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relative orientations between contacting residues in proteins?
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We estimate the statistical distribution of relative orientations between contacting residues from a
database of protein structures and evaluate the potential of mean force for relative orientations
between contacting residues. Polar angles and Euler angles are used to specify two degrees of
directional freedom and three degrees of rotational freedom for the orientation of one residue
relative to another in contacting residues, respectively. A local coordinate system affixed to each
residue based only on main chain atoms is defined for fold recognition. The number of contacting
residue pairs in the database will severely limit the resolution of the statistical distribution of relative
orientations, if it is estimated by dividing space into cells and counting samples observed in each
cell. To overcome such problems and to evaluate the fully anisotropic distributions of relative
orientations as a function of polar and Euler angles, we choose a method in which the observed
distribution is represented as a sumsdfinctions each of which represents the observed orientation

of a contacting residue, and is evaluated as a series expansion of spherical harmonics functions. The
sample size limits the frequencies of modes whose expansion coefficients can be reliably estimated.
High frequency modes are statistically less reliable than low frequency modes. Each expansion
coefficient is separately corrected for the sample size according to suggestions from a Bayesian
statistical analysis. As a result, many expansion terms can be utilized to evaluate orientational
distributions. Also, unlike other orientational potentials, the uniform distribution is used for a
reference distribution in evaluating a potential of mean force for each type of contacting residue pair
from its orientational distribution, so that residue-residue orientations can be fully evaluated. It is
shown by using decoy sets that the discrimination power of the orientational potential in fold
recognition increases by taking account of the Euler angle dependencies and becomes comparable
to that of a simple contact potential, and that the total energy potential taken as a simple sum of
contact, orientation, ande,y) potentials performs well to identify the native folds. ZD05
American Institute of Physics[DOI: 10.1063/1.1824012

I. INTRODUCTION level was evaluated in the Bethe approximation under the
For the past ten years, there have been man?ssumptlon that protein structures can be regarded as a mix-

attempt&-35to develop coarse-grained scoring potentials tha ure of dlsconn_ected residues in statl_sncal equ_lllbnum. _§|pp|
introduced a distance dependency into a pair potential and

can identify native structures from non-native fofs>° ated it ontial of ; S functi X
These simplified potentials are useful in studies of proteineva uated It as a potential of mean lorce. Score Iunctions a

; ; 14,18 i
structural predictiof~*3and protein dynamics and folding an_atc_)mlc level were also deylsé’d_‘. The capabilities of
mechanisrfF2°4 because it is computationally difficult to pairwise score functions to identify native structures from

use all-atom molecular dynamics simulations for these purfon-native  folds —have been examined by those

poses optimizations®~?®and it was reported that it is impossible to
The idea of using residue-residue contact frequencies tB12ke @ painwise potentiai and even a distance-dependent

. 3’24 . . . .
represent contact preferences between amino acids was pr%Qter't'af to identify all native structures. Multibody po-

posed first by Tanaka and Scherdgand a contact tentials have also been derived and the importance of multi-
potentiaf~ for each type of amino acid pair at a residue P0dY interactions have been pointed Cilley Liwo et al® _

developed a general method to derive multibody terms in a
potential of mean force.

N o . o . 3 .
Electronic mail: miyazawa@smlab.sci.gunma-u.ac.jp; On the other hand, the importance of specific coordina-
URL: https://www.smlab.sci.gunma-u.acjpiiyazawa/

bElectronic mail: jernigan@iastate.edu: tions between residues in protein structures was pointed out
URL: http://ribosome.bb.iastate.edu by Bahar and Jernigdfi.Liwo et al!>'®developed a united-
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residue force field that is both radial and anisotropic. Thea potential of mean force from the estimated distributions.
united-residue force field was determined by parameterizing A reference state is also defined differently from other
physically reasonable functional forms of potentials of meanworks>3=3> A reference distribution for each type of amino
force for side chain interactions. Each side chain was repreacid pair is the uniform distribution rather than the overall
sented by an ellipsoid and the relative orientation betweenlistribution for all types of amino acid pairs employed by
side chains was described by three angles. The interactiomsher works>>~*°so that residue-residue orientations can be
between side chains were parameterized as van der Wadlgly evaluated. The overall distribution may be one of the
potentials. Buchetet al3**° also attempted to develop an- important characteristics to distinguish proteinlike structures
isotropic statistical potentials from the observed distributionfrom others, because the overall distribution observed in na-
of relative residue-residue orientations in known proteintive structures is not known to be characteristic of non-native
structures. To represent the orientation of one residue relativeonformations. The zero energy level of the orientational po-
to another, three degrees of translational freedom and thrdential for each residue pair type is defined such that the
degrees of rotational freedom must be specified. A polar coexpected value of orientational energy for the native folds is
ordinate system and Euler angles can be used to specify tifgual to zero for each type of contacting residue pair. There-
three degrees of translational freedom and the three degret®fe, this orientational potential represents simply the suit-
of rotational freedom, respectively. In their potentials, onlyability of a given relative orientation between contacting
radial distance and polar angle dependencies of relativeesidues. Also, this orientational potential can be used with-
residue-residue orientations are taken into account but Eul@ut any modification as a scoring function for optimum se-
angle dependences of the orientations were not explicitigluence designs and sequence-structure alignments in which
taken into account, probably because of the limited size ofieletions and additions of amino acids are allowed.
samples. Onizukat al 33 attempted to estimate a fully aniso- It is shown that the discrimination performance of the
tropic distance-dependent potential, which is a function ofrientational potential in fold recognition is significantly im-
radial distance, polar, and also Euler angles, for each type difoved by taking account of Euler angle dependencies and
residue pair, although they could not achieve any improvethe performance of a total energy potential consisting of a
ment in the discrimination power of their score function bylong-range contact potential and a short-range secondary
taking account of Euler angle dependencies. These analys&fucture potential is improved by taking account of the ori-
indicate the importance of residue-residue orientations irgntational potential as an additional term.
residue-residue interactions.
Here the fully anisotropic distributions of relative orien- || METHODS
tations between contacting residues are estimated as a func- ) )
tion of polar and Euler angles from known protein structures’ Coarse-grained conformational energy
Those Euler angle dependencies and correlations between A conformational potential, which will be used for fold
polar and Euler angles are analyzed as well as polar angl@cognition, is represented as the sum of coarse-grained
dependencies. long-rangeE' and short-rang&S potentials. The long-range
For evaluation of the frequency distribution of residue-potential has two terms, a contact enekfyreflecting con-
residue orientations, we did not use a method of dividingtact frequencies in crystal structures and a repulsive energy
space into many cells and counting samples observed in ea&i to penalize overly dense packing
cell, but instead employed the method proposed by Onizuka conf_ =l | &S =C | = | =S
et al® in which the observed distribution of residue-residue = & 15 & tETES @
orientations is represented as a sumsdfinctions each of The short-range potential is a secondary structure potential
which represents the observed location in angular space, afdsed on peptide dihedral angles. All of these potentials are
then is estimated in the form of a series expansion wittestimated as potentials of mean force from the observed dis-
spherical harmonics functions, ignoring high frequencytributions of residue-residue contacts and of peptide dihedral
modes that occur, because of the sample size. High freangles at the residue level in crystal structures of proteins. In
quency modes are statistically less reliable than low frethe following, energy is representedkgT units, wherekg is
quency modes. Here, unlike other wotks®each expansion the Boltzmann constant andis temperature.
term is separately corrected for the sample size according to
suggestions from an analysis of Bayegjan statistics. As A T8 Contact potentials
sult, many expansion terms can be utilized to evaluate orien-
tational distributions. A local coordinate system for each resi-  The total contact energy is defined here as the sum of all
due is defined for fold recognition, based only on main chairPairwise energies between residues,
atoms to represent directional and rotational relationships be-
tween the main chains of contacting residues rather than be- EC=§2 2 e(ri,ry), 2
tween the side chains-3° Results show that a large contri- Lo
bution to the orientational entropy of residue pairs comesvheree®(r;,r;) is the contact energy between tlik andjth
from the Euler angle dependencies of the frequency distriburesidues, and; represents all the atomic positions of fttle
tion and also from the polar and Euler angle correlationsresidue. The pairwise energy potential is represented as the
Then, an energy potential for relative orientations of contactsum of two terms, one of which is the usual contact
ing residues is evaluated for each type of amino acid pair apotentiaf~* and the other is a potential of mean force for
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relative orientations between contacting residues that iThe energies&ega, for all pairs of the 20 types of residues

evaluated here from the statistical distribution of relative ori-were recalculatéd from 2129 protein species representa-

entations, tives of the SCOf® Release 1.53 with the sampling metfiod
. e . o and with the parameters evaluated in Miyazawa and
ex(ri.ry) = A, 'rj)[eaiaj+eaiaj(ri LML 3) Jernigafi to correct these values estimated by the Bethe ap-
roximation; actually, the estimates of contact energies cor-

Cc
whereA®(r;,r;) represents the degree of contact between th ected for the Bethe approximation are divided by
=0.263 defined in Eq(34) of that papet and used as the

ith andjth residues;egiaj is the contact energy for residues
of typesa; anda; in contact, ance®,, (ri 1) is the orien- 5 eg ofAe; , . In other words, the intrinsic pairwise inter-

tational energy for the relative direction and rotation betweeryction energiese; are corrected relative to the hydrophobic
amino acids of type; anda; contact;a; means the amino energiesAe;,, and the hydrophobic energies are not cor-
acid type of thath residue. Here, it should be noted that therected at a”, see that paﬁéor the exact definitions oﬁeij
radial distance between residues is described by specifyingnd Ae,, . This scheme is employed, so that all the energy
whether or not these residues are in contact with each Oth%otentiab in Eq(l) have magnitudes estimated as the poten-
and that orientational interactions are assumed only for reskia| of mean force from observed distributions by assuming a
dues that are in contact with each other. Boltzmann distribution.

