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ABSTRACT We consider modifications of an
empirical energy potential for fold and sequence
recognition to represent approximately the stabili-
ties of proteins in various environments. A potential
used here includes a secondary structure potential
representing short-range interactions for second-
ary structures of proteins, and a tertiary structure
potential consisting of a long-range, pairwise con-
tact potential and a repulsive packing potential.
This potential is devised to evaluate together the
total conformational energy of a protein at the
coarse grained residue level. It was previously esti-
mated from the observed frequencies of secondary
structures, from contact frequencies between resi-
dues, and from the distributions of the number of
residues in contact in known protein structures by
regarding those distributions as the equilibrium
distributions with the Boltzmann factor of these
interaction energies. The stability of native struc-
tures is assumed as a primary requirement for
proteins to fold into their native structures. A col-
lapse energy is subtracted from the contact energies
to remove the protein size dependence and to repre-
sent protein stabilities for monomeric and multi-
meric states. The free energy of the whole ensemble
of protein conformations that is subtracted from the
conformational energy to represent protein stabil-
ity is approximated as the average energy expected
for a typical native structure with the same amino
acid composition. This term may be constant in fold
recognition butessentially varies in sequence recog-
nition. A simple test of threading sequences into
structures without gaps is employed to demonstrate
the importance of the present modifications that
permit the same potential to be utilized for both fold
and sequence recognition. Proteins 1999;36:357-369.
Published 1999 Wiley-Liss, Inc.”
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INTRODUCTION

It was reported that conventional intra-protein energy
potentials at the atomic level do not necessarily give lower
Published 1999 WILEY-LISS, INC.  TThis article is a US govern-

ment work and, as such, is in the public domain in the
United States of America.

energies for the native structures than for non-native
folds,* unless proper account is taken of solvent effects.?
This result provided a landmark demonstration of the
important role of hydrophobic interactions. However, prop-
erly accounting for all electrostatic interactions, hydrogen
bonds and non-bonded interactions between a protein and
water, and estimating precisely the entropic and energetic
effects of solvent are extremely complex, making impos-
sible a rigorous evaluation of the free energies of folds.
Consequently simplified, less detailed models are needed
to study protein folding, with simplifications needed in
both the geometry and the potential functions. Fortu-
nately, a simple model of solvation energy was shown to be
able to distinguish misfolded proteins from native struc-
tures.? Since then, a number of other simple methods were
developed to distinguish native protein structures from
non-native folds and also to recognize folds compatible
with sequences.** These subjects have been discussed
extensively in the CASP meetings!®>16 that are held regu-
larly on the critical assessment of methods of protein
structure prediction.

Even if the positions of all backbone atoms in a protein
are fixed, the energy surface for conventional potentials at
the atomic level still has many local minima corresponding
to different positions of side chain atoms. These local
minima are separated by relatively high energy barriers,
arising from van der Waals repulsions between atoms. In
order to understand the dependency of the potentials on
backbone geometry alone, the potential of mean force is
calculated by effectively integrating a Boltzmann factor
over all possible side chain atom positions and all solvent
positions for fixed backbone atoms. This coarse graining
aids in evaluating protein folds, but it is important that
the process be done in a careful, self-consistent way.

Any energy potential designed to describe protein folds
completely on a physical basis needs to approximate the
potential of mean force for backbone conformations using a
simple function of backbone geometry. One simple way is
to represent the free energies of backbone folds as a sum of
short-range interactions, long-range pairwise residue-
residue interactions, and higher order contributions. In
general, such a mean force potential would include interac-
tions higher in order than two-body.*”
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Previously, we empirically evaluated a set of effective
inter-residue contact energies for all twenty types of amino
acids using the Bethe approximation based upon the
numbers of residue-residue close contacts observed in
protein crystal structures.’® Recently, the validity and
stability of these contact energies were demonstrated by
using many more protein structures and demonstrating
that they were virtually unchanged.® These empirically
derived energy functions include solvent effects and pro-
vide an estimate of the long-range component of conforma-
tional energies without atomic details.?° Atomic contact
energies were recently estimated by a similar method.?!
Thomas and Dill??2 showed, however, that input contact
potentials can be approximately extracted from an en-
semble of lattice conformers with this procedure but that
the extracted contact potentials depend on the proteins
used. On the other hand, Mirny and Shakhnovich? showed
that contact energies do reflect well the input contact
potentials in 3-dimensional lattice conformers. Also, Miya-
zawa and Jernigan?* showed that the correlation between
input and predicted contact potentials is highly significant
and larger than 0.9.

Pairwise potentials were also estimated by Sippl?® from
radial distributions of all pairs of 20 types of amino acids
as potentials of mean force; they were estimated as a
function of distance between residues to be the logarithm
of the ratio of the radial distribution function of a given
type of residue pair to the overall radial distribution
function. Pairwise potentials were also estimated as poten-
tials of mean force in similar ways by others.1%11 Sippl's
original expression of the pairwise potentials does not
include hydrophobic interaction energies2425; refer to Miya-
zawa and Jernigan? for a discussion of the differences
between Sippl’s potentials and our contact energies. Poten-
tials that represent the relative hydrophobicities of resi-
dues have been devised and added to Sippl's type of
pairwise potentials especially for fold recognition as: a
function of residue accessibility,” a function of accessible
surface area of a residue,° or a function of the number of
residues within a given shell surrounding a given residue.®

Detecting compatibilities between sequences and struc-
tures is a highly practical and important problem, espe-
cially since recent evidence from accumulated data on
protein structures and sequences strongly indicates that
the number of families of protein folds appears to be
limited, with suggested values ranging from2” 1000 to
about?® 7900. This implies that prediction of a protein fold
from its sequence could be based on searches over this
limited set of folds rather than by thoroughly searching
over the entire vast conformational space of a protein.
Therefore, scoring functions that can discriminate the
native structures among non-native folds and detect com-
patible protein folds ought to be extremely useful. One of
our purposes here is to develop a unified set of empirical
potentials to approximate actual conformational energies
without all of the atomic details. Finally, we assess their
effectiveness for fold recognition.

Long-range interactions among residues are certainly
principal forces for protein sequences to recognize their

native folds because they are responsible for proteins
cooperatively folding into their unique native structures.
However, short-range interactions ought not to be ne-
glected even in fold-sequence recognition because they
contribute significantly to the formation of secondary
structures in proteins, which are also essential parts of
protein structures. Secondary structure potentials have
been used in some works®1%2% on fold recognition. The
effects of short-range interactions on secondary structures
have been evaluated® from the observed frequencies of
secondary structures in known protein structures which
are assumed to have an equilibrium distribution, following
the Boltzmann factor of secondary structure energies. In
this work, unlike previous works, interactions are de-
coupled into intrinsic potentials of residues, potentials of
backbone-backbone interactions, and of side chain-back-
bone interactions. Interactions are also decoupled into
one-body, two-body, and higher-order interactions between
backbone and side chain and between peptide backbones.
These decouplings are essential to correctly evaluate the
total secondary structure energy of a protein structure
without multiple counts of interactions. Each interaction
potential was evaluated separately by taking account of
the correlation in the amino acid order of protein se-
qguences. Interactions among side chains were neglected
because of the relatively limited number of protein struc-
tures. These short-range potentials® for secondary struc-
ture are devised to be used additively with the long-range
contact energies and repulsive packing energies!® for
evaluating the total conformational energies of proteins at
the residue level; they are devised in order to avoid
multiple counts of any interaction. Here the enhancement
of secondary structure potentials for fold recognition will
be examined.

Different folds of the same sequence can be compared
directly with an energy scale. However, if the compatibili-
ties of different sequences for a given fold are to be
discussed, or if deletions and insertions are to be allowed
in sequence-structure alignments, then usually an energy
potential cannot properly reflect the stabilities of proteins
and so cannot be used as a scoring function for such
comparisons, unless the zero energy is properly chosen by
means of an appropriate reference state. Even when
different folds of the same sequence are compared, there
can be a problem if one fold in a multimeric state is to be
compared with the energy of another fold in a monomeric
state. For multimeric proteins, the total stability, rather
than that of the isolated monomer, must be considered.

