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Abstract 

Free energy maps of the binding site are constructed for class I major histocompatibility complex (MHC) pro- 
teins, by rotating and translating amino acid probes  along the cleft, and performing a side-chain conformational 
search at each position. The free energy maps  are used to determine favorable residue positions that  are then com- 
bined to form  docked peptide conformations. Because the generic backbone  structural motif of peptides bound 
to class I MHC is known,  the mapping is restricted to  appropriate regions of the site, but allows for the some- 
times substantial variations in backbone and side-chain conformations. In a test demonstrating the quality of pre- 
dictions for a known MHC site using only a rotational  and conformational search, we started from  the crystal 
structure of the HIV-1 gp120/HLA-A2 complex, and predicted the  HLA-A2  bound  structures of peptides from 
the influenza matrix  protein, the HIV-1 reverse transcriptase, and the  human T cell leukemia virus. The calcu- 
lated peptides are at 1.6,  1.3, and 1.4 A all-atom RMSDs from their respective crystal structures  (Madden DR, 
Garboczi DN, Wiley DC, 1993). A further test, which also included a local translational search, predicted struc- 
tures across MHCs. In particular, we obtained the Kb/SEV-9  complex (Fremont DH et al., 1992, Science 252919- 
927) starting with the complex between HLA-B27 and a generic peptide (Madden DR, Gorga JC, Strominger JL, 
Wiley DC, 1991, Nature (Lond)353:321-325), with an all-atom RMSD of 1.2A, indicating that  the docking pro- 
cedure is essentially as effective for predictions across MHCs as it is for  determinations within the same MHC, 
although at substantiaIly greater computational cost. The requirements for  further improvement in accuracy are 
identified and discussed briefly. 
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The initial event in the cytotoxic T cell response to cellular in- 
fection is class I MHC recognition of proteolytically digested 
fragments of foreign proteins. The generic structure of the 
peptide-MHC complex is well understood, being based on  the 
crystal structures of four different Class I MHC molecules, one 
of which, HLA-A2, has been  solved  with  five different peptides 
(Madden et al., 1993).  All structures show peptides bound in ex- 
tended  conformations with terminal residues closely aligned at 
both ends, but with considerable variability in backbone con- 
formation and side-chain orientations in the central region of 
the peptide. Thus,  for  the four crystallized HLA-A2 nonamers, 
the C" coordinates at positions 1,2,3,8,  and 9 are within 0.6 A 
of one another, whereas the variation at position 6, where 
a-carbons reach their maximum variability, is 2.5 A. Confor- 
mational  variation between peptides that bind different  MHCs 
is even greater; e.g., the C" positions of residue 6 in peptides 
that bind Kb  and HLA-A2 differ by 3.8 A. A more extensive 
and more immediately important variation is in the orientation 
_____- 

Reprint  requests io: Charles DeLisi,  Department of Biomedical  Engi- 
neering, Boston  University College of Engineering,  Boston,  Massachu- 
setts 02218; e-mail:  delisi@buenga.bu.edu. 

of the centra1 side chains, which are highly  sequence dependent, 
and show little consensus. Orientation is of particular interest 
because it determines which side chains are T cell accessible. 

One of the  major questions in computational  structural bioi- 
ogy is the extent to which a particular structure can  be determined 
from a known generic structure. We are particularly interested 
in this for  the class I peptide system, where the central prob- 
lems are related to  the docking and design of flexible peptides. 
The simplest structural questions that can be asked, and the ones 
addressed in this paper,  are related to the accuracy with  which 
the structure and binding affinity of nonhomologous peptides 
can be determined computationally. Because the general bind- 
ing motif is known, the problem appears relatively uncompli- 
cated. However, as we show below, the dispersion in side-chain 
orientations in the central region of the peptide, the mutual de- 
pendence of peptide and  MHC side-chain conformations, and 
the required inclusion of solvation, all conspire against accurate 
all-atom predictions using traditional methods. 

Our prime concern is the extent to which we can improve tra- 
ditional  approaches so that side-chain coordinates can be ob- 
tained reasonably accurately at relatively low cost. A traditional 
homologous extension approach, which  will be used here for 
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comparison, is mutation  to produce the desired peptide,  fol- 
lowed by a side-chain conformational search (SCCS). In the 
SCCS  procedure,  the  backbone  and  the  C"-Cp  bonds  are 
fixed, and best side-chain conformations  are searched about ro- 
tatable bonds (Bruccoleri & Novotny, 1992). 

The search method we have developed falls within the gen- 
eral class of site mapping and fragment assembly procedures 
(Rosenfeld et al., 1993; Sezerman et al., 1993) and, in contrast 
to  the SCCS method, does not assume that the  backbone struc- 
ture of the docked ligand is known. The first  step of the search 
is the  construction of free energy maps of the MHC binding site 
using separated amino acid residues as probes. Depending on 
the complexity of the problem,  two  different  mapping proce- 
dures will be used. In the  orientational search (OS), the C" po- 
sitions are set at  the C" position of the initial structure,  the 
"probe" residue is rotated about an axis parallel to the long axis 
of the cleft, and,  for each orientation, side-chain conformations 
are searched as in SCCS (see the Materials and methods). The 
second,  more  rigorous  procedure also includes a  translational 
search (TS), with translations of the C" positions along  a pre- 
defined grid, and  an OS at every grid point. The free energy 
maps  constructed by either the OS or TS methods provide fa- 
vorable residue positions that are then concatenated to form the 
docked  peptide conformations. 

The site mapping and fragment assembly method was tested 
against three different Class I receptor systems, involving HLA- 
A2, H-2 K b ,  and HLA-B27. The first of these has been crystal- 
lized  with four different nonameric peptides: HTLV-1 Tax 11-19 
(LLFGYPVYV); HIV-I reverse transcriptase  (RT) 309-317 
(ILKGPVHGV); influenza virus matrix protein 58-66 (GILGF 
VFTL); and HIV-I gp120 197-205 (TLTSCNTSV). We predict 
the  structures of the first three peptides (referred to as HTLV-1, 
HIV-1 RT, and  Inf)  from the structure of HIV-1 gp120 using 
an OS in the mapping  stage. 

A  more  demanding  application involves structures that have 
different bound peptide  motifs  (Falk et al., 1991; Rammensee 
et  al., 1995). To explore  a worst case scenario, we select HLA- 
B27, for which no single peptide  structure is available, with a 
histone peptide constructed from the available consensus coor- 
dinates, and predict the structure of the (murine) Kb/SEV9 
complex. The calculation is also  performed in the opposite di- 
rection,  i.e., predicting the HLA-B27/histone peptide complex 
from  the Kb/SEV9 structure, although the results in this case 
are less revealing. The calculations are performed both without 
and with TS in the mapping.  For the latter case, we find that 
the mapping/concatenation procedure, combined with a free en- 
ergy target  function that includes solvation, yields structures 
with all-atom RMSDs of 1.2 and 1.5 A from those obtained crys- 
tallographically. We also show that, with one well-understood 
exception, the method effectively differentiates between T cell 
accessible and  anchor side chains. 

