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Abstract 

We report  a new free  energy  decomposition  that  includes  structure-derived  atomic  contact  energies  for  the  desolvation 
component,  and  show  that  it  applies  equally  well  to the analysis of single-domain  protein  folding  and to the  binding of 
flexible  peptides to proteins.  Specifically, we selected the 17 single-domain  proteins for which  the  three-dimensional 
structures  and  thermodynamic  unfolding free energies  are  available. By calculating  all  terms  except  the  backbone 
conformational  entropy  change  and  comparing  the  result  to  the  experimentally  measured  free  energy, we estimated  that 
the mean entropy  gain by the  backbone  chain upon  unfolding (A&,) is 5.3 caVK  per  mole  of residue,  and  that  the 
average  backbone  entropy for glycine is 6.7 cal/K. Both  numbers are in  close  agreement  with  recent  estimates  made  by 
entirely  different  methods,  suggesting  a  promising  degree  of  consistency  between data obtained  from  disparate  sources. 
In addition,  a  quantitative  analysis of the folding  free  energy  indicates  that the unfavorable  backbone  entropy for each 
of the proteins is balanced  predominantly by favorable  backbone  interactions.  Finally,  because the binding of flexible 
peptides to receptors is physically  similar to folding,  the  free  energy  function  should, in principle, be equally  applicable 
to flexible  docking. By combining  atomic  contact  energies,  electrostatics,  and  sequence-dependent  backbone  entropy, 
we calculated  a  priori  the free energy  changes  associated  with  the  binding of four  different  peptides to HLA-A2.1  MHC 
molecule  and  found  agreement  with  experiment to within 10% without  parameter  adjustment. 
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One of the  most  fundamental  quests  in  structural  biology is to 
understand  how  unstructured  polypeptides  fold  into  unique  native 
conformations  (Levinthal, 1968; Anfinsen, 1973). Common  cellu- 
lar  proteins  have free energies of stabilization AKG on  the  order of 
10 kcal/mol  (Privalov, 1979), attributable to the  cumulative  effect 
of attractive  and  repulsive  interactions  at many locations  within  a 
given  molecule (Dill, 1990). One of the  difficulties in calculating 
AKG accurately is that  the  separate  contributions of the  various 
terms  can  be  very  large  compared to the  net  stabilization  free 
energy  (Privalov & Gill, 1988;.Dill, 1990; Honig & Yang 1995; 
Lazaridis et al., 1995), and  consequently  small  percent  errors  in  the 
energy  balance  can  result  in  a  large  final  error by subtraction. 

Semi-empirical  methads of  varying degrees of applicability  have 
been  developed to calculate  what  is  generally  agreed to be the 
major  force  driving  folding,  viz the desolvation of  nonpolar groups 
(Kauzmann, 1953; Tanford, 1968; Eisenberg & McLachlan, 1986; 
Privalov & Gill, 1988; Novotny et al., 1989). Additional  stability 
is  provided  by  favorable  intramolecular  interactions in the well- 
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packed  protein  interior.  These  gains  must  be  sufficient to offset  a 
large  unfavorable  side-chain  and  backbone  entropy  change,  and 
the  unfavorable  desolvation  energy  in  removing  charges or partial 
charges  from  solvent. 

Direct  experimental  information  on the magnitude of each of 
these  various  Contributions  to  the  energetics of  protein structure is 
not  yet  available.  However,  some  insight  can be gained  by  com- 
bining  computational  and  experimental data. Over  the  past  several 
years,  a  wealth of experimental  data  has  become  available  con- 
cerning  the  overall  thermodynamic  properties of proteins,  such as 
heat  capacity as a  function of temperature,  from  which  enthalpies 
and  certain  entropies  can be obtained. By correlating  the  experi- 
mental data obtained  from  such  studies  with  the  structural  features 
of proteins,  it is possible to interpret  the  thermodynamic  measure- 
ments in terms of individual  contributions  (Privalov, 1979; Bald- 
win, 1986; Privalov & GiU, 1988; Murphy & Freire, 1992; Oobatake 
& Ooi, 1992; Freire et al., 1993; Makhatadze & Privalov 1993; 
Privalov & Makhatadze, 1993). In particular, the magnitude of 
conformational  entropy can be deduced by calculating  each of the 
other  terms  that  contribute to protein  stability  and  subtracting  them 
from  the  experimental  entropy (Freire et al., 1993; Privalov & 
Makhatah, 1993). 
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Such  a  semi-empirical  approach  has  been  used  in  a  number of 
investigations, which differ  from  each other mainly in the  way they 
model  solvation.  Privalov  and  his  colleagues  calculate  solvation 
(or  hydration)  enthalpies  and  entropies  from  the  accessible  surface 
areas on the  protein  surface  and  the  contributions of  atom groups 
as derived  from  solution  studies  on  low  molecular  weight  model 
compounds  (Makhatadze & Privalov,  1993;  Privalov & Makha- 
tadze,  1993).  In  contrast,  Freire  and  colleagues  derive  surface  ex- 
pansion  parameters for the  enthalpic  contributions  due  to  polar  and 
nonpolar  groups  from  a  direct  analysis of a  protein  thermodynamic 
database,  arguing  that  properties  observed in small  molecules  may 
not  be relevant to the conditions  imposed by protein  structures 
(Murphy & Freire,  1992;  Freire  et  al.,  1993;  D’Aquino  et  al., 
1996).  The  estimated  conformational  entropies  range  from 4 to 12 
kcallK-mol-res,  depending  on  the  value  used for solvation  (Privalov, 
1979; Murphy 8c Freire,  1992;  Freire  et al., 1993; F’rivalov & 
Makhatadze,  1993;  Spolar & Record, 1994;  Makhatadze & privalov, 
1995; Yang & Honig,  1995;  D’Aquino et al.,  1996). 