Below, we discuss how to modify these energy potentials
to represent approximately the stabilities of proteins in
various environments, for multimers, as well as for mono-
mers. Importantly, we also describe how to define a single
reference state for these potentials that is appropriate for
sequence recognition; protein native sequences are as-
sumed to be well designed to fold into their native struc-
tures, and then the stability of native structures is as-
sumed as a primary requirement for proteins to fold. The
stability of a protein conformation can be measured by the
free energy of the whole ensemble of protein conformations
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subtracted from its conformational energy. Thus, the free
energy of all protein conformations serves as a reference
energy for an energy potential to measure protein stability.
It is approximated here as the average energy expected for
a typical native structure with the same amino acid
composition. This term is constant in fold recognition
unless deletions and additions are allowed, but essentially
varies in sequence recognition.

A simple test of threading sequences into structures
without gaps is used to demonstrate the usefulness of
these potentials for both discriminating a native fold from
non-native folds and also a native sequence from non-
native sequences. Tests for both types of recognition are
needed in order to justify the modifications of these
potentials.

MATERIALS AND METHODS
Conformational Energy

The total conformational energy of a protein is repre-
sented here as a sum over contributions from residues
along the sequence as

Econf = E E;:)onf (1)
P

Each residue’s contribution is further divided into two
terms, for secondary structure and for tertiary structure.

f —
E;un = Ezec + E::)ert (2)

where p indexes residue position.

The secondary structure energies used here have been
estimated3? on the basis of short-range interactions, ignor-
ing the effects of long-range interactions. However, this
does not mean that either structure is arrived at indepen-
dently of the other. The classification into short-range and
long-range terms here is based on the distance of separa-
tion between residues along a protein sequence and not on
the physical range of interactions; short-range interac-
tions are those between residues close along the protein
sequence, and long-range interactions are those between
sequentially distant residues.

The tertiary structure energies have previously been
estimated as a sum of pairwise residue-residue contact
energies and repulsive residue packing energies for vol-
ume exclusion, together termed long-range interaction
energies.’®

Elrt = E + Ef ®

The contact energy Ej and the repulsive packing energy E|
of a residue at position p are defined by Egs. 18-19 and Eg.
40 in one of our previous papers.*®

Secondary Structure Potential

The contribution of the pth residue to secondary struc-
tures is approximated to originate only in the short-range

interactions.

E;ec =e°(. .. ip_1, Sp—1; Ips Sp’ Tps1s Spets - - +) 4)

eS(...; ip-1, Sp—1; Ip, Sp; Ip+1, Sps1; - - .) IS the short-range
interaction energy within the secondary structure, (... ;
ip—1, Sp—1, Ips Sps Ip+1, Spr1s - - ), Where iy is the residue type
at p, and s, means the secondary structure of that residue.
Thus, s, designates a backbone conformation and i, the
residue type at position p. The ellipses indicate those yet
unspecified, but nonetheless of limited range.

The effects of short-range interactions on secondary
structures have been estimated3® by a potential of mean
force from the observed frequencies of secondary struc-
tures in known protein structures, which is assumed to be
an equilibrium distribution with the Boltzmann factor of
their secondary structure energies. The correlations be-
tween long- and short-range interactions are neglected,
and the effects of long-range interactions are taken into
account only as a mean field. Because of the limited
number of available protein structures, the secondary
structure potential, €S, is approximated as a sum of
additive contributions from neighboring residues along a
sequence, with neglect of side chain-side chain interac-
tions. Non-additive contributions are simply neglected. In
addition, the effects here from neighboring residues are
limited to a dependence on their amino acid type but not on
their secondary structures. The conformational specifica-
tion is limited to a tripeptide.

This previous estimate® of secondary structure poten-
tials is used here. Thus, the secondary structure potential,
es, is approximated as a sum of the following contributions

€S(...;0_q,S_q; 19, Sq; Iq, S15 -+ 2)
=e5(5_1,50,51) + 2, 8€%(Sp-1, Sp Spens fo)  (5)
—3=p=3
or
=e5(S 1,50, 8) + D 0655y, S Sy, ip) (6)
—3=p=3

The residue under consideration is indexed as zero, and
negative and positive numbers represent relative residue
positions towards the N-terminal and the C-terminal
sides. The first terms in Egs. 5 and 6 represent the
backbone-backbone interactions and the second terms
correspond to side chain-backbone interactions either
within a residue or among residues. Altogether side chain-
backbone interactions within five consecutive backbone
units on each side of a side chain are included in the
short-range interactions. Here it should be noted that
two-body and higher order interactions between side chains
and backbones of triplets are counted only once in the
estimation of each term in Eqgs. 5-6 to add to the total
short-range interaction. The first term es(s_4, Sg, S1) is also
defined® to include only half of the two-body interactions
between nearest neighbors in order to avoid multiple
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counts of nearest neighbor interactions in the estimation
of the total secondary structure energy of Eq. 1.

Any zero energy state for each energy term in Eqgs. 5-6
could be taken for convenience as energy functions, but it
is useful to set the statistical averages of these energies to
zero for use as scoring functions for compatibilities be-
tween sequences and structures as will be described later.

Contact Energies and Repulsive Packing Energies

The contact energies (g;;) for all pairs of the twenty types
of residues which are applied to residue-residue close
contacts, and the repulsive packing energies for the twenty
types of residues which are a function of the number of
residues in contact, previously estimated by us,'° are
employed here. The contact energy E; and repulsive
packing energy E; of residues at each position in struc-
tures as required in Eq. 3 are calculated according to their
Egs. 18-19 and Egs. 40-43. However, the hard core
repulsion term is not included here; i.e., e"¢ is set to zero in
their Eq. 41, since there should not be overly dense regions
in properly refined structures.

Alignment Energy for Scoring of
Sequence-Structure Compatibility

In the following, a reference state for zero energy is
defined and each energy potential is modified to represent
the stabilities of protein structures for measuring sequence-
structure compatibilities. The stability of native structure
is assumed as a primary requirement for proteins to fold
into their native structures.

Reference State

The stability of a specific conformation for a protein
sequence is determined relative to the whole ensemble of
protein conformations, i.e., the partition function

— log (probability of a specific conformation s in a sequence i)

— BEconf(S, i) + Iog 2 exp (—BEconf(S’ |)) (7)

where B is equal to 1/KT, the variable i means a specific
sequence, s means a conformational state, E®"(s, i) is the
conformational energy of state s of sequence i, and the sum
is taken over all possible conformations. Therefore, the
free energy of the whole ensemble can be regarded as a
zero energy state, i.e., a reference state for an energy
potential to represent protein stability. The free energy of
the protein ensemble varies unless the protein sequence is
the same. Thus, in order to discuss the compatibilities of
different protein sequences with a given fold, it must be
taken into account, as well as the conformational energy.
Even in the case of searching for folds compatible with a
given sequence, if deletions in the sequence are allowed in
sequence-structure alignments, then the change of the
whole ensemble of protein conformations must be taken
into account.

