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Anisotropic coarse-grained statistical potentials improve the ability
to identify nativelike protein structures
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We present a new method to extract distance and orientation dependent potentials between amino
acid side chains using a database of protein structures and the standard Boltzmann device. The
importance of orientation dependent interactions is first established by computing orientational
order parameters for proteins witikhelical andB-sheet architecture. Extraction of the anisotropic
interactions requires defining local reference frames for each amino acid that uniquely determine the
coordinates of the neighboring residues. Using the local reference frames and histograms of the
radial and angular correlation functions for a standard set of nonhomologue protein structures, we
construct the anisotropic pair potentials. The performance of the orientation dependent potentials
was studied using a large database of decoy proteins. The results demonstrate that the new distance
and orientation dependent residue—residue potentials present a significantly improved ability to
recognize native folds from a set of native and decoy protein structure80@ American Institute

of Physics. [DOI: 10.1063/1.1561616

I. INTRODUCTION type j, and the choice of the reference probability density
_ o _ fef(r) is very importanf’® Sippl® suggests that can be
A major goal of proteomics is to determine structures ofyne gistance between two atoms or some other structural pa-
proteins rapidly. It is impractical to obtain very high- .,ater such as dihedral angles. Other statistical potentials

resolution s_tructgres on a genome V\.”d_e scale. Furthermorﬁeveloped subsequently using this approach have interpreted
for processing biological functions it is important to charac—g(r) as the distance-dependent probability density
terizg the dynamics and thermodynamicg of a .network 0 In recent years, a number of studies have evaluated the
ﬁ;Otg;r;?Blgrt% mreilicz()errlﬁ:gaetlor(])aallspﬁ;sigecgl\ll ?t(;tm'smcoulgcelﬂggoodness of statistical potentials based on pairwise additive
dyﬁamics simulations2 Thus ?here s ar?urgent eed 1o de- interactions between residug¥.~*’ These studies have con-
. ' . . cluded that pairwise additive potentials, dependent only on
velop coarse-grained, yet reliable, models for protein struc- . . : .
tures. Construction of such models requires the detert_he radial distance between residues, are inadequate for
minat.ion of interaction potentials betweenqamino acid resi-StrUCture prediction. One of the major drawbacks of using
P ontact potentials or potentials that only depend on the radial

dues. The wealth of structural data on a number of prOtein%istance is that the relative orientation between the amino
in the protein data banlPDB) (Ref. 3 has been a source for ~ ) | . S
acids, which plays a role in the packing of the protein inte-

obtaining interaction potentiafs® T t taken int £ t for the d .
The idea of using the frequencies of amino acid pairing{'or' IS ??h a]: Fdn ('jn ct) ?CCOLfm ' to' aC(':tqun or | te ert1'se. n-
to determine potential interaction parameters was first pro-erlor of the Tolded states of proteins It 1S crucial to optimize

posed by Tanaka and Scherdgaith the exception of a few the relative orientgtion of the partic?pating side cha%ﬂ.is.
studie most of the “knowledge-based” potentials have (€ PUrpose of this paper to examine the relevance of inter-
been obtained solely in terms of residue—residue contacté‘.CF'O” potentials between amino acids that include the orien-
SippF and others have introduced an explicit distance deperi@tional dependence. - _ _
dence in the database-derived mean force potentials using BY @nalyzing the angular distribution of side chains
the Boltzmann formula. This method, known as the “Boltz- @ound amino acids, Bahar and Jer'nﬂg?grhowed that some
mann device,” assumes that the known protein structurefeSidue pairs have specific coordination states with much
from the PDB correspond to classical equilibrium states. Thdligher probabilities than those expected from random distri-
side chain—side chaifSC—SG potentials can be related to butions. Another indication that the relative residue—residue
distance-dependent probability densitf¢s) by the relation orientations are important is the recent success of the united-
residue force fieldUNRES developed by Scheraga and
co-workers?®~?2The SC—SC interactions of the UNRES po-
m ' (D tentials are parametrized as van der Waals potentials with a
pair-specific angular dependence included in the well depth.
where fli(r) is the probability density for a side chain of The UNRES potentials employ a generalized Gay—Berne
typei to be separated by a distancdrom a side chain of potentiaf*~?*that assumes that the interacting sites are ellip-

ij
Ul(r)=—=kTIn o
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soids of revolution placed at the center of mass of the sidd. METHODS

chains. Although the relative side chain orientations are de- he relati i id , . houah
scribed in a simplified manner, the success of the UNRE The relative residue—residue orientations are thought to

potentials demonstrates the importance of including orienta-° directly related to the nature of the forces that shape the

tional dependence in the side chain interaction potential. specific three-dimensional structures of proteft’ How-

This idea is also supported by recent studies of proteinever, a guantitative approach to the statistical extraction of

. . . . . these orientational information from high-resolution struc-
side chain packin§ which found that current potentials can o ) > . . .
tures is still needed. The necessity of including orientation

0 :
accommodate more than one rotamer for 95% of side chai ependent interactions is established in Sec. Il A by comput-

positions. _Thgsg studies suggest that interaction potent_lalﬁg correlation functions that probe orientational order in the
that can discriminate between a large number of COMPeINBDE structures. It is shown that, for a given native state

rotamher states are; re?ukl]r.ed. _ <iicq [OPOIODY, the orientational packing of side chains may be
The main goals of this paper af® to extract stafistica decomposed into a linear combination of simple cluster ge-

information about the relative residue—residue orientation%metries_ However, the use of simple orientational order pa-
and distances in proteins using the available high-resolutiop, aters isnot sufficientfor discriminating between basic
PDB structures andi) to investigate the utility of the orien- protein architectures such ashelix or g-sheet. As such, we
tational information in enhancing the ability of distance de-gre motivated to use more detailed quantitative descriptions
pendent potentials to identify native protein folds. Theseyt rejative residue orientations. In order to achieve this goal,
goals can contribute to a better understanding of the specjn sec. 11 B we introduce definitions of amino acid dependent
fic residue packing of native prOtEin structures. Motivated|oca| reference fram&$_RFs) that permit a standard descrip_
by the above-mentioned results of Jernigahal’® and tion of the relative SC—SC orientations. A method for ex-
Scheragaet al,*® we approached the first goal by defining tracting the radial and angular dependent pair distribution
local reference framefLRF’s) that permit a more precise, functions is presented in Sec. Il C, emphasizing the limits
quantitative description of the relative orientation of a givenimposed on the statistical analysis by the accuracy of the
pair of side chains. The new LRF’s are related more closelyvailable experimental database of protein structures.
to the three-dimensional configuration of the individual side . : .
chains, rather than to their relative position with respect toA' Measures of orler_1tat|onal order: The dependence
’ ) . . of anisotropy on native state topology
the backbone or to the neighboring residues. We could ex-
tract thus novel radial and angular dependent interresidue The specificity of SC—SC contacts suggests that the rela-
statistical potentials that reflect the specific distributions oftive residue orientations should play a significant role in de-
distances and relative SC—SC orientations as observed [gmining packing in proteins. This idea, supported by the
native structures of real proteins. In order to address ouptudy of Bahar and Jernig_é?]builds up on the more general
second goal we tested the efficacy of the new potentials bj'eme ‘13; ZQOW side chains pack in the native states of
using a large database of incorrect models of reaProteins.> . The observatlongstha_t the interior .Of protem
proteins2’2 known as decoys. These decoys are Computerstructures is densely pack’éd raises the question if one
generated models of protein structures, specifically designefRN US€ @ simple crystal lattice descriptierg., sc, bec, ety.

