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ABSTRACT: Knowledge, both from the three-dimensional structures of homologous proteins and from the 
general analysis of protein structure, is of value in modeling a protein of known sequence but unknown structure. 
While many models are still constructed at least in part by manual methods on graphics devices, automated 
procedures have come into greater use. These procedures include those that assemble fragments of structure from 
other known structures and those that derive coordinates for the model from the satisfaction of restraints placed 
on atomic positions. 
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1. INTRODUCTION 

Knowledge of protein three-dimensional struc- 
tures is a basic prerequisite for understanding 
function. It may give clues, not apparent from the 
sequence, about distant relatives that share a cata- 
lytic mechanism or recognize the same ligand. It 
may thus provide a basis for further studies of 
substrate or ligand interactions that are essential 
for a full and detailed understanding of protein 
function. 

Much progress has been made in the defini- 
tion of protein three-dimensional structures by 
X-ray analysis and nuclear magnetic resonance. 
The latest issue of the bulletin of the Brookhaven 
Protein Data Bank (Brookhaven National Labo- 
ratories)'u2 records the deposition of more than 
1000 sets of atomic coordinates for protein struc- 
tures. However, many of these are site-directed 
mutants or inhibitor complexes of the same pro- 
teins, and many are related members of families 
of proteins - globins, serine proteinases, im- 
munoglobulins, etc. - with similar sequences 
and closely related three-dimensional structures. 
Even quite different proteins, at least in terms of 
sequence, can have very similar folds; for ex- 
ample, the sulfate and phosphate binding pro- 
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teins, the transferrins, and the porphobilinogen 
deaminases have similar bilobal anion binding 
structures but no significant sequence id en ti tie^.^^^ 
Protein topologies such as the ap-nucleotide 
binding motif, the ap-barrel (TIM barrel), the p- 
jelly roll, the four-a-helix bundle, and the p- 
immunoglobulin domain (Ig fold) have been 
found in a wide range of protein structures. 

There have been many thoughtful discus- 
sions of the number of different folds adopted by 
globular  protein^.^,^ New experimental determi- 
nations of proteins indicate that about 50% may 
be known, but this is likely to be an overestimate 
as protein crystallographers and NMR spectros- 
copists tend to select similar proteins that are 
amenable to their techniques. We estimate the 
number to be between 500 and 700.7 This esti- 
mate implies that, with the increasing number of 
new structures defined each year, we should move 
toward an experimental definition of one ex- 
ample of each common fold. If methods to iden- 
tify the folds from their sequences can be devel- 
oped and if comparative modeling can be 
extended to more distantly related protein to- 
pologies, then we should be able to provide at 
least rough indications for most sequences as 
they become available. 7,8 
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In this review we discuss modeling proce- 
dures that involve knowledge of proteins with a 
common fold. Such procedures can be envisaged 
as two steps.g The first step is to solve the inverse 
folding problem: to define all those sequences 
that can adopt a particular tertiary fold (Figure 1). 
Operationally, this is more usefully posed as de- 
fining whether a new sequence belongs to any of 
the “known” folds. It involves projecting restraints 
from a three-dimensional structure onto a one- 

dimensional sequence. The second step is to use 
the sequence, together with the knowledge that 
the protein belongs to a family of known fold, to 
construct a model (Figure 1). This form of protein 
modeling or prediction involves placing restraints 
from a known fold on the three-dimensional struc- 
ture postulated for a new protein sequence. The 
two steps require similar knowledge of the struc- 
tures of protein families that can be expressed as 
rules; these relate both local and global three- 
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FIGURE 1. A scheme for the knowledge-based modeling of proteins. This ap- 
proach involves the derivation of rules from the comparisons of sequences and 
three-dimensional structures and their use in the generation of a template and the 
construction of a three-dimensional model. Operations involved in the comparison, 
analysis, projection, and extrapolation with modeling are described in detail within 
the text. (From bli, A. et at., Trends Biochem. Sci., 15, 235, 1990. With permis- 
sion.) 
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dimensional structure to patterns in the sequence 
of amino acids in the polypeptide chain. The 
method is comparative but exploits the broader 
knowledge base of nonhomologous protein struc- 
tures. 

A. Early Modeling Studies 

Early modeling studies frequently relied on 
the construction of wire or plastic models and 
only later incorporated interactive computer 
graphics. Our main emphasis within this review 
is on rule-based construction of protein models. 
Nevertheless, it is instructive to make a histori- 
cal analysis of some of the early modeling stud- 
ies based on knowledge of homologous or other 
proteins with a common fold. For many of the 
following examples, the crystal structures are 
now available and it is therefore possible to ac- 
cess how well the models predicted the three- 
dimensional structure. 

The first models produced from homologous 
proteins were constructed by taking the existing 
coordinates of a single known structure and then 
altering those side chains that were not identical 
in the protein to be modeled. This approach to 
protein modeling is still employed today with 
considerable success, especially when the pro- 
teins are similar. When the sequences are more 
dissimilar (i.e., >30% sequence identity), models 
constructed on this basis can have significant prob- 
lems. Most obviously, the backbone of the model 
closely resembles that of crystal structure em- 
ployed in the modeling, deletions and especially 
insertions are not handled well and there are often 
clashes between side-chains. When relationships 
are very distant, there is not much hope of pro- 
ducing a reliable model. 

Some of the first models made using informa- 
tion of homologous proteins with known struc- 
ture are listed in Table 1. Browne et al.1° pub- 
lished the first model using an X-ray-derived 
structure with a similar sequence; they modeled 
bovine a-lactalbumin on the three-dimensional 
structure of hen egg-white lysozyme. The se- 
quences contain identical patterns of disulfide 
bonds and share 39% sequence identity. No inser- 
tions of “new” polypeptide were needed because 

the polypeptide chain is shortened in a-lactalbu- 
min and only deletions needed to be modeled. 
Warme et al. used their procedures designed for 
the refinement of X-ray coordinates to produce a 
model for a-lactalbumin using the structure of 
lysozyme. This model was then compared with 
that generated by Browne et a1.,Io revealing large 
differences in some portions of the two models, 
especially from residue 100 onward. When the 
structure of a-lactalbumin was solved, Acharya 
et a1.I2 reported that the two independent models 
were generally correct except for the carboxyl- 
terminal portion of the models where they dif- 
fered from each other and from the a-lactalbumin 
crystal structure. 

Hartleyi3 and colleagues considered the simi- 
larities among sequences of the serine proteinase 
family and rationalized the observed features in 
terms of the one known structure: bovine a-chy- 
motrypsin. They modeled both trypsin and elastase 
to fit the electron density map for chymotrypsin, 
while leaving both the main chain and identical 
side chains largely untouched. McLachlan and 
Shottoni4 modeled the a-lytic proteinase of 
Myxobacter 495 based on the structures of both 
chymotrypsin and elastase. This was a more dif- 
ficult challenge; the sequence identity between 
the two proteinases was only 18%. Furthermore, 
an alignment between the two sequences is frag- 
mented by a large number of gaps, including five 
that are between 6 and 19 residues in length (Fig- 
ure 2). 

When Brayer et al.15 solved the structure of 
the a-lytic proteinase, they made comparisons*6 
with the model. Although they found that por- 
tions of both domains were constructed correctly, 
misalignment of the sequence with those of the 
known 3-D structures led to incorrect regions. For 
residues 214-220 of the binding cleft, there was 
a 4-residue offset that disrupted the active site 
itself and serine-214, an invariant residue in serine 
proteinases, was replaced by an asparagine (Fig- 
ure 2). As a result of their comparison, Delbaere 
et a1.16 suggested that protein structure predic- 
tions should be used to establish homology but 
not structural features, especially of catalytic or 
substrate binding sites. In retrospect, this can be 
seen to be a consequence not only of the difficulty 
in aligning the sequences (Figure 2) but also to 
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TABLE 1 
A Survey of Models Obtained from Comparative Modeling 

Protein modeled 

Bovine a-lactalbumin 
Trypsin 
Elastase 

a-Lytic protease 
Streptomyces griseus 
trypsin 

Porcine relaxin 
Shark relaxin 

Relaxin 
Insulin-like growth factor 

Rat relaxin 
Haptoglobin (heavy chain) 

P-Crystallin 
Casirugua insulin 
Prothrombin factor Xa 

Blood coagulation factor XA, 
1XA and thrombin 
Urokinase 
Rat relaxin 
Murine EGF 

Renin 

Insulin-like growth factor 
Urokinase 
Tissue-type plasminogen 
activator 

Mouse, rat testis LDH 
isoenzyme 

HLA membrane proximal a2 
and P2 domains 

Human renin 
Human renin 
Renin 
Hystricomorph insulins 
and insulin-like growth 
factor 

G loop antibodies 
R hodopsin 
Human renin 

Prothoraciotropic hormone 

Proteins used 
for modeling 

Hen egg-white lysozyme 
a-C hymotrypsin 
a-Chymotrypsin 
Elastase 
Bovine trypsin and 
other pancreatic serine 
proteases 

Insulin 
Insulin 

2-Zinc insulin 
Insulin 

2Zn Insulin 
Chymotrypsin 
Trypsin 
Elastase 
yll-Crystallin 
Porcine insulin 
y-Chymotrypsin 
Streptomyces griseus 
protease B 

Serine proteases 

Chymotrypsin 
4Zn Insulin 
Wheat germ agglutinin and 
snake venom neurotoxins 

Endothiapepsin 
R hizopuspepsin 
Penicillopepsin 
Endothiapepsin 
Insulin 
Chymotrypsin 
Chymotrypsin 

Mouse Apo-LDH 

Immunoglobulin 

R hizopuspepsin 
R hizopuspepsin 
Penicillopepsin 
Porcine, human 
hagfish insulin 

constant domain 

v FAB 
Bacteriorhodopsin 
Pepsin, Penicillopepsin 
Rhizopuspepsin 
Endothiapepsin 
lnsulin 

Ref. 

10 
13 
13 
14 
312 
25 

21 
21 
31 3 
22 
19 
31 4 
31 5 
24 

30 
18 
26 

316, 317 

25, 170 
31 8 
31 9 

36 
37 

320 
321 
321 

322 

323 

40 
41 
324 
325 

326 
285 
42 
43 

327 
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TABLE 1 (continued) 
A Survey of Models Obtained from Comparative Modeling 

Protein modeled 

(PT-w 
HyHEL-10 lysozyme-binding 

Modified protein 

HIV-1 proteinase 

antibody 

C inhibitor 

Zinc-binding domain from 

Human renin 
transcription factor Ill 

HIV-binding domains 

HIV protease 
Calcium vector protein 

of CD4 antigen 

Chymopapain M 

Chymopapain B 

Stem bromelain 

Class I-E subtilases 
like furin 

Cytochrome P450,,a 
RNase Pchl 
Photosystem II 

Human apolipoprotein D 
RNA-binding domain 

Human defensin HNP-3 

Human plasma kallikrein 

NH2-domain of intercellular 
adhesion molecule 1 

Neutral protease from 
B. subtilis 

G-domain of chloroplast 
elongation factor Tu 

Core proteins D1 and D2 
of the photosynthetic 
center of pea 

Papaya proteinase Q 

Formaldehyde dehydrogenase 
Monocyte chemoattractant 

Proteins used 
for modeling 

McPC603 variable region 

Modified a1 -antitrypsin 
of immunoglobulin 

Endothiapepsin 

Other metalloprotein 

Pepsin, Penicillopepsin 
Rhizopuspepsin 
Endothiapepsin, Chymosin 
Immunoglobulins 

structures 

Rous sarcoma virus 
Calrnodulin 
Troponin C 
Papain 
Actinidin 
Papain 
Actinidin 
Papain 
Actinidin 
Subtilisin BPN 

Cytochrome P450 CAM 
RNase T1 
Photosystem from 
purple bacteria 

lnsecticyanin 
Acylphosphatase 

Rabbit neutrophil 

Bovine a-chymotrypsin, tonin 

from horse muscle 

HNPQ 

rat mast cell proteinase, 
porcine elastase 
bovine trypsin, porcine 
kallikrein 

Four IgG constant 
domains 

Thermol ysin 

E. coli EF-TU 

Photosynthetic center of 
R. viridis and 
R. sDhaer0ide.s 

Ref. 

328 

329 

330 
171 
331 

35 

332 

333 
334 

335 

336 

337 

338 

339 
340 
341 

342 
343 

168 

168 

344 

345 

346 

347 

Papain 349 
Actinidin 
Alcohol dehydrogenase 350 
Interleukin-8 35 1 

5 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TABLE 1 (continued) 
A Survey of Models Obtained from Comparative Modeling 

Protein modeled 

Activating protein 
MCAF/MCPl 

Mammalian aspartate 
transcarbam y lase 

Lactococcal proteinase 
(LLSKll) 

Mouse mAb 425 
variable region 

DNA binding domain 
of Myb oncoprotein 

Amylin (human) 

Amylin (Rat) 
a-CGRP (human) 
Cytochrome-P450 
(human) 

Lignin peroxidase Llll 
from Phlebia radiata 

Ferredoxin from 
Methanococcus 
thermolithotrophicus 

Ribonuclease H domains 
in reverse transcriptases 
from retroviruses 

C, subunit of P-crustacyanin 

Peptide binding domain 
of hsp70 

Anti-carbohydrate antibody 
(Y sT9.1) 

ATP-binding domain of 
periplasmic permease 

C5a receptor 
Guanine nucleotide-binding 
regulatory protein-coupled 
receptors 

Onconase (P30 protein) 
Thyroxine-binding globulin 

Carcinoembroyonic 
Antigen (CEA) 

(TBG) 

E. coli tyrosine 
aminotransferase 

Mitochondria1 inorganic 
pyrophosphatase from 
S. cervisiae 

Proteins used 
for modeling 

lnterleu kin-8 

Subtilisin BPN 
Subtilisin Carlsberg 
Subtilisin thermitase 
HYHEL-5 antibody 
variable region 

NMR structure of 
Antannapaedia 
homeodomain 

Glyceraldehyde phosphate 
dehydrogenase (1 45-1 80) 

Insulin 
Arnylin 
Cytochrome P450 
P450 CAM (Pseudomonas 

Cytochrorne c peroxidase 
putida) 

Ferredoxin from 
Peptococcus aerogenes 

RNAse H from 
E. coli 

A2 subunit of retinol 
binding protein 

Peptide binding domain 
of class I HLA 

Fv regions of McPC603 
J539 and human RE1 

Adenylate kinase, 
p21 ras and EfTu 

Bacteriorhodopsin 
Bacteriorhodopsin 

Bovine ribonculease A 
a-Antitrypsin 

NMR structure of rat CD2 
First domain of human 
CD4 and RE1 

E. coli aspartate 
am inotransferase 

Cytoplasmic enzyme 
from S. cerevisiae 

Ref. 

351 

352 

353 

354 

355 

356 

356 
356 
357 

120,121 
358 
359 

360 

361 

362 

363 

364 

284 
29 1 

365 
366 
367 
368 
369 

370 

371 
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TABLE 1 (continued) 
A Survey of Models Obtained from Comparative Modeling 

Protein modeled 

Cytoplasmic inorganic 
pyrophosphatase from 
S. pombe 

cGMP-binding domain of cyclic 
GMP-gated ion channel from 
photoreceptors 

Core proteins D1 and D2 
of the photosynthetic 
center of pea 

Human p2-adernoreceptor 
Cathepsin D 

Mast cell chymases 
Carbohydrate recogn. domain 
of human E-selectin 

EGF and NGF binding 
protein 

Hyperthermophilic 
rubredoxin 

the difficulty in modeling the variable, mainly 
loop regions (Figure 3). 

The structure of the first polypeptide hor- 
mone, porcine pancreatic insulin,17 led to mod- 
eling of other insulins, insulin-like growth fac- 
tors, relaxins, and the prothoracicotropic 
hormone of Bombyx mori. The insulins from 
casiragua and coypu1* and the insulin-like 
growth factors19 were straightforward model- 
ing targets as the disulfide pattern, structurally 
important glycines, and the hydrophobic core 
were identical. A more recent study of the struc- 
ture of human insulin-like growth factor con- 
firmed the general tertiary structure but found 
that the connecting peptide was disordered in 
solution.20 Bedarkar et a1.21 and Isaacs et a1.22 
modeled porcine relaxin, which is more dis- 
tantly related but has a two-chain structure simi- 
lar to insulin, with a conserved pattern of three 
disulfide bridges and two invariant glycines. 
Although the sequence identity did not extend 
to the core, this was found to be conserved as 
hydrophobic, giving support to the proposal 
that relaxin adopted an insulin-like fold. The 
insulin-like fold has been confirmed by X-ray 
analysis of human relaxin crystals.23 

Proteins used 
for modeling 

Cytoplasmic enzyme 
from S. cerevisiae 

CAMP binding domain of 
catabolite gene activator 
protein (CAP) 

R. viridis and 
R. sphaeroides 

Bacteriorhodopsin 
Several aspartic 

Serine proteases 
Rat mannose-binding 
protein 

Porcine kallikrein, 
rat tonin 

Three other 
rubredoxins 

Photosynthetic center of 

proteinases 

Ref. 

