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Introduction 

fn" me function con,er\'ation has been used to dem·e the threshold of 
-.l·qu<mcc 1denhh nect.•..,..,,1ry to tran~fcr function from a protem of known 
function to ,1n unlnown protein. U~mg p,11rw1'>C -.equence compan"tOn, 
'-l'\l'ral -.tud1c.., .._uggc....tcd that when the -,equcnce 1dcnhh ,.., above -10". 
en,\ nll' function t'> \\"C'II con'.er\'ed In contra'-tt, Rost argued th,1t becau"'l' 
o( d,1tabc1-.e b1c1<.,, the re<.,ulb from <,uch <,1mplc pa1rw1<,C compan ... on., 
might bt• mi<le,1dmg Thu<, b1 grouping en✓\ me sequences into fam1ltc­
bl1...,ed on "-Cqucncc .,1m1lanty and '-tC'lcc-tmg repre<,.entahn:- .. equcncl....., for 
comp.1n'ton, he ..,!,owed that cn1ymc function <,tart., to d1n:-rge quick.I~ 
when the sequence 1dentlt\' is belo" 70" •. I lerc, we emplo\' a ,tratcg1 
..,1milc1r to R04;t•., to reduce the database b,a.,; howe\'Cr, we clc1-,..,1f; en.l\ me 
fam1ht~ bac,l--d not onh on c,cquencc c;1m1lanty, but al'-0 on functional ~1m1-
lanh·, 1 c. "'C<]UCncc., m each fomtly mu...,t have the -,ame four d1g11"' or the 
,,,me f1"t three d1g1t, of the enzyme comm1>sion (EC) number Further­
more, m<.,tcad of c,clcctmg represcntatl\·c c,equence'-t for comparison, 
we calculate the function con rvahon of each enl}'lTlC fomil\' and then 
a\· rngc the degree of enzyme function con~n·atmn across all cnz\·m

1
e 

famth~ Our analvs1s sugge!>ts that for functional tran~fcrab1hty, -1-0' ... 
sequence 1den1tty can sltll be used as a confident threshold to transfer 
the f11",I three d1g1t,, of an E number; however, lo lr,insfcr all four d1g1b 
of an E number, abm e 60"• sequence 1denltty 1s needed to ha1e at least 
9()0 0 accuraC\ ~tomm·er, when PSI-BLASf 1s used, the m,1gmtudc of the 
E-\·aluc ,~ ro·und to be weakly correlated with the extent of enzyme func­
lton consen ,11ton in the third 1tera1ton of PSI-BLAST As a result, func­
ltonal annotalton based on the £-,·alues from PSI-BLAST <hould be used 
with caution We also show that b\' employing an en,:yme fam1ly-spcc1fic 
sequence idenltt • thre,hold abo,e which 100°0 funcltonal conscnal1on 1s 
required, functional inference of unknown ~quences can be ,1ccuratel_) 
accompltshcd Howe, er, Uus comes at a cost, those. true pos1tl\ e 
sequences below this threshold cannot be umqucl 1dent1f1ed 

2003 Pubh,hed b1 Else, ,er ltd 

ki•t(l.t'Ord~- genome annotation; consen ,1hon of protein functmn, en.l~ me 
la~~1ficat1on; sequence compan. 11"-; PSI-BLAST 

In th1-, p<.ht-~enom1c era with man\ '>equcnccd 
Al'nomc...,, fund10n,1l annotation ha'> become a 
maior ,11m of 81mnformatics. 1 The most w1deh 
USL-d functional annotalton 'tCheme 1'i ba'icd on 
two step, 11,c f11",I ,tep t< to detect a homologous 
relahonc,h1p between pairs o protc111'>; till', can be 
accomplhhL•d bv a pa1r \\'1~c ,;;cqucncc '-Jmilanl\ 

,earch with algorithms such as FA :rA, BLA5T' 
and PSI-BLAST The second <lcp o functional 
annotalion 1s to mfer funct1on,1I ~uml,:mt\ from 
homo! gl With the contmumg de, clopmenl of 
those methods, the ab1ht, of rccognmng remote 
homologie, hac; been greath 1mproH~d. I IO\\'C\ _er, 
becau<e there might be onh about 1000 m,11or 
su erfom1hC'i m nature,1', most homologou<, (\ II 
C\·~lt1t1on,1nlv related} protcms mu.:;t ha,·e d1f crcnt 
functions, \\'h1ch m.11-.es lhe mfcrcn c of functtor1<1I 
.;11rnlan h from ,cqueno.! -.1milant, difficult irnd 

\bbrt..~\ 1,1t1on u'->t>d l~ ·, l'll/\ me cornrn1-.~1on 
E•mail adJn.~.., of th1.• corn ..... pondin~ author 

-,l,..olnid." bu£folo 1.•du 

•rha .., ~problematic " \\ 1th the rap1dh mcrca..,­
~g n~mbcr of complct h ..,cqurncc<l genome.., 
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and the effort-,. to annotate gene function, 
annotation errors ould be easily spread if func­
tional annotation 1s not done carefully; tliu;, svs­
temahc studies lhtil ~tabhsh the accuracy and 
rehab1hn of method.:, that mfer uncttonal ',ltnt-

1,mty from homology are urgent and necC!>sar} 
Percentage ~ uence identity and sta~hcal score, 

,uch '" £-,·aluc of BLAST or FASTA, arc w1dcl\ 
tht..-xi mea-,ure-. for ...cquence companson It ha<, been 
well c,tabhshed that score; based on the ,tat1St1c,1I 
-.1gmf1c~1nce relative to random arc -,upcrior to per­
centage '-l'qUencc 1denllt~ . m detecting remote 
homok~ I lowc, er. there ,.., no clcM md1cahon of 
\\hethcr th1"> I"> abo true with re-ipcct to a~;.,o:,mg 
tunct1onal rclahonsh1p. In fact, 1t has been frequent ii 
ob-,.cr,·l~ that function 'ltarb to d1\'crge qwckh cn~n 
at high le, cl of sequence 1dcnllt\ ,11 wh1 h there LS no 
dL,pute about homology On the other hand, as a 
qmck and simple mca;ure, ,cquencc 1denhl:) "abo 
w1dch u..,ed a.., an md1cation of funchonal ~,m1lanl\ 
For c,,1mplc, 11 "often nnphc,th used m di\ 1dmg a 
pmtcm fam1l1 mto subfam1hcs b, corc,trucbng a 
phylogenetic trc>e to dem c funct1onall; important 
r6tdue-. ' Howe\·cr, bccau',C the lack. of a ngor­
ou,11 e,,tabli,,hed "-'-1uence 1denhl\ threshold, the 
d1,·L.,10n of a protein am1ly mto .,ubfamtl1t'"" ma) 
require human mtcn entlon .• ,. Therctort:', 1t ,.., 

of great .,.grnftcance to e,tabh,h the thre-.hold of 
...cquencc 1denhh atx,, (' ,._ h1ch funchonal .,nrnlant~ 
can be affirmed 

Bc>causc the I n✓1 me Comm..,.,.on ([ ) " the 
be>st de,eloped and mthl w1dcil USl>d fun<11011,1I 
cJa.,..,1f1cation «heme, EC number-, h,n c bt.•t.m 
emplmed to explore the thrc>shold of ,cqucnce 
1dentttY nen~-,..,arv for accurate function tran.,.fcr 
re number ... ciJ",',Jh the tunchon of ,rn Clll.\ me b, 

four d1g1b. The fir-I d11\1t delmcatc, the main l\ pc 
of e,v, matic actI, Ih and range., from I to 6: 1, 
ox1doreducta..,l...,~ 2, tran<-ifcra~...,, 3, lwdrol,1-.t..~. 
-l, J\a..,e-,, 5, I~mera~, and , hg~1..,L'",. The other 
thr('(' d1g1t., pronde more detail about the rcadIon 
that ""' Cl\J'yme catah·,l'"' The lai,t d1g1t of an E 
number ui,ualh rl!pn..~nt-, the ... ub.,trate .,pec1fiot\ 
of a reaction, while the first three d1g1ts of the re 
number usual!\ de ribe the 0\ crall I\ pe of en11-
mat1c reaction B, conducting all-against-all pair­
\\ he ...cquence compan:-,0m, and exam mm~ E 
number match at different ,cquence 1dcnhh 
thrc,hold,, Den>'>, I\ ,Ison, and rood ob,en c>d 
that en,\ me function 1.., well con',('n ·t~ Dcn1i, 
took , tructure alignments from the FS P (fam1l1es 
o structurally c,1m1lar proteins) databa,e· and d1i,• 
co,ered that abO\e so·. scquen C 1d nilly all four 
d1g1b of an E number arc well consened Wilson 
performed pa1rw1sc sequence, structure and fun -
ti n comparison on protein domain pau~ accord­
mg to the OP ( tructural lass1f1cat1on of 
Protcms) old cla;;1ficahon ' and found that fu ll 
conservation of all four E d1g1t, an occur 
between two proteIm, with as low as -1000 

sequence 1denht1. Todd assessed the functiona l 
vanatIon of homologous en,ymc supcrfamihe<, 
defmed b} the AT! I (protem class, arch1tccture, 

topology and homolol\<llJS ,uperfamily classifi­
cation) protein structure d.l'•• ,1hcation·"' and found 
that functional \ ·anation ii, r.Ul' when the sequence 
,denht\' " abo,c 40" •. Thu,. 11 seemed that 40% 
~quence 1denht\ might hl' u-.t.•d cl!-t a confident 
thre-,hold for a.,~.,.,m~ tunl. tm11.1I con.,er\'atIon. 

In contra..,t, a nx·l.~nt .. tud, h\ Ro .. t argued that 
the SI\ I ·sl'ROT datab,i-e•, wluch ha, been used 
a., a gold .,t,,ndard tor tlw fund1onal ,1nnotahon 
of the other d,1tab .. 1-.t.'"· 4 h.1-. m,,n\ redundant 
o.,equence-. that nln.•r Jti-.l ,l .,nMII fr,,chon of 
ent\ me funrllon, Tht1', SI\ J',SPROT " ,1 b1a'><!d 
dat41ba-.l' domm,1tl.•d h, ., k\, lundmn.tl famtl1e,,., 
and the re..,ult-. ot l'll/\ nw tund10n con~r\'aho~ 
bai,l-d onh on -.1mpll· p,11n, 1-.t.• compan",On 
might be m1-.lt.•,1dmg. To rt.·duu.• thl• bid.., m th~ 
~WISSl'ROT d,1t,1ba,e•, Ro,t d,1.._1hed en/\me 
.,equencL:><, mto f,1m1lil'"' on tlu.• b.1-.1-. of their 
-.equenn• ... 1m1l,1nt~. or dl'll'<.lahll' l'\·olutionan 
rclat1on.,h1p. ...u,llh, l\\'O prnh.•In ... th,lt arl' .,truc­
turalh "mil .. u to t.',ll.'h <.llhl.•r ,lrt.• t..:on-.1den.-d a~ 
C\ olution.1r1h rel,,tl•d It h,,.., ht.'l•n t.•-.t,1bh..,hed that 
when the pain, 1-.e -.equl'IKl' 1dl•nhh between t\\'ll 
protein., 1 ... ab<.l\ e 1(1".,, tlw, h,n l' -.1m1lar -.tructun .... 
and .. ue C-\ olutu .. manh rl'l,1ll'd I lowC'nn, the 
rclatu_m.,h1p heh\ l"t.'n "l'l]lll'nu• -.tructure -.1m1-

l.1nt1e, 1., not clear \\ hl•n lhl' p.1In\l...c -.cquencc 
1dent1t, ts bck1\\ 10" ,, e•,pcualh m the "twilight 
,one" (· 25"o -.t.•que11n• 1tit•nlll\'). To e,tend 
... equem:e comp,ui...on mto tlw l\\'1lt~ht ,one, R~t 
emplowd the I ISSI' (homnlt,l\,·•den\cd structure-, 
of protein.,) ~ore (,1 '<Ore den\ l~d lrom "l'qUence 
1dcnt1l\ to md1c .. 1te \\ hctht.•r two .,cqueno..-... might 
han~ <,1mllar ..,tructun...,) to mea-.urc the "-l"qUenre 
!-ttm1lant~ between t\\'O prolt:'111., I le grouped 
en/\ me ,cquencc.., rctneH'd fmm the SI\ I SPROT 
d,,t .. 1ba.,e into ...,eqm.'nn· fam1ht."" ba.,ed on their 
I ISSP score ,md th,,n ,ekde'f.1 rcpn.-scntat11·e 
-.cqucnn.~ to con.,tru(t ,1n unb1.,.,ed dat,1-,et. Fmall~. 
en,\ me .,cquence~ from tht.• unb1a.,l•d data';et were 
compared \\ 1th tho...,e from thl' ongm,1I data..,et to 
calculate the extent of t.'111\ me I unction com,er\·a­
ttcm. Ro-,t .,howed that \\ ht.•n the <,t_·quencc 1denht) 
,, belO\, 70'' .. , b<1th the hr-t d1g1t ,md all four d1g11> 
or ['(. number, ,t.irl to l]UKkh di\ ergc; a sigrnn· 
cantly different conrlti...1on trom that of pre\lous 
,tud;c.., Th.., d1Scrcp,mc, in the threshold of 
en1\ me function cm,., •n atmn ha-, ra1<,ed qu(.";hOn5 
about whether current tunct1onJI ,rnnotat1on 
'-teheme., bi,...,l•d on -.et.1uenn• -.1m1i,u1t1c., can be 
tru.,ted Thu.,, add1t1onal l'\·,1lu,1t10n of enzyme 
function con..,cn·,,lion 1-. ttmeh ,rnd important 

b\'lou..,Jy b\ cla..,..,,f\ mg t.'11/\ rnc ... equenccs into 
fam1he!-t to ~~d~ce the b1t,.,, thl' conclu'-10n., of Rost 
, hould be closer to the truth. Pre,umably, a famih 
of '>equence<, ,hould h,Wl' a clear C\ olutiona~ 
relat1on.,h1p and be fum:tmnall\ ..,11nilar to each 
other l lowc\'cr, becau.,t:> the rcla 1ton!,h1p bct\H"'en 
funcllonal d1\ crgt•nce and "l'quenct:> d1\·ergence 15 

111 fact not clear (a pomt tll.lt 1.., turtht.•r addre--...ed 
here), u,m~ on!\ -,cquL•nn• ... 1m1lant~ to cla ih 
prote111 fom1lic::, m ight rc.,ult 111 onl.' family being 
lmkcd to d1ffcrc11t kind, ot lunch< n, In fact, ii ha> 
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been frequently observed that funchon may 
diverge more quickly than sequence, and homolo­
gous proteins may evolve lo have different func­
tions . and pos;ess different functional sites, 
especially when sequcn c identity fall below 
40'\o, Thus, the dataset constructed by Rost 
that cnnta111., o~ly repr('!,,cntalt\·e sequences might 
m,.,.., '->Omt.• en/ \ me functions m the c,,lculahon of 
function .. 1I cun,t.'r\ al1011. furthermore, the presence 
of \·anou-. functu.m., 111 011c fam1h ma\' al'->O make 
11 d1rt1Cult hl ,,n:ur,,tt.•I\" tran..,fcr function to new 
-.equcntt.'.,. 

