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ABSTRACT

Sequence analysis of 236 promoters recognized by the
Bacillus subtilis (A-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 A2- and T2-rich
sequences in the upstream promoter region (-36 to
-70) which are phased with the DNA helix: An tracts are
common near -43, -54 and -65; Tn tracts predominate
at the intervening positions. When compared with
larger regions of the genome, upstream promoter
regions have an excess of An and Tn 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 a 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 aA-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 a subunits
ofRNAP (196-198) or by facilitating DNA bending (199-20 1),
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 lacUVS
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
aA-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 IA) supported by experimental transcript mapping; (ii) 94
putative aA-dependent promoters (Table IB) for which supporting
experimental data were not found. Table 1 is available through the
World Wide Web (URL http://www.bio.comell.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 occurning 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 fiequencies 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 ofMicrosoft 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,AX 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 usingDNA Strider, as described above,
and the two resulting matrices were combined into a single 112
x 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 An 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 Tn tracts were replaced in

descending order beginning with A12 and T12. 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 VT1V (where B
designates 'not A' and V designates 'not T'). To calculate the
expected number of occurrences, the fiequencies of A and T
within the region analyzed were used (e.g. A = 0.345 and T =

0.332 within the -36 to -80 interval). For example, the expected
frequency for BA6B equals (1 - 0.345) x (0.345)6 x (1 - 0.345)
or 7.23 x 104. Although 5978 bases were searched for this
pattern, these bases were divided into 142 segments oflength .44
(-36 to -80). Therefore, a correction for end effects has been
employed (214). The actual number of positions at which the
pattern A6 could have initiated is 5978 - [142 x (n - 1)], where
n = 6 (therefore, 5268 nt). As a control, the expected and observed
numbers of An and Tn tracts were obtained for several 30 kb
segments from the B.subtilis genome (bases 1-30 kb and
150-180kbfrom D26185 and bases 1-28 206 from L09228). The
results for the three segments were similar and the data in Figure
5 are from the 150-180 kb region of sequence D26185. 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
Tn sequences within the 20 bp window (the range was 23-70).

RESULTS AND DISCUSSION

Table 1 contains 236 aA-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 ofthe statistical
background important for evaluating conserved sequence
features.
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Table 1. Compilation of B.subtilis yA-dependent promoter elements

