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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 17il 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 UCTION

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) wupstream 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 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 Sl
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

2344



Nucleic Acids Research

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 1lists, 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 1list 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 = O 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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TANE 1

Alfgrment of E. coli Promoter Sequences

SEQUENCE  TYPE =35

(2) ®) (c)
aceEF b ACGTAGACCICT CTTATT GAGCTTIC
ada b AAGATTGTTGGTIT TTGCGT GATGGTGA
alas b AACGCATACGGTAT TTTACC
ampC b TGCTATOCTGACAG TIGTCA CGCTGATT
ampC/C16 b GCTATC TTGACA GTIGTCAC
araBAD b TTAGOGGATCCTAC CTGACG CTTTTIAT
araC b GCAAATAATCAATG TGGACT TTTCIGCC
araf b CIGTTTOOGAC CTGACA CCTGOGTGA

araI(c) m  AGOGGATCCTAC CTGGOG CTTTTTAT
aral(c)X(c) m AGOGGATCCTAC CTGGOG CTTTTIAIC

bioA b GCCTTCTCCAAAAC GIGTIT TTIGITGIT
bioB b TIGICATAATOGAC TTGTAA ACCAAATT
bioP98 M TIGITAATIOGGTG TAGACT TGTAAACC

ep b AAGOGAGACACCAG GAGACA CAAAGOGA
cya b GTAGOGCATCTTTC ‘TTIACG GTCAATCA
dapD b AAGTGCATCAGOGG TIGACA GAGGOCCTC
deo-PL b CAGAAACGTTITA TTOGAA CATOGATCT
deo-F2 b TGATGIGTA TOGAAG ‘TCIGTTO0G
deo-P3 b ACACCAACTGTCTA ‘TOG00G TATCAGOG
divE b AAACAAATTAGGGG ‘TTTACA OGOCGCAT
dnaA-lp b CCTOR006C

Y-3-thpA  p ACACATTAACAGCA CIGTTT TIATGIGT
¥-8-pR  p ATICATTAACAAT TITGCA ACOGTCOG
gal-PL b TOCATGICACACTT TTOGCA TCITIGIT
gal-P2 b CTAATTTATTCCAT GTCACA CTTTTOGC
gal-P2/mit-1 m TAATTTATTCCAT GICACA CTTTTOGC