I h:-rc, \H' l'mpln\ both functmnal -.1m1lant\ and 
..,t.'t]Uenu• -.1mil,1nh to defml• ,, protein film1h 
Jn..,tt.•.,d nl tn mg to def me functional -.1m1lanhe.,, 
we d1n'lth LJ',l' thl.• funcllon.,I annotation m the 
SI\.ISSI'R( l I J,11,1b,1,e· and dl'fine an en,, me 
t.1m1h .. 1-. ,l t .. 1mil, of "-C'9Ul.'nn..., that arc all abo\·e 
,1 cert.1111 thrl·..,hold of p.1Irwi-,c .,equcncc .,,m1lant\ 
and th,1t .1I-.o h,n t.' lht• -..1rnt• fund10n [n/\·mc 
Jundum 1-. ddmt.'ti ,1t two le\l')., b\ con..,cn·atIon 
ot tlw lull h>ur d11\11, ,1f the• EC number, which 
mcludl' tlw -.uh-.tr,lll' "'Pl"Clhot\ ,1nd more detailed 
mtorrn.1tmn, ',\Kh .l., cnt,1c.:tor or metal of., particu­
l,1r t.'11/\ ITil' fl',Kllon, clnd bv com,cn·atIon of the 
hr-I thrc·,• d11\11, of tht• Fl number, which general ii 
h.1-. ., le-.-. dl'ta1k•d dt"'-tnptmn of ,l parhcular h·pe 
of t'nl'\ mt• fl'•lctmn. Lmplo\'mg tht,...,c cntena, we 
ha\·e d.,-.-.1tied all cn1\·rne -.equcnct-.... (e)l.cludmg 
tho'l' ,c'quc•n cs with multiple 1· number-, or 
undetNmnwd FC d11\1h, or 1dcnllf1ed onh b1 

X}Ut:>nce .,1m1l,1nt\· u ... mg computat1on,1I method5) 
m the SI<\ ISSPROT database. We c,1lculatc the func­
tional con.,er\'atmn rate of each fam1h b\ collec-tmg 
all P°"'"'1blc -.cqucn c pair., related to the famil\' m 
the 51\.ISSPROT databa,c at di fcrcnt thre!>holds 
of ..,t•quenrc 1dent1l) ,1nd then compare their func• 
honal annotation. Fmalh, we a\·cragc the enzyme 
function con..,cn·,1tIon acroso;, al l the e1v\ me 
families. Our rc-.ults suggest that for fun t1onal 
annotalion, 40°0 ..,equence 1denlil\ can i;;l!IJ be 
u,cd a, a confident thre>shold to transfer the fi"t 
three d1g1ls of .in E number I fo,, e\ er, to lran.,fer 
all four d1g1ts of an EC number, abm c ~. 
.,equencl' 1dcnllt\ 1., necdt.'Ci lo ha\·e abo\'e 9Cro 
a curac\ lorco, er, we find that the thrc;hold of 
the £.\·alue for cnz\ me function con'iervahon 
change., ... 1gmfu.:antl\ during the PSl•BL ST Itera­
hon pron~-. ... , ,1nd m the third iteration of PSI• 
Bl.AS I, the f -, ,1luc ,hm" 0 111' a weak correlat1on 
\,·1th fundmn,1I con<,t•n ·ation l~urthcrmorc, b\ con­
ducting ., 1,1ck-k111fe an.ily'>1s, we fmd that bv 
empl<wmg ,111 en,~ me am1ly-<,pec1fic thrcc-.hold 
alxwc \\ hJCh l00°u fun tiona l con">en·atton 1s 

required, funct 1on,1I inference of unknm\ n 
-.cquc11n• from kno\\'n ..,cqucn e can be done ,,ccu• 
ratel), I IO\\l'\l'r, bcc .. uht' I00°o conc.crvalton rate 1.., 

'<'quired for l"-labhshmg the threshold, true po,1-
h\'C ....._,qu •nc.:c·.., that ha\ c a "equ •nee 1dcnhh to 

•qucnn•-. ol 1-..nm, n fun tIon km er than the 
thre..,hold c:annot be 1dcnt1fied. Fm,1I1\, we apph 
the fa1111h-,pc>c1f1c threshold to f..E ,G annotated 
~111\ me -.equl'ncc., crnd fmd that about 

0
o and 
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65% of KEGG enzyme sequences can be confirmed 
,~1th 100% confidence al fu ll fou r E d1g1ts and the 
first three E digits level, r pectively. All of our 
results can be downloaded from our wcbsllet 

Results 

The cons~rvation of all four digits of the EC 
nui:nbers 1s lower than previously anticipated, 
while the first three digits of the EC numbers 
are still well conserved 

\\'~ htn-e calculated the a,·cr .. ,ge degfl't.' of 
cn1\ me unction con...er\·,1tton aero--., all thl• d,1-.-.1-
fied en,\ me fam1he, m·er different range, of pair­
Wl',C' ,;;cqucncc identity To mvc..,hgall' thr l'ffoct-. of 
the def1111hon of ,equencc 1dcnht\ on the t•,tcnl 
of cn,~·mc functJOn con..,cn·ahon, ·wl' conduct tht.• 
calculation baSl>d on the global 1dcnhty, tht• big 
1denhl\, the ,mall 1dcnht\, and the alignc>d 1dcnhl\ 
of the \.1~1 alignment, and the sequence 1denhl\ 
reported by the PSI-BLA T ahgnment, rc-.p,>chwh 
(the dcf1mhoru, of the \·arious type-, of .,l-quence 
1denhl) can be found in ~Iethod, "1e,1'urcmcnt, 
of sequence ">1milar1tv). The re<,ulL-. are ,hown m 
Figure I It can be clearly seen that. (1) the global 
1dcnl1ty has the strongest correlahon to the degree 
of enLyme function con~n·ation, while the corre­
lahon of the ahgned sequence 1denhtv of the \l~I 
alignment and PSI-BLAST sequence 1denhty to 
enzyme functional consen·,1tton ,.., wor<,c thari the 
other three defimt10ns of sequence 1dent1t\ for 
example, for cnz~ me cnZ) me onl) compar1 ... on.,, 
when the pain\ Ise ">cqucncc 1dcnht) foll.., mto the 
50-60", range, the conscn,1t1on rate of the full 
four d1g1ts of an E number .., 7"o when the l\lo­
bal 1denht} is used, while 11 " only • and 7 •• 
when the ahgned 1dent1ty of the l\ll\l alignment 
and the PSI-BLAST 1dcnhl} MC u,cd, respt.'CII\C!\ 
(Figure 1A). l\lorcmw, when the pairwise 
sequence identity ,., in the -10-50' • range, the 
con ... en•atIon rate of the first thrl'C d1g1b of an r 
number can still be 91°. when the glob,11 1denl1I) 
1'> u,ed, while 11 1't onh 7-t0

o and 72°0 when lhc 
aligned 1dcnt1t1 of the ~I I alignment and the PSI­
BLAST 1dcnht1 arc used, respech,cl) (Figure I ). 
Bec,rn,e the global 1dcnt1t\ has the stronl\cst com~ 
lat1on to enzyme functional co11.,en·atIon, It 1.., 
u~'Ci 111 wh,1t follow., to <,tud\ ho\, well the 
cnZ) me function Is con~n cd 

(2) The consen a hon of the full four ,hg1t [(. 
number 1.:., lower than pre, 1ou..,Jy anll 1patcd, 
while the 1rsl three d1g1ts of the E numbers arc 
,1111 well con,cn eel Following the strateg; used 
b\ Denl"', \,Vilson, • and Todd, we al'to conduct 
a ·..,1mplc ,1ll-,1gam,h1ll pair_" Isc ~qucncc cornpan• 
son ",thout famth clas-1hcat1on and cmplo) the 
global 1dc11t1t, to calcul,1te the cnl\ me function 