for being used in evaluating the capacity of various potentia[jOr th? ;ide cr;ain %acking.k\{Vhilehthere are r_nrlam)é qua:jlitativr(]a
functions to distinguish the nativelike conformations from egcrlptlonso residue paci Ing, t €y are mainly base on the
non-native ones. notion that hydrophobic interactions are responsible for

Before presenting our methods and the results that W%Iobular shape and that specific polar interactions and hy-

obtained, a few clarifications are necessary. First, a completg 29¢" bonding are important stabilizing factors. Because
o . Y- ! mp t‘[?1ese studies do not address quantitatively the issue of rela-
set of potentials for coarse-grained protein folding simula-

tions should take into account interactions between sidgve side chain orientations, we used orientational order pa-
rameter§OOP3g (Ref. 39 to assess their importance.

chains, interactions between side chains and peptide The orientational order parameteréOOPS were

9 . .
grc;.upsz,hant()j el?t? rgetics de&g‘gevr\}t on It or.5|onaI. anglers], h3htroduced? to analyze the internal structure of liquids and
efine the backbone structre.”We only investigate the glasses and have been used as reaction coordinates for study-

specific features of SC-SC interactions, as has been dor;ﬁg the structure of a nucleating syst&f®’ The OOPs are
before in studies of statistical potentials that are only contacfiofined in terms of “bonds” that connect a central particle to

or distance dependent. Second, we constructed our Own €qfg nejghbors. For each bond, one can compute the corre-
responding set of distance dependent potentials rather th@bonding values of the spherical harmonic functions

employing potentials constructed by other authors. In this; (g #) that can be used dscal order parameters,
manner we minimized the possibility that a better parameter

fitting, specific computational implementation, or other tech- ~ Qim(")=Yim(8(r), (1)), &)
nical aspects could affect our results. Finally, as in similariwyherer is the position vector of the central particle afid)
studie$® we do not directly address the issue of the depenandd(r) are the polar and azimuthal angles of veatovith
dence of the results on the training database size or samplingspect to any reference franeee, e.g., Ref. 35To make
problems. Instead, we used a standard, reproducible aphe Q,,, values representative for describing the orientational
proach, by employing the set of nonhomologous proteins thadrder of an entire system of particles, #jlebal orientational
was used by Scheraga al?°~?2for similar purposes. parameters are defined as
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Np

_ 1 - fce he|
- = z 1 1 P
Qim= Nbi; Qim(r7), 3 Zolmm | o—ml_
. . g -1 I -1
whereNy is the total number of bonds in the system.
Both Q,,, andQ,,,, depend on the choice of local refer- Q4 Q6 W4 W6 Q4 Q6 W4 W6
ence frame in which th¥,, values are calculated. Second- = 1| bee I 1] 8¢ I
and third-order rotationally invariant combinations can be S o|l— 1 -l 0 B —
constructed using g -1 1
ar L , vz Q4 Q6 W4 W6 Q4 Q6 W4 W6
QlE 21+1 m;I |le| (4) 2 1 icos 4| riquid
and g -1 I 1
I I I ) . (a) e o e
Q4 Q6 W4 W6 Q4 Q6 W4 W6
W, = . , 5
= A (ml m, m, Qim,Qim,Qim,, (5)
my+my+mz=0 B o o,
. . . = 05 0.5 0.5
where the term 'ndl' m, m,) iS the Wigner-3 symbol* In lig- \;“l_ 5 I
uids, the ratio X oMW emgojmm Ny o|WmE_—
I 32 g -05 0.5 0.5
\7V|EW|/( > |6|m|2) (6) Q4 Q6 WA WS Q4 Q6 WA W8 Q4 Q6 WA W6
m=—| g 0.5 0.5 0.5
is not sensitive to the exact definition of neighboring bonds g 0 (] . o/l | . o/ MM - _
of a particle. The orientational order paramet@sandW, , . l I
h ith th d d d - h ifi g -05 0.5 0.5
together wi e reduced order paramefér ave specific Q4 Q6 WAWS o7 Qo Wawe o7 Qo Wawe
values for a number of simple cluster geometries such as ~ 05 05 0.5
face-centered-cubidfcc), hexagonal close-packethcp), = . . | I . - I I
body-centered-cubitcc), simple cubiasc), and icosahedral S 0 l 0 ] 0 |
(icos). If only the spherical terml&0) dominates, then it is I o5 o5 o5
clear that orientational potentials are not expected to be im- (b) Q4 Q6 W4 W6 Q4 QB W4 W6 Q4 QB W4 W6

portant. The emergence of nonzero value®QpfndW, not A A
only signify that side chain orientations are important inF!C- 1. (@ The values of the&Q,, Qs, W,, andWs orientational order

. . . parameters for simple cluster geometi(igef. 37. Their specific differences
dense packing but may also point to the nature of OI’Ienta‘permit a quantitative analysis of the internal order in atomic and molecular

tional ordering. systems.(b) The values of theQ,, Qg, W,, and W, orientational order
All the low-order values I(<10) of the parameterQ,, parameters estimated for three different sets of proteins aitielical and

~ .. . B-strand architecturegcolumng. The three rows correspond to averages
W, and W, are sensitive to the structural details that arecalculated for all the types of side chaifiep), for the five most hydropho-

specific to the simple cluster geometries mentionedic side chains onlymiddle), and for the five most hydrophilic residues

above®*° However, for practical reasons, monitoring the (bottom. The values ofiV, andW, were multiplied by 10.

values ofQ,, Qg, W,, andWj suffices to discriminate be-

tween the different cluster geometrifs’ The values of

these four OOP$Fig. 1({:1)] serve as a reference to which ¢4 a1l the types of side chain@op), (i) only for five highly

the values computed using PDB structures can be Compareﬁydrophobic side chainémiddle), and (iii) for five hydro-

Due to scale differences betweey andW,, the values of philic residues(bottom. The hydrophobic side chains con-

W, and\7V6 were multiplied by 10. sidered were lle, Leu, Val, Phe, and Met, while the polar
We calculated theQ,, Qg, W,, and Wy parameters residues were Asn, GIn, Ser, Thr, and His. In Fib)1the

[shown in Fig. 1b)] for three sets of 50 proteins from the columns correspond to the three sets of proteins that were

same family witha-helical andg-strand architectures listed analyzed. The first set had 50 different immunoglobulin

in Table I. For each set, we have specifically selected homgstructures withz-sheet architecturéeft), the second set con-

logue structures to maximize the possibility of finding OOPssisted of 50 hemoglobins witk-helical structuregmiddle)

that have different, characteristic values for different proteinand, finally, the third set comprised 50 different myoglobin

architectures. If similar OOP values were obtained for thestructures which also hawe-helical architecturdright).

homologue sets of hemoglobiidb) and myoglobingMb), While the computation ofQ, and W, in liquids is

yet different from the ones measured for immunoglobulinsstraightforward, for their correct calculation in proteins one

