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Sisyphus and prediction of protein structure

Burkhard Rost and Sean O'Donoghue

Abstract

The problem of predicting profein Structure from the
sequence remains fundamentally wnsolved despire more
than three decodes of intensive research effort. However,
new and promising methods in three-dimensional (30) 213
and 1D prediction have reopened the field. Mean-force-
polentials derived from the protein databases can distinguish
berween correct and incorrect models (3D, nierresidue
contacts {2D) can be detected by amalvsiz of correlated
multations, albeit with low accuracy. Secondary Struciure,
solvent acoessibility and tronsmembrane helices (1D} can be
predicied with significantly improved accuracy using multiple
sequence alipnmenis. Some of these new prediction methods
have proven accurate and reliable enough o be useful in
Renome shalvsis, and in experimental structure determina-
ficn. Moreover, ihe new generation of theoretical methods is
increasingly influencing experiments in molecular biology.

Introduction

In Greek mythology, Sisyphus is condemned to an sternity of
hard Yabour: his laboor is frustrating and fruitless, for just as
be is aboul w0 achieve his goal, his work is undone and be
must 5tart again from the beginning. Those who work in
protein structure prediction seens to share the same fate.

For over 20 years. there has bean an ardent search for
metheds ko predict the three-dimensional (3D structure from
the sequence. Many methods were found which initially
looked very promising, but always the hope has been dashed.
The results of the first and the second Asilormar meeting on
structure  prediction [Proreins, 23Special Issne), 1995
demonstrale clearly that the goal has nel been reached, yer,

The search has been driven by the belief that the 3D
structure of a protein is determined by jts amino acid
tequence (Anfinsen, 1973 While it is now known thar
chaperones ofien play a rile in the folding pathway, and in
correcting misfolds (Hanl ef al. 1994; Cormales and Fersh,
199¢6), it is believed that the fingl struclure ig at the free-
energy minimum, Thus. all information nésded to predict
the mative structure of a protein is contained i the amino
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acid sequence. plus a knowledge of its native sclution
ENViroment,

Currenuly, dmabases for protein sequence (Rairoch and
Apweiler, 1997) and prodein siructure (Bemnstein o gl 1977)
are expanding rapidly due to large-scale sequencing projects
(Diver ¢z al, 1992; Fleischmann #r al, 1995: Fraser ¢! ai.,
1995, Goffean er af., 1996; Johnsion e al., 1996) and
improvements in ¢xperimental determination of 30 structires
(Lattman, 1994). Can structure prediction profit from this
food of information?

Indeed, there is a fAood of licsrature on protein stroclune
prediction that is ate mpting 1o keep track with the ¢xpanding
databases. Recent comprehensive reviews uclude Rost and
Sander ( 19945) and Rost and Sander {1996); recend books on
structure prediction include Doolitke (1996) and Sternberg.
(1996). For a user-oriented, practical zpproach to structure
prediction and sequabee analysis, see Bork and Gibson
{1996). Rost and Valencis, (1998) and Rost and Schneider
(1997). In this review, we will focus mainly on recent
prediction methods designed o exploit the growing data-
beszs. We show that, unlike Sisyphus, the predictor of proiein
structure has actwally moved closer to his goal over the
years—althowigh be is still far from i moreover, the labour
has not been fruitless. We will discuss some of the prediction
methods which have proven to be accurate and reliable
enough 10 be useful in genome analy:is and in experimental
structure determination.

State of the art In protfein structure predicdon

Ab initic prediction of provein structure from sequence:
nof yet

Given only the aming acid wequence, it should be possible in
principle to predict protein structure directly from physico-
chemical principles using, for example, molecular dynamics
methods (Levitt and Warshe!, 1975). [n practice, however,
such approaches are frustrated by the enormous complexity of
the calculation (requiring many orders of magnitude more
computing time than is currently feasible) and by inaccura-
cies in the experimental determination of basic parameters
(van Gunsteren, 1993; Shortle e 2, 19963 Thus, the owst
sugcessful structure prediction 1cols are knowledge based,
using & combination of statistical theory and empirical rules.
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Bridging the sequence-siruchire gap for more than 30% of
all sequenicer

