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ABSTRACT

Nucleotide sequences of 441 promoters recognized by
Escherichia coli RNA polymerase were subjected to a
site-specific cluster analysis based on the hierarchical
method of classification. Five regions permitting
promoter subgrouping were identified. They are located
at-54 +4,-44 + 3,-35+ 3 (-35 element), —29 +2and-11
+ 4 (-10 element). Promoters were independently
subgrouped on the basis of their sequence homology
in each of these regions and typical sequence elements
were determined. The putative functional significance
of the revealed elements is d iscussed on the basis of
available biochemical data. Those promoters that have
a high degree of homology with the revealed sequence
elements were selected as representatives of
corresponding promoter groups and the presence of
other sequence motifs in their structure was examined.
Both positive and negative correlations in the presence
of particular sequence motifs were observed; however,
the degree of these interdependencies was not high in
all cases, probably indicating that different
combinations of the signal elements may create a
promoter. The list of promoter sequences with the
presence of different sequence elements is available on
request by Email: ozoline@venus.iteb.serpukhov.su.

INTRODUCTION

softwares employing neural networks were suggested for this
purpose &-12). In spite of some limitations based on the bias
selection of the promoters for training and on uncertainty in
cut-off rules when a sequence is passed through a series of
networks which give contradictory results and polling has to be
done, these approaches demonstrate the highest efficiency in
promoter recognition (up to 98%). Preliminary classification of
promoters according to their spacer lengf7,{0,11) or
functional specificity {3) increases the predictability of
promoter-search algorithms and those which take into account
sequences flanking consensus hexamers gave better results
(6,7,9,12). Non-random base pair distribution, specific for
particular promoter groups, has been observed in non-canonical
promoter regions 13-15), suggesting that additional signal
elements may contribute to promoter specificity. Recent
biochemical studies support this possibility: TG dinucleotide
located in some promoters 1 bp upstream from the —10 element
has an established functional significario&X7) and a group of
promoters has been identified for which transcription efficiency
depends upon the interaction of the C-terminal domain of the
RNA polymerasen-subunit with the sequences located one to
two helix turns upstream from the —35 elemér-{9). Both
topology of the complex formed by RNA polymerase with different
promoters (reviewed iA0) and molecular mechanism of complex
formation @1) display a pronounced variability. It is clear that this
variability could not be conditioned by the elements common for all
promoters, and approaches revealing non-canonical elements may
be favorable for further progress.

An analytical method for finding unknown patterns that occur

A statistical analysis of promoter sequences recognized liypperfectly in a set of promoter sequences has been developed in
Escherichia colRNA polymerasel=3) has made it possible to this study. Specific elements were searched without any prior
identify two consensus hexamers, TTGACA and TATAAT, locatessumption as to their nature and quantity within one and the same
[B5 and 10 bp upstream from the transcription start poinpromoter region. Two main questions were addressed: (i) what
respectively. Each base pair of these elements is most often folkidd of sequence motifs besides canonical hexamers may be
at a specific position, nevertheless an average conservation in bfithnd in the promoter structure and (ii) whether the presence of
regions is 7.9 nt per promoteB)(and [110% of the efficient a particular signal element in the promoter group correlates with
promoters match the consensus in only five or six posit®)nglfis  the presence of any other sequence motif in the same group?
variability causes problems in generating an efficient promoter-site-A set of 441 promoter sequences recognizeé.bypli RNA
searching algorithm by means of statistical weighting of canonicablymerase and ranging from —-70 to +10 was compiled.
base pairs 4-7), and several self-learning pattern-recognitionPromoters were aligned according to their +1 position(s) and
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subjected to classification by software CLUSTER based on th@omoter sequences were included in our list if upstream
hierarchical method of clusteringd). Promoters were compared sequences at least up to —50 were available. Promoter alignment
by their subsequences of varying length (2—-10 bp) at all positioissa crucial point in any statistical method. The generally used
from —70 to —1. Upstream and downstream shifting up to 2 bp watignment, according to regions —35 and -10, requires two
allowed for better fitting and the highest match number was usgdeliminary steps: (i) the canonical regions should be identified
as a measure of promoter resemblance. At every positigmevery promoter and (i) blank positions should be inserted in the
promoters were subgrouped on the basis of their similarity and tepacer and between —10 region and start point. The former
distribution of group sizes along the promoter was analyzed. Tipeocedure often gives alternative possibilities, while the later one
strongest clustering was observed when then8l of compared makes impossible the cluster analysis in the regions with blank
subsequences was located at+84—44+ 3, 35+ 3,29+ 2and  positions. To overcome these problems, we aligned promoters
—11+ 4. The typical base pair motifs were determined in any adiccording to their +1 position, which is the strongest experimentally
these regions as a consensus sequence for the largest groups.determined characteristic of a promoter DNA. In cases where
presence of these sequences in the promoter compilation wesnscription initiation is possible from numerous sites, all were
examined and those motifs which display a maximum iindependently tested and the one providing the best fit with
distribution in the region of clustering were suggested as a putaticemparable promoter in the analyzed region was selected.
non-canonical signal elements. Those promoters which have high

