
f
e
f
ns

d
s

A reduced model of short range interactions in polypeptide chains
Andrzej Kolinskia)
Department of Chemistry, University of Warsaw, Pasteura 1, 02-093 Warsaw, Poland
(and Department of Molecular Biology, The Scripps Research Institute, La Jolla, California 92037)

Mariusz Milik
Department of Molecular Biology, The Scripps Research Institute, La Jolla, California 92037

Jakub Rycombel
Department of Chemistry, University of Warsaw, Pasteura 1, 02-093, Warsaw, Poland

Jeffrey Skolnick
Department of Molecular Biology, The Scripps Research Institute, La Jolla, California 92037

~Received 13 April 1995; accepted 7 June 1995!

A simple model of short range interactions is proposed for a reduced lattice representation o
polypeptide conformation. The potential is derived on the basis of statistical regularities seen in th
known crystal structures of globular proteins. This potential accounts for the generic stiffness o
polypeptides, the correlation between peptide bond plates, and the sequence dependent correlatio
between consecutive segments of theCa-trace. This model is used for simulation of the equilibrium
and dynamic properties of polypeptides in the denatured state. It is shown that the propose
factorization of the local conformational propensities reproduces secondary structure tendencie
encoded in the protein sequence. Possible applications for modeling of protein folding are briefly
discussed. ©1995 American Institute of Physics.
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I. INTRODUCTION

Under proper conditions, a globular protein adopt
unique three-dimensional structure that is encoded in
amino acid sequence.1,2 The theoretical prediction of th
structure, and the pathway~s! followed during the folding
process make up one of the most challenging, and stil
solved, problems of structural molecular biology.3–5 Due to
the present state of the art of computing techniques, an
time scale of the protein folding process~of the order o
milliseconds to seconds!, the standard molecular dynam
tools cannot be used for simulations of the folding dynam
of protein systems. This is one of the major reasons for s
ies of reduced models of protein structure and simpl
models of polypeptide chain dynamics. Reduced models
ally exploit the concept of a united atom representatio
the protein chain.6–13This reduces the number of degrees
freedom and may make the problem computationally t
table. In the majority of previous applications, the redu
models employ a single united atom as a representatio
the amino acid unit6,14 or two united atoms per residue7,15

~one for the main chain unit, and the second for the
group of amino acid!. Interactions of the united atoms a
usually deduced from regularities seen in a databas
solved three-dimensional structures of globular proteins.
ther simplifications of the models are frequently achieve
grouping the 20 amino acids into classes according to
properties in proteins.16,17Additional reduction of the num
ber of accessible states and the subsequent increase
speed of computations may be achieved by a lattice dis
zation of the conformational space. An example of extr
simplification of the protein representation is the so-ca
HP model18 studied in great detail recently.4 The model con

a!To whom correspondence should be addressed.
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siders only two classes of amino acid residues, H~hydropho-
bic! and P~hydrophilic!, and a simple lattice representation
of the conformational space. The study of the HP model and
closely related models provided some very general insights
into the protein folding dynamics and thermodynamics.19,20

On the other hand, the very low resolution of such a repre-
sentation does not allow questions related to specific se-
quences and to finer structural detail to be addressed.

A different class of reduced models attempts to repro-
duce additional details of protein structure.6,7,12,13,15,21–24

High coordination lattices can reproduce theCa backbone
with a level of accuracy close to contemporary experimental
measurements.24 Using full sequence information and the
complex set of potential functions of statistical origin, some
simple folds of small globular proteins can be
predicted.15,25–28The accuracy of this prediction varies from
a level which allows almost exact full atom reconstruction
~as was demonstrated for the coiled coil motif of the leucine
zipper of the GCN4 fragment27!, to low resolution folds of
2–5 Å root mean square deviation~rms! from the nativeCa
trace in several other cases.15,24,25Unfortunately, the meth-
odology fails for more complex folds and/or for longer se-
quences~the longest protein for which the model reproduc-
ibly predicts a plausible folded conformation is 120 residues
and is a redesigned ROP monomer, which putatively forms a
four helix bundle!. It appears that a much longer simulation
time for a system of this complexity was required, and/or the
specificity of the force field was too low. The above calls for
a more detailed examination of various interactions that con-
trol protein behavior. This could be achieved by dissection of
the problem in a manner that would allow for a more precise
study of the effects of the various interactions. In addition,
such studies may provide insights into the factors controlling
protein folding. Such factors may include hydrophobic inter-
6/95/103(10)/4312/12/$6.00 © 1995 American Institute of Physicst¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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4313Kolinski et al.: Interactions in polypeptide chains
actions, hydrogen bonding, intrinsic local conformation
preferences, and pair and higher order packing preferenc

In this work, we examine short range interactions a
their effect on the static and dynamic properties of a hi
coordination lattice model of protein conformation. Our ai
is to construct an interaction scheme which reproduces s
ondary structure propensities encoded in the sequence
amino acids. In this study, we neglect all the long ran
interactions; thus the possibility of collapse to a unique st
is precluded. Based on the~one dimensional! sequence infor-
mation alone, it is possible to predict the secondary struct
of a protein with an accuracy in the range of 55%–70
when the three secondary structure~helix, b-strand, loop!
classes are taken into account.29–36 This limitation of accu-
racy may have a physical origin, and may result from t
interplay between the short and the long range interaction
the folded proteins. The long range interactions, due to m
favorable packing, electrostatics, etc., may override the s
ondary tendencies of particular fragments. Indeed, one m
find short sequences of residues that adopt completely dif
ent secondary structures in different proteins. Therefore, i
very important to design reduced models of protein chains
such a way that the above secondary structure features c
be reproduced in the absence of tertiary~long range! inter-
actions. Having such a model, the more difficult design
the tertiary interaction scheme~s! can be controlled and teste
in a more rigorous way. In other words, it is our aim t
develop a force field for reduced models with a local en
getic frustration~local contradictions of secondary with re
spect to tertiary interactions!, on the same level as might b
expected for real proteins.

