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the s m c  t y p  used to computc a dol i a h x )  and  notc U ~ C  avcratc displilcc- 
mcnui of the  highcst-scoring  segmcnls.  ]his is convcnicnlly  donc  using 
NBRF's RELATE program. Thc avcmgc displrtccrncnls of high-scoring 
segmenu  tend to be multiples of the repea t  unit lcngth. For example, 
RELATE  analysis  of a p M V  which c o n ~ n s  a fundamend 11-rcsiduc 
r e p e a t ,  showed  additional  displacements of 22,44, 55, 66, etc,  residues 
(Boguski et al., 1986b).  Likcwise,  analysis of cdc23 which condns a 34- 
rcsiduc r c p t ,  rcsulrcd in additional  displacemcnls of 68 and 1 0 2  amino 
acids  (Sikorski  et al., 1990). Finally, bolh autocorrclationZ6 (Kubob ct ill.. 
1981) and Fouricr  mcthods  havc  bccn used to dctcrminc thc pcriotl of 
scqucncc rcpc;lLF. 

Sulnlnnry :lnd Fulurc  Dcvclolmcnls 

Dot rnawix analysis is a sirnplc,  yct  powcrful,  tcchniquc  for  scqucncc 
colnpuison. To p;rmpllrasc  Collins  and  Coulson (1987), any  colnpiuisoll of 
two scqucnccs  (or  of a scqucncc with itscll)should sku1 with a dot plot. WC 
haw SCCII multiplc  insI:wcs ill wllicll hilurc to llcctl Ihisntlvicchia tlCliIyCtl 
thc  idcntilication of imlnrunt qucncc  f&?turcs. 

As uscfd ns (lot nl:ltrix mdlotls arc, thcrc  is  still  considcmblc  room  for 
inlprowncnt. N o  prcwnt  ilnplcmnl;Ition kkcs fu l l  etlv;inkigc  of mtwlcnl 
computcr  hardwarc  and grqhical uscr interlace  tcchnology. D o t  malrix 
analysis  would dsobcncfit from intcption wilhothcrtypcsofdatnanalysis 
and  irnagc  display tools. Thc  incorporation of multi-lcnglh  probcs  (Argos. 
1957: Argos;ladVingro~i, 11)~0)andcusto~nizulscoring~nalriccs(AI~~l1ul. 
1~91) \vo11 l t l i~n~~rc~vcsc~~s i~ iv i~yands~~ i f i c i~y .  Fin;~lly,~ld~oughdotn;~trix 
:alalysis  will  lilll~l;llllcllt:1lIy rclr;lia 8 hcurislic mcdlod of CxploEltory tl;lti\ 
analysis.  lllcabilily tocstimntclllcslrrtistical significanccof  thcpattcrns onc 
ohancs is highly  dcsimblc  and  nligbt  bcacconlplishcd  using  acornbination 
of ncw  and klditional  mcdiotls. 

DI'YAklIC PROGRAMMING METHODS 

Dot m m i x  nlclhcds rcly  on  thc  powcr of thc human  brain to rwognizc 
ptlucrns indic:ltivc of sin1il;lrity .and to add  gaps to lllc  scqucnccs to achicvc 
an  alignmcnt. It is, howcvcr,  quitcdiflicult to kc sure that onchas obMincd 
thc  highcst  scoring, or optimal,  alignment  when it is  madc  by  hand. Bccausc 
uxssmcnts of homology  arc almost always  madcon thc  basis of alignrncnts 
prcduccd  by  dgnalnic  programming  approachcs,  wc  will  discuss the method 
in dcuil. 

3 Autororrel&lion nnalyis is w a i l h l c  in Amor Dawoch'r PC/OBNE,m!rkcld by IntslliGutcricc. Inc. 
(Urunuin \'icw.CA) 
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A brutc  forccapproach of aligning  scqucnccs with thcautomatic  inscnion of 
gaps  shows hat thc  problcm is vcry difficult.  Simply  comparing two 
scqucnces,  wilhoul gaps, is quivalcnt LO thecompulation that rakcs place in 
dot matrix  analysis, d rquircs time propohonal u, hc p~cducl of the 
lcngths of the scqucnh (is., timc  proportional to N M ,  where N=length of 
scqucnc.e 1, and M=ldngth of sequence 2). If Ihc squenccs are assumed lo 
bc approximatcly the samc  lcngth 0, ihcn  tirnc  proponional LO 1\p is rc- 
quircd. To account  for  thc  prcscncc of gaps, we  would  havc to r c p t  this 
calculation 2N timcs to cxaminc thc possibility of gaps in c x h  position of 
cach  scqucncc,  for Limc proprlional LO N'N. In actuality.  Ihc  situation  is  not 
quitc so bad sincc somc of hcsc alignrncnts would bc nonscnsical,  for 
inskmccaligning  gaps  will) gaps. An cxplicitcquation  has bccn dcrivcd  for 
thc  numbcr of comparisons that would bc requircd  (Watcrman, 1989). For 
twoscqucnccs300rcsiducs long  about  1O"cornparisons  would bcrcquird, 
which  cornparcs  favorably to thc  estimated 1CPo clcmcnmy  pruticlcs in  chc 
univcrsc. 

