
fluenza A matrix peptide (Table IIB and IVB), and other 
peptides (Table IIC, IIIB, and IVC), including HLA-A2- 
restricted antigenic peptides and essentially random viral 
peptides that  we  had synthesized. 

When  the equations and inequalities corresponding to 
each of the peptides listed in Tables 11, 111, and IV were 
simultaneously solved, the coefficients listed in Table V 
were obtained. These coefficients were then used to cal- 
culate the theoretical half-life of dissociation of p2m listed 
in the column labeled “theo” in Tables 11, 111, and IV. It 
can be seen from the ratio listed  in  the fifth column of 
Table 11 that, in every case where accurate experimental 
half-lives are obtainable, the theoretical binding stabilities 
differ from the actual binding stabilities by less than a 
factor of 5.0, and the average ratio is a factor of 1.6. The 
overall fit of the  data is shown graphically in Figure lA, 
where the theoretical half-life of &m dissociation is plot- 
ted vs the experimental half-life. Considering that these 
rate constants vary over at least four orders of magnitude, 

the fit is impressive. A ratio of coefficients similar to that 
listed in Table I, second column, can be calculated from 
the coefficients in Table V. For example, the ratio of co- 
efficients from Table V for KUG1  is 3.465/0.578 = 6.0, 
compared to a range of between 2.5 and 6.1  as shown in 
Tabie I, second column. This verifies that the c~fficients.  
shown in Table V faithfully reflect the contribution of 
each aa of a nonamer peptide for binding to HLA-A2. The 
fact that the majority of the half-lives is predicted well 
(Fig. lA) supports the premise that side-chain/side-chain 
interactions are in the majority of cases of minimal 
importance in peptide binding. 

Two features of the coefficients listed in Table V are of 
particular relevance. First, the most important coefficients 
in Table V are those that are significantly different from 
1.0. Second, the higher the frequency of the coefficient 
among the equations, the more accurately known the value 
of the coefficient. This is because the value of a coefficient 
has a greater impact on  the overall error if the coefficient 
is present in a large number of equations, especially if the 
peptides that correspond to those equations form stable 
HLA-A2 complexes. The frequency of each aa/peptide po- 
sition combination in peptides that form stable HLA-A2 
complexes (Table 11) and in peptides that do not form sta- 
ble complexes (Tables 111 and IV) is listed in parentheses 
in Table V. It can be seen that the coefficient for L2 is both 
important and accurately known, because it has a high 
numerical value (103.1831,  and  it appears in 33 different 
equations (co~esponding to 33 peptides that form stable 
HLA-A2 complexes), and  in 39 additional inequalities 
(corresponding to 39 different peptides that either form 
unstable HLA-A2 complexes, or do not bind at all). In 
contrast, the coefficient for K2 is more tentative, because 
only one peptide containing a Lys at P2 was tested  that 
formed a stable HLA-A2 complex3. To get the most ac- 
curate values for the coefficients, we included in the cal- 
culations equations corresponding to as large a number of 
peptides as possible, because each additional peptide adds 
an additional constraint to the values of nine different co- 
efficients. However, there were certain peptides that were 
excluded from the set (listed in Table VI) because their 
binding properties appeared to  be inconsistent with the 
bulk of the peptides. In particular, three peptides stood out 
(Table VIA) that bound reasonably well to HLA-A2 and 
formed complexes in high yield. These three peptides, we 
believe, violate the assumption of independent binding of 
side-chains (see below). The remainder of the peptides 
were excluded because the data seemed in some way  to  be 
“dubious” (Table VIB). Some of these peptides promoted 
the incorporation of a rather small percentage of 1251-P2m 
into complexes. One possible explanation for this could be 
that a contaminant in the peptide preparation is the active 

Analysis of the stability of complexes containing five additional peptides that 
contain Lys at P2 indicates that the coefficient for Lys at P2 as listed in Table 
V is too high, and should be close to 1 .O. 
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Table I I .  A. Poly-Gly  and  poly-Ala  nonapeptides  that  form stable HLA-A2 complexes 

Sequence" C F ~  Expt. 
tl/2 = 

Theoretical Predicted 

t1,Zd Ratioe tl/2 f Ratio8 

ALFAAAAAV 
G I  FGGVGGV 
GIDKGGGGV 
GLFGGFGGV 
GLFGGGAGV 
GLFGGGEGV 
GLFGGGFGV 
GLFGGGGGL 
GLFGGGGGV 
GLFGGGVGV 
GLFGGVGGV 
GLFGGVGKV 
GLFKGVGGV 
GLGGGGFGV 
GLLGGGVGV 
GLYGGGGGV 
GMFGGGGGV 
GMFGGVGGV 
GOFGGVGGV 
GVFGGVGGV 
KLFGGGGGV 
KLFGGVGGV 

70 
70 
70 
80 
80 
90 
90 
70 
70 
90 

80 
80 
70 
90 
60 
90 
70 
70 
60 
90 

a0 

a0 

570 
8 
6 

180 
770 
530 

2000 
24 

110 
830 
120 
96 

100 
8 

90 
140 
22 
84 

8 
6 

470 
730 

6. M1 -related  nonapeptides  that  form stable HLA-A2 complexes 
A I L G F V F T L  80  1 aoo 
GAIGFVFTL 80 
GALGFVFTI  

38 
50 89 

GELGFVFTL 60 280 
G I A G F V F T I  50 240 
G I E G F V F T I  60 21 
G I L A F V F T L  40 61 0 
G I L G A V F T I  50 220 
GILGEVFTL 80 220 
GILFGAFTL 60  220 
G I L G F E F T I  
GI L G F K F T I  
GI LGFVATL 
GILGFVETL 
GI LGFVFAI  
GI IGFVFEL 
GILGFVFKL 
G I I G F V F T A  
GILGFVFTL  
G I L G F V F V I  
G ILGFVKTL 
GILGKVFTL 
G I I K F V F T L  
G I L P F V F T L  
G I V G F V F T I  
GKLGFVFTL 
GLLGFVFTI  
GQLGFVFTL 
KALGFVFTL 
K I L G F V F T L  
K I   I G K V F T L  

a0 
50 
50 
70 
40 
90 
90 
70 
50 
90 
50 
70 
80 
90 
80 
30 
80 
90 
90 
50 
90 

