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variable Zinc Coordination in Endostatin 

Erhard Hohenester'*, Takako Sasaki
2

, Karlheinz Mann
2 

and Rupert Timp12 

;it., StdJOtf. R111(kdt 
ry, ht1f1t•r141/ (,>1/t"~c· 

""· 51\'; 2:\/ Uk 

l'ndo,1,,1,n ,, ,, prol•""'" lr,,gmt•nl of collagen\\ Ill that polcnll\ ,nht· 
b1h .,n)!.tO>!,'-'nl-....1"•• .1nd tumour f.W'' th l luman ,.mdo-,tatm ,ontam., a ,me 
,on. bound nt•.lT llw '- lt•rmmu,, whllh "'" nol ob-.eT\t>d m lhc ongm,,1 
,lrm lttTl' ,,t m,,u,,, ,•mh>-.lalln ,,1 pl I <; (.unl«wcN,li dala t'"'' on lhc 
nik• lll th,.., 1ml u,n m tht.~ ,1nti-tumour act1\'lt\ \/

1
fr report two nt•w en..,. 

1,,1 ,ln1<lt1Tl" ol num-...• t•,,-1,,-1a1,n al pl I HS wtlh bound ,me. One cT\sl,,I 
lttrm ,h"'" ., ml'l,,I ,on wordmalion similar lo thal m human cndu,lalm 
(l lt,I 11, I lt,I 11 I lt,I 11, \,p207), bul lhe conforma11un of 1he '.J.lcrm,n,,l 
.._,gmt•nl ,., drflt•r.•nl In the olher cr,slal form, \sp116 repla<t"' 11,,131,,.. 
., ,m, hg,md ..,,,,•-dm'<l<>d mulagcnL"" of 11nc-b1ndmg rc-,,dut"' demon· 
,1r,,,,.., 1h,,1 bolh nxml11Mlion geomelrtt" occur ,n ,olu11on The large 
,ll-grc'<.' of ,trudur,,1 he1erogenc1t; of lhe 11nc-bmdmg srlc h,,s 1mph 
'"'""" lor c•mlo,1,,1,n funt11on l\ c condudc lhal ,mc rs ltkch 10 pla, ,, 
... trudur,,1 r,1tht.•r th,111 ,, cnt1c:al functional role an cndo.,tatm 

~ung Protturd1l·mrr 
1-P~nr!.-ltt,fr/UI fur 
:,,rtt,, D-8!1.\1 

l~tNltd. Ge,1thlflll 

, '2(X).l .\c.1l.kmu,: l'n ...... .., 

'(.~111~ 11ut/i,,r 

/-,·~•"""' ,1ngrngcnt-.rs; tumour growlh; collagen; metal btndmg, 

muta~enl~i ... 

~ently idcnt1r1e<l ,1n~10f,l'Ot.'"'"'i.., 
--1 prott..>tllytit prl'Kt.'"'"'..,mg of 

·r 1) don1<1m ot collagen 
l_o<.,tatm with cl mol­

t1all\ punfied 
•nl' hcman­

nhfcra­~, 

1999a,b). llowe,er, allhough the acll\'tltc" ol 1he 
d1Hercnt recombinant endoc.,tatm., ,,·ere qu.1ht.1t 
1, ch ',1m1\ar, -,1gmficant differences m tht.• dtl't.'· 

re~pon.,e profile•, and the m,1gnitudc or tht• 1..•lk,t-­
han! been noted, ra1',mg doubt., a-, to whethL•r all 
or the reported dfect.,' ' ..,tm '"n be .,ttnbu 
ted to a protein .u, c ..:onformation 

(Yamaguchi t'f a 
The cryslal 

,latm, p 
·;i.eo 

;comb1nant mou"-L' 
NA cells, has been 

and re, c.ilcd ,1 com­
isimilar to that of the 
rl al., \998). A large 

hcpann bmdmg -,1tc of 
~ently dcmon-,trall'<i to be 
lof FGf -2-mduct-<l ,,ngro· 

The -,tructurc of human 
pl I 8.5 n.'\ calL'd .1 /Im: 
einus (0mg ,•/ al., 199~). 
the origmal -,tructure of 
, prcc.,umabh llL-t:au-,t.• ol 
nding lw,t1dme re..,1dut..., 
ith 1n,;olubk endo-,tatin 

,gin, Boehm cl al (1998) 
,ing wa" c.,.,cnt1,1l for the 

of cnd~tatm. I \o\\'e, er, 
wilh properly foltkd pro­

~fect of 11nc binding. on 
'amagucht l'I al., 1999) 

, 2\lXl -\ l,-u.h:m1t rn.-..-. 
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(1978). Structure ,ind properties of N·methylletra· 
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t..'C'Ul.tr ,tructurc of chloro-N-ml'lhyl-a.~,y.cr­
tetraphl'flvlporphmatoz.mc(ll) and the chelate effect 
of 7n(II). C,~11) ,ind Cd(II) i\-melh) lporph) rm com• 
pie, /. Am Chm, Soc JOO, 3025-30:\3. 

\la } C. .. Zh.,ng, 1-, Franco, R, J1a, S L, "-loura, I., 
\lour,1. J ). G .. Kmneck, P \I 11 & Shelnutt, J A 
( 1998). 1nc <,lructural ongm of nonpl,mar hcmt..• d1-.­
lortmn .. m ldr,1heme femqtochrom~ cJ. BwdJt'mb 
In,. 37, 124l l-12+l2 

Porphynn Meral/ar,on by Ferroeheia,.,. 

\Jicholl,, A, Sharp, K & l lnnig. B. (1991). Protc,
0 

lo 
mg and a-.soc1.ihon· nNghb from the tntt'(f.; 

,ind thermodvn:1m1, propt.•rt11.-.., of hydmc.:ifnl~ 
Prcit,•m.,_ Struct f1111d <tt•11t'f. ti , 2Rl-296. 

Otwmnw..,k1, 7 & Minor. \\' ( 1'147). ProCL~mg of\. 
d1ffr.1ct1on d,1t,1 n1ll1.-.. tt'\.t m theillation mod, 
.\11-th,'lcf~ E11:._1('11t1f. 276 10;. l2h 

Romt.w.,berg, I r S.1nt,1r-.ll'ro. B D, ~pdk•r, B. Ym 
B.1mt.;.,,. IJ "xhult.1. I' <, & '-,tl'll'll'-. R C (199\ 
',tnu.tural ,md ~uwtrr t·\ 1d,·r'k.,• for ..,tr,110 m b1c1q;i 
c,1l i.,:t1tah·,1, Ht1'i!.·h,·1111."'tr11. 3i, 11--111..J , 14..JIN 

.SChubt.-rt. If I R.1u,. I, \\1l""m. k. ~ & \\°.irn."O, \I 
(IQ<N)_ tommon dwl,ll,1""· dl...,1,.;n m th,· brd""'­
tl'tr.:tpym,ll• p,lth\\,l\, 111 lwml• ,md ,10.11.•nibk: cdt 
1,1mm ..,, nlh1....,,, Hto,:1,,•,,r, ., 18 IOhh(I. I~ 

I ,/1/e,I l,y IJ. C Rtt, 

(Rrrl'irr.. .. ,I 18 Odc>l\•r 1999; rc'C't'il't'd m rtt'N'II f<m11 2-1 J,m11,1r11 2fHNJ; ,k,·cJ'lt'd H J,m1111n, l• 
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JMB @ 
Assessing Annotation Transfer for Genomics: 
Quantifying the Relations between Protein Sequence, 
structure and Function through Traditional and 
Probabilistic Scores 

Cyrus A. Wilson', Julia Kreychman' and Mark Gerstein'·2* 

•ti,imt ,,f ,\h1ifo1Jm 
Brp'rysil:- mrd R1,1it:hmw.•I, 11 

trlmmt of ( ,1111p11t1·r 
:e, ),d,· llml'N'>tll/. 2t,ti 

.:Jmv ·h't'lllt1' Pl) R111 

,,14 .\'itl' lliU.'1'11, LI 
!0 !/5.1 

'U#rt,.p,111./mg m,th,1r 

\ll\hunn~ in .1 1..1ti.mht,1tan•, .,t,1IJ<,t1C,1I ',(.'n',(.' tlu.• <fogree to whu.:h ... trul 
tur.1I ,rnd lundum,11 mform,1t1on can b<.• " tr;rn..,ft•rrl•d" b<.•hn't'n pair-. of 
r1.•l.1IL'(.t prolL'lll ",(_'(.lut.•nn~ ,1 t ,ariou.., len?J., of ..,umlanh· ,.., ,m l"'-t'-i4..'!lll,1I 
prcr1..•qu1.,1tl' for rohu..,t gL•nome ,1nnot,1tmn. To tl,1.., t.•nJ, wt.• pt•rformL'(.I 
p.11rw1....._, .,._'(.lllt.'nct.• . ..,truc:tun .. • ,ind function compan',{m.., on 10,000 p,ur-.. 
ol prntt.•tn don1t1111-.. with J...nm, n -..trudure and functu.m. Our doma111 
p.11r.,, wh1d1 .1n.• c<m..,truc tL"li ,1ccordmg to tht.• S<..:01' fold cla..,..,1fic,1t1on 
r,rn~L' 111 .,11ml,1nty from JU..,t .,haring a fold, to bemg ne,1rh 1dent1Cal Our 
rt...,uJt.., .,how th,11 tr,1d1t1onal ...con...., for ',t."llucr1ee and ..,tructurt.• ..,1mil,1nh 
h,1n• tlw ...._lllll' ba.,ic: e,p<ml•nti.11 n .. •lat1on-.h1p ,1.., ob-,cn ed pre,·iou-.ly, 
with .,trudur,11 d1n•rgL•nct.•, me,i-,ured m Rl\-15, bcmg exponentially rel,1lL-d 
to '->t.'lllll'n< .. ·t.• d1\'t.•rgl't1Cl', ml',htlrL>d 111 pt•n.:ent idtmt1t, Hm,·t.•,·cr, a.., thl• 
",(..·,1k• of our ..,tir,·c, 1.., mm;h l,irger than ,my prenouc, mn.><itig,1tion..,, our 
rL...,ult-. h,l\t..' gr('att:'r -..t,1 h..,l1Gll \\'eight and prt.-'1.:1..,ion. \Ve han.~ bt.-'\.'n <1blt.• 
to l'\.prt....,.., th(' rl'la tmn..,h1p of "-L~ucnce c1nd ..,,ructure .,,m1lanty u-..ing 
mnrl' "modern ">Con....,," ",LICh ,1.., Sn11th-\V,1hmnan alignment -.c<lrt...., and 
prohab1h.,t1{ P-\'alue.., for both ">l'qUence and ..,lructure comp,1n~n- TI"lt."->e 
modt.•rn ">Cort...., <1ddrL~ <,0mc of the problem"' with trad1tionc1l -.con...,, 
-..uch .,.., t,fott.•rm1111ng a con-,cn ed core and corrt.>ctmg for ltmgth dept:-n· 
<ll•nn the~ enable uc, to phr,1~ the ~equenn ... .,trudure rdal101hh1p m 
mon .. • prt."C:lo:..t.' and accuratl! term.,. \Ve found tlhlt the ba..,it: e,ponenti,,I 
'->t.'()Ul'llCt.'-.,tructure relat1on..,h1p ,.., ,·en· gt.•neral thi..• ..... 1ml' t.."'-..t.'nl1t1I 
rela t1011..,h1p i'-> found 111 the c.hfferent ",(.>t:ondar) _.,tructure cl,,..,">l..., anJ "" 
e, 1<.Jenl 111 ,111 the '-Cormg '-Chcrrn .. ~ To rl'ia te fund1on to '>l'lluent.e and 
.,trudurt.• "t.' a ... ..,,gned , ·,:mow, len•I.., of funcho11t1l -..11nil,1nt) to tht.• 
dom,1m pt11r,, b,1.,ed on a '-t1mple funt.11onal cla~..,1ficr111on -.che1m .. •. 1111.., 
'->t.llt.'me w,h con ... truded by comb111111g and ,1ugmentmg ,1nnotalion-. in 

tht.• t.'IV\'mC' ,ind fh fund1onal clc1..,..,1ficat1on.., and comparing ... ub~t-.. ot 
thL",(.' to the [...;dtt'ndw, rah ~ind H',hl cl.1-....,1fa:,1t1on.., \Vt.• found -.1gmn1d,1I 
rL•l,11lon..,h1p-,. bt.•lwt.'t.'n ..,umlanh 111 fundmn .ind ",l'llUence, ,, 1th dt.•ar 
thrL...,hokh for d1ffcrl'nt I~, cl., of fund1on,1I cOJl">t..'n a lion For p.11r-. of 
dom,1111.., th,11 .,hare the '-tclml' fold, prt.'Cl"'t' fund1011 appt.'tl,...., to bl• con 
',,l'r\t.'t.l do,,n to "-lO''e1 ">l"lllll'l"ICl' idt.•nt1t, , when..~,1., broad fum: l1t.m,1I cJ.1-.-. 
1-.. nlll'••en. l'tl to 2, 0 u. lnkrl..,llllg!\, percent identity 1.., rnor(' dft.'t.t1, l' ,11 

qti.1ntifvmg funct1on,1I con-..en at1on than the mon..~ mod('rn -.corL..., (e.g. p. 
, ·,1lut. ..... ). Re..,u lt-. of .111 the pa1rwi-,e comp.u1..,on-. c1nd our combmt.."c.1 funl 
tmn.1I cl,1..,-..1ficat1on -.chcme for protein .,1ructun......, can bl• ,lCCi.."">l'd from ,1 

wd) dat,1b,1-,e at http: / b10mfo.mbb. ,·ale.edu ,1 lign 
f 2()00 \(,1d1.•m1c Pr,,, 

kc·1,a-.>r,k biomfonnzit1c-., '-l'·qut.•nct.• ... 111111.uit), percent 1dent1h, ... tructurt..• 
.,1m1l,1nt, , functiona l cJ,1..,..,1 fo.:zitmn 

Abbrt'\1.it1on, ll"l'Cl 1·t· I . • -· . • prnt1..'ln, CO (" , ll/\ nw t omm1....,1on, 1 ',l, L',prl""l"(I ">l'qlll'nn• l,1g,, <;(_ OP, ... 1n.ictur,1l d.l,.,1hcilt11m ot 

f.rn,:ui ,ldlir:'flt.' Ontulo,:;y flroJt.'\.I 
c .., of th1..• n •rrL-...pond1n~ ,1uthor \ !.:-irk Cer-.ll'1nvi'\ ,i ll· i;.,Ju 

~-~'\h/fK)/fl102H 17 S11:i 00,'U ' :?l)()(l '\t,ld,·nlh .. r•n. ... , 
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Introduction 

The pro b lem o f g enome annotation 

Pl'rh.1~ tht• moi,t v,1 luable information to be 
g.1ml"Ct from a genome analysis b functional anno-
1,11,on o( all the gene products. Unfortunately, o( 
,111 the prot~11,-., whose 4,CCJucnce:, are known, func-
11011, haH• been c~pcrimenta lly determined for 
onh ,1 \ en ,;,m,111 munbe·r (Andrade & Sc:1ndcr, 
I 99°7). Ct\ en tht• current ',i7C c1nd ,1cce-,s1b1htv of 
"-'<]ut.•ntL' ,rnd .,,ructurc data, homolog!, of a ne,, ly 
'>l'qUentLXi gt•m.••., product c,1n be identified l'lfl 

d.1t,1b.1"4.• -.c,1rcht...,, ,ind probable ,:.,tructurc and 
fun1..t1011 ,1,,1gned to the gene product (Bork el al 
1998). 1hi, ,., b,l'>l.'CI on the concept th,1t <.,equcncc 
,1m1l,1nt\ unpliL', .,,ructur,1I ,u,d functional s1mi­
l,u1h· I lcl\n•n•r, -.tructural ,ind functional anno ta• 
hon~ .,hould bt• tr,1n.,forred with caution. If a 
protl'ln , ... , .. ,igned .in incorn.>ct function m a data• 
b.1<,t.•, thL' l'rmr t"ould c.irr, o,·er to other protem!­
for whit:h ,tructurl' or function i... mfern .. -'d b\' horn. 
ology to tilt.' errant pmtl•m (Brl'nner, 1999: Karp, 
1996, Jt}(J1fa). In l,1rgt• d,1taba",(."'-. ..,uch an error c.111 
pmp,1g,11i .. • out of control, prt..""-<.•ntmg a <;criou-, qual· 
1ty control i"'"'Ul' ,1-, we mon~ to l,1rger genoml"'-. 
from multicellular organ,.,m..,_ 

Benchmarking fold and function reco gnit ion 

I lt•rt•, "l' U'-l-d m,111u,1llv cur,1ted .,tructural and 
funct1on,1I cl,1.,.,1fic,1t1on .. ,i-, c., t,1ndard-, 111 ,111a ly1mg 
lo wlMt dl•grt."t' ,1nnot,1tum .. nf ,l prnll•m\ ',lructun• 
,md function c,111 be tr,111,fern>d to a .,,m1lar 
"t.'qlll'llct•. Tht.• knowlt-'dge g,1ined from th<.• -,1udv 
c,m bt.• u....._-d to l...,t,1bli .. h confidl•nn• lt•H•fc., for c.,lruc• 
turt.• ,1ml fun<.tmn prl-<l1Cllon, 1mpronng our undl•r· 
.. 1,1nd111g of hm, long it will t,lkt• lo ,lllnol,1tt.• 
,1ccur.1tt•h ,in t•ntirt• gt.•nomt•. 