The model proposed here employs a Monte Carlo d
namics scheme, which solves a stochastic equation of mo
in a discrete, conformational space. The problem of ergod
ity of such models must always be addressed. While it
typically very difficult to show that a model is ergodic in th
context of a rather complex potential, the best way to de
onstrate ergodicity is to compare its behavior to that of si
pler models which are known to be ergodic. Actually, th
practical requirements for successful protein folding a
somewhat stronger. One needs a model that is not only
godic, but that is also ‘‘practically ergodic,’’ which mean
that the sampling is fast and that the model explores imp
tant regions of ‘‘proteinlike’’ conformational space in a rea
sonable amount of simulation time.

II. METHOD

A. Lattice representation and Monte Carlo scheme
The conformation of the polypeptide chain is repr

sented by a high coordination lattice approximation ofCa-
trace. The lattice chain is built from a sequence of vect
belonging to the following set$@3,1,1#,...,@3,1,0#,...,@3,0,0#,...,
@2,2,1#,...,@2,2,0#,...%. There are 90 vectors in this set. Fittin
such a lattice to high resolution, protein structures of t
Brookhaven Protein Data Bank37,38 ~PDB!, the best fit is ob-
tained when the spacing of the underlying simple cubic l
tice is equal to 1.22 Å.~This lattice spacing provides the
length of aCa–Ca segment equal to 3.860.3 Å.! The aver-
age accuracy of the fit is 0.6–0.7 Å rms, and is almost ind
J. Chem. Phys., Vol. 103, NDownloaded¬07¬Apr¬2004¬to¬128.205.53.57.¬Redistribution¬subject¬
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pendent of the angle of rotation of the particular PDB stru
ture with respect to the lattice. Only very short fragmen
exhibit slight orientational dependence. This is in contrast
low coordination lattice models where the quality of the fi
depends dramatically on the rotation angle.24 Excluding
sparse values of the planar angles that may result from so
geometrical errors in database, and neglecting the case
cis-proline, the lattice fits can be regularized, with no ex
pense in fitting accuracy. This way, the obtained lattice stru
tures have the same distribution of the planar~Ca–Ca–Ca!
angles and dihedral rotation angles as in the original PD
structures. In other words, only ‘‘proteinlike’’ sequences o
three consecutive reduced backbone vectors are allow
Consequently, about 30 vectors~instead of 90! are allowed
for the third vector when the two preceding vectors are spe
fied. This reflects the short range excluded volume and ot
interactions that result in the occurrence of prohibited r
gions of the Ramachandran map.39 Thus, the effect of the
side chains on the short range interactions is implicitly a
counted for. Short range interactions between atoms,
groups of atoms, are understood here are those between u
which are close to each other in sequence. It has rece
been shown that the conformational energy maps genera
on the basis ofCa traces areno less specific than those base
on the phi–psi map.40 The secondary structure conforma
tional propensities can be described both ways.40 For com-
putational expediency, theCa based description is employed
in the Monte Carlo dynamics41,42 scheme.

The sampling procedure works as follows:
~1! The input data, containing the sequence and a ra

dom conformation, is generated subject to the short ran
restrictions discussed above.

~2! A micromodification of the chain conformation is
attempted. The following modifications are considered:

~a! A two bond modification, where two vectors are
replaced by two new vectors and do not alter th
conformation of the rest of the chain.

~b! A three bond modification, where up to 168 new
three bond fragments can replace the old fragme
This number depends on the old conformation.

~c! Chain ends modifications. For each end, two new
vectors are randomly selected. Each sequence on
residues is represented as a chain ofn12 vertices, or
n11 vectors~the two end vertices serve as termina
C- and N-caps!.

The set of local moves employed here consists of a su
set of moves used previously@see Figs. 2~B!–2~C! and Fig.
3~A! of Ref. 25#.

~3! The local geometry is tested, i.e., all the triplets o
vectors have to be ‘‘proteinlike.’’ If not, a new micromodifi-
cation is attempted.

~4! The new trial conformation is subject to the Metropo
lis criterion,43 according to the assumed interaction schem
with an acceptance probability equal toP~new/old!
5exp@2~Enew2Eold!/kBT]. The energy is expressed inkBT
units, and the temperature is dimensionless.

~5! Steps 2–4 are repeated. The arbitrary time unit
defined as a time required forn22 attempts at two bond
modifications,n23 attempts at three bond modification, an
o. 10, 8 September 1995to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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4314 Kolinski et al.: Interactions in polypeptide chains
2 attempts at a two-bond, chain end modification. The lo
tion in the chain for each kind of move is selected by
pseudorandom algorithm.