How can we estimate the second term of Eq. 7 which
serves as a reference energy for an energy potential to

measure protein stability? Analyses using the Random
Energy Model (REM) approximation suggest that the
contribution to the partition function from non-native-like
conformations depends primarily on amino acid composi-
tion rather than on sequence at high enough temperature
T > T., where T, is the temperature of the “freezing”
transition in a random heteropolymer having the same
amino acid composition.3:32 Although this result from the
mean-field heteropolymer theory must be examined, it
indicates that the change in the conformational partition
function may be neglected unless the amino acid composi-
tion changes; otherwise, it must be taken into account. In
sequence space optimization for simple lattice proteins,
estimating Eq. 7 has been attempted. The Z score was
used3? instead of native energy. The partition function was
estimated by dual Monte-Carlo simulations,3* by taking
account of the first cumulant in a high-temperature ap-
proximation,3 and by using a cumulant expansion approxi-
mation.3®

Here, the second term in Eqg. 7 is approximated as
follows; in the summation of Boltzmann factors over all
conformations only dominant terms, i.e., native-like com-
pact conformations are taken into account, and then the
log function is evaluated in a high temperature approxima-
tion.

log

> exp (—BE®M(s, i))

exp (—BE™"(s, 1))] (8)

s€|native-like conformations|

~Iog( >

s€[native-like

= log (
| 1) - B < Econf(s, I) >B:0, native-lie (9)

= log n, o — B(E®" of a typical native

- structure with the same amino acid composition) (10)

where n, is the sequence length of a protein and o is a
constant to represent the conformational entropy per
residue for native-like structures. The unweighted aver-
age of E%nf(s, i) over native-like conformations is approxi-
mated as the conformational energy expected for a typical
native structure with the given amino acid composition,
which depends only on amino acid composition. Thus, a
scoring function to evaluate compatibilities between se-
guence and structure is represented as follows

— log (probability of a specific conformation s in a
- sequence i) = B E®"(s, i) — B (E®" of a typical native

- structure with the same amino acid composition) + no  (11)

Because judgements on insertions and deletions in
sequence-structure alignments are made for every resi-
due, these reference energies must be taken into account
for every residue. The energy potentials are modified so
that the reference state now corresponds to the zero energy
of the potentials. ¢ in the last term of Eq. 11 is taken to be
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independent of residue type and is related to the deletion
penalty parameter in sequence-structure alignments.

In the case of short-range energies, the reference energy
for each of the short-range potentials defined in Eq. 5 to
Eg. 6 would be its average energy over all proteins; see
Egs. 19-24 in Miyazawa and Jernigan.3® For example, the
energy difference with the following reference state should
be used for the interaction energy 8e%(Sq-1, Sq: Sq+1, Ip)
between backbone and side chain.

3€°(ip, Sq—1, Sq» Sq+1)

N(i,, Sqg_1, Sq» Sg» Sg+1)
- e 5e5(ip Sq1 5 Sqr1)  (12)

Sqfl Sq Sq+1 N(Ip)

It is achieved here by setting the constant terms in the
potentials to force the average energies for all proteins to
be zero, that is, to satisfy the following equation for the
term above.

N(ips Sq—1s Sq» Sq+1) .
D D = 86%(ip, Sq1, Sq Sqr1) = 0 (13)

b | N(ip)

N(ip) is the number of residues of type i, in all protein
structures. N(ip, Sq-1, Sq» Sq+1) iS the number of occurrences
of a residue of type i, at residue position p, with the
segment at position (g — 1) to (q + 1) in the conforma-
tional state (Sq-1, Sq, Sq+1)- Indexes, p and g, are taken to be
relative to the Oth residue, the residue under consider-
ation.

For the tertiary structure energies, the reference energy
is taken as the average tertiary structure energy per
residue for each type of residue in the native protein
structures. That is, the following difference in the tertiary
structure energy is considered.

AES™ = AES + AE] (14)

(Eg — (ES) + (B} — (EL) (15)

The second term and the fourth term in Eq. 15 are the
average contact energy per residue of type i, and the
average repulsive energy per residue of type i, in native
structures.

If environments surrounding proteins are the same, the
stabilities of those proteins can be compared by energy
pontentials with their properly evaluated zero energy
states. However, in fold and sequence recognition the
environments surrounding protein structures are not al-
ways the same. Thus, energy potentials need to be modi-
fied to approximately measure protein stabilities even for
proteins in different environments.

Excluding Intrinsic and Backbone-Backbone
Secondary Structure Energies

As already noted, the intrinsic potential and backbone-
backbone interaction potentials for secondary structures
estimated here depend strongly on the types of protein

structures used. If more « proteins were used than
proteins, then the intrinsic potential would be estimated to
be lower for o conformations than for B ones. Any set of
known protein structures may have such biases. In addi-
tion, the secondary potentials are estimated here on the
basis of only short-range interactions. There are other
types of interactions that affect the stability of secondary
structures such as hydrogen bond interactions between 3
strands. Thus, including only energy terms dependent on
residue type may be better for fold recognition; that is, for
fold recognition it may be inappropriate to include the
backbone-backbone interaction energies, eS(s_1, So, S1)-
These will be removed from consideration here.

Subtracting a Collapse Energy
From Contact Energies

Many proteins exist in multimeric states. The binding
surfaces of such protein monomers are usually just as
hydrophobic as the average protein interior.’® In order to
discuss the stabilities of such proteins, the environments
surrounding them must be taken into account. For ex-
ample, the native fold for hemoglobin subunit « can be
more properly assessed in the tetrameric state consisting
of two a and two B subunits than in the monomeric state.
On the other hand, the native structure of myoglobin is
appropriately assessed in the monomeric state. For fold
recognition, both the native structures, hemoglobin « in
the tetrameric state and myoglobin in its monomeric state,
are compared with a given sequence. Even if the energy of
the former is lower than that of the latter, we cannot say
that the former is more stable than the latter, unless the
negative binding energies between hemoglobin « and B
molecules can overcome the translational and rotational
entropy loss due to the formation of a tetramer. Thus, a
rigorous assessment of protein stability for fold recognition
is not so simple.

To avoid some of these difficulties for fold recognition,
only the part, e;; — e, of the contact energy that depends on
the specific side chains, is to be included to assess the
compatibilities between sequences and structures. gj; is the
contact energy for a pair of residues of type i and j, and e,
reflects the overall compactness of proteins and is de-
fined!® as an average interaction between residues

n,n
exp (—e,) = —— (16)
Nyo Nig
E E ny; exp (&) -
_ i=1 j=1 (17)
Ny
p p nIOnOJ EXp ( elj)
_ i=1 j=1 (18)
Nio Nor

in RT units, where n,, N, and Ny, are the statistical
averages of the total number of contacts between residues
n,, the total number of contacts between residues and
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effective solvents n,y, and the total number of contacts
between effective solvents ngg, respectively; refer to Miya-
zawa and Jernigan'81° for details. ej; — e, has removed the
homogeneous energy for protein collapse and consists only
of the remaining energy depending on the specific types of
side chains. This quantity takes positive values for con-
tacts between polar residues and negative values for
hydrophobic pairs. If e, were not removed, then the total
contact energy would give the lower values to conforma-
tions with larger numbers of contacts, e.g., the energies of
folds in multimers would usually be lower than those in
monomers.

After all of the considerations above are included, the
following quantity is considered to be appropriate for
assessing compatibilities between protein sequences and
structures.

AE;°"f(eipj —ey) = AEF + AE}f“(eipj —e,) (19
where ej; — e, within parenthesis means it is the argument
of the function. The intrinsic and backbone-backbone
interaction energies are excluded in the first term.

AE;ec = Ae®(. .., Sp_1, ips Sps Spe1r - - 1)

= > 8e%(ip g1 Sq Squ1)  (20)
p—3=q=p+3

Parenthetically, it should be noted that the reference
energies of Eg. 13 and of the second and fourth terms in
Eqg. 15 do not depend on conformation but only on the
amino acid composition of sequence. Therefore, if deletions
and insertions in sequence-structure alignments are not
allowed and energy values are compared among different
conformations for an identical sequence, subtracting those
reference energies does not actually matter, but they are
necessary when sequences are varied.

