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We present two new sets of energy functions for protein structure recognition. The first set
of potentials is based on the positions of alpha- and the second on positions of beta-carbon
atoms of amino acid residues. The potentials are derived using a theory of Boltzmann-like
statistics of protein structure by Finkelsteih all. The energy terms incorporate both
long-range interactions between residues remote along a chain and short-range interactions
between near neighbors. Distance-dependence is approximated by a piecewise constant
function defined on intervals of equal size. The size of this interval is optimized. A data-
base of 222 non-homologous proteins was used both for the derivation of the potentials,
and for the “threading” test originally suggested by HendbtraP. For threading, we

used 102 non-homologous protein chains of 60 to 200 residues. The energy of each of the
native structures was compared with the energy of 45 to 20 thousand alternative structures
generated by threading. Of these 102 native structures 94 have the lowest energy with
alpha-carbon-based potentials, and even more, 100 of these 102 structures, have the lowest
energy with the beta-carbon-based potentials.

1 INTRODUCTION

The possibility of predicting protein structure from amino acid sequence is lim-
ited by errors in the energy paramefeaad the combinatorial complexity of the
problem. Prediction is a feasible task only with energy functions that allow fast
and efficient sorting over many conformations. To this end, a residue-residue
approximation is usually used which attributes all atomic interactions to single
points placed one per residue.

Physically, such potentials should come as the result of averaging over all
interactions at the atomic level between amino acid residues, and between resi-
dues and solvent molecules. However, direct calculations of such mean-force
potentials are not currently possible both because of methodological difficulties
and the lack of reliable atomic energy functions. Therefore, there is significant
interest in finding alternative ways to derive simplified energy functions.

There have been several attempts to derive energy functions from structural
data on proteins. Initially such potentials were used to predict secondary
structurd®, now with the rapidly increasing protein database, there are many



attempts to derive potentials for estimating the energy of the tertiary structure
(see for review Refs. 9-14).
Most of the approaches exploit Boltzmann’s principle: that frequently
observed states correspond to low energy stdfesHowever, the physical ori-
gin of Boltzmann-like statistics in proteins, which form unique 3D structures
rather than ergodic ensembles of separate residues, was analyzed onIy]r.ecentIy
In this study we apply the results of that analysis to derive energy functions
from known protein structures. Our approach is similar to the one originally used
by Sipp?. We derive pairwise, distance-dependent, “mean-force” potentials,
treating separately long-range and short-range interactions. However, our
method of choosing the reference state for long-range interactions and our treat-
ment of short-range interactions differ from the approach used by Sippl.

2 METHODS

Our task is to estimate the energy of interactiyp(r), for a pair of residuea
andp (a, B = Gly, Ala,...), where the inter-residue distancies defined from
positions of the ¢ (or Cg) atoms. Our estimates efp(r) follow from the the-

ory of Boltzmann-like statistics of protein structure$his theory shows that
the requirement for overall thermodynamic stability of unique protein folds
results in the observed Boltzmann-like statistics of their elements.

Let us consider a large database of protein structures, and dlégne as the
number of allaf3—pairs occupying positionsi +s along a chain ( is any posi-
tion); and Nis (r) as the number of these pairs at a distance

According to Ref.1, the expected valuel\{ﬂﬁ(r) is:

Ngp (1) = ANGgM®(r) exp[-AEg, (1) /RT,] 1)

Here A is a distance- and residue-independent normalization constant;
M®(r) is the probability of finding,i +s residues at a distance in the total set
of globular folds, (i.eM®(r) is proportional to the number of folds where resi-
duesi,i +s are at a distance 7), is the characteristic temperature of freezing
of native folds (800K ),R is the gas constant, amEZB(r) is the effective
interaction energy:

AEZB(r) = szﬁ(r) +EZB(r) , (2)
where sZB(r) is the energy of direct interaction between residuasdf} at a
distancer , andEZB(r) is the mean (averaged over all the possible environ-
ments of the paiof in stable protein structures) energy of indirect interaction
of a andp, i.e. the interaction mediated by all the surrounding residues.
Thus,

Nﬁg(rl) _ M*(r,) Depo [szg(rl) —ezﬁ(rz)] + [Ezg(rl) _EZB(r2)}E, -
Niz(rz) Ms(rz) O RT 0
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which corresponds to Eq.10 of Ref.1 where the té&gtherein would now
include sZB(rl) _—eZB(r_Z) , whiIeEzB(rl) _E_(ng(rz) , which depends on the pos-
sible amino acid environment of tleg pair, would contribute to bothg and
AG/2RT, terms.