(lg), it would be a strong indication that the OOPs are aneeds to consider the following point§) The size of the

sensitive measure of protein architecture. As shown next, thiprotein must be large enough to obtain meaningful average

is not the case and therefore the more detailed investigatiovalues. Because helices @rsheets do not have “interior”

of the relative orientations of side chains is necessary. Theoints, the notion of packing itself is meaningful only for

three rows in Fig. (b) correspond to averages calculated tertiary structures. Hence the proteins must contain enough
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TABLE I. The three sets of protein structures used to investigate if a simple 1F
packing description is appropriate for protein residues. Highly homologue
sequences corresponding to alpha and beta architectures were specifically T o}
selected.
L S .l
Set 1: |§(ﬁ) Set 2: Hjal) Set 3: Mt(a/Z) fce hep bee sc icos
12E8 1CFV 1A00 1CG5 101M 1CH1 1T
1A2Y 1CLO 1A01 1CG8 102M 1CH2
1A3L 1DCL 1A0U 1CLS 103M 1CH3 T O
1A3R 1DSF 1A0V 1DSH 104M 1CH5
1A4J 1DVF 1A0W 1DXT 105M 1CH7 -t L L L L L L L L L
1A6V 1EUR 1A0X 1DXU 106M 1CH9 fec hcp bee sc icos
1A6W 1EUS 1A0Y 1DXV 107M 1CIK 1F ’ ) ) ) ) ) ) j
1A7N 1F58 1A0Z 1ECA 109M 1CIO W
1A70 1FGV 1A3N 1ECD 110M 1C0O8 o of
1A7P 1FLR 1A30 1ECN 111M 1C0O9
1A7Q 1FLT 1A4F 1ECO 112M 1CPO -1t 1 L L 1 1 1 1 L L
1A7R 1FVC 1AJ9 1FLP 1A6G 1CP5 fec hcp bcc sc icos
1AJ7 1GIG 1ASH 1FSL 1A6K 1CPW (a)
1AP2 1GPO 1AXF 1GBU 1A6M 1EMY
1AQK 1HCV 1B2V 1GBV 1A6N 1FCS I
1AXT 1HIL 1BAB 1GDI 1ABS 1HJIT T i
1AY1 1IHYX 1BBB 1GDJ 1AJG 1HRM =
1BOW THYY 1BIJ 1GDK 1AJH 1HSY > O i i”'
1BFV 11AM 1BIN 1GDL 1AZI 110P
1BIM 1IGD 1BUW 1HAB 1BJE 1IRC -1t
1BM3 1IGM 1BZ0 1HBA 1BVC 1JDO
1BRE 1IND 1BZ1 1HBB 1BVD 1LHS 1r
1BWW 1IVL 1BzZZ 1HBG 1BZ6 1LHT 'g—
1CDY 1KEL 1CBL 1HBH 1BZP 1LTW o of
1CFB 1KEM 1CBM 1HBI 1BZR 1mM6C T

fee hcp bece sc icos

tertiary “structure”® (ii) A meaningful cutoff distance must >
be selected in the identification of near neighbors for a given =
side chain. The three protein data sets used in this study are

. ~ . f h b i
sufficiently large thatQ, andW, can be easily computed to e P e ¢ cos
assess the degree of anisotropy in the relative residue-residue (b)
orientations. We used a neighbor “cutoff” distance that is 1.2F|G. 2. (a) Correlation coefficients between theoretical orientational order
times the value of the position of the first peak in the radialparameterdOOP$ calculated for simple cluster geometries and OOPs cal-
distribution function for each structure. This definition en- culated for the three protein sets presented in Table I. The results are shown

. . . . P y averaging:(i) over all the residue type&op, all), (ii) over five most

sured that all the Sld_e chains in the first C_Oordmatlon Shelﬁydrophobic residue@niddle,H), and(iii) over the five most strongly polar
were counted as neighbotsin the calculations presented sjde chain typegbottom, P). The three curves in each figure correspond to
here the centers of the residues were taken to be the geomebirelation coefficients calculated for the first sefgeétrand immunoglobu-

ric centers of the heavy atoms in the side chains. lins (circles, for the second set of hemoglobins with prevalenhelical
structures(squarey and for the third set of myoglobins with prevalent

ComparisoP of the r?Sl‘”ts in Figs(al_ and 1b) shows _a-helical structurestriangles. (b) Same data as ife). Here, the results are
that a simple “standard” crystallographic type of order iS shown for the values calculated fdf) the set of immunoglobulingop, 3),
absent in proteins. This shows that the interior of proteingii) the set of hemoglobingmiddle, «;), and (iii) the set of myoglobins
does not have a simple point-group symmetry. We calculatetPottom, «;). In each figure, the three curves correspond to correlation
the values of the correlation coefficients between the OOP oefficients calculated by averaging over all the residue tygiedes, over

. . . . e five most hydrophobic residugsquares and over the five most
presented in Fig. (b) and the ones in Fig.(&). These calcu-  strongly polar side chain typeriangles.
lations show that a simple “standard” crystallographic type
of order is absent in proteins. The interior of proteins does
not have a simple point-group symmetry, which would havegeometry(e.g., fcg than to anothefe.g., ico$. The results
permitted the development of a simple, quantitative descripare shown in Fig. @) by averaging{(i) over all the residue
tion of side chains packing. In Fig. 2 are shown the correlatypes(top, all), (i) over the five most hydrophobic residues
tion coefficients between the theoretical OOPs vallidg.  (middle, H), and (iii) over the five most strongly polar side
1(a)] and the OOP§Fig. 1(b)] calculated for the three sets of chain typegbottom,P). Please note that the “all” data rep-
proteins witha-helical andg-strand structureglable ). The  resents averages computed over all 20 amino acids, while the
absolute magnitudes of the correlation coefficients are nat andP sets correspond to only 5 amino acids each. There-
very meaningful when comparing small data sets, but theifore the results for the “all” set are not necessarily averages
relative values can give us a quantitative indication if the of the correspondindgd and P values. The three curves in
order-parameter values are closer to one type of clustezach figure correspond to correlation coefficients calculated
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for the immunoglobulins with3-sheet architecturéircles,
for the set of hemoglobins witha-helical structures
(squarey and for thea-helical myoglobingtriangles. A dif-
ferent plot of the same correlation coefficients is also shown
in Fig. 2(b) for the values calculated fofi) the set of im-
munoglobulins(top, B), (ii) the set of hemoglobingniddle,
a4), and(iii) the set of myoglobingbottom, «»). The three
curves correspond for each figure to correlation coefficients
calculated by averaging over all the residue tyfeecles,
over the five most hydrophobic residugsjuarel and over
the five most strongly polar side chain typ@sangles.

The analysis of the results in Fig. 2 leads to the follow-
ing conclusions{i) There is no clear trend towards a single
geometry associated to side chain packing. Nevertheless, wt ¢
observe significant values f@, and Qg that suggests that
high-order orientational correlations characteristic of fcc,
bcc, or icosahedrdlcos) clusters(or a combination of thege
are observed in proteins witlrhelical andB-sheet architec-
ture. (i) While there are strong correlations indicating an
icosahedral packing of residugsost evident for polar resi-
dues in Fig. 2a), bottom], we also find significant contribu-
tions from the other types of cluster geometries. For ex-
ample, for bothg-strand[Fig. 2(b) top] and a-helical [Fig.  FiG. 3. The definition of a local reference frarfieRF) for residue—residue
2(b) middle] architectures, both the hcp and sc geometriesnteractions. The locaDz axis is defined by the positions of ti&, andC,
make significant contributions. This is in accord with theatoms and the locaDx axis is defined by the positions of ti&; andC,
observations of Bagoét al®® who showed that there is a _T_tr:)mg. In al! the cases; the Ioca}l reference frames should be right handed.

