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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 17i1 bp, and 75% of the uniquely defined start points
initiated 711 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 sequences~.

I ION

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). 1In 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 S1
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 "m", 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 "m") 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...l17...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 overall 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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SEQUENCE  TYPE -35
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ampC/C16 b GCTATC TTGACA GTIGTCAC
araBAD
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aral(c) m  AGCGGATCCTAC CTGGOG CTTTTTAT
aral(c)X(c) m AGCGGATCCTAC CTGGOG CITITIATC
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5

bioA b GCCTTCTCCAAAAC GIGTIT TTTGTTGIT
bioB b TIGICATAATOGAC TTGTAA ACCAAATT
bioP98 M TIGTTAATTOGGTG TAGACT TGTAAACC

crp b AAGOGAGACACCAG GAGACA CAAAGCGA
cya b GTAGOGCATCTTTC TTTACG GTCAATCA
dapD b AAGTGCATCAGOGG TTGACA GAGGOCCTC
deo-PL b CAGAAACGTTITA TTOGAA CATOGATCT
deo-P2 b TGATGIGTA TOGAAG ‘TCIGTTO0G
deo-P3 b ACACCAACTGTCTA ‘TOGO0G TATCAGOG
AivE b AAACAAATTAGGGG TTTACA OGOOGCAT
dnaA-1p b CCTOG06GC

fumd, b GTACTAGICICAGT TTTIGT TAAAAAAG
-3- P ACACATTAACAGCA CIGTIT TTATGIGT
¥-6-tmpR  p ATTCATTAACAAT TITGCA ACOGTOOG
gal.l’l b TOCATGICACACTIT TTOGCA TCITIGIT

b CTIAATTTATTCCAT GICACA CTTTTOGC

gall’z/nutlm TAATTTATTCCAT GICACA CTTTIOGC

-10 SP PHI DISCREP. TS  REF

@ (e)
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®) @

-4.3
-5.5 -3.4
-3.1
-1.5
-1.3
-3.6
-3.6
-3.2
-4.3
-3.8
-2.4
-2.0
-2.0
-2.6
-3.9
-3.3
-1.7
-1.5
-3.2
-1.9
-1.6
-3.1
-3.8 -3.4
-2.2
-2.0
-3.3
-1.9
2.4
4.2 -2.4
-5.6 -5.2
-3.4
-2.9 -1.5
-2.2
-3.4
-2.4
-1.7
-1.7
-2.2
-1.7
-3.2
-1.8
-2.8
-3.5
-3.9
-3.2
-l.2
-4.4
-4.5
-3.2
-2.4
-2.1
-2.5
-4.0
-3.9 -3.0
-3.2
-3.5
-2.4
-2.4
-3.8 -2.9
-2.9
-2.3

®)

-4.4
-4.6

-5.3
%

-3.5

-4.4

(€M)

4
4

1,3

R

&

PO S S

ER

[N

=

&
Beee RN BRREBEECCEEBRECCEE"Y

&bUNNMPN&bF‘N

(¢}

2
25,26

B8eBYRowRwew

88

ggeggreeeey

&

W
]