The direct residue-to-residue interaction energy can be estimated as

1
N (1)

€ o(r) = -RTIn
ap ¢ {Njﬁws(r)

LRTCDnA—EZB(r) (4)
2.1 Long-range interactions

When residues are remote in the cham § » 1 ), so that they can be at a dis-
tance where they do not interact, the precise valug of is not important. More
over, the order of residues in a paif3(or Ba) is also not important. Then the
value ofsaB(r) = £ (r) for the long-range interactions can be estimated as

1 0
Ny (1) Nog(=R))

Eap () = —RTCIn{ }— [Eqp (1) —Egp(2R)] ()

Ngg M (1) Ngg MY(2R)
Here Né (r) are the number of cases where the remote (separated by more

than g chain residuesy3 andBa pairs occur at a distanae  (or rather in an

intervalr + A/2 ; the value of the resolution intervalill be optimized below);

R. is the minimal distance where direct interactions between any pair of resi-

dues is absent, i.euB(r 2R) = 0; Ngs(ZRC) are the number of cases when
rap2R; OF (more preciselyraﬁz R.+A/2 , for a given resolutian '\Dcis is the
total number of the remot3 andBa pairs; M (r) andMO(z R.) are the proba-
bilities of finding the remote residue pairs at the distances (or rather from
r-A/2 tor+A/2) andr2R, , respectively, in the total set of globular folds.
The termE,,(=Ry) is the average energy of the indirect interactions: Bf, ;
because of the averaging over the distancer, , this term is small and can be
neglected. The terng,, (r) can be neglected at small distancRg where a

direct interaction of two residues is strong.

Thus, Nip(r)
€qp (1) = —RTIn| ——— (6)
N “ap(r) 1
where Nyg (1)
N"ap(n) = Nop(2R)—lfL_ - Ngﬁ(ch)zﬂ— @)

M(2R) %NSB(ZRC),



here the ratio of probabilities (r)/Mo(z R.) is approximated by the ratio of
the total number of all remote residue pairs found at a distance , to the total
number of all residue pairs at all the distances_ ; (sums are taken over all
the 2000(20+ 1) /2 = 210 kinds of residue pairs).

In formula (5), N(le(r) represents the pairwise disgiibution, which depends
on the energy of interaction between residoeand [3; Nyp (1) represents the
pairwise distribution extrapolated to the distances of inter-residue interactions
from the non-interaction region. Thus, equation (5) is a potential of mean-force
as it is defined in statistical phystés
2.2 Short-range interactions depending on distance between residues
In this study, short-range interactions are defined as the ones between residues
occupying positions “i,i+2", “i,i+3", “i,i+4" along a chain, that corresponds to
s, = 4 (see Fig.1a).
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Fig. 1: A scheme of short range interactions; residues for which potentials are derived are shown by
filled circles. (a) SR-interactions depending on inter-residues distances; (b) SR-interac-
tions depending on chain bending.

To estimate these interactions, we simply neglect the distance-independent

term, InA , and the energy of indirect interactiorE%B(r) , In equation (3) to
obtain:
1s
N5 (1)
SZB(I') = -RT_In {-ﬂi—] (8)
N ap (r)
where
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The vaIueN;S (r) is calculated as a numberaf¥f pairs having positions
i,i +s in a chain and the distance betweem\/2  r+a\/2 in space in the total
set of globular folds.

The definition of potentials given in (6) and (8) are different in two ways:
the reference state for short-range interactions is chosen as the average energy of
an interacting pair rather than a state where interaction is absent (the latter is not
possible for neighbor residues); also for short-range interactions we distinguish
between pairsi3 andfa.

2.3 Short-range interactions depending on chain bending
The distance between two residues in positiohss also depends on residues
which occupy intervening positions (see Figlb): these residues determine the
local chain stiffness.