An alternative  approach,  which we  present here,  is  to use a 
recently  developed  formulation of  atomic  contact energies  (Zhang 
et al., 1997) to estimate  desolvation  effects  and  side-chain  entropy 
changes,  leaving  only  the  backbone  entropy  change  as  the  main 
unknown,  which  can  be  determined  by  subtracting  ACE  and  direct 
electrostatic  energies  from  the  experimental  unfolding  free energy. 
In  our  case,  the  terms  in  the  free  energy  function  are  taken  from 
widely  disparate  sources:  atomic  contact  energies on  one  hand, 
which are based  on a statistical  mechanical  analysis of structural 
data; and  calorimetry,  on  the  other. A question of interest is whether 
terms  obtained in this way are sufficiently  consistent-as  they 
should  be  barring  unusual  errors-to  yield a  reasonable  value of 
backbone  entropy.  One of our results  is  that  such  an  estimate is 
fully in accord with the  most  recent  estimates of average  backbone 
entropy  change per residue, as well as with  the  average  differential 
change  relative to glycine. 

Furthermore,  an application  of the  backbone  entropy  estimate 
leads to a  general  statement  concerning  the  main  source of stabil- 
ity.  In particular, we  find that, in each of the 17 single-domain 
structures,  backbone  interactions  provide 90% of the  stability, with 
side-chain-side-chain  interactions  largely  providing  specificity. 

Finally,  because  the  binding  of  flexible  peptides  to  receptors 
involves a disordedorder transition for the  peptide  fragment 
(D’Aquino et al., 1996), an event  formally  similar  to  a  step  in 
protein  folding,  the  same  free  energy  function,  now  including  back- 
bone  entropy  explicitly,  should be applicable  to  that  process  (Rosen- 
feld et al.,  1995). We find  that  the  calculated  free  energy  change 
attending  binding of flexible  peptides to the HLA-A2 is within 
10% without  adjustment of parameters. 

Free energy decomposition 

Atomic contact energies and desolvation 

Atomic  contact  energies  (ACE)3  were  estimated  by  a  statistical 
analysis of  atom pairing  frequencies  in  a  data set of  inhomogen- 
eous  protein  structures  using  a  procedure  formally  analogous to the 
method  of  Miyazawa  and Jernigan  (1985).  The  atomic  contact 
energy, e+ represents  the  desolvation  energy of forming an atom- 

3Unless otherwise indicated, we will simply refer to these as contact 
energies, with the understanding that we are refemng to atoms (Bang 
et al., 1997) rather than amino acid residues (Miyazawa & Jernigan, 1985). 

atom (i-j) pair  from two atom-solvent  pairs (i-0 and j-0). In the 
treatment  of Bang  et al.  (1997), 18 protein  atom types were 
distinguished  according to the  chemical  identities  and  their  posi- 
tions  in  amino  acid  si&  chains.  The  statistical  averages of the 
observed  numbers  of  pairwise contacts  between  atom types were 
related to contact  energies  using  the  so-called  quasi-chemical a p  
proximation  in  which  contact  pair  formation  was  analogous to a 
pairwise  chemical  reaction  (Miyazawa & Jemigan,  1985;  Zhang 
et  al.,  1997). 

Contact  energies have been applied to processes  associated di- 
rectly  with  solvation  energy  changes,  such as the  transfer of an 
amino  acid  from  a  protein  interior to water,  and  site-specific  mu- 
tations of  hydrophobic amino  acids. More  generally,  the  ACE- 
based  desolvation  term  can  be used as part  of a free energy  function, 
which also includes  pairwise  electrostatic  energies  and  the  overall 
translationdrotational  entropy  loss,  to  predict  the free energy  change 
accompanying  the  formation  of  binary  protein  complexes.  The 
explicit  inclusion of direct  electrostatics  is  necessary  because  few 
such  interactions are present in the  interior of a  protein  and  they 
therefore  are  not  accounted  for  by  contact  energies. We found  that 
the  calculated  binding free energies  of  nine  protease-inhibitor  com- 
plexes  were  typically  within  10% of  the experimentally  measured 
values.  In  a  separate  study  (Vasmatzis  et al., 1997), an ACE-based 
free  energy  function was incorporated  into  a  conformation  search 
procedure  to  predict  the joint conformations of several  interacting 
side  chains.  The  results of these  studies  indicate  that  the  determi- 
nation  of  ACE  provides an accurate  and  extremely  rapid  method 
for  calculating  desolvation  energies. 

Energetics of protein folding/unfolding transition 

The  unfolding of a  small,  single-domain  protein is usually  well 
approximated  by a  two-state  transition  between  native  and  dena- 
tured  states  (Privalov,  1979).  This model  implies  that  the  native 
conformation  of  such a  protein  breaks  down  cooperatively as a 
whole  during  the  foldinglunfolding  transition.  For  a  number of 
such  proteins,  the  thermodynamics of unfolding  has  been  charac- 
terized  reliably  by  direct calorimetric  measurements.  This  thermo- 
dynamic  information  can  be  combined  with  structural  information 
to  develop  a  fuller  understanding of the  contributions to protein 
stability. 

Protein  stability,  a  measure of  the  work  required to disrupt  the 
native  structure,  is  defined as the  Gibbs  free  energy  difference 
between  the  native  and  unfolded  state: 

where Nand U denote  native  and  unfolded  states. We can  decom- 
pose the Gibbs  energy  change into three terms: 

A,UG = A#E, + A,UE,, - TAs,~,”’, (2) 

where AgE,  and AREEI are the  differences  in  atomic  contact  en- 
ergies  and  electrostatic  energies,  respectively,  between  native  and 
denatured  states.  Equation  2  assumes  that  any  change  in  the  rigid- 
body translational and rotational  degrees of  freedom  can  be  ne- 
glected  compared  to  other  free  energy  changes  accompanying  the 
unimolecular  transition. As indicated  below,  such  is  not  the  case 
for bimolecular  reactions. 