A®(ri,r;) takes a value one for residues that are com-  The collapse energg’, is essential for a protein to fold
p|ete|y in ContaCt, the value zero for residues that are too faby Cance"ng out the |arge conformational entropy of ex-
from each other, and values between one and zero for resiended conformations but it is difficult to estimatéThe
dues whose distance is intermediate between those two eyajye —2.55 originally estimatetf for €, is used here; as a
tremes, about 6.5 A between geometric centers of their sid,eesu“’ the contact energf , takes a negative value for all
chain heavy atoms. Previously, this function was defined as 8ming acid pairs except for LYS-LYS pair.
step function for simplicity. Here, it is defined as a switching
function as follows; in the equation below to define residue
contactsr; means the position vector of a geometric center
of side chain heavy atoms or ti&® atom for GLY’ C. Residue-residue orientational pOtential

In the representation of the relative location of one resi-

Clir. r.\= _ . c/ . vdw vdw
AS(ry r))=1.0=S[|ri=r;|,di(rg +ra), due with respect to another three degrees of translational

d(rVawy p YWy ] 4) freedom and three degrees of rotational freedom must be
28 & specified. Here, distances between residues are described by
6.550.95 for x<6.5x0.95 specifying whether or not th(_)se res_|dues are in contact with
dS(x)= ) , (5) each other. Thus, for contacting residue pairs, two degrees of
X otherwise directional freedom and three degrees of rotational freedom

are needed to represent those relative locations. Let us use

Cc — C
dS(x)=1.05d5(x)/0.95, 6 polar angleg,4) and Euler angle¢d,d,¥) to describe the
(1 for x<a direction and rotation of one residue relative to another, re-
b2— x2)2/(b%— a2 3\3 b?— 52 spectively. A local coordinate system fixed on each residue
Sw(x,a,b)=1 L( 2X ) 2( ) Ls( a ), (7) Wil be defined later. The potential of mean force for residue
;Z(b —x7)] ffor g<x<b orientations is defined as
\ or b=x
3,y 113 o =3 {—INfau +(INf 0}
PVa
= | ®) =i faat (N far)l], (11)
T faar=faa(0,4,0,0,7), (12
p: 3v3 (9) ! ! ! ! !
3v2 fara=fara(0',6',0", ", W), (13

where S, is a switching function, and}™ is the van der wheref,, (6,4,0,®,¥) is a probability density function

Waals radius of a residue of tymewhich is estimated from for a residue of type’ at the orientatior{6,¢,0,®,¥) rela-

the average volum¥, occupied by a residue of typ@ in tive to the residue of typa; it satisfies

protein structures with the packing density of hard sphere

V, are those calculated in Refs. 46 and 47 and listed in Ref. _

2. A critical distance to define a residue-residue contact is J fa (6,¢,0,®,¥)d cosfd d cos® db dW=1.

about 6.5 A, but it is taken to be larger for bulky residues. (14
Pairwise contact energies are defined as the sum of col-

lapse energy;, and a residue-type dependent te/krua;a, 0 r

means an average residue here.

An obvious relationship between the Euler angles exists
for the distribution of residue orientations betwefgp, and

fara:

oy =46, e (10 0'=-0, =V V=0, (15)
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The relationship in respect to the polar ang(ésp) is not (
simple, but @',¢’) can be uniquely calculated from —=sin(m¢) for m>0
(6,¢,0,0,W). Thus, in principlef ., andf,,, must be equal \/_
to each other: 1
R ={ — f =0 21
faa(6,6,0,0,W)=fa,(6',¢',0",&' ¥, (16 L or m==, D
However, in the present statistical estimation of the probabil-
ity density, the relationship above would be approximately \/_cos{m¢) for m<0
satisfied. Therefore, the potential is evaluated in the form of \
Eq. (12). where Y[" is the normalized spherical harmonics function,

_The second and the fourth terms in Ed1), each of P‘mp‘ is the associated Legendre functltﬁfJ with m,=0 is
which is the orientational entropy iy units, are calculated the Legendre polynomial. Then, the coefﬁuents in the ex-

as pansion of EQ.(18) can be calculated from the observed
(=Inf (6,0,0,0,T7)) density distribution by

aa’

Ef —faa Infandcosdde dcos® db dW. @7 Clamplemeke

Here it is important to note that this term represents a refer- = f faa’glpmplemeked cosfd¢ dcos® dd dW. (22
ence state such that the expected value of the orientational

energy for each type of contacting residue pair in the native hus, the coefficient of the first constant term in Et) that
structures is equal to zero. Thus, this orientational potentiatorresponds to the uniform distribution is obvious;

represents simply the suitability of a relative orientation be- 1
tween contacting residues, but does not represent at all c§j = 202072 (23
™

whether a contact between residues is favorable or not. The
latter is supposed to be represented in the present scheme by Bucheteet al®**° employed spherical harmonics func-
the usual contact energgga,. The reference distribution of tions only for smoothing the frequency distributions of
residue-residue orientations for these orientational potentiakesidue-residue relative orientations observed in angular co-
is the uniform distribution, and not the overall distribution ordinate space. However, to estimate the expansion coeffi-
for all types of amino acid pairs employed by oth&ts®  cients, the formal representation of an observed probability
Therefore, for residue pairs whose distributions coincidgunction with thed function can be uset that is,

with the overall distribution, the latter potentials give always obs

no preference but the present potentials give a preferenceaa’(a 1 $,0,0,%)

This is a desirable behavior for orientational potentials, be- 1

cause such an overall distribution of residue-residue orienta- = i > w,d(cosf—cosd,)d(d—d,)

tions would not be an intrinsic characteristic of non-native aa’ pe{(aa’)}

conformations but rather of native structures of proteins. X 8(cos® —cos0 ,) (P~ ,) (V- ), (24)
Instead of directly evaluating the frequency distributions

of relative residue-residue orientations in angular space, WR ., = 2 w,, (25)

estimate it with a series expansion in spherical harmonics 2
functions. The use of spherical harmonics functions to rep-
resent orientational distributions of residue-residue pairs was

re{(aa’)}
and then, the expansion coefficients are calculated as

attempted by Onizukat al®® and Bucheteet al3*% The aa’ 1
probability density is expanded as follows in the series of  ©l pMpleMeke — Naa , W
spherical harmonics functions which makes a complete or- wei(aal;
thonormal system with thés,,0,®,¥) variables. X1 mlgmeke( O s @ @, @ W), (26)
faa (6,0,0,0,¥) where @,.¢,,0,,®,,¥ ) is a set of angles observed for
lo the contactu between residue types anda’, andw,, is a
_ E E E weight for this contact. The summations in the equations
Ci m I eMgk . . ,
15=0 mp=—1lp 1e=0 me=—1¢ pipelete above are over all contacts of amino acid typesersusa’.
A contact between amino acid typasanda’ is counted as
X O1gmyl mek( 0 4,0, P F), (18 4ne half of a contact foa versusa’ and another half foa’
g is represented as versusa; N,a + Ny, is equal to the actual number of con-

o " tacts between amino acid typasanda’. Thus, a weightv,,
91 pmylemek,= Y1 *(COSE, @)Y, (C0SO, D)Ry (), (19 is equal to 0.8/, wherew® is a sampling weight for each
protein that is described in the section “Datasets of protein
2 || structures used.” In Eq(24), residues are regarded to be in
PIT(CoOP)Rm( ), contact if the geometric centers of side chain<Cdratoms
(200  for GLY are within 6.5 A.

(21+1)(1—|m|)!
2(1+[m|)!

Y{"(cosé, )=
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The sample size limits the frequencies of those mode&quation(31) means that more samples are required to de-
whose expansion coefficients can be reliably estimated. Higtermine higher frequency modes. In EGY), the first term
order terms are less reliably estimated than the low ordebecomes more effective than the second term in the limit of
terms. Bayesian statistical analysis suggests using “pseudamall numbers ofN,,,, and inversely the second term be-

counts” for expected occurrences of residue paffsAs a

comes more effective than the first term in the limit of large

result, the expansion coefficients of the observed distributiomumbers ofN,, .

are estimated as follows:

Caa’ ~ 1 Baa’ car
[pMpleMeke 1+ aa’ I pMpl eMeke=Tmplemeke
ﬁlpmplemeke
1
+3 > w,
aad’ ye{(aa’)}
2O myl amek,
X(0,,0,,0,,P,,¥,)|, (27)
Car ~ 1 ar Crr
Ipmplemeke 1+Biaprmplemeke Ipmplemeke Ipmplemeke
1
- W
Nar u<{an)
Xg|pmp|emeke(0,uv¢,u1®M1(I)/Laq,,u) 1 (28)
cln k%—]: Bl 1k i 1k
m,l_m m,l.m m,l.m
p''pe’e’e 1+ﬂ|r2mp|emeke p''peete 'pp'elete
1
+3 > W,
ra’ pef(ra’)}
Xg|pmp|emeke(0,u,v¢1u1®M1(I)/L1\I,,u) ’ (29)

rr

rr rr
C ~ Som. %01 Oom._ O
omplameke™ T4 g BooooFoooocot , Som, S0l Som, Fok,

1
— w
Ni ety ©
Xglpmplemeke(aul¢u1®,u,lq)p,iq,,u,) ’ (30)
Where,[3f‘p"’}np|emeke is taken to be
aa’ _ BOimylamek, 1
Ipmplemeke_ Naa’ ’

O| m1 mk =[the number of frequency modes lower

pipeete
than or equal to(l,,my,le,me,ke)]
=(12+2|my| + 1) (12+2|mg| + 1) (2|ke + 1),
(32

in order to reduce statistical errors resulting from the small
size of samplesBin Eqg.(31) is a parameter to be optimized.

