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Protein structures sustain evolutionary drift

Burkhard Rost

A protein saquence folds into a unlqua three-
dimenslonal protain structure. Differant saquonces,
though, can fold into simllar structures, How stabis s &
protein structura with respact to sequence changes?
What percantags of tha ssquence Is ‘snchor’ realdues,
that is, residues crucial for proteln structure and
tunction? Here, answers to these guestions are pursued
by analyzing large numbars of structurally homolegous
proteln pairs. Most palrs of simllar structuras have
sequance ldentity as low a5 expectad from ra ndomiy
rolated saqlances (8-8%). On avarage, only 3-45% of &ll
residues ama "anchor' residues. The symmatric shape of
the distribution at iow sequence ldentity suggasts that
for mexl structurss, four bllllon years of svolutlon was
sufficient o reach an equilibrium., The maan identites
for convargant {ditferent ancestor) and divergent (same
ancestor} avolution of protains to simitar structures ara
quite close and bence, In most cases, It is ditficult to
distingulsh batwean the two stiects. In particular, low
lavels of sequance identlty sppear nat to bu indicatlve
of convargent evolution,
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Introduction

Large-scale studias of profein structure evolution can begin
Weo lave o deailed and sveewidening kwavledge of the
cvalurion of DNA seoiences, Bue whar di we really kmnow
abimic she evolition of protein stcrure? Uneil recemly,
the answer was: ot miwch. The fiest decailed siouctores
were derermingd 27 venrs dpe T12T, amd 14 v i, the
datalzse of atomic-resalution poorcin stractures (PIIR)
eontdined just 312 strovtures 3] Since hen, due o
aclvanees in cetermination methods 4], the TDR s
grown cyponentiallys presently, ic holds 5000 enrrics. 4
pafallel desvelopiment bas secarred jn methods for aligning
protein . stowtures [5-10] Applying these  automaric
methods to the current PDB. we can now bepin w analyze
the evalution of protein strueture,

Stability of struetures with respact lo sequence changes
snablan avafulionasy drift

I has long been aceepied chat cach protein sequenee folds
P wnigue 30 steocture, and thae proteins with similae
sequenees have similar stroctures [17], Bue exacely how

simifar do two sequences have w be o have similar stre-
tures? Inwthier woels, how large is the sequence awraetor
of a protein strictire (e the fepion i sequence space
which maps ento the same Tkl The answer Js SIrpris-
ingly lurge: essentially all protein pairs of known strueem
with mere thun 30 o off 10 rexicdies identicy] T I e
have similar strcrures [18], This high robustess of strue.
tures with respeet to residie exchunges explains pardy the
eerbustness of arganisms with respect o gene-replicaniong
crrors, and it allows wmnch scope for variery in evalaring, Tn
reent vedls, madny exanples of protein pairs have been
nneavercsl which have similur stretures at even hwer
levels of pairwise sequence identry, Ae firsr, rhis was 2
surpalse [19.200, Tlowever, we are now soanjng o realize
that @ low level of sequence identiey beeween similur
SEFUCOULTEs is not the exception.

Huere, a previous analysis of prorcin structuee evelution
[21] is derailed and exaended. This analysis is based an
all pairs of proteins in the PODB with shoilae 30 strue-
tures. Frr each pair, the senctures were aligned anad the
sequence idemrity {pairwise identical residues) in che
alicned regions measired. T'u minimize Dias in reg@ons
of higher identity, distributions of pairwise sequence
identity were eompiled for four entire genames repre-
senting o1l three rerrestrial kingdomss  Faewrophifu
influvazae {prokaryore, Seccharemyees rerecisiar {oukary-
oneh, Mycuplasmng genfeoelfivar (prokaryore), and Metbaporoc
P8 fewaieftid Carchgan,

Mathodology

Campiling pafewisa sequence jdentity

The basic senre compiled was the level of pairwise
setence ideneiry, Lo, the pereentage of residues identical
Between twe aligned proteins, Seructure alignments were
taken frum the FS5P database of srructure alignmenrs [22],
The merhod diae produced  these aligaments €oa1n
AWECTARCS 1 SHpermposs two stractares seconding o their
sitniluriey i the patteon of interresid e contaees [ 23], T hus,
the fearnre inaly ced here (rainvise seguence idemity) bas
not bean nsed by the struconeal align ment algorithm,

Two ragions of pairwise saquance identity: close and remote
siruciural homologues