degree of similarity with revealed sequences were selected @8USTERING PROCEDURE

representatives of the corresponding promoter group and the , ,

presence of other sequence elements in the promoter structurd\pflysis was performed using our own software CLUSTER
the group was examined. Both positive and negative correlatiof@vailable by Email: deev@venus.iteb.serpukhov.su) based on
in the presence of a particular sequence elements were obsen/88; hierarchical clustering method?). Promoters were

the degree of these correlations was not high in all cases, howewgnpared for the local positions by their subsequences at the
indicating that different sets of signal elements can create &Stancex from the transcription start point, varied in the range
efficient promoter. Functional significance of the revealed /0 X <—1. The valu® of resemblance for two promoters Pi

sequence motifs is discussed on the basis of footprinting data. 1d Pj was determined as a number of coinciding nucleotides in
the selected promoter subsequences, the léngthwhich was

COMPILATION PROCEDURE varied in the range 2 L < 10. If there was more than one +1
position in the Pi and (or) AR was calculated as the maximum
The classification procedure applied for analysis requires as largamber of coinciding nucleotides for optimal selection of +1
a collection of objects as possible. For the greater part (2@@int in Pi and Pj. Taking into account the fact that the length of
promoters) our compilation (see table 1 in the supplementatiye spacer and the distance between the —10 region and the star
material) was composed frdicolimRNA promoters (published point of transcription vary in individual promoters, we allowed
in ref. 3) while 94 phage and plasmid promoters recognized bihem to shift along each other for a valug 2 to provide a more
E.coli RNA polymerase were added from previous compilationsbvious comparison. In this case Pi and Pj were initially aligned
(1,2) and 54 from the original paperg351). The nucleotide according to +1. Then the Pi promoter was consecutively shifted
sequences of the upstream region of phage and plasmid promotdog Pj for a valugin the range¥ < s< +V to get the maximum
were taken from the papers cited in refered@esl2. Onlythose  number of matching nucleotides in the positions corresponding to
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Figure 1. An example of dendrogram obtained o= —12,L. = 6,V = 2. Ciphers on the right indicate the valué¢dofThe difference in the group size at the level
H = 6 is schematically represented by the size of half-ellipses. Consensus sequences of the largest groups are indicated.
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Figure 2. Number of promoters in the 16 largest groups obtained in some critical
promoter positions. Parameters used for clustering are indicated in the panel B.
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the Pi subsequence. This procedure was repeated by shifting the

Pl promOte.r along Piand the re_zsu_ltl_ng valug w.as determmeq Figure 3. Position dependence for the average number of promoters in the six
as the maximum number of coinciding nucleotides for an optimakrgest groups obtained for different values aindH.