i o . . . K e interaction centerS' are defined as the centers of mass of the heavy

general uniform distribution of residues in proteins, two-atoms in the side chains. The details are given in the text.
thirds being approximately fcc packed and one-third occupy-
ing random positions. We also observed high correlations
between the fcc packing and the orientational order of botlprotein side chains in order to build a quantitative description
hydrophobic and strongly polar residues in soméelical  of their relative orientations. The definition of LRF's for
molecular structures like in myoglobir[$ig. 2@ middle  SC-SC interactions is illustrated in Fig. 3. The loCat axis
and bottom and Fig. (B) bottom, but there is also a high is defined by the positions of tf@, andC atoms. The local
correlation for the icosahedral character of packing in thos@©x axis is defined by the positions of ti&; andC., atoms.
cases(iii) There is a strong similarity in the distribution of The right handed nature of the LRFs determines automati-
OOPs between th@-sheet immunoglobulin structures and cally the direction of they axis if Ox andOz are known.
the a-helical hemoglobingFig. 2(b)]. However, there is con-  Once the local axes are defined, the polar anglasd ¢ and
siderable difference in the orientational order between thehe inter-residue distancescan be used as internal degrees
two a-helical proteinsthemoglobins and myoglobinsThis  of freedom that describe the relative residue—residue orien-
suggests that even within a given fold there can be variationtations as shown in Fig. 3. These definitions are altered for
in the precise orientational registry of the side chains. Simithe following special casesi) Gly does not hav€ ; and the
larly, it appears that proteins with vastly different architec-local Oz axis is defined by the bisector of the angle defined
ture can have similar orientational order. A more detailedby N', c!, andC', (i) both Gly and Ala do not have,, and
investigation of orientational order in a large data set of prothe localOx axis is defined as parallel to the direction de-
teins is warranted. fined by the backbone atorf# andC', (iii) for Cys and Ser

The results presented here show that the bondthe corresponding coordinates of the S and O atoms are sub-
orientational order parameters are useful quantitative tools istituted for the coordinates of the missig,, and(iv) the
investigating the orientational order of side chains in pro-coordinates of the midpoint between the t@g atoms are
teins. They also demonstrate that, for a given native statesed to define the direction of th@x axis for lle and Val.
topology, the orientational packing of side chains may beFor each amino acid the interaction cent8) (is defined as
decomposed into a linear combination of simple cluster gethe center of mass of the heavy atoms in the side chain with
ometries. The importance of orientational degrees of freedorthe exception of Gly for which the position & coincides
in the packing of side chains reinforces the need for deciwith C,. Sample LRFs for lle and Val are also shown in
phering anisotropic inter-residue potentials from PDB strucFig. 4.
tures. A method to extract such potentials is described next.

B. Local reference frames for amino acids C. Finding the structure-derived potentials

As demonstrated in the previous sections, we need to From the definition of the LRFs, it follows that the
define local reference framg&RFs) for all the types of SC-SC interaction potentials depend on five independent pa-
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lle-lle le-Arg Pitjotal(rij i+ 05 bii  0ji)
=PU(rij, iy, 0,) X P (rji bji . 0;), 9

wherePd . (rij, dij . 6ij , b5 ,0;) is the probability to find a
pair of interacting side chairisandj separated by a distance

3 rij=rj between their interaction centers, and with relative
orientations given by the set o#(; , 6;;) angles in the LRF
Arg-lle Arg-Arg 2 frame, and by the set of¢(; , 6;;) angles in the LRFframe

(see Fig. 3 Equation(8) implies therefore that the relative
orientations of the local reference frames LRRd LRF of

two interacting side chains andj do not depend on each
other. As suggested by previous studi2&=°this type of
independence could be expected for side chains that are
separated by a large enough number of peptide bonds along
the backbone. This assumption is reasonable in our analysis
because only side chains that are separated by at least five
peptide bonds along the protein backbone are considered.
This corresponds to residues that are found on a “topological
level” k=528 Besides this constraint, for simplicity, we are
also consideringas in Ref. 30 that the SC—SC interactions
are independent on sequence separafi@n, for k=5, all

side chains are on the same topological lgvel

FIG. 4. Orientational probability density maps for lle-lle, lle-Arg, Arg-lle, .
and Arg-Arg interactions. The probability amplitudes correspond to the scalel. Boltzmann device

shown in the scale bar, in units of 18 Extreme cases of highly hydropho- The Bol devi h he k .
bic (lle) and the highly hydrophili¢Arg) residue are chosen to investigate if e Boltzmann device assumes that the known protein

hydropathic properties are reflected in maps. Sample local reference fram&ructures from protein databadesich as PDBcorrespond
(LRFs9) for lle and Arg are also depicted. The origins of the LRFs are placedtg classical equilibrium states. The SC-SC potentials can
in the centers of mass of the heavy atoms in the respective side chains. therefore be related to position probability densifies) [see
Eq. (1)], wherer can be the radial distance or the angle
between the side chaid$In many studiesf(r) can be re-

rameters that define the relative positions of two distant sid®laced by the normalized pair-distribution functioggr)
chainsi andj: rij, &i;, 6, ¢;i, andé;;. We assume that Such that
these are the only geometrical factors that influence the two- - g'i(r)
body interactions between two residuésand j (|j—i Ug(r)=—kTlIn }
|=4). One more independent parametartorsional angle Gres(T)
aroundr;;) can be used for a complete description of thefor the distributions depending only on distances. We adopt a
relative orientations of the two residues in three dimensiongnore general treatment that defines
but it is not employed in this work because its influence is ) Pii(r,¢,0)
expected to be important only for short-range interactions.  Ug(r,¢,6)=—kTIn —
Accounting for this sixth angular parameter would also in- Pret(r,¢,0)
crease dramatically the statistical requirements for the profor the distance and orientation dependent distributions. To
tein database that is analyzed. Assuming pairwise interade consistent with previous studies, we consider the refer-
tions, the distance and orientation dependent potential for thence pair-distribution functionB,.; to be the corresponding

(10

(11)

residue paiij is radial or angular pair distributions that are obtained through
Ui =Ull(ri b 0 i 0:) @ an analysis_ of all 20 residue types._A database Qf npnr_\om_olo-
DO} ) = Py g P gous proteins can be used to estimate the pair distributions
We further assume thalgo can be decomposed as and to extract amino acid specific interaction potentials that
i are consistent with a large set of protein structures.
Upol(rij . éij, 0ij 1 &ji . 05i) An important issue that appears when using probability
_ Ugo(r” b ,0i1)+u{)io(rji b 051). ®) density functions with the Boltzmann device for constructing

statistical potentials is “the problem of small data sets.” As

We use theJ 5 notation for the statistical potentials that noted by SippP dividing the SC—SC pair frequencies by
are bothdistanceand orientation dependent, and th& both side chain type and distance intervals results in situa-
notation for potentials that depend solely on inter-residugions when the available data are too small for conventional
distances The assumption in Eq8) on the separability of statistical procedures. This problem was solved by Sippl by
potentials is not always valid. For a system of interactingproposing a “sparse data correction” formula that builds the
side chain pairs, described by a Boltzmann equilibrium, Eqcorrect probability densities as linear combinations between
(8) is consistent, however, with the probabilistic relation  the measured data and the reference, total probability densi-
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ties obtained by averaging over all 20 SC types. For the all-all H-all
general, orientation dependent probability densities the
sparse data correction can be written as

F)i(:jorr(r ’ ¢7 0) = ; Pref(r ’ ¢! 0)

1+m'o
m' o il 1 35
+m (r,¢,0), (12 LH-all P-all
. 3
whereP" are the actual probability densities obtained from
the database for thg pair of side chainsP(,,, are the 5

corrected probabilities, anH,¢¢ is the reference probability
density. A modification introduced by the orientational de-
pendence in our case is that the number of measurementS ¢ s orientational probability density maps for all—all, H-all, LH-all
becomean’ =m/sin(f,), ask equiangular intervals are used and P-all interactions. Here all, H, LH, and P are virtual residues. The “all”
for the 6 angle. This is necessary for accounting for the azi-type is obtained by averaging over all the observed SC-SC orientations.
muthal dependence of volume elements in spherical COOI’di-H is obtained by averag:ng :)ver the five highly hydrophobic amino acids
. (lle, Val, Leu, Phe, Met “LH" corresponds to the average of eight less
nates. Ther parameter is a constant that controls how many,yqrophobic residuesala, Gly, Cys, Trp, Tyr, Pro, Thr, Serand “P” is
actual measurementa’ must be observed so that both the obtained by averaging over seven highly hydrophilic amino agitis, Glu,
actual probabilities and the reference would have equahsn, GIn, Asp, Lys, and Arg(Refs. 39 and 40 The hydropathic properties

WeightS. As in other studies, we used the Vaiu€1/50.8’27’30 and effects due to. _the flnltg size of proteins are clearly reflected in the§e
maps. The probability amplitudes correspond to the bar scale shown, with

units of 10°3.