)
w
~

2347




Nucleic Acids Research

gal-P2/mit-2 m TAATTTATICCAT GICACA CITTICGC  ATTTTIGT TATGCT ATCGITaTTICATAC 16 -2.9 3 S8
ginL b CAATICTCIGATGC TIOGOG CITTTIATC CGTAAAAAGC TATAAT GCACTaAATOGIGC 19 -3.2 2,4 59
glns b TAAMAMACTAAGAG TIGICA GOCTGICC  OGCTTATAA GATCAT ACGOCRLtsaTACGIT 17 -2.1 9
gltA-PL b ATICATICGGGACA GTIATT AGIGGIAG ~ ACAMGITT AATAAT TOSGACTCCTAAGTA 16 4.3 4.4 & 57,60
gltA-P2 b AGTTGITACAAACA TTACCA GGAAAAGCA ~TATAATGOG TAAMAG TIAtGAAGTOGGT 18 -4.0 -1.8 -2.5 & 57,60
glyA b TCCTTIGICAAGAC CIGTTA TOGCACAA  TGATIOGCT TATACT GTTGROGGTIGICC 17 -2.4 2,4 63
glyA/geneX b ACACCAAAGAACCA TTTACA TTGCAGGG ~ CTATTTTTTA TAAGAT GCATTCGAGATACAT 18 -1.9 2,4 61
b GCATGGATAAGCTA TTTATA CTTTAATA  AGTACTTIG TATACT TATTTGCGAACATICCA 17 -1.7 4 6
grok b TITTICOCCC TIGAAG GOGOGAAG  CCATCCOCA TTTCTC ‘TOGTCaCCAGOOOCGAA 17 -3.9 + 4 3%
gyeB b CGGACGAAAA TIOGAA GATGTTTACOGTGGAAAAGGG TAAAAT AACOGATYAACCCAAGT 21 -3.2 4 63
his b ATATAMAAGTIC TIGCIT TCTAACGTG  AAAGTGCTT TAGGTT AAMAGACATCAGTTGAA 18 -3.6 9
hisA b GATCTACAAACTAA TIAATA AATAGITA  ATTAACGCT CATCAT TGTACAATGASCIGIAC 17 -3.5 -2.7 -5.7 9
hisBp b OCTOCAGTGOGGIG TTTAAA TCTTIGIG  GGATCAGGG CATTAT CTTacGIGATCAG 17 -2.4 2,4 6
hisJ(St) b TAGAATGCITIGOC TIGTOG GOCTGATT  AATGGCAC GATAGT OGCATOGGATCIG 16 -3.0  -3.6 9
hiss b AAATAATAACGTGA TOGGAA GOGCCIOG  CTTCOOGTG TATGAT TGAACCCGCATGGCIC 17 -2.7 4 65,66
htpR-PL b AGATTACGOCACIT ACGOCT GAATAATA  AAAGOGIGT TATACT CITTOCGCAATGGTT 17 -3.8 4 67,68
htpR-P2 b TICAGAAGOTTGCA TIGAAC TIGTGGATA _AAATCACGG TCIGAT AMACAGIGAATG 18 -3.7 -2.3 4 67,68
htpR-P3 b AGCTIGCATIGAAC TIGTGG ATAAMATC  ACGGICICA TAAAAC AGTGAATGATAACCTOGTL? -3.2 4 61,68
ilvGEDA b ATTTACAA  AACCTATGG TAACTC TTTAGGCATTOCTTOGA 17 -4.6 -3.9 -4.6 9
ivIH-PL b CICIGGCIGOCAA TIGCIT AAGCAAGA  ‘TOGGACGGT TAATGT GTTttacacattttTIC 17 -3.2 2,4 69
ilvIH-P2 b GAGGATTTTATOGT TICIIL TCACCITT  GCTOCIGIT 17 31 3.1 24 69
1IvIH-P3 b ATTITAGGATTAA TIAAMA AMATAGAG  AAATTGOIG TAAGTT GIGGGATTCAGOOGATT 17 -2.7 2,4 69
ilvIH-P4 b TGTAGAATTTTATT CIGAAT GICIGGGC  TCICIATTT TAGGAT TAATTAASAAAATAGAG 17 -2.7 2,4 69
ISlins PL  p OGAGGOOGGIGATG CIGCCA ACTTACTG  ATTTAGIG TATGAT GGIGEtTIGAGGTOCT 16 -2.5 1,3,4 70
ISlins PR p ATATATACCTTA TGGTAA TGACICCA  ACTTATIGA TAGIGT TTTATGTtCAGATAAT 17 -3.6 -3.3 1,3,4 70
ST M ATGIC TGGAAA TATAGGOG ~ CAAATCCAC TAGTAT TAAGACtaTCACTTATT 17 -2.6 9
lacI b GACACCATOGAATG GOGCAA AACCTTIC ~ GOGGTATOG CATGAT AGOGOCCEGAAGAGAGT 17 -4.5 9
