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ABSTRACT
We have compiled and analyzed 263 promoters with known transcriptional

start points for E. coli genes. Promoter elements (-35 hexamer, -10 hexamer,
and spacing between these regions) were aligned by a program which selects the
arrangement consistent with the start point and statistically most homologous
to a reference list of promoters. The initial reference list was that of Hawley
and McClure (Nucl. Acids Res. 11, 2237-2255, 1983). Alignment of the complete
list was used for reference until successive analyses did not alter the
structure of the list. In the final compilation, all bases in the -35 (TTGACA)
and -10 (TATAAT) hexamers were highly conserved, 92% of promoters had inter-
region spacing of 17±1 bp, and 75% of the uniquely defined start points
initiated 7±1 bases downstream of the -10 region. The consensus sequence of
promoters with inter-region spacing of 16, 17, or 18 bp did not differ. This
compilation and analysis should be useful for studies of promoter structure and
function and for programs which identify potential promoter sequences1.

INTRODUCTION

Promoters are DNA sequences which affect the frequency and location of

transcription initiation through interaction with RNA polymerase (1,2). Two

conserved regions about 35 and 10 base pairs (bp) upstream from the

transcription start (-35 and -10 regions, respectively) were identified by

comparison of relatively few promoters (3-6). More extensive compilations and

comparisons of promoters for genes of E. coli and its phage and plasmids

supported and extended the concept of a "consensus" promoter sequence: a -35

(TTGACA) and -10 (TATAAT) region separated by 17 bp with transcription

initiating at a purine about 7 bp downstream from the 3' end of the -10 region

(7-9). While the -35 and -10 regions show the greatest conservation across

promoters and are also the sites of nearly all mutations which affect

transcriptional strength, other bases flanking the -35 and -10 regions, in

addition to the start point also occur at greater than random frequencies and

sometimes affect promoter activity (9-12). In addition, variation in spacing

between the -35 and -10 regions plays a role in promoter strength (13-16).

Promoter compilations and analyses have led to computer programs which
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predict the location of promoter sequences on the basis of homology either to

the consensus sequence or to a reference list of promoters (17-19). Such

programs are of practical significance in searching new sequences (2,20); thus

promoter compilations are important beyond providing data regarding promoter

structure. However, current compilations are based on sequences aligned by eye

in attempts to maximize homology to the consensus sequence. Unfortunately,

sequences closer to the consensus sequence may be missed thus weakening the

homology between promoters and consequently reducing the predictive power of

algorithms. Although promoter elements can be identified by biochemical or

genetic evidence that pin-point bases which interact with RNA polymerase, such

data is unavailable for most genes.

We have updated the compilation of E. coli promoter sequences and have

reiteratively aligned them on the basis of a computer program which finds the

sequence with greatest homology to the reference set. This compilation and

reanalysis of 263 promoters should be useful in studies of promoter structure

and function and in promoter search algorithms.

METHODS

Promoter Compilation

The starting point for analyses described below was the Hawley and

McClure (9) compilation of 112 E. coli promoters with known transcriptional

start points. Three resources were used to extend and update this compilation:

Index Medicus, Dialog, and the National Institutes of Health GENBANK database

on the National Biomedical Research Foundation Protein Identification Resource.

Following Hawley and McClure, only promoters in which a transcriptional

startpoint has been identified by biochemical or genetic means are used in the

analysis. We included promoters whose start points were identified by Si

nuclease mapping (21) if additional evidence such as high resolution in vitro

transcript run-off size or the site of polymerase binding supported the S1

data.

Analysis

DNA sequences from about -50 to +10, with respect to known transcriptional

start points for genes of E. coli and its plasmids and phage were analyzed for

promoter signals by a modification of the algorithm described by Staden (19).

This algorithm utilizes the frequency of all bases at each position in the

conserved areas of the promoter and therefore derives near maximal information

about the similarity of any test sequence to the reference set of sequences.

In brief, the test sequence is analyzed in all possible alignments of promoter
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elements to determine the arrangement of -35 and -10 elements which maximizes

similarity to known promoters on a strictly statistical basis. Each alignment

yields a "promoter homology index" (PHI) derived from the weight matrix of the

reference set of promoters. The weight matrix contains log frequencies for

each base at each position in the -35 and -10 hexamers and log frequencies of

the occurrence of -35 and -10 hexamers separated by 15-21 base pairs. PHI for

a given alignment is the sum of log frequencies taken from the weight matrix

for the elements of the test sequence. Staden's algorithm has been shown to be

operationally similar in prediction of promoter strength to an alternative

algorithm of Mulligan et al. (18) which includes data on cumulative deviations

from the consensus sequence (20). We chose Staden's algorithm because it

seemed less arbitrary in assessment of homology.

Our program finds for each DNA sequence the 10 (or more) highest ranking

alignments of all possible -35 and -10 hexamers with a spacing of 15-21 base

pairs, and flags those consistent with the transcription start data. A

promoter sequence was deemed consistent with start data when the initiation

point was between 4 and 12 bases from the -10 hexamer (see Results and

Discussion).

The initial weight matrix was derived from the compilation and promoter

alignment of Hawley and McClure (9). Null frequencies were replaced by the

reciprocal of the number of entries in the weight matrix at that point to avoid

complete exclusion of certain bases in, or spacing between, the -35 and -10

regions (19). Following analysis of the new promoter compilation, the weight

matrix was updated using new alignments. This process was repeated until

consecutive reiterations yielded identical highest ranking promoters for each

sequence. To avoid chance fixation on extreme patterns in the weight matrix,

frequencies were periodically smoothed artificially by reducing the frequencies

of highly "conserved" bases and increasing the frequencies of highly excluded

bases. This procedure was repeated on several promoter lists, including

subdivisions of all promoters with 16, 17, or 18 bp spacing between the -35 and

-10 regions.

RESULTS and DISCUSSION

Promoter Compilation

Table 1 shows 288 E. coli promoters aligned by reiterative application of

the modified algorithm of Staden (19) (Methods). Although most of these

promoters are wild type bacterial, plasmid, or phage promoters (type "b", "p',

"f", column b, respectively), some mutant promoters (type "M" or "Im", column b)
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are also included. Mutations which generate an entirely new promoter (type

"M") are included among 263 promoters with known transcription start points

used for analyses as described below. Mutants of naturally occurring promoters

(type "Im") are not; transcription start data are often not available for these

mutants and their inclusion would bias the weight matrix for base frequencies

at the non-mutated positions. The list includes 112 promoters compiled by

Hawley and McClure (9), which can be identified by reference "9" in column j.

Analysis of these promoters separately or together with additional E. coli

promoters yielded essentially identical results.

The algorithm makes no use of previously identified -35 and -10 regions

for a given promoter; it identifies the statistically best -35 and -10 regions

consistent with transcription start data using the weight matrix of 263

promoters listed in Table 1. Columns (c), (d), and (e) indicate the stable

alignment of -35 and -10 regions and the spacing between them. Column (f)

gives the relative promoter homology index (PHI) of the selected -35 and -10

regions: this value is the sum of the appropriate weight matrix values for

each base in the -35 and -10 hexamers, plus the value for their spacing, minus

the unnormalized index value of the consensus sequence (TTGACA. .. 17 .. .TATAAT).

PHI values are from a logarithmic scale and can be interpreted loosely in terms

of probability: for example, PHI - 0 indicates that the promoter elements are

identical to consensus sequence elements, i.e. the most probable arrangement of

bases and spacing, while PHI - -2 indicates that the probability of occurrence

of bases in these regions and the spacing between them is theoretically 100

times smaller than that of the consensus sequence. Such interpretations may

not be justified since they assume that gap penalties and bases at each

position are independent and that these are the only conserved elements in

promoter structure. Interestingly, a correlation exists between promoter

strength and homology index (18). Thus promoter strength generally decreases

as PHI values become more negative. Some promoters, however, do not follow

this generalization (11,12).

Column (g) signals significant discrepancies between the best promoter

alignment consistent with the transcription start data and the overall best

alignment (indicated with double underlines) independent of transcription start

data. The number in this column is the PHI value of the dverall best alignment.

