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Protein Folding in Contact Map Space
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Changing a few contacts in a contact map corresponds to a large scale move in confrontation space;
hence, one gains a lot by using the contact map representation for protein folding. We developed an
efficient search procedure in the space of physical contact maps, which could identify the native fold as
of the lowest free energy, provided on had a free energy function whose ground state is the native map.
We prove rigorously that the widely used pairwise contact approximation to the free energy cannot
stabilize even a single protein’s native map. Testing the native map against a set of decoys obtained by
gapless threading, one may be misled to the opposite conclusion. [S0031-9007(98)08231-3]

PACS numbers: 87.15.By, 87.10.+e

One of the most challenging open problems in compuenergy of a particular conformation [5,11]:

tational physics, chemistry, and biology is thatpwbtein air N
folding; e.g., to predict the conformation of a polypeptide (S, A) = Z Sijw(ai,a;). 1)
chain from its amino acid sequence. The solution of this =<J

problem will have a far reaching impact on our understandHere, A = (ay,a», as, ..., ay) denotes the sequence of a
ing the function of biologically active macromolecules, asprotein of N residuesy; is one of the letters of a 20-letter
well as on practical problems of central importance, suclalphabet, identifying the amino acid at positieralong
as drug design. The number of sequenced proteins (abotite chain. Theontact mapS is anN X N matrix whose
170000) is increasing steeply [1], while the structure haglements are either 0 or 5; ; = 1 if residuesi and j
been determined only for a few thousand. Since this gap iare in contact or 0 if not. Since we identify [12] physical
expected to widen considerably as a result of concentratestructures by their backbone conformation, we define two
sequencing efforts, theoretical attack on the folding probresidues to be in contact by the distance between their
lem is a most timely undertaking. A conceptually straight-atoms (we used the threshatd of 8.5 A).
forward attempt to solve the protein folding problem isto The choice of the 210 contact energy parameters
construct, for any given molecule, an energy function usw(a, ) varies from the simplest binary valued HP model
ing the interatomic potentials and look for its minima, or[13], through values selected from random distributions
use molecular dynamics, integrating Newton’s equation$6], to knowledge-based determination that uses data
at an energy correspondingk®. Such a direct attack on available from the Protein Data Bank (PDB) [14]. These
the problem is unrealistic, partly because solving the dymethods employ either quasichemical approximations
namics for large molecules lies beyond the possibilities 0f5,15,16] or optimization of, for example, the Z scores of
existing computers and partly because the exact potentiéthe native folds with respect to an ensemble of decoys
is not known. Interest among physicists [2] covers variougl7—-19]. Attempts were made to fit the contact parame-
aspects of the problem, ranging from generally theoreticdlers obtained this way to simple forms from which various
issues, addressed by a variety of field-theoretical methodsonclusions about the potential can be drawn [20].
[3], to developing numerical methodologies [4], suitable Since the contact map of a protein is independent of the
for folding specific real proteins [5]. The issues raisedcoordinate frame used, contact maps are convenient for
include dynamic aspects of the folding process [6,7], deprotein structure comparisons and &marching a limited
termining factors that govern thermodynamic stability ofdatabasefor similar structures. A more challenging pos-
the native fold [8] and its stability against mutations [9], sibility was proposed recently [5]: to use the contact map
etc. Every realistic effort aimed at answering any specificepresentation faiolding, e.g., to search the space of con-
question must use some energy function. The exact pdact mapsfor the map that corresponds to the native fold.
tential that governs the folding process is not known [10].The main computational advantage of this strategy is that
One is looking for classical effective interactions betweerchanging a few contacts in a map induces rather significant
atoms; furthermore, folding takes place in the presence darge-scale coherent moves of the corresponding polypep-
water and the water molecules must be “integrated out.tide chain [21]. Given all the inter-residue contacts or even
Hence, one needs approximate, coarse grained, or reducadubset of them, it is possible to reconstruct quite well a
representations of protein structure and of the correspongbrotein’s structure [12,22].
ing freeenergy. In this work, we reinterpref{ P2*; rather than viewing

