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Abstract 

This  paper describes a methodology to calculate the binding free energy (AG) of a protein-ligand complex using a 
continuum model of the solvent. A formal thermodynamic cycle is used to decompose the binding free energy into 
electrostatic and non-electrostatic contributions. In this cycle, the reactants are discharged in water, associated as purely 
nonpolar entities,  and the final complex is then recharged. The total electrostatic free energies of the protein, the ligand, 
and the complex in water are calculated with the finite difference Poisson-Boltzmann (FDPB) method. The nonpolar 
(hydrophobic) binding free energy is calculated using a free energy-surface area relationship, with a single alkane/water 
surface tension coefficient (yaw). The loss in backbone and side-chain configurational entropy upon binding is estimated 
and added to the electrostatic and the nonpolar components of AG. The methodology is applied to the binding of the 
murine MHC  class I protein H-2Kb with three distinct peptides, and to the human MHC  class I protein HLA-A2  in 
complex with five different peptides. Despite significant differences in the amino acid sequences of the different 
peptides, the experimental binding free energy differences (AAGexp) are  quite  small (<0.3 and <2.7 kcal/mol for the 
H-2Kb and HLA-A2 complexes, respectively). For each protein, the calculations are successful in reproducing a fairly 
small range of values for AAGCalc (<4.4 and  <5.2  kcal/mol, respectively) although the relative peptide binding affinities 
of H-2Kb and HLA-A2 are not reproduced. For all protein-peptide complexes that were treated, it was found that 
electrostatic interactions oppose binding whereas nonpolar interactions drive complex formation. The two types of 
interactions appear to be correlated in that larger nonpolar contributions to binding are generally opposed by increased 
electrostatic contributions favoring dissociation. The factors that drive the binding of peptides to MHC proteins are 
discussed in light of our results. 
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dissociation constant; AGexp. experimental binding free energy; AGb, theo- 
retical binding free  energy; AG,,l,, calculated binding free energy; AGc,,l, 
Coulomb contribution to binding; AGwlv, reaction field (solvation) contri- 
bution to binding; Ace,, electrostatic contribution to binding (sum of AGcou, 
and AGs,,lv); AG.,, nonpolar (hydrophobic) contribution to binding; AG,,,,,, 
change in conformational free energy of both the receptor and the ligand 
upon binding; AS,, and AS,, loss of configurational entropy due  to the 
freezing of backbone and side-chain torsional angles upon binding; A&, 
loss of translational and rotational degrees of freedom upon binding; A, 
solvent-accessible surface area; yaw, microscopic surface tension associ- 
ated with the transfer of alkane from liquid alkane to water: E,, dielectric 
constant of water; 6, dielectric constant of macromolecular interior. 

The accurate calculation of ligand-protein binding free energies 
is a difficult problem for which no general solution has been 
forthcoming. Molecular dynamics simulations including the ex- 
plicit treatment of solvent molecules have encountered a number 
of striking successes (see,  e.g., Bash et al., 1987; McCammon, 
1987; Beveridge & DiCapua, 1989; Straatsma & McCammon, 
1991; Miyamoto & Kollman, 1993; Kollman, 1993, 1994); how- 
ever, the need to sample a large ensemble of conformational 
states places severe computational demands  on  this approach. At 
the other extreme, a variety of empirical methods have also 
been developed to estimate binding free energies (see, e.g., An- 
drews  et al., 1984; Williams et al., 1991, 1993; Bohm, 1994). 
These methods, which, for example, assign a free energy value 
to each hydrogen bond,  salt bridge, and buried nonpolar area, 
provide extremely useful qualitative tools. However, they are not 
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generally able to yield accurate  quantitative  results  (Ajay & 
Murcko, 1995). 

An intermediate approach involves  the  use of continuum meth- 
ods  to describe solvent molecules while retaining an atomic level 
description of the protein. Continuum methods have been applied 
with some successes to the calculation of relative binding free 
energies for closely related ligands (Wendoloski et  al.,  1993;  Jack- 
son & Sternberg, 1995; Shen & Quiocho, 1995; Shen & Wendo- 
loski, 1995; Zhang & Koshland, 1996). In this paper we describe 
a general method for the calculation of binding free energies using 
continuum solvent methods and apply this method to the study of 
peptide-protein interactions in MHC class I protein-peptide com- 
plexes. Specifically, we consider the binding of the murine MHC 
class I protein, H-2Kb, with three distinct peptides and of the 
human MHC  class I protein, HLA-A2, with five different peptides 
(see Table 1 for experimental details about each complex). Despite 
significant differences in the sequences of the peptides binding to 
each protein, the observed binding free energies are quite close. 
Reproducing this result provides a significant challenge to any 
theoretical methodology. 

The structural diversity of the peptidic ligands to MHC proteins 
is enormous; about 10% of all possible peptide sequences of ap- 
propriate length may bind to the  same  MHC  class I protein with 
nanomolar affinities (Ruppert et al., 1993). Understanding the struc- 
tural and energetic basis of this combination of low specificity and 
high affinity is a problem of great biophysical as well as biological 
relevance. Moreover, in addition to their intrinsic interest, MHC 
class I protein-peptide complexes provide an ideal test system for 
theoretical methods since there is a great deal of both structural 
and thermodynamic data available for an extremely diverse set of 
ligands. 

Our approach is based on the use of the finite-difference Poisson- 
Boltzmann (FDPB) method (Warwicker & Watson, 1982; Nicholls 
& Honig, 1991) to calculate electrostatic interactions, and a free 
energy-surface area relationship to estimate nonpolar contributions 
to binding. We use PARSE parameters that are known to yield 
good solvation free energies for peptidic systems (Sitkoff et al., 

Table 1. Protein-peptide complexes used in analysis 
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1994)  and that yield hydrogen-bonding energies that are similar to 
those obtained from high level quantum mechanical calculations 
(Ben-Tal et  al.,  1997).  Thus,  all parameters used in our calculations 
have been determined by fitting to an independent data set (see 
below). The level of agreement between theory and experiment 
that is obtained here suggests that the underlying physical model 
describes many of the important elements of the binding reaction. 
On the other hand our study also highlights a number of the short- 
comings in the methodology as will be discussed in some detail in 
the Discussion. 

Results 

Precision of the calculations 

In order to assess the precision of the finite difference Poisson- 
Boltzmann calculations, we tested the sensitivity of the calculated 
value of AGsolv (265.2 kcal/mol  for H-2Kb/VSV-8; Table 2) to the 
rotation and translation of the coordinates of the H-2Kb/VSV-8 
complex within the lattice used in the finite difference calculations. 
Twenty-seven positions obtained by rotating the complex in  60" 
increments around the x,  y ,  and z axes were generated. The com- 
puted value of AG,,,, had a standard deviation of only 0.75 kcal/ 
mol. The center of coordinates of  the H-2Kb/VSV-8 complex was 
also translated in the lattice in 0.2 8, increments along the x ,  y ,  z ,  
x y ,  xz, and yz axes. In this case, the standard deviation of AG,o,v 
was only 0.13 kcal/mol. 

