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Chapter 8

CONSENSUS METHODS FOR FOLDING SINGLE-STRANDED NUCLEIC
ACIDS

Michael S. Waterman
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1. INTRODUCTION

As the preceding chapter' has explained, the structure of single-stranded RNA macro-
molecules is crucial to the functioning of an organism. While it has recently become routine
to directly read the primary structure of these molecules by sequencing techniques, the
deduction of secondary and tertiary structure is much less straightforward. The secondary
structure of DNA is well known: DNA is double-stranded according to the familiar Watson-
Crick rules. Double-stranded DNA has shemate double helical structures. The classic B-
and A-forms are both right-handed helixes while the Z-form is lefi-handed.?* RNA has base-
pairing rules corresponding to those for DNA: T in DNA is replaced by U so that base A
peirs U (A*U) and base G pairs C (G*C). The pair G*U is usually added 10 this list. The
fact that RNA occurs frequently as single-stranded often makes the secondary structure of
RNA difficult to determine. Segments of the scquence will form base pairs between them,
and the prediction of the resukting structure is a difficult task. Obviously the resulting structure
— the folded molecule — is highly dependent on the specific linear sequence of the RNA.

It is quite surprising, 10 8 mathematician at feast, that biologists have been 3o successful
# predicting some important secondary structures. In fact, the first primary (linear) sequence
of a (RNA (transfer RNA) appeared in l%S‘lhngwkhdwclovulcaHormof:econdary
structure. nhwuhuﬂnwumctuumdhsbeenveﬁﬁedbyx-nycrys-
ullop:phy.’mnerﬂnnbygueuingorimpedion.ﬂaelecmtobclwomjottechniques
prudktionofmym:mmnimmmymhodmdﬂnwmwmive
method. The previous chapter gives an extensive treatment of the important minimum energy
method, which utilizes dynamic programming. After briefly discussing the minimum energy
lppluchweturntoﬂlenninlopicofdlischam.compuuiveorcousemsmnlysiso!
folding.

In an important paper Tinoco et al.* proposed assigning frec energies o the components
dmﬂnym—dnvuinshnepain.endloopc. bulges, interior loops, and
multibranch loops — and then finding the minimum free energy secondary structure. To
accomplish this task they presented the base pairing matrix for an RNA, which is the analog
of the dot matrix for sequence matching. One difficulty with fully implementing their proposal
is the huge number of possible secondary structures. The ber of configurations has been
studied,” and it was found that for sequences of length 150, allowing end loops of two bases
of more, there are 1.22 X 10 possible secondary structures. Now this number counts all
conceivable structures, and the base pairing of a given sequence reduces the number some-
what, but the point remsins. There are too many candidate structures to simply consider
them all and take the one with minimum free encrgy.

In 1978, two dynamic programming methods were proposed (o solve this problem.
Waterman® and Waterman and Smith® used p | energy functions and, in an iterative
fashion, built up the complexity of the optimal structures. Nussinov et al.’™ maximized the
number of base pairs in a single pass algorithm. The advantages of both of these methods
have been combined into s useful, efficient algorithm described in the preceding chapter.!

Someoflheshonoonﬁngxofmcnﬁniummmgymhodsm(l)lhelackol‘precise
knowledge sbout the energy functions themselves, (2) the large amount of computer time
required, and (3) the inability of the current algorithms 1o handle many sequences simul-
tancously. Jtem 3 is really a subcategory of 2, since computer time and storage is the main
difficulty in 3. SankofI'* has an sigorithm to simultaneously fold and align several sequences;
three sequences seem (0 be an upper limit, but the ability to both fold and align several
sequences is an important problem. To overcome these difficulties, it is instructive to take
a careful look at some of the successful work of biologists who study these problems.

In a remarkable 1969 paper, Levitt*? obisined a cloverieaf model that (it all the 14 tRNA
sequences known at that time. He almost certainly obtained his consensus structure by
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whenever a position is conserved, the identity is indicated. Dashed lines indicate nucleotides
that may or may not be present in any given molecule.

amranging the sequences by hand into an alignment in which helixes and homolo;»cls k():;:ll:;al
bases) were represented. Later, the structure was l.argely conﬁnned bly wcrhy::. m‘“e.d
Essentially the same pattern of helix and homology is shown in Figure e e ool
universal cloverleal is shown."> The over MJ:D; known (RNA sequences

we now discuss it in some il. .
S(m'!::l:;e:nmiing of Figure 1 is that all known tRNA sequences CI? b; :cnng:d ble'::: e::
alignment with positions labeled as in the ﬁm. m appearance olibe i, lp:m; T ey
1 and 72, foé example, means that whatever the lfknl.lly of the bases |3 e iw.nde Y
form a base pair. The sequences end in CCA; this t.np|e| has boic‘n co:gcmed.b P,
of any base pairing. Actually the **universals”™ u; :‘; m p:;sl::):cs' ml: -y mym 0 T

uences. The variation in sequence es 3
:L;:::m ':?ascimling and difficult problem. The D arm varies ln#:gl:lml:)' t:::e lt:“l!:::::;
while the so-called extra arm varies in length by up 10 18 bases. refore,
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is not simply given by shifts of the primary sequence, but must be found by inserting gaps
into the sequences. Notice the farge number of conserved bases in the interior of the sequence.
Positions 53, 54, 55, and 56 are GUUC, the longest conserved sequence in the structure.
In total, 14 of the bases of tRNA are conserved in the alphabet {A,U,G,C), while 8 more
are conserved in the Purine = Pu and Prymadine i Py alphabet, {Pu, Py}.