2. Residue —residue interaction probability maps

Using our proposed definitions of residue-specific local
reference frame@ntroduced in Sec. Il Band the histogram
extraction proceduré&escribed in detail in the Appendix)A  versed. In other words, the most preferred interaction loci for
we constructed radial and orientational SC—SC interactionle is around its “north pole”(i.e., towards the positiv®z
probability maps. All the combinations of side chain typesaxis, away from the local backbonenhile for Arg is in the
were investigated. From the normalized angular histogramgroximity of its “south pole.” To investigate if this feature is
the resulting probability density maps for residue—residuedue to the hydrophobic/hydrophilic character, we computed
interactions were calculated. For purpose of illustration, theaverage orientational interaction probability maps for three
data shown in all the probability density maps presented imgroups of residuedi) five highly hydrophobiaH) residues
this paper were obtained by averaging over the entire disHe, Val, Leu, Phe, Met(ii) eight less hydrophobi@.H) resi-
tance range for which the radial and angular histograms werdues Ala, Gly, Cys, Trp, Tyr, Pro, Thr, Ser, afid) seven
constructed2-26 A), as explained above. highly hydrophilic (P) residues His, Glu, Asn, GIn, Asp,

The orientational probability maps for interactions be-Lys, and Arg. This classification was suggested by various
tween lle (one of the most hydrophobic residiiemnd Arg  hydropathy scale®*° The computed average maps are pre-
(highly hydrophilig are shown in Fig. 4 together with a sented in Fig. 5 together with the maps for the average vir-
schematic representation of their associated LRFs. The LRRsal residue “all.”
in Fig. 4 are shown in the proximity of thé,, to illustrate The “all-all” map shows that for any residue there is a
the computational process of constructing them for actuaslightly higher probability to find more residues along the
structures. However, for calculations the LRFs are translatedttached negativ®z axis in their respective LRFs than in
such that their origin corresponds to the geometrical centethe “northern hemisphere.” The definition of the LRFs was
of the heavy atoms in the side chaifi®., the interaction made such that the positiv@z direction points away from
centersS,). The orientational anisotropy is stronger aroundthe nearest backbone atoms. Due to the finite size and the
Arg than around lle(Fig. 4), which is possibly due to the relatively compact three-dimensional shapes of most proteins
relatively longer Arg side chain. Lys, another strong hydro-analyzed here, we do expect to find less residues in that
philic residue, presents a relative orientational interactiordirection for higher SC—SC distances and therefore at larger
probability map similar to Arg but with an even stronger distances from the backbone. However, the “H-all” map
anisotropic character. The similarity between the lle—lle andFig. 5 shows that the highly hydrophobic amino acids
lle—Arg maps and between the Arg—lle and Arg—Arg ispresent the reverse situation: a higher average probability to
largely a reflection of the fact that the statistical data col-find other residues at the north pole of their side chains. This
lected here do not depend on the relative orientation of tharises because such residues are mostly found in the “inte-
second side chain (§Cin the reference system of the first rior” of proteins, “protected” from water. The same argu-
SC (LRR). This finding may be a consequence of the as-ments apply to the observation that, on average, the highly
sumptions behind Eq9). hydrophilic residues have preferential coordination loci

The most noticeable difference between the maps calcuishown on the “P—all” map in the proximity of their south
lated in the LRFs of lle and Arg is that the relative ampli- pole, as it is expected that their positi@z axis points more
tudes of the interaction probabilities at the “poles” are re-often toward the water molecules. It is reassuring that the
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40 6, we show the radial energy term computed using our
30 method for the Calbidin decoy seti(d in Ref. 28. The

high similarity between this plot and the energies depicted in
Fig. 1 of Samudrala and LeVft confirms that the present

101 |1 radial potentials are essentially the same as those used by
other groups. In this figure, the circle shows the position of
the native state and the diamond shows the position of the
decoy structure that has the lowest energy. For a poteptial

Z=(x; <)/ o 20

no. of decoys

450 scoring function that is efficient in discriminating the native
350 state of a protein from a set of decoys it is expected that
3'3250 =N the native statécircle) corresponds to the lowest interaction
energy, andii) the decoy with the lowest energgliamond
150 T should have as small an RMSD as possible. Both criteria are

40 30 20 10 O important and we find that both théz and Zg\sp scores
no. of decovs CA RMSD (A) defined here are useful, quantitative measures of the perfor-

FIG. 6. The RMSD and energ¥ scores for decoy sets of protein structures. mance .Of the potent!al energy function. Th@@cores are
The distance dependent enerdyy) for the set of 654 decoys of Calbindin prqportlonal to_the d_|sta_nce of the CorreSpor_]d'ng parameter
(3ich), is plotted as a function of the, RMSD. TheZ scores are propor-  Of interest(depicted in Fig. 6 as interrupted linesom the
tional to the distance of the corresponding parameter of intédepicted as  mean values of their distributionsolid lineg, in units of
|nt(_errupted linesfrom th mean values of their distributiotsolid line9, in standard deviations-.
units of standard deviations. . .
Due to the large number and diversity of decoy sets that
are employed in this paper, we do not repeat the specific

average over the less hydrophobic residues, shown in trdescription of the methods used for generating each decoy

“LH-all” map of Fig. 5, does not reflect the existence of S€t and of their namei®.g., “single,” “Imds,” “fisa,” etc. ).
significant orientational preferences. That information is provided by the “Decoys ‘R’ Us” data-

base (http://dd.stanford.edu and by the corresponding
publications?® Details are provided for the decoys that are
relevant to the results obtained for our tests.

In Fig. 7 are compared total statistical potential values
obtained for distance-only dependent potentialdp (

We performed tests using the distance and orientatiosquarey and for distance and orientation dependent poten-
dependent statistical potentialtl o) as scoring functions tials (Upg, circles for decoy structures in the single sets
and we assessed their performance on a standard databasdrofsfold and pdberron of the Decoys ‘R’ Us databagé.
decoys developed by Samudrala and LeXifthe results are  The misfold set contains, for each native protein, an alter-
compared with respect to the performance of potentials denative structure generated by placing the same sequences
pendent solely on distanc&Jf). Similar decoy tests have on different folds with the same number of residées., the
been shown to be useful in analyzing the ability of various“l bp2on2paz’ notation means that the “thp2” sequence
potential schemes to correctly recognize the native $fdfe. has been placed on the f&z’ fold %). The incorrect struc-
There are two main aspects that need to be taken into condres in the “pdh error” set are experimental structures that
sideration when using decoy protein structures for tg$ts: have been substantially rerefined or found to contain errors.
The energy of the native state should be as low as possibl&he points united by dotted lingfilled symbols correspond
and (ii) The decoy structure that has the lowest root-meanto incorrect structures, while the continuous liiepen sym-
squareC, distance(RMSD) from the native state should bols) join scores obtained for correct states., “native” for
also have a low enerdy:*"*? For studying these aspects the misfold set, and “latest” for the pderror set. The ar-
from a quantitative point of view, we use téescore for both  row in Fig. 7 emphasizes the case where thg score fails
the energy Zg) and the RMSD deviations of the decoy to identify the native state, whildpo succeeds. Overall, the
structures Zrysp). The definition of these two types &  single decoy sets proved to be relative easy tests for both the
scores is illustrated in Fig. 6 where the distance-dependen, andUpq scores. The orientation dependého scores
energies ) that we computed for the set of 654 decoys of consistently result in bettdi.e., smalley values for the cor-
Calbindin (3cb), is plotted as a function of th€, RMSD,  rect protein structures in all cases studied.