A large fraction of recent numerical work in the physicsit as the energy, it plays the role of a simplest phenomeno-
literature uses pairwiseontact potentialdo represent the logical approximation to the “truefteeenergy of a protein
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with a given contact map. With this in mind, the native the present context, that such a setwdfz, b) does not
map must be identified as the one with the highest probaexist. This was found to be the case when we tried to
bility of appearance and, hence, of the lowest possible freearn” contact parameters that stabilize the native fold of
energy. Clearly, if the global minimum of an energy func- crambin against a large set of decoys. We present now
tion is not at (or near) the native fold, an efficient energyour work in more detail.
minimization will mislead us to a wrong structure. Free energy—Denote byC a microstate of the system
In this work, we take the first step in an attempt to(of the chain, the water molecules, etc.); since many
determinewhich potentials are capable to be tuned so thatmicroscopic conformations share the same contact map
they have their minimum at the native m&p, Whether S, it is appropriate to define &ee energy (S, A)
JH P2 is a good enough approximation to play the role ofassociated with this sequence and map:
the function whose minimization yields the native fold of
proteins is not clear at all. Hence, it is natural to pose a Prol(s) o« e #(S:4 = 3" ~UADECIN(C 8),  (4)
well defined question regarding the ability of the pairwise ¢
contact approximation (1) to predict correctly the nativewhereA(C,S) = 1 if S is consistent withC andA = 0
fold of even a single protein. In other words, we askotherwise; the “projection operatol ensures that only
the following: Is it possible to find a set of 210 contact those configurations whose contact mays isontribute to
parametersy(a, b) such that the sum (4) (note that summation over positions of water
FLPR(Sy. A, W) < Hpa“(SM,A,w) Vou, @ and other solven_t molecgles is also implicith.(C) is the
unknown true microscopic energy.
i.e., the energy of,, the native contact map of a protein  Since it is impossible to evaluate thagactdefinition of
is lower than all other map§,? We proved [23] that the free energy of a map, we resort to a phenomenological
the answer to this question iegative. This means that approach, guessing the form 8f (S, A) that would have
simple approximations to the contact free enecgpnnot been obtained had the sum (4) has been carried out.
be used to identify the native map of a protein. JHrair of Eq. (1) is a simplest approximation to the true
It is impractical to construct all of the (e“V) physical free energy. To test the extent to which this approximate
contact maps of a chain of length Therefore the native form is capable of stabilizing the native map of a protein
map can be tested only against a relatively small numbeaigainst other non-native maps, we must assemble a set of
of decoys, and the answer to our question will dependuch decoys.
on the competing conformations that were generated. For Generating decoys by threadirg.The simplest way
example, for “low quality” decoys obtained liireading to generate candidate contact maps is by “threading” a
the answer is positive not just for a single protein; ratherchain of lengthvV, through the (known) configuration of
we can stabilize simultaneously the native majjsof  a longer chain, of lengtiv,. In the context of contact
p =1,...,M, proteins, each against all of its decays  maps, this amounts to cutting oM, X N, submatrices
obtained by threading, i.e., that lie along the diagonal of the larger map, yielding
airr ol ap air N, — N, + 1 decoys for the shorter chain. Since each
FHPU(Sy, AP, w) < HP (Sp-Aw) Yppu. (3 ofqthesepsubmatrices is a map of a segment of length
This result holds [24] for (typically, < 100 and for  of a real protein, it is guaranteed to represent a physical
75 < R. < 15 A. To avoid being misled to a positive C, chain. We assembled a set of 153 proteins [24]; for
answer to the question (2), it is essential to test the nativevery proteinp of the set, we generated from the PDB its
fold against “hard” candidate contact maps. Generatingative contact mas; , as well as a set of candidate maps
such decoys is far from easy. To produce them, wddecoys), generated bihreadingit into every member
developed an efficient way to explore the space of contaaif the set whose lengtiv exceedsN,. This simple
maps. Executing moves in the 3D conformation space ofmethod has an obvious deficiency; the candidate map uses
chains is inefficient; on the other hand, moves made in tha structure which was “tailored” for the sequence of a
space of contact maps give rise to a major difficulty, in thatsegment of the longer protein and may not fit at all that
such moves usually lead to nonphysical maps. To makef the shorter one. Hence, in general, the resulting map,
sure that our candidate maps atey/sical,e.g., correspond albeit physical, will not yield a low energy when used in
to real C, chain conformations, we used a previouslyEq. (1).
developed algorithm to project maps generated by our Generating low energy decoys:We have presented
search procedure onto the subspace of physical maps [1&lsewhere [12,21] dhree-stepMonte Carlo method to
Once a large set of hard candidate maps is assemblegnerate physical maps of low energy, which we sum-
for a single protein, we answer the question by searchingiarize briefly.
for contact energies (a, b), for which (2) holds for all In the first step, we perform nonlocal moves, updating
decoys. This search is done lperceptron learning. “clusters” of contacts in an existing map. These clusters
The version of the perceptron learning rule that we useepresent eithew helices or8 sheets (parallel or antipar-
signals when the training set is unlearnable, meaning, iallel), or small groups of contacts between amino acids
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that are well separated along the chain. The “energy” of 0.25 .