Our '-tlmultt111t•ou.. ,1n,1lvc.,i._ of rt•l,1t1c,n.,hip-. 
l't1.'hH•,m '-l'<-]Ul'lln• ,1nd .. tructurt.•, 'l"tJuence and 
fund1on, and .,tructurt• ,md functmn (rigure I) 
m,1, prm 1dt.• lll"'1ght mtn p,1rad1gmc., for function,11 
prl'tiKt1on othl·r than lh,1t h,l"'<.'U ,llone on ~-quencl' 
c.,11nil,1nh (I nnghl t'I al. Jl)(~) 

Past resulls 

Sequence-structure 
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., backbone, such as '-tt.>cond.1ry ~lructurc, acceo;..,
1
. 

bility and lors,on angles. A p,1pcr by WOOd & 
Peilrson (1999) re-expr~~"<.i the.' 'l'qllence-Mructure 
relahonsh1p 111 term', of ,t.1ta,tk,11ly ba<,cd "/. 
«on.~" and found th.it thi, rl'l,11ion',h1p had a 
simple linear form Ill ((.•rm .. of th~• ~ores The\ 
also noted that protem fam1!it .... d1ffl'rt"tl Ill dl'tail 1n 
the ,;:lope of th,.., hne.u rel~1 t1on'-h1p 

ithl'J'!, han:i f<.lCU'l'<.I on tlw lun1h of ',(_'qlll'ncl· 
comp,1ri.,on, "Pl"'Cific,1lh ,1round lhl1 "h\·ilight 
lone," the regmn of 'l'\.]lll'nn• .,,m1J,1nh· th,11 dr11. ..... 
no t reli.1blv imph· ,trudur,11 homo!(~,· (Doolittk 
1987), .ind on l~t.1bli .. hin~ cut-off-.. for ..,1gnifK.1nt 
.,e,quence .. 1m1l,1nty L,mg tht.• ~-,COP .. tnKtural 
dac.,..,1fic,1tion ( .\-hir✓m d 11/., J9lJ:;), Brl'lllli..'r fl J 

(1998) bt.~nchm..ukl'tl lhl• l'fft,:tl\ l'nl""" ol tht.• popu 
Jar rASTA ~ind Bl -\SfP proj:;ram .. ,md lhl•ar pn~­
ab1li~hc <,eonng "'Clll'rnl-.. (1 l'. tlw r-, .1lul') cPt.'.lN.m 
& l 1prnan, 1988; Pl',lN:'ln, 1940; Alt"'{hul l'I al., 
1990, 1994, K,1 rl111 & \ll'<hul. J'l<Jl). fh,,, founJ 
th,1 t 111 nMkmg fold .1-,.,1gnmt.·nt .. , ll'll' I ',-\Sf..\ 
t'·\·alue clo..,eh· tr.1ekt.'t.l thl• numbt.•r of fal<,t.• f>(N 
tin.-.., i.l'. till' l'rror r,lll', ,md th,11 .11 ,1 l"<Hl'-l'f\',111\l· 
r-\'alue cut-off of 0.ClOI, till' l \<;L\ progr,1m l"Ou/d 

dt'tect ne,irl\ ,111 lht.• rd,1110,,..h1p, th,11 \\'Ould ti\: 
dek'Cll't.l b\ .1 full Srni th-\\.·,,1l•rrn,111 ulmp,1r1"-<m 
(Smith & \\ ,1term,1n, 1981). ',pt.,·1r1l"c1lh, lilt.'~ found 
that I AST\ with ,1 0.(X)J thrt-.hnld would fmJ 
16 n.,, more of lht• ,tructur.il rl'l,1tion .. h1p.., 111 (,,(OP 
than would bt.• found lw ... 1.111d,1rd ~'t.]Ut·nn• com 
p.iri.,on "1th ,1 .J0°o idt•ntit, thrt.....,hold ·1 h1.., ngor 
ou., benchmark111g appro.1d1 t,,,.. ht.'l'n l'\li..•ndl'1.i hl 
,h',(_,....~ tr,111.,,ti, e "t.'tjLil'nce comp.1n .. on, through a 
third 111termed1ate ',(."tlut•nn• ,md mult1plt•·..,l"tlUl'llll' 
match111g progr,1m ... c.,ut·h .i... PSl-bl,ht (P.uk 1·t a/ 
1997, 1998; Ger,,li..•111, l 99h.1, S..1l,1mo, l'I al., 19CN). In 
a rt•l~1h."C.f .. tmh Roc.,t ( 19l)9) workl'C.1 on d1.u,1dl1rl/· 

mg the rt.-g1011 ilfter lhl' twilight /Ont•, whu.:h hl' 
c,1lk't.l the "midnight /Olll'" In a "'<-'l'l"t.' thl"'-l' ht•n<:h• 
m,1rk111g .,tud1l-..., h,1n• culm11i.1tl't.l 111 tlw ( -\<,P fold 
rt.'Cogrntion l'\Pl'flml•ntc., (\loult d al., 1947 
Sternberg ct 11/., 199'1) 

Sequence-tuncllon 

flw tran-,fr•r ol .. ,ructur.11 ,lllm>l,1t1on j., \\l'II 
ch,1r,1e1<-ri,,xl C.hoth1,1 & I ,-.k (1986, 1987) found 
th.11 ,tructur,11 d" l'rgi..'11Cl'. ,, hen t.•,prl...,"t.'t.l m 
k'rm .. of thl' R!\J<; ',(,•p,ira t,on of matchmg .1Jpha 
c.:,1rbon ,1ton1", ,, ,h ,111 l'\POl1l'nt1c1I function of 
'-tt't]lH.'n(L' t.11, l'rgl'nn•, l',pn-.."4..xi 111 h.•rm .. of the 
fr,1c.hon of n • ....,ld lil"" th,11 difftc'rt"tl bt.•h\l't.'!l 

'-tt"tjllt.•nu...., 'llw rl'l1ab1l11\ of .. ,ruttur,11 ,1nnot,1t1011 
tr,111"(~•rrl"ti b, homology, lhl'n, dqx•ndc., on the 
'-l'tjlH.'nu• 1dt.•nt11, of lht.• homologou, pmtt.•111., 
((hoth1,1 & J ,..,k l</f!i,J llort-. rt 11/ (1'191), Ru,,l'IJ 
& B,1rton (199-1). ,ind Ru .... t.'11 t'f 11/. { 1997) ob,ent'tf 
tfw "-llllt' gt.'nl•r.1/ lrL•nd. ,md ,11'-><l d1,1r,1th,.•n✓t't.l lfw 
c.on....._,n ,1110n o( <,fruc.tur,11 ft•,1tun . ..., olht•r th,111 tlw 

Although tht.• l'\,1ct dt•pt•ndl•nu• of fundmn,11 
..,1m1l,1nt\ on <.cqut.•nc.1..1 ,1nd .. 1nu .. tur.1 I ,1111 11,ml\ 1 .. 

not cornpll'tt•/\ ck•.1r. 1111t1,1I md1l·,1t1ono, of .:1 ~l'lll' 

produrt\ functmn ,lrt.• moo,t ofil•n b,l"tl'li on .,1111pk 
',t.'quencl.' ',1m1lanl\ (Bork t'I 11/ l99-1 . 1998). Oflt'll 
lh<.-....cc• arl' mt•rl'l\ b~1'l"lf on lht• bt..,I hit m d,1t,1b,1"'-' 
c:ornp.1n',(u,..; '-,t'l', for l'\Mnpll', tlw ,11111o t,1llon of 
'-<)llll' of tht• l'clrh Al'noml'"' (l r,l'-t.'r d al., JtJgi;_ 
1998). 1 lm,t'\l'r, p(h<,1b1lit1l..., for mort' robu..,t 1111110-
1,111011 lr,111.,fr•r Ml' 111c.rl•~i...111gh .1, ,11 l,1bll•. 01w looJ.. .. 
,l l lhl• p,ltl(.•n, of h,1., ,1111ong .. 1 d1fft.•rL'lll ph,fo­
l{l'llL'l1c group-, ( l ,1tu'>m I'/ a/., 1947). Ofll'n lhtc'"-4..' 
f<X u<, on lht• l'\1-,tenn.• of kt•\ motif, ,rnd p,1llern .. 
,,..',(X1<1tl'd \\ 1th funcl!on (/h.ing i•t 11/., 199h, Uork. & 
Koon111, 1996; Attwood I'/ al., 1999). 
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figure I. Thi.., h~url• .,dwrn,ttK.1lh· dq11d ... n:rt.un ,hpt."-h of our t"Omp.m••,on ml'1hodol1~y (,1) Till' p.u,1d1gm rl'l.1t-
1C!t"lfJt'Olt' to -.trudllr\' to lumt1on llwrt' h.1 .. not ht'l.'ll ,,-. mUlh ,,.,..._,..,nwnt ol functional ,1nnut,1hon trJn..,ft.•r h,, .... -d 

ruttuctun.- a, thl'rt.' h,h hl"l'll with '-t'\JUt·nH ... h,l'••t'\.l .. 1rudur,1l ,111d lurxt1onJI ,mnotahon tran-.fl•r. (h) I low \H' ,onu.·p­
~ our aruh .. 1-. an ll'nn .. ol p,'11' , \ It.•\\ t'\,tmpll ... ol SCOI' dom,1m, {1dl>nt1fll'<l un tht.• ldt and bottom) ,lfl' 
a:JJded from our rnmp.ir1-....m In lht• I 1~url' tlw .. h,,pt.• rt•prl">4..'lll., fold, ,1nd tht.• patll'm n•pn.">4..'l"lh fund1on \.\'t• h,l\l' 
tighbghtt-d -.omt.• t'\Jmplt· f,11,~on,--. ,,t p,Hr.. .1 p,ur th.11 .. h,m .... fold ,1nd fun,11011, .1 p,ur th,H ... h.in..., hild hut not 
lc::tni and ,1 p,m that ._t,,m,.., 1w1tlwr hlld nor ltm1..hon fill' l,,tkr C,lll~on· tlf p.ur-. ,.., not con.,1dL1rt.>d m our inn-..11 
r::.,,,: \\e look.t.'t.l uni) ,lt p,urt.,1 dom,un .. ,, 1th tlw -..1m'-' fold In cun-.tructing our p,1,,.._ we u ... ed only d rl'prt....,..•nt.1-
IM .... 1 of SCOP Jom,1m .. Jhl., ,., 1Jlu .. tr,1ll'\.i m tlw h~lm' h\ tht.· dom;un-. nagged with ,i...ll•n-.b '\ott.•. in part1nil.1r. 

lrf' 'i(Ofl domJm d-Hmi.1 _ ... not p,Hrt.'tl ,, 1th ,111\ thm); l-x>c.:iU"4.' 1t ,., n'PrL",C'nll'd b\ d'it1m,1 wluch 1., tht• -..1mt• 
l,., and prokin !·or l',lth ltc•, t.·1 of pi11r, (hlld . .,upl•rf,muh·, fomtl\'), du-.ll'r reprt."'-l'nl,lhH..., \H'rt.• cho•-4,.•n for lhl' 
lbrkw. (i) for fomil\' p,11r-.. onl' rt·prtc"',t.'llt,1h\l' ,,,,.. '-t'll'lh.'ll from each "'flt.'lll...,iprotem. tht:' leH•I lx•km. ,ind tht·n 

:n,i with JIJ tilt• olhl•r rl·prt"l'lll,llt\l"' ,,,thin 11., 1.lm1h, (ii) for ... upcrl,11mh p,1,,.., ont.' reprl",t.'Olah\tc' \,.1-. chtN·n 
1".ich fom1h. unll..,., tlwrl' \\t.'rt• dom,1m .. 111 tht.• f,1m1h th.it .,ft.1rtc'll k..,.., than 40"• '-t'llllt.'nu• 1dent1l\'. m wh1d1 ,.1-....• 

11oonal re-prt."",l'lllJlt\·l.., \\l'fl' mduJtc"U. l',llh not morl' than .W"., 1cfonltc,1l with lhl' othl'r n.·prt"',t.'nt,111\l.., fn,m thtc• 
1}· (thL, occur-. for tn.,l.inn•, for thtc• globm .. ); .:ind (111) likl'\\'l""-' (or fold p,11r-.. onl' rt.•prt""t.1nl,lhH' W,l'-t i:htN'n from 
wperfam1I~·- mnrt.' 1f lht•r'-' \H'rt.• Jom.1111-. \\llh k...,.., th,m -tO''., ..._,qm•nlt.' 1dt•nht} (<) SubJl\tdl.._ lhl' pa1,.. mh> thl• 
'<OP cla,....._ ... from whKh thl'\ \H'rt.• ulmptN't.l (1) all --7, d(lm,lln.., corN-.tmg of ~-hdin..,_ (It) .111-ll. dmn,1m .. nm­
~ of ~hl'l'I-.. {11i) 'l ll. dom,un .. with mltc~r,1!1..'\.I 'l-hd1u.., .1nc.l !l•-.tranc.l..,; ,mJ {1,) '.J' + I\. c.lom.1m-.. \\ 1th -.t'J,;rt.~,lltc"tl 

~and tl--.._lrand.., \\ t• m1t1.ill, "'l.'t ,1p..1rt tlw 1mmunoglobulm.., from th1..· rt.--.t of lhl•_alH\ pc11r-. bl'C,ltl"t.' \\l' rt•,,. 
ed that their largt.• numb;.•r b1,1'-t...., our d,11., Ihm l'\ l'r, \H' i:,lmpan--d lhl' rl..,ulh (or thl' 1mmuno~lobuhn p,u,..., lo ,1II 
CClrf p.i1r., and found th.11 thl'\ ' gt.'nl•r,1lh '-''h1b1t till' -..:,mt.• lx•h,1, ,or,,.. lht.• (1thl'r pa,,.. Tht'rl'torl' '''-' dtc,·tdl'tl to ll•,l\ l' 
firm in tht.• comp,m-..:lll 

/ieqvence-structure-funct,on 

One wa) th,1t thl' lx-til'r·dl'fanl'd ""-'tjUl'nn•-<,truc· 
lure relahon:,h1p can a..,..,1, l 111 fund1on prL't:i icllon 10, 

1ball)· to pn>t.lu.: t tl1l' ,tru~turl' of .:m und1,1r,1dl'r• 
.ud !:iee(lll'nce and tlwn prt'll1c: t lhl' lund1on ba<,t.,J 
"I the hm1tOO rcpertrnrt.• o f fund101h km.>\, n to 
(('[Un, 1th that <,(ruclurt•. ·10 •,oml' dl'hrl't.' tlw, w,h 
«rui?\·ed by l t•l ro\, and c,M,·orkt•r.., (l ·l'tm,, t•I 11/., 

II%, Fetro" & Skolmtk, 1998). I hl'1 pr-xl,cted 
structural profile.-.. ba~'ll on thn.•.:1dmg ,ind 11b 1mlw 
l'Ethods, ,1nd tht•n ',l\lrcht'l.i ,, 1th thl..,l' ,1gillll ',l 
profiles; of known , tructurl''"' 111 orJl'r to pr~d1ct &u.:tion. 

In relaJed work, Rthscll ct 11/. ( 1998) d ''"'""'d 
lb(ng identification of o,tructur,11 bintimg -.11L-..:, in 

prt"'l.hthng protein func.:t1on. In a co111pr1..'hl'll..,1\ l' 
,tud \•, I l l'gy1 & C..l•r--,tem (1()9<-)) 1m·t..,hg,1tl'll to 
wh,11 degrl'l' fold-, W l'fl.' ~1.,,oc1all'ti \,·1th funct1011.., 
n1er found that mo,t fokl.., w ere ,1..,',(_x:1,1 ted with 
ont.." or two funcho1i.. with thl~ cxn •pt1on or ,1 ll'\' 
"'lx>t:1al fokh, <,uch J<, the Tl\1 b,1rrd, th,1t could 
carr} ou t numerou-, fum:hon, I urth,•rmorl', th1..•~ 
fount.I th.11 part1Cular (old._ Wl'rl' oftl•n nmfint.-d to 
d1..,tmct phylogL'l1l'lic group,. ,111 aJd1tmn,1l fad 
that c,111 fot.."<-1 m to Lm 1111l-gr,1ted ...._'tllll'llt.t.'-">lrudurt.'· 
func. tion an,11) -,10, (Gl'l'll'lll & I lq~y1, 1998, 
Gcr,tl'm, I 997, I 998b,c). 

I le-re, \\'t.' loo"-. at p.i1n, l '->l.' compM1',(_lJh of 
protein ',L"'l.lucnce, ',(ructurl' anJ lunc1Hll1 ,1111011~ 
proh:.•111-i th,11 c.h;.1re the -..iml' folJ \\'l' J"''-.(.''"'" thl' 

-------• 
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tr1..•nd ... rl'1(1hng •,equcnce, structure and function 
,rnd corh1<.for the 1mplicat1on!:I for structural and 
functional annot,1tmn trall!,(er. 

New de ve lopme nts: probabilistic scoring and 
gro wth o f the da tabank 

flw pa..,t .. tudit...., regarding ',(.'(Juence, 'ttructurc 
,ind fun, tion rcl.:1t1on~h1p.., often used Ri\15 separ­
,1hon and perct~nt c,equence identity (or a lmear 
, M1,1nt of 1t, ... u,h .,, the fraction of mut.1ted rL~ I 

dut•.,) to <.~,pr1.;.~., -.1mil,1nt1e--, m ..,,ructure and m 
'>l'qUL'nce, rL..,pt>chH•ly. 1 lo \\ever, it h,,., bccome 
mc.:n.-.,..,mJ;ly ,ommon to u•,e prob.1b1h~hc ~oring 
••,t:hemt..., (/'-, ,1lut-....) to Clepn..-.c,<, the quahtr of a 
makh m term., o f <,fatJ,:,hcal <,igrnficancc rather 
th,111 ,m ,1rb1tr,1ry r.n, ~ore '>uch ,h percent 1den­
hh (l'mr-.on, 1998, Karlin & Altschul, 1990, 1993; 
1-:.irlm fl ,1/. 1991, .\lhchul ct 11/. 199~. Brvanl & 
Alt,d1ul, 199,, ·\bag,an & B.1t,1lym, 1997j. With 
P-\ ,1lul°', ••um,...., from diHercnt m\·t.-....tigalton<, c,m 
lx· n101p,1rt.'CI m ,1 common fr,1mcwork. Recently, 11 
,, ,l'. found th,1t ",(.'qm..>nct.• ,ind ..,tructure ..,1mll,1nt~ 
,ign1fK,1nn• c:.m bt• c,pn ....... ",(>d ,,., P•vaJu~ m tht.• 
....:imt.• unified ..,t,1h..,tJC,1l framework (I l'\ 1tt & 
Ct•"-lt.•rn, l<r-18). I lt.•n•, ,, e U",l' .,uch prob,1brfi..,tic 
"".:Onng ml'thoJo., to m ercome the Jim1tc1t1nn~ o( the 
rnort.• lr,1d1tum,1I ".c:Ofl..,. 

