DIMACSTechnical Repo rt 2002 - 18

April 2002

The set of pair - wise correlated sequence positions contributes to determination of the immunoglobulin fold by

Boris Galitsky 1 ,AndreyDementiev 1 and SergeyShelepin 1

1 Knowled geT rail,Inc., 9 Charles Str.Natick MA01 760 USA .

http://dimacs.rutgers.edu/~galitsky

The first au th or gratefullyacknowled ges the grant NSF STC 91 - 19 999 for the supp ort while visiting DIMACS.

DIMACS is a partn ersh ip ofRutgers Unive rsity, Princ eton University, AT&T Labs -

Researc h, Be ll Labs, NEC Re se arch In stitute and Te lc ord ia Technologies (forme rly

Bellcore).

DIMACS was fo und ed as an NSF Scie nce and Tec hno lo gyCen te r, and also rec eives su ppo rt from th e New Je rseyC ommission o n Scien ce an d Tec hno logy.

ABSTRACT

In this stud y, we are re solving the co ntrad ic tion that rathe rlimite d n umbe rofresidu es or classe s ofamin o acids (about 10) determin es the fold (Immuno globu lin - like) for the sequ enc e ofabou t 10 0 resid ue s lo ng. Immun oglobu lin fo ld c omprises the protein su per - families with rather d istinguishing seq uen ces with le ss than 1 0% ide ntity; th eirse que nce align ment can b e ac comp lish ed on lytakin gin to acc oun tth e 3Dstructure.Therefore,webe lieveth atd iscover ing the add itional commo n featu re s ofth e seq uen ce s is ne cessary to exp lain the existe nce of co mmon fold fo rthe se (SCOP) supe rfamilies. The an alysis ofpair - wise in te rc onn ection be twe en residu es ofth e mu ltiple seq uen ce alignme nt he lped us to reve al the s et ofmutually co rrelated po sition s, inh erent to almost everysup er - family ofpro te in fold. He nce , the se t of co nstant po sition s plus the se t ofvariable bu t mutuallycorrelated on es can se rve as a basis of having the co mmon 3D structure fo rrather distin g uish in g prote in seq uen ces.

Introduct ion

It is we ll kn own th at the re exist protein familie s with rathe rlo w sequ enc e similaritybut almost id entical fold. For e xamp le , th e glob in familywith <15% se que nce similarityhave bo th ve ry c lo se structure and fun ctio ns. In this study, we co nside rth e protein familie s with

Immunoglo bulin - like (Ig) fold (b eta - sandwic h that co nsists from 7 stran ds in two she ets) with less than 10% se que nce ide ntitie s betwee n th e familie s. We are lookin g for nove l sequ enc e similar ity features in additio n to the iden tical or alike re sidue s und er multiple se que nce alignme nt to re solve the co ntradictio n that just a few (<10) re sidue s determine th e commo n fold for th e seq uen ces ofab out 100 resid ues lon g (Halabyet al 1 999, Gelfand & K ister 1 997 ,

Gerstein & Altman 1 995 ,Cho th ia and Le sk,A. 1986 ).

Ig family was the focu s ofo urprevio us stud ie s ofc orrelations b etwee n residue s. Extrac te d interdep end enc es be twe en positions served as a stron g verification ofou rmethod ology of co mputat ion, analysis and visualization ofc orrelation matrice s ( Galitsky& Shelep in 2 000 ) ,

20 01). The c orrelation betwe en re sidue s fo ra p ro te in family is re prese nted as a matrix of co rrelation value s obe ying the invarian ce with respec t to spe cific amino acids, t he n umbe rof se que nc esrepresentingafamily,the len gth ofsequ enc es,re sidu e variabilityan d th euniformity ofdata se t represen tation. It is bec omingevid ent th atn oto nlycon serve d re sidue sco ntribute to the stab ility o f3D fo ld, and c orre lation matrix is fou nd to b e an ad equ ate to ol to perform the co mparative analysis ofinterdep end ent p ositio ns with high variability. Hen ce, the set of co nstant po sition s within the families p lu s th e set ofvariable but mutu allyc orre late d one s can se rve asa basis to explain th e commo n 3Dstru cturefo rratherdistinguish ingpro te in seq uen ces

(comp are with Lindahl & Elofsson 200 0,Mirn y&Shakhno vich 19 99).

When sequ enc e h omologyo fa n ew pro te in with a protein ofkno wn stru cture is high, standard alignme nttec hniqu e sallowthe predic tion ofstru cture.Th e exact degre e ofh omology ne cessary to make suc h in fe re nce d epe nds o n homo logype culiaritie s an d struc tural similarity fora p articular familybu t in the ran ge of25 - 40 % ofse que nce ide ntity( Sande rs and Sc hne id er

19 91 ). Below th is limit is the ^twilight zon e~, in wh ic h seq uen ce ho molo gydo es no t imp ly structural similarity. In th is stu dy, we resolve th e pro blem o ftwilight zo ne, extracting th e ad dition al information abou t se que nce s (via the mu tually - co rrelated po siti on s). In o ur e arlier stud ie s, we h ave started the comp arative analysis of Ig - familie s and Ig - fold (She le pin and

Galitsky20 01, Deme ntiev and Galitsky2 002 ).

Gene rally - sp eaking, we in te nd to f ind ad ditionalc ommon features in the sequ enc essharing the same fo ld . At th is mo ment, we are n ot aware ofsuch p otentially c ommon features e xc ept the se que nce s th emse lves and correlatio n analysis. Th ere is a serie s ofalternative ways to represent th e protein seq uen ce data,b ut it do es n ot seem to be ap plic able in our case.