the resulting coarse map is evaluated and a low energy HE® o—eoHL crambin

map is retained. This map is refined in the second step by 020 L —eM low energy maps threading
local moves in which contacts that are in the vicinity of ' ._.%s,
existing ones are turned on or off (mostly one at a time). VND /

Only moves that lower (or do not significantly raise) the 015 |
energy are accepted. In the third step, which takes most
of the computer time, we deal with the major problem of
ensuring that we stay in the subspace of physical maps
[12]. A string of beads that represents the backbone of
the polypeptide chain is moved around without tearing the 0.05 |
chain and without allowing one bead to invade the space
of another. The motion of this string is controlled by a n § ,
“cost function” which vanishes when the contact map of %000 000 00 1000
the string coincides with that of the target map that was E
produced by the second step. The cost increases whétG. 1. Histograms that demonstrate the difference in energy
the difference between the two maps increases. This prg€tween ensembles tF’f CO”IF]aCI m?ps dqfk?ctalnetd by tthrctaadmg and
cedure ends up with a chain conliguration whose cortady, #1Ef0Y, MnmiZatn, Shown for iferent conact eneroy
map is physical by definition and close to the target mapso|ution for a threading ensemble; HL: Ref. [16]; MD: [5];
Thus we are able to efficiently “project” any map that weMJ: [15]; MS: [18]; TD: [19]. The energy parameter sets were
have generated in the first two steps onto the subspace #ffifted and rescaled to obtaiw) = 0 and (w?) — (w)* = 1
physical maps. (averages are over the 210 energy parameters). Energies were
The contact maps obtained by this procedure hav@hlfted to set the native state B= 0.
nativelike average radius of gyration and number of .
contacts. Aseriogus shortcoming of thg representation, where N(S,) [Nc(So)] is the total number of contacts

: . : ftypec = 1,2,...,210 that actually appear in mag
which applies both to gapless threading and to low? . (o
energy decoys, is that, even for a physical trace, an [Sol, and.we denoted bx,, the nor'mallzed vector of
attempt to fit in side chains may result in violations of contact differences. Thus the conditions of Eq. (2) take

steric constraints and bond angle. Thus, our definition o%he form
physicality means only that th€, chains are realizable. w-x,>0 Vu. (6)

For the reason explained above, the maps obtaineferceptron learnings a standard procedure to look for
by our search procedure are of much lower energy thag get ofw that satisfies such linear inequalities for all
those obtained by threading. This can be seeninFig.1, — {»  p “examples” that constitute the “training
which presents histograms of the energies of two familieggt » The examples are presented sequentially; after

of decoys forcrambin. One family was obtained by presentation of examplg for which w - x,, < 0, the
threading and the other by searching for low energy map¥o|lowing update takes place:

using in (1) different contact potentials from the literature. ,
Evidently the decoys obtained by threading are of much W= (W + nx,)/lw + x,l. 7)
higher energy, with only a small fraction below the nativeThe perceptron learning procedure is guaranteed to con-
one. On the other hand, all maps obtained by our searcherge [25] to a solutiow™ of (6), if one exists. By setting
have significantly lower energies than the native onethe value of the parameter according to a learning rule
Therefore, finding a set of contact parameters for whichthat was introduced in Ref. [26], we are able to detect that
(2) holds for all maps of this set constitutes a much morehe training set is unlearnablee.g., there are no contact
difficult challenge than doing the same for the threadingparameters that stabilize the native map against all of the
ensemble. decoys. This is done by evaluating, as we learn, a mo-
Learning the contact energy parametersThe an- notonously increasing quantity called despair;if d ex-
swers quoted above regarding the existence of contact eneeds a critical valué. [24] before a solution is reached,
ergy parameters that satisfy the set of conditions (2) or (3)he problem is unlearnable.
were derived by perceptron learning. Results for threading—Our database contained
Note that for any mays,, the energy [Eq. (1)] iéinear 153 proteins. Using the perceptron learning technique
in the parameters; therefore the conditions (3) and (2) presented above, we proved that there is no set of contact
are linear as well. The difference between the energy ofnergy parameters that can satisfy Eq. (3) when all of the
a decoy map and the native one can be written as possible 1248667 decoys obtained by gapless threading
210 are used simultaneously. On the other hand, for a typical
_ _ o w . randomly drawn subset of 100 proteins, a set of contact
A, ;[NC(S“ ) 7 Ne(So)lwe = w - X (9) parametersanbe learned.
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