\notht..•r rt.xt.•nt dt•\·t.•lopmt.•nt ,., tht.• tn.•mcndou-, 
grn\\ th m lht• numbt.•r of •,olH-d <,fructur1;.~. The 
RC. '113 Prott.•m Dat,1 B.rnk {Bem.,tein r/ al. J9i7) nov, 
l'Ont,,m.., rnort.• th.in 10,()(l() prolt.•m ..,lnH:tun,-..,_ Tht.",(,• 
,tructun~ ,lrt.• broken mto mort.• th,,n 18,000 
dom,1m,. ,1nd Uwn doma1m, th,11 ,hare ,1 fold ,ut• 
p~iirt-<l up with l'.ic:h otht•r for comp.irr"'<m 
(hguh• l (b)). l fl•rt.•. \\ l' ,urn•, 10,000 pair-. of 
proh.•rn dom,1111-.. th,11 .uc..• known to h,H t.' tht• ,1me 
told. ,1ppro\1m,1tl'i, IOOO t1ml..., lfw number com­
p,ir,'<l b1 C. hoth,., & I ,..,~ (19h6J Th" large '><alt• of 
th" tompMNlll ,1fford-.. g rl.•,1tt•r -.t,1h,t1<.:,1I \\eight to 
tht.• rt..--.ult,. 

Seleclton of pairs 

TI1ere is potentiall} ,1 hugt• number of pairs of 
domams lhilt can be constructt.."Ci o ut of the 
relahon~h1p~ m SCOP For m"itJnce, 111 the current 
, c"'1on of SCOP there .ir,• 1.9 million polenhal 
parr.; between dom,1111-. ,h,1r111g the ~1me fold 
Most of these .irt.• bt. .. t\, t"t.'n rn.•,uly 1dt..•ntic,1l ~truc­
tures. In order to kt.'t'p tht• numbt..•r of p.11" man­
ageable, \\ e ll'-,(.'C.f .• 1 slr,11ghlfor\\',1rt..f du-,tl•nng 
~heme. de"'<:nbl>t.f in tht..• lt..•gt.·nd to hgurt.• I Wt, 
.:.elc..1<.:ted 29,-l'i-J rl•prl"'-,(.'nl,1t1n• p,11r-.. from tlw total 
m ';COP To .1ch1c..•n• ,1 \\ idt.• r,mgt..• of ..,,mil,1ntil ... 
we con.,t ructt'li till' p,11r-.. on thn,.'t.• lt.•H•I., of till: 
<;(:Qp h1er.ird1y (i) f.11111I\ p,1n-..., 195.J:?. p,11,.... 

1
1t 

dom,1111~ m tlw s.imt .. f.lm1ly; (ii) -.upl•rt,111111\· p.11r. 
-1220 p,11r, of dnm,111,-. 111 lh1.• -..1mt• "urc..•rr.imlly 
b ut d1ffc.>rt.•nt fornil1c..-...; ,rnd (111) fold p,11r.., :it+I~ 
pair.. of dom,1m.., 111 tlw -...1nll' fold but <.hltl'rl·nt 
-.upt..•rfam1!tt....., 

f\11 the "it'kxh.•d durn,1m, \\t..'rt• ,11 lc..w,t ~1 rl ... l 
due:-. m k•ngth ,rnd \\l'rt.' dr,H,n rrom tlw four 
m,11or SCOP "il'C011t..l,1r~· -,truc.:tur.ll d,1,""'..., ,l ll -,, ,111-
p, >IP, ,md, fl (hi;urt• 1(,)J 

\Ve (1utom.i tu:.1 llv ,1l1g1wd t.•,11..h of our '>4..'ll-'(ll-'d 
domam p,11r., t\\'1<.t', onn• b, glob,1! , .t't.'ltlt•m,ll't­
\\ uno,ch '-<.'C.]lll'lltt.' ,.-omp,1n"111 (., t'l-<llt•nlcln & 
\\ tinsch, 1971; \ln•rs & \hll,•r. 1'~18) ,ind then 
b~ ~tructurt..• CC,1..•~tc..-m & I t•\'ltt, Jtltlb, 199k}, c,11 
cul,11tng ",(Ort.><., for '4..'C.]uc..•nn• (md ,trut:lur,11 ,,m, 
I.int, 

Web-access,b/e database 

Tiw rt",uft.., of .ill ihl• p,11n\"l"",l' c:ompclrJ"'<11h Ml' 
a\·c11l.ible l'ltl ,l x•c1rchc1bll• <fat,1b,1......- on till' \\ l'b ,11 
http: hrrnnfo.mbb.\ ,lll• (•du .1lign Thl• qul'rY 
cngrnl' allow., ;,c\1rcht...., n( md1\ idu.il '·,COP p,111'. 
,111 p,11r,. lhc1t 111dudl• ,1 g1n•n SCOP dom,1111. or ,ill 
p,11r-. contammg ,111y '->COP domc1m c:ont,lml'li m J 
g1n•n PDB entn 

Alignment of 30,000 pairs from SCOP 

The basic unit of compar,son a patr of 
protem domams 

Traditional scores: RMS a nd percent identity 

fht..• proll•1n dom.1rn-. th,11 \H' ,tud1t..'ll \H•rc d.1,,,_ 
fil't.f b, c..,c_'()p ,1 !-Jlnittur,11 ( l,1..,,tfu.:J lmn of Pro­
lL•in, (.\fur.nn l'I 11I. 1991:i; Brt..•nm.•r t'/ t1l 1996; 
J lubb,1rd d 41/_ 1997). c1 h1l'r.uch, of fiq•_ lc..•,l'fr., 
(i) d,1..,,, dorn,rn,-. th.11 h,1H• the "'lllll' '>l-'Ctmd.u, 
,t ructur,11 rnntenl (,111-,, all-fl, > ' fl, or , + fli; 
(ii) fold. 1.fom,1111 ... th,11 gt..•omc..•tncc1lh· ,htlrl' lhl~ ,1ml• 
lt•rt1,1n fold; (111} ..,upt.•rfom,h, domain, dl-..Cl'lllil't.i 
from tht.• -...1rnc..• .1nu•.,t(lr (but which l.ick rnt.•,i...ur,1bfl• 
"t."qllt..'nn• .,1m1l,1nt\'); (1\") f.imrh. <.fom,1m, m lht.• 
-,.1mt.• prnt<.•rn '-l'l]lll'nn• fom1/\ (which hJH• Jppreci­
;1blt..• .,._'t]llt.'ntt..' "llllrl,1nt\")~ ,ind (\") "Pl'c:11 .. .., and 
protc..•m 

l\111-.., of protl'm dom,1111, th,11 ,1rc..• groupc..>t.f 
logl•lht..•r ,11 lhl• fold, ,upc..•rf.i1111h or fom1h ft..•\ l'l 
form llw b,i..1c..: unit of our ,omp,1rr"m"' 

The 'l'l]uenct•·..,tni,turt.• n.•l,1twn, ,l .. l'\rrl. ... '-(.-d b\ 
lhl• root-nwc1n-""-fllMt.• CR \IS} of till' ,1lignl"d (.' d1, 
tanu.., an<l pern.>nt '-l't]Ut..'nn• 1dt..•nt11\ . h,1.., bt't.•n pn·· 
\ mu..,h ch,1ra<.:tt•r1.tt'ti ,h ,111 l''J1'mt..•nt1,1I fundmn b~ 
( hoth1,1 & I l...,k. (1986) ,ind otlll'r-. (f lort....., C'I ill 

1991; Ru,st'II & B,irton, l'J</4, llu,,1.'11 l'I ,1/. l'1<17) 
:\ , I 1gurc..• 2 1llu.,tr,1tc.....,, our d,1t,1 th,p/,1\ ,1 ,11ml.u 
lrt.•nd (r);,1,t l't!u,111011-. .lrl' g1\ c..•n 1n tlw lc..'gt.'n<l to 
I 1gun• 2.) I Im, c..·ver, ''"e h,1\ t..' on<.• thou-..rnd llml"­
.1.., rn,inv d ,11,1 pomt, ,1-, m ChothM ,111d I t•-.,k ·, ong 
in,11 stud, (10,(X)() ,1' opp<>'l'<:I to 10). 
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,., ,tud,es (e,g. Gerstein & Altman (1995)), This 
:- done because the ~m.ill di,t,1nct~ between 
,.-eU-m,1tched alpha carbon ,1 tom, have much 
l"-' of an effect on the RMS th,111 do the ,·t•ry 
~t.' di~tann.", betwL:>en poorl, m,1khc..'li ,1torn, 
Jht untrimmed 'oCOrt..' nf d1\ t·q.;1.•nt prult•111 
.wn.ure- i~ then amcl'rnt.'ll pnm.1r1h ,, ,th tht.• 
r-..,.-1,· matched rc..~,dul... 111,h',h·' ol tlw um 
,(f\·ed core. Tnmn11ng ,lilt•\ 1,ltl"' th1-. 1,:flt,t b\ 
re,,tndmg lht• R\lt.; ,,11' . .-ul.1tum to mdudt• ,ml\' 
ih:.l'< n..,idut...., bl'l1c..•\l'l.i to bt.· 111 tlw nlll"tl-r\t."t.l 
t.Jtt- HO\H'H'r. till' dl~l'<.'t.' (lf tnmrmng 1, to 
!,j."'fflt l'\lenl .ub1tr,1n. ,md th1~ d,nit..t· .1lfl-d, tlw 
l\l~me C"lf tin• rt.·portt.,1 I{\!'-, ~(lrl"' I ll·rt..· \H' 
,:oo .. idt:n..J <mh tht..• bdlt..'1" h,111 (;{l •-'.) ol m.1tch,.-d 
re-,.Jlk...., in ,1 • gl\ l'll p,11r ul prokin dom,1111, 
\,lrthlJ & lt. ... k (llJSh) t..ho,l' .1 '-<'llll'\,h,11 d1fkr­
.,,, thn"-htlld h~tlrl' ::!(d .md (d ~ dl·n10n,tr.11t• 
'V dfod of tnmmmg 

Analogous alignment similarity scores: Smith­
Waterman score and structural 
comparison score 

The dl'pcndt..·nn• ot tht· R\ l'-t <.,t;•p,ir,1tulfl ,m tnm 
ig rrn:thod rL--.tnd-., 1h U'l'futrw ... , 111 1..omp,1nng 

•JltJ LJkewN.'. thl·n· .lrt.' m,rn~ problt..·m.., with 
Nrtg percl'nt 1dc..·11llh ,1, ,1 ffil',l"tllrl' of 'l'\llll'nn• 

s;; ;,mh For m,t,rnl"t..'. ,1 m,1kh ul non-1dt..•nli(,1I 
but-.hlJ .,mul.u rt.....,tdUl..., (l'-K ,\rg t't'f!--ll"ii I y,) ",(Ort..-... 
tht -.ame ,1., onl.' bt•tw1..'l'll 1..ompldt..•I, d1Ht•rt..·nt rl...,I 
l 11..., (e.g . .-\rg l'l·r,11~ \",11), ,1nd H•lfh do not t..•ntc..•r 111 
~ '<Ore cakul,1tmn Con..,t•quc..·ntl\', \\'l.' now turn 
• alignment -.imil,ir1h "'l:OrL...,, wh1d1 1..•l11rnn,1te 
NJlt of the problem, ,nth tr,1d1t1on,1I ••,<:Ort...., 
For 1il1ql1Cnn• ,1hgnmc..•nt,, ,1n ,lhhnmc..•nt "il·ort..• 1-. 

dt'nned ac, the ,um of tht..• -.am1lc1nt, m.1tn, \·,1lul..., 
ior the alignml'nt, mmu-. tht..• tot.ii µ,1p pl•n,11t, 
lllt1 I) !,(}ffit'hml'~ c,1 IIL•J lht.• Smith-\\ ,lll•rm,111 ,(ort..• 
1Snuth & \V,1lt..'rm,1n, 1981 ). \ n ,1n.1logou-. ,1ilgn 
ten! ~re for "ilrudun_. ,..., tht• ,trudur,11 t:nmpan­

"" score, de,rnbed b1 I ,•, 111 & t,,,,...k,n (I lJ</8). 
\\"e \\ill refor to tht......._, two ... 1111il,1nt\' -..con..., .1 .... S .... 1 
,d S.,., rc..-....pc.."C.IIH•I~ '\,;ott..• th,1t tht.•\ b<lth 111Hl',l"'l' 

hr mor~ .,1m!lar p,11r-., \\ ht..•rt.•,1, R\1'-t 1mTt•~,....._..., for 
more d1vergl'nt p,11r-. "ipt..'t1h,,1ll\ S~1, " llw ""ort• 
ma\lmucd b\ the --.truttur.1I ,1hgnml'nt pmgr.:tm 
'"'? used ((,l,,...,,lt•in & l L'\ 1tt, 1998). It l",111 l·w c,1ku-
1tro from any p,11r of ,1lignt.'ll ..,trudurt....., ,ll"cordmg 

11 the function 

,. "L(,' (;; )' ,~, l '" 

The ma111 advantage of S.,1r over RMS 111 d e~cnb­
ing structura l Mmilarity is that the C., to C'I 
distance, d,, appears in the d enominator o( lhe ca l­
culation. This means that the ~mall~ t dis tances, 
corre-,,pondmg to the be,;t ma tche~ m the con~er\'l~ 
n>re, ~ire most s ig nificant m dt•tcrrrnning the -,core 
I lt..•nu•, lht.• need for trimmmg 1-, ehmm,1ted S,,, 1, 
.il"'<l ,1th ,111t,1geou~ bt"'Cau',(' 11 t,1 k~ gap, mto 
.tl"l.ount ,ind lx>c,lll,e o( the fund,1ment,1I an,1log~ 
bl•h, l'l'n thi-. "il·orc..• ,md s ... ,r 

I 1gurt• 1(,1) d1,plav, tht• rc..•l,1hon,h1p bt•hH'l"n 
,trudur,11 ,rnt..l ',t,"l]Ut.'nn" ,1m1l,1nty a, t.•xprt..--."t."t..l b) 
\ __ ,md S ... ,r h gurt..• 1(() ,md Cd) ,ho\, c,1hbr,1tton 
n1n t..., rl'l.1t111g t.',lth of thl"'l' -...:nrt..--. b.1d, to 
,1ppm'lm,1tt• R\IS ..,l'p,ir,111011 ,rnd pt.•rn•nt 1dt·nhh , 
rt...,pt.'t.:ll\ l'I, (,1hbr,1t1on cun l ... hl'lp Olll' gd Jn 
111tu111, t.' ft.>t.•I for tht.• dt-grc..'t' of rl'l,1tion..,h1p 111 krm.., 
<lf lhl' mort.• tr,1dl11onal .....:ort....., I 1gurl.' 1(b) ,1dd, ,1 
third ,1," .• 1hgnment length, and dl•mon-.tr,1tl--. th,11 
'-i_ dt..'("'t.•nd, grc..•ath· on thi., quimhtv .\!though \ 1, 

,rnd S., ,lrl' "bt.•ttt..•r" "<tlrt....., th,111 R\I<.; .ind pt:rtt..·nt 
"'l'tJUt..'lltl' 1<font11\. thl' ht.•a, , . dc..•pt..•ndenct.• of bc.lth of 
tht..'"'t.' on lc..•ngth hm1h their u"-t'(ulnt.....,, 111 m,111, 
,1tu,1 t1nn,. In otht.•r word..,, two p,11r<., of 'llllll,u 
dmn,1m, with l"qU .. 11 pt.. .. ret.•nt ",(.-"t..lUl'llll' idc..•nt1llc.._..., but 
d1ffon•nt length.., c.in h,1n• dr.1-.tic:,11ly d1fforcnt S,..-.:a 
",(.'Ort...., 

Probabilistic scores: P-values expressing the 
significance of sequence and 
structure similarity 

Pmb,1bili,tic -.con.., c,111, to ,1 gn.·.it dc..•grl'l'. ClH•r­
comt..• thc..• length-dt..•pt..•ndence problem-.. ,1,',(K1,1tt..•d 
with the allgnmt..•nt ',<:Ort.~. Probab1h"iilc me.1..,urt...., 
,ire ad\·,1nt.1gt.x>u, bt..'C,lU'l' the,· t..•,prt...,, ...imH.inl\ 
not b\ .in .irb1trary "',Con.-·· hut b) .1 ,t.it1,tK,1l -.ig-
111fic:an,e: the hkehhood th,11 ",lll"h ,1 -.11n1l,1nh 
cou ld be .. ichil'H-d b\· chann•. Thi, l1kl'i1hood I, 
al'-0 c,1lled lht..• "/'-\,1lue." \\e ust'\.I i.:,1lcul,1tmn, 
(descnlx'<l 111 ,kt,11 I m lhe le~,•nd to I 1gurt• 4) 
b,,..,l'l..1 on tho'-t.' g1\ en by i l'\ 1tt & (,c..•r-.tt..•m ( 1998) to 
obtain P-\·Jh11. .. ~ b.i'>l>t.f d1rl'c::th on S,11 ,ind s ... ,1, wt..• 
rdt..•r to tht..",l.' cakul,1k"lf P·\ .ilut.-.. ,,.. P,1, ,md I'...,._ 
rl•--.rc..'C.IIH•I\ For p .. , \\l' nmld l'llll,l lh \\l'i l h,Hl' 
U'-t..'d the numbt.•r. from Ont.• of tht..• popul,ir 
'l.'llllt..'nn• ....._,.,n:h progr,1111.., (it.•. 13l. \ C.,J or r \ ST\) 
.i.., ,1II tht.....,t.' \ ;1lut..., h,l\ l' bt..'t.'n ,tmwn to ht.• pt..•rft..'t.11~ 
proportu.111,11 to l.',lt:h olht.•r (I entt & (,t.•r.tl•rn. Jt19~, 
Brenner l'I al. 1998). 

r ..... , tHld P,,r can bl• U""-'CI to e,pn.·, ... tht..• rd,11am­
... h1p bl'I\\ t..'l.'11 ,tructurl' ,ind '-,l'llllC'lllL' -.1m1l,u1h on 
;1 mort .. ' (und.in1en1,1l ll1 \l'I . 1"1t,;t1rt' 4(,1) ,hm,, ,1 log· 
log (bJ'-,l' 10) p lot of l'~ir ,1g,1irht I' ... r Bt.'l.",lll'l' 1t ,.., 
log-log, trend., c,111 bt..• \ i-.u,1h1c..•d ,1-. ... 1r,11ght luu...., fhe rn,1111 d1ffc..•rt•nte hl't\\ l'l•n our rt.-...ult, ,ind 

the prc..•, mu<:, ,..lud1<..., ,.-.. du<.• to d1IIL•rt..•n<.t.'' in 

R\ t~ "tnmmmg" mt•lhoch lh tnmmmg ,n.• rl•fl•r 
to the proet..,,., of rc..•rnm 111g tlw "or-.t-llllm~ 
,1 hg 11c..'<.f Jlo,n.., from tlw l{\I', t..·,1lnr l,1t ion, to 
,un,c..• .it ,1 <,lrutlur,1! ''«.:ore..• " ll,1.., \\cl' hr-I 
deH.•lopt•d 111 I <....,k•, , 1eH•-fi t prott..'C.furt..• (/ l--.k & 
C. ho1h1c1, 198-0 ,md h,h bt'l'n rdm<.'tf 111 nunwr-

~ •md d, . arc.• con~t.1111,, u ..,u,ilh ,l't to 10 ,ind ~ \ , 
~'"fl b the number of g,1p, 111 tilt.' ,1 hgnml'llt, d, " 

distance bl'h\ l't.'11 ead1 ,1hgnt't.l p,ltr or ( ., 
itorns, and the <,um " i.:.irnc..'ll o\ l'r ,1 11 ,1hg ned 

' pairs, 1. 

