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A backbone-dependent. rotamer library for amino acid side-chains is developed and used for
constructing protein side-chain conformations from the main-chain co-ordinates. The
rotamer library is obtained from 132 protein chains in the Brookhaven Protein Database.
A grid of 20° by 20° blocks for the main-chain angles ¢.i is used in the rotamer library.
Significant correlations are found between side-chain dihedral angle probabilities and
backbone ¢, values. These probabilities are used to place the side-chains on the known
backbone in test applications for six proteins for which high-resolution crystal structures are
available. A minimization scheme is used to reorient side-chains that conflict with the
backbone or other side-chaing after the initial placement. The initial placement yields 599
of both x; and ¥, values in the correct position (to within 40°) for thermolysin to 819, for
crambin. After refinement the values range from 619 (lysozyme) to 899, (crambin). Tt is
evident from the results that a single protein does not adequately test a prediction scheme.

The computation time required by the method scales linearly with the number of side-
chaing, An initial prediction from the library takes only a few seconds of computer time,
while the iterative refinement takes on the order of hours. The method is automated and can
easily be applied to aid experimental side-chain determinations and homology modeling.
The high degree of correlation between backbone and side-chain conformations may
introduce a simplification in the protein folding process by reducing the available
conformational space.
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1. Introduction

An understanding of the conformations of side-
chzins is required for the analysis of protein folding
and for the prediction of protein tertiary structure.
Prediction methods can also be used in the structure
determination of proteins from X-ray crystallo-
graphy and nuclear magnetic resonance spectro-
scopy by providing a procedure for the initial
placement of side-chains. They form part of any
scheme to predict the structure of a protein from
data for homologous proteins. Early work based on
structural surveys (Janin ef al.,, 1978; Bhat e al.,
1979) and energy calculations (Gelin & Karplus,
1975, 1979), indicated that the side-chain dihedral
angles in proteins generally corresponded to the
potential energy minima of the isolated amino acid.
In fact, as ecrystal structures have improved, a
decteasing number of side-chains have been
observed to deviate significantly from one of the
isolated aming acid minima (Bhat ef al.,, 1979
James & Sielecki, 1983; Ponder & Richards, 1987).
While some of the narrowing of the distributions
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may be caused by rotamer preferences introduced in
modern refinement programs such as PROLSQ
{Konnert & Hendrickson, 1980), the weighting
factors are usuaily quite weak and are unlikely to
dominate the experimental data in high-resolution
structures.

Ponder & Richards {1987) determined the distri-
butions of side-chain dihedral angle {x,,x,} pairs for
the amino acid residues from a set of ten proteins
whose X-ray structures had been determined at a
resolution of 2A or better (1 A =01 nm). They
found that most side-chains are limited to a small
number of the many possible {y,,x,} minima. For
example, while the leucinyl residue has nine possible
{x1,x2} conformers, two of these (g%t and tg~)
account for 889 of the leuciny! residues in the
survey. With a database of 61 protein structures,
McGregor et af. (1987) found that certain side-chains
exhibit rotamer preferences that depend on the
main-chain secondary structure. For example, Trp
has 759%, of its x, values near 180° in a-helices, while
629%, of the y; values are near —60° in f-sheets.

With an extended database (132 polypeptide
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chains in 126 crystal structures at a resolution of
20 A or better), it is possible to make a more
detailed analysis of the relation between the back-
bone dihedral angles ¢ and ¢ of an amine acid and
the side-chain dihedral angle distributions. By
examining all side-chain dihedral angles for all
amino acids, we have found that there is a signifi-
cant correlation between the backbone ¢ values
and the side-chain dihedral angles, which goes
beyond a correlation with secondary structure.
Blocks corresponding to a 20° by 20° grid in ¢ and ¢
yield meaningful probabilities for the x values
{x1.X2 - . .} of mogt of the amino acids. In some cases
the database is not sufficient to determine the ¢,
dependent probabilities. We shall show elsewhere
that energy calculations for isolated dipeptides
generally are in accord with the observed prefer-
ences. In this paper, we describe the results
obtained for the side-chain dihedral angle distribu-
tions of the amino acids and demonstrate that such
a “‘backbone-dependent rotamer library’ is very
useful in providing starting positions for predicting
side-chain conformations of proteins.

A variety of methods have been suggested for
determining side-chain conformations. The type of
method that is appropriate depends, in part, on the
complexity of the problem to be solved. For single-
site mutations, a detailed energy function search of
the conformational space available to the mutant
side-chain {Shih et al., 1985) can be made to deter-
mine its position. Also, free energy simulations can
be used to introduce mutant side-chains (Tidor &
Karplus, 1991). Good overall results are expected,
since it has been shown (Gelin & Karplus, 1979) that
potential energy functions of the molecular mecha-
nics type are adequate for representing the inter-
actions of buried side-chains. For surface side-
chains, it was found that solvent and interactions
with neighboring proteins in the crystal must be
included. In contrast to their behavior in a crystal
environment, surface side-chains in solution are
likely not to have a unique orientation. Nuclear
magnetic resonance studies of protein structures
(Wiithrich, 1989) indicate that such flexibility is
often present. The most detailed procedure for
studying surface side-chains is to do free-energy
mapping of the (x,,x; . ..) angle distribution in the
presence of an explicit model for the solvent
(Straatsma & McCammon, 1992; Kuczera e al,
unpublished results). Also, additional energy terms
can be introduced in molecular mechanics programs
to approximate dielectric effects, the hydrophobic
effect, and solvent structure around ionic and polar
functional groups (Pettitt & Karplus, 1985; Schiffer
et al., 1992; Wesson & Eisenberg, 1992). A method
such as CONGEN (Bruccoleri & Karplus, 1987)
searches the conformational space to build the back-
bone and side-chains for limited regions of proteins
{e.g. the hypervariable loops of antibodies). Lee &
Subbiah (1991) have used a computationally inten-
sive, simulated annealing approach and a van der
Waals repulsive potential to predict the side-chain
positions in proteins, given the backbone co-

ordinates. Holm & Sander (1991) used backbone
segments from a structural database to build full
backbone co-ordinates from C* co-ordinates, and
then utilized the database of Tuffery et al. {1991)
and simulated annealing to place side-chains.
Several groups have used backbone co-ordinates to
determine initial side-chain placements. Kabsch et
al. (1990) and Wendoloski & Salemme (1992)
searched the database for each side-chain to find a
local backbone fold (plus and minus 1 or more
amino acid residues} similar to the fold of the pro-
tein to he modeled. The side-chain was then placed
according to the best such fragment or the most
ecommonly found rotamer. Reid & Thornton (1989)
built full backbone co-ordinates of flavedoxin from
C* co-ordinates with a method similar to that of
Holm & Sander (1991), but they wused the
secondary-structure dependent rotamnter library of
McGregor et al. (1987} to predict side-chain posi-
tions. When clashes were observed, other common
rotamer positions were tested and energy mini-
mized. Desmet ef al. (1992) have suggested that
side-chain placement can be simplified based on the
idea that side-chain rotamers can be excluded by
pairwise searches and mused the method for
predicting the side-chains conformations from the
known backbone structure starting with the Ponder
& Richards (1987) rotamers.

The method described here for predicting side-
chain conformations is most closely related to that
proposed by Summers & Karplus {1989). In that
approach, which was developed as part of a homo-
logy modeling scheme (Summers & Karplus, 1990),
the side-chains are placed in accord with the known
¥ angles of the residues in a protein homologous to
that being modeled. When steric clashes were
observed in the initial placement, side-chain con-
formations were altered by use of a rigid rotation
energy search of the conformational space of indivi-
dual side-chains. A number of rules were formulated
to determine which residue of a pair of clashing side-
chains should be altered, depending on the amino
acid type, its accessibility, whether or not it is
identical to a template side-chain, its participation
in hydrogen bonds in the template protein, etc.
Residues or side-chain atoms for which there was no
information in the template protein were added one
at a time and placed according to rigid rotation
energy search. The method was rather successful
(929 for ¥,. 819, for x,) in building the side-chains
of the C-terminal lobe of rhizopuspepsin on its back-
bone from the side-chain positions of the homo-
logous C-terminal lobe of penicillopepsin (399,
sequence identity).

The procedure used in this paper is designed to
predict all of the side-chains from a knowledge of
the backbone co-ordinates. Thus, it is concerned
with the same problem as that studied by Lee &
Subbiah (1991} and by Desmet et af. {(1992), Because
most of the calculations in the present method deal
with one side-chain at a time, the time required
scales linearly with the size of the system. The
method is faster and more accurate than those of
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Lize & Subbiah {1991) and Desmet ef al. (1992), Also,
it can be run on most workstations, an advantage
over the approach of Lee & Subbiah (1991), which
requires a large memory and is not suitable for
bigger proteins such as thermolysin (316 residues).
Side-chaing can be built on known protein backbone
co-ordinates, those optimized from a homologous
protein template (Sali ef al., 1990), or those deter-
mined from some predictive scheme (e.g. starting
with (C* co-ordinates). The essential new element in
the method is that the side-chains are placed simul-
taneously with the aid of the backbone-dependent
rotamer library. As we demonstrate, this provides
considerably more information than averaged
rotamer libraries {e.g. that of Ponder & Richards,
1987) and so yields a much improved starting set of
sicle-chain positions. 1f the structure of a homo-
logous protein is known, information about the side-
chains of the target structure can be incorporated
from the template. Once the initial placement has
bean made, the optimization procedure follows the
philosophy of Summers & Karplus (1989), though
some of the methodological details are significantly
different. One conseguence of these differences is
that automation of the method is more straight-
forward. This is important because it is difficult not
to be biased if human decision-making is required,
pa-ticularly in test applications to known struc-
tures, Further, since there are many applications of
the method, the less human labor involved in
performing a prediction the better.

in the next section of this paper, we present the
procedure  used to calculate the backbone-
dependent rotamer library, and then describe the
scheme for setting up the initial side-chain positions
and refining them to a final prediction. We also
present various ways for evaluating the results of
the side-chain predictions since no single criterion is
adequate. The following section describes the
res llte. Details of the backbone-dependent rotamer
library are given. Full side-chain predictions for six
proteins from the known backbone are presented.
Th proteins chosen for study are thermolysin (PDB
code 3tln), ribonuclease A (7rsa), bovine pancreatic
trypsin inhibitor (6pti}), lysozyme (1izl}, erambin
lern), and the C-terminal domain of rhizopuspepsin
{2a0r). Several of these proteins have been used to
test other prediction methods. Tn addition, we apply
the method to the penicillopepsin to rhizopuspepsin
homology modeling problem, so as to be able to
compare the present results with the approach of
Summers & Karplus (1989). In the final section, we
disc uss the potential of the method and implications
of the results for protein folding.

2. Methods
(a) The ¢ rotamer Lbrary

The library was calculated from the structures of 132
protein chains in 126 structures in the Brookhaven
Protein Database refined at a resolution better than or
equel to 20 A. These proteins are listed in Table 1.
Included in these 126 structures are 17 preliminary PDB

files available by ftp from Brookhaven (at the Internet
address: pdb.pdb.bnl.gov), which have allowed us to
extend significantly the database from which the library
is calculated. Several groups of homolegous proteins are
included in the list of structures. While proteins that are
identical or nearly identical in sequence have not been
included, homologous proteins have been included to
increase the size of the database. The structures that are
used have been chosen on the basis of several criteria:
resolution; date of deposit in the database, in that later
structures are likely to be better; and the absence of non-
protein ligands that might alter side-chain positions in
unpredictable ways. For the prediction of the six proteins
described below, the rotamer libraries were determined
after removing the protein and its homologues from the
list. Thus, in effect, six separate rotamer libraries were
calculated. Since the libraries are very similar, only the
library calculated with all the proteins listed in Table 1 is
described in Results. The backbone ¢ and  values were
divided into 20° x 20° blocks (— 180° to —160°, —160° to
—140°, ete. for ¢ and ¢), and the rotamer library was
calculated for each 20° x 20° block. Because of the small
bloek size and steric constraints on the backbone, some
regions of the ¢ map are underpopulated or even
empty. Tests with coarser or variable grids confirm the
present choice. Rotamer populations for each y; (i =
1.2,3.4) were calculated using the angular ranges listed in
Table 2. For all side-chains {except Ala, Pro and Gly), the
¥, values correspond to the rotamers of a tetrahedral
carbon atom. They were divided into bins of —120° to 0°
(g* conformer), 0° to 120° (¢~ conformer), and 120° to
240° (! conformer}. The same limits were used for the
dihedral angle ¥, of all amino acids that have a x,, except
for proline, the arowmatics, agparagine, and aspartic acid.
For proline. y; was placed into 2 bins; g, < 0° and y; > 0°
corresponding to the 2 proline conformations, C'-exo and
(¥-endo, respectively. The angle x, of proline was treated
analogously . The x, values of phenylalanine, tyrosine and
histidine were divided into bins of 0° to 60°. 60° to 120°
and 120° to 180°, even though the expected value is near
+90°. These values were used to determine whether there
were any significant populations more than 30° from the
usual y, value near 90°. In well-populated areas of the
map, there were no statistically significant deviations
from 90°. 1f y, was less than 07, a x, value of y, + 180° was
used. This is exact for Phe and Tyr, and generally true of
His, since most crystal structures do not elearly
distinguish whether a given His has a value of y, or
¥2+180°, Similarly, for Asp and Asn, y, and x,+180°
were treated as equivalent, and the limits used were —9(°
to —30° (g* conformer), —30° to 30° (¢ conformer), and
307 to 90° {g~ conformer). Trp x, was treated ag either
0° <y, < 180° or —180° < g, < 0°. For the amino acids
with flexible x, and y, dihedral angles (Lys, Arg, Giu,
3In), analogous ranges were used; i.e. the same limits as
described for ¥, were employed, except for ¥4 of Glu and
GIn, where the limits described for Asp and Asn y; were
used.

