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introduction

Tragine voir have o serpaenced protein, cither sequenced
in vuur own lab ar pulled down from EENOme propects
of expressed sequenece tap (ES1 production. You decide
1o fer theoretionl biglogy assise you in Fnding « pringg
informarion abor vour protein (e may he useful o
secelernre anmd design experiments. Yeow subiit aur
secpence o darbiseacard andfor strocrureeprediction
senices. The possihle picfalls are numernos, including
Pivhing a lousy server or misinterpretiyg the results, We
give cxamplos of commaon pitfalls expeticneed afier 80000
reduesis o dn antomatic predicion service Table 1 (.

What can theory pradict of protetn structure?

In general, protein three-dimensionad (303 strmerre
cannat be predicied from scquence 2.3 However, 3
striwture cain be prediceed by homelegy ndelling, that s,
Iry using 2 sequence omnlomee (256 sequence idengirg
with an experimeimally detcrmined 31 sirgcture, 11 1w
sequence homwlogue i found in the Protein Dam Bank
14], there snill 5 a chance of predicnng MY soructure
by threading that w, by remote homolegy mudelting
285 sequence idendvyl lowever, eorrect 31 mwsdels —
and even correct dececnion of remaote homolagy — from
threaling aee rare [5,6) Bur thenry can assisr by predicoing
one-dinensional (1T, 123 aspects of MY strucrare, {or
example, seconchiry seruernre, solvent agvessibifing 1rans-
mombrane helices, binding sites, seguence menifs, and
aspects of protein loneton,

Ease of use baars an ease of misuse

Rapidly developing electronic communication (1orernet,
Warld Wide Web) facilinwes the spreadiog of predicinm
methads. Experimental biclogists submic sequences and
theoretical hiclogists configure sutomatie services ehat
return predicrions. The advancage is that usees aced nat
become experts in the use of scquence-analysis tools.

Heweever, the ease of offering and aceessing prediciions
varries two problems: [naceurate methods (or insufficiently
vilidated ones) are made available thar bepass selection
systemy such as referees: and amers may misinterprn
results because of a lack of insight inmg the featnres of
prediction methods,

Sequence alignments

More than 30% pairwise sequenca identity

Seaquence analysis usually bepine with a searcll For
honeologues in databases {4.7], The success of alignment
programs relies en evolutienary connections between
hamologous prsteans: iF 24 o of 80 aligned cesices
fie. 3% maore for shorer macches {811 are idenrwal
Lwtween fwo nuturally soolved pecteins, the rwo have
simvilar 313 stenernres and similar fonctions 1R 10T (rhie
mat not be valid for engineered proreinsg, The level
al sequence identity significant for hamologs is much
higher for sealles regions: for very shon matifs te, 126G,
KIEL [single levwer aming acid code]i bomealsgy cannor
L inferred feom sequence identry

Higher values for sequence similarity

T samilarity sunfes (physicocliemical properties; 1D-sF = 1)
rather than identicy scores (D—F =0, 1313« 1 are used
tin select homologies, the paitise similarivy wsually has
1 be higher than 30% w be significanc. A rule of thurnb
Far true fustolugies i at for these, similaricy seores ace
higher than identiry scores, Similarity seores depend an
the particular similariey metric wsed, Thus, results canme
be compared directly becacen differcnt methos.

Consfraints to signiticant identity: compesition blas and
gaps

There e two possible errors in infernng homology from
a given level of pairwise sequence identity. The Frst
involves composition hias: i the two aligned protcing have
reginns with a high composition of cenain amine acids
le.g. ARGrich regions in DNA-binding proteins). such
regioms may he imporeant For protein functjon — and in
many cases are indicative of Tinetional class — bue may be

“misieading for homnlogy searches. Thus, compasition bi-

ased reginng should e ignored when compiling, seyuence
idenriry, amnl he used anly tn confirm presence of similar
eomposirien hisx in identificd homuologues. The secand
involves the presence of uny gaps: if an alipnmen
berween two proteins conting tw many inscreimis fEups).
even g relutively high value of sequence identity may not
suffice o sscerain homology (ypical seeagture alignments
contain ap e 10% gaps).
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Table 1