Ill. RESULTS: HOW IMPORTANT IS THE
INFORMATION ON RELATIVE RESIDUE-RESIDUE
ORIENTATIONS?

calculated with respect to the native state. Thecore of a In all the tests performed, some of the decoy sets that
statistical quantity is were not appropriate for analysis were eliminated. For ex-
X—X ample, nonstandard side chains were present in the decoys or
Z= - (13 in the native structures, for which ndpgo potentials were

constructed. Another reason for eliminating a few structures
where o is the standard deviation andis the mean of the was the absence of enough heavy atom coordinates in some
distribution of x values. In our case, we useboth as the of their large side chains. This prevented the construction of
energy and the RMSD of the set of decoys. In all cases, &RFs for those side chain and therefore the correct estima-
good scoring function will lead to a negatiZescore. In Fig.  tion of their Upg potentials.
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1500

1300

FIG. 7. Results of tests on the single
decoy sets(Ref. 28 that consist of
1640 pairs of correcti.e., native and incor-
rect structures. The plot compares the
total statistical potential values ob-
tained for distance-only dependent po-
400 tentials Up, squares and for dis-
tance and orientation dependent
Q potentials Upo, circles. The points
=) united by dotted linegfilled symbols
correspond to incorrect structures,
while the continuous lines join scores
obtained for correct statgspen sym-
bols). The arrow emphasizes a case
where theUy score fails to identify
the native state, whil&po succeeds.
These types of tests, concerned with
discriminating the native state from a
single decoy, are relatively easy and
-2000 both theU and Upq scores succeed
to identify the “correct” structures in a
majority of cases.

1000

500

—-680

-500 -1340

-1000

Much more challenging decoy tests than the ones preegy on side chain conformations for the lattice decoys affect
sented above for the single decoys can be performed usingore negatively the performance of thig o potentials than
the “multiple” decoy sets from the Decoys ‘R’ Us the performance of the distance-only dependent scttgs,
databasé® The main goal of these tests is to identify the In Fig. 8 are shown energy¢) andC, RMSD Z scores
native structure from a set of mariye., tens, hundreds, or (Zgrusp calculated for the multiple decoy sets “Imds,”
even thousandsof decoys. We discuss next the results of “fisa_casp3,” “fisa,” and “4state.”?® Z scores calculated for
these tests using thé- andC, RMSD Z scores defined as the distance-only dependent statistical potentid}s (dark
shown in Fig. 6. From the multiple decoy sets available inbarg and for the newJ o potential(white barg values are
the Decoys ‘R’ Us database, the “lattice” set was eliminatedcompared. In Fig. 8, and in all the subsequent figures pre-
from the analysis presented here because thelWgy sta-  sentingZ scores, more negative values are better, and the
tistical potentials used in this paper were constructed using eases in whichJyq gives better results than usingd, are
training set of real, nonhomologous protein structures. Themphasized using arrows. It is observed that in a large num-
specific constraints imposed by the tetrahedral lattice topolber of cases the inclusion of orientational information im-

Imds . Imds
- — 1 4ptl (344) r = — b
- = — 1 20vo(348) | = e .
= S 1 2cro(501) = — .
[ _—='=' 1 Lsghg gg? i JF=, i FIG. 8. The energy Z¢) and C,
N e 1fC2 (501) | = [CE— 4 RMSD Z scores Zrysp calculated
+ [—] 1 1dtk(216) | = e E for the multiple decoy sets Imds,
3 —— 1 1ctf(498) [ = == 1 fisa_casp3, fisa, and 4staf®ef. 28.
e N mba 5288; [ = i 1 The numbers in brackets represent the

fza casp3 'I on ﬁ; casp3 |= number of decoys in each set, includ-
L - — 1 1tiwe (1408) F —— . ing the native structureZ scores cal-
= ) E 1£h2 ((2414)) - = T — E culated using statistical potentials de-
3 — 1 1bl0 §972) o= e — T pendent only on distanc&y (dark
- . _:=' 1 1bg8 (1201) | ﬂﬁ |= T barg and distancend orientation de-
| Tlsa —F 4 4icb (501) F sa = ] pendent potentialsUpo, white) are
F= ] 1 2cro (501) | —— E compared. More negativé scores are
- - 1 1hdd (501) = ] b better, and the cases in whidbpgo
— ! 1 1fe2(501) r = - ] gives better results than usitdy, are

4state ! 4state I ;
| = 1 4axn (678) | = C— i emphasized by the arrows on the left.
+ —— 1 4pti (688) | ——r— - When bothZg andZg\,spZ scores are
F — 1 Sicb 257)4 r e 1 considered, the inclusion of orienta-
> e — ] 1 2cro(B75) = ' U T tional information improves the per-
= — E G| 11?38 ((g%)) I i 5 &L formance in a majority of cases.

DO DO
3 —— 1 ctf (631) [ — 1
-6 -4 -2 0 2 4 -3 -2 - 0 1 2 3
ZE ZRMSD
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hg_structal [ | UD hg_structal [ UD
o= | [ ] Uoo [ 4sdh (30) [ ] Uso |
- i 1 2pgB (30) | ——] .
3 — 1 2pgA (30)
o= e 1 2Ihb (30) — 1
= S 1 2dhB (30) | = —— 1
- — 1 2dhA (30) ——r— T FIG. 9. Energy Zg) andC, RMSD Z
o T o =—
I i 1 1?;;} 88; I = i scores Zrusp calculated for the mul-
| P 1 1myg (30) | — ] tiple decoy sets hgstructal (Ref. 28.
L — { 1mbs (30) | — 4 The numbers in brackets represent the
= 1 1mba(30) I — 4 number of decoys in each set, includ-
- — 1 1ith(30) = — 1 ing the native structureZ scores cal-
r — 1 1hsy(30) | —— ] culated using statistical potentials de-
[ = j ] 11';:";' ((9?(())) [ = — i pendent only on distancel , dark
L — 1 1hdB (30 L R — i barg and distancend orientation de-
o= — 4 1hdA (30) e . pendent potentialspo , White barg
- F— 1 1hbB (30) —— R are compared. More negatiZescores
- ] 1 1hbA (30) | —— T are better. The cases in whidbpo
- q - - - . .
[ = i 115‘(?[% ((33%)) I 2 i gives better results than usingp are
| rm— 1 Tfip (30) | = — ] emphasized by the arrows on the left.
3 ] 1 1emy (30) r — | .
P o T — 1 1epc(30) = ] .
F 1 1col(30)
F s e 41 1bab (30) — ] -
-5 0 5 -2 -1 0 1
ZE ZRMSD