t http 1b101nformat1c.., buff,,lu 1..-du n.••,ourci.-.... 
l'lll\ ml' C()l1"'l'I"\ alton 
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Figure I The en1\me function con',(!'nahon m term-. of '-l'qUl'OCt:' 1dent11\ hH, pool-. of -..t..•qul.'1U:\.' p.11r.-i Jre u-.ed to 
dcme the extent of enzvme function con~nJhon one th.11 mcludl.., onh l'O/\mt..'· l'rvvmt:' .,.._,qut..•nce pat!"!'> (A and 
C). and amlth\.'r that mciudt..~ both crvyme - cn1\·mc and en/\ me non-... •rv\ me -.t-qu1..•n,e p.11r-. (B ,md D) The e,h.'nt 
or functional con\l!rvahon 1-. calculated JI t,,o fo,-d .. of .:,n,vme function-.. the .,11 four I·( d1~1h ( • .\ and Bl. •md the 
f1r-.t thn .. -e EC d1g11<, (C and D) In calculating tht:' t:'\.tl'nt of t1ll/\'ffil' funchon con-....•rvat1on, th1..• functional C()n""'-·rvallon 
or L•ach cruyme fom1ly ,.., cJlculatcd fir"-1 Jnd then 1i.. J\ erag1..'ti .:icroi-.., all l'O/\'ml.' fdm1hc-. To an,t...,11)-;Jk the effecb of 
thl' ddm1t1on of !,\.""<)UC'OCl' 1dl'nt1t,· on en1yme function co11-,ervahon, fin.:• dd1111t1cm, of -.1..-qL11..•nce 1dcnt11' are u~--d 
the global '-t.'quenct:' 1dt..•ntit,· (diamond .. vmbol m contmuou-. line, ♦), tht:' b1~ '-tl"quenc ... • 1d ... •nht~ <~1uan .. • -., mbol 10 con­
tmuou-. !me, ■), tht:' -,mall '-t.."'qUl'nce 1d('nt1ty (tnangle wmbol an contmuoui.. hne, • ) . .1nd th .. • ah~nt..-d <,t.."qU('nce tc.fontit\ 
or the \l\1 alignment (~tar ~ymbol m contmuou-. lml', • ), a.nd the r.:,porkd .,L--quencl' 1dt..•nhtv c..,f th1..• PSI -BU\ J ahgn, 
ment (cro-:.r., svmbol m continuous hnc, x ) nne ddm1hom, can be found 111 \ ll'thoJ-. \ 11..•.l',uremt..•nh of ">l.'qui;-ncc ~mu, 
lant\·) To compare with th(' pre, 1ous C"ihmahon of cnlyme funclion con-.ervatwn. ,1, -.1mpll• .1ll-,1f,,llll.,t-all pau,,bt' 
""-'<lucnct:' compan~n ,, 1thout fom1lv cla~,1£1cat1on ,~ conduced u~mg the Hlob.11 '-t..-quenn· 1dL•nt1tv (cm:le -.ymbol_ m 
broken lme, e ). Inc -.tand.ud denahon of en,yme function con~rvahon ,h .i functmn elf ~lobal '-l'qUl'nCt.' idcnnt, ~.., 
sho\, n m The ~tandard dc\"l,1lion of the con-.i:or\'ahon of all four re digit-. ,,nd tht• f1r-.t thn''-' l C d1g1b .,re ,ho\\O 
~~~\di~mond 'tymbol (♦) and triangle symbol m conhnuou-, line(&), r1..-...pcctl\dV, with thl• contmuou" hnl.' ao

d 
b:. 

mt.: reprt."'!:.cntmg the results in the cond1tton of onlv l'lll\'ffiC en,, m • comp,1rt"tllll'- .md both .:,n,, m\!'-Ctt7\ 
<1nd en.1vme- non--cnz\·mc companwn ... , respcct1,cl\ , 
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nmr..en .1 tmn S11n1lar to the prenou.., ob..,en-atmn!-J, 
tor ,1ll·c1g.1m!'1t-.1II en,, me - en,~ nu.• compan'-On, 
the nm,l'r\ .iticm r.:1ll' of the full four d1g1t~ of an 
E number can ,t,ll be 9(,"., "hen the global ,den­
llt\ "m the 40 ~O" .. range, \\ h1le the on,cr\'at1on 
rail' of tlw fir...t three d1g1b of .,n E number 1~ 
9 ., when the global 1dcnht, fall, ,n the 30-40''• 
range (h gure I A and J. In contrast, fol low111g 
our ,tratcgv to reduce the b,a, m the WI PR T 
dat,1b,ise b\ both "-'<.JUence and functional sim,­
lanh, we fmd that or en.1vme· enz} me compan­
""''• the consen a hon rate of the full four d1g1ts of 
an EC. number start, to b<.' below 90"• when the 
global 1dcnt1t, is bclm, 60°. (Figure I A); this 
ma~c>s the extent of consen at,on of all four d1g1ts 
or an LC numb(•r lo\, er than pre, iousl) antici­
pated l lmvc, L'r, the fir,t three d1g1t.:, of an E 
number a re still " ell consen ·ed; for e n.l) me · 
en,vme only comp,1n!'1tm..,, the a, erage cons.en a­
hon r.1tl• or th~ f1r...,t three d1g1t.!) of an E number 
can ,till be 93"., m the range o 40- 50°0 of global 
1denht, (I 1gure I J. Tlus result is m contrast 
to Rost's obser,at,on that both the ull fou r 
d1)l1b and the hf't d1g1t of an E number start to 
d 1_vergc wlll•n '-te'qucncc tdcntlt} 1.., below 70

11

0. " 

\\ hen en,, llll' nnn-cn,vme ompan<,ons arc al,o 
mdudcd 111 the calcu l~1tion, \\C find that the degree 
of function con<,~n a lion ,..., a little lower than 
that when nnh en,, rnc-cn,ymc comparison 1s 
counted (I 1gure I B and DJ. 1 lowever, the degree 
of fun t1on con...,t•n at1on for the full fou r d 1g 1ts 
and the fir-.t three digi t::, can stall be above 90

1
·'., 

'' hen !he ~lobal 1dcnht I'- above 60°0 and 40°0, 
rc'Spectl\ ell (hgure I B and DJ. 

I hue,, our anai\.'bl.., c,uggc::,I~ tlld t for function 
tran~fcrabilil\, ➔O"o global 1dcntity can t i ll b 
ll'-,t.-d a!-J cl confident thr(.>';hold to tranbfer the f1r::, l 
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three d1g1b or an E number; howc\ er, to tran~for 
the full four d1g1ts of an E numbers with abO\ e 
90uo accuracy, then above 60°0 glob,11 1dcnht, 1s 
required. • 

The E-value at the third iteration of PSI-BLAST 
has a weak correlation to enzyme 
function conservation 

Following the S1m1lar strateg) used to calculate 
the enzyme function conservation a!-J a function of 
the global 1denhty, we also c,1lculate the enzvme 
function consen ation as a fun t1on or the PSI­
BLAST E-\'alue, e.g. , "" t' "' (Figure 2J. ur 
results show that the E-, alue ,n the third 1terahon 
of the P I-BLAST search has a weak correlahon to 
the degree of enZ} me function con~nahon. For 
example, for enzyme- CM) me com;,,r1!,on, e\ en 
when the £-, alue 1, )e!,S than e lt the a\ c r.1gc 
conscn•at,on rate of the ull f ur d1g1b and the 
first three d1g1b of an E number 1s onh 

0 o and 
5•., respech, el) (Figure 2A). 

In contrast, the E-,·,1 lue 111 the first round of the 
PSI-BLAST sear h has a much better corrclat,on to 
en/vme funchon conserva tion. For example, the 
a,·crage function consen·at1on ratec, c!r all four 
d1g1ts and the first three d1g1b of an I:: number 
are '-'o and 97°o, respcctw elv, \\ hen the £-\ alue 

1s less than , 100 m the first round of the P 1-
BLA I search. ~lorem er, the a, erage conservation 
rate of the first three d1g1b of an E n::imber c~ 
be 0 o when the £-value 1c; between r and t.' 

111 the fi rst round of the I I-BLAST search, m con­
trast to onlv around -17°o m the third. iteration of 
the I I-BLAST search ,n the :,amc £-value le, el 
(Figure 2AJ The sigmhcant changes of the thre,,­
hold of £-value for en1yme function con:,crvat10n 
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at different ,tep, of !'SI-BLAST se,irch suggests that 
E-,·alue is not a i;ood measure or transfemni; 
functmns b, PSI-Bl.AST 

The average enzyme function conservation 
does not differ by the selection of 
enzyme families 

F1i;urcs IL ,,nd 213 shm, the standard dc\lat,on 
of con-.,en ation rate at d ifferent le~, cl-. of ..,equcncc 
1dcnt11\ as ,1 function of the i;lobal sequence 1dcn­
hty and the P!,1-BLAST f-,·aluc, respectl\e!\ 

pparcntl\, functional con';Cr\'at1on ,·ancs among 
different cnt\ me am1he',. I lowe\'cr, the average 
enzvmc function con'-,Cn allon doc<. not depend on 
"h1ch cn,\111c fa m,hc, arc sci led, pro\lded 
there arc a '1uff1c1ent number o en" me fam1hes 
con, 1dcrcd When using 10°0 of the iota! number 
of cnz~•me fam1hec,, the average con-.,cnatton rate 
, anc, s1g111f1c.1ntlv among d ifferent ... ub-.,ct~ (r1gurc 
1A and 13). 1-low<'\Cr, \\hen add1t1onal enL, me 
fam1hcw,, ,1 rc included for the cakulat1on, the rc5tilt 

90 

90 
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-+- 10% 

.... 20% 

--30% 
-40% 

- 50% 
.... 60% 
- 70% 

- -80% 
- - 90% 

1()() 

-+- 10% 

.... 20% 

...,.... 30.,. 

-40% 
- 50% figure 3 fhl• ,·J.rJ.1t1tm of funv 

.... 60% t1on C()n-.cn. J.hon b~ thl• ">t_•kxhon 
of en,~·ml' fam1lll' ... ,·\ Th1.• con-.1.:r· 

- - 70% ,·.,hon ,·anatmn uf full four lC 
-80% d1~1t-. bv u,mg d1ff1.•rL•nt -.ub~t, of 
-90% full four l C d1g1t.., t.•nt\ ml' fom1lu ..... 

at d1ffort.•nt ll•n•J.., of 'l'qUL·nce 1dt:n· 
ht\ 8, Thl' COO'Cf\'JllOO ,·anahon 
ci lhl• r,r,t thn .. 'l' Ft d 1g1t ... b, U"'"H 
d1(fon•nt ... ub .... •t,.. (){ thl• r1r .. t thrl"I..' 

100 l d1~1h l'n.1ymt.• fom1lll' ..... , t d1fkr· 
cnt ll'\l+ .. ur ~'qUl'l1Cl' tdL•ntih 

become stable: when U'11nj?, more than t;()0C) of the 
total number of cn,,mc fa1111ht..~, the , ·anahon 
amcmg different ,ub,cls is less than ~" .. at all le, cl 
or sequence ldl'nhl\ (Figure 1A and B) 

When the conservation rate of an individual 
enzyme family is not 100% at a level of 
sequence identity, it varies with the s election 
of enzyme sequences 

Although the a, crai;c c1v1111e tunc11on conscr­
,·at,on does not differ ,, 1th the s lcchon of cn/\me 
fam1hcs (Figure 3A and B), for ,rn 1ndl\ ,dual 
cn.1vme fam1l~ , general!~, the mclu'1JOn of more 
cn.1, me <;cquenn"' make" the "-Cquence 1dcntll\ 
thr~hold required to accuratch tr,,n!"lfor function 
more ,table (Figure 4). I lowC\l'r, "hen the 
,;cqucnce 1denht le, cl is h1~h. thcr<' is not much 
,•anahon of the con~n·ation rate: the ,1, •rage 
con~rvahon , ·anatton for md1, 1dudl en/\ O'lL' 

fam1hc-., 1.., Ice,<. than 'i0
l) for a ll -.,ub~•h \\ hen· the 

i;lobal sequence 1dcnhtv is above 6(1" , (I ,gur~ 4A) 
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h nc 1dcnl1ty is Thi" 1'1 becauise \\ hen t c scque t.: be con-
abo, c 6000 the cn,vmc function tends to 

• II hen we focus on served (Fii;urc 1). ctu,1 ' • ' 1 . 
those cn,ymc famd1c, that arc absolute ' tc~;n 
sen cd abon.• -Woo global sequence 1dc~t1t~n1 va~t­
bc clearly c.,ccn that there h no conscn a~cn t1t , i, 
ation for all : u bc.,ct~ when the iscqu~~~:,~ WC focuc; 
abo, e .. m o(, (l-1gurc 4 ~- In contra~t, ribs lute!) con­
on lho<ic cn1ymc fam1Jici; that arc ' 
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50" but not abo,c 40"o global 
sen ed abO\'C • o be clear!) seen that the 
,cqucnce idcntit}, i t ca~ aries ,gmficantly with 
function ~onscrvat1on ra e v ~cs when the le,·cl 
the selection of enLyme s~q~~~-S{r,.: the a, eragc 
of global ;cqucnce id nli l\ ~round 7lro and 20"• 
coni;;en ·al!on v~ho7 t:c ;otal number of k.nown 
when 30"• and • o the fomilv .uc used. rcspcc· 
entrmc sequences 111 ' th ;e are onl\ a -;mall 
t1vely (Figure 4E). Because e 
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number or enzrme fom1hes that are absolutely c n­
ser. ed abo,·e 50°• sequence 1denhty but n I above 
~if. global sequence 1denht} (12 (am1hes), 11 1s 
p04,.,1ble that the conser\'a lI n vanat1on at -10-50°0 

sequence 1denht\' le, el ma) change when more 
en/\ me families are used. 1e,ertheless, the con­
scr.·ation rate or md1ndual enzyme fam1h• can 
,·an "gmficanth with the selection of enz)·me 
... equencc-,, when· 1t b not 100°0 con~crvcd at a 
parhcular lc,el of sequence 1denllt, 

When both enzyme-enzyme and enzyme­
non-enzyme are included in the comparison, 
above 70% and 50% global sequence identity 
is required to have more than 90% of the 
enzyme families absolutely conserved at the 
level of full four EC digits and the first three 
EC digits, respectively 

A.., we ha.\"e .,hown m figure 4, the conr.,cn·a­
llon rate of an md1ndual enl\ me fom1h at a 
le\·cl of -.equencc 1denht~ 1., • ..,en..,1tivc ·to the 
..,e)ecllon of en7\"ffil' "tequcncc.., if 1t ,.., not 100° 
conl.iC'rn~d Therefore, m order to ,1ccuratch 
tran.,tcr function rom c..cqucnce compJrhOn, 1t 
,.., de ... 1rable that we u..,c the en1yme fam11\ -
specific sequence 1denllt, threshold above 
which a 100'' , con..,cn·ahon rate can be 
obtamed \\e h,1\ e obt,1med the fom1h·-spec1hc 
sequence 1denht1 thrc..,hold for ,111 the cl,1-sir1ed 
lull lour FC d1g1t, and the hrst three FC d1g1h 