Let us take a brief look af the magnitude of the problem of sequence alignment, which
we must solve to put the sequences into correspondence. The (RNA sequences can differ
in length by as much as 20 bases. If there are R sequences and we want to look at them in
all possible arrangements, not allowing gaps within the sequences, there are a minimum of
(20 + 1)" possiblc amrangements. If R = 14, as was Levitt's situation, (21)"* =~ 3.24 x
10", If R = 32, as in the example of this chapler, (21)°? ~ 2.05 % 10 If R = 150, a
reasonable number of tIRNA sequences, (21)° =~ 2.15 X 10", In none of these cases is
it possible to exhaustively consider all alignments on any modemn computer. Allowing gaps
from 1 1o 20 letters only increases these numbers by many orders of magnitude. Even with
no gaps and only R = 14 sequences, a direct approach to alignment is computationally
hopeless. Clearly, the approach of considering all alignments individually is not feasible,
even for the smallest cases of interest. '

The approach of inferring structure by common-(conserved) features, helixes, or homol-
ogous bases, has come to be known as the comparative or phylogenetic method. Features
in tRNA (ribosomal RNA) essential 1o organisms must be conserved in evolution, and it is
hoped that these features will be recognized as common in the sequences studied. For
example, the CCA at the 5° end of tRNA is involved in the interaction between tRNA and
the amino scids. By locating CCA in a (RNA sequence, we obtain valuable information
about the location of the acceptor stem. Levitt’s approach was based on these ideas.

After (RNA, the next RNA molecule for which this method was used was 5§ rRNA,

aymllognphicdalafmthismlecule.hnbioclcmicalnﬂph, iochemical evidence supy
the structure. (See Waterman'” for s consensus approach to folding 34 55 rRNA sequences
on a computer.) The difficulties of unequal sequence lengths exist with S5 sequences also.
A study of Trifonov and Bolshoi'* studies SS folding by a related method which has some
drawbacks. First, the sequences must be aligned, a difficult problem in itself. Then the base
pair matrix® for cach sequence is obtained. The matrixes are summed and possible helixes
appear as dark, antidiagonal regions. The methods presented in this chapter directly consider
the helixes.

The next larger rRNA, 16S, and 16S-like molecules posed new difficulties for investi-
gstors, due in part to the greater sequence length of approximately 1540 bases. As in SS
sequences, bulge loops, interior loops, and noncanonical base pairs (those other than A*U
or G*C) appear in 16S structures. As with 5S structure, 16S structure has been solved by
the comparative method. The work was mainly done by three groups, and it is this work,
notably that of Woese and Noller,'*® that provided the motivation and inspiration for this
chapter (sce also References 21, 22, and 23). The model of Woese and Noller and
collaborstors™ for 16S rRNA of Escherichia coli is shown in Figure 2: These authors describe
their spproach'® as progressing with slignment of 165-like tRNA sequences in parallel with
the development and testing of the secondary structure model. Preliminary alignments are
then used to identify obvious primary and dary fe ; these patterns are
used as the basis for refinement of the sequence alignment. The procedure is then iterated,
and new sequence information incorporated as it is obfsined.

It is the goal of this chapter (1) to make some of the Noller-Woese procedures explicitly
defined so that other groups can see exactly what the corresponding computer searches are,
(2) to find efficient computer methods to perform the scarches, and (3) to give some estimates
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FIGURE 2. Sccondary structure of E. coli 165 RNA. (Taken from Moszed. D.. Stern. S.. and Noller, H.. J.
Mol. Biol., 187, 399, 1986. With permission.)

omparative method is that important
conserved over the course of RNA
tized by the organism. Our task is to

of statistical significance. The philosop.hy beneath the ¢
features, such as specific bases or helixes. have.bcct!
evolution and that these conservedhfcalures are still util
ake this approach into an algorithm.

" For illustrative purposes we will study the set of 32E. col o

in Table 1. Since some of the sequences have the exira arm. . wcceon
i from 74 10 93 bases. Several other interesting features arisc. For examp e, the T
p f“’f“ 'I':.d hax; from the “"universal”” structure in the scquence of‘hlsudmc . k‘;
;:::"k:sﬂs(':ll\t :::hc .‘Imrlcﬂ RNA sequences we have discussed. they will serve we

i S s s

i IRNA sequences whose names
on in length
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Table 1
THE 32 E. COLI {RNA SEQUENCE
NAMES WITH THE GenBank
ABBREVIATIONS

sla (RNA; ECOTRAIA
als IRNA; ECOTRAIB
cys (RNA; ECOTRC
asp IRNA;  ECOTRDS
slu IRNA; ECOTREI
gh (RNA; ECOTRE2
phe t(RNA;  ECOTRF
gly IRNA; ECOTRGI
gly RNA; ECOTRG2
sly RNA; ECOTRG)
his (RNA; ECOTRH!
ile (RNA; ECOTRIN
e IRNA; ECOTRI2
Iys RNA; ECOTRK
lew (RNA; ECOTRLI
lew IRNA; ECOTRL2
Tew tRNA; ECTORLS
Initimor ECOTRMF
met (RNA;

met RNA;  ECOTRM
ma (RNA;  ECOTRN
gla IRNA; ECOTRQI
gin RNA; ECOTRQ2
ag RNA; ECOTRR!
arg IRNA; ECOTRR2
ser (RNA; ECOTRSI
ser RNA; ECOTRS)
the RNA; ECOTRTACU
val RNA; ECOTRV!
val IRNA: ECOTRV2A
val tRNA; ECOTRV2B
wp RNA; ECOTRW

illustration. Both 16S and 23S are too long with which 10 easily illustrate the i

although even with their greater length they are sill computationally feasible. s ﬁ‘.’l“.'.'ﬁi
1540 bases while 23.8" has about 2500 bases. As will be seen, (RNAs are quite suitable
for our purposes, being of manageable size and of sufficient difficulty of folding. Dynamic
pto':nmmmg methods are reputed to fold approximately half of the (RNA sequences into
a cloverleaf structure. Consensus methods, as will be seen, fold all E. coli IRNAs into the
correct cloverleaf shape. In addition, tertiary structure can be studied by the same methods.