lacPl b TAGGCACCOCAGGC TTTACA CITTATGCT ‘TOCGGCTOG TATGIT GIGIGGRATIGIGAGC 18 -2.0 9
1acPllS M TITACACTTTATG CTTCOG GOTOGTATG  TIGIGIGG JATIGT GAGcggataacaATTT 17 -3.9 -2.0 -4.2 9
1acP2 b AKIGIGAGTTAGCT CAGTCA TIAGGGAC  COGAGGCTT TACACT TIATGCHIOOGGCIOG 17 -4.0 -2.6 -4.3 9
lanbdacl? M GGIGTATGCATTTA TTTGCA TACATICA  ATCAATIGT TATAAT TGTIATCTAAGGAMT 17 -1.4 9
lambdacin M TAGATAACAATIGA TIGAAT GTATGCAA  ATAAATGCA TACACT ATAGGTYICGITTAAT 17 -1.6 9
lanbdal57 M TGATAAGCAATGC TTTTIT ATAATGOCA  ACTTAGTA TAAAAT AGCCAACCIGTTOGACA 17 -2.4  -2.5 9
lambdaPI £ OGGTTTITICTICC GIGTAA TIGOGGAG  ACTTIOOGA TGTACT TGACACETCAGGAGIG 17 -3.6 9
lambdaPL £ TATCTCIGOOGGTG TIGACA TAMATACC  ACTOGOGGT GATACT GAGCACATCAGCAGGA 17 -1.4 9
lambdaPo £ TACCTCIGOOGAAG TIGAGT ATTITIOC  TGTATTIGT CATAAT GACTCCTGTIGATAGAT 17 -2.1 9
lambdaPR £ TAACACOGTGOGTG TIGACT ATITIACC  TCIGGOGGT GATAAT GGTTGCATGTACIAAG 17 -1.4 9
lambdaPR' £ TTAACGGCATGATA TIGACT TATTGAAT  AAAATTGOG TAMATT TGACTCASOGATGGGIT 17 -1.1 9
lanbdaPRE £ GAGOCIOGTTGOGT TIGTTT GCACGAACC  ATATCTAAG TATTIC CITsGATAACAAT 18 -4.1  -5.7 9
lambdaPRM £ AACACGCACGGTGT TAGATA TTTATCOC — TTGOGGIGA TAGATT TAAGGTATGAGGACAA 17 -2.6 9
lep b TOCTOGCCICAATG TIGIAG TGTAGAAT ~ GOGGOGIT TCTATT AATACaGACGTTAAT 16 -3.4 24 M
leu b G TIGACA TOOGTTIT  ‘TGTATCCAG TAACTC TAAAAGCATATOGCATT 17 -2.5 9
leultRMA b TOGATAATTAACTA TIGACG AMMAGCIG  AAAAGCAC TAGAAT GOGCCTCGTGGTAGCA 16 -1.5 9
lex b TGTGCAGTTTATOG TTCCAA AATOGOCT  TTTOCTGIA TATACT CACAGCATAACTGIAT 17 -1.9 9
11w b TGICAAMAATAGCTA TICCAA TATCATAA  AAATOGGGA TATGIT TIAGCaGAGTATGCT 17 -2.5 14 67,68
1pd b TGTIC TITAAA AATIGITA  ACAATTTIG TAAAAT ACOCAGGGALBgAACGA 17 -1.1 4 %57
Ipp b CCATCAAMAAMATA TICICA ACATAMMMA  ACITIGIG TAATAC TTGTAACRCIACATGGA 17 -3.2  -3.3 9
ipp/PL m  ATCAAMMAAATA TICICA ACATAAAAA  ACTTIGIGT TATACT TGTAACGCTACATGGA 18 -1.9 72
1pp/P2 ™ ATCAAMMMATA TICICA ACATAAAMA  ACTTIGIGT TATAAT TGEAAGRCTACATGGA 18 -1.6 2
1pp/RL W ATCAAAMMAATA TTCACA ACATAMAA  ACTTIGIG TAATAC TIGTAACECTACATGGA 17 -2.7 2.8 7
Miume b ATGOGCAAGGOGGG GIGACA AGGGOG0G  CAAACCCTC TATACT GOGOGOCGAAGCIGACC 17 -1.2 9
macll M COCOOGCAGGGAT GAGGAA GGTOGICGA  COGGGCTOG TATGIT GIGTOGSATIGIGAGC 18 -4.1 4 %
macl2 M CCCOOGCAGGGAT GAGGAA GGTOGGTOC  ACCGGCTOG ‘TATGTT GIGIGGSATIGIGAGC 18 -4.1 “« 7
mac2l M COCDOGCAGGGAT GAGGAA GGICGACCT  TCOGGCTOG TATGTT GTGIGGATIGIGAGC 18 -4.1 “ %
mac3 M CCCCOGCAGGGAT GAGGAA GGTOGGIC  GACOGCTOC TATGTT GTGIGGAATTRIGAGCG 17 -3.7 4 %