GENE SEQUENCE
-100 -90 -80 -70 -60 -50

(A) PROMOTERS WITH BIOCHMICIL OR
'-

abrB TTCGGTAGTTTCCAAG&CATTACTGACTATAAGAACTAATTCTTACAATCAATAGT
acka AACCTATAGTGAATGTGTCTGAATAACGACTTCTTATTGTAAGCGTTATCAATA
acsA AAAATACATGCCTTCTTTAAGAATACCAAATTATAAAGCGTTTTCAACATGGTTTA
acuA GCTGAAGTTGTCACAATTATTATAGTATATATTCATATTCTTCTCAATTTTTAAAA
ada TTGAAATTAGTTTATCACATAATCATCTTTACTCATTTTGTTATCTTGCTATTACA
addA GGGAGAGATGTOCGGAGATAATCAGCTTTTTATATGTGAAAAGGCCGTTTTTACCA
ald AAACCTTCCGGCACATGGATTTGTGAAATTTCACAAATCCATGTTTTTTTATTTTC
alkA TAACTACACTATAAUTCATAAATAGAAAAAAATAAGGTGGTTAGAATGTAATAGC
alaS TCAATATGCATTCCTTTCCATAGGTTAATAATTCGTATTACATATTAATCATAAGG
amyLY AGGGAAGCGTTCACAGmCGGGCAGCTTTTTTTATA0GAACATTGATTTGTA?TC
ansA TTTTTCACCTTGAGCTGATTATATCATATAGOTATTAGGAAGTGTACGCGAATTGA
aprE GAGTCTCTACGGAMATAGCGAGAGATGATATACCTAAATAGAGTAAAATCATCTC
arqC GCTGTCAAACATGAGAATTCCCATTGAACAGAA _ATT
asd TCTAGTTGAGAATTATCAGGGAAATOACTTAATTTACAGAAAATCTTTCCCAAACI
cdd TTATTTTTTTGCCAAAGCTGTAATGGCTGAAAATTCTTACATTTATTTTACATTTT
citA GAAGCCATTTGAAATCCATTTCTATTCTCCCTCTGATTAATATTTAATTAATTC
citB ACAGTAMAATTACCGGTACATTTTTCTCATAAGTCGAACTTATTGTATTTAATA
citC CCGATTGAGAAAAGCCTAAAGAACCATTGGAGGCTGOCTTGCGTCAATGAGGTI
citR TGGATGTTTCTACACATGTAATTCCCTTTAATCCGTAATGTACCATTTGTATTCCC
citZ AACCCGCAAATAAAGGCGTTTTTTCGGGGAATCACAGAATGOAAAAAAAAAATTA
caoA AAGTGTAGATTAAGGC?GATATTGAAATCGAATTGTAATGGATTTATA
cOMB TAAAGAAAAACTGGCCTTTCATTCGCGAAGGGCCAGTTTTCTTTATGTATATATTA
comC TCCGGCTCCGGCAGAATCAAIAAAGATTCTGCCGTTTTTTCATGTGTAAAATTG
camE. CAAGGCGCAGAAATCAAAAACCATCGTTTCCTAAAACGATGGTTTTTTAAATGCI
comF GTGTTTTAAATAAGGCCAAATCTCCGTTTTTAGAGCGGAGATTTTTTTATATTCTI
camG CTTTTTTCTTGCCAGAAAGATTGGTTTTTCAGCATATAACATCTCACAAAATCAC
comE TATTACTAGTCATTTAGTACCATTAAATATCATTAAAAGATGATTTTATCTTMAA
coo TTTTTTCGTTCTACCGATACAATAAATGGATAAAGTATTATATGATTGTTAAAAAA
cspB TTCCGTAAATAAATATCAAATTGAAAAATAAATATGGTAT?TTCCGGAAAAAAATT
ctaA TCCAGAAGCCGTCATTCTATTATATTTTTGTGAACAAAAGGCTCTGGGAATTGCCA
dciA CAAACATGAATCCTTGAAAGAGGATTCTTTTTTTATCACTGAATGATTGAGATTTT
dsqQ ATTCCTTTGAGTATAAGGACCTATTGAGATTTGCGGTGTCACGCAGGACTTTTTTG
degSU TGTGCAGCATGCTAGCTGACCCTCCTGCTAAGCATAAAAGACTGCCTATACAAATI
divIB GTGAAAAATACGAGATTGATATGCACACAGAGGTTGAAATCATCGGCGGAAATCGC
dnaA TACCAACCCCTGTGGACAAGGTTTTTTCAACAGGTTGTCCGCTTTGTGGATAAGAT
dnaE P2 AACTCAGGACGCTCTATCCTGGGTTTTTGGCTGTGCCAAAAGGGAAI
dnaG ACAGTCTGTCCACATGTGGATAGSCTGTGTTTCCTGTCTTTTTCACAACTTATCCA
dnaK TTATTTGACTCATCAAGGAAATTATTAGGCAATGAAGTTTTTGGCGCTTTTTTTGG
ffhrpsp CGGAATAAATTGGATGATATTTAGCGTATTTTGGAAAAGTTAATCGCCGCTTTGAC
ftaA P1 AAATGTGAAAAGCACATAAAAATATTCTGTTGTTATTTTTTGTTACACACTTGTAA
ft&A P3 GTACATATGATGAAATGGTATTTGTTTCCGGTTTCTTTTTTAATATTATATTGGCA
gcaD (tns) TTTTTAATTCTGATTTTTCAAACTTAGTTGCACTCAATAGAAAATTCTTGCACTTC
glnR GAAAAGCAATTAATTTAAATTTTTTTAAAATTTCACTGAATTTG&TGTTAAGAATC
glpD ATTGGAAGAAGAAAAACGAAATGAGCTGTATAAAGGCTGCAAAAAGCCGTGAAAG
glpriK CTGTAGCTGTCACAACATCTAATACCAAATTGTGGAAAAAATATGAAAACTTTTTG
glpTQ AAAATATAATTGCATTTAGTAAAAGGCTAATATTCACTTCCCTAAGGCCCAATTTG
gltA GCGCACGTCCATGTTTGTCTCACATCCATCTATCTCATTTTGAGATTCTTTTGATC
gltC TCCTCTCCCCCGATCAATTTCCGATAATACCGGTCATAAAATCTAACAACTCTATA
gltX ATTTACAGGCCGGGCGGAAGGAATAGCGGCTCAGGCGACAGTACTGATACAAAAG
gluB CTTATTCAATAGAGATAG&GCAAATTG&CAGGCTTACACCTCCCAAAAACAAGA
gntR TAATTGATCTGGAAATACATACCATGCAATATGGTAAAAATmTAAATAAAAATTAG
qroESL GAAAAAGCTAACGGAAAAGGGAGCGGAAAAGAATGA;TGTAAWGTGAAAAATTTTT
gsiA GGTGTTTGAAAAACCCGTGCTTTTTTGTTGCGGTTAG;CGAAATTCGACAATTGCG
gsiB GAAAGCAGACGGCACCGCGATCCGCCT0CTTTTTTTAGTGGA .CATACCCAATG
guaA AAGATTCTTCGGCGCTATGGAATGATTCGAGAGA,GTTATGGGAAAATTTAATTAAA
gutB AGCGTTTTTTGTATATGAAAAAATAAAGTACAGTGCCGCTGTCCTTTTATACAGC
gyrB AGGCTTTTTTCTGAACAAGATCAGATGCAGCGATGCCTGCAATACCTATATATTC
hba
hemA ATTGTCAATAGATGCTTCTTTTCCCTGAAGCTTTTTCTAATATAGCATAAGAT
hsfBl AAaAACATGTCTAGACTATCTCTAATTGTGATAAACCCTGCTGAAAAGTACC
hut TCTTCTGCTTTCTGCGTCACGCTATTACAATAGCAATCTAACTTGTTAAACACTAT
i1VB CAATAATGAAAGCOTATACAATATAGATTGATTAATCAAAATTGTCTAATAATTTT
kinc TTACCGCCGCCTAAGATAAGACATCAAGATATTTGGTAATGAATGATTTGGGATAC
lon Si TCAATAAAGAATCCGTTTAAACCCTATTTTGATAATAGGGTTTTTTTCATGAAGG
lon S2 CATATCAGAAAGAAA0GGTATACTACGAGGAGACTGTTTTATAGAAAATGGAACC
lysC GACATCAAAAAAGCCGGTGTTCCGCAGCGGCGGCTCAGCTCCTTTACGACAAATTG
muecA TGTGACTGTTTATCATAWATAGAAATACAAAGGAATTCACACTGGCCTTGGTTA
an A