RESULTS
Total Alignment Energies and a Reference State

In Figure 1, estimates of total alignment energies per
residue, AE®f(ej; — e,)/ n, which include contributions of
secondary structure energy, contact energy, and repulsive
packing energy and are defined by Eqgs. 19 for 189 protein
representatives are plotted against n;*3; where n; is the
sequence length of each protein. These representatives of
protein structures differ from each other substantially and
have less than 35% sequence identity as selected by
Orengo et al.38; see their Table I. Coordinate files with too
many unknown atomic coordinates are excluded from
these datasets. In the estimates of alignment energies,
contact energies e;; for a pair of residues of type i and j are
modified by subtracting a collapse energy per contact, e,,.
The long-range tertiary structure energies are calculated
for multimeric states only if the coordinates of the other
bound molecules are given in the PDB?’ file. See Figure 6B
of Miyazawa and Jernigan'® for the chain length depen-
dence of the tertiary structure energies, that is, for plots of
AE®"(e;; — e,)/n, alone versus n;*. Including the short-
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Fig. 1. The total alignment energy per residue with a collapse energy
subtracted to remove the protein size dependence; see Eq. 19 for
AE“(e; — ey). The tertiary structure energies include the contact ener-
gies and the repulsive packing energies but not the hard core repulsion
energies, i.e., e = 0 in Eg. 41 of Miyazawa and Jernigan.'® The
long-range tertiary structure energies are calculated in a multimeric state,
only if the coordinates of other bound molecules are given in the PDB file.
All energies are given here in RT units. The representative protein
structures used here are 189 protein structures that differ from each other
by having no more than 35% sequence identity and are those selected by
Orengo, et al.8; see their Table I. Proteins with many unknown atomic
coordinates are not included. The solid circles show the values for
monomeric proteins determined by X-ray, not including membrane pro-
teins, metal binding proteins, DNA binding proteins, and inhibitors and
multimeric proteins not given in their complete assembly in the coordinate
files. The open circles are proteins whose structures are given in at least
partial, if not full assembly of subunits. A solid line shows the regression
line for the monomeric proteins. A collapse energy has been removed, so
that the regression line is almost flat, AE<"(e; — ,)/n, = 0.15 — 1.0n; 3,
and the correlation coefficient is 0.13. The dotted line shows energy
values that correspond to —6 in standard deviation units from the mean in
the distributions of threadings predicted by Eq. 21; the equation of the
dotted line is (2.89 - n®%%2 — 6 . 1.34 - *%%2)/ n.. The entry names and
sequence identifiers of the PDB files used in this figure are:

Membrane proteins:
1PRC-L 1PRC-M 1PRC-C 2POR 1SN3
Metal binding proteins:
1CY3 1PRC-C 5RXN
DNA binding proteins:
1HDD-C
Inhibitors without an enzyme:
1HOE 1PI2 3EBX 20V0 5PTI
Multimeric proteins without subunit interactions:

1VSG-A 1HGE-A 1HGE-B 1PRC-H

2HIP-A  2CDV

2WRP-R 1UTG 1ROP-A 2TMV-P 2RHE 28TV 3PGM 6LDH 1PYP
Structures determined by NMR:
1C5A 1HCC 1ATX 1SH1 2SH1 1EPG 4ATGF 3TRX 1EGO
1APS 1IL8-A 2GB1

Other monomeric proteins:
1MBC 1MBA 1ECD 2LH3 2LHB 1R69 4i1CB 4CPV 1LE2 1ycc

1CCs 451C 1IFC 1RBP 1SGT 4PTP 2SGA 2ALP 2SNV 1CD8
1CD4 1ACX 1PAZ 1PCY 1GCR 2CNA 3PSG 1F3G 8I1B 1ALD
1PIl 6XIA 2TAA-A 4ENL 5P21 4FXN 2FCR 2FX2 3CHY 5CPA
8DFR 3DFR 3ADK 1GKY 1RHD 4PFK 3PGK 2GBP 8ABP 2LV
1TRB 1IPD 4ICD 1PGD 8ADH 2TS1 1PHH 3LZm 1Lz1 1RNH
7RSA 1CRN 1CTF 1FXD 2FXB 4FD1 1FDX 4CLA 9RNT 1RNB-A

1FKF 1SNC 1UBQ 3B5C 9PAP 3BLM 2CPP 1CscC 1ACE 1COX
1GLY 1LAP 2CYP 8ACN 2CA2
Other multimeric proteins:

1HBB-A 2SDH-A 1ITH-A  1COL-A 1LMB-A 3SDP-A 2SCP-A 2HMZ-A 256B-A 2CCY-A
1GMF-A 1BBP-A 2FB4-H 3HLA-B 1COB-A 2AZA-A 2PAB-A 1BMV-1 1BMV-2 2PLV-1
1TNF-A 2MEV-1 2MEV-2 2MEV-3 2PLV-2 2PLV-3 2LTN-A 2RSP-A 2ER7-E 5HVP-A
INSB-A 5TIM-A  2TRX-A 1CSE-E 1GP1-A 4DFR-A 8CAT-A 4MDH-A 1GD1-0 7AAT-A
1HRH-A 1RVE-A 2SIC-1 B8ATC-B 2TSC-A 2SAR-A 1MSB-A 1BOV-A 1FXI-A  1TGS-I
1TPK-A 9WGA-A 3HLA-A B8ATC-A 2CPK-E 1GST-A 10VA-A 7API-A  1WSY-B 2GLS-A
2PMG-A 6TMN-E  3GAP-A
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range energies of secondary structures does not change
these characteristics. As expected, overall, there is no
correlation between the two quantities for monomeric
proteins, and the mean energy for monomeric proteins is
centered about zero, an average protein being taken as a
reference state for the alignment energies. Therefore,
subtracting a collapse energy, e, from the contact energies
has removed most of the dependence of the total contact
energies on the surface area of the proteins. Membrane
proteins, which are shown as crosses, tend to have much
higher values of AE®(e;; — e,)/n , than for average mono-
meric proteins. This is expected because the hydrophobic
environment surrounding membrane proteins is not taken
into account and in the present calculation they are
incorrectly presumed to be in water. Similarly, an excep-
tion is seen for metal binding proteins and DNA binding
proteins in which the metals and DNA have been treated
here only as holes filled with water. Also, the multimeric
cases given as open circles tend to be located above the
solid line, probably because the coordinates of inter-
molecular neighbors in some PDB files are given incom-
pletely as partially assembled structures. On the other
hand, the high values of energies for proteins whose
structures were determined by NMR may indicate the
relatively poorer resolution of these structures.3®

Predicted energy values that correspond to —6 standard
deviation units from the mean in the distributions of
threadings are shown by the dotted line in Figure 1.
Proteins above the dotted line have significantly high
conformational energies, probably because some interac-
tions are not properly taken into account in the present
estimations, such as intermolecular interactions and disul-
phide bonds, especially for small proteins.

Simple Threading Without Gaps

Eighty-eight proteins determined to a resolution better
than 2.5 A by X-ray analyses that are structurally dissimi-
lar to each other (with values smaller than 80 on the scale
of Orengo, et al.®® for structure similarity) are threaded
into each of the 189 representatives of protein structures.
The 88 proteins are a subset of the 189 protein representa-
tives whose names are listed in the caption of Figure 1.
Proteins classified within the multidomain group by those
authors® are excluded from the set of sequences to be
threaded.

The total alignment energy AE®"(e;; — e,,) is calculated
for protein sequences threaded at all possible positions in
all other protein structures, and their means and standard
deviations are also calculated; no gaps in either the
sequences or the structures are allowed. The long-range
tertiary structure energies are calculated for multimeric
states only if the coordinates of the other bound subunits
are given in the PDB file. Then, the positions of the native
energies in the distributions of all threadings are mea-
sured in units of standard deviations (s.d.) where negative
values indicate that the native energies are below the
mean. Table I lists energies per residue, AE“"(e;; — e,)/ny,
for the set of protein sequences threaded into their own set

of native structures, as well as the ranks and z-scores, i.e.,
positions of the native energies from the mean in units of
s.d., in the distributions of all threadings; proteins are
listed in increasing order of the values of AE®“"(e;; — e,)/n,
in units of standard deviation.

