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Structure prediction of proteins —where are we now?

Burkhard Rost and Chris Sander

European Molecular Biclogy Laboratory, Heidelberg, Germany

Although the “structure from sequence’ prediction problem remains funda-
merially unsolved, pew and promising methods in one, lwo and Lhree
dimensions have reapened the lield. Significantly improved one-dimensional
predictinon of secondary struclure from rmultiple sequence alignmenis is now
in rowtine use. In the rwo-dimensional appeeach, inter-residue contacts can be
detected by analysis of correlated mutations, aibein with low accuracy. Finaily,
three-dimensional methods, in which pseudopoientials or information values
are derived from the databases, are proving their value for distinguishing
between corect and incorract models,
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Introduction

Suppose one has a protein sequence of unknown struc-
ture termed ‘505", What can be learned abour O3
before beginning an experiment? Data banks of pro-
tein sequences and sructures are growing rapidly [1,2]
as a result of large-scale sequencing projects {3] and
improvements in experimental determination of three-
dimensional scructure [4]. Can we profit fom the in-
formation Aood? Does the data bank teach us how to
predice che three-dimensional strucrure of SO5¥

The most successful wool for prediction of three-dimen-
sional structure is homology modelling. An approximate
three-dimensional model {which has a correct fold, bug
naceurate loop regions) can be constructed if 505 has
stgnificant similaricy to a protein of known structure,
evaluated in terms of sequence similaricy {i.e. alignment}
of sequence—structire fitness (e threading) (for reviews,
see May and Blundel, this issue {pp 355-360) and [3]).
Homology modelling effectively rases the number of
‘knewn’ three-dimensional structures from about 1500
to 7500 |6,7]. Bot what if 505 has no homologue of
known three-dimensienal structure? Can theee-dimen-
sional socucture be predicted directly from sequence?

Wichout detectable homology, we ars sill forced to re-
sort to simplifications of the prediction problem. In the
process, we can make use of the rich diversity of infor-
mation in current data banks. For this review, we have
selected generic methods tor predicedon at three different
levels of simplification (see Fig. 1}, namely one, bwa and
three dimensions. Predicuon 1o one ditension {i.e, sec-
ondary structure} can be improved significantly through
the use of evolutionary information. Prediction in twn
dimensions fi.e. inter-residue contacts) can also, to 2 cer-
tadn extent, profit from evoluoonary information, but so
far, is of only lnited accuracy. Lastly, incorrect thrre-
dimensional structures can now be derecred wath re-
markable sccueacy. In the following sections, we consider
each of these prediction mevhods in wrn.

One-dimensional approaches: predictions are
successiul, but of limited use

Single sequences are the dead end of siructore prediction
An extremne simplification of the prediction problem is
te project three-dimensional structore onto one-dimen-
sional strings of secondary soucture {see Fig, 1) If 2
sequence codes for the entire complexity of a three-
dimensional structure [8.9], some simple sequence motifs
might determine secondary struciore, For many years,
however, littde improvement has been made to predic-
tion accuracy [10-12,13*). Not even the most sophisti-
cated algorithms (14-23] have been able te overcome the
principal problem: it is exceedingly difficult to extract
from single sequences enough information for accurate
prediction. How can we extract more information from
sequence datzbases?

Evolution distinguishes signal from nokse

At the level of protein molecules, selective pressure
resuls Bom the nted to maintain functien, which
in turn requires maintenance of the specific three-
dimensional structure consistent with that funcden
[24,25 26 27,28]. Accordingly, conservation and mu-
tation patterns observed in alignments contain very
specific inforrmation about chree-dimensional seructore,
How much variation is tolerated? Two naturally evolved
proteint with more than 23% identical residues {length
»8) residoes) are extremely likely to be similar in
three-dimensional scructure [6). Even se, structure may
be comserved in spitt of muoch highet divergence
{28,29,30r-32+33-35 36 37-39]. Do we have enough
data ta detect structure_specific sequence modits [40] and
to correctiy align very remote homologues?