371 

372 

289 

290 
303 

373 
374 

375 

376 

GreerZA was the first to realize the power of 
modeling variable regions by abstracting appro- 
priate conformations from a family of homolo- 
gous proteins of known structure. He used the 
family of serine proteinases to illustrate this ap- 
proach. On alignment of the structures of trypsin, 
elastase, and chymotrypsin, many Ca-carbons were 
found within 1.0 A (1.0 A = 10 -lo cm) of each 
other; all of the remaining positions corresponded 
to solvent-exposed loop regions where all of the 
insertions/deletions were located. When the hap- 
toglobin heavy chain, the sequence to be mod- 
eled, was aligned with these structures, the inser- 
tions and deletions relative to the known structures 
also corresponded to the loops. Greer’s strategy 
was to build the main chain of both the spatially 
conserved and variable loop regions from frag- 
ments of each of the three known structures. The 
construction of the Ioop regions, however, was 
not as straightforward as that for the structurally 
conserved regions. Although deletions of one or 
two residues were easily accommodated and simi- 
lar-length loops were extrapolated from one of 
the homologous structures, one long loop was 
only partially modeled. Side chains were mod- 
eled according to the conformation found at the 
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A and B 

FIGURE 2. Alignments among the bacterial and mammalian serine proteinases. In (A) the a-lytic proteinase 
(Brookhaven code:l-* 2alp) and elastase (3est) are aligned according to McLachlan and Sh0tt0n.l~ The alignments1” 
of the bacterial and mammalian serine proteinases obtained by comparinglS their 3-0 structures are shown in B and 
C. The region about the glycine and serine shown to be conserved in both the (6) bacterial and (C) mammalian 
serine proteinases and critical to their catalytic activity (thick under- and overlines) is misaligned in A; (2sga, 
proteinase A, S. griseus; 3sgb, proteinase B, S. griseus; 1 thr, thrombin, 50s faurus; 1 ton, tonin, Rattus rattus; 2pka, 
kallikrein A, Sus scrofa; 1 trm, trypsin, Rattus rattus; tptn, trypsin, Bos taurus, 2gch, y-chymotrypsin, Bos kurus; 1 hne, 
neutrophil elastase, Homo sapiens; 3rp2, mast-cell proteinase It, Rattus rattos; 1 sgt, trypsin, S. griseus). Numbering 
is by position in the alignment. 

same positions for those identical side chains. 
Greer25,26 subsequently applied his approach to 
the modeling of a number of different serine 
proteinases. Read et al.*’ compared models con- 
structed for Streptomyces griseus trypsin with 
the crystal structure. They concluded that the 
regions involved in substrate binding were most 
poorly determined by the protein modeling pro- 
cedures. 

The $1-crystallin of the vertebrate eye lens is 
comprised of four Greek key motifs organized as 
two globular domains. Each domain consists of 

two motifs related by a local twofold a x i ~ . ~ , ~ ~  
Only two residues are invariant in the large fam- 
ily of y- and P-crystallins: a glycine that is re- 
quired to allow a p-hairpin to fold onto an antipar- 
allel p-sheet and a serine that is hydrogen bonded 
to the folded hairpin. The invariant residues, to- 
gether with a pattern of residues conserved as 
hydrophobic, permitted this pattern of four 
Greek key motifs to be recognized in all ‘y- and 
P - c r y ~ t a l l i n s * ~ ~ ~ ~  and in an unrelated protein from 
the coat of the spores of the bacterium Myxocuccus 
~ a n t h u s . ~ ~  For the y-crystallins, the models have 
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FIGURE 2C 

proven to be generally c o r r e ~ t . ~ ~ . ~ ~  However, in 
the dimeric PBp-crystallin, the domains of the 
same subunit are separated by a linker polypep- 
tide and domains from two difleerent subunits are 
associated in the same way as the single chain of 
the monomeric y-crystallins (Figure 4).30.34 

Because of its involvement in the release of 
the hormone angiotensin from angiotensinogen, 
and the role of angiotensin in blood pressure regu- 
lation, renin and renin-inhibitor complexes were 
obvious targets for modeling (for a review, see 

Reference 35). Models for renin were first con- 
structed on the basis of the m~rine'sequence~~ and 
later on the human sequence37 when this became 
available. These were constructed using the three- 
dimensional structure of the distantly related fun- 
gal proteinase, endothiapepsin, as no refined, high- 
resolution structure of a mammalian enzyme was 
available. Carlson et al.3&40 and Akahane et al.41 
built models of human renin using the structures 
of other fungal aspartate proteinases such as 
rhizopuspepsin and penicillopepsin. Plattner et al.42 
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(a) Chymotrypsh (4cha) (c) a-lytic proteinase (2alp) 
n 

(b) Elaslasc (3cs1) 
(d) Fittcd structurcs (&ha, b s t ,  2alp) 

(e) Topologically equivalent regions - 

FIGURE 3. Similarity and reduction in the conserved core among the bacterial and mammalian serine proteinases: 
(a) chymotrypsin (Brookhaven code: 4cha, @-trace); (b) elastase (3est); (c) a-lytic proteinase (2alp); (d) the three 
structures were superposed using MNYFIT;142 (e) the conserved framework - 0 s  within 2.5 A of each other. 

and Sham et al.43 built their models on the basis of 
rhizopuspepsin, penicillopepsin, and endothia- 
pepsin, as well as the partially refined structures 

of pepsin. Later structures were constructed using 
the structure of pepsin and chymosin, as they 
became available in the refined f o r ~ n s . ~ ~ . ~  The 
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(a) 7-crystallin (lgcr) 
A 

- ‘ \ - I  

(b) @-crystallin (lbb2) 

- 7 t / / v  

FIGURE 4. Crystal structures of eye-lens crystallins: (a) yll-crystallin (lgcr)28,29 and (b) PBp-crystallin (1 bb2).% 
Models of the P-crystallins constructed on the basis of the four Greek key motifs of the ycrystallins had the same 
monomer structure. The actual P-crystallin structure (b) has contributions of two Greek key motifs, each from two 
separate but identical chains. 

models suffered from the shortcomings arising 
from the differences in the “framework” - the 
arrangement of helices and strands - between 
the mammalian and fungal aspartic proteinases, 
as well as the rather different variable regions that 
are found in renins. Nevertheless, the catalytic 
and active site cleft in general was well modeled 
and the models have been widely and usefully 
exploited in the design of antihypertensives (Fig- 
ure 3 . 3 5  

Since the mid- 1980s, a large number of mod- 
els of other proteins has been constructed and 
reported in the literature. Many of these are listed 
in Table 1. 

II .  PRELIMINARY CONCERNS 

A. The Data 

Deposition of the coordinates of protein struc- 
tures, derived from X-ray diffraction, NMR spec- 

troscopy, and neutron diffraction with the Protein 
Data is increasingly a requirement for 
publication by journals. The Protein Data Bank 
(Table 2) can either be obtained by contacting 
Brookhaven National Laboratories (Protein Data 
Bank, Chemistry Department, Bldg. 555, Upton, 
N.Y. 11973) or directly using computer networks: 
using the anonymous FTP (file transfer protocol) 
server allows access not only to the current en- 
tries in the database but also to those that are in 
preparation for future release. 

Protein modelers, like anyone using the pro- 
tein data bank, need to be aware of the limitations 
of the data. Most errors in positions will occur for 
those atoms that lie at the protein surface. Surface 
side chains and loops are most disordered as their 
interactions are largely with the solvent and there 
are relatively few constraining contacts involved 
in packing within the crystal (where there are 
they may be distorted, for example, compare the 
X-ray structure of temdamistaP5 with its NMR 

* The reliability factor or R-factor represents the differences between the observed F, and calculated F, structure factor 
amplitudes: R = chk, K I F, I - I F ,  I I / c,& I F, I, where K is a scaling factor. 
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FIGURE 5. Superposition of 20 inhibitors complexed with the aspartic protein- 
ase (endothiapepsin). P1 and P3 refer to the specificity subsites. (From Dhanaraj, 
V. et al., Innovations on Proteases and Their Inhibitors, Aviies, F. X., Ed., Waiter 
de Gruyter, Berlin, 1993. With permission.) 

~tructure~~).  On the other hand, buried residues 
are constrained by the surrounding main chain 
and side chains, and their average positions are 
well defined and conserved. Even so, side chains 
and even the main chain “backbone” occupy no 
single fixed position, but an ensemble of possi- 
bilities generally exists. 

Two numerical values give some indication 
of the reliability of a particular structure: the 
resolution expressed in 8, and the R-factor. The 
resolution describes the minimum interatomic 
spacing for which X-ray data contribute toward 
the structure analysis. At a resolution of less 
than 5 8, for an all a-helical protein and less 
than 3.5 to 4.0 8, for a P-protein it is impossible 
to identify the elements of secondary structure 
and only at a resolution of 3.0 8, can the protein 
backbone be traced with any confidence. With 
very high resolution, of the order of atomic 

12 

bond distances ( I  .O to 1.5 A), individual atoms 
begin to appear. The R-factor,” which describes 
the difference between the observed and calcu- 
lated diffraction amplitudes, gives some indi- 
cation of the error in the reconstructed image, 
although its absolute value depends on the 
method of refinement and the ratio of observa- 
tions to parameters refined. A “better” struc- 
ture is normally taken as that with a higher 
resolution (>2.0 A) and a lower R-factor 
(<20%). Islam et al.47 have considered to what 
extent van der Waals radii occupy the same 
regions of space and how these bad contacts 
relate to resolution and R-factor. They found that 
some high-resolution structures, refined to a low 
R-factor, still had fairly large errors. 

But these are gross descriptors of the dataset 
used in reconstructing the electron density and do 
not pinpoint where the data, and subsequently the 
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TABLE 2 
Structure, Sequence, and Alignment Databases 

Database 

Structure databases 
PBD (Protein Data Bank) 

CSD (Cambridge Crystal Structure Data Centre) 
(Small molecule structures) 

Sequence databases 
PIR (Protein Identification Resource) 

GENBANK (Genetic sequence data bank) 

EMBL database (includes SWISSPROT and PROSITE) 

SBASE (domain library) 

Derived alignment databases 
NRL9D (Database of 3-D structures and related 
sequences) 

HSSP (Homology-derived secondary structure of 
proteins) 

3D-ALI (Structural superpositions and multiple 
sequence alignments) 

FSSP (Families of structurally similar proteins) 

Contact details 

Chemistry Department 
Building 555, Brookhaven National Laboratory 
Upton, New York, 
NY 1 1973, 
USA 
Anonymous ftp at pdb.pdb.bnl.gov 

Lensfield Road 
Cambridge CD2 IEW 

University Chemical Laboratories 

National Biomedical Research Foundation 
Georgetown University Medical Center 
3900, Reservoir Road NW 
Washington D.C., 20007 
USA 
e-mail-pirmail@gunbrf .bitnet 

Los Alamos National Laboratory, 
Los Alamos, 
NM 87545, USA 
e-mail-genbank@genbank.bio.net 

European Molecular Biology Laboratory 
Meyerhof StaBe 1, 
D-6900, Heidelberg, Germany 
Network server by 

T-10, MS K710 

e-mail-netserv@embl, heidelberg.de 
International centre for Genetic Engineering 
and Biotechnology 
Area Science Park 
3401 2 Trieste 
Italy 
Anonymous ftp file server-ftp.icgeb.trieste.it 

US Naval Research Laboratory 
Washington, DC 20375 
USA 

EMBL 
Meyerhof StaBe 1, 
D-6900 Heidelberg 
Germany 
Network server by 
e-mail-netserv@em bl. heidelberg.de 

EMBL 
Meyerhof StaBe 1, 
D-6900 Heidelberg 
Germany 
e-mail-argos@embl-heidelberg .de 

Meyerhof StaBe 1, 
D-6900 Heidelberg 
Germany 
Network server by 

EMBL 

e-mail-netserv@embl.heidelberg.de 
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TABLE 2 (continued) 
Structure, Sequence, and Alignment Databases 

Database Contact details 

Homologous proteins aligned on the basis of 3-D 
structural features 

structure, are uncertain locally. The X-ray stmc- 
tural data may reflect this in high values of the 
thermal parameters (B-values), which indicate the 
extent of both static and thermal disorder. Phillips 
et a1.,4* Schreuder et al.,"9 Stout?O and Admans1 
discuss the features of correct and incorrectly 
modeled X-ray-derived structures for turkey egg- 
white lysozyme, RuBisCO, and ferredoxins. 

Fitting a polypeptide chain into an electron 
density map is greatly assisted by the knowledge 
of the protein's sequence. In our experience, if no 
sequence is available, then the success in cor- 
rectly identifying amino acid types from the den- 
sity is approximately 60%. It is impossible to 

-lZO 1 * __.___________. 
-180 1, 

-180 -120 -60 0 60 120 180 
0 

J. P. Overington 
Pfizer Central Research 
Sandwich 
Kent CT13 9NJ 
U.K. 
e-mail-Overingtonj@pfizer.com 

differentiate between atoms of similar atomic 
numbers, notably carbon, nitrogen, and oxygen. 
This can pose difficulties in distinguishing be- 
tween some amino acid types: Asp and Asn, Glu 
and Gln, and even Leu and Asn, although the 
environmental context (buried or exposed to sol- 
vent; hydrogen bonding potential) can sometimes 
help one to make an educated guess. Lysine can 
also be confused for a shorter side chain because 
it is often highly mobile and therefore has "invis- 
ible" terminal atoms. Some portions of polypep- 
tide chain, particularly solvent-exposed loops, will 
be so disordered that neither the side chains nor 
the main chain can be built. Admans1 discusses a 

180 

120 

60 

v o  

-60 

B 

. .  

_. * 
-180 -120 -60 0 60 120 180 

(P 

FIGURE 6. Main-chain torsion angles ($,v) of non-glycyl, non-prolyl residues in known protein structures deter- 
mined at various crystallographic resolution: (a) 1.6 A or better resolution (Brookhaven codes: Scpv, 1 ccr, 351 c, 
1 ecd, and Icse); (b) 2.3-2.8 A resolution (1 tpk, Sfxc, 1 hdd, 155c, and 1 mib). Note that the lower resolution structures 
have more points in the disallowed regions of the Ramachandran map. 
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number of these uncertainties in the context of the 
structure solution and subsequent refinements of 
P .  aerogenes ferredoxin. 

Thornton and co-worker~~*,~~ have carried out 
an analysis of highly refined, high-resolution struc- 
tures in order to assess the expected precision of 
X-ray structures; it has been shown that the coor- 
dinate data deposited can have many  error^.^^*^*-^^ 
Bond lengths and bond angles may have values 
distant from those observed in other proteins 
through careless refinement of the structure. Main- 
chain @, w, and o torsion angles may lie outside 
the acceptable bounds described by the 
Ramachandran map constructed for the data- 
base as a whole. In Figure 6,  we show the main 
chain @ and torsion angles for proteins with 
resolutions between 2.3 and 2.8 A and those with 
resolutions higher than 1.6 A. Side-chain x ,  and 
x2 torsion angles may not correspond to peaks of 
the distribution of angles observed for a particular 
side chain. The analysis of the entire data banks4 
has revealed other areas of concern, including 
missing atoms, mislabeled atoms, incorrect 

5oooo 

40000 

3 m  

SEQ 
(0) 

2 m  

i 

chirality, and unusual disulfide x3 torsion angles. 
The selection of structures in the data bank is 

biased toward those proteins that have been easily 
obtainable, available in large amounts, stable, and, 
of course, those that can be crystallized. Recent 
advances in molecular biology have led to the 
expression and solution of 3-D structures of less- 
abundant proteins from low-copy messenger RNA. 
For the most part, these are globular proteins; 
there are few examples of proteins that are inte- 
gral to the lipid bilayer as these proteins are par- 
ticularly difficult to crystallize. However, it is 
encouraging to the protein modeler that about one 
quarter of the sequences determined from ge- 
nome studies can be found to have at least 25% 
sequence identity with protein folds that have 
already been deposited in the data bank.5536 Thus, 
many of the 50,000 protein sequences available 
are probably amenable to comparative modeling 
(Figure 7). 

Sequence data (Table 2) are available either 
as nucleic acid sequences (e.g., EMBL and 
GenBank) or amino acid sequences (e.g., PIR, 

t 

STR 
(4 

FIGURE 7. The known protein sequences are now over 50,000 in number, while the number of crystal 
structure is over 1000. Unique folds account for less than 200 three-dimensional structures. Even so, a large 
proportion of the known sequences are available to comparative modeling approaches. 
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SWISS-PROT, NEWAT, OWL).574 Because 
most official data banks now incorporate elec- 
tronic data entry, there is little backlog between 
the appearance of sequences in the literature and 
their availability in data collections (which are 
many times accessible through anonymous FTP 
servers over electronic networks). 

B. Locating and Aligning Homologues 

We wish to extrapolate knowledge about one 
or more related protein structures to a homolo- 
gous or analogous sequence of unknown struc- 
ture. When a new fold is described or a new 
sequence appears in the literature, it is necessary 
to identify related sequences and three-dimen- 
sional structures using computerized searches, In 
this section we consider alignment and data bank 
search techniques for both sequences and three- 
dimensional structures. 

7. Protein Data Bank Searches 

A variety of sequence searching tools have 
been available for some time.57-59*6145 Often, the 
most efficient approach is a simple search of the 
sequence data bank entries by title, key words, 
and, for enzymes, the EC (Enzyme Commission) 
numbers. A search for patterns of residues or 
motifs that distinguish a family (residues critical 
to binding, catalysis or a structurally important 
feature) can be used to identify homologues; the 
PROSITE data bankM contains many protein pat- 
terns that are characteristic of particular families. 
More generalized data bank searching, where full- 
length sequences are compared, involves meth- 
ods that either compare overlapping segments or 
rely on dynamic programming algorithms. 

