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ABSTRACT

The nucleotide sequences of 30 factor-independent terminators of transcrip-
tion with RNA polymerase from E. coli have been compiled and analyzed. The
standard features - a stretch of thymine residues and a preceding dyad sym-
metrY - are shared by most sequences, but there are striking exceptions
which indicate that these features alone are not sufficient to describe these
sites. In two thirds of the sequences the 3'-half of the dyad symmetry con-
tains the pentanucleotide CGGG(G/C) or a close derivative, about one third
have TCTG or a close derivative just downstream of the termination point.
The TCTG-box might be implied in termination of stringently controlled oper-
ons of E. coli. An algorithm to locate terminators in templates of known nu-
cleotide sequence has been constructed on the basis of correlation to the
distribution of dinucleotides along the aligned signal sequences. The algor-
ithm has been tested on natural sequences of a total length of about 11 500
N. It finds all known independent terminators and only a few other sites,
including some of the rho-dependent and putative terminators.

INTRODUCTION

The prokaryotic genome is arranged into transcriptional units which define

the primary RNA transcripts synthesized from the DNA template by RNA polymer-

ase. The process of transcription is tightly controlled in the cell which

requires varying amounts of specific transcripts during different stages of

the cell cycle or in response to environmental conditions (1). This control

is exerted at the levels of initiation, elongation, and termination of tran-

scription. Ihe sites of transcription initiation, or promoters, vary consid-

erably in strength, i.e. in the maximal frequency with which initiation oc-

cur s. In addition, at some sites protein factors other than RNA polymerase

holoenzyme are required for initiation, or repressor molecules bound to oper-

ator sites overlapping the promoter might temporarily inactivate the promoter

(2). During elongation RNA polymerase pauses at specific sites; these paus-

es have also been thought to serve regulatory function (3). Transcription
terminators have been found in various locations within operons, serving dif-

ferent control functions: distal to the last gene of an operon the termina-

tor defines the 3'-end of primary transcripts initiated from an upstream pro-

moter; factor-dependent terminators within or between genes of a
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polycistronic operon may account for transcriptional polarity (4); and trans-

lationally controlled termination within the leader region of an operon caus-

es attenuation (5).

Much interest has been directed towards the question of which features

in the DNA or DNA-RNA complex at control sites are recognized as signals by

the transcribing polymerase molecule. These features somehow have to be con-

tained in the specific nucleotide sequences at the sites. Quite a number of

bacterial, phage, and plasmid promoters, pausing sites, and terminators have
been mapped on their respective DNA templates and their nucleotide sequences
have been established. These sequences have been analyzed with respect to

homologies, and consensus features have been found which might serve as sig-
nals (2,4). However, a particular site may deviate appreciably from the con-

sensus derived from the total ensemble of all known sites with the same con-

trol function. Ihis variability makes it difficult to find control sites in

sequences that have not been subjected to transcriptional assays. So far

most of such attempts have been based upon ill-defined empirical comparison
with standard consensuses, often leading to ambiguous results. The general

problems and obstacles in sequence-directed mapping of DNA-protein interac-
tion sites has been reviewed by Sadler et al. (6). Recently several quanti-
tative methods have been suggested as algorithms to locate these sites in nu-

cleotide sequences (7-14). We report here a comparative sequence analysis of

terminators and an algorithm to locate termination sites.

FACTOR-INDEPENDENT TERMINATORS

Sites at which RNA polymerase from E. coli terminates transcription fall into

two distinct classes: factor-dependent and factor-independent terminators
(15). Independent terminators are functionally active in in vitro assays in
the absence of any protein factors other than RNA polymerase. Dependent ter-

minators require the presence of rho-protein (16) or of other factors (17)
for termination to occur. The dependent sites bear little homology to inde-
pendent terminators and to each other, and the putative common characteris-
tics recognized by the transcribing molecule remain obscure (18). Also ter-
minators that have been mapped according to results from in vivo studies may
be confused by RNA processing events. Therefore we will consider only fac-
tor -independent terminators here.

Earlier comparison of several independent terminators has revealed two
common features (15) (i) a region of dyad symmetry, rich in G-C base

pairs, allowing for the formation of a stable hairpin structure in the RNA
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transcript; and (ii) a run of consecutive thymine residues immediately down-

stream of the dyad symmetry, including the point(s) of termination. The

G,C-rich dyad symmetry has been implicated in slowing down the transcribing

polymerase (19),whereas the relative instability of the rU.dA hybrid is

thought to facilitate release of the transcript (20).