Only discrepancies in PHI greater than 0.5 are shown. Column (h) signals

discrepancies between published -35 and -10 regions (single underlines) and

those selected by our analysis. The number in this column is the PHI value of

the published alignment. These PHI values will be less negative than that in
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TA 1

Aliammt of E. col Prmotr

SEQUENE TYPE

(a) (b)

-35

(c)

-10

(d)

aceEF b A(WXAX=£:r_ GZA:llT C!aAT CAG 17

ada b AAGAl2F1ITfl GCOGMAr10rGOOrmQMA(DiW_g 'ZAAOC 17

alaS b AAaA Tr=C TIV1CAGTC AAGAAAACr ThIT ATIUX'aCrrT 18

awipC b 1TTUCAVC1OAG1 A TACAAT T1AACa1UTtAA1 16

anpC/C16 b GCTAIC T1GACA GTllKIAC GCMA TAV1 7ACAACaADGI%= 17

araBAD b Tl lDCGQAAAC2CCC Cfl'ITFI =r 16

araC b 0CAAAT1AA2 1TA= TlllO GCATl: GCACr T1=DAg(X7T1TM 17

araE b CRflA C=rA OCTGTGA TAT1TT TIrAc TCrrAc 19

araI(c) m ANCOGA2%'M CTWO= CGfT C:IAACI T1 16

araI(c)X(c) m A 1OMA1OCYAC CMC CflITIWI WAACIC TC; AV1COCGIT 18

argCBH b TrIGTITflCATf TTGAr CAt'KRG A ThflIT AGrATT 18

argCBH-Pl/6- m TrlfllS'IlAflT T1ACA CA^C= RATMTACAA1ThT1V1TCA2Y 15

argGBH-PlIL a Trf2TflrAlTM TlArA CAW= CAMA 7ATA CAATATM&10CAGr 15

argE-P1 b TDAC00TflX1; G TrT TACO = AU21AG 7& TATII:A TACIrA 17

argE-P2 b 00WA7CATMM 70GC GMACAAr CAAAWG1=TA Cw 17
argE/U13 a' COrCATIMflTOO CUAAACACr CAAAf ThT CA 17
argF b GAAA1= TIWCAA ATGAAAA TrACACA3K 1MA11 AATTffAT1WAAIA 17

argI b AGAC TMCAA ATAATAA TCAIVAhkTAAA1TCAATrflTaTCATfl; 17

argR b Cf O1GGAAAG CACATA:MDC1
armF b TACGAAAATA1Ork TlA AhCrffWr TLA7r MIYCITAlVClVClCm 16

aroG b AGTGMAAUXX T1'AhC CATr7Ir7 OGAArAU ThGArT GG =TCAT'rA 17
aroH b GTAC1AGAGAACrA GOC TAGTTY TTlX TA1 Cc 16
bio b GOCa1CTAAC GITIf TnUr;r=A_MTIV= TCGU: 1Qaa:CMAT 18
bioB b TL AIAC TIUA AOCAAATr GAAAAGMT TMA=T TAC1Yr.tWACXAA 17

bioP98 M Ahf1 TAGAC2 1O2AAAOC WAX= TAATr fL'CAAGTXAT 17

C62.5-P1 b CA:1C TV 11ThT=1 ClT2 17

carAB-Pl b ATOCtXCCATlAAC TlAri: TrrAOCC AGATTV gTrMOCAr 17

carAB-P2 b TAAOCAGATrCA TrA2T 7hG1IChlATCAIATSTM 0CMalWTAAAG 18

cat b AUflMAM= ACgaM_G1iW= frAC AAjA 17

cit.util-379 p = GO AM COOGAAAC TCJf G CTh hCaTAT1 18

cit.util-431 p GACCACAOCA TITGhC MAAC ATfMMOC MAA2U TAaa1GAAA1CAC
CloDFcloacn p 1CATATAT1ACAC C1AA ACRXIA AGIM=Q7%CWAD=a4AT 16

CldFhrnaI p ACD3GTFIVCC TKWAM TGOO= TAac 18

colEl-B p TIAAAAAV1Cr TfACI T1rAA& CAAn ZjAA TAAaTC A 15

colEl-C p TIY:AAAA1VCIYC TMAC2 TIrAAAC MAGIT AMAA A CA 16

ColEl-P1 p /AVCA/ TMACA O/MAAT GCAGXX TA= TnM_C1%MTAA 17

ColEl-P2 p 1T1IrAACnM 7n7 MAGClAAA GYM.ITmr 16

col.EILO.13 p OC?AGAGTTC TRAAC T1W0OC ACA AGAGGACGTATrM1 18

colicinEl P3 p Tr1rAWCnM= TrrIA AA1TAM& GAGATIr TBMT 16

crp b _ GAGACAAA1C AA0CICIAAAAC M2AVWg 17

cya b CL0MA1T 1TPD GVA1 OMA 2%AATr Lff TGAC 17

dapD b AAC1ACAG= ThMCA GCYM AA2MIAC GAWA 00IUatGM#MThCf 18

deo-Pi b CAGAAAWTIT TI1AA CA¶lVrA WiMAK0CIVflI2 TDM7:T ACaMV 19

deo-P2 b I lWS 1TAr MM = GACPACAR TAGAACAMa.AC1WOCA& 19

deo-P3 b ACACMC1M0TA 1C0I= 717CA= hAAhO TATG;IVaABT$AM 16

divE b AAMCaA TrBA CoO omGIT TAT aCoCm1aTmI AA 17

dnaA-lp b ACGo= ABA7f TACOYgTMMAAA 18

dnaA-2p b rAIrAAACA AAGA2C TVYOc 7ATPA CCtc_A2VG 17

&iaK-Pl b A10 hOGAQJTQ is
ciaK-P2 b ACO AATIW Crl"& 0M 16

&wQ-Pl b TrAmTiV MMA=C TMAAT 16

Fpla-oriTpK p GCCA,CV TlrA!C CRrrMW!r TMT 17

Fplas-traM p ADG u= 000:W GCrrrrl% TA: COM00000= 17

Fplas-traY/Z p q AMX2 GnML&UMC& lMM T -IttcrtTrA 17

frdABCD b A&ITr_CrD=GA1:AtE^9CrhC _AACO& 16

fuik b GTACrACIUIrAC1 T 13UAAAA; TMlWA 1;1 1U=CtttAACAGG 17

I-,&-tnpA pA CIT= Tn1 aPGOGnL4Tr TAA1T ATlVaWMM7WA 17

r-6-tnpR p ATMATMAAT AD1VC AAATAT A2OACATAAAAAC 16

gal-Pl b 11CA2TLACAT T1DC& 1X TB A1 DClXT C 17

gal-P2 b C TrAAM=ITIC 16

gal-P2/nut-1 m A4TrEATIW G CIITIGC AST' IWLrALMTMATAC 16

SP PH DISaREP. TS

(e) (f) (g) (h) (i)