mac3l M COCOOGCAGGGAT GAGGAA GGTOGGTC  GACCGCTOG TATATT GTGTGGAATTRTGAGCS 17 -3.1 4 %
nalEFG b AGGGOCAAGGAGGA TOGAAA GAGGTIGC ~ OGTATAAA GAAACT AGAGTCGRTTTAGGTGT 16 -3.5 9
malk b CAGGGGGIGGAGGA TITAAG CCATCICC  TGATGACG CATAGT CAGOCCATCATGAATG 16 -3.3 9
malRQ b ATCCOOGCAGGATG AGGAAG' GICAACAT ~ CGAGCCIOG CAAACT AGOGATSACGTIGIGT 17 -4.7 2 7
DalFQ/ASL6PL m  ATOCOOGCAGG ATGAGG AGOCTOGC — AAACTAGC GATGAT AACGTIGIGTIgAA 16 -4.6 24 1
malPQ/ASL6P2 m ATCCOOGCAGGAGG ATGAGG AGOCTGOCA  AACTAGOGA TAACGT TGTGTTRAA 18 4.6 24
DalFQ/ASL7/A m COCCGCAGGATGAG GICCAG CCTGCAA  ACTAGOGA TAAGGT TGIGTTRAA 16 -4.9 24 7
malPQ/Ppl2 m ATCCOOGCAGGAT GAGGAA GGTCAACAT — OGAGOCTG GAAAAC TAGOGATSACGTIGICT 17 -5.2 5.2 ”
m  ATOCOOGCAGGAT TAGGAA GGTCAACAT  CGAGOCTGG CAAACT AGOGATSACGTIGIGT 18 -3.9 4.7 n
malPQ/Ppl4 m ATCCCOGCAGGAT GAGGAA GGTCAACA  TCGAGCCTG GAAACT AGOGATSACGTIGICT 17 -4.4 n
malFQ/PplS m ATCOCCGCAGGAT GAGAAA GGTCAACAT — OGAGOCTOG CAAACT AGOGATSACGTIGIGT 18 -4.0 n
malFQ/Pplé  m ATOCOOGCAGGATA AGGAAG GICAACAT  OGAGOCIOG CAAACT AGOGATRACGTIGIGT 17 -4.7 n
malFQ/Ppl8  m ATCOCOGCAGGATG GOGAAG GTCAACAT  CGAGOCIGG CAAACT AGCGATAACGTIGIGT 17 -4.3 n
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malT b GICATOGCTTGCAT TAGAAA GGTTICIG  GOOGACCT TATAAG CATTAATTACG 16 -2.6 -3.9 9
manA b OGGCTOCAGGTTAC TICOOG TAGGATIC — TIGCITIAA TAGIGG GATTAATCtOCACATTA 17 -5.0 -2.9 -2.9 & 56
metA P1 b TICAACATGCAGGC TOGACA TIGGCAAA  TTTICIGGT TATCTT CAGCTSTCIGGATGT 17 -2.3 24 19
metA P2 b AAGACTAATTACCA TITICT CICCITIT  AGICATICT 17 -1.8 2.5 2,4 19
metBL b TIACOGIGACA TOGIGT AATGCACCT  GTCGGOGT GATAAT GCATATAACttTAACGG 17 -3.9 -3.3 2,4 80
metF b TITIOG TIGACG COCITOGG  CTTTIOCTT CATCTT TacaTCTGGACG 17 -2.5 2-4 81
micF b GOGGAATGGOGAAA TAAGCA CCTAACAT  CAAGCAAT AATAAT TCAAGGTCAAAATCAAT 16 -4.6 -2.9 2,4 82,83
motA b GCOCCAATOGOGOG TIAAOG CCTGACGAC  TGAACATCC TGICAT GGTCAaCAGTGGA 18 -4.5 8
MuPe-1 £ AAATT TIGAAA AGTAACTTTATAGAAAAGAAT AATACT GAAMGTCAALtGGIG 21 -3.3 -2.0 4.0 2,4 85
MuPc-2 £ GGAACACA TTTAAA AACCCTCC ATAAAGCAGCAATTTA 17 -2.1 4.0 2,4 85
MuPe £ TACCAAAMAGCACC TTTACA TIAAGCIT  TICAGTAAT TATCTT TITAGTSAGCTAGCIA 17 -1.7 2,4 85
MRLmaC P GICACAATICICAA GIOGCT GATTTCAAA  AAACTGTAG TATOCT CTGCgasacGATOCCT 18 -4.1 4.1 2-4 86
MRlrnaC/m  m TCACAATTCTCAAG TIGCTG ATTICAAA  AAACTGTAG TATCCT CTGCgaaacGATOOCT 17 -2.8 86
NIPlmal00 p  GGAGITIGIC TIGAAG TTATGCACC TGTTAAGGC TAAACT GAAAGAACAGATTTIGT 18 -1.8 87
usA b CAGTAT TIGCAT TITITACC  CAAAACGAG TAGAAT TTGOCACZTTICAGGOG 17 -1.8 1,3 88,89