Fig.1 shows the nucleotide sequences of the 30 independent terminators

available to us at the time. Dyad symmetries which potentially yield stable

hairpin structures in the RNA transcript are indicated by arrows. The typi-

cal hairpin has a stem of length 8±2 base pairs and a loop size of 5*1 nu-

cleotides. On average the stem (when present) contains 77% G'C base pairs

and is stable with a free energy of AG=-18.0*7.3 Kcal/mole as calculated by

the rules of Tinoco et al. (21). The adjacent T-rich region on average con-

sists of 71% thymine residues over a length of 10 nucleotides and includes

the often heterogeneous point of termination about 5-8 bases downstream of

the indicated dyad symmetry (Fig.1; T-rich regions are underlined and the

known points of termination are marked with dashes). Individual sequences

deviate considerably from this standard: bacteriophage lambda t'R1 terminat-

ing the minor rightward (6S) RNA and the plasmid Rl copA-RNA terminator ex-

hibit unusually long hairpins, presumably reflecting structural requirements

for these non-messenger RNAs; the phage *X174 minor terminator (tx T2) and

the E. coli site tyrT t lack a stretch of significantly high T-content; both

dyad symmetry and T-rich region are missing in the terminators of plasmid Rl

RNA-III and of E. coli lacI as well as in the E. coli rho attenuator site.

Transcripts with 3'-ends at the indicated rho attenuator site have been found

both in rho+ and in rho- cells (35), but a processing rather than a termina-

tion event leading to these observations cannot strictly be ruled out. The

RNA III of plasmid Rl could be generated only from linear templates and not

from superhelical templates (56); this site resembles rho-dependent termina-

tor sequences (56). The lacI terminator maps within the lac operon control

region (36). Despite possible biological peculiarities of some of the non-

standard terminators it appears that the features of dyad symmetry and adja-

cent run of thymine residues do not suffice to unequivocally characterize the

termination signal. These features may be a sufficient condition for termi-

nation to occur, but apparently they are not necessary; in other words, it

may be that RNA polymerase terminates transcription at all sites bearing dyad

symmetry and adjacent T-rich region, but there are other sites lacking these

features where factor-independent termination does occur as well.

Evidently the polymerase recognizes secondary properties of the nucleo-
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SI1E SEQUIhEhEORM.(ORR.SUM