The main h ypo the sis we po se and ve rifyin this stud ycan b e fo rmu late d as follo ws:

The same fold <= the same co re p ositio ns + co mmo nse tofmutua lly - co rrelate d positions

And the m ain resu lt we are expec ting is

The c ommonseto fmutually - co rrelate d positions e xists fo r Ig - fold

Method: searching t he com m on mut ually - correlat ed pos it ions for I g - fold

In this Se ctio n, we e nume rate t he ste ps , which ne ed to be pe rformed to reveal whethe rthere are co mmon co rrelated p osition s foreach Ig fo ld fa mily.

1. Enu meratio n ofSCOP - su perfamilies (families)o fIg fo ld and the ir PDB representatives.

2. Circ umsc ribing the membe rs o feach family, and ob taining multip le alignme nt for each family, b ased on PFAM d atabase . Verification th at there are n o suc h PDB repre se ntatives amo ng the se membe rs that h ave th e alien folds. Ch oosin g the statistic ally - sign ifican t families (PDB rep re sen tative s 1a 02, 1 lla, 1 cyg , 1c vc, 1so x,

1c ob, 1pd k,1 wsp ,1q g3, 1msp ,1 svb ) .

3. Obtaining the fragmen ts o fse que nce s fo rco mp arative analysis. 10 stran ds A, A´, B,

C,C ´,D,E,F,G,G´ are se le cted to re pre se nt the c ore re sidue s fo reach family.

4. Building multip le align ment ofthe cho sen strands ofselec te d se que nce representatives from eac h family, based on the ir sec ond arystru cture . Th is ste p i s the most ambigu ous bec au se various so urces provide diffe re nt se con darystruc tu re assign ment.Re su lts are impro ved b yiterations (Step 4 - Step 9).

5. Obtaining the overall alignme nt o fstrand s ofall familie s forthe co mparative an alysis ofcorre lation .

6. Co mpu ting the corre lation matric es an d highlightin g the co rrelated pairs foreach co nstructed family and re vealing the se t of mutua lly corre la te d p ositio ns for each family.

7. Finding the intersec tion o fth e sets ofmutuallycorre late d positio ns thro ugh the to talityoffamilie s an d estimatin g its statistical signific anc e.

8. Impro veme nt o falignme nt b etween familie s (Ste p 4)wh ile match ing the distributions ofcorre late d re sidu es.

Method: calculat ing pair - wise correlat ion between residues

In th is sec tion, we pres en t the algo rithmo fcalc ulatio n th e pair - wise c orrelation. We take into ac cou nt the following co nside ration s:

· Su gge sted analysis is app licable to the re su lts o fmultiple sequ enc e align ment proc edu re . Co rrelation matrix se rves as a go od align ment ve rific at ion too l:it exaggerates the inc onsiste nc ie s ofsequ enc e alignme nt and protein familyasse mbly.

· Residue substitution me asu re is sp ecial fo rimmu noglob ulin family, base d on our Ig - family classific atio n approach (Galitsky, Ge lfand & Kiste r199 8), trad itiona l for the othe rpro te in families. Algorithm ofc orrelation comp utatio n shou ld de pe nd on th e ch oice ofclasses of̂equ ivalent~ amino acids in a le sserd egree .

For eac h pair o fpositions i and j in the align ed se que nce s fora protein family, we co nstruct the matrix 20 x20 {A, V, L, I,�} x{A, V, L, I,�} ofthe relative numb er o fse que nce s. In this matrix, i - residu e corre sp ond s to the rows an d j - residu e corre sp ond s to the co lu mns. Th e co rrelation measure is th e nu mber o f rectan gle s on the e xch ange matrix fortwo positions:the high er the nu mber o f^mutuallycaused~ resid ue su bstitu tion, th e h igher th e e vide nce ofth e co rrelation be twe en the co rrespon din g pairo fpo sition s.

A V L I F

A 0 . 0 1 D x y 0 . 0 1 D u y 0 . 0 3

V 0 . 0 2 0 . 0 2 0 . 0 3 0 . 2 3 0 . 0 1

L 0 . 0 3 0 . 1 2 0 . 0 2 0 . 0 8 0 . 1 2

I 0 . 0 0 D x v 0 . 0 1 D u v 0 . 1 5

� � � � �

Fig.1:calcu lating the c orre lation be twe en the p airof po sition s

Con dition s ofc orrelation fora p airofp ositio ns is expressed as fo llows:

(D xy D uv >> D xv D uy ) an d ((D xy >D min ) o r (D uv >D min )) o r

(D xy D uv << D xv D uy ) an d ((D xv >D min ) o r (D xv >D min )) an d

(D xy D uv / D xv D uy > D q min or D xv D uy / D xy D uv > D q min )

D xy is the re lative n umbe rofsequ enc es with residu e a (he re , x= ´V´ ) in th e position i an d residu e b (y=´A´) in th e position j. Th e con trol p arame te rs D min and D q min ofthe co rrelation extrac tion algo rith m provid e the invar iant p ro perties and allo w c omparing th e corre lation matric es fo rtwo d iffe re nt protein familie s, rep re se nte d byth e d atasets with distin guish in g statistic al comp le te ness.

1. Relative parame te r D q min :the numb er ofsequ enc es, pro viding th e e viden ce of co rrel ation via a pair o famino acids, divided b yth e numbe rse que nc es, voting against the co rrelation byme ans o fthis pairo famino acids.

