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A New Generation of Statistical Potentials for Proteins
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ABSTRACT We propose a novel and flexible derivation scheme of statistical, database-derived, potentials, which allows one to
take simultaneously into account specific correlations between several sequence and structure descriptors. This scheme leads
to the decomposition of the total folding free energy of a protein into a sum of lower order terms, thereby giving the possibility to
analyze independently each contribution and clarify its significance and importance, to avoid overcounting certain contributions,
and to deal more efficiently with the limited size of the database. In addition, this derivation scheme appears as quite general, for
many previously developed potentials can be expressed as particular cases of our formalism. We use this formalism as a
framework to generate different residue-based energy functions, whose performances are assessed on the basis of their ability to
discriminate genuine proteins from decoy models. The optimal potential is generated as a combination of several coupling terms,
measuring correlations between residue types, backbone torsion angles, solvent accessibilities, relative positions along the
sequence, and interresidue distances. This potential outperforms all tested residue-based potentials, and even several atom-
based potentials. Its incorporation in algorithms aiming at predicting protein structure and stability should therefore substantially

improve their performances.

INTRODUCTION

Somewhere between the time-consuming semiempirical
force fields (1-3) and the oversimplified Go-like potentials
(4-7), statistical energy functions, extracted from databases
of known protein structures, are prime tools for the in silico
study of proteins (8—12). They present the advantage of
being easily adaptable to any level of simplification of
protein representation, and have been successfully used in
many applications, ranging from structure prediction to
sequence design. Though there has been a considerable in-
crease in the number of resolved protein structures since
the first approaches of this type were described, no major
improvement in predictive power could be drawn from the
larger size of the databases (13—15). Indeed, increasing the
database size beyond a few hundred proteins appears to yield
no significant advantage in the case of the simple potentials
that are still very commonly used nowadays, which are based
on a limited number of sequence and structure descriptors.
In the last few years, a number of more complex potentials
have been designed with the aim of exploiting more ef-
ficiently the large amount of available structural data and
dealing with couplings between different structural features.
Among those, let us cite distance or contact potentials that
depend on the solvent accessibility of the residues (16,17),
on the conformation of their main chain (18), or on the
relative orientation of their side chains (19-21). On the other
hand, potentials describing the propensities of the different
amino acid types to adopt certain backbone conformations,
which simultaneously take into account the nature and/or
conformation of several neighboring residues, have also
been developed (16,22,23). A major difficulty that frequently
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arises in such studies is related to the fact that the number of
proteins in the database becomes rapidly too small when
increasing the complexity of a potential. One faces a deli-
cate choice: the use of a more complex potential can be quite
advantageous for common values of the sequence and
structure descriptors (e.g., Ala-Ala pair associated with
a-helical conformations), and pretty disastrous in other cases
(e.g., Trp-Trp pair associated with some rare turn confor-
mations). The usual answer to this dilemma consists in
drastic limitations of the description of the conformational
space, for example by restricting the backbone to three pos-
sible conformations, the solvent accessibility to two different
bins, or by deriving contact potentials rather than distance-
dependent ones.

We present here a general derivation scheme that allows
one to bypass this issue, and to build statistical energy
functions based simultaneously on several sequence and
structure descriptors without altering the efficiency of the
elementary contributions when the values taken by these
descriptors are not frequent enough in the database of known
protein structures. We apply our procedure to generate
statistical potentials based on the correlations among amino
acid types, backbone conformations, and solvent accessibil-
ities of residues close to each other in the sequence and/or in
space. The resulting energy function displays a strongly
improved ability to discriminate genuine proteins from decoy
models. All potentials presented in this article are freely
available at http://babylone.ulb.ac.be/StatPots.

METHODS
Sequence and structure descriptors

The backbone conformation of the residue at position i, #;, is defined by the
values of the torsion angles (¢,¢,w). These values are grouped in seven

doi: 10.1529/biophys;.105.079434



New Statistical Potentials for Proteins

domains corresponding to distinct regions on the Ramachandran map
(22,24). The solvent accessibility of the residue at position i, g;, is defined
as the ratio of its solvent-accessible surface in the considered structure
(as computed by DSSP (25)) and in an extended tripeptide Gly-X-Gly (26).
These values are grouped in five discrete domains: a; = 5%, 5% < a; =
15%, 15% < a; = 30%, 30% < a; = 50%, and 50% < a; . The interresidue
distance dj; is computed between the average side-chain centroids, noted Cc*,
of the residues at positions i and j. The C* corresponds to the geometric
center of heavy side-chain atoms of a given amino acid type, averaged over
all side-chain conformations in a data set of known structures (16). The
distances dj; between 3 A and 8 A are grouped into 25 bins of 0.2 A width;
two additional bins describe distances smaller than 3 A and larger than 8 A,
respectively. Finally, the sequence descriptor s; corresponds to the nature
(1 of 20 amino acids) of the residue at position i.