enz, me fam1lu!.,, A.., an altern,,tt, c mdtCatlon of 
cn,yme func.:hon con..,en atlon, "e plot thl' per­
centage or ab.,olutel\' con.,cn cd t.'nl\'mC' fam1hc., 
~bo,e d1flerent sequence 1denllty le,eb (hgurc 
,). For en,ymt• cnzvme only comp,lrl!-.011.,, 

when the glob,11 1den11t, is abo,e 60" and 
40' "• there ani more than 90', ot the en/\·me 
fam,hes absolute!\ con,en ed at the le, el of 
full four EC d1g1h and the first three EC. d1g1h 
EC, respecll,el, \\ hen both cn7\ me en/\ me 
and cn1vme-non-cn1vmc compani.,on... ,,re 
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included, above 70", an i ~ 1 glob,11 identity 15 
now required to h,l\ ,, 1 10« than 90°0 of the 
enzyme families ab.,oluh.•h con~en·ed at the 
le, el of full four d1g1h ,llld th,• first three digit,, 
of the E number, n•sp,·, IIH•h I lowe,er, there 
are still mllrL' th,111 70' , nl tht..• fam1ltcs abso­
lute!\ con,en·ed ,11 tlw 1,·, d of the full four 
EC d1g1ts and th,• llrsl thrt·,· l'C. d1g1t,, "hen 
the glob,1I ..,equL'nu• 1dt·nllh 1-. .1b<wt..• -Hl" and 
10"u, re.,pedl\ t..•h (I t~un.· ::;, Thi-. ',ll~gc ... t,.. th,1t 
b~ u..,m~ a l,un1h ,pt•nhl ,t..•qut•nu• 1denht\" 
thre..,hold, thl• m,1Iorih ot l'llt\'ml• tunctmn., c,10 
.,ltll bC' tran-.tt•rn•d .,t rl'l,lh\ l'h low lt•vd, tlt 
<,t.•·qUl'l1Cl' 1dL•ntih ,, 1th l<mildl·nu.•. 1 lmH'H·r, \\l' 

ha\"e to point out tl1.1t tlw m,1Ionl\ of tht• con­
~n l'd cn1\ mt• lamilu ...... ,1n· t,unilu . ...., ,, 1th .1 ..,mall 
numbt.'r of '"'l'qlll'l1(l'' 1 hu,. it ,... ptl'-.,1bll' th.1t 
the currl•nt ,t,1tu, ot l'n,vmL' tundmn con ...... •r.·a• 
hon might changl' ,, hl•n morl' l'l1/\ ml' '"'l'<.JUt·nct"' 
an' dcpo..,1tcd into thl• d.1t,1b.1 ... t•. 

The enzyme family-specific sequence identity 
threshold can be used to transfer function 
accurately from sequence comparison; 
however, because a 100°0 conservation rate is 
required, true positive sequences can 
be missed 

\fter all, the ~0,1I ol ,tuth mg l'O/\ Jnl' function 
crnhcn·,1tIon ,.., to tr,1n,tl•r cn,ymL' function, accu­
rate-I\ To tc,t \\"hl'ther tht• Ccllcul,ltL'd en,\"JTIC 

tamilv-speohc Sl'<]Ut.'ncc 1denhl\ threshold can be 
applied to accur,1teh tran,ft..•r fund1on, we conduct 
a jack-l,.mfl, ,1n,1h sis Thl• result, do not differ b, 
tht• ..,dechon ot "tr,1m1111-( and "tc..,t" ... equence tt">r 
both the full four FC d1i;1h and the first thr.>e EC 
d1g1h transfer (Flgur<' t,A and B). (,enerallv, 
the pcrcentagL' ot "tran ... terablc" ,equence pair, 
(the "te ... t''•"tr,1mmg" .,L•qucncc pair with a 
sequence 1denht1 abo, e thl' thrc.,,hold of the fomdr 
to which the tr,1Imng ... equl'nlL' belong.,) dL'CTCJ'-tt."' 
with the dt)(n.•a..,e ot tlw If..~, cl ot -.cquentc 1dcnt1h, 

90 100 

rigure 5 I h1..• P'-'rc1..·ntJf,'-' of 100' 
con-....•n '-.J ._,n,\ ml' fom1h'-,.... aboH• 
dif lt•n.•nt 11..•, 1..'1-. uf ..,t•qucn<:'-' 1dl'nllh 
I hl• dltlmond ..,, mbul (♦) .ind thl' 
triant,;lt· ... , mbol ( A) r1..•pn~nt th~ 
r'-•,utt ... ol th1..• full four C d1g1h 
.md th1..• hr ... t thr1..'t.' l d1g1b enL\'me 
f.lm1h'-"· r1..•,p1..•dI\ 1..•h- The rl":lulb 
from uni\" 1..•n1vml' cn1ymt! n,m­
pan ... un ... ,rnd (mm both en1yme 
'-'n1ym1..• .1nd 1..•n1\ m1..• non-cn1vmi.> 
compan,on.., Jr1..• ..,1,m, n J.:t con· 
tmuou.., hnc and broken hne. 
r1..·,pcctI\ d, 

-
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I igure 6 fht.• ,1pphc,1hon of t.•n1ym~ fam1ly-..,pt.'C1f1c ~ucnre 1dcnhty thre--hold for functional mferffice of unknown 
"'l'qUt•nn~ TI1l' rl ... ult, of 1ack•J...n1fe an,1Jy..,1~ for the full four EC d1g:1b and the fir&t three EC d1g1b tran<:Jfor are ~hown 
m \ ,md B. rl..,pt.."Ch\·dy The ,n·l.'rag~ pt."rcent,1g~ of lran1,forablc sequence pain., m1~.!)t.."Cf i,equence pa1rc,. and the pn.•,chc­
hon accur,10- ,1t t.hff1..•rl'lll h!\ cl, o( ..,'-"'lucncc 1dcnllty are '-hown in conttnuou-, )me, brok1..•n lme, and grav !me, n.~pcct­
t\"cl\" The ,vmbt.1J.., of d1ffor'-•nt IL"',l -,ct-. are '-hown m the t~\:I box The 6tandard de\"1ahon of the abo\·e numbc~ 1s 
-.m,111 ,1nd 1, not ,hown here C, The pn.--d1ct1011 n:.--.ult-, of kEGG annotated cn7yme M.--quenc'-~ by cmploymg the 
l'lll\"ml' fam1I; -,pt..-c1f1c ",t.'qllCnc...- 1denhh thr1..-....hold obt,1med from the 22,645 S\VISSPROT <,C(lUenc~ The.~ diamond 
,ymbol (♦ J and the square symbol (■) rcpn.'><'nl the rc..,ulh of !he full four E d1g1h and !he far.I thm, EC d1g11, pn.~ 
J1,t1011, rlw.,pl'(;h\"d\" Th1..• pl'n:cntag1.• of tran..,fer.1blc ..,cqucncc pair., and tht.' pn.•chchon .,ccuracv al different ••,equ1mce 
identity ll•q~J.., ,lrl' ... tm\, n m contmuou.., hne and broken lme, r~pcct1n•l) 

,md 1I drop, close to ,ero when the equence 1den­
llt\' 1.., bclo,, 10°0. I IO\\'C\ er, It can be clearl\ seen 
that d e,p1te th,• dc'Crease of transfer,1ble sequence 
pair<, when the global sequence 1denhl) drops, the 
pred1Ct1on ,Kcurac) is not affected b} the level o 
-.equcncc 1dcnt1h when the ... equcncc identity ts 
abc>\f..' 20''o, 1t 1., alw~1y.., 100°0 for both full E num­
ber and the hrst three E number transfer;, (Figure 
bA and BJ. I lo\\e\ er, the pn e for a curate func­
llonal transfer ,., that a ll those true pos1t11 e test 
..,equt~nc-.. that han~ a ... cquence 1dcntlt~ with the 
trammg ~qucncc below it:, family-t>pccific 1dent1t) 
threshold cannot be idenhficd, and tho, number 
in rca..,c~ when the ... cqucncc 1denttty drops: at the 
le,cl of -10 50°.,, the percentage of the "nw•scd" 
o.,equcncc pau-., (the test-training sequen c pair 
with a sequence 1denhtv belO\, the threshold of 
the fam1h of the tra1111~g sequence but with t(1e 
':Kime function) tt> abou t 30l'o and 20°0 or full E 
number and the fm,t three E number tran~fer, 
re~pecti,·clv, 111 ontrat>I to around 4000 for both 

full FC number ,md the rm,t three EC number 
transfer ,1I the le,el of 30-.JO':o sequence 1dcnht, 
(Figure 6A and BJ. 1e, ertheless, considermg the 
concern.., about the c;ubst.1nhal amount or 
m1sannotallons, 11 1s better to have a ,mall number 
o( "~1fe" annotation~ than ,1 large number of 
"unsure" annotations. 

The percentage of transferable sequence pairs 
at different level, of , equence 1denllt1 rcnects 
the po<,s1b1ht, of tram,ferring funcllon.:, a cu­
rate!) b) emplo1mg a fam1h -specific 1de1111t, 
thresh Id g" en a pair of sequences at a par­
ticu lar ..,cqucncc 1denltl\' le, cl f lo\,·c,·er, we 
not~ th,1t the d1str1but1011 of cnz~ me -,equencc.., 
m the I\ I • PR T database i;, biased and 
d,ffo,rent from that m ,1 real genome;• the test­
trainmg t>equencc patrs here might bt? dorrnn~ 
ated b; those '-equcncct> from a -,mall number 
o( enL.} me fam1hct> c; a re:,ult, this prob,1bi11tv 
might change when more cnZ} me -,cquence.., 
arc deposited mto the dalab,he. 
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Employing a family-specific sequence identi_ty 

threshold to evaluate the functional annotation 

of enzyme sequences in the KEGG genome 

database, about 58% and 65% of the KEGG 

annotated enzyme sequences have an .. 
accurate annotation of the full four EC d1g1ts 

and the first three EC digits, respectively 

In Figure 6A and 8, we h.- c sho" n lhal 

the t~1nllly-~pl"CitlC ,equcno~ 1dcntJh thrL'..,1,old 1, 

applicabl,• for accurate functional transfer 11\ 

-.equcnce compan..,on. Ba..,ed on tht-....c fl.-....,ulh, "l' 

h.-e emplmed the cnz,mc fam1l\"-spc'C1flc 

,,-qucnce 1dcnllt, threshold to , ,1lidate the ,,nnot,1 

hon of J....F ,G cn,vme ,,,e,qucrn.::c'- with the rt.;.~ult 

,hown m Figure b • Amon8 2~.120 k.ELG cnt\ffil' 

,equcnce.,, 2-l,Oq7 enzvml' ...equcno_,.._, can ft~d at 

Ie,ist one -.-quence out of the 22,o-l'i sclt'<led SI\ IS­

SPROT en/\ me ..._-quences b, running a PSI-Bl .\ ST 

search Then, b, emplonng the ent, me fom1h ­

,p,-.:1hc s.-qucnn' 1denllt\ thrc,.,hold, 14, ·n (Sn··•> 

and 16,'\S9 (6'i'" ,) 1-,.1-"(;(, "-'Guenc,.._ c,,n be prc­

d1Ckd with the full four [ d1g1t, and the first 

thrL'l' EC d1g1h, ""P'"'h' ch By comparing the pre­
d1Ctcd funcllon with the KFGG annotat1on, \\ c can 

"-L°'C that the ·prechchon ~1ccuraC\·" 1, 100" whL'll 

the ... equcncc 1dcntlt) bchH.'Cn the kF(,(., "-"qllCOCl' 

,ind the S\\ lSSl'ROT -.-quence 1, abm ,, 2lt 

(Figure t,C). Therdorc, those 1-.I"GC, s.-qucnn., can 

then be merged \\1th <;\\ ISSl'ROT cnl\me 

">t.'l,Uenn..., to con .. truct a btAAt.'r •·clean cn1ymc 

tamth d,1taba..,e that can be found on our \\Cb.,11l~t 

Ho\\e\t.!r, there are al"-tl a large numbl•r of 

KF(,G ..,equencl..., with function.., unconftrml-d ,1t 

the le,el of the lull lour EC d1g1h (42" .. ), or th<• 

hr,t three IC: d1i;1b (35· .,), b1 th" method Th" 

dt~-. not mean th,1t the annot,1hon1., ot ththl' 

"unconf1rml-d" ~EGC ,equcnce., are wrong. but 

.,UAAl-....t-. that tho-.c annot,1hon., need to ht! C('lll• 

firm,'ll either b, e,pcriml•nt or b, more sophisll­

call-<l m .... a..,url"'- (lther th,1n onh ,1mpk• "-l"(JUCn,e 

ctlmpan-.c.m 
In F1gurl.~ bC, 1t c,1n be .....:-,m that the pcrcent,1gc of 

tran"fer,1bll~ '-l."qUl'ncc pair-, 1-. different from thJt 

obtam,'ll b1 u,mg the 'iWISSPROT L'n/\me 

-.-qucnc,., a, the test '>l.'ljuenc,.., m the 1ack-l,111fc 

anah," (f1gun, hA ,md B). For example, for full 

E number tran-.fer ,lt 60 70''o ~equenn' 1denhh 

It~, l'I. thl\ pt'rcenta>;e of trc'ln..,forablc t.cquence 

pair, is C/1 and 00° b, usmg the KEGC anno­

tal<'CI en/\ me sequences and the 'ii\ ISSl'R()T 

en,~ me ,equenCl'"' a ... the t(.",t 1.,equenct"1, rl.-....pl'C· 

ll\cl) , for fir,t three EC d1g1t;. tran,fcr at the 

'iO bO' -.-quence 1denhl1 le, cl, this percentage 1, 

91>' and 1,.1 b1 u,mg the KEC.C.. annolal<'ll 

enL) me s.,quen«-, and the 5WIS PROT en,1 me 

o:;.,_"quence~ ,1.., the test ~uence.., rl.~pectt\ el\ 

A, m 'nt1oned abo, c, th1.., percentage could be 

regarded a.., the prob,1b1htv of tran(;,forrmg en/\ me 

lun hon, accurateh b} emplo) mg ,1 famil\"• 

spc'C1fic 1denht\ lhrl'<hold. Comparl'd "1th thl' 

',\\ I PR()l dat.1basc, the d"tnbuhon of en/\ m, 

sequen<,"- m the I--EGG database should be ck •r 
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to that m real genomes; tlwr, fore, 1I 1s pos5ible 

that the results obt,11n,•d h} ,,, ,1luatmg KEGG 

annotatt'CI enz1 me ,cqu<•nn-s m1i:ht reflect the 

hmtl or accurate t:'llt\ mt.• functu.m tran~fcr to 

unl-..no,, n ..,t.'quenct.~ Jrom , 1mple ~quence com­

pan..,on h.1,l'li on our c..urn·nt J...no,, lt:'dgt:'. 

Discussion and Conclusion 

How well is enzyme function conserved? 

It ha.., bt.'l\n 1.-...t.1hh,hl.·d th.,t u,l ot .1 ,tJ.ti ... tKal 

-.corl.', ... u,h .1, tht.• Bl \c..;J f - , .,lul' ,., ..,upl·nor to 

pcr,ent,,~l• "l'9Ul'On' u..knhh m dl'tt.'\ tmg rt.·motl' 

homolog, or ,trm:tur,11 ,mul.1ntw-.. h, ,1...·qm.·ncl" 

,ompan"-m I to,, l'' t.•r. ht.,·.111,t.· tun<.:t1nn.1I di\ t.•r· 

):;t:'0((' C,ln h.1prt.•n ,lt h1Ah It.·\ l'I... nf "t.'t]Ul'll(t.• 

idenhh, \\ hl•rt.\ tht.•n• 1.., rw d1..,pull' ah<1ut 

homologv, thl\ ,t.1l1,h<.:,1I ,u1n• might nut 1.-x· 

,1dvant,lAt.'ou, o, l'r pt.'flt.•nt.1g,t.,. 'l'lflll'nce 1denllh 

for tunchon.11 mtt.•rrnu• In t,ll t, ,h ,ho" n m Figure 

2, the f ., ·alul• 1-. not ,l gP<\c,.i nw.1,un· tnr tr.rn,tt.-r• 

nng functinn, l .... pt•oalh. \\ ht.·n mult1pll• ltl'r.1hon, 

of PSI-Bl .\'iT .ir,• cnndud,'ll On th,• olhl'r h.1nd, 

bt."C,lu....., the pl•rn•nt,1g1.• ot "l'qtll'nCl.' 1dl·nhh 1-. 

..,1mple, qu1c:k .1nd \\ 1dd, ,1cu.•ptl•d h, lht.• 

h1olo~1..,t. ~•, t.•ral group.., h,n l' t.'\.,ltnml•d lhl• t.•'.\knt 