2. The absolute numb erofse que nce s D min ,p ro vidin g th e evide nce ofc orrelation.

To c harac te rize e ach p ositio n with re spe ct to the stren gth o fco rrelation with the majority o f othe rpositions, we comp are the o verall co rrelation distribution th ro ugh po sition s for e ac h family,calc ulated as a cumu lative sum ofthe values ofc orrelation with the o th erpo sition s.

Analysis of I m munoglobulins as repres entatives of Ig - fold

The re are two reasons we are interested in immu noglo bulin family in c onne ctio n with co rrelation matrix tec hniqu e. Firstly, since we have exp lo re d the structure ofco rrelatio n be twe en re sidu es by the different me thod s, immuno globulin familymayse rve as a stron g ve rific atio n ofthe con sisten cyofin variant prop erties. Sec ond ly, the co rrelation matrix tech nique , evaluated by the multilevel cluste ring approach, in its turn inc re ases th e latter´s ac curac yofe xtracti on ofth e h ighlycorre late d positions. The re are manyvariab le po sition s, whe re fragment - base d cluste ring ignores re lative ly infreq uen t, bu t corre late d resid ues;

calc ulatio n o fcorrelatio n d istributio n throu gh positions then c omes into p lay(Galitsky &

Sh e lepin, 200 1).

Before applying the correlatio n matrix analysis to e xp loration ofthe classification an d ph yloge nyofimmunoglo bulins, we h ave used the te chn iq ues o fclustering and structural pattern re co gnition (Galitskye tal 199 8,1 999).Mu lti - leve lc lusteringtargeted the e xtractio n of co rrelation amon g the residu es with in the small fragmen ts (first leve l) and be twe en th ese cluste re d fragme nts the mse lves (sec ond leve l). After the fragmen ts, correlated with other fragmen ts, are reve aled, it is p ossibl e to ^restore~ the struc tu re o fmutual de pen den ce be twe en families. In this section, we b rieflypre se nt the metho d ofreve alin g correlatio n b yth e cluster an alysis.

At the first level ofanalysis, th e seq uen ces are subjec t to multiple alignmen t and division into fragme nts. Th en th e p arts o fse que nce s (words)within th ese fragme nts are sub je ct to cluste ring (finding most fre que nt motifs). The se t o fwo rd s for a fragme nt fall into distingu ishing cluste rs ifthe positions within the se fragmen ts are corre late d. (Otherwise, all exhau stive en umeratio ns o fcomb in atio ns ofre sidue s are ob tain ed as clusteringre su lts).At th e en d offirst le vel ofc lu sterin g,all words are represen te d bythe cluste rnu mbers, and the wh ole se que nc e is represen te d as the co mbination ofcluster n umbe rs. Ce nte rs o fword cluste rs are ch ose n to minimize the nu mber ofwords o cc urring in two o rmore cluste rs simu ltan eou sly.

At the sec ond leve l ofclustering, corre lation b etwee n the fragme nts is reveale d bymeans of en umeration ofall freq uen t c ombinations ofcluste rn umbe rs. Choice ofth e ^best~ co mbinations is motivated b yth e minimization ofseq uen ces, p re sen te d bymore th an a sin gle co mbination o fc lu ster nu mbers. Afte rthe seco nd level cluste ring su cce eds, obtaine d co rrelati on b etween fragme nt c lu sters is tran sferred ^back~ to the leve l ofin divid ual re sidue s.

Multileve lapproac h to c orre lation e xtractio n isb ased on the h ypo th esisthatthereare^c lo se ~ interdep end enc e within fragme nts and ^remote~ c orrelations b etween t he po sition s in the diffe ren t fragmen ts.Cu rrent studyshows th at it is no t the case .We disc ove re d th atn oto nlyfor immunoglo bulins, but fo rall analyz ed families,co rrelation distribu tion d epe nds n eith ero n th e distan ce s betwee n th e re sidue s in a se que n ce n oro n th e distanc e in the p ro te in fold.

Immunoglo bulin familyin dee d serve d as a stro ng ve rific ation for the me th od con sisten cy.

Comp arin g the high /low corre lation p osition s, revealed at th e c orre lation matrix, with th e resu lts ofmultile ve l cluste r ing, we can reveal ho wsituation s with variou s correlation stre ngth, interdep end enc e con figuration an d variabilityare re flec te d b yth e visualization o fco rrelatio n matrix.

To c harac te rize e ach p ositio n with re spe ct to the strength o fco rrelatio n with t he majo rity o f othe rpositions, we comp are the o verall co rrelation distribution th ro ugh po sition s for e ac h family. It is c alculated for a give n position as a c umulative sum ofthe values o fco rrelatio n with the o the rpo sition s. T he sh ape o fthe overall co r relatio n stre ngth distribu tion c an se rve as the familyide ntific atio n and is u sed to reve al c ommon and distingu ishingprope rtieso fprotein families.

Hea vy ch ains ofh uman and mouse are the e xamp le ofstro ng coinc id enc e ofco rrelatio n picture, tho ugh th ere are notic eable d ifferenc es, in particular, at the veryb eginn in g o fth e se que nc e (Fig.2). Also, co mmon for the immunoglo bulins drop o fcorrelatio n at C - CC´ fragmen ts oc cu rs in a stron ger d egree than for the o the rch ains. Heavychain de monstrate s strong er distribution alternating prope rtythan the o th erc hains,tho ugh thisprope rtyisin heren t to th e whole immunoglo bulin sup erfamily.