The gap between the number of known sequences (100 000,
Bairoch and Apweiler, 1997) and the number of known
structures {4000, Bernstein er al, 1977 iz widemng
ragidly, The most successfui theorelical approach to bridging
this gap is homeology modelling. Given a sequence of
unknown fold (denoted 113, if 1) has significant sequence
similarity 1o a protein of known structure (e, iF the pairwise
sequence identity is >25%), it is possible 10 coastroct an
approximate 1D model whxh has a comect fold B
ingccurste loop regions. Homology madelling effectively
raises the pumber of "known' 3D structures from 4000 o
> 15000 {(Schawider #f ol , 1997} |Figure |; and Figures 2 and
1 io Roat and Schneider (1997)]. However. most peirs of
profeins with similar structore ate remote sequénce homo-
logues with <25% pairwise sequence idencty (Rost er aif..
1996b). These remote homologues canngt wswally be
recoghized by conventional sequence alighments, but may
somerimes be mecognized by threading methods. Once a
remcte bomology is detected, remole homology modelling
ey be used to construct a 30 model. This could potentially
reduce the ssquence—structure gap by an additions] 5000-
L0 0EX) prodeins (Figure 11. Now suppose we randomly choose
a sequence U from one of the complete genome sequences
which huve recently become aveilable, what is the likelibood
that we ¢ould predict the 3D structure by homelogy
maodelling o remote bomelogy modelling? A& conservative
answer would be 10%. based on the success of sequence
alignment-based homology modelling (Figore 1), A very
optimistic estimale would be »5%, assuming all remole
homologues could be recognized (Figures | and 3).

Accurate prediction for 1D aspects of 3D seructure

If no remoite bomologue can be detected for U, we are forced
ta simplify the prediction problem. There is a pay-off from
making this simplification: uvsing the rich diversity of
information in current databases, it is possible to make very
accurate LD predictions from the sequence alone. Automalic
prediction services are readily available for secondory
suciure, solvenl accessibility, locanon and wpology for
ranemembrane helices (Roat, 1996a), and coiled-coils {Lupas,
1996).

Structure prediction for knovwn fodds

Sequence alignments

Trivial for high levels of seguence identity. Any sequence
analysis stans with database searches for homologous
proteins by sequence alignment procedurss. When pairwise
sequence identity is »25-30% (for >80 residues), alignment
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Fig. L. Scope oF iructure pradiciion, Given sny expressed prodein, how likely
can theory predict its 30 structure? Fov example, for 3% of the prodrios in
the cisment SWLSS.PROT dasabase, we can And regions for which homology
maoxdelling (Hordo) iy applicable (Schneider #7 l,, 1997), but for The fird Tour
eotirely sequenced genomen (yepu, Harsuphifs infuensar, Mycaplatma
gewitatium, Methanoe o cur janaqrehil) s is e for <10% of ail proteins
(Caane ot al., 199€), Thus, SWISS-PROT comisiay a Wiss iolpoduced. for
cxample, by Lmilations of previous sequencing technicuees {mote: PDB is
binsed to an even higher ¢ atent: for 38% ol the proteina homology modelting
is applicable), Estimating the comcribution of fold recognition (Fafe)
tachmgues. is miher tricky. Hare, we used the following procedure: 35% of
all profeins io PDR could be subject o fold recognition lechokpees. This
sumber allows Iwo sslimales: (i} the namber of {old recognition tergen i
~6&{F% {35/58) of the homology modelling targets fand wiould ths e - 54
for the four genomses); and (i) fold meognilion covers --BO9E (3521 of
would is nod covered by homology modelling (which would suggest thar
=% of the four genomed could be recognized by threading). The tnuh,
suppsedly. ligs in between these eatemes. {Noke: today threading
techniques are oo sccuriie encugh for sy large-scale prediction of 1D
structure ! The rermaning region (supposcdly Larger than 50%) is pocupied by
unknawn Folds (L'Fn),

procedures are usually swraightforward (Bryant and Alischul,
1995: Banton, 1996 Taylor, 199¢6; Schneider eraf., 1997, For
less similar protein sequences, alignments may fail (Henikoff
and Henikoff, 1993; Bordo ¢f f.. 1994; ¥ingron and Waler-
man, 19447,

Muliiple elignments imprave as data barks grow. The gogl of
sequence alignment procedures i to align related sequence
strelches accurately and to avoid aligning unrelated sireiches.
The most advanced sequence alignment tools base the
alignment on profiles derived from dmabases or particular
sequence families (Depericun and Feyimens, 1992, Vingron
and Waterman. 1994: Neuwald er 2f., 1995; Altschul and
Gish. 1996, Barton, 199%; Feng and Doolittle, 19%6; Gribskov
and Yeretnik, 1996; Heoikoffl and Henikolf, 1996a.b; Higgins
el al., 1996, Pearson, 1956; Thompson and Goldstein, 1990a,
Tomii and Kanehisa, 1996). A new generation of alignment
methods are based on Hidden Markov Models {Eddy, 1995,
Hubbard and Park, 1995; Krogh and Mitchison. 1995: Bucher
and Hofmann, 1996; Hughey and Krogh, 1596 McClure &
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Table 1. Abbreviations and motations +

D=0

The ¢lassificaiio.. inlo 10, 20 and 30} firuccune is bosed un physical properties grouped with respeet 10 protein stnsciurs prediction (Rost and
Eander, |94

] Three-dimensional signifies 1he co-untinates of utoms, andior residues that define a protsin struciune