Fonunady, thcrc is a rnorc  cfficicnc  way of aligning  scqucnccs  based 
on  an  approach  known as dynamic  programming.  Nccdlcman  and  Wunsch 
(1070)inlrodu~thisapproachtomol~ularbiologis~,whichis,~0thisday, 
frcqucnlly rcfcrrd to as thc  Nccdlcman-Wunsch  algorithm.  Thc  dynamic 
programming  mclhotl  rcquircs only timc  proportional u, W, and is b a d  on 
a sirnplc mlimtion of what  thc  lcrm  optimal  ulignmcnt  irnplics. 

Derivation of Dynamic Programming  Alignmc~ll 

lfwcconsidcrthcopdmal,orhighcstscoring,alignmcntshowninA(bclow), 
wc m brcnk thc  aligrimcnl  into  two  parts ils shown in B. Thc ovcrall 
dignmcnt scorc is thc  scorc for the  Icft-hand  alignrncnt  of  four bascs plus  thc 
scorc for aligning  thc  two  boscs on thc  right. If wc usurnc that the 5 basc 
alignrncnt in A is o p t i d ,  wc  must  concludc Ulat the row basc alignrncnt in 
Bisalsoanoptimalalignmcnl. Ifitwasnot(forcxamplc,ifwcgavcapositivc 
scorc  for  aligning G with T), thc  alignrncnt  shown in C would  givc a highcr 
scorc than lhconc shown in  A. Then C rather than A would bc thc  optimal 
alignment. 

AATGC AATG c AATGC 
I I I  I 1 + 1  I . I I  
AG-GC AG-G C A-GGC 

A U C 

InplainEnglishLhcn.thcbcstalignrncntthatcndsatagivcnpairofbascs 
or  rcsiducs is thc b c s t  alignrncnt of thc  scqucnces  up LO (hat pint,  plus  thc 
scorc for aligning  the  two  additional b a x s  or rcsiducs.  Mathcmadcally,  wc 
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Simple Examplc ojDynamic Programming Alignment 

Actual  alignments arc calculatcd in two stages. First, the two scqycnccs are 
arr~gcdonalatticcinrnuchthcsamewoyasindotmatrixmethods. Forcach 
point in thc btticc, thc  illignmcnl scorn, S,, is  calculalcd. At thc y c  timc, 
UIcpositionoflhebestalignmcntinIhcprcviousroworcolumn,i.c.,Ihcscorc 
ofthcbcstprcviousalignmentwhich was uscd tocdculaleSv,  issorcd. This 
storcd value is callcd a poinler and is rnprcsentcd by an arrow. In thcsccond 
stogc,  thcalignment is produced by swing at UIC highest  alignment =on in 
the lattice, and building  up  thc  alignrncnl  from  right to left by following the 
pointers. This sccond slngc is  called UIC traceback. A gmph ofthc pointcrs 
is  somctimes  rcfcrrcd IO as a pafh gnph bccausc it delincs  thc path hrough 
UIC Iatticc that cornponds to UIC optimal  alignmcnt. 

Figure 20 shows P simplc  cxamplc of a dynamic progmming align- 
lncrltofthcscqucnccsAGGC(scyucncc I)imdAATGC(scqucncc2). In this 
cxamplc no penalty is upplied  for  introducing  gaps so that thc  optimal 
alignment issimply Ihcalignmcniwilh  thcmosl  matchcs. Thcscorc matrix, 

whcre Si is  the score  for h e  alignment  cnding at i in squcnce 1 and 
j in scqucncc 2 

s j  is  thc  scorc  for  aligning i with j .  

Removing  anothcr  pair or bascs from B givcs us thc  si;uation  shown in 
0 (bclow). Thc  ncxl  slcp  would  rcquin: inscdng a gop in scqucncc2. Bricf 
considerdon shows t h a ~  at any skp, lhcre ;~rc only lhrce possibilities: 
aligning h e  next base from scqllcncc 1 with h c  next base from sequence 2; 
aligning  the  next  base  from squencc 1 wih a gap; or aligning a gap in 
sequence 1 with thc  nex[ bast from sequcncc 2. 

M T  G C 
I + I  + I  
AG - G C 

D 

This allows us IO rcwrilc equation (3) in 0 morc dcuilcd form: 
. ,’ . .. I ! 1 0 

i 
I!, 

I . JA 
S i.1 j .  I 
max S;.xj.I+Wx.I 

n1ax S;.I j .y+wy.l  
Sv = s v  + max Xu<i (4) 

?q; 
\ 

whcrc S, is Lhc scorc  for  tllc alignment cnding at i in squcncc 1 md 
j in scqucncc 2 

st is  the  scorc  for  aligning i with j 
w, is the xore for making a x long gap in sequence 1 
w, is  Ihc  scorc for making a y long gap in qucnce  2 

allowing gaps IO bc my length in cithcr wllcncc. 