Dependence on atomic coordinates 

We tested the sensitivity of the calculations to the structural model 
used by carrying out binding energy calculations on both the crys- 
tal structure (with hydrogen atom positions generated as described 
in Methods), and on energy-minimized structures of the H-2Kb/ 
VSV-8 complex. The binding free energy of the complex (AGcalc) 
is -22.3 kcal/mol using  the crystal structure, -36.8 kcal/mol for 
the structure minimized without restraints, and -26.4 kcal/mol for 

MHC class I 
protein 

H-2Kb 
H-2Kb 
H-2Kb 
HLA-A2 
HLA-A2 
HLA-A2 
HLA-A2 
HLA-A2 

Peptide 
Peptide source position 

Sendai virus nucleoprotein 324-332 
Vesicular stomatitis virus nucleoprotein 52-59 
Chicken ovalbumin 257-264 
Hepatitis B virus nucleocapsid 18-27 
Influenza A virus  matrix  M1 58-66 

HIV- 1 reverse transcriptase 309-3 17 
HTLV-I  TU  11-19 

HIV- 1 gp 120 197-205 

Peptide Peptide A A ~  
sequence abbreviation PDB filea (A2) 

FAPGNYPAL SEV-9 1 VABe - 1,695 
RGYVYQGL VSV-8 1 VAAe - 1,857 
SIINFEKL OVA-8 1 VACg - 1,807 
FLPSDFFPSV HBV-10 lHHHh -1,926 
GILGFVFTL FLU-9 lHHlh -1,713 
LLFGYPVYV TAX-9 lHHKh -1,774 
ILKEPVHGV RT-9 I H H J ~  - 1,769 
TLTSCNTSV GP-9 lHHGh -1,580 

KD' AG,,,d 
(nM) (kcal/mol) 

2.7' -11.7 
3.7' -11.5 
4.1' -11.4 
3.3'" - 1 1.6 
6.0' -11.2 

11.0' - 10.9 
242.0' -9.0 
294.0' -8.9 

aCoordinate file of protein-peptide complex from the Brookhaven (Bernstein et al.,  1977) Protein  Data  Bank (PDB). 
bBuried solvent-accessible surface area on protein  and peptide upon complexation as calculated using the  program SURFCV with  the  PARSE  van  der 

'Measured equilibrium dissociation constant of protein-peptide complex. 
dExperimental binding free energy of protein-peptide complex calculated as AC,,, = RTln KD (T = 25 "C). 
eFremont et al. (1992). 
'Matsumura et al. (1992). 
gFremont et al. (1995). 
hMadden et al. (1993). 
'Altuvia et  al.  (1995). 
JRuppert et al. (1993). 

Waals atomic radii (see Methods for details). 
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Table 2. Experimental (AGex,,) and calculated binding free energies (AGcalc) for the 8 studied MHC class I protein-peptide 
complexes, and detail of  the values calculated for the components of AGcalc, in  kcaUmol 

Complex AGap  AGca~c  AGcou~  AGso~v AGela AGnp - TAS,,,, - TAS, 
~~ ~~ ~ 

H-2Kb/SEV-9 -11.7 -22.0 - 150.9 197.7 46.8 -91.7 18.0 4.9 
H-2Kb/VSV-8 -11.5 (0.2)b -26.4 (-4.4) -214.6 (-63.7) 265.2 (67.5) 50.6 (3.8) -102.4 (-10.7) 16.0 (-2.0) 9.4 (4.5) 
H-2Kb/OVA-8 -11.4 (0.3) -26.1 (-4.1) -154.9 (-4.0) 201.7 (4.0) 46.8 (0.0) -101.1 (-9.4) 16.0 (-2.0) 12.2 (7.3) 
HLA-A2/HBV-10 - 11.6 -40.6 -161.7 198.6 36.9 - 107.0 20.0 9.5 
HLA-A2/FLU-9 -11.2 (0.4) -39.3 (1.3) -164.4 (-2.7) 196.6 (-2.0) 32.2 (-4.7) -96.6 (10.4) 18.0 (-2.0) 7.1 (-2.4) 
HLA-A2/TAX-9 -10.9 (0.7) -41.3 (-0.7) -160.7 (1.0) 190.0 (-8.6) 29.3 (-7.6) -95.4 (11.6) 18.0 (-2.0) 6.8 (-2.7) 
HLA-A2/RT-9 -9.0 (2.6) -44.5 (-3.9) -211.3 (-49.6) 232.4 (33.8) 21.1 (-15.8) -95.1 (11.9) 18.0 (-2.0) 11.5 (2.0) 
HLA-A2/GP-9 -8.9 (2.7) -40.0 (0.6) -190.6 (-28.9) 202.8 (4.2) 12.2 (-24.7) -81.4 (25.6) 18.0 (-2.0) 11.2 (1.7) 

a A G , ~  is the sum of AGcoul and AGs,lv. 
bThe relative binding free energies (AAG)  with respect to the best experimental binders (SEV-9 for H-2Kb, and HBV-IO for HLA-A2) are given in 

parentheses. 

the structure minimized with harmonic restraints (Table 2). Oscil- 
lations in this range were  also observed when ACca1, was computed 
using 10 structures obtained from a 10-ps molecular dynamics 
simulation of the H-2Kb/VSV-8 complex in vacuum at  300 K, 
where heavy atom positions were harmonically restrained to their 
original crystal positions. However, it was found that the average 
value of AGcalc calculated from the molecular dynamics simulation 
was quite stable, and that it was comparable to the value of AGCalc 
computed from a single structure minimized with harmonic re- 
straints (A. Windemuth & N. Froloff, unpubl. results). 

Binding free energies 

Table 2 summarizes the calculated binding free energies for  the 8 
MHC  class I protein-peptide complexes. The calculated values are 
significantly more negative than the experimental ones (which are 
all about -10 kcal/mol; Table 1) due in part to the fact that the 
entropic cost of fixing translational and rotational degrees of free- 
dom has not been taken into account. This issue will be discussed 
further below. Comparing different complexes, it  is clear from 
Table 2 that the variation is  in the individual contributions to the 
binding free energy are much greater than the variation in the 
calculated binding free energies. The  latter vary over a range of 4.4 
kcal/mol for the three  H-2Kb/peptide complexes, and 5.2 kcal/mol 
for the five HLA-A2/peptide complexes. The experimental bind- 
ing  free energies fall in a range of less than 0.3 kcal/mol and 2.7 
kcal/mol for the H-2Kb/peptide and HLA-A2/peptide complexes, 
respectively (Table 1). 