Il. ALIGNMENT BY MATCHES

In earlier chapters on alignment by Karlin® and Waterman,?” the authors di i
. ] . discussed findin

::ima.lly ugnif,cu.u matches between sequences. The motivation for that work is the Ilopz
oy ':l;ﬂwdly ?lgmﬁcanl matches between sequences will be biologically significant. In

ng.of this chapter, there are several conserved (or *‘invariant’” or “‘universal’”)
sequences in (RNA. In Figure 1, we notice that the longest universal p is GTTC. In
:.u' data we will sce that wnh a few exceptions this patiem is contained in a longer five
is :t pme::"(‘}(.ﬂ'l;(':. beginning at base 52 in the figure. The acceptor arm pattern of CCA

so pre: in all sequences. Scveral other one and

cxariniag g I and two letter patterns can be seen on
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There are several reasons for being interested in these invariant patterns. Their presence
has been conserved over evolutionary time, and this gives us some reason to believe they
are essential to the functioning of (RNA. Our basic reason for study of these dala sets is to
deduce structure, function, and evolution of the macromolecules. As an aid in deducing the
structure, then, finding significant invariant patterns could be essential in deducing the correct
alignment of the data set. While no shifting is necessary to find GGTTC if the sequences
arc already aligned on their right ends, such shifting into the correct alignment could allow
us to locate other smaller patierns, as well as base pairing which might otherwisc be un-
detectable. This tums out to be the case with 165 RNA.®

It is now time to ask some hard questions. What is the basis for concluding that such
patterns are universal? The flaw in looking at a data set until a patiem is seen and then
concluding it is significant has often led scientists to incomrect conclusions. Exactly what
search is performed to find these patterns? Are other significant patterns missed in Figure
17 How is statistical significance to be estimated? These important questions are addressed
in the remainder of this section.

A. Finding Matches

In the search for matches, our program simply finds all patterns of a specificd length that
occur at or above a present frequency in a specified section (column **a™" to column ‘‘b"")
with the sequences arranged in some alignment. Even if a sequence, GTTC for instance,
occurs several times within a single sequence, it is only counted once. For small data sets
such as the (RNAs, to find k-letter (k-mer) repeats it is sufficient 10 make a table of all k-
mers occurring in the sequence (k = 9) with their frequencies and then check to see which
occur at the required frequency. The search for k-mer repeats can evidently be performed
in time proportional to the ber of letters (N say) in all sequences with storage bounded
by O(4"). If the common sequences are longer, then the techniques of hashing allow the
search to be done in NlogN time (see Martinez™ for a useful algorithm 10 find repeats in
molecular sequences by hashing). Thus it is seen that the search for common patterns is not
computationally difficult in these problems. In these cases, we are interested in exact matches

only.

B. Statistical Significance

1. The Log(n) Distribution
Estimates of statistical significance of matches are more difficult than finding the matches

and were not well undesstood until recently. The model we study here is R sequences of
length N that have iid (independent, identically distributed) letters. The event for which we
calculate significance levels is that of finding a pattern of length k common to L of R

quences. First we p Its for the case N — . In Chapter 3, the case of R = L
= 2 is discussed with extensions to imperfect matchings, while in Chapler 6, extensions to
larger R and L are given. We give the simplest of these extensions here. Let p = P(X, =
X, ... = X,) where X,, the letters in the sequences, arc iid. If the alphabet has four
cqually likely letters, p = 4(1/4)" = (1/4)"~". Let M(R.L) = length of the longest pattern
common o at least L of the R sequences. Then,

E(M(R, L)) =~ log(()N') + log(1 —p) + vlog(e) — 172

and
Var(M(R, L)) = a? = ( log(e)/6 + "2

where
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log = log,, and y =~ .0577

For the R = 32 sequences of length ~ 75 = N, take L = 32
cqually bkely. p = (v o as well. If the letters are

E(M(32,32)) ~3.1144 . .. + 0.0134.. - 0.5

= 26278 . . .

and
o! = 0.0842.. .

with
o =0.2902...

Therefore, :’ :l-: is almost S lhndml devistions above E(M), and this k is achieved in our

2. The Binomial Distribution and Large Deviations
s A.gluuu!hcloca.tionsofdteplafmG'ITCinﬂndmmdigneduﬂnwninﬁgum
- bnnpugnmmmngnco'ndqwm.mpatwmmnpedecllyuigmdinwligure
u.we!lumurmotherlocn.tm.Whnisd\csigniﬁcaneeofmchapmemofoocumnce
:;hdl_mledni:'h:ﬂMis.mthemN<<w. In Figure S, we could take k = W = 4
i . . .
-t aoover patiern, where W is the width of the window in which the search is being
For ease of exposition, take the case of equally likely letters of RNA. Then, if w is a k-
letier sequence, '

a = P(w occurs in N letiers)
W-k+t
= P (V]

{w starts at i} | S (W — k + 1)(1/4)*

The probability that w occurs in exactly L of R sequences is given by the binomial probability
@a'(l —a)f* -t~ EXW — k + 1MIMPYL —(W — k + IXI4PR)-L
and, summing over all 4* possible w, the desired probability is
CXW ~ k + DIAMC-N] (W = k + IX1M4)"-L

For small R and L, this formula can be direct] t igni herwi
) y used (o estimat fi .
we use the lacge deviations theory described next. © Hgnifictnce. Othervise
l:?:del‘m.ep = L/R. IIP S a and R is large, the strong law of large numbers assures
;u !vre‘;:havelproxonfnuelyalzﬁk=Loocmm.0krwise whenf > a
bound for the probabilit 2 k-letter word ¥ is given
by e Inrpe dern 'myim"e"“l common to at least L of R sequences is given
The estimate is given by

N DY 2 O TRAR
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Tabie 2
ESTIMATES OF STATISTICAL
SIGNIFICANCE FOR APPEARANCE OF SOME
k-LETTER WORD IN SOME WINDOW
POSITION AND IN AT LEASTL OF R = 32
SEQUENCES OF LENGTHN = 7§

k L w a« [ [LUCH ) [ 4

4 20 0 0.184 0.625 0.474 1.73 x 10°°
4 M4 715 0281 073 0.472 7.4 x 10°*
6 0 7 0.7t 0313 0.662 255 x 10°*
7 17 0.004 0.188 0.547 411 x 10

4 exp{- RH(a. 8)}

where H(a,B) = BlogBla + (1 — Blog(1 — BV¥(I ~ a). The factor of 4* is to count the
number of possible w. This quantity approximates the probability that some k-letter word
is common 10 at least L of R sequences of length N. If 2 window of width W is placed in
all N — W 4+ 1 possible positions, then the estimate becomes

(N — W + 1)4* exp{—RH(a, B)}.

where a = P(w occurs in W letters).