(by Prediction method

To make clear the procedure used in generating the
side-chain positions, the steps involved are listed in Fig. 1.
Explanatory comments on the various steps are given in
what follows.

(i) Construction of initial mode]

(iX{a) Backbone co-ordinates
One is starting with a model of the backbone, which is
either derived from the Cartesian co-ordinates of a target
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Table 1
List of Protein Datobank files used in backbone-dependent rotamer library
Resolution
Name Date Code-Chain (&)
Protease inh. dom. of Alzheimer’s amyloid SEPY0 1AAP-A 15
Actinoxanthin DECS2 1ACX 20
Adenylate kinase isoenzyme-3 JANYO 1AK3-A 19
Alpha-lactalbumin AUGSEY 1ALC 17
Aldolase A MAY9L 1ALD 20
Bilin binding protein SEP90 IBBP-A 20
Carbonic anhydrase FEB89 1CA2 290
Cytochrome ¢ MARS3 1CCR 15
Superoxide dismutase (co substituted) FEB#2 P1COB-A 20
Cholesterol oxidase FEBII 1C0X 1-8
Crambin APRS1 ICRN 1-5
Citrate synthase-L-malate MAYD0 1C8C 1-7
Subtilisin Carlsberg complex eglin-c JUNSS 1CBE-E 1-2
Subtilisin Carlsberg complex eglin-c JUNSS 1C8E-1 12
L7/L12 50 8 ribosomal protein SEP86 ICTF 17
Defensin JANSL PIDFN-A 1-9
Hemoglobin (erythrocruorin, deoxy) MAR7% 1ECD 1-4
FK508 binding protein complex MAYY) 1¥KF 1-7
Gamma-IT crystalliin AUGS5 1GCR 16
Holo-D-glyceraldehyde-3-phos. dehydrogenase JUNRBT 1GD1-0 18
Guanylate kinase DECH PIGKY 20
Glyeolate oxidase JUN&9 1GOX 240
Glutathione peroxidase JUNBS 1GP1-A 2:0
Oxidized high potential iron protein APRTS 1HIP 20
Human neutrophil elastase APRBY 1HNE-E 1-84
Alpha-amylase inhibitor HOE-467 A JANS9 1HOE 20
Intestinal fatty acid binding protein DECI0 1IFB 196
Lysozyme (mutant) MAY91 1L58 1-65
Leghemoglobin {deoxy) APRS82 1LH4 20
Lambda repressor-operator complex NOV9l PI1LMB-A 1-8
Myoglobin (deoxy, pH 84) AUGS] IMBD 14
Mesentericopeptidase APRS1 PIMEE-A 20
Oncomodulin APRY) 10MD 1:85
Ovalbumin {egg albumin} NOV90 F10VA-A 1-9
Pseudoazurin {oxidized CU+ + at pH 6:8) JUNSS 1PAZ 1:55
Human plasminogen Kringle 4 JULYI PI1PK4 -9
Avian pancreatic polypeptide JANSL 1PPT 1-37
434 repressor (amina-terminal domain) DECS8 1R69 2:0
Retinol binding protein APR%) iRBP 20
Rubredoxin MARSS LRDG 14
Bence-Jones immunoglobulin RET variable MAR76 1REI-A 2:0
Barnase (G specific endonuclease) MAR PIRNB 19
Selenomethionyl ribonuclease H JUL9SO 1RNH 24
ROP: Col E1 repressor of primer APRO1 P1IROP-A 19
Ribonuclease SA DEC90 P1SAR-A 18
Trypsin APRS8 18GT 7
Scorpion neurotoxin (variant 3) DEC82 18N3 1-8
Staphylococeal nuclease JUL8S9 18NC 1-65
Trypsinogen SEP79 1TGN 1-65
Hemoglobin (T state, partially oxygenated) JANOO ITHB-A 15
Hemoglobin (T state, partiaily oxygenated) JANYO ITHB-B 15
Tonin JUNS7 1TON 18
Ubiquitin JANS7 1UBQ 1-8
Uteroglobin (oxidized) APRS&9 1UTG 1-34
Tso-2-cytochrome ¢ (reduced state) QCT91 PIYEA 19
B-2036 composite cytochrome ¢ (reduced) 0CT91 P1YEB 1-9
Triose phosphate isomerase JANOO 1YPI-A 19
Cytochrome B562 (oxidized) JANGO 256B-A 14
Actinidin {sulfhydry] proteinase) NOVTY 2ACT 1-7
Alpha-Iytic protease MARS5 2ALP 17
Acid proteinase {rhizopuspepsin) MARS7? 2APR 1-8
Azurin {oxidized) OCTEs ZAZA-A 1-8
Cytochrome ¢ {prime) AUGS5 2CCY-A 1-67
Cytochrome ¢-3 NOVS3 20DV 1-8
Chymotrypsinogen A JANST 2CGA-A 1-8
Chymotrypsin inhibitor 2 SEPS8 2012-1 2:0
Concanavalin A APR75 2CNA 2:0
Cytochrome P450cam {(camphor monooxygenase) APRS7 2CPP 1:63
Cytochrome ¢ peroxidase AUGS5 20YP 1-7

Endothia aspartic proteinase NOVIo 2ERT-E 1-6
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Table 1 (continued )

Resolution
Name Date Code-Chain (&)
Immunoglobulin FAB APRS89 2FB4-H 1-9
Immunoglobulin FAB APRSY 2FB4-L 19
Flavodoxin FEB92 2PCR 1-8
D-galactose/Dr-glucose binding protein FEB&Y 2GBP 19
Hemerythrin (met) 0OCT90 2HMQ-A 1-66
Hemoglobin V {cyano, met) AUGSE5 2LHB 2:0
Pea lectin JUNSO 2LTN-A 1-7
Pea lectin JUNSO 2LTN-B 17
Myohemerythrin APRST? IMHR 1-7
Melittin OCT0 2MLT-A 20
Prealbumin (human plasma) BEPT? 2PAB-A 1-8
Proteinase K NOVE7 2PRK 1-5
Lys 25-ribonuclease T1 JULSS 2RNT 18
Rous sarcoma virus protease 0CT89 2R5P-A 20
Sarcoplasmic calcium binding protein AUGI) P28CP-A 20
Cu, Zn superoxide dismutase MARS0 250D-1B 20
Thermitase complex with eglin OCT90 2TEC-E 1-98
Therrolysin complex JUNST 2TMN-E 16
Thioredoxin MARS0 2TRX-A 1-68
Thymidylate synthase complex JUL91 2TSC-A 1-97
Trp repressor (orthorhombic form) DEC87 2WRP-R 1-65
GECN4 lencine zipper JULSY P2ZTA-A 18
Acid proteinase (penicillopepsin) NOVYH0 3APP 1-8
Cytochrome B35 {oxidized) JANSO 3BsC 1-5
Bacteriochlorophyll-A protein JUNS7 3BCL 19
Beta-lactamase DECY 3BLM 20
Cytochrome ¢-2 (reduced) NGVS3 3C2C 1-68
Chloramphenicol acetyltransferase A JULSO aCLA 1-75
Erabutoxin B JANES 2EBX 1-4
Native elastage SEP87 3EST 1-65
Basic fibrobiast growth factor JAND2 3FGF 16
Glutathione reductase FEBSS GRS 1-54
Rat mast cell protease I1 SEPS84 3RP2-A 19
Proteinaze A MAY%0 3SGA-E 18
Proteinase B from streptomyces griseus JANS3 35GB-E 1-8
Proteinage B from streptomyces griseus JANS3 35GB-1 '8
Cytochrome c-551 (reduced) JULRI 451C 16
Prophospholipase A-2 SEPS0 1BP2 16
Caleium-hinding parvalbumin 0OCT39 4CPV 1-5
Enolase NOVIO P4ENL 19
Ferredoxin JUNSS 4FD1 1-9
Interleukin-1 heta MARSH0 4118 20
Bovine calbindin DSK (minor A form) AUGo1 P41CB 16
Pepsin DE(C89 4PEP 1-8
Beta trypsin, diisoprophylphosphoryt APRBS 1PTP 1-34
Carboxypeptidase A-alpha (Cox) MAYS&2 5CPA 154
HIV-1 protease complex APRG0 S5HVP-A 20
C-H-RAS P21 protein {amino acids 1-166} APRSG 5p21 135
Parvalbumin {alpha lineage) SEPSL P5PAL 15
Trypsin inhibitor (erystal form IT) 0CTs4 5PTI 10
Rubisco {ribulose-1,5-bisphosphate) MAYI0 5RUB-A 17
Troponin-C MAYSS 5TNC 20
M-4 apo-lactate dehydrogenase NOvs? 6LDH 20
D-xylose isomerase SEP90 6X1A 1-65
Plastocyanin SEP89 TPCY 1-8
Ribenuclease A (phosphate-free) JUNS8 TRSA 1-26
L-arabinose-binding protein (mutant) APRY1 BABP 1-49
Dihydrofolate reductase MAY89 SDFR 17
Insulin 0CTo1 9INS-A 1-7
Tnsulin OCToL 9INS-B 17
Papain {Cys-25 oxidized) MARS6 9PAP 1-65
Wheat germ agglutinin (isclectin 2) APRY) IWGA-A 1-8

Name is derived from COMPND records in the PDB files; Date i from the HEADER records;
Resolution 1s from the REMARK records. The code in the Protein Databank Code is prefixed by P if
the file is a preliminary entry, available by anonymous ftp from the Brookhaven National Labs
(pdb.pdb.bnl.gov). The chain used from each file is appended to the code; if there is no chain indicated,

then the single chain in the file is used.
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Table 2

Limits for rotamer library y angles

A, Ser, Thr, Cys, Val, Phe, His, Tyr

¥ limits
1 0° — 120°
2 120° — 240°
3 —120°— 0°
B, Lys, Arg, Met, Gin, Glu, He, Leu
¥ limits %z limits
i 0° - 120° 0° = 120°
2 0° = 120° 120° — 240°
3 0° = 120° ~120° - ©°
4 120° — 240° 0° = 120°
5 120° - 240° 120° — 240°
§ 120° — 240° ~120° > ¢°
7 —120° - ° 0° = 120°
8 —120°— 0° 126° — 240°
9 —120° - 0©° —120° > 0°
C. Trp
¥y limits ¥z limits
1 0° = 120° 0° - 180°
3 0° — 120° —-180° - @°
4 1207 —» 240° 0° - 180°
6 120° — 240° —130° > 0°
7 —120°—~ o©° 0° — 180°
9 —120° - 0° —130° -+ 0°
D. Asp, Asn
¥y limits ¥2 limits
1 0° — 120° —%° - —30°
2 0° —120° —30° > 30°
3 0° — 120° 30° = 90°
4 120° — 240° —80° —» —30°
5 120° — 240° —30° = 30°
6 120° - 240° 30° - 90°
7 —120°—> 0° —90° - —30°
8 ~-120° > ©° —30° - 30°
9 —120° = 0° 30° - 90°
E. Pro
%1 limits X2 limits
1 0" - 60° —60° = 0°
3 —80°— 0 07— 60°

11 and x, ranges are given for each defined rotamer for the
amino acid side-chains. The numbers in the left-hand column are
used in Fig, 2 to illustrate the preferred rotamers in different
positions on the ¢,i map. The limits for y; and y, are deseribed
in the text.

structure (e.g. a preliminary X-ray or nuclear magnetic
resonance determined backbone) or from Cartestan co-
ordinates from the experimental structure of a template,
such as a homologous protein. If the template and target
are of different lengths, some portion of the backbone
must be added or deleted. There are a variety of methods
for doing this, which are based either on database
searches and template fitting {Summers & Karplus, 1990)
or an energy function-based conformational search {e.g.
Bruccoleri & Karplus, 1987) or a combination of the two.
(i)(h) Side-chain placement