Results 

HTLV-1 ~ Q X  11-19 

The initial  free energy evaluations for HTLV-1 amino acids 
eliminates  position  6 as a possible anchor (Table 1). The com- 
binations of favorable orientations for  the seven remaining non- 
glycine side chains  generate  a total of  6 x 4 x 5 x 1 x 5 x (-) x 
5 X 5 X 4 = 60,000 structures, where (-) denotes  a nonanchor 

residue, with no low-energy state identified by the mapping pro- 
cedure.  This  number is reduced to 9,756 structures after all 
screening steps, and these are ranked according to their free en- 
ergy. The lowest free energy structure  had  an all-atom  RMSD 
from  the crystal structure of 1.4 A. 

This result should be compared to  that obtained by the  tra- 
ditional SCCS method. The best structure obtained by SCCS has 
an all-atom RMSD of  2.0 A, with F3 and Y5 poorly predicted- 
albeit with somewhat  better prediction of G4 (discussed be- 
low)-and  a  free energy 5 kcal/mol higher than  that obtained 
when an OS is explicitly included (Table 2). Even with an ex- 
plicit OS, however, the free energy of the crystal structure is 
more  favorable by approximately 5 kcal/mol than  that of our 
best predicted structure (- 16 kcal/mol versus - 1 1.1 kcal/mol). 

HIV-I reverse transcriptase 309-31 7 

Local free energy mapping of the HIV-1 RT amino acids indi- 
cates that neither K3 nor  P5  are likely to be a stabilizing pep- 
tide residue. The remaining side chains can be concatenated in 
7 x 4 x (-) x (-) x (-) x 2 x 5 x (-) x 5 = 5,600 ways. The im- 
position of bond angle constraints during concatenation reduced 
the number to 3,680 and, after minimization and elimination of 
structures with unacceptably high internal energy, the  number 
remaining for free energy ranking is 1,206. The OS reduces the 
all-atom RMSD from 2.2 to 1.3 A, markedly improving the de- 
termination of P5  and V6 (Table 3). The crystal free energy 
(-14.0 kcal/mol) is again much lower than  that of the predicted 
structure (-8.0 kcal/mol). 

Influenza virus matrix protein 58-66 

The first screen eliminates F5 as a  potential  anchor and leaves 
(-) x 4 x 7 x (-) x (-) x 2 x 4 X 4 x 4 = 3,584 structures.  After 
concatenation, the number of structures is  reduced to 2,348, and 
these are further reduced to 989 by an  internal energy screen. 
The OS does little to improve the accuracy (1.8 A all-atom 
RMSD versus 1.6 A all-atom RMSD in SCCS), largely due  to 
not  finding  a good structure for F7, which deviates from  the 
crystal structure by 2.7 A (Table 4). We  will return to this prob- 
lem in the Discussion. Accuracy is again limited by the search 
procedure,  the crystal structure having a free energy of -26.4 
kcal/mol as opposed to - 16.1 kcal/mol for the 1.4-A predicted 
structure. 

K ~ / S E  v 9 

The initial free energy map of the K b  binding site eliminates 
N5, P7,  and A8 as possible anchors.  After free energy filtering, 
the number of possible concatenations was reduced to 6 X 2 X 
1 x (-) X (-) x 1 x (-) X (-) X 4 = 48. Eight of these violated 
bond angle constraints and were eliminated. Of the remaining 
40, the best free energy structure (- 14.7 kcal/mol),  obtained 
without explicit allowance of central C" translation, had an all- 
atom RMSD of 2.2 A from the crystal structure (Table 5 ) .  

A major  contributor  to  the relative inaccuracy of the predic- 
tion is Y6. The OS improves its RMSD from 6.3 A (the result 
when only a conformational search is done) to 3.0 A. Failure 
to improve further is a direct consequence of the initial 3.4-1\ 
difference in the  a-carbons  at position 6. The result indicates 
that we have exceeded the limit of validity of the OS approxi- 
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Table 1. Residue contribution to binding free energy in HLA-AZ/HTLV-I peptide complex 
for different orientations of the peptide residues 

- - 

Residue Angle 
- ~ 

LEU 1 

PHE3 

PRO6 

TYR8 

0(47=) 
30 
60 
90 

120 
I50 
180 
210 
240 
270 
3 00 
330 

O(202) 
30 
60 
90 

120 
150 
180 
210 
240 
270 
3 00 
330 

0(56) 
30 
60 
90 

120 
150 
180 
210 
240 
270 
300 
330 

O(22) 
30 
60 
90 

120 
150 
180 
210 
240 
270 
300 
330 

E:!,a AGhb 

-4.0 -4.6 
-3.6 -3.5 
-2.5 -3.7 

0.7 -4.9 
0.3 -5.1 

-1.4 -5.9 
-4.4 -5.7 
-4.8 -5.1 
-4.0 -4.9 
-2.0 -6.1 
-3.4 -5.6 
-4.0 -5.5 

_ _ _ ~ _  

-3.6 -6.4 
-3.3 -7.7 
-3.8 -7.4 
-2.4 -7.8 
-2.7 -8.5 
-2.0 -7.1 
-3.5 -5.9 
-3.6 -4.1 
-3.4 -5.1 
-2.0 -4.0 
-2.1 -3.7 
-3.3 -3.8 

-1.9 -2.8 
-1.1 -2.6 
-0.4 -1.8 
-0.4 -1.8 

0.3  -2.8 
0.1 -3.7 
0.1 -4.1 

-1.9 -4.7 
-1.8 -4.2 
-1.9 -3.6 
-2.5 -3.2 
-2.6 -2.9 

-4.6 -6.5 
-4.2 -5.5 
-2.4 -5.7 
-4.0 -4.8 
-4.6 -5.3 
-1.3 -5.7 
-1.4 -5.2 
-2.8 -6.7 
-1.8 -6.3 
-3.2 -6.5 
-1.8 -9.8 
-2.1 -8.2 

- - 

a Electrostatic  interaction  energy. 