In this stud ywe e mployth e c ommon and distin guish in g p ro pertie s ofco rrelatio n matrice s ob tain ed in ou rprevious stu dies (She le pin & Galitsky2001 ). Analysis o fvisualization of co rrelation betwee n re sidue s yields a n ove l view ofpro te in familie s, u sing ab stract geome tric co nfiguration inste ad ofthe exp licit motifs or folding prope rties, inh erent to each family.

Su gge sted m etho dologycan h elp in solving two following prob le ms:

1. How to distin guish given protein familyfro mthe o the rprotein families;

2. How to distin guish the set ofaligne d se que nce s from the se que nc es ofnon - protein natu re .

Fig.2:Corre lation matric esfort he He avychain sofimmun oglob ulins (variab le domain,Human

an d Mouse).On the bo ttom,o verall c orre lation distrib utio n is shown for th is c hain.

The co mmo n featu re s ofproteins are mean t to he lp us with the se con d p rob le m. Th e

following p ro pertie s have be en reve aled as th e re sult o fco rrelatio n an alysis:

· Fo rany p ositio n, ifit is corre lated with the sp ecific set o fhighlyco rrelated p ositio ns,

than it is like ly c orrelated with the majo rityo fothe rpositions. Vice ve rsa, ifit is not

co rrelated with thi s set,it is unlikelyco rrelated with the rest o fpositions.

· Correlatio n stre ngth weaklydep end s on the residu e variabilityan d doe s not dep end o n

the distan ce b etween p ositio ns in th e se que nce .

· Protein corre lation matrix has th e well - structured rectan gle bloc k textu re , in cluding

grids an d cross patterns.

· The geome tric al p atte rn s o fcorrelatio n matric es usuallydo not matc h o nes o fth e

matric es ofcon tacts betwee n re sidue s (Fig.3 ). Therefore, corre lation informatio n has a

limite d value for the dire ct fold p rediction. Also , it is h ard to find interdep end enc e

be twe en the overall co rrelation distribu tion and the se co ndarystruc ture representation.

· All an alyze d prote in familie s demo nstrated the pe riodic ap pearance o fareas with low

co rrelation.T he pe riod is 70 ± 20 resid ues.

Correlatio n matrix presen ts a con ven ie nt tool to d istinguish protein familie s. We have

de velop ed the image proc essing algorith m to extract the rec tangu larareas on the co rrelatio n

matric es an d analyze the ir struc tu re s. T he proce dure ofau tomated matc h ofare as with similar

topo logyis curre ntlyu nde rinve stigatio n.Ith elpsto extract th e co mmo n fe atureso fth e protein

families with distant prope rtie s.

Occ urren ce ofc ro sses, grid s, angle - sh ape and rectan gular p atte rn s and the ir c ombina tio ns

can se rve as a strong c riterion o fthe family ^signatu re ~. In ad dition, uniform and non - un iform

alternation ofco rrelated an d non - co rrelated areas demo nstrates the in dividualityo fprotein

families.The re fore, a se t ofseq uen ce s can b e re lated to a protein familywith out kno wle dge o f

the sp ecific residu es. Besid es, corre lation matric es c an be used as a framework fo rprotein

families classific atio n, comp le mentaryto one base d o n the prope rtie s ofse que nce an d

structure.

Fig.3:C ontac t matrix fort he p rotein kinase family rep re sen tative (sh own ab ove the d iagon al,

darker c ells)an d th e corre lation matrix (shown in the who le matrix,lighterc ells), drawn in th e

same axis. Note that pairs in co ntact and co rrelated pairs not just hardlyoverlap, bu t th e

ge ometric struc tu re o fareas ofc ontac t an d c orre lation are q uite d iffe re nt.

Com parative analys is of the f am ilies of Ig - fold

We pre se nt the comp arative analysis o fse le cted strands (se que nce and stru cture )fo rth e

su perfamilies o f Ig - fold. Se con darystr uc tu re assign ment from various source s is ambiguou s

(PDB data bank, PDBsu m, an d VAST). Our initial se co ndary struc ture assign ment and c ross -

family alignme nt is presented at Tab le 1. Sec ond arystruc tu re assignmen t and the mutually -

co rrelated po sition s, reve aled in th is stud y, are shown at Fig.4 and Fig.5. for two selec te d

families.

Fig.4:Sequ enc e and se con darystructure of Hemo cy anin ( 1lla ) protein, p re sen te d bycn3 d

so ftware (NC BI). Arro ws sho w the co rrelated (with most o fothers) positio ns in strands A,

A´, B, C , C´, E and F, which are co mmo n fo rth e whole Ig - fold. Strand s D, G, G´ are missing

in He moc yan in supe rfamily. Hemo cyanin - sp ec ific c orre late d p airs are shown in th e Tab le 1

forse le cted family represen tative s. No te that th ere is a de viatio n in t he seco ndary struc tu re

assign ment b etween that Table an d VAST server results. It is co mpen sate d b ythe c ross -

familymatc hing the re su ltan t co rrelated po sition s, verifying the multip le align ment.

Fig.5:Seq uen ce an d se con darystructure of Cyc lo dex trin glyc osy ltransfe rase (1 cyg)protein.