proves the performance of bo#y and Zgysp scores. An  served in about a third of the test cases. However, for both
especially interesting case is the one of the Imds set in whicthe ig_structal_hires and ig structal decoy sets of immuno-
all-atom distance dependent scores were shown to perforgiobulins, more than 70% of tests present an improvement in
poorly?®43 In this case, when both thBz and Zgysp Z  the performance the energy scores wherlJp potentials
scores are considered, the new distance- and orientatioare employedZg(Upo)].
dependent potentiald po performed much better than the The results for all the sets of “multiple” decoy tests are
distance-only dependeity in a majority of cases. summarized in Table Il. As mentioned above, particularly
In Figs. 9—11 are shown the corresponding results fostrong improvements are observed when usihg, for the

the “hg_structal,” “ig _structal_hires,” and “ig_structal” Imds set, for which distance dependent scoring functions

decoy sets of the Decoys ‘R’ Us database. For thewere reported before to have a weak perform&hé@The
hg_structal decoy sets of globins, improvements are obvery good energyZ scores[Zg(Upg)<Zg(Up) for more

ig_structal_hires ig_structal_hires
o= 1 6fab20) = T
3 = U 1 2fbj (20 - =
L = —_ - D 4 2fb 2 - ———— B
o= — u 1 2cgr(20) — .
L= == |[_] “oo| {1 1vie(20) | —-— 1
- = = | - 11V a 20 - - -
- =_ - - =
L z — J 13&3 507 —— J FIG. 10. Energy Zg) andC, RMSD
F= e 1 1mb(20) r = — 1 Z scores Zrusp calculated for the
r = 1kem (20) r —_— ] multiple decoy sets igstructal (1st
I ] 11|rrllg|j (&(?)) I = — i par and ig structal hires (Ref. 28
o eni— — | F ———r—— — Ll . .
o= :— 1 18% Egog r The numbers in brackets represent the
L = 4 L J—— 4 . '

la structal (1 | ia structal (1 1 number of decoys in each set, includ-
F 95 ( %— 1 6fab (61 F 95 ( )'= E ing the native structureZ scores cal-
r = _== 1 eéhff“b" 611 i = =_'=. 1 culated using statistical potentials de-
r  — 1 ng'( 1) = pendent only on distanceli , dark
o= — 1 2b4d(61) —— . barg and distanceand orientation de-
=2 —_— ] 12;:3{, %11 L pa— ] pendent potentialsUpo , white bars
F= - 1 11v e 611 3 -_— 1 are compared. More negativescores
- i = - V a - ;I - . .
L = e 1 qucbiet) | —— ] are better. The cases in v§/h|d.ljDO
- = 5 1 ftet(B1) 0 ] L gives better results than usindy, are
o= — 1rr}1f &?” r| I o e . emphasized by the arrows on the left.
= E - = =
AN :_ i 1gpgg 81; L I:l UDO _—
F 1 nsn F 1
L = = - 1nmb 61 L = — -
[ ,  — . ] 1ncb( 1>) [ . — .

-2 -1 0 1 -2 -1 0 1
ZE ZRMSD
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ig';_struc'tal (2) ' ' IU ig'_structal i2) ' UI
Fo= — __ UD 1 1nbv(61) r —l— - UD .
ro= ———w{[ | “po|{ Imb(Bl) I = = |[] “po |
F = — B 11 mcp %11 2 — k
o 3 —— 1Teanr'!|]é%1 )) o —— b FIG. 11. Energy ZE) and C(x RMSD
Fo= e— 1 1jhl (61 F = b 1 Z scores Erusp calculated for the
r = — 1 Jelied L — ] multiple decoy sets igstructal (2nd
- 1 1nd®n r = e 1 p Y IgStruct
F = E—] E 1ikf (61 - —r— E parh (Ref. 28. The numbers in brack-
C — i 11'?”|"' %61 ) T _=_,=. i ets represent the number of decoys in
L o _— 4 1i8f 61 L — 4 each set, including the native struc-
F — k 1jgc 61 F = o 1 ture.Z scores calculated using statisti-
L = p— ] 11Iia£|; 611 r —_— i cal potentials dependent only on dis-
L = — 11r;]|.(|| 611 L —— - tance Up, dark barg and distance
r ei— 7 )| r ——1 7 and orientation dependent potentials
u =— A u =— T .
L 3 —_— J 183 g} L = —_— (Upo, white bar$ are compared.
o= S— Waf g} r ] More negativeZ scores are better. The
[ = — J ﬁ\r/c 51 L = _== J cases in whichUpq gives better re-
r -_— 1 1Fp% 61 3 e — 1 sults than using) , are emphasized by
[ 3 — ] 11f(i)r g:li r —_— N the arrows on the left. It is observed
L= - 1 1fa£1]| 61 L = == 1 that in a majority of cases the inclu-
F — k 1e%|? 61) 1 — 1 sion of orientational information im-
L= - ] Hfb 61; N - proves the performance of baff and
F — 1 1dbb (81) = S 1 Zrmsp Scores.
- = — - 1baf 1 - = — -
F = — 1 1acy 61i 3 — E
-3 -2 -1 0 1 2 -2 -1 0 1
4 Z
E RMSD

than 70% of the decoy sdtshat were obtained for the (Upg) do not provide a better performance in discriminating
large decoy sets of immunoglobuling_structal and the native state as compared to using simple distance depen-
ig_structal hires suggest that considering the orientationaldent potentials Ypo). Since both thdJpo and U poten-
dependencelpo) in the cases of proteins with a significant tials employed here were extracted from the same protein
B-sheet architecture it is more important than for proteinsdatabase and for the same number of radial bins, it is ex-
that are mainlya-helical (e.g., the hgstructal sets At the  pected that théJo values, while more detailed, are at the
same time, the fact thadtlpo improves bothZ scores in  same time more prone to statistical errors than Whe po-
about a third of the hgstructal decoy tests could be ex- tentials. The sparse data correction procedure ensures that
plained by the globular shape of these predominantlyeasonable values are employed for situations when little or
a-helical structures. These results agree to the rather intuitiveo specific statistical data on relative residue—residue dis-
observation that details about the relative side chain orientaances and orientations is available. However, this procedure
tions could play a more significant role in compact, globularalone can only ensure that realistic, accurate statistical poten-
proteins than in proteins with relatively extended chainstials are obtained when a very large training database of non-
Overall, it is shown that, for a majority of test cases, #zgg  homologue protein structures is employed. The relatively re-
and theZgysp Z scores are improved by including the rela- duced size of the database of structures employed (aeck
tive SC—SC orientations in the structure analysis. This demin Ref. 20 for extracting the statistical data could be an
onstrates that the performance of the statistical potentials ilmportant factor responsible for the reduckgy perfor-
discriminating the native state is significantly enhanced bymance in some cases.
the inclusion of orientation dependent information. The type of protein architecture and the number of resi-
The results of th& score calculations for the decoy sets dues are also factors that could influence the relative perfor-
analyzed in this paper show that there are cases where timeance of thelpo andUp potentials. A useful quantitative
more detailed, distance and orientation dependent potentiafsmrameter that is directly related to the type of protein archi-
tecture is the contact ordé€O) (Refs. 44—4% of a protein

_ structure. The CO definition employed here is
TABLE Il. Results of tests for the “multiple” decoy sets. ploy