position of shifting. If identical values were obtained for several

alignments, the one which corresponded to the smaller shift was

chosen. Based on this definition for promoter resemblétce

hierarchical dendrograms (Fid) were generated by sequential . ) .
grouping of the promoters according to their resemblance in t§&hibit a pronounced dependenceXanrevealing the specific
range 1< R < L. On the first step the clustering procedure collect§€9ions with non-random distribution of base pairs. Figure
the promoters which have = L. On the second and subsequend€monstrates the site-dependence for an average number of
steps the groups are combined to get the highest value of ovePfPmoters in the largest six groups (a point where the curves of
similarity. For further description we have designated the groups B}€ 9roup sizes approach a plateau, EgAn average number

the leveH those groups in whidR = H for each pair of promoters. ©f Promoters in the groups increases when the vakdafaken
smaller thanL (lower panels, Fig3) and decreases when

averaging is performed for all groups with a size >1 (data not
RESULTS shown). In all cases, the character of the histograms remains the
Site-specific promoter subgrouping same: when the' ®nd of the compared subsequence_s was located
at 54+ 4, —44+ 3, -35+ 3, —29+ 2 and -1} 4 (regions -V,
The hierarchical dendrograms were sequentially generated by tlespectively) an average size of promoter groups significantly
clustering procedure and analyzed at all promoter positions in timereases (Fig3). The number of promoters in the largest groups
range from —70< X < -1 for the lengthL of compared obtained in these critical positions exhibits specific distribution,
subsequences varied from 2 to 10 ®n¢hried from 0 to 2. The different from that observed, for example, at position —24, which
number of promoter groups varied from L652 at all positions) shows the lowest level of clustering and can probably be used as a
up to 428K =10,H = 10,X =-24) whereas their size varied from convenient intrinsic reference point. Some degree of subgrouping is
1to 119 (TA dinucleotide at position —12). Figure 2 represents ttaso observed around the position —65, showing a level of clustering
real number of promoters in the largest groups obtained at sotogver than other promoter regions. Since the experimentally
critical positions. An average size of promoter groups and theibserved border of the contact area with RNA polymerase usually
number characterize an efficiency of promoter subgrouping andid not reach this position (reviewed4) we omitted the —65
hence, a degree of promoter homology at every positiaregion from further analysis. Efficiency of clustering in all regions
according to the transcription start site. Both these parametetsamatically decreases when the value_of 6, confining a
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reasonable extent of subsequences for further analysis (histogranisble 1. Sequence motifs typical for the regions with non-random
for 8<L < 10 are not presented to avoid overloading the figure). distribution of base pairs

Thus, three additional regions with non-random distribution of

base pairs were identified in promoters. Two of them are located i||1 -54:44 Upstream of the Upstream of the
the upstream region, where specific base pair content is widely' ™ . (-s6/-23) =33 slement 10 element
discussed in connection with promoter function. It was unexpected, " R v HI IR e e
however, to observe two separate patterns of clustering, which™ e (577500 | by, coveac  (30/055) mcoct . (20)1n
appeared to be phased with the —35 signal element. The third neja: ressr  (-sa/-s3; D Tty

. . . . . . . . CTGATT (-58/-56) c). CATTGA (-38/-35) TGTTA (=17/-12)
region with non-random distribution of base pairs is located in thg ez {-21/-29) GCATIC  (-35/-36] TECTA . (-16/-12)
spacer just downstream from the —35 signal element. ' i £, CCTATA (-16/-14)

b ren (Co/-a0) =38 eleant rectn (is/1e)
. . _ o Coaen | Theam D303
Sequence motifs typical for the revealed promoter regions o, maeerr (st/eno; TTTACA  (-38/-32) -10 element
ACAAGC (-59/-52) 15. TTGCAA {=37/-32) 22. TATAAT (-14/-9)