-4.3 -4.4 4
-5.5 -3.4 -4.6 4
-3.1

-1.5

-1.3 1,3
-3.6 -3.7

-3.6

-3.2 4

-4.3 4

-3.8 4

-2.4 -2.6

-2.0

-2.0

-2.6 4

-3.9 -3.9 4

-3.3

-1.7 4

-1.5 4

-3.2 -5.9 2,4
-1.9 2,4
-1.6 2.4
-3.1

-3.8 -3.4

-2.2

-2.0

-3.3 + 4

-1.9 4

-2.4 4

-4.2 -2.4 -5.3

-5.6 -5.2 % 3,4
-3.4 3.4
-2.9 -1.5 -3.5 3

-2.2

-3.4 -4.4 1.3

-2.4 1,3
-1.7

-1.7 -1.9

-2.2 1,3
-1.7

-3.2 % 2,3
-1.8 1-3

-2.8 4

-3.5

-3.9

-3.2 2.4

-1.2 1.2

-4.4 -4.9 4

-4.5 4

-3.2 -8.2 2.4

-2.4 -9.3 2.4

-2.1 2-4

-2.5 2
-4.0 -5.7 2
-3.9 -3.0 -4.1 3
-3.2 -3.9 4

-3.5 -3.8 4

-2.4

-2.4 -3.0

-3.8 -2.9 -4.0
-2.9 -3.1

-2.3 -4.0 3
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gai-F2Ait-2 m MUTATFfCAT 1AA CflTl!O ATYT7 TX AIC'TIrlETAC 16 -2.9
glnL b CAAfIAI TIXGW CFfllAC 0GAAAAMC TATAAT GCACThAIWI 19 -3.2
glS b TAAAAAACAACAG T A1 GOS!C TATM CAIV h1tta7Wl1 -2.1
gltA-Pl b ATIATIOGAC& Gl7 AGTGIT ACAAGIT_M I GtCrAAG 16 -4.3
gltA-P2 b AUfltITACAAACA 1TEAr OGAACCA TOM= TAAAAG TPhtGAAGlWr 18 -4.0
glyA b ¶111TflGAC C1UX70GCACA T TATACT CCL'lUgVC 17 -2.4
glyA/geneX b ACAOCAAACAACCA rrAn TIUQ CAlTPPr TAAGAT 8CATGAACAT 18 -1.9
gnd b GCMVGATAAGI TIA C lTlA AGDiT TAACr; TMlgACAT1 17 -1.7
groE b Trrimcocx lTMAW OMODQG OCAICCk TflllV =1aA0COOrAA 17 -3.9
gyrB b r1QAGAAATI& GA1IGT ACAAAA TAA AAT M I 21 -3.2
his b ATAZAAAAAGIC TltT EAW AAMAU7T TWTMMlU 18 -3.6
hisA b GATCrACAAACrAA MAGA ATYAAO CArA 1UJACAA1VAaC1UAC 17 -3.5
hisBp b CnTIVCAGECGCI ITYMA TCT1T 0Ck1rOQ CA= Crb GICAI= 17 -2.4
hisJ(St) b TMAAlrUlfl_3flW OCfATT MluWQhAY WXAIOWAIGI 16 -3.0
hisS bAA WAA GCO MUD= TSAT 1 17 -2.7
htpR-PI b h C ACOr GMAAAT AAAOTlT TATWT IVCCAA7= 17 -3.8
htpt-P2 b TMllUAAC i1iuATr AAATCA AACM 18 -3.7
htpR-P3 b SAfl0ATIUAAC TMMI ATAAAAIV AO_Lf7r TA A C -3.2
i1vGE2A b GCAMAMAK_W&TAT=TAA TrC flTlflYlA 17 -4.6
ilvlH-Pl b CICIVGCIUCCAA TIuC A A 1ACGr TAA2 GT'ttwacattttC=T 17 -3.2
ilvlH-P2 b CGAWflTrA TflXfC CCI TTETtATXU 17 -3.1
ilviH-P3 b ATflCAl;TLA TTAAA& AMGA AAATlVl TuATI 01rlWGATTcAOCCAT 17 -2.7
ilvIH-P4 b IUTACGAATTIT CTGAAT GfVEC TICTATIT TACAI TAATrAAaAAAATAO 17 -2.7
ISlins FL p WAGGCOGC2WL CIUCrA ACIPZA ATTEA TAAT OgDttt7TUAGG1CF 16 -2.5
ISlins WR p ATATATAOC=TA IOUGY A ACPA TAGTGTTrTAITftAGATMT 17 -3.6
IS2I-Il M itC tGWAAA TATAG C TALq TAAGACtaITACI 17 -2.6
lacI b CAGAOCAATUM GOMM AA OO U= Caw AC 17 -4.5
lacPl b AAAC TITl CGTlAT ICCGCI TlUS'?lA= fAT1AGDC 18 -2.0
SlilS M TSTCAF C Cl11A:U_ ru 17 -3.9
lcP2 b AAIU/rAGrIA?, C& TTMA OCAIT T 17 -4.0
lamdc17 H TS7IaArAATfll Al1TrA AITMTSUI TA=TMT IUTAIWYAAOCAAAT 17 -1.4
lantdacin M TO:AACAATMA T1flCAT IGrIACAA ATMA7AC T ACA T 17 -1.6
lantdaL57 M IWTAWCAAMC T= ATAACC& AC?WAM TAAAT ACOCAACSMTTSCACAl17 -2.4
lambdaPI f OaQTTIC GIUM TllC0WG ACrT= 7AC IGACAMCICAAI 17 -3.6
laitdsfl f TaIvICWOS Tfr" TAMTWC ACSWC GACX GAWC TCAOCA 17 -1.4
liidaft f lTMT? AT'mC =l C ATA GCYCC ATAGAT 17 -2.1
lamdaR f T rAOCIUWSUTITirC ATSTACC 1CMGF CATMAT OGIUCACrAM 17 -1.4
lamdaPER' f TIAWA.ATA TMAWr TATMAAT AAAATWG TAT? TUACMAaC2AIGS 17 -1.1
l1sibdaRlE f l lOCArA ATAI1:MT C'A 18 -4.1
lambdaP f AA^CADCCI TAGAT AT TSUCDGfa TAT? TAACGAlWCAM 17 -2.6
lep b IUCSUCCMSAA TMIG TWnrAAST CCGITE?T CUTTA 16 -3.4
leu b C TICACA I T' U C TACTAAAATCACATAWCATr 17 -2.5
leultRNA b IV!WATGMCA TMAO AMAUCJ AAAAMC TSAAT oocgMArm 16 -1.5
lex b 11TAIW TV AATMI C TllMSk TAC C1ACATMAT 17 -1.9
livJ b I1AAMTG' TVA TAItAYM AAAIOOA ?TAU' T?AOCaGAIYC? 17 -2.5
lpd b IUS' TWM MTIUI ACAATI' TMAAT A 17 -1.1

1pp b OCAICAAAAAATA a ASAAAA AcWSrrU TWj'SU?AACgCTACAKfr 17 -3.2

1pp/l aAmTCAAAA T11t ACATAAM ACrTUU TATACT 'SMACACA1W& 18 -1.9
lpp/P2 i AIVAAAAAMA TIUM 'ATAAAA U TATAAT IYMCgACKVA7 18 -1.6

lpp/Rl m AIVAAMAAATA AlAfTAAAA ACITWIUS TMIlTMACgCD:AC rA 17 -2.7
tUrna 6AICO0CAAGOGM Agog= TAM C00rWCE C 17 -1.2
ascii H TGAWA& G9SU9lA 007 TAlS'= KhATIUSrO 18 -4.1
usd2 H I------ TGACAA Gaau75W(75 CC TWIT (7flU0.ATSUS 18 -4.1
mnc2l 0 T GA& GGfrWC IVORCS %TA 18 -4.1
mac3 H 0 CAT G WSVLUSt C TAlUS'? C 4T X 17 -3.7
mac3l H C ATAf OWVco9I GC1W TAT?(CWAATSICWC1 17 -3.1
malEEt b IUOAA&0MC W?TA CAAACT AGWTC'?h0M 16 -3.5
BIK bC _ TAM CAI:rw Url CATAC? CAOWCMtAI lU 16 -3.3
aPQ b _ AWAC GICAACAT a:00l CAAACr 17 -4.7

sAlS'Q/A516P1 a AlA AGOCW AAACC GAIAT AAC(7IUSUA 16 -4.6
usI/A516P2 a fl I AOCIUCrA _ TM MIUSUSA 18 -4.6
mLW/A517/A a 0 UW ACIC SWCEAA TAAWr I:SA& 16 -4.9
mlFQ/Ppl2 a 0:SAT fAlQ VGTSACA0CS jAAAA XU 17 -5.2
mnlSQ/Pp13 a ATVCCOOCAW TAT1 &.9W MAW&T _ CW MOCaAW?C1U 18 -3.9
ual?Q/Ppl4 a AICAr GQIA 1WAir _AAACT AOCATaASMM 17 -4.4
uall/PplS a CATAA GWMAAAT CCIW CAAAC? 18 -4.0
malFQ/Ppl6 a m_AI CATAa GTMCATWAOCIW C7AAACT T U 17 -4.7
a1fQ/Pp l I GOAM AACAT m WCAAACr G 17 -4.3

3 58
2,4 59

9
_4.4 4 57,60

-1.8 -2.5 4 57,60
2,4 63

2,4 61
4 62

+ 4 34
4 63

-2.7

-2.3

-3.9

-3.3

-2.0
-2.6

9
-5.7 9

2,4 64
-3.6 9

4 65,66
4 67,68
4 67.68
4 67,68

-4.6 9
2,4 69

-3.1 2,4 69
2,4 69
2,4 69
1,3,4 70
1,3,4 70

9
9

9
-4.2 9
-4.3 9

9
9

-2.5 9
9
9
9
9
9

-5.7 9
9

2,4 71
9
9
9

1,4 67,68
4 24,57

-3.3 9
72
72

-2.8 72

9
4 76
4 76
4 76
4 76
4 76

9
9

2 77
2,4 78
2,4 78
2,4 78

-5.2 77
-4.7 77

77
77
77
77
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nmlT b TAGAAAMWI11= G0OGT=&AAAC CATrAATEQ 16 -2.6 -3.9 9
manA b COGClvAwrr_TMOM TIM IC rM TIXXG: GATAATtt0CACATA 17 -5.0 -2.9 -2.9 4 56
itA P1 b T1 AACA80CA00C TA0A T1GCAAA flT1C7 TAI CMTa1CATOGA 17 -2.3 2.4 79
mtA P2 b hKGACPATh0C TIMELVC1Tf AGMTM TAT. OMNWGMr 17 -1.8 -2.5 2,4 79
metBL b Tl0MACA T1=M:IIX:AAMAOCJ rT Glr AMT GCATATAtttrAA= 17 -3.9 -3.3 2,4 80
metF b TflTlX TWAQ cociCaoC Crlllrr= CA= TacaTC1WAM 17 -2.5 2-4 81
micF b GO1GAATWOGAA TA' OCZAACAE CCAAEA MTAAT 7CAAGgrtMAAIC7 16 -4.6 -2.9 2,4 82.83
motA b GOOCAATV= TV" 0M0AC 1GAACA2= TClV/I WAaCAG1lX 18 -4.5 84
iPc-1 f AAATP Tl lAA&ACZMZ&GAAAMT_ TACE GAAAGICAAtttO= 21 -3.3 -2.0 -4.0 2,4 85
maPc-2 f A : AA=IC TAAG=T ATAAAttAcAATIrA 17 -2.1 -4.0 2.4 85
MuPe f TACAAAAAGCA0C TflAC TrAACl TMAAE TR= T1rLIGEaGCrAWM 17 -1.7 2,4 85
NtUrnaC p GTCCAlCrAA G ATUTIUCAAA AUACACCgaaT2X 18 -4.1 -4.1 2-4 86
NRlrnaCAm m TCACAATM7CAh TMCM ATIrCAAA AAACL'W ThE CCa V 17 -2.8 86
NrPlrnalOO p GAGIT1 TlrG ThT3CAOC 1 TMACr GAAAGAaCAGATT= 18 -1.8 87
nusA b CGAT TIlW:A TTlTMX CAAAAQGAG TAGAAT ACgTIAO=Q 17 -1.8 1,3 88,89
cqpA b GOMWA O TTGr ClW TllUAAC CGACtTrAC 16 -2.7 -2.0 -7.4 3,3 90
aipC b GAICATATIU= TTGAE TATI=C AfrlT GG MTAE AWOCOCAdI 17 -2.9 3,4 92,893
cnpF b DMG TAG AAOAGT 1KAAEG AAAGCAT O (G'CaGACACATAAA 17 -4.6 -3.9 3.4 91
capF/pKE217 m OG TAGOGr AAWITlAG TIr8CAADC TITAAT G(OOta'TTfATCAC 17 -3.4 -2.6 3.4 91
anpR b T1VGATAAA TI ACffAAO GCI TAATA_ 1: 15 -3.4 -2.4 4 92
pl5prlner p AA:A i Tlr 7VP1TEl GTU S TAA= C1 TMCAAAL 17 -2.1 1 93
pl5rnaI p TAGADGG1'AM TMlAG tXAX: :llVAMC TMAACr GA:AWCAIG= 18 -1.8 1 93
P22ant f TClAAMTLGMr TMC 1GATAk O TC TAMW (IAAEaggVCMX 17 -0.4 9
P22ht f OACWGTWACCrA T11 ATATAGE GAGIX ThCAT1 T:AATCACTAAC=r 17 -1.5 9
P22PR f CA7CTLAATAAAIC T1rCT AAAGMTM CrGrfAGATAAT T =AAGgTIUITFAAT 16 -1.8 9
P22PBH f AMTr=CTACM XM r TCMWAAG TIAT aACrA= 17 -3.7 -3.1 -3.9 9
pBR313Htet m AATMMAUT TMACA OMAC= 7lATAC TA= TAACgGMT 17 -1.7 1,3 94
pBR322bla p TTlllAMTrA TICAA& TAAIC rA1r GACAAT AAOOC%AAAA8CT 17 -2.6 9
p8R322P4 p CAICTG0D7h TMACA O9CAEh80P1CACMMAG TArAAT1V%AMA DCAT 21 -2.7 9
p R322pir p T2GAAAADGA TMTP T1V1OG TAAIr T%PAAAMAAA 17 -2.1 9
pBR322tet p AAGAATIUZCT TMACA GM'XT O1MACK TrrAAT 0t00E1AgTrrA1A 17 -1.0 9
pBRH4-25 M TOG T=ITA GAATTCA ThAAhOW TAClT AAcagTrA 17 -2.7 4 95
pBRPl p TllAWACACW= CMACr G AAATTrAAC1IG TAACE AOOWCAttAAAMTEA 21 -3.3 9
paPRNAI p G80CThAflT TMWA TGMV1= APCIAC TACAICT 18 -2.2 9
pBRtet-10 M AAGAATMI1A= T lAA OC1A2CTA ICGAT0Q Tfl A7CAcagTrA 17 -1.6 4 95
p&ltet-15 M AAGAATIVIrAIT TTACA OCEPAIrA IVGPrAIP TWAAC AGI'AiaatlYC 17 -1.8 4 95
pB8tet-22 H AAGUT=A2W TMACA OIAICAT CA7CAC TTMT CAacgA 18 -1.8 4 95