Then, higher order terms in E¢L8), which tend to re-
flect artificial contributions from the small size of samples,
are ignored by evaluating only the lower order terms with

Ipslg’ax, [<I1T%, Ke<kg¥, (33
and

oI pmpl emekeS Ocutoff ’ (34)

where O iS @ cutoff value for expansion terms.

In order to reduce the number of expansion terms, we
choose only terms in the expansion whose coefficients have
absolute values larger than a certain cutoff value. Thus, the
probability density function is evaluated as

faa’(0!¢!®!q)1q,)

m
p

le

Iy |21ax
2 2 >
mp=—lp 1g=0 me=—

ax
0 e Ie

max
E H(Ocutoff_ol m,l.m k)
Ke

p'p'e'le®e

p
aa’ _ aa’
X H(|Clpmplemeke| Ccutoffcoooo(p
r

X 1 mae 91 m ek (6,6,0,D W), (35

p'lp'e p'''p'elete

whereH is the Heaviside step function which takes a value
of one for zero and positive values of the argument and is
otherwise zero. Finally the estimate of the probability density
faar(0,0,0,0,¥) is cut off at sufficiently low and high
values in such a way that its logarithm takes a value
within an appropriate range; for example—7
<=1 o (60,,0.9,%)+In(cB500@00000 < 1.

The orientational entropy defined by E@.7) is evalu-
ated with the observed probability distribution of Eg4).

(=Inf (6,0,0,0,7))

-1
N

> w,Infa(6,,¢,,0,,0,,%,). (36

aa’ uef(aa’)}

D. Repulsive potentials

A repulsive potential used here is the one described in
details in Ref. 3 to prevent packing at overly high densities;
it consists of a hard core repulsi@i®, an excess contact
energye ®, and a repulsive packing potentigP ,

E=> {%2 e"(ri,rp+eff+ePt, (37)
1 J
e"(r;,r;)=10S,(|r;—r;|,2.2,2.6, (39
da,
e{f=H<nf—q;>Kn—f—1)e°<n,rn], (39

Downloaded 18 Dec 2004 to 133.8.17.131. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



024901-6 S. Miyazawa and R. L. Jernigan J. Chem. Phys. 122, 024901 (2005)
efD_H(nC_ C) —1In N(a"—nf)—'—e (40)
C T T NGy e |
ne=> A%(r;,r)), (41)
J

whereS,, is defined by Eq(7). The repulsive packing poten-
tials e{P for the 20 types of residues are estimated from the
observed distributions of the numbers of contacting residues
in dense regions of protein structures by assuming a Boltz-
mann distributio?. N(a;,n%) is the observed number of
residues of type; that are surrounded hyf residues in the
database of protein structures;qg1i is a coordination num- FIG. 1. The definitions of a local coordinate system affixed to each residue.

. . - . - he originO of the local coordinate system is located at @f€position of
ber, Wh_ICh IS Qeflned as the ma)_(lmum feasible r_]umbe_r 0Fe-ach residue. Th¥ andZ axes are ones formed by the vector product and
contacting residues around a residue, for the amino acid que sum of the unit vectors fro to C* and fromC’ to C¢, respectively.
typea;. e in Eq. (40) is a small value é=10°) that iS  TheX axis is taken to form a right-handed coordinate system. The relative
added to avoid the divergence of the logarithm function. Thedlirection and rotation of one residue to the other in contacting rc_esidues are
observed distributiolN(a; 'nic) used here is ofé compiled represented by polar anglég ¢) and Euler angle$®,d,V), respectively.
from 2129 protein species representatives of the S€&p-

lease 1.53 with our sampling methdd.

E. Short-range potentials to use, for the present purpose, then the second ones are

The short-range potential is evaluated here by the sum dhosen. These spe_zcies are all those belonging to the protein
dihedral angle dependent energi&s(¢;,4;) over all resi- classes 1-5; that is, classes of allall B, a/B, a+ B, and
dues: ' multidomain proteins. Classes of membrane and cell surface

proteins, small proteins, peptides, and designed proteins are

ES= Z egi(¢i i) (42)

For this secondary structure potential, a 10° mesh ¢bgh)

not used. Proteins whose structifesere determined by
NMR or having stated resolutions worse than 2.5 A are re-
moved to assure that the quality of proteins used is high.

space is used to count frequencies of amino acids observed S0, proteins whose coordinate sets consist either of only

protein native structures, and this intraresidue poteregal
for each amino acid type is evaluated as

ea(d,¥)=—In(Na( ¢, 4)/Na) +(In(Na(#,4)/Na)), (43

-1
(=IN(Na($,9)/Na))= = 2 Na( b )In(Na( ,4)/Na).
(44)

whereN,(¢, ) is the number of amino acids of tyme at
(¢,1) observed in protein native structures, agl is their

sum over the entirép, ) space, that is, the number of amino
acids of typea. The second term is a constant term tha

corresponds to a reference energy, so that(¢#he) energy

C“ atoms, or include many unknown residues, or lack many
atoms or residues, are removed. In addition, proteins shorter
than 50 residues are also removed. As a result, the set of
species representatives includes 4435 protein domains; this
dataset is named here as dataset A.

The recognition power of the orientational potentials for
the protein native structures is evaluated by using decoy sets,
“Decoys’R'Us.” * To avoid a bias, orientational potentials
to be tested are compiled from a dataset of protein structures,
in which native proteins included in the decoy sets are re-
{moved; the total number of proteins is reduced to 4369; this
dataset is named dataset B.

expected for each type of residue in the native structures is AlSO, to remove sampling biases that result from se-

equal to zero.
The observed distributioi,(¢,) used here is ofé

quence similarities among these representative proteins, a
sampling weight for each protein is determined by the sam-

compiled from 2129 protein species representatives of thpling method based on a sequence identity matrix between

SCOP?® Release 1.53 with the sampling metfassed to

sequences, which is described in Ref. 3. In other words, each

reduce the weights of contributions of structures having higlof the structures having similar sequences is sampled with a

sequence identity.

F. Datasets of protein structures used

weight less than 1. As a result, the 4435 protein sequences of
the dataset A correspond to the effective number, 3522, of
sequences and include the effective number, 1467 302, of

To estimate the orientational potential, proteins each ofésidue-residue contacts. The 4369 sequences in the other

which represent a different protein fold were collected. ReJProtein dataset B corresponds to the effective number, 3506,
lease 1.61 of the SCOP datab®seas used for the classifi- Of sequences and include the effective number, 1463 806, of
cation of protein folds. Representatives of species are theontacts. The orientational distributions of contacting resi-
first entries in the protein lists for each species in SCOP; iflues are evaluated in the multimeric state of the complete
these first proteins in the lists are not approprigte below protein structure for each protein domain.

Downloaded 18 Dec 2004 to 133.8.17.131. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



024901-7 Relative orientations between contacting residues in proteins J. Chem. Phys. 122, 024901 (2005)

Ill. RESULTS 6 : : : :
A. Local coordinate system affixed to each residue ]

In order to describe the relative directional and rotational & 5 5 |
positions of contacting residues, a local coordinate systerr§
defined as in Fig. 1 is affixed to each residue. Here the Ioca@
coordinate system is defined for fold recognition, based only2
on the main chain atoms &, C*, andC' to represent the
orientational relationship between the main chains of con-
tacting residues rather than representing those relation-
ships between the side chains. The orignof the local 7
coordinate system is located at t8€ position of each resi- |
due. TheY andZ axes are ones formed by the vector product
and the sum of the unit vectors frofhto C* and fromC’ to 0 C o005 od ol5
C¢, respectively. That is, th& andZ axes are taken to be Ceut-off

perpendicular to and in the plane of the three atdm<«, _ o _ _ ,

andC’, respectively. These form a right-handed coordinaté:'G: 2. Dependgnme_s of orlentat_lonal entroples on parametel_’s in the esti-
’ . mation of the orientational potentials. The orientational entropies averaged

system. There are tV\_/O degrees Of.d”ecuona! freeqom ?—ngler all types of residue pairs with the weight of the number of contacts

three degrees of rotational freedom in the relative orientatiom,, for each type of residue pair are plotted against the cutoff values for the

of one residue to another in Contacting residue pairs_ Thexpansion coefficients. Triplets of digits near solid lines indicate the values

. . A . . ) max jmax jmax. _epnlid 1i max_ jmax_ |max_ g i
relative direction and rotation of one residue to another irPf (p™ le*"k™); for the non-solid lines|;™=Ig™~k™=6 is used. The

. . other parameters ayg=0.2 for all lines, and = O33337= 1792 for solid
contacting residues are represented by pOIar arﬁg]é&; and lines. The dotted line shows the case @f = Ogo777~= 960, the dotted

Euler angleg®,®,¥), respectively. broken line is forOy=01155= 1584, and the broken line is f@® s
=0 puui= 2025,

Mean onental

o
o

B. Orientational distributions of contacting residues

Release 1.61 of the SCOP datalf&ser classification of  required for the estimation depends on the resolution of the
protein folds has been used to choose representatives for difotentials, that is, the values kgrax, |72 andk]®, and also

ferent protein folds. In the 4435 chosen representative prothe cutoff parameters 0Dy and Ceuor, and B for the
teins, which correspond to the 3522 effective number of secorrection for a small sample size. Orientational entropies
quences, the 1467 302 effective number of residue-residugstimated with various values of the parameters are shown in
contacts are observed and used here to evaluate the statistica. 2, and the numbers of significant terms required are
distribution of relative residue-residue orientations for eactplotted in Fig. 3. Orientational entropies and the numbers of
type of residue pair. The orientational distributions are evalu-
ated in the multimeric state of a whole protein structure for
each protein domain.