The  combination  of  contact  energies  and  a  solvent-modified 
electrostatic  energy  provides  a  complete  description of the  energy 
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change  of  displacing  water  and  forming  noncovalent  packing  (Zhang 
et al., 1997). Specifically,  in  addition to the  traditional  definition of 
solvation  effects, we expect  that  side-chain  entropies  are also con- 
tained  in  our  contact  energies  because  the  reduction in the  number 
of possible  conformations of side  chains  must  play  a  role in driving 
the  partition of atoms  between  solvent  and  protein  environment. 
Contact  energies also contain  a  differential van der Waals  energy 
(solute-solvent  van  der  Waals  replaced  by  solute-solute  van  der 
Waals),  which  generally  favors  the  highly  packed  environment of 
a  protein's  interior.  However,  they do not  contain  contributions 
from  main-chain  conformational  entropy,  because  the  energies  were 
estimated with polypeptide  chain  constraints  explicitly  removed, 
and  our  reference state has  the  same  general  configuration as the 
crystal  structure.  This  entropy  term  is  represented  here by AS::', 
reflecting  the  positive  entropy  change upon protein  unfolding.  Its 
value depends on the length and composition of the protein se- 
quence.  The  average  entropy  change  per  residue, ASbb. is consid- 
ered  less  variable  across  proteins. We will  estimate  the AS:rr by 
subtracting  contact  energies  and  electrostatic  energies  from  the  mea- 
sured  unfolding  free  energies. 

To calculate AgEC and AgEEI,  we  need to  known  the  corre- 
sponding  values  in  both  the  native  and  unfolded  state. For the 
native  state,  the  total  contact  energies  can be estimated by 

ANEc = Z Z e p , ,  (3) 

where eV and nV are,  respectively,  the  effective  atomic  contact 
energy  and  the  total  number of contacts  between  an  atom of  type 
i and an atom  of type j (Zhang  et al., 1997). The  numbers of 
contacts  were  obtained  from  the  solved  crystal  structures,  which 
were  taken  from  the  Protein  Data  Bank  (Bemstein et al., 1977). 

We assume  that,  in the unfolded  state,  the  residual  noncovalent 
interactions  between  chemical  groups  are  energetically  insignifi- 
cant,  and  model this state by placing  the  polypeptide in an  ex- 
tended  conformation  that  corresponds to a  &stand.  Such  extended 
chains  were  constructed  with  default 4, I) angles (- 140",  135") 
using  the C H A R "  program  (Brooks et al., 1983). 

A  number  of analyses  have  been  based  on  a  polypeptide  chain 
with neutral  side  chains  (Makhatadze & Privalov, 1993; Privalov 
& Makhatadze, 1993; Lazaridis et al., 1995). The  general  idea  is 
that,  in  the  folded  state,  there are few  fully  charged  side  chains  in 
the  interior of proteins,  and  their  interaction  energies are largely 
canceled by the  large  free  energy  cost  associated  with  removing 
charged  groups  from  water,  whereas  in  the  unfolded  state,  their 
interactions with one  another  are  assumed to be shielded by coun- 
tenons. Consequently,  they do not contribute  significantly  to  the 
overall  energy  change. In keeping  with  these  ideas, we  used  neutral 
side  chains for all ionizable  amino  acids.  Electrostatic  interactions 
then  come  entirely  from  partial  charges,  whose  locations  and  mag- 
nitudes are based on the  polar  hydrogen  model  of  the C H A R "  
program  (Brooks  et  al., 1983). 

To avoid  artifacts  due to bad contacts, both native  and  extended 
structures  were  gently  minimized by 300 steepest  descent  steps,  as 
suggested by Lazaridis et al. (1995). Finally,  following  Makhat- 
adze and Privalov (1 995), all the  prosthetic groups, ions,  and co- 
factors  were  assumed  to  dissociate  from  the  protein so energies 
were  not  included for them. 

Flexible peptide binding free energies 

For the association of two  folded  proteins  where  no  conforma- 
tional  change  occurs  upon the formation of a  complex (i.e.,  "rigid 

body  docking"),  the  binding free energy  can  be  estimated  by  (Zhang 
et al., 1997): 

where AEc and AEEI are,  respectively,  the total contact  energies 
and  electrostatic  energies  between  the  two  interacting  molecules 
and AS,,,, is the  entropy  change of  making one  molecule  out of  two. 
Specifically, AS,,,, includes  entropy  loss  associated with the  six 
degrees of translational/rotational freedom  and  the  compensating 
vibrational  entropy  change  associated  with  the new  low frequency 
modes  that  appear in the  complex.  The  statistical  mechanical es- 
timate of AS,,,, is -50 cal/K.mol at 25°C (Finkelstein & Janin, 
1989; Janin, 1995). 

The  association of peptide  and  protein  involves  a  disordedorder 
transition  in  the  peptide  fragment.  The  bound  segment  has  a  unique 
conformation,  but  the  unbound  fragment  has  multiple  conforma- 
tions. An additional  term  representing  the  entropy  change  associ- 
ated with this  transition  therefore  must  be  included  explicitly  in  the 
binding  free  energy  calculation,  Equation 4 is  then  modified  to 

AG = AE, + A E ~ ,  - TAS,,,, - T(-AS:tp),  (5 )  

where AS[;p is the  entropy  change of the  peptide  backbone  from 
a  unique  conformation to an unstructured  state. 