D Twi-dimchacinal describes inler-residue discawes, oF cantacts (node: a correct prediction of all inler-residye divancen is equivalem to a 1D

predicuion)

1z O -l merntiuial sumimari 2e's propeies of single residoces thal car be wrillen ina 1 Dunng, e.g. sequence. secondary strucoins, ret|duye solvent

acessibility. or hydrophobicity inote: prediciion of, for caample. helices implies prediction of some local inter-residus conuacts; prediction
of meaxdue solvent seqensibility implies providing an upper limil Lo the number of possibhe contact partnery; thus, these properties ke
occasional|y referred o as 20 however. Bven A perfect prediction of LD propertics is, in general. nor equivalsnt to 2 predicion in 300

MWMRA Nulonr magnetic resonance

u Sequence of unknown structure

T Targer sequence with determined 1D aructure predicied 10 be similar 1o thar of U

Homolagy Prediction of 30 strachure Tor a proesin U based on a significans pairwise sequence identity (25%} i B proteln of known structure T
mauielling

Remube Prediction of 30 pructure Tor m protcin U based oo low levels of puirwise sequence idemtity (<21%3 1o 4 pedtein of known structure T
ey
madelling

Prediction thal rwo prosein: with no signiSeanl pairwise sequence identity have similar folds cnose: in principle, the fold has to b known
Tecogaltion explicitly for any of the Iwo protcing}

Sigmificant Fercentage of residucs identeal between two naturally evolved proteing A and B guamnteeing thal 4 and B have simili structures: the exact
palrwise numiber degserida on the aligament lengih: for more thaa £0 aligned residues, 25% purwise sequence identity moaily sullices to uamnioe
R P strncharal vimilanity (Schneider and Sander, 1991} there are very lew enceptions of pairs with >30% sequence identity ang dinsimilar
imilamy

sruciures (8. Brenner, persomal communlaation)

P, of .
pal % in homoloxgy modelling
103% »
of modelling
Ti%
QUALITY
of meedel
e
ALKINMENT !
ACCUrACY [
:
5% 1
DETECTION
of botnology
%

Fig. 1. Limiling steps of homology modellimg. The sccuracy of hamolagy
ekl g |3 propediional to the level of purwise sequence identiny between
the protein of unmown structure and i3 1azget of known structure. For high
bevels ol identity. CPL me is the mujor constraint; for Tower levels, loop
regions become a problem {and thus the quality of the model). Below 40-
509 sequerce {dentity. 200 in the sequence allgnment become M. Brlow
25-30% sequence identity, foid recognition (threading) ischniques have o
replace {or complement) the sequence alignment procadure, [Note: the
figure is partly taken freen Holm e gl {1954),]

al.. 1996) and snother on genstic algerithms (Notredarme and
Higgins, 199%6). These new methods may be moee successful
in the twilight zone of sequence alignments (currently 20-
30% sequence identity; Doolittle, 1986) than advanced
profile-based methods (Higgins ef al., 1996; Taylor, 19%6;
Thompson and Goldstzin, 1996a); however, this remains o
be proven.

Homology modetling

Predicrion ar atomic accuracy for kigh levels of sequence
identity. The baske assumption of homology modeliing is thm
L and the homologous emplate protein of known stachure
{T) have pearly identical backbone structore in the aligned
regions. The task is to place the side chains of U cormectly inio
the backbone of T. For Jevels of 570-90% sequence identity,
the resulting models are quite accurate (De Filippis o1 ol
1994; May and Blundell, 1994; Sali and Blundell, 1994;
Johnson et al., 1996), The timiting factor is the computation
time required (Figure 23,

Frediction at intermediate acouracy for lower levels of
sequence identity, For sequence identities down to ~30%
sequence identity, U and T wil! still have the same fold
(Sander and Schnacider, 1991} but the number of loops
imsertad gprows and the divergence berween U and T becomes
considerable (De Filippis «f al., 1994: May and Blunde!l,
1994; Chinea er ol 1995; Mosimann #f af.. 1995; Moult e/
al, 1995, Samodmala e gf, 1999, Vinals er al, 1995).
Moadelling of loop regions is siill a difficult problem (Cardozo
ef al., 1995; Mosimann e .. 1995; Sali er al., 1995); even
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Percentage of pair.
wige Lienrical rezidues
100% &
Accuracy of auomatic
Jold recagnition
Region of
MD:II;?“ s gorrest firs hir:
E"'*ﬂ"‘l = 20-30%
alignmant
suffice) » alignment coerect
10 MM £Xbend;
= 10-25%
* remoie bomaology
5% V modelling (3D)
Foldl cormect:
racoghiton < 10%
O