~cxorcsforgaps,w,arcncgativc;mdarcoflcnrc~crrcdto,2sgappe~ties. 
This conslitolcs a virtually complclc mathematical dcscripbon of dynamic 
progamnling alignments sincc  cach of h c  tcms on UIC right of quation 4 
can, iwlf, bc calculatcd lrom quation 4. 

a 
A A T G C  

A B 0 0  0 0 

G 

G 

C 

b 
A A T G C  

Am0 0 0 

G O  1 1  

G 
C 

d 
A A T G C  

Y 

G A 

G ‘“o\ 
C bl 

&urc 20: Calculalion of dynamic  programming dignmcnlr. Thc SMIC muria and path 
--,Lraph a1 scvcrrl slagcs during h c  calculalial of tho atignmcnl. In his calculation  only 

idahtical  malchcs  rcccivc  posidvc  scorcs, and no po~alty is rPplicd for gapr.’lhc nurnhcrs 
rcprcrwt thcrcorcr. S+ in LC swrc mnlrix. and givc thc s c o r c  for thc &SI alignmcnt cttding 
alrhu~priroflligncdrcsiducs. Ihcali~t~n~cn~scorcs~~porition~whcrrrhccanparisonscorc 
for h c  corrcrpa&g IWU ruiducs, s;*, arc pusitivc arc circlad. Ihc   pr lh  graph ir shown as 

cdcutrting the firs1 row of thc s u m  matrix1 b. nftcr  calculation o f% 3, rrrd ~ h c  first scvcral 
snows  indicating Ac  b c s l  previous a%gnnldnl 81 each position in Ihc  path graph. a. alter 

p in tcn  in h e  pah graph. c.  artcr olcuIa1ion or h c  tarrporition,S4e,. i n   h c  rcorcrnawk, 
and complctcd palh graph. d. simplified rcbrc matrix md puth graph’showing only rhc tcsl 
path or phc pssing Lrwgh cach pritivd ICOIC, s;i (circlul). 
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c.onl;~ir~ing(I1cS~v:1ltcs,isI'illctli~~fro~nl~C~~origl~~:~nd~~l~~oI~tt~t11. Iigun: 
20a shows *C scorc m:wix dtcr filling  lllc  first row (kl). Two  positions, 
indicalcd by circlcd scorcs, arc malchcs  and  reccivc a scorcof 1. A I 1  other 
posirions  rcccivc  scorcs of zcro.  Thc  alignment  score. S,, is  the sum of the 
xore for comparing  thc b w s  at i and], plus  the best previous  alignment. 
Since all of lhese  clcmcnls  corrcspond IO the  rust base in scqucnce 1, thcrc 
arc no b w l  prcvious  alignmcnls  and  no pinlcrs arc savcd at this point. 

Figuc20b shows a latcrstage in Lhccdculation of the score matrix. S,, 
is an cdgc  and LhCrcfOn:  thcrc  is no bcsl prcvious  alignmcnl to considcr. S,, 
has only  onc  position llm could conain a prcvious  alignmcnl, SI,,, and dlis 
isthcrcforcLhcposicionusdlorLhcpinccr. Tocalculau:S,,wcaddU~cscorc 
lor  comparing  Ihc G i n  scqucncc 3, ;uld Lllc T in scqucncc 1 (nlislnatcll so 
s,,=O),tothcbcs~prcvious~ignmcnr. Thcbcstpreviousdignmcntmuslcnd 
incithcrthcprcviousroworthcprcviouscolumn,a~vc~nd"ili~l~ft~fS~~ -.--_ . . -, . 

Thcdorc, wc  must took for Urc ~ C S I  prcvious alignment in both S,,, and s , ~  
(shown  shadcd).  Sincc Lhc scorcs for thcsc  positions IC thc mmc (in thc 
abscncc of gap Ix'n:ll\ics),  wc slorc a Ix)intcr for uch  of dlan. 

Thc final stcp in thc  gcncration of Lhc scorc mmix is shown in Figurc 
2Oc. Sctting  thc pintcrs for S,, rcquircs  cxamin;ltion of thccntircprcvious 
row  and  column  (shown sl~:~dcd) for d ~ c  bcst prcvious  alignmcncs.  Two 
cquivalcnl  positions ;IC fount i1t S,,, ond S,,, ;aid pintcrs sct accordingly. 
Thc alignmcnt is gcncritcd by following  dlc pointers from  Ihc  highcst  scorc 
in the xorc matrix, along a path lading up  and LO h c  lek Bccause an 
alignmcnt must end in cithcr  thc last buc  of scqucncc 1 or thc last basc of' 
squcnce2(thconlyothcrpssibili~ybcingthatbothscqucnccscndina~ap), 
Lhc highcsl  scorc in thcscorc a1;luix is constmind to lic in cilher Lhc l i s t  row 
(he l a s l  pair of' bacs in  thc  nlignlncnt  conlain thc last bascof sequence 1) or 
thc lasl column (he last  pair of bucs in  the dignmcnt  contains he last basc 
olsqucncc 2). In ourcxamplc. hc high1 s o M g  position  is  found at S,, and 
lhcrcf'c aligns h c  LLFI hx from wch scqucncc. This psition is shown boxcd. 