trp att AAAG(AAI(AGAIA(((AG(C(G((IAilGAGCGGG(1II1114IGAACAAAAITAG 1l.18

E tyrl t 1CACItICAAAAGC((CGGAAIC3CA'AACGAA1CCG(AAICAAA1AIIUI,,((CAA 2.54

E his att A(GCAIGAGAAAGC((((GGAAGA3tA(CTICCGGGGGC1131IA3A1IAGCG(GG 7.11

E trp t A(GCGCAGIIAAIC((A(AGC(GC(AG ((GCTGGCGGCAllII/A.ll1C3lllAA 5.91

Ephe att GCGAAGA(GAA(AAIAAAGGC(lCtCAAiACGGGGGGCCITI13AIAGAIAACAAA 7.12

Ethr att GAAA(A(AGAAAAAAGCC(G(A((IGA(AAGIG(GGG( IIllIItGA(CAAAGGI 7.78

F rrn( (G((((IGC(AGAAAICAtC(T3AGCGAAAGCTAAGGAI..II.1IA1(IGAAA3AA 7.91

F llvGFDA att (3IAA(GAA(IAAGA(((((G(tA(GAACGGlG(CT(8G IlIlllQlGA((IIAAAA 9.74

F rrnF(G) I((G((A(IIAIIAAGAAG(ItCGAG3IAA(GCI(GAGGllI1IIITIIfG(IGIAIA 5.18

E fraB A(G(Al(G(CAAIGIAAAICCGG(((GCCliIGGCGGG(-(GIllllUGlAIGGAAA((A 8.18

F leu att A(GCAGT(AAACAAAAAACCCGCGCCiflGCGCGGGI.11.11[l.lAQt CCGAAGCGAG 7.41

E rho att ICA(AACA1TAAG13CGAGAI33ACCC(AAGIIIAAGAACICA(ACtA(tAIGAA3I 2.37

ElaCI G(AACGCAAITAAIGTAAG3IAG(TCACICAIIAGG(A((C(AGGC4t!3ACACITIA 3.76

F spot42-RNA GAAIAIIIIAG(CGC(CCAGt(AG3AAIGACIGGGGCGllllllAIII IGGCGAAAGA 7.29

EsupB-F IAC(CCAGC(ACAI3AAAAAAGCICGC3lCGGtCGAGC tlllllGCt%lJMTCGtGlCA 4. 34

S tr att AAI(AGCCAAA('GAIAtfCGC(t(IGIIAAtGlUGIITIIIIAACAAAAAIA 8.62

S his att A(G(AIGAGAAAGC(CtCGGAAGAItA1(TC(GGGGGCU.I.I.I.IIGCGCGCGA 7.71

S leu att 1(AG(1(GAAG3CAAACAAAA(((GCG((G1G(GCGGGIfII.. IAII&CC3GA(GC 5.94

A 3'81 C GCAGGIAA3AGTIAGAGtr( AlMGnTlltGGhIIIIAIIAACTGCA( AAC 7.6

A tt, A3C3GGAIIIG3ICAGAA(GCtCGG33GC(GCCGGGCGllllllJjGGTGAGAAlC 6.98

.A nutLe CCAAAGCCt3CIGCIIIGAAIGCIGCCC3tC'iT(AGGGtCzAlAl9llllAAGAG(G3I( 5.89

A tI AGAGCA33AGCGCAAGG3GA3TIIIGlCTCI3G( GCI.AAI.IAGlICAlCAAA(C 4. 74

A tL3 GTCTA(TCCGIIACAAAGCGAGGCIGGGIAI3rft?CGGC1T?lCt?GI1ATCGAAAT 7.55

lx 14 (-((AAIIGAIGaIIICIAGCtCCAAA('llGGAGGtllllllAaGGIItGII(I1 5.14

*x 12 GGIGGI(AACAA1111AAIIG(AGGGGCtlltCGGtCTIIA(IIGA'GGAIAAA1IAIG 3.88

fd IGAIAAAC(GAIACAA71AAAGGC1tCllIGGAGCtTIITI.I.GGAGAIF13CA 5.13

17 AGAAAAIGIAAICACA(IGGCICA(ctlt(GGGIGGG( (tIlICGS.il. ATAAGGAG 6.18

CE1 RlIA-I IGAICCGG(AAACAAtA(tCAGIIGGIAGtTGGTGGIIIUIGI.*IGtAAGCAGCAG 6.28

R1 ccpA-RNA 33'3TG3ACtCGC'AAAAG13GAAGAAGAIIA7CGGGGUlTIGCflllCIGGCIlCtG 5.84

R1 RNA-III ITAAAAAIIIACAGG(GAIG(AA3GAITCAAACA(GIAAICAAIAICG(AGIIIAI 4.69

_46 -30 -20 -16 -1. +5 +16

ML. 1. Nucleotide sequences of thirty prokayotic factor-independent termina-
tors. Only the DNA strand that is colinear with the transcript is shown.
The exact points of termination, if known, are marked by dashes. Arrows in-
dicate dyad symmetries that potentially yield stable hairpin structures in
the RNA transcript. Underlined are T-rich regions immediatel downstream of
the dyad symmetries, and the TCTG consensus (dashed lines). ucleotides are
numbered from -45 to +12 with negative and positive numbers generally refer-
ring to non-transcribed and transcribed portions of the template, respective-
ly. Also shown for each sequence is its normalized correlation sum with the
terminator dinucleotide distribution matrix (see text) . References for the
sites are as follows: E trp att (22) E tyrT t (23 24) E his att (25), E
trp t (26), E phe att (27)! thr att (28) E rrnC (29) E ilvGEDA att (30)
E rrnF(G) (31) E frdB (J2E33), E leu att (34), E rho att (35), E lad
(36,37), E spot12-RNA (38) E supB- (39) S trp att (22), S his att (40), S
leu att (41), A T'R1 (42 43) 0tO (44,435, x nutLe (45; the * - sign refers
to rightward transcriptionai orientation),A tI (46), x tL3 (47, c T4
(48-501, Rx T2 (48-50Y, fd (51,52), T7 (53), CE RNA-I (54), R1 copA-RNA
(55), R ANA-III (56).

4414



Nucleic Acids Research

tide sequence at the control site rather than an invariable primary sequence

by itself. At the terminator these properties presumably include the poten-

tial of forming a stable hairpin in the RNA transcript and the average base

composition over certain segments of the sequence. Other structural and

physical properties of DNA of probable importance in specific DNA-protein in-

teraction are the helical twist angles (57,58) and the assumed wedge angles

between adjacent base pairs (59,60), and the local thermostability (61,62).

Since these properties are basically functions of base-stacking interactions

we decided to analyze the dinucleotide- rather than the mononucleotide dis-

tribution at the termination sites. A similar analysis of promoters and pre-

liminary results for terminators have been published elsewhere (63,13).

To evaluate the dinucleotide distribution the terminator sequences were

initially aligned with respect to the prominent, central, or likely termina-

tion points as in Fig.1. The dinucleotide at the termination point was des-

ignated -1,+1; continued positive numbering to the right and negative num-

bering to the left indicate non-transcribed and transcribed portions of the

template, respectively. In each of 50 dinucleotide positions along the se-

quences stretching from -42 to +9 (which is about the maximal region covered

by the polymerase at a terminator (2)) the abundance of any particular dinu-

cleotide was calculated. The result was obtained in form of a 16X50 matrix

(mij) (not shown) in which rows correspond to different dinucleotides and

columns to positions, whereby the column sums Zmij equal the number of se-

quences analyzed, here 30. To improve the matching of the sequences this

initial alignment was slightly changed in the following way, taking into con-

sideration similarity of the whole sequences rather than just the uncertain

termination point: For each sequence its similarity with the matrix of the

remaining 29 sequences was determined in 7 different frames corresponding to

nucleotides -45 to +6, -44 to +7, ..., -39 to +12, respectively. As a meas-

ure of similarity we used the sum of matrix elements (normalized by row means

and variances) as read from the dinucleotide sequence in each particular

frame (see below). A new matrix was built from the sequences aligned in the

frame which gave maximal similarity. This alignment procedure was repeated
in the same way with the new matrix. After a few cycles this iteration came

to an end in that the frames giving maximal similarity did not shift anymore.

