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Building protein lattice models using self-consistent mean field theory
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An optimization protocol for modeling protein structures on lattice is proposed which is based on
self-consistent mean fiel CMHP theory. In this procedure, the protein residues are supposed to be
independent, and their possible positions are given by a list of lattice sites. To do this, an effective
larger system is considered, in which each residisesupposed to occupy all possible sifegach

with a weightV(i,j) stored in the so-called lattice probability matkix The effective energy of the
system is computed, and iteratively minimized with respect to the welightise lattice sites being

fixed in space. The final self-consistdhtmatrix describes the conformational space available to the
protein, based on the energy function implemented. This energy function contains two types of
terms, namely simple geometric terms which ensure bond connectivity and prevent chain
intersection, and energy terms specific to the problem of interest. The application of the above
protocol to building a lattice model of a protein, given its three dimensional structure, is discussed
and compared with other lattice fitting procedures. 1@98 American Institute of Physics.
[S0021-960698)50122-5

I. INTRODUCTION be used, namely lattice models, which allows complete enu-
meration as well as simpler dynamic simulation, since the
It is the ability of proteins to fold into unique three- moves are discrete. In sequence space, amino acids have
dimensional3D) structures that allows them to display their peen grouped into categories, such as the hydrophdbjc (
biological function. Hence defining a relationship betweengnd polar {) (for review on simple models, see Ref). 7
the amino acid sequence and the 3D conformation of a nativenird, the global search for the minimum of the energy func-
protein is essential to understanding biological processesion can be simplified either by performing a nondeterminis-
Should the laws of folding be known, protein structure pre-iic search of an approximate solution, as in Monte Carlo
diction, and, more generallge novodesign of even compli- method< or by replacing and modifying the potential energy
cated protein folds, would become tractable. The attainment,nction itself, as in the diffusion equation method of
of this ultimate goal is sought through two main roads, theScheraga and co-worketsor by using mean field theory
folding problem i.e., finding a protein structure from its (\ET) approachel? The three routes defined above are ob-
sequenc and the inverse protein folding problefie., de- viously not exclusive of each other. This paper will be con-

finin92 which sequences are compatible with & given proteineeq with the projection of three dimensional protein struc-
fold).” Both problems can be formulated as the search of, o5 ontg a lattice, with as little distortion as possible.

minima of thermodynamic functions. However, the search
for these minima suffers from huge combinatorial problems
in structure space as well as in sequence space. Attempts

get around these problems have focused on three differeg{udies of the diffusion pathways of carbon monoxide in

diregtions: First, t.he computa_tional procedure can inCIu.d&F“nyoglobin. The basic idea there was to create a system con-
empirical information on protein structures. For example, 'ntaining the protein and multiple copies of the ligand which

homology building, the conformation of the main chain is do not see each other, and minimize the total free energy of

copied from an homologous template, the new sidechains are. : ) A
built and the full structure is then subjected to energyt[%IS effective system. The major advantage of this approach

P . . is thatN alternative configurations of the ligand can be ex-
minimization”™° Second, the dimension of the problem can~ . . . ) : .
. 7 . amined using asingle simulationof the effective system.
be drastically reduced: in structure space, this has led t

united residue representations, in which each residue of his gain in computing time became even more apparent in

protein is represented by one or two atoms. Furthermore, i‘e major subsequent application of MFT, namely prediction

much simpler representation of the conformational space ca‘ﬂf protein sidechain positions based on a known backBbne.

In this case, amN residue protein is divided intbl+1 sub-
systems, consisting of the backbone and Eheidechains.

3 Author to whom correspondence should be addressed. On leave of abse ; ; ; ;
from UPR9003 du CNRS, Boulevard Sebastien Brant, 67400 IIIkirchmFﬁe effective system contains the backbone and multlcoples

In the first application of MFT in protein simulation,
Eéesented by Elber and Karpltisapproximate mean field
atment of protein and ligand dynamics enabled detailed