Flg. A Expecred accuracy of smomatic threading, The estineies given ane
camrversial, bl wind ko Be n moet conseryative estimaie of 1 susomadic use
of fold recogrdtion methods, The sumnbers refer to the Fablowing experimen,
Supposa W run 2 threpding program on all 500 veast protrine. For aach of
them we dwesd the sequence o a Liboaxy of (say 800) folds. The program
il rask the Rils accarding o the predicied similarity w the search protein
[N, How oftcn is the first hit in the nesultiog list & covreetly recognized
remecde homologue (simdliar fold with «25% mxquence idemtity)” And baw
ofien is the aligranest of the first hit commeet? (Mow: given a cormect ali

the sccurscy of the finally remote homaology madelled 30 prediclion will be
higher for higher kevels of soguence identity. However. for most threading
programs, the deiexiion roor in independers of the level of sequence
wdentiy, )

the best methods only rarely achieve atomic accuracy and are
often completely different to the correct struchure. For lawer
levels of pairwise sequence identity, the sccuracy of the
sequence alignment becomes an additional problem. 4
pessimistic view is that the accuracy of resulting 3D
predictions is typically at the level of ribbon plots, i.e. the
rutyal orientation of elements such as helices and sheets can
be identified. The optimistic version iz thal even down to
levels of 20% sequence idemtiry, homology modelling
vccasionally yields correct predictions at atomic resolution,

Remaote homelogy modelling

Three difficult problems. Remole homology medzlling
(x25% pairwise sequence identiy berween the unknown
structure, Ui, and semplate, T) has ihree obsacles o
overcomw: (i) the remote homology between U and T has 1o
be detected; (i) U and T have o be aligned correctly; (iii)
the homology modelting procedure has 10 be tailored to the
harder problem of exmemely low sequence identity. In the
carly 1990s, there was a preat deal of optimism that the first

Accuracy of aligrment-based predienons in 1)

» Secopdary structune:;
= 65-71%

=»  three-stawr per-residue scousacy | o f, ocher)

* Residue soivent scoessibility;
= M-75%
-»  re-sinie per-retidus accuracy (oried, exposed)

* Locstion of ransmemiwane helices:
= O0-95%
> wo-state per-esidue scouracy (HTM, not HTM)
= TR
-»  percentage of proseins for which all HTM's
aee predicied coracdy

—— .
Fig. 4, Expecied sccuracy of predictions in 10, Numbers wene taken from the
major predicuon programs e make wae of information contkined in
wuluple alignmeniy. All estimates are sverapes over distribations tha ane
associated with standart deviations of te order of = 10%.,

obstack:, the detection of similar folds, would be solved by
threading méthods. The basic idea Is 1o thread the sequence of
U into the backbone 3D structure of T, at each step evaluating
the “fimess of sequence for structure’ using &nvironment-
based (Bowie »f o, 1990nb, 1991, 1996; Eisenberg er ai..
1991; Quzounis ef 2f., 1993; Wilmanns and Eisenberg, 1995
Fischer and Eisenberg, 1996) or knowledge-based mean.
force-potentials (Bryant and Alschul, 19%5; Sippl, 1995),
Most threading methods use mean-force-potentials derived
from the PDB (Wodak and Rooman, 1993; Kocher e al.,
1994: Lemer er af., 1995 Sippl. 1995) An altemstive
method, onginally proposed a decade ago (Sheridan er af.
1983}, is to thread using 1D predicticns. The firet application
of 1D threading was reported 2 years ago (Rost, 199%a); since
then, several groups have investigated similar concepls, and
refinements to the method (Rost, 199%b: Fischer and
Eisenberg, 1996; Fischer ef ol 1996b; Rost er af, 1996c:
Russell ez 2l., 1996). The general threading pecblem has been
shown to be N-F complee (Lathrop and Smith, 1994
consequently, heuristic algorithms must be employed, and
there have been many proposed {Bowie er al,, 1990, 1991;
Hendlich er af., 1990, Sipol, 1990; Eisenberg g af., 1991,
Casari and Sippl. 1992: 5ippl and Weitckus, 1992; Godzik #f
al., 1993, Lathrop and Smith, 1994; Collura &t af, 1995:
Flickner &t 2., 1995; Hubbard and Park, 1995; Jones er of ,
1995, LeGrand et al.. 1995: Medej er of., 1995b; Matsuo and
Mishikawa, 1995 Rost, 1995b; Wang e/ ai.. 1995; Wilmanns
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and Eisenbeeg, 1995; Finkelsiein and Reva, 1995; Fischer and
Eisenberg, 1996, fohnson er al., 1996; Jones et al., 1996;
Miller #¢ 2., 1996; Reva and Finkelstein, 1996; Rost ef al.,
1996¢; Russell 2 af . 1996). Has all this effort achieved any
success for remote homology modelling?