aenB TGGAGCAGCCGCGATTGGTTTGGTAAAATAGTGAGTGAGTTTTGACAAGCATCTG
menE TTCCGTGATCAGCAATATCTAGTAAACCAACAGCTTGAGACTTTGCGGTCCAAGCT
nadB GGCGTTGTCGCTGCATAATCTAAATAAATCATCCGGTCTTCCTCCATCCGTTCTCC
nasA CTATTAAAAATTATGTCACAATGCATTGTTAACGCATTAAACGTGTCACAAAAACT
nasB TTTCTGAATCAAGGATATAGGTACCATTATTTTCTGGAAAAGACATGTGTAAGTT
ni fs CCCCTGAACCGATGACTGCAATCGTCTTTTTAGACATATGCCATCCTCCTGTTGT
nrgA TCGATAACATTTCTCAAAAACCATGTCAGGAAAT
nusA AAAAAGTGCCATCGTAATATTAGAGTTTCTGTCACTTGCTTAGGTATGAAGGTAAG
odhA ATGCTTTTTGGCGTTTGTTTTTTCGAATGATTAAATTTTTTGTTTTTTATAAAGGT
orfS AGTATTGTATGTATTCTGTTTGATTTTCCTATTTCCTTTAATTATAATAGTCTAC
pbpD CGGAAAGATTCTTATGCCAAAGCAAGCTGATTCCG GAAA GGAATCTTC
pbpE AATAGTGAACGGCAGGTATATGTGATGGGTTAAAAAGGATCTCTAACTGAAGGATT
pbpF TACGATCGTTTTTAAAAAATCGGCTGTCCCATATGTAATATAAACCTTCATATCAG
phoA AGGCAAGATAACGAAAAGCGTTTTTTCATTTCCTTACAAGGCTTTCATTATTGTTT
ppiB TTATTTTTTAGTAAAGCTCGGGAGATTCGTTTTCCCCCGAAAGGTGTGGTATAATA
ptsXHI GGTTCAGTCAACAGAGAACAAGAAGATATTGTGAAGATTGAAAAATAAGGGTGTTA
purA AACGCTTATAACGAATGGAAGCGAACGAATATAGATTTACAATAAATTAATGTT
purF TTGAAGGGAAATTGATCTAAAACACGAACATTAGTAGAATGAATTTTTGTATCGTT
pyr TCGAATTTTGAAGCGTCGCGTTCCCGAGGATATGGCAGAATTAATCGAAAACCTC
rbs GAGTGAAAACCTTAAATTTTTCAATTATATATACAATTTACAATTAGATTTCTTT
recA TGATACATTATGATATTTTGATAGGAATCACGCCAAGAAAAAATCCGAATATGCGT
ribG ATTAAAAAACATCACTTTCGGATCGAAGGGTGATGTTTTGTTTTTCTCAAATTGTA
rpuH AGGTTTCGAAAGTTGAAAAGGTATOGTATCCTATTATGGTTGCAAGAAATAAAAG
rpsd ACCTAAAAGTTTACCACTAATTTTTGTTTATTATATCATAAACGGTGAAGCAATAA