Protein structure data set

An initial set of 1522 high-resolution (=2 A) x-ray structures of protein
chains with <20% pairwise sequence identity was extracted in October 2003
from the website ‘‘Culling the PDB by Resolution and Sequence Identity”’
(27) (http://dunbrack.fccc.edu/Guoli/pisces_download.php). All structures
containing more than 5% heteroatoms or nonnatural residues were excluded.
This led to a final set of 1403 protein chains. Furthermore, to ensure that the
data set used to derive the potentials includes the proper, active, quaternary
conformations of the selected proteins, the coordinates were taken from the
““Protein Quaternary Structure’” server (28) (http://pgs.ebi.ac.uk).

Correction for sparse data

All database-derived potentials and coupling terms presented here can be
generically written as AW = —kT In (n°**/n°*P), where n°™ is the number of
observations of a given association of sequence and structure descriptors in
the data set of known protein structures, and n°*" is the corresponding
number expected in a reference state. To deal with the limited size of the data
set, a correction for sparse data (29) is applied: (n1°°/n°*P) — (o + n°™®)/
(o + n®*P)), where o is an adjustable parameter, taken equal to 20 for local
potentials, and 10 for distance potentials (see Results for the definition of
local and distance potentials). This correction ensures that the potentials tend
to 0 when the number of observations in the data set is too small.

Decoy sets

To assess the performances of the potentials, we evaluate their ability of
singling out correct sequence-structure matches out of sets of decoy models.
Three groups of decoys sets are considered. The first, noted D}, includes 25
proteins (30,31), each associated with hundreds of alternative structures
generated by different modeling methods (4state_reduced (32): lctf, 1169,
Isn3, 2cro, 4pti and 4rxn ; fisa (33): 1fc2-c, 1hdd-c, 2cro ; fisa_casp3 (33):
1bg8-a, 1bl0, 1jwe ; lattice-ssfit (31): lctf, 1dkt-a, 1fca, Inlk, 1pgb, ltrl-a ;
Imds (34): lctf, 1dtk, 1fc2-c, ligd, Ishf-a, 2cro, 2ovo). The second group,
noted D2, includes 25 proteins (35), each associated with ~2000 alternative
structures generated by the Rosetta structure prediction method (1a32, 1ail,
lam3, lcc5, 1cei, Lhyp, 1lb, Imzm, 1169, lutg, Lctf, 1dol, lorc, 1pgx, 1ptq,
1tif, 1vee, 2fxb, Sicb, 1bq9, lesp, 1msi, 1tuc, 1vif, Spti). The third group,
noted Dy, includes 50 proteins (1ptq, 1d0d, 2igd, 1g2b, lorc, 1hz6, 1i27,
lhoe, 1luz, lugi, laba, lcy5, 1lpl, ImkO, 1Th7m, 1bm8, 118r, 1lyq, 1013,
lgmx, lcew, lhxi, Inyc, 1by2, 11sl, 107i, 1gnu, 1fc3, 1mai, 1dzo, 1lwb,
lhuf, Inwz, 3nul, lcuo, 1jf8, 1p0z, Imdc, lvsr, 1gmi, leca, 1j9b, lkmt,
1mzg, 10z9, 1h6h, 112h, 1srv, 2hbg, lamx), each associated with 1000
decoys obtained by maintaining the structure and randomizing the amino
acid sequence with fixed amino acid composition. To render the test more
challenging, only a fraction of the sequence was modified. This fraction was
chosen randomly between 25% and 100%, independently for each decoy.
To avoid any bias toward the native structure or wild-type sequence that
might result from the presence of similar proteins in the data set, an extended
jackknife procedure is applied: we remove the target protein, as well as all
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proteins sharing more than 20% sequence identity with the target, from
the database before deriving the potentials.

Performance measures

We use five different measures to evaluate the ability of the potentials
to discriminate the native structure from the decoys:

1. The success rate S, is the percentage of proteins, in each group of
decoys, for which the free energy of the correct sequence-structure as-
sociation is smaller than the free energies computed for all decoys.

2. (Z) is the average Z-score, over all proteins in a group of decoys. The
Z-score is defined as Z = (AW, — (AW))/oaw. where AW, is the free
energy of the correct sequence-structure association, (AW) is the aver-
age free energy of all sequence-structure associations, and oaw is the
associated standard deviation. Energy functions discriminating well the
genuine protein from the decoys are characterized by a very negative
Z-score.