The consensus sequences of all the promoter groups wefe % 7%/79 TOCRRR (36772 B
automatically determined as output parameters of any clusteringf” 7™ =520 Jre.mmeack 365 TRoRAL
circle (Fig.1): however, due to some fundamental features of the L= _ 23, TATACT (-14/-10)
method, their contexts could not be directly accepted as a typical crema  (-0/-s7) 2oz TRCRET (28
sequence motif of the region. For example, if three promotergs. e i-i5 | - cmmes 1arreoer]  Downstrean £rom
with local sequences TATAATG, ATATAAT and ATAATGC are sonner casyans | 1. 1omce  (os0jessy the -10 element
compared by their subsequencek 6f 6, the first promoter, due  |.  virere ss/o10) A ee AR @ Tococe
to the shifting procedure, will be occasionally combined either| "™ /=2 | o e Ceine
with the second or with the third, giving different consensus| " 2ia* (i1 Aasan e gcacae
sequences. Thus the size of the group with a specific coNsSensys,. swcess (es/-eny | 7 P (32/m20] . actean
generally determined by the frequency in the presence of fz. rrcar (asjoany | 770 70 2 reRARe
corresponding subsequence, is also dependent on the value of] ::. TR (-19/-43)

and on the order of promoters in the compilation. To reveal the
dominate sequence motifs, typical for different promoter regions,
we used two-step analysis. Typical sequence elements revealed in the promoter structure and combined
On the first step, promoters were occasionally mixed threeon the basis of their similarity. Sequence elements obtained in the peak
times and subgrouping was performedor 0 and 2 within the  positions of regions |-V are numbered. Elements characterizing sequences
ranges —58& X £ -50; —48& X £ -40; -3% X £ -32; =31 X flanking regions lll and V are designated by lower case letters. The numbers
<-27 and =18 X < —-4.L was varied in the range from 3to 6 and inthe brack_ets indicate promoter regiqns containing the peak fraction of the
groups of the leveH = L andH = L — 1 were examined. Coresponding sequence elements withR.
Consensus sequences were determined for the six largest groups
and those which take place for the all mixed sets of promoters,
were subjected to the second step. At this step we analyzed subgrouped on the basis of their sequence similarity upstream of
histograms of appearance for revealed sequence motifs throutle —35 element, where they often possess TC, CA or G. The
the promoter compilation and those elements which have mesence of C in this region was already discussgd Five
pronounced maximum in the region of clustering are summarizebminant sequence motifs are identified in the —30 region. Three
in Table 1. Only the longest sequence elements identified imre enriched in homopurine (homopyrimidine) dinucleotides,
different promoter regions are indicated for simplicity. Somepreviously reported for promoters with long spacer lentfih (
promoter groups have a consensus differing in only one or twbwas surprising to find that many promoters have sequences
positions or a consensus shifted several steps. We combine thesembling the —35 element one helix turn upstream from its
to obtain a larger groups. For example, six sequence motif®rmal location (groups 12 and 13).
revealed in the —10 region are combined into two groups: oneThus, numerous sequence motifs are identified in the promoter
contains canonical TATAAT and motifs bearing all possiblestructure. Since the cluster analysis was performed for segments
substitutions in the place of central T, while the other is composed different length and different levels of coincidence, the set
of sequence elements displaying a conserved C 1 bp upstreanprsented in Tablel shall probably be considered as the
the 3 end (see also Fig). Some additional considerations weremaximum list of putative promoter-specific elements encoded in
taken into account at this stage. For example, the ACAAGC motifie nucleotide sequence.
(group 5) looks like a prolongation of CACAA (groupg),
nevertheless they are placed into separate subsets becausecigelation in the presence of different sequence elements
corresponding groups contain only five common promoterg, ihe one promoter group
(intersection of lin®& and columrt in Table2) and the group with
consensus CACAAG was not identified by cluster analysis. The last part of this study was performed with the aim of revealing
Three types of sequences are found upstream of the —aOpossible correlation in the presence of different sequence
element. One is a TG dinucleotide which is usually separatediements in the promoter structure. A rationale for this analysis was
from the —10 sequence by A, C or T, but not G. Two types ajoverned by the fact that promoters bearing TG dinucleotides
sequence motifs are identified downstream from the —10 elemenpstream of the —10 element form tight contacts with RNA
The GCGC is typical for the stringently controlled promoters angolymerase in the upstream region and permit the complete
is responsible for their inhibition by ppGpp. Promoters may belimination of —35 elementd (,19). This suggests a possibility
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Table 2. Distribution of promoter-specific sequence elements between different promoter groups