ampA b GOCIGACGGAG TITICAAC TAGGTT GTAGACUTTAC 16 -2.7 -2.0 -7.4 3,3 9%
ampG b GTATCATATTOGTG TIGGAT TATICIGC  ATTITIGOG GAGAAT GGACCIGOCGACG 17 -2.9 3,4 92,893
ampF b GGTAGG TAGOGA AACGTTAG  TTTGAATCG AAAGAT GOCTGCaGACACATAAA 17 -4.6 -3.9 3,4 91
QmpF/pKI217 m GG TAGOGA AACGTIAG  TITGCAAGC TTTAAT GOGGtaGITIATGAC 17 -3.4 -2.6 3.4 91
ampR b TTTOGCOGAATAAA TIGTAT ACTTAAG CIGCIGIT TAATAT GCITIQTAACAATIT 15 -3.4 -2.4 4 92
plSprimer  p ATAAGATGATCTTC TIGAGA TOGTITIG  GTCTGOGOG TAATCT CTIGCTTRAAMACGAAA 17 -2.1 193
pLSmal P TAGAGGAGTTAGIC TIGAAG TCATGOGCC  GGTTAAGGC TAAACT GAAAGGAaCAAGTTTTG 18 -1.8 1 9
P22ant £ TOCAAGTTAGIGTA TIGACA TGATAGAA  GCACICTAC TATATT CTCAATsggIOCACGG 17 -0.4 9
P22mt £ CCACOGTGGACCTA TIGAGA ATATAGTA  GAGTGCTIC TATCAT GICAATACACTAACIT 17 -1.5 9
P22FR £ CATCTTAAATAAAC TIGACT AMGATTC  CTTTAGTA GATAAT TTAMAGTRTICTTTAAT 16 -1.8 9
P22PRM £ AMTTATC TACTAA AGGAATCT  TIAGICAAG TTTATT TAAGATGACTTSACIAT 17 -3.7 -3.1 -3.9 9
pER3L3Htet m  AATICICATGT TIGACA GCTTATCA  TOGATAAGC TAGCTT TAATGCRGTAGTTIAT 17 -1.7 1.3 9%
pER32Zbla  p TITTICTAAATACA TICAAA TATGTATC  CGCICATGA GACAAT AACOCTRATAAATGCT 17 -2.6 9
PER322P4  p CATCIGIGOGGTAT TICACA COGCATATGGTGCACICICAG TACAAT CTGCICIGATGOOGCAT 21 -2.7 9
PBR322primer p ATCAAAGGATCTTC TIGAGA TCCTTTIT  TICTGOGOG TAATCT GCIGCTTRCAAACAAAA 17 -2.1 9
pER322tet  p AAGAATICICATGT TIGACA GCITATCA  TOGATAAGC TTTAAT GOGGTAQITIATCACA 17 -1.0 9
pERHA-25 M T0G TITICA AGAATICA  TTAATGOGG TAGTIT ATCAcagTTA 17 -2.7 4 95
PERPL p TICATACACGGTGC CTGACT GOGTTAGCAATTTAACTGTGA TAAACT ACOGCALtAAAGCTTA 21 -3.3 9
PERRNAT P GIGCTACAGAGTTC TIGAAG TOGTGGCCT  AACTAOGGC TACACT AGAAGGScaGTATTIG 18 -2.2 9
pBRtet-10 M AAGAATICICATGT TIGACA GCTTATCA  TOGATGOGG TAGTTT ATCAcagTTA 17 -1.6 4 95
pERtet-15 M AAGAATICICATGT TIGACA GCTTATCA  TOGGTAGIT TATCAC AGTTAaatTGC 17 -1.8 4 95
pERtet-22 M AAGAATICICATGT TIGACA GCTTATCAT  OGATCACAG TTAAAT TCTAAcgCAG 18 -1.8 4 9
pERtet/TA22 M TICICATGT TIGACA GCTTATCA  TOGATAAGC TAAATT TTATATASSATTTAGCT 17 -0.7 1 9%
pERtet/TA33 M TICICATGT TIGACA GCTTATCA  TOGATAAGC TAAATT TATATASaATTTTATAT 17 -0.7 1 %
pColViron-PL p TCACAATICICAAG TIGATA ATGAGAAT  CATTATIGA CATAAT TGTT.TIATTITAC 17 -1.6 1,3,4 97
poolViron-P2 p  TGTTICAACACC ATGTAT TAATIGTG  TTTATTIG TAAAAT TAATTTtctgacaATAA 16 -3.0 3,4 97
pEG3503 M GGC ‘TGGACT TOGAATICA  TIAATGOGG TAGTTT ATCAcagTTA 18 -3.6 4 95
phiXa £ AATAACOGTCAGGA TIGACA COCICCCA  ATIGTATGT TTICAT GOCTCCSAATCTTGGA 17 -1.7 9