The  calculations  are reasonably successful in reproducing the 
small observed experimental range despite the fact that the indi- 
vidual free energy contributions are so large. Of these, the solva- 
tion free energy terms for the individual proteins and  complexes 
(Gsolv) are  on  the  order of thousands of kcal/mol. For  example,  for 
H-2Kb/VSV-8, the solvation energy is -2583 kcal/mol for the 
protein, - 180 kcal/mol for the peptide and -2498 kcal/mol for 
the complex. These yield a value of AGsolv for H-2Kb/VSV-8 of 
265  kcal/mol, which should be compared to the values of AG,,,, 
near  200 kcal/mol for the other  H-2Kb complexes. The range of 
values for AGcoul is also about 65 kcal/mol, leading to values of 
Ace, which are  quite  quite  close  for all three  complexes (within 
approximately 5 kcal/mol). The individual values for AGnp are 
approximately -100 kcal/mol but they fall within a range 10 
kcal/mol.  Given  the  size of the individual terms, it is quite re- 

markable that the values of AGcalc are so close to one another. 
Moreover, the same is true for the HLA-A2 complexes where a 
comparable range of calculated binding free energies is obtained. 

Despite the success in obtaining a small range for the binding 
free energies, the correct order of peptide binding is not repro- 
duced for  either protein. This  is not surprising given the uncer- 
tainties in the calculations. The calculations also do not succeed in 
reproducing the fact that both H-2Kb and HLA-A2 have very 
similar binding free energies with their respective peptides. As will 
be discussed below, this may be due to differences in the details of 
the crystal structure determination for each set of complexes and to 
different reorganization free energies upon complexation. 

A major conclusion of our study is that electrostatic interactions 
oppose binding, a result that was obtained for all the complexes 
that were studied (Table 2). For example, H-2Kb has a net charge 
of about -8 at  pH = 7, VSV-8 has a charge of + 1, SEV-9 has a 
charge of 0 (no ionizable side-chains) and OVA-8 has a net charge 
of 0 (two oppositely charged side-chains). These result in very 
different Coulomb energies for the complexes: -214.6 kcal/mol 
for VSV-8, - 150.9 kcal/mol for SEV-9 and - 154.9 kcal/mol for 
OVA4 (Table 2). That the three peptides show quite similar elec- 
trostatic association energies in water (46.8 kcal/mol for both SEV-9 
and OVA-8, 50.6 kcal/mol for VSV-8; Table 2) is due to a com- 
pensation between the  Coulomb and solvation free energies. The 
added Coulomb attraction for VSV-8 is compensated by a loss in 
solvation free energy for this charged peptide. Both hydrogen bond- 
ing and ionizable groups contribute to the electrostatic term with 
the former making the  dominant contribution. Thus, the unfavor- 
able electrostatic contributions to binding are due primarily to the 
desolvation of hydrogen bonding groups which is not fully com- 
pensated by hydrogen bond formation in the complex. 

The loss of main-chain and side-chain configurational entropy 
strongly opposes binding. The main-chain term, - TAS,,, is quite 
large for all complexes (about half of the electrostatic term) and is 
proportional to the number of residues in the peptide. The side- 
chain term, -TASsc, is surprisingly small even though numerous 
side  chains  are in the peptide-protein interface. (For example, 96% 
of the buried H-2Kb  atoms  are from side  chains, and 23 different 
side  chains of H-2Kb  are  in van der Waals contact with VSV-8; 
Fremont et  al., 1992). However, most of the side chains in the 
binding site of both H-2Kb  and HLA-A2 are fairly well shielded 
from solvent even prior to association so that according to the 
criteria  of Pickett & Sternberg (1993) (see Methods) they are fairly 
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immobile even in  the isolated protein. Most of the entropic loss is 
from the peptide  side chains which are all solvent-exposed and, 
with the exception of one to three  side  chains per peptide, are 
buried upon binding. Indeed, about 80% of the peptides’ solvent- 
accessible surface becomes buried upon MHC binding (Stanfield 
& Wilson, 1995). Differences in configurational entropies of  indi- 
vidual side chains lead to different values for the -TAS,, term 
(Table  2) but these variations are small (<8 kcal/mol) relative to 
the variations of the other binding free energy terms. 

Protein-peptide association appears to be driven by the hydro- 
phobic effect (AGnp), which is large enough to compensate for the 
unfavorable electrostatic contribution as well as for the loss of 
side-chain and main-chain configurational entropy. Interestingly, 
the nonapeptide SEV-9 buries less solvent-accessible surface area 
upon binding than the two octapeptides (A(CA), Equation 3, is 
equal to 1576 A2 for SEV-9, 1759 A2 for VSV-8, and 1737  for 
OVA-8). SEV-9 bulges out of the binding groove so that its extra 
residue can be accommodated by H-2Kh  (Fremont  et al., 1992). As 
a result, SEV-9 is the only peptide  among the three for which two 
side chains retain more than 60% accessibility to water upon bind- 
ing (Prop3 and Asn”). In contrast, for the five HLA-A2/peptide 
complexes, the longest peptide (HBV-IO) buries the most surface 
area and hence has the largest value for AGnp. For these complexes 
increased nonpolar contributions are opposed by increased elec- 
trostatic contributions favoring dissociation, resulting in a fairly 
small range of calculated binding free energies. 

Discussion 

In this paper we have  employed a physical model that involves a 
static but atomic level description of interacting molecules, a con- 
tinuum solvent model, a simple estimate of configurational entro- 
pies, and a parameter set which was derived from independent 
observations. Conformational changes upon binding are included 
in a strain free energy term, AGsIrain, which is never calculated 
explicitly. Configurational entropy losses upon binding are treated 
with a simple rotamer model but more complex dynamical contri- 
butions to the entropy before and after complexation are ignored. 
The approach has been put to a rather severe test, the calculation 
of the relative binding free energies of different peptides to two 
MHC  class I proteins. Although the approximations inherent in this 
treatment as well as uncertainties in the energetic parameters ren- 
der  it unlikely that the calculated results will be in close agreement 
with experiment, this  is not a goal of the present study. Rather, we 
have attempted to explore the consequences of applying a com- 
plete physical model to the calculation of binding free energies 
with the goal of determining both the strengths and limitations of 
the model. 

We have chosen to study MHC protein-peptide complexes, in 
part due to their inherent interest and in part due to the challenge 
posed by calculating the binding free energies of rather different 
peptides. We first  consider the absolute binding free energies that 
are calculated and then consider  the relative binding free energies 
of different complexes. With regard to absolute binding free ener- 
gies, the a priori assumption is that the calculated values will be 
too negative since we have ignored the positive contributions from 
AGstrain and from the free energy term which accounts for the loss 
of translational and rotational degrees of freedom upon binding, 
AG,,. The value of AG,, depends on the assumption made as to the 
tightness of binding, as has been discussed (Finkelstein & Janin, 
1989; Gilson et al., 1997).  is usually considered to  be a 

constant for ligands that bind to the same protein, and  estimates for 
its magnitude typically range between 7 and 15 kcal/mol for protein- 
sized systems (Steinberg & Scheraga, 1963; Page & Jencks, 1971; 
Erickson, 1989; Finkelstein & Janin,  1989; Novotny et al., 1989; 
Searle et al., 1992; Tidor 19 Karplus, 1994; Janin, 1995). Adding 
-10 kcal/mol to AGcalc yields a binding free energy that is more 
negative than the experimental value by about 5 kcal/mol for the 
H-2Kh complexes and about 20 kcal/mol for the HLA-A2 com- 
plexes. The remaining difference is presumably due to AGStraln, and 
to a variety of errors in the theoretical procedure, crystallographic 
coordinates, energetic parameters and physical model. 