3.4 
3.3 
3.1 
2.4 
2.4 
2.8 
3.0 
3.3 
3. I 
3.3 
3.2 
3.6 

3.7 
3.4 
3.6 
3.5 
3.4 
3.6 
3.9 
3.5 
3.5 
3.7 
3.8 
3.8 

2.0 
2.3 
2.1 
2.2 
2.3 
2.4 
2.2 
2.0 
1.9 
1.7 
1.7 
I .7 

4.3 
4.3 
4.7 
4.9 
4.9 
4.7 
4.8 
4.9 
4.1 
4.9 
4.5 
4.6 

~ 

~ 

-~ 

-5.2* 
-3.8 
-3.1 
-1.8 
-2.4 
-4.5 
-7.1 * 
-6.6* 
-5.8' 
-4.8 
-5.8* 
-5.9* 

-6.3* 
-7.6* 
-7.6* 
-6.7* 
-7.8* 
-5.5 
-5.5 
-4.2 
-5.0 
-2.3 
-2.0 
-3.3 

-2.7 
-1.4 
-0.1 

0.0 
-0.2 
-1.2 
-1.8 
-4.6 
-4.1 
-3.8 
-4.0 
-3.8 

-6.8* 
-5.4* 
-3.4 
-3.9 
-5.o* 
-2.3 
-1.8 
-4.6 
-4.0 
-4.8 
-6.1 * 
-5.7* 
"~ ~ -. ~. .~ 

____ 
Residue 

LEU2 

TY R5 

VAL7 

LEU9 

-~ 

Angle EFL, AGh 
___.__ ~. __ 

O(5) -4.6 -6.2 
30 -4.5 -6.0 
60 -0.6 -7.5 
90 -2.8 -6.9 

120 0.3 -6.4 
150 -0.3 -6.4 
180 -0.9 -6.2 
210 -2.4 -6.0 
240 -3.0 -6.0 
270 -4.0 -6.3 
300 -3.9 -6.3 
330 -6.0 -6.5 

O(230) -4.1 -5.7 
30 -3.2 -6.7 
60 -3.0 -7.7 
90 -1.0 -6.5 

120 -2.2 -5.6 
150 -3.1 -3.9 
180 -2.0 -2.0 
210 -4.5 -4.0 
240 -3.2 -2.5 
270 -3.0 -1.5 
300 -1.5 -1.2 
330 -1.6 -3.0 

O(184) -1.3 -1.9 
30 -3.2 -4.5 
60 -3.4 -5.3 
90 -1.6 -6.2 

120 -2.2 -5.5 
150 -3.2 -5.4 
180 -3.0 -5.1 
210 -2.7 -4.1 
240 - - 
270 -2.8 -3.4 
300 -2.0 -3.0 
330 -1.6 -3.2 

O(290) -4.4 -7.2 
30 -4.8 -7.0 
60 -6.7 -7.0 
90 -5.7 -4.2 

120 -5.0 -4.6 
150 -5.1 -4.8 
180 -0.7 -5.0 
210 0.0 -5.5 
240 -2.3 -5.0 
270 -1.6 -4.9 
300 -1.0 -6.0 
330 -6.0 -6.9 

- .~ 
~" .. ~ ~- - - ~- 

bHydrophobic  conribution to the  free  energy. 
Free  energy  contribution  due to sidechain  entropy loss. 
Binding  free  energy  contribution  of  the  residue.  Positions  with * are  retained for concatenation 

e 0 corresponds to 47" with the x-.? plane. 
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2.7 
2.6 
2.7 
4.1 
4.2 
4.0 
3.6 
3.7 
2.8 
2.7 
3.3 
2.7 

3.9 
4.4 
4.4 
4.4 
3.6 
4.0 
2.9 
3.3 
2.9 
3.1 
2.9 
3.1 

2.5 
3.4 
3.2 
3.5 
2.8 
2.9 
2.9 
3.3 
- 

3.2 
3.3 
3.3 

2.7 
2.7 
2.5 
3.6 
3.2 
3.6 
3.7 
3.7 
3.2 
3.1 
2.8 
3.1 

~ 

~ 

-8.1 * 
-7.9* 
-5.4 
-5.6 
-1.9 
-2.7 
-3.5 
-4.7 
-6.2 
-7.6* 
-6.9 
-9.8* 

-5.9* 
-5.5* 
-6.3* 
-3. I 
-4.2* 
-3.0 
-1.1 
-5.2* 
-2.8 
-1.4 

0.2 
-1.5 

-0.7 
-4.3* 
- 5 . 5 *  
-4.3* 
-4.9* 
-5.7* 
-5.2* 
-3.5 
- 

-3.0 
-1.7 
-1.5 

-8.9* 
-9,1* 

-1 1.2* 
-6.3 
-6.4 
-6.3 
-2.0 
-1.8 
-4.1 
-3.4 
-4.2 
-9.8* 

~ 
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Table 2. All-atom and backbone RMSD and the solvent-accessible surface areas 
of predicted and observed  htlv-1 peptide 

Residue 

L1 
L2 
F3 
G4 
Y5 
P6 
v 7  
Y8 
v 9  
Total 

~" 

Pred.  area 0 s  ~ ~ R M S D  

0.7 
0.6 
0.8 
2.6 
0.9 
1.8 
0.9 
0.4 
0.3 

1 .o 
1.1 
2.2 
1.1 
3.1 
1.4 
2.2 
2.1 
1 .o 
2.0 

0.7 
0.7 
1.5 
2.6 
1.3 
I .5 
1 .o 
0.6 
1.1 
1.4 

~ ~~ ___ ~ . _ _ ~ ~ ~ _ _ _ _ _ _ _ ~ . ~  ~ . ~ . _ _ _ _ _ _ ~ . _ _ _ _ _ _ _ _ _ _ _ _ _ . ~ ~  

a Side-chain  conformations  searched  using  the C"-C@ orientation of the  homologue. 
Orientations  as well as  conformations  searched,  as  described  in  the  Materials  and  methods 
Solvent-accessible  areas  (A2) of side  chain (S); backbone (B); and  hydroxyl  groups (OH). 

aaRMSL).  all  atom  RMSD;  bbRMSD,  backbone  RMSD. 