730 
71 
97 
65 

1000 
870 

1200 
560 

1000 
210 
68 

440 
250 

1100 
180 

1500 
15000 

41 0 
380 

2700 
21 00 

870 
11 

3 
190 
430 
350 

2700 
22 
45 

480 
110 
110 
110 
21 

160 
30 
25 
61 
11 
6 

2 70 
660 

1300 
38 
76 

280 
21 0 

11 
770 
130 
96 

300 
960 

71 
120 
99 

770 
770 
720 
330 
770 
230 

73 
270 
770 
770 
450 

1600 
7800 
760 
450 

4600 
1600 

1.5 
1.4 
2.4 
1 .o 
1.5 
1.3 
1.1 
2.5 
1.7 
1.1 
1.1 
1.1 
2.8 
1.7 
4.5 
1.1 
1.4 
1.3 
1 .o 
1.7 
1 .1 

1 .a 

1.4 
1 .o 
1.2 
1 .o 
1.1 
1.8 
1.3 
1.7 
2.3 
1.4 
1.3 
1 .o 
1.2 
1.5 
1.3 
1.1 
1.5 
1.7 
1.3 
1.1 
1.1 
1.7 
3.1 
1.5 
2.5 
1 .o 
2 .o 
1.9 
1.2 
1.7 
1.3 

1100 
12 
0.6 

1 a0 
270 
190 

3300 
21 
39 

230 
110 
110 
110 
120 
300 

27 
50 
13 

21 0 
630 

4.1 

1.1 

1100 
20 
59 

180 
220 

760 
78 
14 

360 
21 00 

300 
130 
180 
740 
750 
730 
30 

760 
31 0 
93 

170 
820 
750 
940 

75 
6000 
1500 
540 

5600 
1200 

4.3 

2 .o 
1.6 

1 .0 
2.9 
2.9 
1.6 
1.2 
2.8 
3.6 
1.2 
1.2 
1.1 

3.4 

10 

16 

33 
1.2 
1.7 
1.6 
6.4 
2.2 
1.2 

1.6 
1.9 
1.5 
1.5 
1.1 
4.9 
1.2 
2.8 

1.6 
2.9 
4.2 
1.3 
2.7 
1.4 
1.2 
1.6 

1.4 
1.5 
1.4 
2.6 
3.3 

15 

19 

1.5 
5.2 

21 
2.6 
3.6 
1.4 
2.1 
1.8 

C. Other  nonapeptides  that  form stable HLA-A2 complexes 
A ILLGVFML 20 54 110 2.1 440 8.2 
A I Y K R W I I L  60 
A L F F F D I D L  30 
A T V E L L S F I  70 
CLFGYPVYV 90 

a Sequence in single-letter aa code. 

7  7 1 .o 340 4a 
67  67  1 .o 41 000 61 0 

6 
4600 

5 1.3 3.1 
4600  1 .o 7700 1.7 

2.0 

Average % of P2m  incorporation as  assessed by gel filtration. 
Experimentally measured half-life of p2m dissociation in  min at 37°C. 

dTheoretical  half-life of Pzm dissociation, calculated using coefficients in Table V. 
e Factor by which the theoretical half-life differs from the measured half-life:  (column 4 t column 3, or column 3 + column 4, whichever is > I ) ,  
Predicted half-life of p2m dissociation using coefficients that were calculated from all of the equations except the equation corresponding to the peptide that 

is being predicted. 
8 Factor by which the predicted half-life differs from the measured half-life: (column 6 t column 3, or column 3 + column 6, whichever is  > I ) ,  
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Table Il-Continued 

Sequence" GF Expt. 
f l /2c 

Theoretical  Predicted 

tl/, Ratioe (I/, Ratios 

C. Other  nonapeptides  that  form stable HLA-A2 complexes (Continued) 
FIFPNYTIV  90  200  300 1.5 670 
I ISIWDQSI 60 

3.4 

I I A S I F A A V  
6  6 9.8 1.7 

70 
1.1 

350 
I LESLFAAV 

330 1 .0  340 1.1 
70 10  18  1.8 45 

KLGEFFNQM 90 
4.7 

K I G E F Y N Q M  
350  190 1.8 44 7.9 

K M F G Y P V Y V  
80  220  150 1.5 57 
90  4400  15000 3.4 58000 13 

3.9 

I I F G Y P V Y V  70 6400 7800 1.2 9000 
I I W K G E G A V  80 

1.4 

LMFGYPVYV 
2 70 1.3 120 

90 7300  1.7 31 00 
3.1 

4400 
I N F G Y P V Y V  40 41  41 1 .o 350 

2.4 

IQFGY P V Y  V 90 
8.6 

NIVAHTFKV 
1800 750 2.5 2 70 6.9 

80  140  100  1.4 75 
N LV  PMVATV 90 

1.9 
480  430 1.1 360 

QMIIAIARI 
1.3 

80  110 49 2.3 13  8.5 
QMWQARITV 90 420  560 1.3 1400 
RILQTGIHV 

3.3 
90  300  330 1 .o 280 

R I V N G S L A I  70 81 64 1.3 36 
1.1 

S L Y N T V A T L  80  720  1.9 21 00 5.6 
2.3 

3 70 
TINAWVKVV 70 100  94 1.1  70 
WIYRETCNL 80 

1.4 

Y I F K R M I D I  90 5 70 420 1.4 390 1.5 

360 

91 210  1600  18 2.3 

species, as has been found  in  other assay systems (19). In 
most cases,  dissociation rates for the  peptides listed in Ta- 
ble VIB were difficult to calculate  because the majority of 
the  counts  incorporated  into  HLA-A2  complex  dissociated 
rapidly, although  a  small  percentage of the complex  dis- 
sociated with the half-life listed. For ALFAAAAAY and 
GQLGFVFTK no internally consistent half-life could be 
obtained. In addition, all of these peptides have anchor 
residues at P2, P3, or P9 (marked in bold in Table VIB), 
that are infrequent or absent among  peptides that form 
stable  HLA-A2  complexes.  For all of these reasons, we 
believe it would be wisest to exclude these peptides  from 
the  calculations for the time being, until more  peptides 
are  synthesized and tested that could help address these 
problems. 