PGstrain accounts for the unfavorable conformational free energy 
that the protein and ligand undergo in order to achieve optimal 
binding. While this term must always be present, its magnitude is 
difficult to estimate. In fact, no peptide-free MHC class I protein 
crystal structure has been reported to date, so that only indirect 
evidence is available as to the protein structural changes that ac- 
company peptide binding (Elliott  et al., 1991; Bluestone et al., 
1992, 1993; Catipovic et al., 1992, 1994; Sherman et al., 1993; 
Rohren et al., 1994). However, they are likely to be similar for the 
same protein interacting with different peptides, which is consis- 
tent with the fact that the protein conformation of both H-2Kb and 
HLA-A2 shows only minor conformational changes in comparing 
one protein-peptide complex to another (Fremont et al., 1992, 
1995; Madden et al., 1993). 

The difference in AGcalc for the H-2Kb and HLA-A2 complexes 
may be due to a number of sources including differences in the 
model building and refinement procedures used to obtain the crys- 
tal coordinates of the complexes. Fremont et al. ( 1  992, 1995) used 
the crystallographic R values to refine the structures of the  H-2K” 
complexes, while Madden et  al.  (1993) preferred to minimize the 
Rf,, (Briinger, 1992) values of the HLA-A2 complexes. Further- 
more, Fremont et  al. explicitly included observed crystallographic 
waters in the models (about 100 per MHC protein-peptide struc- 
ture) while Madden et  al. did not. As a test, we performed a 
restrained energy-minimization of the H-2Kh/peptide complexes 
without crystal waters and obtained AGcalc values about 8 kcal/mol 
lower than the ones calculated from the structures minimized with 
water molecules (results not shown). Thus, this factor alone may 
account for much of the difference in the calculated values for the 
two sets of complexes. 

An upper limit to ACstraln should correspond to the folding free 
energy of most proteins of about 10 kcal/nlol, because the free 
energy difference between folded, partially folded, and unfolded 
forms of any protein must be in this range. Assuming half  this 
value for ACstmln and adding 10 kcal/mol for AG1,, implies that 
about 15 kcal/mol should be added to the calculated binding free 
energies in Table 2. When this is done, the absolute values for the 
H-2Kb complexes appear to be in  good agreement with experi- 
ments while those for the HLA-A2 complexes are still somewhat 
too negative. Given the size of the individual contributions to the 
binding free energy, the fact that the calculated values are of a 
reasonable magnitude is reassuring. 

It is  also encouraging that the calculated binding free energies 
for a single set of complexes are so similar. Despite the neglect of 
AGsirain and precision problems arising from subtracting large free 
energy contributions, the calculated binding free energies for dif- 
ferent peptides binding to the same protein are extremely close to 
one another. This is a rather striking result that, taken together with 
the apparently reasonable values for AGcalc that we have obtained, 
suggests that the underlying physical model we have used and the 
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assumptions we have made have some validity. Moreover, the 
calculated binding free energies are  all more negative than the 
experimental values, which is consistent with the neglect of pos- 
itive free energy contributions to the association free energy. It is 
important to emphasize in this regard that all parameters used in 
the calculations were derived  from a totally independent set of 
observations (e.g., PARSE parameters are based on  the solvation 
free energies of small organic molecules; Sitkoff et al., 1994). 

The success of the approach used in  this work, as measured by 
the similar values obtained for  the different peptides and by the 
fact that the values themselves are  in the expected range, has a 
number of important implications for future work. First, that the 
model itself is reasonable implies that it can be used to elucidate 
essential features of the binding process. Second, it suggests that 
the approach might be successful in the treatment of simpler prob- 
lems, for  example in predicting the relative binding free energies 
of chemically similar and  less  flexible substrates, as has been 
recently shown for a few protein-ligand systems (Wendoloski 
et al., 1993;  Shen & Quiocho,  1995;  Shen & Wendoloski, 1995; 
Zhang & Koshland, 1996). Third, it can be used to validate simpler 
approximations based on a similar physical model, for  example the 
one used by  Vajda et al. (1994) in their study of MHGpeptide 
interactions. 

It is of interest to consider the determinants of MHC-peptide 
binding based on the results of this paper. As has been found in 
previous work based on the application of continuum solvent mod- 
els, electrostatic interactions, including hydrogen bonding inter- 
actions, are found to oppose binding (see, e.g., Yang & Honig, 
1995a, 1995b, for a discussion of similar effects in the context of 
protein folding). This result follows from the description of bind- 
ing and folding processes in terms of the removal of polar and 
nonpolar groups from water. It is generally found that the desol- 
vation of individual polar groups is rarely compensated by the 
formation of hydrogen bonds in the interior of a protein or a 
protein-ligand complex. It has been argued that this result is at 
odds with experiments based on site-directed-mutagenesis in which 
one member of a hydrogen bonded pair is removed (Myers & 
Pace, 1996). However, as has been discussed in detail, experiments 
of this type cannot measure the strength of hydrogen bonds di- 
rectly and the results are in fact consistent with theoretical analysis 
(Honig & Yang, 1995). 

Nonpolar interactions are found in this work to provide the 
major driving force for complexation, compensating both for the 
unfavorable electrostatic interactions and  for the various entropy 
losses associated with the binding process. These nonpolar inter- 
actions result from the hydrophobic effect and from the possible 
effects of close packing in the complex which are likely to be 
stronger than solute-solvent van der Waals interactions for the 
unbound species (see the discussion by Friedman & Honig, 1995). 
The calculated values of AG,, of about -95 kcal/mol result from 
the burial of both polar and nonpolar surface area, totaling approx- 
imately 1650 A* of curvature-corrected solvent-accessible surface 
area per complex. This  is partitioned into approximately two-thirds 
buried nonpolar area (i.e., about -60 kcal/mol) and one-third bur- 
ied polar area (Le., about -35 kcal/mol each). If we add the non- 
polar term due to polar atoms to AGei (which is about 35 kcal/mol 
on average; Table 2), we find that the net free energy contribution 
of polar atoms to binding is  close to zero. Thus,  it  is the burial of 
approximately 1050 A* nonpolar surface  area that actually drives 
the binding process. Almost all of the nonpolar contribution is due 
to the burial of side-chain atoms. In a future publication we will con- 

sider the contributions of individual residues in  detail with the goal 
of elucidating the principles of MHC protein-peptide recognition. 

Methods 

Theory 

The binding free energy can be written in the form: 

AGeI and AG,, are the electrostatic and nonpolar contributions to 
binding obtained from the thermodynamic cycle in Figure 1 .  AGstrain 
accounts for possible distortions in  the protein or peptide upon 
complexation. TAS,, and TAS, describe the loss of configura- 
tional entropy due to the loss of backbone and side-chain torsional 
freedom upon complexation. TA& accounts for the loss of trans- 
lational and rotational degrees of freedom upon binding. 