3. S_, is the percentage of proteins with a Z-score lower than —1 (19).
This measure may be more useful than S; when the test is challenging,
for instance when the decoys and the native structures or sequences are
very similar.

4. (Z*) evaluates the ability of the potentials to select the decoys that are
closest from the native among the complete decoy set. Z* is defined as
(AW)sq, — (AW))/oaw, where (AW)sq, is the average free energy
computed on a subset including 5% of the decoys (19). This subset
contains the decoys with the lowest root mean-square deviation from the
native structure, or the decoys with the largest sequence identity with the
wild-type in the case of decoys generated by sequence randomization.

5. 8%, is equal to the percentage of proteins for which Z* is lower than
—1(19).

RESULTS
General derivation scheme

A form commonly used for statistical potentials derived from
a set of protein structures is

P(cy, )
P(c)P(c2)
where ¢ is an amino acid type and ¢, a structure descriptor
(e.g., a torsion angle or solvent accessibility domain) of the
same or a neighboring residue, and P are their relative fre-
quencies of occurrence in the structure data set. Similarly, con-

sidering two sequence descriptors ¢, and ¢, and one structure
descriptor c3, we have

AW (cy,c2) = —kT log (1)

P(C17C27C3)

AW (ercaeq) = AT og om0

—kT log )
where, for example, ¢; and ¢, are amino acid types at posi-
tions 7 and j along the sequence and c; is the spatial distance
between them.

This form can easily be generalized. First, ¢y, ¢,, and c;3
can be any sequence or structure descriptor. For example, all
three can correspond to torsion angle domains, or ¢; can
correspond to an amino acid type, ¢, to a solvent accessi-
bility domain, and c3 to a torsion angle domain. A second
way to generalize this form is to consider higher order
potentials involving n sequence and structure descriptors.
We then get
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P(ci,cay ...y Cn)
P(ci)P(cz)...P(cy)

Increasing n reduces the number of observations of each
combination of the ¢;’s in the data set and the statistical
significance of the frequencies P(cy,ca,...,c,). When the
number of observations is too small, the correction for sparse
data (see Methods) becomes important and the potential
tends to zero, leading to a complete loss of information. A
straightforward solution to this problem involves decom-
posing the potential into different coupling terms AW, and
applying the correction for sparse data to each of them
separately. In particular, for n = 3:

AW (e, cay. .. ) = —kT log 3)

AW (cy, 2, ¢3) = AW(cy, ¢3) + AW(cy, ¢3) + AW (e, ¢1)
+ AW(cy, c3,03), 4)
where the n = 2 coupling terms coincide with the ordinary

potentials AW(cy,c2) = AW(cy,¢5), and the n = 3 coupling
term is defined as

c1,6,¢3)  Pe)P(ca)P(cs)
P(ci,¢2)P(cy,c3)P(csyc)

- P
AW(cy, ¢z, ¢3) = —kT log (

)
This n = 3 coupling term measures the correlation between
the three sequence and structure descriptors ¢y, ¢,, and c3,
independently of the correlations between ¢, and c¢5, ¢, and
¢3, and ¢z and c¢;. More generally, we can define n-potentials
AW in terms of all k = n coupling terms AW:

AW(Ci17Ci27 e 7Cik)a

AW(ChCZv”'an):Z Z
k=2 =1

i< < (6)

where the n-coupling terms describing correlations between
n descriptors are defined as

AW(ci,¢h,..ny0) =
Il
i<l P(cyy, Chyy ey G )
i <. <ig
— kT log - . (7

k=n,n—2n—4,... H

i yoemig—1=1
i< <y

P(C,‘],Ciz, e 7ka—1)

To ensure that each contribution is counted only once, the
total free energy of a protein of sequence S and structure C,
AW(C,S), is defined as the sum of the total contributions of
all coupling terms of order k = n:

n n
AW(C,S) =) Y AW(c;, iy -
k=2 =1 (G oCig st )E(CS)
i1 <..<ig (8)
where the third sum goes over all combinations of the
(¢i,5Ciy- - -»C;) descriptors present in the protein. The value
chosen for n depends on the structural descriptors and the

) cik)a
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level of detail that one wishes to take into account, and also
on the limitations arising from the finite size of the database.

Note that it is not always necessary or advantageous to
fully decompose the potential functions like in Egs. 4 and 6.
In particular, the coupling terms of the type AW(s,,s,), with
s; and s, being single residues, may reasonably be over-
looked. For example, a relevant and commonly used distance
potential AW’ (sy,s5,d;,) may be defined as

AW’('S]’ 82, dlZ) = AW(SH 82, dl2) - AW(SH SZ)
P(sy,55,d)

— _kTlog—1504r)
F P (51, 52) P(dyy)

)
More generally, we denote by AW’ potentials comprising
only some of the couplings included in AW.