N Element Region Size

1.AARARa -59/-53 98 |
WTTTTT -57/-50 73
TgWTT  -58/-52 73
.AtTCAca -60/-51 48
.acAAgCtt-59/-50 32
.CTTTac -54/-48 22
.TGaAAt -49/-41 69
AaTTcT -49/-41 79
9.TtTTTC -49/-41 66
10.AAARAA -49/-41 54
11.ATCARA =~49/-42 47
12.TTgCAT -49/-41 32
13.CATTgA ~-49/-41 31

-

| ~f of o | w| ™

a.tTcTTGa -41/-32 90

b.GTTG -39/-34 62

c.cATTGa -40/-34 63

14 TTgAch -39/-32 143 3% 2*
15.TTGCAA -37/-32 67 * Maw
6.TTGACT -39/-34 57 To+| *
17.tGAWWAa -32/-26 52 T T2

18.tTTAcc -31/-25 51
19.ARAAta -32/-26 37

20.RAACTG -32/-26 28 |12 T2

21.cCTTTT -32/-27 28

d.gcGTAta -20/-11 101 T2 12 2
e.TG-TA  -17/-12 57 T2
£.cCCTAT -19/-14 53 [12 12 |12

22.TA-AAT -15/ -9 226
23.TAtACT -15/ -9 94 |3

g.tgCGCc-c -10/-4 71 T2 12 ) T2 T2 13 TSH ~
h.aclGhha —11/ =7 47 12 | = [t3«

N and symbols upstream from the columns designate the name of the promoter group according to the Table 1. Numberdiicehs ishibcie a quantity

of the common promoters in the groups named on the top of the column and on the left from the crossing line. Arrows andhephleite cells indicate the

sign and the value & in deviation oh from the expected value (‘2' means 19B < 3; ‘3' means X B < 4 and so on). To analyze the correlation with maximum
efficiency, promoters bearing sequences exactly corresponding to the typical elements of tHeigtéawsl22, 23 were ascribed to only one group. Otherwise

the size of these groups is: 183); 75 (16); 253 2); 132 £3) and they contain a large number of intersections. Goamgmtains promoters which have at least

five matches with indicated sequences and also possess G 6wtttk Borders of some regions were slightly changed comparing to Table 1 in accordance with
the specific distribution exhibited by the motif wHer 5 was taken lower thdn= 6. Asterisks designate those cases when overlapping in sequence motifs was
not taken into account, otherwise overlapping was allowed for not more than one position. W, Aor T; R, A or G.