The sequence comparison approach of Needle- 
man and W ~ n s c h ~ ~  and derivatives t h e r e ~ F ~ - ~ ~  
can be used repetitively to compare a sequence 
against an entire data bank of sequences. A score 
is attributed to each of the tens-of-thousands of 
alignments and the scores are ranked. There is 
difficulty in recognizing distantly related matches 
with low similarity from the background noise of 
the unrelated comparisons. Only homologues with 

percentage sequence identities greater than about 
20 to 25% are certain to be among the top matches. 

With dynamic programming approaches, the 
global optimal alignment is sought. This, how- 
ever, may not be so useful when comparing se- 
quences that vary greatly in size or when locating 
independent folding domains, which are often 
embedded within a much larger sequence (e.g., 
epidermal growth factor, fibronectin types I and 
11, proproteinase kringles, complement C9, etc.). 
Dynamic programming approaches also fail to 
recognize the presence of duplicated regions within 
the compared sequences. An alternative dynamic 
programming approach, due to Smith and 
Watern~an,~~ aligns the best single matching re- 
gion that may or may not encompass a majority of 
the residues from the sequences and thus allows 
smaller domains to be located. This algorithm has 
been incorporated into many of the available search 
procedures. 

The comparison of segments can circumvent 
some of these  disadvantage^.^^.^^.^^ The differences 
in length between compared sequences is no longer 
a problem; internal duplications are also easily 
found and embedded domains can be l o ~ a t e d . ~ ~ . ~ ~  
The comparison of fixed-length segments of se- 
quences is much less efficient computationally 
than dynamic programming methods. While gaps 
are not a problem, one is left with a series of 
scores for segments that must be interpreted, but 
an alignment is generally not produced. No one 
search procedure is perfect and most will miss 
related proteins when the sequence similarity is 
very low. One means to increase the sensitivity of 
a search is to consider additional information. 
This might include knowledge of the sequence 
variability found within a family of proteins on 
the basis of the multiple alignment of their se- 
quences, knowledge of residues essential to the 
protein and conserved throughout the family, and 
structural information if this is available for a 
sequence or related protein (see later). 

Searching with a single sequence is unlikely 
to be the best approach when the sequence simi- 
larity is low. A number of alternative strategies 
have been developed to improve the chances of 
finding homologues. Templates, consensus se- 
quences, profile analysis, or family composite 
scores derived from multiple alignments can all 

16 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



be used to enhance the efficiency of searching 
For instance, a data bank search 

with the sequence of the erythrocmorin from 
Chironomous thummi rhummi was able to locate 
239 out of the 624 globins in a sequence data 
bank prior to the first non-globin. When the search 
was made with the alignment obtained from 15 
globin sequences, 602 of 624 were found, and the 
remaining ones included the 15 half-size globin 
fragments within the data bank (Figure 8).80 

The method of scoring comparisons can also 
be very important to both searches and align- 
ments (see later). Searching for regions with high 
levels of matched identical residues works well 
for very similar proteins but rapidly loses utility 
as the sequence identity dips below about 35%. 
Other methods of scoring consider matches for 
conservative changes and nonconservative 
changes Some have considered the sub- 
stitutions that actually occur in homologous fami- 
lies of proteins, the most well-known being the 
matrix of Dayhoff and co-workers.86 Recently, a 
number of groups have compared data banks of 

and s t r ~ c t u r e s ~ ~ . ~ ~  in order to try to 
improve on the Dayhoff approach. Indeed, com- 
parisons of the methods79@ indicate that the 1978 
version of the Dayhoff matrix performs consider- 
ably less well than more recent adaptations (see 
Reference 79 for a comparison of 14 scoring pro- 
cedures). Table 3 presents a log-odds matrix suit- 
able for scoring sequences and based on the analy- 
sis of 65 families of aligned 3-D  structure^.^^ 

2. Sequence Alignments 

Sequence-based alignments are useful in de- 
termining invariant features (key residues) and 
those regions where variability is high (positions 
of gaps and loops) in a protein family. If the 
sequences are not very similar to each other, then 
family alignments can help to reduce gross errors 
in alignment: residues essential to a protein's func- 
tion are rigorously conserved throughout its mem- 
bers and will be conserved spatially within the 
three-dimensional structures. With sufficient se- 
quences and their alignment, the error in the model 
of the a-lytic proteinase about the invariant Ser- 
214 would have been detected (see above and 
Figure 2). 

We have already discussed a number of the 
alignment techniques in the context of data bank 
comparisons. Again these procedures involve seg- 
ment-based comparisons or Needleman and 
Wunsch-type dynamic programming techniques, 
although the focus has shifted to the multiple 
alignment of sequences that leads to more accu- 
rate a l i g n m e n t ~ . ~ ~ ~ l - ~ ~  Techniques have included 
methods that seek the global optimum by consid- 
eration of higher dimensional forms of the 
Needleman and Wunsch appr~ach ,~  1*91,92994.95 seg- 
ment-based appro ache^,^^ and iterative binary 

some of which have exploited 
preliminary phylogenetic relationships to enhance 
tree constr~ction.~~~~~.~~~~~ Alternatively, alignments 
can be made with those procedures that employ 
consensus templates, profiles, and residue pat- 

In comparison with the results of multiple 
alignments, pairwise comparisons have consider- 
ably more error in the alignments when viewed in 
light of aligned 3-D structures (Figure 9),79J02 
Obviously, regions with many matched identical 
residues will be more certain than those where 
gaps are seen to occur or where the sequence 
similarity is low. A number of groups have detailed 
approaches that can pinpoint strongly aligned re- 
gions and areas where alternative local alignments 
are nearly as probable as the optimal one.103-106 
Indeed, the approach of Saqi and StembergIo5 has 
been combined with side-chain volume require- 
ments in order to assist in modeling and determi- 
nation of alignments compatible with the known 
structure. lo7 

tems.75-78,100,101 

3. Recognizing Common Folds from 
Sequences 

The association of a new sequence with a 
characterized protein is a major difficulty in using 
the common fold as a framework for protein 
modeling. This has been addressed successfully 
on many occasions by using structural informa- 
tion to identify key features in protein architec- 
ture and associating these with invariant or con- 
served sequences. 

One of the first attempts to use structural 
information systematically was by Taylor,75 who 
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4m 

Frequency 
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0 
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Normalized Alignment Score 

FIGURE 8. Search of globin structural-templates and sequence-templates against an amino acid sequence data bank of 
21,049 entries greater than 55 residues. The frequency of the alignment scores, normalized by the length of the alignment, are 
plotted as dotted lines; the frequency of normalized scores for comparisons involving the 624 globins in the database are 
superposed (solid lines). Plots are provided for the structural templates only, but the number of globins located prior to the first 
non-globin are shown for both the structural, with and without globin contributions toward the substitution frequency data bank, 
and sequence-based searches of the same proteins. The second set of values reflect the number of globins not located within the 
first 624 highest ranked scores. (a)-(d) were obtained using structural templates (residue solvent accessibility, secondary structure 
considerations, and hydrogen bond capability); a constant gap penalty of 35 was used. Sequence templates were computed using 
the Dayhoff 250 PAM amino acid scoring matrix= scaled between 0 and 100; a penalty of 30 was assessed for gaps. Alignments 
were made using a dynamic programming approach that is part of the program PSLAVE.80 In (a) structural and sequence templates 
were searched based on the structural and sequence alignment of fifteen globins: (Brookhaven codes, 2hhb, the a-chain of human 
hemoglobin; 2hhb, the P-chain of human hemoglobin; Pmhb, the a-chain of equine hemoglobin; 2mhb, the P-chain of equine 
hemoglobin; 1 mba, the myoglobin of Apksia liminacia; 1 mbs, myoglobin of fhoca vitulina; 2mm1, myoglobin of Homo sapiens; 
4mbn, sperm whale myoglobin; 21 hb, the hemoglobin of the sea lamprey; lpbx, hemoglobin of fagofhenia bernacchii; lpmb, 
porcine myoglobin; lecd, erythrocruorin of Chironomous fhummi fhummi; 1 Ihl , leghemoglobin of Lupinus luteum; 1 sdh, hemoglo- 
bin of Scapharca inaequivalvis; 1 ith, hemoglobin of Urechis caupo. (b): an alignment of lecd, erythrocruorin of Chironomous 
fhummi fhummi and 1 Ihl, leghemoglobin of L. lufeum. (c): 21hb, the hemoglobin of the sea lamprey. (d): 1 ecd, erythrocruorin of 
Chironomous thummi thummi. (From Johnson, M. S. et al., J. Mol. Biol., 231, 735, 1993. With permission.) 
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developed a method of generating templates for 
each part of the framework of a protein generated 
from superposition on the basis of known three- 
dimensional structures of proteins in a family. 
Ponder and Richardslo8 used a library of side- 
chain rotamers and sought to find combinations 
of sequence and side-chain conformation that 
would allow retention of a known three-dimen- 
sional structure. This provides a powerful ap- 
proach to identifying closely related sequences 
but it is computationally very expensive. It is 
limited by the fact that distantly related proteins 
evolve through relative translations and reorien- 
tations of the elements of secondary structures in 
order to allow changes in side-chain shapes and 
volumes. 

SippllOg and Jones et al.l1° have sought to 
overcome this problem by using knowledge-based 
potentials.lW They thread (match sequence posi- 
tions with those in the structure; effectively an 
alignment or set of alignments, although gaps are 
not considered in some applications and the se- 
quence may be incremented along that of the 
structure one residue at a time or as overlapping 
segments) a sequence through a known structure 
and ask for each alignment: can the sequence of 
interest adopt that three-dimensional fold? Similar 
potentials have been derived by Maiorov and 
Crippenlll and Godzik et a1.lI2 that recognize the 
correct folding of globular proteins. The latter 
approach evaluates the match in terms of rough 
3-D models. 

Sipp1109 has derived pseudopotentials for 
interresidue interactions that are then applied to 
the detection of protein folds.’ l 3 , I l 4  The interresidue 
distances (CU-Ca or CP-CP) for 400 possible pairs 
of amino acids in a large number of known struc- 
tures were compiled and classified as short, me- 
dium, and long-range interactions depending on 
the number of intervening residues along the se- 
quence. The observed frequencies of occurrence 
were then converted to potentials of mean force 
by using the well-known Boltzmann device. The 
problem of sparse data was minimized with a 
smoothing function.lW 

Sippl and Weitckus114 use these potentials to 
detect native folds of amino acid sequences with 
unknown 3-D structure. The sequence in question 
is modeled by aligning it with all the known folds 
in the protein data bank. For every model, the 

pseudo-energy (sum of individual residue pair 
energies) is computed and the one with lowest 
energy is suggested to be the native fold. This 
method has been tested by modeling sequences of 
the a and p chains of human hemoglobin and the 
sea lamprey hemoglobin, proteins whose crystal 
structures are all known. The lowest energies were 
obtained when sequences from these three pro- 
teins were matched with their corresponding crys- 
tal structures, followed by matches to other mem- 
bers of the globin family. This method was then 
applied to globin sequences of unknown structure 
where the sequence similarity varied between 17 
and 49% with the known 3-D structures. With one 
exception in ten, globin sequences were associ- 
ated with a globin fold as the lowest energy match. 
The RMS error in the models built using this 
approach can be as large as 5.5 A. This is largely 
a consequence of the threading procedure where 
gaps are not allowed in the alignment. This can 
cause severe problems in terms of modeling, while 
using this procedure to detect folds would be 
much less affected. 

Maiorov and Crippenlll devised a similar 
potential from interresidue interactions observed 
in known structures (in addition to distances 
between the side chains, they also considered 
main-chain to main-chain and main-chain to side- 
chain interactions), as well as for a large number 
of native-like alternate “folds”, which they gen- 
erated by threading smaller sequences onto na- 
tive structures. They devised a function that will 
differentiate between the true X-ray crystal struc- 
tures and the protein-like “folds” derived from 
comparing unrelated proteins. Their function is 
adjusted in such a way that the crystal structures 
will have a lower potential energy. In their test 
with a large number of native structures and 
homologues that were not used in the construc- 
tion of the contact potential, the compact struc- 
tures are identified to have the native fold. A 
major emphasis of this work is to use knowl- 
edge about incorrect “folds” in addition to 
knowledge of the native fold in formulating the 
potential energy function. 

Skolnick and his colleagues*12 propose an 
approach for recognizing sequences compat- 
ible with a 3-D fold and identifying the fold of 
a sequence. Potentials are again extrapolated 
from residue-residue distances from 3-D struc- 
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FIGURE 9. Accuracy of globin, aspartate proteinase, and azurin align- 
ments: percentage of positions correctly aligned (in comparison with their 
aligned 3-D and plotted against the percentage sequence 
identity. Sequences were aligned as pairs (Glo-P, globins; Asp-P, aspartyl 
proteinases; Azu-P, azurins) and as multiple alignments using MALIGN.Bo 
The results are averaged over 14 scoring (From Johnson, 
M. S. and Overington, J. P., J. Mof. Biol., 232, 1993. With permission.) 

tures; in this case 59 nonhomologous struc- 
tures. The total energy of a protein is calculated 
as the sum of contributions arising from (1) 
exposed polar groups and buried hydrophobic 
residues, (2) pairwise interaction between all 
side chains that are in contact, and (3) aggre- 
gates of triplets of interacting side chains. “To- 
pology fingerprints” were then computed for 
125 protein structures; sequences matched with 
a structure can then be evaluated in terms of its 
energy using the three contributions to the en- 
ergy described above. The alignment procedure 
incorporates gap penalty terms to account for 
insertions and deletions. In the search proce- 
dure, a sequence can be tested against all 125 
fingerprints and the best scoring structure selected. 
A fingerprint can also be searched against a data 
bank of sequences. 

Their procedure has been applied to identify 
some examples of distant relationships such as 

plastocyanin and azurin, globin and phycocya- 
nin, and proteins adopting the TIM fold.*l* A 
search in the sequence database for a plastocya- 
nin fingerprint, for example, identified all of 
the plastocyanins in the database followed by 
the amicyanins, H.8 outer membrane precursor 
proteins, azurins, and pseudoazurins, all having 
a common fold. However, different folds, such 
as the Ig K-chain, cytochrome c oxidase, 
dihydrofolate reductase, and “protease B”, were 
also identified possibly because of uncertain 
alignments or because of short, very good align- 
ments. 

An alignment between the azurin sequence 
and the fingerprint of plastocyanin led to a 
model constructed using their lattice refine- 
ment method.lI5 However, the RMSD (root 
mean squared deviation) between the model 
and crystal structure is of the order of 7 A. Their 
search procedure performed with a similar 
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success rate for the globinlphycocyanin family 
and for TIM folds, where some nonnative folds 
were identified among the correct ones. 

In order to escape from the limitations of the 
three-dimensional structure of any one member 
of the family, it may be necessary to “project” the 
restraints of the three-dimensional fold onto the 
one dimension of the sequence9 (Figure 1) and to 
work by comparing sequence templates or pro- 
files. This can be approached by determining the 
propensity of an amino acid to occur in each class 
of local structural environment defined by solvent 
accessibility and secondary structure as shown by 
Eisenberg and his colleagues.l16 Bowie et a1.Il6 
reclassified the 20 amino acid types in terms of 18 
local structural environments based on the analy- 
sis of sequence alignments and the extrapolation 
of environments from representative 3-D struc- 
tures. Alternatively, it can be achieved by calcu- 
lating substitution tables as a function of local 
e n ~ i r o n m e n t . ~ ~ ~ J ~ ~  

The method of Johnson and c o - w o r k e r ~ ~ ~ ~ ~ ~ ~  
uses expanded amino acid substitution tables that 
take into account the local environment in tertiary 
structures (Figure 10). Analysis of families of 
structurally aligned 3-D structures led to grouping 
of amino acids into 766 different classes. These 
approaches can be used not only to compare a 
structure or structural alignment against a data 
bank of protein sequences but also to search a 
sequence or alignment of sequences against a data 
bank of all available structures. This approach has 
been exploited in the alignment and modeling of 
lignin peroxidase on the basis of the structure of 
cytochrome c peroxidase.l2oJ2l It can also be used 
to establish relationships between sequence and 
structure when the similarity is very low (Fig- 
ure 8). For example, whereas a sequence search 
of a bacterial serine proteinase will not locate any 
of the mammalian proteinases (not shown), a 
search of the structural templates with a bacterial 
sequence (or a mammalian sequence), as shown 
in Figure 11, will find all of the mammalian pro- 
teinases (or all of the bacterial sequences) within 
the top scoring matches,80 something not achieved 
by some threading approaches. 

The methods of Bowie et a1.lI6 and Johnson 
et a1.80 are both able to detect distantly related 
sequences that adopt a particular protein fold, 

even when the sequence identity is between 10 
and 20%. But none of the methods is successful 
at identifying all members of a family. A major 
problem is in introducing useful gap penalties. 
Johnson et a1.80 have done this by introducing 
structure-dependent gap penalties as used in the 
comparisons of protein three-dimensional struc- 
tures. However, when there are long insertions 
and deletions within equivalent domains or where 
one structure contains extra domains on either 
end, then the comparisons are problematic. For 
instance, the difficulty in identifying mammalian 
serine proteinases on the basis of the bacterial 
enzymes and vice versa is, in part, a consequence 
of the long insertions in the sequences of one 
group relative to the other (Figures 2, 3). 