Graffenstaden, France. Electronic mail: koehl@hyper.stanford.edu of each S'd?Cha'n SUbSySt_em' Assuming th_at each sidechain
YElectronic mail: delarue@pasteur.fr has K possible conformations, a systematic search of the
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energy minimum sidechain combination would require ex-adapted to minimize either the cRMS or the dRMS when
aminingKN configurations. Within the MFT approximation, fitting a protein to a lattice. A fit based on the cRMS will
the same problem is solved by considering a single effectiv@rovide a model whose overall shape has been optimized to
system, which requires onl\ X K pairwise energy functions resemble the true protein, while a fit based on the dRMS will
to be evaluated. Various methods based on MFT have beerovide a model which tries to preserve the internal geom-
described, each using the same underlying concept describetry of the protein. It should be noted that experimental data
above. Applications include sidechain modelfdg!® loop  on protein structure are usually provided as internal dis-
design in homology modelintf, modeling of ligand—protein tances, as for instance, in NMR.
interactions’’ specific protein folding studi€$;?* and se- This paper is organized as follows: In the following sec-
quence desigf** tion, a brief description of the SCMF is given. We further
We have developed our own variant of MFT, which we detail its application to lattice studies, with emphasis on the
refer to as self-consistent mean figBICMP) optimization!®  specific case of fitting a protein to a lattice. The computa-
SCMF optimization is based on a discrete, fixed ensemble dional protocol itself is given in detail. In the next section,
conformations for each subentity of the system consideredapplications of the SCMF procedure to fitting a large set of
each of these conformations is weighted by a probabilityproteins varying in size from 26 to 474 residues on lattices
which is refined by the SCMF procedure. As such, theare presented. Fits based on cRMS and dRMS are presented,
method requires knowledge of the total conformational spacénd the differences are discussed. Conclusions and final re-
available to the system under study, and, for that reason, it§arks are given in the last section.
applications to proteins have been limited to cases in which
the global geometry of the molecule is known. It should be||. METHODS
noted that this is the case for most of the MFT procedures
proposed so far. An extension of the SCMF procedure to th@" The self-
direct search of the 3D conformation of a proté¢irased on Several descriptions of the MFT protocols have been
experimental data or solely on semiempirical energy funcpublished(see, for example, Refs. 10, 13 and).2A basic
tionsg), is possible if the conformational space is mapped by autline of the SCMF procedure pertinent to protein studies
3D lattice model. In a simple lattice model, each amino acidon lattice is given here, with emphasis on the underlying
of a protein is represented as a bead, and connecting bondssumptions.
are represented by lines, which follow the geometry of the =~ We define the coordinate vector of @l in a protein as
chosen background lattice. These models have proven usefl The energyE of the protein is given by a potential func-
to test the assumptions and approximations in analyticaion U applied on these coordinat&s
models for protein folding as well as protein dynamics _
S . . : . E=U(X). 1)
studies. For this study, their major advantage is to propose a
discrete representation of the conformational space availabiEhe native conformation of the protein is derived from the
to a protein. The purpose of this paper is to present a genergéllobal minimum ofE. The search for this global minimum is
formulation of the SCMF procedure for protein conforma-hindered by the presence of numerous local minima. One
tional studies on a lattice, followed by an application to theway to alleviate this problem is to consider an effective,
problem of fitting a given protein structure to a given lattice.larger system in which multicopies &f within a conforma-
Applications of MFT to protein folding problems on lat- tional spac are considered. The probability of finding the
tice have already been described, in particular in the lattic€oordinates betweeX and X+dX is denoted byp(X)dX,
neural network minimisatiofLNNM) procedure proposed Wherep(X) is normalized to 1. The total effective energy of
by Rabow and ScheraddThe SCMF procedure developed the system withir(} is given by
here is in fact a different formulation of the LNNM proce-
dure, with variations in its computer implementation. What Eeﬁ:f U (X)p(X)dX. 2
is new here is that we show how this procedure can be ex- o
tended to handle large protein systems while keeping th&he mean field approach to study this effective system is
computing time reasonable, as well as a detailed descriptiobased on the following approximations of the probability dis-
of its application to fitting a protein on a lattice. tribution functionp:
Lattice models are a major tool for protein folding stud-
ies. Consequently, the problem of defining the closest lattic

consistent mean field (SCMF) procedure

él) It is assumed that can be described by a Hartrpeod-
uct of independentprobability densities of different

representation of a given protein has attracted significant in- 0
) subsystems®
terest recently. Many techniques have been proposed to solve
this problen?*-2°which have been based on the minimiza- J
tion of the overall distance of the lattice model to the exact p(X)= H pi(X;). (©)
structure, as measured by the coordinate root mean squared =1
deviation(cRMS). A second measure of the similarity of two Here the subsystems correspond to@hes, andJ is the

structures exists, namely the distance root mean squared de- number of residues in the protein. This basically defines
viation (dRMS). dRMS can be understood also as the num-  eachCe as independent of the others. Bond connectivity
ber of native contacts conserved in the projection onto a will then have to be imposed as a constraint, and in-
lattice. Here we show that the SCMF procedure can be cluded in the energy functiod.
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(2) Each subsystem can adopt dinite number of copies, The minimum ofF is obtained by setting all its derivatives

and thep; are expanded in delta functions, with respect tov(j,k;) to zero,
i IF IE S
_ . ) o 0 — eff _ —
X)) =, 2, V(I 0 =00, @ WGk NGk Gk (10

wherek; runs over all copies of the subsystejzrandxﬁj Substituting Eq(9) in Eq. (10), and using the fact that the

contains the coordinates of the possible conformation ProbabilitiesV are normalizedEq. (5], the solutions of Egs.
for subsystenj. V(j,k;) are normalization factors satis- (10) are given by

fying, W(j,kj)
> V(jk)=1. 5 V(j k)= , (1D
47 i~ W)
HereK; are theK lattice sites accessible by théh Ca |21 exp( T T )
=

of the protein of interest, and the weightsare discrete
spatial probability distribution functions for the positions whereW(j,k;) is the mean field applied to the conformation
of the Ca on the lattice. k; of subsysten,

In the following, we also assume that the potential func- . OE of¢
tion U only contains oneY®) and two body U(?) inter- W(j,kj)= V{.k)
action terms, 1R

Ki

J J
1 =UD(x0)+ 12 %0 x0
U0=3, U+ 3 3 S UPGX) 6 U060+ 24 2 VLU0 XG).
(interactions between residueand j are counted twice, (12)

hence the 1/2 factpr Substituting Eqs(3), (4), and(6) into  For given values o¥/, the mean field seen by residjidor
Eqg. (1) and integrating over the spatial variables leads to all its possible lattice positiokj can be evaluated using Eq.