Figun: 2OC is conrusing kcausc of UIC lwgc  nurnbcr of unproductivc 
p x h s ,  thal is to say, pahs Illat arcr an m r l y  match  contain only mismatchcs. 
Bccausc optilnal  alignmcnu lnusl contain  macchcs, it is sulficicnr LO show 
only thc bcst pah or paths passing  Umugh  each  matching  position.  This 
simplification  applicd 10 Figurc 2oC gives US Figurc 2od. Wc  now pcrfom 
Lhc mcchck to gcncmc Lhc final  alignmcnl. Swting from thc highcst 
scoring  position,S,, , wc follow thc pointcrs  back,  building up thcalignmcnt 
oncpairof rcsiducsal n timc,  from  righl  IoIcft.  If'wcrollow l l lc lowcrpoinlcr 
at u c h  position, wc  gcrlcralc  lllc  following  alignmcnt in lorlr slcps: 
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a A A T G C  
b C G T A A  

I C 
1 

1.1gurc 21: Fffcct of not raving nil puth pintcrs. Ihc alignmcnt in Pigurc 20 i s  rcpcatd, but 
only ale  path pinlcr, the cmc which would introduce the shonoc gap. is raved for u c h  
position. S+ in L e  s c o r e  matrix. I. lewd alignment b. reverse dignmcnt . the ~ m c  
alignnwnt with u c h  rqucncrc rcvcrrcd. This will ollcn. but not ~iways. givc a di l lem1 
alignlacnt whcn only onc p intcr  is  srvcd lor each psition. 

I Alstp3 wcskipfromthcG insqucncc2tohcA,lcavingthcTunrnatchcd. 
Thisisagap;indicatcdbyaligningtheTwithanullcharac~r,inthiscxample 
;IIwiod. Thclinalali~nmcn~,~sindico~bythescorcforLhcalignmcnt,S,,, 
conlalns3malchcs.  Thcrcarcoctually livccquivalcntalignrncnlsbcginninbg 
with S,, in Figurc20d, all conlalining Lhrcc matchcs: 

i 
! J 4' J /  / 
j AG .GC A.GGC ~ A G G C  A .  .GGC /:~.GGc Sequence I 

1 2 3 4 5 
I 

i 
Therearcnoolherwaysloalign~cscscqucncesandget~rccmalchesunless 
gaps arc aligncd wih gaps. , 

Many  alignment progms allow only a singlc  pointer to bc sct  for  each 
position  in thc scorc matrix. Whcn  two  prcvious nlipmcncs have Ihc same 
scorc,anarbilrvydccisionmustbcmadcnboutwhichpoinlcrLOstorc. Figurc 
21ashowsnndignmcntcxamplcofthcsamctwoscqucnccsuscdabovc,but 
storing  only thc poinlcr hat corresponds to the shortcr gap. Thc rcsulting 
optimalnlignmcntisnumbcr3abovcandappcarslobcuniquc.judgingfrom 
thc path matrix. 

This  brings lo light M important point about alignment p r o p s .  
Although  dynamic  programming  lllignmcnl whniqucs arc guaranteed 10 

,, .find an optimal  alignmcnt,  thcrc  may bc olhcr equally optimal  alignments, 
" and somc of lhcm may bc morc  biologically  tclcvant. Ihc GCG progm 

GAP27 nppmchcs this problcrn In a uniquc  way,  allowing the option 10 
conlrol  which  cquivalcnl  pointcrs nrc savcd. Thc"highroad"  option  always 
saves  thc"uppcr"pointcr, and woqld rcsuh in dignmcnt 5 above,  whilc  thc 
"lowroad"  option,  which  always hvcs Lhc "lowcr"poinkr,  would  rcsull in  

i 

C GC G.GC AG . GC sequence 1 
I I I  I 1  I I I  
C GC ATGC AATGC Sequence 2 

step 1 step 2 s:ep 3 step 4 
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alignmcnl I (Figun: 2oC). Thc  highrontVlowroad  options will always  givc 
dilfcrcnt  alignmcnts if lhcrc ak cquivalcnr  nlignmcnts. For long  scqucnccs 
lhcrc  could bc hundrcds of quivalcnl alignments and it is  prohibitive  and 
confusing LO list  lhem all. Thc highroadnomad prccedurccan bo thought 
of as establishing an upper and lower  bound for the variation of lhe 
alignments. 

Another  way of dclccting  possible  equivalent  alignments is shown in 
Figure  21b.  Simply pcrform lhc  alignmcnt a sccond timc, keeping all 
paramewxs the same. but tcvecse both sequences. This method is not 
foolpmof,asFigurc21bshows,sinccdependingonwhichofthetwooptimal 
paths is  reportcd,  thc result might be the same as that of 21a. 

Thc  problcm of cquivalcnt  alignmcnts is worse for nuclcic  acid sc- 
qucnccs h n  for pmcin scqucrccs k a u s c  nuclcic widsnn: uslllllly  aligncd 
using a scoring  syslcm that givcs  all  identical  comparisons  lhe same score 
(usually I ) .  Incombination with Ihcfourch~clernuclcicacidalphabct.this 
makes  multiple  cquivalent pahs common.  Protein  alignments are usually 
made based on a scoring  system that gives a panial score for amino acid 
rcsidues that are chemically  or  mutationally  similar (see Scoring  Systems). 
In combination wilh the  largcr 20 chmcler protcin  sequence  alphabet,  lhis 
makcs  cquivalcnl  alignmcnu  lcss  likcly  (although still possible). 