I \\"O ,tr.:.11ght hrn .. ~ are lll.'Cl...,..,.lr\ to fit the pomt.., 
\\ t..•11, \\ 1th thc..· c..fr•,cont1nuou., bound,1n bt.•hH't.'n 
thl' hill~ loc,1kd il l lhl• bt.•wnnmg of lht..• h\ 1hght 
.1one. The d1fferl'nl ..,Jope of the lnw ,11 hl\\ 
'-l.'qut..•net.• '-.1milant~ rt..•\ e.il, th,:11 111 thl' I\, 1ltght 
.1011<.' thl•rt.• 1-. ,1 d1(f1...•rt..•nt rd.1l1tlll"'h1p bt•l\\ t..'l'fl lht..• 
-.ig111ftco1ncl' of -.,tructurnl ,11ni l.u1l\ ,ind th,11 of 
',L"t.llll'llCt..' ... 11nil,1 nt\ In p(1rhcul~ir. for doma111 p,11,..., 

Iii 
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I igure 2. RMS J, ,l function of pt•rc<.•nt 1denhty (,1) -\ 'tlmple o.,c,1tter pint ot our p,11r-., rd.1hn~ R\I'-, '-l'p.1r.1hnn 11, 
pt.>ru.•nt '>C.."'-llll'll(t.' 1dt..11t1ty Thi-.,.., ,1m1l.ir lo the pn.~>ntat,on g1\'en b\ Cholh1,1 & 1...,_-..1,. (198',), hut 111 th1-. ,ul"\l'\ ,, l' 

lnuk1.-d ,ll 10,000 pan,, l000 hmt..._ th<.• number thev comp,1n.>d (lutht.•r-, (p,11r,, ,,1th R:\IS ~llrt ..... turtlll'r th,m h,o ,tJn 
J.uJ d1.•, i.ltlon, from 1h1,.• mc.'.m for tlwir percent tdenltl)") art.• c..•,cludt.'U from tlw, gr,1ph, th1.·, n·prt.°'l·nt dom.1111, th.u 
.1r1.• \1.•n. dtN.•h n .. •l,1t1.>d with th'-• t.'\Ct>ption of .-i conformational ch,1ngt.• (b) \ ,11nphf11.-..f gr.1ph ,, 1th,, numb..•r ,,1 hi, 
Ill tht• d,lt.1 J.'or e.1eh pt.'rt\."llt identity bm we ,hm, the.• mc.'<11,1n R\!S ,.1luc.•. md1,,111..-d h, ( ♦ ) ,llld tlw top ,lnd Pl;Hh1m 
qu,1rt1lt• R\fs \·,1lut...,, md1c.1lt>d b, the b.u,, T,n-. fit, Jrl' drawn through till' ffil'ti1an R\IS \",1lu1. .... lhl· Ihm ln\t.• 
l,1lx•ht (.,f'\Cl I I'• ,1 -.impk• l'\pc.1nl'nt1.1I fit through thl• ml-d1,in-. It h,1' lhl' form 

R 02ll•' 

\,twn.• R ,., lhl• K\IS dl•,·1,ltmn ,1f1t•r ll•a-.1--.qu,1n.• f1thng, H" the..• pt.'n:l'lll dtflL'r'-'ll(l' bt.•h,l'l'll lhl• ""-'-Jlll'lln..., (II lor 
ff,1mmmg d1-.t.1nw), and II 100".. /, ,,hl're J L, the- pt.•r1..·l'nt 'tt.'qUl'nu.• 1Jc..•ntih nw 1h1c..k lnw, J.1l't:l1..-J \ILi TI."' J 

mult1g,,1ph ht, which is d,-.cnb,,,J m the k'gend to Figu,e 4 Tiw ,..,J,111011 bet,H'l·n R\JS ,md p,•,u•nt 1d,·nllh ,1m>,dmg to th,, hi 1, c..•-..pn....,'-t.,J h\" th'-' l'qUJlton 

R 01& 

Tiw tw ,light ✓1me of "'Juence 1Jenhh ,1nd belm, i, l,1bel,>d T/ In this "'ll'°"· "'JU<·n<c• "n11l,1nt, " not "gmhc,mt 
and 11<1I l\'li,1bl,• lo, p,,-J,ctmg ,t,uctu,,1! ,m11lant) This " w h\ the 111<,h,111 , ,1lu,-, m this ,w,1 ot th,, g,,1ph J,,, 1,1tv 
'1)\mhc,mtl, from tlw hh, which con-,der onl) d,1ta abm,• 21J • .. '<.'<jUrnce 1dm11t,. lor rl'fc•r<'nn- '"' 111<lud,• th,, ong-
111.11 J,11,1 pomt-. from Choth1.1 ,1nd ft.....,k ', , 191,6 p.ipc.•r (A \I ft....,l. pc..•r,011,11 communit..·,11t<1n). md1t..·,111.,i b\· \ TIMr d,11.:1 follm, th"'· fonn 

lll~ lf R O 111,." 

Tiw d1ff,·r,·nw bt•h,wn th,· Choth1,1 & 1,-., tnmd ,rnd ou, relahon,h1p "du,, tn th,, J,ff,,n•nt trunmmg m,•th,,J, u .... .J 
111 c,1lcu)a11ng tlw R\!S """' U1<,th1,1 ,md I.e.-., 1mp,,.,_,t ,1 l I cut-off m dc•krmmmg tlw rnns..•n,-J «w """Ju,-. '"' 
dd1n,-J th,• «w a, tlw bc'llc•r m,1tch1ng (m t,•rm, of ( • J"t,111«") half (",()", ) nl th,, r,-,,du,• p,11r, Cc) ,rnd (d) llw 
,,fl,,t our tnmm,ng h.,, on m..,.h,111 R\!S ,,,lu,.., Th,• R\!S ,alu,,., 111 (c) an.• c,1kula1t-J from all tlw m.llch,'<l rc-.,Ju,-. 
111 t.•Jth p.11r; tlw \'.llul" 111 (d) .irt• c,1lrnl,111.>d from till' bt.•th.·r n1.1kh111g 5(}" of llw rc.....,1dul..., 

m tht• h,·1hght ✓Unl' (,1<:(ordmg to tht.• pcrc.:ent 1dt•n­
l1t\ to P..,,1 c.:1libr,11ion . 1n hgun.• ➔(b)). , tructural 
.,unilanty ,., mort• .,,g111fic.1n1 than M.'l]Ul'nce .,1m1-
lant\ (h~wmg a <,nMllt•r />-v,1lut• or more negatl\ t• 
log />-\ ,1lut•). In contr,ht, for p,11r-. with morl' than 

30u,, 1dl•nt1ly, tht• ',Jlu.ition J<, n .'\l'l"')('ti , with ,1 

gn en pair h,1\ mg mort.' <,1gn1f1tant 't"'quenc.:e i,1m1-
lanty th,1n ",(ruc tural ~•mJ/,1 nt~ Ont• pc.~!,1blt• 
mtc..•rpR•l,111011 of th1i, rl'\t'"'--11 ,., ,1.., follm\"<,. ~truc­
tun:" 1<, a h\ ,1),.. more highly COll'>l'n. ed tha n 
'>t.'qut•nn•, '{) u<,ually ,1 g 1\ l'l1 amount of -.tructural 
'>lmil,1nt\ h not a., ">lgruf1t,111t a<, a t·orrl":tpond111g 
a mount of ',(.'qUt•ncc ..,1mil,1rtt\. I Im\ l'\ t..•r, th1<, ,.., 
!nil' onh ,, ht•n me,rnmgfLJl '>l'quenn• ">llll1 lanl\ 

,1Ctu,1 ll y t'\l<,l<,; thu-., 11 <ltX"- not .:tpph· m tht.• hn 

light l'Ofll', \\ herl.l "il'C]Uf..lnc~ -.11nd,1nl\ 1-. b, Jdi­
rntmn nol ">lgrnf1C.1nl. Note..• thal .1ll p,11,-... 111 our 
compM1",(>r1 <,h.irt..• ,it lechl till• "><lmc..• folJ. 1mph mg 
th.1t they ,1h, ,1y<, h.l\l' ~, -.,1gnd1l.1J1l ,1mount ol 
.,,ructural <,1,nllc1nt1, 

In o ther ,,·or<l< for do~h rl'l,1lt.•J ",,t.'l.Jlll'nu...,, 
d1ffr.

1

R'l1Cl><, in "it'<.l llt:'nu• "tmil,1r11\ ,lrt.• morl' n1t.•,m-
111gful, whcrt.w:, for hrghly d 1\ crgt.xl ',t,'lllll'nc."'.., th,11 
.,h.lrl' the "-.1n1t.• fold, the d1ffe rl•11n•, 111 ..,, rurtm,1 J 
<,1m1lan t) art.• rnon .. • ..,,g n1 f1C.1n t 

1111mg two lml'!:, to till' I'.,, t•c•r-.u, I' ..,,
1 

gr,1ph 
.,uggt><,1-, that the <,.1mt• m ig ht b1..• dont.• for olhL•r 
"<Ormg <,cht•ml...,. It ,., JX>-:ir.,1blc.• lo -.ornt.• dt..1,;n.:'(..' lo ht 
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figure J . .S1m1l.mt\ ""-"h'~; ~lfllllur,11 1..11mp.,n-..;1n -...:ort.· ,1-. ,1 fund1un ol Sm1th-\V,1!1.•rm,1n -.cor1..• ·\h~nml·nl -.um 
m,· ""'fl" s,., ,rn~t s .. ,1 h,1H• H·rt.,m .1d, ,mt,,);l-S ,1,1.•r R\11.i ,ind pl'rn·nt 1dcnt1h -.c:ur1...., for l'\prL...,.,m~ tht..• ....._.,.]Ut.·nn• 
,tnr;ful\' rdJllllll '.'-,.0 ,,. ,,1kuJ,,tl'll ,Kn1rdm~ 111 t"'-tll,H"111 (1) m thl• lt.>\I ((,l•r-.ll'm & I l'\'111, 1491{; l t.·\ 111 & (.t.·r.lt.•m, 

l S_, 1, c.1kul.1l1.'ll u,mh th1.• HI(. )',,l,! \l~l m,lln, (I knil,,,off & ill·n1l,,,off, 19'12) "·1th g,1p opc..•mng ,1nd l'\ll•n-.mn 
it,\-..of 12 ,rnd :?, rt~pt'\tl\\'h (,l) lh1, ,._ ,1n.1lo~ou, lo (h) Ill hAurt.' 2 i:mm lht..• ongm.1110,IXXl p,ur,, \H' -.h<l\, 

l'>t rwt-d1Jn .S.., ,,,Ill\' h,r ,·.1d1 S,....1 h111 .• _,Jun~ \\1th L}U.trtill· b,1r- ,ll'<l\l' ,md ~')(.•Im, -\~,1m !ht.• h\lhHhl .1om.• ,llld bt.•hm 
,._ Jt.,J Tl Tot.• Ihm hill", m,trJ..l.,.t '->l"\l,11 , .. . , ,,mplL• flt lo llw nwd,,in s .. , \.1lut." m th1-. ~r,1ph: 1t h,1-. tht..• form 

~-t, 11-1-J I IOh1.•,pf -0.00'.W4S""'II 

"\w thkl ht. m.irkl'll .\1LL 11, 1, !ht.• mult1~r.1ph ht, 1.•,pl,ltnl'\I bdcm It fullcm·-. tht.• l'llli.1llon 

s .,, 21r;7 7H7t.•,p( · 0(Xl2HS~-- ) 

lb t-qu.:ahon, pn......,·nll'll hl-rl' pnn 1<lL• ,rn ,lppro\lm,lll<m nf tht..• c,b'-t.•n. L..,I tn..-n<l-. . .1, (b) 1llu-.1r,1h ...... thl' \ .Ul' nolhtnA 
1 ~ th.in ,1mpll' ,1ppro\lm,ll1on, !ht• m.1111 d1-...1t.h ,inl,lHl' of S, 11 il" a ml•,1-.un..- of -.tructur,11 ,11ml,1nt\' , .. 11-. ht.'J\ ~ 
1-,;th dcpm<lenn for p.11r-. of ,trut..1ur,1lh ,1md.u prolt.'111 dom.1m-. {h) ~urf,1'1..' plot of lh1..• mc..'Ci1,1n S._,, ,,.. ,1 fund1on 
ct S .. _ .ind alignmt.·nl lt..·n~th (tlw numht.•r of m,1tdwd rL...,1t.h1t.' pair.). It ,., cil'.U th.it tht.• -.11c..• of !ht· ,lhj;OC."t.l dom,1m, 
fU~, J ffi.lJ(lr rok• m tht.• r"'...,ultm); S ... . t..·H•n thnu1,;h our fit, do nut t,1kl• lt.•n~lh 11110 ,ltcounl {c) ,md {d) Rd,11l' ~ ..... 
lrld S ... l(l the..· morL' f.lm1li.1r pt.·rt.t..·nt 1dL•nt1h ,ind R\1'1 mt..•.1-.urc......, Tht.• fit-. \H'fl' u'-l-J lo rnn\l•rt bt.'I\H'l'n "<Orm~ 
~ m con-.lnH:tm,.; thL· mulh,_;r,1ph fit \\ l' r.km l'C.I !ht.• mulll~r,1ph fit m order tu <.:rt..',llt.• <mt.• '-,Cl of t.x1u,1tu,n-. ,md 
p,lf.untll'r. that \\Ould rl'l,1k ..,...,1ut.·nu.• ,md -.trudur.11 -.1mil,ml\' ur.,m~ t.•1tht.•r lhl' pt.'rt:l'nl 1d1..•nt1l\ ,md R\lt, '"4ht:nll' or 
k S'"I and S..ti -<ht..·nll'., ,md .1\10\, tr.m,1,llion bt.·h, l'l'n tlwm \\ l' r.,1mull,Hll'ou~lv pt:rforml-<l lt.·a-.l -'-l)UM\..., fit-. to tht.· 
llrdi.m \"alut-.. m four gr,1phr., I 1>iur1.-.. 2.(h} ,1nd '\(,l) ,ind the..• ,.1hbr,1htm-. of S,._, to pt:rt1..•nt 1dt..•nlll\ ,1nJ S,,, to R\1~ 
~I Mld (d), rt.-..pt.'lh\1..•h - In ,1ll l·,1...., .... , \H' 1i-;nort..-d dat,1 111 ,md hdm, tlw "il'l]Ul'llU.' 1d"'•nllt~ h\lhi-;ht .1unt..• (l.1lx•k-J 1/) 
Tht p,namekr. m (.1) Mt..' dt.·pt.·ndl·nt on tlw p,1r,1rndl'" 111 hgurt• 2(h) 1·1J1 tlw m"'•nllonl'l.l l·ahhr,1hon, 

trc1d1honc1) R\.tC., i ·a,11, pern•nt 1denht\ graph 
1Figure 2) "1th I\, o ,tr,11ght lint.•, 111..,tt.•,1d of ~m 
ri.ponenh;il cruH•. 1 lmH•n•r, 1n tlw, r,1.....,•, \H' optc..xi 
kirthe more con\ t•ntum,1I prt•,ent.1t1<1n. 