Ki (12), and the spatial probabilitieg can then be updated us-
Eer= E > V(i ,k]-)U}“(XE_) ing Eq._(_ll). The_ opti_mi_zqt_ior_l then proceeds as f(_)llows: _the
I=1kj=1 ! probability matrixV is initialized, for example with equi-
12 K 3K probable values$i.e., V(j,k;)=1/K;, whereK; is the num-
2> > V(] K)V(i ,|i)Ui(j2)(X0.1X|Q)y ber of copies for subsystei], and the system of Eq$l1)
2 Z16=1 17 =1 e and(12) is iterated until convergence, i.e., until self consis-

(7)  tency is achieved.
Interestingly, Egs.(11) and (12) have been indepen-

i ] dently derived by direct evaluation of the partition function
mation for subsysten. _ using the saddle-point approximation for neural network
In our formulation of the MFT (i.e, the SCMF  minimization332n the latter caseEqy andW are general-
procedurd?), the positions of the various copies of the sub-j g energies anklT is a parameter. This alternative deriva-

systems are supposed to be known and fixed in s{taey o is referred to as the lattice neural network minimisation
correspond to lattice sites in the application described)here | NNM) by Rabow and Scheradi.

the effective system is then described by an akayhose

current elemenv¥(j,k;) is the probability that subsystejris

described by its possible statg. The problem of finding the  B. The potential energy function for fitting a protein
global minimum energy for the true systdire., the proteipn ~ on a lattice

in the total conformational space is then mapped into the LetL,, forI=1,...N give the coordinate vectors for the

Eroblem ef finding the minimum of the free energy of the | |5tice sites sufficient to contain the full protein for which
effective” system, defined as a lattice model is sought.

F=E—TS (8 We denoteM; the subset of lattice points accessible to

: - ; ; P the j-th Ca of the protein(the construction of the complete
whereE. is the effective ener iven in E¢7), which is . N . -
eff 9y 9 a) lattice as well as the derivation of the differet; will be

in fact the sum of real potential energies calculated at differ-d ied bel A di h . q d ab
ent points[obtained from the delta function expansions in etailed beloy According to the notation adopted above,

Eq. (4)] and multiplied by normalization factors, afidandS M; con;ainsKlj glemgnts. 'tl('he currhen; elemeiqtof M; cor-
are the temperature and the entropy of the system, res:peﬁe-Spon s to lattice site |gk;), such that

wherexﬁj is the coordinate vector for theg possible confor-

tively. o _ XQ = L jag ) - (13
Since allCa and all lattice sites are assumed to be in- !
dependent, the entrof is given by Any application of MFT to modeling proteins on a lattice
3K such that each lattice site can represe@iarequires at least
_ ; ; that two energy terms be included in the potential functions
S=-k V(j,ki)log[V(j,ki)]. 9
,21 kazl (j.klog[ V(j,k;)] © Jo
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(1) Two setsM; andM; have no reason to be exclusive, in i) pefine Lattice: HEEHEEEEEEEEEEE
which case, if no specific precautions are taken, the MFT i wee e ke, s ssEsssates:
. i o : i

procedure might position residyeandi on the same ;. somd e potin SEeL)Sasseitesseenetise:
lattice site. To prevent such an intersection of the protein Gniialorientaion ofte atice NG +Ij’§é}§%i£
chain, a potential functioh is introduced, such that est it to the first 4 residues) s eas s i o

LR R R o e

|(2)(X0 XO)—5(|at(k)—|a(k)) (14) B e o R T L

jit (R Ri) = ollag (K; G(Ki)),

where§ is the Dirac functiorf §(x) =0 if x#0 and&0)

=1]: | is positive, nonzero, only if the lattice sites cor-

responding to conformationls; for j andk; for i are

identical. e 11 e
(2) Since the MFT procedure assumes the residues to b :

independent of each other, a bond connectivity criterion

must be included, in the form of a potenti)

BF (X}, XQ) = (8(]j i 1)+ &(j ~i+1])

2) Define search space:

residue J : @ : Kj sites

- 3) Initialise Lattice Probability 4) Define Energy functions:
Matrix (V):
Wior= Wy (chain self-intersection penalty
X ép(latj(kj),lag(ki)), (15 11
h K K +Wp (enforce bond connectivity)
where KL KL +We (RMS) or Wp (dRMS)
0 |f 2 . 6< dab< 4 7 ! 4 {restrain to structure being fitted)
dp(a,b)= (16)

1 otherwise 5) Site Selection:

(d,p is the distance between lattice sigsndb). SO O e

dynamic programming on final lattice probability matrix

If the residues andj are adjacent in sequence, and their
lattice sites are not properly bondédefined here by the
condition that their distance separation is between 2.6 anc
4.6 A), B is equal to 1, which corresponds to a penalty term.
In all other casesB=0. ) o ] ]