To take into account these interactions we introduce two “bending-energy”

terms: ~1 5L
ul (r) = -RT.In {Ni—(r)] andus, (r) = —RTCmP?f(r)] (10)
Ng (r) Nog (1)
where 5o
N (r) = ZZNB(XV (r) (11)
1s= 2
~x1 552 o 1s=2 ZZN&V ()
Na(r) = Ng () = ZZZN“V (N —"—t—— (12)
ZZZNW (r)
and ~1 1s=3
NaB(r) = ZZNBGBy (r) (13)
1s= 3
~¥1 ~s=3 1s=3 Z Nay (1)
N ap(r) = Ngg [M *(n = ZZZNMBV N —"——5— 3 (14)

ZZZNW (r)

In formulae (12)- (13)\|§2y 2(r) ancﬂl&igy (r) are the numbers of cases for
which a residuer or, correspondingly, a residue pafp intervenes in &y-pair at
dlstanczes B2 to 3HA/Z see Fig.1b; (index shows a separation betvdesmd
¥); Ny — and Nas are the total numbers of cases for which a residoure cor-
respondlngly, a residue paif3 occurs in mtervenlng positions. Thus, the same
oay fragment contributes to both (n aruj' (n potentials. However, the
correlation between these potentlals is negllglble since the number of different
amino acid types, 20, is great.

All the potentials (the chain-bending potentials, the short-range distant-
dependent potentials, and the long-range potentials) have the form of a piecewise
constant function of the distance. The optimal size of the resolution intéxvals
of these functions is established below.



3 RESULTS AND DISCUSSIONS

In order to study the accuracy of our potentials we repeated the test done by
Sippl and coworkers In this test 101 proteins of different sizes and structural
classes were used to derive potentials and to evaluate their accuracy using the
“threading” method. Among the 101 proteins, 65 of length less than 200 resi-
dues were chosen; for each of these proteins, potentials were derived using the
remaining 100 original proteins. Then, for any selected protein of length L, all
the segments of length L from the 100 protein set were used as alternative struc-
tures. Energies of these structures were estimated with the corresponding poten-
tials.

We repeated this test with our energy functions (Egs.6,8,10) using the same
set of proteins. Potentials were derived for botgha@d for G atoms (for the
threading test with gpotentials, absentgCatom positions in Gly-residues were
replaced by positions of corresponding &oms).

The cut-off distance’_ = 14A  was chosen. BelawA one can expect a
direct interaction of long side chains. Above this distance, any direct interaction
is absent. The maximal distance between the residues participating in short-
range interactions (4 residues along a chain) is in concordance with the interac-
tion cut-off R_ = 14A .

Positions of the native conformations in the energy-sorted list for 65 pro-
teins obtained with different potentials are given in Table 1:

Table 1: Position of the native conformation in the energy-sorted list for 65 proteins
obtained with different potentials.

PDB code @2° cp?’ Cq?® cpl® CqlP
TIns.A 473 207 1994 96 B
Imit.A 54 363 303 1 494

lgcn 2267 1992 547 2481 188
lins.B 173 263 881 845 341
1ppt 39 96 571 43 643
1rhv.4 30 7 109 19 b
1lbds 1 1 1 1 1
lcrn 14 1 1 1 1
5rxn 2414 1 278 1 44
1fdx 28 1 5 1 2
lovo.A 1 1 1 1 3
4pti 1 1 2 1 1
2mt2 1 1 66 1 24
2ebx 1cse.l 1 1 1 1 1
1sn3 10 1 1 1 1
Lctf 1 1 1 1 1
1lhoe 25 1 151 1 20
2abx.A 71 2 1 2 2
3icb 3 1 1 1 1
2pka.A 1 1 1 1 1
351c 2 1 2 1 1
lcch 12 1 1 1 1
2b5c 1 1 1 1 1
1hip 6 1 1 1 1
2gn5 35 15 113 322 66




PDB code 3@ cp?’ Cq2° Cpl® Cql°
3xC T T T T T
lhvp.A 3 1 4 1 1
1pcy 1wrp.R 1 1 1 1 1
4cyt.R 1 1 1 1 2
2ssi 1 1 1 1 1
2cdv 18 1 9 1 1
1rei.A lacx 1cpv 2c2c 1hmg.A 1 1 1 1 1
2pab.A 1lpaz 1 1 1 1 1
155¢ 2 1 2 1 2
1pp2.R 1bp2 1rn3 1 1 1 1 1
2ccy.A 5 1 1 1 1
2aza.A 1iz1 3fxn 2hhb.A 2pka.B 1 1 1 1 1
2hhb.B 2lhb 2s0d.O 1mbd 1Ih4 1 1 1 1 1
4dfr.A 2lzm 2sga 3wga.A 4dfr.A 1 1 1 1 1
2alp 1gcr 1 1 1 1 1
lhmg.B 14 1 1 1 1
2stv 3adk 4sbv.A 1 1 1 1 1
Avr:© 3.0 1.7 2.7 1.6 2.1

a. (]3 atom based potentials derived at the resolution interval of 2A.
b. CB atom and G atom based potentials derived according to Eqs (6), (8) and (10) at the resolutions
of 2A and 1A, respectively. (P)

c. Average position is defined as the mean geometridall = expDz —0 Whes¢he po-
sition of a proteiri. u