Remote homologues can often be detzcred. First the good
news: since the different mean-force-potentials which have
been proposed capture different aspects of profein structure,
the cotrect remote homologue is likely to be found by at least
one of thermn (Lemer er al., 1995). Now the bad news: 30 far,
no single method has been able 1o detect the correct remote
homologue for more than hatf of all 1est cases (Lemer o+ af.,
L995). For the methods which have been rigorously evalupted
using large test sets, the cormect remote homologue is detactad
in <40% of all cases (Rom, 19935, Fischer «f af., 1996a.b;
Rost & ol . 1996¢; Russell er af, 1996), However, this
performance is clearly superior w thar of rraditicoal sequemice
alignmenits at this low level (<29%) of sequence identity
(Madej et ai., 19952 Rost, 1995b; Fischer and Eisenberg,
1996; Rost o5 al., L996c),

3D prediction by threading i still nos reliable. Detacting the
remate bomelogy is only the first of the tree obstacles. I
appears thai the second obatacke (comect alignment between
Urand T) is much more difficult and, unfortunstely, there is no
gentral solution so far. Thus, the final swep, tuilding a 3D
mode]), usually fails since the modelling procedures avaitable
today cannot correct the mistakes in the alignmeans. As a
resull, there are very few publications to date which report
accurate 3D predictions from threading methods (Flackner ¢
al., 1995; Lemer f al., 1995, Sippl. 1995: Rost er ai, 1996¢).
Currzatly, the successful use of threading methods (Hubbard
and Park, 1995; Valencia et ol 1995, Hubbard ez af., [996)
has requited sceptical, expert user intervention to spot wrong
hits and false alignments. It is still pessible that the threading
method will become the moat tuccissful structure prediction
method: however. three Lage obstacles remain to be deali with,

Structure predicdon for unknown folds

Explaiting the protein databases

For over three decades, researchers have pursuved the goal of
predicting the structures of unknown folds. However, ihe
majot breakthrough has come about due 1o the expansion of
the protein databases (Bemstein e of., 1977; Bairoch and
Apweiler, 1997, Benson #t ai, 1997). Two main stralegics
have been developed for exploiting the information in these
databases for stucture prediciion: (i} studying the evolution
of protein families from both the sequence and structure
databases; (i) studying the physical principles of protein
structure and folding from the structure databases.

Odyssey of evolution teaches us siructire prediciion

It appears that for most proteins, almost all residues can be
changed withoui affecting the structure (Rost e of., 1996b);
however, a single, randomly chosen mutation is more likely
10 destabilize than lo maltiain a particular structure, Thus, the
precise pemern of amino acid exchanges observed in &
multiple sequence alignment of a protsin family is highly
indicative of the particular sructure. These patterns constiute
a fossil record of mutalions praserving protein szucture snd
function. The importance of such evolwionary information
for structure peedicrion was realized vety early ( Zuckerkandl
and Pauling. 1965), and has long been exploited in
exceptional cases by experts (Dickerson er af, 197%;
Benner, 1989; Frampton ef al, 1989; Benner and GerlofT,
1990 Nardelli er af, 199): Musacchio «r af, [992;
Livingstone and Bartor, 1994), as well as in 2utomatic and
systematic ways (Maxfield and Scheraga, 1979 Zvelebil e
al. 1987). More recently, the use of evolutionary information
has grown in importance. This inpertance was made
particulazly clear recemtly when it was shown that the
accuracy of secondary structure was improved 10 >70% due
to the use of evolutionary information (Rost and Sander,
1993),

Prediction in 1D

Secondary structure predictions—the most aecurate view of
an untnown fold. Secondary sbucture can wsually be
predicted more accuralely and reliably than othar featres
of protein structuee (Figure 4), Most of the recerd methods for
secondary structure prediction rely heavily upon evolutionary
informarion (Rost and Sander, 1993; Livingstone and Banon,
1994; Zimmermann, [994; Raron, 1995; Geourjon and
Deléage, 1995, Mehta er al, 1995; Salamov and Solovyey,
19935, Tuckwell er af, 1995, Di Francesco o al.. 1996
Garnier ef o, 1996, Riis and Krogh, 1996: Rost, 1996
Rychlewski and Godzik, 1996). A promising new concepr is
the use of long-range contact potentials (Frishman and Argos.,
1996). From the perspective of a user of a prediction merhod,
it is important to know the eccuracy of these different
methods.  Unfortunately, however, in only relatively few
cases has the prediction sccuracy been rigorously evaluated
with sufficiently large test sets (Rost and Sander, 1997
Salamov and Solovyev, 1995: D Francesco ef ., 1996; Rits
and Krogh, 1996; Rost, 19964); in these cases, the susiained
average accuracy of thiee-state predictions is just over 70%.
The typical standard deviation in the prediction accuracy is
=~10% [one standard devislion over more than $00—700
unique protein chains (Rost, 1996a,(WWWk). For some of
the prediction methods, the strength of the prediction has
been shown 1o correlae with prediction sccuracy (Fost and
Sander, 1993; Munson ¢t @i, 1994 Di Francesco &7 ai., | 996
Garnier ef al., 1996; Rost, 1996a). In practice, this enables
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users o focus on regions for which predictions are mors
likely to be correct, e.g. ~45% of ali residues are predicted ot
levels of accuracy comparable to homology modelling (Rost,
1996a). By comparison, eartier methods for secondary
stucture prediction which did not use evolutionary informa-
ton, such as GOR (Gamier er al., 1996), had an average
accuracy of ~50%, and <|0% of residues were predicted a1
the sarme accurscy as homology modelling. This. for methods
that need highly accurate secondary structure predictions as
input to predici other propertics of protein structure and/or
funciion, the best prediction methods of today are six times
mowe useful than the methods of 5 vears ago. A general
femure of methods based on information from multiple
sequence alignments is thal errars in the alignment greatly
decrease prediction accuracy (Di Francesca ez al., 1996: Rost,
19968; Rost and Valencia, 1996},