In principle,  a  complete  binding  free  energy  function  should also 
contain  a  term  reflecting  the  internal  energy  change  associated 
with the  disorder-to-order  transition of the  peptide.  However,  for 
consistency,  we  must take  the  unfolded  state  to  be  highly  extended, 
and,  because  the  bound  state  is  also  extended for peptides  that  bind 
class I MHC molecules,  the  internal free energy  difference  will  be 
small  compared to other  terms  in  the  expression. 

Results and discussion 

Backbone conformational entropy change 
in protein unfolding 

In this study,  we selected  the 17 single-domain  proteins  in  Ma- 
khatadze  and  Privalov (1995) for which  denaturation is reversible 
and  is  approximated  well  by  a  two-state  transition. For these  pro- 
teins,  calorimetric  measurements of the  Gibbs  free  energies,  and of 
the  enthalpies  and  entropies of transition  between  the  native  and 
denatured  states,  are  available  (see  Makhatadze & Privalov, 1995 
and  references  therein). 

The  entropy of  protein  unfolding results  from  a  change  in  the 
conformational  freedom of  the polypeptide,  and  from  hydration of 
the  groups  exposed  to water.  Because  atomic  contact  energies  con- 
tain  contributions  from  side-chain  entropy  changes  and  solvation 
free  energies,  the  difference  between  the  measured  free  energy  and 
the  sum of electrostatic  and  atomic  contact  energies  should  ap- 
proximate AS:Fmr, the  polypeptide  backbone  conformational  en- 
tropy  (Equation  2). In this way,  we calculated AS:F for  each of 
the 17 proteins  (Table  1) and found  that  the mean  backbone  con- 
formational  entropy  change per residue  averaged  over  the 17 pro- 
teins  is = 5.3 ? 0.6 cal/K.mol-res. 

The  backbone  entropy  change of protein  unfolding is a  function 
of  the  peptide  chain  length  and  composition,  as  well  as  the  pres- 
ence of disulfide  bridges or other  covalent  bonds  in  the  backbone. 
In  the  absence of covalent  links,  the  change  in  backbone  entropy 
is primarily  a  function of  the steric  hindrances  imposed  by  the  side 
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Table 1. Energetics  of  protein  foldinghnfolding  transition a 

Protein 

SH3 
BPTI 
CI-2 
Eglin  c 
G Protein 
Tendamistat 
Ubiquitin 
RNase T1 
Cytochrome c 
Barnase 
RNase A 
Lysozyme 
Interleukin-lp 
Myoglobin 
T4 Lysozyme 
Papain 
Pepsinogen 

Mean 

1  shg 
5pti 
2ci2 
1 acb 
lpgx 
1 hoe 
1  ubq 
8mt 
5cyt 
Imb 
7rsa 
llzl 
l i lb 
lmbo 
31zm 
9PaP 
2P% 

57 
58 
65 
63 
70 
74 
76 

104 
103 
109 
124 
I30 
151 
153 
164 
212 
370 

3.47 12.44 
10.57 31.10 
6.63 32.30 
8.83 27.51 
5.70 16.03 
8.97 16.75 
9.59 6.46 
8.97 67.22 
8.88 2 1.29 

11.70 73.45 
6.46 70.33 

13.83 57.89 
7.54 36.12 
9.7 1 1 . 4 4  

16.36 57.42 
22.42 39.23 
18.59 17.22 

30.14 
68.90 
86.12 
62.68 
34.69 
26.08 

- 10.53 
195.45 
41.63 

207.18 
214.35 
147.85 
95.93 

-27.75 
137.80 
56.46 
-4.55 

73.42 
66.89 
59.78 
73.95 
67.55 
78.22 
86.83 

118.69 
107.42 
100.68 
150.99 
166.46 
178.50 
206.34 
206.20 
238.67 
5  14.36 

G E E ,  
~ 

37.32 
27.68 
28.38 
35.34 
35.71 
38.68 
43.73 
5  1.02 
40.88 
49.36 
76.60 
7  1.96 
55.19 

105.21 
100.38 
110.54 
178.15 

87.50 
81.79 

110.02 
92.58 

104.18 
104.78 
113.94 
128.37 
137.86 
145.88 
175.00 
183.47 
221.04 
238.61 
241.5 1 
289.44 
505.84 

6.32 
4.86 
4.21 
5.35 
4.68 
4.89 
5.34 
5.19 
4.54 
4.26 
5.98 
5.80 
5.03 
6.62 
5.94 
5.17 
6.1 1 

5.3 I 

7.85 
6.27 
5.90 
6.82 
6.17 
6.3 1 
6.84 
6.42 
5.88 
5.60 
7.40 
7.21 
6.49 
8.18 
7.41 
6.54 
7.48 

6.73 

'Units for AgGexP,  AgHexP, A;&, and AgE,, are kcal/mol; units for bESexp and XAASi are cal/K.mol; units  for ASbb and 

bCoordinate files were taken from Protein  Data  Bank (Bemstein et  al., 1977). 
ASGly are cal/K.mol-res. 

chains  on  the  rotational  degrees of freedom of the  peptide  chain 
about  backbone  bonds  (Nemethy et al., 1966). This entropy is 
maximal for glycine;  replacement of glycine by other  side  chains 
alters  the  range  and  distribution of 4, CC, angles of the  polypeptide 
backbone  and  stabilizes  the  native  state  relative to the  denatured 
states  (Stites & F'ranata, 1995). 