2 3 4 5 6 7 8 9 0 1 2 3 4 5 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 Fifroblast growth factor repressor, FGFR 1cvs - V A P Y W T S - - - - - - - - - - - K L H A V P - - - V K F K C P S S G T - Envelope glycoprotein, domain III 1svb - - - - - F T W K R A P T D S - - - - - - - - - - - - T V V M E V T F - - - - Cyclodextrin glycosyltransferase, dom E 1cyg - - - - I G H V G - - - - - - - - - M G G - - - - - - - H Q V T I D G E - - - Alpha-amylase II (TVAII), N-terminal dom 1bvz - - - - - - Y A Y P I S - - - - - - - - - - - - - - - - T Q L R V R L A K - - Hemocyanin, C -terminal domain 1lla - - - - D I Q V Q D V T L H - V V H T F M R E Q E P F S Y A V N V Q N N - - - Rho GD P-dissociation inhibitor 1 1rho - - - - - V V V T G L T L V - - - - F V L K - - - E Y R I K I S F R V - - - - Transcription factor N FATC 1a02 - - - M V E R Q D - - - - - - - - - - - D S C L - - - - - Q M I L T G Q - - - p50 subunit of NF-kappa B transcr. factor 1svc - - - - - - K I V R M D - - - - - - - A G C V - - - - E I Y L L C D - - - - - Sulfite oxidase, C-terminal domain 1sox - - Q S A V T Q - - - - - - - - - - - G A A V - - - - - G E L T V K G Y A W - Integin beta-4 subunit 1qg3 - - - - - Q N P N A K A - - - - - - - - - - - - - - - - I H F N W L - - - - - Growth hormone receptor 1axi - - - - - - F T K C R - - - - - - - - - - - - - - - - - F S C H W - - - - - - Erythropoietin (EPO) receptor 1ebp - - - - - - E L L C F - - - - - - - - - - - - - - - - - L V C F W E E A - - - Neocarzinostatin 1acx - - - - - - A F S V S - - - - - - - - - - - - - - - - S V S V S V A - - - - - Actinoxanthin 1noa - - - - T A T V T - - - - - - - - - - - - - - - - - - - T V V K V A G A - - - bovine 1cob - - - - Q G T I H F E A K - - - - - - - - - - - - T V V V T G S I T - - - - - Baker’s yeast 1qup - - A V R G L A R I V Q V - - - - - - - - - - - - K T L F D I T V N G V - - - Alpa-adaptin AP2, N -domain 1qts - - - - - L Q I G L K S E F R - - - - - - - - - - L G R M F I F Y G N - - - - Pilus chaperone PapD, N-domain 1pdk - - - - - - - - - - - - - - - - - - - - A F V - - - K S M T L D I S - - - - - Major sperm protein, alpha isoform 1msp - - - - - - - - - - - - - - - - - - - - I V F N - - - - Y H I K I T N A - - - Purple acid phosphatase, N -domain 4kbp - - - - - Q Q V H I T Q G - - - - - - - - - - - - - R A M I I S W V T - - - - Invasin 1cwv - - - L T L T A A V I - - - - - - - - - G A P A - - - - I T V E F T V A - - -

2 3 4 5 6 7 8 9 0 1 2 3 1 2 3 4 5 6 7 8 9 0 1 2 3 4 1 2 3 4 5 6 7 8 9 0 1 2 3 Fifroblast growth factor repressor, FGFR 1cvs - - T L R W L K N - - - - - - - - K E F - - - - - - - - - - - K V R Y - - - - - Envelope glycoprotein, domain III 1svb - - - I P V R A V A H - - - - - - - - - - - - - - - - - - M L I - - - - - - - - Cyclodextrin glycosyltransferase, dom E 1cyg - - - G T V K F G - - - - - - - - - T T A - - - - - - - - - - V V S W S - - - - Alpha-amylase II (TVAII), N-terminal dom 1bvz - - - V R C E V L Y A - - - - - A H A L A G K A G S D - - - - - - - - - - - - - Hemocyanin, C -terminal domain 1lla - K H A T V R I F L A P - - - I E L D K F K T D L - - - - - - - - - - - - - - - Rho GD P-dissociation inhibitor 1 1rho V S G V K Y I E H T Y R - - K I D K T D Y X V G S Y - - - - - - - - - - - - - - Transcription factor N FATC 1a02 - - - S K V V F T E K - - - Q I W E M E A - - - - - - - - - - - V D K D K S Q - p50 subunit of NF-kappa B transcr. factor 1svc - - - I Q I R F Y E E - - - - - G V W E G F G - - - - - - - - D V H R - - - - - Sulfite oxidase, C-terminal domain 1sox V V R V D V S L D G - - - - - - - - - W K V A - - - - - - - - R L M - - - - - - Integin beta-4 subunit 1qg3 - - G Y R V K Y W I - - - - - - - - H L L D S - - - - - - - - - - - - - - - - - Growth hormone receptor 1axi - I Q L F Y T R - - - - - - - - - - K E C - - - - - - - - - - D Y V - - - - - - Erythropoietin (EPO) receptor 1ebp - - N Y S F S Y Q L - - - - - - - W K L C - - - - - - - - - - - L H Q A P T - - Neocarzinostatin 1acx - E T Y Y I A Q C A - - - - - - - - - A T S F T T - - - - - - - - - - - - - - - Actinoxanthin 1noa - - A Y D V G Q C A W V D - - - - - - F S S V T - - - - - - - - - - - - - - - - bovine 1cob - G D H G F H V H - - - - - G D L G N V T A - - - - - - - - - - - - - - - - - - Baker’s yeast 1qup - G N Y H A S I H E K - - - G K V W H K F D E P I E C - - - - - - - - N E S - - Alpa-adaptin AP2, N -domain 1qts - - F L N F T P T L I - - - - - - - - - - - - - - - - - - L N L Q T - - - - - - Pilus chaperone PapD, N-domain 1pdk - Y L A Q A W I E N - - - - - - L R Q - - - - - - - - - - I A T P - - - - - - - Major sperm protein, alpha isoform 1msp - I G W A I K T - - - - - - - - L V G - - - - - - - - - - - - - D - - - - - - - Purple acid phosphatase, N -domain 4kbp - S A V R Y W S - - - - - - - - - - R I A K - - - - - - - - - - - K M S T Y - - Invasin 1cwv - Q E V V I T T N - - - - - - - - - N K I T E K T - - - - - - - - - - - - - - -