One can see from the Table 1 that for short non-globular chains (hormones
1ppt, 1gcn; the individual insulin chains lins.A and 1lins.B; the membrane
attacking peptide 1mlt and a small component of the rhinovirus protein coat
2rhv.4), whose conformations are probably stabilized by interactions within
molecular complexes, neither of the approaches give satisfactory ranking; for
larger proteins the new potentials show significantly better accuracy than those
used by Sippl and coworkers in the previous Work

In Table 2 we compare contributions of different energy terms into protein
structure recognition. For long-range (LR) energy terms we also considered the
alternative definition of the reference state used in the Refs. 2 and 8.

The results in Table 2 show that long-range energies derived with the refer-
ence state of eq.(7) are significantly more accurate than the ones derived with the
reference state of the Ref. 2. One can also see that the main contribution in pro-
tein structure recognition is achieved with only four energy terms (long-range,
[eq.6], and three short-range ones, [eq.(8), s=2,3,4]). This could be another rea-
son for improvement of the native structure ranking in comparison to the Ref.2,
where fifteen energy terms were used, since the more energy functions derived
from the limited database, the bigger the statistical error.

One can also see that the accuracy of potentials derived from a particular set
of proteins depends on the size of the resolufipand that @G based potentials
are always more accurate, thag liased ones.



Table 2: Average positions of the native conformation in the energy sorted list of 65
proteins obtained with different combinations of G; based potentials.

Cg basedpotentials Resolution in (A)
2.0 1.0
used in the work 3.0 -
derived by Egs. (6),(8),(10) 1.7 1.6
LR3 derived with the reference state of the vfork 5.4 4.1
LR derived by Eqgs.(6), (7) 2.6 2.8
SR distance-dependent only derived by Eq.(8) 8.8 7.5
SR bending energy only derived by Eq.(10) 44.5 28.4
SR derived by Egs.(8) and (10) 5.8 4.4
LR and SR distance-dependent of Egs.(6) and (8) 1.7 1.6
LR and SR bending energy of Egs.(6) and (10) 2.0 2.1

8The reference state of the wbik calculated asxl*lug (r) = Ngﬂ( <R) M (r) , compare to the

definition of Eq.(7). M°(<R)
The accuracy of the statistics-derived potentials must also depend on the
size of the database. The database used in the Ref.2 was relatively small, so it
was of-interest to see the results obtained by using a larger one. For this purpose
we used a list of low-homology (less than 25%) proteins provided by Hobohm
and Sandér’.

Table 3: List of PDB codes of 222 non-homologous proteins used in the threading tests.

1311 1531 labr.B ladd lamg lamp laor.A laoz.A larb ars

lash latp.E laya.A 1lbam lbet 1bnh 1bp2 1buc.A 1lcau.A 1g¢au.B

lcer  1cew.l lcfb 1chm.A  1cks.B lclc 1cmb.A  1cpc.A 1cpc.B crl
1cse.l lcsh 1ctn lctt lcus lcyg 1lcyo 1dhr 1dlc 1dpb

1dsb.A 1dyn.A leca lede left 1fnc  1fruA  1fxi.A 1gky 1gmf.A
1gof 1gpb 1gpr 1lgrj 1hdc.A  1hdg.O 1hjr.A lhlb  1lhle.A 1hmt
1lhsl.A  1htm.D lhtp 1huc.B  1lhurA lhvd liae linp lirk  1lis¢.A
livd 1knb llba lldm 1llga.A llis 1lki  1lpb.B llpe  1lts,
1lts.D Imat 1min.B  1mld.A Imls 1mmo.B 1mmo.D 1mmo.G Imnc 1mol.A
1mpp 1mrj 1msc 1mup lnar 1nba.A 1nch.A 1ndh 1nfp  1nhk.l

lomp losa loyc 1pbe lpbp 1pbx.A  1pfk.A 1pgs 1phg pii
1plq 1poc 1pox.A 1ppi 1ppn 1ptx 1lpya.B  1qorA 1rcb rcf