4. Alignment and Searching of Three- 
Dimensional Structures 

Fast, quantitative measurement of structural 
similarity and the comparison of protein struc- 
tures are central to comparative modeling. The 
first systematic methods to quantitatively iden- 
tify structural similarity were used to compare 
homologous proteins12*-126 by superposition of 
main-chain Ca-atoms. The “distance” or “diago- 
nal” plot, where the distances between a pair of 
Ca-atoms are plotted as a matrix, provides a 
rapid way for visual recognition of domains as 
well as to identify structural similarity between 
two  protein^.'^^-'^^ 

Rossmann and colleagues (Reference 13 1 for 
review) extended methods of rigid-body least- 
squares superposition to the search for similar 
substructures between more distantly related pro- 
teins. A primary problem with these comparative 
techniques is the identification and assignment of 
the “initial equivalences”. This they achieved by 
visual inspection of the two protein  molecule^.^^^-'^^ 
An update of the “initial equivalences” is made 
by attaching a probability to each inter-protein 
Ca-atom pair to be structurally equivalenced, based 
on the distance between the two Ca-atoms and the 
local main-chain orientations. The initial struc- 
tural superposition is then refined through either 
a repetitive update of equivalences until there are 
no further increases in their number, or with a 

22 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



4 (a) HclL. Aaxsiblc. Hydrogen bonded 

loop 4 
:- 

:- A C D E F G H I K L M N P O R S T V W Y J  

Amino Acid Substitution 

(p) ++, ImcccsibIe, Not Hydrogen bonded 

n 
:- A C D E P G H I K L N N P O R S T V W Y J  

Amino Acid Substitution 

FIGURE 10. Sixteen environment-dependent distributions for one amino acid: 
serine. The distributions represent the probability of replacement to each of the 21 
amino acids (Cys was segregated into cysteine, “J”, and half-cystein, “C”) given a 
serine in a particular local environment within a 3-0 structure. Scores were 
obtained from the analysis of 72 aligned families of 3-D The 
local protein environments included the secondary structure (main-chain torsions 
angles), the residue solvent accessibility ( ~ 7 %  or 27% relative accessibility) and 
hydrogen bonding between the side chain and another side chain, main-chain 
amide or main-chain carbonyl. (From Johnson, M. S. et al., J. Mol. Biol., 231,735, 
1993. With permission.) 

systematic variation of the three Eulerian angles 
that describe the relative orientation of the two 
structures. In the method of Remington and 
M a t t h e w ~ , ~ ~ ~ J ~ ’  a moving window is used to com- 
pare all possible segments between two proteins 
with a least-squares procedure. 

The success of these methods has been docu- 
mented clearly by the comparison of distantly 
related structures and the identification of com- 
mon NAD-binding motifs in unrelated proteins. 
However, while the results of the former analysis 

are severely dependent on the choice of the initial 
equivalences, the latter method can suffer where 
there are insertions and deletions between the pair 
of proteins under comparison.138 Additionally, both 
methods are slow, computationally expensive, and 
do not converge reliably.139 

The method of M ~ r t h y I ~ ~  makes use of regu- 
lar elements of secondary structure and considers 
their axes as vectors. The structural comparison 
of two proteins is then performed much like the 
method of Rao and R o s s m a ~ . ~ ~ ~  The “goodness” 
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mv a) 3sgb - bacterial serim protche 

_ _  

M- 

Frequency 
10 - 

0 ,  

I 
I I 1 I 

0 1Mo u)oo 3ooo 4ooo 

(c) lsgt - mammalian-type serine proteinase 

::. i:: 
;ii. 

i is: 
; 2;;.---” 

* . f X m .  

: : . :-: :=: Bacterial scrine proteinases . .  --. .. _-. - 
Mammalian serine proteinascs . ....4.. c-: . *  

i i i A 1  I I I i I  I I 

: j Frequency 

0 
1 

I I I I 
0 loo0 mal 3ooo 4ooo 

\ I I I I 
0 lo00 2000 3000 4ooo 

Normalized Alignment Score 

FIGURE 11. Search of bacterial and mammalian serine proteinases against 
the structural template data bank:*O (a) the sequence corresponding to the 
structure of the bacterial-type proteinase (proteinase B of Srreptomyces griseus; 
Brookhaven code: 3sgb; in (b) the sequence of a mammalian-type proteinase 
(ldwb, bovine thrombin), and in (c) the rnammalian-type trypsin of S. griseus 
(1 sgt). The templates constructed for the structures in the Brookhaven protein 
data bank do not include contributions from the serine proteinase structures. 
(From Johnson, M. S. et al., J. Mol. Bid., 231, 735, 1993. With permission.) 

of every superposition is evaluated by aligning 
the two proteins by means of dynamic program- 
ming67 and the differences in intra-segment-seg- 
ment distances. This method has the major advan- 
tage in that it is very fast and provides preferred 
packing arrangements of secondary structures. 
Sippl141 has used the distance diagonal plot as a 
tool to compare two protein structures for similar- 

ity by comparing segments. The RMSD is com- 
puted between all pairs of segments on the basis 
of the Ca-CR distances over the segments. Simi- 
larities are indicated by high-scoring strips paral- 
lel to the main diagonal. 

In order to perform comparative modeling 
based on several known structures, Sutcliffe 
et al.142 devised a method for the simultaneous 
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rigid-body superposition of two or more struc- 
tures. This program MNYHT, which makes use 
of McLachlan's method,126 superposes Ca-atoms 
and uses an iterative procedure to provide an 
average structure (a "framework") for modeling 
purposes (Figures 3 and 12). This procedure was 
subsequently modified to trace-out matched 
equivalent positions and an alignment of all resi- 
dues by applying dynamic programming to matri- 
ces of Ca-Ca di~tances.*~~J" Recently, May and 
Johnson (unpublished results) have developed an 

(a) 52% id, 140 equivalences. RMSD=O.8d 

M 

(b) 43% id, 136 equivalences, RMSD= 1.3d 

approach that employs a genetic algorithm com- 
bined with dynamic programming in the search 
for the appropriate rotation matrix necessary to 
superpose one structure upon another. The major 
advantage with this procedure is that initial equiva- 
lences are not specified and comparisons can be 
made among analogous proteins in the search for 
similar substructures (Figure 13). 

Barton and Sternberg145 have used a combi- 
nation of dynamic programming and intermolecu- 
lar distance matrices for the comparison of two 

(c) 35% id, 115 equivalences, RMSD= 1.46A 

(d) 16% id, 97 equivalences, RMSD= 1 . d  - 

FIGURE 12. Superposition of pairs of structures and reduction in the "framework" contri- 
bution as a function of decreasing percentage sequence identity. Traces of the backbones 
are shown for @-positions within 2.5 A after optimal superposition: (a) the hemoglobin a- 
chain of Pagofhenia bernacchii (Brookhaven code: 1 pbx) and the a-chain of equine hemo- 
globin (2mhb); (b) P. bernacchiiglobin a-chain (lpbx) and the @chain of human hemoglobin 
(2hhb); (c) the human hemoglobin P-chain (2hhb) and the sea lamprey globin (21hb); (d) the 
erythrocruorin of Chironomous thummi thummi (lecd) and the leghemoglobin of Lupinus 
luteum (1 Ihl). Structures were superposed with MNYFIT.14* 
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(a) Zinc-fingers before comparison 

I I . I '. I 
I 

.-"J I 

L---- J 

@) Zinc-fingers after comparison 

FIGURE 13. Superposition of zinc-finger domains (Brookhaven 
codes: 5Znf and 1 bbo) using an approach that combines the use of 
genetic algorithms and dynamic programming. In (a) the initial orien- 
tation of the structures is shown followed by (b) their optimal superpo- 
sition (May and Johnson, unpublished results). 

equivalent loop regions in proteins. This proce- 
dure, LOPAL, was used successfully for the struc- 
tural comparison of loops from the immunoglobin 
family. 

Another approach based on the distance plot 
is the method of Richards and Kundrot,IM who 
have derived patterns for helices, extended strands, 
and their combinations. A search for similar pat- 

terns can then be made against the structural data 
bank. 

The procedure WHATIF by Vriend and 
Sander147 identifies similar structural fragments 
between two proteins, followed by a 3-D super- 
position to check for false positives. The identi- 
fication of similarity is based on comparing pat- 
terns of intrafragment distances and their 
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representation on a diagonal plot. This program 
is not sensitive to insertions and deletions be- 
tween fragments or the topology of the frag- 
ments. 

Taylor and O r e n g ~ l ~ ~ J ~ ~  have used dynamic 
programming to perform structure comparisons 
at the level of interatomic distances. They con- 
sider main-chain dihedral angles, solvent accessi- 
bility, hydrogen bonding, and characteristics of 
the residues. The method has been tested on sev- 
eral protein families. Faster (computationally) 
versions of this procedure compare only those 
residues that share similar features149 or elements 
of secondary structure.’50 

Karpen et al.lS1 focus on substructural com- 
parison between two proteins based on RMSD in 
the main chain dihedral angles and is otherwise 
similar to the method of Remington and 
M a t t h e ~ s . ’ ~ ~ , ’ ~ ~  

Zuker and Somarjai15* superpose several seg- 
ments of one protein on equivalent segments of 
another. This method seems to be critically de- 
pendent on the features used for optimal superpo- 
sition, which may include the consideration of 
any gaps between segments, the number of 
residues within segments, and the Rh4SD between 
equivalent segments. 

The program COMPARER developed by sali 
and Bl~nde11’~~ uses conserved features at various 
levels of structural organization and can compare 
two or more structures. These features include the 
residue similarity, secondary structure, solvent 
accessibility, chain direction, and hydrogen-bond- 
ing patterns. Thus, every residue pair is compared 
with respect to one protein feature at a time. The 
optimal alignment of the structures is performed 
with a combination of dynamic programming (in- 
dividual features are weighted and combined to- 
gether) and simulated annealing (used to equiva- 
lence relationships among patterns of hydrogen 
bonding). Once aligned, conservation of key fea- 
tures among the proteins can be easily identified 
with the program JOY117 (Figure 14). Indeed, 
nearly 90 family alignments have been constructed 
for 347 protein structures;154 for example, one of 
these families, the azurins and plastocyanins, are 
shown in Figure 14. COMPARER also includes a 
gap-penalty function to help improve alignments 
when gaps are introduced between helices and 
strands. 155 Indeed, by considering many features 

of protein structure, COMPARER can align the 
more distantly related proteins. Figure 15 shows 
a comparison of the alignments for some aspartic 
proteinase domains on the basis of sequence, rigid- 
body structural superposition (MNYFIT142) and 
the COMPARER approach. 

The structure comparison method of Rose 
and Ei~enrnenger~~~ also employs dynamic pro- 
gramming. The initial alignment is automatic and 
based on geometric criteria such as the curvature 
and the torsion of cubic splines through Ca-at- 
oms. The procedure has been applied to serine 
proteases, globins, lysozymes, and small cop- 
per-binding proteins. However, in the case of 
NAD-binding proteins, the performance of the 
method is less satisfactory, as the initial align- 
ment proves to be difficult. 

Subbarao and Haneefls7 have applied tech- 
niques from graph theory to the automatic iden- 
tification of topological equivalences between 
pairs of molecules. The equivalences are de- 
fined by maximizing the number of residues 
with similar environments. This procedure has 
been applied to approximately 600 protein struc- 
tures to obtain 107 “unique” folds. 

Graph theory has also been exploited suc- 
cessfully to identify secondary structural motifs 
in proteins. A protein structure is interpreted as 
a labeled graph, where the secondary structural 
elements and their relationships with respect to 
length and angle correspond to the node and 
edges of the graph, respectively. Koch et 
describe a “p-graph”, the graph notation for p- 
sheet structural regions in proteins and their pro- 
cedure to extract p-sheets in the form of a p- 
graph for various proteins in the Brookhaven 
Protein data bank. 

The program POSSUM, which is an exten- 
sion of Ulmann’s subgraph isomorphism algo- 
rithm,159 is used to search graph representations 
for known patterns.lm This procedure was tested 
for its ability to identify p-strand substructures 
described by Richardson.161 While the procedure 
was able to pick up as many as 37 p-strand rich 
patterns, the method failed to identify another 18 
patterns. This was attributed to the Kabsch and 
Sander162 method of identifying secondary struc- 
tures, which is the major input to the program. 
Some strands are not identified, particularly where 
they are distorted. 
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10 10 30 40 so 

2aza a i ~ D a t l Z S i d - - -  - - a m ~ ~ d l k e M v V ~ k i C k q F ~ V ~ L ~ ~ v g k m a ~ s a m C  

1 aeu a v a I q C n d - -  - - - q m q F q l n ~ I t V d k s c k q F ~ V f i L ~ ~ p g n l p k n v h G  

IPCY i ~ V I L C a - - ~ ~ g i l a F v ~ s e I s l s - - - p g e k l v F ~ ~ ~ a g - ~ ~ - - - ~  

9PCY l ~ V I L C i - - g ~ g a l v F v ~ ~ e l i V p - - - ~ g e k t v F ~ ~ ~ a g - f - - - - ~  

7PCY a a i V k L C g - - ~ ~ g l l a F v p n n i t V g - - - a g e a l e F i ~ ~ a g - f - - - - ~  

1Pae e & i 5 V ~ M l f i k g a e g a f i V F e p a y i k A n - - - p g & ~ V i F i p v d - - k - - - - g  
P P P P  P P P P  P P P P P P  

FIGURE 14. Structural alignment of one family from the structural alignment 
data bank.’” The azurin/plastocyanin family were aligned with the program 
COMPARER153 and encoded by JOY117p11B to display local structural features 
(Brookhaven codes: 2aza, azurin of Alcaligenes denitrificans; 1 azu, azurin of 
Pseudomonas aeroginosa; 1 pcy, plastocyanin of Populus nigra ltaitica; Spcy, 
plastocyanin of Phaseolus vulgaris; 7pcy, plastocyanin of Enteromorpha prolifera; 
1 paz, pseudoazurin of Alcaligenes faecalis). The standard one-letter amino acid 
code is used (“C” = half-cystine; ‘I-” = a deletion) but with the following additions 
made to exhibit the similarities and differences in structural environments within the 
p r ~ t e i n s : ~ ~ ~ ~ ~ ~ ~  UPPER CASE, solvent inaccessible (i.e., L: leucine); lower case, 
solvent accessible (i.e., d: aspartic acid); Q and italic, positive phi torsion angle (i.e., 
g :  glycine); cis-peptide, breve (i.e., p: proline); hydrogen bond to another side 
chain, tilde (i.e., N: asparagine); hydrogen bond to main-chain amide, bold (i.e., e: 
glutamic acid); hydrogen bond to main-chain carbonyl, underline (i.e., d: aspartic 
acid); disulfide bond, cedilla (i.e., q: half-cystine); p: beta-strand main-chain. Num- 
bering is by position in the alignment. 

A query graph constructed for the chemotaxis 
protein Che Y consists of a five-stranded P-sheet, 
three helices on one side of the P-sheet and two 
on the other.163 Interestingly, it pointed to the 
structural similarity of Che Y to the elongation 
factor Tu (EF-Tu) of Escherichia coli (Figure 
16). An extension of this method to consider the 

maximum common subgraphlW was used to show 
that carboxypeptidase A shares structural similar- 
ity with leucine aminopeptidase. 

Grindley et al.16’ have applied the method of 
Mitchell et a1.160 to the identification of common 
structural patterns from distantly related proteins 
such as the azurins and immunoglobins and to the 
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4APE-N 
2APP-N 
2APR-N 

4APE-C 
2APP-C 
ZAPR-C 

4APE-N 
ZAPP-N 
2APR-N 

4APS-C 
2APP-C 
2 m - c  

IAPE-W 
2APP-N 
2 m - N  

IAPE-C 
ZAPP-C 
2APR-C 

IAPE-N 
2APP-N 
2hPR-N 

FIGURE 15. Alignments of the aspartic proteinase amino- and carboxyl- 
terminal domains from rnultifeaturelg (F-STR) and multiple-sequence (SEQ) 
comparisons. Asterisks indicate those positions among the structures that 
were found to be equivalent under rigid-body superposition with the program 
MNYFIT.142 Note the lack of correspondence between the structure-based 
and sequence-based alignments. Brookhaven codes: 4APE, endothiapepsin; 
PAPP, penicillopepsin; 2APR, rhizopuspepsin; amino- and carboxyl-terminal 
domains are labeled with an "N" or "C", respectively. (From Johnson, M. S., 
!hi, A., and Blundell, T. L., Methods Enzymol., 83,670, 1990. With permis- 
sion.) 

search for folds common to ubiquitin, thioredoxin, 
the heat-shock cognate protein, and chyrnotrypsin. 
The procedure works well where there are inser- 
tions and deletions, where the sequence similarity 
is low, and where there is circular permutation of 
sequence as in the lectins. Furthermore, it does 
not require structural equivalences to be defined 
prior to the comparison. 