Cmnm-;;pmull ln_d.ﬂl}'l 1) 'a.\-ruld them,

Fitlall

Oherinlerpratation of
BEGUENCE imilarity

Inmuthcien! deacription
of famity

Inaccurata Tungion
designalian in dalabase

Owerinterpretation of
Aecandary atruciure
pradicticn

Coariniergratalion of

threading

Owvannterpralation of
30 medel

Caune

Laved of gimilarity too low (<309

Too many gaps

Similarity confused wilh
Fagquaraca idenlity

Cornposilion bias

Fult family not matehing
local moiifs

Errorn in original papar

Wrong annctation in datsbase

Owarintarpratation of homelogy
in datahase

Qngle residus aasignments
takon loo Siterally

Trendy
False prediction
Fradiction nal relisbla

AT model bult an shaky
algrrment infarmaiion, or
unrglisblo atryciyrgm

Large loops modafled

Reawuli

Incorrectly interred homglogy
and henea wrong function
o winng struciure

Paltervhomelogy incorractly
irdarrad

Inearreclly inferrod funchon
Toa detsiled gredictions
for funclion

Wasted lima
Incarractly infered function

Wrong or parially weong 30
madel

Wrong intarprofation ol locaton
ol residus in 30 struciure

Witrong preduion af
structure—tunction relationship

Fix

lJs0 Ihrpsholds considenng gaps,
sanilanty and composition bias

Usa profiles of subimmily
Repaat nearch with diffarart
family mambars

Chack lileralura

Compar sevarel homotogues

Compars with lavel of
drorgence in lamily

Coviaider mainly sagmant fowol

Uwe tontrols appropriato to
particular theeading method
Check functional reeidisas

Do mare carelul alignemont

Take nto account refizbility
indwaa fer harology modols

Low leval similarify — coarse-

Wrong choice ol modalling
andier chacking 1ools

graingd boole
High level gimitarty —full-atom
descriplian 1oals

Evolutionary patterns crucial for successful pradiction of
tunction

A ovvpical miseake iS5 we precivt fsction by potative
homeology on the basis of an overinterpeered level of
sequence similarity. Functional and stoieroeal constraing
are rranskied info SCQUENCE oHscrvtion inoa particubr
way thar deponds on the particular procein strueture and ins
evolution. The level of similariry reguired for identifying
finerionally eivalent proteins in two specics depends am
the overall divergence of the specics and oo the particular
protein Farily,

Soma databases use more raliable annotations than
others

When predicting finction on the basis of o protein’s
similarity 1o proteins of known function fas annorared
in databases), in s imparmant to be awure of incomplete
of wrong annotations. The annotations Tor the pocive
hometogue ought 1o be verified in the origiool sourecs
of the Functinnal assignments (a0 mnore relisble dutalipse s
SWISE.PROT [7]3 A similar prohlem arises for errors in
scruences, such as frame shifts or sequencing ercors (very
frequent in EX'Is).

Quality of alkgnmant

Despite the central rode char alignment programs play in
sequence analysis, 4 thorough analysis of the qualing of
methods using statisrically significant numbers of proteins

has yot tn be accomplished. In genernil, slignmenrs are
more |ikely o be corree for higher lesels of pairwise
sequence identity, and are less likely o be correer in mone
variahle reginns.

Stability of alignment

By vow find dieee proeteins you want o ouse to build
2 multiple alignmenm for your sequence of unknown
structurs (L) In experiment A, you align them in the arder
1-11 {rhe st protein wich 11, 2.10, 510 in experimen i
you inverse the arder we per 310 2-L1 117 The alignments
of Aand B may differ in dewil. Is this an error of the
prograns? Noo necessarily: the reason may be tha che
alignment is just nor nnigue, thae is, the best and the
secend best solutivo to the alignment peoblem may Tave
sitailar senres. Thosuch cases, the aligument is less reliahle
in regions where the results from A and B differ.

Sequence alignments reveal underdying avolutionary
procosses

Aligning protein sequences may appear o he porely o
problerm of matching lerers. However, sequence align.
ments wnravel information abaur structural and  fune.
tional relations berween residucs in dilferent proreins,
Ctweinusly, it is not erivial o map the complexity of
factors determining protein stricture and function saro 113
relations betwoen leoers,




Evoluticnary divergence within sequance famililes

In general, regions with many inserfions and deletions in
the aligpment are less informative. To ilustrate this, say
your protein has 333 residues; 22 sequenves are aligoed in
the amino-termingl regan, and only two near the corhesyl
rerminns, Then you canoat draw firm coaclusions about
funetion andfor structure from the conservation patterms
a1 the carboxyl wrminus. 1o 200 sequences suffice Tor an
informatcive alignment? Mot necessarily. The information
contained in 2 mubiple alignment is detenmined by the
divergence of the aligned scquences rather than ly the
number. ldeally, the entire range berween 30 and 90%
sequence adentity shoold be covered, preferahly wich
many seruences ab lower fevels (3504

Exianding local sequence motis 1c antire folds

The goal of datahase searches is to fnd a good alignmen:
forr a full folding demain This sk is often very difficnle in
the absepce of 302 infurmatiwn. I you found 2 lecal maoif
{e.g. by a BLAST search [117h vou would oy te exeend the
alignment w cover the foll core of the proteins. & good
indication of a correer mateh s that matils dor laeal hits
from the RLAST search) appear in cthe same onler in the
final alignment.