For most proteins, the native structures have signifi-
cantly low values in s.d. units of AE®"(e; — e, )/n, and
rank lowest in energy. These good results are obtained by
subtracting the collapse energies from the contact energies
and excluding the side-chain independent terms in the
secondary structure potentials; otherwise, structures with
more contacts such as multimeric proteins and with more
secondary structures of specific types would tend to be
more highly ranked. However, there are some proteins for
which the native structures are not the best or not even
significantly better than most others. As pointed out
previously,'® proteins with values worse (higher) than
—6.0s.d., are always membrane proteins, proteins such as
small inhibitors, single subunits whose coordinates are
given in isolated forms without their bound counterparts,
or proteins bound to metal ions or other molecules. Those
proteins are marked by daggers in Table I. For these small
proteins, the relative proportions of binding regions on
their surfaces may be unusually large.

Table I also shows the results where only secondary
structure energies or only tertiary structure energies are
used for ranking. The proteins, beef liver catalase (8CAT-
A), cytochrome C; (1CY3), and wheat germ agglutinin
(OWGA-A), whose total secondary structure energies in
s.d. units are significantly low, are proteins that contain
unusually large numbers of Pro’s in 8CAT-A and 1CY3, or
Gly’s in 9WGA-A. Proteins containing many Pro’s and/or
Gly’s tend to have low values of the secondary structure
energies in s.d. units, because of the distinct conforma-
tional characteristics of Pro’s and Gly’s. In comparison to
the tertiary structure energies, the secondary structure
energies do not contribute so much to selecting the native
folds over other folds. The secondary structure energies of
most native folds are within —6 s.d. units of the mean
energies. The correlation of the energy values of native
folds in s.d. units between the short-range secondary
structure energies and the long-range tertiary structure
energies is weak, with a correlation coefficient of 0.32 for
all proteins and 0.54 even if the Pro/Gly rich proteins of
8CAT-A, 1CY3, and 9WGA-A are excluded. It is reasonable
in view of the expectation that overall folds are recognized
by long-range interaction energies, and local conforma-
tions are recognized by short-range interaction energies.

As shown in Figure 2A, the addition of the secondary
structure energies to the tertiary structure energies al-
most always improves the discrimination of the native
structures from other folds; however, the improvement in
the case of threading is not large, because in threading the
average of secondary structure energies of native struc-
tures in s.d. units is much less negative than that of
tertiary structure energies; see Figures 3A and 3B. This
does not mean that secondary structure energies need not
be taken into account. As noted in the next section, the
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TABLE I. Positions of Native Sequence-Structure Pairs in the Energy Distributions