Some sample estimates appear in Table 2. Finding some four letter word common to 24
of 32 sequences of length N = 75 will only happen with the probability of 7.15 x 10-3.
In our sequences, we find the word w(=GTTC) in all 32 seq perfectly aligned, a
highly unlikely event!

111. ALIGNMENT BY BASE PAIRING

While afignment by matches common to many sequences is a very useful procedure, the
striking feature of fRNA data sets is commonality of base pairing. The most conserved
features in Figure | are not conserved letters, but conserved base pairs (bp) or helixes. The
aminoacyl stem is a helix of 7 bp, while the T$C stem and the anticodon stem have 5 bp,
and the D stem has 4 bp.

All of the invariant helixes are, in our data set, composed of differing sequences. The
common feature is that a helix of the required length can be formed with a relatively small
amount of shifting of individual sequences.

A. Finding Helixes

We have chosen the following implementation for our search for variant or consensus
helixes. Position two nonoverlapping windows of width W on the data set, at a distance or
separation of ¢ apart. Let k be the desired helix length where k S W. Then find the location
of the best (if any) helix (or helixes if more than onc exists) in each sequence within the
specified windows. **Mismatches' correspond to intesior loops, while the inscrtion/deletions
of letiers correspond to bulges. Usually we will simply search for helixes of some length
with a specified amount of mispairing (mismatches). The score for a given window position
is the sum of the scores for each sequence. We score a helix by the number of base pairs
divided by helix length.

To do a full search of the data for length k helixes in windows of width W, we let {, the
separation between windows, vary from { = O, where there are N - 2W + | window
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Table )

ESTIMATES OF STATISTICAL SIGNIFICANCE
p FOR APPEARANCE OF CONSENSUS BASE
PAIRING (k-LETTER RELICES) BETWEEN
TWO WINDOWS OF WIDTH W IN AT LEAST L
OF R = 32 SEQUENCES OF LENGTHN = 7§

k L w e [ ] e, P) [ 4

4 [ L} 0010 0.500 0.521 1.29 x j0-*
5 10 6 0035 0313 0.450 120 x 10
6 16 25 0.0i¢  0.3500 0.52% 323 x 107
7 L 25 0002 9250 0.408 2.7¢ x 30

positions, to ¢ = N — 2W where exactly one window position is possible. Thi
. Th
such search to take O(N?) time, where W and k are fixed. poss? " causcs a0y

B. Statistical Significance
Once again, it is natural 1o ask about the signi iri
. ignificance level of found base pairi X
Fo;n\:-:le!y the work of the last section can easily be carried over. priing paems
arge deviation formulas for statistical significance go as follows. We have
b 0 ¢ . R sequences
of kﬂlﬂi_ N: with & window width W and word size k. The probability a of ﬁmng ak
fetter helix in a given sequence with fixed window positions is

a= (W -k + D) lMay
since there are (W — k + 1) distinct ways to find the helix Jocation i i
cach window. As
sbove, we want 10 find a helix at least L of the R sequences. Tm
estimate of statistical significance is = M8 = LR and B> the

(N~—- WKN - (W + 1
= 3 ) exp{ —RH(a, B)}

p

The coefficient of exp { }, (; %), in the above equation counts window positions i
. . tions in
of :ngth N. For our data set, Table 3 gives some relevant eslimatcs.pos seavenees
onsensus alignment of many RNA sequences is, in principle, a si i
: . S v , 2 simple straigitforward
proce.duu l( this point. However, writing usable computer programs is a maj:f problem
and, in lddmolg, there are many difficultics encountered in the analysis of actual sequences.
Therefore, we illustrate this analysis by folding our set of t(RNA sequences.

IV. FOLDING (RNAs

As emphasized in earlicr sections, slignment and folding are interrclated problems. To

l'oldom?ﬂRNAs.weneedl gy for approaching the problem. Not only are there

ndencies berween slignment and folding, but also dependencies within both operations

of lll‘llm.elﬁ and folding. In folding, for example, there are conflicts between different
length helixes as well as quality (number of bulges and interior loops) of helixes. We approach
these problems by first locating long {statistically significant) matches between the sequences
Then we locate common patierns of base pairing. .

A. tRNA Alignment by Maiches
We first explore alignment by matches. Recall from Section Il that while a 4-mer is
common to sl 32 of our sequences (W = 75), the expected length of pattemn common to
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GCCCECATAGE TCRGCTGLEAGRGCECC TCLTTTGLACCCAGGAGGTCTGLCgL L ga TCCCGLOCCCTCCCACLA
W‘RYMCICMCYWOCCTGCYTIWTCToccgucgnYCCCG('RIMCICCxCR

GGLGLOT TRACARAGLGC T TATG TAGCCGATTGCAPATCCG TCTAGTCCCgt tcgoCTCCMGCGCCYCCﬁ
wmcm!mncnmcwnmmccwcctumrmcocm; A1 c,-ﬂcccﬂcco"tcocm

Grcecct TCCTCTACAGECCCAGGACACCELCCT T TCACCLOGLTARCAGC g te goATCCCCTCGLGHACGCCA
GTCCCCTTICGTCTAGAGECCCAGGACACCGCCCT TTCACGOCCGTARCAGLGY T tegaRTCLLCTAGGLGRCGCCA
CLCCGMTNCYCNYC&TWYIMICCCCGIGTCC"G’ t tcgaTTCCGAGTCCOGGCACCA
GCGGGCGT“‘.I"CMYGGYW'WYCI“TKMt tcgaTFCCCTTCELLCCLTCCR
CCUEGEATCOTATRATSGLTATTACCT CACCCTYCCARGC TGATGATGLGGgt tegaT TCCCGLTCLCCELTCCA
WIMC‘CN"%TWMYTCCMTWTCGC%& tcgeGTCTCCTTTCCCGCICCA