Local potentials and couplings

A first application of our general derivation scheme consists
in defining local potentials reflecting the correlations among
characteristics of residues that are close to each other along
the sequence. We focus here on three different residue
characteristics: its type s, its backbone conformation 7, and its
solvent accessibility a (see Methods).

Among the local » = 2 coupling terms of the type
AW(cy,c,) defined in Eqs. 1 and 7, let us consider first
AWts(ti,sj), where ¢, is taken to be the backbone conforma-
tion of the residue at position i (#;) and ¢, the type of the
residue at position j (s;). We assume that this effective energy
depends only on the relative positions of the residues along
the sequence (i—j), and not on the precise positions i and ;.
The total free energy of a given sequence S in a structure
C, according to this potential, is computed by summing
AWtS(ti,sj) over all pairs of positions i and j in S that satisfy
the condition |i—j| = Fyoc, where Fioc is an adjustable
parameter taken here equal to 2. This energy function is
similar to previously described backbone torsion potentials
(16,22,23,36). We also compute all other n = 2 coupling
terms (except AWSS(si,sj), which depends only on the se-
quence), i.e., AWas(ai,sj), AWat(ai,tj), AWaa(ai,aj) and Ath(ti,lj).
Note that when ¢, and ¢, correspond to the same structure or
sequence descriptor, the condition |i—j| = Fpoc becomes
I =i =Froc

We would like to stress that summing the energy
contributions of all pairs (cy,c;) yields only an approximation
of the total free energy of a protein. Indeed, the contributions
AWtS(ti,sj) and AW,(t,s,) are in general not independent.
Moreover, using simultaneously AW (#,s;) and AW,s(a,s;)
can be advantageous but introduces some redundancy since
the solvent accessibility of a residue is related to its backbone
conformation. To overcome these dependencies, we must
add the n = 3 coupling terms _AWnS(zi,zj,sk), AﬂWtss(ti,sj,sk),
AWi(tistj 1), AWoaas(@i,a5,51), AWass(ai, 85,50, AW aaa(ai,ag.a),
AW,adaiajt), AW,alaititi) and AW, (a;ti,si). They are
defined on the basis of Eq. 5 so as to be additive to, and
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exclusive of, the lower order coupling terms (Eq. 4). The
interdependence of the different » = 3 coupling terms can, in
turn, be corrected by the use of n = 4 coupling terms.

We assessed the predictive power of the different n =
(2,3,4) coupling terms, independently and in combination,
on the three groups of decoy sets described in Methods. The
performance measures obtained are given in Table 1 for the
basic potentials AW,, and AW, and for the most efficient
linear combination of the local coupling terms, named
AW'roc:

AVV’LOC = AW[S + AW[[S + AWlss + AWms + AWas + AWaas
- - - 1 .- - - -
+ Au/ass +AWaaas +AWals +§(AWat + AWaat + AWan +AWaaat
+ AWy + AW,y + AW, + AW, + AW,,,). (10)

Overall, the predictive power of AW oc is quite impressive:
each performance measure indicates a markedly better
discrimination of the correct sequence-structure association
than with the basic potentials. The only exception is $*,,
which slightly decreases in the Dy set.

Strikingly, AW o¢ includes almost all » = 2 and n = 3
coupling terms. The only exception is AW,,, which system-
atically drags down the predictive power when included in a
combination of coupling terms. This follows from the fact
that AW, strongly favors situations in which residues close
to each other in the sequence have similar solvent accessi-
bilities, and therefore awards very negative energies to

TABLE 1 Performances of local and distance potentials
and couplings
Potential (Z) S, S, (Z* S,

D!, AW, —2.69 40%  80% —0.34 4%
AW, —2.40 44%  80% —0.45 16%
AWy + AW, —344 64%  88% —053  24%
AW oc —4.16  76%  92% —0.57  28%
AWy + AW, -327 12%  84% —0.66  28%
AWipist —4.65 80%  88% —0.73  28%
AWioc + AWpist =525 84%  88% —0.79  36%

D2, AW, —145 8%  68% 027 0%
AW, -0.60 0%  44% —0.26 0%
AWy + AW, —1.84 20% 2% —0.41 0%
AW oc —2.06 20%  88% —0.49 12%
AWeq + AWy —-180 16%  76% —0.33 0%
AWiist -232 28% 88% —050 12%
AWioc + AWphisr  —2.65  36%  92% —0.59  24%

Dyq AW, -221  22% 100% —1.54 100%
AW, —229 50% 100% —1.58 = 96%
AW, + AW, —222  26% 100% —1.54 100%
AW/ oc —257 80% 100% —1.71  98%
AWy + AWy —275 64% 100% —1.90 100%
AWiyist —2.64 48% 100% —1.81 100%
AWioc + AWpist  —2.74  84% 100% —1.87 100%

