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ABSTRACT

Sequence analysis of 236 promoters recognized by the
Bacillus subtilis cA-RNA polymerase reveals an ex-
tended promoter structure. The most highly conserved
bases include the —35 and —10 hexanucleotide core
elements and a TG dinucleotide at position —15,-14. In
addition, several weakly conserved A and T residues
are present upstream of the —-35 region. Analysis of
dinucleotide composition reveals A,- and T,-rich
sequences in the upstream promoter region (-36 to
=70) which are phased with the DNA helix: A, tracts are
common near —43, -54 and —-65; T, tracts predominate
at the intervening positions. When compared with
larger regions of the genome, upstream promoter
regions have an excess of A, and T, sequences for n
> 4. These data indicate that an RNA polymerase
binding site affects DNA sequence as far upstream as
-70. This sequence conservation is discussed in light
of recent evidence that the o subunits of the polymer-
ase core bind DNA and that the promoter may wrap
around RNA polymerase.

INTRODUCTION

To define the DNA sequence features associated with promoter
recognition by Bacillus subtilis RNA polymerase (RNAP), I have
analyzed a compilation of 236 6-dependent promoters (Table 1;
refs 1-190). As expected, these studies confirm the presence of
highly conserved —35 and —10 hexamers (positions are relative to
the transcriptional start site), but they also reveal several more
subtle features of promoter structure. In Escherichia coli both
sequence comparisons (191-193) and genetic studies (194,195)
indicate that the —35 and —10 hexamers contain the bases most
critical for promoter function. However, bases outside these
classically defined core elements are also important: upstream
regions may enhance promoter activity by binding the o subunits
of RNAP (196-198) or by facilitating DNA bending (199-201),
while downstream sequences can affect promoter clearance
(202-204).

RNAP from diverse bacteria recognize the same set of strong
phage T7 promoters (205) which suggests that the TTGACA
(-35) and TATAAT (-10) consensus elements, as defined for
E.coli RNAP, are conserved features of eubacterial promoters.

However, promoter strength cannot be inferred from sequence
inspection alone (195,206). For example, the E.coli lacUV5
promoter is used very poorly by B.subtilis RNAP, despite its close
fit to consensus (207). Previous studies identified sequence
elements, including the dinucleotide TG (at —15,-14) and an
A-rich region near —43, which are conserved in promoters from
gram positive bacteria but not from E.coli (208,209). Both of
these elements contribute to promoter function: mutations which
introduce a TG dinucleotide upstream of the E.coli lacUV5 -10
element have a much stronger effect on transcription in B.subtilis
than in E.coli (207) and upstream A-rich regions stimulate
transcription both in vivo and in vitro (196,210-211). In the
present study I have aligned 142 known and 94 putative
oA-dependent promoters from B.subtilis to analyze the extent to
which these and other sequence features are conserved.

MATERIALS AND METHODS
Promoter sequence alignments

All computer analysis was performed on a Power Macintosh
6100/60 computer using readily available software packages
(Microsoft Word, 5.1, DNA Strider 1.2 and Deltagraph Pro-
fessional). Promoter sequences were obtained from GenBank
(212) via the National Institutes of Health gopher server
(gopher.nih.gov). Annotations indicating promoter regions were
noted and the relevant DNA sequences were copied into DNA
Strider 1.2, to remove extraneous characters, and then into
Microsoft Word to generate Table 1. References, either cited in
GenBank or found by bibliographic database searches, were
consulted to verify start sites and the method of transcript mapping.
Sequences, aligned by their —10 and —35 regions, were sorted into
two groups: (i) 125 chromosomal and 17 strong phage promoters
(Table 1A) supported by experimental transcript mapping; (ii) 94
putative 6A-dependent promoters (Table 1B) for which supporting
experimental data were not found. Table 1 is available through the
World Wide Web (URL http://www.bio.cornell.edu/microbio/
helmann/helmann.html) under the heading of ‘papers and publica-
tions’ or from the author via e-mail (jdh9 @cornell.edu).

Analysis of base frequencies

To determine base frequencies (percent of total) at each position,
single character columns from Table 1 (from —100 to +15) were
copied into DNA Strider as ‘protein’ sequences and enumerated
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Figure 1. Base conservation within the 236 aligned promoter sequences. The abundance of the most frequent base is plotted as a function of position. Those bases
found at a given position >3 SD above the expected occurrence are in capital letters and those occurring between 2 and 3 SD above the expected occurrence are in

lower case letters.

with the ‘amino acid analysis’ function. These data were copied
into Deltagraph Professional and the highest value at each
position was used to generate Figure 1. The 236 aligned
sequences (Table 1) have an overall base composition of 35% A,
15% C, 18% G and 32% T. Therefore, these promoter regions are
significantly more AT-rich (67%) than the Bacillus genome
(~ 57%). Poisson statistics were applied as described previously
(213) to assess the statistical significance of conserved bases.
Briefly, the expected number of occurrences (and the corres-
ponding standard deviation, SD) for each base was calculated by
multiplying the base frequencies noted above by 236 and
determining the corresponding square root (1 SD).

Analysis of dinucleotide frequencies

To analyze the frequencies of all 16 DNA dinucleotides as a
function of sequence position the data of Table 1 were converted
into a 16 letter code. First, Table 1 was stripped of all unnecessary
text and the global replace command of Microsoft Word was used
to substitute each character with the same character followed by
a comma (e.g. G —+ G,). Every other column of commas was
deleted to generate a text file of the form AA,CC,GG,TT. This
text file was duplicated and, for the first copy, 16 global replace
steps allowed all the dinucleotides (beginning at every other
position) to be replaced with a one letter code. For example, every
occurrence of ‘AA,” was coded as ‘D,” and ‘CC,” was coded as
‘P’ and so forth. This procedure was repeated on the second file,
except every occurrence of ‘A,A’ was coded as ‘D,” and ‘C,C’
was encoded as ‘P, and so forth. Each resulting file was imported
into Deltagraph Professional (as comma-delimited text) to
generate two 56 x 236 matrices. Dinucleotide frequencies at each
position were enumerated using DNA Strider, as described above,
and the two resulting matrices were combined into a single 112
% 16 matrix representing the frequency (%) for each dinucleotide
at positions between —100 and +13.

Analysis of oligo(dA) and oligo(dT) tracts

The occurrence of A, and T,, tracts upstream of the —35 region
(e.g. bases —36 to —80) was tabulated using Microsoft Word and
the global replace function. A,, and T,, tracts were replaced in

descending order beginning with Ay and Tp;. After each
replacement the number of text substitutions, corresponding to
the number of words of length n, was noted. This procedure only
enumerates words of the form BA,B and VT,V (where B
designates ‘not A’ and V designates ‘not T’). To calculate the
expected number of occurrences, the frequencies of A and T
within the region analyzed were used (e.g. A=0.345and T =
0.332 within the —36 to —80 interval). For example, the expected
frequency for BAgB equals (1 — 0.345) x (0.345)% x (1 - 0.345)
or 7.23 x 1074, Although 5978 bases were searched for this
pattern, these bases were divided into 142 segments of length <44
(=36 to —80). Therefore, a correction for end effects has been
employed (214). The actual number of positions at which the
pattern Ag could have initiated is 5978 — [142 X (n — 1)), where
n =6 (therefore, 5268 nt). As a control, the expected and observed
numbers of A, and T, tracts were obtained for several 30 kb
segments from the B.subtilis genome (bases 1-30 kb and
150-180kb from D26185 and bases 1-28 206 from 1.09228). The
results for the three segments were similar and the data in Figure
5 are from the 150-180 kb region of sequence D2618S. For
Figure 6 the frequency of A, and T, sequences (n > 4) per
kilobase of sequence were tabulated for five different 30 kb
regions (two from D26185 and one each from L09228, D32216
and X73124) and the average and SD were determined. These
values were compared with the upstream promoter DNA
analyzed in overlapping 20 bp windows. In this case, the SD was
calculated as the square root of the observed number of A,, and
T, sequences within the 20 bp window (the range was 23-70).

RESULTS AND DISCUSSION

Table 1 contains 236 6A-dependent promoters from B.subtilis
aligned based on known start sites, when available, and optimized
for the best match to the highly conserved -35 and —10 regions.
DNA sequences extending to —100 relative to the transcriptional
start site have been included to detect any sequence conservation
in the upstream region. Recent data indicate that RNAP can
contact promoter DNA to at least <60 (198) or even -70 (196).
In addition, the upstream DNA provides a sample of the statistical
background important for evaluating conserved sequence
features.
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Table 1. Compilation of B.subtilis 6A-dependent promoter elements