-10 SP PHI DISCREP. TS REF
@ @ @ & O @O O
OGGOGAGAG TTCAAT GGGaCACGTCCAG 17 -4.3 4.4 & 24
COGGGCAGC CTAAMG GCTaTCCTTAACC 17 -5.5 -3.4 -4.6 4 25,26
AAGAMMCT TATCIT ATTCCCaCTITICACT 18 -3.1 [ .
GGTGTOGT TACAAT CTAAOCCSTCGCCAATG 16 -1.5 9
GCTGATTCG TATOGT TACAATCTAACGTATCG 17 -1.3 1,3 25
CGCAACTC 16 -3.6 -3.7 9
GTGATTATA GACACT TTTGTIACGOGTTITIG 17 -3.6 9
GTICTICACG TATTIT TICACTATRTCTTACIC 19 -3.2 4 28
OGCAACTC ‘TCTACT GTTTCTCCATACOOGIT 16 -4.3 4 29
GCAACTCIC TACTAT TICTCCATRCOCGTTIT 18 -3.8 4 29
TATTCATGCAGTATT 18 -2.4 -2.6 9
GGTCATAA TATTAT CAATATTCATGCAGTAT 15 -2.0 2
GGTCATGA TATTAT CAATATTCATGCAGTAT 15 -2.0 0
AOGTTAGTG TATTIT TATTCATAAATACIOCA 17 -2.6 4 3l
CAAAGOGGT TATGTT CATSTGOGGATGGOG 17 -3.9 -3.9 4 3l
CAAMGOGGT ‘TATATT CATSTGOGGATGGCG 17 -3.3 3
TTACACATA TAAAGT GAATTTTSATICAATAA 17 -1.7 4 3,32
TCATOCATA TAAATT GAATTTTaaTICATIGA 17 -1.S 4 31
CITIGACAA TATTAA TCAGTCTaaaGTCIOGG 17 -3.2 -5.9 2,4 31
TIATGIGT TATCGT TACGICSICCIOGCIG 16 -1.9 2,4 33
COGAAGATA TAGATT GGAAGTATIGCATICA 17 -1.6 2,46 1
TTTTTTGT TATCAT GCTAaccaCOCGGCGAG 16 -3.1 9
AATTOGGTG TAGACT TGTaaCCTAAATCT 18 -3.8 -3.4 9
GAAMGATT TAGGTT TACAAGTCHACACOGAA 17 -2.2 9
TAAATCTTT TAAATT TGGTTTaCAAGIOGAT 17 -2.0 9
CCTTCIONG GATCTC TCCCACAtOCIGTTIT 17 -3.3 + & %
CCATATCIC CAGAAT GOOGOCRTTIGOCAGA 17 -1.9 4 35
ATTGTGAAT TAATAT GCAASTAAAGTGAG 18 -2.4 4 35
ACTTICAC CATAAT GAAATAAGATCACTACC 17 -4.2 -2.4 -5.3 9
TCITAC CICTATACATAATICIG 18 -5.6 -5.2 % 3,4 36-38
ATTIGIGOC AATAAT TAsTGAAATCAC 18 -3.4 3,6 36-38
AGTAAGGT AATAAT CATACTGTGTATATAT 16 -2.9 -1.5 -3.5 3 39
AAGTCOGGC TACACT GGAAGGACAGATTICG 18 -2.2 9
CAATAAGT TAAAAA TAASTACTGTAA 15 -3.4 4.4 1,3 W0
AATAMGTT AMAAT AAATACTETACATATAA 16 -2.4 1,3 4
GCAGUGGOG ‘TAGCTT TIATOCTRTATATAAM 17 -1.7 9
GAGGATTT TATAAT GGAAACCEOGGTAGOGT 16 -1.7 -1.9 9
GACTACGGC ‘TACACT AGMOGACAGTATTIGG 18 -2.2 1,3 4
GAGGATTT TATAAT GGAAACCROGGTAGOGT 16 -1.7 42
AGTCAGGATOCTACAG 17 -3.2 t 23 @
GCAAGGTGT TAAATT GATCACRTTITAGACC 17 -1.8 1-3 4
AATOCAAAG GATAAA GOGTGAtgIGTTTACIG 18 -2.8 4 45
OGICTIGIGT TAGAAT TCTAACATACGGTIGC 19 -3.5 9
GAGTAGATGT TAGAAT ACTAACSAACTOGCAA 19 -3.9 9
AATAAOGG TATACT GATCIGSTCATTTAAA. 16 -3.2 2,4 46
OGGGATGTT TATAGT GOGOGTCATTOOGGAAG 17 -1.2 1,2 &
ACGATCGTT TAGACT TAGOGAGTICTGGAAA 18 -4.4 4.9 4 48,49
AGTTTAGGC TATGAT COUcggtccOGATOG 17 -4.5 4 48
ACGACOOCA TTTAGT AGTCsaCOGCAGTG 18 -3.2 8.2 2,6 %
TIOGOOOC TATTAC AGACECAaCAACCACA 16 -2.4 9.3 2,6 3%
CGATAGOG ‘TAAAAT AGCRCCGTAACCOC 16 -2.1 2-4 50,51
GGAGTGOGT TAAATT ATTTaCGGATAAAG 17 -2.5 2 52
GTITTTTTTA TAGGAT ACOGCTRGOGGOGCTG 17 -4.0 -5.7 2 52
-3.9 -3.0 -4.1 3 s3
TATACT GTTGTACCTATSAAGGA 16 -3.2 -39 4 54
TGTGTAGGA TATIGT TACTOGCTELLtAACAGG 17 -3.5 -3.8 4 55-57
GOGATAATT TATAAT ATTTOGGACGGTTGCA 17 -2.4 9
AAATATTA TAAATT ATCGCACaCATAAAMAC 16 -2.4 -3.0 9
CAT2CCATAAG 17 -3.8 -2.9 -4.0 9
ATCTTIGT TATOCT ATGGTTSTTTICATACC 16 -2.9 -3.1 9
ATCTTIGT TATACT ATOGTTATTICATAC 16 -2.3 -4.0 3 s8
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gal-P2/mut-2 m TAATTTATIOCAT GICACA CTITIOGC  ATTTTIGT TATGCT ATGGTTITICATAC 16 -2.9 3 S8
