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We suggest and test potentials for the modeling of protein
structure on coarse lattices. The coarser the lattice, the more
complete and faster is the exploration of the conformational
space of a molecule. However, there are inevitable energy
errors in lattice modeling caused by distortions in distances
between interacting residues; the coarser the lattice, the
larger are the energy errors. It is generally believed that
an improvement in the accuracy of lattice modelling can
be achieved only by reducing the lattice spacing. We reduce
the errors on coarse lattices with lattice-adapted potentials.
Two methods are used: in the first approach, ‘lattice-
derived’ potentials are obtained directly from a database
of lattice models of protein structure; in the second
approach, we derive ‘lattice-adjusted’ potentials using our
previously developed method of statistical adjustment of
the ‘off-lattice’ energy functions for lattices. The derivation
of off-lattice Cα atom-based distance-dependent pairwise
potentials has been reported previously. The accuracy of
‘lattice-derived’, ‘lattice-adjusted’ and ‘off-lattice’ poten-
tials is estimated in threading tests. It is shown that ‘lattice-
derived’ and ‘lattice-adjusted’ potentials give virtually
the same accuracy and ensure reasonable protein fold
recognition on the coarsest considered lattice (spacing
3.8 Å), however, the ‘off-lattice’ potentials, which efficiently
recognize off-lattice folds, do not work on this lattice,
mainly because of the errors in short-range interactions
between neighboring residues.
Keywords: adjustment of energy functions/lattice modeling/
lattice potentials/threading on lattices

Introduction
Success in the prediction of three-dimensional structures of
protein molecules depends on the efficiency of searching over
different conformations and on the accuracy of the estimation
of the energy of these conformations. Lattice modeling of
protein structure (see Figure 1) where an amino acid residue
is approximated by a single lattice point significantly simplifies
the conformational search problem (Covell and Jernigan, 1990;
Kolinski et al., 1993; Kolinski and Skolnick, 1994a,b; Hind
and Levitt, 1994, 1996).

The coarser the lattice, the more complete and the faster is
the exploration of the conformational space of a molecule.
However, energy estimates for lattice models are inevitably
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Fig. 1. A lattice model of a protein molecule. The pathway traced through
the Cα atoms of a crambin molecule (lcrn) is shown by the thick pipes. The
lattice projection of the structure is shown by the dark sticks. The r.m.s.d. of
the model is 1.7 Å; it is built on a lattice of spacing 3.8 Å by a lattice
fitting algorithm (Rykunovet al., 1995), which guarantees the minimal
r.m.s.d. for a given protein-to-lattice orientation. One can see that the actual
off-lattice lengths between Cα carbons are disturbed in the lattice model.
The shorter the off-lattice distance, the larger the relative error of the lattice
approximation.

approximate because of distortions in the distances between
interacting residues. The coarser the lattice, the larger are the
energy errors and the more chances there are that the lattice
model of the native structure will not correspond to the global
energy minimum (Revaet al., 1996b).

Hence the question arises of how to retain the advantages
of lattice modeling without drastic distortions in the energy
landscape of a molecule.

One approach to this problem has been to adjust the energy
functions to compensate for errors introduced by the lattice
discretization (Revaet al., 1996a). The adjusted energy func-
tions result from averaging over distortions and are ‘smoother’
and less specific than the original ones. When the distortions
are too large, the smoothed functions will not recognize the
native conformations.

Hence the problem is to discover the coarsest lattice that
will still allow for the accurate recognition of the native
structure, while retaining the advantages of efficient exploration
of the conformational space of a molecule.

It is clear that such an ‘optimal’ lattice does not exist ‘by
itself’, but is determined by the potential used. Because the
total energy error on a given lattice results from both the
inherent inaccuracies of the potentials and from lattice-induced
distortions, more accurate potentials could permit the use of a
coarser lattice.

In this work, we study how our recently derived phenomeno-
logical energy functions (Revaet al., 1997a,b) can be applied
to the problems of recognition of protein structure on lattices.
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Fig. 2. Building of a lattice model of a protein molecule. A two-
dimensional case is shown for simplicity. A fragment of a protein structure
is shown by the thin line, its lattice model by the solid line and the lattice
itself by dashed lines. The main chain is represented by the positions of Cα
atoms;x→i is the actual off-lattice position of the Cα atom of residuei and
R
→

i is its position on the lattice. The algorithm for building a lattice model
chooses that combination of lattice points that minimizes the deviation
Σ (x→i – R

→
i)

2 under the conditions thatR
→

i – R
→

i 11| – |x→i – x→i 1 1 ø γ, which
maintains the chain connectivity. In this work,γ 5 ∆/2, where∆ is the
lattice spacing.