2 3 4 5 6 7 8 9 0 1 2 3 4 1 2 3 4 5 6 7 8 9 0 1 2 3 4 1 2 3 4 5 6 7 8 9 0 1 2 Fifroblast growth factor repressor, FGFR 1cvs - - - - - W S I I M D - - - - - - G N Y T C I V E - - - - - - S I N H T - - - - Envelope glycoprotein, domain III 1svb - - - - G G F I E M Q - - - - G D N I I Y V G - - - - - - - - - - - L S - - - - Cyclodextrin glycosyltransferase, dom E 1cyg - - - N Q I V V A V - - - - - G K Y N I T V Q S - - - - - - - - Q T S A A - - - Alpha-amylase II (TVAII), N-terminal dom 1bvz F D Y F E A L L E C - - - - - - K Y V F L L T G - - - - - - - - E A V Y - - - - Hemocyanin, C -terminal domain 1lla - - - G K N T V V R H S - - - - G M E Y H L F V M L T D - - - - - - N M - - - - Rho GD P-dissociation inhibitor 1 1rho - - A E E Y E F L T P V E - S Y S I K S R F T - - - - - - - - - - H L S - - - - Transcription factor N FATC 1a02 - - - - M L F V E I - - - - - V K V N F Y V I N - - - - - - - - K R S Q P - - - p50 subunit of NF-kappa B transcr. factor 1svc - - - - - F A I V F K - - - - A S V F V Q L R R - - - - - - - - L L S - - - - - Sulfite oxidase, C-terminal domain 1sox - A L W E L T V P V - - - - - - E L E I V C K A V D S - - - - Y N V Q H R - - - Integin beta-4 subunit 1qg3 - - - - - P S V E L - - - - - - D Y E M K V C A Y - - - - G E G P Y S S L - - - Growth hormone receptor 1axi - - - - - N S C Y F - - - - - - P Y C I K L T S - - - - - - - G T V D E - - - - Erythropoietin (EPO) receptor 1ebp - - A V R F W C S L - - - - - - - L E L R V T A - - - - - - G A P R Y H - - - - Neocarzinostatin 1acx - - - - A A S F S F T - - - - - - - N L G A G N - - - - - - - L N L G H - - - - Actinoxanthin 1noa - - - A S T S L T V - - - - - - - C Q V G L S - - - - - - - - - G N G P E G - - bovine 1cob - - - - - A I V D I V D - - - - - R T M V V H E - - - - - - - S R L A C - - - - Baker’s yeast 1qup - - L Y S G K T F L S A - - - - G R S F V I S K S L - - - - K D Y S F L - - - - Alpa-adaptin AP2, N -domain 1qts - - - A Q V Q Q V V N I E C - P V L N I Q F R - - - - - - - - - - F Q N - - - - Pilus chaperone PapD, N-domain 1pdk - - - - - S M V R L S T - - - N E I W A Q A L Y - - - - - - I A L Q T K - - - - Major sperm protein, alpha isoform 1msp - - K E K V L M A V S C - - - - - - - I T I E W T N - - - - M V R R K N - - - - Purple acid phosphatase, N -domain 4kbp - - - F I H H T T I R K - - - - - Y Y Y E V G - - - - - - - - - - W R R - - - - Invasin 1cwv - - - - V A R I A L - - - - - G V T V V T A E V - - - - - - - - - Q R Q S - - -

E F G

C C’ D

Superfamilies/families

A A’ B

Table 1: Twenty - one rep resentatives ofprotein families are enumerated . Onlyten data sets were finallyselected

from the totalityofIg fold - families to p rovide the statistical signi ficance (no alien folds, sufficient number of

seq uences, lower number ofmissing strands) for the correlation analysis. Preliminaryalignment is obtained by

means ofcomparison ofthe secondaryand 3D structure. Grayed columns depict the positions that are mutually

correlated for themajorityoffamilies b eing analyzed. Strand G´ is not shown.

For 1lla and 1cyg sequences, additional (and missing common) correlation positions are shown in lighter gray.

Evidently, alignment can to be corrected so that the s trands are shifted to match the correlated positions. As a

result,weobtain moreprecise setofcommon mutuallycorrelated positions for Ig fold.

Revealing m utually - correlat ed pos it ions

Fig.6 a:corre lation matrices for 1co b and 1 svb.

Fig.6 b:c orre lation matrices for 1cyg and 1 svc.

Fig.6 c:corre lation matrices for 1qg3 and 1 sox.

Fig.6 d:corre lation matrices for 1pd k and 1 msp

Fig.6 e:corre lation matrices for 1lla and 1a02.

Correlatio n matrices fo rse le cted protein families are sh own at Fig.6 a - 6e .

