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log = log', ad 7 - .0577 

Fa the R = 32 s e g ~ e m  d knglh - 75 = N, lake L = 32 u well. If the k t ten  ue 
equally Iikely. p = (114)" nd 

YM(32.32))-3.1144.. . + 0.0134.. - 0.5 

= 2.6278 . . . 
ud 

d = 0.0842. . . 
with 

. 
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Table 2 
ESTIMATES OF STATISTICAL 

SIGNIFICANCE FOR APPEARANCE OF SOME 
k-LE7TER WORD IN SOME WINDOW 

POSITION AND IN AT L W S T  L OF R = 32 
SEQUENCES OF LENGTH N = IS 

k L W a p Htr.b) P 

4 20 50 0.184 0.625 0.474 1.73 x 10.' 
4 24 75 0.281 0.75 0.472 7.14 x 10.' 
6 10 75 0.171 0.313 0.662 2 . U  X 10.' 
7 7 75 0.004 0.168 0347 4.17 x 10.. 

4' exp( - RH(a. @)I 

where tI(a.@) = @lo@a + ( I  - B)log(l - B)/(l - a). The factor of 4' i s  to cmnl the 
number of possible w. This  quantity apinuximuu the prubability that some k-letter word 
i s  c o m m  to at kast L of R sequencer of kngth N. If a window of width W i s  placed in 
dl N - W + I possibk positions, then thc estimate k a m e s  

(N - W + 1)4'exp(-RH(o. PI). 

whew a = P(w occurs in W kttcrs). 
Some mmpk c s t i F e s  appear in Table 2. Finding some four kner word common 10 24 

of 32 rcguenccs of length N = 75 wil l  only happen with the probability of 7.15 X lo-'. 
In our sequences. we find the word w( = GlTC)  i n  all 32 ~guences ptfectly aligned. a 
highly unlikely event! 

111. ALiGNMENT BY BASE PAIRING 

Whik alignment by matches common to many vquenccs is a very useful procedure. the 
slriking fulurt of rRNA data xu is c o m d i l y  of buc p H n g .  The most conserved 
futums in Figure I are no( conserved letters. buc conserved buc pairs (bp) or helixn. The 
aminawyl stem is a helix of 7 bp. while the TJlC stem and Ihe anticodon stem have 5 bp, 
and Ihe D stem has 4 bp. 

All of the invuianl hel ixu are, in our dam set. cornpod of differing ~guenccs. The 
common fulum is that a helix of the q u i d  kngth can be formed with a mlatively small 
amounl of shifting of individual sequences. 

A. Finding Hcllxa 
We have chosen the following implementation for mr search for variant or consensus 

helixer. Position two nonovcrlapping window of width W on Ihe data set, al a dishwe or 
separation of C rpm. Lt k be h e  desired helix knglh w h  k d W. Then find the location 
of lk bul (if MY) helix (or helixu if more than one cxisls) in each sequence within the 
s p c c i i i i  widows. "Mismatches" conrspond to interior bops. while the inrrticnldektions 
of knm cOrrupOnd to bulges. Usually we will simply m h  for helixn of some length 
with 8 specifid amount of mispairing (misnutches). The score for a given window position 
is the sum of the s c m s  for each sequcncc. We KOR a helix by ihe number of base pin 
divided by helix kngth. 
To do a full search of the data for length k heliacs in window of width W. we let t .  the 

separation between windows. vary from t = 0. where there art N - 2W + I window 
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Table 3 
ESTfMATES OF =ATISTICAL SIGNIFICANCE 
p FOR APPEARANCE OF CONSENSUs BASE 
PAIRING (Ir-LE’lTER HELICES) BGIWEEN 

TWO WINDOWS OF WIDTH W IN AT LEAST L 
OF R .C 32 SEQUENCES OF LENGTH N = 75 

k L W 6 Il(r$) 

4 I6 8 0.010 0.m 0.SZI 1.29 x 10.’ 
5 10 6 0.03s 0.313 0.450 1.21 x lo-’ 
6 16 2S 0.010 0.m 0.S2t 7.23 x lo-’ 
7 8 25 0.002 1.250 0.- 2.71 x 10.’ 

posilhs. (0 C = N - 2W where exactly one window p i t h  is possible. This c . u m  any 
such srattb to lakeO(ff) aim. vhue W and k M fixed .  

0. Staudkl  Mgniliunce 
Once .pin. it is nmmI 10 ask .bou( the signirt- kvel of found bse pairing p i t e m .  

Fottunately the work of the last section can w i l y  be unkd over. 
Ihe luge dcvi.tion famtlas fa  statistical signnilitam go- fdbws. We h r ~ e  R w g u e ~ e s  

of mlb N. with 8 rindow width W and wad size k. The probability a of finding a k 
kner helix in a given requm~ with f i x e d  window p i t ions is  

c 

a (W - k + I)‘(lN)’ 

incc t k  arc (W - t + I )  d i s h  ways to T i  the helix location in each window. As 
above. we want tofinda helix at k . s C  L o f h  R sequences. If 0 = UR and f4 >a, the 
eshatc d statistical s i g n i T t e  is 

P ”  
(N - WMN - (I t I)) 

2 exp( - 

ThccorN~icncofexp(),(*;’”). mtheabovccqurtioncounts window positions inquences 
of Iccyh N. For our bu set. T.Me 3 giver some rckvanf winutes. 