1rib.A lrsy  1rtm.1 1rtp.1  1rva.A  1lsac.A 1sbp 1scs 1scu.A 1stu.B
1ses.A 1snc  1sxc.A ltca 1tgx.A 1thv 1tie 1tph.1  1trk.A  1tds.A
1ttb.A  1wht.B 1wsy.B 1xylA 1lyptB 1lytb.A 1zaa.C 256b.A 2acg 2qacq
2alp 2aza.A 2bbk.H  2bltA 2cba 2ccy.A 2cdv  2chs.A 2cpl 4ctc

2dkb  2dnj.A 2dri 2ebn 2end 2er7.E 2fal 2fd2 2gbp  2gst.A
2hbg 2hhm.A  2hpd.A 2hpe.A 2kau.B 2kau.C 2liv. 2mad.| 2mnr 2mfa.C
2nac.A 2pfl 2pgd 2pia  2pol.A 2por 2prk 2rn2  2rsl.B 2pas
2scp.A 2sil 2tgi 2tmd.A 3aah.A 3cd4 3chy 3est 3gap.B 3aly
3grs  3pga.l 3sdh.A 3sic. 3tgl  4bim.A 4enl Afgf 4fxn 4gcr
4mt2 6taa 7icd 7pcy 7rsa 8abp 8acn  8atc.A 8atc.B  8datA
8tin.E arnt




From this list of 472 proteins we chose those with resolution better than
2.5A and with no structural defects (chain gaps, significant distortions of bond
lengths, missing residues), resulting in a database of 222 non-homologous pro-
teins (see Table 3).

For threading we chose those having from 60 to 200 residues, resulting in
102 sequences. For each of these sequences we extracted potentials from the
remaining 221 proteins and then used structural backbones of these proteins as
alternative conformations for threading.

The results of these threading tests are presented in Tables 4 and 5. A com-
parison of Tables 4and 1 shows tlaaturacy of the potentials improves with the
database size. Besidegble 4 shows that the most accurate potentials are derived
at an optimal resolution intervah, used for approximating energy functions: a
bigger interval will resolve fewer details of the potential, a smaller one will yield
poorer statistics, and therefore larger errors.

The average ranking as well as average relative deviation of the native struc-
ture energy from the mean energy of alternative structures (“Z"-score, see the
definition in legend to Table 4) are optimal whenl.0-0.5A for both G and &
atom based potentials.

Table 4: Average characteristics of the threading test obtained for £and Cg atoms
based potentials at different resolutiong\.

Resolu- Positions Z-score Positions Z-score
tion T | LR | SR T | LR | SR T | LR | SR T | LR | SR

(in A) Cq atom based potentials Bcatom based potentials
3.0 15 25| 241 52 4.5 29 113 1p 216 6{7 55 4.3
2.0 1.3 2.4 4.7 5.5 4.5 34 108 1b 19 6|9 5.5 4.8
1.0 1.16| 2.4 2.4 5.7 4.6 41 106 1.p 13 712 5.6 8.3
0.5 1.18| 2.4 2.1 5.9 4.6 44 1.09 14 14 714 5.6 8.5
0.25 1.18| 24 2.8 5.8 4.5 4.3 1.08 14 1/8 73 g.5 5.3

T, LR, SR stand for average position of the native structure for the total, the long range and the short-

range energies; the average position of 102 native structures is found by the formula given in Table 1;

the Z-score is defined as{f - E,4)/O, where E,, is the average energy,&is the native structure

energy and is the standard deviation of energies of alternative structures fgm E

For both types of potentials, long-range interactions give approximately two

thirds of the total energy of the native structure. They provide equal accuracy in
all the range ofA from 3 to 0.25A. Short-range interactions give virtually the
same contribution in recognition of the native structure, but only at the resolu-
tion A of 1A. WhenA is bigger than 1A, the details of the short-range potentials
are poorly resolved; whea is smaller than 1A, statistical errors increase and
become a limiting factor for precision of the complete energy function.



The G atom-based potentials are more accurate than ¢hen€s because
they better approximate the relative positions of centers of residues.