S. MIYAZAWA AND R.L. JERNIGAN

of Threadings and Inverse Threadings

AEsee/n, AE‘e"(eipj —e)n, AE°°"f(eip,- —e)n,
Inverse Inverse Inverse

PDB Threading threading Threading threading Threading threading

name n, #threadings (RT)?2 Rank® (s.d.)° Rankd (s.d.)e (RT)2 Rank® (s.d)° Rank? (s.d.)s (RT)? Rank® (s.d.)° Rank? (s.d.)e
1PGD 469 765 0.11 1 -7.3 1 —10.7 -0.10 1 —10.9 1 —-104 0.01 1 —-125 1 —13.3
8CAT-A 498 548 0.04 1 —11.7 1 —11.6 0.30 1 —8.6 1 -75 034 1 —-12.3 1 —-124
1PN 452 953 —0.00 1 —-58 1 —-12.4 -0.19 1 -10.1 1 -98 -0.19 1 -11.0 1 —-134
3PGK 415 1426 —0.08 1 —-5.8 1 —-13.9 0.10 1 -9.1 1 -9.1 0.02 1 -105 1 -15.3
IWGA-A 170 13451 —0.52 1 —-8.8 1 -120 037 1 -6.1 14 -38 -0.15 1 -105 1 -10.7
2ER7-E 330 3548 —0.08 1 —-58 1 -121 -0.12 1 -9.8 1 —-82 -021 1 -104 1 -12.3
4ENL 436 1146 0.02 1 -53 1 -11.6 0.07 1 -9.7 1 -7.8 0.09 1 -10.2 1 -11.6
4PTP 223 9338 -0.27 1 —-6.8 1 —-11.9 0.07 1 —-8.1 1 -59 -0.20 1 -10.1 1 -10.9
2LIvV 344 3084 —-0.01 1 -5.0 1 —-11.0 0.04 1 -10.0 1 —-7.8 0.03 1 -9.9 1 -114
1ALD 363 2538 —0.08 1 —-53 1 —-11.7 0.06 1 —-95 1 —-7.3 -0.03 1 -9.9 1 —-11.7
1GCR 174 13171 —0.53 1 —6.8 1 —12.2 -0.20 1 —-7.8 1 -79 -0.73 1 -9.8 1 —13.2
8ADH 374 2254 0.01 1 -5.0 1 —-111 -0.07 1 -99 1 —-8.7 —0.06 1 -9.6 1 -12.3
2GBP 309 4402 -0.02 1 —-4.6 1 -9.8 0.01 1 -99 1 -7.3 -0.01 1 -9.6 1 -105
TAAT-A 401 1681 0.07 1 —4.2 1 -10.3 -0.17 1 -11.1 1 -95 -0.10 1 -95 1 -124
2FCR 173 13264 -0.04 1 —-52 1 -79 -0.17 1 -8.3 1 -6.2 -0.21 1 -9.2 1 -9.0
1GKY 186 12058 —0.06 1 —-4.8 1 -82 -0.14 1 —8.8 1 -7.2 -0.19 1 -9.2 1 -9.9
1GD1-O 334 3406 —-0.03 1 —-4.7 1 —-10.8 0.06 1 —-9.5 1 7.2 0.03 1 -9.1 1 —-10.7
4PFK 319 3972 —0.02 1 —-51 1 —-105 0.07 1 —-8.7 1 —-74 0.05 1 -89 1 —-11.2
1F3G 151 15407 —0.20 1 57 1 —-95 -014 1 —-7.6 1 —-6.0 —-0.35 1 -89 1 -99
5TIM-A 249 7560 —0.02 1 —4.6 1 —-99 -0.16 1 —-8.8 1 -73 -0.18 1 -89 1 —-104
1COB-A 151 15407 -0.07 1 —-5.8 1 -8.1 0.02 1 74 1 —-54 -0.05 1 -89 1 —-8.8
1PHH 394 1808 0.08 1 —-4.1 1 -105 -0.05 1 -9.9 1 -93 0.03 1 -8.8 1 -125
INSB-A 390 1889 —0.08 1 —-52 1 -12.9 0.24 1 -83 1 -6.1 0.16 1 -8.8 1 -11.4
6XIA 387 1953 -0.01 1 —-4.8 1 —11.7 0.12 1 -85 1 —-8.2 0.11 1 -8.8 1 -12.1
4FXN 138 16873 0.01 1 —-4.1 1 —-7.0 -0.46 1 -9.3 1 —-7.2 -0.45 1 -8.8 1 —-94
1IPD 345 3052 0.07 1 —-4.9 1 —-9.9 0.06 1 —8.6 1 7.9 0.13 1 —8.8 1 —-11.2
3ADK 194 11413 0.11 1 —-4.0 1 —-6.7 -0.21 1 -91 1 —-7.7 -0.10 1 —8.8 1 -9.8
2TS1 317 3972 0.03 1 —-4.0 1 -96 -014 1 —-9.6 1 -9.1 -0.12 1 —-8.7 1 —12.0
1CSE-E 274 6151 —0.05 1 —-58 1 -106 0.27 1 =71 1 -56 022 1 —8.6 1 -9.6
1RHD 293 5173 0.01 1 —4.6 1 —-10.3 -0.03 1 —-8.7 1 —-8.0 -0.02 1 -85 1 —-11.8
1PAZ 120 19074 -0.11 1 4.7 1 -76 -024 1 -7.9 1 -6.2 -0.35 1 -8.3 1 -9.0
2CNA 237 8389 0.05 1 —-4.6 1 —-8.7 —-0.00 1 7.7 1 -6.8 0.04 1 -8.3 1 -10.0
1ACX 108 20669 -0.14 1 5.7 1 -83 0.07 1 —-6.7 1 -5.0 -0.07 1 -8.3 1 -8.7
3LZM 164 14113 -0.02 1 -4.0 1 -7.7 -0.26 1 -8.4 1 —-7.7 -0.28 1 -8.2 1 -105
2LTN-A 181 12563 —0.08 1 —-4.9 1 —-8.8 —0.09 1 7.4 1 —-6.8 -0.16 1 —-8.2 1 —-10.2
3CHY 128 18067 —0.04 1 —4.0 1 —70 -045 1 —-8.2 1 —74 -049 1 —-8.2 1 -93
1COL-A 197 10951 0.13 1 —-3.6 1 —-6.0 -0.25 1 —-8.2 1 -70 -011 1 —-8.2 1 —-8.7
1RVE-A 244 7876 0.13 1 -38 1 —-8.3 -0.09 1 —-8.7 1 —-80 0.04 1 —-8.1 1 —-10.9
ACPV 108 20530 -0.17 1 —44 1 =75 -0.20 1 -7.6 1 -6.0 —-0.37 1 -8.1 1 —-8.7
2TSC-A 264 6713 0.05 1 —4.2 1 -88 -0.21 1 -83 1 -84 -0.16 1 -8.1 1 -11.3
2TRX-A 108 20669 0.04 1 -3.8 1 —-55 -044 1 -7.8 1 -6.8 —-0.40 1 -79 1 -8.1
1MBC 153 15196 0.13 1 -3.2 1 -53 -0.36 1 -85 1 -7.8 —-0.23 1 -7.8 1 -93
4ADFR-A 159 14598 0.07 1 -4.0 1 -6.9 -0.15 1 7.7 1 —-6.6 —0.08 1 —-7.7 1 -8.7
1IMSB-A 115 19724 —0.08 1 —-4.3 1 —-7.3 -0.08 1 7.4 1 —-5.0 -0.16 1 —-7.7 1 —-7.8
41CB 76 25579 —0.10 1 -39 1 —-59 -049 1 -7.3 1 —-6.8 —-0.59 1 7.7 1 -85
8ATC-B 146 15196 0.16 1 —-34 1 —56 -0.20 1 —-8.2 1 —7.0 -0.04 1 7.7 1 —8.6
1YCC 108 20669 -0.11 1 —4.6 1 —-72 0.03 1 —6.8 1 —48 -0.09 1 =77 1 -7.6
1FKF 107 20812 —0.05 1 —45 1 -64 -0.07 1 -6.9 1 -54 -0.12 1 -7.6 1 -79
9RNT 104 21250 -0.13 1 -5.0 1 -73 o011 1 —-6.4 1 —-4.7 -0.01 1 -7.6 1 =77
ACLA 213 10054 0.05 1 -3.8 1 -78 -0.27 1 74 1 -88 —-0.22 1 7.5 1 -10.9
2RSP-A 115 18565 -0.14 1 —4.7 1 -78 -01 1 —-6.4 1 -57 -0.26 1 —-7.4 1 -8.1
1Lz1 130 17821 —0.05 1 -4.0 1 -7.2 -0.03 1 7.4 1 -55 -0.07 1 -7.3 1 -85
5CPA 307 4493 0.06 1 —-4.0 1 —-9.7 0.05 1 -7.3 1 —6.8 0.11 1 —-7.2 1 —-10.3
2RHEf 114 19857 —0.10 1 —-53 1 -6.9 0.23 1 —54 1 —-46 012 1 7.2 1 74
5pP21 166 13922 0.09 1 —-35 1 —-6.3 —-0.04 1 -7.2 2 -58 0.05 1 =71 1 —-8.0
6LDHf 329 3548 0.08 1 -39 1 -9.7 0.12 1 -7.2 1 -78 020 1 -7.1 1 -11.2
1UBQ 76 25579 —0.09 1 —-3.7 1 -56 -0.21 1 —-6.8 1 =59 -0.30 1 =71 1 -73
1BOV-A 69 26735 —0.05 1 -34 1 -53 -0.29 1 -6.9 2 -48 -034 1 -7.0 1 —-6.4
1PRC-C" 333 3441 0.02 1 —4.6 1 —10.6 0.48 1 —57 1 -53 0.50 1 -6.9 1 -10.0
2AZA-A 129 17943 0.03 1 -3.7 1 -6.5 0.12 1 —-6.8 4 —-4.5 0.15 1 -6.9 1 -6.9
1RBP 175 13081 0.08 1 —-3.6 1 7.2 0.12 1 —6.8 1 —-5.6 0.21 1 —6.8 1 —-8.1
1RNH 148 15300 0.18 1 —-32 1 —4.8 0.05 1 7.2 1 -54 023 1 —6.8 1 —6.8
2SAR-A 96 22443 -0.07 1 —44 1 —6.5 0.10 1 —58 1 —45 0.04 1 —6.8 1 —-7.2
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TABLE I. (Continued)

AES¢/n, AE®"(e; j — re)iny AE e 5 — Fer)iny
Inverse Inverse Inverse

PDB Threading threading Threading threading Threading threading

name n, #threadings (RT)2 Rank? (s.d.)* Rank? (s.d.)¢ (RT)2 Rank® (s.d)* Rankd (s.d.)s (RT)2 RankP (s.d.)° Rankd (s.d.e
1LMB-A 87 23056 —0.03 1 -33 1 -54 -0.16 1 -65 1 -53 -018 1 -6.7 1 -70
2SIC-1 107 20812 0.12 1 —-3.8 1 —-5.4 0.08 1 -61 2 -50 0.20 1 —6.7 1 -70
3B5C 86 23674 —0.07 1 —-3.6 1 -6.0 -0.14 1 -65 1 -62 -021 1 —6.6 1 -80
1FXD 58 28625 -0.14 1 —-3.6 1 —-54 0.00 1 -66 16 —-36 -0.14 1 —6.6 1 -56
1GMF-A 119 19203 0.09 1 —-34 1 -56 -0.12 1 -64 1 -61 -0.03 1 —6.6 1 =77
256B-A 106 20957 0.08 1 -3.1 1 —-4.7 0.04 1 -6.7 1 -52 0.12 1 —6.6 1 -66
2PAB-A 114 18692 0.05 1 -3.7 1 -59 0.12 1 -57 1 -52 0.17 1 -6.3 1 -72
1CY3f 118 19333 —0.58 1 -7.2 1 -106 1.04 >100 -14 >100 -20 0.47 1 -6.3 1 -93
5RXNf 54 29347 -0.14 1 —-4.3 1 —-5.7 0.17 1 -50 2 —-40 0.03 1 —-6.2 1 -62
7TRSA 124 18565 0.08 1 -3.2 1 -5.8 0.29 1 -61 3 —40 0.37 1 —6.0 1 -59
2HIP-Af 71 26400 —0.02 1 —-3.6 1 —-55 0.13 1 -55 4 -39 011 1 -59 1 -62
1TPK-Af 88 23674 -0.12 1 —4.4 1 —6.5 0.41 11 41 63 —30 0.29 1 57 1 -58
2STV! 184 11413 0.07 1 -39 1 -7.2 0.36 1 —45 3 —45 0.43 1 —5.6 1 -73
20VOf 56 28983 0.02 1 -3.2 1 —4.3 0.26 1 -49 24 -32 0.28 1 —-55 1 -48
2WRP-Rf 104 20812 0.14 1 2.7 1 —4.2 0.22 1 -45 1 -57 0.36 1 —-4.8 1 -69
5PTIf 58 28625 —-0.04 1 -35 1 —-4.8 0.46 4 -36 >100 -—-26 0.42 1 —-4.8 1 -49
1SN3f 65 27410 0.22 1 -3.0 1 -3.8 041 5 -41 29 -30 0.63 1 —-4.7 1 -45
2CDVf 107 20812 —0.01 1 -4.0 1 -6.5 0.80 49 -28 17 -30 0.79 1 4.7 1 -59
3EBX! 62 27925 0.07 1 -3.1 1 —4.5 0.53 14 -38 >100 -23 0.61 1 —-4.6 1 —-42
1PI2f 61 27752 0.13 1 —-2.8 1 -3.9 0.54 26 —3.7 3 =31 0.67 1 —4.2 1 —-46
1UTG! 70 26567 0.21 1 —-25 23 —-29 0.54 15 37 7 —35 0.75 1 —4.2 1 -43
2PORf 301 4778 0.35 1 —2.8 1 —6.5 0.72 3 -33 12 -33 1.07 1 —-4.1 1 -64
1PRC-Lf 273 6205 0.18 1 —-4.1 1 -75 042 >100 -20 37 -32 0.60 1 —-4.0 1 -67
1HOEf 74 25905 0.08 1 -3.3 1 —-4.6 0.78 >100 -22 >100 -1.7 0.86 1 —-3.7 9 -36
1CRNf 46 30832 0.35 7 —-2.3 >100 -17 0.70 >100 -26 >100 -1.7 1.05 9 -33 >100 -22