N
: 1 e
The multiple Ze(Upo) ZemsdUpo) CO= — AS 14
decoy sefs <Zg(Up) <ZgrmsUp) N, OED S (14
. émf; ; 52%%’3 ?8-00;‘;/ where N, is the total number of contacts ans, ; is the
isa_casp .0% .0% . . . S .
fisa 50.0% 50.0% sequence separgnon, in re3|dugs, between cpntactmg residues
4state 28.6% 57.1% P an_d j. Two residues are considered to be in contact when
hg_structal 34.6% 26.9% li—j|>1 and any of the heavy atoms of residuis within
ig_structal_hires 78.6% 28.6% 3.75 A of any of the heavy atoms of residjid’ When the
ig_structal 71.4% 28.6% CO is small the protein structure presents mostly local con-
®The Upo potentials were not “trained” for the lattice topology and, there- taCtS(Le-‘v‘J"Ag jl<6), anq When CO is larger, the Con.taCtS are
fore, the “lattice” set(Ref. 28 was excluded from these tegtee text nonlocal™*° As shown in Fig. 12a) we observed an inverse
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100 — formance of th&J 5 andUp potentials as a function of CO
values[Fig. 12b)] and sequence lengfFig. 12c)]. In Figs.
isc 12(b) and (c) is shown the dependence of the difference
AZe=Zg(Upp) —Zg(Up) for the energyZ scores on con-
tact ordenCO) values and sequence length of the native state
(N). NegativeAZ¢ values correspond to better performing
scores for the distance and orientation dependent potentials
(Upo)- The lines represent linear fits. While the trends are
not very strong, it is observed that for the energgcores the
novel Upq statistical potentials perform better then tig
potentials for longer proteins, presenting large contact or-
> ders, such as thg-sheet structures from the_igtructal and
) ) ) . ig_structal_hires sets. It is observed that the inclusion of the
10 20 30 40 information on relative SC-SC orientations makes the current
@ co version of thel p statistical potentials more useful thig,

for relatively large, globular proteinsN¢>100 residues
+ with a significant content of3-sheet structure and nonlocal
contacts. At the same time, it is also observed that even for
relatively short N<100 residues and a-helical proteins
(low CO value$, both theZg andZgysp Scores can be im-
proved when usindJ o potentials but for a smaller number
of cases. These results suggest that details about side chain
backbone interactions should be included in statistical poten-
tials for short ora-helical proteins with a high content of
local contacts.

+ .0
ER]

80

60

LG (%)

40

20
0

IV. CONCLUSIONS

-6

0 10 20 30 20 50 Our results demonstrate that it is possible to improve the
(b) co performance of energy based scoring functions by using sta-
tistical information extracted from the relative residue-
residue orientations. Calculations of orientational order pa-
6 rameters for investigating the residue packing in proteins
showed that architecture dependent packing is best described
+ by a linear combination of simple cluster geometrié,
+ icos, hcp, and bogc This result reinforces the need for ex-
* tracting orientation dependent potentials using PDB struc-

N o f: _____ v _ tures. We have defined a novel local reference system for
<‘ o, T A each residue for quantitatively describing the relative three-
o Tt dimensional orientations in a manner that is independent of

-3r + the neighboring amino acids. Arguments based on experi-
+ mental resolution of protein structures were used to derive
the optimal bin size employed for collecting statistical data
87 with both angular and distance dependence. The orientational
0 50 100 150 200 250 information has both common and complementary signifi-
© N cance as compared to the information that can be extracted
from the relative residue—residue distances alone. The tests
FIG. 12. (&) The dependence of the percent of local contdke) on the that we performed on a standard data base of artificially gen-
contact ordefCO) of the native structures for all the decoy sets analyzed in - i
this paper.(b) The differenceAZg=Zg(Upo) —Ze(Up) for the energyZ erated decoy structures suggest that this complementarity can
scores plotted vs the CO of the native state for each decoygepAZ:  be very important for a large class of protein structures. The
plotted vs the number of residueblX for each decoy set. Negati®Ze  ngyel distance and orientation dependent statistical potentials
\{alues correspond to _better performlng scores for Fhe @stanc_e and orlentg\—,ere shown to present an enhanced ability to recognize na-
tion dependent potential&Jio). The lines, representing linear fits A7, L . . :
are shown for emphasizing the trends. tivelike protein folds, especially for larger structures with
high contact orderge.g., immunoglobulins They should
find use in constructing the next generation of coarse-grained
proportionality between the CO values calculated for all theoff-lattice protein simulations. These new potentials could
native states of the decoys analyzed in this paper and thalso be instrumental in developing more efficient computa-
fraction of local contacts for various protein architectures.tional methods for structure prediction on much larger scales
Based on this observation, we investigated the relative pethan it is currently possible, addressing one of the major
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goals of proteomics. To achieve this it will be important to Therefore for the average probability of correct assignment
also include the relative orientations between side chains andge find that

the protein backbon®. 4R
P(L,dR)=1— TR if L=2dR
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Similar considerations are used for studying the angular
APPENDIX: HISTOGRAM EXTRACTION orientation pair distributions. Consider the polar coordinate

system and the division of thé and ¢ values. We assume
Previous studies suggest that only protein structures thahat we haveN bins in # and 2N bins in ¢. The solid angle
are determined with a resolutiorf 2 A or better should be corresponding to one angular bind§)=2#/N?. This solid
used in the computation a§"(r) (Ref. 20 from protein  angle is proportional to the ratio between the area element
database3A resolution d 2 A for protein structures that are that insures a certain high value for the confidence level of
determined by x-ray crystallography corresponds to an acclcorrect assignment, and the square of the corresponding
racy of +/—0.2 A in atomic positioné® The 2 A resolution  minimum pair distancéradiug at which we expect that con-
is often good enough to accurately assign hydrogen bondsdence level. Let us require a confidence level of 80% at a
and to allow for a limited interpretation of solvent structure. distance of 5 A. At larger distances the confidence level will
The high-resolution structural data are binned for thebe higher, but it will decrease at closer ranges. Sid€e
construction of either radial or orientation dependent pair~|2/(R+dR)?, and L=1.2A, R=50A, and dR
distributionsg" (r) and g"(¢,#6). It is important therefore =0.4 A, we havedQ~0.22=27/N2. This reasoning leads
to identify the minimal radial and angular bin sizes thatys to employ the nearest even valueNof 12 for the number
ensure a certain high level of confidence that the informaof bins that divide the angular interval fof. Previous
tion has been analyzed correctly and that no important artistudies® used a smaller valueN=3).
facts due to the limitations of the experimental methods have  The use of a larger radial bin siz&.2 A versus 0.5 A
been overlooked. In building a statistical distribution, thethan previously suggested, is needed to ensure a high confi-
data that are collected from protein structdresnsist of  dence levelat least 83.3%of correct radial bin assignment.
interatomic distances. We expect that such data have an agtere, we employ 20 radial distance bins witk=1.2 A for
curacy ofdR=+/-0.4 A. distances starting at 2 A. When we collect statistical data on
For the radial dependence of the data, let the bin size bghe relative three-dimensional orientation of pairs of resi-
L. In the process of assigning a certain pair distance to gues, we obtain a similarly high confidence level by using
certain bin, if that value is exactly at the bin boundary, weN=12 for # and N=24 for ¢.
have a probability of correct assignmeft,=0.5. On the All the calculations presented in this section are based
other hand, if the value is exactly in the middle of the bin, on the assumption that all protein structures analyzed have a
this probability is maximuntif L=2dR thanP.,=1). We  resolution 6 2 A or better. If proteins of different structural
estimate that the probability of correct radial assignment deresolution are analyzed, the optimal bin size can be estimated

pends on the bin size and the accuracyiR as accordingly. These arguments assure that optimal radial and
L2 angular bin sizegi.e., values that are small enough to pro-
P(L,dR)=2/L J' Pca(x,dR)dx. (Al)  vide a good resolution, yet large enough to correspond to a
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