Table 5 gives the details of the threading experiment for 102 proteins with
Cq and Gg based potentials, derived at the resolution interval of 1.0A.

Table 5: Characteristics of the native conformation position in the energy sorted list for
102 proteins obtained for Gy and CB based potentials derived at 1.0A

resolution.
CG C CG C CG C
PDB |[Thread| poten- | poten-| PDB [Thread| poten-| poten-| PDB |[Thread| poten- | poten-
code | -ings | fial tial code | -ings | fial tial code | -ings | fial tial
Pa ZD Pa ZD Pa ZD Pa ZD Pa ZD Pa ZD

Tigx 145359 I[ 3.8 I 3.bp Zmafg 3I907 [I pb.8[ I B.6 Imis 2Z§/6 T 519 1| 8.8
4mt2 | 45137 13 3.8 1 6.p 4fgff 31907 |1 46|1 6.1 2rp2 26605 1|(5F 1| 6.6
lcse | 44696 1] 48 1 61 7rsa 31907 (1 (6.0 1 |6.6 1hlb 26298 1| 54 1| 7.7
1ptx | 44479 2| 5 1 6.y 2acg 3178 (1 9.2|1 120 1mup 26294 1| 4|9 1| 6.7
1cks | 41423 1| 48 1 4B 1ttb] 31347 |1 6.0|/1 6.5 1gpr 24145 1| 6p 1| 85
lzaa | 39903 714 2J0 29 2|9 2cd] 31347 |1 |45 1 (6.2 1hjr 26145 1| 6|8 1| 9.2
lcyo [ 39254 1| 49 1 55 3ch 31162 (1 6.0|1 8.7 1mnc 26145 1| 63 1| 8.5
Imol | 37963 2| 3.3 1 51 1ms¢ 30979 (1 4.3|1 ©u7 1311 25550, 1| 66 1| 8.2
1fxi 37534 1| 5.4 1] 6.3 1rcb| 30949 [ 5.4 |1 1.2 1cpc 25p50| 1|6.8 1|9.0
inch | 37107 1| 3.9 1 6.4 2aza 30979 (1 6.1] 1 [7.8 1mmo 2555 1 41 1 5.9
7pcy | 37104 1| 65 1 85 1hmp 30618 |1 54|1 6.0 2gpl 25257 1(6.p 1| 8.1
2hpe | 36894 1/ 59 1 7.8 1lhtp 30608 (1 K7/ 1 b.8 1lle 24968 1| 7)0 1| 7.2
laya | 36473 1 61 1 7L llis| 30618 (1 6.0|1 .6 1ref 24538 1|7.1 1| 8.8
2kau [ 36473 1| 45 1 6.2 1po 30087 (1 p.3|1 B.8 1dpc 2411Yf 1| 6|9 1| 9.7
lits | 36059 1 5.7 1 6.8 1rsy] 29911 |1 4.2(1 59 1lki 24f11| 1 |7.6 1|9.7
lcmb | 35847 19 3p 1 3J7 1sn¢ 29911 (1 4.2 1 |53 23scp 23829 1 58 1 8.1
ornt [ 35847 1| 4% 1 6.8 1lecqa 29786 |1 pH.9| 1 P.0O 4gcr 23829 1| 8|7 1| 9.3
256b | 35435 1 3.p 1 5B 2end 29563 (1 59| 1 |7.1 3dd4 28275 1| 5|1 1 6.0
2fd2 135434 1| 6.7 1 7.8 4fxn| 29391 [ 19(1 9.2 1hpr 23p00| 1 (7.2 1|89
lbet | 35230 1| 56 1 5P 1pb 28710 |1 6.1({1 P.3 1ytb 23000 1|76 1| 89
2cdv (35230 1| 3.6 1 42 1nhk 28540 (1 6.2|1 V.8 1cau 22863 1| 4]9 1| 6.9
3sic | 35230 1 6.4 1 94 1llpg 283y1 |1 45|1 6.7 1cau 22460 1| 4/8 1| 6.4
lcew | 35029 2| 48 1 5p 3sd 28203 |1 p.6| 1 (8.1 1%3I 22324 1| 49 1| 7.1
1rtp | 34827 1| 43 1 6.8 1llbal 28036 |1 7.0({1 85 1lfs 22326 1|6.f 1| 7.9
lccr | 34430 2| 3.y 1 58 2fall 28036 |1 6.7(1 9.2 2sps 22326 1| 6{1 1| 8.1
2tgi 34232 1| 5.3 1 6. 8atc] 28086 [L 6.6|1 8.3 1gky 22193| 1|8 1|85
1dyn | 34035 1| 3.5 1 58 1las 27870 |1 p.7| 1 [7.3 1knb 22193 1| 6/(5 1| 8.0
2chs | 33839 1] 5 1 6.4 2hbg 27870 |1 pB.9[ 1 108 1gsb 2193% 1 g5 1 8.4
2hmz | 33840 1| 4.2 5P 2mta 27870 |1 p.4| 1 [7.8 1lisc 21424 1| 82 1| 10.7
1gmf (32869 1| 54 1 6.9 1losa 277p7 |1 p.1|1 [f.4 1iss 21173 1| 46 1] 5.6
2rsl 132674 1|1 6.1 1 7.8 1rtm 27547 |1 6.1(1 7.3 1cps 2Q797 1|89 1]|10.5
2pfl | 32481 2| 3.7 1 55 1grj| 27230 L 83 (1 6.7 2alp 20672 1|7.2 1|9.6
1lbp2 | 32094 1| 54 1 5B 1sx 27230 (1 [.1]1 1 P.0O 1lbpm 20425 1| 7|5 1 7.9
lhtm [ 32094 1| 34 1 4.1 1whf 26916 |1 50|1 49 1lige 20425 1|78 1| 8.6