B. Interaction scheme

The set of triplets of the chain vectors is restricted
‘‘proteinlike’’ states. For example, since theCa trace of real
proteins always exhibit a zig–zag geometry, three conse
tive identical vectors are not allowed. There are two kinds
contributions to the short range interactions; those which
generic, and those which are sequence specific. The sequ
specific potential of mean force44 is based on the statistics o
the occurrence of particular triplets ofCa–Ca vectors in the
database of known protein 3D structures. The conforma
of the three virtualCa backbone bonds is strictly defined b
two pairs of phi–psi angles for the two centrala-carbons.
Thus, the identity of the two corresponding central am
acids enters into the sequence specific potential. Of cou
there is perhaps a moderating influence of the neighbo
residues. However, this effect cannot be taken directly i
account because of the too weak statistics for sequential
lets ~not to mention quartets! of residues in the available
structural database. On the other hand, successive pairs
associated pairwise potentials overlap along the seque
and therefore, there is a direct influence of the identity of
neighboring residues on the conformational propensity of
fragment under consideration.

An implicit assumption is that the nature of the sho
range conformational restrictions seen in the native state
similar to that in the denatured state.45 The major difference
is in the long range interactions~stronger in the native state!
and in the entropy of the surrounding solvent~larger for the
native state!. The sequence specific part of the short ran
interactions can be expressed as follows:

Es5Se~Ai ,Ai11 ,vi21,vi ,vi11!. ~1!

To further reduce the numerical desorption of the local c
formational propensities, the three vector descriptor
mapped onto the ‘‘chiral’’ distance between the ends of c
responding fragments,

Es5Se~Ai ,Ai11 ,r i21,i12
2* ! , ~2!

whereAi is the identity of residue at positioni, andvi is the
Ca trace vector fromith to i11thCa’s. r i21,i12

2* is the ‘‘chi-
ral’’ square of distance between the corresponding chain
tices. ‘‘Chiral’’ means there is a negative sign for the le
handed conformations and a positive sign for the rig
handed ones, respectively. The potential is used in the se
formulation. The numerical values of the energy of vario
conformations, grouped into six coarse grained bins
r i21,i12
2* that correspond to qualitatively different structur
classes, are given in Table I. The numerical value 1.0~this is
of the order of the largest absolute values of the statistic
significant entries! was arbitrarily assigned to those stat
which do not occur in the database and to those cases w
their frequency was below the level of statistical sign
cance. The reference state for each pair is the expected
ber of pairs and equals the total number of occurrences o
pair of amino acids of interest times the probability that t
J. Chem. Phys., Vol. 103, NDownloaded¬07¬Apr¬2004¬to¬128.205.53.57.¬Redistribution¬subject
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given bin is occupied averaged over the identity of all amin
acid pairs. Table I contains only the entries which are nec
sary for the definition of the secondary structure interactio
in the 56 residue chain of B1 domain of Streptococcus pr
tein G.46 The entire data set is available by anonymous ftp47

The strength of the statistics~the number of occurrences! in
the database of nonhomologous proteins is given for rea
convenience.

There are also three generic short range interactio
terms. We discuss their effect on behavior of the model in t
next section. Here, let us just note that the generic ter
provide for a ‘‘proteinlike’’ stiffness of the model chain, and
penalize against nonproteinlike conformations. The first te
is in the following form:

Eg5Seg~vi21 ,vi ,vi11!, ~3!

Eg is defined and implemented in the same spirit as the sh
range sequence specific contribution. Here, the exact num
of occurrences of particular triplets of vectors in the lattice
of the database structures is used and projected onto six
via the computation of the chiral end-to-end distance for
particular conformation. The zero of energy corresponds
the average frequency of vector triplets seen in the databa
Since the full data set for this contribution is too long, w
present in Table II only those values after projection onto t
six bins of r i21,i12

2* . The full data set~i.e., the numerical
values of the potential of mean force as a function ofvi21,vi ,
andvi11! used for derivation of this potential are also avai
able via anonymous ftp.47 Note that the straightforward us-
age of the Eq.~3! takes into account the underlying degen
eracy of particular structural bins. This generic part of th
potential is meant to suppress the conformational entropy
the lattice chains, which is somewhat higher than the cor
sponding entropy of real polypeptide chains. Moreover, t
statistics for some pairs of amino acids is rather weak.
such cases, the generic~sequence independent! contribution
splines the underlying conformational propensities encod
in the sequence specific contribution.

Geometrical correlations generated by the three-vec
potentials decay too quickly down the model polypeptid
chains. They are not sufficient~at any temperature! to repro-
duce the conformational stiffness~the relatively large corre-
lation length for the orientation of main chain bonds! of real
proteins, which results from interactions of side groups, ele
trostatic and/or hydrogen bond interactions between pept
bonds, and other short range interactions. This fact must
taken into account. First, we consider the database distri
tion of the distances betweenCa i22

andCa i12
. This distri-

bution strongly peaks at distances corresponding to helica
turnlike ~compact! conformations. Another diffuse peak with
very similar weight~the area under the distribution curve!,
corresponds to expanded conformations~b-strands and open
loops!. In contrast, the athermal lattice chain distribution
peaked at intermediate distances. Thus, a generic correc
term of very simple form is introduced,

Eh5Sh i~r i22,i12
2 !, ~4!

where
o. 10, 8 September 1995¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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Downloaded¬07
TABLE I. Sequence specific short range interactions.