Table 3. All-atom and backbone HIV-I RT RMSD and the solvent-accessible surface areas 
of predicted and observed hivlrt  peptide" 
~ "~ ~ ~___ ___ ~ ~ _ _ _ _ _ _ _ ~ _ _ _  

~ _ _ ~ ~ _ _ _ _ _ ~ _ _ _ . _ _ _ ~ ~ ~ ~ - ~  

Residue 

I 1  
L2 
K3 
E4 
P5 
V6 
H7 
G8 
v 9  
Total 

~~~ ~ 

sees aaRMSD 
_ _ ~  

1.4 
1.2 
1.2 
1.3 
3.4 
4.6 
1.5 
0.3 
1.1 
2.2 

Os aaRMSD 0s bbRMso 

0.8 
0.6 
0.8 
1.1 
1.7 
1.6 
0.8 
0.6 
0.3 
1 .o 

- ~. 
Observed  area Pred.  area 

1.2 
0.7 
1.3 
1.5 
1.9 
2.1 
0.8 
0.6 
1 .o 
1.3 

Table 4. All  atom and backbone RMSD and the solvent-accessible surface areas 
of predicted and observed I f  peptidea 

Residue SCCS aaRMSD 0 s  ~ ~ R M S D  0 s  ~ ~ R M S D  Area  (obs)  Area  (pred) 

G1 
I2 
L3 
G4 
F5 
V6 
F I  
T8 
L9 
Total 

0.4 
1.3 
1.2 
1.4 
2.1 
2.6 
3.2 
0.4 
0.9 
1.8 

0.5 
1.2 
1.2 
0.8 
1.7 
1.9 
2.1 
1.5 
2.1 
1.6 

0.5 
0.7 
0.7 
0.9 
1.1 
1.2 
1.9 
I .3 
1 .o 
1 .o 

"" 

a See footnotes  to  Table 2. 
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Table 5. All-atom and  backbone RMSD and  the solvent-accessible  surface  areas 
of predicted and observed of the SEV9 peptidea 

Residue 

F1 
A2 
P3 
G4 
N5 
Y6 
P7 
A8 
L9 
Total 

1.3 
1 .o 
1.8 
1.6 
3.7 
6.3 
2.0 
0.8 
1.3 
2.7 

0.9 
0.7 
1 .o 
1.6 
3.7 
3.0 
3.6 
1 .o 
1.1 
2.2 

Full searchb aaRMSD 

0.8 
0.6 
1.7 
1.7 
1.7 
0.7 
1 .o 
1 .o 
1 .o 
1.2 

Full  search bbRMSD Area (obs) 

0.7 
0.6 
1.7 
1.7 
1.7 
1 .o 
0.9 
0.8 
0.5 
1.2 

a See footnotes to Table 2. 
Includes  explicit Cp translational search. 

mation; viz, omission of explicit movement of the backbone. 
In this case, unlike homologous extensions between peptides 
bound to the same MHC,  the prediction is from human to mu- 
rine class I.  The deviation in the central alpha carbons is too 
large to compensate by movement during concatenation (see the 
Materials and methods), and we must therefore  treat it explic- 
itly by a TS. 

We thus extend the range of the calculation and,  for the cen- 
tral residues (3-7). side-chain conformations and orientations 
are explored (i.e., an OS search is performed) at 125 grid points 
on a 5 X 5 x 5-br. cubic grid, centered at  the B27 C" positions. 
After orientational and free energy screening, the number of 
possible concatenations is 6 x 2 X 2 X (-) X 15 X 27 X (-) X 
(-) x 4 = 38,880. Bond angle constraints reduce the  number to 
18,036, each requiring a free energy evaluation. The computa- 
tion time for minimizing and evaluating this final set of struc- 
tures was approximately  two months  on  an R8000 Silicon 
Graphics Challenger. This is probably  more  computation than 
required because all crystallized MHC peptides show similar ter- 
minal residue orientations. If residues 1 and 2 and 8 and 9 are 
fixed, the  final  number of concatenations is 801. 

F1 

Fig. 1. Comparison of crystal, predicted, and mutated structures of 
SEV-9 peptide binding to K b .  Yellow  is the crystal,  red is the  predicted, 
and blue  is the mutated structure. 

With a TS included,  the lowest free energy structure found 
had Y6 and N5 at 0.7 and 1.7 br. from  the crystal structure, and 
an all-atom RMSD of 1.2 A (Fig. 1). A loss of accuracy at G4 
occurs that reflects the limitations of grid size. This illustrates 
the trade-off between the cost of computation and  the demand 
for accuracy, which we will discuss further.  The all-atom 
RMSDs of the 15 best structures ranged from 1.2 to 1.8 br. (Ta- 
ble 6). 

HLA-BD/histone peptide 

Translational and orientational  mapping found 4 positions for 
R2; 8 for 13;  16 for K4; 7 for  T7,  and 4 for  L8. A5 and I6 were 
eliminated as  potential  anchors, and their possible structures 

Table 6. Binding free energies of the  best 
I5 SEV9 complexesa 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
Obsb 

EFL, 

-51.5 
-51.2 
-50.3 
-52.4 
-49.8 
-50.5 
-50.7 
-51.2 
-48.0 
-49.0 
-48.3 
-47.8 
-48.6 
-47.2 
-47.1 
-48.5 

AGh 

-27.7 
-27.4 
-28.0 
-27.6 
-28.4 
-27.4 
-27.4 
-27.2 
-27.3 
-28.3 
-28.8 
-28.6 
-28.0 
-28.2 
-28.2 
-28.5 

TAS, 

17.4 
16.8 
16.6 
16.4 
16.8 
16.9 
16.8 
17.2 
16.7 
17.0 
16.7 
17.3 
17.6 
17.4 
16.8 
16.2 

Internal energy 

41.9 
42.1 
42.1 
44.3 
42.2 
42.0 
42.7 
43.1 
40.6 
42.6 
42.9 
42.0 
42.8 
41.8 
42.4 
38.8 

A%eP 

-19.9 
-19.7 
-19.6 
-19.3 
-19.2 
-19.0 
-18.6 
-18.1 
-18.0 
-17.7 
-17.5 
-17.1 
-16.2 
-16.2 
- 16.1 
-22.0 

~ ~ R M S D  

1.2 
1.5 
1.7 
1.5 
1.7 
1.7 
1.8 
1.6 
1.5 
1.4 
1.2 
1.6 
1.8 
1.7 
1.7 
- 

a See footnotes to Table 1. 
Crystal  peptide  with  side-chain  search. 
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were obtained by the  IC BUILD routine in the  CHARMm  pro- 
gram  (Brooks et al., 1983), as described in the Materials and 
methods. 

Of the 14,336 concatenations, 10,121  were  eliminated  by bond 
angle filtering. The lowest free energy structure deviates from 