As described in the Methods section, the sample size
limits the frequencies of modes whose expansion coefficients
can be reliably estimated. Here, values in the range 4-14 arg
used forl ', 15", andkg ** that are the maximum values of £
I, le, andke which are the highest frequency modes to be
estimated. However, even though each lgf,(mp, l¢, mg,
ko) is sufficiently small, their combinations may correspond
to high frequency modes. The number of modes lower than
orequal to {,, my, le, Mg, Ke), O'pmp'emeke defined by Eq.
(32), is used as a one-dimensional projectionlgf, (my, ¢,

m., ko) on a frequency axis. To remove high frequency
modes, only frequency modes less than and equél

are utilized. In addition, only significant terms in the expan- 0
sion of Eq.(35) whose coefficients take larger absolute val- 0 0.05 0.1 0.15 02

' . Ceut-off
ues than the value of a cutoffiCi5000 are used to esti-

mate the distributions of relative residue-residue orientationd:IG. 3. Dependencies of the number of significant expansion terms on es-

Deviations from the uniform distribution in the esti- timation parameters for the orientational potentials. The numbers of signifi-

cant terms averaged over all types of residue pairs with the weight of the

mated orientational distributions can be measured by r":‘CIU(r‘fumber of contactbl,,, for each type of residue pair are plotted against the

tions in orientational entropy. In the case of the uniform dis-cutoff values for expansion coefficients. Triplets of digits near curves indi-
tribution, the orientational entropy defined by E@.7) is  cate the values ofI[[**,|7® kg'™); for the non-solid lines| J"™=Ig"=k®*

_ aa’ . . .o . =6 is used. The other parameters g#e-0.2 for all lines, andO
equal to—In(Coo00@ 00000 = 6-900 inkg units; kg is the Bolt- = 0333357 1792 for solid lines. The dotted line shows the caseOgf

zmann constant. The e_stimate of orientatior_nal entropy foL o,,,,=960, the dotted broken line is f@ = Oysee= 1584, and the
each type of residue pair and the number of significant termsroken line is forO = O 2444~ 2025.

15000

Mean number of significant te
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The number of significant expansion terms The number of significant expansion terms

FIG. 4. Correlation between the number of significant expansion terms an&lG. 5. Histograms of the numbers of significant expansion terms for the
orientational entropy. Those values for 210 different types of residue pairs210 types of residue pairs; the numbers of significant expansion terms are
which are averaged over residue paiasa() and @’,a), are plotted here.  averaged over residue paira,&’) and @',a). The size of a bin is 200.
The orientational potentials are evaluated Wil =Ig**=k{®=6, Oy These data are those fof®=I{®=kg'*=6, Ogr=1792,8=0.2, and
=1792,8=0.2, andc = 0.025. Ceutoff= 0.025.

significant terms averaged with a weight of the number ofsignificant terms for the 210 types of residue pairs is shown
contacts over all residue pairs are plotted against the cutofh Fig. 5, indicating that the orientational distribution
value of the coefficient for expansion ternts,,. Triples  strongly depends on the type of residue pair.

of digits near curves in the figure indicate the values of  The orientational entropie§—Inf,,) for each type of
(15, 187, andkg'™). The entropy reduction is large when residue pair are listed in Table I. Residue typé ih Table |

the resolution of the potential increases. The estimate of orimeans any type of residue. As already noted in the Methods
entational entropy with J@=I*=k3'*=4,5,6 almost con- section, in principle this matrix is symmetrical. The table
verges at the cutoff value, .= 0.025. The number of sig- shows that the matrix is almost symmetrical, indicating the
nificant terms decreases almost exponentially with the cutof§ood quality of their statistical estimates. These values in this
value, Coyorr; S€€ Fig. 3. The number of significant terms table are calculated wity®=Ig"*<k{"™=6, Ocofi= O33333
required for each type of residue pair is related to the orien=1792, 8=0.2, andcgs= 0.025.

tational entropy for the residue pair. Figure 4 shows the cor-  Orientational entropies for residue pairs with GLY ap-
relation between the orientational entropies and the numbgrear to be relatively large. Also orientational entropies for
of significant terms. As expected, many significant termsesidue pairs with PRO tend to be larger than those for others
tend to be required for residue pairs whose orientational erbut smaller than those for residue pairs with GLY. Residue
tropies are large. The frequency distribution of the number opairs TRP-CYS/CYS-TRP have the smallest orientational

TABLE |. Orientational entropy —In f,.), in kg units for each residue paia(a’); a (a’) is shown in each rowcolumn), r is for all types of residues, and

the parameters used aif*=I10"**=k{®=6, O o= 1792, 8=0.2, andc o= 0.025.
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T angle dependences. The difference between the middle and
GEWZ_ lowest solid lines corresponds to contributions from the cross
correlation between polar angle and Euler angle depen-
33 E dences. Cutoff values for significant terms in the expansion
43 E are O¢yof= 1792 andc,o=0.025. The parameter for the
: correction for a small sample size #5=0.2.
" a0 4 ' 6'? ' 80 ' 163 ' 1'2&' 1);Yo ' lgg ' l’l‘g' 200 These resu_lts Cle_a_rly indicate that only small amounts of
Amino Acid Pair ID number entropy reduction originate purely from polar angle depen-
WWWWHMWWM dences, and that the distribution of residue orientations has
6 significantly large correlations between polar and Euler
EVWWWWWMWN; angles. Also, the fact that the lowest solid line is more jagged
3 than the upper lines indicates that the distributions as a func-

tion of polar and Euler angles, can reflect more differences
among the types of residue pairs than the others. Thus, the

Orientational entropy

Orientational entropy
& W
1 % 11

3]

200 20 240 260 280 300 30 340 360 380 400 discriminations of native structures from non-native folds is
T ) Q N E D H R K P . .
Amino Acid Pair ID number expected to be improved by taking account of Euler angle
dependencies in the distributions of residue-residue orienta-

FIG. 6. Orientational entropieg—In f,.), for three types of distributions .
are plotted against the identification number of amino acid paja’(. tions.
Amino acid types are numbered in the order of amino acids written along
the abscissa; see text for details. The broken line shows the entropy, 6.900,
for a uniform distribution. The lowest solid line shows the distribution with
polar and Euler angle dependencis=I7®=k;*=6. The highest solid
line shows the distribution withy®*=6,**=k{®*=0 that depends on polar
angles only. The middle solid line shows the distribution that depends on We have evaluated the recognition power of the orienta-
polar angles with J®=6, and on Euler angles witl®™=kJ*=6, but ig- . . . . .
nores any correlation between polar and Euler angles. The values of othélrOrlal potentials for native S_trUCtureS us_lng_ mdepen“dently
parameters ar® = 1792, B=0.2, andcyes=0.025. constructed decoy sets, which are maintained at “http:/
dd.stanford.edu” as the database “Decoys’R’'U¥"Here,
the group of decoy sets named “multiple” are employed.
entropies. Orientational entropies for residue pairs with CYSThis group of decoy sets consists of the following ten fami-
and GLU are relatively small. As expected, CYS-CYS, lies of decoy sets classified by methods used to generate
GLU-GLU, GLU-ASP/ASP-GLU, and LYS-LYS have rela- decoys. Each decoy set provides multiple non-native struc-
tively small orientational entropies, probably because of S—%ures as well as the native structure.
bond interactions and charge-charge interactions. (1) The “4state reduced” family containing decoy sets
for seven small proteins.C, positions for these decoys
C. Distributions of residue orientations depend were gener_ated py exhaustlve!y enymeratmg ten selectlvgly
significantly on Euler angles cho§(9|26re5|dues in each protein using a four-state off-lattice
model:

It is interesting to see how much the entropy reductions (2) The “fisa” family containing decoy sets for fous
originate either from polar angle dependences or Euler anglgejical proteins. The main chains for these decoys were gen-
dependences only, and from cross correlations between themgiated using a fragment insertion simulated annealing proce-
the orientational entropy is defined by Eg7) and estimated  qyre to assemble nativelike structures from fragments of un-

by Eq. (36)- _ _ related protein structures with similar local sequences using
In Fig. 6, the broken line shows the maximum value of gayesian scoring functiori€.

orientational entropy whic,h each type of amino acid pair can (3) The “fisa_casp3” containing decoy sets for proteins
take; it is equal to—In(c55y0@a000d = 6.900 for the uniform  predicted by the Baker group for CASP3. The same method
distribution. The abscissa indicates the amino acid pair idenas for the fisa set was used to generate the main chains and
tification number; amino acid types are numbered in the orside chains for these decoys.

der of amino acids written along the abscissa. Thus, the (4) The “hg_structal” family containing decoy sets for
amino acid pair identification number one means a CYS29 globins. Each decoy has been built by comparative mod-
CYS pair and 400 means a PRO-PRO pair. The lowest soliéling using 29 other globins as templates with the program
line is for a distribution estimated witf)*=I7*=k*=6.  “segmod.”!

The highest solid line shows the orientational entropies esti-  (5) The “lattice_ssfit” family containing decoy sets for
mated withl J=6, | **=k3**=0, and therefore the contri- eight small proteins generated B initio methods?®

bution to the total entropies from polar angle dependences. (6) The local minima decoy set familflmds” ) which

The middle line shows the orientational entropies estimatedontaining decoy sets derived from the experimental second-
by subtracting the entropy, 6.900, for the uniform distribu-ary structures of ten small proteins belonging to diverse
tion from the sum of entropies estimated witff*=6, Ig™  structural classes. Each decoy is at a local minimum of an
=ke =0, and withlJ¥=0, I7*=k{®=6. In other words, energy function.

the difference between the highest solid line and the middle (7) The second version, “Imds/2,” of the local minima

line shows contributions to the total entropies from Eulerdecoy set family, Imds.