that specific pathways requiring particular non-canonical elemensize of these groups. Nevertheless, in some cases, statistically
can be used by RNA polymerase for complex formation with somelevant deviations were found. The significari@eof this
promoters. To test this possibility in principle, promoters whictphenomena was estimated using a non-parametric statistical
have at least five matches with every revealed sequence matiethod 63):
were extracted as representatives of the corresponding promoteB = (n — Ng)/(Ng(1 — g)}/2
group and their consensus sequences in the examined regiadgeren is the number of common promoters for two analyzed
were determined. The value 5 fBrwas chosen to obtain a groups\N is the size of one groug;is the percentage of another
statistically reliable pool of promoters in every group and, on thgroup in the overall promoter compilation.
other hand, to avoid a large number of intersections betweenWithin the 95% confidence interval, the correlation in the
different groups for the same promoter region. In those caspeesence of two different sequence elements in the structure of one
where different sequence elements of the group have shiftedeid the same promoter group was considered as insignificant if
ends (see for example grod ands), flanking sequences were [B[£1.96 (empty white cells in the Tab®. Only 41 out of
taken into account so as to align them completely befor408 pairs of signal elements show certain positiver (Ng) or
weighting. Different bases of the sequence elements show somegative § < NQ) correlations in their simultaneous presence. The
degree of variation. Those which are present in a specific posititgvel of these interdependencies was not higbnifpared with &
in >75% of promoters in the group are designated by capitsilue of 95% confidence interval, probably indicating that different
letters and those which were found in 50-75% of promoters asets of the signal elements may create a functional promoter.
designated by lower case letters (TaB)e The presence of
alternative bases in one and the same position was indicated oplscUSsSION
if both of them are present in 40-50% of selected promoters.