66 TGO TATAGCTCRG T Y66 TRGAGLCCTLGAT TGIGATICCAGTTGTCG TG g L cgaRTCCCAT TRGCTACCCCR
AGCCTTGTAGCTCAGG TGG T T TCATARGGE TCAGG TCCL TGS TTCARG TCORC TCAGGLC TRCCA
CGLCCCTTAGCTCAGTGET TRGAGCARGCGRAC TCATARTCGL T TCGTCCLTGCT TCARG TCORGLAGGGGCCACCA
GWTCGTYN‘&'GWYTGGTW"WYT‘HMTCMYY“TCW t LegoRTCCTECACGACCCRCCA
CCORAGGTGOCCGRAT TCGTRGACGCCCTAGC T TCAGK TCTTRGTCTCCT TACCGACG TGLLLGT TCAAGTCCCCCCCLTCGCACCA
CCCOAGLTCLTCLART GG TRGACACTC TACCT TCRAGL TG TAG TCOCCRATAGGGCT TACCLC TTCARCTCCCETCCTCEGTACCA
CCCCGEATGG TCCARTCGE TAGACRCARGGLAT TAARPATCCCTCEGCE TICCOCCTCTCOMGCTY TCRAG TCCCOCTCCHGGLTACCR
CMYMCYWYMTGIWYMY“CMTCGYC%I TCARATCCOGLCCCCCUCARCTRN
GCCTACCTAGCYCRGTTGE TYAGRGCACATCACTCATRATCATGLICTCACAGg L 1£9eATCCCGTCGTAGCCACCA
YCCTICTGTAGT 1CAGTCOG TAGRACGLOGGRCTCTTAATCCCTATCTEAC TGge +¢goGTCCAGTCAGAGGRGLCA
YWGGTﬂ'mYWTfTVYMIWYTCﬁ?G't tegoRTCOAGHTRCCCCAGCCA
twccm!ccccnmcccvmccdlﬂcvmnccmﬂccmgl e goATCCTCGTACCCCAGCCR|
ocmccmmcxcmcvmvmwcvcwcmcmcmvcm t1cgaRTCCTCCCGCATGLACCA)
OCRTCCGVMCYWC'WIMVK‘M‘WTCWI 1cgaRTCCTCCCGLATCCACCA
COARGTGTCOLCCORGLGLT TCRRLCCACCGE TCTTCARAACCCGCOACCLCARGLG T TCCAGAGL 1€goRTCICTGLOCTICCLCCA
CCIGECC ¥ GCICCCCToC GG TCARRAGC TGCATCCGGGY ¢ ¢ goRTCCOCGCCTORCCGLCA
GCYWTRY%CTCKTIWTW«T‘WTMYWYM 1 tcgoRTCTCCCTATCAGCACCA
CGGYWYTMCTCNCYWCYCCC"WTCGOCG,£ +ega TCCCCTCRTOACCCACCA
CCGTCCCTAGE TCAGT TCC TTRGAGCACCACC TTGACATGE TCGLGCTCCGT gt t ¢9atTCCACTCGLRCGCACCR
CCOTTCATAGCTCAGTTGEY TRCAGCRCCACC T TCACATILTEOLLGTCOT Thgt cqaGTCCRRT TGRACGLACCR
AGGLLCGTAGT TCAATTCG TRGARCACCGCTC TCCARRACCAGL TG T TCGGRg L 1cgaGTCTCTCLGCCCCTCLCA

|
K.
|
3
,
|
_
|
?;

GGYGGCGT TCOCCAGCELL! TCTRAATCTGCCG lCﬂYCWYYCﬂW’\(gguﬂI‘CCT!CCCCCKCKCR

FIGURE 3. The six fetter patiern gricga is common w0 26 of 31 E. coli IRNA sequences. It is the most frequené
six fetter word.

all 32 was = 2.6. Therefore, without decreasing the window size, we should not consider
any patiern Jess than four leticrs long. What patiern fength k should we begin with? Our
approach is to start with larger k and work down to smaller k. The results for k = 6 appear
in Figure 3 where gitcga appears in 26 of the 32 seq The sequences generally appear
as upper case while the patterns we locaic appear in Jower case. The sequences are right
justified in order to highlight these found matches, and the following results support such
an alignment. With k = 5, the most common word is ggtic, which is found in 29 sequences
and overlaps gicga in every location where the latter sequence occurs (see Figure 4).
Additionally ggitc occurs once upstream (5" of lefi) of its **canonical’” location. In Figure
s, the resulis for k = 4 are displayed and gglc is found 32 times, perfectly aligned when
the sequences are right justified. Even for k = 3, shown in Figure 6, the 3-mers which are
common to all 32 sequences include only subpattcrns of ggitcg and cca. Each of these
paticrns are included in the invariant *positions'* of Figure |, geitcg(a) being in the TYC
toop and cca being the accepior anm patiemn.

Of course, the positions in Figure U are the result of an alignment and provide a template
for future investigators to fit (RNA sequences to. Here we have set ourscives the task of
producing alignment and folding without a template with which to atign or fold. Using
matches we have now aligned the sequences on what is actually the known TYC loop. Now
we tumn 10 finding common folding patierns.

B. 1IRNA Alignment by Base Pairing . )
In Section 1)1, we gave a general description of the procedures to be employed in this
scctiom. Here we swust present output from our program (fold). and we arc required to be
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GGOCCIATARGE TCACLIGLGACACCELLTECT T TGCACGOAGGAGE T TGC t teGATCCLGCA! CRCCA

GGCGCHT TRACARNGCGGT TATGTAGCGCAT tmmcctnmlcc::q tcﬁ'(@&%'@

CLAGCCLTAGT TCM'CWTIM‘%CYKCTGYU{WYCGC&Q( teGAGTCCCGICCG T TCCGCON

[ (<< d § l“‘c'mmct"m%Y%l teCRATCCCCTGOOLGACGCN

'G‘Y:.‘CCC TICGTCTRCAGCOOCAGCACACLECOCT tvcxmvmc,,z LeGRATCCCCTAGGLGACGCCA

L AGCTCAGTC TR eC CCTggt tcGATTCCGAGT CG‘CO’:C'.a
Gtmlm"CMYGGVWTICMTC‘ﬂY%’ LLeGATTCCCT TC(G:CCCWY

CCCECLATCE TATAATCCC TRTTACCTORGCCT Ymtﬁﬁ"ﬂ'f{ﬁg  tcGATTOCCCCTGCCCECTCCH)

ocmvmvcmnwtmnmvmmncwrcvccr TTCOCGCTCON

CETCLCTRTAGCTCRGT 166 TRGACCCCTCCAT TG TCAT TCCAGTTCTLGTGgg1 L GARTCLCAT TAGECACCCCA)