The method used to calculate the electrostatic free energy, AG,,, 
has been described previously (Gilson & Honig,  1988; Smith & 
Honig,  1994) and is summarized in  Figure 2. AGel is obtained from 
the sum of the  Coulomb  and reaction field (solvation) energies of 
the complex minus that of the isolated reactants: 

where AG,,(E~,E,) is the total change in electrostatic free energy 
for the two reactants with interior dielectric constant ~ i ,  both of 
which are embedded in a solvent of dielectric E,.  AGcoul(~i) is the 
pairwise Coulomb free energy between the two interacting mol- 
ecules which are embedded in a medium of dielectric constant ei. 
AGsolv (~ i ,~o )  is the change in the reaction field free energy upon 
transferring the various species from a medium of dielectric ei to 
one of dielectric E , .  

The nonpolar (hydrophobic) contribution to the binding free 
energy (Fig. 1) is given by 

where yaw is the microscopic surface tension associated with the 
transfer of alkane from liquid alkane to water. The curvature cor- 
rection factor, C, describes the  effect of the curvature of the mol- 
ecule  on its interfacial free energy (Nicholls  et  al.,  1991;  Sharp 
et  al., 1991) while A is the solvent-accessible surface area (Lee & 
Richards, 1971). C for  an entire molecule is obtained as an average 
over local curvature factors, c, which in turn are related to the solid 
angle that is excluded to a sphere with the radius of a water 
molecule when in contact with the  molecular  surface (Nicholls 
et al., 1991). For a spherical surface patch of radius R, c is given by 

c = 1/(1 2 a/R) (4) 

where a is the radius of the water probe, the positive sign applies 
to a convex region and the negative sign to a concave region. The 
concave regions of a solvent-accessible surface are more hydro- 
phobic than the convex regions since water molecules are more 
restricted in  the former case. Van der Waals interactions are not 
considered explicitly; any difference  in protein-ligand and solute- 
solvent van der Waals interactions is assumed to be implicitly 
taken into  account in the surface tension parameter, yaw. 

-TAS, is calculated using the empirical scale of Pickett & 
Sternberg (1993). Their model assumes that a solvent-exposed 
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Fig. 1. Thermodynamic cycle for calculation of the elcctrostatic (el) and nonpolar (np) contributions to the binding free cnergy (AG) 
of a protein (P) and a ligand (L) to form a macromolecular complex (C) in  aqueous solution. 

side-chain (whose relative accessibility, R A ,  is greater than 60%) 
rotates freely, whereas a buried side chain (RA < 60%) is re- 
strained to one rotamer. RA is defined as 

R A =  . 
side-chain accessible area 

slde-chain area in fully extended state ' 

The empirical scale of Pickett and Stemberg (1993) gives the 
configurational entropies of the 20 amino acid side chains obtained 
from the observed distributions of side-chain rotamers in 50 non- 
homologous protein crystal structures. This scale correlates well 
with empirical scales obtained by other authors using different 
techniques (Doig & Stemberg, 1995). It predicts an entropic cost 
of 0.54 kcaI/mol per CH2 for fixing a carbon-carbon single bond 
to a single rotamer. This value is within the range expected if one 
assumes that each single bond occupies between two and three 
conformational minima when rotating freely ( R  In 2 and R In 3 are 

( 5 )  

0.42 and 0.66 kcal/mol at 300 K, respectively). It is also close to 
the estimated entropic cost of 0.45 kcal/mol/CHZ at 25 "C of fixing 
side chains upon the liquid to solid phase transition of alkanes 
(Nicholls  et al., 1991). Configurational entropy changes are cal- 
culated for the side  chains of both the MHC proteins and their 
peptidic ligands by determining which solvent-exposed side chains 
become buried upon binding. 

-TAS,,,, is assumed to be 2 kcal/mol/residue. This value was 
determined from a recent theoretical study of a-helix formation 
(Yang & Honig, 1995a) and is in the range predicted by other 
estimates  (Honig & Yang, 1995, and references therein). 

We define AGCaI,, which is the calculated binding free energy, as 

AG,,,, = AGcl + AG,,,, - TAS,, - TAS, (6) 

AG,,,, will be smaller than AGb (Equation 1) because the two 
terms that have been ignored in the former, AC,,,,i, and -TAS,,, 
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are both positive. Thus, AG,,,, is expected,  a priori, to be more 
negative than the experimental binding free energy. 

Calculations and parameters 

The Delphi program with a new molecular surface generation 
algorithm (Sridharan et al., 1997)  was used for the finite difference 
Poisson-Boltzmann (FDPB) calculations (Nicholls & Honig, 1991 ). 
The precision of the FDPB calculations  is strongly dependent on 
the method used to generate the molecular surface and it is ex- 
tremely important to use an accurate surface generation algorithm 
in binding energy calculations. Atomic charges and radii were 
taken from the PARSE parameter set (Sitkoff et al., 1994), which 
accurately reproduces the vacuum-to-water transfer free energies 
of amino acid side-chain and peptide backbone analogs, assuming 

= 2 and E ,  = 80. An interior dielectric constant of 2 was 
assigned to both the peptides and proteins. 

Dielectric constants of 4  are frequently used to account for the 
dielectric response due  to conformational changes that are not 
treated explicitly (see, e.g., Sharp & Honig, 1990) but  we have 
preferred here to calculate the binding free energy for rigid body 
association and assume that all conformational changes upon bind- 
ing are incorporated in the AG,,,,, term. Under these circum- 
stances,  a dielectric constant of 2  is appropriate since this value 
accounts for electronic polarizability but not for structural reorga- 
nization. In addition, the use of a dielectric of 4 is intended as a 
means of accounting for the screening of painvise Coulomb inter- 
actions due to small conformational changes while in the calcula- 
tion of binding free energies one is primarily concerned with the 
conformational relaxation of the separate monomers following dis- 
sociation of the complex (which may be viewed as reducing the 
“self energy” of the monomers). Using a dielectric constant of 4 in 
this  case  does not account for this relaxation (indeed, the calcu- 
lated effect of the higher dielectric is to strengthen binding while 
relaxation of the monomers weakens binding). 

Delphi  was run on  a cubic grid with 155 to 165 grid points per 
side such that a resolution of 2 grid points per A and a percentage 
grid fill of 90% was maintained in all calculations. Dummy atoms 
were used to ensure that a given complex and the corresponding 
protein and peptide had an identical scale and position on the grid. 
Solutes were treated as polarizable cavities of shapes defined by 
their molecular surfaces (a probe radius of 1.4 A for water was 
used). Observed crystallographic waters whose coordinates are 
specified in the H-2Kh  models  (about 100 per complex), but  not  in 
the HLA-A2 models, were treated as corresponding to bulk sol- 
vent. The ionic strength was set to zero; use of the physiological 
value (e.g., about 0.1 M )  was found to have little effect ( < O S  
kcal/mol) on the magnitude of AGcaIc. 