D. Recognition power for native structures
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(3) The “semfold” family containing decoy sets for six B _ RMSDigesi- RMSDgecoy
proteins. L =Limsi= ;
(9) The “ig_structal” family containing decoy sets for _
61 immunoglobulin domains. Each decoy has been built byvhereE ... andog are the mean and the standard deviation
comparative modeling using all the other immunoglobulinsof energies of decoys, afRMSD;ecq andomsqare the mean
as templates with the program segnidd. and the standard deviation of RMSD of decoys. RNGR:
(10) The “ig _structal_hires” family that is a high reso- is the RMSD of the lowest energy fold.
lution subset of igstructal, and contains decoy sets for 20 The correlation coefficienR of rank order between the
immunoglobulins. The resolution range is for this set is 1.7—energies and RMSDs of decoys is also listed in some tables,
2.2 A compared to the range of 1.7—3.1 A for the full 61 set.because it was used in Ref. 25.
In the following, these families of decoy sets are catego-
rized into two classes one of which consists of only the last
two families above, i.e., the decoy set group of immunoglo-F. How important are the Euler angle dependencies
bulin domains that are single chains of a multimer, and thef relative residue orientations for fold
other which contains the rest of the decoy families above anfecognition?

is called the decoy set group of monomeric proteins; al-  First, we examine how the discrimination power is im-
though hg structal contains decoy sets for some hemogloproved by taking account of the Euler angle dependencies of
bins which are tetrameric proteins, and the fragment B Ofejative orientations between residues. In the caséldf
protein A, which is in a complex with immunoglobullf;, =m0 Euyler angle dependencies are completely ignored.
is also contained as the decoy set 1FC2 in the decoy Setys, the comparisons of the performances of discrimination
families fisa, Imds, and Imds2. This classification that de- petween the cases HF¥=KI*=0 and| ™ KI'™%0 indicate
pends on whether decoys are a single chain of a multimer ifow important the Euler angle dependencies of relative resi-
based on the fact that the true ground state of those multimyye orientations are in fold recognition. In Tables Il and I,
eric proteins requires all of the chains to be present; it is trugne performances of discrimination are compared among
especially for contact energies, although it is not expected fogome combinations of parametéf&* and 17 for both the
the orientational energies developed here or short-range P@ecoy set groups of monomeric proteins and immunoglobu-
tentials such as the secondary structure potentials. The decqy domains;k™* was taken to be equal t§*. The full lists
set group of monomeric proteins consists of 79 decoy setgf these tables are provided in the auxiliary matetiafere,
and the decoy set group of immunoglobulin domains consistge potentials consist of the orientational potergfabnly. In
of 81 decoy sets.. N these tables, the performances of discrimination are evalu-
In the evaluation of the recognition performance of po-4teg by the number of decoy sét®. of tops in which the
tential functions for the native structures, proteins containeghative structure is the lowest energy fold, and also the aver-
in the decoy sets have been removed from a dataset of prgges over the decoy sets of the logarithms of rank probabili-
teins from which the orientational potentials are compiled;jjeg P, in the energy scale and, in the RMSD scale, and

(48)

Ormsd

that is, the dataset B is used. the mearZ scoresZ, of the native folds in the energy scale.
Table (@ shows the dependencies of the recognition

E. Evaluation of the performance of potential power on the resolution in polar angles; note that Euler angle

functions in fold recognition dependencies are completely ignored wi{ff*=kJ**=0.

Both the monomeric protein decoy set group and immuno-

The performance of potential functions in fold recogni- lobulin decoy set group show similar characteristics; when
tion is evaluated for each decoy set by the rank, the Ioga9 Y group '

. . ax -
rithm of rank probability, and th& score of the native fold the rssolu]:u;)n, thatk|s,tth?jvat1lu_e tﬂ mcreajeti upto 7, th(f:‘ h
in the energy scale, and by those of the lowest energy fold jfumber ot top ranks tends fo increase and the means ot the

the root mean square deviatidRMSD) scale. RMSD means kr)]g rank probatl)ilitieslg Pe ig the energé/ sc_z:lle and P, in )
the least root mean square deviation betw€&natoms in t (-I} RMSDh scale, tgnl to , r? 'ngfve with more ngg?tlve
overlaps between the native structure and decoys. The rarff@lués. The potentials with ZI;""<14 appear to yield

ax__ max__ H
probabilities, P, in the energy scale ang, in the RMSD  WOrse results than that Of*=7. At I7¥=14, the orienta-
scale. are defined as tional potential shows a similar performance to thatlf@?"

=7. These results indicate that the improvement in the per-
Pe=the rank of the native fold in an energy formance of fold recognition is not monotonic with the num-
ber of expansion terms, and also that there may be an intrin-
sic periodicity in the polar-angle distribution of residue-
P,=the rank of the lowest energy fold in the residue orientations.
Similar performance is obtained for both the decoy set
RMSD scale/the number of decoys, (46) group by using the Euler angle distributions of residue-
The Z scoresZ, in the energy scale and,4 in the residue orientations. The dependencies of the recognition

scale/the number of decoys, (45)

RMSD scale are defined as power on the resolution in Euler angles are shown in Table
I1(b). For this table] =0 is used, so that polar-angle de-

Z.= E”atLEdecoy (47) pendencies are completely ignored. The best result in the
g cases of 41 ¥=kI'™<7 is obtained in the case of the high-
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TABLE Il. Dependencies of the performance of fold recognition on the resolution of the orientational potential; dependencies on polar or Euler angle

(a) Dependencies on polar angles

I g‘laX: kg"aX:O' B=0.2, Ogypofi=

79 monomeric decoy sets 81 Ig decoy sets
| outof Coutoft No. of tops InP, inp, Z. No. of tops InP, inpP, Z.
4 0.0 23 —-2.79 —2.09 -1.41 29 —2.66 —1.88 —1.45
0.025 22 =277 —-2.02 —-1.41 28 —2.67 —-1.82 —-1.45
5 0.0 31 —-3.35 —2.57 —-1.84 31 —2.68 —1.96 —1.46
0.025 31 -3.37 —2.57 -1.84 30 —2.66 —1.93 —1.45
6 0.0 27 —-3.23 —-2.55 —-1.77 34 —2.69 —2.19 —1.45
0.025 28 -3.24 —2.58 -1.76 34 —2.68 —2.16 —1.44
7 0.0 30 —3.45 —2.60 -1.98 45 —2.93 -2.52 -1.57
0.025 31 —3.46 —2.60 —1.98 45 —2.94 —2.53 —1.58
8 0.0 28 —-3.37 —2.59 —-1.91 38 —2.73 —2.24 —1.48
0.025 27 —3.36 —2.55 —1.89 39 —2.74 —2.27 —1.49
9 0.0 25 —3.38 —2.43 -1.92 32 —2.66 —2.06 —1.54
0.025 24 —3.36 —2.44 —1.90 33 —2.68 —2.08 —1.56
10 0.0 27 -3.32 —2.55 -1.83 37 —2.55 -2.13 -1.52
0.025 26 —-3.31 —2.49 —-1.82 36 —2.52 —2.14 —1.55
11 0.0 28 —3.44 —2.67 —-1.94 39 —2.68 —2.16 —-1.71
0.025 30 —3.48 —2.82 —-1.92 39 —2.67 —2.18 —-1.72
12 0.0 25 —-3.29 —2.45 —-1.78 41 —2.70 —2.29 —-1.76
0.025 24 -3.30 —2.50 —-1.77 40 —2.70 —2.29 -1.77
13 0.0 30 —3.39 —-2.73 —1.80 39 —2.80 —-2.19 —-1.83
0.025 29 —3.38 —2.73 —1.80 40 —2.80 -2.20 -1.83
14 0.0 31 —3.42 —2.89 —1.84 46 —2.87 —2.48 —-1.91
0.025 30 —3.44 —2.82 —-1.82 47 —2.89 —2.53 —1.89

(b) Dependencies on Euler angles

I ';;naX=07 :8= 0.2, Ocutoff= *

jma 79 monomeric decoy sets 81 Ig decoy sets
e R —_—
Kmax Ceutoft No. of tops In P, InP, Ze No. of tops In P, InP, Ze
4 0.0 25 —3.18 —2.68 —-1.78 33 —2.63 —2.26 -1.31
0.025 25 —-3.14 —-2.71 —-1.75 33 —2.61 —-2.31 —-1.29
5 0.0 25 —3.26 —2.79 —-1.77 44 —2.85 —2.55 —1.65
0.025 26 -3.23 —2.80 -1.74 44 —2.84 —2.58 -1.61
6 0.0 26 —-3.25 —2.79 —-1.83 47 —3.04 —2.78 —-1.84
0.025 24 -3.20 —2.57 -1.81 45 —3.00 —-2.79 -1.77
7 0.0 30 -3.31 —2.84 —1.88 52 -3.03 —2.94 -1.82
0.025 28 —3.24 —2.70 —-1.83 52 —3.02 —2.92 —-1.73

est resolution| /=0 7**=kg'®=7. In comparison with the resolution, but has a limitation arount]®=Ig"*=k"
results ofl /=7 |g®=k{™=0, some improvement is clearly ~6,0,7~1792, probably owing to the sample size. How-
observed for the immunoglobulin decoy set group, althoughever, the comparison of the results ftﬂlaxz7,|gna><:kg‘ax
the performanpe of scoreZ, is slightly worse for the mo- —q, |g18><:|[3na><:kgﬂax:7' Ocutofi= 077007 64, and|g13><:|21ax
nomeric protein decoy set group. The native structures of:k‘ranax:% Ocutofi= Ooo777~= 960 indicates that including
immunoglobulin domains consist mainly gfsheets. Hydro-
gen bonds betweep strands are essential to maintgth
sheets. In addition to hydrogen bonds, residue-residue pac
ing between &3 sheet and other parts may require relatively
stringent orientations between residues, especially for Eul
angles.