Ai Ai11 a 1b 2 3 4 5 6

MET THR 72 20.2421 0.4126 1.0000 20.0725 0.0561 0.0021
THR TYR 164 20.3931 0.2886 1.0000 0.2434 0.0070 20.1174
TYR LYS 136 20.2989 0.1303 20.0552 0.1385 0.1375 20.0178
LYS LEU 371 20.1273 0.6031 0.1203 20.1669 20.1015 0.2468
LEU ILE 281 20.2831 0.5752 1.0000 20.0441 0.0785 20.0955
ILE LEU 274 20.4996 0.5310 0.1148 20.0574 0.6080 0.0733
LEU ASN 284 20.0054 0.3017 0.0933 20.1590 0.1397 20.0252
ASN GLY 296 0.8735 20.7332 21.1461 0.6547 0.1680 0.0666
GLY LYS 394 0.5893 0.0384 20.0725 0.7241 21.0363 0.1661
LYS THR 250 20.3145 0.6405 0.0105 0.0459 20.0991 0.0006
THR LEU 367 20.2717 0.0485 0.1647 0.0070 0.1663 0.2655
LEU LYS 413 0.0682 0.3418 1.0000 20.3496 0.4268 0.1106
LYS GLY 290 0.6347 20.4070 20.4695 0.0972 0.0486 20.1389
GLY GLU 324 0.3683 20.0434 20.3689 0.4477 20.7568 0.3000
GLU THR 219 20.1226 0.4359 1.0000 20.2408 0.1759 0.1520
THR THR 227 20.2941 0.0536 1.0000 0.2581 20.1607 0.1105
THR GLU 200 0.2994 20.4804 0.0732 20.0355 0.1207 0.3871
GLU ALA 346 0.7078 0.5067 1.0000 20.6166 0.5055 0.3102
ALA VAL 369 20.2447 0.7457 1.0000 20.2496 0.4216 0.0006
ASP ALA 386 0.8168 20.3449 0.1747 20.1849 20.0478 0.1534
ALA ALA 596 0.7287 0.5001 0.2781 20.6178 0.5744 0.4435
ALA THR 334 20.1217 0.3391 0.1008 20.0810 0.0826 20.0973
THR ALA 349 20.0681 20.0527 1.0000 0.0031 0.0103 0.1147
ALA GLU 356 0.4586 0.3675 0.1590 20.5546 0.4587 0.5434
GLU LYS 296 0.5252 0.2523 0.0359 20.5112 0.3957 0.3702
LYS VAL 304 20.3015 0.3703 0.0847 0.0457 0.1149 20.1127
VAL PHE 189 20.4833 0.4310 1.0000 0.1005 0.4375 20.1807
PHE LYS 187 20.1795 0.2835 0.0657 0.0094 20.0059 20.0617
LYS GLN 145 0.2709 0.2491 20.0054 20.2792 20.0811 0.1759
GLN TYR 109 20.0571 0.1653 0.0195 20.0780 0.0043 0.0408
TYR ALA 191 20.1918 0.2204 0.0215 20.0401 0.0490 0.1195
ALA ASN 248 0.5174 0.0935 0.0539 20.3249 20.0720 0.2760
ASN ASP 163 0.4784 20.3339 20.1996 0.1193 20.2897 0.2596
ASP ASN 193 0.6803 20.1706 20.2875 0.0454 20.3789 0.1241
GLY VAL 431 20.1405 0.2535 0.0642 0.5903 20.6581 20.0975
VAL ASP 331 20.1834 0.0687 20.1771 0.0949 0.2097 20.1396
ASP GLY 381 1.1010 20.9586 20.8265 0.5769 0.1781 0.2384
GLU TRP 56 0.1863 0.1934 1.0000 20.2662 0.0107 0.0291
TRP THR 60 20.3193 0.1355 1.0000 0.1562 0.0678 0.0018
TYR ASP 197 20.3507 0.1027 20.0195 0.1085 0.2070 0.1026
ASP ASP 222 0.9116 20.3026 20.1278 20.0874 20.3219 0.3228
THR LYS 213 20.1293 20.1414 20.0103 0.1946 20.0643 0.1089
THR PHE 189 20.3455 0.0563 1.0000 0.3053 0.1826 20.2696
PHE THR 185 20.5174 0.4181 1.0000 0.2018 0.3626 20.2131
THR VAL 330 20.6289 0.3303 1.0000 0.4862 0.3011 20.2772
VAL THR 330 20.6117 0.4940 0.1452 0.4303 0.3827 20.4107

aNumber of occurrences in the database.
bRanges ofr i21,i12

2* 1 ~286,257! extended beta, 2~256,226! loops~left-handed!, 3 ~225,0! left-handed helix,
4 ~1,25! right-handed helix, 5~26,56! loops ~right-handed!, 6 ~56,91! extended beta.
y

n-
,

s

h i521 for r i22,i12
2 ,35

h i521 for r i22,i12
2 .75

h i50 otherwise.

TABLE II. Generic three bond potential.