'l‘llc IL'Jr'Cl nf piillnl'll!it: .‘il'_'l'llll,'! e i.d(.'ﬂ[if'}-' feowr 'whiq_'h i k-
tally evalved proreins are puaranreed o bove similie strue-
turey [17) depends un the alignment Tength [15] A reilight
aone” [24] distinguishes ehe region in which sequence iden-
tiry implies structore stmiluiey and che region for which
many  proteins have  different stroctures. Sander and
Schnewder [18] defined o length-dependent eyt-off Line
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Avaiding hias by selaction of tha deta set. The aralyais prosentad in
thig paper waa compiled on the baaie of tha largest possible subasts
from the OB that fulfilled the following critaria: Requence unique - na
palr of struchures had »25% peirwise sequence ldenlity (accarding te
gltuctural aligneant [231); struciure uniquo — etarting froe the
Bequenca unigue set, 4 Sl was solociad in which no peir of atructures
had a slgnificant structural gimilaity (dofined by the pa. cut-off [23)).
Thia procedure implied the separation inlo twe regions of paireise
Eequanca identity: (1) remolo gtrustural homologuas {<26% pairsiag
sequence identity) — all protuing in the etructure-unique set {whita
inner girclo] were aligrwd sgrinat all protaine in the ssguenco-yRigua
sol {grey outer circle); {21 cloge struciural homologues (=25% painviss
apquenea idarhity} — all protaine in the structuea-uniqus wet (white
inner circle] were aligned against all proteina in the PDB.

which wis used in this anulysis o separate the region of
close surucrural hesedopes (pairwise sequenee ideneity
>25%} and the region of remote structural homologoes

(puirwise sequence idenciey <35%) In the fist region,
seepence alignment merthods  prsduce acenrate alipgn-
menes; in the seeond repion, relinhle alignments have o
b sl on e bed me aluaot strovenre.

Avording bias by popudated folds throwgh selectfon of the dala set
Firsr, the Lugest subset of unique stnwctures was selected
{272 promeins for which [98 Faad an least one remete homao-
logue: Fig. 1; compiled fram [22§) Second, the largesc
subiser uf soquence-nninque structures was selocted (849
proteins; Fig. 1 comypled from [22]0 T furcher reduce
possible bias, the unique strctures were aligned agaiost
the sev ol umgue seepaenees only (nstend of apuinse the
entire PDB; Fig. 10 The distribtions of levels of pairwise
sequence jdentity =25% were gencrated by aligning all
Proteing in the "steacenre-unigie” secagainst all proteios in
the PDB (note thae by definition, in the ser of seqnence-
nnique steuctures there is oo paic with =25% pairwise
ROuENCE idcntit}'; rl.;.’, 1. '['n 1:.1i|'||:rr:: e eflevt of coon-
parisons bevween and wirthin the ewo major terrestrial
kirggdomes, the slignments were addicionally sesoictesd w
Twnmolignes hevween: (1 prokaryotes and prokaryoees; (2]
eukuryotes and cukaryores; and (3 mixed pairs, Le one
prutein from prokaryores, the other from cukeryoues.
When starting from the stiucturc-anigue set, the connts
vielkded were 1on low {upper-righn charr in Fipe 21 There-
fore, the inter-kingdom amed integ-kisgdom data were als
compiled searming from the wquence-uniue siihset of the
POB tower-lefu chare in Tig, 26,

Exploring four enfire ganomes

The sernctnre dignmenrs vielded 2 rather “noisy' diseiba-
tion in she region above 0% sequenee nentin (Fig 310 A
wiy to less bissed disiriburions bas been opened by

Figure 2
Farcenlage of identical rosiduas Driatnbugion of pairalse sequenco identity Tor
alructural homologues balonging to the sama
--------- aukarystos sukaryotes B 100 kingdom, The figura shews the rasufte far sl
-——mmaﬁifr?ﬂﬂ r eukaryoles agains! all eukaryales jdaahed
— FiHlen I pe [ d0 black lina}, for all prokaryotes ageingl at
L prukaryales (schd Wach linaj, and Tor gll
800 r eukaryates against all prokaryoles fsolid gray
700 - 0 .g ling}. Tho lowor and uppat chirks diffar in the
- = subsets of the PDE considered [lower-left
B0 C 20 T thart: starling feom th smquenca-uniguo
£ SO0 r subset al tha POB, see Fig. 1; upper-righd
g o 'E chitt: aturting from tho atruciuro-uhiqus
S 400 C o r aubest al the FDB, see Fig, 1), The bars
_E 0 I Indicate thal the abecluto valuse of the
E . l L digtribution below and above 26% sequence
Z  asn e E Ideritaty are et camparatia. Ta minimize the
effect of database bias Below 250, the mart
104 a0l wau ahgned ageinel & aubeet of the PDB
f inwhich ne twa praleing had >25% paireise
eequenta wantity, whareas abowe 260, the
alart Aet was aligned against b antirg PDB
Percentags idenical residucs taee Fig. 10,
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Flgure 3