to wh1Ch pi11n, ,..,t:' 'l'qt1l·nn• 1t.knt1h tunct1ona.l 

,1m1lanl\ c,in !:>,_, mf,•rred lA'""· \\ il,on. and 

Todd l'.ondm:kd ~in .1ll-.1~.1m,t·all p.11n, 1-.e 

en,~ me ~ •qul\OCl' comp,1r1-..c.m, ,1nd Ctlncludl't'.1 that 

wht•n thl' ~'quen,c 1<lent1l\ 1, ,1ho, l' ➔O'· abt.lH! 

C){Y' ., .1ccuran can hl• ,1eh1t.•,·t.•d when trJn,fernng 

the full four d1wts re numb,•r I !owe, er, b) rc-du­

cm~ thl• d<ltJbJ,l' b1t1, "1th 'l"'l]Ut:'nct:' d,1..,..,1f1Catum. 

Rt,...l d1'<0\ l'rL"t.i th,1t thl' t.'nl\ ml' fund1on con'-Cr· 

vallon 1, mu,h km l'r th,1n prl•,·mu..,h anttopatl'd 

lie ,ho" ,'ll th,11 IL--., th,111 '\O" of ,111 the pairs 

found ,11 'i(t·. sequence llknlll\ h,1d 1dcnllcal E 

numbe~. and "hen th1.• "l'qUl.'llCt:' 1dcnt1h l"' 

belo\\ 70"o, the con"'" a hon of both the hrst E 

number and the lull I" number ,t,irh to be bclm, 

~ · Th,.., 1.., ..,1~mfKJnth d1tft:'rt.•nt from other 

group.., rl~ult-. 
B, emplo, mi: tlw )\loh,11 1dl'nllt, and running • 

..,,mple ,1ll·,1g.1m ... t•olll p.11rw1,l' 'l'tlUl'nn\ compan­

"-m, here\\ l' h,l\ '-' <ll•mon ... tratt.'U th,1t the con...cn a­

hon of the full l"C numb,•r and tlw hrst thrL'l' d1g1b 

of the r number can h,• ,1h<" ,. l)(l" "hen the 

global 1dentil\ 1-. abtl\l' ..JO' 11 .1nd 10"11, ~..,pect1,1?h, 

\\ hl(h , ... in agrl.'t.'ffil.'nt \Vlth rixtu· ... ob~n ahtm 

I lm,·c,·cr, after cl,1,..,1h m~ l'n/\ mL' ¼'quenC<."'\ 

by both fund1onJI ,1nd ",(,.~lll'll(l.' ..,1m1i,1nh and 

a,·cragmt-; the l'ldl'nt of fundmn con1.,en·ahon 

acn,..,.., all en,, me fam1ht.'"", \\t.\ ha, l' conf1nned 

Ro-,t'.., conclu..,Jon that en,, mt.• tund1on ctm1.ien J4 

hon 1.., IO\\Cr than pre, 1ou-,h anl!opatl'd I lowC\t~r. 

our r~ulb al~l d1rfor from Ro-.t·.., nmclu..,1on in 

that "e fmd that the dei;rc'<' of ,•n/\ me function 

con~n a hon 1.;;, not J'-i poor ,,, "hat he ob-,en ed 

E, en in th<.1 pre.:.,encc of nnn·l'n/\ ml~ in the 

compan'-ion, although tran ... tl•rnng all four re 
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digits with above 90% accuracy requires above 60% 

global sequence identity, 40"o global sequence 

identity can s till be used to tran5fer the first three 

d1g1b of an E number with above 90"o ,1ccuracy 

(Figure 1 ). Although function conservation varies 

among d1(fon.mt cn/\·me fam1hes, these obtained 

thre~hold.., of l:'117\ me funchon con'-ten·ahon arc 

..,tabk• and do not d1ffor b\ the "electmn or cn7\ me 

f.lm1li,., (I 1i;ur.• 1) • 

The effects of the definition of sequence 

identity on the results of enzyme 
function conservation 

\\'l, nuhll'd that l'mplnv1ng d1ftl•n•nt dt.\hmhon ... 

of ~•qul•nu.• 1dl•nlll\ lt>.td.., to d1tft•n•nt rl"1Ulh for 

t.'11/\ Inl' Junl tum l<Hl..,l'f\ ,thon \mong thl• h,l, 

dl'11mllon.., nl "t'qlll'llll' 1dl'nhh, \\ l.' Jound th,1t thl' 

glob~1I 1dl•nht\ ha.., thl• ..,trnngt.•,t (Orrel.1tmn tu 

tunl tum l(lll"t.·r, ,ltwn, \\ hilt.• tht.• ,orrd,1hon ot thl.' 

.,h~nt.'ll "t.'<IUl'nu• 1d1.•nhh of tl·w \1 \ 1 ,1hgnment 

,ind f",J , lll \SI "-'-l"''n"' 1d,•nt1l1 to ,,n,1 me func­
tion nll1,1.•n·~1tmn ,., wor-..t_• thJn tht• otht.•r thn."t..• 

t.kJimtHlll.., of -.t•qul'nu• 1dl•nl!h we l'X.1mmed 

(I 1gun• 2). I ht.• Tl',l"-m"' wh, the aligned ~•qut•nn• 

1dmt1t, ,ind th,, PSI 131 \ST '<'<JUL'nce 1den111, ha, 

\\Or-.<..• n>rrdJtmn to tund1on.1I con..,erYallon can 

!:>,_, th,,t thl' IL•ni:th ol till' alii;ned «-,1dm-, m the 

\I\ 1 ,1lii:nment. or th,• lmi;th of th,• PSI-Bl AST 

,1lignment might lx\ , l\f\ ..,hurt, howe,er, the 

corre-.pondm~ "',(..--quence 1denht\' 1~ high For 

e,,1mpk•, u,111g !",I-Bl A'>T to search with sequence 

DFOB BLC\I (L • ,.4 2.7, pho,phopcntomut,1sc) 

fmd, the sc•qu,•ncc PPB4 BACS (E 3.1.'.l 1, alka­

hnl\ pho'.-iph,1ta ... e} \\ 1th ,111 f"·\'aluc or ~..t, \\ h1ch 

produc,-.. a PSI-BI AST alignment "1th 19 re<.1dues 

and ,1 reported ..,cquence 1dcnhl\ of 63"11. In con· 

trast, the i;lobal 1denlll\ of the \1\1 ali1,.,,ment 

bl'IWl'l'n thl'"'l' two -.l.'q llenn'"" l't 1-1°11. Thu't, the 

presence of short a lignments \\ 1th high s.,quence 

1den111, contaminate, the pool of sequence pairs 

ha, mg high "'-'t.luen c identity, and maJ..(.", the 

e,hmt of function con...en·ation wor-,c than u ... mg 

the global 1dent1t1 n the other hand, although 

the ,1lii;ned rei;mn m the \1~1 al ignment or the 

PSI-BLA',T alignment might h,wc reasonable 

leni;th, 1I m1i;ht not reprc-,ent the fu nctional region 

of the l•nt\'me, or ju'-il part or the runctional rcgmn 

l·or e,,,mpJ,,, the \1\1 ,1lignmcnt bch,een the 

,equen,,• 11 R S) NY'.l (E 1.18.1 2, ferredo\ln -

DI'( ) rc'Clucta..e, 413 residue-.) and the 

scquenn• l'Y ·1 Y FL (non-en11m', phycob1 l1-

some 11'1 ~D.i lm~er pol) peptide, 77 re,1dues) ha, 

an ahgnl'CJ 1denhh or 61'-\,, with J reao,<mabh long 

,1hgncd re~mn o( 74 rt~1duec,. I Im,~, er, ~'Cau,e 

PY'il SY 11 dt~ not ha, e ,1n, cn,vmatic 

aclinh, but ,.., 1u-.t ,, ..,tru tural protcm, the aligned 

re~mn lx.•twccn these two protcmc; cannot be the 

funcllonal dom,1111 of FE R SY ) 3, but might be 

a common ..,tructurJI domJm for both protem..,, 

Anothl.'r e,11mplc, the IM alignment between the 

,._,quence TI ll· R l:lA :Tl! (E .. 3.4.2-1.27, thcnnol\·­

,111, '.lib n.:s1dues) and the ,equcnc,' PRF PAFPO 
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(E • .3.4.24.28, bacHiolysm, 517 re,,1dues) h.is .m 

aligned identity of 67%, with 310 aligned rcs,due,, 

I lowever, although their aligned 1dent11} " high, 

because these hvo proteins haw different 
substrate spec1flcit1e,,, the ub Irate spec1ficil) of 

PRE, PAEP might not only be determined b) 

this aligned region, but also by the other part, of 

the sequence. O,erall, for complete transfer of 

functions bch, ccn two sequences, the global 1dcn­

hl\ " more accurate, c..pec1all\" when the function 

or the aligned domain behn~n two protein .... 1, 

unknown 

Why is enzyme function conservation obtained 

from our analysis different from Rest's results? 

Fir-.t, wt.\ cmplo, the global 1dl·nhh to l'\ Jluall' 

the extent of en,, me runc.:tmn con~r, ~111011. "hale 

Ro,t u .... -d the 1dl'nhl\ dcnv.'CI Imm th,· BLAS. 

.1lignmcnt, a gappcd-hx,11 alignm,•nt .\, d1scu,-...-d 

,1bo, l-. the PSl•BI AST 1dt.>nht, ,.., WON.' tor 

dt.>tcrmmmg the e,tent or function con..,t•r,ahon 

(Figure 1) 
Second, \H' conduct both function,11 and 

""-"<)uencc ..,,m1lanh cla.,..,1ric,1t1on, wh1lt' Rcl--t onl\ 

did ',(.--qucncc ..,1m1l~1nh cJa..,..,1r1c,1hon. which c.1n 

result m d1Stant homolog, with d1ffen,nt FC num­

bers bemg grouped mto the s.1me fam1h Thu,, 

the sek'C11on of the repn,,entall\l' '>l.'ljUenc<,., after 

farrnl\' cla-,.;;,1ficahon m hi., procedure may r("-,ult m 

m1,.,mg ',()me cnz) me funchon.;;, m the con~truclt..~ 

"unb1asro" dataset In our studies, all tvpes of 

en,nne function.., are compared to den\'e the le, cl 

of enzyme fun hon conr.,en atmn. 
Third, Rost emplmed the pairwise Bl.AST ,1lgo­

nthm to compare each of 1973 "-'Guences m the 
com,tructed unb1ac.ed dataset with ,1II the original 

26,3-12 sequences th,1I are u-.>d to construct the 

unb1asro dataset Ob, 10u,h, or each of 1973 

sequences, the maiont, of the 26-1-12 ""luences 

arc unrel,1ted ,1nd ha,·e no ... equence '>1m1lanl\ 

I !owe, er, for <,0mc of tho-,e unrelateJ c,equencl...,, 

the p~11n\l"ie BLAST ,1lgonthm m,,y generate , en 

short ,1lignment, with high sequence 1denllt,, 

,, hich c,1n contaminate the pool or related 

'it."qUCncc pair, having high ,cqucnce 1denhh ,1nd 

with rea"°nable alignment ll~ngth, thu..,, 11 can 

wo~n the rc-.ult.., or function con",('r\',1tlon \tort. ... 

0\ er, 111 Ro(;,f'.., ... tudu.,..,, becau~ the ongmal dala'-it'l 

ha"- a b1ac.; in the d1'-itnbut1on of cn1\ ml"", th1.., 

might ,1111 ha,e "°me effoch on the f("o,Ulh of 

en/\ me fund1on on~n at1on. For l'\ample, the 

l,u~e number of ,cquence., from "-lffit' funct1on,1! 

di,·er--,(' fom1hC', might dilute the contnbut1on of 

tho,e enL\ me'> "1th ,1 ,m,1II number of ...equenn"t 

but \\ell con~n.-ed fun tion(;, In contra'-l, m our 

,1nah·,,..,, \,e calculate !he fund1on con-,en,1tion of 

eclch# en?\ me fam1h ,ind then ,1\ ~r.1ge the en/\ me 

unction con.:,en·c1tion .,cm..,.., ,111 thc1 rn.1, ml.' 

famihl"- Thi., c,,n guarJntec th,1t ,1II t\ pe'- o 

enL\mt.• fun tmn, contnbutr e\'enl, to thl.' fm.11 

re-,.ulh. 
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Pa1rw1se sequence 1dent11y (%) 

The effects of PSI-BLAST iteration on 
transferring of enzyme functions 

Our anahs1' suggests that the E-\'alue tends to 
han? a weaker correlation to cn1yme function con­
.,crvahon dunn~ the 1teratton proce,.., of PSI­
BL\ST (Figure 2). To understand the reason, we 
track the ch,ingc of a htt sequence's E-\'alue from 
the ftrst round to the third round ol the 1'51-
BL Tse.uch. &><:,rnsc the \I\I alignment between 
the qucn ,,,cqucncc and the htt .,L~ucncc 1..., '-ttablc 
and mdepcndcnt of the 1terat10n process, m figure 
5. we ex~1mme<l the E-,·aluc change.., m tcrmi., of 
the global sequence 1denltl\ It " surpnsmg 
that the £-\'alue change" stgntfteanth durmg the 
1teralton process (figure 7). for a hit sequenc' 
with high global 1denltt, to a quen sequence 
(abO\e 70"o), the E-,·alue mcrcascs durmg the 
1tcrat10n of PSI-BLASI' search; the a,-erage mcrcase 
of the E-,·alue 1' ,.z, for sequences abo, 90"o 
~ucnce 1denllty to th(~ query -..equcncc. l lo,, c, er, 
for htt sequences "1th low global tdenltt) to the 
quen .,cqu nee, the E-,·aluc de rea~~ ,1gmf1canth 
during the Itcr,1tion, the average decrcao:.,c of th<.~ 
E-,·aluc 1-, c,cn r ~ for ~ucncc with 20-30"0 
global tdenttty to the quen sequence, 1 e when 
the E-, aluc of a htt sequence ts I at th first itera­
tion, 1t could be e "" ,1t the third 1teralton A hit 
sequence "1th ,, ~ would u,uall) be regarded as 
stgntftcant llowe, er, bccauw of their low global 
1denhl\, their function might be , r\ dtf crcnt 
For example, the sequences of OX A PNC 
(E .. 1 1.3.-1, glucose oxidase) and MDL2 PRU E 
(E.CA.1.2 10, mandclo111tnlc lyasc) ha\'c ~ global 
1dcnttty of around 23°0. The PSI-BLASf sc.irch 
with OX A Pi\ agamst the I I PR T + 
1 REi\lBL + PDB database hth i\lDL2 PR E with 
an E-, alue of ,, 10 m the first round, and m the 
third round of the I-BLASI' search, the r-\'a luc 
of ,\ IDL2 PR I:: becomes 1• 1 ts which wou Id be 
thought to be \'cry S1grnf1cant. Howc, er, appar­
ently, the\ do not ha\ e s1m1lar functions. Probablv, 

figure 7 I lw dfi .. X"h of PSI· 
Bl \",[ tll•r,1t111n on tht.• (Xii-Bl \~T 
r-,.lhh.' lh1,,• lh,m~ .. - tlf 1~1-BI \Sf 
I -\'.1lm.• 1~ ,htm n <K<.'tlrdm~ tu 
dtfkn,.-nt t,,,d, of tlw ~lob,11 
'-tl'qm•m;1.• 1<.il·nhh 

the .,tructure ... 1m1l,1rth, ur l'\oluhunclr\ fl'lahon· 
.,hip bctwet.•n d1..,tant lu"lmolo~.., ,., dl'tt-ch .. "t.t dunn~ 
the 1ter,1 ltons of the J><;J-BI .·\ST ,c.ul"h, while the 
tunchonal ... 1m1l,1r1l\ m1~ht mll Lx~ dirl'Clh inferred 
from the E-, aluc when multtplc• 1terat10ns of l'Sl-
81.AST ... carch arc rondudcd Thi-. ...,UAA(."'t., that 
usmg the E-, aluc from J'<,J 131 \ST to mfer func­
tional .,,milant, .,hould bl• u..,ed with c~1utit'm. 

The application of enzyme function 
conservation for functional inference of 
unknown sequences by sequence comparison 

The mam goal of -.tuthmg en,\ me function con­
'"iervatIon 1'- to explore the rclalion-.h1p bet\,cen 
sc-quencc di\ rgence and functional dl\ergence 