Information about the initial placement of the side-
chains either comes from the rotamer library alone or
from the homologous template protein in combination
with the rotamer library. The possible choices for starting
co-ordinates are listed in Table 3. When the side-chain
information comes from the rotamer library, the informa-
tion is necessarily in the form of internal co-ordinates
(bond lengths, bond angies and dihedral angleg). In this

Backbone coordinates from targe: or homologous template protein
Sidechain (sc} placement from library and/or template protein
Disulfide minimization

Hydrogen atom minimization -»> Structure 0

van der Waals clashes (s¢’s with backbone)
Sidechain minimizations for sc’s which clash with backbone
Sidechain placement
Disulfide minimization

Hydrogen atom minimization -> Structure 1

van der Waals clashes (all atoms, except Val, lle, Thr sc’s)
Sidechain minimizations for sc’s (except Vallle,Thr) which clash
Sidechain placement
Disvlfide minimization

Hydrogen atom minimization -> Structure 2

van der Waals clashes (all atomns)
Sidechain minimizations for all sc’s which clash with other atoms
Sidechain placement
Disulfide minimization

Hydrogen atom minimization -> Structure 3

Repeat until all clashes are resolved -> Structure 4,5.6,...,N

Figure 1. Outline of the method. Steps in the procedure
for placing side-chains (sc¢}) from the library and for
resolving van der Waals conflicts betwesn the side-chains
and the backbone and other side-chains.

case, bond lengths and angles from CHARMM minimized
structures (Brooks ef al., 1983) are used for the side-chain
in the tetrapeptide Acetyl-Ala-Xxx-Ala-NHCH,; these
have been calculated for all amino acids and are now used
in the CHARMM program residue topelogy file. Since we
are using the all-hydrogen atom parameter set (MacKerell
et al., unpublished results), both heavy atom and hydro-
gen atom bond lengths and angles were determined by the
tetrapeptide minimizations just described. In previous
work (Summers & Karplus, 1989), the polar hydrogen set
was used, and bond length and angle information from
CHARMM parameters without minimization were
employed. The minimized structures provide a more
accurate reflection of likely side-chain structures.
Alternatively, one could use averaged bond lengths and
angles from a database.

The initial side-chain dibhedral angles for a given amino
acid are determined from the backbone-dependent
rotamer library by the following procedure. The most
likely value of ¥, for the 20° by 20° block corresponding to
the backbone ¢ and t values for that residue is used; for
that value of x;, the most common value of ¥, is used.
This is usually the same as picking the most common
£x1.%2} conformation for the side-chain, corresponding to
a given ¢, from columns 10 to 18 of Table 4 (see the
legend to Table 4 for an explanation of the columns), but
in gome cases it ig different. For example, consider the case
in which g~ and ¢ have populations of 409, and 609,
respectively, for x, (columns 7 and 9}, but x, is divided
evenly between 2 conformations for y, = ¢*, (say, g~ and
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Table 3
Input data
Side-chain

Name Backbone Side-chain
of method COOT. dihedrals Bond lgths and ang.
targ/lib Target Library Minimized tetramer
temp/lib Template Library Minimized tetramer
targ/temp Target Tempiate Minimized tetramer

+library Minimized tetramer
temp/temp Template Template:

Identical se Template Cartesian co-ordinates

Non-identical sc

+library

Minimized tetramer
Minimized tetramer

Backbone co-ordinate information can come either from a homologous template protein or from the
target protein whose side-chain conformations are to be predicted. Side-chain (sc) dihedral information
comes either from the template or from the library either in the form of Cartesian co-ordinates or
internal co-ordinates. Bond lengths (lgths) and angles (ang.) come either from the tetramer Ace-Ala-
Xxx-Ala-NHCH,, minimized for each possible side-chain (in the form of internal co-ordinates), or from
the Cartesian co-ordinates of the template source protein.

¢ (columns 16 and 17} and there is only 1 conformation for
¥y = ¢ (say, ¢ (column 11))). The probabilities for the 3
condormations are 30%, {g*,4 " column 16}, 309, (g*.t:
column 17), and 409, (¢~.¢: column 11). If one uses the
most eommon conformation (g~.f) for y, and y,, one
chooses the less common value of y,. Tt is better to use
one of the conformations of x, corresponding to 3, = g%,
the more common rotamer, since if y, is wrong then the
value of y, is not really meaningful.

If the number of side-chains in a particular block of the
¢ map is smaller than 4, the most common y angle
values for the side-chain obtained from a backbone-
independent rotamer library is chosen. {The statistics for
rotamer preferences independent of the backbone are
listed in Table 5. These are discussed in Results.) For all
side-chaing, except Ser, Thr, Val and Pro, this sets y,
equal to —60G°. For Ser and Thr, the most common y,
valus is +60°, and for Val it is 180°. For proline, the
C"-endo structure for the ring is chosen, with y, = +28°
since this is the average value for y, in the C'-endo
conformation. The most common y, values are 180° (as
they are for y, and y,)} except for aromatic y, terms,
which are 90° for Tyr, Phe, Higs and Trp. For Asn, the
preferred y,.x; conformation is —60°,—60°. These
preferred conformations match the preferences calculated
from a much smaller database by Ponder & Richards
(1987). The only exception is for Met, where Ponder &
Richards (1987) list the —60° —60° conformation as
preferred from a sample of 16 residues. The present
library contains 399 methionine residues, and the
—60°,180° conformation is preferred; the prebabilities are
349, for —60° 180° versus 229 for —60°, —60°,

If the structure of a homologous protein is known, it
can be used to determine some of the information about
the side-chain positions in the target protein. The form of
this nformation depends on whether the target or
template backbone is used. In methed temp/temp {Table
3), whkere both the template backbone and side-chaing are
used in the initial structure, the Cartesian co-ordinates for
gide-caaing that are identical in the template and the
target can be used. For non-identical side-chains for
which there is information in the template, the dihedral
angles are transferred from the template according to the
rales of Summers & Karplus (1989), while the bond

lengths and angles come from the tetrapeptide minimiza-
tions. For most side-chain types. the dihedral angles are
transferred directly, unless the transfer is to or from an
aromatic residue or from Val to Thr or Ile. In the latter
ease, ¥, is set to y, — 120° of the template, because of the
TUPAC definition of y, of Val relative to Thr and Ile
(Kendrew et al., 1970). If the target side-chain is aromatic
and the template side-chain is not, or vice versa, then the
target side-chain is placed according to the library. Where
there is no information In the template (e.g. Gly, Ala or
Pro) or insufficient information (e.g. Ser — Arg) the addi-
tional dihedral angles are chosen from the backbone-
dependent rotamer library. If the target backbone is used
{method targ/temp in Table 3), however, as by Summers
& Karplus (1989), then the template side-chain informa-
tion must be in the form of internal co-ordinates, even for
identical side-chains. For all side-chains, bond lengths and
angles are obtained from the tetrapeptide minimizations.
For identical side-chains, dihedral angles from the
templates are used directly; for non-identical side-chains,
dihedral angles are transferred as described above. For
target side-chains without sufficient information in the
template, the library is used.

Finally, the CHARMM residue topology file is used to
set up the remaining co-ordinates that are undefined. This
includes the Ala side-chains, the backbone hydrogen
atoms, and Gly H® If there are known (or suspected)
disulfide bonds, then these are set up within CHARMM,
and the H? atoms are deleted. The cysteine 87 atoms have
already been placed according to the library or the
template protein structure, and the bond between them is
established in this step. They are adjusted further by
minimization (see below),

At this point, a full set of Cartesian co-ordinates,
including hydrogen atoms, can be generated from the
information obtained as described above and summarized
in Table 3.

(i}{c) Disulfide bond minimization

Cysteinyl residues involved in disulfide honds are mini-
mized for 100 ABNR steps (Brooks et al., 1983) with the
rest of the protein atoms held fixed. Thiz yields the
correct S—S bond distance and eliminates bad contacts
with other protein atoms.
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(i)(d) Hydrogen utom minimization

The positions of the hydrogen atoms in the model
structure are minimized for 100 steps with the CHARMM
program while all the heavy atoms in the protein are
fixed. The resulting structure is the initial model (Fig. 1,
Structure 0).

(ii) Refinement of model

Given the initial model, a series of steps is taken to
refine the side-chain conformations. The main-chain co-
ordinates are kept fixed throughout. A CHARMM calcula-
tion (Brooks et al., 1983) is done to determine all side-
chain atoms that have positive van der Waals inter-
actions with any backbone atom or other side-chain
atoms. These side-chains are reoriented by an iterative
procedure, which first treats clashes with the backbone
and subsequently those with other side-chains.

(iiY(a) Side-chain minimizations (side-chain/buckbone
clashes)

Any side-chain that clashes with the backbone and
where the energy is above a certain threshold (see below)
is examined to find if there are alternative conformations
that do not clash with the backbone. Since side-chains
that overlap the backbone are most likely to be in the
wrong conformation, these side-chains are tested for alter-
native minima before side-chain—side-chain clashes are
resolved. The search for alternative conformations is
made by setting ¥;.x,,. . - equal to all possibie combina-
tions of values at the center of the intervals used for the
rotamer library; e.g. for all side-chains except proline, ¥,
is set equal to 60°, 180°, —60° in turn in all possible
combinations (3 conformations for side-chains with
only, 9 conformations for side-chains with x, and x, only,
etc.). Aromatic x, terms are set to 0°, 45°, 90°, 135°, ete.
to cover the full conformation space. Minimizations are
then performed for the given side-chain with all other
protein atoms held fixed. Each clashing side-chain is
minimized for 100 conjugate gradient steps against the
same model {Fig. 1, Strueture 0). Minimizations are per-
formed for side-chains when an atom of that side-chain
has a van der Waals interaction with an atom of the
hackbone exceeding the limits (Summers & Karplus,
1989):

Side-chain Side-chain or

atom type backbone atom type Energy
C,N,OorS§ With Cor 8 > 5 kealfmol
Oor N With O or N >4 keal/mol
C,N,Oor8 With H > 10 kealfmol
H With H > 20 keal/mol

The O, N/O, N limits are higher than heavy-atom
interactions with carbon or sulfur, since these atoms can
form hydrogen bond donor/acceptor pairs where the van
der Waals repulsions between the heavy atoms can reach
nearly 9 kealimol (1 cal = 4184 J), beeause of the favor-
able electrostatic contributions in the full potential. The
hydrogen atom limits are taken higher still because they
can be expected to exhibit greater conformational
flexibility.

After all minimizations have been performed for side-
chains where there exist clashes with the backbone, the
gide-chains are simultaneously moved to the lowest
energy conformation found for each one. The disulfide
bonds and hydrogen atoms are then minimjzed with the
rest of the protein atoms held fixed (see subsections (i){c)
and (i){d), above]. The resulting structure is a new model
(Fig. 1, Structure 1).

(ii){b) Side-chain minimizations (side-chain—side-chain
clashes except Ile, Thr, Val)

Step (ii)(a) is repeated, except this time clashes between
all atoms are included, including those between side-
chains. Any residue that involves clashes according to the
energetic cutoffs listed in step (ii)(a) is minimized
according to the scheme just described, with the excep-
tion of Ile, Thr and Val. These are predicted with a high
degree of accuracy from the library and it is best not
to move them at this stage, since it is likely that the other
side-chain involved in the clash is in an incorrect position.
The resulting structure is a new model {Fig. 1, Structure
2).

(ii)(cy Repeated side-chain minimizations (all clashes)

Step (ii}{b) is repeated as many times az necessary to
remove all clashes. If atoms in Ile, Thr or Val clash with
any other atoms in the protein, they are moved at this
stage according to the usual minimization scheme. The
structures resulting from these rounds of reorientation
and minimization are referred to as Structure 3, 4, etc. in
Fig. 1. If the refinement steps do not remove all the
clashes, a simultaneous minimization of the residues
involved could be performed. This problem did not arise
for any of the proteins studied and the converged model
obtained here (Structure N where ¥ <4 for the 6
proteins) is the final structure.

(c) Assessing the results

There are a number of criteria that can be used to
determine the “correctness” of the side-chain orientations
in model-building schemes. They involve Cartesian root-
mean-square deviations {r.m.s.d.t) of atoms and dihedral
angle deviations. As in the work of Summers & Karplus
(1989) and Wendoloski & Salemme (1992), we empioy a
dihedral angle criterion and consider & deviation of less
than or equal to +40° correct, .based on the supposition
that the predicted and experimental values correspond to
the same minimum. r.m.s.d. values by themselves are
unsatisfactory because they can lead to misleading
results. Small side-chains can have dihedral angles far
from the experimental values and still have low r.m.s.d.
values. Large sidechains can also have quite small
ram.s.d. values and yet be in a different conformation
from the crystal structure. It might be argued that such a
structure is “correct’, since the side-chain fills essentially
the same volume. In low-resolution structures, this could
be true, since experimental errors in dihedral angles can
be large (e.g. for Val). If, however, the dihedral angles are
accurately known from high-resolution structures, it is
important to test whether a predictive method is able to
determine the dihedral angles. Since we are using high-
resolution structures to test the prediction scheme, we
emphasize dihedral angle differences, though we also con-
gider r.m.s.d. values, particularly to compare with the
results of others.

