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THE HUMAN GENOME PROJECT

George I. Bell
h A]amos Sat ionnl Laboratory

Los .Alrunrx. NN R7545

1.ABSTRACT

The Humnn Genome Project will ol~ttin lligh-rcwdution genel ic and plly+irnl maps of each Imnmll
chronmsome and. aoms+flt later, of the complete nucleutide sequrm’e uf tlw droxyribonuclcic ncirl
(DNA ) in a human cell. The talk will begin with au extended intt-r.ductirm to exphun thr Project to IMn-
biologists and to show thrst map rouwrurt ion aIItl srqlwnre determinulion rquirr ~.x~smsive crmIputIIt ion
ill order U] de[cmline the corrm-t orr.h J the nltr]qwd mltities und tolmwideestinlntrsof umxv-tnill!y.
Computational anc+wis of the wcpwnre datn will lmxmw M inmeasillgly imlmrthlll pwl Oftlwptx)jvcl,
rmrl bollw comrputntmnal chtdlmqp ure desmibcd.

2. Introduction

AH of the informntinn Ihnt is rrqllircd to specify a llu-
mn.u Leing ib encmlcd ill the DNA of a hunlrrrr crll.
Thnt DNA rnny h regnrdml m II sw of 46 linear
mdmslen, rnrrmqmndillg to t lIF 23 prrirs of i-llr[m]o-
sou Ie*, one from each pnrtml, whrrf” cucll Inolrculc is n
rlmin of nurlrotidm or ham !hut nrr of firer diffcrcwl
kinds. drnnted A, ~. ~, Rnd T. Thus, M n firwl npprox.
inmt ion, DS A Imry be conuiderrd n IIIIIKIimw mmrnage
w,ril lrm in a fmmlrltrr nlldmhrl hmg in 1M Ihmr
m. ulmul nix I)illioll hnsrm ill I III’46 clmnmnromm of a
humrm roll. Gemw, tradition] mitn of inheritance, nrr
IocItIc(l hrrr md ths-re a!oIIg tlm dlrmn(mmm~. Tlwr(’
nrr IJf Llw urdcr of 103 grm-ri ill t hr I)umnn grIIIIllw.
aml n typirrd gcnr rnrudcw lhr in fornmti,m to mnlic
u Imrtlcu]nr lJN)l(miIl mIJhx_uh., Thww r[n,r-rptn M,ll] l)l.
rxl Jnined num fully in tlw tnlk nv, ] m-e diw-uwuwl ill
lbfs. ( I )-(3), with rrlntioll to !!,, Hulllrm C;rlitnlir
Projwl.

3. Some Co:llputat.ioml Problellm in ?+lttp nnd
Sequence Amnelddy

AII WIIY (Jl)jrirlivr t~f lllr Pl{)yw”l is 10 lll~kr n Iliqll

IIWIIIII ilnl WIIMII. II IAIIW IIInl I of WI141 11111111111CIIII).

Illta!!tlll h., Wlll(”ll IN 1(1 111,.1111’~M1l’* IllIll tllllw ~!,llt’llr

111111iirrw III h Illllftmrllly lli~ll (Iml+ily III(MIKPII.41 141rIJ
IIIIHIIIW ‘llIc. MIIIIIIIII i{)ll lJi.lwIvIII I WIJ llInlkI,r*, Inl III{,

‘1hllllll. I Irtnllltmalllln,, is IINIIIIIIIII,{I (111111 llIr, lII(IIInlIllll~

111111tlwy III(S illhmltrtl trIWIIII, I I t. . ]NIWWI fI{IIII ]1111
I* III III (drslwill~ WI II II III1 h rlIi IIill IIw Ill I1’ “~’llm.1111( Ilrl’1”

1)1,1WI,(,II t 111, Illllllwl h ‘1”1111.,~vll!,l 1(’ 1111111.1111,!,(1111

lIIIWVI fl,nll dnlidl,’hl II IIIIly*I* (I( Inlllily ●111(1Ir,* 11111111,
(,t]llill,,lillllll,t, l,f Illlktvl IIIIIILI.1* ‘1’111,,1:1111fill P.11111

hllnl:’.is IIIr II(II II III II II IIUII. Ill Ill 1111’ Sllllll llllllr’l Jll* II!’

tI, II 1111IIIllIIIIIlf 1]11.11.II IIIWI Illlb.1 1111(1*11111’IIIK IIflI 1111111

1,,,, IIr I,,nll,lu., tl)fll,lll!,l wltll Illlll,ltlllllly ,-IIIIIJII!’... 1+

1“II ,Illli,”llll I“I~Ill11111IIII IIIIoI tuk.