Explanation of the values obtained for the 
coefficients 

The  coefficients in Table  V  corroborate the data obtained 
previously from  endogenous peptide sequence  analyses (5, 
8) that the most important anchor positions  are at P2 and 
P9. In addition to Leu and Met at P2, Ile and Gln  are  also 
relatively well  tolerated.  Although Gln has not been pre- 
viously reported to be an anchor residue at P2 for  wild- 
type  HLA-A2, it was recently found to be present at P2 in 
pooled endogenous  peptides isolated from mutant HLA- 
A*0205 molecules  (20), which differ from A*0201 mole- 
cules by a  single  substitution  (F9Y) in the B pocket. Our 
data suggest that the most abundant anchor residues at P2 
for this mutant are different from wild type HLA-A2 in  a 
quantitative sense only. At P1, negatively charged  residues 
are unfavorable,  whereas  Lys  is favorable. This can most 

easily be explained by an ionic  interaction with E63, 
which is known to be located near the  N-terminus of the 
peptide-binding site  (4). At P3, aromatic  residues  are  fa- 
vorable, and charged  residues  are most often unfavorable. 
A few exceptional peptides, notably ILDKKVEKV and 
ILKEPVHGV, can form  stable  HLA-A2  complexes  de- 
spite the charged  residue at P3, presumably by means of 
overriding  favorable  interactions with other  peptide resi- 
dues (a violation of the  IBS  condition). Most residues are 
equally  well tolerated at P4; however, our  data tentatively 
indicate that large  hydrophobic  residues  like  Phe  are  un- 
favorable. At P5-P7, aromatic  residues  seem to be fa- 
vored, as at P3;  however,  KLFGFVFTV, which contains 
Phe at P3, P5, and P7, binds  much  less  well than would be 
predicted (2,000 min vs 300,000 min predicted) if each of 
these positions  contributed  independently. Most likely, 
this is due to the limited space that is available within the 
peptide-binding  groove to accommodate bulky side-chains 
(this would be a  second  violation of the IBS principle). At 
P8, Val is significantly less  favorable than Ala,  Glu, Lys, 
or Thr, at least in the context of the  matrix peptide se- 
quence  (GILGFVFTL). This may indicate that the hydro- 
phobic  isopropyl  group of Val cannot be accommodated as 
easily as hydrophilic, or smaller  side-chains. At P9, Val 
and Leu are better than Met and Ile, and all other  residues 
examined  appear to be very much worse. The importance 
of the P9 position is exemplified by the data collected 
using  peptides that belong to the paradigm  GLFGGGFGX, 
because GLFGGGFGF,  GLFGGGFGN, and GLFGGG- 
FGS  form  complexes that are at least 1000-fold less  stable 
than GLFGGGFGV.  Moreover, most peptides that contain 
either  Lys or Tyr at P9  do not bind appreciably, despite 
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Table 111. A. Poly-Gly and poly-Ala nonapeptides that form 
unstable HLA-A2 complexes 

Sequencea CFb t712~ Theod Ratioe 

G A F G G V G G V  
G A F G G V G G Y  
G E F G G V G G V  
G G F G G V G G V  
G I  FGGGGGV 
G I G G F G G G L  
G I G G G G G G I  
GLDGGGGGV 
G L D G K G G G V  
G I D K K G G G V  
G L F G G G F G F  
G L F G G G F G G  
G L F G G G F G N  
G L F G G G F G S  
G L F G G G G G A  
G I F G G G G G I  
G L F G G G G G M  
G I F G G G G G T  
G I F G G G G G Y  
G L G F G G G G V  
G L G G F G G G V  
G L G G G F G G V  
G L G G G G G F V  
GLGGGGGGY 
G L G G G V G G V  
G I L G G G G G V  
G I P G G G G G V  
G N F G G V G G V  
G S F G G V G G V  
G T F G G V G G V  

20 
30 
20 
10 
40 
20 
20 
60 
10 
30 
70 
50 
80 
60 
50 
70 
60 
50 
10 
40 
60 
60 
60 
10 
40 
50 
40 
10 
20 
40 

3 

4 

1 
5 
1 
3 
1 
1 
4 
4 

2 
5 
3 
3 

1 
3 

1 

1.1 
0.002 
4.0 
0.1 0 
4.4 
0.1 2 
0.01 6 
2.9 
7.4 
7.4 
4.9 
4.9 
4.9 
4.9 
9.2 
4.9 

0.082 
0.083 
0.009 
2.6 
1.4 
0.34 
0.001 
0.084 

5 .O 
0.58 
5.0 
6.4 

14 

15 

1.3 

1.5 

7.4 
1.1 
4.9 
1.5 
4.9 
6.6 
1.1 
3.1 

250.0 
1.8 
2.3 
7.5 

1 .1 
5.2 

4.3 

B. Other nonapeptides  that form unstable HLA-A2 complexes 
A G N S A Y   E Y V  10 0.21 
G L F P G Q F A Y  10 
H I   I I G V F M L  10 
I I E S L F R A V  20 
K K K Y   K L K H I  

2 5.0 2.7 
10 

M L A S I D L K Y  20 
M L E R E L V R K  10 0.01 1 

4.8 
5 .O 

0.1 8 
0.14 

Sequence, in single-letter aa code. 

Experimentally measured half-life of Pzm dissociation in  min at 37°C. If 

than 5 min. 
no number is present, the half-life was difficult to measure, but is probably less 

dTheoretical half-life of P2m dissociation, calculated using coefficients in 
Table V. 

e Factor  by which the theoretical half-life differs from the measured half- 
life. 

"Average 70 of P2m incorporation as assessed by gel filtration. 

otherwise  very  favorable  residues (e.g., GILGFVFTK, 
KLYEKVYTY; see Table IVB and IVC). 