These two energy terms, which ensure correct Connec_FIG. 1. Outline of the SCMF procedure for fitting a protein on a lattice.
tivity of the chain on the lattice, are then supplemented by a
potential energy term specific to the problem of interest. In WhereXJP is the position of theC« of residuej in the
this paper, we are concerned with fitting a known structure  protein structure.
on a lattice, which requires an energy term that will drive the(2) Fit based on dRMS: a potential functi@nis introduced,
lattice chain to resemble the true structure. There are two such that,
possible measures of the similarity of two protein models,

(2) %0 %Oy (%0 —%O[_[xP_xP[)2
which can be used for that purpose: the coordinate root mean Dji (ij’xki) (|ij in| |XJ X7]) (20
square deviatioiicRMS), defined by, andD™=0. It should be noted thd is independent of

37| Xai— Xpj | 2 the orientation of the lattice.
CRMSZ( J ) ’ 17) The total potential functiotJ is then defined as,
whereX,; and Xp; are the coordinates of atojnof model a U=wl +wgB+w:C+wpD, (21

and modeb, respectively,] the total number of atoms con-
sidered, and where modets and b have been optimally _
superimposed, and the distance root mean square deviatici’rfj/I
(dRMS), defined by

where w are weights:.wp=0 for a fit based on cRMS, and
0 for a fit based on dRMS, respectively, referred to as
F-cRMS and SCMF-dRMS below.

Equation (21) includes both one body and two body

dRMS= sz];llzi]=j+1(|xai_xaj|_|Xbi_xbj|)2 12 terms.
JJ-1) ! .
(189  C. The computational procedure
in which case no optimal superposition is needed. A general overview of the application of SCMF minimi-

Both measures can be used to define the best latticeation to the problem of fitting a protein onto a lattice is
model for a given protein structure, and both fit within the given in Fig. 1. Most of the elements presented below are
framework developed above: more general, however, and would apply to any application
of MFT with lattice fitting procedures. Each step of Fig. 1 is

(1) Fit based on cRMS: for givenorientation of the lattice
commented on below.

with respect to the known protein structure, a potential S )

function C, which contains only a one body tefig(? 1. Positioning the lattice

=0], is introduced, such that, The SCMF procedure can be applied to any lattice type
(150 — (%0 _ yP\2 (an extensive listing of possible lattices is given by Park and

Ci (ij) (ij Xp)% (19 Levitt?®). For the chosen lattice, all possible conformations
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of four sequentially bonded sites are generated, and opttains a one body interaction term, hence the operation count
mally superimposed to the first fo@«a of the protein(four  is 1). The overall order for each cycle of the SCMF proce-
atoms being the minimum required to provide an unambigudure would then be 32J?. The volume of a protein has been
ous orientation in 3D spageThe conformation with the low-  found to vary linearly with its number of residu&shencel

est cCRMS is chosen to define a reasonable orientation of thie proportional taJ, which yields a computing time propor-
lattice with respect to the protein, and the remaining sites aréonal to J*, whereJ is the size of the protein. This order of
generated based on the lattice definition, such as to surrouraperation can be significantly reduced, first by reducing the
the protein completely(If the protein structure were not number of sites available to each residsee abovg second
known, the lattice dimension would be deduced from theby rearranging the expressions for théterms, and remov-
average behavior of proteins with similar sequence leihgth.ing all known zero contributions.

For fitting based on dRMS, this initial orientation will not be a. Efficient computation of W The penalty for chain
important, while for fitting based on cRMS, other orientationintersection can be computed as follows. For a given lattice

will have to be tested. sites(s=1,--L), we denote aR(s) the list of protein resi-
dues for whichs is allowed, anddx(j,s) the position ofs in
2. Site selection for each residue the list of sites available to residyeof R(s). We first com-

If the protein structure is not known, all lattice sites arePUte
allowed for all residues. The dimensionality of the problem
can be drastically reduced, however, if the protein structure = S= > V(j,idx(j,9)), (24
is known (even roughly. In this case a lattice is built around JeR(s)
the protein, based on a reasonable orientation obtained usirigen
the procedure described in Sec. Il C 1. Then for each residue N _ S
j, only lattice sites surroundingat a distance of 10 A or less Wi(J,1dx(},8)) = S=V(],idX(j,s))
are included inv; . for all j in R(s). (25

With this device, the total number of operations for \Al|

) . . i . terms within a cycle has been reduced toJ2additions.
The lattice probability matrixVV) describes the spatial

distribution f . £ th X ' he lattice: b. Efficient computation of W The calculation of the
Istribution functions of the protein residues on the latlice:g gy termw; which ensures bond connectivity can be
V(i,l) is the probability that residue occupies the lattice

) ) X ) " similarly reduced, as initially shown by Rabow and
site |. Before refinement, no information on the position of Scheragd® let s be the lattice site corresponding to thipth
the .residues is provided, and all sites are supposed to té‘?te available to residug [s=lat(k;) in the notation de-
equiprobable, scribed above We denote ad\(s) the list of lattice sites
1 which can be bonded te. All lattice sitesk available to
V(j.kj)= K, for k;=1,..K; andj=1,.J. (22 residuej—1 which do not belong td\(s) will contribute to

) the penalty term for incorrect bond length, yielding
Ideally, after convergence, each residue should occupy a

3. Initial lattice probability matrix

single site on the lattice, hence the final matxshould P .— V(i—1k

consist of 0s, with one 1 per row. -1 kEMjgj‘kﬁtN(s) (1= 1K)