ginL b CAATTCTCIGATGC TIOGOG CTTTTTATC OGTAAAAAGC TATAAT GCACTAAATOGTGC 19 -3.2 2,4 59
glns b TAMAAACTAACAG TIGICA GOCIGICC  CGCTIATAA GATCAT ACGOCGEtsTAOGIT 17 -2.1 9
gleA-PL b ATICATICOGGACA GTTATT AGIGGIAG  ACAAGTTT AATAAT TOGGAUTOCTAAGTA 16 -4.3 4.4 4 57,60
gltA-P2 b AGTTGTTAGAAACA TTACCA GGAAMAGCA  TATAATGOG TAAMAG TTAtGAAGTOGGT 18 -4.0 -1.8 -2.5 & 57,60
glya b TCCITIGTCAAGAC CTGITA TOGCACAA  TGATTOGGT TATACT GTICROOGTIGIOC 17 -2.4 2,4 63
glyA/geneX b ACACCAMGAACCA TTTACA TIGCAGGG  CTATTTTTTA TAAGAT GCATTLGAGATACAT 18 -1.9 2,4 61
gnd b GCATOGATAAGCTA TTTATA CTTTAATA  AGTACTTIG TATACT TATTTGCGAACATICCA 17 -1.7 4 6
grok b TITTTCO00C TTGAAG GGGOGAAG  OCATCOOCA TTICTC TGGTCACCAGOOGGGAA 17 -3.9 + 4 %
g8 b CGGAOGAAAA TTUGAA GATCTTTACOGIGGAAAAGGG TAAAAT AACGGATCAACCCAAGT 21 -3.2 4 63
his b ATATAMAAGTTC TTGCTT TCTAACGIG  AAAGTOGIT TAGGTT AAAAGACATCAGTIGAA 18 -3.6 9
hisA b GATCTACAAACTAA TIAATA AATAGTIA  ATTAAOGCT CATCAT TGTACAATGASCTGIAC 17 -3.5 -2.7 -5.7 9
hisBp b OCTCCAGTGOGGTG TTTAAA TCITICIG  GGATCAGGG CATTAT CTTacGIGATCAG 17 -2.4 2,4 64
hisJ(St) b TAGAATGCITIGCC TIGTOG GOCTGAIT  AATGGCAC GATAGT OGCATOGGATCIG 16 -3.0 3.6 9
hisS b AMTAATAAOGTGA TGGGAA GOGOCICG  CTTOOOGTG TATGAT TGAACCCRCATGGCIC 17 -2.7 4 65,66
hepR-PL b ACATTACGOCACTT ACGOCT GAATAATA  AAAGOGTGT TATACT CITIOCtGCAATGGTT 17 -3.8 4 61,68
hepR-F2 b TICACAAGCTIGCA TIGAAC TIGIGGATA _ AAATCAOUG TCIGAT AMMACAZTGAATG 18 -3.7 -2.3 4 61,68
hepR-F3 b AGCTIGCATIGAAC TIGICG ATAMATC  ACGGTCTGA TAAAAC AGTGAATRATAACCICGTI? -3.2 4 67,68
11vGEDA b GOCAAMMAATATCT JGTAGT ATTTACAA  AACCTATGC TAACIC TTIACGCATTCCTIOGA 17 -4.6 -3.9 -4.6 9
ilvIH-PL. b CICIGGCIGOCAA TIGCIT AAGCAAGA  TOGGACGGT TAATGT GTTttacacattttTIC 17 -3.2 2,4 6
ilvIi-P2 b GAGGATTTTATOGT TICITL TCACCTIT  CCTCCIGTT TATICT TATtACCOOGIST 17 -3.1 3.1 2,4 69
{lvIH-P3 b ATTTTAGGATIAA TIAAMA AMATACAG  AAATTGCTG TAAGIT GTGGGATTCAGOCGATT 17 -2.7 2,4 69
{IvIH-P4 b TGIAGAATTITATT CIGAAT GICIGOGC  TCICTATIT TAGGAT TAATTAASAAAATAGAG 17 -2.7 2,4 6
ISlins PL  p CGAGGOOGGIGATG CIGOCA ACTIACIC  ATTTAGTG TATGAT GGTGttTIGAGGIGCT 16 -2.5 1,3,4 70
ISlins R p  ATATATACCTTA TOGTAA TGACICCA  ACTTATIGA TAGIGT TITATGTCAGATAAT 17 -3.6 -3.3 1,3,4 70
IS2I-11 ¥ AICIC TCGAAA TATAGGGG  CAAATCCAC TAGTAT TAAGACtaTCACTIATT 17 -2.6 9
lacI b GACACCATCGAATG GOGCAA AACCTTIC — GOGGTATGG CATGAT AGOGOOCRGAAGAGAGT 17 -4.5 9
lacPl b TAGGCACCOCAGGC TTTACA CTITTATGCT  ‘TOOGGCTOG TATGIT GIGIGGATIGIGAGC 18 -2.0 9
1acPll5 M TTTACACTTIATG CTTCOG GCIOGIATG  TICIGIGG JATIGT GAGcggataacaATIT 17 -3.9 -2.0 -4.2 9
1acP2 b AAIGIGAGTINGCT CACICA TIACGCAC — COCAGGCTT TACACT TIATCCETCOGGCIOC 17 -4.0 -2.6 -4.3 9
lanbdacl? M GGTGTATGCATTTA TTTGCA TACATICA  ATCAATTGT TATAAT TGTIATCTAAGGAAAT 17 -1.4 9
lambdacin M TAGATAACAATIGA TIGAAT GTATGCAA ~ ATAAATGCA TACACT ATAGGTTOGITIAAT 17 -1.6 9
lambdalS7 M TGATAAGCAATGC TTTTIT ATAATOCCA  ACTTAGTA TAAAAT AGCCAACCTGTTOGACA 17 -2.4 -2.5 9
lubdaPI £ CGGTTTITICTICC GIGTAA TIGOCGAG  ACTTTGOGA TGTACT TGACACCICAGGACTG 17 -3.6 9