Application of the binding coefficients to ranking of 
known antigenic and endogenous peptides 

It would  be  interesting to know if the  known  endogenously 
synthesized self and antigenic  peptides  are among the best 
HLA-A2 binding peptides. Theoretically,  large  numbers 
of peptides may be  more  capable of binding to HLA-A2, 
but  might never be  generated in vivo. To determine 
whether  this is likely,  the  coefficients in Table V were 
used to rank all of the potential  nonamers from each of the 
proteins for which a known  antigenic or endogenous pep- 
tide has  been  identified. The parameters that describe  the 

Table IV. A. Poly-Cly and poly-Ala nonapeptides  that do not 
bind to HLA-A2 

Sequencea CFb Theo' 

A L A A A A A A K  
G D F G G V G G V  
G F F G G V G G V  
G H F G G V G G V  
G I  FGGGGGA 
G I G G G F G G L  
G I G G G G F G L  
G L F G G G G G F  
G L G G G G G G I  
GLGGGGGGV 
G P F G G V G G V  
G R I G G G G G I  
GY  FGGVGGV 

1 
4 
5 
8 
9 
3 
2 
6 
4 
5 
5 
5 
6 

0.24 
5.0 
5 .O 
5.0 
0.90 
0.068 
1 .o 
0.08 
0.1 7 
0.34 
5.0 
0.036 
5 .O 

B. M1 -related nonapeptides  that do not bind to HLA-A2 
E I L G F V F T K  0 
G I   L G F V F T E  

5 .O 
2 4.9 

G I I G F V F T K  4  5.0 

C. Other nonapeptides that do not bind to HLA-A2 
D I Y R I F A E L  4 5.0 
E I K D T K E A I  3 
E I Y K R W I I L  7 4.0 

0.01 

E L D A P N S H Y  
E L K S K Y W A I  
E I K V K N L E I  
E L R S L Y N T V  
E L R S R Y W A I  

1 0.059 
1 5.1 
2 1.1 
2 5 .O 
3 3.3 

E R Y   L K D Q Q I  4 4.9 
G E I Y K R W I I  5 4.0 
G I P V G G N E K  
G M Q W N S T A F  
I I K Q K I A D L  
I L R G S V A H K  
K I F I A G N S A  

5 0.1 5 
4 0.044 
8 1.9 
7 0.020 
1 5 .O 

K L Y   E K V Y T Y  3 5.0 
L G F V F T L T V  5  5.0 
I L S F I P S D F  5 
P I N P F V S H K  

0.004 
1 

R Y W A I   R T R S  
3.7 

2 
T P O D I N T M I  

0.082 
3 1.7 

Average 70 of P2m incorporation, as  assessed by gel filtration. 
Theoretical half-life of P2m dissociation, calculated using coefficients in 

a Sequence, in single letter aa code. 

Table V. 

ranking of each  peptide  are  shown in Table VII. Column 
3 shows the number of overlapping  nonamers that could 
be  generated  from  each protein. Column 4 shows the the- 
oretical  half-life of Pzm dissociation  for the most stable 
nonamer. The next two columns list the rank of the peptide 
using  the  experimentally  measured half-life of dissocia- 
tion, followed  by the measured half-life. Finally, the last 
two columns list the rank of peptide  when the peptide's 
theoretical  half-life of dissociation  is used, followed by the 
theoretical half-life. (Note that our  current algorithm is 
capable of ranking nonamers  only,  although  some  longer 
peptides  could  form  comparably  stable  complexes.)  The 
first peptide, the  influenza matrix peptide GILGFVFTL, 
was previously found to be a major target of all HLA- 
"restricted, influenza-specific CTL, both in humans 
(21) and in HLA-A2 transgenic mice (22). It ranks first 
among all possible nonamers  from  the matrix protein 
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Table V. Coefficients used to  calculate theoretical rate constants 

aaa Coeff  FreqC aa Coeff  Freq  aa  Coeff  Freq 

A1 
c1 
Dl 
E l  
F l  
G1 
H1 
I1 
K l  
Lf 
M1 
N1 
P1 
Q1 
R1 
s1 
T1 
V l  
W l  
Y1 

A2 
c 2  
D2 
E2 
F2 
G2 
H2 
12 
K2 
L2 
M2  
N2 
P2 
4 2  
R2 
s2 
T2 
v 2  
w 2  
Y2 

A3 
c 3  
D3 
E3 
F3 
G3 
H3 
13 
K3 
L3 
M3 
N3 
P3 

R3 
s3 
T3 
v 3  
w 3  
Y3 

4 3  

1 .ooo 
0.597 
0.041 
0.578 
1 .ooo 
0.578 
0.044 
1.000 
3.465 
1 .ooo 
1 .ooo 
1.000 
1.000 
1 .ooo 
1 .ooo 
1 .ooo 
1.000 
1 .ooo 
1.000 
1 .ooo 
1 .ooo 
0.500 
0.500 
2.840 
0.500 
0.500 
0.500 

10.151 
20.5243 

103.183 
57.920 

0.542 
0.500 

10.006 
0.500 
0.500 
6.080 
5.919 
0.500 
0.500 

1.000 
1.000 
0.726 
0.054 

11.383 
0.088 
1.000 
1.849 
0.024 
3.685 
1.000 
1 .ooo 
1.261 
1.000 
0.033 
1.000 
1 .ooo 
2.173 

12.978 
7.61 3 

A4 
c 4  
D4 
E4 
F4 
G4 
H4 
14 
K4 
L4 
M 4  
N4 
P4 
4 4  
R4 
s4 
T4 
v 4  
w 4  
Y4 

A5 
c 5  
0 5  
E5 
F5 
G5 
H5 
15 
K5 
L5 
M5 
N5 
P5 
Q5 
R5 
s5 
T5 
v 5  
w 5  
Y5 

A6 
C6 
D6 
E6 
F6 
G6 
H6 
16 
K6 
L6 
M 6  
N6 
P6 

R6 
S6 
T6 
V6 
W6 

Q6 

1 .ooo 
1.000 
1.000 
1 .ooo 
0.027 
1.000 
1 .ooo 
0.078 
1 .ooo 
0.646 
1 .ooo 
1.000 
1,000 
1 .ooo 
1 .ooo 
1 .ooo 
1.000 
1 .ooo 
1 .ooo 
1 .ooo 
1 .ooo 
1 .ooo 
1.000 
0.756 
6.044 
0.804 
1 .ooo 
1 .ooo 
2.085 
1 .ooo 
1 .ooo 
1.000 
1 .ooo 
1.000 
1 .ooo 
1 .ooo 
1.000 
1.000 
2.680 
8.002 

1 .ooo 
1.000 
1 .ooo 
3.246 
4.369 
1.060 
1.000 
1.000 
0.239 
1 .ooo 
1.000 
1 .ooo 
1 .ooo 
1 .ooo 
1 .ooo 
1 .ooo 
1.000 
2.588 
0.251 

A7 
c7 
D7 
E7 
F7 
G7 
H7 
17 
K7 
L7 
M7  
N7 
P7 

R7 
s7 
T7 
v 7  
w 7  
Y7 

A8 
C8 
D8 
E8 
F8 
G8 
H8 
18 
K8 
L8 
M8  
N8 
P8 
4 8  
R8 
S8 
T8 
V8 
W8 
Y8 

A9 
c 9  
D9 
E9 
F9 
G9 
H9 
19 
K9 
L9 
M9  
N9 
P9 
Q9 
R9 
s9 
T9 
v 9  
w 9  
Y9 