Plain and curvature-corrected solvent-accessible surface areas 
(respectively used to calculate -TASsc and AGJ were computed 
from atom radii with a probe radius set at 1.4 A using the numer- 
ical algorithm implemented in the program SURFCV (Sridharan 

Fig. 2. Thermodynamic process for the calculation of the total electrostatic 
frec energy of a molecule (Gilson & Honig. 1988). G,,,I is the free energy 
of assemhling the atomic charges from inlinity in a medium of dielectric 
constant equal to that  of the macromolecule’s interior ( e , ) .  G,,,,, corre- 
sponds  to the free energy of bringing the solvent boundary from infini ty  to 
the position defined hy the molecular surface (Richards, 1977) of the 
molecule. 
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et al., 1992). Unpublished tests showed that the plain solvent- 
accessible surface area of a typical MHC protein-peptide complex 
calculated with the maximal resolution available in  SURFCV and 
with the exact analytical surface algorithm implemented in the 
program PMD  (Windemuth & Schulten, 1991; Board et al., 1992; 
Windemuth, 1995)  agree to within 0.03%. We used the numerical 
algorithms of SURFCV  since there is  no available analytical al- 
gorithm to compute curvature-corrected solvent-accessible surface 
areas. The value of yaw was set at 58.18 cal.rnol".k2, which, 
when used with PARSE parameters, reproduces water-to-alkane 
transfer free energies and is thus consistent with the cycle shown 
in Figure 1.  This value is  close to the one estimated by Nicholls 
et  al. (1991) (-60 ca l .mol - ' -k2)  based on a model for  the 
curvature-dependence of the hydrophobic effect. The actual value 
for yaw depends on  the  set of atomic radii used to calculate the 
solvent-accessible surface area (Friedman & Honig, 1995). 

Structure selection and modeling 

Binding energy calculations were carried out  on three crystal struc- 
tures of the murine MHC  class I protein H-2Kb complexed with 
three distinct peptides (Fremont et al., 1992, 1995), and on  five 
crystal structures of the human MHC class I protein HLA-A2 
(HLA-A*0201)  complexed with five  distinct  peptides (Madden 
et al., 1993). The coordinates of the heavy atoms of the eight com- 
plexes were taken from the Brookhaven (Bernstein et al., 1977) Pro- 
tein Data Bank (PDB). Peptide sources, sequences, abbreviations and 
experimental binding free energies at 25 "C are listed in Table 1. Since 
the four PDB files of the HLA-AZ/nonapeptide complexes each spec- 
ified coordinates for two distinct complexes, the binding free en- 
ergies were calculated on both complexes and averaged. 

Hydrogen atom positions were built into each X-ray crystal 
structure using the routine HBUILD (Briinger & Karplus, 1988) of 
the X-PLOR 3.1 program (Briinger, 1995), and energy-minimized 
with the C H A R "  22 parameter set (Brooks et al., 1983; Mac- 
Kerell et al., 1992) available in X-PLOR. The coordinates of all atoms 
were then energy-minimized using X-PLOR and C H A R "  22. A 
harmonic potential with a force constant of 3 kcal.mol-'.8,-2 was 
applied to all heavy atoms to restrain their positions to the original 
PDB coordinates. The root mean square (RMS) difference between 
the original PDB coordinates and the minimized coordinates of the 
heavy atoms in a given complex remained within 0.3 8,. This is well 
within the estimated crystal coordinate errors, since individual at- 
oms in a typical protein crystal move by 0.3-0.5 8, RMS as derived 
from their Debye-Waller temperature factors (Luzzati, 1952; Finkel- 
stein & Janin, 1989). By contrast, an energy minimization without 
restraints produced structures that deviated significantly from the 
original PDB coordinates, with 1.6 8, RMS for the heavy atoms. 

The restrained minimization step was carried out so as to elim- 
inate possible steric overlap  as well as severe deviations from 
standard polypeptide geometry, with only minor deviation from the 
unrefined structure. In addition, the minimization effectively stan- 
dardizes all the structures, for  example rendering all hydrogen- 
bond lengths effectively identical. Small differences in these lengths 
can produce significant changes in calculated energies that are 
unlikely to be physically meaningful. We indeed observed that the 
seven H-bonds that are conserved between the protein and the 
peptide backbone for  the three H-2Kb/peptide complexes (Fre- 
mont et al., 1992, 1995)  show significantly different lengths from 
one structure to another. For example, the acceptor-donor distance 
in the conserved H-bond between the main-chain CO at peptide 

position P1 and Tyr'"-OH is 2.58 8, for the OVA-8 complex, but 
2.91 8, for SEV-9. After restrained minimization, these distances 
become closer to  one another (2.93 and 2.96 A, respectively) and 
more optimal in length (Ippolito et al., 1990). More generally, the 
acceptor-donor distances of the seven conserved H-bonds show 
standard deviations from  one complex to another that are reduced 
to half their original value after minimization (about 0.04 8,, as 
compared to about 0.07 8, before minimization). 

Note  added  in proof 

Calculations have been repeated for files 2VAA and 2VAB now in 
the PDB. The results for AG,,,, differed from those obtained for 
lVAA  and IVAB, respectively, by about 0.6 kcal/mol. More  sub- 
stantial but compensatory changes were found for AGcoul and AGsolv 
so that AGel was basely affected. Thus, the conclusions of the 
paper remain the same if the more highly refined structures now in 
the PDB are used in the calculations. 

Acknowledgments 

We  are  grateful  to Drs. Ian  Wilson,  David  Jewell,  and  Daved  Fremont  for 
sharing  unreleased  crystal  coordinate  data and for  many  helpful  discussions 
on the  determinants  of  peptide-MHC  binding.  We are particularly  grateful 
to Dr. Ian  Wilson  for  his  careful  reading  of  the  manuscript.  This  work  was 
supported  by  NIH  grant  GM30518. N.F. was  supported  by a one-year 
LAVOISIER  fellowship  from  the  French  Ministry of Foreign  Affairs  and 
by  the  I'Orkal  company.  Part  of  this  work  was  presented  at  the  39th  Annual 
Meeting of the  Biophysical  Society  (San  Francisco,  California,  February 
12-16, 1995)  (Froloff & Honig,  1995). 

References 

Ajay, Murcko MA. 1995.  Computational methods to predict binding  free  energy 
in ligand-receptor complexes. J Med Chem 384953-4967. 

Altuvia Y, Schueler 0, Margalit H. 1995. Ranking potential binding peptides to 
MHC molecules by a computational threading approach. J Mol Biol 249:24& 
250. 

Andrews  PR,  Craik DJ, Martin JL. 1984. Functional group  contributions to 
drug-receptor interactions. J Med Chem 27: 1648-1657. 

Bash PA, Singh  UC, Brown FK,  Langridge  R, Kollman PA. 1987.  Calculation 
of the relative change in binding free  energy of a  protein-inhibitor  complex. 
Science 235574-576. 