Originally, to o btain the co mmo nlyc orre late d p ositio ns, we summed up the co rrelatio n

matric es. To ob tain the c orrelated p ositio ns,co mmo n to e ac h Ig - family,with h igh erreliability,

we allo w a shift by on e unit in e ach direction (i nc lu ding diago nal) while c alculating th e

nu mber offamilies the e lemen t ofc orre lation matrix is p ositive.

As we d iscovered, mu tu ally co rrelated po sition s serve d as ad ditional means to verifyth e

structural alignme nt ofp rotein seq uen ce s fro m diffe re nt families. The capab ilityofthe

po sition s ofco rrelation to serve as the c rite ria ofmatc hing the multiple se que nce align ment

was teste d o n the se ts o fseq uen ces with sufficien tlyhigh similarity. Ifa se t ofprotein

se que nc es is ran domlysp lit in to subset s an d e ac h subset is su bject to multiple alignme nt,

followed bythe c omputation ofcorre lated po sitions,the n th e re spe ctive positions c an serve as

a basis foro verall sequ enc e alignmen t instea d ofthe resid ues the mse lves.

T herefore, we u sed the iterativ e ap proac h to de te rmine the mu tuallyco rrelated p ositio ns for

the to talityo f Ig - fold familie s. Initially, we use th e p re limin arystru ctural alignme nt ofthe

family re pre se ntatives. Th e set ofmutuallyco rrelated positions, obtaine d give n that

preliminary data, allowed u s to verifyand improve the align ment, wh ic h in turn led u s to the

high er nu mber ofreve aled co mmonlyco rrelated po sition s fo rth e to talityo fIg - families. Two

su ch ite ration s le d to the alignme nt suc h that the furth erite ration wo uld not le ad to alignme nt

mod ific atio ns. As a resu lt, we d id no t have to take into acc ount th e shifts b etween c orre late d

po sition s amon g th e families ofIg - fold.

En umeratio n o fre sultant p ositio ns is d epicted at Tab le 2 (refer to Table 1 for p ositio n

assign ment).

Fig.7:Mu tu ally c orrelated resid ues for 1lla . No te that not all mutuallyco rrelated residu es are

in c ontac t with each othe r. Some ofthese re sidue s are on th e surface , some o ccu pyin ner

sp ac e.

A6 A8

B6 B7 B9

C7 C9

D6

E9 E1 0

F7

Table 2:the set o fmu tuallyc orrelated p ositio ns forthe Ig - fold.

We highlight th e following ob se rvation s co nce rning the set ofmutuallyco rrelated p ositio ns:

1) The set o fco mmo n mutually - co rrelated p ositio ns forselected familie s ofIg fold is foun d.

2) Correlate d posit ions o beythe following prope rties:

· Correlatio n matrice s of Ig families ob ey the c ommon prop erties o f

immunoglo bulins, disco vered and ve rified e arlier, in p articu lar, mutu al inste ad of

just pair - wise c orrelation.

· Rou ghly, abo ut the h alfofmutu allyc orre lated po sition fore ac h Ig - family fo rmsthe

se t ofth e mutuallycorre lated po sition forthe wh ole Ig - fold.

· The mutually - co rrelated Ig - residu es are mo stly hy dro pho bic .

· Mutually - co rrelated p ositio ns are almost un iformly distribu te d throu gh the strand s.

3 ) R eveale d set o fmutually - co rrelated po sition s allo ws to improve the structural align ment

be twe en the sequ enc es o ffamilies ofIg fold.

4) The nu mber ofco mmon mutually - co rrelated p ositio ns, obtaine d using the improve d c ro ss -

families align ment,is high ert han th e original n umber .

In the c onc lu sion, we disc uss the roles o fou rfind in gs in 3D structure assignme nt o fa no vel

protein se que nce . How can o ne take advantage o fth e pro posed metho dology o fco rrelatio n

an alysis for Ig ˘ fold? Havin g a set ofsequ en ce s with un kno wn stru cture (particularly, fro m a

ge nome ), ifit is possible to align the m with the c ertain de gree ofcon fiden ce , th en the se t of

mutuallycorre lated positions can be matche d again st on es ofthe protein familywith th e

kn own 3D structure. We call the matc hin g te mplates co rrelatio n p atte rns . Ap plic atio n ofthe

ab ove me th od is su cce ssfu l whe n th e following co nse cu tive c onstraints are ob eye d:

· The re is no close h omologu e with kno wn 3 D structure available (othe rwise , more

simple ho mology - base d ass ignme nt c an be u se d).

· The re are mu ltiple se que nce s to b e assigne d a 3D structure;

· The re is a reason ab le multi - alignme nt accu racyachieved forthese se que nc es;

· The set ofmu tually - co rrelated p ositio ns can be ob tain ed;

· Obtaine d p atte rn ofmu tually correlate d positions include s suffic ie nt numb er of

se que nc es forthe adeq uate match ;

· The re is a succ essful match for the c orre lation patterns for the given set and a protein

family/ su per - family(with the kn own fold).

Sof tware tools f or the analysis of correlat ion

We prese nt the software tools fo rth e analysis ofp ro te in family:building correlatio n matrix

an d disco vering th e inte r - de pen den ce be twe en the po sition s (Figs 8 and 9). Fig. 1 0 and 11

de picts th e networks o finte rc onn ec tion for the selected h ighly - co rrela ted an d rando mly taken

se ts ofp osition s.