and dcm e the lhreshold of functional mference of 
unkno\\n -.cqucncl:?',. 1 lowe\ er, becau'-te cn,yme 
sequence"> m fact onh acrnunt for around 20"• of 
the total number of protein sc-quences m a genome, 
the rclation'"ih1p llt..'twcen -.equcnce and enzyme 
function might not be ,1pphcabk to other protein 
functions, "'uch a, ... tructur,1I protein!',. Thu,;;, the 
re!",ult-.. of en,vmc functmn con-..cn·Jt1on ma) onh 
be u",l'"Cl for Cn,\ me-related tunct1onal inference, 
1 c. the functional mforcnc:c when the kno,,n 
scqucnc' h an en,~ me. Gt?neralh, we would hke 
to know lo what t..•xtcnt of patr\\'ht..' ... cquencc 1den­
tlt\ could the fun tton of ,rn unJ..ncm n sequence 
bC tran., erred from an en✓\ me. A., \\C ha,·e 
,hown in Figure 1, to tran,fcr all four d1g1ts and 
the ftrst three d1g1ts of an l C number to an 
unl-._nown '-icquc-ncc wtth 90" confidence, abO\e 
60°0 and -10°t, global ,cquenn.• 1c.knlll\ l'"i rc.-qu1red 

Howc\'t:-r, bccau,c funct10nf1I n)n,cn·ation ,·ar1c--, 

among different cn,vmc fam1lll''· rather than using 
a general threshold of en/\ mc' function conscr\'a· 
lion for functional 1nft·rc;,ce, ,,c can ~1 I.:,o take 
ad\'antage of the mformat1on of md" ,dual enzyme 
family to wh1 h the known ... cquencc bc_long"", and 
develop a fa mtl \'-spcc1f1 threshold. \\'1th a 1ack­
"-.nifc analyst<., ";c ha\ c .,ho\\ n that the prediction 
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accurac) is almost always JOO% and not affected 
by the level of sequence identi ty as long as it ,s 
above the fam tly-spec1fic threshold (see Figure 6A 
and B). However, b cause l ~o consen •ation rate 
is required for establishing the threshold, this 
comes at a co~t lho.,e true positive c;equences 
belm, this threshold cannot be untqu !)• 1dcnt1fied. 
It I'- po ... -.1bk· th,lt more functional inference can be 
made 1f "t..' lo\\ l'r thl• con'-tCrvallon rate to establish 
the famth -spc><:t ltr .,,,qucncc tdenltt\' threshold, e.g. 
u .. mg QO' in..,tl•,1d of " 100" .. con'"icrvatIon rate. 
f {owt..'\ t..'r, ., .. ,n• h~n t..• '-hown m F1~ur • 4E, when 
the con-..t..•n.1tlon rail' of an md1\1dual en1\mc 
tam1h 1, not 100"0, 1t ""quite -.t..•n,Ih,c to the par­
ticular "'l'I ol "'t.'<..]llt.'nn-... ch<ht..'n, '"iugge,tmg th,1l ,1 
.. ub-.t,1nti.1l numht.•r ot m1-.annot,1lloni., could occur 
1J ,n· \H'rt.' to loo-.en the crtlen,1 lll'low lOO"o accu• 
ran ( 1>nstdt•nn~ lhc• b1~ rnncern, about the 
pollution of curn.•nt d,1t,1ba,l' b\ ca,1I~ ,prc,1d 
funct1<m .. 1I anm1t,,tion error-.., 11 , .. better to 
h,1\ l" ,1 ,m.1llt.•r numbt.•r of -...1te .innotahon!', th,1n ,1 
l,1r~t..•r numht..·r of un-.un.• .,nnotalloni., 

For lund1un,1l mft..•rl'nn• of tho,c m1~",(_•d true 
p<Ntl\ cs th.it c,1nnol be 1dent1f1c-d b, simple 
... cqut.•nu· rnmpiln.,,m, mun• ,,oph,.,hcatt.."'Ct compu· 
t,1ti,m,1l lt.'t:hmquci., nt..'l•d to be dc\'clopcd, '-!uch 
~1., nm,trudmg multiple -.equcnce ,1ltgnment to 
1denllh ,1gn~1turt..•.., th.it might bt..• ,,..,..,oci,1tcd with 
tunctIon .. 1I mtorm,1tmn or mtcgratmg protein ',truc­
tur.1I feature., • 1 I lowc,cr, the quaht~ or the 
funl"ltonal stgn,1turc relte, on the quaht) (accurate 
annotattc>n) .ind quant1t1 (number) of the 
.,equt.'nc.:c"" m the fam1h Therefore, we ha\ c 
appltc-d the fam1l\'-spec1f1c sequence 1dcnltt) 
threshold on },,f(; , annot,1ted enl\ me sequences 
to expand the ongmal WI • PR T enL\'mc data­
base l\e h,l\e confirmed the function of about 
5 •• and oS"., out of 25,326 KE ,G cn7vme 
sequence, at the le, cl of ull F number and. the 
ftrst three I' numbers, respect I\ el), which 
together with the ongmal S\ I PROT enz\'me 
'"iC'quencci., can grcath. foc1htatc the accurate func­
tional mforencc of those m1,:;sed true pos1t1\'e 
scquen c>s b, more sophtsltcatcd measures A hst 
o tho<.c '-t.'qucnc.:c, c,1n be found on our wcb.,1tet 

Enzyme functions that are indistinguishable by 
sequence comparison at a high level of 
sequence identity 

"' ,ho\\ n m figure 'l, for en,) me- enZ) me onh 
comp,uI,on,, 90°1> of the clas,:;if1('d full E number 
cn,yme fam1lic•<., are ab~olutel coni.,,cn ed when 
the global s<.'qu nee ,denltt\ ;, abo,e 60"•· To 
undcr-..tand more ,,bout lhO',c 10°0 errant CllL) me 
fomtl1t....,, "c ha,c h~ted in the ppcnd1>,. all 
Cnl\ me fun lion,;; that arc md1-,tmgu1,:,,hable rom 
each other b, ,equcncc compart~ n with a oO°o 
global pa,m isc sequence 1dcntll\ cut of • For a 

t http b1omform.,t1~ buffalo C'(lu/n.~our«"·• 
l'll/\ m ... • con-.cr\ .1hon 
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complete list ~f coinbmattons of enzyme functions 
that are mdt tmgutshable from each other at lower 
global sequence identity, see our website. 

Above 60% global equence identity, there are 
only a few enzyme fu nctions mdt tingu1shable 
from each other at the first d1g1t of the EC num­
ber: E 2.4.1.10-EC 3.2.1.26, EC 2.-1 119-E 3 2 11 
E 2-1.125-EC 3.2.1.1, and E 2Ul19-EC 5:3.-1.1: 
rcspcch\'el) (see Appendix). From the pomt of 
, tew of reaction t,·pe, these enz, me /unchons 
are ,·cry different: E 2.~ 110 (le,·,msucrasc), EC 
2-1 I 19 (cvclom,1ltodcxtnn glucanotran,fcrasc) 
EC 2.4 125 (.J.-o-glucanotran,ferasc) and EC 
2 -1 1.119 (doltchyl-d1phosphoohgosacchande 
protem gl\'cosyltransfcrase) arc all responstble for 
"hexo,d group transfer"; E 1.2 1.26 (1)-fructo­
uranostdasc) and EC 3 '.ll I (a-am\ l,1Se) are both 

rc">ponsible for "h\'drohsts of O-ghco,,1 bond"', 
EC 5.3 -1 I (protem d,sul/1de 1somcrasc) i, re,pon­
.._1ble for "1'-0mcr11allon" However, 1( "c look at 
the i.,ub~tratt.""" and product.., of the rt:'achon that 
the, c,1talyLe, the~· do han! -.omcthmg m common . 
E 2-1 1 19 ,md EC 3.2 I 1 both can function to 
degrade starch or glycogen,' ' and EC 2 4 I 19 
C\'(:'n ha., an altcrnahn! name: 811nl111... m11ura11, 
amdasc S1m1lar to EC 2 -I I 19, EC 2.4 I 25 abo 
"a.., rcportt..'"Cl to pla" an important role m starch 
metabolt,m •· EC 2-1.1 10 and EC 1.2.1.26 both can 
function on ,ucrose to produce 13-D-fructosc and 
glucose,'' though 13-D-fructosc" then transferred 
to (2,6-13-D-fructosy 1)11 b) E 2 -I I I 0. For EC 
2.-1 I 119 and E 5.3.-1 I. 1t seems that the;e two 
enzrmc functions are ,en different- EC 2.-1 I 119 
"aglycotransfcrase, while EC 5.3.4 1 catal\'zes the 
rearrangement of disulfide bonds m proteins. 
Howc\'cr, E 5.3.-1.1 can also act as ,1 subumt of a 
tnac lglyccrol transfer protem, which fac1htalL., 
the transfer of ltptd to ncwh "nthcstZcd core 
ltpoprotcms Thus, because the de/m1tion of EC 
number 1; arbttran•, the d1-;.1greement of EC num­
ber might not ncccssanh be related to functtonal 
dtsagrcement. i\e,-crthcles;, thtS mdccd add, to 
the d1fficult1cs of hmctl nal mfcrcnce b\ compu­
tat,onal techmques. 

The maJortt\ of enL\·me function, mdi;tmgu,sh­
,1blc from each other abo,·e 60°, onh differ at the 
last d1g1t of the E number, t c. m,1ml\ b\ the 
i.,ubi.,tratc of the reaction the~ c~1t,1lyzc, ,uch a., 
E 1 1111.11 (arachtdonate 12-ltpoxrgenasc) and 
EC I 131133 (arach1donatc 15-ltpoxygenasc), E( 
I. I.I 1-19 (20-a-h\'drox,·stcrotd dehvdrogenasc) 
and EC 1 1.1,0 • (3-a-hvdrow,tcro,d dchydm­
gcnasc (B-spcc1f1c)), ,md E II 1.27 (t -lactate 
dch,·drogcnase) and E I.I J 17 (malate dehvdro­
genasc). There are also cnz, me function, tha t 
differ m the cofactor of the reaction: such as E 
J I I.I (alcohol deh,·drogenase) and EC I I 1.2 
(alcohol dehyd rogena,c ( A DP + )), E 1.2 1.3 
(aldeh)·dc dchydrogenase ( 'AD )) ,md E 
1.2.1.5 (aldeh,·de deh, drogcnasc ( AD(P) + )), 
and F 1.6.6.I (mtratc rcductase ( ADH)) and E 
1.6.6.2 (mtratc rcdu ta,c ( AD(P)II )) me 
en,vme function, differ m the meta l that pla) 
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an important role in the reaction, ~uch as E 
1 11 I 13 ( In-dependent pero,-1dase) and E 
I 11 I 7 (peroxidase). 

All these facb taken together make funclton 
annotation comphcated when employing compu­
tational approaches A a result, for some par­
ltcular tvpe of enzy,ne sequence,, e,penmental 
approaches are essential to further clanfv their 
function, On the other hand, other th,m simple 
,equence comparison, more sophtshcatcd compu­
tation approaches, ;uch as con,tructmg a phy-lo­
genettc tree to h1ghhght those re;1ducs that are 
a,soc1ated with ,pcc1flc protein funclton; or careful 
c,ammatton of protein ';tructural features, ',UCh ai, 
,1ch\'C•~lte re.,1due clu',ter-, or charactcrist1c '-turface 
properties, might be nc>ccs<;..1n • 

Conclusions 

l Jere, we ha\'C cla.,.,1fted enL\'me fam1hc., ba~ 
on both funchon and "'quence sim,lantie, and 
,tud1ed the con~rvation of cnlvmc function b\ 
,1, cragmg the funchon con',('r\'ahon aero..,.., all thf.? 
en,,me fam11te, Our results ,uggcst that for 
functmn annotation on genome ~uenct~, a -tO'\, 
.,equencl.? idcnhh· can .,till be uc;cd a., a confident 
threshold to transfer the first three d1g1h of the EC 
number; ho" e, er, to transfer all four d1g1h of an 
EC number, ,1bo, e 6(1" sequence 1den1tt, is needed 
to have ,1bove 90' accurac, ompared with 
">cqucnce tdenl!t\', the weak correlation of £-,·aim~ 
at the third 1terahon of PSI-BLA T suggest, that 
functional annot,1hon ba~ on £-,·alue should be 
done with p,1rticular caution. By U'-ttng enzyme 
fam1lv-,pcc1f1c ,equcnce 1denttt, thre,holds abm e 
"h1ch 100" con"'n alton rate " reqmred, 1t ts 
po-,.-.1ble to tran.,fer function.., accurate!\' \\'e han~ 
applied the en/\ me fam1ly-speof1c sequence 
1denht, thrc...,hold to the i-.EGG annotated en11 me 
.,._,quencc..., and about 5 " and 65°0 of the KEGG 
crvymc ..,t--qucnce., han~ been confirmed at the full 
E number and the first three E number le-el, 
respc-.:ltveh 

Methods 

Collection of enzyme sequences 

Fc:,llowmg the ,trJte~y cmplon-d bv Ro...t to colk"Ct 
en/\"mt! '-t.'qUCOCl.....,, Wl~ n.:otne,·cd :n,02-1 ',f.'Gll('OC'l~ that 
havt' .Jnnotatcd EC numlx-r-, m the " DE" lme of thL• ncw­
,-.t , ersion of the II ISSPROT database-,prot40 dat 
rhcn, \\ c remonid tho-,e <,t>qucr,n-..., that (1) con tam L 
numbt.•r-. \\ 1th undctt..•rmmcd d1g1t3 ( ), (2) han:• marl! 
th.m one E number. (3) h.1vc kt.•~ word'!J with " prob­
~ble" ··hypot~et1cal", • putatl\e", '·by homology", or 

b) ,1milant\' ; (-l) have the kcy,,ord .. frag ment" 
Th1;.-.,e cntcn,1 rcmm e 10,379 ">Cquenct."'t and r1..•-,ult ma 

'-Ct of 22,MS 'l'qUl'net . .., that ,, 111 be ..,ubJect to further 
cl..1..,..,1f1cahon and which com .. ...,pond to 15-19 d1f l~rcnt t 
numbcrc., Thl' 22,<>•fi cn7\ me "l'qU1..•nc1..--, ..1rc ,trongl\ 
domm,1h .. -d b\ J fow l'07\ ml..., !·or l'\..1mplc, th1..• thr("(.' 
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biggest enLyme groups, l:.C I 65 l (i'.ADI I dehydro­
genasc (ub1qu111one)), EC I 9 'l I (c\'hx:hromc r ox1dase}, 
and E 36 t .3-1 (11 -tran,portmg \IP synthase), have 
956, 520, and I I 22 ,equence,. ""J"'Chvcly Together, 
thc:,e three enzyme group., .1ccount for l I",. of the entire 
number of enzyme ,c-qm.•nc1......, m thl· S\.\ JSSPROT data­
ba...e J lowc\·cr, 70', of thl• tot..11 l·l numbc~ have less 
than ten ~•qucnCl...., c.1ch, .1nd h~l'lh1..·r lhl'Y onlv account 
for 17''. of the tot.11 numbt:r of l'n.1, mt.• 'l''-1Ul'nc1..-... m the 
S\-\ I PROT dat.1b.:i"'4..' Con, ..... 1u1..·nth, th1..• rl...,ult.., o( 
tm7\'me function ccm'l..1 rv.11ton twm J ,1mph.• .1ll-.1gamo,t­
•111 p.11n,·1~ ',t."qUenu• comp.1r1..,lm b,l'-t.'ll on tht.• current 
datab,l"tl' might bt.• m1,h.•.1d111~ 

Measurements of sequence similarity 