Maltiple alignments improve a data banks grow

When sequence sitularity is sathcient, ahgnment pro-
cedures are (more or less) straightforward [6.41—43], For
less similar protein sequences, however, alignments may
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Fiy. 1. Representation of HIV. 1 protease monomer [Protein Data Bank code 1HHPY in one, two and three dimensians. Each of the reprsen-
tathons Rives rise 10 a different 1ype of prediction. ) One-dimensional representation. exemphfying prediction of secondary strudiure and
solvern accessiblllty. The first row shows the first 33 residues of the HI¥-1 prowease, In the block below. the alignmant exemplified by five
sequences |1 shown. In the row below this block, solvent accessibility imeasured in A2 e shown for HIV-1 protease [108], The newt row
shows secondary siruchure for HIV-1 [strand is indicated by an E: neither hellx nor sirand is indicated by a blank} 11081, The penullimate cw
fitalic) and the lasi row [bokd show & typical prediciion by the neural nefwork program PHE [SB*] far solvent access!billity imeasured in Ay
and secondary struciure Gindicated a5 abovel, respectively. Armvino acids are given in the one-lefier amina acid code. (b} Two-dimensional
represeniatlon for the prediction of the inter-residue contact map, The three-dimensional siructure is projected onto a hwo-dimensional matrix
of interresidlue contacts hnke-residue distances can alse be wsedh. The contact strengih a1 each position in the matrix is indicated by the
depih of shading in each cell. Honzotal and vertical lines show barders of secondary siructure segments. Matrlx provided by countexy of
Chirlstos Cuzounis using CONAN [109]. iSee Fig. 3 for an example.} te} Three-dimensional repeesenilation. The Irace of the protein chain in
three dimenslans is ploied schematically as 2 ribbon n-Carbon tiace. Strands are indicated by arnwe, the shom hellx of the protease b of
the right lowards the carbowyd terminus, Provided by courtesy of Chrisios Cuzinos using MOLSCRIFT [110). The pradiction is nol shown,

fail [29,300,31%]. The art of sequetice ahgnment is to ac- proved by incorporating information derived from three-
curately align related sequence segments and to avoid dimensional stroctures [31%]. Can the evolutionary in-
aligning unrelated sequence stretches (310,327 33-35, forrnation centained in mulriple aligntnents be wed to
36%,37-39]. Alignment technigues can eusily be im- improve structure prediction?
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Evolution is the key to improviwment of secondary
structure predictions

That evolutionary information can improve predictions
was established long ago [43.45). Recently, isolated te-
ports of improvements in prediction have revived interest
in this area [46—352]. Even so, prediction accuracy varies
significantly bevween proteins (Fig. 2). So, does the im-
provemett hold up when evaluated om a large dan
set? Indeed, simple methods based on multiple align-
ment information vield betrer predictions [53,54,55%].
By stepwise incorporation of more evolunonary infor-
mation, predicrian accuracy can be pushed above 72%
accuracy (percentage of residues cotrectly predicred in
cither helix, strand or other conformation) [565-584].

In secondary structure prediciion more vseful now!

How can we assess whether a level of 72% prediction ac-
curacy is good? It is certainly reatonably good compared
with the prediction of secondary structure by homol
modelling [57 59 60%]. In addition, it should be borne
in mind that some residuey within 2 structure are pre-
dicred at higher levels of accuracy than che mean value
(Fig. 2}.

ls pradiceion accurate enough re be of pracical use? A
numsber of reasons argue that it is. Fiese, a considerable
amount of interest is currendy being shown in predic-
tions {(about 1000 reguests per month to an electronic
mal server [61,62]). Sccond, some biologists find pre-
dictions very helptul for checking hypothetes abour, for
example, relations between proteins or putative sites for
site-directad mutations. Third, in exceprional cases, pre-
dicrions might initiate reasonable firs guesses of threc-
dimensional seructure (03], Fourth, predictions can be
used as a seed for methods predicring, for example, con-
tacts between secondary structure segments [64]. At this

stage. it is uscful o assess whether successfiul application
of evolutionary information to predicton in one dimen-
sion can be generalized o cwo dimensions.

Two-dimensional approaches: predictions useful,
but of [imited accuracy

Predicting contacts is a difficull task

From rhe knowledge of all inver-residue contaces or dis-
tances (Fig. Ib) one can, in principle, model a three-
dimensional structure vsing distance geomeiry meth-
ods [65-69). Twe questons surtound such methods:
first, can contacts be predicted accurately sncugh; and
second, are all important contacts prediceed? A trade-off
accurs berween the Scylla of predicting enough contacts
and the Charibdis of predicting only correce anes (see
Fig. 3. Can evolutionary mformadon help out once
apain?

Correlaied mutations might imply spatial proximity

In sequence alignments, some pairs of positions appear
to co-vary in a physico-chemieally plausible manner {i.e
2 loss of funchion” point mutation is often rescued by an
addiconal muration thar compensates for the change
[#1,71]). Omne hypothesis is that compensation would
be most effective in mainmining a soucwral modf i
the mutated residues were spatial neighbours, Recentdy,
attempts have been made o quancify such a hypothesis
[724,73*] and to use it for contact predicdons |74=.75¢].