When citing dihedral angle statistics, there are 2 ways
of counting whether a certain y, (or x, or ) is correct,
depending on whether the deviation in y, (or x; or xa)
from the experimental structure is considered. Lee &
Subbiah (1991) report y, angle statistics that do not
depend on the accuracy of y,. Wendoloski & Salemme
{1992), by contrast, report g, , ; statistics; i.e. the percent-
age of residues that have both y, and y; correct (to within
40°). This information is useful, since if g, is far wrong,

1 Abbreviations used: r.m.s.d., root-mean-square
deviation(s); BPTI, bovine pancreatic trypsin inhibitor.
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the Cartesian positions of y, atoms are likely o deviate
significantly from their positions in the experimental
stracture, even if x, is “‘correct”. We report statistics for
¥y for all side-chains (except Ala and Gly), x, for all
side-chains (except Ala, Gly, Ser, Thr, Val and protonated
Cyw) regardless of whether ¥, is correct or not, and ¥, .,
for all side-chains {except Ala, Gly, Ser, Thr and Val, but
inctuding cysteinyl residues involved in disulfide bonds,
where x, is the dihedral angle determined by atoms C*, C*
and 8% of a given cysteinyl residue and 8* of the other
involved in the disulfide bond).

Also, we report r.m.s.d. for each amino acid type deter-
mined for the 6 proteins whose side-chain positions have
been predicted in order to compare our results with those
of Lee & Subbiah (1991). We do not consider r.m.s.d.
calculated for all the side-chains of a particular protein,
since the resulfts depend on the relative number of large
versus small side-chaing in the sequence.

Statistics are caleulated for buried and surface residues
separately. Surface residues are defined here as side-chains
tha: have an exposure that is more than 109, of the
possible value. Buried residues, conversely, are defined as
those with an exposure that is 109 or less of the possible
value. The possible exposure is calculated as the surface
are:. determined with a 16 A spherical probe of the side-
chain in guestion in the peptide Acetyl-Xxx-NHCH,,
with the backbone dihedrat angle ¢ equal to ~60°, and ¢
equal to 140°. The peptide was minimized for 100 ABNR
steps using the program CHARMM (Brooks et al., 1983).
From the resulting co-ordinates, the total accessible
surface area of the side-chain was calculated for all atoms
in the side-chain, excluding ¢* and Hf atoms.

{d) Automation of method

The method is fully automated and has been used on a
Convex (220, a Sun Sparcstation, an IBM RS 6000 and a
SGI 340. Tt consists of the backbone-dependent rotamer
library, a small number of Unix scripts, 2 FORTRAN
programs, and the program CHABRMM (version 22).
CHARMM is first used to convert the Brookhaven Protein
Date. Bank (PDB) co-ordinates to CHARMM format. This
is followed by a script, which finds and proeesses the ¢
and iy values for the protein, and another than produces a
file with the sequence of the protein in CHARMM format.
If a homologous protein is used to help place the side-
chaing, the internal co-ordinates in CHARMM format are
also calculated for this protein, and the y angles are
processed. A FORTRAN program is then used, in accord
with subsection (b)(i)(b}, above, to generate a CHARMM
script that determines the initial positions of the side-
chairs, based on the sequence, the backbone dihedral
angles, the backbone-dependent rotamer library, and the
side-chain positions of a homologous protein (i one is
being used). Once the disulfide and hydrogen atom
minimizations have been performed, the van der Waals
overlaps are calculated. A second FORTRAN program
processes the overlaps, and following the rules of subsec-
tion (b)ii)(a}, setz up the CHARMM commands to search
the alternative side-chain minima. The internal co-
ordinates for the new minirma are written out by the
CHARMM program and used to build a new structure.
The procedure continues (subsections (b)(ii}(b) and
(b)(ii)(c). above) until all the clashes have been removed.
The routines are quite flexible, and a variety of inputs can
be used. In some cases (e.g. homology modeling), only a
certain number of side-chains need to be modeled into a
known structure. The starting strocture simply has these
side-chaing deleted, and the routines build these side-

chains. Once the PDB or CHARMM backbone co-ordi-
nates (and any side-chain co-ordinates that are to be
used) are processed, the entire procedure ean be per-
formed by running a single command file.

(e} Computer time

The initial placement of side-chains from the library
takes only a few seconds of central processing unit time on
a single processor of an SGI 340. The iterative minimiza-
tions to vefine the structure can take from 6 h (crambin)
to 24 h (thermolysin) on a single processor of an SGI 340,
depending on the size of the protein.

3. Results

We first describe the backbone-dependent
rotamer library and then present the results of
applying it with the refinement methodology to the
prediction of the side-chain conformations to a set
of six proteins of known structure.

(a} T'he backbone-dependent rotamer library

In Table 4, the total number of each side-chain
appears, and the actual and relative populations of
the various rotamers are listed according to side-
chain type. These results form a backbone-
independent rotamer library that can be compared
to that of Ponder & Richards (1987). They are
essentially the same, except for the statistics for
methionine, ag already mentioned. In Table 5,
which is constructed from the backbone-dependent
rotamer library, we list the rotamer populations for
values of ¢ and ¥ for which there are more than ten
examples of a particular side-chain type. One should
note the large variation in populations of particular
rotamers as a function of ¢ and ¥, and the identity
of the side-chain. The variation is not limited to the
differences between o-helices or f§-sheets, but other
regions of the ¢, map exhibit particular prefer-
ences as well. As an example, many side-chains
prefer y, = 180° in canonical a-helices (¢ = —47°,
ff = —57°), but in nearby regions of the
Ramachandran map (more negative values of ¢,
and more positive values of ), y; = —60° is much
more common. This is true for the aromatic
regidues, Leu, the longer side-chains (Arg, Glu, Gln,
Lys and Met), Cys and Val. The variation in the
most probable value can also be compared with the
average value in Table 4.

While many amino acids in specific ¢ ranges
prefer one rotamer over all others, in some cases two
or more rotamers have nearly equal populations. In
the latter case, removing one protein (and hence 1
or more side-chains from the data set) may switch
the balance between the two. This happens for
ribonuclease, where adding 7rsa to the database
changes the predictions of six side-chains for the
better. This can happen even when there are many
side-chains in a given ¢, block. For example, both
Met29 and Met30 in Trsa are in the same block.
Without them, their y, percentages are g, ¢, ¢*



552 k. L. Dunbrack Jr and M. Karplus
Table 4
Backbone-independent rotamer Library
Number in Rotamer
Res Database No. x, VX (Table 2)
Cys 434 = 6060 54 12-4 1
¥, = 180%60 109 251 2
4= —60+60 27 65 3
Ser 1717 ¥ = 60160 739 430 1
7= 1804860 424 247 2
4 = —6GOL60 540 315 3
Thr 1460 ¥y = 60160 673 461 1
1= 180160 126 86 2
¥, = —60+60 657 450 3
Val 1683 ¥ = 60£60 142 84 1
4, = 180460 1176 699 2
¥, = —B0+60 362 215 3
Number in Rotamer
Res. Database No. y¢ Yxy No. x; ¥z No. x; ¥ No. 13 bz {Table 2}
¥, = 30430 xa2 = 30430
Pro 988 1= 30130 547 6554 39 39 0 00 508 51-4 1
n= 30+£30 441 44-6 433 43-8 0 00 8 04 3
¥z = 30430 %2 = 90+ 30 %2 = 150430
Phe 889 ¥ = 60160 120 135 1 01 118 13-3 1 1 1
X1 = 180460 319 358 42 47 273 307 4 4 2
1= —601+60 450 50-6 35 39 342 384 73 52 3
x2 = 30430 y2 = 80430 2z = 150430
His 488 = 60160 54 110 4 08 47 96 3 06 1
y1= 180160 164 335 35 72 108 221 21 43 2
X1 = —60+60 270 552 23 47 181 370 & 133 3
25 = 30430 22 =90£30 ya = 15030
Tyr 856 ¥, = 60460 102 119 5 08 97 113 0 o0 i
1= 180160 293 341 49 57 241 28} 3 03 2
¥, = —60+60 461 537 19 22 359 418 83 &7 3
¥2 = 90+90 2> = — 90490
Trp 325 4= B0+60 5l 156 17 52 KYE (71 1,3
§ = 180360 ws 322 62 190 40 123 4,6
1 = —60+60 169 518 126 387 41 126 7.4
¥z = 60160 %2 = 18060 2 = — 60160
Leu 1739 L= 60460 35 240 20 1l 13 07 2 0 12,3
X1 = 180160 573 329 475 273 80 4-6 14 o8 4,5, 6
¥1 = —60+60 1131 649 135 T 949 545 44 25 7,89
¥, = B0+ 60 ¥, = 180 £60 12 = —B0+60
Tle 1176 1= 6B0+60 176 150 17 14 154 131 5 4 1,2 3
£ = 180+60 133 11-3 35 30 92 78 5 04 4.5, 6
¥, = —60+860 867 137 35 30 668 568 162 139 7,8, 9
22 =—60+60 43 = 0430 1> = 60£30
Asp 1342 y = 6060 244 181 50 37 156 116 35 28 1,23
£ = 180+60 435 300 41 45 238 177 i 77 4,5 6
Xy = —60+60 693 514 240 178 404 30-0 47 35 7.8 9
¥z = —60 460 ¥z =0130 Y2 = 60+30
Asn 1048 ¥ = 60160 130 171 37 35 93 88 50 47 1,23
7= 180460 300 285 72 68 103 98 124 11-8 4,5, 6
¥y = —60L60 568 530 312 296 197 187 b6 53 7,89
¥2 = BOL60 7, = 180460 43 = —604 60
Met 359 = 60160 34 84 4 10 27 &7 3 (g 1,23
= 180160 130 323 38 95 83 206 9 22 4,5 6
¥ = —60+60 235 585 6 15 138 34-3 90 224 7.89
¥, = 60+ 60 1: = 180+60 4y = —60160
Glu 1169 ¥ = 60160 129 10-8 7 06 83 70 7 1 1,2,38
¥1= 180160 383 32-2 78 66 288 242 17 I-4 4,5, 6
1= —60+60 657 5r2 98 82 389 327 162 13-6 7,89
¥, = B0+ 60 7, = 18060 ¥2 = — B0+ 60
Gln 808 2= 60+60 68 88 6 7 52 63 9 11 1,2,3
4= 180460 270 330 80 98 168 205 17 21 4.5, 6
¥ = —60+60 470 574 29 35 315 385 126 154 7,809
%z = 60+60 ¥z = 180160 ¥z =—60160
Arg 807 ¥1= 60460 76 43 9 i'i 64 78 2 2 1,23
#1= 180160 253 309 43 2 199 243 9 11 4,5, 6
¥= —60+60 478 583 21 26 368 449 88 107 7,89
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Table 4 (continued)

Xumber in Rotamer
Res. Database No. ¥4 %ty No. x5 001 No. 73 %oxa No. % Yxa (Table 2)
¥z = 6060 ¥, = 180160 ¥, = —60 +60
Lys 1402 1= 60£60 121 85 o7 102 71 8 o6 1,2 3
2= 180460 477 334 63 360 252 27 19 4,5, 6
£ = —601+60 804 36-3 32 572 40r1 176 12-3 7,89

Rotamer populations summed over the entire database.

For each amine acid, the total number of residues in the database is given (Number in Database), as well as a breakdown according to
the x, and y, limits shown (all angles in degrees). ¥, populations are broken down under the columns labeled No. y; and %y, for the
total numbey and percentage of the side-chaing of the given type in the database with y, in the range denoted in the third column of
gach row. The x; total add up to 100:%. The remaining figures in the Table give the total number and percentages of particular x,/y,
combinations, for values of ¥, and y, denoted in the given row and column for each amino acid type. These x,/x, percentage figures add
up to 1009, The numbers in the last columm refer to the conformation numbers listed in Table 2 and represented in the ¢ maps of
Fig. 2. The numbers in bold type represent the most probable conformation for each amino acid type.

equal to 0, 40, 38, {eading to a prediction of t{180°);
with them in the library, the percentages are 0, 39,
41, leading to the correct prediction for both of
them (g* or —60°). This happens even though this
¢.f block has 52 Met side-chains without 7rsa. In
spite of such limitations, because the backbone
selects different rotamers in different parts of the
map, the predictive value of the backbone-
dependent rotamer library is significantly higher
than that of the average map. This will be diseunssed
later in comparing predictions of the library in
Table 4 (backbone-independent rotamer library)
and the library in Table 5 (backbone-dependent
rotamer library).