a. Position of the native conformation’s energy in the energy sorted list.

b. Z-score defined as {& - E2)/0, where E, is the average energy,&is the native structure’s energy
andO is the standard deviations of energies of alternative structures.

The potentials successfully recognize the native structure: only 8 proteins
for Cy atom based potentials and only 2 fgy @hes are not in the lowest energy
for their native structures. It is important to note the large “Z-scores”: the bigger



the relative deviation of the native energy from the mean energy, the higher
probability that the native structure will have the lowest energy among any other
competing conformations. We have also checked if the results of threading are
biased by the fact that potentials are extracted from the same protein set which is
subsequently used as a source of templates for threading: the set of set of 222
proteins was divided in half. The first 111 proteins (set A) was used to extract the
potentials; the second set of 111 proteins (set B) was used for threading experi-
ments with these potentials. The obtained ranking of native structures is essen-
tially the same as reported in Table 5.

4 CONCLUSION

In this work we have developed a consistent approach to derive phenomenolog-
ical energy functions using the theory of Boltzman-like statistics of protein
structure.

We have tested the approach to derive pairwise, distance-dependent poten-
tials using the positions of Cor Gg atoms. The energy function includes both
long-range interactions between residues which are remote along a chain, and
short-range ones between near chain neighbors. The distance dependence of the
energy functions is approximated by a piecewise constant function defined on
intervals of equal size. The size of this interval is optimized to preserve as much
detail as possible without introducing excessive error due to limited statistics.

Results of these tests demonstrate that our new approach to derive potentials
performs better than the previous one used by Sippl and co-Wdtk@sir's is
more accurate in treatment of some important details of both short- and long-
range potentials and therefore performs better. It is noteworthy that a similar
improvement of performance has been obtained by Sigplthe cost of adding
of a “surface” term in the energy function and atomic description of residues, i.e.
for the cost of inclusion of many additional statistical information.

The ability of our potentials to recognize protein structure was also checked
on 102 non-homologous proteins 60 to 200 residues in length. Each of the
sequences had to choose among a corresponding set of alternative structures
obtained by threading the sequence through the backbones of 222 proteins. Most
of the 102 protein sequences (94 foj-&om based potentials and 100 fqs-C
ones) recognized their native structures.

Our studies also show that long-range and short-range interactions are
equally important in protein structure recognition. As the statistics of short-range
interactions are poorer than those of long-range ones, short-range interactions
become the “bottle-neck” for improving the accuracy of statistical potential
functions.

In our tests the best ranking of native structures was achieved for potentials
approximated at a resolution of 1A, which is obviously far from a detailed repre-



sentation of the actual energy functions. We can further improve the potentials
by enlarging the database.

In estimating the role of simplified pairwise potentials for the protein fold-
ing problem, one should not expect to explain all of the details of protein struc-
ture. However, these potentials can be useful for efficient discrimination of a
small number of the favorable conformations from a vast number of unfavorable
ones.
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