Arrothcr kind of rnnp thnt tlw Hmntrn Grnomv Project
aims 10 produce i~ an ordered-rlone mup of ench chro-
mmrnrne. lt n import nnre lh’rives fsun the fro-l [hnt t lW
tmmunt of Dh’ A in II cllrom:~sornc ( ~ ] W LMW ) is t ou
long to be dircrtly cloucd, srqummwl, or othrrwisr mn-
nipulatN1. (111 thirr ~ontexr, rkmiug refrmr 10 tlIr mm.
plifiraticm of a DNA frngmt=nt lIy it~ illcorpomt iorl il)to
rrnslliplying relln. nitmcly hnrh=rin or ytwst. ) C’lImmO
somsd D.NA CM, Imwwrr, be chopped iuto overlap-
ping clonalde fragments, ccmt airliug 106 - 10’ tmsw,
lJy using rwrtrirtiorl rrlzynms, bill thcrr is thmI the
problem of how 10 order the frngmrntn (c]onen ) into
aII ovtva]l view of IIIF cllrmlmrumm, This iR dmw by
pmtially chrsrnrtrrizing mtrlI C1OIIC. TwrJ rkmrw Illat
IImv rwmgh Imqwrl irk irl m,lrml,ul rsrr lIICII lilwly to
c(nltrlill h cimlmoll w~llwrll of DNA nrd Ilmri (IwIln]J
(III rlw mup. TIIr likrlilltj{l,l uf ovrrhq). Kivcvl tlw dtiIrs,

i~ wtinmlrd fIXIIIILIIIycs “I’lIwIrIwI t(@lmr wirll rwmr
lIItIdrl of LIIF rhl IIIIIu.wIllIr t 11111rnl I II(I uwd to rRl i-
llInlr Ilw lmhl)ilitir~ IJ l]w IIml nl givrrl 111111-[IvIIrlnl I
{w Kivrn cwrr]n]j

IIIMIIIUCII nb 11111’ i~ hltrrlqltlllg I(I lmlt.r 1(Y -106 rlolwx

into n mrq), ii IN lmll~)mmildr III I’sllml$liwly mIINIIwlllr

III] I){mnildr imhh IUIII mhrm I]wir rlwl il~. Tlwr!lllr,
IIIIV Iird rrnw IIIIJlm tlw IIIIM1 r!lllli~lmltl,v iwrl~llll)ill~

I.I[,IICS iltlt) i~lltlltl~ ( “rIIIIIIW” ) 111111tlwl] IIWS MIIIIW kill{l
(lf KIWll~ III IM’1llll .11 111111 1111111111Illxlllithlll tlr 1.(1![ Ill

1111(1Iillli Ilw ihlnllll* Kklilllllliw IIf lllII,IolllIlllly ill tl!l,

rmllllilt~ lIIhl IU nlv tlwlllw,lvm (111111,Illl(v.llnili ‘Illlw
1.., Illlvl,rtll l,, II Ivllllrlll, y tll 11,p,lll, l 11111111111* Ilh l,lltlltl~ 1.

1111111II I?,! lIIIw III-I-II ~,!llltilllll,[l II! r~ll)l,h, 1111111111111111
!Illlll.

Silililnl IIIIIIIIc.111*III I.I. ill ~1.11101111ill~ 1111-I)S,4 M,IIII(,III,I,
Ilf II I.ll)llr, Illuld)’, tllv rlllllr I)s:\ 1- 10,1 Illl,y, 11) Ill

IIIt,tlY M-I II I!.[IIT, hi, !IIIII II I* !111 Ill) II I!II ●11111111,1flllK

[111-111*,I)f IIVIKIII ‘- .’100”Imw.. W’111111! !111111,Wllllluwl.

. ..-...-<
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The problem t~en arises of remmbling the overlnp
ping sequence fragments into an overall consensus *
qum-m of the clone. In this case. the sequence frag-
ments rtul be pretty well characterized by tlwir *-
~i~l~’nccs, ~UI problem~ misw from m-m-random errors
In .wpwnring and the presence of marry rrpet itiw’ W-
quenres ill hunmn DX.+.

~Od CS!iIlllLfCSnf UnC~r[hiIlt~ ill lIIC COIISV11SI15 8V-

qlwnrc m’ II(JI avaih!hlc. This is n srriom ImJIJlrm
lmrrsuse the dt’germination of such st.qucncwi is r+ mn-
jur pnrl - nncl probably thr most exp{, nsive pnr[ - I-J
lhr Gcnrrnw Projeet. In order to minimize cost. me

would like to minimize tllc .wiqum wingredundrsnt. y n’-
quirrd 10 Im)(luce a rmwusus sequenre wit II slxwifiml
lil]lils (If llncerlaint::

I\’. Problems in Sequence Analysis

.+1 pri,m’111.tlw II1(J*Ipm,’rflll why It, t)ld hill il)ftmlnw
titu) II IMIIII n how M’IIlwucr is Iy r{nl)lmi~ul With n