,..--- 

hlore Complicated Alipnnlcnts 

Thcsimplc~iignmcntshowninFigurcs20and21appliednopcnalticsforthe 
introduction of gaps. For longcr  scqucnccs,  gap  pcnaltics  must bc uscd to 
produccscnsiblcalignmcnts. For insmcc, whcn humanpancrcatic  hormonc 
prccursorandchickcnpancmtic hormoncarcaligncd  wilhoulgappenaltics 
(Fiye22a),Ihchighsimilarityofthcschomologouspcptidchormoncsdoes 
not  immcdiately  slrikc  thc  cyc.  Howevcr,  when  penalties  arcapplied for Ihc 
introductionofgaps,asshowninFigurc22b, thesimilarityisclear.Itiswotlh 
notingthatthclnstfowrcsiducsofthcchickcnsqucncc~caligncdinanon- 
homologous  position in Figure 2h, but  corrcclly  in  Figun: 22b. 

Gap pcnal  tics  wcrc  originally  applicd  cithcr as a singlc  penalty, rcgud- 
lcssofthclcngtholthcgap(NccdlcmanandWunsch,l970),oraspcnf~yTor 
cachgapcharx1crinscncdintothcsqucnccs(Scllcrs, 1974). Morcrcccndy, 

Human ALLL~FLLC~M;APLEPVYPGDNhTP.EOrUO.YMD.LRRllINULTRPRYCWRHl(EDTLAF 

Chicken G . . . . P . . S . O . . P . . T . Y P G D D h . P V E D L I R F Y . . D N l ~ Y l ~ T . , . . . . R H U . . . , . Y  

Human ALLLI)FI.LGACCAPl.E~VlP~ONA,TPEQ~PYMDLRRYlN~LTRFRYGK~IIKEDTWF 

C h i c k e n  ............ GPSOPTYPGDDAPVEDLIUTYDNLWYWNVTRIIRY........ ... 

A : I : I  I I I I I : I  I I : :  I I I 1 : I : : l  1 1 :  : 

0 : I  : I  1III:I I:: : :I 1:I::li 1 1  

Flgurc 22: Csp pcndlies arc wpircd for rcnrible alignments. Thc diKnmcnt of Ihc human 
panccatic hormonc precursor and chickcn p u w e d c  honooc arc shown.  ldcnlical rnrlchcs 
an: shown as  *I1, and consenwive ruhrtilutionr as ':'. a.  nlignmcnl wilhout gap pcnalticr. b. 
alignmalt with p p  pendly o( I .0 + 0.1 x gap Icngh. 

w , = g + l r  (5) 

when wE is  thc penally for a gap of lcnglh x 
g is thc Icngth-indcpcndcnt term (gap  opcning penalty) 
I is  thc  Icnglh-dcpcndcnt lcrm (pap cxtcnsion pcnalty) 

The length-indepcndcnl tnn of  thc  penalty (s) is  applied to all gaps  rcgard- 
less of their Icnglh. It can bc cpnsidcrcd a penalty that is paid whcn the fus t  
b a c  or rcsiduc is oligncd wilh a gap chmckr, and is lhcrcforc  somctimcs 
calld a gupopcning or gapcmtion pcnalty. Vrc lcngdl-dcpcndcntlcrm (0 
ofthcgapped~yincrcascswithlhcIcngthofthcgapandcanbcconsidcrcd 
to bc a pcnalty  paid as cach  succcssivc  position is addcd to thc gap. For this 
r~on,itissometimcscalledagapextcnsionpenalty. FitchandSmith(1983) 
showed that for globin  mRNA squcnccs, correct alignments  could  only be 
made  if bolh terms were  non-zcrq.  As  can  be s e n  from  the  Figurc 22, gap 
penalties have a large effect  on  alignments  and it is  wise to m p l e  a wide 
Ssmgc of values in ordcr to find thc  most  intcrcsting  optimal  olignmcnts. 

Typical  valucs for Ihc gap cwtion pcnalty  arc in lhc rangc of onc half 
U, fivc timcs Ihc scorc for a match. VIC gap  cxtcnsion  pcnalty  is  usually 
srnallcrth~thcgapcrcationpcnalty,of~ninthcrangcofalcnthtoonctimcs 
Ihc scorc of a match.  When  thesc  gap  penalty  values  arc  used, an alignment 
mustgainasubsl;mtialnum~rofmarhestobeworthaddingagap,bu~along 
gap costs  only  slightly more lhan a short gap. This coincidcs with our 
knowlcdgcof  lhc  mutational p~cccss which suggcsts that long  inscrtions and 
dclctions of various  lcngths  can bc produced  by  singlc muutional cvcnls. 

Alignmcnl  programs  vary in thcir  trc;Ltmeni of gaps  invoduccd at thc 
cnds of thc  scqucnccs  (cnd-gaps). If Ihe gap  pcnaltics IC applicd for cnd- 
gaps, they arc rcfcrrcd to as wcighted  cnd-gaps. I f  thc  pcnaltics  arc  not 
;lpplicd, wc call  lhcm unwcightd-cnd gaps. For scqucnccs lhat arc known 
10 be homologous, i1 makcs  scnsc to wcight  cnd-gaps.  Howcvcr, i f  thc 
sdpcnccs arc diffcrcnl Icngths. or of unknown  homology, i1 is probably a 
gomJidc3tonolwcighlcnd-gaps. Ifyouarcunsurcwhclhcrthcprogramyou 
arc  using weights end-gaps, you may be able LO find out  by  adding  small 
mounts of additional squcncc LO thc  cnds of onc  sequcnce and observing 
thc cffcct on thc alignmcnt. 