AGGLTTCIACCTCAGG TG T TRGAGOGCACCOE WLTggtt CCRCTCAGGCC TACCA

CECCCCTIAGLTOAG TG TTRGALCARGCGRC TGATAATCGC II’GG’CGCI‘;;v. LG TOCRCLRCCOLECACCH

GLCICGT TACCTCAGT 166 TRCAGCAGTTGACT TTTRATCAAT TG63C6CAGY1L e CANTCCICOACCACLCACH

GO::::RIGWY'WIW‘N("M‘IG‘"%YGYCC"WI% t \M\'mocc‘tmg

&C ACCCTACCY YG# ¥ TCOCCH TTRCCYgt teMAGTOCCGTCCTCCG TRCCH

[Feee WAL TRARPATCOCTCLGLETTCGECCTCTCCggt LERAGTCOOGLTCLELG TRCCH

mrmmvmmmvmtmmmrmz tehRAT

GCCTACCTAGC mvvccnmrmcrmtmmarwrm..t LECRATCCCCTCG TAGLCACCA)

T@‘CmmtfmmmtGY‘M'CCG"nYGYUtI”Q L eCAGTCORG TCAGAGGAGCCA)

GCIMY“‘K&TWYIW?W'MYWWWYYCM“‘C'WC'MYW
TRGCYCRGE WCACCTCCC T TACK GGCeyt teCATCCCLTORTCACCLAC
mrcccvmcmtmnmnmmtmmvux LeGRGTCORC T o
CCGTTCATALL TORG T TGG T TRGAGORCCRCCTTGACATSE TGGCOC TCOT Tegt tcCAGTCOPAT ICAACGCACCH
AGGGLCOTAGT TCARTTGS TRCAACACEES TCTLLARRARCCECG TCTTGGEAG TTCGAG FCTCTCLECOOC TS
TOTeGggt ceawmmmutwtcwvmvmnmgc 1eCARTCCT TCOCOOACCAC

GLLGGLATAGLTCAGCTCLCALAGCTLL TCL T T TGCACGCACCAGG TC TCCqgt ¢ cGATCCCOLCCCE TCCCACCH

FIGURE 4. The five letter R
e o ive muﬂ:kmnhdJZE‘MllNAmun.uuumm

specific ubout some details of our computer method. in particular we will first describe how
we organize the (approximately) N — 2W graphs of score vs. location of tight-hand windows
fof the (approximately) N — 2W separstions of the windows. There are about (N~ 2W)*2
window posmons Initial alignment of the sequences is also considered. Then we illustrate
how bue paisings found by the program arc displayed along with their connections with
the associsted score graphs. Thea we tum to our analysis of (RNA folding.

1. The Score Graphs

‘To make snatters specific, take the window size, W = 10, and the helix length, X = 5,
vdlﬂ‘\fmmummmberofﬂlomd mispairs, mm = 0. There are approximately (N — 2W)¥
2 positions for the two windows. To organize oursclves, we take the horizontal axis 10 be
the polium of the righimost basc in the right window foc & fixed sepantion of windows.
The Vemc-l axis is score. For the analysis in Figure 7, the sequences are left justified. Each
lepa.unou 8 an individual graph. In Figure 74, all (N-2W) graphs are superi d
making & jumbied graph. Figure 7B gives a three-dimensional repeesentation of the data, In
Figure-7C, an individual graph is given for window separation 3. This peak corresponds to
the micodon stem and is further explored in Figure 9. To relate the singlc graph for a single
lqnnmu (o all separations, the data in Figure 7A is **redeawn’” in Figure 7D keeping the
scparation = 3 graph solid and plotting all other separations in doticd lines. This procedure
allows us to find our way smong these complex data.

2. Sequence Alignments
Severa! sensible alignments of the sequence set are possible. We have alrcady mentioned

.V‘-
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GCELGLATACCTCACL TCLCAGAGCGCCTOC T T TGLACCOAGGAGG TCTECGY 1 Le GRTECCECGOGE FCCCACCA|
CLLCCTATACCTCAGC TCLGRGAGLGCE TCCT T TECACCCAGGARGE TCTGLGG L L GRTCCCLCATAGL TCCRCTA)

COCOOGT TARCARRGEGE T TRTGTALCGGAT TCCAAATCCGTCTRG TCLCgL te6AC TCCOLARCOLGLC TCCA

COAGCGE TR L eRGTCCET TAGRARTACC TGCC TG TCACCLRGLGGG TCGLGGg t e GRG TCCCG TCCgt te CCLCA
CTCCCCYTCCYCTRCAGLLCTCACLRCACCELCCT T TCACGLLGL TARCAGLEG 2 e CRATLCCC IWGCCQW

G TCCCCTYCGICTAGNGLLCCACLACACCGLCCT T TCACCLLGG TARCAGLGG t t e GRAATCCCC TRGGGGACGLCA
GCCCCLATACC TCACTCULT! CCOGTCTCCT TGt teGAT TCCLAG TCCLLLLACCR

GCOLGCG TRyt LePATGG T AGARDGAGAGL T TCCCRALC TCTATACGAGGY L tcGAT TCCC TTCGLCCOCTCCA
GLGGGCRTCGTRTARTCCCTATIACCTCAGOC T TCCARGCTCATCATEL GGyt ¢ cCATFCCCEL TGLCCECTCCR,