To derive Cα atom-based lattice potentials, we use two methods.
In the first approach, ‘lattice-derived’ potentials are obtained
directly from a database of lattice models of protein structure.
To obtain better statistics of lattice distortions, each of 308
non-homologous proteins used in the database is represented
by 100 slightly different lattice models that were built using
the lattice model fitting algorithm (Rykunovet al., 1995) and
different starting orientations of the protein relative to the
lattice. In the second approach, we derive ‘lattice-adjusted’
potentials using our previously developed method (Revaet al.,
1996a) of statistical adjustment of the off-lattice energy func-
tions for lattices.

The accuracy of the adjusted and the original off-lattice
energy functions is tested in the ‘hide and seek’ threading test
(Hendlichet al., 1990) on lattices of different spacings, ranging
from 0.5 to 3.8 Å. We show that lattice-derived and lattice-
adjusted potentials can be efficiently applied for the recognition
of protein structures even on the coarsest considered lattices,
while original off-lattice potentials cannot. The origin of this
difference is examined.

Methods
Building of lattice models of protein chains
In this study, a protein conformation is represented by coordin-
ates of Cα atoms of the main chain confined to a specified
lattice (Figure 2).

To construct lattice models from real protein structures, we
use our previously developed algorithm (Rykunovet al., 1995).
The algorithm guarantees the minimal root mean square
deviation (r.m.s.d.) for any given chain-to-lattice orientation.
The accuracy of the approximation (r.m.s.d.) depends mainly
on lattice spacing and varies only slightly from the original
protein-to-lattice orientation (Rykunovet al., 1995). For the
simple cubic lattices used in this work and under the chain
connectivity condition of Figure 2, the average r.m.s.d.
™ ∆/2, where∆ is the lattice spacing (Rykunovet al., 1995).
To obtain better statistics on the actual distributions of inter-
link distances, each of the protein molecules used in this
study was approximated by 100 slightly different models
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Fig. 3. A scheme of long- and short-range interactions; residues for which
potentials are derived are shown by filled circles. (a) Long-range
interactions depending on the distance between remote residuesα andβ;
(b) short-range interactions depending on the distance between terminal
residuesα andβ; (c) short-range interactions depending on chain bending in
the intervening residueα (or α andβ), which affects the distance between
terminal residuesδ andγ.

corresponding to 100 randomly chosen protein-to-lattice
orientations.

Lattice-derived phenomenological potentials
In this work, we use our recently developed approach to
extract phenomenological energy functions from the statistics
of protein structures (Revaet al., 1997a,b). Here, this method
is applied to lattices. Residue–residue interactions taken into
account by the corresponding energy terms are shown in
Figure 3.

The energy of long-range interactions (Tanaka and Scheraga,
1976; Sippl, 1990) between two residuesα and β that are
remote along a chain is given by

Nαβ(l )εαβ(l ) 5 2RTcln [ ] , (1)
N*αβ(l )

where l is the distance between lattice points occupied by
residuesα andβ, Tc is a ‘conformational temperature’ (Pohl,
1971), which is close to the characteristic temperature of the
freezing of native folds (Finkelsteinet al., 1995) (~300 K),R
is the universal gas constant andNαβ(l ) and N*αβ(l ) are the
observed and expected number of cases, respectively, when
residue pairsαβ occur at lattice distancel.

Nαβ (l) 5 Σ
P

p 5 1
Σ

Np 2 s0

i 5 1
Σ

Np

j 5 1 1 s0

Σ
M

m 5 1

(δqiαδqj β 1 (2)

δqiβδqjα 2 δqiαδqiβδαβ) δ [ |l ij
(m) 2l |] ,
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whereP is the number of proteins in the database,Np is the
sequence length of the proteinp, s0 5 5 is the minimal
separation for remote pairs,qi is the type of the residue of
position i in the sequence,δαβ 5 1 if α 5 β and δαβ 5 0 if
α Þ β, lij (m) is the lattice distance between residuesi and j in
themth lattice model,M 5 100 is the number of lattice models
used in approximating a protein structure andδ(x) 5 1 if x 5
0 andδ(x) 5 0 if x Þ 0.

Defining N0
αβ(ùR*) as the total number of cases whereαβ

residue pairs occur with no interactions when they are remote
along a chain.