the crystal structure by  1.5 A (Fig. 2; Table 7) and has a free en- 
ergy of -62.6 kcal/mol; slightly lower than  the free energy of 
the crystal structure (-60.2 kcal/mol). Of the 15 lowest free en- 
ergy structures, 14 had RMSDs  between  1.4 and 1.7 A (Table 8). 
We recall that,  for B27, the reference state is a structure deter- 
mined with a mixture of endogenous peptides. Therefore,  the 
comparison of predicted structures to  the X-ray data is not  as 
informative  as for  the  other four peptides. 

d 
La 

t T7 ” 

I3 
K9 

I: 

Discussion 

The questions of interest are related to (1) the consistency with 
which the best  calculated  free  energy structure falls  within a spec- 
ified RMSD of the observed structure; (2) the extent to which 
anchor and T cell accessible side chains can be differentiated; 
(3) the extent to which the methods used  here improve over stan- bind different  MHCs (such as in HLA-B27 and  Kb) generally 
dard methods; and (4) the main obstacles for  further improve- have their anchor side chains at different positions. The ability 
ment and  the likelihood that they can be overcome. to predict them  opens the possibility of their determination for 

noncrystallized MHC molecules (the vast majority) and  thus  for 

Fig. 2. Comparison of crystal, predicted,  and  mutated  structure of his- 
tone  peptide  binding to HLA-B27. Yellow  is  the  crystal,  red  is  the  pre- 
dicted, and  blue  is  the  mutated  structure. 

Predicting  anchor  and T cell  recognition  side  chains 

For the five  peptides  analyzed  in this paper, the all-atom RMSDs 
between the observed structures and structures calculated using 
only SCCS are 2.0 (HTLV), 2.2 (HIV-1 RT), 1.8 (Inf), 2.6 
(B27), and 2.7 A (Kb). Adding a relatively coarse OS and  an 
a-carbon  TS  for predictions across  MHCs, with a primitive 
pruning procedure and a proper free energy function, yields  all- 
atom RMSDs of 1.4, 1.3,  1.6,  1.5, and 1.2 A, respectively. More 
importantly, all anchor and T cell  accessible  side chains are cor- 
rectly predicted (Table 9). 

finding binding segments, in any specified protein, for any spec- 
ified MHC. This  has clear implications for identifying candi- 
dates for peptide vaccines. 

The results for all three HLA binding peptides indicate that 
if we did not know the key MHC binding residues, they could 
have been identified using an OS with a free energy target func- 
tion. We also correctly  distinguish  all T cell  accessible  side chains 
from  MHC buried side chains. The side chains of greatest in- 
terest are those  toward  the  center, where most of the structural 
variability occurs. For HTLV-1, Y5 and Y8 are exposed in both 
the predicted and observed structures, and  the  OH group is 

If the goal is to use a known MHC-peptide complex to de- available for hydrogen bonding with TcR side chains (Table 2). 
termine the structure of a peptide that binds the same MHC For HIV-1 RT, E4 and  P5  are accessible; V6 and  H7  are largely 
(such as  HLA-A2/Inf from HLA-A2/HIV-l gp120), the abil- buried (Tables 3,9). For K3, NH3+ is close to the solvent, thus 
ity to correctly identify anchor residues is of no practical con- minimizing the loss  in desolvation energy, whereas the side chain 
sequence,  because  they  would  be  known.  However,  peptides that itself, and hence its  apolar  groups, are largely buried in  both 

Table 7 .  All-atom and  backbone RMSD and  the  solvent-accessible  surface  areas 
of predicted and observed histone peptidea 

Residue SCCS aaRMSD OS aaRMSD Full  searchb aaRMSD Full  search bbRMsD Area (obs) Area  (pred) 

R1 
R2 
13 
K4 
A5 
I6 
n 
L8 
K9 
Total 

1.7 
1.9 
2.3 
3.1 
2.4 
5.1 
2.1 
1.4 
1 .o 
2.6 

1.4 
1.7 
1.7 
3.9 
2.8 
2.1 
1.3 
1 .o 
0.9 
2.0 

0.7 
1.5 
1.4 
1.3 
1.8 
2.0 
1.9 
1.4 
0.7 
1.5 

0.9 
0.7 
0.7 
0.7 
0.8 
1 .o 
0.8 
0.7 
0.6 
0.8 

a See footnotes to Table 2. 
Includes  explicit C” translational  search. 
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Table 8. Binding free energies of the best 
I5 histone peptidea 

Rank E$, 

1 -90.4 
2  -94.0 
3  -93.8 
4  -93.5 
5  -90.1 
6  -93.5 
7  -94.1 
8  -91.8 
9  -91.1 

10 -91.2 
1 1  -89.3 
12 -88.8 
13 -87.6 
14 -87.2 
15 -83.8 

AGh 

-24.2 
-24.0 
-24.4 
-23.8 
-24.4 
-22.9 
-23.9 
-23.4 
-23.7 
-24.7 
-21.4 
-21.6 
-24.1 
-23.6 
-22.0 

Internal energy 

21.9 
20.9 
22.0 
21.8 
20.8 
21.9 
22.3 
22.1 
22.2 
24.9 
21.0 
21.4 
26.6 
22.5 
21.1 

30.1 
36.1 
36.0 
35.9 
34.7 
36.1 
37.7 
36.6 
35.2 
33.8 
32.9 
33.9 
30.3 
33.7 
30.2 

-62.6 
-61.0 
-60.2 
-59.6 
-59.0 
-58.4 
-58.0 
-57.5 
-57.4 
-57.2 
-56.8 
-55.1 
-54.8 
-54.6 
-54.5 

1 .5  
1.7 
1.7 
1.4 
1.7 
1.6 
1.7 
1.6 
1 .5  
1.5 
1.7 
1.6 
2.6 
1.6 
1.7 

SMb -78.9 -24.5 27.6 25.4 -50.4 2.6 
ObsC -81.1 -24.2 23.9 21.2 -60.2 - 
Obsd -86.8 -24.1 21.5 24.5 -64.9 - 

~ _ _ _ ~ ~ ~  ~ 

a See footnotes to Table 1. 
~~~ 