GCEGCAATRCL TCAGT TGLYAGAGCACGACC T TGCCARCL FCOLLOG TCGLCAG L teGAG TCTCG T T TCCCCCTCCA|

GGTGGC TRTAGCTCAG T TGS TRGAGLCCIGLAT TG TCAT TCCAGT TG TCETO0gR tcGRATCCCAT TRGCCACCCCA|

RGGCTTC TAGCTCAGG TGE T TAGRGCGOACCCLTCATANGEG TCAGE TCGL Togt t ARG TCCAC TCRGGCCTACCRA,

GGCCCCT TAGCTCAGTGS T TAGAGCARGCGACTCATRATCGLT TGG TCOL 10t ARG TCLAGLAGGGLLCACCA)
CLCTCOTTAGCTCAGTTCGTRGAGCRG T TGALC TTTTRATCAAT 4G TCGCAGYL 1 c GRATCC TLLACGACLCACCA
GCGRRGGTGGLGLART TGE TAGACCCECTACC T TCAGE TG TTAG TG TCC T TACGGACG TGGGGg +e ARG ICCCCCCCCTCOLACCA
GLCHAGGTCLTCLARTTGETAGACACGC TACL T TEAGGT GG TRG FLCCCRATAGGGL T TACGGg teRRGTCCCGTCCTCCOTRLLR
GOCCCOATGS TOLRATCOE TAGACRCAAGLLAT TRRFARTCCC TCGGCY L 1eGLGC TG TECThgt teRRG TCLLLCTCCGCE TACCA|
COLOGGG TCCRAGCAGCTTES TAGE TCG TCGLGC TCATRACCCEAAGG TCG TGy t 1e ARATCCGGCCCCCGLMMCCH)

GGCTACG TAGCTCAG T T6L T TAGAGCACATCAL TCATRATCATGLGG TCRCAGE  tcGARTECCG TCGTAGLCACCA

TCCTICTG IRt Lo ARG YCCE TRGARCCLLGGAC TG T TRRTOCC TRTG TCAC Thg t o GAG TCCAG TCAGRGGAGCCA|

TGLGG TATCOCCARGLCL TRAGLCACTEL TTTTTGATACCEGCATTCCC Tagt te GARTCCAGL TACCCCAGLCH|

FELL4 TATCGCCAAGLOL YARGLCACCECAT TCTORT TECLLCATTCCGREY t te CRATLC TLG TACCCLAGL LAY
GCATCCCTRGLTCRGE TGGTRGAGTRC TCGCC TUCLRRCCLAGLLS TCGLAGg Lt e GARTCCTCCCCOATCTACCRA)
GCATCCGTAGE TCAGE TCCATAGAG TACTCGOLC TOCEARCOGRELTE TLGLAGG t te GARTCCTCOCGLATCCACCA)

CGARG TG TGGCCCAGLEE FTGARGGCACCHL TCT TGRAMICCOLLGAC e CAGAY L teGRATCTCTCCOCTTCCGOCA]
GG TGCLCCRACAGEL TCARGLLECTCLCCTGL TRAGCGAG TATCCES TCANMAGE SGCATCCTLG ! t e LARTCLLUGLC YORCCCLCR
[ TCRGT GCACCCT PACGG TGACS TCGHCAY t L GRATCTGLC TATCAGLACCA)

GCGTCAT TAGC TORGL TOLEAGAGCACT TOCC T TACARGLAGLGGL TCGGC Gyt teGRTCLCE TCRTUACCLACLA)
GCCTCCCTAGCTORGT TG6 T TRCAGCACCACCT TGACATOL TCGEGE TCGE TG L L e GAG TOCAC TCOLACCCALCHY

6Lyt veATRGC TCAG TTOL T TRGAGCACCARCCT TCACRTCS TCOGG6 TCG T Thg e 1eGAG TCCAAT TGRACCLACCA

AGLGLLG TRyt £ cRATTGC TACAACACCES TCTCCARRACCGLG TG TGGCAg ¢ £ cGRG TCTC TCCOLCLCTGLCA]

66 TGCCeyt 1 €LCCAGCOCCCARRCGCRCLAGAL TC TRRAITCTGCCGTCRTCGACT TEGAAGY t 1 cCAATCC T TCCCCTACCACCA]

FIGURE 5. The patiern gue is found in all 32 E. coli tRNA sequences. §t occurs perfectly aligned as well as
some othes jocations.

right justification, which locates the TYC loop. The feft justification of Figure 7 locates the
anticodon stem. A priori, without the probability calculations justifying alignment an T4C.
they are equaily reasonable alignments. To see that the data analysis differs for left- and
right-justified alignments, the superimposed graphs are given for right-justified sequences
in Figure BA and left-justified sequences in Figure 8B.

In all of Figure 8, W = 10, word size = §, and the amount of mispairing is mm = 0.
There is another reasonable possibility for initial alig the sequences can be aligned
on both ends. This simply means that variable loop sizes will result. The superimposed
graphs for such a search is presented in Figure 8C.

3. Presemation of Helixes |

1t is clearly possible, by moving the dotted vertical line, 1o move aboul in a graph of a
singie separation. To move from separation (o scparation, we move the refative positions
of windows on the screen where the sequence set is displayed. To illustrate, Figure 9A is
the graph for separation 3, where the sequences are aligned leftand W = 10,k < 5, and
mm = 0. Corresponding ta the horizoatat location of the dotted line are the window lacations
and displayed found pattern of Figure 9B. In summary: {1) moving the right window about
in Figure 98 moves the dotted line in Figure 9A and. when scparation between windows is
changed. moves to another separation graph: and (2) moving the daotied line in Figure 9A
moves the window positions in Figure 98, while maintaining window separation.

Because the THC loop matches we found above align perfectly when the sequences arc
right justified, we right justify and scan with W = 10, k = 7, and mm = O. A highly
significant 13 helixes are found in the 12 sequences. Yn examining this pattern, it is discovered
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sllow us 10 unambiguously present secondary structure. The cloverleaf of Figure 1 has the
symbolic form
SO0y

In our sequences (. . . " and | . .. )" e used 10 show hedix size and location. This

scheme, of course, does not work if we do not have secondary structure.
There is no significant pairing with k = 6 when we scan the area between the base-paived
regions with W = 10 and mm = 0. Moving 1o k = 5, we show in Figure 1)A the scan
with separation 1. The righ lender peak cor ds 1o the TYC stem and is shown
(mm = 1) in Figure T1B. The lefimost peak is sefined by teft justifying the remaining
The pairing pattem is shown in Figuse 11C. We, of course, have

focated the anticodon stem.