4. Calculation of the local mean fields W(j,kj) —1— 2 V(j—1k). (26)
The effective fieldWV(j,k;) experienced by thk-th pos- keM;_1NN(s)

sible lattice sitdlat;(k;) in the global ordering of the lattice Including the term for residug+ 1, we obtain
siteg for residuej of the protein can be partitioned into

W(j,kj) = oW, (],Kj) + @gWg(],Kj) + ocWc(],kj) Wa(] ,k]-)=2—k y sz(s) V(j—1k)
. “Mj-1
+wpWp(j.kj), (23
whereW, is derived from the penalty function for chain in- - > V(j+1k), (27)
keM;+2NN(s)

tersection (), Wg from the energy term for bond connectiv-
ity (B), andW. andW,, from the energy terms for fitting the so that the total number of operations for @ terms has
protein structure on the lattice based on cRMS and dRMSheen reduced tol2JN additions, whereN is the number of
respectively. All four terms are based on EtR). The major neighbors on the given lattice.

advantage of time-independent MFT minimization is that its  ¢. Computation of Wy. There is no simple reorganiza-
computer applications are usually fast, since all energy termson for Wy . In this case, the major time-saving procedure is
can be computed first and stored for subsequent use in thibe reduction of the number of lattice sites available to a
minimization cycles. However, this advantage might not beresidue, as described in Sec. Il C 2 above\jfis the aver-
sufficient in the lattice applications described here. Assumage number of lattice sites selected for any given residue, the
ing that allL lattice sites are accessible to dlresidues in  computation ofWp, is then reduced frond* in general(see

the protein, the computation 9%, , Wy, andW,, in Eq.(23)  above to J?NZ where J is the size of the proteinN, is
would generally requird.J multiplications (W only con-  independent of protein length, and only depends on the lat-
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e It should be noted tha¥,;, is a probability matrix and

lattice site for a given protein residue: for example, 138 is ashould therefore first be transformed into energy te(fos

typical value forN, for an extended faced-centered cubic
(eFCQ lattice, with a cutoff of 7.5 A.

5. The SCMF optimization
Given the initial lattice probability matrixV), all local

sake of additivity before dynamic programming can be per-
formed. We have tested both approaches, and observed no
difference in the resulting lattice models.

The final lattice model is compared to the true structure
using both cRMS and dRMS measures.

mean fields can be calculated as described above. These 97f
. . . . Parameters
fective local potentials are then converted back into prob-

abilities, using Eq.(11), yielding a calculated lattice prob-
ability matrix V.,V itself is updated according to

View=AVeaict (1 =N Vo, (28)

in order to avoid oscillation in the systeti'®The procedure
is then iterated till convergence, i.e., unfildoes not change
any more(i.e., |Vhew— Void <0.0002.

6. Building the lattice model from the optimized
lattice probability matrix

The final lattice probability matrix can be seen as a pro-

file scoring matrix for the “alignment” of the protein on the

In all subsequent calculationkT of Eq. (11) (for con-
version of local mean fields into probabilitjdsas been set to
0.6, and maintained constafwthich differs from the cooling
procedure introduced both by Rabow and Sche&thgad
Lee" in their MFT applications The coefficients for inter-
section penalty ¢,) and bond connectivitydg) were both
set to 50, while the coefficients; and w were setto 1 or
0, depending on the measure used for fitting the protein on
the lattice. The parametarwas set to 0.3. All optimizations
required fewer than 100 cycles.

8. Protein structures database and lattice size and
definition

lattice. The optimal alignment is then obtained using a dy-

namic programming approachwith the constraints that no
gaps are allowed both in the protein and in the latfioe,

To demonstrate the ability of the SCMF procedure to fit
a protein on a lattice, it was applied to a database of 105

for two consecutive residues, only neighboring lattice sitedTO€INS varying in size from 26 residuémelittin; PDB

are considered The procedure generates a score mafix
residue by residue, as follows: for the first residue, the scor
S(1,i) of each possible lattice sitein M4 is directly derived
from the optimized probability matri¥;,. Then the score
S(2,j) of each lattice sitg¢ in M, is built according to

S(2) = Vinin 2J) + MaX{S(LK) Hecm n( (29

whereN(j) is the list of lattice sites that can be bonded to
(see Sec. Il C 4 aboyeFor each in M, the corresponding
“best” lattice sitek, for residue 1 is stored as a pointer. The
procedure is iterated over all residues until the score matri
is full. The lattice site for residu@ with the highest score is
selected, and the complete lattice chain is generated usi
backtracking.

This procedure can be further improved by introducing
penalty term for chain intersection: based on the score matr
derived up to residug the chain leading to sitefor residue
i is built, such thaky(l) is the lattice site occupied by resi-
duel—1 for alll in[2,i] (thek, are derived from the point-
ers defined aboyeA penalty termP(i,j) is added tds(i,j),
such that

2
P(i,j)== 2 Adlky(1) =), (30)
whereA is a parametefset to 100 and 6 the delta function:
if none of theky(l) is equal toj, P(i,j)=0.