SL SS REF

abrB TTCGG‘I‘AG‘I’(TOCMGACA"AC‘]‘GACTATWMTMTACMTCMTMTMMAW‘H‘AH-“WWTGAA@MGA"TTGTCGMT 17

PE (1)
acka AACCTATAGTGAATGTGTCTGAAAATAACGACTTCTTATTGTAAGCGTTATCAATACGCAAGTTGACITGAAAAGCCGA--~CATGACAATGTITAAATGGAAAAGTCAGATATTTTTCGGAG 17 PE (2)
acsA AAAATACATGCCTTCT TTAAGAATACCAAAT TATAAAGCGTTTTCAACATGGTTTATATTT TAAAAATTGAGAAGAATA ~-=TGAATATATACTATAATAATTGTGACAACTTCAGCAAAGGG 17 PE (3)
acuA GCTGAAGTTGTCACAATTATTATAGTATATATTCATATTC TTCTCAATT TTTAAAATATAAACCATGITGAAAACGCTT ~~~~TATAATTIGGIATTCTTAAAGAAGGCATGTATTTTTGATA 16 PE (3)
ada TTGAAAT TAGTTTATCACATAATCATCT TTACTCATT TTGTTATCT TGC TATTACATTCTAACCACCITATTTI TTT TCT ~~~ATT TATGAGGTIATAGIGTAGT TATCAAGAATGCTAAACGG 17 PE (4)
addA GGGAGAGATGTGCGGAGATAATCAGCTT TTTATATGTGAAAAGGCCGTT TTTACCAATAGATCAGATIGGTCATTT TCG--~TCAACATTCGATAAAATATAGAGAGATAAAAAGAGAGGGGT 17 PE (5)
ald AAACCTTCCGGCACATGGATTTGTGAAATTTCACAAATCCATGTTT TTTTAT TTTCTTAATCAAACAAAGAAT TTTCCA~~~AAATATCAAGCTACACTAAAAATATCACATATACAGGAGGA 17 PE (6)
alka TAACTACACTATAACCTCATAAATAGAAAAAAAT AAGGTGGTTAGAATGTAATAGCAAGATAACAAAATGAGTAAAGAT ~-~~GATTATGIGATAMCTAATTTCaACCAGCGTGAGTTTTCT 16 PE (4)
alss TCAATATGCATTCCTTTCCATAGGT TAATAATTCGTATTACATATTAATCATAAGGTCGAATCGATATIGGAGGTCAAT -~T TCCAAMAGAGTGTATAGTGAAACTTaTCACAAGATATTTAAA 18 PE (7)
amyLY AGGGAAGCGTTCACAGTTTCGGGCAGCT TTT TTTATAGGAACATTGATT TGTATTCAC TCTGCCAAGIIGTITIT TGATAG--~AGTGATTGIGATAATTTTAAATGTAAGCGTTAACAAMATTC 17 S1 (8)
ansA TTTTTCACCTTGAGCTGATTATATCATATAGGTATTAGGAAGTGTACGCGAATTGAATAATAATGTCITGCGTATT TTA-——TTTTCCGTGTCTATAATTGCATtAAAAGTATGCGAAAAGCG 17 PE (9)
aprE GAGTCTCTACGGAAATAGCGAGAGATGATATACC TAAATAGAGATAAAATCATCTCAAAAAAAT GGGICTACTAAAATA-TTATTCCATCTATIACAATAAATTCACAGAATAGTCTTTTAAG 19 PE (10)
argC GCTGTCAAACATGAGAATTCCCATTGAACAGAAAATTTATAAATGAATAAAAATATTAAATATACGATIGAAT TAATT T~~~ ~TTATTCATGTTATAATGTTAAATaATTTCACAAAGACCAA 16 PE (11,12)
asd TCTAGTTGAGAATTATCAGGGAAATGAC TAAATTTACAGAAAATCTTTCCCAAAC TAAAAAATTCGGICATCACCCGCA-—~~TATTC TATGGIAAAATAAAACGtAAAATCATAGTCAAATC 16 PE (13)
cdd TTATTTTTTTGCCAAAGCTGTAATGGCTGAAAATTCTTACATT TAT TTTACATTT TTAGAAATGGGCGTGAAAAAAAGC ~--GCGCGATTATGTAMMATATAAAGTGATAGCGGTACCATTAT 17 Sl (14,15)
cita GAAGCCATTTGAAATCCAT TTCTATTCTCCCTCTGATTAATATTTT TAATTAATTCCCTTTAAAATATIGATTATT TTT~-—-TAAATATTATATITACTATAATAACAGAAAAGGATAGGGGG 17 PE (16)
citB ACAGTAAAAATTACCGGTACATTTTTCTCATAAGTCGAACTTATTGTATTTAATAAAAACATTGATITTACTATATGT~~ATGATTTTCTTTIAATATGAMT TGTGAGAAAATTGTGATGG 18 RN (17,18)
citc CCGAT “CTAAAGAACCATTGGAGGCTGGC TTGCGTCAATGAGGT TAGCCTCTTGTTCAGACATCAAAA--—TTGGGTTACACIITAAATTGAATGTTAGGAAAAATCATTTT 17 PE (16)
citR TGGATGT TTCTACACATGTAATTCCCTT TAATCCGTAATGTACCATTTGTAT TCCCCCTATCCT TTTCIGTITATTATAG-~~TAAATATAATAIITAAAAAATAATCAATATTTTAAAGGGAA 17 PE (16)
citz AACCCGC AGGCGTTTTT ACAGAATGGAAAAAAAAAATTATAGGTAAACATITAACAAATGTC -~ TGATTATTGTTIATAATGAGAATaGGCTTAAACTTAAATAA 17 PE (16)
comA AAGTGAAGGAAAGGGC TTTAAGGCTGATATTGAAATCGAATTGTAATGGATT TATAACGGAAAC GACITGGCACAGGCC—~~-~AAGTCTTT TTTATAAAMATGGA2aAGAGTGAGTAAAAGGGA 18 S1 (19)
comB TAAGAAAAACTGGCCTTTCAT TCGCGAAGGGCCAGTTTTCTT TATGTATATATTATT TTTCATGT TIAGACAATT TTCGTCAAATTATTIGATATACTT. AGCCGCGCGTATTG 20 PE (19)
comC tcccacrcmmmmmmmcocmmmmsmmnmrammmcm-umcawcmmmmm 19 PE (20,21)
comE CAAGGCGCAGAAATCAAAAACCATCGTTTCCTAAAACGATGGTTTT TTAAAATGC TTTTTTATGCTTITIGCAG TACAGA -~~~ CGAACGTATGACATACTCGTCTaCACATGAAACTGCTTTTT 17 PE (22)
comF GTGTTTTAAATAAGGCCAAATCTCCGTT TTTAGAGCGGAGATTTTTTTATAT TCT TATTTTAATAGTIGGACAGAAAAT ~——ATTCAT TCAGGCATACTGTTTCGAAAGGAGGCGTGCTATGT 17 PE (23)
comG CTTTTTTCTTGCC. TGGTTTTTCAGCATATAACATCTCACAAAATCACGTTTTCCC TGTIIGATTACCTTT -~ TCTTCTTTT TCIACAATATGCGTTGAAAGGAGAGGGAATCA 17 PE (24)
comK TATTACTAGTCATTTAGTACCATTAAATATCATTAAAAGATGATTTTATCTTAAATGT TAAAAAAACCTGTCGTTT TAC ~~AAMAACAGAIGATAGATTATTAGTATAMTTTTGCAGAAAAA 18 PE (25)
comQ TTTTTTCGTTCTACCGATACAATAAATGGATAAAGTATTATATGATTGT TAAAAAACGAAAAACCTGCTGTCCTTTAAA--TGTCCCATTTAGIAAMATGGAATGGGAGGGGGGAAGTCGTT 18 PE (26)
cspB TTCCGTAAATAAATATCAAATTGAAAAATAAATATGGTAT TTTCCGGAAAAAAAT TTCAATAAGCAGITIGTTITTTCTG~~~AAGATTACTIGGIGGAGTAAMGGTaATTATTTTTGTTCGAAC 17 PE (27)
ctaA TCCAGAAGCCGTCATTCTATTATATTTT TGTGAACAAAAGGCTCTGGGAATT GCCACAAAACACATATICGCT TACACT —~~TGGAACGTATATAAAATTGCaGCAGTATGTTAAGAAGGTGA 17 S1 (28)
dciA CAAACATGAATCC TTGAAMGAGGAT TCT TTT TTTATCACTGAATGATTGAGATTT TTCCCAGTTATATIGCAT TTTTCC~~=TCTTTTTTTAATATAATTTGTTaGAATATTCATAATTTAGT 17 PE (29)
degQ ATTCCTTTGAGTATAAGGACCTATTGAGATTTGCGGTGTCACGCAGGAC TTT TTTGCATACTTT TCGGIGAAAAATGAG~~~CCGAAAGCAGACACACTATTAGTAACAGATCAAATACCTAG 17 S1 (30)
degSU TGTGCAGCATGCTAGCTGACCCTCCTGC TAAGCATAAAAGACTGCCTATACAAAT TCGTACAGTCTTIAGAAT TTT TGT ~~~GCGTAT TTIGGIATCATAAAGAGTAGATAGTATATAAAAAT 17 PE (31)
diviB GTGAAAAATACGAGAT TGATATGCACACAGAGGT TGAAATCATCGGCGGAAATCGCTGATTCAAGTTCIGACT GAAGCT ~~~~GTTCATATGATATACTGTAAGCAAACGACAAACGGCATCA 16 PE (32)
dnaA ‘TACCAACCCCTGTGGACAAGGT TTT TTCAACAGG TTGTCCGCT TTGTGGATAAGATTGTGACAACCATTIGCAAGCTCTC =~=GTT TATTTIGGTIATTATATTTG 'AACTCTTGATTAC 17 S1 (33)
dnak P2 AACTCAGGACGCTCTATCCTGGGTTTTTGGC TGTGCCAAAAGGGAATAATGAAAAACAATAGCATCT TTG~~TGAAGTT TGTATIATAATAAMAAATTGTGATAAAATGATAAT 18 S1  (34)
dnaG ACAGTCTGTCCACATGTGGATAGGCTGTGTTTCCTGTCTT TTTCACAACTTATCCACAAATCCACAGGCCCTACTATTACTTCTACTATTT TTIATAAATATATATATTAATACATTATCCGT — S1 (33)
dnakx TTATTTGACTCATCAAGGAAAT TAT TAGGCAATGAAGTTTTTGGCGCTT TTT TTGGGTGAGTTATAAIIGACATTT TTC -~~~ TTGTGGTTIGATACTITTGTTATaGAATTAGCACTCGCTTA 17 PE (35)

ffhrpsp CGGAATAAATTGGATGATATTTAGCGTATTT TGGAAAAGT TAATCGCCGCTTTGACAAGATAAAAACTIGACAGTGTCA -~~~ TTAAAACCGTGTAAACTAAGTTATCGTAAAGGGATTTGACT 17 PE (36)