The predictive power of the basic potentials and of the different combina-
tions of coupling terms is evaluated on three groups of decoy sets, with five
different measures (see Methods). The sequence-independent terms are not
taken into account when D, is considered.
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(partially) unfolded proteins. The best combination incorpo-
rates also several n = 4 coupling terms: AWy, AW s,
AW it AW oo, and AW . The other n = 4 coupling terms
have a negative impact on the predictive power. This is most
probably due to the limited size of the data set, which does
not allow one to compute precisely enough the probabilities
of observing simultaneously four sequence and/or structure
descriptors. Also note that there are 20 types of sequence
elements (s), whereas only 7 torsion (¢) and 5 accessibility (a)
domains. Coupling terms involving several sequence ele-
ments, such as AW, or AW, do not appear in AW/ o¢ as
they require larger data sets to extract reliable statistics.

In principle, our derivation scheme does not give any
reason to under- or overweight some coupling terms with
respect to others. However, some contributions may be less/
not relevant and should therefore not be included, for
example because of the limited size of the data set (e.g.,
AWysess, AWpsss. - .), the overstabilization of the unfolded
state (e.g., AW,,), or the uselessness of purely sequence terms
(e.g., AW,,). Furthermore, sequence-independent terms can
be expected to yield interesting results when discriminating
among nonprotein-like structures, and to be quite useless in
applications such as threading experiments. Testing the
potentials on decoy sets can reasonably well be considered as
an intermediate case, which probably explains why we observed
that underweighting these contributions by a 2 factor, in Eq.
10, is advantageous in terms of predictive power.

Distance potentials and couplings

A very popular category of statistical potentials is derived
from the spatial distance distribution between residue types
(e.g., 16,17,29,37). They are complementary to the local
potentials presented above. It has been previously noted that
such potentials do not represent the ‘‘true’’ energy of
interaction between two residues (or two atoms) as if they
where in a vacuum, but rather an effective energy including
the influence of a mean protein and solvent environment
(38,39). As a consequence, these potentials may depend on
some characteristics of the proteins from which they are
derived, such as their size (40-42) or their content in
secondary structures (14,42—44). The idea of being more
precise on the definition of the environment that is actually
“felt’” by the two interacting residues is not new (16-18),
and can have a positive impact on the performances of the
potentials. We show that the formalism presented in this
article can be applied to define residue pair distance
potentials that take appropriately into account the influence
of the specific environment in which the two residues are
located. This environment is here represented by backbone
conformations and solvent accessibilities.

The n = 2 coupling term AWSd(si,dij) is a ‘“‘one-body’’
distance potential that reflects the preferences of each type of
residue to be located more or less close to other residues,
whatever their type, and is therefore dominated by the

3
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hydrophobic effect. For residues close to each other along
the sequence, i.e., |i~j| = Fpis (taken here equal to 8), the
frequencies and potentials are computed separately, whereas
they are merged in a single class when |i—j| > Fpys. The total
contribution to the free energy of a given sequence S in a
structure C is computed by summing AWy(s;.d; ;) over all pairs
of positions i and j in S that satisfy the condition |i—j| > 1.

On its own, AWSdS(si,dij,sj) is a two-body distance
potential that excludes the one-body contributions reflecting
the individual preferences of the two amino acids s; and s;.
Such a potential has been presented previously and shown to
describe more accurately the electrostatic interactions (42).
In this case, by reason of symmetry, the condition |i—j| >
1 becomes i—j > 1 when computing the total free energy of a
protein. Coupling AWq(s;,d lJ) with AWqy(si,di »8;) yields the
common distance potential given in Eq. 9.

In a similar way, it is possible to define sequence-
independent distance potentials involving the backbone
torsion angles, AW, and AW, or the solvent accessibilities,
AW,q and AW,4,. The concomitant use of these three types of
potentials is hazardous since the backbone conformation and
solvent accessibility of a residue are clearly dependent on its
amino acid type, and some contributions are therefore
overcounted. To deal with this problem, we have to define
higher order coupling terms. The highest order coupling term
is in this case the n = 7 term AWatSdats(ai,ti,si,dij,aj,tj,sj).
Considering all the lower level coupling terms would lead to a
very large number of energetic functions and hamper any
intuitive understanding of their significance. Among these,
we choose to disregard all distance-independent terms, as they
are redundant with the local potentials defined in the previous
section for |i—j| = F oc, and the contributions for other i and
J may reasonably be assumed to be negligible. Moreover, to
avoid overloading the notations, two-body asymmetrical
terms, such as AWads(al,d”,sJ) or AW yeas(a,sidii ,8j), are not
considered independently but grouped with the closest
symmetrical couphng term, here Astdds(a,,s,,dU,aJ,sJ) We
thus define Astdds(a,,s,,dU,aJ,sJ) as the sum of AW,q.:(a,5:,
dij,a;,5;) and all the lower order asymmetrical two-body terms.
Note finally that, given tAhe limited size of the database,
AW oisa(@iti,sidi)) and AW yigqas(@isti-Sidija;pt;,s;) are com-
puted as contact potentials, where dj; takes only two possible
values: lower or larger than 8 A.