Equations(29) and(30) ensure that the optimal chain is

correctly bonded and nonintersecting. The introduction of_evit

Eq. (30) may lead, however, to a situation without any solu-
tion (i.e., in the case where all values in the final ronSadre

a

code 2mlj to 476 residuegglycosidase from fungus; PDB
gode 2aap The corresponding entries in the P#Bare:
156b, 2aaa, 8abp, 8adh, 3adk, a8atc, b8atc, a2aza, 3bim,
1bp2, 2ca2, 1ccb, 1ccr, a2ccy, 3cd4, 2cdv, 3cla, 3cha, adcpa,
5cpa, 2cpp, 1cpv, 1crn, 2cro, elcse, ilcse, 1ctf, 2¢cy3, 2cyp,
8dfr, a4dfr, aldhf, leca, 4enl, e2er7, lfba, 12fb4, alfcb,
1fd2, 1fx1, 3fxc, 4fxn, a3gap, 2gbp, 1lgcr, olgdl, alhhb,
1hip, a2hla, b2hla, 1hoe, 1ilb, 3icb, 7icd, 1101, 2lbp, 6ldh,
1lhl, 31Ird, a2ltn,11z1, 5mba, 1mbd, a4mdh, 2mhr, 2mit,
2mnr, 2ovo, a2pab, 9pap, 2paz, lpcy, alpfk, 3pgk, 3pgm,
alpii, blpii, 1phh, 5pti, 4ptp, 1rhd, 2rhe, 2rnt, 7rsa, 5rxn,

)ésga, 3sgb, 1sn3, 2sns, 02sod, 2ssi, 2stv, 1tim, iltgs, 6tmn,

4tnc, altnf, 1ubg, lutg, aSwga, r2wrp, blwsy, adxia, alypi.

ng We have chosen to use an extended face-centered cubic

(eFCQ lattice [characteristic length: 1.9 A; moves are per-
mutations of the vector$+2,0,0, (+2,=1,+1), and (*1,
&1,0), corresponding to a coordination number of| & all
applications, since this lattice has been shown to provide
adequate representation of proteifid’

Ill. RESULTS AND DISCUSSION
A. Protein lattice models based on cRMS minimization

Lattice models were constructed using the SCMF-cCRMS
procedure for all 105 proteins, using the first four residues of
the protein to position the latticésee Sec. )l Figure 2
shows the final corresponding cRMS as a function of the
length of the protein. As already observed by Park and
t,26 cRMS deviations rise with protein size up to a
length of 200 residues approximately, after which they re-
main fairly constant, due to the partition of larger proteins

negative. This was not observed in the case of the eFCOnto domains.

lattice, when the cutoff to defined possible lattice site is se
to 7.5 A.

t  Animportant feature of deriving lattice models based on
the cRMS measure is the orientation of the lattice with re-
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FIG. 2. The cRMS deviation between the lattice model and the true struc Number of residues
ture of each protein in our database is plotted as a function of the protei\B)
length. Lattice models were derived from SCMF minimizations based on
cRMS, using a single orientation of the latti¢®), or a grid search of the 1.1 i . i i
best orientation of the lattice with respect to the true structure, with a angu °
lar step of 10° for each Euler ang(®). Note the dispersion in cRMS for the %0 %R 9 °
single orientation, which shows that the chosen orientation performs differ: 1k * % %,? ol % * % |
ently on different proteins. § *E ?W% * S &0* ps
2 |« By S
% 09} % g(&g o§)° o 1
*% o o
2 0% ) %
spect to the protein. To assess this parameter, the calcul 5| ¢ ]
tions were repeated for each protein by testing different lat
tice orientations, obtained by systematic variations of 10° o
each of the 3 Euler angles which defines the position of the ~ 07¢ 1
. . . . o]
lattice, for a total of 2916 different orientations. The models : - : :
0 100 200 300 400 500

with the best cRMS are saved. Results are shown in Fig. 2

Orienting the lattice based on the first four residues is far o _

from optimal, and better models could be generated for othe'f;]'G' 3. The cRMSA) and dRMS('B).dewatlons of the lattice model from
. . . . ] the true structure of each protein in our database are plotted versus the

orientations for all proteins in our database: the mean of th@umper of residues in the protein. Two methods for generating the lattice

cRMS values between the lattice model and the true structun@odels are comparedl) SCMF-cRMS with grid search of the best orien-

averaged over the 105 proteins is decreased from 1.28 f@tion of the lattice with respect to the pl’Otdl\’h), and (2) SCMF-dRMS

1.18 A(Table ). Itis still unclear at this stage whether or not ©.

the models generated through the rotational grid search pro-

posed here correspond to the global optimunisige discus-

sion below.