ftsa P1 AAATGTGAAAAGCACATAAAAATATTCTGTTGTTATT TTT TGT TACACACTTGTAAAGCCACAT TCATIGTAT TGT TGT -~ TCCGCAAATAATAGAATAGAAATGATCGAAATGTGAGGAGG 17 PE (37)
ftsa P3 GTACATATGATGAAATGGTATTTGT TTCCGGTTTCTTTTTTAATAT TATATTGGCAATAAGTTTAGCITITCIGGGAGT ~~~CCATCT TGGTGIAGACTTGTATTTAGCAGGTATATTCGCAT 17 PE (37)
gcaD(tms) TTTTTAATTCTGATTTTTCAAACTTAGT TGCACTCAATAGAAAATTCTTGCACTTCATGAAGTCTCCITGAAATCAGAA~~~GATATTTAGGATATATITTTCTATGGATAAAAGGGATATTG 17 RN (17,38,39)
glnR GAAAAGCAATTAATTTAAATTTTTT TAAAAT TTCACTGAATTTGATGTTAAGAATCCTTACATCGTATTGACACAAAAT ~—~ATAACATCACCTATAATGAAACTAAGTTAAGAAAAGGAGGA 17 RN (40)
glpD ATTGGAAGAAGAAAAACGAAATGAGCTGTATA AAAGCC AGC TITTAAATAAAGT -~-~AATACTALGGTATAATGGTTACAAGTTAATAAGAACGGTC 16 PE (41)
glpFK CTGTAGCTGTCACAACATC TAATACCAAATTGTGGAAAAAATATGAAAACTT TTTGACGGAAAG TGATIGACACCGCTT ——~TCATGCACTIGATACAATTGCACTaGGTTAATACATTGTGAT 17 PE (42,43)
glpTQ AAAATATAATTGCATTTAGTAAAAGGATAATATTCAC TTCCCTAAGGCCCAATTTGAAAAT TACCCGITTACATTCGCT ~~~CCGGACTATGATAATTIAAGAAAGCGCTATCATGATAAG 17 s1 (44)
gltAa GCGCACGTCCATGTTTGTCTCACATCCATCTATC TCATTTTGAGAT TCT TTTGATCTAAAT TATATATIGITIATATCG—~~TTTTGAAAACCTACAATGATTATAGAGTTGTTAGATTTTAT 17 S1 (45)
gltc TCCTCTCCCCCGATCAATT TCCGATAATACCGGTCATAAAATC TAACAACTCTATAATCAT TGTAGGITTITCAAAACGA--~TATAAACAATATATAATT TAGATCaaAAGAATCTCAAAATG 17 S1  (45)
gltx ATTTACAGGCCGGGCGGAAGGAATAGCGGCTCAGGCGACAGTACTGATACAAAAAGGC TAACTTGTTITGATGCCGGGT -~ ~CTATTTGGIGGTAGAATAGATTCATACATTTTTGCCTGA 17 s1 (46)
gluB CTTATTCAATAGAGATAGAGCAAATTGACAGGCTTT AAC| 'TTAGGT TGATAGACAATCATG-~~AGAAAGA' GCTCATAAGAAAGAGC 17 S1 (47)
gntR TAATTGATCTGGAAATACATACCATGCAATATGGTAAAAATTTAAATAAAAATTAGAAATGAAG \~~~AATATTCACGTIATCATACTTGTATaCAAGTATACTCCTTG 17 S1 (48)
groEsL GAAAAAGCTAACGGAAAAGGGAGCGGAAAAGAATGATGTAAGCGTGAAAAAT TTTTTATCT TATCACITGAAATTGGAA —~~GGGAGA' TLgTGTTAGCACTCTTTAG 17 PE (49)
gsiA GGTGTTTGAAAAACCCGTGCTT TTTTGT TGCGGTTAGCCGAAATTCGACAAT TGCGGT TAT TTTGCGITCTTCTTTTTC —~TTGTAAATAIGATAMAATATGACATaTCTCGGGTAATTCAAA 18 PE  (50)
gsiB GAAAGCAGACGGACACCGCGATCCGCCTGCTTTTTTTAGTGGAAACATACCCAATGTGTTT TGT TTGITIAAAAGAATT -—~GTGAGCGGGAATACAACAACCAACACCAATTAAAGGAGGAA 17 PE (50)
guaA AAGATTCTTCGGCGCTATGGAATGATTCGAGAGAGTTATGGGAAAATTTAAT TAAAAGAAGATGGTCITGACCGCT TAT -~~CGACGTGTIGTIAGAATTAGTGAATATTATCGGAGTCTGGG 17 PE (51)
gqutB AGCGTTTTTTGTATATGAAAAAATAAAAGTACAGTGCCGC TGTCCT TTTATACAGCAGGAAAGGCTGITGAACGTGTTA-~~~~AAMAGCAGATAMAATGGGGGCAaGTAACAGAGAAAACAAA 15 PE (52)
gyrB AGGCTTTTTTCTGAACAAGATCAGATGCAGCGATGCCTGCAATACCTATATATTCTAGCAATT TAATGTGTATAATCA-~TAAGTTTATIGATATAATGGAGAAtagTGAMTCGTATTGAA — 81 (S53)
hbs MTGCITGATATGGCTT---TTTATATGIGTIACTCTACATACAGAAATTCTTCACTTTGT 17 PE (S4)
hemA ATTGTCAATAGGAATGCTTCTTTTCCCTGAAGCT TTTTCTAAT. TTTTAAAMATCTGITCACATTTTGTGAAAGAAACTATGTIATAATTATTATAAATAATGAGTTCTATGT 20 PE (55)
hsmBl AMAGAACATGTCTAGACTATCTCTAATTGTGATAAACCCTGCTGAAAAG TACCAGCAGGGT TTATTIGTIGT TAATCA-TTACAAMAATIGATAMATAAAMAGCAAGACGTATCAATATT 19 PE (56)
hut TCTTCTGCTTTCTGCGTCACGCTAT TACAATAGCAATCTAACT TGT TAAAGACTATAAAAAAACCTTIIGACT TCT GCT ~~~GCTGAACCAATIAATATAATACTCAGTTAATAGTTATCAGA 17 PE (57)
ilvB CAATAATGAAAGCGTATACAATATAGAT TGATTAATCAAAATTGTCTAATAATTT TAAAAAATGCTGIIGACACTGCGT ~~—CCAAAGCGGCGIAATATGAGTTCaaCAAAAGATAAATGCAA 17 PE (58)
kinc TTACCGCCGCCTAAGATAAGACATCAAGATATTTGGTAATGAATGATTTGGGATACTTTACATATTTIACTICAATTATT-TG TCGAAGAATGGTACAATAAGTAGAGAAACACAAGCGGCAGG 19 PE (59)
lon s1 TCAATAAAGAATCCGTTTAAACCCTATT TTGATAATAGGGTTT TTTTCATGAAGGACATCT TTTCCTITITCATATCAG ==~ ~AAAGAAAGGGTATACTACGAGGAGACTGTTTTATAGAAAA 16 PE (60)
lon s2 CATATCAGAAAGAAAGGGTATACTACGAGGAGACTGTTT TATAGAAAATGGAACCATGCCGTT TATIGTACAAGGATG ——AAAMAGT TGTATIATAATGGTTCATACTAAAGTCACGGAGGT 18 PE (60)
lysC GACATCAAAAAAGCCGGTGTTCCGCAGCGGCGGC TCAGCTCCTTTACGACAAATTGCAAAAATAATGITGTCCTTT TAA~~~ATAAGATCTGATAAAATG TGAACTaaTTTCATAGTTAGATC 17 PE (61)
mecA TGTGACTGTT TTATCATAAAATAGAAATACAAAGGAATTCACACTGGCCTTGGTTAAGGTTAAGATGIGGACGGAATGG~--GTAAAGTGTAGIAAAGTACAATTAA TCGGGAGCTTAGATGT 17 PE (62)
men AAGCTTGTTTCTIITICATTTCTG-~~~AAATTAGGTTIATAATAGGTAAGGCAGGCCATTTGGACTG 16 PE (63)
menB TGGAGCAGCCGCGAT TGGTTTGGTAAAATAGTGAGTGAGTTT TGACAAGCATCTGACTCATTCACATAGAGAATAAAA ~-~GGAGGTCATCATATGGCTGAATGGAAAACAAAACGGACATA 17 PE (63)
menE TTCCGTGATCAGCAATATC TAGTAAACCAACAGC TTGAGACTT TGCGGTCCAAGC TGTTTTCTT TTCAATACAGACATT ~~~~TTACCTCGGAGATGATGACATGCTGACAGAACAGCCCAAC 16 PE (63)
nadB GGCG'I'TGTOGCTGCATMTCTAMTMATCATCCGGFCTTCCTCCATCCGTTCTCGTMMCDCMAM—-—TATCCTWWWTGTMACA 17 PE (64)
nasA CTATTAAAAATTATGTCACAATGCATTGTTAACGCATTAAACGTGTCACAAAAACTTACACATGTCTIIT T TGGTCCTAIATCCTTGATTCaGAAAATGTAAAATAATG 16 PE (65)
nasB TTTCTGAATCAAGGATATAGGACCATTAT TTTCTGGAAAAGACATGTGTAAGT TTT TGTGACACGITIAATGCGTTAACAATGCAT TGIGACATAATT TTTAATAGGAGAMACTTACGAG 20 PE  (65)
nifs CCCCTGAACCGATGACTGCAATCGTCT TTT TAGACATATGCCATCCTCCTGTTGTTTACACCTGTCITGACACCTATA~-TTTACACAAGGATAAAATAAACTCAAGAGTTTTTTATGGAGA 18 PE (64)
nrgA ‘TCGATAACATTTCTCAAAAACCATGTCAGGAAATCTTACATGAAAATGTTITTATCAT -~~TCTTTTTTCTCIATAATGAAGAAR TATAATAATTGCTTTTT 17 PE (66)
nusA AAAAAGTGCCATCGTAATATTAGAGTTTCTGTCACTTGCT TAGGTATGAAGGTAAGCGTATATCCATITGCAATAAAAA -~~~ TATGGT TATGGTATAGTT TTATtQGAAATGCTAACGATTA 17 PE (67)
odhA ATGCTTTTTGGCGTTTGTTTTTTCGAATGAT TAAATT TTT TGT TTTTTATAAAGGTTT TTTACTATTIIGTGAACAATC —~~~AAGGTAGAATCAAATTGCAAACAGLGGTAAAATATCGTTG 16 PE (68)
orfs AGTATTGTATGTATTCTGTTTGATTTTCCTATT TCCTTTAATTATAATAGTCTACTT TACGACATTITICTGAGCATTT~~TCTCTTT TGTTGIATACTGATATTGTACGTTATAAAGGAGGA 18 S1 (69)
pbpD CGGAAAGATTCTTATGCCAAAGCAAGCTGAT TCCGAGAAAAAACTAAGGAATCTTCTAAAT TTAACCIICTCGTAATCT ~~! mmmmmacumm 17 eE (70)
PbpE AA TGATGGGTT 'CTCTAAC TTT TATITGAAACGTTAG-TAGGT TAGTAACGTACAGAGATA' ATGA 19 P2 (71)
PbpF TACGATCGTTTT AAAATCGGCT! TAT mfAmmmmarAr---cmmwﬂmAnqacmmm 17 B2 (72)
phoA AGGCAAGATAACGAAAAGCGTTTTT TCATTTCCT TACAAGGCTTTCATTATTGTT TACATGATCAACAGCCGCATT TAA---CAAAGTTTCCCTIAACATGATAAACGGAATACATTAAAGGAG — PE (73)
ppiB TTATTTTTTAGTAAAGCTCGGGAGATTCGTTTTCCCCCGAAAGGTGTGGTATAATAGCCGCGACAAGGAGAGACAGGCT -~~~ ~ATAACCTATACATAATC TCCTTTGAAAATTAAAATAAAGA 16 PE (74)
PtsXHI GGTTCAGTCAACAGAGAACAAGAAGATATTGTGAAGATTGAAAAATAAGGGT GTTAGTACGCCG TGCITGTCAGATGAC ~~~AAGTACGGT TGTATGATATAATATTGTGAAGTAATAAAGCT 17 PE (75)
purA AACGCTTATAAAACGAATGGAAGCGAACGAATATAGATTTACAATAAAT TAATGT TCGGATTTACAATIGACT TTCTGT ~~=TTCTTCACIGATAAACTTGATTTQTTTGAATAGAATCGTTT 17 PE (51)
purF TTGAAGGGAAATTGATCTAAAACACGAACATTAGTAGAATGAATTT TTGTATCGT TCGATAATATCGITGACATTATCC---ATGTCCGTIGTIAAGATAAACA TGAAATCAAAACACGACCT 17 S1 (76)
pyr TCGAATTTTGAAGCGTCGCGTTCCCGAGGATATGGCAGAATTAATCGAAAACCTCAGAAAAAACGGITGACAGAGGGT -~ TTCTTTTCIGAAATAATAAACGAAGCTGAATAGATTCTTTA 17 S1 (77)
rbs GAGTGAAAACCTTAAATTTTTCAATTATATATACAATTTACAATTAGATTTCTTTTGATATTT TTATIGCTAACT TCG~~GATTGTTCATGATAATCTATCTATGTAAACGGTTACATAAAC 18 PE (11)
recA TGATACATTATGATAT TTTGATAGGAATCACGCCAAGAAAAAA TCCGAATATGCGTTCGCTTTT TTCITGGCAAATCCC -~ TTCAAACAGGGTATAGTA ATAAAGGAG 17 S1 (78)
ribG A‘m\mmxrcmmommmacrtarcﬂmmmmmmmAﬂWﬂA-ummxmmmmtmmrm 17 e (79)
rpmH AGGTTTCGAAAGTTGAAAAGGTATGGTATCCTATTATGGTTGCAAGAAATAAAAGCACTAGTGAAGITGACAATGAAT -~AGGTAACGCAAATATAATAAGTAAGACtgtCTTTAACAGCTA 18 S1 (80)
rpsd ACCTAAAAGTTTACCACTAATT TTTGTTTATTATATCATAAACGGT GAAGCAATAATGGAGGAA TGGITGACT TCAAAA~~~CAAATAAAT TATATAATGACCTTTTGTGAAATATTGCAGC 17 PE (81)
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Table 1. continued