If the  influence of side  chains on  the  backbone  conformational 
entropy  is  considered  explicitly, we  can estimate  the  backbone 
entropy  for  glycine, ASGly. Following  Murphy  et al. (1993),  the 
mean conformational  entropy  change  per  residue  upon  protein un- 
folding, ASbb, can be written,  to  a  first  approximation, in terms of 
the  conformational  entropy  change of  each amino  acid  type, ASi, 
weighted  by its occurrence, Pi:  

20 

Asbb = E P i A S i .  (6) 
i= 1 

Connection with experiment is made  most readily if ASi is  written 
as a  differential  entropy  with  glycine as reference: 

20 

Asbb = x p i ( A & l y  - A A S J ,  (7) 
i =  1 

where AASi is  the  difference  in  backbone  entropies  between  amino 
acid  type i and  glycine. Using  the values of AASi suggested by 
Stites  and  F'ranata  (1995),  the  average  value of ASCI, for the 17 
proteins is 6.7 cal/K-mol-res (Table  1).  We therefore  estimate  the 
difference  between  the  entropy of glycine  and  the  average  entropy 
of all residues as 1.4 cal/K.mol-res. 

There  are  a  number of theoretical  ways to estimate  the  mean 
entropy  gain by the  backbone  chain  upon  unfolding  (Schellman, 
1955;  Nemethy & Scheraga,  1965;  Spolar & Record,  1994; Yang 
& Honig,  1995;  D'Aquino  et al., 1996; Wang & Purisima,  1996). 
Schellman  (1955)  first  estimated  that  the  loss of conformational 
entropy of the  peptide  backbone upon a-helix formation  must lie 

between 3.0 and  7.18 cal/K.mol-res, with a mean  of about 5.0 
cal/K-mol-res. Recently,  Spolar  and  Record  (1994)  deduced  a  value 
of 5.6  cal/K.mol-res  based on experimental  measurements of the 
heat  capacity  change for protein  folding  and  their model for  the 
contribution of polar  and  nonpolar  group  burial  to  the  measured 
heat  capacity.  Honig  and  colleagues  concluded  from  a  separate 
calculation of conformational  entropies  and  hydration  effects  that 
the  backbone  conformation  entropy of  protein  unfolding is  6.7 
cal/K.mol-res (Yang & Honig,  1995).  More  recently, Wang  and 
Purisima  (1996)  reexamined  the  mean  backbone  entropy loss in a 
helical  matrix  and  their  estimate,  5.0  cal/K.mol-res,  is  in  agree- 
ment  with  the  previous result of Schellman  (1  955). 

Nemethy  and Scheraga  (1965)  estimated 21 conformations for 
glycine  dipeptides  or,  equivalently,  a  conformational  entropy of 
6.1 cal/K.mol-res.  A  recent  estimate  by  Freire  and  colleagues 
(D'Aquino et al., 1996)  suggests  that, with  chain  length-dependent 
excluded  volume  effects  considered  explicitly, AGGly has  a  value 
of 6.4  cal/K.mol-res. Thus, according to the most  recent  estimates, 
the  difference  between  the  average  residue  entropy  and  the  entropy 
of glycine is (6.4 - 5.0 =) 1.4 cal/K-mol-res. This  coincides with 
our own estimate  for  the  differential  entropy. If  we  take  this  num- 
ber  seriously,  we  would conclude  that  the  average  backbone  con- 
formational  entropy  is  5.0  cal/K-mol-res,  slightly  below our estimate 
of 5.3 cal/K.mol-res.  In  fact, it seems  likely  that 5.3 cal/K.mol-res 
is  a  slight  overestimate  because  the  use of the  extended  confor- 
mation  for  the  unfolded  state may underestimate  intramolecular 
energies.  Considering  the  magnitude of error  in  experimental  and 
calculated  values,  however,  these  distinctions are likely  to  be mar- 
ginal  at  best. 

The  effect of disulfide  bonds  is  not  considered  explicitly  in  our 
analysis.  According to the  statistical  theory of a  random  coil, a 
single  disulfide  crosslinking  two  atoms  separated by N bonds in a 
Gaussian  chain  reduces  the  conformational  entropy by -(2.1 + 
3/2RlnN) cal.K".mol" (DeLisi & Crothers,  1971;  Pace et al., 
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1988).  For  large  chains,  the  fractional  error in neglecting  such 
disulfide  loops  goes  as (In WIN,  and the error  drops  below  10%  for 
as few as 20-30 bonds.  We therefore do not  expect our conclusions 
to be  affected  appreciably. 

Forces  contributing to protein  stability 

Although  atomic  contact  energies  include  solvation,  side-chain  en- 
tropies, and differential van der Waals energies in a way that  cannot 
be uncoupled  easily,  we  can  gain  insight into the  dominant  driving 
factors  in  protein  folding by  parsing the  sum of  the contact  energies 
and  electrostatic  energies  (i.e.,  total  energy)  into  effective  interact- 
ing  energies  between  backbone-backbone (AEb.b), backbone-side- 
chain (A&), and  side-chain-side-chain (AES.J (Table 2). The net 
sum  of these  terms  drives  folding,  and  must be sufficient  to  com- 
pensate for the highly  unfavorable  backbone  entropy loss. 

The  most  striking  observation  emerging  from this dissection is 
that  the  interactions  associated with the  backbone  provide  the  dom- 
inant  driving  force. On average,  backbone-backbone  interactions 
contribute 64% of the  total  energy;  backbone-side-chain  inter- 
actions, 26%; and  side-chain-side-chain  interactions, 10%. For  the 
smaller  proteins,  the  sum of AEb, and AEb+ almost  entirely  com- 
pensates for the  unfavorable  backbone  conformational  entropy 
change.  The  electrostatic  component of  backbone interactions  stem 
predominantly  from  partial  charges  that  contribute  to  the  peptide 
dipole.  These  electrostatic  interactions make a  substantial  contri- 
bution to the  backbone-backbone  interaction  energy,  having  a  typ- 
ical  magnitude  approximately 2/3 that  of  the  atomic  contact  energies. 