(intll]kW (If hl] klIi, Wll ml-qllrlll.l%, Slldl ISN c;l,ll13hllli

III MII.11 tt,ll,lmri~(uis. (MIII coliwlrm 1111 I,t,hsilh, rdly,n
II ImIl* t,f thr IIrw qurry .UIIIIWIIIIr I IJf Irhgf II q Iwrs )

will] I he tlntulww (of lrIIK1lI M ), hwliillK rc’~illlm d

~inlilhrily nlIIl iIlll~fmillK lmmltws [III lI115111111f’1Irs. In
!M,llll,llh. 111111II? ,4,!14)11%. “111!’11, 1111”.11111,1111,1 1})”1,1,1111!”

l,rttgrhlllllllll~ nl~,)ritli]us fill l,rri,ml,ill~ 1111>stwrcll Ill
II 1111 , t = (,qrl. Wllrlt, I Ih II (.111,.11111! (Ilyll’lllhlllt 11111!1(,

Iv,llllllllu,l s)’slml l+. !,!){1(.. 1.1(. I’llfl)l lllllllll,l}’, 111, + 1111,

1( 1,1 .IIIW fill I!lllllllr 11*1,. 4,VI,11 1)111111,[11. !l, +1 .111,1,1(.4)11,
],,111,1 }’,11 4,XIUII],IP, (Il,llullllk 1111s!, :. 3 . 1(1’. 1111(1

n inll’ti,”ll!lll ~’lllh’ f(ll II Slllp.lr 1,1,,1’!,ss(,1 (’1{ .4J” .X\ll’
1111(I f“ -- 1(I fi ~’1” TIIIIS, II) ( OI,,lMIItOI, ,,ll!-l~ w,,,,, -,,,.,

t,f q - I(I’ U’1111 (;, 1,11:,1,1, Ulllll(l 11,1.(, -. :, . Illm’ M(

= 1101,,1111:. 1:1.lrl Imllll+ 1,1,, ,Il,lh,ll 11.11,~ 11,:1.wwly

1,1111,11!,1 IYlllll,lllrlk %11,1.r rvlllrllll) 11,1, (1111;11111.1,1’/11,
1,1, ]mlllfllll, f.,1 11111(111~ 1,11[f 11,1, 11101!%.1 1. 1“,)1 !, X:III,

],11., (Ill 1]11, (; 1110(1 III II(V,!. WII (’\l:’. I n’:!. :11 ,11111,1 Ill “

%,1 ll(m’t,\tq ,11,11 ~,vl,lr, .1,,,11 1. ,,,,,!l,, (1 .,,,! t l],,

,Illll!llll. w. 1.%~ ll\$lll$ 111:11111)’111111 41111,11$,- 1111, Illllllt,ll,ll.

‘I’m’!) :111] 111)1,1”1,1”’. 1Illf. Iblllvllll:ll! 1111. 1111’l,, i!,.1, Ill ,.I,,,!,

In the fist (]exicd) ttpp~r.ILh. one initially compares
thr sequences, not dlowin~ for illsertim]s or ds+tions.
srruching for regions that Imvr :1lrwgc lllunher of words
( slmr[ sulx=qurnces ) in cunll]mll. This culll]]i,rison can
lx, done very rapidly. for exnml~l,,, IJY coust rutting an
index of words in the dntalmw Illhl k t]wn compared
to words in dw query. Chire regim]s having u high
density of common words liitwj IJrvn identified. tile dy-
namic prngrarsuning rdgori Llm~ cm] I-IeUWC1.if desirrd.
10 im]move tlm kh”rd alignnmn[. Codrs. inl]dement inp
such apprr.snches. perrnil rfw-ly com]mriwms of query
scqtwnres with GenBsmk on ticitv]tifk wwrkstnticsns or
any more powerful computt’r( 4).

Thr srcrmd apprmrr-h iti to CO]ISIrwct slwrid purprw
J’LSI chips tha~ will carry (ml t ht. rlynmllic progranl-

nlir]g algorithms. Expmirllce \vil h t hrsr to r.ke is
nmrr limited thanwith Iesi(.[d Inr(lmcls, but several
m-e Iwillg (or have bn=u ) dcv-ltqwd MM] we expected

10 be quile powm-ful and ww,ful.