pet/rA22 M TIVIr= TACArA GCIrA ICATAAC TAAATIDTATAEAaaAITACr 17 -0.7 1 96
pRtetfEA33 M TIAX: T SACA OC1 A AMC TAAAT A2T r11 17 -0.7 1 96
pColVixm-Pl p TCACAATICTAAG T1CAMAh2GAAT CATPhTTrA CATAAT TMTEAT1TAC 17 -1.6 1,3,4 97
pColVirm-P2 p 1G1Tr1AACA0C AWTAT TMATIU TITAM TAAAT TATrllrctgwAATqAA 16 -3.0 3,4 97
pBG3503 M CO1COC lVAKrA TDA = TA= ATArrcag 18 -3.6 4 95

phiXA f ATAAWOGA T1AA COOCA ATTA= TTTCAT EIAAACTIWA 17 -1.7 9

phiB f GOCACITAAATAOC TIWAA ATAWI CCrEA1= 7 A O V 18 -2.6 9

ph=IX f TAG,ATCflG TmACA TITAAAWAGOGIWA.T M = _C1ACVgATZ 18 -1.7 9
pori-I b CJmUrIGrWAf TMAGNT 1 TA AOOmCCAT ¶TL OCACcTrArTr 17 -3.2 9
Pori-r bC_ATOACOAT= TA3'r TTTMCAr AAATrAAMOC CAWAT OOCAOC TT1 C 18 -4.5 9
ppc b OGA3!IVCADCT TIrA1 GCOGr TllWIVG CITET AAAACOACGAA 17 -3.1 3.4 99
p6ClOloriP1 p T TG A A A U3DCT T 1 21 -4.4 % 2.3 102,103
pSC101oriP2 p AITACA TGACr ADOCAIC TCAATIV TAGTF GAT7AAAtCYACA 16 -1.4 % 2,3 102,103
psClOloriP3 p AnAoCCA2m TaAA TOACLC GmAAAC TA= GJXTnu Am3C 17 -3.6 2.3 102,104
pyrBl-Pl b C 1rlrACACI= CCYATAGa GAATOGAA TMAAT GCATtdGATjO= 16 -4.2 -3.6 3 105
pyrBl-P2 b tl AAAT C1fOG VC1 AQAAW TAAT 0CXaAATr1Xo 17 -2.8 3 105
pyrD b l XGTCAA TIO= WlIG= GAACiCA CAT _ 17 -2.6 3,4 106
pyrE-P1 b AO=OlUA TAGQAA TAAMG OAAGIV T GOCAgWAATI 17 -1.8 4 107,108
pyrE-P2 b =Gl OG A7CATAGAC GfllrC TAAA A 18 -4.6 4 108
RlOOmna3 p GrAOOCTrAOC C ITOC T TATCAT IStA 18 -4.3 9
R10ORHI pCTMC Tfl'C WATATAAC Th7W> _CGC 17 -1.6 9
RlOCEAII p AT=XTEACATM TMAGr GYYAGAA GATEAGC TAGaT ACMAEUgTAGM 17 -2.2 9
RIRNATI p ACPAAAGTAAC TTA TIM= TISC TAM1T ACMA1CgTTAAGAA 16 -2.4 9
recA b TFAAAACAC TIrATA CIZ:ATrA GCAETAG TAAA 16 -1.1 9
nih b CT=ACOGrATFENM GACrI G TcaA 17 -4.0 -4.5 2,3,4 50,51
rnp(RNaseP) b ATOWAACOG GTGCA AGOZGO CAAUE TlTCr O 17 -1.2 1 109
rpLJ b 1G?AACWT=C TrA IWoCL;T GATfW1 TAAT CT_rACcCAWE= 17 -1.8 9
rpilp b GAMAWGAOWA C ATOAGC 17 -2.8 -2.9 4 48
ril2p b l TrACr COGGACM TAAAT TACAAT OX1ctcTEhhE 17 -1.0 4 48
rp*i3p b AETA TAGACA AAAAT CrlAATCA TCA A M C 17 -2.3 4 48
rpoA b ATATI T1MAA WM = T= WC T.AGATT AGCAgCAETa 17 -1.8 9
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rpo8 bA GOGArA GACV Gflu= TAA&IV0NATGAAA1OnrA& 16

rpoD-Pa b 0017f-------- CAGC AOA A X ThT ATUAggfT 17
rpoD-Pb b A=A0 GlCMaOOGA Crfl'AG CACDgThcaaT 18

rpoD-Pbs b A 1OOMOChO TIAA& AACLUG A1CDOA GATT CGAtG 17
rpoD-Phsmizn b CKC TGMAW 21
rmr4.5S b I lCA& TIM G ATAAT 17

ruABPl b T llThATrLC1C TMIrA GOCCCAA& TACAV WAM 1 16
rAP2 bA TIAC2 CMGi OGAA= TATEAT Gi 16

mxB-P3 bCT TAAAATCt 20

miB-P4 b -------ACCICI OCGACA GTOGC TAAT i
rmiEXP2 b OCaGAAAT2AWGQ TMACZ CIAW GCG TAMAT _00CCA0M QAG 16

rnnD-Pl b TlC AAAATr GCAVC TAMTA 70%TMADG 16

rmnE-Pl b CIICAAITIT1D ITGCCOW1 :l GAACIVC TATAAT 0XXXSAA 16

ml;-Pl b T111TA1Tr7l T11V& CCCQA TAAC=V TATM: 16

mt:-P2 b AAWAAACAAA2IC TM1ACT CITM TATAT OCACACOOCOCCG 16

rmil b AT TII IOCIG= OICTATa:nmlCr 16

RgFprimr p _CAGh0 TMACI TAD= CGA'MAT C l 17

RSFrnaI p TGWAGTD= T20AG Tn2CCO IOMAWC ACr
S1O b Wl: T1C WOMr TATAT arX= 16

al-Pi b ATAI11ANM TWPA& MATr IGMWC ThhW_ 0Cr Gr 17

cls-P2 b ---A1TA TO= OCIIU G1A TATT < n TA 16

spc b OCCTT?ATf7TrlV TAOCC& 7 GcrM AGOW= ATY 0rCrICC1 17

spot42r b T2ACAAAGAGmTT A ACMAACA AAAATAG TW71W_t4WMhA 16

ssb b T1GrAAAAGOGC TM A7GPA M1A T ACACTT aTIAgAA

str b TA1W11! rLT OCAVx: TAT 17

sucAB bATLAA& AACIVOC ITh& CACT MMADGMUA 18

supB-E b CTTAAAAGAGQ T110r ClAAO CIA CATAAT 0r1G 7rA0r17

T7-Al f TA1CAAAAACA TfrAC TVAGY AA0CPAMW GAh ThCWAIWAGACT17

T7-A3 f GBAAACAAAAMI TMACA A AIC TAA1A;U TADA 17

T7-C f TAMl ATCCTF 17

T7-D f CrlTAAGAMAGO T1Ar IGA.7 c1rTAc TAlWOCYTU 17

T7A2 f AO CAAAA IA T 14 ACA hACA1VG ATA:AAI7 18

T7E p CIThlOIT AITaT TrwI A TNahl CAAGQCCmCrA 17

TAC16 AMIWIC! TlArA ATIAMA TOM= TATAAT MM= 16

ThIOPin p TCATA TAMQ MCAC MM=TA7lAmciX7ITbCAA S8
T1OP1at p AGWPAATrOCAGAAT I0IAAArG AGAG0 TMAAT AIVCAGtt0OCA7C 17

TnlOtetA p ATITLA2T1TSr TSCAr& C lVA7T IlATAGA TITFI UOCCIV CCPACAGT 18
TnlOtetR p STT2ATTK'AC TIM= ATACKrF ADW4k[0 AACIVMATAA7GA7A 18