C. Protein Relationships 

Once aligned, sequences and protein struc- 
tures can be clustered. A matrix of distances com- 
puted from alignment scores for all pairs of pro- 
teins can be used to construct trees that describe 
the relationships among them. While there is ex- 
tensive methodology for tree construction from 
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(a) Elongation factor TU (letu) 

7 
(b) Bacterial chemotaris regulator CHE-Y (2chy) 

r f  

FIGURE 16. Ca-Traces of (a) elongation factor TU (Brookhaven code: 1 etu) and (b) bacterial 
chemotaxis regulator Che Y (2chy) in similar orientations. Both these structures are doubly 
wound parallel P-sheets surrounded by a-helices. 

protein s e q ~ e n c e s , l ~ ~ J ~ ~  the clustering of protein 
3-D structures has received less attention. 
Rossmann and c o - w o r k e r ~ ~ ~ ~ J ~ ~  first constructed 
dendrograms based on structural features alone to 
describe distant phylogenetic relationships 
among the nucleotide binding proteins. Johnson 
et a1.143,144 have shown that the structural dis- 
tance metric, defined on the basis of topologi- 
cal equivalences and RMSDs between super- 
posed family members, can give useful 
dendrograms that correlate well with those de- 
rived from sequence (Figure 17). This approach 
has been extended to include additional se- 
quence and structural  feature^.^^.'^^ Because 
these features can include relationships such as 
hydrogen bonding, which are known to be con- 
served in evolution, structures, that bear little 
similarity in sequence can be compared and 
classified at statistically significant levels (Fig- 
ure 18). The correlation of sequence-based and 
structure-based phyletic trees for the same fam- 
ily of proteins has been used in the selection of 
structures in which to model an unknown.168 

111. AUTOMATED AND RULE-BASED 
APPROACHES 

In Section I, we have described how mod- 
eling using knowledge of proteins with a com- 
mon fold was applied to give accurate models 

as early as 1969 (Reference 10; for additional 
reviews see References 169, 170). However, 
for many years it was carried out manuallyll or 
using interactive computer g r a p h i ~ s . ~ ~ , ~ ~ . ~ ~ - ~ ~ , ~ ~  
To minimize the subjective manual decisions in 
different stages, automatic and rule-based pro- 
cedures have been developed that exploit knowl- 
edge of protein structures in a systematic way 
(some packages for the display, manipulation, 
and modeling of proteins are listed in Table 4). 
Such modeling techniques generally fall into 
two classes: (a) the assembly of rigid fragments 
and (b) the use of distance geometry to con- 
struct models that are in best agreement with 
distance constraints. 

A. Modeling - Fragment Based 

Many approaches depend on the assembly 
of rigid fragments from existing known struc- 
t ~ r e . ~ , ~ ~ ~ ~ J ~ ~ J ~ ~  They borrow local main-chain and 
side-chain structures from equivalent fragments 
in known structures and extrapolate these features 
to the sequence of the unknown. 

7. Databases of Fragment 
Con forma flons 

Jones and T h i r u ~ ' ~ ~  showed that a protein 
structure can be built from a combination of seg- 
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z z z o o o  
I I I I I I  

- 0  

- 0  
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- 0  * 

- 0  
ID 

0 
- 0 0  

0 
- 0  

1‘ 
SEQ 

z z z o o o  
1 1 1 1 I I  

w a l r w a l r  

U 

F-STR RB-STR 

FIGURE 17. Dendrograms derived for the amino- and carboxyl-terminal domains of the aspartic 
proteinase from multiple-sequence alignment (SEQ), multifeature structural alignment (F-STR) 
and pairwise rigid-body structural alignment (RB-STR). The proteinases are 4APE, endothiapepsin; 
2APP, penicillopepsin; 2APR, rhizopuspepsin. The amino- and carboxyl-terminal domains are 
indicated with an ”N” and “C”, respectively. (From Johnson, M. S., h l i ,  A., and Blundell, T. L., 
Methods Enzymol., 83, 670, 1990. With permission.) 

ments from other proteins. Unger et al.174 clus- 
tered six residue stretches in known protein struc- 
tures into 100 building blocks, each representing 
a family of similar structures. This database of 
hexapeptide structures can then be used to replace 
76% of all hexapeptides in known structures with 
an error of less than 1 A, and can be joined 
together to cover 99% of the residues. The model 
for a protein is constructed by melding together 
these overlapping “building blocks”. 

The similar approaches of Claessens et al.*75 
and L e ~ i t t ’ ~ ~  focus on building local pieces of 
main chain from C*-positions. For example, 
Claessens et al.17s use various local substructures 
(“spare parts”), identified from a dataset of 66 
high-resolution X-ray structures, to reproduce 
main-chain conformations successfully (RMSD 
< I  A). They also show that this approach can be 
used to model insertions and deletions. For short 
fragments, simple geometry-based criteria are 

sufficient to reproduce native conformations, but, 
for long segments, especially those with glycyl 
residues, one must also use the sequence similar- 
ity as a constraint in searching for a suitable frag- 
ment. 

Several other approaches are available to build 
a backbone based on the C*-tra~e.~~~-l*l Most 
methods generate backbone coordinates by search- 
ing for short segments in known structures with 
the best overlap of Cu-coordinates. Holm and 
Sander1**.Ig3 make explicit use of this approach in 
comparative modeling of the main chain and side 
chains when the Ca-trace of the unknown is de- 
rived on the basis of known homologues. 

2. Selectfon of Fragments to Construct 
a Framework 

The framework of a family of related struc- 
tures is defined as the structurally conserved re- 
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FIGURE 18. Comparative model building of subtilisin CarlsberglB6 using the known 
structures of (a) subtilisin BPN' (Brookhaven code: lsbt) (b) thermitase (ltec) and (c) 
proteinase K (2prk). The multiple superposition of known structuresi42 is shown in (d) and 
the structurally conserved regions (SCRs) in e. The framework that represents the mean 
or weighted mean of the SCRs is shown in f. The superposition of @-positions in the 
modeled and X-ray structure (lsbc) is shown in g; h and i correspond to the model and 
X-ray structures, respectively, with all nonhydrogen atoms displayed. (See Reference 
378 for an excellent study of subtilisin modeling.) 

gions (SCRs), which are often helices and ex- 
tended strands. In the comparative modeling ap- 
proach, COMPOSER,'42J84J85 the framework is 
identified by rigid body superposition of homo- 
logues of known structure. The topologically 
equivalent Ca-atoms are defined by a distance cut- 
off (2.5 A) and the mean of these positions consti- 
tutes the framework. For every SCR in the un- 
known, the corresponding SCR (in a known 
structure) with the greatest sequence similarity is 
superposed on the framework (Figure 18). 

The contributions of each of the homologues 
should be weighted, preferably by the square of 
sequence identity with the unknown. This results 
in more accurate models especially where the struc- 
tures of the homologues include both closely re- 

lated and distantly related proteins.'86 Figure 18 
illustrates the superposition of subtilisin BPN', 
proteinase K, and thermitase, which have been 
used in modeling subtilisin Carlsberg. Models 
derived from the weighted and unweighted selec- 
tion of frameworks show that the weighted selec- 
tion leads to more accurate models.*86 

3. Classification of Irregular Regions 

Comparisons of structures from  protein^'^^,'^^ 
reveal that whereas secondary structural elements 
tend to be well conserved, loop regions accom- 
modate most replacements, deletions, and inser- 
t i o n ~ . ' ~ ~ - ' ~  Hence, the loop regions have proven 
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TABLE 4 
Some Useful Software for the Analysis, Display, and Modeling of Biomolecules 

Contact address of 
companylperson 

BIOSYM Technologies 
9685 Scranton Road 
San Diego 

Phone 61 91456-9990 
CA 92121-3752 

Molecular Simulations, Inc. 
16 New England Executive Park 

Burlington MA 01830 
Phone (617) 229-9800 

Software 

Insight II 
Discover 

DMol 
Delphi 

Homology 
Apex9D 
Ludi 
Turbomole 
QUANTA, CHARMm 
and XPLOR 

NMR Workbench 

Oxford Molecular, Ltd 
The Magdalen Centre 
Oxford Science Park 
Sanford-on-Thames 
Oxford OX4 4GA 
Phone (0865) 784600 

2320 Marinship Way 
Sausalito CA 94965 
Phone (41 5) 332-2344 

1699 S. Hanley Road, 
Suite 303, St. Louis 
MO 63144-2913 
Phone (800) 323-2960 

Department of Molecular Biology 
Uppsala University 
Biomedical Center, Box 590, 
S-751 Uppsala, 
Sweden 

Univ. California San Francisco 
School of Pharmacology 
Dept. Pharmaceutical Chemistry 
Computer Graphics Laboratory 
San Francisco CA 94143 

European Molecular Biology 
Laboratory, Heidelberg 
Germany 

(Present) National Research Council 
of Canada 

Institute for Biological Sciences 
M54, Ottawa, 
Canada, KlAOR6 
e-mail - elmo@nrcbsa.bio.nrc.ca 

AUTODESK 

Tripos Associates 

A. Jones 

Langridge, R. 

Vriend, G. WHAT IF 

Evans, S.V. SETOR 

PROCHECK 

HyperChem 

COMPOSER (SYBYL) 
Leapfrog 
Receptor 
Unity 

FRODO, 0 

MIDAS 

STAR 
UHBD 
Polaris 
AbM 
lditis 

Remarks 

Modeling and graphics 
molecular mechanics and 
dynamics package 
quantum mechanics package 
package for analysis 
of electrostatic properties 

Comparative modeling software 
Activity prediction system 
De Novo Ligand design 
Quantum chemistry program 
Sequence searches and 
molecular modeling 
and minimization 

NMR structure 
determination 

Structure refinement of macromolecules 
Solvation free energy 
Electrostatic properties 
Modeling antibodies 
Protein structure-derived 
database and search tools 

Stereochemical quality of 
protein structures 

Software for design, visualization 
of molecular structures 

Comparative modeling package 
docking and 
drug design 

discovery 

analysis and 
modeling of proteins 

Chemical information 

Interactive graphics 

Graphics display 
of macromolecules 

Graphical interface 
for structural alignments 
of proteins 

Hardware-lig hted 
3-D display 
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particularly difficult to model accurately. How- 
ever, the accurate modeling of loops may be CN- 

cial, as they are often involved in recognition 
processes, for example, the hypervariable regions 
of immunoglobulins. 

a. Elements That Bring About Sharp Chain 
Reversal - the p-Turns 

Venkata~halam~~l showed that certain com- 
binations of backbone dihedral angles of a 
tetrapeptide give rise to a sharp reversal of the 
polypeptide chain. Such tetrapeptides, the p-turns, 
were identified by the presence of a 4+1 hydro- 
gen bond [(i + 3) N-H . . .  0 = C (i)]. Model 
calculations have revealed six types of p-turns 
(designated type I, LI, I11 and 1’, 11’, and 111’), 
which were shown to occur widely in p r ~ t e i n s . ~ ~ ~ - ~ ~  
Figure 19 shows ideal values of 9 and w at the two 
central residues for the six types of p-turns. While 

+ 180” 

the type I p-turn is most frequently observed, the 
type 11’ turn is the rarest.*9SJ96 

Lewis et al.194 relaxed the definition for p- 
turns by introducing more geometric freedom in 
the assignment of hydrogen bonds as well as in- 
troducing distance criteria for p-turn identifica- 
tion. Types I and I11 and types I’ and 111’ form very 
similar pairs and are often not distinguished in 
analyses. A reclassification of the p-turns into I, 
1’, 11, 11’, VIa, VIb, and IV by Richardson161 is 
widely followed. Wilmot and T h o r n t ~ n l ~ ~  used a 
dataset of 59 high-resolution protein structures 
and a Cq to Cy+3 distance criterion; this study led 
to the identification of the type VIII turn, which 
does not possess a stabilizing H-bond but is quite 
abundant in proteins. 

Amino acid preferences for the two central 
residues were used for protein secondary struc- 
ture prediction197 (for classic reviews see Refer- 
ences 198-201). Gly, Pro, Asn, and polar resi- 
dues have a high propensity to lie in p - t ~ r n s . l ~ ~  

-180 

-1 

I1 

+ 180“ 

FIGURE 19. The ( 4 , ~ )  values at the middle two positions of some of the common 
p-turn types in protein structures. For every turn type ‘v’ indicates the ( 4 , ~ )  values 
at the first of the two positions of the turn and the tip of the arrow represents the 
( 4 , ~ )  values at the following position. The p-turn types are indicated at each arrow. 
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Residue preferences were observed for different 
turn types in positions flanking turn forming 
residues. For example, Gly with positive 4 tor- 
sion angle is often found at position i+3 of type 
I @-turns. 

b. Short loops Connecting Secondary 
Structural Motifs - the Example 
of @P Motifs 

An analysis of the loops in a-a, a-P, P-a, and 
p-p motifs indicate that distinct patterns exist in 
these loop regi~ns.*O~-~O~ Loops in P-hairpins have 
been classified according to the number of resi- 
dues and the hydrogen bonding patterns.206 When 
equivalent hairpins in homologous proteins are 
compared, it is often found that the number of 
residues and hydrogen bonding are conserved, 

despite changes in amino acid sequence. Glycines 
are often conserved in short loops and can be used 
to distinguish particular conformations.207 How- 
ever, interconversion of p-turn types I and II is 
quite common within P-hairpins belonging to the 
same protein family. Insertions of a residue in a 
@-hairpin can disrupt the P-ladder hydrogen-bond- 
ing pattern by the presence of a P-bulge. Al- 
though the sequence patterns are not able to rec- 
ognize particular tums and hairpins in a general 
sequence search, they can be used to select be- 
tween conformations if the adjacent secondary 
structures are defined from a comparison with 
homologues. These studies provide rules that are 
useful in comparative modeling (Figure 20). 

Loop conformations are strongly dependent 
on the relative orientation of flanking elements of 
secondary structure.2o5 Using a dataset of 65 largely 

SYSTEYATC YOOCLLlNG OF 8-HAIRPINS 

ICPLACEYEWT- 

DOUBLK H-BOND SINGLE H-BOND 

2:2 

3:3 

- 
b4 

I 1  I I 

I 48  
t 

LTER)(ATWE 

FIGURE 20. A schematic classification of P-hairpin structures. Structures in horizontal lines have identical 
numbers of residues but different conformations and sequences; these are useful in modeling replacements. 
Structures in columns represent P-hairpin conformations with differing numbers of residues and these are used 
in modeling insertions and deletions. (From Sibanda, B. L., Blundell, T. L., and Thornton, J. M., J. Mol. Biol., 
206, 759, 1989. With permission.) 
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nonhomologous proteins, it has been shown that 
similar L-shaped pp-motifs are present in several 
unrelated proteins. For short L-loop structures 
with 5: 5 residues, type I1 and type VIII P-turns are 
frequently found.208 

c. Features of Other Loops 

Several g r o ~ p s l 6 1 ~ ’ 8 ~ ~ 2 ~ ~ ~ ~ ~ ~ ~ ~ 1 3  suggest that 
characteristic conformations are observed for each 
class of loop. A systematic analysis of backbone 
conformational characteristics in loops from 15 
protein crystal structures has shown that irregular 
substructures are combinations of small standard 
structures, with sequence patterns that are charac- 
teristic of the conformation and the relative dis- 
position of the strands and helices. For example, 
a three-residue linker connecting two contiguous 
helices whose conformation is aLPP results in an 
arrangement of two helices at right angles to each 

Loops between 6 and 16 residues long and a 
short distance between the segment termini 
( 4 0  A) have been analyzed by Lezczynski and 
Rose. lg8  “Q” loops are compact substructures, 
which are often present at the molecular surface 
and probably act as independent folding units. 
R-Shaped loops from various proteins were ex- 
amined for regularities in residue composition, 
size and shape, compactness, accessibility, and 
their role in protein taxonomy. 

Ring et al.213 have adopted a different ap- 
proach to the classification of loops in proteins in 
order to identify common patterns. A morpho- 
logical definition of loops based on virtual torsion 
angles joining four consecutive Ca-atoms is uti- 
lized. From a dataset of 67 high-resolution, largely 
nonhomologous protein structures, 432 loops 
(4 to 20 residues in length) were identified. Of 
these, 205 loops were classified as linear, 133 as 
non-linear but planar, 86 as non-linear and non- 
planar, and 8 were designated compound loops. 
Loops are characterized by virtual torsion angles 
computed over tetrapeptide segments. Every tetra- 
peptide is designated a one-letter alphabet that 
represents the structural descriptors. Thus, a loop 
of i residues is converted into a one-dimensional 
string of alphabets i-3 long. This kind of 

classification has led to the establishment of con- 
sensus structures of functionally important loops 
as the calcium-binding EF-hands and the phos- 
phate-binding p-loops. However, the most sig- 
nificant point that has emerged from this study is 
that most loops appear to be linear or flat. 

By means of a comparative study of immu- 
noglobulin structures and sequences, Chothia 
and Lesk215 show that only a small fraction of 
possible main-chain conformations is adopted 
by the hypervariable loops. Based on the known 
structures, some of the hypervariable loops were 
modeled.216 Using the criterion that certain key 
residues are important in determining the con- 
formation, they predict that about 90% of the 
hypervariable regions in V, domains and about 
70% of the H1 and H2 regions in V, domains 
have a structure very similar to the variable 
heavy domains for which crystal structures are 
available. 

d. Uncommon Structures 

Classically, all segments in proteins except 
a-helices and P-strands were considered to be 
irregular. However, other regular repeating struc- 
tures do occur in proteins. Examples include 3,, 
helices (for a recent paper see Reference 217), the 
n-helix (a short stretch in catalase218), left-handed 
a-helices (found in thermoly~in~~~),  and the E- 
helix (found in a-chymotrypsinZz0). 