Fig.8:Th e screen ˘ sh ot ofthe ProtoTrail , the software for an alysis an d visualizing th e

classific atio n ofprotein family. Abo ve is th e main frame o fth e ap plic atio n,wh en the input file

ofpro te in familyis sp ec ified. Also, the parame te rs o fpair - wise c alculation are sp ec ifie d on the

left in put area. On th e righ t in put area, th e th re sho ld parameters ofresultant c lassification can

be spe cified to con trol th e scale ofits details.

The fragme nt ofthe resulta nt c orre lation matrix is sho wn on th e bottom - left. Grey - sc aled

ce lls de picts th e pair o fposition with variou s degre es ofcorrelatio n:the darker - th e stro nge r.

One c an zo om in th e visualization ofcorre lation matrix. The fragme nt ofinter - de pen den ce

visu a liz atio n is sh own on the bottom - right. Lin e th ic kne ss de notes the abso lu te nu mber o f

se que nc es with the spec ified (b yth e edge´s nod es) re sidue s. Re sp ective thre sh olds are se t in

the inpu t area o n th e main app lication frame.

User interface allows easil ych angin g the p ositio ns an d trackin g the ir corre lation with the

othe rtwo selec te d o nes. Interactive features also allo ws to mo difythe se que nce o fpo sition s

that are in use for c lassification to approach a tree - like struc tu re as close as possible. Fig.9

de picts th e various ways o fspec ifying the po sition for analysis.

Fig.9:Selec ting the po sition s fo rco rrelation an alysis.

Fig.10 :Graphic rep re se ntation ofthe residu es an d c orrelation betwee n p ositio ns fo rth e

se le cted mu tuallyc orrelated o nes ofI g - fold.

Fig.11 : Graph ic represen tation ofthe residu es an d corre lation be twe en rand omlyselec te d

po sition s.

Acknowledgem ent s

The au th ors are grate fu l to A.Kister an d I.Ge lfan d for in trodu ctio n to the field of

Immunoglo bulin p ro te in s, initial comme nts on the prob le m, providing the data o n struc tu ral

alignme nt (Table 1) and valuable advises. Also, fru itful disc ussions with M. Ro ytb erg, A.

Finkelstein and o th ers helpe d to inc re ase the compu tation al soun dne ss o fthis study.

Ref erences

1. Neh er,E.(19 94)How freq uen tare co rrelated c han ges in families ofp rotein sequ enc es?

Proc .Natl.Acad.Sci., USAv91 ,98 - 10 2.

2. Gerstein, M.& Altman , R.B. (1995 )Ave rage co re structures and variab ilitymeasu re s

forprotein families:ap plic atio n to the immuno globu lins J. Mol. Biol., 25 1 ,1 61 - 17 5.

3. Mirny,L.K&Shakhn ovich,E.I(199 9)Unive rsallycon serve d positionsin proteinfolds:

read in g evo lu tionary signals about stab ility, fo ld ing kin etic s and fun ctio n. J Mol Bio l .

29 1(1 ):17 7 - 19 6.

4. Lindahl E, Elofsson A. (200 0) Iden tific atio n ofrelated proteins o n family, sup erfamily

an d fo ld level. J Mol Bio l .2 95(3):6 13 - 62 5.

5. Murzin A. G., Bren ner S. E., Hu bbard T., Chothia C. (1 995 )SCOP:a structural

classific atio n o fproteins database for the inve stigatio n ofsequ enc es and structures. J.

Mol.Biol .2 47, 536 - 54 0.

6. Halab yDM, Pou pon A, Mo rn on J. (1 999) The immuno globu lin fo ld family:sequ enc e

an alysis and 3D structure co mparison s. Protein Eng 12 (7):56 3 - 57 1.

7. Cho th ia,C., Le sk,A. (19 86) Th e relation b etwee n the dive rgenc e o fseq uen ce an d

structu re in p roteins EMBO J. 5 :823 - 82 6.

8. Galitsky, B.A., Gelfand, I.M. an d Kiste rA.E. (1 998 )Predicting amino ac id sequ enc es

ofthe an tibo dyhuman V H c hains fro m its first several residu es Proc. N atl. Ac ad.

Sc i .V95 pp 5 193 - 51 98.

9. Galitsky, B.A., Ge lfan d I.M., K ister A.E. (199 9) Class - de fining ch aracteristic s in the

mou se he avychain s ofvariable domain s. Protein Eng .No v 12(11 ):919 - 25 .

10 . GalitskyB.A., Sh elepin S.L. (200 1) On the inter ˘ residu e correlatio n p atte rn s an d the ir

role in classific ation o fprotein famili es. DIMACS te chn ic al repo rt 2 001 - 09 Fe bruary

20 01.

11 . Sh elepin, S.L. an d GalitskyB.A. (2 001 )Using c orrelation matric es in th e comp arative

an alysis o f Immu noglo bulin c hains. In Curre nts in c ompu ta tiona l molec ular biolog y ,

RECOMB - 01 , Montreal,Canada.

12 . D e m e n t ´ e v , A. a n d G a l i t s k y, B .( 2 0 0 2 ) Disc ove ring co mmo n mutu ally - co rrelated

pairs ofpo sition s for the families ofimmuno globulin fold (20 02) In Curre nts in

co mputational molec ula r biology , RECOMB - 02 , Washington DC.

13 . Gelfand , I.M. & Kister, A.E., (19 97). ^Ave ry limited nu mber ofkeyword s (main

patterns)describ es all seq uen ce s o fthe hu man variable heavy(V H ) an d k (V k )

do mains~ Proc. Natl. Aca d.S ci.USA 94, 125 62 - 12 567 .