To improve the performance, correlations between polar'' i Y gt
and Euler angle dependencies must be taken into accourftfientational distributions.
Table Il shows the improvements in recognition perfor-  Dependencies of the performance on the cutoff param-
mance obtained by taking account of the correlations beeters are also examined. In cases of low resolution in which
tween polar and Euler angle dependencies. Table) lihdi-  only polar dependencies are taken into account, the effects of
cates that the recognition performance is improved abouhe cutoff parametec, s on the recognition performance
10% to 30% for both of the decoy set groups with increase ofre not clear for the cases @f .= 0,0.025,0.5. However, in

small numbers of lower orders of cross terms between polar
ﬁnd Euler angles does not lead to an improvement in perfor-
mance and sufficient numbers of cross terms are required to
eimprove the performance. This may be one of reasons why
6nizuka et al® observed worse rather than better perfor-

fances by taking account of Euler angle dependencies in
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TABLE Ill. Dependencies of the performance of fold recognition on the resolution of the orientational poten-
tial; interdependencies between polar and Euler angles.

(a) Dependencies oH" and cutoffOs

| M TD|MX | B 0.2, €= 0.025

79 monomeric decoy sets 81 Ig decoy sets
| max Ocutot No. of tops  InP, InP, Ze No. of tops  InP, InP, Ze
4 960 34 —372 —-324 -218 47 —297 —-281 -—1.59
1792 36 =377 —-327 =221 47 -3.01 -279 -167
5 960 36 —-3.82 —-3.38 -—227 56 —-3.18 —-3.02 -181
1792 38 -3.87 -—-322 -233 55 —-323 -292 -1096
6 960 37 —-3.83 —333 -—-232 60 -324 -323 -192
1792 37 -3.88 —-322 -238 59 -3.27 -3.11 -2.00
2025 38 -3.85 —325 -236 56 -321 -3.05 -1.99
7 64 27 —353 —-295 -193 30 —263 —2.04 -—1.46
960 36 —-385 —322 -234 57 -322 -311 -1093
1792 38 —391 -—-331 -—-242 53 —-3.20 —294 -2.02
2025 37 —-3.87 —-329 -2.40 54 -320 -3.02 -204
(b) Dependencies on cutof
le®=kg™ =10, B=0.2, Og o= 960
79 monomeric decoy sets 81 Ig decoy sets
172 oo No. of tops  In P, InP, Ze No. of tops  In P, InP, Ze
5 0.0 35 -3.81 -—-333 -227 55 -3.17 -296 -—1.83
0.025 36 -3.82 -338 -227 56 -3.18 -3.02 -181
6 0.0 34 -3.80 —-324 -232 60 -326 -325 -195
0.025 37 —3.83 —3.33 -—-232 60 —-324 —-323 -1.92
7 0.0 34 -3.82 -—-311 -233 59 -325 -3.17 -1.96
0.025 36 —385 —322 -234 57 —-322 —-311 -1.093
155 Coutof le@=kg®=IT", B=0.2, Ogyof= 1792
5 0.0 38 —-3.88 —-330 -234 56 -323 -293 -1096
0.025 38 —-3.87 —-322 -233 55 —3.23 —292 -1.96
6 0.0 37 -3.87 —335 -—240 60 -328 -314 -201
0.025 37 —3.88 —3.22 -—-238 59 —-3.27 —-3.11 -2.00
7 0.0 39 —-3.92 -—-327 -243 55 -320 -3.05 -2.05
0.025 38 —391 -—-331 -—-242 53 —3.20 —294 -—-2.02
(c) Dependencies on a parameter for small sample corregéion,
IT= I PH*<KI™=6, Coyo=0.025
79 monomeric decoy sets 81 Ig decoy sets
Ocutoft 8 No. of tops  InP, InP, Z. No. of tops  InP, InP, Z.
960 0.1 35 —-3.82 —-3.26 —2.32 60 -325 —-323 -1.093
0.2 37 -3.83 —-333 -232 60 -324 -323 -192
1 34 —-3.78 —3.23 -—-2.28 58 —-322 -319 -1.89
1792 0.1 36 —-386 —3.15 -—2.39 59 -3.27 -3.11 -2.00
0.2 37 —3.88 —3.22 -—-238 59 —-3.27 —-3.11 -2.00
1 36 -385 —318 -234 57 -324 -3.05 -197

the cases of high resolution the value 0.05 dgy¢ is not  Thus, the value of 0.025 is used here & -

small enough to reproduce the orientational distributions for  The effects of3 for a small sample correction are shown
fold recognition. See tables in the auxiliary matefidor  in Table 1li(c). The potential shows a better performance
details. The threshold. . for significant expansion terms around B=0.2; N,. /B=18000(= 1467 302/400/0.2).
should be set as small &3,,,7~0.025. This is consistent Thjs means that the first digit will be significant in the esti-
with the fact that as shown in Fig. 2 the mean orientationajnated values of the expansion coefficients for the terms of

entropies can be reproduced by employitg;s— 0.025. B aa’ .
Using a value forcgs lower than 0.025 does not always Otymylemgle, = 1792, bECAUSE .| m x, N EC. (31) becomes

yield good performance and may even decrease the recogrtPout 0.1 forO, | mx =1792. Thus, the values o
tion power, probably because the expansion terms with smat 0.2 andO .= 1792 would be consistent with one an-
values of coefficients tend to correspond to statistical noiseother.
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FIG. 7. The effects of Euler angle dependencies in the orientational potentials on the performance for fold recognition. The value of logarithm of ran
probability P, in the energy scale for each decoy set is plotted against the identification number of the decoy set that is listed in Table V and tables in the
auxiliary material(Ref. 52. The left figure(a) corresponds to the decoy set group of monomeric proteins in “Decoys’R(Bef. 39, and the right figure

(b) to the immunoglobulin decoy set group. The potential function used here consists of orientational pa&ntiftsCross marks and solid lines show the

case for the orientational potential with**=7, 1 *=ki®=0, Oy=2*, andcyr=0.025. Open circles and broken lines show the case for the orientational
potential withl J*<I7*=kI®=6, Ogyo= 1792, andc o= 0.025.

The parameters ofl [¥=Ig*=ki*=6 with O indicating that residues in the non-native structures are not
=1792, Coyor—=0.025, andB=0.2 are employed here, al- well positioned with respect to the relative orientation be-
thoughO o= 960 is also good, and could be chosen if onetween them.
wants to reduce the number of expansion terms. The dis- |t should be noted here that for the monomeric decoy set
crimination of the native structures is successful for 37 of theyroup the performance of the contact potentia® without
79 monomeric decoy sets and for 59 of the 81 immunoglothe orientational energy is slightly better than that of the

bulin decoy sets using the orientational energy. orientational energg® only, but it is significantly worse for

The value of IrP, for each decoy set is shown in Fig. 7; the immunoglobulin decoy set group. Including the collapse
(a) for the decoy sets of monomeric proteins, dhgfor the g y group. 9 b

. ) . . _energye’. causes the performance to become even worse,
immunoglobulin decoy sets. The abscissa shows the identifi-_ . 9y Crr P . ) i .

. . .Indicating that the contact potential without the orientational
cation number of the decoy set that is listed for each decoy in

tables in the auxiliary materiaf. Cross marks and solid lines potential does not work at all for these decoy sets. In the case
indicate the values for the caselg‘f“:? | M (- poth of multimeric proteins, the evaluation of contact energies for
e 1

are the best case for each decoy set group if only polar-angf@s'd”esj on the surface of the domain requ|r'es other do.mams

dependencies are taken into account. Open circles and brgnd chains to be present. When other domains and chains are

ken lines are for the case ¢gwax=|max=kg1ax=6 For most ot available for a given domain, residue-residue contacts
e .

decoy sets, the performance in the discrimination of the nabetween domains and chains cannot be evaluated. Thus, as
tive structures is improved. already mentioned, unlike short-range potentials, the true
ground state of those multimeric proteins in the contact po-
G. How important are relative orientations between tential requires all of the chains to be present. Especially in
residues in fold recognition? the case of immunoglobulin molecules, the interface among
constant and variable domains occupies a large portion of the

A summary of the effects for each potential COMPONeNty, -ce of the domains. Thus, the potential consisting of the

in Eq. (1) on the performancg in fold rgcogn|t|on Is listed in simple contact energy shows an extremely poor performance
Table 1V. The energy terms included in the total energy PO%or the immunoglobulin decoy sets. On the other hand, the
tential are listed in the first column of the table. The perfor- 9 y ' '

mances of those total energy potentials are evaluated by thog:er?tanongl pot-ent|albonly measures ,hOW go_(cj;d or bad thed
number of top rankgno. of top3, the means over all decoy '€ ative orientations between contacting residues are, an

sets of the logarithms of rank probabilitiesPgin the energy (s its evaluation does not necessarily require the presence
scale and I, in the RMSD scale, and of th# scoresZ,, in of all domains and chains in multimeric proteins, although it
the energy scale an,4in the RMSD scale, and the me- would be more precisely measured if all contacting residues
dians of thoseZ scores in all decoy sets. Also the meanWere known; as seen from E.1), the expected value of the
valuesR over all decoy sets of the correlation coefficients oforientational energy for contacting residues in native protein

rank order between the energies and RMSDs of the decoyfuctures is adjusted to be equal to zero.
are listed for reference. It is noteworthy that in Table 1\&) a large improvement

First, the results for the monomeric protein decoy setn performance is not seen for the monomeric protein decoy
group clearly show the orientational poten&lcan achieve set group, in which decoys have relatively compact struc-
a performance comparable to the simple contact potentialsures, by adding the residue-type independent contact energy
without and with the collapse energge® and ef, +Ae°, el to the residue-type dependent contact potentiefl ex-
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TABLE IV. Performance of each potential component in fold recognition.