-40 -30 -20 -10

rIC SUPPORTING DATA

SL SS REF
+1 +15
* * po _

GqTAAGGATTTTGTCGAAT 17 PE (1)
AqTCAGATATTTTTCGGAG 17 PE (2)
TrACAACTTCAGCAAAGGG 17 PE (3)
A&GGCATGTATTTTTGATA 16 PE (3)
TaTCAAGAATGCTAAACGG 17 PS (4)
GAGATAAAAAGAGAGGGGT 17 PE (5)
TaTCAcATATAcGGAGG. 17 PS (6)
CaACCAGCGTGAGTTTTCT 16 PE (4)
TTaTCACAAGATATTTAAA 18 PE (7)
GT&AGCGTTAACAAAATTC 17 S1 (8)
tAAAAGTATGCGAAAAGCG 17 PE (9)
C&CAGAATAGTCTTTTAAG 19 PS (10)
ATaAT'TTCACAAAGACCAA 16 PE (11,12)
GtAAAATCATAGTCAAATC 16 PS (13)
GTGATAGCOGTACCATTAT 17 S1 (14,15)
AacAGAAAAGGATAGGGGG 17 PS (16)
SgTGAGAAAATTGTGATGG 18 NI (17,18)
YTTTAGGAAmTTCATTTT 17 PS (16)
&TCAATATTTTAAAGGGAA 17 PS (16)
TaGGcTTAAACTTAAATAA 17 PS (16)
&aAGAGTGAGTAAAAGGGA 18 S1 (19)
GTqAAAGCGCGCGTATTG 20 PS (19)
_CAqAACTcAATGAGTAAA 19 PE (20,21)
&CACATGAAACTGCTTTTT 17 PS (22)
AAA0GAGGCGTGCT ATGT 17 PS (23)
TTgAAAGGaAGGGAATCA 17 PS (24)
TATAAATTTTGCAGAAAAA 10 PS (25)
GGAGGGGGGAAGTCGTT 18 PS (26)
TaATTATTTTTGTTCGAAC 17 PS (27)
cAGTATGTTAAGAAGGTG& 17 S1 (28)
&GAATATTcATAATTTAGT 17 PS (29)
TAACAGATCAAATACCTAG 17 S1 (30)
TAGaTAGTATATAAAAAT 17 PE (31)
CACGACAAAcGGCATcA 16 PS (32)
TgTTTAACTCTTGATTAC 17 S1 (33)
ATTqTGATAAAATGATAAT 18 S1 (34)
ITATTAATACATTATCCGT - S1 (33)
TaGAATTAGCACTCGCTTA 17 PS (35)
ATcGTAAA0GGATTTGACT 17 PS (36)
TgATCGAAATGTGAWGAG 17 PS (37)
TTAGCAGCTATATTCGCAT 17 PE (37)
ATqGATAAAAGCGATATTG 17 31 (17,38,39)
TAaGTTAAGAAS GGAGGA 17 MR (40)
CaAGTTAATAAGAACGGTC 16 PS (41)
TaGGTTAATACATTGTGAT 17 PS (42,43)
A0CGCTATCATGATAAG 17 S1 (44)
TaGAGTTGTTAhTTTTAT 17 51 (45)
TCaaAAATCTCAhAATG 17 S1 (45)
CaTACATTTTTGCCTGA 17 Si (46)
CgaGCTCATAAGAAaAGc 17 51 (47)
TATaCAACTATACTCCTTG 17 S1 (48)
TtgTGTTAGCACTCTTTAG 17 PS (49)
aT&TCTCGOTAATTCAAA 18 PS (50)
aCACCAATTAAAGGAGGAA 17 PS (50)
AaTATTATCGGAGTCTGGG 17 PS (51)
CGTACAGAGAAAAcAA 15 PS (52)
ataqTGAAATCGTATTGAA - 31 (53)
CaGAAATTCTTCACTTTGT 17 PS (54)
TAAATAATGAGTTCTATGT 20 PS (55)
WGOAAGACOTATCAATATT 19 PS (56)
TCaSTTAATAGTTATCAGA 17 PS (57)
CaaCAAAAGTAAATGCAA 17 PS (58)
aGAAACCAAGCGGCAGG 19 PS (59)
GA9ACTGTTTTATAGAAAA 16 PS (60)
RTaCTAAAGTC&CW0AGGT 18 PS (60)
CTaaTTiCATAGTTAGATC 17 PS (61)
TA& AGATGT 17 PS (62)
GCAGGCCATTTGaCTG 16 PS (63)

GaAAACAAAACGGACATA 17 PS (63)
GCTGACAGAACAGCCCAAC 16 PS (63)
!CaAGAcAGGTGTAAACA 17 PS (64)
CaGAAAATGTAAAATAATG 16 PS (65)
KT&GAGMAACTTACGAr 20 PE (65)
CaAGAGTTTTTTATGGAG 18 PS (64)
UTaTAATAATTGCTTTTT 17 PE (66)
t4GAAAToCTAACGATTA 17 PS (67)
CAGtOGTAAAATATcCTTG 16 PS (68)
!GTACGTTATAAAGGAGA 18 S1 (69)
raGAATTTAGGCAAAGA 17 PS (70)
gGGAGGTWGGGAATGA 19 PE (71)
kTTgGCGAGTGCTTCGAAc 17 PS (72)
kCgAATACATTAAAGGAG - PS (73)
rT9AAAATTAAAATAAAGA 16 PE (74)
&TTGTGAAGTAATAAAGCT 17 PS (75)
rgTTTGAATAGAATCGTTT 17 PS (51)
rGAAATCAAAAcACGACCT 17 S1 (76)
kAqCTGAATAGATTCTTTA 17 S1 (77)
rgTAAAC0GTTACATAAAC 18 PS ( 1)
tAGTGGTAACATAAAGGAG 17 S1 (78)
kTaAGGAcAAATGAATAAA 17 PS (79)
wGACtqtCTTTAACAGCTA 18 S1 (80)
rTqTGTGAAATATT0CAGC 17 PS (81)