Figure 2 shows graphically the distribution of y,
and x, values for the side-chains on Ramachandran
{d.a7) plots. The numbers in Figure 2 refer to the
numbered rotamer definitions in Table 2 with the
most probable rotamer indicated. Residues with
only x, are represented by the numbers 1, 2 and 3
corresponding to y, equal to 60°, 180° and —60°,
respectively. Most other side-chaing are represented
by numbers 1 through 9 corresponding to three
conformers for y, =60° {y, =60, 180, —60° >
namhers 1, 2, 3), y, = 180° (3, = 60, 180, —60° —
numbers 4, 5, 6), and ¥, =—60° (y, = &0, 180,
—6(*° > numbers 7, B, 9). Aromatics have fewer
possible conformations, and are listed in Table 2.

Figure 2 makes clear certain features of the rela-
tion between backbone and side-chain conforma-
tions that are useful for understanding protein
structures. The amino acids can be grouped into a
number of different kinds that exhibit similar
behavior across the Ramachandran maps: (1) side-
chains branched at Cf (Val, Tle, Thr); (2) side-chains
branched at C” except Asp and Asn (aromatics,
Leuy, (3) Asp and Asn; (4) chains unbranched
through C? (Arg, Lys, Met, Glu, GIn); (5) Ser and
Cys: and {6} Pro.

The first group, side-chains possessing two 7y
heavy atoms, have steric requirements not found in
other side-chains, Because of the definition of y, of
Val, conformations 1, 2, 3 of Val are equivalent to
conformations of 2, 3, [, respectively, of Thr and 4-6,
7-9, 1-3 of [le, In this first group, the preferred
conformations are strongly dependent on ¢ and

only weakly on ¢. Values of —30° and lower require
a y, of —60° for Ile and Thr (equivalent to 180° for
Val) to avoid clashes between the y side-chain atoms
and the backbone N of the succeeding residue;
values of ¢ from —30° to +40° yield mostly ¥, =
—60° (+60° for Val), and B-sheet regions split at
¥ = 140° with ¥, = +60° (—60° for Val) below 140°
and y, = +60° (—60° for Val) above 140°.

Side-chains with two ¢ heavy atoms (aromatics
and Leu} are more complex in their behavior, In the
a-helix region (¢.y = —57°,—47°), these side-chains
uniformly have y; =180°. In nearby regions
involving slightly unwound or distorted helices and
turn conformations (type I with ¢.i equal to —60°,
—30°, type TT' with ¢, equal to —80°, 0° and type
ITI with ¢, equal to —60°, —30°) x, =—60° is
strongly preferred. In the upper half of the
Ramachandran map, y, seems to vary more with ¢
than with . At ¢ > —80° (e.g. type 11 turns),
x1 = 180° (numbered 4, 5, 6 depending on y,;) is
common, In the middle region where most f-sheet
conformations are found (—140° < ¢ < —180°),
71 = —060° is common, and in the upper far left
region (¢ < —140° > 140°) yx, = +60° occurs,
Leucine has two predominant conformations, x,,¥,
of —60°,180° (numbered 8 in Fig. 2) and y,.%, of
180°,60° {numbered 4 in Fig. 2). Near ¢,ib = 180°,
conformations with y; = 60° are found. (Note: the
Protein Data Bank uses the opposite orientation of
C* and C** for leucine than TUPAC or CHARMM:
the map uses the PDB definition.)

Residues Asn and Asp tend to have y, = —60°
(numbered 7, 8, 9) in «-helices, rather than y, =
180°. The distribution in the top half of the ¢y
maps is dominated by y, with y, = 180° conforma-
tions common below i = 140°, From ¢ = 140° to
160°, y; = —60° is most commen; above 160°
{through 220°, or —160°, y; = +60° is found. Since
some positions are underpopulated (as shown by the
numbers in italies in Figure 2), it is possible that
some of the variation is caused by limitations in the
data.

The longer side-chains, Met, Arg, Lys, Glu and
Gin, all exhibit similar hehavior; that is, the yy.%,
valizes are 180,180° in a-helices, + 60,180° in the far
upper left of the Ramachandran maps, some
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Backbone-dependent rotamer library
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Table 5 {continued)

T 46 — 100 ~ &0 120 140 0 4 93

T 27 — 100 —80 140 160 i 11 19

T 32 — 100 —80 160 180 94 3 3

T 112 —80 — 60 — B0 —410) 4 1 95

T 114 — B — 60 —40 - 20 %3 6 39

T 41 —80 —60 —20 0 93 2 5

T 45 —80 — 60 120 140 2 7 91

T 31 —80 —60 140 160 74 10 16

T 26 —80 —60 160 180 92 4 4

T 77 —60 —40  —60 40 6 3 91

T 27 60 —40 40 20 37 7T 56

T 21 — 6l —40 120 i40 5 3 90

\% 20 — 160 — 140 120 140 a0 4H I5)

v 31 — 160 — 140 140 160 48 10 39

v 12 — 160 — 140 160 180 17 0 83

v 50 — 140 —~120 100 120 4 94 2

\4 146 —140 —120 120 140 8 36 5

v 99 — 140 -120 140 160 12 35 53

v a0 — 140 - 120 160 180 [ 4 6

v 11 —120 - 100 — 60 —40 0 82 18

\4 20 —120 - 100 —20 0 5 15 80

A4 n —120 — 100 100 120 0 97 3

\% 181 —120 — 100 120 140 7 88 4

¥ 49 —120 100 140 160 14 43 43

v 12 —120 — L) 160 180 0 0 100

v 13 — 1060 —80 —60 —40 8 92 0

v 15 — 100 — 50 — 40 —20 ¥} 53 47
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vV 43 — 100 —80 100 120 7 93 0
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Table 5 (continued)

F 65 — B0 — 60 —40 —20 3 29 68 L} 3 i} 2 28 0 8 42 18
¥ 12 —80 — 60 —20 0 42 0 a8 0 42 o 6] 6] [t} 8 33 17
¥ 22 — 80 —60 12¢ 140 O 5 27 1) i} ) 5 63 1} 5 9 14
F 20 — 80 — 60 140 160 0 20 80 )] ] ¢ 0 20 ] 10 Jils] 15
F 02 — 60 —40 —60 —40 2 79 19 0 2 0 8 70 2 4 4] 9
¥ 15 —60 — 4 —4¢0 —20 7 53 40 ) 7 0 V] 53 0 20 13 7
F 10 —60 —40 120 140 0 L) 10 1) ] ] 20 70 ¢} 0 10 [H]
H 10 — 160 - 140 140 160 10 40 50 0 10 0 1] 40 0 0 50 0
H 13 — 160 — 140 160 180 69 L] 31 8 52 ) 0 4] 0 [} 31 0
H 12 —140  —120 100 120 0 33 &7 0 ¢ 0 8 8 17 8 50 8
H 12 — 140 — 120 120 140 0 i) a0 0 0 0 8 42 0 0 50 0
H 21 —140 —120 144 160 5 14 81 0 5 0 5 10 0 0 76 5
H 14 — 100 — 80 — 40 —20 4] 14 86 Q 0 0 7 7 o i 43 36
H 15 —100 —80 —20 0 20 0 80 713 0 0 0 0 0 53 27
H 54 - 80 —60 — &0 —40 2 [5%4 44 ] 2 0 11 35 [} 11 20 13
H 39 —80 —60 —44) — 20 8 26 67 ¢ 8 0 3 21 3 8 46 13
H 14 — 80 —60 —20 1] 79 T 14 1) i) 0 V] 7 [} 0 0 14
H 22 — B0 — 60 120 140 0 73 27 ) 0 0 14 50 9 Q0 27 0
H 13 — 80 — 60 140 160 15 38 44 0 15 1] 5 31 [ 1] 15 31
H 32 —60 —40 —60 —40 3 81 16 1] 3 0 22 53 6 3 ] 6
H 10 —60 —40 120 140 0 80 10 0 0 0 0 80 10 010 0
W 18 — 140 —120 120 140 0 1t 89 0 1] 1] 11 [H [¢] 8 Q 1
w 16 — 140 —120 140 160 3 0 69 0 0 31 0 0 0 56 0 13
w 14 — 120 — 100 120 140 0 36 64 0 0 0 14 0 2] a7 0 7
w 10 — 120 — T0o0 140 160 20 JLt 0 10 ) 10 10 Q [t} 30 [¢] 40
w 37 —80 — g0 — 60 —40 0 78 22 0 0 0 al 0 27 19 0 3
W 27 —80 —60 —40 —20 15 33 48 4 o 11 11 0 22 33 0 15
W 12 — R —60 120 140 Q 87 33 ] 1) O 2. Q 42 33 Q O
w 12 — 80 — 60 140 160 B 50 42 0 0 8 50 0 0 33 0 8
W 29 —60 —40 — 60 —40 3 69 28 0 i) 3 45 £) 21 17 0 10
W 14 —60 —40 —40 ~26 3@ 21 43 0 0 36 14 O 7 3B ) 7
Y 13 - 160 — 140 120 140 8 77 15 0 8 1] 23 54 0 0 15 0
Y 24 —160 —140 140 160 58 g8 33 4 54 0 0 8 0 0 33 0
Y 27 - 160 — 140 160 180 93 4 4 6] a3 [} )] 4 1] ¢ 4 ¢
Y 13 — 140 — 120 160 120 0 54 46 0 0 0 0 b4 0 0 as 8
Y 47 — 140 —120 120 140 4 28 6] { 4 0 2 26 Q 4 a2 2
Y 56 — 140 —120 140 160 11 7 82 0 11 0 2 5 Q 1) 80 2
Y 22 —{40 —120 160 180 a9 0 41 0 59 0 0 0 0 5 36 0
Y 0 —120 —100 — 4 —20 0 0 100 0 0 ] 0 0 0 0100 0
Y 14 —120 — 100 —20 0 7 7 836 0 7 4] 0 7 1) 1) 64 21
Y 23 —120 —100 0 20 0 6 100 o 0 0 0 0 0 0O 4 26
Y 13 —120 — 100 100 120 0 46 54 1) U 1} B 38 ) ) Hd 1]
Y H —120 — 100 120 140 1) 21 76 4] 0 0 3 18 O 0 71 6
Y 41 —120  —100 140 160 2 5 03 0 2 0 2 2 0 2 88 2
Y 11 — 120 — 100 160 180 9 1} 91 1] 9 1} 0 0 1] 0 82 9
Y 14 —100 —80 —40 —20 7021 M 0 7 0 7 14 0 0 50 21
Y 24 — 100 —80 - 20 0 17 ¢] 79 13 4 ¢} 0 0 0 4 58 17
Y 00— —&0 0 010 VI IRV 0 0 0 0 0 W 20
Y 15 — 100 —80 100 120 (} 87 13 0 0 0 13 67 7 1] 13 0
Y 24 — 106G —80 120 140 0 64 36 [t 0 ¢ 21 43 ¢ 1) 29 7
Y 19 — 100 — 80 140 160 ) 11 39 1] 0 0 1] 11 0 0 53 37
Y 11 — 100 —80 160 180 18 9 73 0 18 4] 1) G ] 1) 64 9
Y 63 — 80 —60 - 60 —4) 0 84 16 0 [ 0 10 75 0 2 6 8
Y 52 —80D —60 —40 —20 10 37 54 0 10 0 6 3l 0 12 19 23
Y 12 —80 — 60 —20 0 25 8 47 Q 25 0 1] 8 ] 8 42 17
Y 40 —80 —60 120 140 0 73 28 0 ] 0 10 63 0 3 13 13
Y 21 —B0 - 60 140 160 14 19 i7 0 14 {) { 19 0 53 48 14
Y 68 — 60 —40 —60 —40 1 84 13 ¢} 1 [} 10 74 1) 1 6 6
Y 14 —60 —40 — 440 —-20 36 29 36 0 36 0 14 14 0 0 T
L 11 —160 —140 120 140 9 9] 0 o 9 0 84 27 0 ) 0 0
L 15 160  —140 140 160 27 33 40 20 7 0 27 7 0 733 ¢
L 4 160 —140 160 180 84 21 14 29 99 7 14 0 7 014 0
L 23 140 —120 100 120 0 B3 17 0 0 0 52 28 0 o 17 ¢
L 36 -~ 140 - 120 120 140 f) 56 44 [\ 0 1] 42 14 0 8 36 0
L 52 - 140 —120 140 160 B 4 Do ] B 0 2 2 0 19 63 8
L 0 -0 =120 160 180 20 0 80 20 0 0 0 0 0 10 T 0
L 15 =120 —10 h 20 0 0100 0 I 0 ] 0 0 793 0
1 5 120 —100 100 126 0 B 46 0 0 0 41 10 212 34 0
L 1 120 — 100 120 140 0 50 50 0 0 0 41 8 t 9 38 3
L 56 —120  —to0 140 160 I 5 95 I 0 0 4 2 0 14 79 2
L 12 ~ 120 — 100 160 150 ] (LI VA 0 0 o 1] 1) (} 25 TH [
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Table 5 (continued)
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Table § (continued)
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Table 5 (continued)