(a) For the 79 monomeric decoy sets

Potential8 No. of top ranks  Mean Mean Mean Mean Median Median Mean
ev Aef; e° e e’ Total No=79 InP, In P, Ze Zmsd Ze Zmsd RP
e° 37 —-388 —322 -—-238 —-249 —-2.09 —1.65 0.33
e° + e’ 35 -379 -3.08 -232 -233 -201 -—149 0.33
e° + e’ 53 —-400 —-399 -—-296 —3.13 —3.22 —2.59 0.35
e° + e’ + e® 53 -398 —-399 -293 -313 -316 —259 0.34
Ag® 36 —412 —-320 -—-256 —212 —237 —1.63 0.33
Aef + e 41 -390 -—-3.12 -223 -203 -—-2.04 —-1.74 0.32
Ag® + e° 52 —453 —-424 -318 -—-3.19 -—-279 —2.60 0.37
Agf + e° + e 52 —438 —-4.04 —-295 —-3.01 -—-254 —2.50 0.37
Aef + e° + e® 58 —-425 —-430 -351 -—-338 —-348 —-3.04 0.37
Ag® + e° + e + e’ 57 —415 —-424 -335 -335 —-3.17 —2.80 0.37
er + Ae® 36 -405 —-329 -268 -—-232 -261 186 0.32
er + Aef + e 38 —418 —-350 —-253 —-250 —2.49 —2.14 0.32
ev + Ae + e° 58 -479 —-488 —-438 -—-392 -408 —355 0.40
er + Ae® + e° + e 57 —-473 —-469 —-413 -374 —-3.76 —3.41 0.40
er + Aef + e° + e’ 61 —463 —463 —445 -368 —411 —3.41 0.39
e’ + Ae + e° + e + e® 59 —-449 —-449 -421 -356 -3.86 —3.10 0.39

(b) For the 81 immunogloblin decoy sets

Potential8 No. of top ranks ~ Mean Mean Mean Mean Median Median Mean
er Aef; e° e’ e’ Total No=81 In P, InP, Ze Zimsd Ze Zmsd R®
e° 59 -327 -311 -200 -274 —-203 —-255 0.38
e° + e’ 62 -335 -323 -215 -285 —-227 261 0.36
e® + e® 67 -336 -—-342 -314 -3.00 -—-327 -—-2.69 0.39
e° + e’ + e’ 68 —-338 —-346 —-329 -303 -344 -271 0.37
Ae’ 6 -155 -138 -052 -065 -—-051 -—047 0.38
Aef + e’ 36 -278 —-229 -102 -170 -095 -—1.15 0.29
Ae’ + e° 57 -320 -309 -157 -270 -155 —253 0.44
Ae® + e° + e 63 -339 -335 -182 -295 -—-179 -—-267 0.40
Ae® + e° + e® 68 —-336 —-350 -253 -—-3.09 -244 -269 0.43
Ae® + e° + e + e® 69 -339 -352 -281 -3.09 -281 -—-271 0.40
er + Ae® 0 -0.40 -1.33 0.54 —0.46 0.44 —0.49 0.35
ev + Ae® + e 0 —-0.44 —-1.29 0.35 —0.50 0.24 —0.49 0.32
er + Ae’ + e° 19 -211 -208 -08 -—-126 -0.89 -—0.79 0.50
er + Ae® + e° + e’ 44 -282 -281 -120 -222 -125 —213 0.48
er + Ae® + e° + e’ 55 -3.00 -310 -183 -263 —-194 —253 0.49
rr
er + Ae’ + e° + e’ + e® 61 —-324 -331 -225 -282 -234 261 0.46

“The orientational energies used above are calculated!{fith:Ig*=kI*=6, Oyo= 1792, 8=0.2, andcr=0.025.
bR is the correlation coefficient of rank order between the energies and RMSDs of decoys in a decoy set.

cept for the case of the enerdye®+e°. This fact indicates the short-range interactions should not be ignored in fold
that optimizing potentials is not simple. recognition.

It is interesting to note that the inclusion of the repulsive ~ The improvement of the performance for fold recogni-
potentiale" partially improves the performance for the im- tion due to the orientational potential is also observed for
munoglobulin decoy set group, in comparison with the casalmost all decoy sets. In Fig. 8, the value of the logarithms of
for the monomeric decoy set group. The repulsive potentiatank probabilities in the energy scaleRp for each decoy set
favors packing densities similar to the residue densities obis plotted against the identification number of the decoy set
served in native structures. Thus, the fact that the repulsivehat is listed for each decoy in Table V and tables in the
potential works well for these decoy sets may indicate thaauxiliary materiaP? (a) is for the monomeric protein decoy
these decoys do not mimic well the native structures withset group andb) for the immunoglobulin decoy set group.
respect to residue density. However, for well designed de©pen circles and broken lines show the values for the poten-
coys, the packing potential may work less favorably for thetial function that includes the orientational eneref, and
native fold as shown in the case of the monomeric decoy satross marks and solid lines are for the potential without the
family. orientational energy. Even in the decoy sets of the mono-

The performance of the potential function is further im- meric proteins, IP, for each decoy set tends to be more
proved for both of the present decoy sets by including thenegative in the potential that includes the orientational
simple short-rangé¢,i) potential, strongly indicating that energy.
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FIG. 8. The effects of the orientational potentials on performance for fold recognition. The value of logarithm of rank proBglxilithhie energy scale for
each decoy set is compared between two types of potential functions, one of which includes the orientational potential. The abscissa shofication identi
number of each decoy set that is listed in Table V and tables in the auxiliary makefal52. (a) The potentials for monomeric protein decoy sets consist
of ef, +Ae® for cross marks and solid lines, arfl +Ae®+e° for open circles and broken line&) The potentials for immunoglobulin decoy sets consist of
Ae+e" for cross marks and solid lines, amd+e" for open circles and broken lines. The orientational energies are evaluated it s =kg"™*

=6, Ocutof=1792,8=0.2, Ccyor=0.025.

H. Comparison of the performance of the present in the PDB coordinate file. Thus, one reason why the present
potential function with other potentials potential fails for some decoy sets may be that some chains
are missing for the proper estimation of the ground state for

these decoy sets. Otherwise, there could be interactions that

decoy set is provided as tables in the auxiliary mat&fial. are not taken into account in the present potential function.

Table V and the tables in the auxiliary mateffahlso However, overall the present potential function performs

functiong*2533-3%hat have already been tested for some ofCrimination for the native structure is successful for 61 of 79
these decoys. Those scoring functions referred to here arsonomeric decoy sets and for 68 of 81 immunoglobulin de-
four statistical potentials and one atomic semiempirical pocoy sets. Also, the meahscoreZ, in the energy scale which
tential. These four statistical potentials are the atomic contads equal to—4.45 for monomeric decoy sets ard3.29 for
potential developed by Samudrala and Mddlthe distance-  immunoglobulin decoy sets is statistically significant. For the
dependent pair potential optimized for fold recognition bydecoy sets in the globin family hgtructal, interactions be-
Toby and Elbef;" the optimal Chebyshev-expanded function yeen a heme and surrounding residues are not taken into

-minimizingz scores devised by Fain,_ Xia, and L“e\?rrttand" account. Although the present potential fails to identify the

the distant-dependent angular potential named “3C326" de-__.. s .
. 33 : . " native fold for 7 of 29 decoy sets in this family, the RMSD of

veloped by Onizukat al>® The atomic semiempirical poten- the | ; told is belo 1 A in 4 of th 7.d

tial referred to here is a potential based on the CHARMM € lowest energy fold 1s In 4 of these ecoy

gas phase implicit hydrogen force field in conjunction with aS€ts:
generalized Born implicit solvation term by Dominy and  1able V clearly shows that the present method outper-
Brooks® which includes specifically a generalized Born, forms the other potentials for all the decoy families except
Coulomb, nonpolar solvation and van der Waals energyor the fisa and fisacasp3 decoy families for which the po-
terms. Data for the potential of Samudrala and Mdudire  tential developed by Toby and Elber is better in the mean
taken from Fain, Xia, and Levitté®. value of energyZ score, although the present potential per-
The decoy sets of protein 1FC2 are found in the thredorms better than their potential in the cases of
decoy set families of fisa, Imds, and Imde, and in all of  4state reduced, latticessfit, and Imds decoy families. One
these decoy sets the present potential failed to identify thef interesting facts is that the atomic semiempirical potential
native folds. The coord|_nate§ of the native fold_ 1FC2 is forpased on the CHARMM potential with a generalized Born,
the fragment B of protein A in a complex with immunoglo- Coulomb, nonpolar solvation and van der Waals energy

bulin F. . All chains that interact with the fragment B may be )
. . . terms cannot perform better than the present coarse-grained
required to estimate the ground state energy for this struc- . -
otential, at least for the reported two decoy families

ture, especially because this fragment is only 43 residue?
long. The decoy sets of protein 1BBA are also found in tWo4str:1te_reduced and hgstructal. At the current development

decoy set families, Imds and Imde2. This protein is pan- Stage of atomic potentials, identifying native structures ap-
creatic hormone that consists of only 36 residues, and igears to be a hard task, and atomic potentials without explic-
expected to interact with relatively large receptor proteinsitly taking account of solvent molecules cannot necessarily
Protein INKL in lattice_ssfit and semfold can bind lipid, and perform better than coarse-grained and residue-level statisti-
protein 1BGA8-A in fisa_casp3 is found in the trimeric statecal potentials. On the other hand, explicitly taking account of

The performance of the present potential function for
each decoy family is listed in Table V, and that for each
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TABLE V. The performance of scoring functions for each family of protein decoy sets.