aEnergy of the native structure in RT units.

bRank of the native structure in the energy distribution of all threaded structures.

°Energy of the native structure in standard deviation units from the mean in the energy distribution of all threaded structures.

dRank of the native sequence in the energy distribution of all inverse threadings.

¢Energy of the native sequence in standard deviation units from the mean in the energy distribution of all inverse threadings.

Proteins such as membrane proteins, metal binding proteins, inhibitors without an enzyme, and multimeric proteins without subunit
interactions; see Table 5B of Miyazawa and Jernigan.1®

average of secondary structure energies of native se-
quences in s.d. units is significantly large and negative in
the case of inverse threading. Also, it will be shown in
another paper that the secondary structure energies,
which recognize local conformations, are useful to achieve
a correct positioning of residues in sequence-structure
alignments.

The native energies, in standard deviation units, can be
predicted without carrying out sequence threadings. The
mean and variation of energies of random threadings can
be approximated by simple functions of sequence length. If
surface effects on the number of contacts are ignored, their
means and variations will be roughly proportional to
sequence length. Thus, the means and variations of ener-
gies of threadings for those proteins listed in Table | can be
fit with a function of the form a - nP with a log-log plot,
where a and b are two parameters. These evaluated
parameters are listed in Table Il. The correlation coeffi-

can be predicted by using these estimated relationships as
follows.

(Native energy in standard deviation units)

~ ((native energy) — 2.89n2%2)/(1.34n2%%2)  (21)

In the equation above, the native energies are total
energies including both secondary and tertiary structure
energies. The correlation between predicted and observed
values is highly significant with a correlation coefficient of
0.90 and a slope of 0.98. Two exceptions for which the
observed values do differ significantly from the predicted
values are 8CAT-A and 1PGD which are the two longest
proteins in this protein set. Eq. 21 can be generally useful
to provide estimates without detailed calculations.

Inverse Threading Without Gaps

cients are all larger than 0.96, indicating this fitting
function to be appropriate. Estimated values of the expo-
nents for standard deviations are much larger than 0.5
and those for the means are slightly less than 1.0, probably
due to variations in the number of contacts per residue or
surface effects on the number of contacts. As a result, the
native conformational energies in standard deviation units

In order to examine how the present energy function
recognizes native sequences for a given protein structure,
a given protein structure is threaded with all possible
partial sequences of other proteins, and their alignment
energies AE®f(ej; — e,,) are compared. It should be noted
that the total average of each type of interaction energy
over all native structures is set to zero by subtracting the
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average energy of the native structures as a reference
state. This inverse threading is carried out for the struc-
tures of the same set of proteins whose sequences have
been used in threading in the previous section.

Table I also shows the ranks of the native sequences and
their energies in standard deviation units from the mean
in the energy distributions of all inverse threadings.
Unlike the usual threading, the native alignment energies
in s.d. units for inverse threading depend on the choice of
the reference state for the secondary structure and ter-
tiary structure potential energies, which is defined as the
zero energy state; that is, they depend on the second and
fourth terms of Eq. 15 for the tertiary structure potential
and on Eq. 12 for the secondary structure potentials. On
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the other hand, subtracting the collapse energies from the
contact energies and excluding the side-chain independent
terms in the secondary structure potentials do not change
the native alignment energies in s.d. units. Therefore,
inverse threading provides a test for examining whether
the choice of the reference state, i.e., the approximation of
Eq. 11, is appropriate for native sequence recognition with
a structure. On the other hand, threading is a test for the
adequacy of the conformation dependent terms, i.e., the
subtraction of the collapse energies from the contact
energies and of the exclusion of the side-chain independent
terms in the secondary structure potentials.

In both the secondary and the tertiary structure poten-
tials, most native sequences rank at the lowest energy. The
correlation of the energy values of native structure-
sequence pairs in s.d. units between the short-range
secondary structure energies and the long-range tertiary
structure energies is higher than for the case of normal
threading, with a correlation coefficient of 0.62 for all
proteins and 0.70 for the set of proteins excluding the
Pro/Gly rich proteins 8CAT-A, 1CY3, and 9WGA-A. As for
threading, membrane proteins and proteins, given in
isolated forms without their binding counterparts, such as
small inhibitors and other subunits, and proteins binding
metallic ions or other molecules, are also exceptions in
inverse threading. These results indicate that the choice of
the reference state at zero energy is quite good for both
secondary structure potentials and the contact energy
potentials in order to recognize native sequences from
other non-native sequences for given protein structures.

Figure 3 shows comparisons of native energies in s.d.
units for inverse threading and conventional threading.
One of interesting features is that the secondary structure
energies of native structure-sequence pairs in s.d. units

Fig. 2. A: The effects of the secondary structure energies on the
discrimination of native structures among other folds with a given
sequence and (B) inversely on the recognition of native sequences
among other non-native sequences with a given structure. The total
alignment energies per residue AE®" (e — ey,)/n, including the secondary
structure energies, and the tertiary structure energies per residue
AE®*"(e; — ey)/ n, alone of the native structures or sequences of 88
proteins, in standard deviation units from the mean in the energy
distribution of random threadings, are plotted against each other; see Eq.
19. Sequences of 88 proteins whose structures were determined to a
resolution better than 2.5 A by X-ray analyses and are structurally
dissimilar to each other are passed through each of the 189 representa-
tive proteins, that differ from each other by having no more than 35%
sequence identity, as selected by Orengo, et al.38 Inversely the 88 protein
structures are threaded by the 189 protein sequences in the case of
inverse threading. Then, the total conformational energies as well as the
tertiary structure energies according to Eq. 19 for all threadings, with no
gaps allowed, and its mean and standard deviation are calculated. The
long-range tertiary structure energies are calculated in a multimeric state,
only if the coordinates of other bound molecules are given in a PDB file.
The 189 protein representatives are the same ones used for Figure 1. The
88 proteins are a subset of these 189 protein representatives and are
listed in Table I; proteins®® classified within the multidomain group are
excluded from this set of 88 proteins. Coordinate files with too many
unknown atomic coordinates are also excluded from these data sets.
Proteins, which were classified in Figure 1 and marked by footnote f in
Table | as membrane proteins, metal or DNA binding proteins, inhibitors
without an enzyme, and multimeric proteins without subunit interactions,
are plotted here as open circles.
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tend to be significantly more negative in inverse threading
than in normal threading; see Figure 3A. Similar behavior
was also reported by DeWitte & Shakhnovich??; in their
analyses, the average z-score where only local interactions
were taken into account is about —2 for the discrimination
of native sequences from a random collection of shuffled
sequences, a larger value than about —0.5 for discriminat-
ing native structures from a group of “random structures.”
The mean of the energies of random threadings ought to be
the same for both inverse threading and normal threading,
and it is actually almost the same for the present protein
set. The origin of this difference is the fact that the
standard deviations of energies of random threadings in
inverse threading is about half of that for normal thread-
ing; see Table Il. This indicates that the differences in
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Fig. 3. The positions of energies of native sequences in standard
deviation units from the means in the distributions of alignment energies
of all sequences in inverse threadings are plotted against those of the
native structures in threadings; (A) for the secondary structure energies
per residue AESe°/n,, (B) for the tertiary structure energies per residue
AE®"(ej — eq)/n, and (C) for the sum of these energies AE<" (e — ey)/n,.
Values of the energies in s.d. units are listed in Table I. Proteins, which
were classified in Figure 1 and marked with footnote f in Table | as
membrane proteins, metal or DNA binding proteins, inhibitors without an
enzyme, and multimeric proteins without subunit interactions, are plotted
here as open circles. The regression linesarey = —1.7 + 1.4xin (A),y =
0.08 + 0.86x in (B), and y = 0.41 + 1.2x in (C). The correlation
coefficients are 0.73 for (A), 0.91 for (B), and 0.88 for (C).