Ben-Tal N, Sitkoff D, Topol IA, Yang AS, Burt SK,  Honig  B.  1997.  Free energy 
of amide hydrogen bond  formation in vacuum, in water and in liquid alkane 
solution. J Phys  Chem E 101:450-457. 

Bemstein  FC, Koetzle TF, Williams GJ, Meyer  EE Jr, Brice MD, Rodgers  JR, 
Kennard 0, Shimanouchi T, Tasumi M. 1977. The Protein Data Bank: A 
computer-based archival file  for  macromolecular  structures. J Mol Biol 
112:535-542. 

Beveridge DL, DiCapua  FM. 1989. Free energy via molecular simulation:  Ap- 
plications to chemical and biomolecular  systems. Annu Rev Biophys Bio- 
phys  Chem 18431-492. 

Bluestone JA, Jameson S, Miller S, Dick R 2d. 1992. Peptide-induced confor- 
mational changes in class 1 heavy chains  alter major histocompatibility 
complex  recognition. J Exp Med 176:1757-1761. 

Bluestone  JA, Kaliyaperumal A, Jameson S, Miller S ,  Dick R 2d. 1993. Peptide- 
induced changes in class I heavy chains  alter allorecognition. J Immunol 

Board JA Jr, Causey JW, Leathrum JF Jr, Windemuth A, Schulten K. 1992. 
1513943-3953. 

Accelerated molecular dynamics simulation with the parallel fast multipole 
algorithm. Chem  Phys Lett 19889-94. 

Bohm HJ. 1994. The  development of a  simple  empirical scoring function  to 
estimate the binding  constant  for  a protein-ligand complex of known three- 

Brooks BR, Bruccoleri RE,  Olafson  BD,  States DJ, Swaminathan S ,  Karplus M. 
dimensional  structure. J Compur-Aided Mol Des 8243-256. 

1983. C H A R " :  A program for  macromolecular energy, minimization, 
and  dynamics  calculations. J Comput  Chem 4: 187-2 17. 

Briinger AT. 1992. Free R value: A novel statistical quantity for assessing the 
accuracy of crystal structures. Nature 3.5.5:472-475. 



MHC protein-peptide  binding 1301 

Briinger AT. 1995. X-PLOR, Version 3.1. New Haven, Connecticut: Yale Uni- 
versity. 

Briinger AT, Karplus  M. 1988. Polar  hydrogen  positions  in proteins: Empirical 
energy placement and neutron diffraction  comparison. Proteins Srruct Funct 
Genet 4:148-156. 

Catipovic B, Dal Porta  J,  Mage M, Johansen T E ,  Schneck JP. 1992. Major 
histocompatibility  complex  conformational  epitopes  are  peptide  specific. J 
Exp Med 176:1611-1618. 

Catipovic B, Talluri G, Oh J, Wei  T, Su  XM,  Johansen TE, Edidin M, Schneck JP. 
1994.  Analysis of the  structure of empty  and  peptide-loaded  major histocom- 
patibility complex  molecules at the cell surface. J Exp Med 180: 1753-1761. 

Doig AJ,  Stemberg MJE. 1995. Side-chain  conformational  entropy in protein 
folding. Protein Sci 4:2247-2251. 

Elliott T, Cerundolo V, Elvin J, Townsend A. 1991. Peptide-induced conforma- 
tional change of the  class I heavy chain. Nature 351:402-406. 

Erickson HP. 1989. Co-operativity in protein-protein association.  The  structure 
and stability of the actin filament. J Mol Biol 206:465-474. 

Finkelstein AV, Janin J. 1989.  The price of  lost freedom: Entropy of bimolecular 

Fremont DH,  Matsumura  M,  Stura  EA,  Peterson PA, Wilson IA. 1992. Crystal 
complex  formation. Protein Eng 3:l-3. 

structures of two viral peptides in complex with murine MHC  class I H-2Kb. 
Science 257919-927. 

Fremont  DH,  Stura  EA,  Matsumura  M,  Peterson PA, Wilson IA. 1995. Crystal 
structure of an  H-2Kh-ovalhumin peptide complex  reveals the interplay of 
primary and secondary  anchor  positions in the major histocompatibility 
complex binding groove. Proc Natl Acad Sei USA 92:2479-2483. 

Friedman  RA,  Honig B. 1995. A free  energy  analysis of nucleic acid base 
stacking in aqueous solution. Biophys J 691528-1535. 

Froloff N, Honig B. 1995. Evaluation of binding  free  energies of MHC  class I 
protein-peptide complexes. Biophys J 68A404. 

Gilson  MK, Given JA, Bush BL, McCammon JA. 1997. The statistical thermo- 
dynamic  basis  for  computation of binding affinities: A critical review. Bio- 
phys J 72:1047-1069. 

Gilson  MK,  Honig B. 1988. Calculation of the total electrostatic energy of a 
macromolecular  system:  Solvation  energies, binding energies, and confor- 
mational analysis. Proteins Struct Funct Genet 4:7-18. 

Honig B, Yang AS. 1995. Free energy balance in protein folding. Adv  Protein 
Chem 4627-58. 

Ippolito JA,  Alexander  RS,  Christianson DW. 1990. Hydrogen bond stereochem- 
istry in protein structure and function. J Mol Biol 215:457-471. 

Jackson RM,  Stemberg  MJE. 1995. A continuum model for protein-protein 
interactions: Application to the docking problem. J Mol Biol 250:258-275. 

Janin I. 1995. Elusive  affinities. Proteins Struct Funct Genet 2130-39. 
Kollman PA. 1993. Free  energy  calculations: Applications to chemical and 

biochemical  phenomena. Chem  Rev 93:2395-2417. 
Kollman PA. 1994.  Theory of macromolecule-ligand interactions. Curr Opin 

Struct Biol 4:240-245. 
Lee B, Richards FM.  1971.  The interpretation of protein structures: Estimation 

of static accessibility. J Mol Biol 55379-400. 
Luzzati V. 1952. Traitement  statistique  des  erreurs  dans la determination  des 

MacKerell AD Jr, Bashford D, Bellott M,  Dunhrack  RL Jr, Field MJ,  Fischer S, 
structures  cristallines. Acta  Cryst 5802-810. 

Gao J, Guo H,  Ha S, Joseph D, Kuchnir  L, Kuczera K, Lau FTK, Mattos C, 
Michnick S, Nguyen DT, Ngo T, Prodhom B, Roux B, Schlenkrich  M, 
Smith J, Stote R, Straub J. Wiorkiewicz-Kuczera  J, Karplus M. 1992. Self- 
consistent parameterization of biomolecules  for molecular modeling and 

Madden DR,  Garhoczi DN, Wiley DC. 1993. The  antigenic identity of peptide- 
condensed  phase  simulations. Biophys J 61:A143. 

MHC  complexes: A comparison of the  conformations of five viral peptides 
presented by HLA-A2. Cell 75:693-708. 