Histone peptide obtained by side-chain mutation. 
Crystal  peptide with side-chain  search. 

dCrystal peptide with predicted R1 and K4 configurations. 

predicted  and  observed  structures,  with  15%  and 3% solvent- 
accessible surface areas, respectively. The potentially protonated 
nitrogen  in H7  has 14% of  its  area  exposed in the  crystal  struc- 
ture  and 15% in  the  predicted. For His  in its free  form,  21% of 
the N surface  area is exposed.  Consequently,  both  the  crystal 
and calculated structures  predict  that this group  should be avail- 
able  for T cell receptor  (TcR)  interaction  in its free  form. 

For the  Inf  peptide,  the  agreement between predicted and  ob- 
served groups is similarly good.  There is some inaccuracy in V6, 
which is predicted to  be  67%  solvent accessible, compared  to 
the  observed  value  of  48%.  In  either  case, it is possible that V6 
interacts  favorably  with a TcR  hydrophobic  region. For com- 
parison,  the  orientation of Tyr 5 in  the  HTLV-1  peptide is com- 
pletely mispredicted  using  only  SCCS (4.4 A RMSD),  whereas 
the  additional OS obtains it at  an  RMSD  of  1.2 A. Similarly, 
for  the  HIV-I  RT  peptide,  the  orientations  predicted  for Pro 5 
and Val 6  using only  SCCS  differ  by 3.4 and  3.9 A from  the  ob- 
served,  whereas OS finds  them  to  within 2.0 and  2.1 A,  
respectively. 

A more  demanding test of  the  method is the ability to  predict 
across  MHC  molecules,  where  the  peptide  anchors  are  not  at 
corresponding positions. The conserved  side chains  of peptides 
bound  to  the B27 class I molecule  are  at  positions 2 and 9, 
whereas the conserved  side chains of  peptides bound  to  the  mu- 
rine K b  molecule are  at positions  6 and  9.  Position 6  in the B-27 
peptide therefore provides  little information  about position 6 in 
the K b  peptide (SEV9). Moreover,  the  current  X-ray  structure 
of B-27 is based on a mixture of endogenous  peptides,  and  some 
of  the  peptide  side  chains  are  not  determined by direct  obser- 
vation.  This  makes  the  predicted 1.2-A all-atom  RMSD K b  
structure all the  more encouraging. The lack of a highly resolved 

Table 9. Percent solvent-accessible surface area 

INF G I L G F V F T L  
Obsa - 2 0 - 48 48 10 26 0 
Predb - 2 I - 3 6 6 7   0 2 8 0  

HIVI-RT I L K E P V H G V 
Obs 15 0 3 55 78 18 22 - 0 
Pred I 1  0 15 5 3  91 37 27 - 0 

HTLV L L F G Y P V Y V  
Obs 14 0 1 - 75 61 3 43 0 
Pred 14 0 2 - 86  47  12 40 0 

SEV F A P G N Y P A L  
Obs 13 0 7 - 68 4 12 53 0 
Pred 11 0 9 - 53 6 1 6 4  1 

Histone R R I K A 8 I T L K  
Obs 22 0 12 59 52 50 10 64 1 
Pred 16 0 3 40 47 5 3  38 49 2 