Overall, according to our performance test on the three
groups of decoy sets, the best combination of distance po-
tentials and coupling terms is AW'pigr, defined as

AW,DIST = AWsd + AW%ds + AVf/td + AWtdt + AVi’/a\cl(SR)
+ A‘/f/tsd + AWIsdts + AVf/asd(SR) + AVf/asdas
+ AVf/atcl + AVf/alclat + AWalsda (1 1)

where the terms AW,q and AW, are only included for short-
range interactions (SR), that is, when the considered residues

are separated by no more than Fpigr positions along the
sequence. As shown in Table 1, the improvement of the
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predictive power with respect to the basic distance potential
AW,q + AW, is substantial in the two decoy sets based on
structural modifications (D!, and D? ). However, it appears
that AWy + AW,y performs slightly better than AW'sisr
in the third decoy set. Since these decoys are obtained by
modifications of the sequence, the sequence-independent
terms (AW,q, AW, g, AW,q,. . .) are not taken into account in
the evaluation of the energies, which may limit the necessity
of using coupling terms such as AWy, AW,eq, 0F AWiqss.

Interestingly, as with AW’ oc, almost all coupling terms
are included in the best performing combination, AW 'psr.
This provides a strong support to the legitimacy of our
derivation procedure. The only exceptions are AW,q, and
AWatSdms. The former strongly favors situations where
residues close in space have similar solvent accessibilities,
which is a characteristic of both folded and unfolded states.
The relevance of the latter is obviously compromised by the
limited size of the data set. On the other hand, the terms
AW,q and AW, are only included for short-range interac-
tions. Indeed, for long-range interactions, the separation in
sequence is not explicitly taken into account, and AW,q
merely reflects a trivial correlation: residues with a higher
solvent accessibility have fewer contacts with other residues.
For those residue pairs that do not benefit from the AW,q
term, it also appears that AW, is unnecessary, as its aim
is to uncouple AW,y and AW,y

Combination of local and distance potentials

The combination of the best performing local and distance
potentials, AW} oc and AWpgt, improves their individual
scores, as seen in Table 1. We did not address explicitly the
issue of possible redundancies between these two types of
potentials. However, in itself, the use of distance coupling
terms significantly limits this problem. For example, a re-
latively strong correlation is observed between AW, and
AW, but AW,, and (AW,q + AW,) are only weakly
correlated. Overall, the performances of the combination
AW oc + AW'gt are very impressive, as exemplified by
average Z-scores of —5.25, —2.65, and —2.74, on the three
groups of decoy sets.

Comparison with other statistical potentials

A large number of knowledge-based potentials reflecting the
preferences of the different amino acids (or of short stretches
of amino acids) to adopt particular local conformations
(16,22,23,36), to be more or less accessible to the solvent
(16,17,45,46), or to be separated by a given spatial distance
(16,17,29,30,37) have been described in the literature.
However, to our knowledge, our approach is the first to
integrate all these different types of contributions in a sin-
gle energetic function while taking special care of their
couplings. Moreover, on the local level, the nonadditivity of
contributions related to pairs of residues, such as AWts(ti,sj)
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and AWts(ti,sk), is taken care of by the use of higher order
coupling terms (AWtSS(ti,sj,sk), AWnS(ti,tj,sk),. ).

Among the local potentials based on backbone torsion
angles that have been described earlier, let us cite the residue-
to-torsion (22) and the torsion-to-residue (16) potentials,
developed by one of us. As seen in Table 2, (a) and (b), both
potentials can be expressed as simple combinations of the
coupling terms AW,, AW, and AW, Miyazawa and
Jernigan designed a more complex torsion potential (23),
based on a reference state that is quite different from ours and
on different values of the structural descriptors. A rigorous
comparison of the two approaches is therefore difficult.
However, a common feature is the expression of the energetic
function as a sum of basic potentials and of higher order
coupling terms defined so as to exclude the more basic con-
tributions. In this sense, their potential can be compared to the
combination of coupling terms AW given in Table 2 (c).