phiXB £ GOCAGTTAAATAGC TIGCAA AATACGIGG  CCTTATGGT TACAGT ATGOCCATOGCAGIT 18 -2.6 9
phixp £ TAGAGATICICTTG TIGACA TTTTAAMG  AGCGTGGAT TACTAT CIGAGTCCRATGCIGIT 18 -1.7 9
pori-I b CIGTIGTICAGTIT TIGAGT TGIGTATA  ACOCCICAT TCIGAT CCCAGCTIATACGST 17 -3.2 9
Pori-r b GATOGCACGATCIG TATACT TATTIGAGT ~ AAATTAACG CACGAT COCAGOCRTICTICIGC 18 -4.5 9
ppc b OGATTTOGCAGCAT TIGACG TCACOGCT  TTTAOGIGG CITTAT AAAAgaCGACGAAAA 17 -3.1 3.4 9
pSC10loriPl p T TIGTAG AGGAGCAAACAGOGTTTGOGA CATCCT TTTGTAATACTGOGGAA 21 -4.4 t 2,3 102,103
pSCl0loriP2 p ATTATCA TIGACT AGCOCATC  ‘TCAATTGG TATAGT GATTAAAATCACCTAGA 16 -1.4 % 2,3 102,103
PSCL0loriP3 p ATACGCICAGATGA TGAACA TCAGTAGG  GAAAATGCT TATGGT GIATIAGCTAAMGC 17 -3.6 2,3 102,104
pyrBL-PL b CITICACACTOOGC CCTATA AGTOGGAT _  GAATGGAA TAAAAT GCATatcTGATIGOGIG 16 -4.2 -3.6 3 105
pyrBL-P2 b TIGCATCAAATG CTTGOG COGCTICT  GACGATGAG TATAAT GOOGRACAATTTGOOSG 17 -2.8 3 105
pyrd b TIGOOGCAGGTCAA TTOCCT TTTOGICC  GAACTOGCA CATAAT ACgecccOGGITIC 17 -2.6 3,4 106
PpycE-PL b ATGOCTIGTAAGGA TAGGAA TAACOGCC — GGAAGTOOG TATAAT GOGCAQOCACATTIG 17 -1.8 4 107,108
PycE-P2 b GIAGGOGGICATA CIGOGG ATCATAGAC  GTICCTGIT TATAAA AGGAGAGGIGGAAGG 18 -4.6 4 108
RI00ma3  p GIACOGGCTTACGC CGGGCT TOGGOGGIT — TTACICCIG TATCAT ATGASACAACAGAG 18 -4.3 9
RICORMAT  p CACAGAAAGAAGTC TIGAAC TITICOGG ~ GCATATAAG TATACT COCOGCATAGCIGAAT 17 -1.6 9
RIOORNAII  p ATGGGCTTACATTC TIGAGT GITCAGAA  GATTAGTGC TAGATT ACTGATCGTTTAAGGAA 17 -2.2 9
RIRNATT P ACTAAAGTAAAGAC TTTACT TIGIOGOG ~ TAGCATGC TAGATT ACTGATCETITAAGGAA 16 -2.4 9
recA b TIICIACAAMACAC TIGATA CIGTATGA  GCATACAG TATAAT TGCTTCBaACAGAACAT 16 -1.1 9
wh b GACTIGIC  GITTTACAG TTCGAT TcaaTTACAGGA 17 -4.0 -4.5 2,3,4 50,51
mp(RNaseP) b ATGOGCAACGOGGG GTGACA AGGGOGOG  CAAACCCTC TATACT GOGOGOCRAAGCIGACC 17 -1.2 1 109
plJ b TGTAAACTAATOOC TTTACG TGGGOGGT  GATTTIGIC TACAAT CTTACCCCCACGTATA 17 -1.8 9
rpuillp b GATOCAGGACGATC CTTGOG CTTTACCC  ATCAGOCOG TATAAT CCTccacccGO0G0G 17 -2.8 2.9 4 48
rpmi2p b ATAAGGAAAGAGAA TIGACT COGGAGTG  TACAATTAT TACAAT COGCctcTTIAATC 17 -1.0 4 48
rpnildp b AMTTTAATGACCA TAGACA AMMATTGG  CTTAATOGA TCTAAT AAAGatcOCAGGACG 17 -2.3 4 48
rpoA b TICGCATATITTTC TIGCAA AGTTGGGT  TGAGCTGGC TAGATT AGCCAGCCAATCTIT 17 -1.8 9
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rpoB b OGACTTAATATACT GOGACA GGAOGTCC
rpoD-Pa b OGCOCTGTTCOG CAGCTA AAACGCAC
rpoD-Pb b AGCCAGGT CTGACC ACCGGGCAA
rpoD-Fhs b  ATGCTGOCACCC TIGAAA AACTGIOG
rpoD-Phs/min b OCC TIGAAA