N0
αβ(ùR*) 5 Σ

P

p 5 1
Σ

Np 2 s0

i 5 1
Σ
Np

j 5 i 1s0

Σ
M

m 5 1

(δqiαδqjβ 1 (3)

δqiβδqjα 2 δqiαδqjβδαβ) θ[ l ij
(m) 2 R* ] ,

we estimate (Revaet al., 1997a)N*αβ(l ) as

N*αβ(l ) 5 N(l )fαβ(R*), (4)
where

N0
αβ(ùR*)

N(l ) 5 Σ
α ù

Σ
β

Nαβ(l ); fαβ(R*) 5 (5)Σ
α ù

Σ
β

N0
αβ(ùR*)

In equations 3–5,R* is the maximal distance of direct
interaction betweenα andβ residues [i.e.εαβ(l ) 5 0 for l ù
R*; in this work R* 5 14 Å], θ(x) 5 1 if x ù 0 andθ(x) 5
0 if x , 0, N(l ) is the total number of cases where remote
residue pairs are at lattice distancel andfαβ(R*) is the fraction
of αβ pairs in the zone not disturbed by interactions.

Short-range direct interactions are defined as those between
residues occupying positionsi,i 1 s, s 5 2, 3, 4 along a chain
(see Figure 3b):

Ns
αβ(l )εs

αβ(l ) 5 2RTcln [ ] , s 5 2, 3, 4 (6)
N* s

αβ(l )

where

Ns
αβ(l ) 5 Σ

P

p 5 1
Σ

Np 2 s

i 5 1
Σ
M

m 5 1

δqiαδqi 1 sβδ [ l (m)
i, i 1 s2l ] , (7)

and

N* s
αβ(l ) 5 Ns(l )f s

αβ , (8)

Σ
l

Ns
αβ(l )

Ns(l ) 5 Σ
α

Σ
β

Ns
αβ(l ); f s

αβ 5 (9)

Σ
α

Σ
β

Σ
l

Ns
αβ(l )

In equations 8 and 9,Ns(l ) is the total number of cases when
residue pairs occupying positionsi,i 1 s along a chain are at
lattice distancel and fs

αβ is the corresponding fraction ofαβ
pairs. For short-range interactions we distinguish between pairs
‘αβ’ and ‘βα’.

The distance between residues in positionsi,i 1 s also
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depends on the type of residues occupying the intervening
positionsi 1 l, . . . ,i 1 s2 1. To take into account the influence
of the local chain stiffness, we introduce two ‘bending’ energy
terms in the total energy function (see Figure 3c):

Ñα
(2) (l )

uα
(2) (l ) 5 2RTcln [ ] (10)

Ñα
*(2) (l )

and
Ñαβ

(3) (l )
uαβ

(3) (l ) 5 2RTcln [ ] (11)
Ñαβ

*(3) (l )

where

Ñα
(2) (l ) 5 Σ

P

p 5 1
Σ

Np 2 2

i 5 1
Σ
M

m 5 1

δqi 1 1αδ [ l (m)
i, i 1 2 2l ] , (12)

Σ
l

Ñα
(2) (l )

Ñα
*(2) (l ) 5 Σ

α

Ñα
(2) (l ) ; (13)

Σ
l
Σ

α

Ñα
(2) (l )

and

Ñ αβ
(3) (l ) 5 Σ

P

p 5 1
Σ

Np 2 3

i 5 1
Σ
M

m 5 1

δqi 1 1αδqi 1 2βδ [ l (m)
i, i 1 32l ] , (14)

Σ
l

Ñαβ
(3) (l )

Ñαβ
*(3) (l ) 5 Σ

α
Σ

β

Ñαβ
(3) (l ) . (15)

Σ
α
Σ
β

Σ
l

Ñαβ
(3) (l )

WhereÑα
(2) (l ) is the number of pairsi,i 1 2 with a distancel

betweeni and i 1 2 residues and the residueα in the i 1 1
position andÑ(3)

αβ (l ) is the number ofi,i 1 3 pairs with a
distancel betweeni and i 1 3 residues and residuesα in
i 1 1 andβ in i 1 2 positions (see Figure 3c).

Statistical adjustment of energy functions

The idea of adjusting continuous energy functions for discrete
modeling was first formulated by Finkelstein and Reva (1992)
and further developed more recently by Revaet al. (1996a).
According to this work, the energyε̃αβ(l ) of residuesα,β
confined to a lattice with spacing distancel is not well
represented by the original ‘off-lattice’ potentialεαβ(l ). Instead,
the energy is better represented by averaging the original
potential over the ensemble of off-lattice distances, which are
approximated by lattice spacingl in the lattice models:

ε̃αβ(l ) 5 Σ
{ r}

εαβ(r)Wαβ(r/l) (16)

whereWαβ(r/l ) is a relative probability that a true (off-lattice)
distance between residuesα andβ is r, given that the distance
between their lattice positions isl. In the ‘statistical’ adjustment
used in this work, the valuesWαβ(r/l) for all kinds of αβ
residue pairs and all types of interactions are found from the
statistics of lattice models of protein structure:

Σ
P

p 5 1
Σ
Np

αβ

k 5 1
Σ
M

m 5 1

δ(r – rp,k)δ[ l – l (m)
p,k]

Wαβ(r/l ) 5 (17)

Σ
Np

p 5 1
Σ
Np

αβ

k 5 1
Σ
M

m 5 1

δ[ l – l (m)
p,k]

whereP is the number of proteins in the database,Np
αβ is the
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Table I. List of PDB codes of 278 non-homologous protein chains used in derivation of potentials and as a source of alternative conformations in the
threading tests

153l 193l 1abr.B 1ade.A 1afb.1 1amg 1amp 1aor.A 1aoz.A 1arb
1ars 1arv 1ash 1atl.A 1atp.E 1bbp.A 1bdm.B 1bec 1bnh 1bp2
1bri.C 1byb 1cau.A 1cau.B 1ccr 1cdo.A 1cea.A 1cel.A 1cew.I 1cfb
1chd 1chk.A 1chm.A 1clc 1cmb.A 1cns.A 1cnv 1col.A 1com.B 1cpc.A
1cpc.B 1crl 1cse.I 1csh 1ctm 1ctn 1ctt 1cus 1cyx 1daa.A
1dea.A 1dhr 1dih 1dpg.A 1dsb.A 1dup.A 1dyn.A 1dyr 1ecp.A 1ede
1eny 1epa.B 1esc 1esl 1fba.A 1fjm.A 1fkj 1fnc 1fnf 1fru.A
1gad.O 1gca 1gcb 1ghr 1gky 1gmf.A 1gof 1gpb 1gpc 1gpr
1gsa 1gtq.A 1han 1hbq 1hpm 1hqa.A 1hsl.A 1htp 1huc.B 1hul.A
1hvd 1hvk.A 1hxn 1i1b 1ilk 1irk 1jap.A 1jcv 1knb 1kpb.A
1kpt.A 1l17 1lau.E 1lba 1lcp.A 1lct 1len.A 1lfa.A 1lis 1lki
1lpb.B 1lpe 1lts.A 1lts.D lmat 1mhc.A 1mhl.C 1min.B 1mka.A 1mla
1mls 1mml 1mmo.B 1mmo.D 1mmo.G 1mpp 1mrj 1msa.A 1msc 1mup
1nal.1 1nar 1nba.A 1ncf.A 1ndh 1nfp 1nhk.L 1nhp 1nif 1nsc.A
1omp 1onc 1ova.A 1oxa 1oyc 1pbe 1pbn 1pcl 1pea 1pgs
1phg 1phr 1pii 1plq 1pnk.A 1pnk.B 1pox.A 1prc.C 1prc 1pvc.1
1pvc.2 1qor.A 1qpg 1quk 1rcb 1rcf 1rci 1reg.X 1rib.A 1rsy
1rtp.1 1rva.A 1sac.A 1sat 1sbp 1slt.B 1smd 1smn.A 1snc 1sra
1sri.B 1svb 1tag 1tca 1thv 1thx 1tml 1trk.A 1try 1ttr.A
1tup.B 1tys 1ubs.B 1urn.A 1vca.A 1vhh 1vhr.A 1vid 1vmo.A 1vsd
1wht.A 1wht.B 1xaa 1xnb lxyz.A 1zaa.C 2abk 2acq 2ak3.A 2alp
2ayh 2aza.A 2blt.A 2cba 2ccy.A 2cdv 2cmb 2cpl 2ctc 2cyp
2dkb 2dln 2dri 2ebn 2end 2er7.E 2fd2 2gdm 2gsq 2gst.A
2hbg 2hhm.A 2hpd.A 2kau.C 2liv 2mnr 2mta.C 2nac.A 2olb.A 2omf
2pgd 2phy 2pia 2por 2prd 2sas 2scp.A 2sil 2tgi 2tmd.A
3aah.A 3cd4 3chy 3cla 3dfr 3grs 3pmg.A 3pte 3tgl 4blm.A
4enl 4fgf 4fxn 4gcr 4pfk 4xia.A 5p21 5rxn 5tim.A 6fab.L
6taa 7rsa 8abp 8acn 8tln.E 9ldt.A 9pap 9rnt

Table II. List of PDB codes of 30 non-homologous protein chains used as a source of sequences and their native folds in the threading tests