lambdaPL £ TATCICIGGOGGIG TIGACA TAAATACC  ACTGGOGGT GATACT GAGCACATCAGCAGGA 17 -1.4 9
lazhdsPo £ TACCICIGOUGAAG TIGAGT ATTITIOC  TGTATTIGT CATAAT GACICCIGTIGATAGAT 17 -2.1 9
lambdaPR £ TAACACOGTOCGIG TIGACT ATTTIACC  TCTGGOGGT GATAAT OGTTOCAIGIACIAAG 17 -1.4 9
lembdaPR' £ TIAACGOCATGATA TIGACT TATTGAAT  AAAATTGGG TAAATT TGACICAaCGATOGGIT 17 -1.1 9
lambdaPRE £ GAGCCTOGTTGOGT TIGTTT GCAOGAACC — ATATCTAAG TATTTC CITaGATAACAAT 18 -4.1 -5.7 9
lambdaPRM £ AACAOGCACGGTGT TAGATA TTTATOOC — TIGOGGTGA TAGATT TAACGTaTGAGCACAA 17 -2.6 9
lep b TOCIOGOCICAATG TIGTAG TGTAGAAT ~ GOGGOGTT TCTATT AATACSGACGTIAAT 16 -3.4 2,4 N
leu b G TIGACA TCOGTTIT  TIGTATCCAG TAACIC TAAMAGCATATOGCATT 17 -2.5 9
leultRMA b TOGATAATTAACTA TIGAOG AAMMAGCTG  AAAACCAC TAGAAT GOGCCTOCETGUTAGCA 16 -1.5 9
lex b TCTCCAGTTTATGG TICCAA AATOGOCT  TTTGCIGTA TATACT CACAGCATAACIGIAT 17 -1.9 9
1ivy b TGICAAMATAGCTA TICCAA TATCATAA  AAATOGGGA TATGIT TIAGCAGAGTATGCT 17 -2.5 1,4 67,68
1pd b TGTIG TITAMA AATIGITA  ACAATTTIG TAAAAT ACOGACOGALAgAACGA 17 -1.1 4 245
pp b CCATCAAMAAATA TICICA ACATMAAA  ACTTIGTG 17 -3.2 -3.3 9
1pp/PL m  ATCAAMMAAATA TICICA ACATAAAM.  ACTTIGIGT TATACT TCTAACGCTACATGGA 18 -1.9 72
1pp/P2 m  ATCAAMMAMTA TICTCA ACATAMMAAA  ACITICICT TATAAT TCTAACRCTACATGGA 18 -1.6 72
1pp/RL m ATCAAMMAAATA TTCACA ACATAAMAMMA  ACTTIGTG TAATAC TIGTAACGCTACATGGA 17 -2.7 -2.8 72
Mima b ATGOGCAACGOGOG GTGACA AGGGOGOG  CAAAOCCTC TATACT GOGOGOCGAAGCTGACC 17 -1.2 9
wacll M COCOOGCAGGGAT GAGGAA GOTGGICGA  COGGOCTOS TATGTT GTGTGGEATIGIGAGC 18 -4.1 4 7%
macl2 M COCOOGCAGGGAT GACGAA GGTOGGTOC  ACOGOCTUG TATGTT GIGIGGAATIGIGACC 18 -4.1 4 7
wac2L M COCCOGCAGGGAT GAGGAA GGTCGACCT  ‘TCOGGCTOG TATGIT GIGIGGSATIGIGAGC 18 -4.1 4 7
mac3 M COOCOGCAGGGAT GAGGAA GGTCUGTC  GAOOGCIOG TATGTT GIGIGGAATIZIGAGOG 17 -3.7 4 7
mac3l M COOCOGCAGGGAT GAGGAA GOTCGGIC  GACOGCTOG TATATT GTGTGGAATTZTGAGOG 17 -3.1 & 1%
"alEFG b AGGGGCAAGGAGGA TGGAAA GAGGTTCC  OGTATAAA GAAACT ACAGTOGEITIAGGIGT 16 -3.5 9
malk b CACGGGGTGGAGGA TTTAAG CCATCTOC ‘TGATGACG CATAGT CAGOCCATCATGAATG 16 -3.3 9
mlrQ b ATCOODGCAGGATG AGGAMMG GTCAACAT — OGAGOCTGG CAAACT AGOGATSACCTICIGT 17 -4.7 2 n
malFQ/ASI6PL m  ATOCCOGCAGG ATGAGG AGOCIOGC  AAACTAGC GATGAT AMGTTGIGTIgAA 16 -4.6 24 71
malPQ/AS16P2 m ATCOOOGCAGGAGG ATCAGG AGOCTOGCA  AACTAGOGA TAACGT TGTGTTRAA 18 -4.6 24
malPQ/AS17/A m COCCOCAGGATGAG GIOGAG CCTGGCAA  ACTAGOGA TAACGT TGTGTTRAA 16 -4.9 24
malFQ/Ppl2 = ATOCCOGCAGCAT GAGGAA CGTCAACAT  CGAGOCTG GAAAAC TAGCCATSACCTIGIGT 17 -5.2 5.2 ”
B ATOCOOGCAGGAT OGAGCCTOG CAMCT ACOGATSACGTIGIGT 18 -3.9 -4.7 7
malFQ/Fplé m ATOCOCGCAGGAT GACGAA CCTCAACA  TOGAGOCTG GAAACT AGCGATSACCTIGIGT 17 -4.4 n
malPQ/Ppl5 m ATCOCCGCAGGAT GAGAAA GGTCAACAT — OGAGOCTGG CAAACT AGOCATSACGTIGIGT 18 -4.0 n
®alFQ/Pplé  m ATOCUOGCAGGATA AGGAAG GICAACAT  OGAGOCTGG CAAACT AGUGATSACGTIGIGT 17 4.7 n
#alFQ/Ppl8  m ATOCOOOGCAGGATG GGGAAG CTCAACAT  OGAGOCTGG CAAACT AGCGATRACGTICICT 17 -4.3 n”
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malT b GICATOGCTTGCAT TAGAMA GGITICIG  GOOGACCT ‘TATAAG CATTAATTACG 16 -2.6 -3.9 9