The final matrix is shown in Fig.2A. Other iteration procedures may be used;

in all cases the matrices obtained (not shown) retain the prominent charac-

teristics discussed below.

In order to determine the signal qualities of different positions and
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A -4C -35 -36G -25 -26 -15 - 16r -5 -1.1 .5

Al 1 4661 1 52 1 G G (6Co5 (3 1 3 1C61r2 1 1 1 O66666ID31 1 266 1 935 I112 26,3

A 34r 05 13 2 211I 5rI3322 O O 1 1C i 0 C633 652136323226[ 51131756433722 26616O051 160243261111016166i1 321)231
(C230 G4002 540 11 112 32 f_Q7 3200 11I
UI1C23361211 01236 1 35623116114237222166511626 53226666 166613OM2621Co

GA 2 1 3 3 6C 3 1 6i 4 1 1 3 2 2 2 1 1 2 1 1 3 6 6 2 6 6 3 2 6) 2 6i 6 6 6 6 6 6, 6 1 3 2 1 3 5 2 2

G( 266602601 26426O12 31 C6f 2 3 2 53 2601 12664521165366601 2166 1 1602 6 36

GG 1 2 6o 6i 6, 6o 2 5 2 6, 3 1 6) 2 3 2 2 2 3 1 161 6 6o 2 1 1 1 6i

IC 21 11 13301266(i3061105132 2232262300 000112160116(MI1100

1 1 1 12 6 2 32 1233 11 2 13 12 31 12 2 2 17 766666660C 6722231919151A6 93 21 3 1

9
SCATTER

-40 -'20 Na .~~~~1.1

C 6 TIT TI7I T AT A
~~~~~~6

Fig .2. (A). Dinucleotide distribution matrix for thirty prokaryotic factor-

Th4ependent terminators. Columns correspond to positions along the aligned
sequences and are numbered as in Fig.l. The most prominent elements are box-
ed The vertical d'ashed lines -M inserted for better readability only.
(B). Scatter distribution. S is the logarithm of the maximal product of

squared standardized deviations from row and column means of the matrix in
each dinucleotide position. The dashed line corresponds to the log 256
threshold (see text). (C) Continuous sequences that can be read from the re-

tions ofpoietmti elements in positions -13 to -10, -7 to +1, and +3

the significance of particular elements the matrix was normalized with re-

spect to row and column means and variances. The row variances were estimat-

ed by the row means mi The column means mIj were calculated discarding

minimal and maximal column elements, and the column variances were estimated

by binomial variances mIiT * (1-ii% )/16. Fig.2B gives the logarithm of the

maximal product of squared standardized deviations from row and column aver-

ages plotted for each column as a measure of the scatter of the distribution.

High scatter would indicate that in this position certain dinucleotides occur

4416

C



Nucleic Acids Research

preferentially as compared to others. Matrix elements that exceed a thresh-

old of log 256 upon standardization (corresponding to the equivalent of devi-

ations from row and column means by more than four standard deviations) are

boxed in Fig.2A.

Fig.2B reveals a nonuniform scatter distribution. Three major signal

regions map from positions -13 to -10, -7 to +1, and +3 to +5. As can be

seen from Fig.2A the corresponding prominent elements can be aligned to con-

sensus sequences: CGGG(G/C) or CGG(G/C), TTTTTTTT(A/G) or TTTTTTAT(A/G), and

TCTG, respectively (Fig.2C). The -13 to -10 region coincides with the

3'-half of the standard dyad symmetry. It appears that the high G*C-content

of the dyad symmetry is unevenly distributed in favour of the consensus se-

quence, as has been suggested from an early analysis of the first few pub-

lished terminator sequences (64). In fact, 8 sequences match the consensus

exactly and another 12 deviate in just one position (from Fig.1). Of 30 ran-

dom sequences at most 1 would be expected to deviate from the consensus in

not more than one position (for random sequences constrained to contain only

Cs and Gs the expected numbers of sequences mismatching the consensus in none

or only one position would be about 2 and 8, respectively). Termination re-

lief mutants mapping in the CGGG(G/C) region further emphasize that the par-

ticular sequence rather than just the C+G content is important for the termi-

nation signal (28,65). The run of thymine residues is shared by all but five

sequences (see above). The TCTG sequence is found in seven sequences and

with allowance for one mismatch in another five (Fig.1). This common element

was reported before for three of the sequences (66). The other prominent ma-

trix elements found in the left half of the matrix partly map in the

5'-halves of the dyad symmetries and may be reflections of this constraint,

as is the broad G-C-rich band between -30 and -20. Interestingly, the dis-

tance between the cluster of prominent elements around -30 and the CGGG(G/C)
region is about the same as the distance between the two contact sites of RNA

polymerase with promoters (67). It is not known whether these contacts are

also implied in the termination event.

AN ALGORITHM TO LOCATE TERMINATORS

If the dinucleotide distribution matrix correctly reflects the termination

signal then the similarity of a particular sequence to the matrix would give