secondary structures among proteins yield larger varia-
tions in energy than do the differences of amino acid
sequences. As a result, the addition of secondary structure
energies to tertiary structure energies significantly im-
proves the positions of native energies in standard devia-
tion units; see Figure 2B. On the other hand, the tertiary
structure energies of the native sequences in standard
deviation units in inverse threading are slightly higher
than in normal threading; see Figure 3B and 3C.

The means and standard deviations of energies of in-
verse threadings for those proteins listed in Table | are
also fitted to the function a - n° with a log-log plot, where a
and b are two parameters. Estimated values of these
parameters are given in Table I1. Except for the standard
deviation of the secondary structure energy, the mean and
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TABLE Il. Observed Equations for the Means and Standard Deviations in the Distributions of Energies of Random
Threadings, Which are Estimated from Linear Fitting of the Log-log Plots of Energy Versus Sequence Length

Threading

Inverse threading

Mean

Standard deviation

Mean Standard deviation

a b

b a b a b

1.01-n2% 099
1.89-n2%2 099
2.89 -n%%2 100

Total secondary structure energy
Total tertiary structure energy
Total conformational energy

0.808-n%"® 096
0.940 - n?%7 097
1.34 . %582 0.98

0.661-n% 096  0992.n2% 091
1.35.n%%° 099  1.32.n0%* 0.98
202-n?%% 099 168 n™* 0.98

aeEquations estimated from linear fitting in log-log plots of energy versus sequence length; n, is sequence length. These average energies for
random threadings are positive, because the total average of interaction energies of each type over all native structures is calibrated at zero.

bCorrelation coefficients in log-log plots of energy versus sequence length.

even the standard deviation of all energies for inverse
threading are similar to those for normal threading. The
largest difference is that the power dependence of the
standard deviation of the secondary structure energy on
sequence length is 0.56 closer to Y, as expected, for inverse
threading than to the values of 0.72 found for normal
threading. Then, the native energies in standard deviation
units for inverse threading can be predicted by using those
estimated relationships in a way similar to Eq. 21 for
normal threading. The correlation between the predicted
and observed values is highly significant with an excellent
correlation coefficient of 0.96 and a slope of 0.94.

DISCUSSION

Contact energies were demonstrated to discriminate
between native-like conformations and incorrectly folded
conformations in five small lattice-proteins,*® and also to
be useful in ranking potential binding peptides to MHC
molecules.! It was also demonstrated?® that the tertiary
potential function consisting of the contact energies and
the repulsive packing energies could select native struc-
tures from non-native folds, which were generated by
threading sequences into other structures in all possible
ways without gaps. In the present paper, the same type of
test has been carried out to see the effects of the secondary
structure potentials on the discrimination of the native
folds among non-native folds, and it has been shown that
their inclusion can substantially improve the capability for
discrimination for almost all of the proteins tested here.
DeWitte and Shakhnovich?® tried to optimize the relative
weight for the contribution of local interactions to enhance
fold or sequence recognition. According to their analyses,
the optimum ratio of local interactions to contact interac-
tions was one for inverse threading and 0.3 to 0.7 for
threading. Here instead, we did not optimize the relative
weight of secondary structure energies to tertiary struc-
ture energies for a scoring function, but rather they are
summed up with an equal weight, assuming that both
types of empirical energies properly reflect the actual
strength of those interactions.

Because non-native folds have been generated here by
simply threading a sequence into other non-native struc-
tures without gaps, subtracting the reference energy,
which does not depend on protein conformation, from each
potential does not change the values of the energies in s.d.
units from their means in normal threading, although it
does affect the absolute values of the energies; see Egs.

11-15. Therefore, this threading check of the potentials
can only test other corrections to the potentials such as the
subtraction of collapse energies from contact energies and
the removal of intrinsic and backbone-backbone interac-
tions from the secondary structure potentials. In the
present test, the energies of intrinsic residue and backbone-
backbone interactions for secondary structures have been
excluded. The exclusion of these energy terms is not
required but is better at the present level in which only the
effects of short-range interactions on secondary structures
are taken into account. When other long-range effects such
as the more complex hydrogen bond interactions between
B strands and other interactions are properly included,
these additional terms should be included in the estima-
tion of secondary structure energies, even for fold recogni-
tion. On the other hand, subtracting the collapse energy
from the estimation of the total contact energy is required
to make it possible to compare energies among monomeric
and multimeric proteins. However, all these energies must
be taken into account to estimate conformational energies
for simulations of protein conformations.

On the other hand, the adequacy of an average native
structure as the reference state for the present energy
potentials has been successfully tested by inverse thread-
ing, which clearly shows that native sequences can easily
be identified for a given protein structure to have the lowest
alignment energies among non-native sequences. But, most
remarkably it has been shown that through the proper
choice of a reference state, both threading and inverse
threading can succeed with the same set of potentials.

An implicit assumption in the present scoring function
for sequence recognition with a given structure is that
native sequences are well designed to fold into specific
native structures. With this basic assumption, a scoring
function for sequence recognition becomes just the same as
that for sequence design in the inverse folding problem in
which a sequence is designed to better fold to a specific
structure. Here, by assuming the stability of native struc-
tures as a primary requirement for a sequence to fold into
a structure, the present scoring function in Eq. 11 has been
devised. This scoring function that approximately mea-
sures the stability of a structure could also be used for
sequence design. However, it should be noted that in
principle native structures must be the lowest energy folds
for their sequences but that native sequences need not be
best designed for their native structures, even though it is
highly probable; proteins might evolve toward more com-
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patible sequences, if their sequences are not quite compat-
ible with their structures.

CONCLUSION

Here, a simple test by threading sequences into struc-
tures without gaps has been used to show the suitability of
the modifications to the original energy potentials for
scoring in both fold and sequence recognition. The present
case of forbidding gaps is essential in order to demonstrate
separately the suitability of the reference state for inverse
threading and other corrections to the energy potentials
for normal threading. The result that native folds are
discriminated from non-native folds for given sequences in
normal threading justifies the subtraction of a collapse
energy from contact energies. The adequacy of an average
native structure as the reference state for both secondary
structure potentials and tertiary structure potentials has
been shown by the fact that native sequences can be
identified by given structures in inverse threading. Thus,
both threading and inverse threading can succeed with the
same set of potentials. Also, it has been shown that the
inclusion of the secondary structure potentials can substan-
tially improve the quality of discrimination for almost all
of the proteins tested here, expecially in inverse threading.
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