rrnA Pl
rrnA P2
rrnB Pl
rrnB P2
rrnD Pl
rrnD P2
rrnG
rrnd Pl
rrnJ P2
rrn0 Pl
rrnO P2
rrnW
sacB
sacXy
sdh
sigB
spa
spolA
spo0B
spo0E
spolF
spoOH
SpolIE
spollG
srfA
tet
thrs
trns
trpE
tsr

929 Ec3
429 G2

429 G3a
429 G3b
$82-129
$82-156
#3p82

¢sprmtas

(B)
aadx
alsR
amyla
ansR
app
aroC
arol
betaM
bglu
bmr2
bmrx
cad Pl
cad P2
cccA

ccpA
celld
cheR
cmcase
COmE2
cysE
cysk
datl
dinA
dinB
dinc
dnaB
dnazx
dnpop
dra
eqgls
feua
fhub
qlpp
glpT
grpE
hom
hsmFl
hsrBl
hsrFl
ilva
ipa27
katA
ksgA
leus
lexA
lipase
lys dec

GCGTTAGTCGTCATTAAGCAATTTATCATTTAAT TGATAT TATGTATIGAGT TAGACA--~ACTGAAGGIGTIATTICTAATATCGC TGATGACGAACAGCTT
CTGAAGGTGTTATTCTAATATCGCTGATGACGAACAGCTT TTT TGAAAAGAAAAT GCTAAAAAGTTGITGACAGTAGCG--~GCGGTAANTGTIATGATAATAAAGT CGCTTAAAGGAGCGGT
CACACGCTTTAGAAATCATGGCGAGGATTATAGT TTATTTGTT TTATAGATT TTT TTTAAAAAACTATTIGCAATAAATA - -~ AATACAGGIGTTATATTA TTAAACG TCGCTGATGCACAGCG
ATTATTAAACGTCGC TGATGCACAGCGGACACAACTAGATGC TTCAAAACAACT TGAAAAAAGTTGTTGACAAAAAAG -~~AAGCTGAATGTTATATTAGTAAAGC TGC TTCATTGAGAAGT
AACGTCTGCCAGATAGAAACGAAAGGACAGGCTGTCTATCACCGAGGATATTCTT TTAAAAAAG GTGITGACTCTGATT - -~ CTTGACCGIGTTATATTATTAAACG TCC TGATGCGCTTCTG
TTAAACGTCCTGATGCGCTTCTGAGAAAACAAGC TCACAGCGGCGGGAAAATAAATCAAMAAAACATITGACAANAGAA -~ ~AGTCAAAATGTIATATTAATAAAGTCGC TTCAACAAGAAGT
GTTTCCCCCTGACAGAGTAGGACGCCGCCAAGCAATTGCACATTAGTGTAATTTT TTAAAAAAGTTATIGACT TTGAAG-—~AAGTGACATTGTATACTAATAAAGT TGCTTTAACAAAGCGG
AAAAAAACTATTGCACTATTAT---TTACTAGGIGGIATATIATTATTCGTTGCCGCTAAACAAGG

GTGGTATATTATTATTCGT TGCCGCTAAACAAGGCGATAACGAAAAAAAGAACTTCAAAAAAAGTTATTGACT TCACTG-~~AGTCAAGGAGTIATAATAATAAAGTCGC TTGAACGAAGTGA

TTGITGACTTTGAAG

TCTTTAGGCCCGTAGTCTGCAAATCCTT TTATGATTT TCTATCAAACAAAAGAGGAAAATAGACCAGITGCAATCCAAA ~~~CGAGAGTCTAATAGAATGAGGTCGAAAMAGTAAATCGCG
AAGGTTTTTTTCATTCTAAGAACACCACACACAACCT TCCCATCCATTGTACAGGCTT TTCATACTATIGCTATACAGC -~ =CATGAACAGCATAAMATGAACGTTa TTACAGT TATCACATA
ATTGATAAAATAAAATTTTTCAATCAAC TAATCAATTCGGAAAATTATAATT TATGTACGCGTT TTCIIGACGCCCTTT -~ TGAGGGAGGAGIAAAATGAAT TGTCAATAMTCTTAATAA
ACAAATCAGT TTGGCACTCATTGAT TTT TAGACATAT TTGCAGGTTGCTCAAATAGAGCAACTT TTTIIGITT TCAAAA--~AACATAAACGATATAATAGTGA2a TAACGAAMAAATATGTT
TAAGCAAAAAGGATTCTTT TCTGAGAGGGAAAAGAGT CCT TTTTTTATGGTATTTACTGGG TGGATCITIGATATTT TTT TGATTT TTAGAATGIATAGIAAAM TAGAGTATTGTAMATATTT
TATTTATGGAAAAGAAAAAGCAAGC TGACTGCCGGAG TTTCCGGCAGTT TTT TTATTTTGATCCCTCITCACT TCTCAG~~~AATACATACGGIAMAATATACAAAAGAAGATTTTTCGACAA
TCTGCCTGGC TGCAAATCAACCAAAGCCAGAAAAAAGGAACATGATATT TCTGGGAAAAACAAT TGT TTT TCTAACAAAGCC TTC TCIGTIATAATT CATAATaCACACTTATACAGACT
ATTGTTCTTCTAATCCTATCAATATATC TATTATACC TGAAAAATTAAC TTATTTAATGAAAATATGIITACAAATAAA ~~~GTATAATCIGTAATAATGCACAATAACCCAATCAAACTTGT
ATTTTCAACATAAGTGAATCCTCCT TTATAACGTACAATATCAGTATACAACAAAAGAGAAAATGCTCAGARAATGTCG-TAAAG TAGACTATIATAATTAAAGGAAATAGGAAAAT CAAACA
AAAATTGCTT TATCGGAAGAGGTTT TGAAAACGT TTGAAAAGT GGAGGCGGGGAGACT TAGATTAAGITGACGCTT TTT-~TGCCCAATACTGIATAATATTTC TaTCTACGTGCGCCGGGGE

TTCTTTTCATAAACGAATATCAAGGCAGAAACCGTCGAAGATTTCTT TGGTAT TGT TACCTTCTTIIGACAAAATCC-TATCTGTGCTCGCTATAATGA 2CGAATATANC

TCGACAAATTAAGCAGATT TCCCTGAAAAAT TGTATT TTCCTC TCAACATTAATTGACAGACTT TCCCACAGAGCT TGC TTTIATACTITATGAAGCAAGANGGGGAACAGCG
AAAAATATTGCTGTAAATAAAC TGGAATCTT TCGGCATCCCGCATGAAACTT TTCACCCAT TTT TCGGIGATAAAAACA === TTTTTT TCATTIAMACTGAACGGTaGAAAGATAAAAAATAT
GCATCACCCAAATTTTTATAAAAAAAGTAAAAGTITAATCCTTAGT ~~~~CTATATATAATAAGATCATAT CAATCAAATG TAGGGGGAG
TTTAAAAAAAAGGAAACGCGATCGTGITGATT TTT TGG-=~ATTGAACAATTIATAATACATa QGAGAT TAAGAAAGACACA
GACGAATATGCAAGCCTATGTTACATTATAAAAGTCGTCACGAGAGATAAATAAAAACATT TACCTCITGACACTGCAA-~~ATCAAGGCIGATATAATAAGTC TTg TCTCATTATTCCACAG