Class differences 

The di\ 1i,1on of SCOP mto d.,..,~..., b,l'..,t.'tl on ">t.'C 

~ill)'~tructur,1) com po-,1t1on ,1llow-. l',h\ 1rn l-...il 
~bona\ lo\\ hether thc.•rc..• ,ire .111,- dt•, 1.1t1r111, from 
~ common -.im1l,1nt, rcl.1t1on-.,h1p-, on ,1nount of 
~.1ry-~tructurt..• c h,1r,1t ll' rht1C.., hgur1..• 'i(,1) 
f!\•eals that <,t,_"'(ond,1n ..,l ructur.11 c.-ornpo..,it1on dot-.... 
l'kll marked!\ affect the t r1..1 nd<, 111 "l'"-llll'nlt..' ilnd 
\tructure .,11n1lant1l'.., Th,.., ,.., u111,,..,1t•nl " 1th tht• 

d,1t,1 h"'-'" b\ Wood & Pcar.<,n (1()(.)9). llmn'\l'r 
thc l.,rgl'r .,, l'ra~l' lt.•ngth of 'l 'll dom,11n, c.:0111 -

p,u1..>tl "ith dom.1111.., 111 the othl'f dt1..,"'-k.., r .. -...uJt.., in ., 

dl'\ 1,1t1on m tht• Iength-depcmknt S~11 (hgurc- !:i(b)) 
lllt• con'1..,tL'nC\ ,:1mong length-mc.h.•fX'ndt•nt "<."On..'" 
clpphl-.... for Cl'ft,1111 111d1\ idu,,I rnkh ., ... \\'l'II fl1l' 
1mmunoglobuhn fold mah-... up ,111 ,1ppn.'C1t1bil• 
fr,,cJ1on of ,111 the ~-p,11r, (I tgur<• l(r)), \l'I th,, 
rt,..ulh .i rt.' not ,1fftx tL•d 1f thl-...e p,11,..... ,lr(' ldt out 

Linking s equence a nd structure to fu nct ion 

D1fflcul/les of tune/Iona/ comparison 

fht:.•re ,., ,1 clear, \\ el l-chc1ract1..•n✓l'tl n:l.11ton..,h1p 
bt•h , t..'C'n •,equence ;rnd <,lructurl' ",lm1l,1ntv, \\ h ich 

11111 
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r 1gurc 4. Pnll
1
.1bd1..,hc •,c.:un--. P•,,1luL'"t P , ,1nd P , an• P-,,1lul"'-t cakul,1tt..xt from s .... 'Y ,lnd S.,., ,ln:on.lm).: h1 tht­

lomt,111,m J;l\t'fl b\' lc.·v1tt & (~r.tem (1998). l3oth qu,1nt1t11 .. ...., ha,L' the -...imt• ll\l'T,lll funt:t1nn.1l torrn Ill h·nn, ot 1n l'\lrem,,: , ,1lu4,.• d1 .. tnbution 

P I l'>.p{-eli.p(· -/)) 

"hm•l'"•·1therl'_,orr~,· '"rl', / s_ /a 21nM b/a.wh,•l\•a 'U4 b ~hl.,1nd.\/"1h,·~•"m.-tn, 
mt.•,m of thl• 11:ngth-. of tht• two '4."queriu..., (it.•. At- um. ,, hc.•re II and m Jrl' !ht• h, o X'\]Ut.·nn• ll'n~1h,) I or /'..,,.. Z 1-. a 
funrllon uf s • .:md .\'. tht• numlx·r of match<.'CI n......,1dut.><, For ,\' < 120 

I Or,\' t 120 
/ (S,,, dn1

,\' dln.\'-1•J'f/ln.\.'+.~l 

/ 
,\I.\' 110, \"onlinuth 1mplH,.., th..1I 

cs,1, 11ln .\' bt/V In 120 + .\') 

aln120 Hi I In· 120+,llnl20+1• .1nd ,, 2c· lnl:?U+,I 
In1-.. m tum •• 1lloh·-. lhl• c.-.1Jcul;1t10n ul lh1..• con-.t.int-. 

,, 17"1 k. t, 
-Hq -1 ( 18-1 1/ .J1i0. 1· '2.M , f · 2J..-l .\! 'l/r; 

(,1) of th,, f 1~ur.• " ,1n.1h~ou, to f1~ul\-. l(,1) ,1nd 2(b), "1th th,• '''"'PIion of th,• f11, It " ,l l~-lo~ (b,N• WI pl,s 
l\'l,1llng r _ ,ind P.,. \\ ,, ,hm, th,• m-'h,1n log(P,,,) , ,1lue for ea,h l~(P •• ,) b,n, along with qu,1rt1il• b,1,-. ,1bm < ac>d 
bdo" 11,, /1,H,• ,1<fd,-d ,1ppn1\lm,1t,• pment 1dm1111 ,1nd R\f', ,,,lu,.., to the 1 ,ind• ,n,-. to ,11d 111t,•rpr,•l,1llon of_ tht· 
~r,1ph 1n t,·rm, ol mol\• lamrl,.u "'""" Tiw ,·,1fu,-. "°"' c,1kulat,-d u,mg the c,1hbr,1t1on cun ,.._ ,n (b) ,1ml (cl n,,_, 
,1r,11ght-lon,• n.1tun• ot th,• 1,~-1~ plot r.•n•al, d"'""' r<'i,111on, m,ode ,lc>d out,ode the• hnloght '""'' l,11,,,•ft-d 1 / ( In,,· 
,1n•,1 ol p,,n.,·nt 1dm111, b,•fo" tlw '" 1hght ✓Ont• doc-. nut •'Pf"'.U 1n I',, graph,, tht•r,• " ou "gn1f,.,1n« fur ,u,h fuh 
,,,quenn• sun,f,mh; thu, ,111 d,11,1 prnnt, on th.11 ,rnw appe.u ,11 r,, I r,r logfl' .. ,I (l) Th,• th,d. Im,• m th,• hgul\' '' 
f11 to lht• mt.'lh,m P_., ,-,1Jul--. f,,r P. ,-.1lui.-.. nul,rdl• tlw l\,·1hgh1 .tOlll'; It-. l"'lluation i-. 

P. JU Dp•~~ 

Th.· Ihm lnw ,.., lit lo lht• 1,.1.lt.1 HNdt• th\.• 1,, 111,.;ht .1on1..•. 11 follm\.., tht.• n•l.1111,n 

P,,, ~ JO "J7'r~ 

for n,fen_•,xe ",, 1ndud,• llw do1t,-d hnc•. wpr.•,,,nt1ng th,• fun<11on I',,, /> , "her,• "-'<Jlll'lll<' ,inti ' '"" tur,11 'lffil• 

1,mtv ,W l'<ju,1lh ,ign1foc,1nt '-<,• th,• lc•\I for ,1 "'"""'"" of l~n, th,• two ln·nd, might b,• n1krpr,•t"f "1th r,-.,,.,1 to th1-. lme 

c,1n be U'ied to lrano,for prL'Cl",t,~ly ,Iructural annola­
tion b,1',(,"Cl on thl' dt•grL'(.' of ~"qut•nu• homolo1,n In 
gl•nom1..• ,1n,1ly..,,-,, hmH'\ t.'r, one ,.._ u,ualh more 
111t('r1..",lt-d in findmg a funct1on.1I <-mnot,1t1on for an 
pt.•n read mg frame ba',CJ on '>1m1lanl\ to \\ l'il-

kno" n protC'mi,, 'rl'l the ',{'9Ul'nn•·funcl1on ,ind 
<.,trullure-functmn r4..•f.1tion~h1p-, h,1, l' no! bl.•cn •1" 
l'>.pl1c1 tly ch.1racten.1cd. rfit.• fundaml'lll,1I <lb.,.t,,c:lt.• 
lo l''\k•nd111g tlw., and <,1mil.1r 1m e<-,tIgc1tmn-. to deal 
\V1th fun,tion 1-. the ab..,enct• of ,, clt•t1r n1l',1..,Lffl' of 
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~urr 5. scor d.l,., d1th:rl·nn-... rrl·\ l(lll,h II h., .. 
:rr ~'f\l,J th,1I -...·,:Lmd.tn ,trudur,1I n,mpo,1t11,n 
\1 oot c.tU"t.' dt·\ 1.,11011, twm tlw lr1..•nd-. Ill -.lrul turL' 

l'U 'it'l{Ut.'Tl(\• ,1mil.1r1t, Cl Ion--. d JJf. l9'-n) In h.--.t th1-, 
:t-ffi·abon \w lo,,l..t.'t.l ,11 lhl' -...·pn--. di\ 1dl"l.i b\' '-,(, 01' 
W. Tht' folk,wm~ l1..);1..·nd ,1ppliL--. to tht.• gr,,ph-. ( 
I L •U alpha; ( ♦ -). ,111 b,•t,,. (· & ), ,1fph,1 'b,•t,1 

• -·l, .alpha+ bt.•t.1 (,1) \lt."'lh,m R\-1S ,.,tut..., for 
&:h f'"(l'llt 1tfenht~ bm nw Ir,1d1I101i.1l ,.,,.-ort-.. rL'\ L·.1I 
_,dtpmdency on d.1,-. Ihm 1..•, 1..•r 111 (b) , • [\ p.1Ir. nm 
GJltir 'iCOn.> h1gh1..•r S,,, 'LOrt... th,111 p,1Ir-. m oth\.•r 
USk'->. Thi:, 1.., ., l"tUht.'l}lll'nn• nf th1..• dt.•1x•ndt•nLL' of S. 
111 lirngth; domaut-. m !ht.• 'l • Ji d,1,-. Ml' I011~1..•r on ,1\l'r· 
,gr. Ihm m tht.' olht.•r d,,..,",t_,.. 

ictional c.1milanty Although \H' \-. l'rl' ,1bll' to 
p,N-nl three d1fft:'·n.•nt qt1c1nttt,1tl\ l' mt.•,,-,un•-. of 
'tructural rel.:itl'lin4..-.,~, ,rn .111,,Jogou-, -,Itu,1tIon for 
~ dOl>o, not e,I-..t. I Im-. <.:,1n ont• 1..•,pr1.....,.., 
1"-11\btah\'ely tht.• d4..•grt'i..' of ,11111l.1ntv bt.•hn't.'n ,1 

~~ph.1t(' I":,()mcr,1",(.• .inJ .1 glul'(N!-h-pho-..­
r1ate l~mera',t,'? I IO\\ Lio lht•\ lU!llp<lfl' to trr 
""""°r' 

The a~--nce of a cle.u mLw,un.• ol lund1on.il 
,.,,ilanty 1s not the onl\ ob-.t.1clt• 111 tr,m-.f4..•rrmg 
~ funct1011t1I ,1nnotc1tmn-, bl'tween prolt.'111.., with 
!aftrent degret..., of homolog\ TI1l' d4..•f1111t1on of 
~ itself 1~ often \ague. \ lort.• "'Pl'1..1fK,1llv. .:11 

l)rfsent there ,o;, an ,1b<.,(•nce of ,uc.:h important 111for­
ll.1bon as a Mandardui..'Ci \ oc.:,1bulan tor prott•in 
~ ,I annot,,tum-.. \\ 1th .. 111 a<,•-,ouall'1.I numbL•r­
'l scheme, d~npt1on-, of monomer fund1on.., of 
~b of mult1<;ubun1t p ro1L•111-. and h14..•r.in:h1c.:1 I 
hinctional ilS~1gn1nl•nt-. for prot1..•111-.. \\ 1th mult1pk 
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functions. As a consequence of these difficulties 
there 1s no_ fu~ctional equivalent to the hierarchic,1I 
fold class1fici1t1on for dornilins in PDB. 

A<; signs of progr~o, m this direction, ~ , ·era! 
function,1I cla',!,1f1ca t1oru, h.1ve been dc\·eloped to 
d ,1tc. One " fhl• r'\/Y\.ff system dc,·eloped by 
tlw I 11✓ymt.• Comm1,-.1on (fC) to cl.1,-..1f\' l'n/\ 1111,..., 

b\' r4..'.ldtOn t\pt.• (\Vebb, 1992). TIH"i ",\"item h,,., the 
,11..h ,111t,1g\.' thc1t 11 " "uniH•r..1I," Jpplicabll' to 
protL•m-. 111 m,rn\ ditft.~rt.•nt organi-.m-., ,ind " in 

w1d1..• u~• I IO\n'\l'r, It ,ll"<l ha-. ",('\·eral drawb,1ck-, 
hr..t ot .,II, 11 doL-.. not cono,1dt.•r c.,talvtK re,1c.:t10n 
rnt."'Lh,1111-,m-, (Rilt.•v, 1998a), oftt.•n ignoring obvmu, 
,1mtl,1rat11....., '-M.•n1nd. 11 prt.-..unw-, ,1 J: I I rl'l,1twn-.h1p 
hl'lwt.'l'l1 H'-'"l', protein and re .. 1chon. although tJw, 
,.., oflt.•n not thl' C.l',(,' (an l'O✓\ me l",1n han• 
two funll101h, or two poh pept1Jt.-..., from h\ o 
d11f\.'rl'llt gt..•nt...., c,m ollgomen✓c to perform a -,111glt.• 
tunct1on). Pl0 rh,1p-. the mthl ..,ignific .. 1nt drawb,1d. 
of t11l' l l d.1-..-..1fical1on 1-. that i t c1pphl...._ to onh 
l'n/\"1l ... 

\ numbt.•r of more comprl.'heno,1,·c ',Chl'm'-..., 
h.n t.' bt.'(.'11 dcH•loped, which d,1,..,1t-v non 
l'n/\"ITI(."-, a, well ,,.., l'n/\'llll",. \l04,t Or thl"-4.' 
ftxu.., on md1\'ldu.:1I orgam.,mo, Sen~ral ..,u,h 
•-.cht.•ml..., l'){r"it, for m,lann', C.cnl'rotrC 1--coCvc 
for I wit (Karp cl a/_, I998b; Rtler & L.1bl>dan, 
l<J<JC>; Rtlc, , 1998b), \.111'5 for vc,1't ( \!ewes,•/ al. 
1998), \"ihbumcr'o, funct1or1t1I cla,..,1fication for 
Drosophola, whtth ts connected to rI )8,\~[ 
(Ashbumer & Dr,sdale, 1994), and FC..\[) for 
human !ST, (, \ dam, ,•1 al, 1995). Thc,c d,,-.,,fi. 
<.:,limn-. ~·,04,..,t...,., ,om'-' .id, ·ant.,g~ They h.:1, c 
adU1t1onal le\'eJ.., of h1l'rarch\· that help pre .. ent ., 
more comprd1en<.,1n• picture of genotypt.'-pheno­
typt• rel.1t1on..,h1pc,. On lhe other h,md, thL><-,t> 
cJa.,-.1fic,1 tJ01b -..till lt•,1n• much room for Impron'­
mt.•nt I-or e>..c1mplt.•, there 1-.. no <,tc111tiard1/t.~i 
nx,1bul,1n to allm, for kevword 'l'~1rcht..., 
.,mong mul11ple d.1tab,1',{_~ and aero-,<, org.1111-,m..,, 
and thl'rl~ art.• 111con._i.,tencil:-.., 111 call>gOn. num 
bcr111g ..,,vie. 

I m,,lly, ther4..• h,1., bt.'t'n -.ome prom,..,m~ worl-.. 
going bL•y·ond the r'\7'r~IF .ind organi-..m-frxu<,4,.'<.t 
da,-,ific.:.1 t1on-. 11,erl' ha.., been pro1,;re,.., on compk'­
il'I\ .,utnmall'Ci fu111.:tu10,1l cl,1-.~1fic,1t1on (de-. Jc1rJ,n.., 
t'I 11/., 1997; T,1m.1mt-.... t'I al., 1997), which h,1-. tht.• 
potent1t1! for putting function '1,-.1gi1ment-. on ,1 
mort:' obJt.XII\ c bao,1.., There clrt? a m1mber ot d,1ta 
ba"tl..., ..,, n the-.11111g the \·ariou<., en1yme funct,r>,n.., 
mto coherl.'llt pc:1 th\,·;t\ "t and "'r"tern.., (l•.g. K[ti(, 
and 11 IT, Ogata l'I 11/., 1999; Scl,cl\ d 11/., 1'198). 
Therl' al',() haH' lx't.'n ",Oll1C' \l~n· rl'Cl'nl ,:1ttemph to 
dt.•\·clop cros-.-.,pecIe-.. cla.,-.ificat1orh of non-en1\'rm.• 
functmno, In the fr,1mcwork of the t,t.'lll' Ontolt~\ 
I'ro1ect (GO, genl'ontology.org). GO l"i ii I01_11t pm­
JL'C't bL•lw<.'l'l1 rlvBa,t.•, the Saccharonl\'lt.-..., (.('nOITil' 
Dalab,,..,e ,111d ~ IOU'-,(' Genome Inforrn,1t1c-,, 
i1tlempt111g to m~rge the fl), \'l'J-.t ,mJ mou<.,t_• 
function.i i cla,-,1fica t1on '-,Cl,emL_..., I loweH•r, ,1 trul\ 
urnver-.al -,v..,tern for cJa<.,<,1fying all protc111 func­
tion-.. m ,d i ·organi-,ni.:, wi thin the .,,,1me framL'\\·ork 
rernam!:> quite a challengl' becauq, of the 

lllil 
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.. h<.'l!r d1\ cr..1t\ of o rga111sms and distinct protein 
functmn.., 

which we added functmn.1 I '-·•ltt'gorics and mdn·id. 
ual protein!). For m~tann•, we added " Hemo­
globin" to the "Phv,1olog1c,1J Procesc;e., 
Re<,p1ra tion" categor} \nother example i~ the 
"~hv!,iolog1cc1I prcx:.'--...,.,t.._ Immunity" categori 
(figure 6(b)), lo whrch WL' ,1ddl"·d immune WSlt'm 
protem... \.l.,m of tht• ,1dd1tmn.., would r\01 be 
11L'tl"-..._,n m iht• t.·onlt."d of tht• nt..'\\ cro..,.., . .,f>t'Oe, 
CO .,v,.tcm \\'t• .,J..,o mod1hl'd ,lightly the number. 
mg -.chemt• 111 tlw origin,1I 11 ) • d,,.,.,1f1cation 
order to ,,...,ign ,1 un1qut• h1t•r,1rd1K,1I nurnbtr 11.1 

e,11.:h pmtL'tn dom,11n (1'1gurL• h(b))_ \h• will n.-ft.r It 
our augmt.'ntL't.i fl ) d,1..-.1fo.:,1t1on ., .. the fl) + 
.,d,t•rnl', ,ind our lnL' rgL'lt '-<-·lwmt• ,,., tht.• f-1) -,. 