indication as to whether this sequence might have termination activity. The

matrix could then serve as a probe to locate terminators on any given temp-
late. Similar ideas have been implied in the construction of algorithms to
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frq.

.2

=¢--1,. - s . , , , , ~~~~~~~~~std,
-3 -2 -1 0 +1 +2 +3 +4 +5 +6 +7 +8 +9 +10 dev.

xE XE a ox 1xE MXIKWX Kx x x

Fig.4. Distribution of the normalized correlation sum for 10,000 random sites
titstogram) and the 30 known independent terminators (crosses). The correla-
tion sum measures similarity of a sequence to the dinucleotide distribution
matrix Fi .2A (see text). Mean and standard deviation are 4.0 and 2.12 for
the ran; sites and 17.3 and 4.C2 for the terminators respectively. Re-
sults are shown normalized with respect to the random site mean and standard
deviation.

find ribosome binding sites, promoters, and nucleosomes (11-14).

To quantitatively define similarity of a given sequence of length 51 nu-

cleotides to the matrix we calculate a correlation sum as follows: First we

discarded -ll low frequency elements of the matrix which contribute hardly,

if at all, to the signal pattern. More precisely, we replaced by zeros all

matrix elements that yield a product of squared standardized deviations from

row and column averages less than 16 (corresponding to the equivalent of de-

viations from row and column means by less than two standard deviations);

this improved the signal-to-noise ratio (see below). The remaining entries

were normalized by dividing them by their respective maximal column elements.

The correlation sum for a sequence is then obtained by adding up matrix ele-

ments as read from the sequence of dinucleotides. An example of these calcu-

lations is shown in Fig.3.
In order to evaluate whether the correletion sum might serve to separate

terminators from non-terminators we calculated the correlation sum for all

possible frames on a random sequence of length 10,CO0 N as well as for the

ensemble of terminators. The result is shown in Fig.4. The histogram repre-

sents the distribution of the correlation sums for the random sequence. The

distribution has been normalized with respect to the sample mean of 4.0 and

the sample standard deviation of 2.12. The crosses indicate the values for

the terminators (see also Fig.1). These values were obtained by taking the

terminator under consideration out of the matrix (i.e. by subtracting 1 from

each matrix element corresponding to the equivalently positioned terminator

dinucleotide), correlating it with the remaining matrix as before, and ad-

justing the value received by a factor of 30/29. The thirty terminator cor-

relation sums were distributed with a mean of 17.3 and e standard deviation

of 4.02. Normalized by the random sequence mean and standard deviation they
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have an average correlstion sum of 6.27. None of the random sequence sites

had a correlation sum as high as that,, and only .5% of the random sites had a

correlation sum greater than 3.0. The random sequence had been generated
with dinucleotide probabilities fixed as in E. coli sequences (estimated from

ECRPOL, see below). Random sequences with dinucleotide probabilities fixed

as in phages *x17L1 or lambda gave very similar results (data not shown). We

also tried other correlation functions (data not shown); the one described

above gave best separation between terminators and random sequences.

The matrix was used to screen natural sequences for terminators. A nor-

malized correlation sum of 3.0 was defined as threshold, i.e. we would con-

sider sites giving a higher correlation sum to be likely candidates for ter-

minators. By Fig.4, two of the thirty terminators of our collection would

have been missed this way, but on the same hand the calculations with random

sequences indicated that only few sites would be predicted wrongly. The

first sequence analyzed was a 39,400 bp long segment of the genome of bacter-

iophage lambda (68) as contained in the EMBL Data Library (Release 1; the

EMBL name is LAMBDA). This sequence covers the early part of the leftward

operon and includes the terminators ti, tLl, tL2a, tL2b, tL2c, and tL2d, all

of which except for tLl have been located exactly (68-71; Fig.5A1). None of

these terminators was included in our collection: tLl, tL2c, and tL2d are

rho-dependent terminators, ti has not been assayed in vitro, and the two in-

Al rox [FNI it l Mr1 FE.1I F. t"T b

A2 + i V 4'

A3 ii ~ i I 'I i

91~~~~~~~F~~~~7I77~~~~~~~~~~1 F7i7~~~~~~~~1fl 1. H ",

82

83

I'T

%! li i ~ ~~II I lii ,I J. I I I I In' II .I I ii

Fig .5. (Al & Bi) Genetic mas of LAMBDA and ECRPOL, respectively. Transcri p;t~al or ientation is from left to right except for the git gene which is i-n