All pairs of promoter groups were analyzed (Tab)l@nd in  Our present knowledge on the structure of promoter sitEsdoli
most cases the quantity of common promoters in two differeNA polymerase is based on a large number of experimental data,
groups corresponded to the value theoretically expected for the well as on statistic analysis of promoter sequences. The priority
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of the later approaches was especially evident in liegea the —44 region, implying that some other promoter-specific
consensus hexamers. Their significance for promoter functionirgignals may be created by these elements. The AAAT motif was
was confirmed by later genetic, biochemical and biophysical datlound near the hyperreactive sites in polymerase-promoter
Experimental data in turn attract attention to the non-canonicabmplexes and it is duplicated in the UP elementrrd8P1,
promoter regions and were the challenge of searching fevhich forms contacts with the RNA polymerassubunit. Thus,
additional promoter-specific patterns which occur imperfectly irthis particular element may be suggested as a possible target for
many sequences. The cluster analysis performed in this paper Wagraction with the C-terminal domain @fsubunit.
governed by this problem. All elements revealed in the —45 region have similarity with
Five regions permitting promoter subgrouping were revealed sequences found near the sites hyperreactive to DNAse | at position
cluster analysis (Fig). Canonical —35 and —10 regions show the-47 or —-37 20), suggesting their participation in complex
highest clustering efficiency, displaying TTGACA and TATAAT formation with RNA polymerase. Most of them bear elements
as dominant elements. The occurrence of particular base pairs@sembling motifs revealed in —55 and —29 regions. Two sequence
these regions, however, shows specific variations allowing m@otifs (groups12 and 13) have similarity with —35 elements
possibility for promoter subgrouping into several subsets whicfgroupsl5 andc, respectively), indicating that these elements may
show slightly different correlation with the presence of othemlso be duplicated in some promoters. This observation is probably
sequence motifs. Putative promoter-specific elements are aleblarge importance since it allows the possibility that promoter
identified within —54+ 4, —44+ 4 and —2% 2 regions (Tablé).  signals similar in structure but different in location may be
The situation here is however quite different: sequence motieamployed by RNA polymerase. Therefore the topology of the
typical for any of these regions show no mutual sequen@nhzyme surfaces involved in this interaction becomes of interest.
similarity, implying a difference in their functional manifestation. Those promoters which have a high degree of homology with
Approximately 99% of promoters from our compilation canonical —35 element often possess TC, G or CA as a flanking
possess a high degree of sequence homology with at least onaewfleotide at the '5end while the promoters with TTGACT
the revealed sequence motifs (table 1 in the supplementasgquence in the —35 region prefer CA, and with TTGCAA, G in
material). The average size of the largest groups determined tbis position. The presence of these particular nucleotides upstream
regions |-V decreases in order: V > Ill > (&)l =2 Il (Fig. 2).  of the —35 element probably indicates that ‘extended —35' elements
The number of promoters bearing at least one of the sequernmay sometimes be recognized by RNA polymerase. It should be
motifs in these regions displays slightly different dependence: ¥ken into account, however, that the consensus elements of groups
>ll= Il 21> IV (table 1 in the supplementary material), a—c possess TTG common with the consensus elements of the
indicating a statistical significance of the elements found in thgroups14—16 That means that the selection of the promoters in
upstream region. groupsa—cand14—-16was not independent and absolute values of
At least three different mechanisms affecting transcriptioB in these cases are overestimated.
initiation are functioning upstream from the —35 element. First of The non-random distribution of purine—purine homo-dinucleo-
all, this region frequently bears target sites for a group dides and purine—pyrimidine hetero-dinucleotides in the six upper
regulatory proteins54,55). Second, the upstream regions ofpositions of the spacer was previously described for promoters with
promoters are often A/T-rich. A/T tracts positioned in phase with spacer length different from 17 bfb). Some sequence motifs
helix turn are capable of inducing DNA bending which somefound in this region are really enriched with homodinucleotides.
times shows transcription enhancing activity (reviewelinh  However only two groups have a percentage of promoters with
Third, this region in some promoters is recognized by thaon-optimal spacer length essentially different from average
C-terminal domain ofi-subunit (8). (46%): the subse?0 bearing AAACTG motif near the —30 have
Cluster analysis revealed a group of promoters with TCACA &81% of promoters with non-optimal spacer length, whereas the
a consensus sequence upstream of —50 (d)olipis elementis subsefl7, characterized by sequence motif tGAWWAa, only 26%.
a part of cCAMP-CRP binding site and 15 promoters from thiJhis, in principle, is in line with the suggestion that some specific
group are regulated by different regulatory proteins: only four afequence motifs may be functioning in thexc®r region to
them, howevermtl, ompB rbs, thaA are regulated by CRP compensate variation in its length5{ and indicates that the
through interaction with TCACA. The presence of this elemenpresence of other motifs requires a stronger correspondence of
in other promoters probably contributes to promoter function ithis distance to the optimal value.
some other way. The fact that eight of 20 promoters which Two types of elements suggested for the —10 region show some
complex with RNA polymerase display a hyperreactivity todifference in correlation with the presence of sequence nptifs
DNase | af}-47 have ATTCA or TCAC motifs upstream from the c, h andg. Three typical dinucleotides were found in the region
hyperreactive site suggests that this element can form diretdnking the —10 element. The presence of TG 1 bp upstream from
contacts with RNA polymerase(). the —10 element is important for transcription activitgalP1
Prolonged A/T tracts are found in the upstream region of margndcysG(17,19), forming a so-called ‘extended —10’ element.
promoters (groups, 2, 6, 9 and10, Tablel and2). It is natural These promoters show an extended footprint in the upstream
to suggest that these elements create a specific three-dimensiosglon and are active in the absence of the —35 element. Nine
structure, and the possibility of DNA bending in these regions isromoters (instead of an expected four), which have TG upstream
widely discussed as an efficient transcription-enhancing factawf the —10 element have a high degree of homology with TTgCAT
Several repeats of A/T tracts positioned in phase with helix tummear position —45. TTgCAT is well expressedatP1 CysGhas
are necessary to induce a pronounced DNA bend and maogly three matches with this sequence bearing four coincidences
promoters really possess these repeats. Nevertheless, the preseiitte TTTACA, another motif typical for =35 region. BajalP1
of A/T stretches in the —54 region show no positive correlatioandcysGhave weak homology with —35 elements in their normal
with the presence of the same or complementary stretches arolmehtion. Thus it could not be excluded that the specific topology



of the complexes formed by these two promoters with RNA8

polymerase is conditioned by unusual interactioa @r some

other subunit) with the —35-like element one helix turn upstrea

from its normal position. This statement however could not bg;
attributed to all promoters with TG dinucleotide upstream from2
—10 element or promoters with TTGCAT motif near —45 site13
since neither of these groups showed a pronounced decrease in thé799-4815.

presence of typical —35 elements.