In mycglobins, a correladon is derectable berween Auc-
tuations in neighbouring charges, but no significant
correlation for side-chain volume is evident [72%] {the
latrer can largely be explained by the density of pack-
ing [76%77.78+4). Is the sighal fom cortelated mutations
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Fig. 2. Secondary structure prediction areotaey for a tyStem of neural networks using svolutionary inkormalion evaluated on 250 protein

families. fa) Mrediction acouracy varies considerably among different protein families, One standard deviation is nine perceniage

points,

5o prodiction accuracy B Wost sequences ls 63-81% and the average arcuracy Is 7% Because of this significant vanation, predicthon

methads have to be evaluated an a sulficiertly la

sel of unique protens, (b) Residues with a higher rellability index are predicted with

higher ac¢urary, For example, for some 40% of all resldoes, prediclion accuracy |5, o0 average, 88%. |n praclice, Il |s recormmanded fhat

attention be iocused on the mast seliably predicted residues.




Structure prediction of protelns Rost and Sander

n

Renidue Fig. 3. Contact map for the intesiine

numbser calcium.binding peotein (3ICE). The map
*au predicied on (he basis of correlated muta-
tigns is shown in the upper-ight podtion

of the figure |7S*|. The map based on

the observed cryslal struciure is shown
bt in the lower lefi portion for comparisan,
Tharty five comrectly predicied comacls

tiilled squares) and 34 incomectly pre-
dicted conlacts (open clrckest are shown,

which is a ratio of <121 for the first 70

Reshdue number

predicted contacts. The ratlo depends on
the threshold used to assign a mulation;
L highet threshalds Imply a greater number
of comectly predicred contacts ar the ex-
perse of a amaller total number of pea-
dicied conracts. Figum presvided by cour
tesy of Alfonso Valencia using COMAN
i1a9l.

seronger than the signal frem a simple measure of con-
servation for single residues? One claim is that samples
of residue pairs selected by evahaton of compensared
changes are nor as informative as those selected by 2 sim-
ple measure of conservation alonc (73], So. how far can
cortelated murations be used o predict contacrs?

Applying a stnngent significance cut-off in the predic-
tion of contaces, & small number of residue contacts can
be predicted with reasonable accuracy {74%]. Predictions
of contaces based on correlated murtations are between
1.4 and 5.1 rimes better than random predictions [754],
The current comsensas appears o be that correlated
mutations might provide sufficient infarmation co dist-
inguish becween alternative models of chree-dinensional
structure, but not enough information to predict confor-
mations #b iritiv (Fig. 3). unless additional information is
acquired.

Can predictions hased on correlated mutations be
improved?

Why is the incorporation of evoluticnary informarion
not more successful for contact (rwo-dimensional} pre-
diction? One reason i that functional and wructural con-
straines differ 1 their efect on sequences |75%). Furcher-
mare, the dynamics of protein folding and cervin aspects
of protein stability may resalt in 2 correlated muration
for a residue pair sepatated in the final three—dimen-
sional structure {74%]. Improvements will depend on how
these effects are teated, For sotne purposes, however,

it might be quitc useful to predier just 2 few contaces
correctly [7%.80]. Onc ambitious proposal is to generite
much more information sbout soucturally constrained
cortclated murtations by experiments that combine se-
guence randomizarion with a selection system, with the
explicit goal of determining three-dimensional sructore
[744].

Given that we cannot yet, in general, predicr thnee-
dimensional structure from sequence, can we ac least
ascerain whether er not any particular three-dimen-

sional model for a given sequence represents the (correct)
native strocture?