opposite orientation. The maps are drawn approximately to scale. (A2 & B2)
Dad symmetries (upward whiskers) and T-rich regions (ots) in LAMBDA and
ECPOL respectivel y, as defined in the text and determined by the sequenceanalysis program of Sege et al. (75). Downward whiskers correspond to the
known or putative terminators. (A3 & B3) Sites of high correl ation to the
terminator matrix (as defined in the text on LAMBDA and ECRPOL,, respectively
(upward whiskers). Downward whiskers correspond to the known or putative
terminators.
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dependent sites tL2a and tL2b were published after we had completed the ini-

tial calculations leading to the present matrix. Secondly we analyzed the

cluster of genes coding for ribosomal proteins and the F- and P'-subunits of

RNA polymerase at about 88 min. of the E. coli genetic map (EMBL library name

is ECRPOL; length 7,,604 bp). This sequence contains one site known to func-

tion as an attenuator in vivo and two other putative terminators (72,73;

Fig.5B1). As a third example we will discuss results on the recently pub-

lished control sequence of the E. coli ilvB operon (370 bp) which contains an

attenuator (74).

The results of our analysis are summarized in Fig5. On average every

one to two hundredth site yielded a normalized correlation sum greater than

3.0 (23 sites in LAMBDA (Fig.5A3), 39 sites in ECRPOL (Fig.5B3), and 3 sites

in ilvB (not shown)). Amongst the sites found by the matrix are on LAMBDA

the three independent terminators ti (normalized correlation sum 6.41), tL2a

(4.61), and tL2b (3.85), the rho-dependent terminator tL2c (4.25), and the

first of the suggested sites (68) for tLl (3.08); on ECRPOL the putative (72)

terminators t"U" (3.05) and t (3.75); and on ilvB the attenuator. Not found

are either of the other two locations suggested (69) for tLl nor the rho-de-

nendent terminator tL2d on LAMBDA, nor the attenuator in ECRPOL. We also de-

termined the number of hairpins (stem containing at least 5 Watson-Crick base

pairs, ratio of matches to length greater than .75, no loopouts allowed, loop

size 3-7 N) and the number of T-rich regions (at least 7 Ts within a stretch

of length 10) using the sequence analysis program of Sege et al. (75; 5

A2&B2). Hairpins occur with a frequency of about 1 per 50 nucleotides in

LAMBDA and ECRPOL. T-rich regions are much less frequent (9 sites in LAMBDA

and 6 in ECRPOL). For comparison we also analyzed two random sequences with

dinucleotide frequencies as in LAMBDA or ECRPOL, respectively. It appears

that the features occur with frequencies independent of the particular dinu-

cleotide composition (except for the T-rich regions which are more frequent

in the random sequence equivalent to LAMBDA which has 6.9% TT dinucleotides

as compared to 4.9% in ECRPOL). The natural sequences seem to be rich in

hairpins as compared to the random sequences (about 1 hairpin per 80 nucleo-

tides). Similarity to the matrix is apparently also on random sequences more

selective than the potential for formation of a stable RNA hairpin (the fre-

nuiency of sites with normalized correlation sum greater than 3.0 is about 1

per 200 nucleotides).
Evidently any of the three features taken by itself is unsatisfactory as

a terminator algorithm in that either many sites are probably predicted
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wrongly or some known terminators are missed. The combination of hairpin +

adjacent T-rich region is only found at the terminators ti, tL2a, and tL2b of

LAMBDA, at the putative t"U" terminator as well as at an upstream site over-

lapping the promoter PK in ECRPOL, and at the ilvB attenuator. These results
are compatible with the notion that the two features taken together form a

sufficient condition for termination. Fig.6 shows all sites with a normal-

ized correlation sum greater than 3.0 and an overlapping dyad symmetry with

its 3'-end mapping 34-40 nucleotides downstream to. the 5'-end of the site (as
for the known terminators, Fi.1). In LAMBDA there are 7 sites with these

properties, including ti, tL2a, tL2b, and tL2c. ti, tL2a, and tL2b match the

CG.GG(G/C) consensus in four positions; tL2c gives a perfect match. tL2a also
has the TCTG sequence, tL2b the derivative TATG. tL2c, a terminator which is
rho-dependent in tandem with the downstream tL2d site lacks the T-rich re-

gion. The rho-dependent terminators tL2d and tLl are not found. The other
three LAMBDA sites shown in Fig.5 mrap proximal to gene N and immediately dis-

tal of EalO. It is not known whether they are active in vivo. The algorithm
finds 6 sites on ECRPOL. The first of these overlaps with the PK promoter
and could be the putative t"U" terminator. The second site maps between rplA

SITE SEQUENCE NORM. CORR. SUM

A t. A((AGAGAA(AAGAATAA((GG(CCTAGCGCCGGGIIIICCTIG(ClCA(G 6.41