The recently determined crystal structure of 
pectase lyase C by Yoder et a1.221 reveals a new 
motif, three parallel P-strands coiled into a larger 
helix, the parallel P-helix. The P-helix is charac- 
terized by a pitch of 0.22 8, with 22 residues per 
turn. CohenZz2 comments that the spiral is right- 
handed and runs through such that the ith carbo- 
nyl oxygen is hydrogen-bonded to the i + 22nd 
amide hydrogen, while the interior is packed by 
the side chains of asparagines, serines, and sev- 
eral aliphatic hydrophobic residues. 

Blundell et al.223 identified a nine-residue 
polyproline helix with mean (9,~) values around 
(-70, 138), in the crystal structure of avian pan- 
creatic polypeptide. During the study of protein 
conformations based on virtual parameters cen- 
tered around the Ca-atoms,2z4~225 it was noted that 
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a single helix of the collagen type exists in the 
bacteriochlorophyll protein at residues 277-284; 
other examples included the short segments in 
BPTI and in cytochrome c551. An examination of 
the crystal structures of 40 globular proteins led 
to the realization that these collagen-like helical 
segments are common in proteins.226 Adzhubei 
and Sternberg227 show that although prolines are 
frequently found in these helices, polar residues 
like serine and threonine are also common and 
most polyproline helices are solvent exposed. 
These studies emphasize that the polyproline he- 
lix should be considered as a separate class of 
secondary structure in globular proteins. 

4. Searching for Linkers 

Most approaches to modeling variable regions 
involve a search for fragments of suitable length 
and end-to-end distances with a check that the 
modeled loop does not clash with the rest of the 
protein (Figure 21A).171J73J76J85 The identified 
segment is usually fitted to the anchor regions 
(the ends of the intervening regions in the model 
that are mainly the helices and strands) and subtle 
"tweaking" of single bonds are sometimes per- 
mitted to achieve the best superposition (F. 
Eisenmenger, unpublished results). The selection 
of the correct conformation can be improved by 
considering the RMS difference in the overlap 
(anchor) regions and the sequence similarity be- 
tween the identified segment and the one to be 
modeled. Candidate loops can also be ranked by 
using structural tem~1ates.l~~ The templates re- 
flect the amino acid substitutions that are compat- 
ible with the local structural environment for each 
amino acid defined in terms of main chain confor- 
mation, solvent accessibility, hydrogen bonding, 
disulfide bonding, and cis-peptide conforma- 

A retrospective analysis of COMPOSER-built 
protein models whose crystal structures are now 
available confirms that errors are greatest in the 
loops.186 The main reasons for this are that they 
are often variable in length, sequence, and confor- 
mation, even among the proteins in a given fam- 
ily, and they undergo large movements about the 
mean position in the family as they are situated at 

tions. l 17. I 19 

the molecular surface and not in a tightly packed 
hydrophobic region. The temperature factors are 
usually high and the electron density poorly de- 
fined. 

If a loop is modeled on the equivalent seg- 
ment in a homologous protein, it provides a more 
accurate structure than if it is modeled on an 
unrelated protein. If no segment of the same length 
is found in homologous proteins, a loop of slightly 
different length but similar sequence may be use- 
ful. Sibanda and ThorntonlE9 show that in ho- 
mologous proteins, b-hairpin conformations are 
often conserved for most of the loop, even if there 
are insertions and deletions (Figure 20). This 
observation is exploited in the collar extension 
approach,IE6 in which use is made of a loop from 
a homologue that differs by one or two residues at 
the most and has greater than 40% sequence iden- 
tity with the loop to be modeled. The framework 
is extended to include similar regions and the rest 
of the loop is modeled on a fragment obtained 
from a search of all known protein structures. 
This approach minimizes the error in the loop 
region. Figure 21B shows an example from a 
model of subtilisin Carlsberg, where a loop is 
constructed using the extended-collar approach 
with the equivalent region in thermitase. 

5. Side Chains - Features and 
Modeling 

The proper conformations of side chains are 
important in the packing of amino acids. In mod- 
eling side chains in homologous proteins, pre- 
ferred side-chain torsion angles, close-packing, 
covalent cross-links, hydrogen bonds, ion-pairs, 
and other electrostatic interactions must be con- 
sidered. 

a. Side Chain Torsions 

The side chain torsion angles, N-Ca-Cp- 
Cy(xl), Ca-Cp-CY-Cs (x2)  etc. of amino acid resi- 
dues in proteins prefer values that correspond to 
the three staggered orientations about a single 
bond, viz., + 60" (gauche minus or g-), -60" 
(gauche plus or g+) and 180" (trans or t). This has 
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A 

B 
1 sbt 

1 tec 

1 sbc 

SCR SVR SCR 

FIGURE 21. Modeling of structurally variable regions (SVRs). The two 
figures at the top demonstrate the ring-closure procedure. All possible 
distances between two sets of Ca-atoms (three in each) in the anchor region 
of the structurally conserved regions (SCRs) flanking the loop are used to 
search for possible loops from known 3-D structures (top left). Segments 
satisfying these distance restraints and with an appropriate number of resi- 
dues are screened to eliminate loops that clash with the rest of the model. 
Finally, candidate loops are ranked based on local sequence similarity with 
the unknown or by template matching’85 and according to the RMSD at the 
fitted anchor regions. The selected loop is melded in the anchor region (top 
right) and, if necessary, subtle tweaking of backbone torsion angles are 
made (F. Eisenmenger, unpublished results) in order to arrive at the best fit. 
Loops are most accurately modeled if they are selected from the correspond- 
ing segments from homologous known structures. This is fairly straightfor- 
ward if the segment has the same number of residues as the unknown. 
Where the number of residues are slightly different, the collar extension 
procedure can be used (bottom). Here, subtilisin Carlsberg, which is mod- 
eled on other members of the subtilisin family, but the loop has no exact 
equivalent in the known structures. One of the SCRs (darkly shaded) of 
thermitase (1 tee) is extended (lightly shaded) in order to model most of the 
residues in the loop of subtilisin Carlsberg. Note the sequence similarity in 
the extended regions. The final two residues of the loop are modeled based 
on a search for fragments with compatible end-to-end and anchor distances 
from a database of known 3-0 structures. This procedure is likely to result 
in more accurate loop conformation than one where the entire loop is 
modeled on an unrelated protein. 
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FIGURE 22. Distributions of x, and x2 side-chain torsion angles for three residues: (a) asparagine, (b) 
glutamine, and (c) arginine. These distributions were obtained from 61 high-resolution crystal 

been confirmed by analyses using unrelated protein 
s t r ~ c t u r e s . 2 ~ ~ ~ ~  Figure 22 shows the side chain 
torsion angle distribution for several amino acids 
obtained from examination of 61 protein struc- 
tures. Of the three values, torsion angles corre- 
sponding to t and g+ are preferred for xl, while t 
is preferred for x2. When the O-atom is trigonal 
as in Asp, Phe, Tyr, Trp, Asn, or His, preferred 
values of x2 are either +90° or -90" (Reference 
228). 

The preferred side chain torsion angle distri- 
bution depends on the secondary structure of the 

p~lypeptide.~~' An analysis of 61 proteins with 
resolution of 2 8, or better shows that the pre- 
ferred conformation of x1 for residues in an a- 
helix is t, although polar residues with short side 
chains have a preferred x1 value of g+.231 Rotamer 
libraries lo* have been constructed to indicate the 
preferred side chain torsions for all the amino 

while Tuffery et al.232 derive an expanded 
set of rotamers using dynamic cluster analysis. 
More recently, a rotamer library derived from 132 
known structures has been used to correlate ( 0 , ~ )  
values with side-chain torsion angle probabili- 
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ties.233 Well-defined rules for side-chain building 
have been derivedlB4 that depend on the main- 
chain torsion angles and the side-chain orienta- 
tion in the known homologues. 

It has been shown that for a given protein 
crystal structure, the “pooled standard deviation 
of x,”, which is a measure of the deviation of the 
observed x, from ideality, decreases dramatically 
as the resolution of the crystal structure impr0ves.5~ 
The calculation of this parameter has been 
incorporated into the program PROCHECK.54 
Schrauber et al.234 reinvestigated a library of side- 
chain rotamers by analyzing side-chain confor- 
mations in light of the accuracy of the crystal 
structures. They find that 70 to 95% of various 
amino acids have side-chain conformations within 
k20” of preferred values and the deviation de- 
creases in more accurate structures. Eisenmenger 
et al.235 suggest discrete or limited searches of 
side-chain conformational space, combined with 
energy minimization. 

b. Volume Effects and Packing 

In the interior of a protein, the side-chain 
atoms of various amino acids are packed effi- 
ciently with a small void volume (a measure of 
the unoccupied space in the interior of proteins). 
Various analyses have been made to derive rules 
for efficient packing, and this knowledge can be 

extended to protein structure prediction and mod- 
eling. Several rules for side-chain-side-chain rec- 
ognition have been derived.23G242 For example, 
aromatic side chains prefer to pack in a geometry 
where electronegative atoms are close to the edge 
of the rings.238 

An algorithm to identify dense clusters of 
side-chain atoms in proteins243 finds that clusters 
with 3 or 4 residues are localized on the surface 
rather than in the interior, and more than half of 
the clusters involve residue pairs with oppositely 
charged atoms within 4.5 A of each other. This 
method, which has been applied to a dataset of 
157 proteins falling into the three groups (all-a, 
a@ and all-P proteins, shows that most dense 
clusters are located at the end of helices and strands 
in all-a and proteins); the all-P proteins were 
found to have dense clusters along the middle 
portion of extended strands. 

A side-chain rotamer library has been used to 
explore optimal packing of amino acid side-chain 
clusters in globular proteins.108.244 This can be 
used to identify all possible sequences compatible 
with a tertiary template. Side-chain conforma- 
tions can be predicted using simulated annealing 
to optimize packing;24s this approach to energy 
minimization has been used to position core resi- 
dues in variants of h-repressor and to provide an 
energy-based view of the stability and activity of 
mutants.N6 
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c. Electrostatic Interactions 

While hydrophobic forces play a dominant 
role in protein folding, electrostatic interactions 
have been recognized to be quite important in 
the packing of side-chain atoms.236,24L,247,248 Baker 
and H ~ b b a r d ~ ~ ~  and Stickle et al.250 have derived 
statistical information on preferred patterns of 
hydrogen bonding useful in modeling. They show 
that hydrogen bonds are often formed between 
near-neighbors along the amino acid sequence, 
except for salt bridges and side-chain-main-chain 
hydrogen bonds that are clustered in helix-cap- 
ping residues. Barlow and T h o r n t ~ n ~ ~ ~  and Rashin 
and HonigZ5* show that interatomic distances be- 
tween Ca-atoms of residues involved in salt 
bridges are usually less than 4 A apart. 

A survey of solvent interactions in 16 high- 
resolution, nonhomologous proteins by Thanki 
et al.252 showed that solvent side-chain interac- 
tions were not random. They find that the pro- 
portion of residues whose side-chain atoms are 
interacting with water is inversely proportional 
to the hydrophobicity of the amino acid. 

d. Covalent Cross-Links 

Most disulfide bonds in proteins are inac- 
cessible to the solvent. Cystines have specific 
stereochemical preferences at the bridge torsions 
and small inter-Cys C‘-Ca and CP-CP distances, 
which are generally smaller than 6 8, and 4.5 A, 
respectively.253 The torsion angle about the S - S  
bond (x,,) has a strong preference for -90’ and 
+90° and x, and xz prefer to be in one of the 
three staggered conformations. The bridge con- 
formation corresponds to xss of -90’ and the xl 
and x2 values of -60’ ( g + )  is often preferred and 
is known as “a left-handed seven 
other distinct less populated families also ex- 
ist.*SS 

e. Modeling Side Chains 

An exhaustive search of all combinations of 
side-chain rotamers is computationally expen- 
sive and methods have been proposed to limit 

the conformational search.L08,245 Holm and 
SandeP3 use simulated annealing with a Monte 
Carlo algorithm to rapidly sample the rotamer 
library and optimize packing. They predict the 
correct x1 values in 8 I % of the cases when com- 
pared with high-resolution crystal structures. 
Success falls with the decreasing accuracy of 
backbone coordinates, as reflected by the resolu- 
tion of the crystal structure. However, if the 
backbone is modeled on an accurate homolo- 
gous structure, 70% of the x, values are pre- 
dicted correctly if the unknown has high se- 
quence similarity with the template. Desmet et 
al.256 propose a “dead-end elimination theorem” 
for identifying and eliminating incompatible 
rotamers with respect to the given backbone and 
the surrounding side chains. This approach can 
dramatically reduce the number of conforma- 
tions to be searched. 

Abagyan and A r g o ~ ~ ~ ~  have performed con- 
formational searches of side-chain torsions in 
enkephalins using the Monte Carlo procedure 
combined with energy minimization. They find 
that the Monte Carlo selection of random dihe- 
dral angles accompanied by energy minimiza- 
tion at a constant temperature performs better 
than simulated annealing. They also find that 
searches around preferred torsion angles did not 
improve the search. 

Schiffer et al.258 use energetics to identify 
the correct side-chain conformation in compara- 
tive modeling. The initial orientations of side 
chains are obtained from a homologue. The sol- 
vation energy term was found to be essential in 
predicting the structure of surface residues, 
whereas a simpler molecular mechanics calcula- 
tion is sufficient to correctly model those in the 
core. Eleven of the solvent inaccessible residues 
in trypsin were targeted as a test of their proce- 
dure. The average volume overlap error for the 
modeled residues, in comparison with the crys- 
tal structures, is 14% (+-8%) and this is not sig- 
nificantly different from the average volume 
overlap error (13% k 10%) for the entire protein. 
Tests with seven solvent-accessible residues in- 
dicate that low energy conformations may not 
always correspond to those seen in the crystal 
structure in cases where the residues are associ- 
ated with ordered water molecules. 
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Wilson et al.259 describe a similar approach 
using “energetics” as a tool to position side chains 
in comparative modeling. They use a library of 
rotamers and allow an average of 5 to 6 different 
conformations per residue. In their modeling of 
the a-lytic protease, correct prediction could be 
obtained for 90% of the side chains. By testing 
with several pairs of homologous proteins, they 
show that accuracy in side-chain orientation is 
not extremely sensitive to the correct backbone 
conformation. The RMSD of predicted positions 
of side-chain atoms rises from 1.31 A in a test 
case with the correct backbone to 2.68 8, in a test 
case with ~ 3 5 %  sequence similarity. 

Dunbrack and K a r p l ~ s ~ ~ ~  utilize a minimiza- 
tion routine that orients a side chain by consider- 
ing the correlation with backbone torsion angles 
and packing with other side chains. Their proce- 
dure predicted 8 1 % of the side-chain torsion angles 
correctly in crambin and 61 % in lysozyme. But 
they do point out that results for a single protein 
do not test a prediction scheme! 

In contrast to the Monte Car10 search tech- 
niques that attempt to perform simultaneous side- 
chain prediction, the method of Eisenmenger et 
al.235 considers the side-chain conformation based 
solely on the interactions of side-chain atoms with 
those of the backbone. The RMSD for side-chain 
atoms from six protein models lies in the range of 
1.0 8, to 2.1 when compared with their crystal 
structures. 

In COMPOSER, the side chains are modeled 
depending on the orientation of side chains in the 
equivalent positions in the known homologues or 
based on a large number of rules derived for their 
preferred conformations in various secondary 
structures.184 A side chain in the model is oriented 
in a similar way to that in an equivalent position 
of the known structural homologue, so long as 
conserved features are observed (Figure 23). In 
cases where the side-chain orientation is not con- 
served in a topologically equivalent position in 
the known homologues, then the knowledge de- 
rived from a general analysis on side chain con- 
formation in helices and sheets is ~ s e d . ~ ~ ~ , ~ ~ ~  It is 
emphasized that the building of side chains within 
COMPOSER is to provide their initial orienta- 
tions. Other techniques, including energy mini- 
mization and localized molecular dynamics, can 
then be applied to the model. 