Q7 

1 .ooo 
1 .ooo 
1 .ooo 
0.820 
6.383 
0.1 05 
1 .ooo 
1 .ooo 
0.603 
1.000 
1 .ooo 
1 .ooo 
1 .ooo 
1 .ooo 
0.277 
1.000 
1 .ooo 
1.120 
5.951 
1.000 

1 .ooo 
1 .ooo 
1.000 
1.000 
1 .ooo 
1 .ooo 
1 .ooo 
1.000 
1 .ooo 
1 .ooo 
1 .ooo 
1.000 
1 .ooo 
1 .ooo 
1.000 
1 .ooo 
1 .ooo 
0.293 
1 .ooo 
1.000 

1 .ooo 
0.01 0 
0.01 0 
0.01 5 
0.009 
0.009 
0.010 
0.534 
0.01 5 
2.357 
1.501 
0.009 
0.010 
0.01 0 
0.01 0 
0.009 
0.009 
4.884 
0.01 0 
0.009 12.41 Y6 3.470 ~~1 I \-, . I 

a aa using single letter code, followed  by the position within the peptide. 

exactly 1.000 were constrained to equal 1 .O. No coefficient is known to better than two decimal places;  many coefficients may  be off by  greater  than a factor of 
Coefficient, calculated by solving simultaneously equations corresponding to each of the peptides in Tables II ,  111, and IV. Coefficients whose value equal 

2.0. The value in this table is representative of the raw output from the  Fortran program. At P2, coefficients were  assigned a value of 0.500 if  no peptides were 

contained this adpeptide position combination. Note that all undetermined coefficients in Table V have  been  assigned the value of 1 .O, which corresponds to the 
studied that formed stable  cornpiexes with this adpeptide position combination. At P9, coefficients were assigned a value of 0.01 0 if  no peptides were studied that 

coefficient for Ala at  that  same position, In making predictions of the stability of WLA-A2 complexes containing unknown peptides, one could substitute a coefficient 
with the corresponding coefficient of a chemically more similar aa.  The overall normalization coefficient = 0.1  51. 

c First  number:  number of peptides  that contain the aa  at the position in question in Table I I .  Second number: number of peptides  that contain the aa at the 
position in question in Tables 111 and IV. 
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Fit of experimental to theoretical 
t 1/2 in minutes   at  37 "C 

IA 

1 
0 1 2 3 4 5 

log(theoretica1) 

Fit of experimental to predicted 
t 1/2 in minutes   a t  37 "C 

5 0 

4 t  

0 
-1 0 1 2 3 4 5 6 

log(predictad) 

FIGURE 1. A, Comparison of theoretical half-life of P2m 
dissociation to the experimentally measured half-life.  The 
data from the third column of Table II were plotted against 
the fourth column. The line indicates the position of a perfect 
fit. B, Comparison of the predicted half-life of Pgn dissocia- 
tion to the experimentally measured half-life. The data from 
the third column of Table I I  were plotted against the sixth 
column. The line indicates the position of a perfect fit. 

(Table VIIA) and  third among all  possible  nonamers en- 
coded by the influenza  genome (data  not  shown). The 
HTLV-1 derived,  HLA-A2-restricted  peptide  LLF- 
GYPVYV (23)  also ranks first from its source protein. The 
HIV polymerase-derived,  HLA-A2-restricted,  antigenic 
peptide ILKEPVHGV (11) "theoretically" ranks 45th of 
the 1007 possible  nonamers in  the pol  protein, which 
would  place it only in the top  5%. However, in the case of 
ILKEPVHGV, the experimental rank  is  much  higher  than 
the  theoretical  rank, because  ILKEPVHGV  binds much 
better than expected  based  on the coefficients in Table V. 
Notably,  none of the other  seven higher-ranking HIV 
polymerase-encoded  peptides are predicted  to bind much 
more than twofold  better  (data  not  shown). The remaining 
three antigenic peptides, KLGEFYNQMM (24), FIAGN- 

Table VI. A. Nonapeptides that may violate the side-chain 
independence rule 

Sequencea C F ~  t,,2c Theo"  Ratioe 

KLFGFVFTV 60 2000 300,000 150 
I LDKKVEKV 50 2900 250 12 
I LKEPVHGV 80  190 4.8 38 

B. Peptides that form HLA-A2 complexes that behave irregularly 
A L F A A A A A Y  30 2 
GIGFGGGGL 20 200 0 200000 
GKFGGVGGV 10  80 22 3.7 
G L F G G G G G K  30 0 
EILGFVFTL' 10 85 
GIKGFVFTLR 

770 
60 2500 

9.1 

GQLGFVFTK 70 5 
ILGFVFTLT" 50 140 0 
KILGFVFTK 5 210 30 7.2 
KKLGFVFTL 30 750 9300 13 
K L F E K V Y N Y  20 9 8 
L R F G Y P V Y V  20 400 180 2.3 

1.2 

5 500 

Sequence, in single letter aa code. 
bAverage % of Prm incorporation, as  assessed by gel filtration. 

Experimentally measured half-life of P2m dissociation in  min at 37°C. 
"Theoretical  half-life of P2m dissociation, calculated using coefficients in 

Table V. 
e Factor by which the theoretical half-life differs from the measured half- 

life. 
'This peptide  would have been placed in Table l lB if it were better able to 

form HLA-A2 complexes. The dissociation rate of complexes containing this 

the coefficients. 
peptide is consistent with the rest  of the data, but it was not used  to calculate 

gThis  peptide reproducibly fails to form complexes with the expected pl. 
Instead, the complex has the same charge as CILCFVFTL complexes. 

This peptide is likely to be contaminated with trace amounts of ILC- 
FVFTL, which is known to form complexes with the measured stability (16). 

SAYEYV (23), and FLPSDFFPSV (25), are  longer than 
nine aa long, which is why  no theoretical rank of half-life 
is  listed. When the  experimentally  measured  half-life of 
these  peptides is  compared against  the  theoretical half- 
lives of all  possible  nonamers  from  the source protein, 
each of these  peptides  ranks  close  to  the top. 