manA b OGGCTOCAGGTTAC TICOCG TAGGATIC  TIGCITIAA TAGIGG GATTAATCtOCACATTA 17 -5.0 -2.9 -2.9 & 56
reta P1 b TTICAACATGCAGGC TCGACA TIGGCAAA  TTTICIGGT TATCTT CAGCTeTCTOGATGT 17 -2.3 24 19
metA P2 b AAGACTAATTACCA TITICT CICCTTIT  AGTCATICT 17 -1.8 2.5 24 1
metBL b TIACCGTGACA TOGIGT AATGCACCT  GYCGGOGT GATAAT GCATATAACLUTAACGG 17 -3.9 -3.3 2,4 80
metF b TITICOG TIGACG COCTIORG  CTTTTOCIT CATCIT TacaTCIGGAOG 17 -2.5 24 8l
micF b GOGGAATGGOGAAA TAAGGA CCTAACAT  CAAGCAAT AATAAT TCAAGGTLAAAATCAAT 16 -4.6 -2.9 2,4 82,83
motA b GOCCCAATOG0GOG TIAACG CCTGACGAC  TGAACATCC TCICAT GGTCASCAGTOGA 18 -4.5 8
MaPc-1 £ AAATT TIGAAA AGTAACTTTATAGAAMGAAT AATACT GAAMAGICAALLLGGIG 21 -3.3 -2.0 4.0 2,4 85
MaPc-2 £ GGAACACA TTTAAA AACCCTOC ATAMGCTAGCAATTTA 17 2.1 4.0 2,4 85
MaPe £ TACCAAAANGCACC TTTACA TIMGCIT  TICAGTAAT TATCTT TITAGTRAGCTAGCIA 17 -1.7 2,4 8
MRlmaC P GICACAATICICAA GJOGCT GATTTCAAA  AAACTGTAG TATOCT CTGCasacGATOOCT 18 -4.1 4.1 24 8
MRlmaC/n  m TCACAATTCTCAAG TIGCTG ATTTCAAA  AAACIGTAG TATCCT CTGCgaaacGATCOCT 17 -2.8 86
NIPLrnal00 p  CGAGITIGIC TIGAAG TTATGCACC TGTTAAGGC TAAACT GAAAGAACAGATTTIGT 18 -1.8 87
musA b CAGTAT TIGCAT TTTTTACC  CAAAACGAG TAGAAT TTOCCACETTTCAGGOG 17 -1.8 1,3 88,89
ampA b GOCTGACGGAG TITICAAC TAOGTT GTAGACCTTAC 16 -2.7 -2.0 -7.4 3,3 90
ampC b GTATCATATIOGTG TIGGAT TATICIGC  ATTITIOOG GAGAAT CGACCIGOOGACIG 17 -2.9 3.4 92,893
apF b GGTACG TAGCGA AACGTTAG  TITGAATOG AAAGAT GOCTGCAGACACATAAA 17 -4.6 -3.9 3,4 91
pF/pKI217 m GG TAGOGA AACGTTAG  TITGCAAGC TTTAAT GOGGtaGTTTATCAC 17 -3.4 -2.6 3.4 91
amgR b TTTOGCOGAATAAA TIGIAT ACTTAAG CIGCIGTT TAATAT GCTTTZTAAGAATIT 15 -3.4 -2.4 4 92
plSprimer  p ATAAGATGATCTTC TIGAGA TOCTITIG  GTCTGOGOG TAATCT CTTGCTIRAAMACGAMA 17 -2.1 193
pLSmmal P TAGAGGAGTTAGTC TIGAAG TCATGOGOC  GGTTAAGGC TAAACT GAAAGGRCAAGTITIG 18 -1.8 1 9
P22ant £ TOCAAGTTAGIGTA TIGACA TCGATAGAA  GCACICTAG TATATT CICAATsggTCCACGG 17 -0.4 9
P22mnt £ CCACOGTGGACCTA TIGAGA ATATAGTA  GAGIGCTTC TATCAT GTCAATACACTAACIT 17 -1.5 9
P22PR £ CATCTIAMATAAAC TIGACT AMGATTC  CITIAGTA GATAAT TIMGIRTICTITAAT 16 -1.8 9
P22PRM £ AMTTATC TACTAA AGGAATCT  TTAGICAAG TTTATT TAAGATGACTTSACTAT 17 -3.7 -3.1 -3.9 9
pER31JHtet m  AATICICATGT TIGACA GCTTATCA  TOGATAAGC TAGCTT TAATGCRGTAGITIAT 17 -1.7 1,3 %
PER322bla  p TTTTICTAAATACA TICAAA TATGTATC  CGCTCATGA GACAAT AACCCTRATAAATGCT 17 -2.6 9
PERI22P4  p CATCTGTGOGGTAT TICACA COGCATATGGTGCACICICAG TACAAT CTOCICIGATGOOGCAT 21 -2.7 9
PER322primer p ATCAAMGGATCTIC TIGAGA TOCTTTIT  TICTOUGOG TAATCT GCTGCTTRCAAACAAAA 17 -2.1 9
PER322tet  p AAGAATICICATGT TIGACA GCTTATCA  TOGATAAGC TTTAAT GOGGTAQTTIATCACA 17 -1.0 9
pERHG-25 M TOG TTTICA AGAATICA  TTAATGOGG TAGTTT ATCACagTTA 17 -2.7 4 95
PERPL P TICATACACGGTGC CTGACT GOGTTAGCAATTTAACTGIGA TAAACT ACOGCACEAAAGCTTA 21 -3.3 9
PERRNAT P GIGCTACAGAGTIC TICAAG TOGTGOCCT — AACTACGOC TACACT ACAAGGacaGTATTIG 18 -2.2 9
PERLet-10 M AAGAATICICATGT TIGACA GCITATCA  TOGATGOGG TAGTTT ATCACagTTA 17 -1.6 4 95
PERLet-15 M AAGAATICICATCT TIGACA GCTTATCA  TOGGTAGTT TATCAC AGTTAAatTOC 17 -1.8 4 95