It  is  generally  agreed  that  the  hydrophobic  effect  (Le.,  the fa- 
vorable  free  energy  change  accompanying  desolvation of nonpolar 
groups) is the  major  contributor to stabilization of the  folded  struc- 
ture of globular  proteins,  whereas  hydrogen  bonding  and  steric 
hindrances  constitute  structural  constraints on the  internal  archi- 
tecture (Dill, 1990; Yang & Honig,  1995).  The  results  presented 
here  lend  some  precision  to  that  concept  by  showing  that,  ener- 
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getically,  folding is driven  predominantly  by  backbone  interactions 
that  have  both  electrostatic  and  solvation  components.  The  hydro- 
phobic  interactions of side  chains  provide  a  marginal  gain  in  the 
overall stability,  but  both electrostatic and  hydrophobic  inter- 
actions of side  chains  are  responsible for specifying  the  unique 
native  structure of a  protein. To the  extent  that  backbone  inter- 
actions  favor  folding,  they  are  probably not  very  selective for one 
compact  conformation  relative to others. 

Although  the  contributions  of  backbone  interactions  have  often 
been  overlooked  by theoretical  analyses,  there is accumulating  ex- 
perimental  evidence  that  the  chemical  nature  of  the  polypeptide  back- 
bone  itself  plays  a  crucial  role  in  protein  folding.  One of the  most 
convincing  examples  is  the  spontaneous  formation  of a-helix in  short 
alanine-based  peptides  in  solution  (Marqusee et al., 1989;  Chakra- 
batty & Baldwin,  1995).  Because  the  side  chain of alanine  can  in- 
teract  only  minimally  with  other  side  chains,  helix  formation by 
alanine is stabilized  predominantly by the  backbone.  The  implica- 
tion  for  protein  folding is that  the  backbone  interactions  can  largely 
offset  the  unfavorable  entropy  change  caused  by  fixing  the  poly- 
peptide  backbone.  Favorable  side-chain  interactions  would  provide 
the marginal  gain  in  protein  stability,  whereas  unfavorable  side- 
chain  interactions  would  break down  the  the balance  and  favor  un- 
folding.  It  has  been  found  that  short  peptides  that  do  not  contain 
significant  amounts of alanine  will  not  form  stable  helices  in  water 
unless  they are otherwise  stabilized by side-chain-side-chain  in- 
teractions  (Chakrabatty & Baldwin,  1995). In fact,  most  isolated  he- 
lical  segments of proteins  are  unstable  in  water.  Recently,  based  on 
directed  mutagenesis  and  high-resolution  structure  analysis of the 
bacteriophage T4 lysozyme,  it was  found  that  the  replacement of a 
large  number of amino  acids (50% or more)  with  alanine  has  little 
effect  on  the  successful  folding  of  the  protein  (Matthews,  1996).  Such 
“polyalanine”  approach  clearly  demonstrates  that,  energetically,  side- 
chain  interactions  are not the dominant  driving  force,  but,  rather, are 
responsible  for  the  internal  architecture of a  protein  through  the  spe- 
cific  distribution of “essential”  residues. 

Table 2. Effective  interacting  energies  (kcaUmol-res)  between backbone-backbone(AEbEb.6), 
backbone-side-chain (A&.,), and side-chain-side-chain (AE,.,) 

AEs-s 

Protein  ACE Elect. ACE  Elect.  ACE  Elect. 

SH3  0.68  0.42  0.49  0.16 0.1 1  0.07  1.88 
BPTI 0.56 0.24 0.52 0.14 0.08  0.10 1.45 

Eglin  c  0.62 0.44 0.40 0.02 0.16  0.10 
G Protein  0.62  0.42  0.27  0.07  0.07  0.02 

1.59 

Tendamistat  0.66  0.37  0.35  0.13 0.05 0.02 
1.39 

Ubiquitin 
1.46 

0.66  0.47  0.32 0.06 0.16 
RNase  T1 

0.04 
0.59 0.34 0.43  0.11  0.12 0.05 

1.59 

Cytochrome c 
1.55 

0.70 0.36 0.26  0.02  0.09 
Barnase 0.63  0.28  0.12  0.02 0.04 1.27 

0.01 
0.29 

1.35 

RNase  A 0.69  0.37  0.46 0.18 0.07 0.06 1.78 
Lysozyme  0.73  0.38 0.35 0.10 
Interleukin-lp 

0.20 
0.67 0.34 -0.03 0.09 0.05 1 S O  

0.08 
0.42 

1.73 

Myoglobin 0.82 0.66 0.36 0.00 0.17 
T4  Lysozyme  0.76 

0.03  1.97 
0.53 0.35 0.01 0.14 

Papain  0.69 0.34 0.37  0.1 1 0.07 
0.07 1.77 

Pepsinogen  0.70 0.39 0.43 0.05  0.25 0.04 1.82 
0.08 1.54 

TAsbb 

CI-2 0.61 0.36 0.26 0.03  0.05 0.05 1.25 
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The  empirical  analyses of protein  foldingfunfolding  thermo- 
dynamic  data in general  have difficulty  in separating  the  confor- 
mational  entropies (AScO"f = ASbb + AS,,) from the  entropies of 
solvation  (Makhatadze & Privalov,  1995;  D'Aquino  et al., 1996). 
This  has  prevented  a firm grasp of  the  role of entropic  contribu- 
tions  to  the  folding  process.  The  energy  function  developed  here 
pennits US to  separate ASbb from the rest of the  contributions to 
protein  stability  and to demonstrate  that  the  theoretically  estimated 
value, 5 d/K-mol-res, is consistent  with the thermodynamic  data. 
However, our analysis  does  not  provide  a  direct  estimate of the 
magnitude of the total  conformational  entropy  of  protein  unfold- 
ing.  Using the mean  backbone  entropy  gain dsbb = -5 cal/K.mol- 
res  and  the  mean  side-chain  entropy  change AS,, = 3.66 cal/ 
K-mol-res (Pickett & Sternberg,  1993;  Doig & Sternberg,  1995), 
ASCoflf comes  up to -9 cal/K.mol-res, which is somewhat in be- 
tween  the  values  estimated by two  recent  studies:  6 cal/K.mol-res 
by  Freire and  colleagues  (D'Aquino et al., 1996)  and 12 cal/K.mol- 
res  found  by  Makhatadze  and  Privalov  (1995). 