Predicring residus solvent accessibility—the second step
towards IO structure? It has long been argued that if the
segments of structure ¢ould be accurately pee-
dicted, the 3D sucture could be predicted by simply oying
different arrangemenis of the segments in space (Coben #tal,
1982; Cohen and Presnell, 1996}, One criterion for assessing
each arrangement could be 1w use predictions of residue
solvend mccessibility (Esposito e o, 1994; Monge ef ai.,
1994; Mumenthaler and Braun, 1995 Nilges, 1995; Galak-
tionov and Marshall, 1996). Warious methods for predicting
accessibility have been developed recenily (Bemner er af.,
1994; Rost and Sander, 199da; Wako and Blundel), 1994:
Thompsen and Goldsiein, 1996b). Althoogh residue solvent
accessibility is not as well conserved within structural
families as 15 secondary structure {(Rost and Sander, 1994a;
Russell and Banon, 1994; Rost, 1996 {WWWd|, prediction
ccuracy is much improved by including evoluticnury infor-
mation (Rost, 1996a; Thompson and Coldstein. 1996b),
Predictions of solvent accessibility have also besn used suc-
cessfully for prediciicn-based threading {Rast, 1995h; Rost ef
al.. 1996c; Russell ef ai., 1996), and a5 a basis for predicting
functional sites (Cornetie ef al., 1995; Hansen of of., 1995,
1596).

Membrane proteins—successful prediction in the ahience of
experimentz! information. Integral membrane proteins are an
important class of proteins for which it is very difficult to
obtain momic resolution information sbout 30 structure. Two
main classes of membrane proteins are recognized (von
Heipne, 1996): proteins with Jong {17-27 residues) trans-
membzane belices spanning the membrane; and porins, 156
fold S-barrel proteins which form a pore through the
membrane. Developing prediction methods for the poring is
probriematic as there is very Jittle experimental information
currently available; some attempts have been made using
sequence profiles {von Hetjne, 1996}, Predicting the locations

of ihe transmembranc helices is a task comparables 10
secondary structure prediciion. Yery accurate predictions
have been achieved by combining expert roles. hydrophobi-
city analyses, and siatistics (Jones ¢t al., 1994: Perssop and
Argod, 1994; von Heijne, 1994, 1996; Newwald or ol 1995,
Efremov and Vergoten, 1996; Fariselli and Casadio. 1996:
Persson and Argos, 1996; Roslef of., 1996a}. A separate task
is the prediciion of specific peptide signals (Nizlsen ¢ af.,
1996). The use of muldple alignment information has been
shown to improve peediction accurasy (Persson and Argos,
1994, 1996; Rost 1 al., 1995, 1996a; Rost, 19968}, Currenly,
the best methods predict all ransmembrane helices correcily
for —85-00% of all 151 proieins (Rost er al, 1996a; von
Heijne, 1996Y. Further methods have beer developed for
predicting transimembrane-hedix topology, i.e. the orientaton
of the helices with respect to the membrane (Janes or o,
1994, Persson and Argos. 1996; Rost 2 of., 1996s; von
Heijne, 1996).

Prediction in 20)

A hard problem, but the stakes qre high. Given only a small
fraction of the inder-residue distances, it is possible w©
calculate the 3D structure using either metric matriz distance
geometry of sicnulated anncaling by molecelar dynamics
{Bohr «f al., 1993; Bringer and Nilges, 1993; Aszodi ef ai.,
1995; Galaktionov and Marshall, 1996: Nilges, 1996). Can
inter-residue contacts be predicted accurately from ihe
sequence alone”? And can evolutionary informiation help out
once again?