Q 15 — 160 — 140 140 160 40 20 40 0 33 7 0 20 0 0 27 13
Q 20 —140 —120 120 140 0 45 55 o 0 0 10 35 0 0 50 b5}
Q 20 —140 —120 140 160 15 0 80 1] 15 0 0 0 0 0 60 20
Q 14 — 140 —120 160 180 14 7 79 0 14 0 0 7 0 7 29 43
Q 15 —120 — 100 0 20 7 7 87 0 7 0 7 0 0 0 67 20
Q 12 —120 — 100 100 120 0 50 50 0 0 0 8 42 0 0 42 8
Q 36 —120 — 100 120 140 3 46 51 0 3 0 9 37 0 3 34 14
Q 22 —120 —100 140 160 Rt 14 26 G 0 0 t 14 0 0 59 27
Q 10 — 126 — 100 160 180 10 10 80 0 10 0 0 0 10 0 40 40
Q 17 —100 —80 —40 --20 12 35 53 6 Li] 0 6 24 0 0 35 18
Q 22 —100 —80 —20 0 18 0 82 0 9 9 ] 0 0 5 41 36
Q 17 —1{0 —80 0 20 6 L] 94 6 0 0 0 0 ( 0 59 35
Q 12 — 100 —80 100 120 0 42 58 0 0 0 17 25 0 17 8 33
Q 29 — 100 —80 120 140 3 55 41 0 3 0 17 34 0 3 34 3
Q 22 —100 —80 140 160 14 27 55 5 9 0 0 18 9 5 41 9
Q 161 —80 — 60 —60 —40 0 16 &2 0 0 0 13 27 4 4 41 8
Q 109 —80 —60 —40 —20 5 32 62 0 4 1 14 17 i 5 49 9
Q 30 —80 —60 —20 0 20 1] 80 0 20 0 ] 0 0 17 37 27
Q 26 —80 —60 120 140 12 62 27 0 8 4 35 27 0 0 19 ]
Q 20 — 80 — 60 140 160 10 i} 65 0 ¢ & 10 15 ¢ H 44 15
Q 60 —60 —40 —60 —4) 2 65 33 2 0 0 25 32 8 3 18 12
Q 40 — 60 —40 —40 —20 5 48 45 0 0 5 8 38 3 5] 35 5
Q 11 —60 —40 120 140 9 82 9 0 9 0 27 55 0 9 0 0
Q iz 40 60 40 60 (] 8 92 G G a g 8 G a 58 33
R 20 —-160 —140 140 160 25 15 60 0 25 0 0 15 0 0 35 25
R 17 —160 — 140 160 180 53 18 29 12 41 0 i 12 ] 0 18 12
R 2] —140 —120 120 140 5 52 33 5 0 0 10 43 0 0 24 10
R 35 —140 —120 140 160 11 23 63 0 11 0 0 23 0 G 40 23
R 11 —140 —120 160 180 36 0 64 0 27 9 G 0 Y 0 36 27
R 13 —120 — 100 100 120 0 23 77 0 0 0 8 15 0 0 69 8
R 23 —120 —100 120 140 o 48 52 0 ] H 13 35 0 0 52 0
R 24 —-120 —100 140 160 4 17 79 0 4 0 0 17 0 4 58 17
R 15 —120 — 100 160 180 13 0 87 7 7 0 0 0 0 7 73 7
R 22 —100 — 80 —40 —20 5 14 T3 0 5 0 9 5 0 0 ah 18
R 25 — 1o — 80 —20 0 8 & 92 0 8 & 0 0 0 8 76 8
R 11 — 140 —80 0 20 2 9 82 0 9 0 9 O 0 0 64 18
R 27 —100 —8&0 120 140 4. 48 48 0 4 0 0 48 0 7 37 4
R 22 —16¢ —&0 140 160 9 14 71 8 5 ¢ 0 14 1] 0 41 36
R 103 —80 — 60 —60 —40 1 49 50 0 1 g 10 38 0 2 41 8
R 167 —8¢ —60 40 —20 ] 26 63 2 7 ] 7 17 3 1 54 7
R 23 —80 —60 —-20 0 26 4 T 4 17 0 0 4 0 0 87 13
R 27 —80 —60 120 140 0 41 56 0] 1] 0 7 33 0 4 48 4
R 22 —80 —60 140 160 9 18 73 0 9 0 0 18 1] 0 68 5
R 72 60 —40 —60 —40 (0] 64 36 0 0 0 8 a3 3 3 31 3
R a7 — 60 —40 —40 —20 22 37 41 4 19 0 15 19 U] ¢ 30 11
K 17 — 160 —140 120 140 0 82 18 0 0 0 35 4] 6 0 18 0
K 28 — 1860 —140 140 160 29 32 36 0 29 0 4 29 0 11 21 4
K 10 — 140 —120 100 120 20 60 20 0 10 10 20 40 ] G 20 H
K 39 —140 —120 120 140 0 46 51 0 0 0 8 38 0 3 41 5
K 45 — 140 — 120 140 166 16 13 7 0 16 O 2 H [ 4 49 18
K 18 —140 —120 160 180 17 0 83 0 17 0 0 0 0 0 67 17
K 10 —120 —100 — 44 —20 10 20 70 0 10 0 0 20 0 0 40 30
K 16 —120 —100 —20 0 0 13 88 0 0 0 6 6 0 6 a0 31
K 21 — 120 — 160 0 20 5 G 95 0 g 3 i 1] (] G 71 24
K 16 - 120 — 100 100 120 6 56 a8 Y 6 0 13 38 6 ¢ 25 13
K 49 —120 - 100 120 140 3 33 65 0 3 0 10 18 b3 3 53 10
K 33 —120 - 100 140 160 6 15 76 0 6 0 3 12 0 9 48 18
K 21 —120 —-100 160 180 10 5 86 i 0 5 0 5 0 5 62 19
K 29 — 100 —80 —40 —20 7 24 69 G 7 0 10 14 0 10 a8 17
K 48 —100 —80 —20 0 13 6 8] 0 6 6 G 4 2 6 52 23
K 19 —100 — 80 0 20 16 0 84 5 11 0 0 0 0 11 42 26
K 27 — 100 —80 100 120 4 0 26 0 4 0 1 o6 4 0 15 1
K i3 =100 —8&0 120 140 G 52 45 0 0 0 12 39 ¢ 3 33 b}
K 38 —100 —80 140 160 3 3 92 0 3 0 0 3 0 5 61 26
K 176 — &0 — 40 —-60 —40 4 52 41 i 3 0 19 38 4 2 30 9
K 188 —80 —6f —40 —20 10 27 60 2 7 1 b 21 1 2 44 13
K 54 —80 —60 —20 0 19 7 74 0 19 0 0 7 0 2 48 22
K 10 —80 —60 100 120 0 40 50 0 0 0 10 30 {0 0 50 0
K 48 —80 —60 120 144} 8 54 38 U 6 2 13 4} 2 0 27 10
K 28 —80 —60 140 160 4 11 86 0 4 0 ] 11 0 11 61 11
K 134 —60 —40 —60 -} 2 at 40 0 2 0 7 46 4 3 3l 4
K 74 —60 —40 —40 —20 9 34 51 i 8 0 8 23 3 i 41 9
K 23 —60 —H) 120 140 4 74 22 4 0 0 4 61 9 0 22 0
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Table 5 (continued)

K 10 -6 —40 140 160 10 30

K 1t 40 60 40 60 V]

40 0 10 0 10 40 ] 0 40 0
11 [ 0 0 0 0 0 0 82 9

('olumn 1, residue (1-letter code); column 2, number of side-chains in ¢, range in structure database; column 3, lower ¢ limit; column
4, upper ¢ limit; column 5, lower i limit; column 6, upper ¥ limit (all angles in degrees); columns 7 to 9, ¢, populations of 66°, 180°,
—60° rotamers (total = 1009); columns 10 to 18, y,.%, rotamer populations according to definitions of 1 to 9 for applicable residues as

defned in Table 2 {total = 1009,).

180,180° values near ¢,y = — 6, 120° (except Arg)
and  near ¢ =-140°,-120°, and y,x.=
—60,180° {(number 8) nearly everywhere else.

Serine is similar to Thr in most regions of the
map. However, there is a large difference in the
i = 80 to 140° region, where y, = 180° is common
for Ser while Thr prefers —60° Lo avoid contaet with
the backbone carbonyl oxygen atom. Serine prefers
+60° in much of the map, as does Thr, to make
hydrogen bonds to the backbone. Since Cys cannot
do this, this conformation is largely absent and only
the yx; =180 and —60° are found commonly
through most of the map with x, = 180° for ¢ =
100° to 120° and in o-helices, and 3, = —60° in most
of 1he rest of the map. Free cysteinyl residues and
disulfide-bonded  cysteinyl residues were not
distinguished in calculating the library.

Finally proline, as noted by Cung et al. (1987),
exhibits the C’-exo conformation for ¢ > —60° and
the (7-endo conformation for ¢ < —60°.

(b) Prediction of side-chain conformations in
proteins from the known backbone co-ordinates

We applied the targ/lib method (see Table 3) to
six proteins in the Brookhaven Protein Database by
using the backbone co-ordinates from the X-ray
structures and initially building the side-chains
froin the . rotamer library. These proteins are
rhizopuspepsin  (C-terminal domain: PDB code
Zapr), lysozyme (lizl), erambin (lern), bovine
pancreatic trypsin inhibitor (5pti), ribonuclease A
{7rsa), and thermolysin (3tln). All of these struc-
tures were used in the library except lizl {240 A
resclution) and 3tln (16 A resolution), which are
represented by a highly homologous structure. The
relevant information is listed in Table 1. In each
case, a library of the form of Table 5 was recaleu-
lated with the protein to be predicted and its
homologs removed.

As an example, we give detailed results for the
small protein crambin in Table 6, for the structures
numbered ¥, 1 and N in Figure 1 (i.e. from the
library alone, after backbone/side-chain clashes
hav> been resolved, and after all side-chain/side-
chain clashes are resolved; ¥ = 2 in this case). Table
6 lists the experimental y angles as well as the
¥ angles predicted from the backbone-dependent
rotamer library. All of the initial y angles are either
60, 180, —60, 0, 90, or —90° except for those of
proline and cysteine. Cysteine co-ordinates are mini-
mized in determining each of the structures (see
Metnods, section (b)(i){c)). and proline y, is set
equel to 28 or —28°, which along with the backbone

co-ordinates determines y, of proline. We note that,
as in the library, residues such as Asp and His are
deemed correct in x, if ¥, or y;+180° is correct
within 40° of the crystal structure. This takes
account of the fact already mentioned, that it is
usually not possible to distinguish the two positions
in the X-ray structure.

In predicting the side-chain orientations for
crambin, the backbone-dependent library does well
(see Structure 0 in Table 6). Only Thrl, Argl0,
Tyr29 and Asnd6 are moved in the first set of side-
chain minimizations to take care of clashes with the
backbone. In the series of minimizations to remove
side-chain/side-chain clashes, only Phel3 and Argl7
are moved. Phel3 remains in a good conformation
and Argl7 is moved from an incorrect to a correct
conformation. Of the four residues that are in incor-
rect conformations in the final structure, three were
never minimized (Leul8, He25 and Asp43), and one
(Tyr29) was minimized in the first round, but
remained m a conformation with the incorrect yx,
{near —60°, instead of near 180°). Minimizing all of
the side-chains at once {data not shown) was found
not to improve the final pedictions for crambin or
for the other proteins tested here. However, mini-
mizing both the X-ray structure and the final
predicted structure with the minimization protocol
of Summers & Karplus (1989) (a series of Powell
minimizations with decreasing harmonic force
constraints on side-chain atom positions) produces
generally lower average rm.s.d, for all side-chain
types. In many cases, the predicted and experi-
mental angles are identical. This demonstrates that
the predicted and the X-ray positions are in the
same local minimum of the force field (see Table 9,
4th column).