All these  values  should  be  interpreted  cautiously  because the 
actual  contribution of side-chain  entropy (ASsc) to the  unfolding 
reactions  remains  elusive.  A  number of  highly correlated  scales  for 
the  entropy  changes of transferring  side  chains  that  are  buried  in 
the  interior of  the protein to a "free" state  have  been  introduced 
(Finkelstein & Janin,  1989;  Pickett & Sternberg,  1993;  Abagyan & 
Totrov,  1994;  Koehl & Delarue,  1994;  Creamer & Rose,  1994; Lee 
et al.,  1994).  The  consensus  reached for the free energy  gain  of 
relaxing  side-chain  motion  is -0.5 kcal/mol  per  rotamer  at 25 "C 
(Doig & Stemberg,  1995).  However, as pointed  out  by  Makha- 
tadze  and  privalov  (1995),  most of these  scales were  based  on 
rotamer  distributions  observed or calculated  in  the  presence of 
solvent.  There is a  possibility  that  the  calculated  side-chain  entro- 
pies  are  biased by various  solvation  effects,  and  thus  are  smaller 
than  the  "actual"  values  (Makhatadze & Privalov,  1995,  1996). On 
the other hand,  not all the side  chains  in  the  native  structure  of  a 
protein are buried  completely  and,  therefore,  the  side-chain en- 
tropy  scales  cannot be  used directly  unless  the  proportion of the 
side  chains  that  are  truly  restricted  in  the  native  state  is  taken  into 
account.  Freire  and  colleagues  separated  side-chain  conforma- 
tional  entropies  into ASb'"" (associated with the  transfer of a bur- 
ied  side  chain  to  the  surface: 0.82 cal/K.mol-res) and AS::"' 
(associated with  the  unfolding  of a  solvent-exposed  side  chain: 
2.62 cal/K.mol-res) and  estimated  the  average  conformational  en- 
tropy  contribution upon unfolding  due to side  chain to be  -1.4 
kcal/K.mol-res  (Lee et al., 1994;  D'Aquino  et al., 1996). 

The main focus of  this  study is to develop  a  free  energy  function 
based  on  structural  data,  which  can  represent  consistently  the en- 
ergetics of folding  and  binding.  Of  the  three  terms  in  our  unfolding 
energy  function-contact  energy,  electrostatic  energy,  and  back- 
bone  conformational  entropy-only  the  backbone  conformational 
entropy  is  a  free  parameter,  and our analysis  indicates  that  the 
optimal  value for reproducing  thermodynamic  data  is  con- 
sistent with theoretical  estimates. In the  next  section, we further 
justify ASbb = -5 cal/K.mol-res by applying  it to the calculation 
of proteidpeptide binding  free  energies  where ASbb and Solvation 
entropies  are  clearly  uncoupled. 

MHC-peptide interaction 

We estimated  the  binding free energies of  HLA-A2.1  molecule 
complexed  with four nonamers  based  on  the  solved  crystal struc- 
tures  (Madden et al., 1993).  The four peptides  were  derived  from 

HIV-1 gp120  (GP),  Influenza  A  matrix (MT), HIV-1  RTase (RT), 
and HTLV-1  TAX (TX), respectively. Sette and  colleagues  (1994) 
have  measured  the  binding  of  these four peptides to HLA-A2.1 
using  competition  experiments.  The  ICso  values  (i.e.,  the  concen- 
tration  that  causes 50% inhibition)  are: GP, 294 nM (Altuvia  et al., 
1995); MT, 6 nM (Sette et al., 1994); RT, 909 nh4 (Ruppert et al., 
1993);  and T X ,  11 nM (Altuvia  et al., 1995).  The  IC50  value  can 
be  related to the equilibrium  dissociation  constant Ki of the  test 
peptide  ligand by Ki = ICso/(l + [L]/iUd) (Cheng & hsof f ,  
1973),  where Kd is dissociation  constant of the radiolabeled  ligand 
and [L] the  concentration of the  radiolabeled  ligand in the  free 
(unbound)  state.  Under  the  assay  conditions  for  binding of the faur 
peptides, [L]/Kd << 1; thus, Ki - IC50  and AGexP = RTln(ICso) 
(A. Sette, pers. corn.). 