PEREet-22 K AAGAATICICATGT TIGACA GCTTATCAT — CGATCACAG TTAAAT TOCTAAcgCAG 18 -1.8 4 95
PERCet/TA22 M TICICATGT TIGACA GCTTATCA  TOGATAAGC TAAATT TTATATASaATTIAGCT 17 -0.7 1 9%
pERet/TA3} M TICICATGT TIGACA GCTTATCA  TOGATAAGC TAAATT TATATASsATTTTATAT 17 -0.7 1 9%
PColViron-Pl p TCACAATICICAAG TIGATA ATCGACAAT  CATTATTGA CATAAT TOTTSTIATTITAC 17 -1.6 1,3,4 97
POolViron-P2 p  TGTTICAACACC ATGTAT TAATIGIG  TITATTIG TAAMAT TAATTTCCtAcaATAA 16 -3.0 3.4 97
PEG3503 M GOC ‘TGGACT TOGAATICA  TIAATGOGG TAGTIT ATCAcagTTA 18 -3.6 4 95
phiXa £ AATAACOGICAGGA TIGACA COCTOCCA  ATIGTATGT TTICAT GOCTCCaAATCTIGGA 17 -1.7 9
phixB £ GOCAGTTAATAGC TICCAA AATACGTGS  OCTIATOGT TACAGT ATGCOCAIOGCAGIT 18 -2.6 9
phixn £ TAGAGATICICTIG TIGACA TITIAAMG  AGCGTGGAT TACTAT CIGAGTCCATGCIGTT 18 -1.7 9
pori-I b CTGTIGITCAGTTT TIGAGT TGTGIATA  ACOOCICAT TCTGAT CCCAGCTTATAOGGT 17 -3.2 9
Pori-r b GATOGCACGATCTG TATACT TATTTGAGT  AAATTAACC CACGAT COCAGOCATICTICIGG 18 -4.5 9
poc b OGATTTCGCACCAT TIGAG TCACOGCT — TITACGTGG CTTTAT AAAAGaCGACGAAAA 17 -3.1 34 9
pSCl0loriPl p T TIGTAG AGGAGCAAACAGOGTTIGCGA CATCCT TTTGTAATACTCOGGAA 21 4.4 t 2,3 102,103
pSC10LoriP2 p ATTATCA TIGACT AGCOCATC  ‘ICAATTGG TATAGT GATTSAAATCACCTAGA 16 -1.4 t 2,3 102,103
PSCL0loriP3 p ATAOGCICAGATGA TGAACA TCAGTAGG  GAAAATOCT TATGGT GTATIAGCTAMAGC 17 -3.6 2,3 102,104
pyrBL-PL b CITICACACTOOOC CCTATA AGTOGGAT _  GAATGGAA TAAAAT GCATatcTGATIGOGIG 16 -4.2 -3.6 3 105
pyrBL-P2 b  TIGCATCAAATG CTTGOG COGCTICT  GACGATGAG TATAAT GOOGRACAATTIGOOGG 17 -2.8 3 105
pyrd b TIGCOGCAGGTCAA TTCCCT TTTGGTCC  GAACTOGCA CATAAT ACgecccOGGITIG 17 -2.6 3,4 106
PycE-PL b ATGOCTIGTAAGGA TAGGAA TAMCCGCC  GGAAGTOUG TATAAT GOGCAGOCACATTIG 17 -1.8 4 107,108
PYXE-P2 b GIAGGOGGICATA CIGOOG ATCATAGAC  GTICCIGTT TATAAA AGGAGaGGICGAAGG 18 -4.6 4 108
RI00ma3  p GIACOGGCTTAOGC OGGGCT TOGGOGGTT — TIACIUGIG TATCAT ATGASACAACAGAG 18 -4.3 9
RICORNAI  p CACAGAAACAAGTC TIGAAC TITICOGG  GCATATAAC TATACT COCOGCATAGCIGAAT 17 -1.6 9
RIOORNAII  p ATGGGCTTACATTC TIGAGT GTICAGAA  CATTAGIGC TAGATT ACTGATCGTTTAAGGAA 17 -2.2 9
RIRNATT P ACTAAMGTAMGAC TTTACT TIGIGGCG ~ ‘TAGCATGC TAGATT ACIGATGTITAAGGAA 16 -2.4 9
recA b TTICIACAMMACAC TIGATA CIGTATGA  GCATACAG TATAAT TGCTTCSACAGAACAT 16 -1.1 9
rh b GACTICIC  GITITACAG TTCGAT TcasTTACAGCA 17 4.0 -4.5 2,3,4 50,51
mp(RNaseP) b ATGOGCAAOGOGCG GIGACA AGGGOGOG  CAAAOCCIC ‘TATACT GOGOGOCRAAGCIGACC 17 -1.2 1 109
plJ b TCTAMCTAATOCC TTTAOG TGGGOGGT  GATTTTGTC TACAAT CTTACCCCCACGTATA 17 -1.8 9
rpuillp b GATOCAGGACGATC GITGOG CTTIACCC  ATCAGOO0G TATAAT CCTccacccGGOGCG 17 -2.8 2.9 4 4
rpuilZp b ATAAGGAAMAGAGAA TICACT COGGAGIG  TACAATTAT TACAAT COOgect<TTIAATC 17 -1.0 4 48
rpmiip b AAMATTTAATGACCA TAGACA AMAATTOG  CTTAATOGA TCTAAT AAAGAtcOCAGGACG 17 -2.3 4 48
rpoA b TTOGCATATTTTIC TIGCAA AGTTOGGT  TGAGCIGGC TAGATT AGCCAGOCAATCTIT 17 -1.8 9
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rpoB b OGACTTAATATACT GOGACA GGAOGTCC GTICIGIG TAAATC GCAATGAAATGGTTTAA 16
rpobD-Pa b OGOCCTGTIOUG CAGCTA AAACGCAC — GACCATOOG TATACT TATAGEgTT 17