m4.58 b GGCACGOGATGGG TTGCAA TTAGCOGG
TIMABPL b TITTAAATTICCTC TIGICA GGOOGGAA
TIABP2 b GCAAMAATAAATGC TTGACT CTGTAGOG
rnB-P3

rmB-P4 b GOGTATCOGGTCAC CICTCA OCTGACA
TrnDEXP2 b CCIGAAATTCAGGG TTGACT CTGAAAGA
rmD-P1 b GATCAAAAAAATAC TTGTGC AAAAAATT
rmE-PL b CIGCAATTITICIA TIGOGG CCTGOGGA
mG-PL b TITATATTTTTOGC TIGICA GGCOGGAA
mG-P2 b AAGCAAMGAAATGC TTGACT CIGTAGCG
rmXl b ATGCATTTTTCOGC TIGICT TCCIGAGC
BSFprimer  p GGAATAGCIGTTCG TIGACT TGATAGAC
RSFrmal P TAGAGGAGITIGIC TIGAAG TTATGCACC
§10 b TACTAGCAATACGC TTGCGT TOGGTGGT
sdh-P1 b ATATGTAGGTTAA TIGTAA TGATITIG
sdh-P2 b AGCTTCOGOGATTA TGGGCA GCTICTTC
spc b COGTTTATTTITIC TACCCA TATCCTIG
spoth2r b TTACAAAAAGTGCT TTCTGA ACTGAACA
ssb b TAGTAAAAGOGCTA TTGGTA ATGGTACAA
str b TOGTIGTATATTIC TTGACA OCTITIOG
SucAB b AAATGCAGGAAATC TTTAAA AACTGCCCC
supB-E b CCTTGAAAMAGAGG TTGAOG CTGCAAGG
T7-A1 £ TATCAAAAAGAGTA TTGACT TAAAGTCT
T7-A3 £ GIGAAACAAAACGG TTGACA ACATGAAG
7-C £ CATTGATAAGCAAC TTGAOG CAATGTTA
T7-D £ CTTTAAGATAGGOG TTGACT TGATGGGT
TIA2 £ ACGAAAAACAGGTA TTGACA ACATGAAGT
TIE P CITAOGGATG ATGATA TTTACACA
TACL6 M AATGAGCTG TTGACA ATTAATCA
ThlOPin P TCATTAAG TIAAGG TGGATACAC
‘ThlOPout P AGIGTAATTOGGGG CAGAAT TGGTAAAG
TnlOtetA P ATICCTAATTITIG TTGACA CTCTATCAT
ThlOtecR ™ P TATICATTTCACIT TICICT ATCACTGAT
ThlOtetR* P ‘TGATAGGGAG TGGTAA AATAACTC
TnlOxoxPL p TTAAMATTTICTIG TIGATG ATTTTITAT
ThlOoP2  p AMATGTICTTAAGA TIGICA OGACCACA
‘TnlOxo0P3 P CCATGATAGA TTTAAA