.' Thc dignmcnt procedures dcscribcd  abovc  arc known as global align- 
mcnt  algorithms,  bccausc  thc multing alignments  contain all chmckrs in 
bolh scqucnccs.  Short but highly  similar  subsequcnccs may not be a l i g n c d  
inaglo~alignmcnlbecausclhcy~ouiwcighedbythercstofthcsequcnce. 
Onc of the most important  advanccs in dynamic propmming scqucncc 
alignmcnt mhniqucs was thc  introduction of l o c a l  aliprncnl rncthods 
(Smith  and  Watcrman, 1981). THcsc mcthcds find thc  1wo"rnost  similar" 
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E.~l~!l l~iol l .v 

Thcprimarydr;lwbecklodynamicp~~~mingmcthodsisthalthcyIcquirc 
, a considcrablc amount ofcomputation.  This limib thcir uscfulncssfor tasks 
such as dalabase searching.  One  simple  way to speed up the  alignment is to 
calculate only part of thc xorc matrix,  usually a diagonal h d  down the 
ccntcr  (c.g., SmmkofC and K r y d a l ,  1983). This  can bc dcly donc, for 
insmcc, if you  know thc scqucnccs arc homologous  and do not rcquirc largc 
gapsinlheiralignmcnt,orifyouhavcinformntionfromafaslcrm~od,such 
as hashing (see Hashing  and Neighborhood Algorithms) that tells you  whcre 
the mosl similar  rcgions of thc  scqucnccs arc. Scvcd mcthcds h a t  pcdom 
a banded alipmcnl mtl itcrativcly incrmc thc width of UIC band until Ulc 
optirrml  alignmcnt  is  found  havc  bcen  prcscnlcd (UWroncn, 1983). 

A funhcr gcal incrwsc in alignmcnt spccd can bc achievcd through 
subdivision. If scgmcnls in wch qucncc  can bc idcntificd, for inslancc by 
hashing  mcthods (scc Hashing and Neighborhood Algorithms), hat orc so 
similar  they arc unlikcly to match wih anything else, the  alignmcnl  can bc 
broken  down into two  smaller  alignments,  scparated by  the  matching 
segment.  Each equal subdivision  increases  the speed of the alignment  by a 
factor of IWO. 

Oncc a cDNA  clone  is  scqucnccd, onc usually  wishcci to idcntify  the 
protcin  cncodcd by thc message. Oncappmach is to Iransla ball thrcc(orsix) 
reading framcs of thc  nuclcic  acid quence  and use b e  mulling protein 
sequences as probcs in a fast database search  (e.g.,  TFASTA - Lipman  and 
Pearson, 1985; TBLASTN - Gish ct al., in preparation).  Unfortunately,  this 
approach C(UI bc quilc  scnsitivc to f m e s h i f l  errors in lhccDNA scquencc, 
An altmtivc to this  approach (States nnd Bolstein, 1990) uses dyn;lthic 
programming  mcthods to dign thc  DNA  and protein squcnce. 

SCORING SYSTEMS 

Thc simplcst  scoring syslcrns for molccular  scqucncc  analysis  give  positivc 
scorcs only IO comparisons of identical bases or residues. Thesc scoring 
tablesarcrcferrcdU,~;aoidentityorunilarymatricesandarr:stilltheprimary 
scoring systems used for  nucleic  acid  sequences. 

The avcngc ratc of transition  (purine to purine or pyrimidine 10 
pyrirnidinc)  mulluions  is about thrcc  timcs  thc avcrjgc mtc of msvcrsion 
@ h c  Lo pyrimidinc and vicc vera) mutations.  The ram of insertion/ 
dclction muhons can also bc dctcrmincd from Known homologous sc- 
qucnccs. Thw valucs have k n  uscd to calculalc  scbring  tables  for  nucleic 
acid  scqucncesbascd  on  maximum  likclihood mcthds (BishopandThomp 
son, 1986). Howcvcr.  mulation ntcs and charactcristics vwy dmatically 
from spxics 10 spccics, lronr coding to noncoding rccgions,  nnd from gcnc 
LO gcne. making it impossible to d c h c  a single bcst scoring systcm by 
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this  ;y-q-mach. In tllc  ahscncc or a singlc  uppropriak  scoring  tablc, most 
nuclcic  acid  scqucncc alignmcnb continue w bc bud on idcntity  scoring 
syslcms. 

Identity-based scoring syslcms  often do not givc  Ihcdesircd  scnsitivily 
when  comparing  dislandy related sequences,  especially for protein x- 
quenccs.Thcreisas~ngcon~nsusIhal,forproteins,scoringsyslemsbased 
onIhcchcmicalormutalionalaimilarityofIhcaminoacidrcsiducsarcmuch 
bcttcr Lhan idcntityscoring  systcms  (Schwarlzand  Dayhoff, 1978; Fcngand 
Dooliule, 1987). One w l y  method of scoring thc similarity of amino acid 
rcsiduesisknownastherninimumbascchangeorgeneticcodematrix. This  
scoring  systcm  calculatcs  thc  similarily  bclween  rcsiducs as the minimum 
r~u~nbcrofbasccl~angcsrcquirccl tochangcacodon foroncrcsiducmacodon 
Coranothcr. Thissystcmsccmcdespcciallyplausiblcforcvolutionarystudics 
bccauseitallowcdhcdi~crcnccinaminoacidrcsiducsLobcstalcdintcrm~ 
of drc minimum numbcr of mulalional  events nccdcd U, convcrt  onc  rcsiduc 
to anohcr. 