=a
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Table 1. continued

rrnA P1
rrnA P2 CTGAAG
rrnB P1 CACACG
rrnB P2 ATTAr
rrnD P1 AACGTC.
rrnD P2 TTAAAC
rrnG GTTTCC
rrnJ P1
rrnJ P2 GTGGTA
rrno P1 AGAAGA
rrnO P2 TTTCTG
rrnW TGCTTT
sacB TCTTTA
sacXY AAGGTT
sdh ATTGAT
siqB ACAAAT
spa TAAGCA
spoGA TATTTA
spoOB TCT
spOOE ATTGTT
spoOF ATTTTC
spo0H AAAATr
spoIIE TTCT
spoIIG
srfA AAAAAT
tet
thrS
trnS GACGAA
trpE GTCCC
tsr GTCAAA
tyrS GCTGAA
veg CATAGA
xylR
*0lepr ATTGAA
*105 TTGACG
*spplepr
*01e22 CCTTGG
01e3 AAAGAI

tlOSepr AGAG
*29 Al GGAGTC
*29 A3
*29 B2
*29 Ec3 TTGATC

*29 G2 AGAATC
*29 G3a AA.CCC
*29 G3b GAAAC
*82-129
*82-156 CAC

#spO2
*spntas TAT

(B) PUTA!
aadl
alsR AAACG1
amyla AGCGAG
ansR CGCATA
app TGCAA1
aroC TCCGA7
aroI CCTGCJ
betaM CCCAG
bglu TTTT
kzr2 GGCa
bmrx ATATCG
cad P1 TTTTC1
cad P2 CATAAJ
ccCA AAAA7
ccpA AAAAGG
c.114 CTGAJ
cheR TGGCAG
accase TCTTI
cornE2 CTAAC
cysE ATTTAC
cysk GACAG1
datl
dinA
dinB TTATG1
dinC TTCATC
dnaB TAAAUJ
dnaZX AAATCI
dnpop G;ACT1
dra GCGAGG
egiS CTTAT7
feuA CGCA1
fhuD ATCAC1
glpP CAATGO
glpT AAAATI
grpE GACAC
hom AAATAJ
hsmFl AAAGTI
hsrBl AAAI
hsrFl
ilvA GGACCU
ipa27 AAGGGC
katA TGTTAC
ksgA CGATG(
leuS GACGGC
lexA TTCGCI
lipase CT1
lys dec TGATGC

rATTGCI

CGTTTTGTTCTACATCCAOAACAACCTCTGCTAAAATTCCTGAAAAATTTGCCAAAG GTTTCTMTCT--ACGAGGTGZGChT-- AZTCT7
CTTTTTGTACATATTGACMTCTGCC--ACCAAGTGcM ATAGI

,TTTGGGGCGAATTAAAACCCAAAGAGCCAGGGTACATTGGATATTTTGTACAGACTGAATAAM ;hTCAATTTTATTTAGAGTAAAAAZAMhAT&TqG

LTIVE PROMOTERS (WITHOUT BIOCEMICALLY MAPPED START SITES)

;CTT 17 S1
'OCT 17 S1
OGCG 17 S1
UhOT 17 S1
tCTG 17 -

UOT 17 -

;CO 17 -

UAG 17 MI
ITOh 17 MI

WMAC 16 S1
LOCA 17 51
COO 17 -

17 51
ATA 17 PE
LTAA 17 51
'OTT 17 PE
LTTT 20 PE
WAA 17 S1
IACT - 31
MTMT 17 FE
ACA 19 51

NM0 18 PE
5CTG 19 P!
LOCO - FE
LTAT 17 Fe
W1; 16 31
ACA 17 PE
WCA 17

S1
MTAh 17 S1
WCT 17 PE
ATG 17 MR

rATC 17 -

rTTC 14 -

DMTG 17 -

CAA 17 -

CCCC 17
CT 17 MI

NMTO 17 PF
KMTT 17 PM
rA - PE
G0 19 31
TACT 17 S1
^ 18i m

!TTT 18 PE
CAGT 17 51
TATC 17 S1
GCTA 17 MI

TTAG 17 -

GTAA 20 Si

(82)
(82)
(83,84)
(83,84)
(85)
(85)
(86)
(87)
(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)

18 (123)
X 17 (7)
LG 17 (124)
;G 17 (125)
kT 17 (126)
A 17 (127)
tC 17 (128)
rT 18 (129)
rT 18 (130)
tc 19 (131)
kG 19 (132)
kC 17 (133)
X 19 (133)
rT 17 (134)
A 17 (135)
kG 18 (136)
A 16 (137)
rA 18 (138)
rG 18 (22)
3X 17 (46)
rA 17 (139)
kT 18 (140)
kC 18 (78)
CG 18 (141)
k& 17 (141)
kG 16 ( 142,143)
CG 17 (144)
rA 18 (145)
1; 17 (145)
rA 17 (146)
rT 18 (147)
rT 17 (148)
G 16 (149)

17 (44)
rT 18 (150)
rT 17 (151)
KT 15 (152)
rT 19 (56)
CT 13 (153)
RA 20 (154)
rT 16 (155)
CA 16 (156)
NT 16 (139)
rA 17 (157)
rG 17 (158)
NA 17 (159)
AA 17 (139)