When the endogenous peptides  are  examined,  we see 
that ILDKKVEKV, like ILKEPVHGV,  binds much  more 
tightly than expected  using the coefficients in Table V. 
When its  experimentally  measured  half-life  is  used for 
ranking  purposes, it ranks at the top of the list. With the 
exception of LLDVPTAAV, the  other  endogenous pep- 
tides also rank in the  top few percent of all  possible  non- 
amers from their source protein.  Note that our  estimates 
for the  ranking of these  remaining  endogenous  peptides 
are  inherently  less  accurate  because we have not measured 
the half-lives of complexes containing  these  peptides. The 
endogenous peptide  that  ranks  the  lowest, LLDVPTAAV, 
was derived from the  leader  peptide of IP30, and was iso- 
lated from a  cell  line  with  a  mutation in Ag processing, so 
that  presumably  only  peptides  derived from the  leader 
peptide were available  for  binding  to HLA-A2 (26). We 
conclude that  most  antigenic  peptides and most  predomi- 
nant self peptides  are  selected  from among those  peptides 
that can  form the most  stable class I  complexes. 
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Table  VII.  Ranking  of  HLA-A2  antigenic  and endogenous peptides using  the Coefficients” 

Protein SequenceC No. 9- Highest 
mersd t l / L e  

Experimental‘ Theoreticalg 

Rank tl l L  Rank t l / Z  

A.  Antigenic peptides 
Flu matrix (10, 21) 
HTLV-1 tax (23) 
HIV polymerase (1 1) 
Influenza  nucleoprotein  (24) 
HCMV gB (23) 
Hepatitis  core  Ag  (25) 

6. Endogenous peptides 
hsp 84 (1 6) 
ip30 (8) 
tis 21 (8) 
helicase (8) 
pp61 (8) 
phosphorylase  regulatory  A (8) 
DhosDhorvlase regulatory B (8) 

G I L G F V F T L  
L L F G Y P V Y V  
I LKEPVHGV 
KLGEFYNQMM 
F I A G N S A Y E Y V  
F L P S D F F P S V  

I LDKKVEKV 
L L D V P T A A V  
TLWVDPY  EV 
Y L L P A I V H I  
S L L P A I V E L  
S L L P A I V E L  
S L L P A I V E L  

244 
350 

1007 
552 
889 
175 

71 5 
295 
150 
546 
581 
581 
567 

800 
8000 

400 
600 

2000 
400 

900 
500 

1000 
400 
900 
900 
900 

~ 

1 st 
1 s t  
8th 
4th 
3rd 
1 st 

1 St 

1000 
4000 

190 
190 

1000 
1500 

2800 

1 st 
1 st 

45th 

19th 
7th 
1 st 
8th 
6th 
6th 
6th 

800 
8000 

10 

20 
60 

1000 
30 

200 
200 
200 

identified (1 2-1 4). 
”There are other examples of sequences that are known  to  contain  HLA-A2-restricted  peptides but, in these other cases, the  optimal  peptide has not been 

Protein  of  origin. 
Amino  acid sequence. 
Number  of nonamers in  the  protein. 

nonamers that could  be generated from  the same protein. These columns are blank  for peptides that  have  not  been tested. 
Rank of  peptide  determined  by  comparing  the  experimentally measured half-life  of P2m dissociation to the  theoretical  half-life of Pzm dissociation for all  the 

Rank of  peptide  determined  by  comparing  the  theoretical  half-life  of Pzm dissociation to  the  theoretical  half-life  of Pzm dissociation  for  all  the nonamers that 

of  the  theoretical  half-life  of P2m dissociation  for  longer peptides 
could be generated from  the same protein. These columns are blank  for  peptides  that are longer  than nonamers, because we  cannot make an accurate prediction 

‘Theoretical  half-life  of P2m dissociation (in  min at 37°C) for  the  peptide  that  ranked first for  this  protein. 

Discussion 
One of the major reasons to study peptide binding to class 
I molecules  is to be able to determine which peptides  are 
likely to be antigenic,  starting  from  the primary sequence 
of (for  example)  a viral protein. In addition, it would be 
useful to know why certain peptides are  antigenic, but 
most peptides are immunologically silent. The data in 
Table VI1 suggests that so far  as we can tell, dominant 
antigenic  peptides in HLA-A2-restricted  immune re- 
sponses are among those peptides that bind most tightly to 
HLA-A2. If this  turns out to be  generally  correct, then it 
should  be possible to develop  mathematical  algorithms to 
identify most antigenic  peptides  using  approaches  similar 
to that described herein that are tailored to the  peptide- 
binding  properties of each histocompatibility Ag. 

The  class  I MHC protein HLA-A2 has been shown to 
bind certain  peptides,  generally  9  aa in length, that pref- 
erentially contain Leu or Met at P2 and a Val or Leu at the 
C-terminus  (P9) (5, 8). The residues at these two  positions 
have  been termed anchor  residues (5 )  because their rela- 
tive lack of variability  indicates that they serve as primary 
contact  points between the peptide and the class  I binding 
site.  However,  peptides that contain  both Leu at P2 and 
Val at P9 form complexes  whose stability spans at least 
four orders of magnitude (16), indicating that the aa at 
other positions can  serve as auxiliary anchor residues that 
are critical  for  peptide  binding.  Therefore, to make useful 
predictions about peptide binding  affinity, if possible, the 
contribution of both the  dominant and auxiliary anchor 

residues must be  analyzed on a  quantitative basis. The 
simplest  approach is to assume that each  amino acid side- 
chain  binds  independently of the rest of the peptide  (the 
IBS hypothesis). It seems reasonable to expect that for 
many peptides, the IBS hypothesis will adequately explain 
peptide  binding, and for  other peptides, more  complicated 
explanations  will  be needed to explain  peptide  binding. 
Whenever IBS  is true, the binding affinity of any nonamer 
can be broken  down  into  nine different coefficients,  each 
of which is  dependent  only on the identity of the aa and the 
position within the peptide. Therefore,  a table containing 
180 different coefficients would contain the information 
necessary to calculate  a  probable  binding affinity for any 
possible nonamer. 