Most commonly used distance and contact potentials
(16,29,37) can be written as a simple sum of AW coupling
terms as described in Eq. 9, sometimes with a different
reference state. In addition, more sophisticated distance
potentials that take into account the solvent accessibilities or
the conformations of the residues also appear as particular
cases of our formalism. A first example is the ““C*-C* core/
surface’” potential of Kocher et al. (16), which is derived
separately for residue pairs that are buried or on the surface
of the protein (Table 2 (d)). In the same line of thought, the
energy function presented by Simons et al. (17) is composed
of an environment term, comparable to AW, (with Fioc = 0),
and a pair term based on the spatial distance separating two
residues in specific environments and designed to avoid
redundancy with the environment term. This energy function
is equivalent to the combination given in Table 2 (e), where

TABLE 2 Correspondence with other statistical potentials

Corresponding combination

Potential of our coupling terms

AWy, + AW, /2 Froc + 1)
AW, + AW/2 Froc + 1)
AWy + AW, +AW,, + AW, +
AW{“S
(d) C*-C* core/surface (16) AWy + AWosa + AW + AWogas
(e) —log (P(sequence|structure)/ AW3S~+ AW, + AWigas + AWqo +
P(sequence)) (17) AWasas + AWasdas

(f) ERCE (18) AWy + AWy + AWeq + AWy +
AWldl + AWladlS

AWsd + AM_/lsd + AWsds + AW{sdls

(a) Residue-to-torsion (22)
(b) Torsion-to-residue (16)
(c) E*°(23)

-

Distance potentials
(only a- or only B-subsets)
(14,42-44)

(g

The generality of our approach is demonstrated by the fact that several
previously described potentials can be expressed as a linear combination of
some of our coupling terms. Note that, in some cases, the values taken by
the structural descriptors and the formalism used to define the reference
state are quite different from ours. As a consequence, these potentials are
generally not identical to the corresponding combination of our coupling
terms, but rather describe the same contributions in a slightly different way.
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AW, and AW, are distance-independent contributions
included in the distance potential, which do not correspond
to local potentials since the sequence separation i—j is not
taken into account. Furthermore, Zhang and Kim estimated
contact energies between residue pairs, depending on the
conformations of their main chain (ERCE: Environment-
Independent Residue Contact Energies) (18). To do this, they
combined the 20 amino acid types with 3 structural states
(a-helix, B-sheet, and turn) to define an extended 60-residue
alphabet. This approach can easily be translated into a
combination of AW coupling terms, as described in Table 2
(f). Finally, several authors derived distance potentials from
data sets containing only a- or only B-proteins (14,42—44).
The basic potential defined in Eq. 9, when derived separately
on a subset of the database (a- or B-proteins), becomes —kT'
In(P(s;,85,i5|1:,1)/P (53.58| 6.1 P(dij | 13,17)), where (t,,t;) refers to
the global secondary structure content of the protein. With
such a definition, this distance potential is equivalent to the
combination given in Table 2 (g).

Regarding the increase in performances provided by our
new derivation scheme, the results summarized in Table 1 are
unambiguous: AW oc, AW'bist, and especially AW oc +
AW'nist are superior to common distance and local poten-
tials such as AWy + AW,qs, AW,,, and AW,,. This compar-
ison can be considered as fair, given that all these potentials
are derived from the same data set, using the same type of
reference state, structural descriptors, and adjustable param-
eters. Another way to assess the performances of the po-
tentials is to look at previously published tests on the same
groups of decoy sets. This comparison has nevertheless the
drawback that the effects of derivation scheme, reference
state, and other parameters are mixed.

Several potentials have been tested on the group of decoy
sets Ditr (30,47); the results are summarized in Table 3.
According to this test, our distance potential AW s is clearly
superior to every other residue-based distance or contact
potential given in Table 3, as indicated by all available
measures except S_; in the case of TE-13 and DFIRE-B.
This difference is even more manifest when we consider the
combination AW’ gc + AW'pst. Table 3 also suggests that
atom-based potentials perform on the average better than
potentials considering only one interaction center per res-
idue. Even so, the residue-based combination AWt ap-
pears markedly more efficient than the RAPDF and KBP
potentials. The good performances of the potentials DFIRE-
A and DFIRE-B seem to result from the use of a particular
reference state, defined in such a way that the effective
energy associated to a pair of atoms (or residues) tends to
zero when the distance separating them approaches 15 A
(47). Let us also note that another statistical potential, based
on a detailed (atomic) representation of protein structures
and designed to describe H-bonds as precisely as possible,
has been recently tested on the D2, group of decoy sets (19).
The results were slightly better than with our potentials
(Zy = —3.34 and S_; = 92%, whereas (Z) = —2.65 and