1 2 3 4 5 6

20.0520 0.1057 2.4738 20.9866 0.0746 1.0431
J. Chem. Phys., Vol. 103, N¬Apr¬2004¬to¬128.205.53.57.¬Redistribution¬subject¬
All the numbers are given in lattice units and can be easil
translated into corresponding distances in real proteins~1 in
lattice units is equivalent to 1.22 Å!.

The last contribution to the short range interactions is
designed to propagate secondary structure and to further co
tribute to the peptidelike stiffness of the model chain. First
let us note that the three consecutiveCa vectors define the
orientation of the central polypeptide bond with levels of
high accuracy. In other words, theCa trace can be used for
full atom reconstruction of the main chain conformation.48–57

The most straightforward approach is to store the position
o. 10, 8 September 1995to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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4316 Kolinski et al.: Interactions in polypeptide chains
of the carbonyl oxygen atom of theith residue and the nitro
gen atom of thei11st residue~they belong to the sam
peptide bond! in the reference coordinate system defined
the three vectorsvi21, vi , and vi11. For all possible local
backbone configurations, the width of the distribution do
not exceed 0.22 Å~root mean square deviation! for the ni-
trogen atom position; about 0.25 Å for the carbonyl carb
positions, and about 0.45 Å for the carbonyl oxygen57 posi-
tion. Since there is a strong correspondence between theCa
trace and phi–psi description of a polypeptide conformati
this is not surprising. Consequently, one may define the
rection of peptide plate~we use here the hydrogen-to-oxyge
vectors! employing theCa-trace as a convenient referen
frame~the numerical data are again available via anonym
ftp!.47 The angular error of such a reconstruction of the
rection of the peptide bond plate~we assume the typica
transconformation of the peptide bonds! does not exceed 15
deg. This seems to be more than adequate for our purpo
When the above method of reconstruction of peptide bo
is applied to the PDBCa reduced structures, almost all hy
drogen bonds~;89%! of the main chain~short range and
long range! could be identified. The Kabsch–Sande58

method is used as a reference assignment. This will be u
in the forthcoming work as a fast method of computing h
drogen bond interactions in the framework of the reduc
lattice model. Having the orientation of the peptide bon
one can introduce a bias towards regular~helix or b-strand!
conformations of the model polypeptides. For these str
tural elements, theith peptide bond plate is almost parallel
the i12nd and to thei14th peptide plate. The correspondin
potential is of the following form:

Ep5S@cos~hi ,hi12!1cos~hi ,hi14!#, ~5!

where cos~hi ,hj! denotes the cosine between thei th and j th
vectors defining the orientation of the peptide plates~the
vectors from hydrogen bonded to the carbonyl oxygen!.

The total energy of the model chain is computed as

E54Es1Eg1Eh1Ep . ~6!

The scaling of the sequence specific interactions agains
generic ones is, to some extent, arbitrary. This particu
choice has been made by a trial and error method for var
proteins belonging to different structural classes. Let us
nally note that instead of theCa vectors, one may use sid
group vectors as a basis for factorization of the seque
specific conformational propensities.25 Here, however, we try
to keep the models as simple as possible and open for
implementation of various long range interactions.

III. RESULTS AND DISCUSSION

The proposed model of the short range interactions
dynamics of the protein chain has been tested on sev
proteins. Two major problems need to be addressed. The
is related to the dynamics of the model and its ergodic
The second is the problem of reproducing the second
structure encoded in the amino acid sequence. If the
posed factorization of the secondary structure is correct t
the simulations at low temperatures should lead to res
that coincide in 55%–70% of the cases with the second
J. Chem. Phys., Vol. 103, NDownloaded¬07¬Apr¬2004¬to¬128.205.53.57.¬Redistribution¬subject¬
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structure seen in the native state. Due to lack of tertiar
interactions, we do not require higher accuracy~see the com-
ments in the Introduction!. The secondary structure definition
in the model without the long range interactions has to b
somewhat modified. It is understood here as a conformatio
of the main chain which is consistent with the conformation
of the chain fragments in the secondary structure seen in t
native state. For helical conformations, both definitions ar
virtually the same~one may introduce a geometrical criterion
for detection of hydrogen bonds!. For beta structure, very
expanded conformations are considered as fragments o
hypotheticalb-sheet. This differs from the Kabsch–Sander58

assignment~which is more frequently used!; nevertheless,
the present definition has also been previously used.42–54

A. Dynamic properties of the model

The dynamics of the proposed model are examined
detail on the example of the B1 domain of Streptococcu
protein G, which is a small protein consisting of 56 residues
In spite of its small size, the fold of protein G is exception
ally regular and very stable.46 The fold consists of four
strandedb-sheets and a singlea-helix whose topology could
be classified as~21,13x,21!. In Table III, the sequence and
the secondary structure assignment of B1 domain of prote
G are found. For the readers’ convenience, we present a si
plified notation based on the Kabsch–Sander method, whi
is commonly used in various methods of prediction of sec
ondary structure from sequence of amino acids, where on
three outcomes are considered@helix ~H!, beta~E!, and ev-
erything else~-!#.