Our  goal  here  is  to  use  the  experimentally  derived  data  as  cri- 
teria  in  evaluating  the  reliability of the  proposed  binding  free  en- 
ergy  function,  Equation 5. Because  the  Protein  Data Bank files 
(Bernstein  et  al.,  1977) do not provide  coordinates  for  polar  hy- 
drogens,  which  are  essential  for  the  calculation of electrostatic 
energies, polar  hydrogens  were  introduced into the crystallo- 
graphic  structures by  using the  program C H A R "  (Brooks  et al., 
1983). The structures  were  then  energy  minimized  for  200  steps of 
an  ABNR procedure with a  nonbond  cutoff  distance of 20 A. Two 
sets of  binding free  energies, AGrheO, were  calculated  using  differ- 
ent  estimates of AS,",". The  first  set  takes into account  the  influ- 
ence of side  chains on backbone  entropy; AS,"," was  calculated by 

9 
AS:;' = (ASCIy - AASi), (8) 

i= 1 

where  is  6.4 cal/K.mol-res and  the AASi values  were  taken 
from  Stites and Pranata  (1995). For the  second  set,  the  mean  back- 
bone  entropy  change ASbb (5.0 callK-mol-res) is  used  for all amino 
acids,  and  thus 

AS:'' - 9 X 5.0 = 45.0 cal/K.mol. (9) 

The  calculated  free  energies AGrhe0 are  shown in Table 3 (column 
7), along with experimental  binding  data AGeXP (column  9).  The 
values  in  parentheses  (column 7) are the  estimated  binding  free 
energies when Equation 9 is  used  to  calculate ASbpbep. The  calcu- 
lated  energies  have  the  same  rank  order as the  experimental  ener- 
gies  and  the  maximum  deviation is 1.8  kcallmol.  The  results are 
noticeably  better  than  those  obtained  previously  (Vajda  et al., 1994), 
which  are  based  on  a  different  energy  decomposition.  Slightly 
better  results  were  obtained when  Equation 8 was  used  to  calculate 
AS::'. In  this  case,  the  largest  difference  between  the  calculated 
and  measured free energies is about  1.3  kcal/mol,  comparable  to 
the  accuracy of the  calculation  for  "rigid body" docking  (Zhang 
et al.,  1997).  These  results  indicate  that  the  energy  terms  for  pro- 
tein  folding,  including ACE, electrostatics,  and  backbone  confor- 
mational  entropy,  appear  to be transferable  to  the  energetics of 
peptide  binding.  The  results also suggest  that  the free energy  de- 
composition  presented  here  promises to provide  a  reasonably ac- 
curate  and  computationally  viable  target  function  for  peptide  docking 
and  design  (Rognan  et  al.,  1994;  Vajda  et al., 1994;  Rosenfeld 
et al., 1995;  Gulukota  et al., 1996;  Sezerman  et  al.,  1996). 

Conclusion 

A new free  energy  decomposition  for the foldingfunfolding  tran- 
sition of single-domain  proteins is presented  here. The empirical 
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’IBble 3. Binding free energies of HLQ-A2.1 complexed with four peptidesa 

Peptide PDB Sequence AEc L W E I  hs[tP AGfkOc IC50 AG‘”J’ 

HIV-1 a 1 2 0  (GP) lhhg TLTSCNTSV  -2.35 -34.56 48.25 -7.80 (-8.50) 294 -8.92 
InfluenzaA (MT) lhhi GILGFVFTL -8.75 -32.71 47.73 -12.50 (-13.05) 6 -11.22 

HIV-1 RTase (RT) lhhj ILKEPVHGV 4.59 -39.74 43.37 -7.49 (-6.74) 909 -8.25 

HTLV-1 TAX (TX) lhhk LLFGYF’VYV -7.87 -31.01 44.86 -10.78 (-10.47) 11  -10.87 

a h i t s  for  the  energies are kcal/mol,  unit  for ICs0 is  nM. 
bCoordinate  files  were  taken  from  the  Protein  Data  Bank  (Bernstein  et al., 1977). 
‘Numbers  in  parentheses  present  binding  free  energies  when AS::’ is  estimated  by  Equation 9. 

approach involves evaluating solvation free energy using ACE for 
both unfolded  state and native conformation. Polypeptide back- 
bone entropy was then calculated by subtracting all  other  contri- 
butions, as estimated by ACE and electrostatic energies, from  the 
calorimetrically measured unfolding free energy. The mean entro- 
pic cost  associated with fixing backbone dihedral angles, As,,, 
was  found to be 5.3 cal/K.mol-res, in excellent agreement with the 
value 5.0 cal/K.mol-res obtained by several theoretical approaches 
(Schellman,  1955; Wang & Purisima, 1996). The slight overesti- 
mate in our analysis is attributed to the use of extended chain as a 
model for the unfolded state. Interestingly, the  average backbone 
entropy for glycine  obtained here, ASGly = 6.7 cal/K.mol-res,  is 
also 0.3 cal/K-mol-res higher than the theoretically estimated value 
(D’Aquino  et al., 1996). A consensus  on  the magnitude of changes 
in backbone conformational entropy represents a necessary step 
toward structure-based stability calculations with the  accuracy 
needed for protein design. In addition, our analysis also highlights 
the important role played by the backbone in the generation of 
protein structure. A dissection of the free energies indicates that 
most of the negative backbone conformational entropy change 
upon  folding  is  overcome by the effective interactions associated 
with backbone itself. 

The values confirmed for backbone entropy were then incorpo- 
rated into a free energy function for the calculation of binding free 
energies of protein-peptide association. Calculated free energy val- 
ues are  in good agreement with experimental data. Slightly better 
results were  obtained  when  the influence of side chain on back- 
bone entropy was considered explicitly so that the inhomogeneity 
of the amino acid compositions in  the peptide was taken into 
account.  The  fact that our approach reproduces the observed values 
of free  energy to within about 1 kcal/mol without parameter ad- 
justment  suggests that the  free energy breakdown involved has 
been reasonably well described by our calculation. 

More generally, it  appears  from this study that peptide recogni- 
tion and protein folding  are based on  the same physicochemical 
principle. Precise estimations of the conformational entropy changes 
and solvation effects are essential for the accurate prediction of 
protein stability and binding affinity. The energy decomposition 
presented here provides a useful tool that will  facilitate the 
engineering of proteins as well as the rational design of peptide 
ligands. 
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