1aak 1bnd.A 1cks.B 1dtx 1eca 1hmt 1iae 1isc.A 1mhl.A 1mol.A
1pne 1poc 1ptx 1rbu 1rcp.A 1rmi 1ttb.A lytb.A 2bop.A 2ctx
2cwg.A 2fal 2hmz.A 2mad.L 2pii 2psp.A 2rsl.B 3sdh.A 3sic.I 7pcy

number ofαβ pairs in a proteinp, M 5 100 is the number of
lattice models used in approximating the protein structure,rp,k
is the off-lattice distance betweenα andβ residues in thekth
αβ pair, l(m)

p,k is the distance between the same residues in the
mth lattice model of this protein andδ(x) 5 1 whenx 5 0
andδ(x) 5 0 whenx Þ 0.

‘Hide and seek’ threading test
The accuracy of potentials is estimated using the threading
test suggested by Hendlichet al. (1990). In this test, the energy
of the native structure is compared with the energies of
alternative structures obtained by threading the native sequence
through all possible structural conformations provided by the
backbones of a set of proteins. No gaps or insertions are
allowed; thus, a probe chain ofN residues length can be
threaded through a larger protein moleculeM residues length
in M 2 N 1 1 different ways.

In this work, the threading test is performed on lattice models
of proteins. Since a protein molecule can be embedded into a
lattice in many different ways with almost the same r.m.s.d.
but different inter-link distances, we use 100 different lattice
models for each of the proteins to obtain more objective data.

For threading, we used 30 proteins of 58–200 residue
lengths; 278 proteins were used as a source of alternative
structures and as a database for extraction of potentials (see
Tables I and II).

These 308 proteins, each with a resolution better than
2.5 Å and with no structural defects (chain gaps, significant
distortions of bond lengths, absent atoms), were chosen from
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the list of 365 low-homology (less than 25%) proteins provided
by Hobohmet al. (1992).

Results and discussion

To study lattice potentials, we compared the accuracy of on-
lattice threading obtained with lattice and off-lattice potentials.
In the tests, the energies of the native structures of 30 proteins
(Table II) were compared with 10 000 energies of alternative
conformations. (The first 10 000 alternative conformations
were chosen from the list of protein structures in Table I,
sorted by sequence lengths.) Each of the conformations was
presented by (i) an energy of one lattice model, (ii) the average
energy of 100 lattice models of this conformation and (iii) the
minimum energy over 100 lattice models of the conformation.

To study how the accuracy of lattice potentials depends on
the size of a lattice cell, we tested potentials on lattices of
different spacings: 3.8, 3, 2, 1.5, 1 and 0.5 Å. The results of
the experiments are summarized in Tables III–V. Table III
gives the ranking of the native structure energies obtained in
threading on the coarsest lattice with 3.8 Å spacing. One
can see that off-lattice potentials are practically useless in
distinguishing the native structure on a lattice with 3.8 Å
spacing. This results from large energy errors caused by
distortions of the original structures introduced by the lattice
approximation (average r.m.s.d.™ 2 Å). However, both lattice-
derived and lattice-adjusted potentials, designed to take these
distortions into account, ranked most of the native structures
as rank one, which approaches the accuracy of off-lattice
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Table III. Ranks of the native conformations of 30 proteins obtained in threading over 10 000 alternative structures with different potentials on the lattice of
spacing 3.8 Å

PDB code Chain One lattice modela Averaged over 100 lattice modelsb Minimum over 100 lattice modelsc Off-latticeh