A 280 TltAIAITAAAAAA(ATACAGAIAAtCAIIGCGGTGAIAAATTAlgj-r,GG 3.51

,A 419 AG(C(1GAAGAAGGGCAG ICAAfG1ACAGrAAAGGC GGGGIG_Ql,QATA 3. 36

A tL2a IAIIGGAAAI(ilcllTG(c(tltAdGIGIAGGG(GAlIIIIAICIG-IGA 4.61

A 2392 ATGATAIGA(TAICAAGGfCGCCIGAGGCGGlTTTAC(GCATA(CAATAA 3.31

A tL2b GlllIAC(G(AIA(CAATAAtGCIICAtltGAG~GCG?lIICG'IAIGIAI 3.85

A tL2c T'CCTGlTTTCCIAAltAGCCCGGCATTTCGCGGGtIiTCATAGCIA 4.25

E 97 GCA(AAGGCGTGAGATTGGAilACAAlTTCGCCCITII.UGl;A!GGGC 4.06

(GGTGACAGAACGCTAAGATTATTCTT GGCTIGOTTI_GC1( 3.75

E 3057 TAAGGATITTGGlAAACGTCCACAATCtIcGGAIGTA'CCITAI.LISCITTC 3. 44

E 6670 ACIGGIGAACAGTTCGAGCGTCCGGIAACCGTTGGTTA(ATGIACAIGCIG 4.11

E 7188 AAAIIGCICIGGCIICGCCAGA(AICGTi AIGGltlI,iGIGAAG 3.22

E 7252 AA(CAICAA(TA((GIACGTIC'AAiCCAtAA(GIGACGGCCllTTCI,_t_GC 3.29

E . lvE att GATTC(AAAA(C(C'GCCGG(GCAAACCGGGCGGGGIlll.IlCG.TIAAGCAC 5.68

-40 . -30 . -20 . -10 . -1+ . +9

Fi .6. Sites on LAMBDA, ECRPOL, and the ilvB control region predicted by the;minator algorithm (see text). Ihe notation refers to Fig.5 (nunbers indi-
cate the positions of the 3'-ends of the sites calculate;rom the left ends
of the respective templates). Features are marked as in Fig.1.
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and rplL (t; Fig5.2A) where preliminary in vivo results indicated termination

or processing. The other four sites at both ends of rpoB and at the begin-

ning of rpoC are not known as terminators. The in vivo attenuation site be-

tween rplL and rpoB is not.found by the algorithm. This site has a 11 bp

long perfect dyad symmetry but the adjacent sequence, TTTTGCGCTG, is not T-

rich by our criteria. On ilvB the algorithm only predicts the known attenua-

tor.

The combined criteria of high similarity to the terminator matrix and

presence of dyad symmetry give best results in terms of neither missing known

terminators nor predicting many sites probably wrongly. We propose search

for sites satisfying these criteria as an algorithm to locate terminators.

DISCUSSION

RNA polymerase recognizes specific sites on the DNA template where to initi-

ate and terminate transcription and where to pause during elongation. Many

of these sites have been sequenced (2,76). Although some sequence homology

is shared between functionally homologous sites, the exact nature of the sig-

nal recognized by the polymerase has remaineA unclear. Concurrently no reli-

able algorithms have been formulated that would allow to locate promoters,

terminators, or pausing sites according to the nucleotide sequence of the

template.

Transcription terminators are known to occur in various positions within

operons, serving different control functions and displaying several distinct

patterns of dependencies on additional protein factors (15,18). Factor-inde-

pendent termination sites generally contain a G-C-rich dyad symmetry followed

by a run of consecutive thymine residues (4). As there are striking excep-

tions to this general scheme (Fi.1) these properties may be sufficient con-

ditions for termination but apparently are not necessary.

Unlike the translational code or the code for restriction enzyme cutting

sites where error-proofness is of vital importance for the cell, transcrip-

tional control sites presumably should not be "all-or-nothing"- signals. The

required frequency of initiation will very from one promoter to the other,

and even at a particular site at different times in the cell cycle or accord-

ing to environmental conditions (1). Readthrough at terminators allows for

the regulation of the ratio of terminator-upstream messenger RNAs to termina-

tor-downstream messengers (5). Ihese modulations of signal strength could be

accounted for if the signal were composed of additive elements such that

their sum would determine signal strength. Indeed, the model seems to hold
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as far as the two contact sites of RNA polymerase in the promoter are con-

"erned: it appears that a bad match to the ideal sequence in the '-35 re-

gion' can be compensated by a good match in the '-10 region', and vice versa

(13). In terminators a dyad symmetry potentially yielding a stable RNA hair-

pin in conjunction with a run of thymine residues may be sufficient to sur-

n ss the signal threshold. In the absence of either feature other sequence

properties or additional protein factors may compensate this lack. This

principle of distributional recognition has been described in detail else-

where ( 13).

In search for signal components of terminators we have analyzed the di-

nucleotide distribution at termination sites. The matrix of dinucleotides

versus positions along the aligned sequences (Fig.2A) reveals three major
signal regions (Fig.2B) corresponding to the consensus sequences CGGG(G/C) or

CGG(G/C), TTTTTTTT(A/G) or TTTTTTAT(A/G), and TCTG, respectively. The first