The mo-.t w1deh u..,._>J w.1,· h, mt.,1• un: t.·qut.•nn• ,1m1• 
l.u1tv beh,·t.x-n two pmh..'lll' I!-. thl·tr f..t.'t.}Ut.•nu• tdt.·nht\· \\l· 
u~ iwo d1ffort.•nt ahgnml·nt ~ht.·ml~ to obt.1m 'l'qUl'nn· 
1denltlv (l) th,• ~lob,,! alt.:nm,•nt. ,md (21 till' l'St.tJI N,t 
.1h~nmcnt The ~lob.1I p.11rw1,t.· 'l'llllt.·nn· Jhgnml•nt ,., 
conductt.."Ci by ,1hgnO, J pn~r.101 th.1t 1..•mpl1.l\', tht.• 
\tvcr- '\hllcr (\1\1) glob.11 .1hgnnwnt ,1lv.ur1thm, \\1th· 
out pcnah.1mg for l~nd·V,•lP"' Uw ('K.;J Bl \Sf ah>;:nmt..•nt 
1-. a gappt..-d-local .1hgnmt.•nt, ,, hKh 1, ~l·nt.•r..11L'd JUkl­
mat1c.1lh bt:>tw1..'l·n the l]lll'r\ ~-qm:nn• ,.md tht.• hit 
...equt'tlce .1(t\!r a PSI DI :\ST ,t.•,1n:h lk"C,lU',1,.' thl' deh­
natton of ~-qu1..•ncl' 1dt.'nht\' , ... 1rb1tr.1r~. for global Jh~n• 
mcnt. we e,plor~ £our dd1mhon, ,,r ..,t..•qut.•ncl' 1dt.·nhh 
the ~•rct•ntagc of 1denlic..1l rt.....,1dlll"' bl'lwt..>cn two pnl-­
tem.., 1n tt..~rm.., of (1) tilt.' .1h~nmt.•nt lt.'ngth (mdudmg 
gap,), the ~lobal 1dt.•nlit\, (2) thl' lt.•nv.th of tl11..• pn,tem 
\\·1th the greater number of rt.'..,1dul·-., tht.• b1v. 1dcntttv. 
(3) thc length of lhl' protcm ,, 1th thl1 ,m.,llcr numbl•r of 
n~1dut.-..., the ..,m;ill 1denhtv, .1nd (➔) till' lt.•ngth of ahgnt..J 
re ... 1dut....., (not counting g..1p!-.), tht.• .1hV,1ll'<l identity Thl' 
PSI-BL.\ST 'l'qUl•nce 1dt.•nt1tv 1.., ,1mpl\' ,1d;ip1l'<l from 11, 
output, whJCh 1, c,,lculak>d by the pt.•rccnt.1gc of 1drnttcal 
n...,1dut....., hl•twecn two prott.•m, m term, of the kngth of 
the gapped~local alignment In .1lt CJ"-l..,, the ',t."C.lucnce 
1Jcnhtv 1-, the ratio o( th'-' numb\.'r or 1d1..•nt1c.1I allgnt."Cf 
rt..-...1due\ d1ndl\('J by thl• tot..1I numbt.•r uf rt..'!-.1dul-... ~1,·en 
b\· one of the abon• <lcfm1t1on.., 

A\ a ",l'CC.>nd mean, of purd\ ..._,quence-b,1"'4.--d fam1h 
cl.1,..,1'1cc1llon, Wl' ,11-.o emplov the ... tJll..,tlcal ,1gn1f1cant 
-,,eor~ (E·,·alue) };I\Cn by PSI-Bl •\ST .1-. ,1 me.1..,urc of 
..,equcncc ..,,m1lant\' 

Enzyme family classification 

\.\'l• <lcfme an l'n.tvmt.• fom1h ~1-. d fam1l,· o( evolution­
,1nl\' rclatOO -.equcn ._,.. ,, ho~ (unction 1.., con...crved 
B;i..,._'Cl on th,.., ddm1tmn, ,n• hr...t conduct runct1onal 
cl;i..,-,1 ic.111on, b, collt.-ctmg cn,vmt.• ,t_.qut.'nC1....., into 
group.., Jccordmg lo difforcnt lcvcJ.., of 1..•n.1vmc £unctu,_n. 
1 e the full four d1g1b or tht.• fir-.t thrl't' d1g11' o their [C 
number Then, \\C conduct a "-l'<-JUL'nu• -.,1m1lantv clil'-'-lfi· 
cation w1th111 each functmnal ~roup h,r ",\.'1..lllCnCe ,1m1· 
\Jnty cla-,-,1f1c;ihon, w1..• calculJtl' tht.• I IS~P-d,..,t.1ncl' of 
all c.,cquc>nce ptllr... ,nth111 t..'clCh Cun<:t1on.1I grnup with the 
11 P-thr1.....,hold / \d to be 2 llil·n, we conduct a 
complct0 lmk,1g0 ,mah -,1!-. to du,tt.•r t.'n.1yme ..,t."quC'llCl" 
into fam1ht.'!, b,· requir111~ that the J tt.,SP-<l,..,tanet.• of all 
..,equcnce J1r, m tlw family mu,t bt.· lar>?,l'r than 0 
l ollo"mg thi... ..,tratt.•gt·, "c h;in• d,l'••,it11..'1.I thl' ~l'lcctcd 
22,6-15 \VI PROT erl1ym1..' scqlu.>n<:t......, mto 2-nl and 
179-1 fom1h(",, ,, 1th ull four thg1t-. f·l numbt..•r and th,• 
f1r-.t three d1~1h E num ber, r1.....,pecti,·t.•h-

Enzyme Funcllon Conservation 

Typically, enzym es th;it catalyze the s.:1me reacllon 
often show significant sequence and structural similarity· 
However, although they have the 1denhcal E numbe;, 
some cn.zyml...., may have evolved independently of one 
another and ha, e cl iff rent cat;ilytic mechanis m and 
httlc ~tructurL' ..,,mil<1r1ty As a result, for a particular 
enzyme funclmn, lhert- might be more than one family 
For e,,1mpll•, tht.•rl' arc thn...e fom,he<, associated with EC 
1 I 1 I (Jkohl,I dt.•hvdrogen.1<.,e), "h1ch correspond to 
thn.'l' I'fJm f,,m,i"'' Adh short, Fe ADI I and 
·\dh 1m1,: n·,pl'dl\l'h- Bv runnmg proll..•m \ lructurc 
pn't.11ctHm "1th thrl1,1dmg, tht.-...e thrl"C' fom1li6 h,t thrcc 
diffon•nt proh.•m ,tructurc ll•mplatt...., th.1t hil\L' no 
..... 't]Ut..'llll' ,1m1l,1nt\ tu l'Jch other (our unpubh..,hl>d dat,1) 

Evaluation of enzyme function conservation 

\ikr l'll/\ lnl' t.10111\ d.i....,1fK.:1lmn, \\t.' nl'l-d to c.:1ku­
J.1tt.• thl• l' h:nt ut 'l't.]Ul'nct.• and fun,t1011 e«.m-,cn·ahon u( 
t.•,1t:h t.·n..t\ mt· t.uml\ Io do th1,, ,, l' f1r-,t colll'CI a h\t o( 

..._ ... 1ut.·nt.l' p.ur--. ht.·twt.,•n ..,t.•,1m•nn..., from the l'n.t\ ml' 
t41m1h .md .111 tht• utht.•r S\\ Jt;SPR(.)J enJvme "l'qUl'OCt...., 
(t.~,duJm~ lhthl' rt.·mo\l-<l l'n1\'ml' "l'qucnct.~) at J cer­
tain lt.•H•I ,,1 't..''-llll'TTll' 1dl•nhtv. l' g lO "()". glob.111dcn· 
t1h· I hL·n, \\ t.' l.(,mp.irt..• till' fundum..11 mJtch of l~Jch 
"'-'t]Ul'nn• p..11r tu lll·ll'rmmt.• ht.m m.1n\ of the colleded 
'l"qlll'llll' p.ur... .11 J p.1rt1t:ulc1r lt•n•I of ..... -qucncc 1drnt1tv 
.1rl' from thl• ,1mt.• 1..·11.t\'ml' f..lm1lv • 

cnumlx.•r ol pair--. with 'Klint..' funct1onJ 

fnumbt.•r of .,II p .,1 rc.J ' 

Then we an•rJgt.~ tht.• l!nJyme Cun hon com,cn·ation 
acrth.., all the en .1yme fam1ht....., to obt,1m the a\'er.1gc 
dt.--gr1..>t.• of l'll/\'me fund1on con-,cr\'ation bv 

.l\'er.1gt• dcgn'l~ of t..'ll.t\·mt..' function ro11!:>Cn·Jt1on 

dt.•gn't' of c11.1\'me family function con-,crvat1on}, 

of .,equl•ncc 1<ll'nt1l\·J 

In practice, 1t • ., comput.1t1onallv expc11s1, e to compare 
each t..'n.tymc ,t..'Cllll'n<.:c with ;ill the o ther 22,645 cn1vme 
..,._'qucnc1......, bv thl• \I \l .1lgonlhm On the other hand, tht!> 
,.., ;ii~ unnl'Ct."'...an ror standard pron-dure of functional 
annotallon o( un"-110"" "'-"'<JUCnCl'!'>, u~uallv the fust step 1s 

a d,1t,1b.1se se,rn:h, ,uch a, PSI-BLAST. to collect posstble 
homologou., ...._,qut.•r1Ct-.... 1l1en fun 1onal inference from 
homology 1.., m,1(.fo 1f po,,~1ble Apparently, fore;ich cnz~me 
.,equcnct.•, onk .1 fC'\, out of the 22,6-15 e111vme -,c,qucnc(."', 
can t,,, p,ck,-d up b, PSI-BLASI .,.,,irch and onh th,-.e 
"'4..'que1K1...., an.• n.•.illv \\ h.1t ,, e nt.....,_-:-d to p.1v attcnt1on to 
ThL'rdon.•. fc.,r l',lch l'll..l\ me c.,equ0ncc, \\ c run a PSI­
BL l\!,T -.c,m·h ,,~am,t the !,I\ I I'R T + TRE,\IBL + !'DB 
dJt.1ba"l' («.Wt.•r g20,ooo ",1.."qlll'llC(", m total) wllh lhl"l'(' 11L•r· 
,ll1oru,, and p1d. up onlv th()-.(' \\ I PROT X'9UCnct...., 
tcxcludmg tho",(_• remo\'ed crv, me ~1..-quenc1..~) ,, 1th ;in £. 
, ·,,llil' It.•,\ th.1n 10 for compam,on with the query en7vme 
'-,l"'qlll'llCl' b\' tlw \ t \I algorithm I urmg tht..• 1tcratton pro­
C'{",,4, of l~I Bl \ST q,•,1rch, to avoid n.•~ulb drdtmg from 
the 111 lu,10n of (,,!'-,(• pt~1ti, e M.-qut.•ncc-,, \\ c set the 1t~r­
at1on p,1rametl'r (! t-, ,1lut.•) to be r till' s.ime p.iramcler 
U'il.:d bv Rlht " n 'lt.~ Jut WI PR T ,cquc1,cc-- can hJ,·c 
any hmction either an cn.tVTl''lt.' th,1t belong!) to the •,t.'h.'CiL'd 
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22,1:,'? ~.WISSP_ROT sequences, or a non-enzyme that ha; 
no EC idcnltfier tn the WtSSPROT functional anoota­
:•on 

1 
Thus, after the PSI-BLASf search, for each enzyme 

am1 y, we obtam two pools of sequence pa11-s one that 
mc:u~es o1tly en.oyme-enzyme pau-s, and the other that 
me u es n t onJy eruyme-enzyme but also cn7.yme-non­
en7ymc pairs These hvo pools of sequence paus corre­
spond to two degrees o( enzyme funchon conscr\'ahon 
with the results from c-ompan.sons of both cnqme~ 
eru:ymc and enzyme-non~nzyme pan-:, representing a 
more reahstic ~•tuatlon \, hen funcbonal tranc,fer 1~ to be 
JS~><-'icd 

Bootstrap analysis lo assess the stability of the 
threshold of enzyme function conservation 

To ,l'-,',(",!, whether the a\'crage eru,·me functmn con• 
'-t'r\'almn d 1ffe~ by the '-£'lect1on of i!ntvme fom1lit. .... \\'L' 
conduct ,1 bool\trap analy-.,.., \\e randomh· chOCN." a ,ub­
't.'t of cn,yme- fam1hC',, rangmg from 10' ,, 2{)"1"., tu '-I()' 
of the total number of en..1vme familu . .., with full four EC 
d1g1h and the fu,,t thfl"-' EC d1g11<,, rt...,pt..'Clneh· Then 
we calculate the dl>gr1..>c of en,vmc funchon con-.cr\'atlon 
by ;ivcr,1gmg thL' con\l'n:ation rat!? .1cro<..., all en,vme 
fam1hl-.... of each ..,uCN:'t Th,., procedure ,., rl.'pcated • 100 
hm(.'S Then for each .,ub~t, the variation of function 
con~r\'at1on at different le,el of "'-"qUcnce 1dcnt1tv i-. 

calculat<-d by 

'comcrvat1on var1;it1on 

the mal(1mum consen·ahon rat~ 

the mm1mum conservatorium rate" 

Bootstrap analysis to assess the stability of the 
conservation rate of individual enzyme families 

To evaluate- whether the conscn.1hon rak of md1-
ndual enzyme families diffo~ b) the .!,C)CChon of 
enLyrnr c,,cquence-., we ~lect U1ose full EC number 
L'nLyrnc fom1ht.~ that h;i, e more than 30 51.-quenccs each 
(167 c-nzymt:' fom1hes m total) For L'Jch eru.ymc family, 
\\ c r.1ndomly choose .1 .,ubsct of Cru)·mc ~uenc~ . 
rangmg from 10' o, 2<r'o,. to 90"o of the total, and caku• 
l.1te 11-. function con~n·allon rate Th~ procedure 1., 

repeated 100 hml~ Then, for each en.tyme family'!, :,ub­
-.cl, wr obt.1m .1 coru,ervation \'an.illon at d1fforent le\'C'I\ 
of sequt.'nc~ 1den11ty. by 

'con\en:atlon vanahon 

the mm1mum con<,Crvatonum r;ite 

\\ h1ch 13 a, erage<l aero~ all enzyme fam1h~ 
To 4,tudy \\ hether the con, en·ahon \'.1nat1on of md1-

' ,dual rnL.yme famil1c!) 1s afft..'CtOO by ib con.,crv.1t1on 
r.1tt.•, tH' p1CJ.. up two ~b of t.•nz\'ml' fom1he:, one is. com­
~1...-.d of cn.tymc fom1he-- th,1t ;ir0 .1bwlut~lv corb~ncd 
,lbo\c -ltr"'o (137 cnnme fam1lie:, m tot.11), an thcr l!>COm­
po-,ed of enz, me f.lnulk'5 thilt arc ah!.olutel) con:-ern.>d 
abmc i;o". but not Jbo,e 40'<> M"qU1..'nC'(• 1dcnt1ty (J2 
en1yml' fam!l1e5 m total) . 11wn, follo"'1ng the abm ~ pro­
C\.-dure:,, \\ e cakul.1te the aH•ragc COffi,\.0 n ·.1t1on , .u1Jt1on 
\\ ith rt.>sp(.d to tndl\ 1du.1I enL.\ me fom1l) by u, 1ng 
different :,ub!,C'b of enLymc ~-qucnccs ,1t different 
M-quenec ,d,.mutv Jc, d!t 
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Jack-knife analysis to test the usefulness of enzyme 
family-specific sequence Identity threshold in 
functional inference 

The en7ytnC fomlly--;pec1fic sequence 1dent1tv 
thre--.hold I" defined ,,s the sequence identity abo\·e 
which the rom.er\'ahon rate IS u:xro and al.so at ,, h1ch a 
con!'>Cr..-ahon r.1tc- ,.., ,wa1lablc For example, an cnnme 
family might ha,e a con.:,cn·ation rnte of IOO°o and c;o• n 
at 60- 70''o and 30--tO')o -,cquence 1dent1ty len•l, rL"-pcc· 
ttvt~l\', and no ron--en·at10n rate a\'a1lable Jt any other 
•,equcnCt.' 1dcnhh lcn~I~ Then the fam1l~·-Spec1f1c 
,equcncc 1dcnht\' thr~hold 1s 60', 1 lcre, the con...cr\'a· 
t1on ratt.-... are obtained when both en.tyme enzyme and 
1,.•nLyme ncm-cn,vmc arc included m ihe calcufohon. To 
.1pph th1-. thrL-....hold for funchonal mfcrcncc, \H' calcu· 
lal1.' the global '-t..'qUCncc 1dcnht\ bl'.'hn'('n the 
unknown·· and "known" cn1.ymc ~ucncc I( 1t 1-, 

b1g~er than the threshold of the enz;me fam1lv to which 
the kno" n '-l--quencc belong-.. thCn thL' function of 
the known •,equcnce 1~ tran.,fcrrL~ to the unknown 
"'t"qUcncc Other,, 1-.e, no funchon 1., tran;,,fcrrL--d 

To \·ahdate th1" proct..~urL'. we conduct a 1ack-kn1fo 
Jn.ilyw, from the original 22,6-15 \.\ I SPR T cn.1vmc 
'-l"'qUences, ,, c randomly cht.lChC o.1 .,ub--,et of 60' i"O' 

•• and 9<.l' of the totlll number of enzvme ',t.."'qut.•ncL.., 
J., t™-.• tr a mm A ~t with the remammg 40 '.,, 30" .. , 20' 
and IO"IV, n....,pcct1, L'ly of the total number of ennmL' 