length
Od

Od LDe LAf Od LDe LAf Od LDe LAf

1dtx 58 7755 9 6 4222 11 4 2077 6 4 2
1ptx 64 41 1 1 3351 1 1 2903 1 1 1
2ctx 71 3668 8 2 5677 1 1 5527 1 1 1
1cks 78 1207 1 3 3995 1 1 4185 1 1 1
2bop 85 265 1 1 6259 1 1 5471 1 1 1
1mol 94 2186 23 42 6447 2 3 4409 2 1 1
7pcy 98 2882 1 1 5559 1 1 6014 1 1 1
1mhl 104 612 57 138 1762 46 79 2251 118 200 5
2psp 105 183 1 1 471 1 1 152 1 1 1
3sic 107 8982 1 1 5945 1 1 5508 1 1 1
1bnd 109 2193 1 1 7869 1 1 6008 1 1 1
2pii 112 1013 1 4 4723 3 9 1929 3 5 1
2hmz 113 57 27 25 4 1 3 127 1 1 1
2rsl 120 3582 1 1 1036 1 1 376 1 1 1
2mad 124 582 1 1 2121 1 1 955 1 1 1
1ttb 127 1533 1 1 7059 1 1 7804 1 1 1
1rcp 129 257 1 1 4 1 1 155 1 1 1
1hmt 131 6043 10 8 8934 1 1 6777 1 1 1
1poc 134 323 1 1 2436 1 1 3156 1 1 1
1eca 136 59 1 1 1 1 1 1 1 1 1
1pne 139 162 1 1 2901 1 1 3889 1 1 1
3sdh 145 3174 1 1 1 1 1 1 1 1 1
2fal 146 290 1 1 1 1 1 1 1 1 1
1aak 150 483 1 1 901 1 1 2163 1 1 1
1rbu 155 3 1 1 3360 1 1 2934 1 1 1
1rmi 160 114 1 1 1 1 1 1 1 1 1
2cwg 170 85 1 1 1 1 1 2 1 1 1
1ytb 180 324 1 1 3490 1 1 3978 1 1 1
1isc 192 2 1 1 296 1 1 146 1 1 1
1iae 200 2 1 1 415 1 1 450 1 1 1
Avg 119 366 1.8 1.9 480 1.3 1.4 534 1.3 1.3 1.1

a,b,cThe energy of a conformation is taken asaenergy of one lattice model,baverage energy over 100 lattice models of the conformations andcminimum over
100 lattice models of the conformation.
d,e,fPotentials used in threading: off-lattice (Od), lattice-derived (LDe) and lattice-adjusted (LAf).

ln PigAverage position is defined as the mean geometrical:〈P〉 5 exp( Σ
N

i 5 1
), wherePi (i 5 1, ..., 30) is the position of a proteini and

NN 5 30 is the number of threaded protein chains.
hOff-lattice threading with off-lattice potentials.

Table IV. Characteristics of the native structure recognition obtained with different potentials at different lattice spacings in threading tests with 30 proteins

Lattice Lattice Average positiong Average energy gapi Average dispersionj AverageZ-scorek AverageNl
Z

spacing model
(Å) energy Od LDe Od LDe Od LDe Od LDe Od LDe

3.8 Onea 366 1.8 2105 22 – – 1.9 5.1 24 53107

Av.b 480 1.3 2103 26 67 8 1.5 5.4 9 23108

3.0 Onea 55 1.5 234 23 – – 2.6 5.0 17 33107

Av.b 1.7 1.3 23 28 30 7 4.7 5.3 83105 23108

2.0 Onea 11 1.3 213 31 – – 3.0 5.2 73103 13108

Av.b 1.3 1.2 27 35 30 6 4.7 5.4 63106 33108

1.0 Onea 1.10 1.11 41 43 – – 5.1 5.5 63107 53108

Av.b 1.07 1.08 48 48 10 5 5.6 5.8 13109 23109

0.5 Onea 1.06 1.02 53 59 – – 5.5 5.9 53108 53109

Av.b 1.07 1.06 55 59 6 6 5.7 6.0 13109 131010

Offh Onea 1.08 – 55 – – – 5.7 – 13109 –

a,b,hSee footnotes to Table III.
g,i,jGeometrically averaged energy position, average energy gap and average dispersion age given, respectively, by Equations 18, 19 and 20.

kZ-score is defined by Equation 23; averageZ-score value is defined as〈Z〉 5 √ 1
30 Σ

30

p 5 1

Zp
2 .

lAverageNz value is given by Equations 21–23.
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Table V. Role of long- and short-range energy terms in recognition of protein stucture at different lattice spacings

Lattice Lattice Average position of the native conformations in energy-sorted listg

spacing (Å) model
energy Total potential Long-range interactions Short-range interactions

Od LDe LAf Od LDe LAf Od LDe LAf

3.8 Onea 365 1.8 1.9 14 3.4 3.5 1881 32 34
Av.b 480 1.3 1.4 6.4 2.3 2.4 1925 10 11

3.0 Onea 55 1.5 1.6 4.9 3.1 3.4 1512 21 21
Av.b 1.7 1.3 1.4 3.6 2.5 2.8 25 8 8

2.0 Onea 11 1.3 1.4 4.6 2.6 2.9 382 6.6 8
Av.b 1.3 1.2 1.3 3.3 2.3 2.6 13 4.0 4.7

1.0 Onea 1.10 1.11 1.11 2.2 2.4 2.4 5.6 3.3 3.9
Av.b 1.07 1.08 1.11 1.9 2.0 2.1 2.0 1.8 2.2

0.5 Onea 1.06 1.02 1.05 1.5 1.9 1.8 2.0 1.7 1.9
Av.b 1.07 1.06 1.05 1.6 1.9 1.8 1.8 1.5 1.7

Offh Onea 1.08 – – 1.6 – – 2.2 – –

a,b,d,e,f,hSee footnotes to Table III.
gGeometrically averaged position of the native structures are given here separately for the total, long-range and short-range set of energy terms.

recognition of the native structure. The ranking of the native
structure is better when it is represented by the average energies
or the minimum energy over ensembles of lattice models.