B. Modeling - Restraint Based 

Relatively less attention has been given to 
modeling procedures using distance restraints 
(Figure 24)? Have1 and Snowzm perform multiple 
sequence alignment of homologues of the un- 
known structure and derive distance and chirality 
restraints based on alignments with the homo- 
logue(s) of known structure, referred to here as 
the template. This is analogous to the derivation 
of interproton distances from nuclear Overhauser 
effects (NOES) in multidimensional NMR ex- 
periments. Distance geometry procedures 
(DISGEO) are used to derive an ensemble of 
structures compatible with input restraints. Their 
model of the silver pheasant ovomucoid third 
domain has a RMSD of 0.78 8, (for Ca-atoms) 
with the template structure of the Japanese quail 
ovomucoid third domain (JQOM3) from which 
it was built. The RMSD between the model and 
its corresponding experimental structure 
(SPOM3) was 2.36 8, over the Ca-atoms and 
2.60 8, for the backbone atoms. This difference 
is comparable to that between the experimental 
structures of SPOM3 and JQOM3, which is 
2.28 8, for the Ca-atoms. Thus, the method has 
produced a model that is very close to the tem- 
plate structure rather than the actual structure of 
SPOM3. Most errors originated in the amino- 
terminal segment; if this segment is ignored, the 
RMSD is 1.1 A, which is smaller than the struc- 
tural difference between X-ray structures of 
SPOM3 and JQOM3.260 

Srinivasan et a1.261 also derive distance re- 
straints from homologous structures but use re- 
straints from steric contacts and the globular di- 
mensions of the template structure from which 
the model will be built. Optimal packing of side 
chains in the core is tested. For a model of the a- 
chain of horse hemoglobin, based on the a-chain 
of human hemoglobin, which has 84% sequence 
identity, the RMSD between all atoms in crystal 
and modeled structures was 1.0 A. 

who has developed a method for 
modeling a-helical proteins, first predicts the 
positions of helices based on multiple-sequence 
alignments. All packing arrangements of a-heli- 
ce!P3 are generated and are assessed for both 
general and specific structural rules, involving 
distance and motif restraints. Application of this 
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A 

C 

FIGURE 23. Side-chain modeling in COMPOSER. (A) Topologi- 
cally equivalent side chains, Trp-113 of subtilisin BPN' (lsbt), Phe- 
113 of proteinase K (2prk), and Tyr-121 of thermitase (ltec) are 
shown superposed (left) and the superposition of modeled (thin 
lines) and X-ray (thick lines) conformations of Trp-112 in the equiva- 
lent position of subtilisin Carlsberg (lsbc) is shown (right); B similar 
to A for Trp-104 of lsbt, Tyr-104 of 2prk, and Trp-112 of ltec (left) 
and Tyr-103 of lsbc, modeled and crystal orientation (right). Note 
that the accuracy in the side-chain modeling is better where the 
side-chain orientations are conserved in the structures used to build 
the model. (C) Illustration of how a side chain is substituted. In this 
example, His-82 of myoglobin is being built. The two plots on the 
left show His in the most probable conformation and the Met from 
which it is being built. The middle plot shows Cb, 0, and Cs* of 
His are least squares fitted to the 0, 0, and Sb2 of Met with 
weights of 1.0, 1,0, and 0.01, respectively. This ensures that the 
plane of His and the Ca and 0 positions of His are defined. The plot 
on the right shows that the 9 and CL of Met are discarded to leave 
the modeled His residue. (C, from Sutcliffe, M. J., Hayes, F. R. F., 
and Blundell, T. L., Protein fng., 1, 385, 1987. With permission.) 
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FIGURE 24. Stepwise generation of a model of endothiapepsin using information from several homologous 
aspartate proteinases and from protein structures in general and expressed as distance constraints on atomic 
positions. (a) The initial extended main chain (Ca-trace), (b) local constraints are considered first, c and d are 
intermediate structures that arise as global constraints are applied and e is the final model compared with its crystal 
structure. (From h i ,  A. et al., Trends Biochem. Sci., 15, 235, 1990. With permission.) 

method to myoglobin and parvalbumin ranked 
the native folds within the top 4% of the struc- 
tures generated. Incorporation of protein-spe- 
cific restrictions like haem-binding in myoglo- 
bin and the E-F hand arrangement in parvalbumin 
selected the native fold as one of two possibili- 
ties. An extension of this procedure to non-a- 
helical structures has been made in modeling 
the nucleotide binding domain of the cyto- 
chrome b245 P-chain (W. R. Taylor, D. T. 
Jones, and A. W. Segal, personal communi- 
cation). Taylor2" has also developed a method 
for constructing a 3-D model starting from an 
idealized fold. This method estimates and scales 
the pairwise residue distances based on multiple 

sequence alignments and conserved hydropho- 
bicity. The scaled distances are found to be com- 
patible with the native forms and are used to 
pack the hydrophobic core and build a rough 
fold based on abstract representations of protein 
architecture. 

b l i  and c o - w ~ r k e r s ~ ~ ~ ~ ~  describe a compara- 
tive modeling procedure that arrives at a 3-D 
model by optimally satisfying restraints extrapo- 
lated from homologous 3-D structures to the se- 
quence to be modeled. These restraints are ex- 
pressed as probability density functions (pdfs) for 
the features to be restrained (Figure 24). For ex- 
ample, the probabilities for main-chain confor- 
mation of an equivalent residue in a related 
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protein are expressed as a function of the local 
similarity between the two sequences. Several 
such pdfs are obtained from the correlations be- 
tween structural features in 17 families of ho- 
mologous proteins that have been aligned on the 
basis of their 3-D structures. The pdfs restrain Ca- 
Ca distances, main-chain N-0 distances, and main- 
chain and side-chain dihedral angles. A smooth- 
ing procedure (adapted from Sippl*Og) is used in 
the derivation of these relationships to minimize 
the problem of a sparse database. The 3-D model 
of a protein is obtained by optimization of the 
molecular pdf such that the model violates the 
input restraints as little as possible. The molecular 
pdf is derived as a combination of pdfs restraining 
individual spatial features of the whole molecule. 
The optimization procedure is a variable target 
function method that applies the conjugate gradi- 
ents algorithm to positions of all nonhydrogen 
atoms. The method is automated and is illustrated 
by (1) the model of a domain of end~thiapepsin~ 
constructed on the basis of other aspartate pro- 
teinase domains (Figure 24), and (2) the modeling 
of trypsin on elastase and tonin that have about 
40% sequence identity with trypsin. In the first 
case, the RMSD with the crystal structure was 
0.76 A, although only Ca-Ca restraints were used. 
In the second example, the best of 11 very similar 
models has an RMSD of 0.7 8, for 195 topologi- 
cally equivalent Ca-atoms, with the crystal struc- 
ture. 

Other methods based on the satisfaction of 
distance constraints resemble the methods de- 
scribed above, although they have not been ap- 
plied in the context of comparative modeling. For 
example, Saitoh et a1.,% predict two-dimensional 
distance diagonal plots based on the Ooi number 
predicted from the amino acid sequence.267 The 
Ooi number at any given residue is the number of 
Ca-atoms in a sphere of 14 8, radius and whose 
center is at the Ca-atom of interest.268 Once the 
2-D distance plot is constructed, the three-di- 
mensional structure is modeled on the constraints 
incorporated from the two-dimensional distance 
plot. Applicability of this procedure could be im- 
proved by incorporation of knowledge from ho- 
mologues of known tertiary structure. 

Sowdhamini et al.269 have built stereo- 
chemically acceptable 3-D models for small 

disulfide-rich systems like conotoxin. A large num- 
ber of random conformations is generated that are 
then used for screening. This method exploits a 
database of conformations from disulfide-contain- 
ing segments together with segments in proteins 
of known 3-D structure that can accommodate a 
disulfide bridge.253 The multiple conformations 
obtained, for example, in the enterotoxins and 
conotoxins, undoubtedly arise through paucity of 
restraints, but they may also reflect the conforma- 
tional heterogeneity that characterizes these small 
proteins in solution. 

Fujiyoshi-Yoneda et al.”* apply molecular 
dynamics simulations on distance constraints de- 
rived from the homologue of known 3-D struc- 
ture. Secondary and tertiary folds start from a 
fully extended polypeptide chain. This method is 
applied to model C. atrox venom PLA, on bovine 
pancreatic PLA, and to model trypsin on the basis 
of elastase. Bohr et al.271 derive distance con- 
straints for the main-chain backbone by training a 
neural network on the basis of a functionally simi- 
lar protein of known 3-D structure. The binary 
distances between the Ca-atoms (a value of 0 
when the distance is less than the threshold, I 
otherwise) are predicted by the trained neural 
network and these are utilized to generate the 
protein backbone using minimization methods; 
the predicted and X-ray structures of BPTI have 
a RMSD of 1.2 8, for Ca-atoms. The model of 
trypsin has a large error of 3 A, which the authors 
attribute to errors in the loops. Friedrichs et al.272 
propose a method for tertiary structure modeling 
based on the construction of an associative memory 
Hamiltonian, which incorporates the knowledge 
base of amino acid sequences and Ca-traces of 
proteins of known structure. The Hamiltonian is 
then used by a molecular dynamics routine with 
simulated annealing to recall the structure of a 
protein from the memory database. The applica- 
tion to the comparative modeling of cytochromes 
results in errors larger than expected compared 
with the crystal structure, for example, for meth- 
ods that use the assembly of rigid fragments. 

The method by Brocklehurst and Perham273 
also derives restraints from known homologous 
structures. The structures are aligned on the basis 
of structural features like main-chain conforma- 
tion, hydrogen bonds, and secondary structural 
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features. They primarily use restraints that are 
directly related to the stabilization of the folded 
state, namely, main-chain-main-chain hydrogen 
bonds and interactions between non-polar groups. 
In view of minimal set of restraints, this method 
can result in fairly accurate models particularly if 
the template structures cluster around the target 
structure. Three-dimensional models of the 
biotinylated domain from the pyruvate carboxy- 
lase of yeast and the lipoylated H-protein from 
the glycine cleavage system of pea leaf were 
constructed using this method, on the basis of 
the known structures of two lipoylated domains 
of 2-0x0 acid dehydrogenase multienzyme com- 
plexes. The RMSD between the known structures 
is 2.5 A. The RMSD between the one of the 
unknowns (H-protein) and the two knowns are 
1.9 and 2.9 A, and those between the biotinylated- 
domain model and the knowns are 1.7 and 1.4 A. 

C. Modeling Integral Membrane Proteins 

Comparative modeling strategies have also 
been applied to the modeling of transmembrane 
proteins. Structure prediction in this class of pro- 
teins is hampered by the limited number of known 
structures. However, several attempts have been 
made to model integral membrane proteins by 
exploiting the major constraint that these proteins 
are two-dimensional and mostly helical. 

The problem has been further simplified by 
first identifying the sequence corresponding to 
the helices. For example, the transmembrane he- 
lices have been identified using six different sec- 
ondary structure prediction m e t h 0 d s . 2 ~ ~ ~ ~ ~ ~  The 
validity of this approach was first tested on 
bacteriorhodopsin followed by the carboxyl-ter- 
minal domain of rhodopsin. Two transmembrane 
helices were identified in the rhodopsin domain, 
and this method was found to be particularly sen- 
sitive in identifying breaks and distortions in he- 
lices. Bovine rhodopsin was also modeled after 
combining results from secondary structure pre- 
diction together with data on chemical and enzy- 
matic  modification^.^^^ 

Because of the interactions of residues from 
integral membrane proteins with the bilayer, there 
exists a pattern arising from interaction of vari- 

able hydrophobic residues with the bilayer. Hence, 
helices may be identified either by the periodicity 
in occurrence of hydrophobic residues (as in Ref- 
erences 277-280) or by the periodicity of con- 
served and variable residues (as in References 
281-283). Of the two, the pattern of buried and 
exposed residues has been found to be weak when 
compared with globular proteins and hence less 
reliable in the exact identification of helices282 In 
the structure prediction of the C5a recept0r,2*~ a 
member of the rhodopsin superfamily, positioning 
of the helices was determined by considering 
various factors, including Cys pairing, inter- 
digitation of helices, and aromatic cluster forma- 
tion. 

In order to identify residues in the lipid face 
and to establish the topology of helices, chemical 
probes were employed in the modeling of ovine 
r h o d o p ~ i n . ~ ~ ~  In addition, site-directed mutagen- 
esis techniques have been used to identify ligand- 
binding sites. 286 Deletion mutants of the hamster 
P,-adrenergic receptor were able to show that the 
hydrophobic core was found to be involved in 
ligand-binding, while most of the hydrophilic resi- 
dues were not directly involved. With the avail- 
ability of the bacteriorhodopsin structure derived 
from cryoelectron microscopic studies,287 trans- 
membrane helix regions as well as potential lipid- 
facing residues were identified based on the as- 
sumption that the core of the transmembrane 
helix-bundle is roughly the same in all of these 
proteins. 

A suite of programs, PERSCAN, has been 
developed in order to identify potential helical 
regions, their buried and exposed faces, and also 
to predict the polar interface at the borders of the 
lipid bilayer (Figure 25).283,288 PERSCAN can base 
its analysis on the differences in amino acid sub- 
stitutions seen for lipid- and water-soluble pro- 
teins. Amino acid substitutions were tabulated (a 
20-by-20 matrix containing 3853 amino acid re- 
placements) based on the known structures of the 
two homologous photo-reaction centers and align- 
ments with several sequences.288 A difference 
probability matrix was then constructed by com- 
paring this matrix with one obtained from water- 
soluble proteins. This matrix indicates that the 
lipid accessible residues are less conserved than 
the inaccessible residues of the water-soluble in- 
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A br NIETLLFMVLDVSAKVGFGLILLR 
sr AGVALTYVFLDVLAKVPYVYFFYA 
hr GVTSWAYSVLDVFAKY VFAFILLR -------_- 

C 

20 40 6 0 '  80 100 120 140 160 180 

w 

A, B and C 

W 

FIGURE 25. Fourier transform analysis of bacteriorhodopsin. A: alignment of helix 7 from bacteriorhodopsin (br) 
with the equivalent regions in halorhodopsin (hr) and sensory rhodopsin (sr). The dashed line indicates the optimal 
window (range = 7-12 residues) that produced the optimal value for the prediction. B: optimal power spectrum 
showing a peak (periodicity in amino acid patterns) about 11 0" (a helix). C: helical wheel plot of vectors that indicate 
the inside face of the proposed helix. D: helical wheel showing amino acids and the vector indicating the helix internal 
face. E: vertical representation of the helical wheel with the amino-terminal at the top; horizontal lines to the right 
indicate buried residues and lines to the left exposed ones. Residues within the optimal window are indicated with 
solid lines. (From Donnelly, D. et al., Protein Sci., 2, 55, 1993. With permission.) 

tenors. PERSCAN has been tested by the 3-D 
modeling of bacteriorhodopsin and subsequent 
comparison with the structure (Figure 25). 
PERSCAN has also been applied to the modeling 
of the p2-adrenergic receptor (Figure 26), which 
belongs to a family of membrane spanning proteins 
that includes the a- and P-adrenergic receptors. 

A three-dimensional model of the photosys- 
tem I1 reaction center of pea has been made using 

COMPOSER.289 The two crystal structures of the 
photosynthetic reaction centers from bacterial 
sources (R. viridis and R. sphaeroides) have been 
used as structural templates for this study. Align- 
ment of the pea sequences with the bacterial ones 
were made using the environment-dependent sub- 
stitution tables,8O which improves the quality of 
the alignment. The core proteins D1 and D2, in- 
cluding co-factors, have been modeled. 
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Cronet et al.290 have modeled the transmem- 
brane region of the P,-adrenergic receptor based 
on the structure of bacteriorhodopsin by employ- 
ing a strategy that combines experimental evi- 
dence and the theoretical analysis of structural 
features. A statistical derivation of environmental 
preferences of the various amino acids was ob- 
tained by an analysis of the structure of 
bacteriorhodopsin and the sequences of its homo- 
logues. Compatibility of the P-adrenergic recep- 
tor sequence on the bacteriorhodopsin template 
was assessed by threading the new sequence on 
the template and scoring every residue position. 
The alignment with the best score was then cho- 
sen for modeling. This method is general and can 
be applied to other seven-transmembrane systems 
similar to bacteriorhodopsin. 

The G-protein coupled receptors have very 
low apparent sequence similarity with bacterio- 
rhodopsin. Pardo et al.291 have demonstrated that 
by ignoring the sequential order of the seven he- 
lices, it was possible to obtain a somewhat better 
alignment. The conserved proline residues in 
bacteriorhodopsin were aligned properly in this 

6 

and E 

manner. Indeed, the sequence identity now in- 
creases to about 30%. 

In the case of P-strand-rich membrane pro- 
teins like porin, model building from the avail- 
able data on secondary structural content has been 
performed prior to the availability of an X-ray 
structure. This includes a comparative study of 
the secondary structures of three related outer- 
membrane proteins: porin, maltoporin, and OmpA. 
Data obtained from spectroscopic measurements 
have been combined with the search for patterns 
of amphipathic strands in the three protein se- 
quences in order to derive models for the folding 
of these proteins within the membrane.292 

IV. METHODS FOR EVALUATION OF A 
MODEL 

Evaluation of the three-dimensional model is 
an essential step that can be performed at differ- 
ent levels of structural organization, namely, to 
identify (1) the correctness of the overall fold, (2) 
detect errors over more localized regions, and (3) 
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Model of human m-adrenergic recptor 

(a) Side view (b) Top view 

FIGURE 26. Model of the P,-adrenergic receptor modeled on the basis of the prediction of transmembrane 
helices using PERSCANZEE and the projection map of rh~dopsin.~” The lipid bilayer is perpendicular to the view 
in a; b, top view. (From D. Donnelly, J. B. C. Findlay, A. M. MacLeod, and T. L. Blundell, unpub’lished results.) 

check stereochemical parameters like bond 
lengths, bond angles, and hydrogen-bond geom- 
etry. 

Assessment of the compatibility of a sequence 
to a given fold is a challenging taskFg3 particu- 
larly if the model is built by a procedure that does 
not make use of homologous structures. Several 
attempts have been made to identify structural 
descriptors that discriminate between incorrectly 
and correctly folded structures. Novotny et al.294 
constructed incorrect models deliberately; they 
built the sequence of hemerythrin, which is pre- 
dominantly a-helical, on to a domain of immuno- 
globulin, which is predominantly P-sheet and vice 
versa (as shown using an alternative procedure in 
Figure 27). After energy minimization, they com- 
pared these incorrect models with native protein 
folds and found that the side chains could be 
readily accommodated into the incorrect folds. 
However, they found that with the incorrect folds 
more non-polar groups were exposed to the sur- 
roundings and more polar side chains were buried 
within the core than expected from experimen- 
tally defined protein structures.295 If these solvent 

effects are not taken into consideration, the em- 
pirical energy difference between the folded and 
misfolded forms is not significant. 

made an analysis of 
non-bonded contacts in known protein struc- 
tures for nearest neighbor preferences. They 
found that hydrophobic residues make twice as 
many contacts with themselves as one would 
expect on a random basis. This was confirmed 
by comparison of this feature among native 
protein folds and incorrect computer-generated 
folds. Novotny et al.297 reinvestigated their origi- 
nal “incorrect” models based on hemerythrin 
and immunoglobulin, using a conformation sam- 
pling program (CONGEN) to model side chains. 
They found that several features could help 
distinguish between correct and incorrect folds: 
(1) non-polar side-chains exposed to the sol- 
vent, (2) buried ionizable groups, and (3) em- 
pirical free-energy functions that incorporate 
solvent effects. 