Number of residues

B. Comparing cRMS and dRMS as measures for
generating protein lattice models

Parallel lattice model building for the 105 proteins was
performed using SCMF-cRMS and SCMF-dRMS, and the

TABLE I. Comparison of different techniques for generating lattice modelsreSUItS are compared in Fig. 3 and Tablén the case of

of protein structures. SCMF-cRMS, a systematic search of the lattice orientation is
performed, as described abgvéAs intuitively expected,
Method Energy function ~ cRM$A)  dRMS(A) minimization based on cRMS yields lattice models which fit
SCME-cRMS cRMS 1.7 1.04 to the protein with a better cRMS, while minimization using
SCMF-cRMS cRMS 1.18 0.97 dRMS yields models with better dRMS to the protein struc-
SCMF-dRMS dRMS 1.26 0.93 ture, on average. dRMS is usually assumed to be a better
PL-cRMS cRMS 1.14 0.94

measure of the overall similarity between two models of a
protein, though it has one drawback in that the dRMS be-
2All methods were tested on extended face-centered deli€Q lattices.  tween a model and its mirror image is zero, while the corre-
SCMF stands for the procedure based on mean field theory proposed in thisponding cRMS can be quite large. This was observed here
paper, while PL stands for the Pgrk e_md Levitt proced®ef. 26. Results in the case of melittinPDB code 2mlx, a 26-residue fully

are averaged over the 105 proteins in our database. . . . .
PLattice orientation is derived from the first four residues of the protein. _hehcal peptide. The lattice mOdel for melittin generated us-
°A coarse grid searctof 10° for each Euler anglés performed to definethe  ing dRMS as a measure differed from the PDB structure
orientation of the lattice with respect to the protein. 2mit by 0.65 A only using dRMS as a measure, but by 2.2 A

dp) i i i ini i - . . . .
PL-dRMS builds a lattice model with minimal dRMS distance to the pro for the cRMS, which clearly indicates that this model is
tein structure. Since no chirality constraint was introduced, the metho

cannot distinguish a structure from its mirror image, which explains its'Wfong (in fE.lCt, it cprresponds to a Ieft-handgd heliXhe '
poor performance in terms of cRMSee text for details model obtained using the cRMS measure did not show this

PL-dRMS dRMS 8.0 0.98
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10 , - - - T : even small proteins. However, to be useful and accurate,
these models should fit as closely as possible to the off-
lattice native protein structures. Several methods for fitting a
protein chain on a lattice have been published recently. The
simplest possible method to perform this task is to build a
lattice around the protein of interest, and then to select the
closest site for each residue which maintains connectivity
with the lattice sites chosen for the neighboring residues.
This is one of the three methods proposed by Godrial >

This algorithm, however, has no control on the quality of the
overall fit, and may even fail to define a model if self-
0 : : : s : s intersecting chains are excluded. Several more sophisticated

. 4 45 5 55 6 6.5 . . . .
; - log@d) methods have been proposed, including simulated annealing

of an energy function based on cRMSY,dynamic
FIG. 4. The logarithm of the computing timés secondsrequired by the rogrammin925 a variant of MET theory followed by dy-
SCMF procedure to fit a protein on a lattice using an energy function baseg . ’ . og .
on cRMS(*) and dRMS(O) are plotted versus the log of the sigk i.e., namlc programmm@, as well as a Cham grovyth methOd
number of residuesof the protein. Computations were performed on each Which conserves the lowest energy intermediate chains at
of the 105 proteins of our database. Linear least squares fit to the data aggch steﬁfS All these methods attempt to generate lattice

shown as continuous lines. A straight line fits the data for the SCMF—cRMSm ; FAi ot ;
odels with minimal cRMS deviations to the true protein
procedure with a correlation coefficiel®?=0.97, yielding: LogCPU) P

=1.88 LogQ)—5.58, which is in agreement with a computing time for structures, and are confronted with two major issu@s:
SCMF-cRMS proportional td2. Similarly, a straight line fits the data for avoiding intersections or overlaps in the lattice chain, @d
the SCMF-dRMS procedure withR2=0.97, yielding LogCPU  defining the orientation of the lattice with respect to the pro-
=2.25 LogQ)—4.98, Whigh is in ag_reement with a computing time for tain The chain grovvth method developed by Park and
SCMF-dRMS close to being proportional 4. Levitt?® is designed to be self-avoiding, while all other meth-
ods introduce a penalty term for intersecting chains in the