Our simple funellonal elassd,eaflon of SCOP 
domams: FLY+ENZYME 

G1n.•n the d1:,eu,..,ed lim1tations, \\'e constructed 
a ..,1mple funct ional cla,o,ification for the SCO_P 
domam~ included in our compilnson; our cla!,61(1-

cilhon 1-, ba',(_-'d on a merger of two of the e~1<.,tmg 
functional annotations and a crru,~-reforencmg of 
.. ub-.eb of thh rombmatmn with '°me of the 
or,.;~1m ... rn-... pec-tfic -,cheme<,. fir..l , we U'-<.~ painn',{' 
comp.arr'iOn to cro._..,.rdercnce the PDB doma,m, 
agami.,t the Sw1 ... ..,prot datab<1'-<.' (13.:11roch _& 
Aphe1ler, 1998), a, described b, 1 legv, & Gerstein 
{ICJtJq)_ We cho',(_• to ,,..,..,1gn protein functmn'i 
,lccordmg lo Sw1,-.prol lx>caU',C 11 provide~, more 
comprehen<o1\ l' funchon,1I annotatmn<; than SCOP. 

\\ l~ \\'l'rL' 1111tialh able to di\'lde all cntm . ..., into 
l-n./\'ml..., and non"-e,urme!-., J d,n..,ion that rl'p­
fl~nt-. the h1gh~t le\'el of funchonal difference in 

our cl,h..,1ficat1on ',('heme {figure 6). t:or thr 
en.,~·ml• catt..:.gory, we tram,ferred LC (\'\'ebb, 1992) 
number,, to thc,,,,e SCOP domain!->\\ 1th,, one-to-one 
match to ., ~,\., ... ._prof l'll✓\ me. Only one-to-one 
matching entn("C,, could ix, cor,.,1dt•n'Ci bt.'C,lU"'l' 
S,\·1 .. ..,prot a.,..,,gn., I \ 7) \IL number, to entire pro­
tein,, where;.1i., SCOP 1.., ., domam-b,,¼.">ti cJa.., ... j(j .. 
cation; therefore he could be conficfont about the 
cla,,1(icat1on of onh tho~ domam, which map to 
clll l'nllre Swp,,..,prot entry 

In the ,1b',(_•nce of ,,n FC-hpe cl,,.,..,1fic,1hon for 
non-cn,yme.,, we a-...,1gned functlom, to non-cn✓~-­
mat1c t.COP domain., ,1ccord111g to -\-,hbunwr·., 
ongmc1I cla<,c,1fication of Dr(N)phila protein func­
tmn... Th,., clac,,.,1ficatmn 1, derl\ ed from a cor,­
tmlled n,c,1bul,1ry of fl\ lerm<.,. It ,.., ,n ,:ulable on 
the web and looselv connc>ck'd with the FLYBASI 
databa-.., (Ashbumer & Dr,sdale, 1994). For clant1, 
we prL'Ci",(.•J_\ de<,enbc, the ..,J>l'C1fa: file-, and n•r..,ion 
(I 55, 1997) of th,• classificallon th,11 we used in the 
caption to r1gure 6, and we will hereafter n•for to 
thl"'-.t.' data files ,,.., con..,titutmg tht• ong1nt1I 11 ) 
c1.,..,..,1ficat1on 

The rt.',- cl.,.,..,1f1cat1on 1c, ., d\"nam1c obJt'Ct, c:hMl­
gmg a, more l"t IL'arned about the flv and olhl•r 
org,1n,..,m .... ln1.., ,., parhcul,1rh. true of fott..• \\"llh tht• 
nnmment completion or the Dro..,oph,la genome. In 
foct, c.,mct• the completion of our anah<,1", tht• IL l 
cla-,c,1ficahon h,1!-. been <.,uperceded b•/ the Ill'\\ CO 
cla-,c.,1ficat1on (",t->e abm l'). -

The h1erarch1cal c.,tructure of the rt Y clac.,c.,1fi­
catmn make<.:, 11 \q:-IJ c.,u1tcd for c1.,..,.,1fymg non­
en✓\ m.111c .~COP, entflt'"' 111 a manner comp<1r,1ble 

I \IZ) \H d,, .. ..,1fk,1t1on 
,., dl"CU .. '-l-d l'clrhl'r, tlw lllll\ l'r-..11 fund11lfl, 

cl,,.,.,if1C,11ion of pmlt'lfh 1, H•n· rh.1IIL•n~m~ .1nd 
m,,~ not bt.• po,-.iblt.• with thL• n1rrL·nt lt·\l'I JI 

k.nmdl'llgl' ,,bout gL'nt ...... prolt•m.., ,md ~L·numt, 
Con,equentl\ , the 11) • I,/) \ff cl,1,"f1cat1 111 
of C:,C()p prolt•m, 1, '-Olnl'\\ h,lt mn>mplL•lt• ,1nJ 
mcon ... 1.,tl•nt and rt•t,1111, nMn\ or lht• hm1l,1hm:!I 
of It-. comp<>nt•nt, (I fegn & Lt•J',tt·in, Jllqq: 

Rile) , t998J). It i-. not ~ l't bro.id t·nou~h t, 
include m,1ny pl,rnt, \ iru-. ,md b,,dt•ri,11 pmllin, 
l\e\t'rlht.•k...,.,, 11 w,,, ,uffint•nt for our ,1n,1h,1-:, 
a ... we \H'rP ,,ble to cl,, .. ._,h. ,l n•rv l.ugp numl:"t'r 
of the tot,11 10,000 p,11r-

Determmmg funellona/ s,m//ar,ty 

U-.mg our compound fund1on.il d,1.,,..,ifi,,1tion. 
\\t' \\t'rl• ~1bk~ to ,h<.,ign ,l k'H•I of fund1on,1l -.rm1 
lanl\· to L\1ch dom,1111 p,11r \ cc:ordmg to our 
-.chemt•, ,, p,1ir c,1n h,1n• no funchon,11 .. ,milant~ 
(,,n t.•n✓\ me p.11n.">tl \\ 1th cl 11011-l'll,'\ Jnl') or 1t (ilO 

h,n l' ont• of illrl"l' It·\ t•I, of .. ,mllanl\ 

(i) Ct.•ner.11 ..,,m1l.u11\ 1-Juth dorn,,m., an· 
t•n.,,·ml..., or both ,irt• non-l'll/\ mt..., 

(11) Scime funchon.11 cl,,..,.,, Both domain, .. hare 
the first componmt of tlwir I '\/1/Y\ II or 11) • 
number.,,, t.' K I I I l .1lcohol dt•hn.frogen,v~c anJ 
I 1.1 .1 cor11-.c.mt• bet.1-nxtu,t,1',(• (for t'll✓\ mt....,). llf" 
1.1.2.12 c.1lc1cvc/111 ,,nd 16.1.2. J c,,Jmoduhn (ft)r 
n011·t'IV\·ml><,) 

(iii) <.,..,me precr',(• functmn. ISoth dornamc, .. h,m' 
thrc>,, components or tlwir r \;/)\.If or f l) 
number, e.g. I I I I ,ikohol dt•h,JrogL'll,1..,l' ,mJ 
I l . l.1 homo..,ennt• ddndrogt•n,,"t' (for t•n,yml'1 

or I 2.9 I I I Arc n•rn...,,or ,ind I 2.9 I I. I C-1un 
{for non-e11✓\mt><,; both arl' tr.m..,,,:nphon f,u:to,...,l 
A pair that ~hare.,, prl"ll',(.' funtt,on rnu .. 1 ,11'-<,, t,, 
dl'fm1t1on, ~h.1rt• funct1011,,1I c..-l,1-., and ~em·r.il 
..,,mi!ant~ . 

to thl• L ~Z) ~ 11- ,1,-.1gnmt•n1., for the en.,\'me, 
Another ad\·antage of th,.., cla,;;c,1fica11on i-, th.it 11 

1
~ 

more compatible with lht• mal-.t•up of lhe PDB than 
the £ wlr and \'ea<.,t cla-,.,ifrca tion..,, ac., Dro'-OphiJ,

1 1
.-, 

J mulh-<:'l•llular organ1~m . .ind m,111~ of the knm\ 
11 <,lructurl"', come from animal<,. \-Vt• \\ er~ .1b/e to u..,l, 

the ongmal FL) c1,,....,1ficat1on .,., a framc,,·orl-.. to 

13.i..,cd · on tho..,e .,,..,1gnnwnt.., \\l' c..-,,k:ulatl--d tht· 
percent.igt..' of tol,11 pc11r, at ,1 gn l'll k•\·el o! 
',,(.'(Juente or <.,lructur,11 '->1milanl\ po .. ..,t .. ,<,m~ t'&kh 
lcH•I of functmnal '->11n l/,1nt\ nll' rt...,ulh appt.•.ir m 
Hgure 7 
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SeqUl/nce and /unet,on 

The relation between ~uenn• ,imilarity and 
tun(Oonal ~1milarity behav~ a, om,.~ might exp<.--ct, 
..-ith ~igmmdal curves that drop off ..,h,1rply ,,t p,1r­
~1JL1r roru:.en·a_t1on thre..,hold..,, .,nd '\'th tht• thrt't.' 
, ... ·eh of functional ..,1n,1lanl\ _ (prl'l 1'-tl' funtlmn, 

iunrnonal cla..,, ,,mi gener,1I ,1mil.1r11~·) h,H mg pm· 
.. 1\'t~ly Jo,\er thrL...,huld ... l ·1gurl' /(,1) ,htn\ .. th,11 

~r,1.• function 1.., not l"Ul"l'l'f\ t·d hd,)\\ 1'1~11) •~ ,, 
~ena~ 1dL-'flllt\', wht•rl•,,, tunrt1on,1I d., ...... 1, nm 
c.1'\l,J for '>l'qllL'nn• 1Jl•nllhl..., ,1" ltn\ .1-. :?ll-:?,=; 

kl\\. 2011-.. , gl'tll'r,11 .,,mil.1nty ,._ no hm~t•r um 
lil."f\'t'\i: ,1mong p,11r, t1! .1ppro\lm,1tl•h 7 l; 
,equt"O'l' idL•nt1t\ .• ,bout Ill 11

:, .,rl· l'fl/\'11lt..., p,llrl'li 
,uth l"lllO·l•n1, Oll"'.'• It 1 .. 1mpl)rt.rnt lo noll' th,11 in 

.ill ,J1l, p,11r,. c,111-.1dt•rl'll ht·rl'. tlw dt,m,lllh ... h.irt• 
"1t ~mt• h>ld I undwn,11 .. 11111l.1r1l\ ,11 lo\\ J"l'ru:nt 
Jt,illtlt ... (l'.~ ; 0.,) \\(1Uld bt· fllllt.h It ...... tOr ,lll 

..... 1t,le pJ1r. of dorn.111, ... r,1tlwr th,u'I 1u ... t lor thll'l' 

1th thl' ..;imt• h1ld It , .. ,11...._, 1mport.1nt to rl'llll'm­
bo th.II l1Ur thrl...,holJ ... h11 tunrtum.1I nm ... 1,.•n·,1tmn 
ire .. 1,1ti,tu:al ,Ht'r,1~l..., on·r m.111~- "'l'lJUt•nn ..... onL' 

111 coul'>I.', bt.' .,hit• hl t111d 111d1\ldu.1I r,,...._..., th,1t 
rt'');L' mort• or ll ....... r,1p1dh . 
Tht·re ,UL' d1Ut•rt•flll..., bl'I\\ t't.'11 tlw luni.:tum.11 l"tm 

~rnllOCl lhrl..,hnh.h nl l'IV\ m ... ..., ,ind nnn -t.'11✓ \·ml"> , 

':h t'fltymt..., ,1ppt.•,1r111g to morl' h1ghh l"On....._•n l' 
t?(l"'l' fund1011 th.,n non-t.•n✓ynw,. but non 
mrtmt ... con',l•rymg fum.:tam,,I d.,.., .. mon• htghh 

1.1n t'l'\/\"ml..., Th,., m,w n•flt't:t th.it in our cl,,..,,it1 
Jtion, iht.• non•t.'IV\ mt• fundmn,11 d,, ... ....._.._ ,ll'L' 
broaJl'r and hence L't1..,1t•r to l"Oll'"tl'n e th.in tho ...... • of 
~ l'fll\•me,, whilt• lht.• nnll-l'll✓\'1TI,1hc prt'O'"tl' 
functKmc,, an~ morl' "PlXifll' 

Wht:1 P .. ":!! i-. u'tl'U .,., tl1l• ml',hurt• of '-l'qlll'l1(t.' 
!llllll.inty (Figure• 7(b)) till' rc..,ufh lwk .,,nwwh.it 
Lift·n.'111. 11 ,1ppl'd"' th,11 funt..hon.11 d.1 .. .., 1.., um· 
sm·t."d ror the l'nllrl' r,mgt• of ',t,.'qlll'll(l' ,11111 l,1r111l .... 
ii ttu, ca':!C, pert..t•nl 1dL'nllh 1.., .,ctuo:111\ mor.._• d1',{n-

l"\olhng than I'. ,
1 

bt."c.:,,u..,,,_, lund1on11\ d,,....., 
Jiwrgl.o:, only .,1 -....,1uL'nn• ..,1rn1l,1nt1L-.. th,1t ,lrl' Im\ 
8'0\Jgh th.it lht.'Y h.n t.' httlt" or no ..,t,111-,11,.,1 -.1g111fi­
.Ml(e, 1.e. for P ... ,. thl' dl\L'fAl'lll"l' ,.., comprL...,...._>c.t 

'lr the \'ert1c,1I a,i.., of tlw gr,,ph 

Stmcture and lune/Ion 

The relatmn bt.'l\n'l·n ,111111.,nh in .,,trudl1rt• .1nd 
functron ,.., ..,omewhal I(_..,., ... tr.11ghtrorw.:ird than 
lh.it beh,·t.>cn ..,,mil.int\ in ',,l'llUl'nn• .,nd lunct1on 
figure 7(c) show, th,• rl'l,111011,h,r h,,tWl'<.'11 R\I', 
,Id function,11 <,1mll.1r1h Bro,,dl~ 11 ,1ppt.'<lr.., ,11111 

hrto that for pern•nt iUt•nt1t\ .,nd fund1on,1I -,1m1 
bn~-~ ho\\l'\l'r, thl' thrL...,hn(d.., for nm'l'r\ ,1!1011 of 
lht ,·ariou.., t,pc..,., of funt11on,1 I ,1111il,u1h ,lrl' IL...,.., 
'°''P 

R.\tS 1<, mon• rt.'\l\1lmg with rL..,Pl"l"I to lunt11on,1I 
\UT'lilanty than the non•tr.1d1t1on,1I -.trul tur,11 <,<.:Ofl'-, 
~- and p (Oat,, for s ~tr .,nd p .,, ,lrt' not <,h(l\\ 'll 

11 
arc ,wail,1ble from the \\ l'b-.1tt•.) 1 lw rLw,on • .., 

~ 1- ,,•hile \l'r} ..,tructur,,lh .,,m1l,,r p,11,-... ,111 h,1\t' 
l)seol'l"', clu.,tt-n'll bl't\\"l'l.'n o ,111d o _c; , . s~" h,,.., 

a lt1rge range of scores for similar pair., due to the 
len9th dependency, and P,., does not have an) 
hm1t for maximum s1m1lanty. The w ide range of 
J)(hSible 5-.i, and J'~ir &corc.w; for similar !:,l ructure, 
tend., to blur the b ro..1d Mgmoid curv~ ',() much ~ 
that they ,lrt.• no longer apparent 