C- alignmen( Of many RNA sequences is. in principk. a simpk stnighlfawud 
paedure  al this point. h w c w r .  writing usabk complta p o y m s  is a m a p  problem 
and. in addition. thue pc many difViiultks cncoumcrcd m the analysis of actual seguences. 
k f m .  we illuslnle this analysis by fdding our r* of IRNA sequences. 

IV. FOLDING tRNAs 

As anphasiscd in ur l ier  roctiOnr. alignmw and folding arc inremlatd pmhkms. To 
fold 0 set of IRNAs. w nccd a strncgy f a  .ppmwhing the pmblem. Not only uc chue 
dcpendcnci bctwccn alignmen! and folding. buc also dcpcndenci within bolh opcntions 
of aligamnc ad folding. In folding. fa example. there me mnllictr betunen different 
kngfh helixer M well as gurliy ( n u h d b u l g a  and i n l ab  laopr) dhelixcs. We apparh 
hcre pmbkmr by fits locating bng(iul*tinlly signikant) matches between the sequences. 
Then we locate common pituns d bane pairing. 

A. IRNA Allgnnrmt by Matcba 
We TurC cxpkm alignment by matches. Recall fnm Scclion II that whik a 4-11x7 is 

c ~ m n m  to JI 32 of OUI sequencer (W = 75). the capaed kngth d pattern C~~IIX)(I to  
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FIGURE 5. 
y*Ic our1 hcuian. 

righl justification. which locates che T+C bop. The left justification of Figure 7 locates the 
anticodon Uem. A prion'. without the probability cakulations justifying alignment on TK. 
thcy ue equally Ruonabk alignments. To see that Ihc dals analysis differs for left- J& 
righ(-jUsified alignments, Ihe superimposed graphs UL given for right-justified sequences 
in Figure 8A urd kft-juscikd sequences i n  Rgun  8B. 

In all d Figure 8,  W = 10. w d  s i te  5 5. and the amount of mispairing is mm = 0. 
There i s  8JlOlher nasmabk possibility for initial alignment; fhc segucncer can & aligned 
on both ends. This simply mans that vrrisble loop sizes will resulr. The superimposed 
graphs for such a search is presented in Figure 8C. 

3. Presentation oj t idues . 
It i s  clearly possible. by moving the dotted vcnical line, to move aboul in a graph of a 

singk upration. To move from separation (0 separation. we move the relative positions 
of windows an he scmn where the sequence se~ is displayed. To illustrate. Figure 9A i s  
the graph f a  separation 3. where the sequences arc aligned left and W = 10. k = 5, and 
mm 0. Comaqonding tn the hmizontat kuion of the dotted line arc the window krtionr 
and displayed found pattern of Figure 98. In summary: ( I )  moving the right window ahout 
in Figure 96 moves the dotted line in Figure 9A and. when sepalion bctwecn windows is 
changed. moves ta a&kr separation graph; and (2) movins thc dotied line in Figun PA 
moves the window p i t i u n s  in Figure 98. while maintaining window separation. 

Occaux the T+C loop matches we h n d  ahive align ~ d e c t l y  when the scguencer arc 
right justified. wc right justify a d  scan with W = 10. k = 7. and mm = 0. A highly 
signiriaM I 3  helirer arc found in the 32 sequences. In eaarnining this pattern. it i s  discovered 

T k  p.cm @c i s  laud in dl 32 E .  rdi IRNA -r. 11 occurs pdcctly d i C d  n wll as 



In OUI sequences "( . . . 1" and I . , . )" an used IO s W  k ) i x  size a d  \ocation. This 
rheme. of course. docs 

There is no signirtcanc pairing with k = 6 when we sc8n the uer between the bru-pircd 
regions with W = ID and mm = 0. Moving to k = 5. we show in Figure IIA  he scan 
with separation I. The rightmu slender peak comspads to the T W  stem and i s  shown 
(mm 5 I )  in Figure 118. The kRmost peak is r e f i d  by kfc justifying the remaining 
muences. The COIU~M(N pairing pattern is  shown in Figun I IC. We. of courre. have 

work il we do not haw Sccomiy suv~turc. 

V. TERTIARY IfccwucnONS 
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In closing, we menth  that many data sets remain 10 hc eramined. The tRNA sequences. 
5s. 16s. and 23s. are well analyzed. but i t  will be instructive and. we hope. revealing 10 

analyze them by lhese methods. Deeper malhemalical and bidogical questions of inlemng 
rRNh phylogeny via rhese consensus atiinmnfs remain for funher study. Sce Pace CI aI.'l 
for 8 recent overvKw of these and related questions. 
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