Eww whrn a new wqurlwr dors mjt slmw nny sig-
llific~~ll similarity tu Iinmvli W(llwuccs, we \vmdd like
tu Lr nhle to read its nwssmge ruld at t lie very lvrmt to
idrlilify silen of pcmsildr funrliwlnl Sigllihcnncr. hlolec-
ultu I)idogislh know n Iut .iIllml Ihc nilll-ramlom me
of worth in gtmrtir Sequenc(’s ILIK1t IIF rwsucirtt ion of
]mtterns of wnrcl use with ful][ [ionnl site~. For ●x-
ample. it i~ known that thrre is n non-random use of
t IIrrr- Ict Irr worrlrn and pair~ t hrrwof in DNA wquences
t lml ccrfh for pmlrins ( gmII’s ). ?dorrover. I hem nre

prrfrvmd squrncch nrnr I lIr lmKinlliugs [If gvmw llmt

prol]IoIr grne rxprrsnitm, titc. L’llfortmmtdy for hu-

II IILII DS,A , SUdl frutures NI” KrIIrI’h]ly nofl AIKI WhrII

lIIIIIIIUI DSA srvlum)crs nr{. WIIIIIW(I Ilsillg ldg(ritlllll~
[ ]nrlmling nrllral IW* or NJIIO lmsrtl rx]wrl sytilemfi )

I(J dt,lrcl rmrh fmsturrri, llIC rrsldls mny slmv pod

srhsilivlly ( m(ml Iimmwi silrs nrr Ixwrrrt ly i(lrlll itirtl )

but Ixxm iu+rlivily (i.r., thr rntr d fhkr p{~si live is

uIIIiccrl)tnb]y high), Thr i]lt,l]]~,~ll is Iml cfm’ L() Nl)’

hick t~f roImmIcr pow{’r hut IINJI(I tII n lnck of critical
IIhlh, ilwlllflillg cryklnllltgrlll]lli[’ flnln IMI flit” l~iil~lillK
(If l.ll~~lllm !(1 D.’; .+ t{l@]N-l \Vltil dlllll 1111 th!, r~l,~th

~~f rrlkil)g ililllvillunl Imws lIy nllrlllhtivm Wltllin n

(11111.tlluml hitc III ri~hliln~llh 1! Is (Illilr Ill,hsil,lr 111111w
III, 11111rI.IIlly lIIIIIPrSlIIIIIl jll>l \vlIIIl 1111,]Iloll,ill+ ((,fll,li

1,11/}lllf .*1 11111111111111!1 I) .x.+ :11111[{ .X.4 1111.Ilvllly 1!, (,11),.

Illzlllg 111111, fill CWlulqlll,, Ill Illlllltlllll It) 1111, 1(1[,111 W,

11111’111.(s. WJIIII, Mrlwttmhl II II II IIS I 11:11II I;ly 1140lllllll,. II,W([
11! 1111.lllluil !4111%. !1111111,I,)s:\ 11(1111111,Ill,lls I, Il. 1111[11)1

Iillll If u,. Illf,lf. Ill,, W,ll, !!l.. !,! III; I! III II: II II:II ]Illllllrllv.

ubw II, Ihlr Il willl tl!IIIP, III , ,1,., 1),.1 11,,, ,11,i,,lllhl !lIlll(,

1111111 ●llltl. I)r 11 l).Y .’\ 11141A *I II IJIW” I Ill Ii, l*llllllll *III’**

Ill Illllllmlllll, Illllkl 1111 llll\v, ll! Ill)! .lll,~!., (.1,1111111 1111.111

bl, t 111.1114,9 Will Ill, 1)1 IIlr Ill 11111111!/1 II,fl 111111111,11Ildl

1,111M)llr .11 Ill; lll!lll 11,s(’!MIIIIISI1, II Wllll I Ill, Ilwlll) I Idll

111111111,11IWIIA 0111,,1 1011,1 I. Jlllllllllllllll, W[lll,llwh Illlly

Cwlllllli, Cllll,llldtll *1111111111,. Ill III!. (I, nll,ll, Ilt,llx Illlly
Jllk.l 1’111111-11111111 “]’111 iI~lllllll!lI Ill II( III III II! III II! II% [1)1

Illtw l’l!llllll~ I.llllllll, t Illy, 1111111111111111,111.. l,. 1, 1111111)1l.,\

,.( ,1111,11,1,11111111:1111111lull’ “
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Fimlly, 1 refer to the problems of predicting the struc-
ture af n protein from its amino acid wquence - a sub
ject to be discussed by the next two speakers, This is
a claw; cal problen. of great importance for the Hulmea
Genorne Project. The sequence of ba.wi in the DY.A
corresponding to a gene Cletell:iines the sequence of
amino acids in the prolein d, c-d therefrom. There-
fore, as one generates new D\ A sequences and, hope.
fully, learns to idemify those coding for a protein, there
will br a need to be(ter predict the likely str~lcture and

funclion of the pro!eins In adtli!ion, as if the protein
f,,l[iiIlg problem is not alrencly I]iir(l el]ougli. we ivc)uld
like to 1-w able to predict the ijltetmction of B folded
l~rotein with ar, al)propriate (or arbitrary) DX.4 se-
quence.
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