Allernallve lune/Iona/ e/ass1/1ea11ons MIPS 
and GenProtEC 

10 gl'l -.c.lmt.• per...pt"ltl\ L' un thL• dL~rt..'t.' to whllh 
our rt...,uJt.., rdlt.>t.:lt.-d tht• p,,rllcul,,nhL..., of our ,om­
btnt.'U I I ) + I .N/Y \.11 cl,,..,..,1ficatmn, wt.• dt'\:ldt.'U 
to tn thl' -..,ml' ,omp,,n",(m, b,1'>l'c..i on thL• \\l'll­
~nown lund1on,1I cl,h-.ifa:,1t1on, for \"l',ht ,md 
f f()/1, -\llll<.., .md Ct.•nProtl<.. {\lt•,q""' ,·I al., lWX; 
Rd,•, & f ,1b,..,f,1n, 19%; R1k•1 , 1998b). lh,_.,., d,""· 
fi(,1tlon, hc1n• thl' ,llh·.,nt,11,,;t' th,11 thL'\ mtL~r,,tt• 
l'll✓\ ml' ,ind non-t.·n✓ymL' function.., from thL• ,t.1rt 
,md ,Hl' w1dl'I, U'l>d I IO\\ L'\'l'r, ,1-. thl'\ ilrl' onh 
,1pplK,1bh.• to and1\ldu,1l org,m1<,nh, \\'l' could onh 
u..,l. tlll'm to cl,,.....,1h cl cor,..,1dL•rabh ,mc1llcr ,ub'-,l't 
of tlw ~nown ,trudurt,..., than thL• compound 11 '\ 
I '-./) \II ,1,tc>m 

n,l. "f'l'(lfu.: way \\l' U',("t.i tht.• \IIPS ,,nd (,l'll 
Pmtl'C d,,..,,1(1G1t1orh to a.,,..,,gn fundmn to ,tnK• 
turt..., .ind to c.ikulalt• fund1onal .,,1milanhL..., j.,_ 

dL"'-<:rtbL"ll 111 thl' legl•nd to hgun,• 7 Our rt....,ult.,, 
111 tt•rm, of fundmn,1I con',('n·,,tion (prL'Cl"'l' ,,nd 
..-J,,..,.,) .,t v,,nou, k•n•I, of pen:ent tdL•nht\' are 
,hown 111 rigurL' 7(d). \Vl• ob"-t.'n.t• thl• .,.,ml' _1,;L'll· 
L'r.11 rL•l,11ton..,h1p, ,1.., \H' did for our 11 'l ~ 
t l ~7'\ \.ff <,<.:J1L•ml'. 11,at ,~. lht• fundmnal 

con...erYation cun·l..., h.in· a ..,,gmoid,,J ..,h,,pe and 
h,1n• rut-off.., for pn'\:t..,l' funl11onal .,11ml.1nl\ 
,1fkr -H>"o ,1nU for (um:tion,11 d,h.., ..,,mil,1nl\" .,t 
(()\\ t.•r \'cllUl'"· I lm\'l'\ l'r, lx'\:~lll"l' thl' \Ill"; .,nd 
CL•nProt r c cla-. ... 1f1C,ll!On<, arl' r( .... trtcll>d to 111d1-
\"1dual org,1111,m..,, t•,,ch cun l' rl'prt~nt.., con­
-.1dt•r,1bl\" ft'\\ er d,11,1 prnnh than do thL' c:un·t..., 
b,,,.x! on th,• 11 ) + I '\17) \Ir <,theme; th,, 
ret1u1red u.., to "bm" the \111~ and Cl'nProt1 ·c 
nirn-.. m ., "'<>mt.'\\·h,1t co,.11'.l'r (,,-.h1011 

Discussion and Conclusion 

I IL•rl', \\l' ,,........_...,..,t.-d the trJ11<,(er of func:tJOnc.1I .111J 
.. trudur,1 1 annot.1tion b\ anah11ng thl' rt.•l,1tmn· 
...,h,p-, bel\n•(.m ... mulant~ 111 "'l""lllll'nl:t.•, -,trudtirt• ,md 
lund1011. 111l' 1(),000 protem dom,11n p,11r-. of 
v,1ry111g k·\ l'I"' of ... 1m1l,1nt, (,11 k•.J<,l thl' <w1me fold) 
that we con..,tructed out Or the SCOP d.,.., ... ,fic,1t10n 
-.!,m, quant1t,1 t1 \ l' -.t-quence-'-.lrudurc rclahon..,h1p'-> 
..:0,,...1..,tl'nt \\·1th pre\ 10u., rt......._•,,rch The- t.•xponcnt1,1I 
rdc1t1on..,h1p i-. con-.,..,tent ,,ere)',., thl' '>l'COnd~ir) 
... tructur,11 cl,,..,"'l • .., and hold'-> for nt:'\\l'r prob,1b11l-.tit 
'"tl:or111g method;.,. 

·111L• ~'9lll'llCl'•funct1on ,md <,lrtlltllrl'-fundIOll 
rd,1t1on-.h1p.., h.1n• not bt..--cn , tudll.'tl ,,.._ prt.'Cl'-,eh 
dut' to the lad, of,, robu..,t fum: tron,,1 cb-.-.1 f1c,1hon 
,ind mt.·a..,tirt• of functional ,nrnl.int\ Tn m erc:omt.• 

1111 
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_ n~tructed our own classiflc.1tion by m e r-
'":; e,tending the E ZYMF _ ,,nd FLY 

~ e, and assigning leveb _ of fu~ct~onal s 1m 1-

U1h Our mea~ures of fun_ct ion,11 ..,,m1larity pro­
Jr cu!"\·e, relating function tu "-l"-llll"l"ll.e ,1nd 

,ttUctUre· \\·hen rela tang runctmn,11 (011 .... l'r\ .1taon to 
~•diYergcncc, \,e.fmd d, ... ttnlt thr, .... htlld-.. ,1t 

.kl ror prec-1...c fum.:t1on .ind 2~ I hlr tum. 

""'11 da,,,., 
o,e of the mtl'rL-..,tm~ n ..... uJt.., th,11 l'llll'r~l'' lrom 
~ 

1
, th,11 percl.'nl 1dL•nt1l\ 1, mon.• u,dul hw ljlt.\Jl 

,g fund1on,1I dtH•r~t.•nu.• th,m tlw llt.'\\l.:r pnlb 
,he -.con."·•· In ~1..'nt.'r,11. rmxtl·rn pwb.1h1h..,th.. 

.,uch J.., P .. 
1 
.• 1rl' bl•tll'r .11 di'-\ nm11l.lt111g 

wor,~~t hi~hh di\ l'Q~l'li ..,lXJlll'llll..., (rw.u tlw I\, 1-
mt 1ooe) thJn pt.•ru•nt 11.kntll\, ,1111..l' thl'\ hdll'r 
J.t' rnto account g.1p, .1nd 1..<ln,"·n .111, l' ... ub,11 

\ll., (of -.,m1l,u ,rn11nu ,1ud,) I lo,, l'H'r, hlr u•n 
•lar pair-, r1f ""-.'lllll'lllt....,, pl·ru·nt 1dl•nt1h 1.., ,1 

"".lrll"r Jnd mort.' d1n,t llll',hllrl' of di\ l'rgl'l'llt.' 
'(1\tk1II\ J I lammm~ d1,t,rnlt.') '-tmll' d1, l'rgt.·nlt' 
rreo~·funct1on t,1kl..., pl,1u.• bl•hlrt.' th,lt Ill ... trul 

1,,t·II bcfort.' till' I\, 1hght l'<Wll'), 1t 1.., t.]Ullt.• 
n1ble thJt pt.•ru•nt 1<.lt.•nt1h i--. mnrt• ,u(1..l-..,tul 

ill nx-a.,unng tht.• fnrml'r th,111 tht.' l,1lh.•r ,ind th,1t 

lh convero is true for the probabilistic ores. In 
o ther word , percent identity i b lier alibrated 
for ~iscriminating among t ve ry close, ignificant 
r ~Jatio ns h1ps a nd P ..., .. 1 for mo re dis tant o nes. 

Practica l implications 

I Ill' ",l'l]uenll'-..,lructtirt.• ,1nd '"'l"llUt.•ncc-•funcl1on 
rL'l,1t1on..,h1p.., dt.",{nbt.'tt ht.>rt.• pnwide prncti(al 
111form,1tmn for gt.•noml' annotatmn m tl'rm.., o( 
told, and ru nrt1on-,_ Tablt.· I ..,ummar11l-... thl• rt.'1,1• 
ltH' ,uh .111t,1g1..•i., of tht.• d trfL•rent "'ormg tnl'lhod, 
\H' u~•d U,ing thl• lrt.•nth m "ll't]Ut.'nct.• ,md ..,tru(­
turt.• "'lmtl,1r1tJ. o ne can ,1..,"ll',.., the dt.~rt.>c to wh1th 
,trudur,11 ,111notat1011 c.,n bt.· tran..,ft.•rrt.'Ci bl'hH"t.·n 
"'t'l..)Ul'l1lt...., ,11 ,1 gl\ en len•l of "ll'qrnmn• ..,1milanl\ 
I ht.• "'4..'l]llt.'nc:t.• ,md function ..,1m1la n h thr1......,hold.., 
polt.•nt Mlh· t."',tc1bh..,h m1mmu m reqU,rt.•mcnt, of 
"'t'l]Ut.•nu• ,1milM1l\ for n~liable func:tton prediction 
~nte th,1t bt.'Cau-,e the p ro tt•m domain pa1,-.., con• 
siJl'rl'<.i here all ,h,ire the "1me fold, thl' numb,,r-. 
for .,II po..,..,1blt.• p,11r, w ill d 1ffor m the region ol 
,·t.•n httlt.• ..,t.•quence 1dcnt1ty, m w hich the '-,l"qt1t.•nn• 
...imil,irit\' 1, not enough to md1catt.• the ...ame fold 

treft'r lo tht.""l' ,1., um..,lltutmg th1..• ongin,11 11) tl,N .. 1hL.,t11m Rt.'CL'nth. tht.- 11 "t cl,l' .. ..,1f1LJ t10n h.1.., bl..•tm .,upt.•r,t.-dt.-d 
~ GO (~'Ile (lntokl)-;\) Prott.,t d,1..,,1fiL,llmn. \\ hKh mt•rgt..., n,, mou'>4.' ,1nJ ~l.'J.,t annot.itum bit." rt.•IJtL-d to the 
dl,,d1,allon .m.• ,l\,lll,1hk• from ,, \\ \\ .gt.'lll"<'Otol(~\ org In thl' ongmal Fl 't d,1 ...... 1ttcahon all m~mber. of tht• high· 

N ll'\d c1~ labt.-led 0, rt·pr ... ~•nt,1t1\ t..., ol !lw m·,t IL•\ d art.• lc1N•lt>d I, ,md ,111 Im, t:'r It.•, t+~ are labdt-d 2 thrnugh to q 
, :hangt-d the numbt.•nnJ; '-4.ht.•mt.• ••,o th.11 11 ,, 111 n.•Ot.'Cl the h1cr,1rchic,1I n,lturc or thl' da,.,,h,,111on fh1, 

• tllu..tralt..., ',c,.'lh,1n, of !ht.• ongm,11 ,1n<l modthtxi d,N,1fli:,1t1on The top k'\l'I m th~ fl 't cla .. ,1fic,1t1on ""ht.•mL' • ., 
al-d Function pnm1h\"c-' (k•H•I 0) ,u,d mdu<lt" hH• d,w,,.._,.. ·~h.•t,1boh.,m," • lntr,10 .. •llul.u pmlL'lll tr.1Hic, ··cdl 
sm:ture;· "O...'\t.•lopmt.•nt.11 pron,...,. Plv, ... 1oll~IL,1l pn'k..l....,,. and [k•ha,_ior .. Thl' nt.•xt lt:'H'l .1th.•r Tunchnn pnm1• 
itr 1 Procl-......, or \lolt."t:Ull•" (lt.•H•I I in \-.hburrwr· ... d,, .. ,111,atmn) h>r f undum pnm1ll\l' \ ll•t.iboli,m" thL' 

-.o an.• ··Carbl'lhydrall' rnl'l,1boh,m. '\udL•ot1d1....., ,lll<l nudl•1c .ic1d, ffil'l,1boh.,m." 1..•k J.or h md10n pnm1lt\l' 
I .. d Structure'' thL• "'Pn"M..1....,,·· l,1n bt.• '\ut.lL•u,. \hhxhondnon." \ll'mbr,mt•. t.•tL. Tht.• nt.•,t lcH•I 1., "Path\\,\~ • 

.r \lxromolecule'' (lt•,1,.•I 2 m th1.• ,,ngm,11 d,,..,..,1hLalion). ··r.11hw~1\ • ,.m mdudL• \ld,1bolll p,Hh\\,l\. ·~1~n.1l111~ 
pi!tiu~ ... or ''O..'\dopmt·nt,11 p,1lh\\,l\ •• rtw \t,,'-romolt."t:ult.•'· c,llt.');Of\ mdud1...., ··Prnh .. •m·· ,1mi ·, udt•K \ Lid• \ 'fr 
~ catt-gom .... tu lilt.• onAmal d,1,,1hL,1llon m urJt.•r tn da,-.ih '4.111lt' m,1mm,,h.1n prott.'111"' th.1t an.· \\ 1dl'I, rL'P· 
lefflttd m <;COil but art• ,1b ...... •nt from tht.• on~11Ml 11 't 'lht:'mt' n,1.."'-' ,,,tt.~tmt...., u,dud"• 1mmun1.• ..,~..,km prot...•in-. 
~ "nt.>w" m (b} .1ml r1....,p1r,1lon pn,tl'H"- -.ud1 ,1, ht•nmglobm ,1nd m\l"lHlobm th,1t \H' ,1Lkkd hl ·r und1on pnm1 

' Ph~,1ologn:,1I prn~.l,.., Rt-...p1r.1tum·• \\t• ,.,11 ,H1r .1d,1pt,1llun ot tht:' or1~m,1I 11 't "-hl'ml' 11) I urtlwr mlor· 
C..bon on t}u., adaptatum 1.., ,1\ ,1il,1blt.• .11 

http b101nto mhb \,ilt•t.'llu align ltm( 

btchTh..·o\·l'rall h1L·r.uc.:h\ of our fmJI '41lt.'m1.• ,md 1dL•nhhL,1hun of tlw d1rft•n.•nl IL'H'I" of .,1m1l,mt) It h\ll prnll'lll' .Ul' 

« l'rll)'ml-.., or both nrnH•n.1, mt.", tht.•n th1.·\ po,'l"' g ... •nt•r,11 fund10n,1I .,,mii,mh II tht.'\ "h.irt' th1.• llr-.t u,mplm ... •nt 
~r cJ.1.,,1fK.1hon numb.._,....,, tlwn tht.•\ ,u.._• 111 tlw -..imt• func.:tion,11 d,1...-. If thl'\ -.h,ut• th1..• f1r-,t thr1.'l' (tllnplllWnh ,it 
~ "'1~mt:' numbt.•J'. (or tht.• 1..'l.Ju1,,,1t.•nt hir non-... ·n.1, mt• numbt•r--., th.•p ... •nd111g on c,1t...'gon) thl'n thL'' h,l\ l' tht· " 111

ll' 

~- function \ .,1gmflL,1nt d1fkr ... •nu· bt'l\H'\'ll till' hHl m,1m h_r,1nch1.." of !ht.• lm·r,m:h, ,.., th,1t lht·. IL•,d.., tlf tlw 
\tEd.1,.,1fo.:,1hon do not l·orrL"f'<llld l''•'Llh to tho ...... · 10 tht• l· l 'r+ ,,-.lt.'m txxJu"-' tht.• fl, d,1,,1f1L,Hllm .... nwn• 

, l\t than !ht• l'll.l\ nw d,1..-.1fi(,1t1nn I ,,r m-.l,ll"\l\.'. tht.• 1-1 't d,h..,1ftc,H1on t,1l..1....., mto ,lc.:(ount ,1'J-X'\.I ... nf u·llular 
~el.:t~. ml'l,1ll<1hc p,1th\\ ,n,. l'll) ,tnd pht.·ll\lhpK fumt inn (morphnlt~\, ph, ,1ok,g,. bt.•h,1\10r} that Ml.' ,1b-.t.•nt 

hr, lht-F\J/) \11· xht.•mt.• 1111, nMJ....,...., our d., ...... ,ht.1t1on o t ~( p prokm, ... 011\l'\\h,11 unbal.illl.L'll. ,,.., mm·t.~n/'\nu.,.. 
bJ,, much bro.1JL•r ,rnd mon.• 100•,1..'h dl'im,xt tundional d,1..,...._,... \-. ,1 con...._'lllt.'lllt.', '' hill~ t.•,,d, t.•n.1\ m1..• 1" ,h-.ignt-d '

1 

.~poncnt numlx•r, tlw k•ngth of ,1 non l'll.t\nll' 11umht.•r ,.,m·-., Jt,-p1..•ndmh tm tht• fum.uun,1 \ 1.:,1tt>g(lr\ h~ '\ht~ 
~;'6"' for l'\amplt.•, m,o..,m 1, ,,....,1gi1t.,I ., numl'll•r th.it h,1ppt.'n' to h~l \ l' lht.· -..:1m1..• lt.'llhlh ,,... I (. numbi..-1' 

1
-

agtr:,....rr, lr,m-.c.rirtmn f.il tor-. ,1r1..• numlx•rt,1 1 12 ,, I . I J \\ L' t,~ok 11110 .Kcmmt th1-, \itr, ·m,f. l~n•r,lr,h, tkpt~ in ~ll"t:I~~ 
'-"' m.in~ componl'nt, ,, n.• ll\.'t.'-""''n tt, llknlil\ prt.'t.l"'-' (unlll<'fl 111 1.',lLh Cilll'fit'r\ \:ok th,11 \\ h,11 \\l m.._,,n l 
~ h."'t, mg tht.• "><HTil' prtx1.....,, lt111Ltnm 1.., not tlw -...111w .,., tilt.' dom,1111., comm~ from th,• -..1mt.• l...,'L'llll,li prot1.•m 

- ---111111111111111-1111111111 
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I igure 7. lin~in~ '"l"°"'"· ''""'"'" and funrt,on \\c e,pn,,, fun<.110n,1I som,l.inl\ ,,.. th,• lr,1<11on,1f pm,·nt,w· "' 
p.11r. ,lt .1 g1n•n lt.·H·I of "'4.'9Ut.•ncl•/-.tn1cturJI ,1m11.lnt\' for whKh tht.• p~trc.>d domain, ... h.1n.• ,l prl•u....._, fum.11(,n. tune 
tumJI da ... -.. or ~t.·nt·ral ,1m1lanh (.1,:cordmg to our d.i.,,1fic.1tion, '>t'l' rigun.• b}. Tlw follm, mg k~t.·nt.l ,1ppht. ... lo I.ii 
thmu~h (c): (~( -~), gt:rlt:r.11 ,1m1l;m1, ~ (-- :- -- ). rn,n-tm/\:mt. ... \\1th -..ame funt.tional cl,,..,.,_ ( ..+.. ·), l"O✓Hllt"' 
with ....,,nw tundton,11 c,11 ..... (· •· ~ -·-), non•en✓\'mt..._ \\ 1th -..ame pn.'C1<,t• furKt1on; ,ind (· • .4··· ), l'O/\ fnl..., with thi.· 
-..imt.• prt"ll">l' fundmn (.1) Rl'l,llt-. furK:tionJI .,1m1l.ir1t, to ....._"l]uenn• .. ,mil.mt\ m ll.'.'m,._ of pt.•r,t.•nt 1dt·nti1, nu.• furk"· 
lmn,11 ._1m1l.1nh Jppt.•,1r. ,,._ ., ,h,1rp ._1gmo1d. with d1 .. tmd thn...,ho)d._ of dtH'fg('nce for prt'(l'-t.' fund1on, funt11on.. 
d,1,._, .md gt.•nt.•r,11 .. 1m1IJn1' l·n1\·ml-.. Ml' p,11rt.>d \,·1th non'"1,.•fl1\mt...., onh J I n•r, Im, p..•rcl•nt 1dt.·nt1I\ m ,ind bd(m 
tht• 1,, 1l1ght 1ont• (l,1bt.•lt.-d TZ). ·\t .,!JRhtly higher ....._~1uenct.• 1dt.•nhh:, p.111"'- d1\ ('rg.t.• "1th rt...,pt."l·t In funchon.1I cl,,-..,. ,rnJ 
bt.•Hmd .,m .. ,. 1dt.•nllh \,1th n • ...,pt."Ct to prt.'Cl'-.t' furxtion '\t11c.> th.it 5().1()()",, idt·nht\· 1 .. nut ._hown bt.'(,1u-....• almo-.t .ill 
tfom,1m .. th.it Mt.' th.11 .,,m1l.1r -.h.lre function with thl'lr c:ountt.•rp.irh (b) ';hm,, tlw -...1mt.• d,1t,1 u.,mg P~.