Aligning entire tamilies rather than subsels of sequances

Ansher helplul crterion indicative of true homulogues is
that the ‘Tl procein family is described by the alignmem
rather chan just @ subser of sequences, In pragtice, scarches
often nitally idemily only o few members of 4 given
Famnily. The aligned regions should rhen be investigated
thoroughly: are local matifs compatible with the enore
faumily} Are there other metils that could be used w
uncever further homologues by restricting che search w
such modfs? s che patern svmmerrival, ther is, of your
protein 11 has been aligned w, for example, the protcin
kinasc family on the basis of smong loacal modfs, do
othep panems relevant For the kinase family mateh o
T2 Incumplete Tamily alignmens are ofien indicative of
a mislcading local patcern and of haviog falsely alipned
unreldted proteiins.

Frofile alignments may intrude Into the twilight zona

Tn the owilight zone THH of 20-30% pairwise scquence
identity, seguenee alimments hecome tricky, Only meth-
ods using, profiles derived {rom the sequence family
of yvour protein U may reliabily intrude intn that wone.
The quality of such alignments depends crucially on the
information contained in the alignment, chae is, the size
{number of sequences) and divergence (evels of puirwise
scquence idenrity) of the sequence family. In sparse
regions (less seguences), alignmenes are generally Tess
rcliabie, However, penetrating the twilight wone redquires
attention!
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Predlctions of 1D proteln structure

70% corrmct implles 3030 Incorract

The most accurate methads for predicting secondary
structure of solvent accessihility are based on multiple
alipgnment infoermation and reach levels of abwie T
aveuraey. This level of accuracy suffices to render useful
prediciions [6,12]. [luwever, in interpreting the predic-
tins, it i® often instouctive o spor the 3% of residues
vou suspect 1o be lalsely predicted.

Spread of prediction accuracy

An capected accuracy of 0% does not imply char fe
vour procein L, P0% of ull residues are eorrecty predicred.
Insteael, valucs published For prediciion accuracy are
averaged over hundreds of unique proteins, An expecred
aceuracy of 20£10% {one srandard deviation) implies that,
on averape, for twe thirds of all peotcins, horween 60 and
B0 of the residues will be predicted correedy. Thus,
predicrion accurdey can e lighes than 80% or Tower than
AOE. for your protein

Special classes of proteins

P'rediction methods wre usually derived Trem knowledge
conained in subsets of proreins from databases, Conse-
guently, they should noc be applied to dasses of proteins
thae lave not Been inclnded in the subsets, For example,
methods For predicring helices in glabular praveins are
likelv ro fail when applied w predicing transmembrane
helives. In general. resnles should be mken with caution
for proteins with unusual features, such ws prohine-rich
eegions, an unusually high wumbcs of cysieine bonds, o
forr dhimain interfaccs,

Battar alignments yield bettar pradictions

Multiple alignment bused  predictions are subskungially
mure accurate than single sequence based predicoons,
How many sequences do you need in yours alignment
expect an improvement, and how sensitive are predicion
methods wicth respect to errors in the alignment? The
more divergent sequences contained tn the alipnment
the betrer ftwo distandy related sequences often improeve
secondary structure predictons by several percentage
points). Repions with few aligned sequences yield less
reliahle predistions. The scnsitivity to alignment errrs
depends on the methods, fur example, secondary soructure
prediction 35 less sensitive e alignment erars chan
accessibility predicnion.

Batter + worse=gven better?

Today, scveral amomatic serviees accomplish seeondary
structure predicrions. Seme uwsers Fall inte the “whar is
common 1s coreect' rap, thar s they avergge over all
prediction mcthods andl consider identical regions as more
reliable, In exceptional cases, such & maporiry vate may
be benchcial, however, fregquendy, the resule will be
the wowst-of-all predicrion, Ofen. it is preferable mo usc
reliahiticy indices provided by some methods. Such indiees
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answer the yuestion: bow reliably is the rvprophan at
pusition 37 prediceed in a surface Toop? (Mote thar the
coreclacinn Between such indices and prediction accuracy
1t sutficiently rested for o few methods only)

1D struciure may ar may not be sulficient to {nfer 30
structure

Say you obtin the following prediciion for repular sec-
ondary stengtiare; heli—strand—-strand-he lix—sernd-stesodd
(H-E-E-1I-E-E} then assume that you Aad a peotein
of kiewn sreacture with the same motif, Lun you
conclude cthat the pwo proteins have the sume fold®
The answer s ves amd oo your guess may he correct.
hur chere are vardous wavs tooeealise the given motif
Ty campletely different structores. For example. the
secondary structure motl H-E-E-H-E-T s contained in
ar Jewst 1 arructnrally unrelued proteins.