lhlOtetR* p 70ATAAATAGAAC TA1TAA ThOA CAACIAAAATWAG 17

TInlocPl p lTLAAAlNTmrrL TlAl ATrhTW CA1WM TAAMLACATAC 16

Th10xoocP2 p AAA1SGTTArAGA, TIU OACCArA IrA2rA 7h= 17

Thood'3 p T1TAAA& TiQ2POMrWT= 21

Th2660bla-P3 p IT1AAATA T1A TATG= CCMIA1r GCCAATM MO0C%ATAA= 17

Th2661bla-Pa p 0 TTGAAG AOCAMA OCCTOtrA TMDC TATtttthAF1M 17

Th2661bla-Pb p OCTC GTGAl OOCTP TTIAFM MWr 17

ThSOlmr p lTI TGACr COGIA AGCOMW TMAAt TAC TVCAAT2n 19

ThSOnerR p AOG _ TIlA TMAAA7T WAU=A= TAMt0WTAC1A 16

T5IR p 70_AW CMT TIVAT G1ACC CFAAAIV TAAOCT 17

Th5neo p CAAGOMAAOC T2G0rA OCC TAAIr_TOWCCt73C AA 17

Th7-PLE p ACnGACGLATA TIGPAAIrAAAT CAGTiCAGT TATSct OaC 17

tm&A b TArA'A AMAMA GAOMA T1WCr 16

tmB b ATU11IUCC TI AIA ATDCAT TWAAT is$D
t p TrTM GCOQAAOA AITU is
tdf p GO TIGAO 1GM AIUITIAC TMACI 17

trp b TGArA ATU IAACA TJMCZ 3YI: 17

tqp*2 b GAr1A TMMAA CAA _ 17

tL*R b ADMOMT_CBIA2C OlAlST ATOATAC_TT= AC11X:hJWMA 18

tzpS b &=n=hNm WGM=2MW IWtMAAA 17

trzA b TrTO AAAGO MAT CAACYX_T!TSAL 18

tufB b TU1I GM WIVIC 7W AT 5 MA0 17

tyr,T b T r GCXUlClW T1 UXOCX:(=r Ca 16

tyrT109 b _1rCNIV1TlC Tr=AC lGM4VCA CCAIAI ITrnA 000CADcAAAAATM 18

tytT/140 b TrAWVMCACAM GPhCIWCA. CAQGl l=iTs_: 18

tyrT/178 b TGCGCGCA= I%GA& .InXCAlAdAA 15

tyer12 b e AnA CCWAW C1CAG TWAr 16

tyT/6 b ATITIIUIAAC CGACA C1Tr CC COCOCOM TI'ATA= 1 6V16
tryT/77 b 1V1TIA7IOCA CMAAAA C1IYTAC Tr11 rDAAAAT 19
vmI b 7WMMCrnTATWLM IGCCC COOCA= 16

-4.4 9
-3.5 2,4 110
-4.6 -5.9 2,4 110
-2.9 4 110
-4.2 -2.9 -4.7 4 110
-1.9 1 111
-0.8 9
-1.4 9
-4.1 2,4 112-114
-3.8 2,4 112-114
-1.7 9
-2.7 9
-2.3 9
-0.8 9
-1.4 9
-1.2 9
-2.0 9
-1.8 9
-2.2 9
-1.0 4 57.115
-2.9 4 57,115
-2.2 9
-3.2 -3.3 9
-2.9 116,117
-0.3 9
-3.6 4 22
-1.4 9
-1.8 9
-1.2 9
-2.1 9
-1.9 9
-1.3 9
-2.4 1.3 118
-0.4 119,120
-3.5 -5.0 9
-2.7 9
-1.4 9
-2.2 9
-3.0 4 122
-2.6 4 123
-1.8 4 123
-3.3 -4.6 4 123
-2.6 2,4 124
-2.3 2,4 124
-3.1 2,4 124
-3.2 3.4 125-127
-3.3 -3.8 3,4 125-127
-3.4 9
-2.1 9
-1.6 4 128
-2.8 9
-1.3 4 129
-1.1 4 130,131
-1.1 4 130
-1.7 9
-3.3 9
-4.3 -2.8 9
-4.5 -5.7 9
-2.5 3 132
-1.8 9
-1.6 9
-2.6 2-4 131
-4.2 -5.2 2-4 131
-5.2 -4.9 2-4 131
-3.6 2-4 131
-4.1 -1.6 -1.6 2-4 131
-4.3 -4.2 2-4 131
-0.6 -1.6 3,4 132,L33
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uvrB-Pl b 1VCANTMT: TIUM Th4Thh TA0GAM TAAAAT TACA.TSODG=G 17 -1.0 9
uvrB-P2 b 7AMAAMhGMA AflTMM= TrrC TATIllCTAAA 18 -2.5 9
uvrB-P3 b ACAGThACAllTM= 1WA7AA CCANTlYAT TMAGA TDAA&CA0AGGC& 17 -3.7 9
uvrC bG1lllTW1I GAAMGA ATlCAGAT TO= tAO 17 -1.8 4 136
uvrD b TGMATrVcU TROrA TC1VIA CIVIiC D:lfA (ADCAMMIMhr 16 -1.1 3 137
434w?Rf A A GACA AACAT ACAlFWT GMAAT GAYTT 17 -1.3 9
434P9M f A>_ TD AM.rM T11cfllT GAAGAT _ C 17 -2.4 9

List of promoter sequences arranged alphabetically by name (a) and aligned
with respect to optimal -35 (c) and -10 hexamer sequences (d) consistent with
the transcriptional start. Column (b) designates promoter type: b, bacterial;
p, plasmid or transposon; f, phage; M, mutation or fusion which generates a new
promoter; m, point mutation in an existing promoter. The lower case base(s)
downstream of the -10 region denotes experimentally determined transcriptional
start point(s). Column (e) indicates spacing in base pairs between -35 and -10
hexamers. Column (f) reports relative promoter homology index (PHI) of
promoter elements in columns c,d,e as described in the text. Column (g)
signals discrepancies between the promoter elements consistent with
transcriptional start data and the best promoter elements independent of start
data (indicated by double underlines). Only discrepancies for which the PHI
values of these promoters differed by at least 0.5 are shown. Column (h)
signals discrepancies between the computer selected promoter elements and
published -35 and -10 sequences (shown by single underlines). The figures in
these columns are PHI values corresponding to the underlined promoter elements.
Column (i) indicates the nature of experimental data defining the transcription
start: 1, total or partial RNA sequence with identification of the 5'
nucleoside triphosphate; 2, mutational or genetic identification of -35 and -10
regions; 3, high resolution sizing of in vitro transcripts; 4, high resolution
Sl nuclease mapping. The 112 promoters documented by Hawley and McClure (9)
are included in this compilation and can be identified by a 9 in reference
column (j).
% Only one of the -35 or -10 promoter hexamers was unambiguously identified,
thus no PHI value for the published promoter can be given.
+ Underlined -35 and -10 regions for these genes represent heat shock promoter
elements which are apparently recognized by a distinct heat shock sigma factor

(34).

column (f) whenever a combination of -35 and -10 elements found by the computer

or in the literature is (i) more consensus-like than the elements our program

finds, but (ii) inconsistent with the transcription start data.

Base Distributions

Figure 1 shows the distribution of bases for analyzed promoters and

indicates positions at which bases occur more frequently than chance by greater

than 6 standard deviations (highly conserved, upper case bases) or 3 standard

deviations (weakly conserved, lower case bases) (9). The base distribution of

a compilation of random sequences is multinomial with probabilities PT, PG, PC,

PA, where PT, PG, PC, PA are the frequencies of occurrence of T,G,C, and A,

respectively. The standard deviation for each base X is ¶(npx(l-pX)) where

n-number of bases at that position. This statistic applies strictly only to
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Figure 1. Base distribution of 263 analyzed promoters from Table 1.

(a) Frequency histogram of the most highly conserved base on the non-

template strand from 12 bp upstream of the -35 hexamer to 11 bp
downstream of the -10 hexamer. Highly conserved (upper case) and

weakly conserved (lower case) bases, as defined in the text, are shown

below the histogram. (b) Frequency of bases (T,G, C,Aand T+A) in

aligned promoters as a percentage of total number of bases (N) at each

position.

non-aligned positions. Frequencies T,G,C,A are 0.284, 0.225, 0.217, and 0.274,

respectively, in non-aligned positions, yielding weakly conserved bases at -11,

-9, -6, and +3 with respect to the -35 region, and -2, -1 and +1 with respect

to the -10 region. Two of these bases (the A 9 bases upstream of the -35 and

the G 2 bases upstream of the -10 region) were previously identified as weakly

conserved by Hawley and McClure (9) using uniform base frequencies

(.25, .25, .25, .25) and a Poisson approximation to the multinomial distribution.