Decoy ID range, decoy family No. of tops Mean Mean Mean
potentials [Total No. InP, Ze R?
1-7 4statereduced: seven decoy sets

(€5 +Ae’+e°+e)P 717 —6.50 —4.44 0.66
Fainet al. (2002°¢ 1/7 —4.45 -2.3 0.52
Toby and Elber2000¢ 3/6 —5.42 —3.14
Samudrala and Moulk1999¢ 6/7 —6.06 —2.67 0.67
Onizukaet al. (2002 7 —6.50 -3.41
Dominy and Brookg20029 ~717 ~—6.5 —-3.4 0.55
8-11 fisa: four decoy sets

(e +AeS+e+ed)P 2/4 —4.04 —2.55 0.26
Toby and Elbne2000¢ 213 -3.34
Onizukaet al. (2002 1/3 —1.38
12-16 fisa casp3: five decoy sets

(e +AeS+e+ed)P 2/5 —5.38 —3.61 0.16
Toby and Elber(2000¢ 1/3 -3.94
Onizukaet al. (2002 1/3 -2.01
17-45 hg structal: 29 decoy sets

(€5 +Ae+e°+e%)P 22/29 -2.76 -2.62 0.72
Dominy and Brookg2002¢ 19/29 -2.0 0.69
46-53 lattice ssfit: eight decoy sets

(e +AeS+e°+ed)P 8/8 —7.60 -11.12 -0.01
Fain et al. (2002° 8/8 —~7.60 —-6.84
Toby and Elber(2000¢ 416 —6.89 —4.10
Samudrala and Moult1998¢ 8/8 —7.60 —6.46
Onizukaet al. (2002 6/6 —7.60 —6.22
54-63 Imds: ten decoy sets

(ef +AeS+e+ed)P 8/10 —4.89 —-5.34 0.14
Fainet al. (2002¢ 3/9 —4.55 —2.83
Toby and Elber(2000¢ 417 —5.32 -3.27
Samudrala and Moult1998¢ 3/9 —-3.04 —0.58
Onizukaet al. (2002 57 —5.00 —3.67
64-73 Imds v2: ten decoy sets

(€5 +Ae+e°+e%)P 8/10 -3.85 -5.03 0.18
Fainet al. (2002°¢ 1/2 —4.81 —-3.15
Samudrala and Moult1998¢ 1/2 —4.47 —3.05
74-79 semfold: six decoy sets

(€5 +Aet+e°+e)P 4/6 —-8.13 —3.86 0.08
1-61 ig structal: 61 dcoy sets

(e2+e" +e%)P 49/61 —-3.55 -2.96 0.36
62—-81 ig_structal hires: 20 decoy sets

(e°+ e +e5)P 19/20 —2.86 -4.31 0.43

R is the correlation coefficient of rank order between the energies and RMSDs of decoys in a decoy set.
PThe present model; the orientational energies were calculated Itk 1 =ke' =6, Ocyor=1792, B

=0.2, andc = 0.025.
‘Reference 25.

YReference 24.

*Reference 13; taken from Ref. 25.

Reference 33; the distance-dependent angular potential named 3C326.
9Reference 18; generalized Born, Coulomb, nonpolar solvation, and van der Waals energy terms are included.

water molecules would take too much CPU time to estimatealues ofZ scoresZ, andZ,, are large but the correlation
conformational free energies. This fact motivates our studiesoefficientR of rank order has values smaller than 0.3; see
to develop coarse-grained potentials. those values for the decoy set families of lattissfit, Imds,

The correlation coefficienR of rank order between the Imds_v2, and semfold. Thus, generally speaking, this mea-
energies and RMSDs of decoys is listed in Table V andsureR may be inappropriate for the evaluation of the perfor-
tables in the auxiliary materiaf.because it was used also in mance of scoring functions. It may be appropriate only for
Ref. 25. There are many decoy sets for which the potentiadome decoy sets, which consist of near-native decoys only,
succeeds in identifying the native fold and for which bothsuch as the decoy sets in 4stateduced.
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IV. DISCUSSION Also, the reference distribution of residue-residue orien-
The present analyses of relative residue-residue orienté@‘tio,nS for t.he present orientationgl potgntial§ Is not the over
tions clearly indicate that the distribution of residue-residue?!! distribution for all types of amino acid pais but the uni-
orientations strongly depends on the Euler angles thdPrm distribution, differing from other work§™ It depends
specify three degrees of rotational freedom for one residu@n decoy sets whether the uniform distribution for a refer-
relative to another, and it is possible to improve the perforence distribution is effective. If the structures of decoys have
mance of an energy potential in fold recognition by taking@ similar overall distribution to that of native structures, then
account of the Euler angle dependencies in residue-residukewill not be effective. However, such an overall distribution
orientations. of residue-residue orientations would not be intrinsically
In the analyses of relative residue-residue orientations bgharacteristic of non-native conformations but instead of na-
Bucheteet al,>*3 the Euler angle dependencies of residue-tive structures of proteins. If so, this overall distribution may
residue orientations were not completely taken into accounbe one of the important characteristics to distinguish protein-
probably because the number of residue-residue pairs ollike structures from others. On the other hand, there is no
served in known protein structures is relatively small to re-reason to avoid employing the uniform distribution for a ref-
liably estimate the orientational distribution with the requirederence distribution. The use of the uniform distribution as a
resolution by dividing space into many cells and countingreference distribution is desirable to fully evaluate the orien-
samples observed in each cell. In order to overcome, SUctytional distribution of each type of contacting residue pair in
problems, we chose a method proposed by Oniztk@™  gecoy structures. Our scheme differs from previous
in which the observed distribution of residue-residue oriensy orks33-35 and allows us to more properly evaluate the ef-

tations is represented as a S“T“mnc“ons each of which fectiveness of the orientational potential on fold recognition.
represents the observed location in angular space. Then, the However, the present method of evaluating orientational
distribution of residue-residue orientations is estimated in the ’

) . . . . nergies between contacting residues requires the evaluation
expansion with spherical harmonics functions and the coef-ncd g d

ficients of the expansion terms are estimated by inversel}(/)falargle number of expansion terftislthough this feature

transforming the observed distribution represented as the a.trade-o_ff accompa_mled W't.h the_ simplification of repre-
sum of 8 functions. senting residues by single points, it can be an obstacle to

High frequency modes in the expansion must be ignoreéi‘smg this method in CPU intensive calculations in which
because they reflect artificial contributions originating in the€N€rgy evaluations of many conformations are required. To

small size of samples. Each term in the expansion has gduce CPU time in the evaluation of orientational energies,
different resolution with various combinations of frequencieserientational energies could be precalculated at grid points in
for each coordinate axis. A trivial example is that the firstthe polar and Euler angular space, although this approach
term gogooo COrresponding to a uniform distribution has the requires a large memory and disk space as a trade-off against
lowest resolution. Here, resolution of each term is repreCPU time.
sented byo'pmp'emeke’ that is, defined as the number of fre- In the present work, the total energy in BEd) is as-
quency modes lower than or equal 1 (m,, I, Mg, Ke) sumed to consist of a simple sum of energy term;, because
by Eqg. 32 and only terms Whos@,pmplemeke is less than a each energy potential has been evaluated in a similar manner
cutoff valueO g are used. The merit of this method is that @S the potential of mean force from statistical distributions of
the distribution can be constructed by using only expansiofiesidues observed in protein structures, avoiding overcount-
terms whose resolutions are low enough to be able to b#g particular interactions. One might assume a different
estimated from a limited number of samples of known pro-weight for each contribution to the total energy, and try to
tein structures. On the other hand, the cell partitioningoptimize a weight for each energy term by minimizing the
method has a fixed resolution for each coordinate axis, secoreZ, for the decoy set® However, equal weights are
that high frequency modes with large valuesQn;mp,emeke employed here for each term, because a set of optimum
can be included in the estimation of orientational distribu-weights could strongly depend on the training decoy sets.
tions. For example, if bad contacts are removed and torsion angles
Because the resolution of each term is different fromare optimized for decoy structures, then the packing potential
others, each term is differently corrected for the small size ofind the secondary structure potential tend to be useless in
samples according to its resolution; see E@Y)—(32) In discriminating the native structures from decoys, and opti-
this correction scheme, the number of residue-residue paiium weights for those potentials determined by minimizing
required for the estimation of an expansion coefficientthe Z score would take on relatively small values. The train-
Ci,m;l.mk, INCreases proportionally with its resolution ing decoys for optimizing a weight of each energy term in a
O'pmplemeke' The proportionality constant was determined ontotal potential must be carefully generated without bias. In
the basis of the performance of the potentials in fold recogaddition, generating unfolded decoys is also necessary to ob-
nition. Also, the maximum resolution that can be estimatedain an appropriate value with such an optimizion method for
depends on the sample size. The maximum valued for the collapse energy, which is represente@asand which is
my, le, Mg, andke, and f0r0|pmp|emeke are determined on an extremely important energy for a protein to fold that com-
the basis of the performance of the potentials in fold recogpensates for the large conformational entropy loss of com-
nition. pact conformations.
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