Biophysical Journal 90(11) 4010-4017
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TABLE 3 Comparison with the performances of other
statistical potentials

& S S

Our potentials (residue-based) AW{oc —4.16 76% 92%
AWpist —4.65 80% 88%
AWioe + AWpist —525 84%  88%

Other distance or contact TE-13 (30) —3.53 56% 100%
potentials (residue-based) MIJ (13,30) —2.82 44% 88%
GKS (30,43) —2.36 36% 80%

BT (30,48) —2.65 36% 84%

HL (30,49) —-2.67 32% 88%

BJ (30,37) —275 60% T76%

DFIRE-B (47)
RAPDF (47,50)
KBP (47,51)
DFIRE-A (47)

—4.21 76%  96%
—3.18 72% 84%
291 60% 84%
—4.84 92%  92%

Other distance potentials
(atom-based)

Results were obtained on the D;tr group of decoy sets; data concerning the

potentials derived by other groups were taken from the literature. TE-13,
MJ, GKS, BT, HL, BJ (initials correspond to the authors’ names), and
DFIRE-B (distance-scaled, finite ideal-gas reference state) are contact or
distance potentials between pairs of residues. RAPDF (residue-specific all-
atom conditional probability discriminatory function), KBP (knowledge-
based mean force interaction potential), and DFIRE-A are distance poten-
tials between pairs of atoms (167 atom types are considered, according to
the type of the residue to which the atom belongs).

S_| = 92% are obtained with AW'ioc + AWpp). It
is not surprising that better predictive capabilities can be
obtained with potentials based on a more detailed structural
representation, but it should be stressed that a higher level
of detail inevitably induces drastic limitations of the appli-
cation possibilities.

DISCUSSION

The most exciting result of this study is the definition of a
general derivation scheme that allows one to define statistical
potentials taking into account the interdependence of
correlations among several different sequence or structure
descriptors. To demonstrate its interest, we applied this
formalism and generated combinations of local and distance
potentials that perform strikingly well in discriminating
genuine proteins from decoy models.

Our derivation scheme is mainly based on the decompo-
sition of a complex potential into a sum of lower order terms,
through the expression of products of probabilities. This
decomposition gives the possibility to analyze independently
each contribution and clarify its significance and importance.
Italso offers several valuable advantages in terms of predictive
power. First of all, according to the choice of the sequence/
structure descriptors, the decomposition may be absolutely nec-
essary to avoid overcounting certain contributions. To clarify
this point, let us focus on the correlations between one residue
type, s, and two backbone conformations, ¢. The correct
contribution to the total free energy of a protein is given by Eq.
8, in this particular case: AW, (C.S) = Ei,j AWtS(ti,sj) + Ei,j
AW (3.1 + 25k AWe(ti,ti,51). In contrast, if the potential
function AW\(#;.1;,5,) was not decomposed and was summed
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over all triplets of positions (i,j,k), each AW, and AW,
contribution would be counted several times.

Secondly, the decomposition we propose allows one to
deal much more efficiently with the limited size of the
database since the correction for sparse data (see Methods) is
applied to each coupling term rather than on the whole en-
ergy function. For example, the distance potential AW yqars
(a;.ti,8i.ds,a;.t5,5) can be expressed as a sum of many
n-coupling terms, ranging from n = 2 to n = 7, or computed
directly from Eq. 3. If the database is large enough, these two
possibilities are equivalent. But if the number of observa-
tions of a given combination of values of (a;,t;,s:,d;j,a;.t,5;) 1S
too small, the correction for sparse data will make AW i qas
(apti,51,dij,a;t;,57) tend to zero, but not AW,iqas(@intissi,
dij,a;.t;,s5) unless it is computed directly through Eq. 3. In
the latter case, the fact that the database is too small to
reliably extract the higher order couplings actually leads to a
consequent loss of valuable information about the lower
order contributions. Finally, the decomposition makes it
possible to modulate the reference state, by excluding some
contributions (such as AW,,, AW .. . .) that do not appear to
be relevant and decrease the overall predictive power.

The comparison with other potentials described in the
literature underlines the generality of our approach, for pre-
vious potentials based on several sequence or structure
descriptors can be expressed as particular cases of our for-
malism. This comparison also shows that we significantly
raised the expectations regarding the predictive power of
residue-based potentials. Indeed, our energetic functions even
outperform some potentials that are based on a more detailed
representation of protein structures at the atomic level.

Several improvements may still be envisaged. Indeed, our
derivation scheme can easily be adapted to develop energy
functions dealing with a more detailed representation of
protein structures, or based on another, possibly more rele-
vant, reference state. It is also straightforward to include
additional structural descriptors, reflecting, for example, the
relative orientations of interacting side chains or the relative
positions of triplets of residues.
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