A similar consensus sequence was derived by Rosenberg and Court (7) from

analysis of 46 promoters.

It is difficult to assign statistics to the conservation of bases in the

aligned regions. However, using either the multinomial or Poisson distribution
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TABLE 2
Base Distribution in -35 and -10 ReAions

-35 -10

T T G A C A

T 78 82 15 20
All G 10 5 68 10

Promoters C 9 3 14 13
A 3 10 3 58

Mean clonality 70

10 24
7 17

52 5
32 54

T A T A A T

82 7 52 14
7 1 12 15
8 3 10 12
3 89 26 59

74

(b)

Spacer 16
(n=55)

Mean clonality

T 78 85 22 27
G 9 4 67 9
C 7 5 9 9

A 5 5 2 55
69

11 25
7 13

58 5
24 56

84 2 65 9 11 93
5 0 7 9 11 2
4 2 5 9 15 5
7 96 22 73 64 0

81

(c)

T 82 81 15 18
Spacer - 17 G 7 6 70 8

(n-140) C 7 3 13 17
A 4 10 2 57

Mean clonality 71

(d)
T 75 82 12 14

Spacer - 18 G 18 6 69 14
(n-50) C 8 0 12 8

A 0 12 8 65
Mean clonality 69

10 25

9 14
50 1
32 60

14 18

4 29
47 12

35 41

79 9 49 15 25 89
9 1 16 15 12 2

12 2 9 14 21 6
1 88 26 56 43 3

72

88 10

4 2

6 4

2 84

49 18 18
6 20 12

22 11 25
24 51 45

72

86

2
4

8

Frequency of bases in -35 and -10 hexamers for (a) all 263 analyzed
promoters from Table 1 (a), and promoters with 16 (b), 17 (c) or 18 (d)
bp separating the -35 and -10 regions. Mean clonality for each region is
the arithmetic average of clonalities for each position within the region.
Clonality of a base position is the square of the sum of squared
frequencies at that position (138).

(which yields a larger standard deviation) and any of the base frequencies

discussed above, all bases in the -35 hexamer and -10 hexamer appear highly

conserved.

We did not align sequences with respect to transcription start point since

in many cases this point is not precisely defined, due either to alternative

initiation sites or experimental error in this determination. Nevertheless,

the most probable bases 6-10 bp downstream of the -10 region, corresponding to

the transcription start area of most promoters, reflect the sequence of bases

in this region (CAT).
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Figgure 2. Distribution of promoters with 15-21 bp separating the -35 and
-10 hexamers. The number of promoters in each group is indicated on
top of the bars.

Base frequencies for -35 and -10 hexamers of all analyzed promoters are

shown in Table 2a. Previous analysis of a limited compilation of promoter

sequences suggested greater conservation of consensus-like sequences in

promoters with -35 to -10 spacings of 16 or 18 bp than in promoters with the

usual 17 bp spacing (J. McClarin and J. Hedgpeth, personal communication). To

test this idea, subgroups of promoters with -35 to -10 spacing of 16, 17, or 18

bp were also tabulated (Table 2b-d). A composite measure of "clonality" for

these regions (see Table legend) does not suggest an overall increase in

conservation of bases in the -35 and -10 regions except in the -10 region of

promoters with a 16 bp spacing. For these promoters, the -10 region is more

consensus-like on average than the -10 region of other promoters. The

statistical significance of these observations is difficult to determine since

promoter sequences are not strictly independent.

Inter-region (-35 to -10) Spacing

Figure 2 shows the frequency of occurrence of promoters with 15-21 bp

separating the -35 and -10 regions. As previously observed, this spacing is

stringently constrained: 92% of all sequences are optimally aligned when 17±1

bp separate the -35 and -10 regions. This is consistent with known severe

effects of spacer mutations (13-16) and our current understanding of RNA

polymerase:promoter interaction in which the protein complex contacts one side

of the DNA helix (8). Inter-region spacing outside the 16-18 bp range

presumably requires unusual polymerase or DNA conformations since conserved
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contact points would not lie on the same face of the DNA helix. Alternatively,

the rarer inter-region distances may reflect interaction of regulatory proteins

with RNA polymerase (1,2). It would be useful to obtain experimental data on

interactions between RNA polymerase and DNA for promoters whose -35 to -10

spacing is thought to deviate significantly from 17 bp.

Other Analyses

We did not include weakly conserved bases flanking the -35 and -10 regions

in the weight matrix since this would limit the range of possible alignments

for the -35 and -10 regions. The significance of weakly conserved bases has not

been well studied and the apparent conservation of some of these bases may

reflect chance. Furthermere, an analysis of our compilation using a weight

matrix based on an extended -35 and -10 region (the 9 most highly conserved

positions in each region) produced results similar to those shown in Table 1

(unpublished data). Stronger homology might exist in these flanking bases if

slight variability in their spacing from the -35 and -10 regions were allowed.

We also did not use weakly conserved bases near the transcription start in

our weight matrix because mutation studies have not supported a role for this

region in promoter recognition by RNA polymerase (22,23). However, initiation

points were used to validate computer-selected -35 and -10 regions by

disqualifying promoters whose -10 region was not within 4-12 bp upstream of the

start point. A relatively wide range of separation between these regions was

allowed since experimental error in determining the start point is often ± 2 bp

and actual constraints dictated by promoter/polymerase interactions are not

known. Despite the weak constraint on promoter position imposed by the program

75% of optimal promoter alignments were 7 ± 2 bp from the -10 hexamer (Fig. 3).

This strengthens the notion that transcription initiation occurs 5-9 base pairs

downstream from the -10 region. However, in 30 cases (column g), the program

identified best-fit promoters inconsistent with the reported transcriptional

start point. Such discrepancies have been noted for other, similar analyses

(17,18,20) and have been attributed to either inadequacies in the computer

algorithm for detecting promoters or inadequacies in experimental determination

of transcriptional start points. These are likely explanations here as well,

but since there have been few determinations of both polymerase contact points

and sites of transcription initiation, a third possibility is that the true

range of distance between the -10 and transcription start point has been

underestimated.

McClure (2) outlined four generalizations of E. coli promoters from analysis

*of 112 promoters: (i) all promoters using sigma factor 70 have at least two of
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Figure 3. Distribution of promoters with transcription start points
initiating 4-12 bases downstream of the -10 hexamer. Only promoters
with uniquely defined start points are included in this analysis.

the three most highly conserved bases in the -10 region (TA.. .T), (ii) all

promoters have at least one of the most highly conserved TTG residues in the-

35 region, (iii) most promoters with poor homology to the consensus sequence in

in the -35 region are positively regulated, and (iv) promoters using sigma

factor 32 during heat shock have similar, non-consensus-like -10 regions. Our

analysis supports these generalizations although some exceptions exist: 4

promoters (ada, cit.util-379, dapD, and ppc) listed in Table 1 break rule (i)

and 2 promoters (lacP2 and pyrBl-Pl) break rule (ii). Exceptions such as these

are expected in larger compilations, but also might reflect differences in

search algorithms. We have compared the ranking of the 112 promoters of Hawley

and McClure (9) analyzed with the program of Mulligan et al. (16) with the

ranking generated by our program. The correlation using Hawley and McClure's

alignment was relatively high (Spearman rank-correlation coefficient - 0.81),

but increased only slightly when our alignment was used (coefficient - 0.83).

Therefore, there is no significant difference in the method by which the

promoter homology score is derived.

SU)KARY

We have compiled and analyzed 263 promoter of E. coli including 112 studied

by Hawley and McClure (9). The major difference in our approach is in the

reiterative alignment of promoter regions to select -35 and -10 regions most

consistent with the reference list of promoters and with known transcriptional
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start points. The consensus sequence defined by this, alignment

(c.a. .t. TTGACA. .... ggTATAATg) is identical in sequence to that of

previous reports in the highly conserved -35 and -10 hexamer regions (7,9), but

differs in some of the weakly conserved bases. Most aligned promoter elements

are identical to those identified by Hawley and McClure (9) or the

investigators reporting the promoter sequence. However, in 64 cases -35 and-

10 regions were selected which were more consensus-like in sequence or inter-

region spacing than those proposed in the initial publication. Of these, 15

differed from that of the computer-selected promoter by more than one PHI unit

corresponding to a factor of 10 in statistical similarity to the consensus

promoter. The computer generated alignment of promoter elements is derived

from and consistent with our current knowledge of promoter sequence and thus

should provide the best indication of promoter structure.

Although this compilation and analysis is an improvement over previous

analyses, it too suffers the limitation that without experimental data

confirming points of interaction between RNA polymerase and -35 and -10

regions, it is not possible to align these regions by existing methods without

introducing bias from the initial alignment. Assuming promoter regions are

defined by restricted sequence data, the consensus sequence should be

identified by a program which examines all possible alignments of all

sequences. Execution of an exhaustive alignment algorithm is not presently

feasible for large sequence compilations such as E. coli promoters. However,

we suspect that such an analysis would not significantly alter the consensus

promoter sequence as defined here.