The deviations from the X-ray structures for the
residues in all six proteins for x, and y, are
presented in the stacked histograms of Figure 3. The
numbers and fractions of residues correct to within
40° are listed in Table 7 for structures 0, 1 and N
(N =2, 3 or 4 for all cases tested here). Also listed
are the results predicted directly (without refine-
ment} from the backbone-independent tibrary of
Table 4 for comparison with Structure 0 for each
protein, predicted directly from the backbone-
dependent library. The results are broken down into
1> %7 and ¥, ., predictions. Since the results vary
significantly from protein to protein, it is clear that
a prediction method cannot be assessed on the basis
of tests on one or two proteins {e.g. Desmet et al.,
1992). Lysozyme gives the poorest result, probably
because it has a high content of charged residues. As
already mentioned, they are difficult to prediet,
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Table 6
Side-chain results for crambin from backbone co-ordinates only
Structure
Structure 0 Structure 1 NN =2)

Res.
ne. X Type  Exp. Pred (Dify Cor? Pred (Dif) Cor? Pred (Dif) Cor?
1 1 Thr — 59 60 ( 119n 4 13y —47( 13y
2 1 Thr 56 60( 4y 60( 4y 60( 4y
3 1 Cys —51 —53( Dy —51( O) —51{ Oy
3 2 Cys —75 —14( Ly ~T5( Oy ~75( Oy
4 1 Cys —65 —48( 18)y —66( —2) —69( —4jy
4 2 Cys ~83  —101( —19)y —82( Ly ~T9( 4y
5 1 Pro 32 28( —B)y 28( —&)y 28( —5)y
5 2 Pro —43 —39( 3)y —39( 3y —30( 3y
6 1 Ser 69 60{ —9)y 60 —9)y 60( —My
7 1 Il —74 —60( 14)y —60( 14y) —B0( 14)y
7 2 Te 173 —180( 7y 180( Ty 180( Ty
8 1 Val 160 —180( 20)y 180 (  20)y 186 ( 20y
10 1 Arg 171 ~60( 123)n 180( 3)y 180( 3y
10 2 Arg 64 —180( 116 65( Dy 65( 1)y
10 3 Arg 67 180 ( 113)n 72( by 72( Sy
10 4 Arg 177 ~180(  3)y 175 ( —2)y 175( —2)y
11 1 Ser —66 —60( 6)y —60({ By —60(  6)y
t2 1 Asn —70 —60( 10y —60( 10y —60¢ 10)y
12 2 Asn —23 0(  23)y 0( 23y 0( 23)y
13 1 Phe —175 —180( -5)y —180( —5)y —167( Ty
13 2 Phe —90 0{ Oy 90( Oy 0( —20)y
14 1 Asn 73 —60( 13)y —60{ I3}y —60( 13y
14 2 Asn —24 0( 24)y 0 24y 0( 2a)y
15 1 Val 171 —180( o)y 180( 9y 180( 9y
16 1 Cys 180 178( =Ny 178 ( =Dy 178( —1)y
16 2 Cys 93 —89(  4)y —90( 4)y —90( Ay
i7 1 Arg —67 —60( Ty —80( Ty ~65( 2y
17 2 Arg —80 — 186G (~100)n 180 (— 100)n ~73{ Ty
17 3 Arg —72 60( 132n 60 ( 132)n ~78( —6)y
17 4 Arg 157 —180( 23}y —180( 23)y 128 ( —30)y
18 1 Leu —76 —180 (~104)n — 180 {—104}n — 180 (—104)n
18 2 leu —63 — 180 (~117)n —180(—117)n —180(—117)n
19 1 Pro 13 28( 15)y 28(  15)y 28(  1a)y
19 2 Pro 14 —37( —23)y —37( —23)y —37( —23)y
21 I Thr —45 —60( —15)y —80( —~15)y ~60( —15)y
22 1 Pro —94 —28( —3)y —28( -3y -28( —3)
22 2 Pro 33 30( —2)y 300 —2)y 30( —2)y
23 1 Gl —72 —60( 12)y —60( 12)y —60( l2)y
23 2 Glu —172 —180( -—8)y —180( -8y —186( —8)y
23 3 Gl — 29 0( 22}y o 22 0( 22y
25 1 ke —75 —60¢ 15y —80( 15 —60( 15y
25 2 Te —72 —180 (— 108)n —180 {—108)n — 180 (—108)n
26 1 Cys —65 —64( Dy —83( 2y —63( 3y
26 2 Cys 58 —50( ~-lyy —60( —2)y —~60( —2)v
2 3 Cys — 86 —86{ Ol —85( 1)y —84( 2y
28 1 Thr 53 60( Ty 60( Ty 60( Ty
29 I Tyr 178 —60( 118)n —77( 10L)n —77( 10L)n
29 2 Tyr 55 90 (  35)y 7( 132n 7( 132)m
30 1 Thr 61 60( —ly 60( —1)y 60({ —l)y
32 I Cys —54 —57( -3 —57( —3)¥ —56( -2y
32 2 Cys 118 —106( 1)y —113{ 5l —116( 2y
32 3 Cys 106 101({ —d)y 105( —ljy 106( 0y
33 1 e 65 60{ —5ly 60( —5)y B0{ —5)y
33 2 e 171 —180( 9y —180( 9y —180( 9y
34 1 le —60 —60( Oy —60( Oy —60( Oy
34 2 I 168 —180( 12}y —180( 12}y —180( 12y
35 1 e 65 60 —5 60( —3)y 60 —5)y
35 2 Te 169 —180( 1ljy 1800 1)y 180 ( 1)y
36 1 Pro 4 28 23)y 28(  23)y 28( 2y
36 2 Pro 4 —36({ —32)y —36( —32)y —36( —32)y
39 I Thr _52 —80( -8y —60( —8)y —60( —8)y
40 1 Cys —63 —65( -2y —65{ -2} —65( —2)y
40 2 Cys -75 —72( 3y —72( 3y —3( By
40 3 COys —79 —( oy —78( Ly —78( Ly
41 1 Tro 28 28 Oy 3¢ Oy 28( Oy
41 2 Pro —35 —41( —6)y —41{ —6y —41( —B)y
43 1 Asp 59 —60(—119)n —60 (—119)n —60 (=119
43 2 Asp —24 —60{ —36}v —60( — 36}y 60 ( —36)v
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Table 6 (continued )

Structure
Structure Structure 1 NN=2)
Res.
no. x Type  Exp. Pred (Dif) Cor? Pred (Dif) Cor? Pred (Dif) Cor?
4 1 Tyr -4 —60 ( —60( 14)y —60( l4)y
44 2 Tyr 86 90 ( 90 { 4)y 90 { 4)y
46 1 Asn 57 —60( -3y —60{ —4)y —60{ —4)y
46 2 Asn 113 —60 ( —68( —2)y —68( Ny

1 angle predictions (in degrees) for rounds 0 {library), I (after backbone/side-chain conflicts have
bheen resolved), and N =2 (after all stde-chain conflicts have heen resolved). Differences between
prediction (Pred) and the experimental structure {Exp.) are listed under column Dif. If the y angle is
correct to within 40°, then a y is entered in the Cor? column, otherwise, an n is listed.

since the conformations in the crystal structure
often depend on the effects of solvent and inter-
actions with other proteins (Gelin & Karplus, 1979).

To compare the present results with those of Lee
& Subbiah (1991} we consider ¥, and x, independent
of y,, since they did not report yx,,;. For crambin,
our results are 929 and 899, (for y, and y,, respec-
tively), compared with 709 and 609 for Lee &
Subbiah (1991); for bovine pancreatic trypsin
inh bitor (BPTI), 859, and 789, compared with
769, and 559%,; for ribonuclease, 799% and 719
compared with 589, and 61%,; and for lysozyme,
779, and 669% compared with 80%, and 68%,
whizh is the only protein where the results of Lee &
Subbiah {1991} are better than those reported here.
For the other two proteins (thermolysin and
pen cillopepsin, a homolog of rhizopuspepsin), Lee &
Subbiah (1991} report only core residue predictions
and these are compared below.

It iz of interest also to compare the initial place-
ment resulting from the backbone-dependent
rotamer library (Structure 0) with the predictions
that are obtained from the backbone-independent
library of Table 4. As noted before, this library is
essentially that of Ponder & Richards (1987), except
for methionine y,. Desmet et al. {1992} have used
the Ponder & Richards (1987) rotamers as the
beginning of their prediction scheme, so these
results reflect the starting structure in their method
for each protein studied here. The refinement tech-
nique used by them is different from the present
one, although the same general principle (removal of
van der Waals clashes) is involved. Results for the
side-chain  placement with the backbone-
independent library are listed in the last column of
Table 7. Most of the difference between the back-
bone-independent and backbone-dependent resulis

“concern x,. The y, predictions from the backbone-
indenendent and backbone-dependent libraries are
529, and 679, for thermolysin, 659, and 809, for
BPTI, 689%, and 869, for crambin, 649 and 769
for lvsozyme, 549, and 719 for the rhizopuspepsin
C-terminal domain, and 569%, and 729 for ribo-
nuclease. The y, prediction rates are all within 79
from the two libraries. The y, . , results reflect those
for x,. and so differ significantly between the
libraries. Since the refinement procedure works
better when more of the side-chains are close to

their experimental conformation, the better place-
ment from the backbone-dependent library is very
useful in obtaining the correct conformation for
side-chains that are not correct in the initial model.

In Figures 4 and 5, stereo plots of the various
side-chain predictions are compared with the X-ray
values for BPTI and crambin, respectively. In (a) of
each Figure, the X-ray structure is presented alone;
in (b) the X-ray structure is compared with the
results from the backbone-independent library; in
{c) are shown the X-ray structure and the initial
backbone-dependent library prediction; and in (d)
the X-ray structure and the final refined prediction
are compared; {e) shows the X-ray structure and
final predicted structure that have both been mini-
mized according to the method of SBummers &
Karplus (1989). In accord with the numerical
resulis, the Figures illustrate that the predicted and
X-ray side-chain posttions for most residues are in
the same energy minimum and that there is a
general improvement in going from (b} to (e).

In Figure 6, the results for core and surface
residues are compared with the results for all
residues for the six proteins, where core residues are
those defined as having less than 109, exposure,
and surface residues have greater than 109, expo-
sure {see Methods, section (c}). For five out of six of
the proteins, buried residues are more accurately
predicted than exposed residues. This is true of the
resalts obtained directly from the rotamer library
and even more so after the side-chain minimizations
have been performed. BPTI is the sole exception.
Since BPTI is quite small (58 residues), the differ-
ence between buried and accessible residue predic-
tions corresponds to only two or three residues. Lee
& Subbiah {1991} report results for the core region
of thermolysin and penicillopepsin, and they predict
x1 and yx, with fractions of 829 and 769 correct
for thermolysin and 819, and 819, for penicillo-
pepsin. For comparison, in the core region of ther-
malysin we predict 789, and 809 of the residues
correctly, and in the core region of the C-terminal
domain of rhizopuspepsin, a protein hnmologous to
penicillopepsin, we predict 889, and 839, of the
residues correctly.

In Tables 8 and 9, the results for the various
types of side-chains are summarized for the six
proteins, The library does well for hydrophobic
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Rhizopuspepsin {C-terminal domain) - Library
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Fig. 3.
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Figure 3. Results for x, and y, for 6 proteins calculated from backbone co-ordinates only. Resulta for the structure
generated from the library and after the minimizations are completed as shown for each protein. The sequence and
number of each residue is listed below the x-axis, and the bars represent deviations (in deg.) from the crystal structure for
each side-chain, Deviations for ¥, (filled bars) and y, (hatched bars) are stacked, so that the deviation in y, is given by
the length of each hatched bar, rather than by the summed length of the filled and hatched bars.
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Table 7
Predictions of side-chain conformations from backbone co-ordinates
Backhone-
Structure 0 {library} Structure 1 Structure N independent lib.
Fraction Fraction Fraction Fraction
X No. cor.  No. inc. correct No. cor.  No. inc. correct No. cer.  No. ine. correct correct

A. Thermolysin (N = 3)

| 169 83 067 180 72 71 187 65 074 052

2 131 43 073 131 45 73 130 49 73 69

1+2 149 103 0-59 156 96 062 161 9 0-64 043
B. Bovine pancreatic rypsin inkibitor (N =2)

1 37 9 080 41 5 -89 39 7 85 0-65

2 a2 q 078 33 8 Q80 32 9 078 071

142 29 17 0-63 34 12 074 33 13 072 0-52
C. € rambin (N =2)

1 32 5 86 M 3 92 34 3 092 068
2 23 4 085 23 4 -85 24 : (r89 0-81

1+2 30 7 0-81 32 5 086 3 4 089 0-59
D, Liysozyme (N =4}

1 80 25 076 81 24 077 81 24 077 0-64

2 57 28 067 59 26 069 56 29 0-66 0-67

1+2 63 42 60 67 38 064 64 41 061 048
E. Rhizopuspepsin, C-terminal domain (N = 2)

1 82 33 71 89 26 77 94 21 0-82 054

2 65 11 86 67 9 088 62 14 082 83

142 78 37 068 87 28 1176 %] >y 077 050
F. Ribonuclease A (N = 3)

1 79 30 072 78 31 072 B6 23 0-79 G586
2 55 20 073 54 21 72 53 22 071 0-71

142 68 41 062 i 39 064 76 33 70 442

¥ nngle results are listed for ¥ ., and ¥, ... The latter is defined as those side-chains with both x, and ¥, correet to within 40° of the
experimental structure. Side-chains with only & single y angle (e.g. Ser) are also included in xy,,. No. vor. refers to the number of
residues correct {within 40°) for the given protein (for g, 3, and y,,,), and No. inc. refers to the number incorrect. The fraction correct
is ey 14l to No. cor./(No. cor, +No. inc.), and is given for each structure named at the top of the Table, The strueture numbers (0, 1, N)
refer to the numbers in Fig. 1. with 0 being the backbone-dependent library prediction, 1 being the prediction after the first refinement,
and .Y being the final structure after N refinement cycles. The value of N is given for each protein after its name. In the final column are
predictions based on a backbone-independent library, according to the most prevalent conformations across the ¢t map (Table 4).
With the exception of Met, these are the results that would be predicted by the rotamer library of Ponder & Richards (1987,

amino acids except for leucine x,,,. leucine can
exh bit very different y angles and be nearly coinci-
dens in the atom positions, Lee & Subbiah (1991
note that if y, is altered by 30° to 40° and yx; is
changed by 150° to 140°. The ( atoms are nearly
superimposahle on the initial structure, while C7 is

shifted only slightly. Of the 19 leucinyl residues that

are incorrectly placed in the final structures of the
six oroteins, inspection of the dihedral errors indi-
cates that nine of them are likely to be misplaced
because of the positional degeneracy of the two
conformations. Tt is likely that in the X-ray strue-
ture it is not possible to distinguish one conforma-
tion from the other, so that the low prediction rate
for leucine may be deceptive.