‘Th2661bla-Pb p CCIC GTGATA OGCTTATT
‘Th501lmex

T™50lmerR  p CATGOGCTIGTOCT TTCGAA TIGAAATT
TnSIR P TCCAGGATCIGATC TTCCAT GIGACCTC

b TGOGOGCAGGTC GIGACG TOGAGAAAA
b G ATCATA CCTACACAG

GTICIGIG TAAATC GCAATGAAATGGTTTAA 16

GACCATGOG TATACT TATAgggTT 17
CTTTTAGAG CACTAT OGTGGTACaaaT 18
ATGTGGGAC GATATA GCAGAtaaG w

21
GGCAGCAGT GATAAT GOGCCTGCROGTTGGIT 17

. CAGOGGGTC TTIGIT TACRGTAATOG 18
ACGTCT_TAAGIC

GIGCACTATACA 15
CIGAAGA TATGAT GOGOGCAGGTOGTGACG 16
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uvrB-P1 b TOCAGTATAATTIG TIGGCA TAATTAAG  TAOCGACGAG TAAAAT TACATaCCIGCCOGC 17 -1.0
uvrB-P2 b TCAGAAATATTATG GTGATG AACICTTIT  TITATCCAG TATAAT TIGTTGRCATAATTAA 18 -2.5
uvrB-P3 b ACAGTTATCCACTA TICCIG TGGATAAC  CATGIGTAT TAGAGT TAGAAASCACGAGGCA 17 -3.7

w s
0 o 0 O O
ER

wrC b GOCCATTTGCCAGT TTGICT GAACGIGA ~ ATTGCAGAT TATGCT GATGatcaCCAAGG 17 -1.8
wrD b TGGAAATTTCOOGC TIGGCA TCICIGAC CIOGCTGA TATAAT CAGCAASTCIGTATAT 16 -1.1
434PR £ AAGAAAMACTGTAT TTGACA AACAAGAT  ACATTGTAT GAAAAT ACAAGAAAZITIGTIGA 17 -1.3
434PRM £ ACAATGTATCTIGT TIGICA AATACAGT  TTTICTIGT GAAGAT TGGGGGTAAATAACAGA 17 -2.4

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 -1C
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
S1 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 pp, pg, P
Pa, where pr, pPg, Pg, Pp are the frequencies of occurrence of T,G,C, and A,
respectively. The standard deviation for each base X is WRnpx(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,A and 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) wusing 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 Regions
(a) -35 -10
T T G A C A T A T A A T
T 78 82 15 20 10 24 82 7 52 14 19 89
All G 10 5 68 10 7 17 7 1 12 15 11 2
Promoters C 9 3 14 13 52 5 8§ 3 10 12 21 5
A 3 10 3 58 32 54 3 8 26 59 49 3
Mean clonality 70 74
(b)
T 78 85 22 27 11 25 8 2 65 9 11 93
Spacer = 16 G 9 4 67 9 7 13 5 0 7 9 11 2
(n=55) c 7 5 9 9 58 5 4 2 5 9 15 5
A 5 5 2 55 24 56 7 96 22 73 64 O
Mean clonality 69 8l
(c)
T 82 81 15 18 10 25 79 9 49 15 25 89
Spacer = 17 G 7 6 70 8 9 14 9 1 16 15 12 2
(n=140) C 7 3 13 17 50 1 12 2 9 14 21 6
A 4 10 2 57 32 60 1 88 26 56 43 3
Mean clonality 71 72
(d)
T 75 82 12 14 14 18 88 10 49 18 18 86
Spacer =18 G 18 6 69 14 4 29 4 2 6 20 12 2
(n=50) c 8 0 12 8 47 12 6 4 22 11 25 4
A 0 12 8 65 35 41 2 84 24 51 45 8
Mean clonality 69 72

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 1is 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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Figure 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.

- - -10

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 171
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. Furthermcre, 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
withuniquely 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: &
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.

SUMMARY

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..t.......... . .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.
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