'-l--qucnce, a., the tt....,l ..,tJt, n.....,pt.'Ct1n~l\ lrom each tr.amm~ 
"4.:t. w.._, conduct en/\'mC famil\" cla,..,tficahon and c.1lcu­
latc the con-.crv.ahon r.all· o( each cnL\·mt..• fom1lv k1 
dt.>n,·c tht.• fam1h·•..,pec-1f1c ..... -quenc"-' 1derit1tv thn.....,hold 
Then, for c.ach k .. ,t .. equen~. \H' run a PSI-Bl \ST ..,..,arch 
agam,t the SI\ ISSPR()T + TRf\lBLL + PDB datab,,.,._, 
\nth thr .. --c 1tcrahon.., tf1 pick up tht..• functtonallv J...no\, n 
trammg <,t.'qU\.'nct....., .\ftt.>r PSI-Bl .\SI ~arch of all tt .... t 
-.4.."<)Ut..•nn~. \\t' pool the h..-....t-tramm~ ,4,..-quenu• pair. 
t~etht..·r acrordmg to d1ffort..•nt lcn•I or <,t.--qucnce 1dL·ntity 
For t..•ach h .. -....t-trammg -.t.1,qucnct.• pair. \H' Jlkmpt thl.' 
funchonal mfor .. ·n~ of the te.,t ',4,..'quencc b\ applnn)i the 
fom1h·· .. pt."c:1f1c <,t-quencl' 1denllt\ thr\."-thold of the tram· 
mg -..equcnce If function can bt• tr.an-, errL>d. th1.., 
",L'qUence patr ,.., c.alled tran...,forable If the ~Ul'llCl' p.11r 
1.., non•tran..,fora.blc, howc\·l'r, the h..><,t and tratnlll); 
<,(.'qUt'nce do ha\ e thl• ~ml' function, 1t 1..., callt..>d m,.,..._-d 
Then, at d1fferl'nt leve).., uf global <,t.'qUL·nn• idenht\' we 
calculate • 

dnd 

JXlrCt..'ntagC' of tran-.ferable '>t.."qUencl' pair-. 

• (number of tran. .. forable ',t.."'qUl'nce pair.) 

lnumbt..•r of all '>l"qUL'nct.> p.1tr..,> 

pr .. -J1ct1on accurac\ (number of tran..,forabll• 

'>l'qUC'nce pa,~ with nght pred1ctt0n) 

cnumbcr of tr.1n.,forable ;,,cquence pair.,)' 

percentage o( m1..,,-..>d ,:,,cquencc pairs 

cnumlx-r of ma..',L--d ~ucnce pa1~) 

(number of all ~ucnre pan·~ with <,omc fllncllonJ 

b Fort'll.amplt.>, (or one '>U~l't with 70'' of the tot.11 n 
t.>r o C'l1/\"mt..• "'L')UCncc-, a'o the trammg set ~nd \~~ 
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remammg 30'\, ~ucnct..~ a, the lt.....,l ~t, at 30-40°11, 
sequence 1dent1ty level, wt• a•lh'('t .Jt;.362 t~Hramm 
... cquencec,. pair ... 111 total .\mon~ tlu~e <,C<JUCnce p g 
functl!'nal mfercnct? can bt.~ Junt.• ,11 the le\·el of th/;::ii 
four C numbers for 2..1, 10!:i ,.._•qut·nn• pair-. (traru,fcrab)e,) 
and the\ all ha, e right prt.xlu:tum.., Howl•\·er, there are 
actually 19,001 ... t--quenct..• pair ... with -...1mL' function In 
other word.:.,, 1 !:i,S'.\tl .,..,qut·nt:<' p,11r, ML' mi-."tl-d Th 
the pcrccntagL' of tr,1n..,ft.•r.1blt• ,t..>tlm·nn• p.11r-., thl' prL>d~;~ 
tton ,1ccuraC\, .and thL• rwrn·nt.1gt..· ,,J m1-.,t..-d "4.'quenc~ 
pat(', .,t 1<.l · 40' .. 'l"llUt•nn• 1d .. ·nllh lt.·\t:I .Ut• St . 100 
and 11' .. , rL-....pt.'ChVl'I\ I hi, pr\'lil.."l-c.iurc.• 1, rl·pt',lh.-d 100 
hmt..., to obtain thl' ,l\ t..·r,l~t• ot lhl' thrt'l' pt.·rn·ntag.._..., at 
d1fforcnt lc\·d.., of "'l--quL·nu· 1dt.•ntlt\ 

The a pplication of the enzyme fa mily-specific 
sequence identity threshold to eva luate the 
annotation of KEGG enzyme sequences 

The J.,,n,to l·ncydupt-di.1 <lf (,l·tw, ,u,d C,,t•nomt..., 
(Kl- ,C) 1.., a d,1tab,l'-t..' lt'lr ..,\',km,llK .m.11\ ,1.., of ~t.·nv 
unction.., 1n lt."nn... of tlu· ndworJ.., of ~t.·nt.., .,nd 

mol~uJt....,. It' p,,th\\ ,1\ ... mcluc.hn~ ~lth mt.·t,1bohc pJ.th­
wa~-. and rt.);Ul,lt(lr\' p,1th,,,1\, I or 4..•,1c:h ml'l,1b..,l1c: 
pathw,1~. KFCC, h.i.., ,, rl'fl•rt.·nn• p,1lh\\ J\ 1m:ludtn~ .,11 
fXh"'lbk• l·n.1ym,1llc n.•,1tllt.m., .ind ,11'4., ,l numlx·r of 
orgam..,m·-..pL-c1f1c rt.>t·on..,truckd path\, ,w, cum('('N."d llf 

.:mnotall-d t..'n.1ymt..~.., m L'J.t:h Cllrrt..-..pondin,z gt.·m,mt.· 
1 {owe, t.>r, .,..,,qut.lnc.:t.• t:omp.in""'m 1 .. tht• main .innot.1tn,n 
ml'thod u-.t."li b\ 1-..LL(, lo t..•v,1.luall• tht..• .mnot,1llon of 
KfGC ',t..'qUl•nct.....,, wt• ha\t..' .,..,Jl'\:lt-<l 2.s.120 1'.H,<., 
..,...,qut..•nn..., that ha\·.._• b..,:n .10m1t,1k•d with d umquL• F( 
numbt.•r by J.,,t G<., .md ,1r.._• not 1t..knllt:,1I with ,ln\ t..•n;vmL· 
..,equt..•nc .. ~ tn lht.• ~\\ JS'-,J1R01 dJt,1b,ht' i11c:n tht..· 
function o( th<ht..' 2,.12b }o...1-"C<.., .,..'qlll'nct..., 1, pr .. -d1c1t..-d 
by emplonng thl' en.1yml' fom11\ . ..,pt.'("1hc .,..-qucnct..• 1dcn· 
Ill\ th""-h<>id calculat,>d from th,• 22.6-l'i SI\ i~l'ROT 
L~n.1vmt..~ ..,l'qULlJlCt"- _\ftt..•r pn.•Jictwn, \H' calculJtL~ tht..• 
pt·rc.:cnt,1)!.t.' of tr,1n,1t..•rable ,t.."qll"-'nct..• pJ1r-. ~1nd tht..• pn.-d1c­
hon acc~irac\· at d1ffort.·nt lt..•n•I of glob.1I -.t.,quence 
1denhl\ rllc pn.xl1chon .1ccur,1c\ 1, cJlculatL>d b\" com~ 
parmg lht.> KFGG ,1nnotahon \,·1ti1 till• pn>d1ctt.-d (unctH,n 
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l 1 2-1 2H (B.mllt11\ .. m) 
'l r:; 1 '\~ (Glut.immJ.-.(--(a,p.ir.igin•).t..,,..) 
l h 1 Jr; r·,nJ1um-lr,1n-.pc-irhn~ hn~ 

M.'(:h1r -\Jll,1..,..•) 

I I I 2 {Ak11hol dt.·h\Jro)~t.·n,N,' 
tl\ADr·u 

I 1 I I~ (Pn...,t,1gl.lndin-F wnth.1-.e) 

I 11 ~ P•n-ffydn"-,,km1d deh,·dn)­
~t·na"4.' (B· .. pt'(:tftc)) 

111 20 (tran,-1.2-Dihvdrotx·n.tt•rw-l.2-
d1(ll dt·h,·droi,;1.·na<,e) 

I 11 C"i() (l-a-Jh·dro,r .. krt11d dl0h)d«)-
~en,1...c.' (B-,pec1f1c)) 

I t I 2'6 (fmpmonc reJuct.t'>l') 
1 I I 17 (M.1l.1tc d('hydrogena-.c-l 
11120 (tra,1d.2•0ih)drnbt.·rvcrn:·l.2~ 

diol dehydtogl'O.-.',(') 
I 1111 1l (Ar,1ch1don.1k I c;.hpc";\ • 

J;l'n.lW) 
I 14 Ji:; l (All..,,nt. ... l m(,noo,~·g('ll,1."><') 
I 2 1 'W (Glycer.1ldl'hydt"-'l-pht,..,ph.itt• 

dt·h,·dn~t~n.l-.e (1 AD(P}) (phfl' 
ph<>ryLlt,ngJJ 

I I I 70 {,•\ldeh,d-.. dl'h\.dn~t.·n.1-.e 
I AD")J 

l 2 I r:; (Aldeh\Je dehvdn~en.-.',(' 
( ,\ [){P)")) 

111 i:;f, (n,-2,'l-Dihvdntuphl•rwl-2.l-
du,1 dehydn~t·na"'4.•) 

I l gq I (~con.-.!\• Ji:hvJn:~;l'nJ",t') 

111.N l (~l1cc1n.1trdl·h\,dn~t..·n.l'-t.') 

I r:; qq 7 (Tnmeth,·l.immt.- Jt·h~ Jn,-
~l'n.1-..e) 

I hti 2 (,,11r.1tt' m.ludJ-.e ('.\.\D(r)lt)) 
2 i; I !ti (t..pt.•rm1dmt• ,,-nth,1'-t.•) 

2, I qr; (Tnh,Jm,\.·"'11lbl'ne .,,,,th.l'>t.') 
12 I 26 (!}•I rut ltlturam,..1da""') 
l 2 I I (a \ m\"l.l'-(') 

1 2 I I (a -Am\"!.l'-t.') 
2 7 I ti(} (Diph,l<.ph.llt.•·fnKhN.·-h· 

phc:i,,,,,ph,1h· 1 · phtl',,phtitr.1n-.ft.or.-.....,•) 
27 77 (D'.\A~ln"Clt.-d IY\ .\ pi,l,mc·r 

J'-t') 
2 8 I 2 ('l-~hm:-,,ptop,ru,Jt(' .. ulfur· 

1ran.,fera"'('} 
12 1 qi., (Gluc,1n 1.4 .-.lphJ-m.illl,1-ll'\,l 

O"IJ,l',(') 

Ex.ample gen<.' of 
enzyme 1 

DHE2_ l'ORGI 

IA! ARATH 
CHS! CA\ ISI 
GSBr CHICK 

CDGT BACCI 

MALQ_l'YRKO 
Ell2 ",QLllJ 

KJl,.I \!()(;SF 
Kl K2 Hl..\lA, 
c.m ocm, 
PAPA.C.\Rl'.·1 
\1\101 11=1 
TIIER BACs, 
A~rG (K;FFL 
ATPB "AW 

,\DIii All\tl 

PE2R R,\T 

PE2R RAT 

PE2R RAT 

PGF2 B0\'1'­

TRJ, J 0AT5T 
LOH BOTBR 
DIDII RAT 

IOXE \ t(')(;SE 

cr-11! RAT 
GWA \RATH 

Al DB FCOI I 

DIIAI BOVt, 

B,ZF 1",fl'U 

Dll"B Rf(A\I 

Dtts,\ DRO\IF 

D11D\I 11)1",\ 

, t,\J ARATII 
r\tTI 1(1fl,\C 

(!ISi URfn 
C.ACB /'I \ l\10 
CIX,I P\£\IA 

\IAIQ P\RJ,.O 
t-.bl't STRtO 

Dl'OD Pl All-. 

111TR , 1ou,r 

\\1' 6.\C A \ I 

Eicample gt'fl(' <>f 
en.zym('2 

DI IE4 BACFR 

IA BETH 
Til5J ARAH\ 

rot CHI K 

A\IYR BA~ 

A\IYA !')RAS 
GuB ,KPI 

\\'\ CtOf\l 

Kl KG \IOtsf 
l,.t 1-.1 IIU\I," 
C..,l 2 HL \t.\, 
P\rl ( \RPA 

\1\11 lll\l·" 
WR» B,\CST 
At..PQ P'--F.._:" 
ITPB PR( \10 

881 

ID 
(%] 

n 
n 
74 
n 

71 

71 
70 

71 
70 
7" 
70 

J'(,f'2 BCl\'t, h7 

Dllllt R,\T h7 

DBDD I tu \I." hk 

DIDII RAT ,,.. 

TR,2 DATST hi 
\ID! I RHII \ t>lt 

DBDD 111.\1," ,,.. 

LOXI lllJ\I," M 

cP11 RAl ,,.. 
G11':? Sl'-'1 I{) 

D11,\2 AIU!, N! 

DIIAh IIL\IA/\ N! 

BPIIB co,rrf hi 

[)11',8 Rll PR h l 

[)!IS.\ RICPR I{) 

llllT\I \If! \If f.l 

'-l.\7 lt(lR\·u f.l 
srllt Pf I hi 

ntst \l{,\11\ "" 
1,, 8 Z\\l\10 f.l 
\M\R BA('1< M 

\\I\ .·\ P\ Rfl. ,.,. 
Prl' \\I\MF hi< 

l)l'()l) Pl \fl,. M 

THl\l RAf no 

\ \1ln BAC.._:" h'\ 
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=-----------------
Table A, continued 

En.t\me I 

3 2 1 21 (P-GIUC'O'>idJ!,(!) 
1 2 1 :W (Cluc.1n rndo- I ,J..bct.1-1>-gluro-

-.rd,,~) 
3 4 1:' I (Carbo,yJ>l.-pt1d,1i,e A} 
H 211 (Chvmolr)p<,tn) 
l 4 21 2 (Chrnu'ltryp-,in C) 
3 4 21 l5 (Ti~ue kalhkrem) 
l 4 21 l'i (li .. ,w ko1lhln.-m) 
l 4 21 7 4 (\'1.·nombm .-\ ) 

l 4 ~ 2 (r,1p.1tn} 
l 4 22 2 cPap.im) 
l .i 22 2.'i (Gl)nl mJtlpepttdJ.-.t.") 
l 4 22 JO (CJncJ.m) 
l 4 2.l '\~ (Pl.l,mt."p,in I) 
l 4 24 Jc; (Th1ml.'l ohgllpt.'pt1d.t.'-'.'} 
l 1241': (~tn,ml·l~..,m I) 
l 4 24 42 (Atroh -.m CJ 
l 4 24 c;; nnmcn•ly-.m II) 
H, 1 ~ (H(+}-tr,1,n..,porhn~ h\~-.c..>ctllf 

.ur .... 1 
l t, l 10 tlhdn,gt.'ll pot,1-.,1um-

t•\Ch.lngmJ,t ATPa...e) 
4 1 1 2.i:; (T, n,-.uu.• Jc.-c,1,rb(n., la....-) 

4:? \N q (O-,ucc1m lht1mtl!>t.·rm,.- (thH1I)-
ly.1-.c.•) 

t, 2 I 4 (~uccinJft•·CoA h~,1""-• (GOP-
ftlrmmgl) 

fa.ample ,.;i.-nl· ,,t h,,mple gene o( ID 
Enzyme 2 1."n.r\·mt•l 1.·n✓yme 2 ('.) 

J 2 I 86 (o-Phospho-bct••gluro-,da-.e) BGI I HA(.',L, ,\ll(,,\ ClOLO 63 
3 21 7:\ (Llchemn.1-.e} 111B m\llR l,LB "11CPL 6-l 

34171,; (C.uboxypt.•pt1d,ht.' A2) tBl'l Ill;\!,\:\ t8P2 RM 62 
3 4 21 32 (Br.1,h~·urm) (. TRI l'I·:\:\ \ UX,S LCAl'U i,.t 
3 -121 71 (P,uKrc.lh( ela-,IJ"l' II) CltR IIU\l \:\ 11!\ IIL\l,\t\ 62 
34 2154 (G.lmma·n·nm) 1..1 t-.1 R.\l t-.1 "-l, \lllUSt b,j 

14 21 77 (~m"-nt,gd..1""-'l t-.l t-.1 IIL\I.\'\ "-11-.l llLMA:\ t,(] 

3 4 21 t>5 (',n.1 l,,.l• , en,,m fJlhlf \ \ SPI ,\l,t-.tll \",P\ l>ABKLr hi 
,14,:h,·.11or) 

3 4 212.,; (Ghc,..J l"ndupt·ptid,1...,_•) P\P,\ l \RI',\ P \11 -I <. \RPA "" J 4 216 (Chvm,lpJpJm) l'Ar.\ l \RI'\ P\1'1 l \RP.\ bl 
l 4 22 t, (Chvmt1p,1,p.1m) PAP-I l \KP\ P\P1 L \RP,\ •7 
l.~ 22 t, (Ch,mtlpJ.PJln} 11\l''l <.. \KP\ r,r•~ t \KPA ., 
l 4 211q {Pl,hml.'p,1n II) Pl \11 Pl \1 \ Pl \1Z l'l \IA 65 
l 4 24 16 ('.\.t.'un,1, .. ml \11 l'D IIL\l \:\ :\l·UI R,\Ull t,() 

l 4 24 22 (~n,mt.·h-.m 2) \t\lOl I l()R..._I \l\110 \IOL s[ "" l 4 2-144 (.-\twh-.in fl IIRHJ lRO,\I IIRII lRll,\T bl 
l 4 24 "'."2 (F1brt,l.1-.t.") IIIU £RI!£ I IIIR ,\l,t-.lO bl 
3 6 l IS (Sod1um-tr.m,pc.lrttnJ,t two· \[I'\ ,, ,...,r \I 11.\ l'IK'l\10 t,() 

"4.."\:tor •\TP.1-.c..•) 
l t, 117 (Sodium pc.,1.1,,1um- ,\Ill.\ L.\:\I\ \I \I "'"" t,() 

t.''(ch.lni,;tnt,t ATll,1-.1,.•) 
4 I I 2:' (,\n,mJ.h«.-L-Jm1m~,1uJ dt-- 111)2 Pl It R n1J1 rw,o ., 

c,1rtk.n,vlJ-.1,.•) 
4 4 I~ t(,-.t.1th1onme ~tJ·hJ"l') \II Ill 11111'1 \II 1L I \(I \ 

"' 
b 2 1 i; (~Uu.tr\J.k-l,1,\ h,;.1',,I_· (.-\DI'· ~LC\ Dlllll SLllJ lll\Bl NJ 

ltlfffltn);)> 

L,lite,I b11 8. 110111g 

< R,·ct~n•t•,i I b Dcc,·mbt•r 1002: n·n~n.•t•d m n1111:--t·d form 

8 Mt11/ 2003; ,1,,,•pt,,d lb A11.~11,t 20031 

,\J,1m,l..1 J 
,\1t1.1Jd,, \I 
.U.ton,,. k 
\lmt·1J,1 I (. 
\mm·l (. 
\ndc.·r"" n, < > 
\nd,·r!mn \\ 
\nh•~OIV/1 \1 
\nlum I' dt• \1,1, oln, P 
\r,l\md I 

~~-~l~:~\kt ( ~I 

U~1•hnwH·r l 
li.1h.u I 
B..tnl'f]t'\ k 
H.uth II 
n., ... ,r.. ' .._ 
B.,h~. r \ 
B.1uc.·ro\ ., I I 
lk·d,n. IJ 
Bt. .. i...,•r-• J 
lk-i~·r . ..., \ 
lk·nt K 
13':rtr.md, J \ 
Bh,1,l..,1r, B 
8h.111.1,h.1r,.1 I> 
ll,bb, \I J 
Bu.:1..lt.•. f ,\ 
u,..,ft.-r, k 
llo,:r. II 
8<1ttnlL \ R 
Bradhur\. \ 
Br,1gh.1. r 
llnAA"· D (. 
Bnng.1,. R 
Burrom.•, 0 R 
Duttnc.·r. \1 J 
B1<,m. I ·J I 
l.1lt·ndc.·r. ,\ 
th,1n. \ ) 
Ch.1p1,1IIL•, J .,\ 
Ch,•n. Q 
th.-n, X 
thuanf\. J I 
(. f,1e,,~·n,. \I 
Cl.irk c. c 
Col,•. \ R 
C..:ull.1do-\·1Jc.·,. J 
Contn•rJ,- \lon·1r.1, U 
lord1,·r Bu,-..11. \I 
tn,11.1111. t 
lml'1c.·r. P ~ 
(J',lpm,J...1. It 
D,l\ ld'>(lO, \ R 
Ot.'l:l,11, \ c 
<le.• <.,root H I 
Dt.·ml'l1.:r. n 
1.A:n'-h,•r '\ \ 
U1 l\.,m.lo. \ . \ 
Dlt.'\:t. (., 
Onm•, t 
Dommgo. I 
Dnguw II 
l'.cJ..h,1rdt-~trd.1u 
l"gt.•lm,m. I 11 
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1.-:.ngt•I,. R 
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