Although adjusted lattice potentials reduce energy errors,
they can only partly compensate for distortions of the energy
landscape. One can see the character of these distortions in
Figure 4, where lattice and off-lattice energy histograms are
given for a molecule of plastocyanin.

It is easy to see that the distribution of high-energy alternative
structures becomes narrower and shifts towards the lower
energy region after the transition to a lattice approximation.
At the same time, the lattice model energies corresponding to
the low-energy native structure are higher than the off-lattice
energy of the original structure.

These changes in the energy distributions for lattice models
are caused by smoothed lattice-adapted energy functions.
Examples of such energy functions are given in Figures 5 and
6 for long-range and bending potentials, which give the largest
contribution to the recognition of the native structure (Reva
et al., 1997b).

It is clear that smoothing energy functions makes them less
specific. The coarser the lattice, the less specific are the
potentials. This is reflected in the reduction of the energy gaps
separating the energies of the native structures from the lowest
energies of alternative structures. In Figure 4b, one can notice
the overlap of lattice model energies approximating the native
structure with the lowest lattice model energies of alternative
structures. Such overlap does not exist for off-lattice energies
(Figure 4a).

It is easy to see now that success in the recognition of the
native structures on lattice will depend on the energy gap
between the native structure energy and the lowest energy of
the alternative structures: the larger the energy gap, the coarser
the lattice and the less specific are the potentials that can be
used for discriminating native conformation.

The details of how the accuracy of different potentials
depends on lattice spacing are given in Tables IV and V.

We use the following characteristics to estimate the accuracy
of potentials:

(i) the average position of the native structure in an energy
sorted list:

1128

〈R〉 5 exp{ 1
30 Σ

30

p 5 1

ln[1 1 Σ
10 000

i 5 1

θ(Ep
nat

– Ei
p]} (18)

where the first sum is taken over 30 proteins and the
second sum is taken over 10 000 alternative structures
used in the tests,Ep

nat is the native structure energy of the
proteinp andEi

p is the energy of the alternative structure
i of the proteinp;

(ii) the average energy gap separating the native structure
from alternative structures:

〈∆EG〉 5 1
30 Σ

30

p 5 1

(mi
i
n{Ei

p
} i 5 10 000 – Ep

nat) (19)

(iii) the average dispersion of lattice model energies:

〈D〉 5 1
30 Σ

30

p 5 1
{[ 1

100 Σ
100

m 5 1

(E
p,m
nat

)2
– ( 1

100 Σ
100

m 5 1

E nat
p,m)

2

]}
1
2, (20)

whereEp,m
Nat is the energy of themth lattice model of the

native structure of the proteinp;

(iv) the average number of discriminated structures evaluated
for the normal distribution of alternative structure energies:

〈NZ〉 5 exp[ 1
30 Σ

30

p 5 1

ln(NZp)], (21)

where

√2π
NZp 5 (22)

∫Zp
1` exp(–t2/2)dt

is the estimate of the number of structures that have higher
energy than the native one; the value ofZp (Z-score) is
defined as

Zp 5 (〈Ep
alt} avr – Ep

nat)/σp
alt , (23)

and Ep
nat, 〈Ep

alt〉avr and σp
alt are correspondingly the native

energy, the average energy and the standard deviation of
alternative structure energies for a proteinp.

The data given in Table IV show that with decreasing lattice
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Fig. 4. Histograms of off-lattice and lattice energies for a molecule of
plastocyanin (PDB code 7pcy): (a) The off-lattice distribution of energies of
alternative structures;Eoff

nat 5 73.0 is the off-lattice energy of the native
structure;Emin

off_alt 5 220.8 is the minimal energy of 10 000 alternative
structures;∆Eg

off 5 52.2 is the energy gap between the native and
alternative structures. (b) The histograms of lattice model energies for the
native structure (dark) and for alternative structures (light) obtained on a
lattice of spacing 3.8 Å with the ‘lattice-derived’ potentials (the histogram
of off-lattice energies is shown for comparison by the dashed line;Emin

lat_nat 5
271.3 is the minimal energy of 100 lattice models approximating the native
structure of the molecule;Emin

lat_alt 5 236.61 is the minimal energy of
1 000 000 lattice models approximating 10 000 alternative structures (each
of the alternative structures is approximated by 100 lattice models).