To calculate the coefficients, we measured the stability 
of a  large number of HLA-A2 complexes  containing  dis- 
tinct peptides, as assessed by measuring the rate of Pzm 
dissociation. We also  compiled  a list of peptides that were 
unable to make  stable  complexes  with  HLA-A2. To solve 
for the coefficients, the Pzm dissociation data for  each 
peptide  was treated as an independent  equation, in which 
the measured half-life of Pzm dissociation was set  equal to 
the product of the nine coefficients  (see Materials and 
Methods). In theory, a  sufficiently  large  set of peptide 
binding data could be used to solve  for all of the  coeffi- 
cients  simultaneously. In practice, we calculated  values  for 
the coefficients  that  were most important to our current 
peptide  database. Until every  aa at every position has been 
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tested, we cannot  exclude  the possibility that other coef- 
ficients may also  contribute  significantly to peptide bind- 
ing to HLA-A2.  Despite  these  approximations, we found 
that for the vast majority of  the  peptides that we have 
tested,  the  binding  data  were  consistent  with  the IBS hy- 
pothesis. Only for 3 of 83 peptides  was it necessary to 
propose  significant  side-chainlside-chain  interactions to 
explain  the  observed  peptide-binding properties. We  con- 
clude that for most peptides,  the  stability of the HLA-A21 
P2m/peptide  complex is what  would  be  expected if each 
side-chain of the peptide bound independently to the class 
I molecule. 

Compiling  a  table  of  peptide  binding  coefficients based 
on individual  peptide  side-chains  has  several powerful ad- 
vantages. First, the  coefficients in Table  V  incorporate all 
of the peptide-binding data that we have collected so far, 
with a  few  exceptions  (see  Table VI). The table of coef- 
ficients  can then be used to estimate  the  binding stability 
of HLA-A2 complexes  containing an untested peptide. As 
soon as additional  binding  data  become  available, the new 
data can be used to refine the  accuracy of the table of 
coefficients.  Second,  the table can be used to make a  quan- 
titative prediction about which  aa in a  given peptide are of 
primary  importance for binding to HLA-A2.  For  example, 
in the case of the influenza  matrix peptide GILGFVFTL, 
the  Phe  residues at P5 and P7 are  predicted to be almost as 
important as the Ile at P2. This information  could be used 
to predict  which  substitutions in an antigenic  peptide 
might  allow it to bind more tightly to HLA-A2. In some 
cases,  a  peptide that binds very weakly to  HLA-A2 might 
be converted  into  a useful vaccine  candidate  by  this 
means.  Third,  experiments can be designed to test every 
coefficient in the table by measuring the stability of 
HLA-A2 complexes  containing  peptides that differ at the 
aa in question. Fourth, whenever  the  binding of a  peptide 
is badly predicted by the table of coefficients,  one  would 
predict that significant  side-chainlside-chain  interactions 
are taking place or that  some  side-chain  is  oriented in a 
significantly different direction than usual. 

The most  obvious way to test the validity of the coef- 
ficients in Table  V  would be to predict the half-lives of 
P2m dissociation for complexes  formed with a new set of 
peptides, and then to compare the predictions against ex- 
perimental measurements. We have not explicitly  done 
this,  because we have used all new  information to improve 
the  values of the  coefficients.  Instead, to test the power of 
this methodology to predict which peptides would make 
the  most  stable HLA-A2 complexes, the coefficients  were 
recalculated  for  each of the 80 peptides that bind stably to 
HLA-A2,  using all of the equations used to calculate  the 
coefficients in Table  V  except for the equation corre- 
sponding to the peptide to be tested. The  factor by which 
the  “predicted” half-life of P2m dissociation  differs  from 
the  measured half-life is listed in Table 11, seventh  column. 
It can  be  seen that although  this  factor is always  greater 
than the factor  obtained  when  the  peptide to be tested is 

included in the  set of equations  (Table 11, fifth column), 
the half-lives of 62 of the 80 peptides  were  still predicted 
within a  factor of five.  In  most  cases,  the  poorest predic- 
tions can  be  easily  explained. For example, ALFFFDIDL 
(Table IIC) was predicted poorly because it was the only 
peptide that formed stable  HLA-A2  complexes that con- 
tained a  Phe at P4. When  the  equation for ALFFFDIDL 
was  deleted,  the  program calculated the highest value  for 
the  coefficient  for  Phe at P4 that was consistent with the 
observation that GLGFGGGGV (Table  IIIA) and LLS- 
FLPSDF (Table IVC) do not form  stable  HLA-A2  com- 
plexes. It turns out that this  causes the value of the  coef- 
ficient  for F4 to increase from 0.027 (Table V) to 16.7, 
which is an artificially high value. This  happens because 
GLGFGGGGV  and  LLSFLPSDF have such poor anchor 
residues at P3 and P9, respectively that the  coefficient for 
F4 could be as high as 16.7, and these peptides would still 
not be  expected to form stable  HLA-A2  complexes. 

As a  further  check on the logic behind the calculations, 
the  coefficients  were recalculated allowing all of the 180 
coefficients to be variables. This allowed the overall error 
function to decrease  from  a  value of 22.8 to a  value of 
12.3. The new set of coefficients  was very similar to that 
in Table V (data not shown),  especially for the coefficients 
that apply to a  large  number of peptides  (like L2 and V9). 
As would  be  expected  considering the number of vari- 
ables, certain coefficients  were poorly defined. For exam- 
ple, the coefficients for both W1 and C7 were present only 
in the  equation  corresponding to the data for 
WLYRETCNL (see  Table II), and other coefficients could 
not be calculated at all because peptides  containing the 
corresponding  aa were not available.  Nonetheless,  with  a 
sufficiently  large set of peptides, these difficulties would 
be overcome, and all of the  coefficients  could  be  simulta- 
neously calculated.  Thus, it will not always be necessary 
to make intuitive  choices as  to which coefficients  should 
be allowed to deviate from a  value of 1.0. However, it 
would be  possible to reduce the number of variable  coef- 
ficients used in our  calculations by two  distinct means. 
First,  some of the coefficients that were allowed to be 
variables  were  calculated to have values near 1.0 (e.g., D3, 
P3, L4, E5, G5, G6, E7, and V7), and therefore (in retro- 
spect) need not have been variables. Second, in some 
cases,  chemically  similar aa were found to have similar 
coefficients,  even though the algorithm used to calculate 
the  coefficients did not take this  into account (e.g., F3, Y3, 
W3 and F5, Y5, W5), and therefore the number of vari- 
ables could be reduced by constraining  several  coefficients 
to have  the same value. 