ACKNOWLEDGMENTS

We thank A.B. Futcher, J. Hedgpeth, and H. Ghosh for helpful discussion

and reading of the manuscript. Supported by grants to CBH from the Medical

Research Council and the National Cancer Institute of Canada.

lThe promoter compilation will be provided upon receipt of a blank 5k" disk.

*To whom correspondence should be addressed

REFERENCES
1. von Hippel, P.H., Bear, J.D., Morgan, W. and McSwiggen, J.A. (1984) Ann. Rev.

Biochem. 53, 389-446.
2. McClure, W.R. (1985) Ann. Rev. Biochem. 54, 171-204.
3. Pribnow, D. (1975) Proc. Natl. Acad. Sci. USA 72, 784-788.

2357



Nucleic Acids Research

4. Schaller, H., Gray, C. and Herrmann, K. (1975) Proc. Natl. Acad. Sci. USA 72,

737- 741.
5. Takanami, M., Sugimoto, K., Sugisaki, H. and Okamoto, T. (1976) Nature 260,

297-302.
6. Seeburg, P.H., Nusslein, C. and Schaller, H. (1977) Eur. J. Biochem. 74,

107-114.
7. Rosenberg, M. and Court, D. (1979) Ann. Rev. Genet. 13, 319-353.
8. Siebenlist, U., Simpson, R.B. and Gilbert, W. (1980) Cell 20, 269-281.
9. Hawley, D.K. and McClure, W.R. (1983) Nucl. Acids Res. 11, 2237-2255.

10. Youderian, P. Bouvier, S. and Susskind, M. (1982) Cell 30, 843-853.

11. Deuschle, U., Kammerer, W., Gentz, R. and Bujard, H. (1986) EMBO J. 5, 2987-

2994.
12. Kammerer, W., Deuschle, U., Gentz, R. and Bujard, H. (1986) EMBO J. 5, 2995-

3000.
13. Mandecki, W. and Reznikoff, W.S. (1982) Nucl. Acids Res. 10, 903-912.
14. Stefano, J.E. and Gralla, J.D. (1982) Proc. Natl. Acad. Sci. USA 79, 1069-1072.

15. Russell, D.R. and Bennett, G.N. (1982) Gene 20, 231-243.
16. Aoyama, T., Takanami, M., Ohtsuka, E., Yaniyama, Y., Marumoto, R., Sato, H. and

Ikehara, M. (1983) Nucl. Acids Res. 11, 5855-5864.
17. Harr, R., Haggstrom, M., and Gustafsson, P. (1983) Nucl. Acids Res. 11, 2943-

2957.
18. Mulligan, M., Hawley, D., Entriken, R., and McClure, W. (1984) Nucl. Acids

Res., 12, 789-800.
19. Staden, R. (1984) Nucl. Acids Res. 12, 505-519.
20. Mulligan, M. and McClure, W. (1986) Nucl. Acids Res. in press.
21. Berk, A.J. and Sharp, P.A. (1977) Cell 12, 721-732.
22. Aoyama, T. and Takanami, M. (1985) Nucl. Acids Res. 13, 4085-4096.
23. Tachibana, H. and Ishihama, A. (1985) Nucl. Acids Res. 13, 9031-9042.
24. Spencer, M.E. and Guest, J.R. (1985) Mol. Gen. Genet. 200, 145-154.

25. Demple, B., Sedgwick, B. Robins, P., Totty, N., Waterfield, M.D. and Lindahl,
D. (1985) Proc. Natl. Acad. Sci. 82, 2688-2692.

26. Nakabeppu, Y., Kondo, H., Kawabata, S-i, and Sekiguchi, M. (1985) J. Biol.

Chem. 260, 7281-7288.
27. Olsson, 0. Bergstrom, S. and Normark, S. (1982) The EMBO J. 1, 1411-1416.

28. Stoner, C. and Schleif, R. (1983) J. Mol. Biol. 171, 369-381.

29. Horwitz, A.H., Garrett Miyada, C. and Wilcox, G. (1984) J. Bacteriol. 158, 141-

147.
30. Piette, J., Cunin, R., Boyen, A., Charlier, D., Crabeel, M., Van Vliet, F.,

Glansdorff, N., Squires, C. and Squires, C. (1982) Nucl. Acids Res. 10, 8031-

8049.
31. Cunin, R., Eckhardt, T., Piette, J., Boyen, A. and Glansdorff, N. (1983) Nucl.

Acids Res. 11, 5007-5019.
32. Moore, S.K., Garvin, R.T. and James, E. (1981) Gene 16, 119-132.

33. Hudson, G.S. and Davidson, B.E. (1984) J. Mol. Biol. 180, 1023-1051.

34. Cowing, D.W., Bardwell, J.C.A., Craig, E.A. Woolford, C., Hendrix, R.W. and

Gross, C.A. (1985) Proc. Natl. Acad. Sci. 82, 2679-2683.
35. Piette, J., Nyunoya, H., Lusty, C.J., Cunin, R., Weyens, G., Crabeel, M.,

Charlier, D., Glansdorff, N. and Pierard, A. (1984) Proc. Natl. Acad. Sci. 81,
4134-4138.

36. Sasatsu, M., Misra, T.K., Chu, L., Laddaga, R., and Silver, S. (1985) J.

Bacteriol., 164, 983-993.
37. Ishiguro, N. and Sata, G. (1985) J. Bacteriol. 164, 977-982.
38. Ishiguro, Sasatsu, Misra and Silver (1986) personal communication.
39. van den Elzen, P.J.M.,Haat, J., Walters, H.H.B. Veltkamp, E. and Nijkamp,

H.J.J. (1982) Nucl. Acids Res., 10, 1913-1928.
40. Parker, R.C. (1983) Gene 26, 127-136.
31. Chan, P. T., Lebowitz, J. and Bastia, D. (1979) Nucl. Acids Res. 7, 1247-1262.
42. Chan, P.T. and Lebowitz, J. (1983) Nucl. Acids Res. 11, 1099-1116.
43. Aiba, H. Fujimoto, S. and Ozaki, N. (1982) Nucl. Acids Res. 10, 1345-1361.
44. Aiba, H., Kawamukai, M. and Ishihama, A. (1983) Nucl. Acids Res. 11, 3451-3465.

2358



Nucleic Acids Research

45. Richaud, C., Richaud, F., Martin, C., Haziza, C. and Patte, J-C. (1984) J.
Biol. Chem. 259, 14824-14828.

46. Valentin-Hansen, P., Hammer, K., Larsen, J.E.L. and Svendsen, I. (1984) Nucl.
Acids Res. 12, 5211-5224.

47. Tamura, F., Nishimura, S. and Ohki, M. (1984) EMBO J. 3, 1103-1107.
48. Hansen, F. G., Hansen, E.B. and Atlung, T. (1982) EMBO J. 1, 1043-1048.
49. Ohmori, H., Kimura, M., Nagata, T. and Sakakibara, Y. (1984) Gene 28, 159-170.
50. Maki, H., Horiuchi, T. and Sekiguchi, M. (1983) Proc. Natl. Acad. Sci. 80,

7137-7141.
51. Nomura, T., Fujita, N. and Ishihama, A. (1985) Nucl. Acids Res. 13, 7647-7661.
52. Thompson, R., Taylor, L., Kelly, K., Everett, R. and Willetts, N. (1984) EMBO

J. 3, 1175-1180.
53. Fowler, T., Taylor, L. and Thompson, R. (1983) Gene 25-26, 79-89.
54. Jones, H.M. and Gunsalus, R.P. (1985) J. Bacteriol. 164, 1100-1109.
55. Miles, J.S. and Guest, J.R. (1984) Nucl. Acids Res 12, 3631-3642.
56. Miles, J.S. and Guest, J.R. (1984) Gene 32, 41-48.
57. Guest, J.R. personal communication.
58. Busby, S., Truelle, N., Spassky, A., Dreyfus, M. and Buc, H. (1984) Gene 28,

201-209.
59. Ueno-Nishio, S., Mango, S., Reitzer, L.J. and Magasanik, B. (1984) J.

Bacteriol. 160, 379-384.
60. Hull, E.P., Spencer, M.E., Wood, D. and Guest, J.R. (1983) FEBS Letters, 156,

366-370.
61. Plamann, M.D. and Stauffer, G.V. (1983) Gene 22, 9-18.
62. Nasoff, M.S., Baker, H.V. and Wolf Jr., R.E. (1984) Gene 27-28, 253-264.
63. Adachi, T., Mizuuchi, K., Menzel, R. and Gellert, M. (1984) Nucl. Acids Res.