Distinction between different models possible. Two atempts
have been made to wse evolutonary information foe the
prediction of inter-residue comacts. The first was a method
for predicting conlacts between § strands from multiple
sequence alignmants and alignmenl-based predictions of
secondary structure (Hubbard, 1994; Hubbard and Park,
1995). Thus, the method is limited in #is applicability, but
would be helpful as parl of a bouquet of other prediction
miethods (Hubbard er al . 1996). The second attempt has been
int the development of a group of methods For the prediction of
inter-residue contacts from cofrelated mutstions [Goebel ef
al.. 1994; Shindyalov ef al, 1994; Taylor and Harrick, 1994;
Kreisberg er al., 19935}, In general, the prediction accuracy is
rather poor, with a direct trade-off betwesn the Scylle of
predicting enough contacts, and the Charibdis of pradicting
only coeect ones, e.g. aking 5% of the best-predicted long-
FANEE COMtacts (sequence separation above 10 residues), the
accuracy prediction is —~50% (A Valencia, personal commu-
nieation). Although this level of accuracy is nat high, it is
sufficient to distinguish between cormect and incomect align-
menis in threading experiments {A Valencia, in peeparation).
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FPredicrion in 2D

Sisyphus again? In the 1994 Asilomar meeling, nore of the
3D ab initic methods were able o predict the correct protein
structure. Since thal time, rew metheds have been proposed
which indicate passible directions for the furure, Several
groups have obtained promising results using distance
geometry methods (Aszodi er of, 1995 Mumenthaler and
Braun, 1995; Nilges. 1995). these methods may be particu-
larly powerful in combination with 2D contact predictions.
Nilges amxt Briinger (1991, 1993) have achieved atomic
WCUTACY in an ad initie prediction of the GON4 leucine
zipper using a hybrid molecular dynamics/simulzted anneal-
ing search serategy. Recenily, equally accurate models for
three leucing zippers were obtained with faster calculations
based om mean-force-potentials {O'Donoghue and Nilges.
1997, Simplified force fields in combination with dynamic
optimization strategies have yicided promising, but stll
Telatively inaccurate results (Elofsson ef al.. 1995; Pedersen
and Mouli, 1996a,b). Srinivasan and Rose (1965) have reported
Yery encouraging results with their hierarchicel search method:
however, they have not repeated the initial claims, so it may
be that the initial repont was oo optimistic. In addition to
these methods, many research groups have been working at
improving their more established methods since 1994, so we
can onty wait for the outceme of the next Asilomar meeting.

Recognizing incorvect semuctures. We consider that the single
mosL important theorelical advance in 3D prediction in reesnt
years has been the developmen! of mean-force - polentials.
Before these potentials, structure prediction was normally
done with “physical' potenuals. ie. bonds, angles, wrsion
angles, and van der Waals as well as electrostatic noa-bonded
terms which describe the internat energy of the molecule (van
Gunsteren, 1981). In contrasi, the mean-force-potentials,
detived from datahases of protein structure (Sippl, 19903,
agempt to describe the free energy of the molecule. The
physical poientials have been used very successfully to refine
experimentally determined structures {Bringer and Nilgss.
1993; Nilges, 1996). However, these wrms cannot distinguish
berween a native fold and a gressly misfotded structuze
(Novotny et al., 1983. Sippl, 1990). In contrast, mean-force-
potentials of pairwiss residue distances are quite successful in
fold recognition, as well as remot= homology maodelling
(Sippl. 1995). I remains 10 be seen how best (o combine these
two different porentials. [none pitot study on the use of mean-
force-potentials for 3D structure prediction, the best results
where obiained by combining both potentials (Q'Donoghue
and Milges, 1997),

Extraciing principles ubous structure formation from struc-
tures? The mezn-force-potential approach has recemtly been
extended 10 study peotein folding. Both the physicat basis and

the general characreristics of protein folding remain con-
troversial {Honig and Cohen, 1996; lsraelachvili and Wenner-
strim, 1996}, Simulations and other studies indicate that the
free-energy bulance of hydrogen bond formation is close 1o
zero. or slightly unfavourable {Yang and Honig, 19954b),
and that a specific fold is selecied primarily by side-chain
interactions (Honig and Cohen, 1996}, Recently, Sippl /f af.
have exiended the concept of deriving mean-farce potentials
to a formalism of describing Helmholtz frae spergies of atom
paiz interactions (Sippl, 1996; Sippl er 4l., 1996). The for-
malism starts with the following two assumptions: (i) tha
protein struclures can be described by Helmboltz fres
energies (or mean-force-potentials) and (i} that the distriby-
tios of intramelecular distances in experimentally determined
proein structures does, on average, ool deviare substantially
from the coresponding distribetion in native proteins. To
nermalize the absolute free energy contributions, the ideal gas
is chosea {oo internal imeracrions). Withour any Further
assumptions of aApproximations, atom-atom mean-force-
potentials are derived from a dats set of known protein
struciures. The resching Helmholtr tean-force-potentials
unravel interesling principles sbout peotein structure forma-
tion. (i) Backbone H-boods (except for the a-helix nteraction
0y ... M,,,) do not contribute 1o the thermodynamsc stability
of rative feids. (i) H-bond formation (excepd for @ .. N, , )
requires energy input that is regained when H-bonds are
formed. Once formed, H-bonds are locked in a deep, narow
minimom. (i} The energy gain of fonming ope jonic of two
bydrophobic confacts can pravide roughly the activation
encegy required for forming a H-bhond. Both the cloquence
and the conclusioas of the approach have prompied stong
criticism, even unanimous rejection of thess findings, Do we
wilness an error in & method laid out to spot ermors, or the
beginning of u new ¢ra of force fields? Further applicarions of
these mean-force-potentials will be needed o answer this
question.