spacing, all the characteristics of the on-lattice accuracy
improve for both original and lattice-adapted energy functions,
achieving off-lattice accuracy at a spacing of ~1 Å. However,
the accuracy of lattice-adapated potentials changes gradually,
remaining satisfactory even at the coarsest spacing of 3.8 Å.
In contrast, the on-lattice accuracy of the off-lattice potentials
drops significantly at lattice spacings larger than 2 Å. It is
worth mentioning that at lattice spacings.2 Å, distortions in
positions of the chain links in lattice models (r.m.s.d.) are
.1 Å, the resolution used in the derivation of the off-lattice
potentials. (In Table IV, we present only the data relating to
‘lattice-derived’ potentials because the results obtained with
‘lattice-adjusted’ potentials are essentially the same.)
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Fig. 5. Long-range potentials for Val–Ile residue pairs extracted from the
database of 278 proteins (Table I). The original off-lattice potential derived
at a resolution of 1 Å is shown by a solid line; the ‘lattice-derived’ and
‘lattice-adjusted’ potentials defined on discrete lattice distances are shown
by filled squares and triangles, respectively; the cut-off distance used in the
derivation of the potentials is 14 Å. The off-lattice and lattice potentials are
infinitely large atr , Rmin 5 3.0 Å andl , Lmin 5 3.8 Å, respectively.

Fig. 6. Short-range bending potentials corresponding to an Ala–Ser residue
pair occupying an intervening position (Figure 1b) derived from the
database of 278 proteins. The off-lattice original, ‘lattice-derived’ and
‘lattice-adjusted’ potentials are shown by a solid line, filled squares and
filled triangles, respectively. The potentials are infinitely large atR , Rmin
andR . Rmax; Rmin 5 3 Å, Rmax 5 14 Å for off-lattice potentials derived
at resolution 1 Å; for lattice potentialsLmin 5 3.8 Å andLmax 5 14.22 Å.

In characterizing the lattice-adapted potential, it is necessary
to mention the significant reduction in dispersion of lattice
model energies in comparison with the non-adapted potentials.
This difference remains until the smallest spacing of 0.5 Å,
which demonstrates the adjustment of the ‘smoothed’ energy
functions to variations of inter-link distances in lattice models.

One can also see from Table IV that the recognition of
protein structure is better when a protein structure is represented
by an ensemble of lattice models than by only one lattice
model. This difference is especially noticeable for coarser
lattices where the dispersion of lattice model energies is greater.

It is interesting to see how the adaptation to lattices affects
different terms in the energy function. In Table V, we present
the data on recognition of the native structure by long- and
short-range potentials.

The data in Table V show that adaptation to a lattice
affects short-range interactions more strongly than long-range
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interactions. The improvement in accuracy for lattice-adapted
short-range interactions is drastic for coarse lattices and can
be seen even at the finest lattice spacing of 0.5 Å. Lattice-
adapted long-range potentials perform better than non-adapted
ones only at coarse lattices of spacing.2 Å.

Short-range potentials are characterized by more abrupt
changes than long-range potentials; they can have more than
one local minimum separated by barriers (Revaet al., 1997b)
(see also Figures 5 and 6). Hence the energy errors caused by
lattice distortions must be greater for short-range than for
long-range interactions. This explains why short-range inter-
actions are more sensitive than long-range interactions to
lattice adaptation.

Conclusion

In this work, we have suggested and tested new approaches
to the derivation of energy functions for modeling on lattices.
The lattice-adapted potentials were derived using the statistics
of lattice models of protein structure. This allowed us to
reduce energy errors caused by lattice-induced distortions. The
accuracy of recognition of the native structure was tested in
threading tests on lattices of different spacings and compared
with the accuracy of the same test performed on off-lattice
structures. We have found that the lattice-adapted potentials
have an accuracy comparable to those of off-lattice potentials
even on the coarsest considered lattice spacing of 3.8 Å. To
achieve the same accuracy with non-adapted potentials, the
lattice spacing must be reduced by at least a factor of two.

In estimating the role of lattice-adapted potentials for protein
folding problems, one should not presume that they can explain
all details of protein structure. In particular, because they are
achiral, the pairwise energy functions used in this work cannot
distinguish between mirror images of a protein fold.

However, the derivation of lattice-adapted potentials sug-
gested in this work opens up the possibility of the efficient
discrimination of a tiny fraction of favorable structures from
the vast majority of the others using coarse lattices. This will
allow for a more complete and faster exploration of the
conformational space.
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