Ina a . a &-.-. . ----- - - - - - - -- .- . . . . . ... . -.. - -

TTTTAGGACCAATAATGACCTCTGAATCTTAAAATTTCTTTAAAAATAAGCCAAhATTACCC=UW.ZTAATTA---ATTTGGTAACGZAAZAZAATTGGAGAATTTGTTACAAAAA
GAAGGCGACCTGAAGCAAAAGCTGATTACAATAAAGGAAAGATGATTACCAGTAAGTCTGGCZMMGTTCTGT---CAGAGGCACGAIATMZAAGGTGTAAGPLAGACACATTCAA
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Table 1. continued

lysA
lysRhom
metS
mrgA
mrgC
mtrAB
np
nprB
orfl7
orfX14
pab
pcp
pdlhA
pdhC
pdhD
pel
penP
pheS
phoP
prkA
pss
pydhyo5
rib P2
rnpA
rodC
rplN
rpoB
rpsF
rtporf 1
scRNA
secA
senS
serS
sin
sipS
slp
spoOK
tag
tenAI
tetBSM
thrZ
thyB
trnJ
trpS
tycA
valS
xDaC

TGAT' XAXAar
GAATTCGCGCAGAAGACAAAGCATTACAGGAATACAGCGTAAAATAGCGI ZZA TCATT---CTCAACCAT & GGTTTGAAAAAGATTCTC

AGAAAAGCCCCTTTCTAAGGGGCTTTTCATATTTCAAGAGCATGGGCTTCCTGACAGGGCATTCACTI2TrTTAGCG--GGGCATATGIG Z&G&AGAAATTAAATGTATTCATTGGTG
TGATATTATTCAACAAAAACAAACACAGGACAATACTATCAATTTTGTCTAGTTATGTTAGTTTTTG G:AZATTCCA---GAATGCTAGTTIM TlZAACAATATAAAGTTTTCAGTATTT
CGAAATATCTCTGCCCTTCTTTTTTGGGAAAATAAGAACGAAGCACCACATACAAGTTTTTGTATGTItMrGG GATG----AGAAAAAZOIA&TGGAAGGATGTGGTGTTTTGCGCA

7AZA&
AAGGCTCAGAGCACTGGCGGATCACGGTAAAAACGCTTTCTAAATTTCACATAACCTTCAAAAAGTJAGAAATGTGAAATGAACGTGCAAZG L GAATGGATCTGCAATAGGGGGCA
CAATTCGATTAAAAAAAGCCAAAACTCCCGGTTCGCCGGGAGTTTTTTTATATTTCGTGCATCAAATA GCC TGTCTG----CGAGAAIjlo=GGGAAGAGAAATTCACTTTTTTCA
GGTTGGGAATAACTGGCGATACTGCTCCGGCAAATGCTCCATTATGATTCACTCCTTTACATTATTTAMAAAAAACCCATAAATAAACA_GMmZAAGAAAAAGGAGATGGGAGA
ATTAGTTTTTTACAACTTCGAAATAATACAGTTCAAAGCAGAGTGTAACTATCCTACATAAAAGGTTTIICAACTGG-GGATCGGCTAAAJ AM CGACTTACTGCTGATACTTTAGG

CAGATACAGTATTTCCTTTCTCTCAAGCGGAGAGCGTATGGCTTCCAAACCATAAAGACGTTC ,Ch:AGCAAGAAAAGTGCTTGAAThA AAACTGCATAATCGAGAGGGAAG
CGTGATGGCGAAATCGTAGCAGCTCCAGTCTTAGCTCTTTCTCTCAGCTTCGACCACCGTATGI G GAGCAACTGCGCAAAATGCAZZMACATCAAGCGTTTACTGAACGAT

TTTTTTTGCGGTCTTTGCGGTGGGATTTTGCAGAATGCCGCAATAGGATAGCGGAACATTTTCGGTTT,G:GTCCCT---CAATTTGCTATAIT TTGTGATAA&TTGGAATAAAATC
TGTTGATTCTATTCTTATGCCCTTGTTCTCCCAACTTATAAAATATAAGATCAATTGATTCTATGClAZEGCGGC--AAAGGGGTTZ'II AACT ACTGTCATGGGAAA CATTTCAAA

TCACTAAACGTTGCGGTTGCGGCTGCCATCCTCGTGTATCACTTGCGAGGATAGT G C=CAAGCG---TTGG&TTTCTC AZM GAACATAATATTTCAAAAACCGT
TTTTACTATAAATGAAAGCGCTATCATAAACGTCTTTATTTCTTTTAAAAATGATGTAAAAGGCGA CAGAATGT---CCTGCTTTC CZMAAAATCATGAAACATGTTAAGATG
TTTTTCCGTGCTGTCCGAGTCTGGATGATTCTGTATTTTTCTTTATTATGAACGGTCGCAGTCTGCC T!:IACGATG--TATGAGTATCTTIAZZ AAGAAACCAAAGCATGTATCA
ACGCGTCTTGTCCTTTTTATGCGGGGGGATAAAATAGTAAGGAACATGAAAAGATTGGCATTCATTTfMl8AGGTAA-----CAAATGTTGIATAL ATAGAATTTGAATGCTGCTTTTT
TGGTCATCTGTCCTGATTTTTCACTTTTTTGATTTAATTTCAGTATTGCATTTATACAGCACGGCTAfl ;CI1TGTC---CCCATGGATTCGAZ&LGAAATTGTCAAGATTGGGGGATT
GCAAACGGCCGTTTCGGAGGCCATTTCGTCTCAGGCCATGTCGACGGAACTGCGGAAATCACACGA ---1 GAAAA---GCAACGCAGTZASZGAATTTAAAAATGGACCCGTCATTA
GAAGGGAAAGAATATGTGGTCCAAGACGGAGATGTTATTCATTTCCGATTTAATGTATAGGATG GACA----AAGAGCTTI AMZLaTAAAATTGTGAGTAATAGAATTA
TTCAATATCTAATTAAAGTACTTCTTATTGAAATAAGAAGTACTTTTTGATGCTTACATTGATTT TG GCTAAAG--TATCCGGGTAGTAM TTTCAATGATCATATATTCTAGAT