GTCCCTCAGGATCAGA 'GTATATT TGTCGTATTGAGGCCCGATTTATCAIIGACAAAAAAT -~ACTGAAT TGTAATACGATAAGAACaGCTTAGAMATACACAAG
GTCAAAAAATATCTGCCCCTGAAGT CTAACTGACAAAAAGAAGAAACAAATGAAT CATGTCATT CTGITIGCCGATT TGT ~~~CGAAAAGTIGGIATCCTAGTTATGGAGAAAMAGCGATCTGA
GCTGA TTAATCTGCCGGCTGGAGATCTGTCAACAATGGAGGAT TAAAAGGCGGCGITGACACAGGAT ==~ TTTATT TAIGTIAAAAATGATATAGCTTCATATGAAAAGGT

CATAGAATTTTGTCAAAATAATTTTATTGACAACGTCTTATTAACGTTGATATAATTTAAATTT TATIIGACAANAATG - -~ GGC TCGTGT TGIACAATAMATGTaGTGAGGTGGATGCAATG
AACTTTCTGAAAAAGATGTTGAAAAAGTCG---AAAGGATTTTATAATATTAAGTCAAGTTAGTTTGTTTGATC
ATTGAAAGAATTAACGAGCATACAGTAAAAT TTTATATGTCTTACGGAGATATTGAAGATCGCGGTTTTGACAGAGAAG ~=—=== AAATTIGGIATAACCGTGAGCGCAGTGAAGAACTTTTC
TTGACGGAAATACAAGATAAATACTCTCTGAATC TTTAAAATGCTTGAATTTCGTCAAATT TGT---CCTGAATACCATACAATT TAGACATACCTTAACOGGAGGTG
GCCTAACCTACCAAATTATTCAGCTGAATGAAAATAT TTCATCTTTTTT TAAAAATAGTGGITGCCT TTC TAT ===GTTTTC TAZGTTTTAATAGAATCATAGAGAGGGGGGGACAA
CCTTGGGGGGTACAMAGAGGTGTCCCTAGAAGAGATCCACGCTGTGTAAAAATTT TACAAAAAGGTATIGACT TTCCCT -~ ~ACAGGGTGIGTAATAATT TAAT TaCAGGCORGGGCANCCCC
AAAGATGTTTTGTTCTACATCCAGAACAACC TCTGCTAAAATTCCTGAAAAATTT TGCAAAAAG TTGTTGACT TTATCT---ACAAGG TGIGGCATAATAATCT TAACAACAGCAGGACGCT
AGAGAGTATTTATCTTGTATTTCCGTCAATT TACTAAAAAATACTTGTATTTCCGTCT TTT TTAGTATIGIAT TTCCGA-~~CAT TCGGATACTATAATT GTGTCATGCCACAAGACACAGTG
GGAGTCCATCTAATTGTAGAAATAAACGATCAAATCGTTT TAGAATGGGAGAATTAAC TAT TAATGTIZGACAACTATT -~ ACAGAGTAZGCTATAATGGTAGTATCAATOGTACGGTACTT
CAAATCCTTATGTATCAAGGGTTCACGIGGIATAATTAAGTAGTACTAATAGATTATA
ATTTCCGATACACACAAAGC-CGTATAAACCGTGIATAATAGGGGtAACCCGCAGGGAAAGG
TTGATCTGTATGAGCAGTCAAATATCCGCATTCCTAGTGACATCATCGAAGATTTGGTTAATCAACGTTTACAAAGTGA -~ ~ACAGGAAGTGTTAAACTATATAGAGACACAGCGGACATACT
AGAATCTAACAACTAAATCACGACTATATACCTATACTATTTATTATCATCAATT TGTCGAAAAGGGTAGACAAACTAT -~CGTTTAACATGTTATACTATAATAGAAGTAAGGTAATAAGAC

CACGTTTTGTTCTACATCCAGAACAACC TCTGCTAAAATTCCTGAAAAATTT TGCAAAAAG TTGITGACT TTC TCT~~~ACGAGG TGIGGCATAATAATCT TaAACAACAGCAGGACGCTA
CTTTTTGTACATATTGAIIGACI TCTGCC~~~ACCAAGTGIGCAATAATTATAG TAACATCACAGAGAAATAG
TATTTGGGGCGAATTAAAACCCAAAGAGCCAGGGTACATTGGATAT TTTGTACAGACTGAATAAATGATCAAT TTTATT T AAAATAMMATATATG! TGTTTATTGGGTAA

PUTATIVE PROMOTERS (WITHOUT BIOCHEMICALLY MAPPED START SITES)

AGCTTAGAAGAATACATCACATTCAAG--AGTAAAMAAAATCTATAAGACGTT TTACAGTTAGATATTAA
AAACGTAAAATTT TAAATATCT TGTGATAAGTTTCAC TATACACTC TTTGGAAAT TGACCTCCAATATCGATTCGACCT - =~ TATGAT TAATAZGTAATACGAATTATTAACCTATGGAAAGG
AGCGAGGGAAACAGTCT TTTTATAGGA TGATTTGTATTCACTC TGCCAAGTTGTTIIGATAGAGTGA-~~TTGTGATAATTIAAAATG TAAGCGTGAACAAAATTCTCCAG
CGCATACTTTTAATGCAAT TATAGACACGGAAAATAAAATACGCAAGACATTATTATTCAATTCGCGIACACT TCC TAA--~TACCTATALIGATATAATCAGCT CAAGGTGAAAANGGAGCGG
TGCAATGCTTTAAAAGGATAAAATAATGGAATTTCAT TAATAATAT TACATT TATCCTAAAAAATTCITGATT TTGCAA~~~AATGATTGTAATAATATACAACTATAAAATTT TTCGATAAT
TCCGATT TCCTTAAACTAAAAAGAGCCC TTTAAGGCTCTT TTTTAGTTGCTATTCATATAATAGAAATITIICAAAAAAA TGTACGTGIATAATAAAACAAGGTAAAGATTGAAAGGA
CCTGCAGAAATGTTGTACAATGAATGTCATTCAGGCAAAAATGGCTACAACAAAGCGCACTATAAGCITGACCGGTAAA - -~GCCGGTATC TATATAAATATTCGCTAMTAAGCATATAATG
CCCAGCCTTGTCCGTTTGTGGTGCGGT TCAGCT TTTCATCATGCATGACGATCAGCT TGCCGTCTTITGICATTTGTA-~AATCCAGCTCAATATAGTCAGCCTTCATTTTTTGCGCAGTTT
TTTTTCAGAGGGAAGATGATGATAGTTACAGGATTCAAGTAAGTAAGATTCGGTATTATCATTATTIIGGCCGATGTT~~CCCT TTTAAAAGBATCATGTAAGATCAACATAGAAACGCTT
GGCAGAGCTTCGAAAAC TCCCCTGTTGTGAAATAC TTCTTAACATCT TCGCTCATAAAAACC TCCITGACTATACGG=TAACCATATACCTIATGAITTGATTGTACT TGAAAMAGC TTC
ATATCGACATGCTTGTTCCCGCAAATGAATAACTGTCATAAGGCTT TAGAAAGAT TTTGCAAATCCGITGACTCTCCCC ~TAGGAGGAGGTCTIACAGTATA ACACTT AAAG
TTTTCTTCACTCCTTGTAGATT TACTTCCCTTAAGAGAAAGCATCT TCATTTGATCATAAATTG TTCIITACATTCTTT ~~~CAAGTTCATAATATAATTCATT TGT TTTACGTCTAAAMAAAC
CATAAATTGT TCT TTACAT TCTTTCAAGTTCATAATATAATTCATT TGTTTTACG TCTAAAAAACGGTITGAGAAAC TGA-TT TTAATACACACTATTATGCATAGGTATGATTACAAAGGTGG
AAAATGATGTCATTTGCAAATGAACAT TGTGGTGAAAAATTTCAAAATCTAATTCCATAT TTTCTATIGTAAGCGTAT ~~~ACAATACAT TATACAATAGAATAMAAGGATATTAGAGATT
AAAAGGCCGCGCCTGCGGCCTTTTT TTATGCTTTCTCGTT TAT TTAGTTATAAAAACCAAGTATACGITITITCATCATCT ~=~ATAAAMACGTGTATAATTTCATGAGAAGTAATTAAATT TGA
CTGAACAAGACAARAAGAGCA, TTT CGCCTAAAAACAAGAAATTAGGT TGATAGACAATCATG ~~AGAAAGATTT TTTACAATGAGTCCGTGCTACAAAAG TGAAAG
TGGCAGTGTGCATCAGACCTCTGCC TTTCCCAACGATCTAAAA TCAGCTGAAAAGCTGATT TTT TTATTGAAMACAATAC -~~~AATTTCCIGATAMACAAGCTATACTAGGACAAAAAGACA
TCTTATTCAATGGAGATAGACAAATTGACAGACTTTTAAACC AAACAAGAAATTAGG TTGATAGACAATCATG-~AGAAAGATT TTIACAATGAGTTCGTGCTCATAAGAAGTGTA
CTAAGGTTTCAGGAATAGGTGAAAAGTCAT TTGAGAAAATAAASTCTTCCATTACAGTAAAGT GATITGACGGTCATG~~CATTATGATAGGIAAACTAAAGG TCAGGCAACACAACATTTG
ATTTACAGGCCGGGCGGAAGGAATAGCGGCTCAGGCGACAGTACTGATACAAAAAGGC TAACTTGTTITGATGCCGGGT -~ ~CTATTTGGIGCIAGAATAGATTCATACATTTT TGCCTGAGG
GACAGTTAAGACACTT TGGAAAGAAGCCGATGTATCT TGGTTT TATGGGGAAAAAAGTACTAAG TGATTGACAAAAAAT ~~=TTTGAAATIGATAGATTA TATACATAATACCAATACAAATA
mmtmnmmmmcaﬁ? A AAGGA CIGGACTTGGGCT -~TATGGTAAGC TATAMAATTATTGAAGAACATCANGGCGAGAT
AAACCACCGAACTTTAGT TCGTAT TTTIAGIGAATT TTG~-C TTCCATTGIGTIACTATATCTATAGGAAGATT TCGTTAANG
nmmmmmnmrnﬂccmmcnnnwmrmuﬂrcmmmrm--cmrmmmmmm
TTCATCGAAAATTTAATAAGCTAAATGATGACACTTGTTCAAAACAGAACAAGTGTTCTTT TTTCTAIIGAATACCGAA -~ CGTATGTTIGCIITAATG TAATTAGTTGCTTATGGCAGCAA
TAAAGAAAGAGCGTTAAAAGAGCTAAGAGGATTCTTC TAGCTCTTT TCTCATGTGCAAAAT TGGCATITGATAGATATA - -~ ~AGAAACGG TGIAAAATGAAAGGTAGAAACAAATTCGGAAG
AAATCAATCATCAMATTTTCAGACTCACCTAATATTAGGTGAGTTT TTTGTTATG TAAAAAGAGCTT ITGGAA TCGAAA ~~~CAAGGT TCATGIATAATGGGAATGATGAATAACGGAGGAGG
GACTTGGAGAAGTAAGCTCTGGGCAGGTCCGCGCCCAGAGCGTTTTTCAGT TTC TTAGAAATCAGGIGGATGAAAGCC ~~GGCGCCAGCC TGTATAATAAAAGCAAATCAAMAGCAGTTTTA
GCGAGGGCGCTTGTTAATGATT TGTGACACGTTCAAACCT TTCATTGAACAAAAT TTCAATTACCAATITACATATGTT ===~ CAAAAG TCGGTIATGCTAAAAAATATCT TAACAAAAAAGGA
CTTATTCATTGGAGGTAGAGCAAAT TGACAGGCT TTTAAACCTCCCCAAAACAAGAAATTAGGT TGATAGACAATCATG—-~AGAMGATT TTIACAATGAGTTCGTGCTCATAAGAAGTGTA
CGCATCGTTCAGCAAACTGTTTCTTTACTATCCGGAGAT TGTCCATGATAAATCAGGAAT TTGTCCATGGTGTTATAT ~~CTGTTCATTC TCIATAATTCCAATTGATAATAGTTATCAATT
ATCACTTTTTTCAGCTGATTTAATAGAGTGT TTTGAACAAAAATGAAAATGCATT TGCAAAAATATCGTGTCAACCGGC == =ACT TGCAGIGGTATAATCACAGATGATAATGATTCTCTTTT

