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ABSTRACT

The DNA sequences associated with 139 apparent
streptomycete transcriptional start sites are compiled
and compared. Of these, 29 promoters appeared to
belong to a group which are similar to those recognized
by eubacterial RNA polymerases containing a70-like
subunits. The other 110 putative promoter regions
contain a wide diversity of sequences; several of these
promoters have obvious sequence similarities in the
- 10 and/or - 35 regions. The apparent Shine -
Dalgarno regions of 44 streptomycete genes are also
examined and compared. These were found to have a
wide range of degree of complementarity to the 3' end
of streptomycete 16S rRNA. Eleven streptomycete
genes are described and compared in which tran-
scription and translation are proposed to be initiated
from the same or nearby nucleotide. An updated
consensus sequence for the Ea7O-like promoters is
proposed and a potential group of promoter sequences
containing guanine-rich - 35 regions also is identified.

INTRODUCTION

Streptomycetes are mycelial bacteria which produce a wide
variety of bioactive compounds including antibiotics, ionophores,
immuno-modulators, hydrolytic enzymes, and enzyme inhibitors.
Streptomycetes undergo a complex life cycle (1), the initial phase
of which is growth as substrate mycelium (2). After growth of
the colony on a solid surface has nearly ceased, which may be
triggered by a limitation of nutrients, the colonies develop aerial
mycelia, utilizing nutrients primarily provided from the hydrolysis
of the substrate mycelia (2). The final stage of development is
the conversion of the aerial mycelia to spores, which can be
dispersed to begin the life cycle over again (1). On solid surfaces,
the biosynthesis of antibiotics by streptomycetes typically occurs
concomitantly with the development of aerial mycelia and spores
(1). Antibiotic biosynthesis and morphological development have
been shown to be co-regulated by certain genetic loci (3), whereas
other genetic loci regulate either morphogenesis (4,5) or antibiotic
biosynthesis (6), but not both. Often the expression of
extracellular hydrolases such as proteases also occurs after
primary growth has ceased (7). Thus, a vast array of regulatory
mechanisms is likely to be required to coordinate the various
processes carried out by these organisms. Moreover, the potential

for overproduction of antibiotics via genetic manipulation (8,9)
and the potential for production of novel products via interspecies
cloning (9-12) have brought about a strong interest in how the
various genes encoding these processes are regulated. Finally,
there is considerable interest in the use of Streptomyces lividans
as a host for secretion of heterologous recombinant proteins into
the culture broth (13-15). Knowledge of promoter structures
and transcriptional regulation of genes encoding exported proteins
will assist in carrying out these types of experiments.

Detailed analyses of the promoters recognized by RNA
polymerase of Escherichia coli have shown that two hexamers
of nucleotides, centered around -10 and -35 from the
transcription start site, are the major recognition sequences for
RNA polymerase holoenzymes containing a70-like u-factors
(16-19). Although there are promoter sequences of E. coli that
are recognized by specific a-factors for special purposes, e.g.,
heat shock response (20), motility (21), and nitrogen metabolism
(22,23), there are comparatively few promoters that vary
significantly from the Eo70 consensus sequences (17,18). A
recent analysis by Gralla and his associates (23,24) has suggested
that the majority of E. coli promoters falls into two basic
categories: (i) those recognized by Eu70, the activities of which
are modulated by negative and positive regulators that must
'communicate directly' with the RNA polymerase; and (ii) those
promoters recognized by Ea54, which are only regulated by
activation, where the location of activator binding is less critical
and in some cases may be remote from the binding of the RNA
polymerase (23,24). On the other hand, at least eight different
RNA polymerase holoenzymes have already been found in
Bacillus subtilis (16,25), several of which have active roles in
the regulation of morphological development of that organism
(25,26). For example, four sigma factors of B. subtilis are
synthesized only during sporulation and a fifth recognizes certain
sporulation-specific promoter sequences (25). Similarly, at least
seven different RNA polymerase holoenzymes already have been
found in the Streptomyces (27), suggesting that the sigma factors
play an active role in regulation of gene expression in these
complex microorganisms. Considerable information is available
about Bacillus promoter sequences and the corresponding RNA
polymerases that recognize them (19,25,28). Relatively limited
information, however, is yet available about streptomycete
promoters. Reviews by Janssen et al. (29), Hopwood et al. (30),
Hutchinson (31), Hitter and Eckhardt (32), and Chater and
Hopwood (19), have shown limited comparisons of streptomycete
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promoter sequences. Seno and Baltz (33) carried out a detailed
analysis on the promoters of 25 streptomycete genes, and many
of the analyses made in this paper represent updates on their data.
In this paper, I have tabulated and compared 139 streptomycete
promoter sequences which are upstream from apparent
transcription start sites identified by high resolution SI nuclease
mapping or by primer extension analysis of in vivo mRNA. Some
streptomycete promoter sequences have been characterized more
stringently, i.e., by concurrence of initial in vivo data with
additional in vitro transcriptional analyses (34-42), in vitro
dinucleotide-primed transcription (36-38), mutational analysis
(35, 43-47), DNA footprint analysis using purified RNA
polymerase (48), and in vivo analysis using promoter-probe
vectors (37,49 -55).
One note of caution must be included in the treatment of the