Finally, we restrict attention to the segments of
pattern and the anticodon stem. (Observe the position of the
Figore [2B). Thisscanhas W = 5.k = 4, and m = 0. Figure 12A shows one separ
{of 7) in dark whife the temaining scparations are plotied lighter. The patiern corresponding
10 the peak of the dark line is shown in Figure 11B. snd the consensus pattern (mm = 1)

is shown in Figure 12C.
This is the complete stody of dary structure for this set of (RNAs. sgreeing in detail
with that published.* Figure 12C is our consensus folding of these 1RNA sequences. This
& has been accomplished in 3 mathematically tigorous fashion.

is the first time such a tas|
V. TERTIARY INTERACTIONS

The hydrogen bonding involved in the (RNA cloverleaf it known as secondary structure.
See Chapter 7 for » mathematical definition of secordacy structure. Viewing the cloverleal
bonds 18 fixed, additional hydrogen bonds are formed between bases unpaired in the clov-
erlesf. These additional bonds form what is known as (ertiary structuse. Figure 13 is 2
diagram of secondary and tertjary interactions in yeast phe RNA.T? The testiary bonds further
fold tRNA into the famitiar L-structure found by Kim et al.*

Recall that the \eniary interactions are froquently simply additionat base pairings and that
Do changes in pairing rules need 1o be made for the search. Real difficulty, however, comes
with these patiern searches. The soquences are Yocked into » fairly rigid alignment {see
Figure 120), but no loager is a helix of k = 4 the object of interest. Instead, Figure 13
shows paiting between singie letters. Due 10 the amount of conserved positions, there is 2
#00d deal of potential teniary intcraction. The good news is that such scarches arz possible;
the bad news is that, unlike secondary structure, many conflicting possibililies exist.

Our goal is not to produce a complete snalysis of tertiary interactions in IRNA. but fo
show what is possible with the program and methodology we have presented in this chapter.

Figure 12C shows the cloverieal produced by our methods. We will now seatch this
alignment for potentil tertiary interactions. The D loop and the extra arm are of variable
fength, and the windows are set (for these Tuns) to have feft and right justification. This
should make clear just what alignment is used when the windows e in specified positions.

The first quite naive search is for windows of width 4 and helix size 4 and mm =~ 1.

Thus, no shifting is allowed, cven in the variable length regions. Figure {4A shows the full

scan, with all separations superimposed. The four collections of peaks which reach maximum
of the clovericaf. Figure 14B shows three

value correspond, obviously, to the four helixes

of the peaks for s separation of 9 bases. To show same additional resuhs, the medium height
set of peaks of Figure 14A, adjacent to the TYC stem peaks, result from possible **pairing
between the feft hall of the TWC stem (positions 29 to 32) and positions 70 to 73 of the

'sequence between the lefi-hand k = 7
carets, > and <, in
ation
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TCTCCOOTTCCATCCCOLOLGL TCLCACCA

GYCGLCLGT TCCAGTCCCGTCCOTTCCGLCA
CAGGGE TTCGRRTCCCC TEOLLLACLLCA
T TCCRATCCCC TAGLGCACGCCA

TCCCGE TTCGAT TCCCCLTGLOCGL TCCA
TCCLCAGTTOCAGTCICCTTTCCCOCTCCA
TCGTCCCTTCCARTCCCAT TRGCCACCCCA
TCCG TG T TCARG TCCAC TCAGLLCTACCR
TCGC YOG T FCARG TCCAGLAGLGGLCACCA
TCCCAGGT TCCRRTCC TCCACCACCCACCA
9 ,<ln’( |C~g(,l lO’(.VC&QMGVWNCMVCCC(CELC TCCRCCA
tgytegtelC TAGGLC T TACCCST TCRRGTCCCGTCC TCCGTACCH
HCGTICCLGCTCTGLOOGT TCARGTCLCOL TUCGEETRCA
5 1CGTCCG T TCAMTCCOGLCCCCGCARCCA

CLGTCAT TAGL TCRLL TOCA AR c:\::c\'
CCCTCCGIAGCTICALTIGLTIA RS accocc T
CCGCTICARTAGC TCAGTTCL T TR R c ecc ece '
HALLLGVELTICRAT GG IV AR R c gyt
6 YCLGG T TCCCONLGLCCAY gl ge

FIGURE 9.  Consensus folding analysis for lefi-aligned sequences th W = 10. & = S and mm = 0 (A)
The graph is for sepaation V. The hase pairing penicrns producing the peak at the dotted line are shown in
.
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FIGURE 13. Secondary and tertiary structure of yeast phe tRNA

VI. CONCLUSIONS

1t would seem from the experiences reported in this chapter that the prospects for consensus
folding are good, although tertiary interactions might be much more difficult to determine
than secondary interactions. Since Levitt's 1969 paper'? laid the basis that allows this
chapter's methods to succeed, it might be asked why the computer development lagged 15
years behind. The reasons relate, it seems to us, (o the type of computing previously available:
centralized, batch-oriented computer centers. With that resource, it is almost inevitable that
the dynamic programming methods be developed first. Dynamic programming is compu-
tationally intensive and does not require any human intervention with its recursive calcu-
lations. On the other hand, the consensus methods only make sensc when some meaningful
visual display is provided. Few of us would examine tables of outpot to recognize where
in each sequence a signal was located. Since both able and ble possibilities
arc produced by consensus, the human is an important part of analysis. Methods such as
these are needed to make computational methods into a useful tool for biology.

In the work of Noller and Woese there is the concept of “*proven helixes'".® A helix is
said 10 be proven if there is some base pair of the helix that is distinct from the others in
the other sequences. Since these authors are studying distinct organisms, they use the double
mutation required to maintain the base pair as evidence for the helix as a real structure.
White we have not used this device in the program described here. it is quite easy to include
this or other modifications in helix definition or scoring.
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{n closing, we mention that many data sets remain 10 be examined. The rRNA sequences,
S, 168, and 23S, are well analyzed, but it will be instructive and. we hope, revealing to
analyze them by these methods. Deeper mathematical and biological questions of inferring
TRNA phylogeny via these ¢ in for further study. See Pace et al.¥
for a recent overview of these and rclntcd questions.
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