CAATGTCATCCACGTT! "GCCATTT TGCCTGACAGA 'CTT TCCTTTATCGTGAAAACGGTGAAAGAAAGC — =~ ~TTTCAAACGATATAATATAAAAGT GAATTAT TAAAGGAGC
AAMATATAATTGCATTTAGTAA 'AATATTCACTTCCCT. “CCAATTTGAAAAT TACCCGITTACATTCGCT-~~CCGGAC TATGATAATTTAAGAAAGCGCTATCATGATAAG

GACAGCTGATAGAAACAGAAGCCACTGGAGCACCTCAAAAACACCATCATACAC TAAATCAGTAAGITGGCAGCATCA ~~CCAACAAGTC TGTATGATGAATAAGGGAATTTTGGCAAATTT
AAATAAAGAATCTTGTCATATCAATGCGTTAAGCGTTTACATTCGCAAAATTCAGCCTAATGATGTCITIGTCAAAACAG-~-~GAGCGGGCT TATATAATG TTTGTAACTTATATGTCTGTGTT

AAAGTAAGCACTACGTATCAATATTGAAATATACGGACGT TTTCGT TTTTTGGGG TTATAATTCAAATTAATAGTGCTA~-~~~TAATTTCCGIATAATATTAAGATAAAAGGTGAT TGCAAT
AAAAGAACATGTCTAGACTATCTCTAATTGTGATAAACCCTGCTGAAAAG TACCAGCAGGGT TTATTIGTIGT TAATCA-TTACAAAAAATGATAMMATAAAAAAGCAAGACGTATCAATATT

AAGCTTGGTAAAAATGAAAATGTTAATACTGACATTT TAATAAAAG TATGTAAGGCTCIIGACT GTGATA ~~~====TTGCIGATATTATGGAA TTGTTAGTAAATAGTATCT
GGACCAGAAG' TT ATAGTCTGTATT TTT TTAATTATTAAATAAAAATAATTIGTCTI TAT TTT TTGAATATTCATGTIATAATIGGCATATTAAATAGGGAT TTAAAA
AAGGGCTGTTCTGTAAAAGGACAGC TTT TTTGCTGTCCATCAAGGT TTTCAGACC TTCAAATTT TAATTIGACAAAGGAC ==~ ~AGGAACTGGCIATGATTATGT TATACAATGATAATCATTT
TGTTACAATTTCGATACTATATATCGATTAATAGAGATAACTATTT TATAATAAT TATAAAATAATAITIGACT TTT TAC~=~=TT ALGATATIATGTTCT e

CGATGGGGAAATAAAACAGTCAAAATTAAAATCT TAAATTAGTATATAC TTATGTATTCAGAGGGTTITGCGCCCTCTG--~~TTTTTTTCGTIATAATAGACAAAGTGCATTTTCTGCTTAT
GACGGCTGGTGAAAGTCAATCAAGT TTGTTTCCGAAC TCACCTCAGAGT TGCAGCGGTGAAAAGCCCGTGACGCATAAC - == TGCGTTAAAAGTATCAAGTGAG TGCGGCGTATGCCGCGCTA
TTCGCATTTTTATAAT TTCAGTATATACGAACAAACGTTTCTGTCAATTGTT TTT TCGAACCTATGTIIGTACTGTAAG ~~~GAAAAT CALGCTATAATC TTCT TAAAATCGACGTT TTGAGG

CTTTTTAGGACCAATAATGACC TCTGAATCTTAAAATTTC TTTAAAAATAAGCCAAAATTACCCITTACTTAATTA--~ATTTGGTAACGTAATATAATTGGAGAAT TTGTTACAAAAAA
TGATGGAAGGCGACCTGAAGCAAAAGCTGAT TACAATAAAGGAAAGATGATTACCAGTAAGTCTGGC TTTAAG TTCTGT - —~CAGAGGCACGATATAATAAGGTGTAAGAAGACACATTCAAA

ceRBeeIINE ' ' ERLLENEARAR

“u
-

(82)
(82)
(83,84)
(83,84)
(85)
(85)
(86)

[ 1)
87)
(82)
(82)
(86)
(88)
(89)
(90)
(91)
(92)
(93)
(94)
(95)
(69)
(96)
97
(98)
(99)
(100)
(101)
(102)
(103)
(69)
(104)
(17,105)
(106)
(107)
(108)
(109)
(110)
(111)
(112,113)
(114)
(115)
(116)
(117,118)
(117,119)
(114,115)
(114)
(120)
(120)
(121)
(122)

(123)
(4]
(124)
(125)
(126)
a2z2m
(128)
(129)
(130)
(131)
(132)
(133)
(133)
(134)
(135)
(136)
(137)
(138)
(22)
(46)
(139)
(140)
(78)
(141)
(141)
(142,143)
(144)
(145)
(145)
(146)
(147)
(148)
(149)
(44)
(150)
(151)
(152)
(56)
(153)
(154)
(155)
(156)
(139)
(157
(158)
(159)
(139)
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Table 1. continued