AAAATCGGTGACATCGTTAAGATCATGGAAACTCGTCCATTGTCTGCAACTAAGCGTTTCCGTCTAG TTG1 AITTGTCG----AAGAAGCXITATAZCTAATAAAGTTCGGAATTCTTTTT
AACTGTTCGATGAAGTTTCCGTCGTTCAAAAAAAGAAAGGCTATTATATCATAAAAGCAAAAAAAGT G CGGTAT---TTTAACTAZTZM*ZGTAAAATGCCAATGTATATATTT
GAAAGCATAAAGCGTGCTTGAATTTTCAATTATTTCCCTTCTGATTCGGAACAAAATGATGAAAAAIAZACGCTTT-AATCTTTTTTZG GM GAAGCAAGATAGTACATGTTCAT
CCAAACCGAGTTTTTCAATTCAATGGACATAAAATAAAGAAAATGTAAATCGGACAATCGTTTCACA ZW ATACGG---TGAAAATCGACI TM GAACTAAGTGAACTGTGAACCAA
GTGCGTTTTTCAGAGAACTAAGAAAAAAGAAGAAAGCCGCCAGGAAAAACTTGTCTGAATAGTACGG(rz CTTTTTA---GGGGAAACA 03Z A AAGTGTGCATCGTAATAG&TGCA
TGAATAATGAAGAGAAGCCTTCCGTGATGTCCGCGGAAGGTTTTTGTTTTTCTTATTTGCAAATTCT T:GMlTAACA----AAAGGTAIYiAZ G ATGAGAGGTATACATGGACTAGT
GGAAAAGAGTGTATAAGGAAAAAGCGGGGATGCAATCTGATACAGTGTCAACACCCTCAAAAAATAG fWC GGTCGG--TATTGTATGAA':G GTCAGTACAAATTTTTCAAATTT
ACCGAGTGACGCAGCTGTTTGTTGAAATGGTTGAGGAATATAAGCAAAAGGCACTTGTATAAAACAGIMAGCTGTG---GAAACTTATAI I&TTAAGCACAAATAAAGATCGAAAA

TTTTTTGAGAAAATACGATTATAATAAAGGTATATTGGAA AAAATTCTGGTGATTTAATGGCA AAGTCCAGA-GACTAATGAAGCA CCNV'TATGGCCGGA6CTGGCTGAAA
GATTCATTTCTTTCAATATTTTCAGGCCTAGTTATGATCGACAAGAAAAAATAGGCATGATGTGGGZAQTGAAG--ATTAACAGTTTGA&ZACTTCAATGGTCCTAATGGGATT
ATAAAAAATAAAAAGCCATGCGGCTTTAAGCCGCATGCTTTT TTACTCTTCATCAACAGGAAMCTTGTCC -GCAGCAAGTTCQA&MGTTGTCACTTCTCATCTTCAAAG

AGAAGGATATTATGTTCATGGAAGAAAAACTAACGAAGTTTAAATATT TAAATTGATAAAATAATA=CTAAATT ---ATTTGTTTCAT1:TGAACTTGTTCACTCTATTGTTACA
TGTAAAGATAATGTTAATCCTTTGTTGAAGATTTATGTTAAAATATAAGGTAGCTTGATTTGCTTT IACTCTCG---GTTTTTAACTATMTAGAATCTTAAAGGAAGGAGGAGC
CCGTTTAATTGTCACCGGATCTCGGGGGTACGTAACGGATCTTAAGAAAACATTGGAAGGATAAATCCaGQrAATAA--- -GGATTCG_ITXA AGAGGTGCAGAACATTCAAkTATG

ACTTGAGATAAATGCGAATAACGTTTTTCCTTGTTTCGCAATCTGGTCAAATTTTTATAIAAGTAAAAGTTTAATCCTTAGTCTATAIA&AGATCATATCAATCAAATGTAGG
TGCTTGTATGGCTGTTTCTGGCTGCCCATAACGGGACTGCCGCGTCAGAAAAAATGTAAATCACTGA22=TGTG---GGAATATATAGAGTAATAAAAPUTTATTG.AAAAACAGG
AAGATGAAAAAGAAGGATGAAAAGCCTGTCGTCAGCTGACTATAAAAAAATCATTTCTGGG=AWATGAT--TTTTTATTIZGTAC=CTAGAAGACTACTTTTAAAGGAT
TATGCCGGTGTAGCTCAATTGGTAGAGCAACTGACTTGTAATCAGTAGGTTGGGGGTTCAAGTCCTC TTGCCGCACCA---C TTTAAGZTATZCTCAAGTCTCTTGTAGAAGAGCC