Two types of sequence motifs were revealed downstream from t@

14

—10 element. One of them (grag)pcorresponds to the well known 77

element responsible for stringent regulation)( The other has not
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with the model of alternative pathways proposed for promoter7

activation on the basis of experimental daf1(7,20,21). This
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correlation in their simultaneous presence since they may mark

out evolutionary unfavorable combinations.

ACKNOWLEDGEMENTS

This work was supported by the Foundation for Basic Resear

43

44

45
46

of Russian Government (grants 97-04-49418 and 97-04-48404).

See supplementary material available in NAR Online.

REFERENCES

Hawley,D.K. and McClure,W.R. (198Blucleic Acids Resl1, 2237—-2255.
Harley,C.B. and Reynolds,R.P. (198%)cleic Acids Resl5, 2343-2361.
Lisser,S. and Margalit,H. (199Blucleic Acids Res21, 1507-1516.
Mulligan,M.E., Hawley,D.K., Entriken,R. and McClure,W.R. (1984)
Nucleic Acids Resl2, 789-800.

Mulligan,M. and McClure,W.R. (198®ucleic Acids Resl4, 109-126.
O'Neill,M.C. (1989)J. Biol. Chem.264, 5522-5530.

O'Neill,M.C. and Chiafari,F. (1989). Biol. Chem 264, 5531-5534.

A WOWNPE

~N o g

Kubota,M., Yamazaki,Y. and Ishihama,A. (199). J. Genet66, 399—409.
Kukochi,Y., Yoda,K., Yamasaki,M. and Tamura,G. (198agleic Acids
Res, 9, 5671-5678.

Surin,B.P., Jans,D.A., Fimmel A.L., Shaw,D.C., Cox,G.B. and
Rosenberg,H. (1984) Bacteriol, 157, 772-778.

Mikuni,O., Ito,K., Maffat,J., Matsumura,K., McCanghan,K., Nogukuni,T.,
Tate,W. and Nakamura,Y. (199joc. Natl. Acad. Sci. USA1, 5798-5802.
Makino,K., Shinagawa,H., Muemura,M., Kimura,S., Nakata,A. and
Ishihama,A. (1988). Mol. Biol, 203 85-95.

Slany,R.K. and Kersten,H. (1999\cleic Acids Res20, 4193-4198.
Yamagishi,M., Matsushima,H., Wada,A., Sakagami,M., Fuijita,N. and
Ishihama,A. (1993EMBO J, 12, 625-630.

Burton,Z.F., Gross,C.A., Watanabe,K.K. and Burgess,R.R. (T332,
335-349.

Young,R.A. and Steitz,J.A. (1978ll, 17, 225-234.

Dunn,J. and Studier,F.W. (198B)Mol. Biol, 166, 477-535.
Prosen,D.E. and Cesh,C.L. (19B&chemistry25, 5378-5388.
Kanazawa,H., Mabuchi,K. and Futai,M. (198®%)chem. Biophys. Res.
Commun 107, 568-575.

Galas,D.J., Eggert,M. and Waterman,M.S. (1988)ol. Biol, 186 117-128.
Hollander,M. and Wolfe,D.A. (1978)onparametric Statistical Methods
J.Willey and Sons, New York—London-Sydney—Toronto, pp. 15-26.
Busby,S. and Kolb,A. (1995) in Lin,E.C.C. and Lynch,A.S. (€jyulation
of Gene Expression in Escherichia c&iG.Landes Company, pp. 255-279.
Collado-Vides,J., Magasanik,B. and Gralla,J.D. (1®R8diobiol. Rey, 55,
371-394.

Travers,A. (1987CRC Crit. Rev. Biochen?2, 181-219.

Travers,A. (1984)ucleic Acids Resl2, 2605-2618.

Travers,A.A. (1980). Mol. Biol, 141, 91-97.