lysAa CAAAAGTAAGACCCAGCATCGT TCACCCCAAAAATCGCTTAAGGCAGCCTACCAATTCATAATCGCATTIGAAACTGACT ~~~GAAGAGTATGATAATGTATGTCTTAATTATGAAGGGACAGT 17 (160)
lysRhom ATTCATAAACAATCATCCTTTATTTCTTACGAAT TCAAACATCCTCGAGTCTGTTTATATTATTATCTIAGCACCGTTG-~~~ATATATGT TGTATAATGCATATAAAATATCCTTTTCATGC 16 (139)
mets ACTTTTTTTATTTTCATTAAAGATT TTTAAT TTTAAT TATTCT TTT TCAGGGCGTATGTATATATTCITIGATC TTAAAG--~~GC TAAGATGGIATCA A AAATATAAATAAT 16 (139)
mrgA GCGTGGGAGTCTATCC TGAAGAAAAAGC TAT TCAGCTGATCTAAAT TATAAT TAT TATAAT TTAGTATITIGATT TTTATT~~~~-TAGTATAIGATATAATTAAGTCAACAGATCACAAGGAGGA 16 (161)
mrgC GAATTCGCGCAGAAGACAAAGCATTACAGGAATACAGCGTAAAATAGCGATIGAAAATCATT -~~~ CTCAACCATGTIAAAATGGGTT TGAAAAAGAT TCTC 17 (161)
mtrAB AGAAAAGCCCCTTTCTAAGGGGCTTTTCATATTTCAAGAGCATGGGCTTCCTGACAGGGCATTCACTIIGCTT TTAGCG--GGGCATATGIGCIAGAATCGAAATTAAATGTATTCATTGGTG 18 (162)
np TGATATTATTCAACAAAAACAAACACAGGACAATACTATCAAT TTTGTCTAGTTATGT TAGTTT TTGIIGAGTATTCCA--~GAATGC TAGTTIAATATAACAATATAAAGTTTTCAGTATTT 17 (163)
nprB CGAAATATCTCTGCCCTTCTTT TTTGGGAAAATAAGAACGAAGCACCACATACAAGTT TTTGTATTTIIGATAGGATGA ---~AGAAAAATGGTAGATICGGAAGGATGTGGTGTTTTGCGCA 16 (164)
orfl? TGATCATGTCTACAATGAGAAGGGC TTTATCTGC TTTGGACAATCGACAGTC TCC~TTTCCGTTTCAGTIATAGITAATATGTAGCCTTTTTAGGCAAT 19 (165)
orfx14 AAGGCTCAGAGCACTGGCGGATCACGGTAAAAACGCT TTCTAAATT TCACATAACCTTCAAAAAGTAAGAAATGTGAAATGAACGTGCAATGATATAATTGAATGGATCTGCAATAGGGGGCA  ~= (127)
pab CAATTCGATTAAAAAAAGCCAAAACTCCCGGTTCGCC TTTTTTATATTTCGTGCATCAAATATGCCATGTCTG---~CGACGAALGTIATTCTTGGAAGAGAAATTCACTTTTTTCA 16 (166)
pPcp GGTTGGGAATAACTGGCGATACTGCTCCGGCAAATGCTCCATTATGAT TCACTCCTT TACATTATTITIGATGAAAAACCCATAAATAAACAATAGAATAAAAGAAAAAGGAGATGGGAGA 20 (167)
pdhA ATTAGTTTTTTACAACTTCGAAATAATACAGTTCAAAGCAGAG TGTAACTATCCTACATAAAAGGTTITGGCAAAC TGG~GGATCGGC TAAAATATAATACGACTTACTGCTGATACTTTAGG 19 (168)
pdhC CAGATACAGTATT TCCTTTCTC TCAAGCGGAGAGCGTATGGCT TCCAAACCATAAAGACGT TCIIGAAACAGCAAGAAAAGT GCT TGAATITITAATCAAAC TGCATAATCGAGAGGGAAG 21 (168)
pdhD CGTGATGGCGAAATCGTAGCAGCTCCAGTCTTAGCTCTTTCTC TCAGCT TCGACCACCGTATGATCGACGGAGCAACTGCGCAAAATGCATTAAATCACATCAAGCGTTTACTGAACGAT 20 (168)
pel TTTTTTTGCGGTCTTTGCGGTGGGATTT TGCAGAATGCCGCAATAGGATAGCGGAACATTT TCGGTTCIGAATGTCCCT ~~~CAATTTGCTATIATATIT TTGTGATAAATTGGAATAAAATC 17 (169)
penP TGTTGATTCTATTCTTATGCCCTTGTTCTCCCAACT TATAAAAATATAAGATCAATTGAT TCTATGITTACTAGC GGC ~~AAAGGGGTTIGTIACACTAACTGTCATGGGAAACATTTCAAA 18 (170)
phes TCACTAAACGT TGCGGTTGCGGC TGCCATCCTCGTGTATCACTTGCGAGGATAGTGITGCGCCAAGCG-~~TTGGAT TTC TCTATAATAGAACATAATATTTCAAAAACCGT 17 (171)
phoP TTTTACTATAAATGAAAGCGCTATCATAAACGTCTTTATT TCTTTTAAAAATGATGTAAAAGGCGAATTGTCGGAATGT ~~~CCTGCT TTCGCTAAAATAAAATCATGAAACATGTTAAGATG 17 (172)
PrkA TTTTTCCGTGCTGTCCGAGTCTGGATGATTCTGTATT TTTCTT TAT TATGAACGG TCGCAGTCTGCCITGTCAACGATG--TATGAGTATC TTTATTITTTAAGAAACCAAAGCATGTATCA 18 (173)
pss ACGCGTCTTGTCCTTTTTATGCGGGGGGATAAAATAGTAAGGAACATGAAAAGAT TGGCAT TCATTTITCAAAAGGTAA~~=~~CAAATGT TGIATAATAATAGAATTTGAATGCTGCTTTTT 15 (174)
pydhyo5 TGGTCATCTGTCCTGATTTTTCACT TTTTTGATT TAATTTCAGTATTGCATT TATACAGCACGGCTATTGCCAAATGTC ~~~CCCATGGAT TCTATAGTAGAAATTGTCAAGAT TGGGGGATT 17 (168)
rib P2 GCAAACGGCCGTTTCGGAGGCCATT TCGTCTCAGGCCATGTCGACGGAACTGCGGAAATCACACGAATTGAAGAGAAAA -~ ~GCAACGCAGTTTACTATGATTTAAMAATGGACCCGTCATTA 17 127
rnpA GAAGGGAAAGAATATGTGGTCCAAGACGGAGATGTTATTCATT TCCGAT TTAATGTATAGGATGCAGITGTAAAGGGAC -~~AAGAGC TTIGGIATAATATAAAATTGTGAGTAATAGAATTA 17 (139)
rodC TTCAATATCTAATTAAAGTACTTCTTATTGAAATAAGAAGTACT TTT TGATGC TTACAT TGATTTIIGIGACTAAAG~~TATCCGGGTAGATATAAAT TTCAATGATCATATATTCTAGAT 18 (175)
TplN AAAATCGGTGACATCGTTAAGATCATGGAAACTCGTCCATTGTCTGCAACTAAGCGTT TCCGTC TAGITGAAGTTGTCG-~~~AAGAAGCIGTIATTATC TAATAAAGTTCGGAATTCTTTTT 16 (176)
rpoB AACTGTTCGATGAAGT TTCCGTCGT TCAAAAAAAGAAAGGCTATTATATCATAAAAGCAAAAAAAGT ITGACTCGGTAT -~-TTTAACTATGTTAATATTGTAAAATGCCAATGTATATATTT 17 (177)
rpsF GAAAGCATAAAGCGTGCTTGAATTT TCAATTATT TCCCTTCTGATTCGGAACAAAATGATGAAAAAAATGAAACGCTTT ~AATCT TTT TTIGATAGAATAGAAGCAAGATAGTACATGTTCAT 19 (139)
rtporfl CCAAACCGAGTTTTTCAAT TCAATGGACATAAAATAAAGAAAATGTAAATCGGACAATCGT TTCACATTGAAGATACGG -~ TGAAAATCGACTATAATAGAACTAAGTGAACTGTGAACCAA 17 (132)
SCRNA GTGCGTTTTTCAGAGAACTAAGAAAAAAGAAGAAAGCCGCCAGGAAAAACTTGTC TGAATAGTACGGITGCAATTT TTA~~~GGGGAAACAGATATACTTAAGTGTGCATCGTAATAGATGCA 17 (178)
secA TGAATAATGAAGAGAAGCCTTCCGTGATGTCCGCGGAAGGTTT TTGTTT TTCTTATTTGCAAAT TCTITGGAAATAACA -~ - ~AAAGGTATGATATGATAATGAGAGGTATACATGGACTAGT 16 (179)
sens GGAAAAGAGTGTATAAGGAAAAAGC GGGGATGCAATC TGATACAGTGTCAACACCCTCAAAAAATAGITGACAGGTCGG~-TATTGTATGAATIAACATGGTCAGTACAAATTTTTCAAATTT 18 (180)
serS ACCGAGTGACGCAGCTGTTTGT TGAAATGGTT TA AAAAGGCACTTGTATAAAACAGITGAAAGCTGTG=-~~GAAACT TATAGIACATTATAAGCACAAATAAAGATCGAAAA 17 (139)
sin TTTTTTGAGAAAATACGATTATAATAAAGGTATAT TGGAAAAAAATTCTGGTGATT TAATGGCAAATGACT TCCAGA-GACTAATGAAGCATACAATAAGTCATGGCCGGACTGGCTGAAA 19 (181)
sips GATTCATTTCTTTCAATATTTTCAGGCCTAGTTATGATCGACAAGAAAAAATAGGCATGATGTGGGIAGAAGATGAAG-~ATTAACAGTT TGTAAAATCACTTCAATGGTCCTAATGGGATT 18 (182)
slp ATAAAAAATAAAAAGCCATGCGGCTTTAAGCCGCATGCTTTTTT TTACTCTTCATCAACAGGACATIGACATTGTCC~GCAGCAAGTTCCATATAATGTTGTCACTTTCTCATCTTCAAAG 19 (168)
spo0K AGAAGGATATTATGTTCATGGAAGAAAAACTAACGAAGTTTAAATATTT TAAATTGATAAAATAATATTGCAATAAATT -~~ATT TGT TTCATIATAATGAACT TGTTCACTCTATTGTTACA 17 (183)
tag TGTAAAGATAATGTTAATCCTTTGT TGAAGATTTATGTTAAAATATAAGGTAGCT TGATTT TGC TTTIAGAAACTC TCG---GTTTTTAAC TATATAAATAGAATCT TAAAGGAAGGAGGAGC 17 (184)
tenAl CCGTTTAATTGTCACCGGATCTCGGGGGTACGTAACGGATCTTAAGAAAACATTGGAAGGATAAATCITGACCAAATAA -~~~ ~GGATTCGIGTIAATATAGAGGTGCAGAACAATTCAATATG 16 (185)
tetBsM ACTTGAGATAAATGCGAATAACGTTTTTCCT TGT TTCGCAATC TGGTCAAAT TTTTATAAAAAAAGTAAAAGT TTAATCCTTAGTCTATATATAATAAGATCATATCAATCAAATGTAGG — (100)
thrz TGCTTGTATGGCTGTTTCTGGCTGCCCATAACGGGAC TGCCGCGTCAGAAAAAATGTAAAT CAC TGATIGCGC TTTGTG-~~GGAATATATAGTIAAGATATAAAAAATTATTGAAACAACAGG 17 (186)
thyB AAGATGAAGAAAAAGAACAGGATGAAAAGCCTGTCGTCAGCTGAC TATAAAAAAATCATT TCTGGGITCAAAAATGAT -~ TTTT TAT TGIGTIACACTACTAGAAGACTACTTTTAAAGGAT 18 (187)
trnd TATGCCGGTGTAGCTCAAT TGGTAGAGCAACTGACTTGTAATCAGTAGGTTGGGGGTTCAAGTCCTCITGCCGGCACCA-~~CTT TTATAIGATATAATACTCAAGTCTCTTGTAGAAGAGCC 17 (86)
trps AACGTCAGAGTGATTCCATTTTAATGGAATAATCAGGGTGGTACCACGGTTCATTCGTCCCTTTITITACAGGGGAAGAATGAGCCTTT TTIATTATGTTTTAAGAAATGAGGTTGATGTT 20 (188)
tycaA TTGGATT TACGTAAAAAGGTTGTAAAAAAACTTGTTGAAT TTT TTGCAAAATATCCCTATT TTT TAATCGATC TCCAAT ~~=~TTTTCTCIGCTATAATGAGTT TCAGCGTCAGTAACCTAGT 16 (189)
vals CATATGTAAACTTGGGCAATAGGTGCCTGCCCATCTGTATAGAAA TGTTTTT AA T TCAA -~ ACTTTTACIATAATAAAGAACATAAATAATGTATACAA 18 (190)
P ATAGA(C AA G AGGAT -~ ~TGAACGTAGTAGATAATAATAATAAAACTGAGTATAGACAC 17 (139)

The left column is the gene designation for each promoter sequence. Promoters are defined by the first downstream gene if an operon is present. In the case of
multiple start sites, promoters are designated P1, P2, etc., as in the original citation. The spacer length (SL) and the method used to determine the start site (SS)
are indicated to the right of each sequence. The abbreviations used are: PE, primer extension transcript mapping; S1, S1 nuclease transcript mapping; RN, RNA
analysis by either high resolution run-off transcription or, in some cases, by RNA sequencing. The last column contains the reference to the promoter sequence
or, when available, to determination of the start site.