~____ - ~ _ _  ~~ ~~ 

~~~ "~ ~~ 

a Surface area of crystal structure. 
Predicted surface area. 

B-27 peptide might also explain some of the  apparent  anomaly, 
at least with respect to  the  other  systems,  of  finding a  predicted 
peptide with  a free  energy  as low as  that of the  crystal  peptide. 

Near-term  prospects for increased accuracy 

The  significance  of  these results lies not simply  in their  degree 
of  accuracy  and  range  of  improvement  over a standard side- 
chain  mutation  and  energy-minimization  calculation,  but in 
what  they tell us about  current  obstacles  for  further  near-term 
increases  in accuracy. We will briefly review how  various  fea- 
tures of the  algorithm  and  those  of  the  target  function  can be 
improved  to  provide  more  accurate  predictions. 

Translation 

The  most direct way to  improve  the  search is to  include  trans- 
lation  routinely.  The  philosophy in this  paper  was, in part,  to 
explore  the  trade-off between  speed and  accuracy. Because 
a-carbons  translate by as  much  as 1 A during  concatenation, 
omission  of explicit translation for homologous  extensions be- 
tween HLA binding  peptides seemed reasonable,  and  the  lim- 
ited search yields good results  in most cases. That  the restriction 
nevertheless does  impair  accuracy is suggested by our  ability 
to  obtain  more  accurate  predictions  for K b  starting  from B-27 
when  explicit translations  are  allowed.  Indeed,  for  the  SEV-9 
peptide,  the RMSD was reduced  from  2.2  to 1.2 A, albeit  at a 
two  order of magnitude  increase  in  computer  time. 

The expected gain for extensions within HLA-A2 will not  be 
this  large because the accuracy is already high. Whether  the gain 
is worth  the  additional cost depends on objectives. Nevertheless, 
the  limitation  due  to fixed C" positions is seen by the  inaccu- 
racy  of  G4 (2.6 A) for  the  HTLV-1  peptide.  An  equally  impor- 
tant  indicator  of  this  limitation is the  large discrepancy  between 
the  predicted  and  calculated  free energies of the  flu  peptide. 
The C" for V6 differs  from  the C" at  position 6 in  HIV-1  gp 
by 2.0 A ,  causing a 1.3-A RMSD at  this  position in the  final 
structure.  This increases the  energy  of  the  predicted  structure 
by 3.1 kcal/mol.  In  addition,  the  error  propagates  to F7 and T8, 
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Table 10. Binding free energies of the best 10 I f  phe7 
side-chain configurations 

Congen  energy  Free  energy ~ ~ R M S D  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

20.9 
25.1 
21.2 
29.3 
32.1 
33.6 
35.2 
39.9 
43.6 
48.4 

-6.0 
-5.8 
-5.8 
-4.8 
-6.2 
-4.8 
-7.1 
-5.1 
-6.6 
-4.6 

2.1 
2.4 
2.5 
2.2 
1.1 
2.3 
0.3 
2.5 
0.4 
2.1 

increasing  the  energy relative to  the  crystal by an  additional 
2.6 kcal/mol. 

Energy selection 

At  present,  energy,  rather  than  free energy is used to  select the 
best structure  at each orientation.  The 12 structures thus selected 
for  each (Y carbon  are  then  ranked  according  to their free  ener- 
gies. The result for  Inf F7 illustrates  that using  energy can lead 
to  inaccurate  predictions.  Although  the  C"-C@  bond  orienta- 
tion is determined  correctly,  the  ring is flipped  up,  away  from 
the floor of  the  cleft,  rather  than  toward it as  in  the  crystal. 
The  source  of  the  difficulty  has been identified by looking  at 
several conformations with the  same  C"-Cp  bond  orientation, 
ranked  according  to their CHARMm energy (Table 10). Results 
clearly show  that  the  error is  in  using the  CHARMm energy to  
select the best structure  at a given orientation.  The  conforma- 
tion with the lowest free energy (0.3 A RMSD) is some 15 kcal/ 
mol  above  the lowest CHARMm  energy  structure.  The  failure 
thus arises from  introducing free  energy too  late in the process. 
In order  to  correct it in a general  way, we would need to  retain, 
temporarily, several conformations  at each orientation,  and  then 
rank  them  according  to  their  free  energy. We could  then  con- 
tinue  to use  a  winner-take-all  strategy for retaining  a single con- 
formation  at  each  orientation.  There is no substantial  difficulty 

in doing  this  in  general.  When, in fact, we use  the best free  en- 
ergy  structure in the  buildup,  the  final  conformation of Phe 7 
has  an  RMSD  of 1.9 A ,  and  the  overall  RMSD of the flu pep- 
tide is 1.4 A (Table 11) rather  than 1.6 A. 

Energy is used  in the  first  instance  for several reasons,  the 
most  important being the assumed  cancellation of solute-solute 
and solute-solvent van  der Waals effects.  The  assumption  ob- 
viates the need for including  van der Waals evaluation  in the free 
energy function, because it is the free energy difference that rnat- 
ters.  At  the  same  time,  however,  the lack of explicit van  der 
Waals interactions precludes the possibility  of  direct  minimiza- 
tion. A second,  more  practical  reason  for using  energy as a 
first  pass selection criterion is that  the  calculation  of  the solva- 
tion  term,  and  particularly  of its derivative,  would  be  compu- 
tationally very demanding.  These  difficulties  can, in fact,  be 
circumvented by new approaches  to solvation that  are  under de- 
velopment in our  laboratory  (Zhang, in prep.). 

We have  performed  additional  calculations  to  study  the  ef- 
fect of retaining  only a number of  low-energy residue  orienta- 
tions (see Table l), and  then screening on  the basis of  energy, 
rather  than free energy, in the  concatenation stage. To this end, 
starting  from  the best structure  found  for  the  Inf  peptide, we 
generated,  retained,  and  combined all of  the 12 rotational  po- 
sitions  for  the side chains of residues 3, 5 ,  6, and 7 (recall that 
the Inf peptide  has a  Gly at  position 4, the  terminal  positions 
are  almost  invariant,  and  the  backbone  at positions 2 and 8 also 
shows very limited variability).  Exploiting  these  constraints re- 
sults in lz4 = 20,736 conformations  that were generated  and 
subjected to local minimization as described in the Materials and 
methods. We have evaluated  the  free energies and  the  RMSD 
values without  any  pruning.  The  extended  search slightly irn- 
proved the results,  decreasing the free  energy to -17.2 kcal/mol 
(from -16.1 kcal/mol),  and  the  RMSD  to 1.3 A (from 1.4 A). 
Notice that  the extended  search is computationally feasible  only 
with  five residues fixed,  and  the  resulting small improvement 
suggests that  energy-based  pruning is an  acceptable way of re- 
ducing  the  computational  burden  without  deleterious  effect  on 
the  prediction. 

MHC side chains 

The  procedure used  in this  paper locally  minimizes all MHC 
side chains in the cleft that interact with peptide. For extensions 

Table 11. All-atom RMSD and the solvent-accessible surface areas 
of  predicted and observed Inf peptidea 
~~ ~ ~ _ _ _ _ _ _ _ ~ _  ~~~~ ~ .~ ~. . ~~ 

. ._ " " 

Residue 

G1 
I2 
L3 
0 4  
F5 
V 6  
F7 
T8 
L9 
Total 

0.4 
1.3 
1.2 
1.4 
2.1 
2.6 
3.2 
0.4 
0.9 
1.8 

Os aaRMSD 
-~ 

0.7 
1.2 
1.2 
0.7 
1.6 
1.8 
1.9 
0.9 
1.6 
1.4 

Area (obs) 

~" " ~ _ _ _ _ _ _ _ _  ~. ~~ - - .. 

a Using  best free energy Phe 7 conformation. 



1280 U. Sezerman et at. 

within the  same  MHC,  there  are  up  to seven  side chains  (posi- 
tions 73, 95,  97, 116, 156, 163, and 167) whose  conformations 
are  dependent  on  the  bound  peptide.  Some or all of these must 
be searched extensively, either by a Monte  Carlo  method, or an 
exhaustive  grid  search,  as  was used for  finding  peptide  confor- 
mations.  Extensions  across MHC molecules may require  search- 
ing  as  many  as 19 MHC side chains,  and  may  not be possible 
on a routine basis. For example, 152E and 156L in Kb  are in  er- 
ror by 2.3 A and 1.8 A ,  repectively, affecting  the  accuracy  of 
prediction  for N5 in the SEV9 peptide.  Conformational  search 
of residues 152E and 156L along with N5 would  increase the ac- 
curacy of the  prediction. 

The target function 

The calculated  free energy of the observed structure is lower than 
that of the calculated structure  for  four  of  the five peptides (Ta- 
ble 12) and, in three cases, the difference is substantial, suggest- 
ing that  the  search  procedure is currently  the  primary  limitation 
on  accuracy.  The  exception is the  histone  peptide, which has a 
predicted structure  free energy about 4% lower than  that of the 
crystal  structure.  However,  the  crystal  structure in this  case is 
not well defined. 

Materials and methods 

Free energy target function 

The free  energy function  and its validation have  been  described 