data included herein. Only a few streptomycete promoters have
been studied in enough detail to identify -10 and -35 regions
from biochemical and/or genetic evidence. Thus, most of the
alignments are made from best comparisons of sequences directly
upstream from transcription start sites, rather than on biochemical
evidence of their function. Upon more stringent genetic and
biochemical analyses, these alignments may prove to be
inadequate. It is expected that as additional information based
on biochemical and mutational studies of streptomycete promoters
becomes available, more definitive conclusions can be drawn
concerning the exact structures of streptomycete promoters and
structure/function relationships. Nevertheless, this tabulation and
analysis confirm some of the generalizations previously made
about sequences associated with apparent transcription start sites
(29,30,32,33) and suggest some additional sequence relationships
among groups of streptomycete promoters. Ultimately, however,
promoter classification is based on cognate RNA polymerase
holoenzymes, rather than on sequence comparisons such as these.
Nevertheless, the purpose of this paper is to provide updated,
tabulated information on apparent streptomycete promoters so
that future studies on promoters and transcription in
streptomycetes have a basis from which to compare new
sequences to those already published. Finally, this work is
intended to stimulate further efforts in analysis of the various
streptomycete promoters and the relationships between promoter
structure and gene expression in these unusual differentiating and
economically important microorganisms.

Common features of streptomycete promoter regions

Streptomycete genes have thus far shown a wide diversity in
promoter sequences and transcriptional patterns. Of the 87 genes
described in this study, 27 of them (ca. 31%) have multiple
promoters. Thus far, 13 loci (vph [44]; ernE [35,43,45]; aph
[43,45,46]; kmnr [56]; redD [57]; rep [40]; korA/traA [58]; sphlorfl
[59]; xylA/xylB [60]; hrdD/bar [61]; otrAlotcZ [62];
actIl(orfl)/actll(orfs2,3) [63]; actIlactIII [64,65]) have been shown
to contain overlapping, divergent promoters, a structure which has
been postulated to be involved in complex regulatory patterns
(46,66). In the cases of redD (57), aph (46), and hrdD/bar (61),
the overlapping divergent promoters are located within, or partially
within, the open reading frame of the gene. The promoter regions
of nunr (involved in resistance to methylenomycin) and orfJI2
(unknown function), are divergent from the same region, but the
+ 1 to ca. -40 regions do not overlap (67). Nevertheless, upstream
sequences which may be involved in binding regulatory proteins
may overlap in this case (67). Two promoters, gal-p2 (68) and nshR-

operons in which other promoters are found upstream of the first
gene in the operon. Both of these promoters apparently provide
additional transcriptional capabilities to their respective operons

(68-70). Finally, at least six promoters (orflS90-p2 [55]; afsB-p
[71,72]; pIJJOJ-pc [58,73]; brpA-p3 [74]; aphD-p2 [75]; hrdD-pl
[61]) lie within open reading frames of streptomycete genes. In one
of these cases, the promoter has been polated to have a specialized
function in the temporal regulation of gene expression (55).

Tables 1 and 2 list apparent streptomycete promoter sequences

upstream of transcription start sites identified by high resolution
S1 nuclease mapping, or primer extension, of in vivo transcripts.
Transcription start sites analyzed by S1 nuclease mapping
procedures are usually indicative of the true transcription start

sites; however, since the results of S1 nuclease mapping can also
be achieved through post-transcriptional processing or via in vitro
artefacts (e.g., secondary structure), some caution must be
observed in interpreting these data. Moreover, the precise
locations of transcription start sites defined by S1 nuclease
protection experiments are affected by runs of adenine and
thymidine residues in the region of the transcription start site
(114). This is probably not a problem with streptomycete
sequences, however, because even in the promoter regions
streptomycete DNA has a relatively high G+C content.