12, 6389-6395.
64. Grisolia, V., Riccio, A. and Bruni, C.B. (1983) J. Bacteriol. 155, 1288-1296.
65. Freedman, R., Gibson, B., Donovan, D., Biemann, K., Eisenbeis, S. Parker, J.

and Schimmel, P. (1985) J. Biol. Chem., 260, 10063-10068.
66. Eisenbeis, S.J. and Parker, J. (1982) Gene 18, 107-114.
67. Landick, R., Vaughn, V., Lau, E., VanBogelen, R.A., Erickson, J.W. and

Neidhardt, F.C. (1984) Cell 38, 175-182.
68. Vaughn, V., personal communication
69. Haughn, G.W., Squires, C.H., DeFelice, M., Largo, C.T. and Calvo, J.M. (1985)

J. Bacteriol. 163, 186-198.
70. Machida, C., Machida, Y. and Ohtsubo, E. (1984) J. Mol. Biol. 177, 247-267.
71. March, P.E. and Inouye, M. (1985) J. Biol. Chem. 260, 7206-7213.
72. Inouye, S. and Inouye, M. (1985) Nucl. Acids Res. 13, 3101-3110.
73. Kamio, Y., Lin, C-K., Regue, M. and Wu, H.C. (1985) J. Biol. Chem. 260, 5616-

5620.
74. Miller, K.W. and Wu, H.C., personal communication.
75. Cassan, M., Ronceray, J. and Patte, J.C. (1983) Nucl. Acids Res. 11, 6157-6166.
76. Vidal-Ingigliardi, D. and Raibaud, 0. (1985) Nucl. Acids Res., 13, 5919-5926.
77. Gutierrez, C. and Raibaud, 0. (1984) J. Mol. Biol. 177, 69-86
78. Raibaud, O., Gutierrez, C. and Schwartz, M. (1985) J. Bacteriol. 161, 1201-

1208.
79. Michaeli, S., Mevarech, M. and Ron E.Z. (1984) J. Bacteriol. 160, 1158-1162.
80. Duchange, N., Zakin, M.M., Ferrera, P., Saint-Girons, I., Park, I., Tran, S.V.,

Py, M-C. and Cohen, G.N. (1983) J. Biol. Chem. 258, 14868-14871.
81. Saint-Girons, I., Duchange, N., Zakin, M.M., Park, I., Margarita, D., Ferrera,

P. and Cohen, G.N. (1983) Nucl. Acids Res. 11, 6723-6732.
82. Matsuyama, S-I., and Mizushima, S. (1985) J. Bacteriol. 162, 1196-1202.
83. Mizuno, T., Chou, M-Y, and Inouye, M. (1984) Proc. Natl. Acad. Sci. 81, 1966-

1970.
84. Dean, G.E., MacNab, R.M., Stader, J., Matsumura, P. and Burks, C. (1984) J.

Bacteriol. 159, 991-999.
85. Goosen, N., van Heuvel, H., Moolenaar, G.F. and van de Putte, P. (1984) Gene

32, 419-426.

2359



Nucleic Acids Research

86. Womble, D.D., Sampathkumar, P., Easton, A.M., Lucknow, V.A. and Rownd, R.H.

(1985) 181, 395-410.
87. Grindley, J.N. and Nakada, D. (1981) Nucl. Acids Res. 9, 4355-4366.
88. Ishii, S., Kuroki, K. and Imamoto, F. (1984) Proc. Natl. Acad. Sci. 81, 409-

413.
89. Ishii., S., Ihara, M., Mackawa, T., Nakamura, Y., Uchida, H. and Imamoto, F.

(1984) Nucl. Acids Res. 12, 3333-3342.
90. Movva, R.N., Nakamura, G.K. and Inouye, M. (1981) FEBS Letters 128, 186-190.
91. Inokuchi, K., Furukawa, H., Nakamura, K. and Mizushima, S. (1984) J. Mol. Biol.

178, 653-668.
92. Wurtzel, E.T., Chou, M.-Y., and Inouye, M. (1982) J. Biol. Chem. 257, 13685-

13691.
93. Selzer, G., Som, T., Itoh, T. and Tomizawa, J. -i. (1983) Cell 32, 119-129.

94. Rodriguez, R.L., West, R.W., Heyneker, H.L., Bolivar, F. and Boyer, H.W. (1979)
Nucl. Acids Res. 6, 3267-3287.

95. Gragerov, A.I., Smirnov, O.Y,m Mekhedov, S.I., Nikiforov, V.G., Chuvpilo, S.A.
and Korobko, V.G. (1984) FEBS Letters 172, 64-66.

96. Harley, C.B., Lawrie, J., Betlach, M., Crea, R., Boyer. H.W. and Hedgpeth, J.,

submitted.
97. Bindereif, A. and Neilands, J.B. (1985) J. Bacteriol. 162, 1039-1046.
98. Daldal, F. (1983) J. Mol. Biol. 168, 285-305.
99. Daldal, F. (1984) Gene 28, 337-342.

100. $chwartz, I., Klotsky, R.A., Elseviers, D., Gallagher, P.J., Krauskopf, M1.,
Siddiqui, M.A.Q., Wong, J.F.H. and Roe, B.A. (1983) Nucl. Acids Res. 11, 4379-
4389.

101. Izui, K., Miwa, T., Kajitani, M., Fujita, N., Sabe, H., Ishihama, A. and

Katsuki, H. (1985) Nucl. Acids Res. 13, 59-77.
102. Churchward, G., Linder, P. and Caro, L. (1983) Nucl. Acids Res. 11, 5647-5659.
103. Linder, P., Churchward, G. and Caro, L. (1983) J. Mol. Biol. 170, 287-303.
104. Pannekoek, H., Maat, J., van den Berg, E. and Noordermeer, I. (1980) Nucl.

Acids Res. 8, 1535-1550.
105. Turnbough, C.L., Hicks, K.L. and Donahue, J.P. (1983) Proc. Natl. Acad. Sci.

80, 368-372.
106. Larsen, J.N. and Jensen, K.F. (1985) Eur. J. Biochem. 151, 59-65.

107. Poulsen, P., Jensen, F., Valentin-Hansen, P., Carlson, P. and Lundberg, L.G.

(1983) Eur. J. Biochem. 135, 223-229.
108. Poulsen, P., Bonekamp, F. and Jensen, K.F. (1984) EMBO J. 3, 1783-1790.
109. Sakamoto, H., Kimura, N. and Shimura, Y. (1983) Proc. Natl. Acad. Sci. 80,

6187-6191.
110. Taylor, W.E., Straus, D.B., Grossman, A.D., Burton, Z.F., Gross, C.A. and

Burgess, R.R. (1984) Cell 38, 371-381.
111. Hsu, L.M., Zagorski, J. and Fournier, M.J. (1984) 178, 509-531.
112. Boros, I., Csordas-Toth, E., Kiss, A., Kiss, I., Torok, I. Udvardy, A.,

Udvardy, K. and Venetianer, P.(1983) Biochim. Biophys. Acta 739, 173-180.
113. Csordas-Toth, E., Boros, I. and Venetianer, P. (1979) Nucl. Acids Res. 7, 2189-

2197.
114. Venetianer, P., personal communication.
115. Wood, d., Darlison, M.G., Wilde, R.J., and Guest, J.R. (1984) Biochem. J. 222,

519-534.
116. Sancar, A., Williams, K.R., Chase, J.W. and Rupp, W.D. (1981) Proc. Natl. Acad.

Sci. USA 78, 4274-4278.
117. Chase, J.W., Merrill, B.M. and Williams, K.R. (1983) Proc. Natl. Acad. Sci. USA

80, 5480-5484.
118. Prosen, D.E. and Cech, C.L. (1985) Biochem. 24, 2219-2227.
119. Mulligan, M.E., Brosius, J. and McClure, W.R. (1985) J. Biol. Chem. 260, 3529-

3538.
120. Brosius, J., Erfle, M. and Storella, J. (1985) J. Biol. Chem. 260, 3539-3541.
121. Saint Girons, I. and Margarita, D. (1985) J. Bacteriol. 161, 461-462.
122. Bertrand, K.P., Postle, K., Wray,Jr., L.V. and Reznikoff, W.S. (1983) Gene 23,

149-156.

2360



Nucleic Acids Research

123. Schollmeier, K. and Hillen, W. (1984) J. Bacteriol. 160, 499-503.
124. Chen, S.T. and Clowes, R.C. (1984) Nucl. Acids Res. 12, 3219-3234.
125. Lund, P.A., Ford, S. and Brown, N.L. (1986) J. Gen. Microbiol. 132, 465-480.
126. Misra, T.K., Brown, N.L., Fritzinger, D., Pridmore, R.D., Barnes, W.M.,

Haberstroh, L., and Silver, S. (1984) Proc. Natl. Acad. Sci. 81, 5975-5979.
127. Misra, T.K., personal communication
128. Gay, N.J., Tybulewicz, V.L.J. and Walker, J.E. (1986) Biochem. J. 234, 111-117.
129. Postle, K. and Good, R.F. (1983) Proc. Natl. Acad. Sci. 80, 5235-5239.
130. Smith, C.A., Shingler, V. and Thomas, C.M. (1984) Nucl. Acids Res. 12, 3619-

3630.
131. Thomas, C.M., personal communication
132. Wallace, B.J. and Kushner, S.R. (1984) Gene 32, 399-408.
133. Travers, A.A., Lamond, A.I., Mace, H.A.F. and Berman, M.L. (1983) Cell 35, 265-

273.
134. Jones, H.M., Brajkovich, C.M. and Gunsalus, R.P. (1983) J. Bacteriol. 155,

1279-1287.
135. Walker, J.E., Gay, N.J., Saraste, M. and Eberle, A.N. (1984) Biochem. J., 224,

799-815.
136. van Sluis, G.A., Moolenaar, G.F. and Backendorf, C. (1983) EMBO J. 2, 2313-

2318.
137. Easton, A.M. and Kushner, S.R. (1983) Nucl. Acids Res. 11, 8625-8640.
138. Smith, G.P. (1973) Cold Spring Harbor Symp. Quant. Biol. 38, 507-514.

2361