1 

J.., thl· 
mt.•,1.,un• ot 'l"llUl'f'k:t.' ..,1mil,1nty· Onh lht• d1H•rgi..'nc~ m pn.>c1<,c.• fundmn 1-. , ,,1blt• bt'C,llht' lht•rt.• ,.., ..,ut.h ltttlt.• ... 1gmh 
,,mu• tor tht.• lo\\ '-t.'qUi .. ·nn• ,1m1l,1nt\ .11 which funct1on.1I d.1,-. .11ld gt.•nt•r.11 ,1m1lanty d1, t.•r1,;t.•, ,ti! d,1t.:1 pumh m th.JI 
rl~•on ,1pp,:Jr nt.'M I'-. I or lt~fP .. I O {tht.• ,,..1,1,). (c) lllu,trati....., that tht.• ,trullurt.•·fundmn rd.limn 1, not .i-. 
dl•,1rl, dl'fml-J .,., th.11 fur "(.'\jUt.'ncl' and funct10n Fundmn,11 ,1m1l,mt, t•-..prl"-.'-,t.."li m lt•rm, of R1\I~ 'l'PM•1tion ,1ppt•Jr­
,1" ,1 bn1.1d '•~mrnd curH•. lht•fl' .lrl' thrl...,hold-. uf d1\t.•rgl'nCl' for pn.'CI',(.' func:t1on, but tht.• dJ\l'rgt.•nu..., m funu1onJI 
d,,..,., ,md f,;l'Tll'r,11 .,1m11.lnty tlrl' mon• gr.1du,1I Till'_ thn..,hold., an.- app,m .. ·nt onh· bt."t·au<,t• R\I~ du-.ll'I' th<.• m<,...I .,tru,· 
tur.i/h .,,md.u p.11r,.. bd\,(•t.·n ',(Orl-.. of O and 0.5 ,.\ for Iha... rlW,on, R\l't • .., N•tter .:11 di'-<.:1.·rnmg fund1on,1I .,umlanl\ 
lh,1n S.,. ,md /'"'' \\ h1L"h do nnt du,ll'r lht• mo .. t .,,mtl,:,r p.11r. .uound .i .,t:I hm,t {d) <.;hm" thl• ...,,mt.• n•l,11ton.,h1r-­
Uund1t1n,1I ,on-....•nJtum tW~lti pt.·r(t.•nt 1d'-•nllty) ,1, m (.1), t.'\H·pt th.it for Iha... gr,1ph fund1onal ,1mil,1nh 1, dl'lerm1nt..J 
m tl·rrn-. of tlw \Ill~ (\k·\H.., ,•t j,I •• l99K) ,tnd (~•nProtl;C (Rdt.·y, 1998b) d.1,.,thL"ahor1' r.llht.·r th,m tlw 11) · 
+ I ,z,_ \H "<ht.·m'-• lhl• lli,;;t.·nd ,1ppt.•,1r-. ,1-. lhl' m,(:l on !ht.• gr,1ph \-\'t.• ,1-,,1~nt-d \llPS ,inc.I C

4
•11Pn1tl <. d.1,..,1flt,111,,n .. 

lo ',t()I' don:i,1m, t,,N."li on 'ot."llUL'O(t.• t"t1mp.1r1•,un, to d,1"-.1hed H•.1-.1 ,md I wl, op...•n rt.•,1dmg fr,lml.., (OR!-.), "-"'Pt'(I· 
I\L•h Tht.> t.;(0P dom,1m mo ... t d<~•h m.ikhm~ i..•,ich OR! d,1....,if1t.'t.l 111 \111~ or (,t·nPmtl C \\,1' ,,..,.,,~lll"lf th..:- mm·· 
"ptmdm); \.IIIX.. (_)r C.t.·nProH C tund1on numb,.-r. Onh m,1h.:ht."'i of HO· ",i,."tl Lil'lll"l' llk•nhl\ or grl',llL•r \H'rl' n,1Ndt.·n~I 
\_\· l' u-...-d th1, ",(.()p dom,1m ,,., ,1 function_,11 rL'prl"-.t.'lltJt1\l'; \\hl'n dl'll'rmmmg fundion.:tl .,

1
m

1
1,
1
nt, , \\l' ,,..,,~nl,i h

1 
c,;c:oP dom.:Un!t \\ 1th no \IIP', or Ct.•nProtl ( funtl!OnJI c.k .... ,);11,lllOn lhl• fundmn ot !ht.• d('N,.•'-,1 rl·prc:·'-,(,_'lll,lli\\.' \\ 1th di 
IL',l-.1 8;• ",4..'qUl"llCt.' 1c.lt.·nllh. if Olll' c.'\a...lt't.f Ct:nProtr( function,11 1tfenllht•r. tll\.' thrt.>t.'-C"OmJ'l(mt•nt numht.•r-. \\ l• (1..tn· 
"ldt.•r ,1 p,11r of dom.1in, .. hanng lhl' fu-.,1 u,mpont.·nt of tht.•1r fun<.110n,1I dL...,1gn,llion to ht..• 

111 
thL• ,,.,1ml• fundum,ll d,

1
.,., 

l)om.,m .. lt1t1I -.hJrt.• ,111 lhrl'-' compom .. ·nt, ilrt.' ..,.,,d to h,IH' lht.• "-ilmt.• prt.'\:l"i(' function ! or \111"-i tht.• lut'k.t10n,1I dL""I):· 
n.111on a.. nut ,,.., .,,ra1ghttor'\,.ud, ,h unt.• ORI c.in bt_, .,..,,1gned multiplt• fun<.tum, Tlwrl'f,1rL' Wt.' um,1dt.•r dom,,in-. 
\\ h1d1 h,1\ l' ,11 k•,,.,t t'lll' fund1on Ill 4.:ommon lo -.h,lrL• funtlmno.11 d,,..,., l..Xun,1111., \\ 

1
th ,

1
11 tundmn, m ,:,m1mnn, tht.· 

... 1ml' cc1mb11l.1t1on of 1dt.•nt1ftt.•r-., -.h.lrl' prl'Cl'>l' ful)(:l1on Bt.•..-,1u<.t.• \fl/~ .:md (,l'I\Pr,itl ( t',ldl d,
1

..,.,
1
h tlw pn1t1..•111., of ,1 

-..n1,;ll• c
1
rg,m1-.m. \t.·,ht ,mt.I I n

1
l1, rt....,pt.i..lt\t.'h. lh("'t.' c._1,,....,1hc,1tion .. '-·,111 c.fdt.>rmuw tlw fundmndl -.uml,inlit..., of onh •

1 
"ilMII fr,1l11nn nf ,1II our '·,C.:OP dom,1111 p,11r. fhl• d,ll,1 b,1<,t.,J on thl"-1..' d,,.....,1fic,i llon .. , ,tppt.•.irmg 

1
n (d). Ml' lhl·rd1..

1
rL' 

\ 1..•n .. p.1r---c._• ulmpMl't.f lu the.• d,11,1 m f,1)-(d. l)l..,r1tl' thl' n1,1l".l'nt...,., of lht.• d,H,l, funttional .,
1
rn

1
1,inh b.bc.~I on till· 

\111"-i ,md <.,l'llPrt.111 t d,,-...,,h,,H,rnh follm"' lht.• ...,lffil' gL'lll'r,11 rl•l,111011 In X"l]llt.'nll• ..,
1
mtJ,

1
nh ,h dol•.., lund1on,ll .. ,mi 

l.1nh h,l'-c.'li 1111 th<.• mor'-' ,omprl•hL•r1-.1, l' 11 ) .. I ,z, \fl .,.__.ht•mt.• \l•rlit..1I hnl' mdic,i tt.-... ,
111 

,lppro,un,ltt• 1hrt...,lu1/d Pl func.!11 111,11 dt\L'rht'llll' ,11 .in· 1dl·n111, 
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,. mmarY of <,COrlllg method._ 
1,t,1,1. ,u . 
---- Si..-quenct.• -.imil.,nty SIIV(lur,ll .,,milaril)' Fe.itun...., ____ L1m1tat1on.-. -~',('()(l ... 

rl--r cent <,t.'q_Ul'nn· 
idenhl\ 

R\1~ <.. ._ !,,l_·p.ir,1hon \\'l'II undt.•r-toud, m u~. Rfl-1S dt.'JX'fld, mo-,l highh tin 

pt.·n.t.-nl 1denhty bl"lkr for wor.t m.1khc. .... n.'q_u1nn~ 

-~ 

~T.i,-; ~ ~ Kht.'Trh~ f'h~•-:-,1,,t ht·:: Ii ,r h,u,11 ll' 

.ar.J tt""h int.1g1..~ 

J'r~;hcJII~- tht:n. wlwn <lll\' 't.0,ud1t...., ,rn und1.u­
ed open rt.•,1,hn~ lr,rnw ,1g.un-.t 1..ntl\\ n ... tnh. 

11 till' opl'll rl·,,dmg tr.rnw 111.11'-lw... 11 
lrt:' with .1 ~('~xi c.'·\,llm• or pt.·r(t.·nt 1dt.·nt1ty, 

thl' cur. t.~ prl""l'llll"l..1 ht.•rl' 1.,111 l"ll' U"'l'\I to 
,. ho\, tht.> fund1on,1l .rnd dl'1.11ll'\I -.trudurt.' 

1l1on wall tr,11hll•r I ,1r t.•,.11nplt.•. 11 ,rn 
,.rn,wn open n-.1,ling tr,rnw m,1h.ht.-... ., PDB 

ture wllh ,m ,•.,·,1lut.• of 0.()()1 .rnd .1 pt•r(t.·nt 
'11'\' of 10" .. , then lllll' (,m bl' ., ...... url>t.1 th,1t 11 
the ...-imc fold (Brl•nm•r l'I al .. 14<-IX) ,1nd ,1n:ord 
to our an.11,·,1.., ti h.1-. ,1 two-third-. dMnn• ot 

1'lg ttw -.amt.• t.•,act function. hirlh\•rmort.•, 11 
"'• -99°,_, chann• of h,wmg tht.• ,,1nw fund1on,1I 
1,., and 1b -,trudurl' prob,1bh di\ t•rgl', from tht.• 

llYJ\1.-n ~tructure b,· .1 tnmmt'U R\1S of IL...,.., tlliln 
I • A • 

t Future directions 

Tht-re are a numbL•r of t.iirl"l..·tior1, 111 ,, hith ,n.• 
■ 1ght e·dend th,.., an,1h·""' \\'1 th n..•-.pt~t to tht• 
~uence-!Jructure rt.•l,1 t1011, wt' t",ln rl't.luc.:t.• tht.• 

mepn-:,cntallon of the 11nmunoglobuhrh ,1nd 
ar.prow the calculatmn of P,1, (b\' n..'t.io111g thL• fit 
b the ell:tr~me ,·alue d1,tnbut1on n..·1lt.1rll't.l b, 
lt\·1tt & GC'r-.tem (1998) to t•hm111.1tt.• rL...,1dual 
il!lgth-dependenq 

In the functmna·I n,:,alm. we r,111 111, t....,hg,1tt.• if .,nd 
b·_ the i,equcnct'-funlt1on ,1nd -,trut turt•-fun(l1on 
rdabonsh1p-. ,·Jry for d1ffl'rl'nt r,tkgont...., of pro­
-=~ For example, .1\though \\ t.' found t."on-.i-.lt.'nn 
t the sequmce--,tructurt.• rl'i,1 llon ... h1p ,1monj,; "l't: 
'IWF)· '>tructur;:il da-.~ ..... I lt.•g~ 1 & Ct.•r-.tt·m ( 1999) 
11.Dld that the d1c,tnbuhon of t•nt\ nu.•, ,ind non 

"IZ)mes ,·ar1t-,, \\ 1th ,t'Conddn -.trut.tur,11 d,1-., 
·~ ~ted 1,c,ue 1 ... tha t of conform,1t1rn1c1I d1.1ngt...., 

b COOCC'1\,1ble that among domam-. with \l'T\ 
"Mlilar scquenn..., but ..,tructurt.'"I th.i t d1ltl•r h, :1 

, 'nfonnationa) ch,1ngt.•, fum.:t1on " It...._., (Onx•n l'\I 
-'" 1l b among , 1mil,1r '"-l'9Ut.'ll(t...., ,, 1th nwri .. • -.11rn­
•11ructurl'S. 

~ Perha~ the mo ... t 1111portant dm.'(.tion m \\ hit.:h 
~her th1~ wor!,. 1-. tht.• rw gml.'nt,111011 o f tht• 
-tional cla ... c,1fica t1on \Vith thl• gn)\\ 1ng 

),"N,lo.mg .it lunchonal arb!lr.ir\' lnmmmg; rx·rcent 
~1m1l,1nl\ 1JL,it1h 1, m...._.n-.1t1, l' tu ~,1P" 

. \n.,111);,1•11 .. :i.1m1l.1nh !'ol.ur, ... 
c;_,. tlt'f"l"n<li m1to.l h1,.;hh 
c1n l•t·-.t m.1td1~-~ 

.... ,.111 .. hc,ll !>l~rllhC,mu• 

lllllhl-J Ir ,IOW\\ orlr. for 
l1llt·rt•n1 ,omr,1n .. on.-. 

.mJ (00-.c.'l'\dll\'\' -.ul,,..11tut1on-. 
lA-pt1lJL·nu· on Jhj;nml'OI 
k-n~th 

,111 J-. 1.1m11i.ir ... R\h ,mJ 
f't:rn-nl 1Jt'f1hl\ 

.,.,qw .. -nc.·~1rnllllh' rd.1t1on..h1p, ,ilon~ \,1th ttrir rt•.1lht· 1d\·om• 

,1mount ol fully ',l'qUl'nn•d gt.•nomL..., tht.•re 1, .1 
nt.'l."ll tor tht.• dt•n•lopml•nt of ,1 ..-omprl'hl'n ... 1\l' 
... , .... tl'ffl for fund1onally c1., ...... ,r~-111~ pmlt.•111,. ,l 

nllnpll'IL' d,1-.,1fic,1tion for the t.•nhn.' un1n'N.' of 
proh .. •111 funt:hon... It will bt.• a U1fficult proc.:t....,..,, 
,-,.. m ,1m L'\l..,hng org,111i-,m-..,pt.'C1fic clac,c,HK,1hon-. 
will l1t1H' to bt.• mt•rgt><l, but tht.• l'nd rt......,ult will 
h,1n• tht.• ad,·ant,1ge of not bcmg b1a",t,."l.l towMd.., 
.my one org,1111 ... m . Sud1 a umn•~1I cl.1 .. ..,1ftcat1on 
will ,1110\, mut.:h more reh,1b1L• tran..,fer of rune• 
tum,1) ,1n11tlt,1t1tm. 
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..,llluhon m,llnu..., from pmll'lll bl,11. i..,., /'r11f \. ti 
\l ,ld i;., u,, \. 9 lOlll c;. (l)<I Ill 

llubb.1rd. T J P . \l ur✓m, \ (, , Bu·nnt•r "> I & 
( hothi.1. (1497) c.;c_·op ,1 ..,lrudur,11 d,, .. ,1h,,111,111 
of proh.•m, d,1t.1h,1 ...... , \11, / 1, ,d Re 25. 2lh-2'W 

k.,1rlm, t, & \ lt-.chu l, 'i I (19CXIJ. \IL-thtlti, for .1""'-""mt,: 
!ht.• ,t.1h..,IK,1I "•~nific,--ini.t• of tntlll'\.Ul,ir ...._'tjlll'flu' ft-,1 · 
lurl.., b, u..,mg Rt..'111.•r,11 "<orin,:; .,._Jwmt.., P,,, \.1ti 
·\,,1d St, Uc.;,\_ 7. 2:?fH 22hH 

K.irhn. S. & \lt""hul. S I {19'-ll) \pplil,tl11m, .rnd ,1,,1 
• ..,,K.., for mult1pl1.• h1,-;h ·"<.nrm,.; "t):mt·nt, m molt'\ll 
l,1r ',c.'ljlll'll(t..., Pntc .\",11/ 1u1./ .,, , LJ', \ 90 ~!-Cl­c;i,r;; 

k.,1rlm, C., Uudwr. P Brl•ndl'I. \ & .\11'-l.hul . .., I 
(11.191) C,t,111..il(,ll mi.-thod, ,ind IIN);hh h1r rn1tt-m 
olnd J \. \ 't('\lUt'nt t...., \111111 R1'l ll,,,,,l,11.. lhi•rh11 .. 
Ch1·m 20, I ; :;.201 
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