Uses of prediction methoda

Homology modelling (including remote homology model-
ling, when it works) has proven to be the most useful pre-
diction lool. Homology models are used to suggest mutation
experiments to invastigate function, or 1o facilitate crystal-
lization (for X-ray diffraction studies), or to reduce apgrega-
tion (for NMR spectroscopy). Furthermore, homology-based
models are often used to provide starting struciures for mol-
ecular replacement in X-ray crystallography.

IR the absence of known struchires with significant sequence
ichentiry to a protein of interest, predictions of residue solvent
accessibility can be used o investigate funetion, and to
suggest which residues 1o mutate to facilitsie crystallization
of to reduce aggregation. Accurate prediction of secondary
simacture can help with X-ray diffraction feg. the GroEL
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crystal structure was derived making use of secondary struc-
wre predictions for the molecular replacement search). In
pinciple, the early stages of NMR frequency assignment
could alwg be nided by knowledge of the secondary structuee,
slthough this has nol been attemnprad.

1D predictions and peedictions of topology (ransmem-
beure, colled-coil} have proven io be quick and accurate
enough For the analysis of entire genomes (Koonin &+ af.,
1998; Odgren of al., 1996, Rost, 1996b; Rost #t af, 1996a),

Mean-force-potentials can assist experimental structure
determination by spetting stresses or anomalies foften errors)
in protein structures (Sippl, 1993). A set of methods based on
particular statistics has recently been tailored to manage
exactly this task (Laskowski er al., 1993; Gray of al., 1996;
Hooft # al., [996).

Conchusions

MNative 3D structures of proteins wre encoded by a linear
sequence of amino acid residues. To predict 3D structure
from the scquence is 4 task challenging enough to have
cccupied a generation of resezrchers. Have they Gnally
succeeded in their goal? The bad news is: no, we sill cannor
predict structure for any sequence. The good news is: we bave
come closer, and growing databases facilitate the rask.

(1} Evolutionary informaticon is successfully used for
predictions of secondary structure, solvenr accessibility and
transtiiembeane helices. These predictions of protein structure
in 1D ane significandy more sccurate, and more usefu] than 5
YOars age.

(i) Duisbases of prodein structure can be used o derive
mean-force-potentials. Residue pair owean-force-potentials
are extremely valuable for the detection of remote homo-
logues, and for the distnction berween alternative models
{gemerated by theory or experiment’}. Moreover, the database
of protein structures contains a record of structure formation
that hax recenily been unzavelled by the derivition of atom—
atom neean-force-potentials {(Sippl. 1996; Sippl er af.. 1996,

{iii) Homology modelling allows predictions of D
structure for about pne-tenth of all expesssed proteins
(Figure 1).

{iv} Receat improvements in fold recognition (threading),
and alignment technigues #pable remoete homelogy modelling
for another considerable frachon of the empressed proleins
(Figure ).

All of the above breakthroughs were achieved in the last 6
years. Thus, although we still cannot solve the general
prediction problem, progress has been made. [n general,
however, we could ask the question: is it worth persevaring
with structure prediction, given that it is cleardy such a
difficult task? The answer is: yeq. The methods which have
span off from structure prediction have already given us
considerable insight into the first four complete genomes.

Ferseverance with stucture peediction will yield fruir in
about 5 years Lime when the human genome will be known.

Note added In proof

Johr Moult (CARB. Washington, DC) has initiated a meeting
for the assessment of prediction methods: thearéticians made
predictions for the structure proteins before the structure was
experimentally determined. Afier experimental delermination
of some of the argel structures, he accurecy of the
predictions was assessed in a meeting in Asilomar, California
{December 1994), This experiment comprises one of the mast
imporiant events to separate the chaff from the wheat in the
field of structure prediction. We wrote oUr review a few
wesks before the second Asilomar meering (CASP2). Has
CASP2 falsified our optimism of scepticism? We dare the
following conclusions: (i) sbucture prediction remains an
unsolved problem; (ii) new methods for pradicting uaknown
folds may sill be regarded as promising, but no major
breakthrough was witnessed; {iii] threading methods looked
more promising in the optimistic light of the few CASP?
threading Largets {than they appesr in the light of this review),
{iv) sufficiently skilled, and motivaied, experts (such as
Alexei Murzin, LMB, Cambridpe) can use today's prediction
methods to find and relatively accurately align even remorely
homologous proteins.
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