Conserved bases in the promoter region alignment of 29 promoters from several different gram positive
organisms (208), but they are not prominent in alignments of
E.coli promoters (191-193).

The conserved —35 and —-10 elements are most frequently
separated by a 17 base spacer region (Fig. 2A), as found for E.coli
RNAP. There is no apparent correlation between the occurrence
of the TG dinucleotide at —15,~14 (see below) and spacer length.
The average distance between the —10 region and the start of
transcription is seven bases, although values between four and 10
bases have been measured by primer extension start site mapping
(Fig. 2B). B.subtilis RNAP appears to initiate transcription
preferentially with a purine, as noted previously for E.coli RNAP
(192). This is most apparent where transcription initiates at either

The most highly conserved bases have been identified for all 236
promoters (Fig. 1) and for a subset of 125 promoters with the most
carefully defined transcription start sites (data not shown), but
both analyses yielded similar results. Overall, the pattern of
nucleotide conservation is reminiscent of that observed for E.coli
promoters (190,191) and can be summarized as TTGaca (N}7+ 1)
TAtAAT (where bases in capital letters are present in >70% of
promoters). As inferred from biochemical studies (207,209),
B.subtilis appears to be less tolerant of deviation from this 12 bp
consensus than E.coli: on average B.subtilis promoters match
consensus at 9.1 positions, compared with only 7.9 for E.coli

(193,215). Perfect (12 out of 12) matches to this consensus are
found in four out of the 125 chromosomal promoters in Table 1A
(gInR, rpmH, spollE and trnS), but in none of the 298 tabulated
E.coli promoters (193). In addition, relatively few B.subtilis
promoters (seven out of 125 in Table 1A) lack an identifiable —35
region (<3/6 match to consensus), although not all of the assigned
—35 regions are necessarily functional.

Many other positions within the promoter exhibit a lesser
degree of sequence conservation. Statistical analysis reveals
conservation of a T at —48, an A-rich region near —43, TnTG at
—17 to —14 and a downstream extension of the —10 region (Fig. 1).
Each of these features was noted previously based on an

of two purines while an intervening pyrimidine is largely ignored
(e.g. gsiA and nrgA).

The conserved TG dinucleotide

Alignment of nine strong o”-dependent promoters led to a
proposed consensus of RTRTG for the —18 to —14 positions of
B.subtilis promoters (209). Recently a class of E.coli promoters
lacking a conserved —35 region but containing a TG dinucleotide
at —15,-14 has also been described. These ‘extended’ —10
promoters include a derivative of A Py (216), Gal P1 (217) and
cysG (218). This element may play a role in promoter melting,
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Figure 2. (A) Distribution of spacer lengths for the 142 promoters of Table 1A.
Spacer lengths were assigned by optimizing the match to consensus for both the
—35 and -10 regions. When no -35 region was discernible (<3/6 match to
consensus) the spacer is assigned as UNK (unknown). (B) The distribution of
mapped start sites as a function of distance from the last conserved base of the
—10 hexamer (TATAAT).

since a single base change which creates a TG dinucleotide in a
derivative of Gal P1 reduces the transition temperature by 20°C
(219).

In the promoter alignments presented here, the T at—15 and the
G at -14 are both conserved (58 and 52% respectively).
Moreover, the T at —15 and G at —14 are positively correlated: TG
occurs in 45% of promoters (Table 1A), significantly more than
expected from the product of the individual base frequencies,
30% (0.58 x 0.52). This suggests that the important conserved
element is at least a dinucleotide. Indeed, dinucleotide composi-

tion is a more precise indicator of DNA structural properties than
base composition (220,221). The RTRTG motif proposed for this
region (209) is supported by the presence of a weakly conserved
T at —17 (Fig. 1) and the observation that T(-17) and R(-16) are
52 and 69% correlated with the presence of a TG dinucleotide.

Analysis of dinucleotide frequencies

Next, I analyzed the dinucleotide composition as a function of
promoter position (Fig. 3). This analysis reveals the same overall
pattern as when the most frequent base is plotted (Fig. 1): in each
case the —35 and -10 regions contain the most conserved
elements. However, since there are 16 dinucleotides, the back-
ground signal is reduced by at least a factor of two. In this
analysis, ‘TG’ at —15 (position indicates the upstream base)
clearly emerges as a conserved feature. Throughout the upstream
promoter region (-100 to -36), ‘AA’ and ‘TT’ are the most
frequent dinucleotides at 60 of the 64 positions. The exceptions
are -92 and 48 (TA), -74 (GA) and —68 (AT). This is consistent
with the AT-rich nature of this region and with the abundance of
A, and T, tracts (see below).

Closer inspection of the dinucleotide frequencies upstream of
—35 reveals a striking pattern (Fig. 4). There are regions enriched
for ‘AA’ centered at 43, —-54 and —64, with intervening regions
enriched in ‘TT.” This suggests that the binding of RNAP
influences the DNA sequence as far upstream as —70. Non-
randomness in dinucleotide composition upstream of E.coli
promoters has also been reported (206), but no helical phasing
was noted.

Statistical analysis of oligo(dA) and oligo(dT) frequencies

Inspection of the aligned promoter sequences suggests that the
upstream regions are enriched for short A, and T, tracts, a feature
noted also in promoters from Lactobacillus (222). Indeed,
statistical analysis of A, and T,, sequences within the upstream
region (36 to —80) of the 142 promoters of Table 1A reveals a
substantial over-representation of longer repeats (n > 4) (Fig. 5A).
In contrast, analysis of randomly chosen 30 kb regions of the
B.subtilis genome revealed only a slight (2-3-fold) over-
representation of longer A,, and T,, repeats (Fig. 5B). Note that
since the relative AT-richness of the upstream region has been

100
90
80
70
60
50
40
30

20

% of Total (Dinucleotides)

-100 -90 -80 =170 -60 -50

-40 =30 -20 -10 +1 +10

Figure 3. The frequency of the most commonly occurring dinucleotide at each position is indicated for the 236 promoters of Table 1 (the x-axis indicates the position

of the upstream base of the dinucleotide).
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Figure 4. Frequency of AA (0) and TT (@) dinucleotides in the region between
—35 and —-80. Three regions where ‘AA’ is the most abundant dinucleotide (40
to —45, =50 to -56, and -62 to —67) alternate with regions where ‘TT’ is most
abundant.

A. B
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123456789
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Figure 5. Enumeration of A,, and T, sequences. The expected (open symbols)
and actual (closed symbols) occurrence of A, (squares) and T,, (circles) are
plotted for (A) the upstream promoter regions (=36 to —80; Table 1A) and (B) a
30 kb segment of the B.subtilis genome. The expected occurrence of each
dinucleotide is a decreasing exponential function of sequence length (n)
calculated using the actual base frequencies within the corresponding DNA
region.

taken into account in calculating the expected number of repeats,
the abundance of A, and T, (n > 4) in the 36 to —80 region is not
simply a consequence of high AT content (Fig. 5A). Next, I
measured the total number of A, and T, repeats (n > 4) in
overlapping 20 bp windows throughout the upstream promoter
region. This analysis revealed that the over-representation of
longer A,, and T,, tracts (n > 4) noted for the —36 to —80 interval
decreases with increasing distance from the start site (Fig. 6).
The significance of these periodically repeated A,, and T,, tracts
is not known, but two possibilities warrant consideration. First,
this upstream region may contact the o subunits of RNAP, as
demonstrated for both the E.coli rrnB Pl and the B.subtilis
flagellin promoters (196—-198). Secondly, the upstream region of
the promoter may wrap around RNAP during transcription
initiation (reviewed in 201). In fact, there is a very good
correlation between those A, and T, tracts which are over-
represented in the upstream region and those which induce a static
DNA bend: A, tracts of at least four bases in length are needed
for production of a DNA bend and bending is maximal when n =
6 (223). Since the relationship between o binding and the writhe
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(AZ#+T,; n>4) per kb
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Figure 6. Enumeration of A,, and T,, sequences for n > 4. The occurrence of A,,
and T,, sequences (n > 4) was determined for 20 bp windows centered at the
indicated base in the upstream promoter regions (Table 1A). As a control
(CTL), A,, and T,, sequences (n > 4) per kb of sequence were enumerated for.
five regions of 30 kb each from the B.subtilis genome. The error bars represent
1 SD based on Poisson statistics (for the promoters) and on the five independent
determinations of A,, and T, frequencies for the control. Note that no correction
has been applied to account for the difference in AT-richness between the
promoter DNA and B.subtilis genomic DNA.

of the DNA in the promoter complex is not known, these two
explanations are not mutually exclusive.

The observation that the average DNA sequence inferred from
alignment of 236 promoters contains alternating A and T tracts in
the region between —70 and —36 (Fig. 4) predicts that an upstream
region conforming to this pattern might be stimulatory for
transcription. This appears to be the case: the upstream regions of
both the 6H-dependent spoVG promoter (210) and the ¢82alul56
promoter (120; Table 1) closely match the derived consensus,
contain intrinsic DNA bends (211,224) and activate transcription
in vivo and in vitro (210,211,225).
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