At high temperatures, the model should behave as
Rouse chain.59 Indeed, this is the case. In Fig. 1, the center o
gravity autocorrelation function41,59 ~the time averaged
square of displacement of the center of gravity, computed f
theCa backbone!, is plotted vs time on a log–log scale. The
results for various temperatures show free diffusion~a
straight line with slope equal to 1!. With decreasing tempera-
ture, the diffusive motion of the model chain slows down. As
shown in Fig. 2, where the end-to-end vector autocorrelatio
functions are plotted vs time in semilog plots, the relaxatio
of the chain orientation is exponential. In all cases, the initia
orientation decays exponentially with the longest relaxatio
dependent on temperature. For all temperatures, the p
sented data are generated on the basis of a hundred tim
longer trajectory than the time range shown in the plots. Th
error bars are in range of the symbol size~except for a rather
irrelevant part of the end-to-end autocorrelation function i
the limit of negligible memory of the initial state!, and there-
fore, they are omitted in the pictures.

In conclusion, the model chain behaves as a Rou
chain. Due to the well known ergodicity of the Rouse
chains41,59this suggests that the present model is also ergod
or at least it belongs to an acceptable ergodicity class. This
not surprising, due to the high coordination number of th
lattice. The present model could be considered as a conv
nient discretization of a continuous~off-lattice! chain. At
very low temperatures, the mobility of the model chain is
suppressed; however, segmental free diffusion and the rela
o. 10, 8 September 1995to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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4319Kolinski et al.: Interactions in polypeptide chains
ation of the initial internal coordinates is evident at very lon
times as is shown in Fig. 1.

Figure 3 shows two profiles at two different times of th
single residue autocorrelation function~square of displace-
ment! at the relatively low temperature ofT51.1. At this
temperature, the secondary structure preferences are alr
highly visible. For a Rouse chain, a parabolic shape of
profiles is expected. The overall shape of the profiles sho
in Fig. 3 are close to parabolic; however, due to the differe
flexibility of various fragments of the model polypeptide
there are noticeable distortions. For example, residues 5
54 tend to move with the same velocity, regardless of th
different separation from a more mobile chain end. This
related to a strong preference of this fragment of the chain
adopt very expandedb-strand like conformations~see Table
III !. The rotational motion of such a rigid fragment is som
what hindered; however, the translation is even faster th
for more flexible fragments. Remarkably, the translation
motion of a portion of the helical part of the chain also see
to be faster than expected for a homopolymeric Rouse ch
The above features of the model polypeptide could be exa

FIG. 1. Log–log plot of the center of mass autocorrelation functions for
protein G chain at various temperatures~open circles,T51.0; solid circles,
T51.1; open triangles,T51.25; solid triangles,T51.5; open squares,
T51.75; solid squares,T55.0!.

FIG. 2. Semilog plot of the end-to-end vector autocorrelation function of
protein G chain at various temperatures~symbols as in Fig. 1!. ~Solid
circles,T51; open squares,T51.1; solid triangles,T51.25; open triangles,
T51.5; open circles, 1.75; solid squares,T515.!
J. Chem. Phys., Vol. 103, NDownloaded¬07¬Apr¬2004¬to¬128.205.53.57.¬Redistribution¬subject¬
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ined more closely by the direct analysis of the orientationa
autocorrelation function for various fragments of the chain
The relaxation of several selected fragments is illustrated
Fig. 4 where the autocorrelation functions,g4~t! for the
Ri22,i12 vectors are drawn in semilog plots for two tempera
tures. While the differences between the speed of local rela
ations of various structural elements are rather small at lo
temperature, the relaxation rate of the twob-fragments next
to the central helix is the lowest. The fastest relaxation

e

e

FIG. 3. Average displacement of a singleCa atom at two times~t51000,
open circles;t5500, solid circles! as a function of the position in the chain,
at temperatureT51.1.

FIG. 4. Semilog plot of the four-bond vector orientational autocorrelatio
function for various fragments of the protein G chain. The set of curves i
~a!@~b!# corresponds toT51.1; @T55.0# ~the crosses show the autocorrela-
tion function for residues 2–6, the stars for residues 14–18, triangles f
residues 23–27, circles for residues 31–35, squares for residues 42–46,
diamonds for the fragments 51–55!.
o. 10, 8 September 1995to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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4320 Kolinski et al.: Interactions in polypeptide chains
exhibited by theC-terminus of the putative helix. At highe
temperatures, the relaxation rate of the strongly helical
gion is closer to the average of the other fragments, howe
the helix still relaxes with the highest rate.

The global dynamics of the model chains, which resu
from a long random sequence of very local conformation
jumps, is virtually identical to the dynamics of an ideal pol
mer chain.59 On a local level, the dynamics are somewh
moderated by the temperature dependent fluctuating sec
ary structure. However, even at very low temperatures wh
some fragments are structured during the entire time of sim
lation, the diffusive motion is not prohibited.