Three-dimensional approaches: identification of
native-like structures

Potenfial of mean force pass the recognize-self test

We are sull far fom simulating protein folding, de-
spit¢ all the recent improvements [81°82-84]. Even
the recognize-self test [85] is difficult 1o pass: deliberately
misfold a sructure, and compare the misfolded with the
native structure; if the native structute stands out as being
clearly better, the recogrize-self tast has been succestully
passed. A new boem has occurred in prediction methods
{reviewed in [86*]) that have s their basis pseudo-en-
ergy funcrions. For example, the approach of Sippl (87]
it based on the notion that physically meaningful poten-
taks {porentials of mean force) can be denived from the
set of known three-dimensional structures {88*4]. The
recognize-sell rest is succesfully passed by this and sim-
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Solvation | like: three-dimensional siruciures and In-
praference correct model struciures, Three merh-
1l ods ploiting sequence agalnsl polen.
tialfpsesdopctential are compared lor the
M twe structures of the DMA-binding gene
0.3 regative V proteln iProteln Data Bank datasels
_ values ICNS and 1BCH). {a) Distance-based
al '"dm potenilal of rean lorce (whets more neg-
- alive valpes indiam a better strocCihured,
For 2GM5 and 1BGH, the avarage aver
05 all residues was -2.53 and —4.95, re-
spectively [87,94%], (b Atomic solva-
- — —_— " . tign plefzrences fwhere smaller values
o 20 40 &0 0 100 indicate a bether sructure). For 2GMN5
Retbcdue number and 1BGH, the average over all residues
(e was 22.2 and 16.3, respectively [91],
fe} Conaci-basea quakity coniiol (ndes
(where more positive values indicate a
beter sructurel. Fov 2GM5 and 1BLH,
Mare the average over all retidues was -2.75
positive and -1.43, respectively (93%], All three
value methods identify JGN5S as conlaining
indicate many erors. 1BCH may be lnaccutale
bettar towards the carboxy) terminus, A similar
structure qualliative resull Is found using a method
192] tha relies o various structural fea-
tures (backbone dibedral angles, bond
lengths, planarity of rings and hydrogen-
bonding patternsl, On (he basis of such
o 20 40 L 50 LLLy differences, structures deposited in the
. Residue number data bank were predicted fo contain er-
19 Cutiwnt Opinkan I Baniac heulogy rors (92,93 g4,

ilar methods [89]. Can the method derect the betrer of
twi X-ray structures?

Errort in three-dimenslonal siructure can be recognized

A major problern in determining three-dimensional
structure i the quality of the atomic model derived from
the interpretation of experimnencal dara. Seme methods
can aid in modelling by evaluating the guality of 2 given
three-dimensional serugture [90-42493%94%], The com-
mon idea in these approaches is to use the data bank to
derive a criterion {or pseudo-energy) that describes a na-
tive fold. The methods differ in the cheice of psewdo-

snergy: distances [R7,92], hydrophobicity [%5], contacts
[93+], or solvation [91] The pseudo-energy of 3 native
structure has a typical functional shape along the se-
guence that is characteristically different Eom that of a
wrong model {Fig. 4).

An obvious idea is to use such psewdo-energics
for threading {ie to fir 4 sequence i 3 rhree-
dimergional strocrure) [96). But, despite consider-
able inmproveinents [25¢,3588% 97 v8.99.100= 101,
102+, 103+, 104-106], the main problem of distinguishing
berween incorrect and correct remote homologues in 2
database search remains unsolved,
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Is discrimination of native-like steuciure of practical use?
A number of reasons attest to the utility of pseudopo-
tentals or information values in protein structurl re-
search. Firs, their abilicy to identify specific residucs
that may have an incorrect WMR or X-ray refine-
ment model cin faciliate experimental determination
af three-dithensional strucrure. Second, the detection
of a correct model amongt varions altermatives has
an imtportant impact ot steucture predietion. In some
cases, thres-dimensional prediction can be simplified
by external constraints {¢.g. for nrembrane proreins and
coiled-coil proteins) such that three-dimensional models
can be generated. Mean-force potentials can be msed, in
these instances, a1 an additional filver for selecting the
correct miode] from among the renaining alternatives
{]79.80,107+]; O'Donoghue, unpublished dara).

Conclusions

The rich information contained in the dabase of
nowm protein structures can be msed to ascertain
whether 3 structucal model is cormect or incorrect and
also, in favorable cases, whether a newly detenined pro-
tein sequence fis one of the commonly occurring fiolds.
[£ the detection of wructural homology by such a thread-
ing procedure is succesful, one can build 2 Gucly accurate
thres-dirmensional model. Even 3o, a method for the di-
rect and general prediction of three-dimensional struc-
re from sequence, without homelogy considerations,
is not yet available. Current claims 1o the contaty. sven
for simple folds, should be viewed with some scepricism.

Mevertheless, some aspecs of protein structure can cur-
rently be predicted with increasing accuracy, particularly
when databases are tapped for the rich infoermation they
contain {sequences have been adapred over eons of evo-
lutionary history). For instance, svolutonary informa-
tion significantly improves the accuracy of secondary-
structure prediction, which is now at 72H8% three-state
accuracy for sequence families. In contrast, the predic-
tion of inter-residue contacts based on correlated muta-
tions is, so far, of very limited accuracy.

In short. even if three—dimensional structure cannot
be predicred correctly from scratch, some atiributes of
siructure can be predicted with increaung accuracy, e~
pecially if multiple-sequence information is available.
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