Matsumura  M,  Saito Y, Jackson MR. Song ES, Peterson PA. 1992. In vitro 
peptide binding to soluble  empty  class I major histocompatibility complex 
molecules  isolated  from  transfected  Drosophila  melanogaster cells. J Biol 
Chem 267:23589-23595. 

McCammon JA. 1987. Computer-aided molecular design. Science 238486- 
491. 

Miyamoto S, Kollman PA. 1993. Absolute and relative binding free energy 
calculations of the interaction  of biotin and its analogs with streptavidin 

Srruct Funct Genet 16:226-245. 
using molecular  dynamics/free  energy perturbation approaches. Proteins 

Myers JK,  Pace CN. 1996. Hydrogen bonding stabilizes  globular proteins. Bio- 
phys J 71:2033-2039. 

Nicholls A, Honig  B. 1991. A rapid finite  difference algorithm utilizing  succes- 
sive  over-relaxation to solve the Poisson-Boltzmann equation. J Compur 
Chem 12:435-445. 

Nicholls A, Sharp KA, Honig B. 1991. Protein folding  and  association: Insights 
from  the interfacial and  thermodynamic  properties of hydrocarbons. Pro- 
teins Struct Funct Genet 11:281-296. 

Novotny J, Bruccoleri RE, Saul FA. 1989. On the attribution of binding energy 
in antigen-antibody complexes  McPC 603, D1.3, and HyHEL-5. Biochem- 
istry 28:4135-4749. 

Page  MI,  Jencks WP. 1971. Entropic  contributions to rate  accelerations  in  en- 
zymic  and  intramolecular  reactions and the  chelate effect. Proc Natl Acad 
Sci USA 68:1678-1683. 

Pickett SD, Stemberg  MJE. 1993. Empirical scale of side-chain conformational 
entropy  in protein folding. J Mol Biol 2312325-839. 

Richards FM. 1977. Areas, volumes, packing and protein structure. Annu Rev 
Biophys Bioeng 6:151-176. 

Rohren EM,  McCormick DJ, Pease LR. 1994. Peptide-induced conformational 
changes in class I molecules. Direct detection by flow cytometry. J fmmunol 
152: 5337-5343. 

Ruppert J, Sidney  J,  Celis  E,  Kuho RT, Grey HM, Sette A. 1993. Prominent role 
of secondary anchor residues in peptide binding to HLA-A2.1 molecules. 
Cell 74929-937. 

Searle MS. Williams DH, Gerhard U. 1992. Partitioning of free energy contri- 
butions in the estimation of binding constants. Residual motions and con- 
sequences  for amide-amide hydrogen bond strengths. J Am Chem Soc 
114:10697-10704, 

Sharp KA, Honig B. 1990. Electrostatic interactions in macromolecules. Annu 
Rev  Biophys  Biophys  Chem 19:301-332. 

Sharp KA, Nicholls  A, Fine RF, Honig B. 1991. Reconciling the magnitude of 
the microscopic and macroscopic hydrophobic effects. Science 252: 1 0 6 -  
109. 

Shen J,  Quiocho FA. 1995. Calculation of binding energy differences for receptor- 
ligand systems using the Poisson-Boltzmann method. J Compur Chem 16:445- 
448. 

Shen J, Wendoloski J. 1995. Binding of phosphorus-containing inhibitors to 
thermolysin studied by the Poisson-Boltzmann method. Protein Sci4:373-381. 

Sherman  LA,  Chattopadhyay S, Biggs JA, Dick RF, Bluestone JA. 1993. Allo- 
antibodies  can  discriminate  class I major histocompatibility complex mol- 
ecules associated with various endogenous peptides. Proc Natl Acad Sci 
USA 90:6949-695 I .  

Sitkoff D,  Sharp KA, Honig B. 1994. Accurate calculation of hydration free 
energies using macroscopic solvent models. J Phys Chem 98:1978-1988. 

Smith KC, Honig B. 1994. Evaluation of the conformational  free  energies of 
loops in proteins. Proteins Struct Funct Genet 1 8 1  19-132. 

Sridharan S, Nicholls A, Honig B. 1992. A new vertex algorithm to calculate 
solvent accessible  surface areas. Biophys J 61:A174. 

Sridharan S, Nicholls A, Honig B. 1997. A fast algorithm for molecular  surface 
generation with applications to finite-difference electrostatic calculations. 
(Manuscript in preparation). 

Stanfield RL, Wilson IA. 1995. Protein-peptide interactions. Curr Opin Struct 
Biol 5:103-113. 

Steinberg  IZ,  Sheraga  HA. 1963. Entropy changes  accompanying association 
reactions of proteins. J Biol Chem 238: 172-181, 

Straatsma TP, McCammon JA. 1991. Theoretical calculations of relative affin- 
ities of binding. Methods Enzymol 202:497-5 1 I .  

Tidor B, Karplus M. 1994. The  contribution of vibrational entropy to molecular 
association.  The  dimerization of insulin. J Mol Biol 238405-414. 

Vajda S, Weng Z, Rosenfeld R, DeLisi C. 1994. Effect of conformational flex- 
ibility and solvation on receptor-ligand binding free energies. Biochemistry 
33: 13977-13988. 

Wanvicker J, Watson HC. 1982. Calculation of the electric potential in the active 
site cleft due to alpha-helix dipoles. J Mol Biol 157671-679. 

Wendoloski JJ, Shen J, Oliva MT, Weber P C .  1993. Biophysical tools for structure- 
based drug  design. Pharmacol  Ther 6U169-183. 

Williams DH, Cox  JPL, Doig AJ,  Gardner M, Gerhard U, Kaye PT, La1 AR, 
Nicholls IA, Salter  CJ,  Mitchell  RC. 1991. Toward the semiquantitative 
estimation of binding constants. Guides  for peptide-peptide binding in aque- 
ous  solution. J Am Chem Soc 113:7020-7030. 

Williams DH,  Searle MS, Mackay JP, Gerhard U, Maplestone RA. 1993. To- 
ward an estimation of binding constants in aqueous solution: Studies of 
associations of vancomycin group antibiotics. Proc Natl Acad Sei USA 
90:1172-1178. 

Windemuth A. 1995.  Advanced  algorithms for molecular dynamics  simulation: 
The program PMD. In: Mattson TG,  ed. Parallel Computing in Computa- 
tional Chemistry.  ACS Symposium Series 592. Washington, D.C.: American 
Chemical Society. pp 151-169. 

Windemuth A, Schulten K. 1991. Molecular  dynamics  on  the  Connection Ma- 
chine. Mol Simul 5353-361. 

Yang AS,  Honig  B. 1995a. Free energy determinants of secondary structure 
formation: 1. a-Helices. J Mol Biol 252:351-365. 

Yang AS,  Honig B. 1995b. Free energy  determinants  of  secondary  structure 
formation: 11. Antiparallel P-sheets. J Mol Bio1 252366-376, 

Zhang T, Koshland DE Jr. 1996. Computational method for relative binding 
energies  of enzyme-substrate complexes. Protein Sci 5348-356. 