B. Secondary structure of model polypeptides

To what extent is the secondary structure, seen in
native state, reproduced by the present reduced model w
out the long range interactions? We discuss in more detail
case of protein G. It should be noted that protein G was
included into the database of the structures used for der
tion of the statistical potential of mean force given in Table
Moreover, there is no sequence or structure homology to
protein from the database. The list of structures used to c
struct the potential is also available via anonymous ftp.47 In
Fig. 5~a!, the three profiles that can be used to deduce
secondary structure are plotted based on the statistics f
long runs at low temperature,T51.1. The upper profile cor-

FIG. 5. Profiles of various conformational characteristics of protein G. T
upper curve~open circles! shows the time average of the square of th
distance between thei22nd andi12ndCa’s as a function of position along
the chain. The middle curve~solid diamonds! shows the corresponding plo
for the square of the distance between thei21th and i12nd Ca’s. The
lowest curve~solid circles! represents the handness of the three bond fra
ments~see the text for more details! @~a! T51.1; ~b! T51.0#.
J. Chem. Phys., Vol. 103, NDownloaded¬07¬Apr¬2004¬to¬128.205.53.57.¬Redistribution¬subject¬
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responds to time average ofr i22,i12
2 , the middle curve is to

r i21,i12
2 , and the lowest one reflects average handness of
main chainCa trace computed as~vi21^vi…–vi11. The re-
duced secondary structure assignment~compare Table III! of
the native protein is included for easy reference. The thre
old for theb-typical value ofr i22,i12

2 can be chosen in such
a way that the location of all fourb-strands~with the pos-
sible exception of the second one! can be correctly identified,
including the very likely locations of the turns. For all of th
data, we use the same threshold given in the caption to Ta
III. Even the lower peaks at positions 18 and 40~approxi-
mate! have physical meaning. They coincide with very ope
and relatively long connections between the centrala-helix
and the neighboringb-strands. Qualitatively, the same pic
ture can be deduced from ther i21,i12

2 profiles, with, of
course, a different threshold value. In both cases, t
C-terminalb-strand has the strongest prediction. The helix
the native state runs from residue 22 to residue 35. The t
upper profiles show a well defined helix between residues
and 28~small distances between theCa atoms!, while the
C-terminal part of the helix, although visible, is less obviou
During the simulations, this part of the helix dissolves after
time, contributing to a somewhat weaker prediction. Th
handness profile correctly identifies a long stretch of rig
handed turns from residue 20 to residue 37 that correspo

e

g-

FIG. 6. Profiles of various conformational statistics for the plastocyan
sequence.T51.0 ~for additional details, see the caption to Fig. 5!.

FIG. 7. Profiles of various conformational statistics for the myoglobin s
quence.T51.0 ~for additional details, see the caption to Fig. 5!.
o. 10, 8 September 1995to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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4321Kolinski et al.: Interactions in polypeptide chains
to the entire helical fragment. Theb-fragments can be right
handed or left-handed, and the profile is consistent with
native secondary structure. In summary, for this particu
sequence, the compilation of various local conformatio
characteristics obtained from long Monte Carlo simulat
lead to an accurate prediction of secondary structure.
errors of positioning of particular secondary structure e
ments do not exceed two residues. The results are e
clearer when the system is further cooled down toT51.0, as
shown in Fig. 5~b!.

In Figs. 6 and 7, the analogous profiles are presented
two larger proteins, the 99 residuesb-protein plastocyanin
~1pcy!, and the 146 residues, helical protein myoglobin~1
mba!. The same input data~temperature and scaling of sp
cific vs generic interactions! are used in all cases. The resu
ing secondary structure is correct in most cases, howe
some errors are noticeable.

The tests on other sequences show that the pre
model reproduces secondary structure on the same lev
accuracy~that is, 55%–70% for three structural classes un
consideration! as obtained by other methods of second
structure prediction.29–36

C. Interplay between specific and nonspecific short
range interactions

First, we note~again on example of protein G domain!
that the accuracy of the secondary structure prediction d
significantly, by;5%, when the generic terms are remove
The lower average accuracy and more scattered assignm
of secondary structure comes from the absence of ‘‘propa
tion’’ due to the generic contributions that simulate confo
mational stiffness and some local cooperativity of polype
tide chains. This is demonstrated in Fig. 8, where the val
of r i22,i12

2 are plotted along the sequence of the protein
domain. The time average values for particular residues
much more scattered than those shown in Fig. 5. For
stance, there is a very expanded fragment at positions 29
occupied byb-forming Val and Phe. This localb-tendency is
balanced by the neighboring amino acids which prefer h

FIG. 8. Comparison of the effect of sequence specific potential and
generic potential on the average values ofr i21,i12

2 as a function of residue
position in the sequence of the domain B1 of protein G. Solid line, the c
of sequence specific potential without the generic regularized terms; da
line, the case of the generic potential; the dotted line, the case of a pha
athermal chain.
J. Chem. Phys., Vol. 103,Downloaded¬07¬Apr¬2004¬to¬128.205.53.57.¬Redistribution¬subjec
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when the collective generic potential is in force. For com
parison, Fig. 8 also contains the results for a chain with on
generic terms of the short range interactions~the dashed line!
and the results for athermal phantom chain~dotted line!.
Since there are not any sequence specific effects, both p
files are flat. Interestingly, the averages are almost the sam
in spite of different distributions that are discussed below.