Moreover, multiple adjacent (or nearby) nucleotides are often
observed as transcription start sites in S1 nuclease protection
studies (115). Thirty-six of 139 streptomycete apparent
transcription start sites (26%) were located to multiple adjacent
(or nearby) nucleotides rather than to a single nucleotide. The
presence of multiple S1 nuclease-generated bands is not

uncommon; Brosius et al. (115) suggested that the 5'-terminal
triphosphate group of prokaryotic mRNA sterically inhibits S1
nuclease from cleaving the probe precisely at the junction of the
DNA/RNA hybrid, often making the observed S 1-protected
fragment one or more nucleotides larger than the true in vivo
transcript. Dinucleotide priming of the dagA (37) and ermE (M.J.
Bibb, personal communication) promoters have confirmed that
multiple transcription start sites observed in vivo occur in vitro
as well.
The G+C content of DNA isolated from streptomycetes,

analyzed by thermal denaturation or buoyant density analyses,
is 69 to 78 mol% (116). The coding regions of 27 genes analyzed
by Seno and Baltz (33) were found to have an average G+C
content of 70.1 mol%. Bibb et al. (35) noted that the G+C
content of E. coli promoters, measured as 20 nucleotides in both
directions from the midpoint between the -10 and -35 hexamers
(40 nucleotides total), is 43 mol %, whereas in the ermE
promoters, the G+C content was found to be 62 to 65 mol%.
The apparent streptomycete promoter sequences shown in Tables
1 and 2 have an average G+C content of 57 mol% and 62 mol%,
respectively. Moreover, the sequences of 22 promoter regions
(from -100 with respect to transcription initiation site to the
AUG [or GUG] of the predicted coding regions) were found to

average 62 mol % G+C (data not shown). It is not surprising
that the promoters shown in Table 1 would have the lowest G+C
content of the different analyses, especially since several of these
are functional in E. coli (see section on Eu70-like promoters).
The promoters shown in Table 2 are, on the average, slightly
more G+C-rich than those shown in Table 1. Where tested
(discussed later), these promoters are not typically expressed in
E. coli. Certain of the promoters in Table 2, e.g., tsr-p2 (47)
andpabS-p (105), have significantly lower G+C contents than

p (69,70), initiate transcription from the middle of multi-gene other promoters in that table.
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Table 1. Apparent streptomycete promoters that are similar to those recognized by E. coli Eu70-like RNA polymerasesa.