Duatribution of painwise sequenca Identity for [T TR P ST P
alructural elignmanta fopan eirclgs, blagh lina) f

and random abgnments left panal anky;
cresaas, gy hned. Tho swatage sequencs
identety of alt ramote etructural homologues #
<2506 palrwlea eaquanca identity, left panal) - 404
wae —0.50 (slandard doviaton 503, Tha Ve
dnaried line is & GEussian arvakops el paoal) E 4
firted 1 the observed distibution. The averege
anquance idantity of randam alignmeate was

| E 2 :
~5 B [standard deviation 3%}
d

4

P &0

Number of para

16 g0 28 3B 50 76 100
Percantage identical residwog

=etuencing the enere genomces of A infeessas (T ]25], 5.
cerevistar (VE) 126]. M. gewitedivm (MG [27]0 and W jan-
waickit (] 128). For cuch peneme, disuihutions were zen-
crataal by uligning ol protein sequences agpinst the
SWISS-PROT and the 'URFMRL, [29] databases (using che
multiple sequence alignment prograny MAXHUA [18,350])

Ganerating random background distribttiong

The rundom backgronnd disrilwiun was generated by
the follimwing procedore. Al poseins in the stooctome-
nnigee set waere randomly superimpesed anto all proeins
in the soquence-unigue ser, “Randemly superitipomed
refers to seloeting alignement 'hegin’ amd ‘end” in borh
aligned’ jiroteins by penerating andom numbers, i.2, ire-
spechive of the amino acics thut weee superimposed. A
vomstraint was imposed while randomly sclecring pairs:
the pairs had oeenireor the distriibucion of alignment kenath
ahseried by the seracturally aligned paies, “Phis pasticular
construction of randem paies guaranrecd char the rndom
bavkground was representative for che set of soroenrally
aligned pretein: s well ws singler Foguensies Giming acid
eompasitieon ). higher onder carrelations (di-, -, multipep-
tide frequenvies) were similay, {Therelure, the average
vilue of 50% wus lwer thun what wanld have bueen
cxpecred  from supedmposition of andenk shuffled
S LIS,

Rasults

Expacted distributions for convergan! ang divergent evolulion

A prtord, we might sappose thae divergent evolution of
seguences from the saime ancestor would give risc t a dis-
tribatiom of sequence identity seores with 1 peak value, D,
at somc probalily low walie, o £ < 30, aod o smooth
relatively flat wail for high values (Fig, 3, In che case of
eanvergent cvolutinn, where two unreluted soquendes
evalve tn the same structure, we would expece a sharp
Gapssian distriburion wich a pesk walue, & at very low
ieotiey, e 7 < 105 (Fig, 4p

Qbaerved distribution for structural homeloguas: one peak at
~8-9th

The distribuciem of sequence identity scores Bor sorrupal
Tsmnlopnies (Wi 33 las theee distinet regions: g largee,
apprtimarely Gravssian peak conrred ar -8-9%:; many
sller sharp peaks herween 15 and 953%; and a lurge peak
near 0%, The kase peck may arise fuan mgants ongi-
ncered to facilirare struceure determination. The second
region ¢an be explained by ‘incohercnt noise” peuks arising
Frum aneven sampling and rhe sl relavely sowall size of
the current PDB {see below). The peak tn the fist region
secmed to be incompatible wich the hyepotlosis that con-
vergent anel divergent evolution vielderl vwo differem
Ciaussian distribuniens Gaeund & and 2% the ehserved
peak owcurs af very low average identicy (-B-9%Y and s
remarkahly symmetrical (Fig, 3, left quneB). The peak s
alse very similar o the disrribution of ndom segquence

Figure 4

Percentage of idonical residuas

Hypothetical distribuibon of pairwise sequence identity for two
gvolutionary avants. Firatly, protein palrs that commrged from &
different ancoater o aimilar atruclures (grey Tine; peak al &, Secondhy.
preteind thut diverged from a common encaetar mainteining a similar
structure (hlack line; peak at 0. The dashed fine indicates that it ie nal
cledr n prins which ralalion to eypect balwaan the divergent pask snd
s taf &l high baveks of seguenes idanlity.
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idennities wich a peak value, B, at -5.6% (Fig. 3, lefr panel),
Qualitatively similie resuls were obtmined when using
sequence similanity insrem! of sequence ideniire [21].