of these coincides with the 3'-half of the standard dyad symmetry. TCTG mnaps

in the non-transcribed portion downstream of the termination point. The pro-

nortion of terminators containing these consensuses or close derivatives

(Fig.1) is well beyond what would be expected on a random sequence basis.

Notably, TCTG is present in both E. coli tyrT t, which lacks the thymine rich

region, and in the plasmid Rl RNA-III terminator, which lacks both dyad sym-

metry and thymine rich region; the E. coli rho attenuator, which also lacks

both standard features, contains the derivative TATG. If the TCTG consensus

is implied in the termination signal these would be further examples for com-

pensation in distributional recognition. Besides of in E rrnC, E rrnF(G), E

supB-E, and E tyrT t (Fig. 1) of our initial collection we later (subsequent

to our calculations) found another five sites in E. coli bearing TCTG: the

ribosomal RNA operon rrnD terminator (77,78), the in vivo terminators E rpmG

t (79) and E lpp t (80,81), the putative terminator E rrnB Ti (66), and the

site E t beyond rplA (Fig.6). Ihese sites terminate transcripts coding for

either ribosomal RNAs, transfer RNAs, or ribosomal proteins (except for the

llp transcript which codes for the lipoprotein of the outer membrane, which

is probably the most abundant protein in the E. coli cell (81)). This might
suggest a role for TCTG in stringent control (82). Other consensuses that

had been suggested from preliminary calculations (63,13) are not confirmed by

the current matrix. This may be due to statistical inaccuracies resulting

from the small ensemble of sequences available to us at that time or due to

previous inclusion of factor-dependent sites which have not been considered

here.
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We have developed an algorithm to locate independent terminators on the

basis of similarity of a sequence to the dinucleotide distribution matrix of

Fig. 1A. Similarity of a sequence to the matrix is measured by a correlation

sum to which each dinucleotide of the sequence contributes in proportion to

the relative frequency of occurrence of this dinucleotide in same position in

known terminators as read from the matrix. A sequence with high similarity

to the matrix, i.e. with high correlation sum, would be a likely candidate

for termination activity. We checked this notion on random and natural se-

auences (Figs. 4&5). The known terminators indeed generally give a correla-

tion sum much higher than the average for random sequences (Fig. 4). Two of

the thirty terminators give exceptionally low correlation sums (Flg.1). This

suggests that high correlation to the matrix is not an absolutely necessary

property of terminators either, though it seems to be more general than ei-

ther dyad symmetry or T-rich region.

Best results on the natural sequences were obtained by combining the

criteria of high correlation sum with an overlapping dyad symmetry upstream

of the proposed termination point. This way the algorithm correctly finds

all known independent terminators, one rho-dependent site, and three sites

known or likely to function in vivo (Fig.6). About the same amount of sites

are found for which termination activity has not been shown or suggested.

One rho-dependent site and two in vivo terminators are missed. Further ex-

perimental evidence will be required to evaluate the performance of the al-

gorithm.

Limitations of the algorithm described lie partly in the fact that the

nunber of sequenced terminators is still relatively small. A growing ensem-

ble should improve the signal-to-noise ratio in the dinucleotide distribution

matrix. Also the current collection may be biased in favour of canonical

terminators. The matrix includes directly the standard feature of a T-rich

region covering the termination point(s) and indirectly the preceding stan-

dard dyad symmetry. Ihe length and stability of the hairpin structure poten-

tially formed in the RNA transcript is a feature that has to be taken into

account separately. It is not clear as yet what the relative contribution to

the signal is of each of these features. Some answers to this question are

provided by mutant analyses (5), transcriptional assays with base analogues

(5), heteroduplex analysis (83), and construction of synthetic sites (15). A

refined algorithm will presumably have to include quantitative measures of

all signal components weighted by their relative significance.

Factor-dependent terminators do not share obvious homologies with inde-
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pendent sites or with each other (18). We are currently investigating wheth-

er they have common patterns in their dinucleotide distribution and how they

match with the independent terminator matrix.
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