in detail previously (Vajda et al., 1994). Briefly, the  free energy 
target  function  consists  of  three  terms:  the  electrostatic  inter- 
action  energy between the  ligand  and  the  receptor;  the  solva- 
tion  free  energy,  and  the  side-chain  conformational  entropy. 
The  electrostatic  energy (v. 2.0  of  the  CONGEN  program 
with  CHARMm 19 parameters) is calculated using a distance- 
dependent dielectric constant  of 4r. Solvation  free energy and 
side-chain entropy loss are  calculated using an extended  version 
of  the  program by Eisenberg  and  McLachlan  (Vajda et al., 
1 994). 

The  binding  free  energy is the  difference between the  aver- 
age  free  energy  of  the  free  peptide (which is conformationally 
flexible), and  the  free  energy  of  the  bound  peptide.  The devel- 
opment  assumes  that  stress-free  equilibrated  structures  have 
comparable  van  der Waals interactions  (Novotny et al., 1989; 
Krystek  et al., 1993); i.e.,  any  protein-protein  van  der Waals 
interaction lost  (gained) by structural  modification  are  compen- 
sated  for by van  der Waals interaction  gained  (lost) by the ac- 
companying  changes in solvation  (Lee & Richards, 1991). 

Because we are  interested in the  bound  structure  associated 
with  the  minimum  binding  free  energy, we need only  rank  the 

Table 12. Free energies of  observed and 
predicted peptide-MHC complexes 

HTLV-1 HIVI-RT Inf Histone SEV9 

Observed - 16.0 -14.0 -26.4 -60.2 -22.0 
Predicted - 1 1 . 1  -8.0 -16.1 -62.6 -19.9 
RMSD 1.4 1 .3  1.4 1.5 1.2 

free energy changes,  without  great  concern  for  their  absolute 
values. This  ranking need  involve only  the  differences in free 
energies  between different  conformations of the  same  peptide 
MHC complex; i.e., the  free energy of  the  free  peptide  can be 
ignored. We thus  take  the  free energy of  the  complex  as  the  tar- 
get function in our  calculations. 

Mapping 

The  target  function  for  each  amino  acid,  considered  indepen- 
dently, is calculated  for a range  of  translational,  orientational, 
and  conformational  states  compatible  with  the  presence  of  the 
MHC  and with observed ranges  in the  locations of amino  acids 
in corresponding  positions in other  MHC-bound  peptides. 

For peptides bound  to  the  same  MHC,  the observed variation 
in  alpha  carbon  location is comparable  to  the  change  that  oc- 
curs  during  the  peptide  concatenation  procedure,  as  explained 
below. Therefore,  the C" position  for  exploring side-chain ori- 
entation is set at  the  C"  position of the  initial  structure. For 
peptides  bound  to  different  MHCs,  corresponding  a-carbons 
can  differ by up  to 4.8 A ,  and we therefore include translational 
motion. 

The  orientational  space  of each  peptide  residue is searched by 
30" rotations  of  the C"-C' bond  about  an axis parallel to  the 
long axis of the cleft (Cornette  et  al., 1993). The  orientational 
angle is zero  along  the  floor  of  the  cleft,  and it  increases as  the 
vector  rotates  from  the a1 toward  the a 2  helix. For K b  and 
B-27, the orientationaVconformationa1 searches were conducted 
at  each  C" position  in a 125-A3 volume, using  a I - A  grid spac- 
ing for  the  central  residues (4-7). 

For each  orientation,  side-chain  conformations  are  searched 
exhaustively in 15" increments  about  rotatable  bonds, using the 
CONGEN  program  (Bruccoleri & Novotny, 1992) with  the 
CHARMm 19 energy  function. All variable MHC side  chains 
having  any  atom within 4 A were also  searched  exhaustively 
(SCCS). Only  the lowest-energy conformations  are  retained  at 
each  orientation. 

This winner-takes-all strategy is the first  of the screening steps, 
and leaves us with 12 conformational  states  for  each side chain, 
one  for each orientation.  The  states  are  ranked according to free 
energy.  The 12 states  are  then  further  pruned by retaining  only 
those within 30% of  the lowest free  energy.  At  this  stage, we 
generally have fewer than six states per  side chain,  as  shown  in 
Table 1 for  the  HTLV  peptide.  Angles  are  incremented by 30", 
starting with the  orientation in the crystal. Thus,  LEU1 is at 47" 
with respect to  the 2 axis  defined  in the  text,  and subsequent  en- 
tries  are  at 77", 107", etc. 

Prior  to  free energy evaluation,  all  structures  are  refined by 
performing  local  minimization  using  the  CHARMm energy 
function until the  change  in energy  settles to less than 0.1 kcal/ 
step,  averaged  over  the  preceding 10 steps.  This  generally  re- 
quires  about 80 steps  of  minimization  and  provides  structures 
that  are  free of steric clashes (Brooks  et  al., 1983). 

This  procedure is applied to  every  side chain in the  sequence, 
but  not  all  of  them  are  found  to  have  strong  binding  potential 
for the  MHC. We define these  weakly interacting side chains  as 
those  having  free energies  higher than  the least favorable  an- 
chors. Known anchors  range in free energy from a low  of -13.7 
kcal/mol  (R2  of  the B27 bound  histone  peptide)  to a high of 
-5.7 kcal/mol (Y6 of SEV9). For side chains with free energies 
above - 5  kcal/mol, we adopt  the physically realistic  viewpoint 
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that their conformation  and orientation is determined by bond 
and angle constraints imposed by the states of the adjoining pep- 
tide side chains, and by van  der Waals constraints imposed by 
the  MHC environment.  When  a segment consists of a consecu- 
tive sequence of three or more side chains that fall into  the weak 
binding category, its backbone conformation is not uniquely de- 
termined by standard polypeptide  geometry, and has to be cal- 
culated by loop closure methods (Bruccoleri & Novotny, 1992; 
Zheng et al., 1993; Vasmatzis et al., 1994). For HLA-A2 bind- 
ing peptides, the number of consecutive side chains that fall into 
the weak binding category never exceeds two.  Although deter- 
mining the missing backbone does not involve a  conformational 
search,  introducing some variation in bond lengths and valence 
angles may be necessary. The allowance of such variation is, in 
fact, how the standard routine in CHARMm (IC BUILD)  builds 
missing coordinates. The result is generally a highly stressed seg- 
ment, which is subsequently relaxed by energy minimization. 

The  state of each amino acid is then selected from this free 
energy map in a way that generates a set of low free energy struc- 
tures for  the peptide as a whole. There are a number of possi- 
ble ways in which low free energy structures  can be composed 
from mapping data (Rotstein & Murcko, 1993),  including Monte 
Carlo methods (Goodsell & Olson, 1990; Yue, 1990; Caflisch 
et al., 1992; Hart & Read, 1992), dynamic  programming algo- 
rithms (Gulukota et al., 1996), and multiple copy algorithms 
(Miranker & Karplus, 1991; Caflisch et al., 1993; Rosenfeld 
et al., 1993). In this paper, we pursue an  approximate  approach 
aimed at simplicity and physically motivated pruning strategies. 

Concatenation 

All combinations of orientations of the stabilizing residues are 
concatenated, including those determined by loop closure, elim- 
inating only structures whose bond lengths and angles are se- 
vere outliers. In particular, we retain for subsequent pruning and 
minimization all residues whose nearest neighbor alpha  carbon 
distances are between 3.5 and 5.0 A ,  and whose valence angles 
after concatenation and 10 steps of minimization are between 
90" and 150". This typically reduces the number of possible 
structures by  20-60'70. 

Relaxation 

Each structure obtained by concatenation is minimized for 350 
steps using the  CHARMm potential. This relaxes many, though 
not all, of the unfavorable structures. The minimized structures 
are screened for internal energy, and all those having internal 
energies greater than 30%  above the minimum are discarded. 
The retained structures are subjected to free energy evaluation, 
and ranked  according to their free energies. 

Treatment of crystal structures 

Our side-chain conformational  free energy search indicates that 
crystal structures with charged upward-pointing side chains were 
not at their free energy minimum. Such side chains are E4 in the 
HIVl RT  peptide and N5 in the SEV9 peptide. A similar prob- 
lem is seen for R1 and K4 of the histone  peptide in B27 that is 
based on a structure with a mixture of bound peptides. The side 

chains were adjusted to minimize the free energy of the crystal 
peptide, and  to  obtain a consistent data set for comparison. 
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