Predictions of 30 structurs

Accuracy of hemology modelling st the laval of ribbon
plots

A vomimoen mistake in using homolopy-desived models of
I seruerure i thar the medel iy tken o licerally, In
gcncral, the accuracy of lwmology modelling decreases
with lower levels of pairwise sequence identity between
vour seenence T and the target structune, Models sceurate
enough to simulace ligand hinding in detail reguire levels
of alwwve G0 pairwise sequence idenriny. Fartheomnre,
successinl applivations of homology modelling may be
hampered by twe other ditficulries: firstly, loop regions are,
in general, less reliable; and secondly, scenrate predivtions
for regions with insertions or delerinons, rhat ix, regions
where the wemplate sucare does oot mateh L arc the
exceptinn [6]-

Avold overinterpreting the detsils of the model

The nain purpose of homalogy meadelling is w eranslare
a given alignment into more intuitive 303 images. Such
images often look wenptingly real”. Inis cruckl o bear
in mind the regions that were unrcliable in che alignmens
or in the onginal soucture (e.g. Rexible regions, high
R facmorn low number of NME constraines). Homelogy
madelling reods w yield skewhes of scructure rather
than accurate conrdinates. Is homology madelling of any
use? Is any hypochesis about o strocture berer than no
hyporhesis? Guessing dewails abour protein Tinction i
sbch a difficulc sk thar any nll hypothesis may help
puide experimeants. "I'his may resule in overinceepretations
of the level of homology suggested by the sequence
alignmenr aod the level of accuracy of the resubting
midel, In practive, modelling often strikes 3 Lalance
between users pushing for more inrerpretations and
models pinpotnting the imitatons of the methads.

Remaote homalogy modelling {threading) is extramesly
triciy!

One prablem of bomaology modelling for lower Tevels
of pairwise sequence identity is to pet the alignment

between your sequence LD and the wmplate structure
I vorrecr. Bue even if the alignment were carrecr, a
principle limimafon s that T and 10 juse do noe have
identical 312 structures. This problem is particularhy Batal
fur remote homology modelling (threading), thas is, the
predictinn of M} strncrure based on less than 255 pairwise
sequence identity. However, current threading methods
are cven morg limited: peeting the alignment carrect is the
cxecptnn rather than the rule [6], The hasic message of
this starement is not "don’t use chreading proprams’, but
“use them with extreme caution and be aware thae mast
resulting mndels are likely o be mostly weong’,

Check the pradictad modsil

No manmer which homology modelling technigue von use,
vou'd better check the model by one of the vanous
programs that detect errors in experimeneally cdetermined
structures (2] What if all checks reveal your model o
resemble a known structwre? Then you have a goed
starting paint, Bur keep in mind that checking tools are
ailored o spor ermrs in structures derived foene NhIR
of X-ruy crystallography. Your model may have been
subject ter extensive relinement trying wo optimize exactly
those variables that ure checked {e g carsion angles, bond
lengths), Funthermore, wther feaores that help o spot
erms in experimentally determined stroctures leg. inser-
tion of gaps in secondary scructure elements, proximiny of
funcrional or aetive site residues, hydenpholicity of core)
may have been adreidy avoided Tor your model by the
alignment progeam. What if the checks reveal that woor
model 5 not native-like? Shitts of seeoandany seructuse
segments are rather frequent in peotein evaluvion, It may
have heen misleading to optimize bumps or side-chain
nacking by the modelling software in vhe first place when
the deviations between the secandaey sericture clements
of the arget and your peotein were substantial. Ty e
focis o mewe reliable regions andfor pargenlar aspects
of the model compatible with independently  derived
infurmuation,

Conclusions

Most mistakes are plifalls that could have bean avoided
huse of the examples listed can be raced in the lircratise.
[s the take-home message ‘bands off applving prediction
methods if vou are not an expert? Cerainly not the
pitfalls listed can be avoided. The maore difficule the
predicuion sk, the mace skills are required: threading
and homology modelling are difficule, alignments and
ITy structure prediction straightfarward. Uoderstanding
the limitations of the ronls is the key tw a successful
application.

Is your protein a suitable target for pradiction mathods?

In amswer tu chis question, the general message from a
workshop organized by Apna Tramantano [Instiiueo di
Ricerche di Binlogia Molecalare, Rome) and T Hobbard
(Mcdics]l Research Coungil, Cambridgey [12] war e
follwing: this depends on how much you are interested

"




in finding answers to your questions! Theorctical biology
srill fails 1o predice 31} soucture from sequence, bue
predictioms of various simplificd 112 aspects of structure
become more accurare and maore osefol with every pew
sequence added w publiv darsbases.
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