Baumann et al.298 analyzed 128 3-D struc- 
tures and compared the distributions of non-polar 
and polar residues found in their analyses with 

Bryant and 
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those in some “designed” proteins. They identi- 
fied three of the putative folds to be incorrectly 
designed on the basis of the unusual distribution 
of non-polar and polar side chains in the buried 
core and the solvent accessible surface. 

Hendlich et a1.Il3 have used potentials of mean 
force derived for interactions between @atoms 
in 3-D structureslog to calculate the conforma- 
tional energy of different folds of a given amino 
acid sequence. Their procedure can identify na- 
tive protein folds among a large number of incor- 
rect models, although the discrimination may not 
be satisfactory for proteins with large prosthetic 
groups or iron-sulfur clusters. A similar approach 
by Sippl and Weitckus114 detects native-like folds. 
They have tested their method by identifying 
globin folds to be compatible with globin se- 
quences. Chiche et al.299 have found a linear rela- 
tionship between the solvation free energy of fold- 
ing and protein size for known crystal structures. 
The misfolded structures were found to show a 
higher solvation free energy than predicted. This 
approach could discriminate between correctly 
folded and misfolded structures, but in some cases 
the misfolded structures have values close to the 
predicted value and hence need very careful analy- 
sis. 

Liithy et aL3O0 extend the work of Bowie 
et a1.116 for generating 3-D profiles and developed 
a method to assess 3-D models. The compatibility 
of a sequence to a 3-D fold is tested by calculating 
scores for the association of a residue with its 
structural environment (solvent accessibility and 
local secondary structure). The incorrect models 
can be identified by examining the profile scores 
calculated over a fixed-length window moving 
along the polypeptide chain. Others have calcu- 
lated propensity tables from a database of aligned 
homologous proteins (in more than 70 fami- 
lies117J19J54) and used a greater range of local 
environments (Figure 27); this was used to assess 
a model of the dust mite allergen Der PI (N. A. 
Kalsheker, N. Srinivasan, C.J. Thorpe, J. P. 
Overington, and C. M. Topham, unpublished re- 
sults). 

If many sequences that are homologous to the 
modeled protein are available, substitution tables 
can be used to assess the model. Overington et 
al.117J19 align the sequence of the model with all 

similar proteins in a sequence data bank. The 
residue substitution pattern derived from this align- 
ment is viewed in light of the structural environ- 
ment at every residue position in the model, and 
this substitution pattern is compared with the one 
derived from the alignment of known homolo- 
gous tertiary structures. The errors in local re- 
gions in a correctly folded structure are more 
difficult to recognize.301 

Bond lengths and bond angles need to be 
precise in order to make reliable use of a protein 
model in studies of molecular recognition. Moms 
et aIs3 have analyzed the (@,v) values, peptide 
planarity, bond lengths and bond angles, hydro- 
gen-bond geometry, and side-chain conformations 
of known protein structures as a function of the 
atomic resolution. From these data they arrived at 
expected values of these parameters depending 
on the resolution (for X-ray structures) of the 3- 
D structure. For example, with a model whose 
accuracy can be compared with a typical 2 A 
resolution crystal structure, more than 80% of the 
(@,v) values are expected to lie within the al- 
lowed regions in the Ramachandran map. The 
program PROCHECK% gives graphic and quan- 
titative information about various structural fea- 
tures and assessment of the model. 

While the compatibility of a sequence to the 
modeled fold may be judged highly by each of the 
model evaluation procedures, local inaccuracies 
are difficult to identify. A positive health-check 
by one method does not imply that the model is 
fully correct, although by using many methods 
working on various different principles it may be 
possible to uncover a large number of the inaccu- 
racies in a model. It is, however, ironic that the 
final evaluation of any model can only be made 
when a structure analysis has itself been com- 
pleted. 

V. ACCURACY OF MODELS DERIVED 
FROM COMPARATIVE MODELING 

Retrospective analyses of a number of three- 
dimensional models built using COMPOSER (Fig- 
ure 28) have been reported (References 44, 186, 
301; Guruprasad and Blundell, unpublished re- 
sults). In Table 5 are shown comparisons between 
modeled structures and their corresponding crys- 
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Residue No. 
I5 

FIGURE 27. Identification of an incorrect fold. The sequence of an immunoglobulin variable 
domain, which is predominantly P-sheet (top right), is threaded onto the fold of hemerythrin, 
which is a four-helical bundle (top left). The 3-D profile scores for the correct (solid line) and 
incorrect (dotted line) folds calculated using a 21-residue moving window are shown at the 
bottom. 

tal structures (both for the framework regions and 
over all Ca-atoms),186 as well as the expected 
error in the crystal structures based on their reso- 
l ~ t i o n . ~ ~ *  As indicated by the smaller errors seen 

between the model and its X-ray structure over 
the framework region, the models resemble the 
X-ray structure of the modeled protein more than 
the X-ray structure of the closest homologue. 
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I I Amino acid sequence 

Model structurally conserved 
regions of unknown 

L 

I 
Identify homologous structures 

rn 

4 

1 

. 
Structural template + Loop selection and 

loopselection C modelling 
L 

Structural 
template 
search and 
alignment 

modelling 

4 b 

I Alignment of structures and 
sequences. Clustering and 
selection of structures lor I modelling 

Superposition of 3-D structures 
w 

FIGURE 28. A flow-chart for the comparative modeling procedure, 
COMPOSER. Various steps in COMPOSER and the tools used are 
indicated. 

The RMSD (all Ca-atoms) for superpositions 
between the modeled and X-ray structures lies in 
the range of 0.7 to 1.7 8, for most of the models. 
The errors are generally greatest in the loop re- 
gions, particularly if they are built on an unrelated 
protein, but these errors can be minimized when 
it is possible to extend the structurally conserved 
regions of one of the known homologues on the 
basis of a loop of similar sequence but different 
length (Figure 21). This has resulted in more 
accurate models for the variable regions in myoglo- 
bin,lg6 subtilisin Carlsberg186 and in cathepsin D.’03 

The error in the core region can be reduced by 
generating a framework in which contributions 
from the known homologues are weighted on the 
basis of their sequence similarity with the un- 
known.lg6 This is particularly important if the 
percentage sequence identities of the unknown 
with the known structures vary greatly. For ex- 
ample, the azurin from P .  aeruginosa was mod- 
eled on the azurin from A .  denitrificans, pseudo- 
azurin from A. faecalis, and the plastocyanins 
from Poplus Algra and E.  prolgara. The percent- 
age sequence identities of the modeled protein 
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TABLE 5 
Known Structures Built Using COMPOSER, Their Accuracy and Comparison of Their X-ray 
Structure with Homologues 

Closest homologue 
PDB code of (A) 
thr' protein 
moorled Code % seqslrn. 

5MBN 
1 MPP 
1 DTX 
2PTN 
1 BBC 
1 U T  
lAtU 
1 SBC 

2HHB 
2APR 
IAAP 
4CHA 
1 PPA 
1 Lz1 
2AzA 
2SBT 

25 
30 
36 
44 
47 
60 
62 
70 

From Srinivasan, N. and Blundell, T. L 

Homologue wlth Hornologue with 
best resolution least resolution RMSD (A) between X-ray 

str. of unknown and A 
Code Exp. error (A) Code Exp. error (A) (equivalences) 

1 ECA 
2APR 
5PTI 
BEST 
1 BP2 
1 Lz1 
1 PAZ 
2PRK 

0.18 
0.33 
0.03 
0.27 
0.29 
0.21 
0.23 
0.21 

PLHB 
IYPA 
I M P  
3RP2 
1 PP2 
1 ALC 
2AzA 
1 SET 

0.40 
0.96 
0.21 
0.36 
0.59 
0.29 
0.55 
0.59 

.I Protein Eng., 6, 501 I 1993. With permission. 

with these homologues is 62, 12, 20, and 3096, 
respectively. A model constructed from equal 
contributions from these homologues differs from 
the true structure over the framework region by 
an RMSD of 1.43 A. The error is reduced to 
0.68 8, if the homologues are weighted using the 
square of their sequence identity to the unknown. 

Frazao et a1." have analyzed a model of 
human renin constructed using the known struc- 
tures of three fungal proteinase (rhizopuspepsin, 
endothiapepsin, and penicillopepsin) and two 
mammalian enzymes (porcine pepsin and calf 
chymosin) before the crystal structures of human 
and mouse renins3@' were determined. A compan- 
son of the X-ray and modeled human renin struc- 
tures shows that the 280 Ca-atoms forming the 
framework have a RMSD of 0.84 A, which is 
smaller than the RMSD between the X-ray struc- 
ture of human renin and the structures used in the 
model building with COMPOSER. Some of the 
errors, for example, from the flap that covers the 
active site, arise from the fact that the model was 
constructed on the basis of the unliganded forms 
of pepsin and chymosin, while the crystal struc- 
ture of renin has a bound inhibitor. Errors in the 
relative orientation of both domains in the renin 
model are difficult to avoid in view of the rigid 
body shifts known to occur with the aspartic pro- 
t e i n a s e ~ . ~ ~ > ~ ~ *  Although the catalytic residues are 
well modeled, there are some problems in model- 
ing the specificity pockets as a result of alter- 
ations to well-defined loops in the other protein- 
ases. Other features of renin, such as the 

1.37 (138) 
1.85 (282) 
0.91 (56) 
1.52 (219) 
1.30 (118) 
0.76 (1 29) 
0.88 (123) 
0.73 (272) 

RMSD (A) between the 
model and X-ray str. 

(equivalences) 

Framework Whole chain 

0.83 (107) 0.99 (146) 
1.71 (282) 3.47 (354) 
0.72 (54) 0.85 (56) 
0.84 (177) 1.15 (223) 
1.10 (94) 1.56 (124) 
0.65 (115) 0.73 (129) 
0.68 (50) 0.90 (126) 
0.67 (213) 1.07 (274) 

conformation of a large loop containing several 
prolines including two in the cis-conformation, 
were not modeled correctly. However, an increase 
in the number of different structures for a family 
increases the accuracy of the models. For ex- 
ample, consider the modeling of cathepsin D303 in 
which a similar prolyl-rich loop was modeled on 
that of renin. Such problems, due to unique fea- 
tures in the unknown (often at loops), were also 
noted by Read et al.,27 Remington et al.,309 
Frommel et a1.,31° and Weber311 in the context of 
the comparison of the modeled and experimental 
structures of trypsin from Streptomyces griseus, 
rat mast cell protease, thermitase, and HIV pro- 
tease, respectively. In the case of the HIV pro- 
tease, the substrate binding site is modeled accu- 
rately and could be used to design inhibitors.311 

Eighteen models constructed over the years 
with the procedure COMPOSER (Figure 28) are 
shown in Figure 29. 

VI. SUMMARY COMMENTS 

Although knowledge-based modeling proce- 
dures were first developed by protein crystallog- 
raphers with an interest in homologues of the 
proteins solved in their laboratories, the wealth of 
sequences available, together with the interest in 
protein structure as a basis for design, has created 
interest in the technique in many laboratories. 
The wide availability of the molecular graphics 
workstations, with user-friendly interfaces, has 
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lb) M Is&- 

FIGURE 29. A survey of models built with COMPOSER. (a) Model of HLA-B53 built using the known structures 
of HLA-A2, HLA-Aw68, and HLA-627 (C. J. Thorpe, D. S. Moss, and P. J. Travers, unpublished results). The bound 
molecule is a malarial peptide and shown in the plane of the P-sheet; (b) lignin peroxidase Llli constructed on the 
basis of its similarity with cytochrome c peroxidase;la3l2l (c) human renin constructed using the known 
structures of rhizopuspepsin, endothiapepsin, penicillopepsin, porcine pepsin, and calf chyrnosin; (d) protein kinase 
C built using the crystal structure of cyclic-AMP dependent protein kinase (N. Srinivasan, P. Parker, and B. Bax, 
unpublished results); (e) the carbohydrate recognition domain of human E-selectin modeled on rat mannose binding 
protein;374 (f) the model of cathepsin D303 generated using the known structures of pepsin and chymosin and 
remodeled using the known structure of renin; (9) hypothetical structure of the high-molecular-weight complex of 
epidermal growth factor (EGF, dashed) with its binding protein (EGF-BP, solid).375 EGF-BP, a glandular kallikrein, 
was modeled on porcine pancreatic kallikrein and rat tonin. The two EGF chains in the complex are NMR 
s t ru~ tu res .3~~ .~~~  (h) Ig-domain of CDC4 (D. Carney, unpublished results); (i) model of one of the four kringle-domains 
in human hepatocyte growth factor (HGF) built using the three known kringle structures (L. E. Donate, N. Srinivasan, 
R. Sowdhamini, T. L. Blundell, and E. Gherardi, unpublished results); (j) serine proteinase domain of human HGF 
constructed from the structures of elastase, trypsin, and rat mast cell proteinase (L. E. Donate, N. Srinivasan, 
R. Sowdhamini, T. L. Blundell, and E. Gherardi, unpublished results); (k) the model of ps-crystallin (now designated 
ys-crystallin) generated using the coordinates of yll-crystallin and pb2-crystallin (N. Srinivasan, S. Zarina, and 
C. Slingsby, private communication); (I)  human defensin? left, representative structures generated for rabbit 
defensin NP-5 from published 2D-NMR distance constraints3B3 with the program DISGE0,3@ middle, main-chain Ca 
trace for the human model derived from the NMR structures using COMPOSER; right, all-atom model for human 
defensin; (m) Triose phosphate isomerase (N. Srinivasan, P. Balaram, and H. Balaram, unpublished results); (n) 
SH3-domain, (R. Guillory and B. Bax, unpublished results); (0) lsopropylmalate isomerase (A. May, M. S. Johnson, 
and R. Viner, unpublished results). 

further contributed to the popularity of the ap- 
proach. 

In this review we have described progress 
from a partly subjective, mainly interactive exer- 

cise carried out by experts to a more automated 
and rule-based approach, which exploits our ex- 
tensive knowledge of protein structure and inter- 
actions. We have emphasized the importance of 
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correct sequence alignment of the protein to be 
modeled and its homologues. Incorrect alignment 
is the source of the largest errors. We have also 
shown how knowledge of the structures of pro- 
teins in general can be used to assist in the con- 
struction of useful models. 

Such models have a value that is operation- 
ally defined. In some cases a model that defines 
the approximate disposition of groups relative 
to a ligand-binding site may be of value in 
suggesting a mechanism or an explanation for 
specificity. Approximate models may also be 
useful in the early stages of novel ligand de- 
sign. However, for many purposes, especially 
in drug design, a more precise model will be 
required in order to assess the likely effects of 
small changes in the chemistry of the ligand or 
the sequence of a protein. Precise models can 
now be constructed in favorable circumstances, 
most importantly the existence of homologues 
of known structure. Most proteins, of interest 
in the design of drugs, pesticides and vaccines, 
will be present in very low copy numbers in the 
organism. This means that quantities of the 
protein will be not directly available for experi- 
mental studies and that the sequence will be 
defined from cloning and sequencing the cDNA. 
This will provide a route for expression of the 
protein for crystallization or solution NMR stud- 
ies. However, there will always be a period in 
which a sequence, but not a three-dimensional 
structure, is available for a protein of interest. 
This may be several weeks, months, or even 
years for a large, flexible, or unstable protein. 
It is during this period that a model will be of 
greatest value. 

Protein models have played an important role 
in many design processes. In the design of inhibi- 
tors, for example, of HIV proteinase for AIDS 
antivirals or human renin for antihypertensives, 
models were exploited for several years before 
X-ray crystal structures of target enzyme com- 
plexes were available. For HIV proteinase the 
relationship with aspartic proteinases of known 
structure was distant, and the models were a very 
rough guide. For renin the models were quite 
precise and allowed useful elaboration of lead 
compounds. This included suggestions of cycliza- 
tion to decrease flexibility, of decreases in size to 

improve oral availability, of removal of peptide 
bonds to decrease proteolysis, of addition of groups 
to improve lipid solubility, and of modification of 
groups to improve the specificity of ligand bind- 
ing. 

Models are also useful in protein engineering. 
They suggest sites where mutations might be in- 
troduced effectively. They have provided a guide 
to the construction of useful chimeric molecules 
where parts of one protein are grafted onto an- 
other. This has been particularly effective in the 
production of humanized antibodies or chimeric 
growth factors, for example, hybrid neurotrophic 
factors comprised of fragments of nerve growth 
factor, brain-derived neurotrophic factor (B DNF) , 
and neurotrophic factor 3 (NT3). 

The increasing interest on the part of medici- 
nal chemists, molecular biologists, pharmacolo- 
gists, plant biotechnoiogists. and many others who 
have little direct knowledge of protein structure is 
underlining the importance of procedures that use, 
in an automatic way, rules about and knowledge 
of protein structure. Such approaches are certain 
to play an important role, alongside experimental 
techniques, in protein modeling and design. 
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