TpoD-Fb b AGOCAGGT CIGAOC ACCGGGCAA  CTTTTAGAG CACTAT OGTGGTACasaT 18
rpoD-Fhs b ATGCTGOCACCC TTGAAA AACIGTOG  ATGTGGGAC GATATA GCAGAtaaG 17
rpoD-Phs/ain b CCC TIGAAA 2
m.58 b GGCACGOGATOGG TIGCAA TTAGOOGG — GGCAGCAGT GATAAT GOGCCIGOgOGTIGGIT 17
TINABPL b TITTAMTTICCIC TIGTCA GGCOGGAA  TAACTOCC TATAAT GOGOCACCaCIGACACG 16
TIABP2 b GCAAAATAAATGC TIGACT CIGTAGOG OGAAGGOG TATTAT GCACACCcOBOGO0GC 16
rmB-P3 b CTATGATAAGGAT TACTCA TCTTATCCIT ATCAAACCGT TAAAAT GGGOGEtgTGAGCTIG 20
rmB-Po b GOGTATCOGGTCAC CTCTCA OCTGACA GTTOGTCG TAAMAT AGCCAACCTGTTOGACA 15
TnDEXP2 b CCIGAAATTCAGGG TTGACT CIGAAAGA  GGAAAGCG TAATAT ACGOCACCTOGOGACAG 16
rmD-PL b GATCAAAAAAATAC TTGTGC AAAAAATT GGGATOOC TATAAT GOGCCTOCGTTGAGACG 16
rmE-PL b CTGCAATTITICTA TIGOGG CCTGOGGA  GAACTOCC TATAAT GOGCCTOCATOGACACG 16
rnG-PL b TITATATTITIOGC TIGICA GOCOGGAA  TAACTCCC TATAAT GOGOCACCACTGACACG 16
mG-F2 b AAGCAAMGAAATGC TTGACT CIGTAGOS GGAAGGOG TATTAT GCACACOGCOG0G00G 16
rmXL b ATGCATTTTTCOGC TIGICT TCCIGAGC OGACTCCC TATAAT GOGCCTOCATOGACACG 16
RSFprimer  p GGAATAGCIGTTOG TIGACT TGATAGAC ~ OGATIGATT CATCAT CTCATSAATAAAGAA 17
RSFrmal P TAGAGGAGITIGIC TIGAAG TTATGCACC  TGTTAAGGC TAAACT GAAAGAACAGATITIG 18
§10 b TACTAGCAATACGC TTGOGT TOGGIGGT  TAAGTATG TATAAT GOGCgggCTIGIOGT 16
sdh-PL b ATATGTAGGTTAA TIGTAA TGATITIG  TGAACAGOC TATACT GOOGOCAGECTOUGGAA 17
sdh-P2 b AGCTTCOGOGATTA TGGGCA GCTICTIC GTCAMTT ‘TATCAT GTCOGGCATCCTTACOS 16
spe b COGTTTATTITITC TACCCA TATCCTIG  AAGOGGTGT TATAAT GOOGCGCCCTOGATA 17
spoth2r b TTACAMMMAGTOCT TICTGA ACTGAACA  AAAMAGAG TAAAGT TAGTOGCRTAGGGTACA 16
ssb b TAGTAAAMGOGCTA TTGGTA ATGGTACAA  TOGOGOGTT TACACT TATICAGAACGATITY 18
str b TOGCTIGTATATTIC TIGACA OCTITIOG ~ GCATOGCOC TAAAAT TOGGCRTOCICATAT 17
sucAB b AAMTCCAGGAAATC TTTAAA AACTGOCCC  TGACACTAA GACAGT TTTAAASGGTICCTT 18
supB-E b CCTTGAAAAAGAGG TTGACG CIGCAAGG  CICTATAOG CATAAT GOGOOOGECAAOGOUGA 17
T7-Al £ TATCAAMAAGACTA TTGACT TAAAGICT  AACCTATAG GATACT TACAGOCSTOGAGAGGG 17
17-A3 £ GIGAAMCAAMALGG TIGACA ACATGAAG  TAAACACGG TACGAT GTACCACSTGAAACGAC 17
17-C £ CATTGATAAGCAAC TIGAOG CAATGTTA  ATGGGCTGA TAGICT TATCTTACAGGICATC 17
17-D £ CTTTAAGATAGGOG TIGACT TGATGOGT — CTTTAGGTG TAGGCT TTAGGIRTIGGCTTIA 17
T7A2 £ ACGAAMMACAGGTA TIGACA ACATGAAGT  AACATGCAG TAAGAT ACAAATCECTAGGTAAC 18
T7E P CITACGGATG ATGATA TTTACACA  TTACAGTGA TATACT CAAGGCCACTACAGATA 17
TACL6 M AATGAGCTG TIGACA ATTAATCA  TOGGCIUG TATAAT GTGIGGAATIGIG 16
TlOPin P TCATTAAG TTAAGG TOGATACAC  ATCTTGICA TATGAT CAAATGGTTICEOGAAA 18
TilOPout P AGIGTAATTOGOOG CAGAAT TOGTAAAG  AGAGICGTG TAAAAT ATOGAGLtOGCACATC 17
TnlOtetA  p ATICCTAATTITIG TIGACA CICTATCAT  TGATAGAGT TATTIT ACCACTOCCTATCAGT 18
TnlOtetR®  p TATICATTICACIT TICICT ATCACTGAT  AGGGAGTGG TAAAAT AACTCTATCAATGATA 18
TnlOtetR* p  TGATAGGGAG TOGIAA AATAACTC  TATCAATGA TAGAGT GTCAACAAAMATTAGG 17
TnlGooPl  p TEAMMATITICTTG TIGATG ATTTTIAT TICCATGA TAGATT TAAMTSACATACC 16
TniGooxP2  p AAATGTICTTAAGA TIGICA CGACCACA  TCATCATCA TACCAT AAACATACTGAOGG 17
TnlOoo®3 p CCATGATAGA TITAAA TATOGT ATCATGATGATGTGGIC 21