Further insight into the role of the sequence independe
regularizing potential comes from analysis of the distributio
of conformations~averaged over entire chain! as measured
by the chiral three bond and four bond distances, respe
tively. In Fig. 9, the distribution for a completely atherma
chain ~infinite temperature, dotted line! and for the chain
with only the generic potential~solid line! are compared to
the distributions from the structural data base~dashed line!.
The distributions for the second case are proteinlike in th
sense that there are well defined peaks corresponding
right-handed compact~helical! and expanded~b-type! states.
The population of compact left-handed states is negligibl
Thus, the generic background potential introduces prote
like conformational bias. The sequence specific potent
triggers formation of fluctuating secondary structure. Thu
amino acid pair specific propensities are ‘‘interpolated’’ b
the generic potential. As a result, the observed second

the

ase
shed
tom

FIG. 9. Comparison of average distribution of the local conformation
statistics for the 56 residue lattice chain~sequence irrelevant! with and with-
out generic potentials. In both cases the sequence specific part of the po
tial is absent.~a! The sample distributions ofr i21,i12* 2 , averaged over all
residues for the system with the generic potential~solid line! and for the
athermal phantom chain~dotted line! compared to the PDB distribution
~dashed line!. ~b! The corresponding distributions forr i22,i12

2 .
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4322 Kolinski et al.: Interactions in polypeptide chains
structure ~time averaged! is partially ~as it should due to
absence of the interplay between the short and long ra
interactions! consistent with the secondary structure seen
the native state.

IV. SUMMARY AND CONCLUSIONS

The proposed reduced model of polypeptide conform
tion employs a high coordination lattice for theCa represen-
tation of the main chain backbone. This lattice representa
is very accurate. The mean square error of the latticeCa
approximation to PDB structures is on the level of 0.6–
Å. What is important is that the quality of the fit does n
depend on the angle of rotation with respect to the latt
Thus, no artificial entropy effects are encountered. The
tice Ca trace provides a convenient reference frame for
construction of the coordinates of all backbone atoms. T
reconstruction requires just a few references to the prefa
cated data set and can, therefore, be performed freque
during very long simulations. The model of dynamics
based on a long random sequence of local conformatio
transitions that preserve ‘‘proteinlike’’ backbone geomet
In this work, only the short range interactions and their eff
on the behavior of the model are considered. In order
achieve a ‘‘proteinlike’’ distribution of conformations, it i
necessary to employ a generic~sequence independent! back-
ground potential, which introduces a correction to the und
lying lattice distribution of states. This generic potential
designed on the basis of general regularities seen in all
tein structures. It enforces a ‘‘proteinlike’’ distribution of dis
tances between theCa atoms up to the fourth neighbor
down the chain. There is also a bias towards the correla
mutual orientations of the polypeptide bonds, which is ty
cal for all regular secondary structure motifs. The seque
specific interactions trigger the specific local second
structure preferences. The sequence specific part of the
tential is derived from the configurational statistics of t
high resolution PDB structures. It should be noted tha
somewhat similar factorization of the secondary struct
propensities for aCa-reduced description of polypeptid
chains has been recently described by DeWitte
Shakhnovich.60 They also assumed a sequence specific
torization of the potential that depends on the dihedral an
for four-bondCa-backbone fragments and the identity of t
two central residues. Their potential was successfully u
for sequence-structure matching. However, since they
glect the variability of the planar~Ca–Ca–Ca! angles,40 this
potential cannot be used for explicit simulations of prote
geometry on a high-coordination lattice.

The results presented in this work show that it is poss
to design a lattice model of a protein which reproduc
strong secondary structure propensities and at the same
exhibits global dynamics which are very similar to that of
ideal Rouse chain. Thus, for all practical reasons, the mo
is ergodic. Starting from an arbitrary chosen initial state,
Monte Carlo algorithm rapidly achieves thermodynam
equilibrium with fluctuating secondary structure that is ty
cal for the given sequence of amino acids. The model se
to be a plausible candidate for simulations of the long ti
dynamics of denatured proteins~the algorithm used in the
J. Chem. Phys., Vol. 103, NDownloaded¬07¬Apr¬2004¬to¬128.205.53.57.¬Redistribution¬subject
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present work is available upon request!. At lower tempera-
tures, the observed~time averaged! secondary structure~de-
duced from the observed short range conformational corre
tions! is close to that seen in the native state. The accuracy
this method of secondary structure prediction is of the sa
level as obtained by standard methods~i.e., 55%–70% of
residues are correctly assigned!. Since the sequence specifi
part of the short range interactions directly encodes the s
ondary structure propensities, this is not surprising. The u
derlying generic contributions to the potential of mean forc
applied in the reported simulations regularize and propag
the secondary structure. Consequently, the pairwise seque
specific potentials are to some extent ‘‘interpolated’’ ove
relatively long fragments of the model chains, providing co
sensus secondary propensities. The generic potential pla
similar role as ‘‘filtering’’ procedures in more sophisticate
applications of computational models of neural networks f
secondary structure prediction.33–36 In principle, we could
use a deterministic procedure that generates the predictio
secondary structure according to the proposed factorizat
of the secondary structure propensities. There is, however
important advantage of the proposed lattice Monte Ca
model; it carries along its entire geometrical context. Thu
there are straightforward possibilities for considerable im
provement of secondary structure prediction and, con
quently, for prediction of tertiary structure. For example, te
tiary interactions, which moderate secondary propensiti
could be introduced. This method was actually employed
our earlier work in the context of a somewhat different~and
less accurate! scheme for short range interactions, allowin
prediction of several very simple folds of small globula
proteins.25–28

In the forthcoming work, the various contributions to th
tertiary~long range! interactions and the effect on the protei
folding process will be examined in the context of th
present model of short range interactions and polypept
chain dynamics.
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