 he most  commonly u+ scoring  systcms for protein  scquenccs are 
based  on the MDM,, tablc  (rhulation dam matrix, 1978) of Dayhoff and  co- 
workers (Schwm and Dayhoff, 1979; George e( al., 1990; sce Appendix 
IV). Oftcn cnllcd  simply  thc"DayhoCT'  lablc,  this  scoring  tablc  is  dcrivcd 
using Ihc "acccptcd  point  mutation''  modcl of evolution (Dayhoff ct al., 
1978). A dawt wascompilcd from a group  of  closcly  rclalcd  protcins (Ius 
than 15% amino acid  differences), that could bc unambiguously  aligned. 
From thcse aligned  sequences,  Dayhoff and coworkers  wlculatcd a matrir: 
dcscribingthepro~bili~y,forcachrcsidue,thatamutationwouIdchangethe 
residuetoeachofIhcothcrpossiblercsiducs. Thcmatrixwascalculatcdsuch 
that theprobabilidcs rcprcscnt  thc  avcragc mubtiond changc that will take 
place  whcn 1 rcsiduc out of 100 undcrgo  mumlion (1% acccplcd  mutations 
or 1 PAM), This  matrix  is  called  the  mutation  probability  matrix at 1 PAM, 
or simply  thc  PAM-I  matrix. Thc spccific  modcl of evolution  used  by 
Dayhoff  andcoworkcrsassumes thatmoredistdy rclnlcd  pmtcins arisc by 
ascricsofuncorrclalmulnlionsthatcanbcdcscri~bythcPAM-1 malrix. 
Mathcmatically,thisiscallcrlaIirstordcr Markovchainlransitionmodcl. To 
dcrive a mutational  probability  matrix for a protcin  scqucncc that has 
undergone N pcrccnt accepted mutations, a PAM-N  manix, b e  PAM-I 
matrix is multiplicd  by  ilsclf N times.  This results in a family of scoring 
matrices oficn refcrrcd LO as PAM-120, PAM-250, etc. 

Bccausconcof~ndcsircstoknowifanalignmcntismorclikclyth;aoonc 
bctwcen  unrclatcd  scqucnccs,  scoring  systcms  arc oftcn converted to a log- 
cxlds matrix, In a logsdds matrix, c;rh clcmcnl of the matrix,  rcprcscnting 
Ihc probability that thc two corresponding  characlcrs arc evolutionarily 
rclakd, is  dividcd by thc prdbabilily h a t  thc two charactcrs  could b c a l i g n c d  
bychancc. Toaidinhccalcctlationofprobabilitics,thcvalucsareconvc~cd 
lologarithms, ~cl~-otl~bf~xmoflhcPAM-250mauixiscal lcdMD~,and 
Dayhoff nnd coworkcrs  rccommcnd using i t  Cor all scqucncc  comparisons 
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~ ~ r o u g h i t l ~ ; u ~ c n l l r g u c t l d ~ ; r t i ~ ~ ~ r ~ y ~ ~ ~ ~ ~ r t o u s c ~ ~ ~ ~ u i v a I c ~ ~ t I o ~ ~ d s  
malrix  G-lculalcd  for a lowcr PAM for nlipmcnts of unknown  scqucnccs 
(Allschul,  pcrsonal  communication).  Thc log of thc  probability of lwo 
sequences  being  evolutionarily rclatcd can, in principle, be calculated as thc 
sum of thc  scorcs  forcach  aligncd  pair of residucs,  i.e., the alignment scorc 
ifalog~dsmabixisuscdashcscoringsystcmforthcalignmcnl. However, 
this is  ovcrly  simplistic  sincc it ignorcs thccffcctof inscrtions  and  dclctions 
on heprobabilily. 