™2661bla-Pb p CCIC GIGATA CGCTIATT  TTTATAGGT TAATGT CATGAtasTAATOGTIT 17
TSOlmer  p TITICCATATOGC TIGACT COGTACATG AGTACGGAAG TAAGGT TAOGCT&TOCAATTIC 19
T™SOlmerR  p CATGOGCTTGTOCT TTOGAA TIGAAATT TACTCOOGTACICA 16
TSIR P TOCAGGATCIGATC TICCAT GIGACCTC  CTAACATOG TAACGT TCATGATAACTTCIOCT 17
TnSneo P CAAGOGAACOGGAA TIGCCA GCTGGGGC  GOCCTCTUG TAAGGT TOGGAAGOUCTGCAA 17
™7-FLE P ACTAGACAGAATAG TIGTAA ACTGAAAT  CAGTOCAGT TATget 17
theA b AMCAATTICAGAA TAGACA AMACICT  GAGIGTAA TAATGT AGCCICRERICTIONG 16
tonB b ATOGTCTTOOCTIA TIGAAT ATGATIGCT  ATTIGCATT TAAMT CGAGACCIGGTTT 18
tfA p AGOOGCTAAAGTTC TIGACA GOGGAACCA  ATGTTTAGC TAAACT AGAGTCLOCT 18
ot P ACCOGCTAMGGTG TIGACG TOOGAGAA  ATGTTTAGC TAAACT TCTCTCSTGT 17
ap b TOTGAAATGAGCIG TIGACA ATIMATCA  TOGAAGTAG TIAACT AGTACGCAAGTTCACGT 17
P2 b ACCGGAAGAMACC GTGACA TITTAMMCA  OGTTTGTTA CAAGGT AAAGGORAOGOOGOOC 17
ol b TOGOGACGTOGTEA CIGATC CGCACGTTT  ATGATATGC TATOGT ACTCTTTsGOGAGTACA 18
as b GOCAGOCT TCLatAMIGACS 17
oA b CAGCTTACTATIGC TITAOG AMGOGTAT  COGGTGAM TAAAGT CAACTRGTIGGTIAA 18
B b ATGCAATTTTTTAG TIGCAT GAACTOGC  ATGTCTOCA TAGAAT GOGOGCTaCTIGATGOC 17
tyrT b TCICAMCGTAACAC TITACA GOGOOGOG  TCATTIGA TATGAT GOGOOOCECTTOOCGAT 16
tyrI/109 b ACACOGOGTCITIC TITACG GTAATOGAA  CGATTATIC TTTAAT CGOCAGCAAMAATAA 18
yr1/140 b TTAAGTOGTCACTA TACAA GTACTGGCA  CAGOGOGTC TTIGYT TACRCTAATCG 18
/178 b TGOGOGCAGGTC GIGACG TOGAGAAAA GIGCACTATACA 15
oT212 b G ATCATA CCTACACAG  CTGAAGA TATGAT GOGOGCAGGTOGTGACS 16
yrT/6 b  ATTITICICAAC GTAACA CTTTACA GC GGOGOGICA TTIGAT ATGATGCGOCOCGCTIC 16
/1 b  ATDATICTTIAA TOGOCA GCAAAMATAA CTGGITACC TTTAAT COGTTACGRATGAAAAT 19
wel b TOGCDACTIATIGT TIOMA TCACGGGG  GOGCAOCG TATAAT TTGACCROITITIGAT 16
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uvrB-P1 b TCCAGTATAATTIG TIGGCA TAATTAAG ~ TACGACGAG TAAAAT TACATAOCTGOCOGC 17 -1.0 9
uvrB-F2 b TCAGAAMTATTATG GIGATG AACTGITIT  TTTATCCAG TATAAT TIGTTGGCATAATTAA 18 -2.5 9
wvrB-P3 b ACAGTTATOCACTA TICCIG TGGATAAC ~ CATGTGTAT TAGAGT TAGAAASCACGAGGCA 17 -3.7 9
wrC b GCOCATTTGOCAGT TIGICT GAACGIGA  ATTGCAGAT TATGCT GATGatcaOCAAGG 17 -1.8 4 136
wiD b TGGAAATTTOCOGC TIGGCA TCTCIGAC CIOGCTGA TATAAT CAGCAASTCIGTATAT 16 -1.1 3 137
434PR £ MGAMAMCIGTAT TIGACA AACAAGAT  ACATIGTAT GAAAAT ACAAGAAMITICTIGA 17 -1.3 9
434PRM £ ACAATGTATCTIGT TIGICA AATACAGT  TTTTCTIGT GAAGAT TGOGGGTAAATAACAGA 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 -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 Dbetween 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, Pg, Pg» Pa are the frequencies of occurrence of T,G,C, and 4,
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,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
congserved by Hawley and McClure (9) wusing wuniform 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 [¢ 9 3 14 13 52 5 8 3 10 12 21 5
A 3 10 3 58 32 54 3 89 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 81
(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).

(wvhich 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).

2353



Nucleic Acids Research

so

Iy
o

FREQUENCY (%)

15 16 17 18 19 20 21
—35 TO —10 SPACING (BP)

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 reglons (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 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. 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 1is 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 1identical 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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