The  IBS hypothesis  is  based on the  following theoreti- 
cal  considerations. The logarithm of each coefficient can 
be thought of as being related to a partial free  energy of 
activation for the  process of dissociation of the  complex. 
The partial free energies of activation should  be additive, 
assuming  the  peptide  side-chains bind independently to 
the HLA H chain, and assuming  the rate-limiting step for 
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the  dissociation of each  complex is the  same. The sign of 
the  logarithm of a  coefficient can be either negative or 
positive, depending on whether  the  aa  makes  a  favorable 
or unfavorable contribution to the stability of the  complex. 
The equation E = -RT In K  converts  from  energy, which 
is additive, to the  coefficients  themselves,  which are  fac- 
tors that contribute to the value of the rate constant. 
Instead of measuring free energies, we have measured ex- 
clusively  the  complex  stability, as deduced from  the half- 
life of P2m dissociation.  These  kinetic  measurements may 
have some  advantages  over free energy measurements,  be- 
cause  there is  no contribution from variations in free pep- 
tide solvation, and the uncertain status of the HLA H 
chain/P2m  dimer.  However,  whenever  two  peptide  side- 
chains interact with one another,  compete for binding to 
the same pocket, transmit structural  changes to other  pock- 
ets, or alter the structure of the rate-limiting step for  dis- 
sociation, the IBS condition would be violated. 

The IBS hypothesis  is  based on the  approximation that 
any one  aa at a given peptide position would  be able to 
adopt nearly the  same limited set of conformations,  re- 
gardless of the rest of the  peptide's  sequence. The cur- 
rently available  crystal  structure data indicate that the 
overall  structure of the peptide-binding  groove is similar 
for all peptide complexes (4, 27-32), and adjusts  only 
slightly to different  peptides  (28). In particular, the  con- 
formation of the  peptide  is  constrained by the  canonical 
hydrogen bonds between the class  I  molecule and the pep- 
tide termini at both end of the peptide-binding  groove  (28, 
30,32). In addition,  one might expect that for HLA-A2 the 
anchor residue at P2 would  always be buried in the  B 
pocket (4). These  constraints  would  be expected to limit 
the potential flexibility of the peptide. The energetics of 
the  conformations of each  aa, and its  interactions  with the 
peptide-binding  groove  would  determine  the  values of the 
coefficients, which might  also  incorporate side-chain sol- 
vation effects in the  case of exposed aa, and also  second- 
ary effects transmitted to other  residues by limitations to 
the conformational flexibility of the peptide  backbone. 
Theoretically,  energy  minimization  calculations based on 
crystallographically  determined  coordinates of one pep- 
tide/H chain  complex  should  be  able to quantitate  the  en- 
ergetic  consequences of substitutions in the peptide, mak- 
ing the table of coefficients  obsolete.  At  this point in time, 
however, these calculations  are  cumbersome and unreli- 
able, and the  table of coefficients  can provide a  first ap- 
proximation to the binding  properties of an unknown 
peptide. 

Because it appears that longer  peptides can loop  out in 
the middle in order to maintain favorable  contacts at both 
termini (28,  31), it would be possible to extend the IBS 
idea to account for the  binding  properties of peptides 
longer than 9 aa. In this case, the  coefficients for P1-P4 
might be the same  as with nonamers, but the  coefficients 
for P6-P9  would  apply to  P(a-4) - P a ,  where stands  for 
the last amino acid in the peptide. We have found that the 

binding  properties of some  peptides can be explained ad- 
equately in this  way  (data not shown), but many peptides 
are predicted very poorly, especially when there is  a  Gly 
residue at P2 or P3. So far,  the longest peptide that we 
have tested that appears to bind by the looping-out mech- 
anism is the 15-mer  GLFGGGGGVKGGFGV, which con- 
tains favorable  dominant  anchor residues at P2 and PO, 
and also  favorable auxiliary anchor residues at P3 and 
P(a-2). Before  this  extension of the IBS hypothesis  will 
be  generally useful, it will be necessary to work out an 
additional  set of rules that takes into account the variety 
of peptide  backbone  conformations that can  be  used to 
accommodate  the  looped-out  residues. 

We have used the  coefficients listed in Table  V to ask 
whether the well-studied  antigenic  and  endogenous  pep- 
tides represent the highest affinity peptides that could be 
generated  from their parent proteins. The calculations 
listed in Table VI1 indicate that, so far as  we can tell, these 
biologically important  peptides  are usually among  the  top 
2% of all possible  HLA-A2 binding peptides. For exam- 
ple, the  optimal HLA-"restricted peptide GILGFVFTL 
is predicted to bind more tightly to HLA-A2 than any 
other  peptide that can  be  derived from the influenza matrix 
protein,  even  though it contains  a relatively unfavorable 
Ile at P2. Thus,  there  is no reason to believe that antigenic 
peptides  are preferentially selected  from  a  lower affinity 
set of peptides, as has been proposed (33). It would  be 
interesting to determine  whether  any  of the other  peptides 
that are predicted to form  stable  complexes with HLA-A2 
are  ever  antigenic or associated with HLA-A2 in vivo. In 
this  way, one could address the relative  importance to an- 
tigenicity of peptide  binding to HLA-A2  compared to 
other  factors  like protein proteolysis, protein turnover, 
peptide  stability,  peptide transport, the rate of formation of 
the complex, and holes in the T  cell repertoire. Unlike the 
dissociation of the  HLA-A2  complex,  which is a unimo- 
lecular process, the processes that affect the rate of for- 
mation of the  HLA-A2  complex  are potentially subject to 
control  mechanisms that may differ between cell  types, 
making  it  much  more difficult to study them. In any case, 
we believe that the  coefficients in Table  V provide the best 
means  available so far to identify HLA-A2 binding  pep- 
tides, whether or not they turn out to be  antigenic,  immu- 
nologically silent, or never  formed in vivo. It would  be 
interesting to determine  whether  a  table  of  coefficients  cal- 
culated by similar  means  would  be able to improve  the 
predictive power of the motifs that have been elucidated 
for class I1 binding  peptides  (34).  Other  macromolecular 
interactions  such as ligandlantibody and oligonucleotide1 
DNA binding protein might  also  be  addressed  using  a 
mathematical  approach  similar to that described here. 

Note added inproof. Software is being  developed to make 
the  coefficients  in  Table  V publicly accessible through the 
National  Center for Biotechnology Information at the 
National Library of Medicine. 
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