AACGTCAGAGTGATTCCATTTAATGGAATAATCAGGGTGGTACCACGGTTCATTCGTCCCTTTZ= ACGGGGAAGAATGAGCCTTTTlAGTTTTAAGAAATGAGGTTGAkTGTT
TTGGATTTACGTAAAAAGGTTGTAAAAAAACTTGTTGAATTTTTTGCAAAATATCCCTATTTTTA A:&TCCAAT-----TTTTCT =Al TCAGCGTCAGTAACCTAGT
CATATGTAAACTTGGGCAAiTAGGTGCCTGCCCATCTGTATAGAAAGCGGTGTTTTTGGAAAAGkC= AQGATTCAA--AAACACTTTAMLVAAGCCATAAATAATGTATACAA
CGCCATTATATTCATAGACCTGAAAbAGGTCTTTTTTTGTACTCTT ATAATAA AAAAGAAG GT TMGA^T---TGAACGTATG gAA TAAAACTGAGTATAGACA

17 (160)
16 (139)
16 (139)
16 (161)
17 (161)
18 (162)
17 (163)
16 (164)
19 (165)
- (127)
16 (166)
20 (167)
19 (168)
21 (168)
20 (168)
17 (169)
18 (170)
17 (171)
17 (172)
18 (173)
15 (174)
17 (168)
17 (127)
17 (139)
18 (175)
16 (176)
17 (177)
19 (139)
17 (132)
17 (178)
16 (179)
18 (180)
17 (139)
19 (181)
18 (182)
19 (168)
17 (183)
17 (184)
16 (185)
- (100)
17 (186)
18 (187)
17 (86)
20 (188)
16 (189)
18 (190)
17 11391

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; SI, SI 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

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 (N17± 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
(glnR, rpmH, spolIE and tmnS), 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

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

The conserved TG dinucleotide

Alignment of nine strong aA-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 X Pre (216), Gal P1 (217) and
cysG (218). This element may play a role in promoter melting,

CAAAAGTAAGACCCAGCATCGTTCACCCCAAAAATCGCTTAAGGCAGCCTACCAATTCATAATCGCA=GAMCTGACT---GAAGAGTAJLAIAAMZATGTCTTAATTATGAAGGGACAGT
ATTCATAAACAATCATCCTTTATTTCTTACGAATTCAAACATCCTCGAGTCTGTTTATATTATTATC=&GCACCGTTG----ATATATGTTGZATMZGCATATAAAATATCCTTTTCATGC
ACTTTTTTTATTTTCATTAAAGATTTTTAATTTTAATTATTCTTTTTCAGGGCGTATGTATATATTC=G=TTAAAG----GCTAAGA12GIAICAZAGATAAAGGATAAATATAAATAAT

"I 11 I II I

zaC

--------
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Figure 2. (A) Distribution of spacer lengths for the 142 promoters of Table IA.
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 (TATAAE).

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 IA), 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-

90
80
70
60
50-
40

30-

20

10

tion is a more precise indicator of DNA structural properties than
base composition (220,221). The RTRTG motifproposed 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 lA reveals a
substantial over-representation oflonger 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 Tn repeats (Fig. SB). Note that
since the relative AT-richness of the upstream region has been

LI

a 0 0 0 0 0 0

-100 -90 -80 -70 -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 I (the x-axis indicates the position
of the upstream base of the dinucleotide).
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Position within Promoter Sequence

Figure 4. Frequency ofAA (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.
'uuU

10010

10N:
1

0.1 2. . 9..........i '2" 3i 4 5 6 7 8 9
oligo-d(A) or oligo-d(T) length

1000-
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1.
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1 2 3 4 5 6 7 8 9
oligo-d(A) or oligo-d(T) length

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 Tn (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 Tn repeats (n > 4) in
overlapping 20 bp windows throughout the upstream promoter
region. This analysis revealed that the over-representation of
longer A,, and Tn 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 Tn tracts

is not known, but two possibilities warrant consideration. First,
this upstream region may contact the a subunits of RNAP, as
demonstrated for both the E.coli rrnB P1 and the B.subtilis
flagellin ptomoters (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 An and Tn 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 a binding and the writhe

25-
~20-
~15-

io-
5

-93 -85 -75 -65 -55 -45 CML
Promoter Position (20 bp windows)

Figure 6. Enumeration of An and Tn sequences for n > 4. The occurrence ofAn
and Tn sequences (n > 4) was determined for 20 bp windows centered at the
indicated base in the upstream promoter regions (Table IA). As a control
(CTL), An and Tn 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 ofAn 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 0H.-dependent spoVG promoter (210) and the 482alu156
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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