discrepancy(see Fig. 3 Interestingly, only melittin showed 9!0Pally minimized energy function. The second problem re-
this behavior, and no models corresponding to a mirror im_!ated to the_Iattlce orientatiofas well as posmo}us either
age of the correct protein structure were obtained for largelgnred. refined at each step of the chain growth, or solved
proteins. thro.ugh systematlc or heurls.tlc searches by building a Iattl_ce
It should be mentioned that the lattice model generatior?ha'” for a series of orientations and keeping the chain with
procedure based on dRMS presented here is not completelf)e 1owest cRMS to the true structure. The method proposed
independent of the orientation of the lattice because of thd€re completely avoids this problem by using the second
selection of the possible sites for each residue. The proceduf@easure of structural similarity, i.e., dRMS.
was therefore tested with various initial orientations of the ~ 'nough our initial goal was to derive a general, fast
lattice, as well as with various cutoffs for the selection of theMethod for protein modeling on a lattice, and not to outper-
lattice sites(minimal value 7.5 A. No differences were ob- form other methods, it is important to test its usefulness by
served in the case of the eFCC lattice. comparison with one of the more efficient other methods.
The total CPU time required for SCMF generation of We have chosen the method of Park and LeéViwhich is
lattice models based on both cRMS and dRMS measurdé@st, reliable, and has an elegant solution to the problem of
varies asJ?2 wherelJ is the length of the proteiFig. 4). This  orienting the lattice with respect to the protein structure. This
is in Comp|ete agreement with the estimation of times promethOd can also be modified eaSlly to use dRMS rather than
vided in the Sec. Il: computation based on cRMS is domi-CRMS as a minimization criterion. Briefly, all possible lattice
nated by the evaluation of the bond penalty term, which waghains of four residues are first generated, from which the
shown to be proportional tdL N, whereL is the total num- Nkeep ones that are “closest” to the protein are selected
ber of lattice sites antll the number of direct neighbors of a (Nkeep is a parameter of the proceduréhen on each of
lattice site(for an eFCC latticeN=42). N being fixed, the these chains, all possible positions Np of the next residue are
computation order is reduced t¥ sinceL varies linearly —consideredeliminating those that result in a chain oveplap
with respect toJ. In the case of dRMS, the computation is Yielding a total of NkeepxNp chains. These chains are
dominated by the evaluation &/, which should be @*  ranked according to their distances to the true structure, and
procesgsee above However, since the number of possible the Nkeep best ones are kept to serve as starting points for
lattice sites for a given residue has been limited, the compugenerating the next residue. The procedure is iterated until
tation is more C|ose|y approximated by]é process. the full chain is built. In their original paper, Park and Levitt
used the cRM$with optimal superposition of the model®
measure the distance or “closeness” of the lattice models to
the protein. They have shown that the total running time of
Lattice models of protein have received increasing attenthis method scales a¥, wherel is the number of residues
tion in the recent years, mainly because full atomic modelsn the protein, which makes it equivalent to one optimization
do not presently allow the study of long range dynamic pro-based on SCMF with cRMS as a measure, using a single
cessegsuch as the simulation of protein folding prodest  orientation of the lattice, and is faster than the SCMF proce-

log(CPU)

C. Comparison with other methods
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0 100 200 300 400 500 FIG. 6. The cRMSA) and dRMS(B) deviations of the lattice model gen-
Number of residues erated with the modified Park and Levitt meth@l_-dRMS from the true

structure of each protein in our database are plotted versus the number of
residues in the protein. Note that while all dRMS values are reasonable, 58
out of the 105 models have large cRMS values: in these cases, the mirror
(a), and to the SCMF-dRMS proceduf®) in (b). While PL usually pro- image of the protein structure was generated. Since information on the glo-

! - . bal chirality of the molecule was not introduced in the process of designing
vides better lattice models than SCMF-cRMS, it performs equally well as - A - ;
the SCME-dRMS method. the lattice chain, it is expected that on average half of the lattice models built

should correspond to a mirror image.

FIG. 5. The Park and LevittPL-cRMS procedure(*) for fitting protein
structures on lattice is compared to the SCMF-cRMS procegité grid
search of the best orientation of the lattice with respect to the pjdteinin

dure using dRMS for comparing models. It is straightforwardthe models generated by the PL-cCRMS procedure have simi-
to modify the Park and Levitt procedure such that it usedar dRMS to the true structures than those generated by the
dRMS as a tool to compare the lattice model built with re-SCMF-dRMS procedurgFig. 5b) and Table ].

spect to the true structure. To minimize the computing time ~ The minimizations based on the modified procedure of

required by this modification, we use the recurrent equatiorPark and Levitt((PL-dRMS are good examples of the diffi-
culties of using dRMS as a distance measure between two

M dRMﬁFW dRMS,_, models: for 58 proteins out of the 105 considered, the mini-
2 2 mized lattice model corresponds to a mirror image of the true
N-1 structure, as detected by a low dRMS val&dg. 6(a)], but a
+ > (Irai=Tanl = Irpi—TonD) high cRMS valudFig. 6(b)]. We did not encounter the same
=1 problem with the SCMF-dRMS methdéxcept for one pro-

(31)  tein, melittin, not because of the SCMF method itself, but
ecause of the selection of possible sites for each residue of
he protein. This in fact defines the equivalent of a “tube” in

which the protein fits, and this “tube” provides the global

chirality. On a more general basis, this problem can be

- ; solved by including a torsion angle constraint in the energy

(PL-cRMS and the mOd'f'edPL'dRM$ Park and Levitt ¢, tion to be minimized. Another option would be to start

methods were used to generate lattice models for the 1 e calculation with energy terms for both cRMS and dRMS,

proteins of our database, and Fig. 5 and Table | show thgnd slowly reducing the weight of the cRMS term to O.
comparison of these results with those obtained by the

SCMF procedures.

The original PL-cRMS method of Park and Levitt gen-
erates better models in terms of cRMS than the SCMF-  An application of SCMF theory to modeling proteins on
cRMS procedurdFig. 5a)]. The models generated by the a lattice has been proposed. Under the usual mean field ap-
SCMF procedure could be improved by performing a finerproximations, the protein residues are supposed to be inde-
grid search or by using an optimization protocol to determingpendent, and their possible positions are given by a list of
the best orientation of the lattice with respect to the protein|attice sites; connectivity is maintained through an additional
but at a high computational cost. Interestingly, on averagenergetic term. An effective system is considered, in which

which simply states that the calculation of the dRMS relate
to a chain of lengtiN (dRMS,) can be estimated from the
value of the dRMS for the same chain in which only the first
N—1 residues are considered (dRNS). Both the original

IV. CONCLUSION
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