The acccpled  point mutau'on mdcl of  protcin sequence  ovolution is 
known lo bc i m p c r h t  in  a numbcr of ways.  Onc  common  criticism  is that 
thc  frcqucncics of mulations h a 1  rcquirc morc ban onc base  changc in thc 
DNA scqucncc  is  highcr than would bc cxpccrcd  for a simplc  Markovian 
model of DNA scqucncccvolution (Dayhoflmd Eck, 1968;  Wilbur,1986). 
This  crilicisrn.  however,  is  bascd  on a spccific  modcl of DNA scqucncc 
evolution  which  is,  ilsclf, o p l  IO crilicisrn  (Gcorgc  ct al., 1990).  Morc 
importandy, h c  acccptcd  point  mulation  rnodcl  aSsumcS that all rcsiducs in  
a protcin arc qwlly rnutablc: an assumption h a t  is clwly  incomt. This 
can be easily  sccn by examining  alignmenu of familics of homologous 
protcins.  For a sct of six protcins,  each  sharing apairwisc squcncc identity 
of 35 % or Icss, onc  would cxpcct 10 find  not a single  amino  acid  conscrvcd 
in cvcry  scqucncc if all positions  wcrc  cqually  mulablc. In actual familics of 
prodns, howcvcr,itisnorunusual to find scvcnl rcsiducsdlatarcabsolutcly 
conscrvcd in dozcns of dismtly rclalcd  scqucnces(chcactivcsitc  friad of Ihc 
scrinc  pro^^.^, for cxamplc).  Furhcrmorc, by s u i n g  from alignd 
sequenccswithonlyoncortwodiffcrcnccs,Dayholfandcoworkersselccled 
mulations  occurring at h c  most  mulablc  positions as thc  basis for thcir 
calcul~tion. Sincc  thc  most imporunt  fcaturcs in alignmcnts IUC d~osc 
positions that m unuswlly  conscrvcd, it h a  bccn argued hat  scoring 
systcms b d  on  thc  chcmical  or  structural  propcrtics of thc  amino  acid 
rcsiducs may producc bcwr alignmcnk  (for  cxamplc, Kubob ct al., 1981: 
FengandDoolitdc,  1985;Argos, 1987;Rislcrctal., 1988).  L;ady.demaLrix 
may bc biased k n u s c  it \vu dcrivcd  using  mainly  small  globular  prolcins 
x a kwis. In spitc of i& Il:rws, llrc MDM,, table,  or u scoring ublc dcrivul 
from il, rcmains Ihc  only  witlclyacccplcd m.ansofscorirlg prokin qucncc  
alignrncnts.  Thc impomrt  psilion that Ihc MDM,, lablc  occupics in mo- 
lccular squcncc mnlysis is clcarly  indicated by thc  lac1 drut cvcry  ncw 
scoring  syslcm  comp:ucs  itself 10 thc MDM,, lnblc as a standard. 

A spxial clxs of xoring systcms  known as mclric  distanccs  mcrils 
additional  considcntion. A mclric is a dismcc  mmwc hat has thc 
following propc~cs: 

no  distancc  is  lcss than 0 

thc disbncc is symmclric:  drat  is, h c   d i s n c c  from A U) B is 
idcntical  scqucncc chmctcrs havc a dislancc of0 

thc  samc as Ihc dislancc from B to A 
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thc  scoring  syslcm us u wholc  obcys  thc  triangle inqualily; 
if you considcr  any  lhrcc  disknccu, l l ~ c  dismcc from A ID C 
must bc less than or qual lo the distance  from A ID B plus 
the dislance  from B lo C 

Mctricdislanceshavcrcccivcdagragrealdcalofaucnlionbymalhcmaticims 
and wcrc cxknsivcly uscd in the w l y  dcvcloprncnt of dynamic program- 
ming  scqucnce  alignment  lechniqucs (Sankoff, 1972: Sellers, 1974). 'ihe 
emphasis on rnctric dismces is due  mainly lo Ihe early u s e  of sequence 
alignments lo pmvidc P mcasurc of evolutionary d i s ~ c c  between  two 
squcnccs. An alignment scow gcncnlcd using a mcuic  scoring s y s ~  is 
ilscll a mclric, and bus thc  most  appropriau: kind of mww lo usc in 
conslructing P phylogcnctic tree. 

Many  alignmcnt  programs  pcrmit  onc to usc a uscr-spccificd  scoring 
sysbm. Usually,  thcalignmcnt progm rwds thc  scoring  information  from 
a scparatc filc. It is  cxlrcmcly  important to usca scoring  system  appropriatc 
tothcalgo$hmyouarcusing. Forglob~lignmcnts.alloflhcvJucsinthe 
scoring tsljle must bc p t e r  than xro: if they are not,  Ihc  highest  scoring 
psition is  not guaranlccd 10 occur  at  thc last row or column of h c  scorc 
msuix, and  the  rcsulting  alignmcnl  is  likcly LO bc lcss than optimal. Local 
alignmcnt  algorilhms  rcquircthat  scorcs for mismalchcsbc l c s s  than zcro. If 
youinadvcrtcndyusca~blcwithonlypositivcscorcswilhal~c~lalignmcnt 
program,  the mult is  not so disastrous - thc resulting alignment is simply 
a global  alignment. 

Fast Method\ 

Tobcuscful,analgorithmmust~ablc~scnsitivclyand~~i~callyi~cntify 
scquci~cc rclationships  whilc  running on availablc  computing  systcms wilh 
s;rtisPictory  cxccution  timcs?l  Efficicncy  is a complcx  issuc  influcnccd  by 
many asspccls of h c  computing  rcsourccs  availablc. High spccd micropro- 
ccssors andddiculcd spccial purpoxcoproccssorsmay aidc in somcphascs 
of s w c h ,  whilc  ovcmll  pcrformancc  rcmains limitul by olhcraspls. I/O 
rcquircmcnls, mndom acccss  mcrnory  space and awcss paucms, and disk 
acccss all nced lo bc considcrcd. Thc dynamic p rowming  algorihm 
dcscribcd abovc is guaranlccd lo find lhc optimal alignmcnt  bctwcen two 
pqucnccs, but  bccausc it quires  ordcr Ep opcrations, Lhc use of this algo- 

,-- rithm for databae scarching  on  cUmndy  nvailablc PC's and worklalions is 
prohibitive.  Thc  dynamic  progrdfnming Jgorilhm is  amenable lo pyallcl 
implcmcntations pmcssing an cntire  anti-diagonal slripc simultaneously. 