Have divorgen? and convargent evofution reached A siinilar
equifibrium?

Three seenarios could have generaed the observed distri-
buation Toe simibu strovknres with vanishing  paimnise
sequence identity (<15% ) us a superpasition of ren sepa
rite events [Fipe. 3,

L Divergent evadution has not reached disen o very Tow
levels of sequence idenrity; the observed dissdburion Tor
remiote homologues is encirely deminawed by pairs that con-
verped from ditferenn ancestes o adopt simila structures.

2. Convergent cvolution is neglgible; ol uhserved pairs
have originated from divergence o very low levels of
sequence idenricy.

-

3. Dhvergent amd convergent evolution luve resched
similar coguilibrinm distribmions,

Divergant evolution nol undetrepresented for remole structural
homologues

The umderrepresentatiun of gains fhat have diverged from
acommon atwestor may have been caused by the partien-
lar definition of serucoueal similariey {the mone “eeluxed”
the definition, the more likely thar even functionally nnre-
lated proteing eould be deemed “structurally similar).
Heweser, various different ericeria yvielded qualitatively
the same fesale a single Gunssinn distribarion peaking
-8-9% sequence identity cxplained the obscrved dara
Liew {Fig, 8)

Gimifar results for atigament of ler- and iowa-kingdom data
The one peak e -89 sequence ilenuiey (g 20 may
have arisen from alignments herween proteins from the
same terrestrial kingelom (g, prokarvotes with prokaryotes,
or eukaryores witll cubkuryotes) whereas the several peaks
abeve 30F sewuence ideniny may have resulted from align-
ments between proteim fron different tereeserial Kingdoms
(g, prokarynfes with cukaryoees), Cnmpiling the diseeil-
tions scparately for all prokaryate—prokuryote, all enkary-
ote—cubarvote, and all cokarvote—prokarvor slignments
didl ner vonfirm this suspicion. Tnstead. T all feee- gnd
intra-kingdom alignments, the diseributions appearcd quali-
turively similar tu the one B all protein pains By, 20,

Mast close struciural homalogues have foss than 45%
pRirwisa BaguEnce identity

Sequence aligrements of wll proteins from the feur entine
Eonames against SWISE-PROT and TREMBI. databases
[29] yielded several elear sesuls

L Thw cobierent peak near 100% (Fig. 3, righe panel} is not
present furuny of the genames (Tig. 6,

2. The various smaller peaks between 48 and 805 in the
diserilation af structural alignmenes (Vg 3, righe panel)
are not cuhoreattly nhserved in the feur pennmes (Fig, 6).

3 The majnrity of elnse struetnral hoonlogies (=300 paie
wise sequence idennityd for all four genumes lid 30—42%
pairwise sequenee idenory (o ot slioswnh

Dizcuaston

Fiowr slable is protein structure with respect lo seguence
changes?

Musc pairs of similar structures have sequence idenrity as
luw a5 eapevted from mnckenly relied sequences (Fig, 3,
Tefr panel). This chees non iniply that segnence chinges werg
ranclom buc thar o us — as obsenvers of the record of evolu-
tiunary history — die seaprence varmirions look randam.

How many ‘anchar' residues define a struclure?

The average percentage “anchor’ resicues, e, residies chat
are encinl for protein seracture and Fanction, 5 et given by
the dverage of the ahserved distibution. [nsread, the relevant