The library also performs well for aromatic amino
acids, except Trp x,. which is greatly improved
upon reorientation and minimization. Since one con-
formation of Trp is likely to clash with the back-
hone or side-chains of other residues. refinement
often introduces the correct y,. The method does
well for Cys, in part because all the Cys in the
chos>n proteins are involved in disulfide bridges.
They minimize to correct conformations once the
disulfide bond is established. Thr is predicted with
much greater accuracy than Ser, because with two

heavy atoms for Thr in the ¥ position, there is much
less steric freedom in relation to the backbone. Since
Ser is quite small and iz able to form hydrogen
bonds to the backbone, packing is often not the
dominant  interaction  in  determining  its
conformation.

The polar and charged amino acids are least well
placed by the rotamer library, especially glutamic
acid. While minimization improves most of them,
only GIn reaches close to two-thirds of the values
correct for x, ;. The y{ values are all in the 60 to
809, range in the final structures, but the y, values
are more variable in accuracy and therefore the y, , ,
results are poor. These amino acids depend on local
hydrogen-bonding interactions with other side-
chaing and with solvent. Neither the library nor the
potential energy function used in the refinement
accounts for solvent effects in sufficient detail to
predict their conformations well. Also, such side-
chains may not have well-defined conformations,
since they are often exposed and have high
B-factors (Summers & Karplus, 1989).

Tn Table 9, we list the r.m.s.d. for the side-chains
obtained for the six predicted structures, and
compare these with the results of Lee & Subbiah
{1991). In most cases, our results compare favorably



(a)

(b}
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Figure 4. BPTT structures: (a) X-ray structure alone; (b) X-ray and backbone-independent library prediction:
(¢) X-ray and backbone-dependent library prediction: {d) X-ray and final predicted structure; (¢) minimized X-ray and

minimized final predicted structure (sce the text),

with those of Lee & Subbiah (1991). One should
note the large variation in rom.s.d. among the
different kinds of side-chains. The bigger side-chains
have larger rm.s.d., even when they are well
predicted, as in the case for phenylalanine.
Averaging over all side-chaing in a single protein
gives results that depend heavily on the sequence,
s0 we do not provide such averages here.

(¢) Method targftemp applied to pen — rhi

We applied the method described here to the
problem studied by Summers & Karpius (1989). In

that paper, information about side-chain conforma-
tions for the (-terminal domain of rhizopuspepsin
was taken from the homologous protein, penicillo-
pepsin (3 app) which has a 399, sequence identity
with rhizopuspepsin. (lys, Pro and backbone co-
ordinates were taken from the target X-ray struc-
ture {2 apr), and the other side-chains were modeled
vie their dihedral angles and rigid rotations as
deseribed in the Introduction. After the rigid
rotations were completed {essentially equivalent to
the final step in the present method), Summers &
Karplus (1989) had predicted 869, of y, and 75%, of
¥> correctly. With some additional checks and com-
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(a)
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Figure 5. Crambin structures: (a) X-ray structure alone; {b) X-ray and backbone-independent library prediction;
{c) X-ray and backbone-dependent library prediction; {d) X-ray and final predicted structure; (e) minimized X-ray and

mirimized final predicted structure {see the text).

parisons with the homologous protein, 929 and
81%, accuracy was achieved for yx; and y,,
respectively.

We performed the same caleulation with Pro and
Cys obtained from the target conformation, and
buiit side-chains according to the homologous pro-
teir. in combination with the rotamer library for the
restdues for which there was no information in the
homolog (e.g. Gly — Asp}. The final results are 889,

of ¥, and 809, of x, correct, slightly worse than the
929 for y, and 819 for y, obtained by Summers &
Karplus (1989). The method described here is
simpler to apply than that of Summers & Karplus
(1989), it is fully automated and does not require a
homologous protein, However, the results obtained
here without wusing the homologous protein are
significantly worse for y, (829%) and the same
(809} for y,. It is possible that some of the more
complex refinement procedures used by Summers &
Karplus (1989} could improve the present results.

Thermalysin BFTI
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Figure 6. Fractions ecorrect for all side-chains (black
bars;. buried side-chains (less than 109%, exposure) (light
grey bars}, and surface side-chains (greater than 109,
exposure) {dark grey bars) for the 6 proteins calculated
from the backbones alone. Results for y, alone and %, .,
are shown from the library and after the minimizations
are eompleted.

Thr 62 084 (-84
Cys 30 090 093

B. Hydrophobic

Val 56 ¢-88 091

e 44 0B84 086 086 OB4 073 073
Leu 37 059 068 049 054 049 049
Pro 29 (+86 079 -83 076 083 076
Met 9 1-00 100 044 067 044 0-67

C. Aromatic

Phe 30 067 (83 090 77 0-57 070
Tyr al 080 0-86 092 082 0-72 074
His 13 77 92 100 092 O77 085
Trp 11 0-82 082 0-36 073 0-27 {64

D. Polar and charged

Asn o 063 076 067 070 0-54 061
Asp 50 72 074 074 076 064 0-62
Gln 32 056 072 075 072 044 0-59
Glu 23 043 0-61 0-37 065 013 39
Arg 39 064 074 067 62 0-38 51
Lys 32 063 066 (81 0-69 053 053
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Table 9
Average root-mean-square deviation in Cartesian
co-ordinates

This work Tee & Subbiah
r.m.s.d. r.m.sd.
rm.s.d. Min. X-ray: X-ray:
Res. No. Xoray: N Min. ¥ No. Predietion
Cys 30 061 053 33 1-32
Ser 63 (-39 095 35 1-17
Thr 62 080 77 419 1-22
Val 56 0-63 0-60 VES 097
Tle 44 091 0-88 35 -89
Leu 37 I-51 145 G3 IR LH
Phe 30 1-88 172 41 1-29
Tyr 50 1-95 175 37 117
His 13 1-30 1-31 11 1'58
Trp 11 2-44 2-30 15 2:20
Pro 29 0-40 029 — —
Asp 50 1-44 1-25 43 131
Asn o4 1-46 128 42 1-70
il 23 224 2:20 45 173
Gin 32 178 1-78 20 2:01
Met, 9 1-09 1-03 17 127
Lys 32 2-16 214 46 272
Arg 39 2-88 2-86 34 3-40

Root-mean-square deviation in heavy-atom Cartesian co-
ordinates is given for each amino acid type across the 6 proteins
tested in this paper. For symimetrie residues, r.m.s.d. for both z,
and x;+180° (or y; and y;+180°) were tested, and the lower
value was used. In addition T the deviations of Structure N from
the X-ray structure (column 3}, the deviations of a CHARMM
minimized Structure ¥ from a CHARMM minimized X-ray
structure are given in column 4. The minimization procedure
used is the same as that in Summers & Karplus (1989), and
consists of minimizing all of the side-chains simultanecusly
subject to gradually reduced harmonie constraints. For compari-
son, the results of Lee & Subbiah (1991) are given for the
& proteins tested in that paper {column 6).

local backbone geometry in proteins for which high-
resolution structures are available. The results show
that the most probable side-chain dihedral angle
values are affected by the ¢ and i angles of the local
backbone. This relationship is of interest for protein
folding and for structure prediction. Based on the
results, a backbone-dependent library of side-chain
rotamers has been developed from the available
high-resolution structures, The portions of the
library that are well populated tend to have specific
side-chain conformational preferences. This result
provides a bagis for understanding the success of
the side-chain placement studies that make use of
backbone templates with similar ¢ angles (see
Introduction).

The backbone-dependent rotamer library serves
as the starting point for a prediction scheme of side-
chain orientations from the backbone co-ordinates.
After the initial placement, the side-chain positions
are refined by reorientation and energy calculations
to eliminate side-chain—~backbone and side-chain—
side-chain van der Waals repulsions. This iterative
procedure, which scales approximately linearly with
the size of the protein, leads to the results that 789
of y;, 749% of x, and 699, of x,,, are correctly

predicted for a set of six proteins ranging in size
from crambin to thermolysin.

The results obtained here have a number of impli-
cations for studies of protein folding and structure.
The library with or without side-chain minimization
provides a starting point for building full protein
models from crystallographic backbone co-ordinates
that can be refined with the experimental structure
factors. Also, the results demonstrate that model
building from terplate protein backbones is feasible
and may be sufficiently reliable to be used in drug
design. The approach used here, which is an exten-
gion of the work of Summers & Karplus (1989), can
serve as a starting point for such model buiiding.

The mutual influence of backbone and side-chain
conformations may have a role in protein folding
since there is a reduction in the conformational
space that must be searched in the actual folding
process and in theoretical model studies. It was
pointed out some time ago (Gelin & Karplus, 1975)
that the side-chain conformations in a protein tend
to correspond to minima that are selected from
those that exist in the isolated dipeptide. This
concept was embodied in the rotamer library, inde-
pendent of the backbone conformation, that was
proposed by Ponder & Richards (1987). The present
results go further and indicate that the local hack-
bone structure can play an important role in the
selection process, though neighboring side-chains
and tertiary contacts are also involved. The latter
may be most important in the stabilization of given
gide-chain conformer rather than in its selection. In
the limit, this implies that in the process of protein
folding, the correct backbone and side-chain
dihedral angles are introduced in a concerted
fashion.

Both van der Waals exclusions between the back-
bone and side-chains and the tendency toward the
g~, ¢ and g* conformations severely limit the con-
formation space that a side-chain can occupy, and
reduce by many orders of magnitude the space that
must be searched to find a structure with no repul-
sive overlaps of side-chains. This conclusion is
supported by the recent work of Desmet el al.
(1992).

Although the test application of the side-chain
prediction scheme described here are quite
successful, it should be noted that we have not
examined the effect on the predictions of errors in
the backhone positions. Also, there are a number of
possibilities for improvements of the method. Polar
and charged residues are least well predicted. For
the protein interior, inclusion of hydrogen bonding
and other electrostatic interactions may be useful.
For surface side-chains, the prediction problems
may be due in part to the fact that such side-chains
have multiple conformations. However, lack of
explicit solvent in the model is also a limitation,
since it must affect the conformations of such
hydrogen-bonding side-chains. Tt is possible to
modify the potential energy function used for the
iterative minimizations to mimic the effect of
solvent for exposed residues. Wesson & Eisenberg
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(1992) have recently modified the CHARMM poten-
tial to explicitly favor solvent accessibility for polar
atoms (N and O} and favor solvent inaccessibility
for non-polar atoms (C) by use of surface-area
dependent corrections. A similar approach has been
used by Schiffer ef al. (1992) in a study of the
alanine dipeptide. Another approach is to add terms
of the RISM type (Pettitt & Karplus, 1985; Ramé et
al., 1990), where solute-solvent correlation func-
tiors are used to calculate the effect of the solvent
on solute—eolute interactions. Both of these solvent
corrections are being incorporated into the predic-
tior program to determine their effects on the
accuracy of surface side-chain predictions. Finally,
as PPonder & Richards (1987) have described, the
wean positions of many rotamers do not lie exactly
at 60°, 180° and —60°, and so slightly different
orientations could be wused in the placement.
However, even without such improvements, the
method proposed should be useful in a variety of
applications.

This work was suppotted in part by a grant from the
National Scienee Foundation and Polygen/Molecular
Simulations, Inc. The calculations were performed on a
Convex €220 and a Silicon Graphics SGT 340. We thank
Hsiang-ai Yu for helpful discussions, and Reland Stote
and Aaron Dinner for technical assistance.

Note: A copy of the full backbone-dependent rotamer
library is available upon request. Write to R.L.D. or
MK ar send electronic mail to
dunkrack@tammy harvard.edu.
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