Figure 3

Number of pars

L1 ] ¢ 15 b} 5
F'orconlagu wl idantical raesduss

g RP0 252
e R0 123
—e—R>08;2>3
—0—R>0 ;[ Z=e

Digtnbution of pairwlse sequance identily for reemote steuctural .
homolaguas using diltgront Ihrosholds for stuctural similarity. Diflesrong
Ihrashalds wets gonsrated by excluding alt pairs 1 the FSSP detabase
23] bedow a gyiven thrankold 0 the paLl Z-acara (Z-ceu < 2, 3, wnd 8)
[23), and lor which the agnment covered loo small a percentage gl
the aligned proteins (R < 0, £.8]. Molo tha logarithmic scale of tha
wertical wis; in lagarithmic scale, a Gaussian curve baconmes 3
parabcla. By tuning the thrasheld, rather differeni data sets wora
pemeralad. Al the most stringant cul-off value {2 < B), 100 few
examples for statisticsl enalysie wers found in the PDB. Howavar, iha
plots suggost Ihal the deteaile of the shape of the furction displayed in
Frgures 3 waere indapandart of (he partivular choice of {he cut-off for
strociural eimilarty.
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Figure &

Diatribution ol parwise saquence identily for

all ;zlomn strociural hamalogues batwean four |
entire gencmee and the SWISS-PROT ‘-‘I
databasa. The rasulis from tha analysig of 1
struclural pairs are also plotbed. Counts are
nommuited te poreantagsa by the sum aver sll
pairs lor 2ach genome (respecting 1he ;
wlructusel pairs). Yaluss satwaion the |
alructural alignments [PDE) and the amquence
rligrimants {genamas) wero nol sirictly
comparable. However, the main frend i clear:
tha peaks in the FOB distibulion &1 around
B0 and 100%: sequance idenhty anse fram
bias in 1he selection of stractures in the POS.
M1, Mathenocaceus jantaschs ; MG,
Mycopfasma ganitalium, YE, Saccharomyres
cerewgipg (yoasth; M, Haemophilios
fnfucnzas.

Frection of prafain pairs

===+ ]
-reetfpnen 0
annnz—-- ¥E
ey |

Parcenlage of wanlical residyes

ninpbeer s the difference between rhe peak obscrved for
structural homologues (6 = B, Fig, 31, and the peak fur
randlom alignmenes (8% Thus, on svenige only 3—3% of
residues anchor a protein stoucture (6 — & Fig, 3).

Did evolution have anough time lo reach an equilibrivm ?
Mt remote stracou] homologies huve <15% pairwise
sequenice identity (Fig. 31, wued most chse structural
homalogries  have <d5%  pairwise  sequence  identity
tFig. 3. This implics that the rate of creation of new
soruvtures is much slower than the drilt tywards the mean
sequence ideatity (70, Furthermnree, the symmetric shigig
of the distribution at low sequence idenriry suggests thar
Four Billivn years of cyoludun was sufficient o reach an
crilibrium herween rhese two processes,

Can we distmguish between convargant and divargant
elafution ?

Maively, we may bave supposed that the leve| of pirwise
seaiene identiey For remuote honsolupnes van be nxed
distinguish between convergent and divergent evnlurion,
Hinwever, ethe results presenced here suggese thar conver-
ent andd divergenr geolution may have guite similar squi-
librium  stures  (difference between  divergent  and
eoAvergent aversme, £ — & quite small; Fig. 3y, and hence,
in the remote homolory region (<%, i is difficnl e
distinguish between the rwo elffects,

Howe will the distribution feok for atf globular protains ?
Assuring that the theee werrestrial kingdoms {eukaryote,
precskaryate aned drcheun) would reslt in separted clusrers,

the obscrved distributions conle! also be arrributed to such
clusters, The relation between the majer peak, ~8-10%
sequence idencity, and the ininur peaks, ~6 und S0
(FI-E 2y, would then reflect I'I'ICI‘CI'_\' the listrilation nf
organisms thar are the sources for the protein sequences in
the PN, Furthermwre, the suggestion from Figore 2 tha
maest seruciund homolngies have <13% painwise sequence
ientity may also be a result of the particular discribution
vl organisms In the PDE. owever, restricting the diseril-
utions to alignments from the same kingdom and w abgn-
ments  hetween  twe different kingdoms  did ot
gqualicuively alrer the disgilautions (Fig 4b “The faor char
very different data sets pmduced similar results suggeses
that the distribution for all globular proteins would losk
similar o the ane observed walay, Tlowever, the daea sors
are still oo small e allow drawing fiem conclusions.

Teivial o aueprise?

In presenting this anulysis at the Copenhugen meeting
and clvewhere, most experts huve expressed surprise #t
the low vabue nf the average painwise sequence identity.
{llcarly, then, the distributions shown in Figures 1 and 3
eontaii un impertint lessan in advancing our understand-
ing of the evoluriun of protcins,
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