# Promoter -35 region -10 region tssb Reference

SPACER: 16 nucleotides

1 SEP3 TGGGTTGCAGACTCTTGACAACCGCGTAACAGGAGT_ATCATATCGCCTATCG 49

2 redD-prl GCAGAGAAGAAGAGTGGTGTAAGCCGTGCACATTGTCATCATGGGCTGCGGGCGC 57

3 vph-pAl CACTGG lGCCCCTACCACGGTTGGTTGTTCGAAACGGGC 44

SPACER: 17 nucleotides

4 rrnD-p2 CCCGCAAGAGCCGTTGACACGGAGCGAGCGGGGAGGTAGATTCGAACA 39

5 tra-p (pIJ1O1B) CACAGTGTATGCCTTGACACAGCAACTGTGCGACCACAGTATGGACCTTG 36,58

6 mr-R CGGCCATCAAAGTTTGACAGCCGTCGTCATATGAGCTTCAGTGAGAACG 67

7 Bgal-p TCCGACGGGGTAATTGATTCGGTTGTGTTCGGGTTCTAGGGTGACCCGT 76

8 korB-p CAGCCTGAACTAGTTGCGACTGACACAGTCGGTGGATGACTTCATG*** 58

9 SEP8 CAAGCCGCAAGATT50CGAAACATGCAGAGTCCTGC=TICATGCASO

10 gyl-pl GATAACACAGCTCTTGACGCGCGCGTGACGTCGAAC_AGACTCGCGTCCAT 77

11 alV-p GGCGTCCGGAGGGTTGACCGGC6GTCGGGGCACTCGTAg.TCACGGcTGAAAACAGTT 53

12 all-p CGTGTCCAAAGGGTTGACCGCGGGTACCGCTCGCWTACGGTCTGCTTCGC 78

13 alySG-p CGTGTCCAAAGGGTTGACCGCGGGTACCGCTCGCTCTACGGTCTGCTTCGCG 79

14 XP55-p CTCCCCACCTGGCTTGACGCTTTATTGCGAGTGATGTGCAATAGCTGC 80

15 SEP6 TCGATGGAATATAQGACGCGTTCATTTCGTGGTTATATGAACGTG 49

16 rrnD-pl ACAGCCGCCTGATGATCCACCC TGCGAGCTGCTAGTGTCCTCTTC 39

17 ssi-p2 GCATGGGGTCGAGGTGAGTTTCCGCCGGGGACTCGGCAGACTCCGGCACGCCG 81

SPACER: 18 nucleotides

18 choP-p GGAACGATCTCGTTGACAGCCTTCACATCGCCTCCATACGGTCATTTC 82

19 dag-p4 CAGCCGTACCGATTGTCACCCTGCGACACTCCGCTGTAGCATTCGGGAAA 37

20 erfE-p2 ACGCGGTCGATCTTGACGGCTGGCGAGAGGTGCGGGGAGGATCTGACC 45

21 SEP2 AGTATTTTTATGTT GGTCAAAGTAGCCCTTGAGTA 49

22 erLSF-p GAGGAAAAGGAGSTTCGCGAGCCGTGACCCCTGCTTACCGTTCCCG 83

23 kilB-pl (pIJ1OlA) CGGGGCCTACATTMCjACCTGACACGTGCGTGTCAGACTGATACACG 36,48,58

24 actII(orfl)-p GGTCCTCGACTATTGGTCCACGAACGACCACCGTTCTACAATGGAACG 63

25 p GACACGCTCCCCTT GTGCTAGCGCGACCGCGCTAGCGTGGTCGG 84

26 cefD-p ACGACAGGACTCTTGAAGTGCTCTTCGGCTGGTCTTCAGATCTCTTCGCTATTTT 85

27 lPlc-p GCTTGTAGATCGTTGACGTGGCACCCTTGTGCACGGCACACGTCCCT 38

28 aacC7-pl CAGAGAAATACGGTGCCGGTGACCGTGAGCGACGGATACCTTCCCGTCCATG*** 86

29 npr- TGCATGCCGAATGTGACATGCGCAATCCATGTGGCGTAAAGTCCCGGTG 87

'Symbols: The promoters in this table are separated into three sub-groups based on the apparent sizes of the spacer regions between the -10
and -35 regions of 16, 17, or 18 nucleotides. The -35 and -10 hexamers are double-underlined; the transcription start sites are denoted
by a dot beneath the nucleotide; and ATG*** indicate promoters in which transcription and translation are proposed to be initiated at the same
nucleotide.
bAbbreviation: tss, transcription start site.
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Table 2. Apparent streptomycete promoters, based on SI nuclease mapping or primer extension analyses, that do not display typical -10
and -35 regions characteristic of promoters recognized by Ea70-like RNA polymerasesa.

# Promoter -40 -30 -20 -10 +1
* * * * * Reference

30gal-p

31n

32a p

33 gy

34 orfI-p2

35 redD-pr4

36 afsR-p2

37 nshA-pl

38 orfI-pl

39sph-

40kga-

41 redD-pll

42 selCl-p(sta)

43xylA-

44 i

45 actII(orf2.3)-p

46 rpp

47 tsr-pl

48s

49 drrA3

50 rp (1 )

51gl-

52 nelCl-P(stg)

53 apbPpi

54 {b-2

55pAT-p

56 aacC9-p

57 sta-p

58 korA-p

59 orfRP(kr)-R
60 ernE-pl

61gyl-

62 g2

63

64 b

'rftTtiTW'rkTiA(;tittitti'rtit'r'l-lM'l'iA''l'TiTaTb'T'l'.ff 'l''l'

CCGCCTGGTGGC CTIGCAGGCTCCCGGCCACTAGACTGCGCGCALGt**

GCCGAGCGAGC,GGGGGGCGCGCTGTCGCGGCTGCTGGACTTCTACCTG

CCCGCCGACCATTGGGGGAGGTCGGCATGGACCGGTAGTGTTCGGCATT

CCTCGGGAGGGAGCGGGTGTTTCTCCCGCAACCTATCGGAGATCGGTACA

GAAGCACCCCACCGGGGTGCGACGGCGGTGGACCGGCATGATGGTGGC

TGCTGACGGTACGGGTGGAGTTGGAGGGGCAAAGCCGAAGAAGCTGATGG

TygCgCGGCCGA5CGG5CCGCGGGGCCGATCCGTGGCATTGTCGACGAC

CCGTCCGTGGACGGTGGTGGGGCCGAGGACCGCGGGATACGGTCGCCGGCC

CCGTCCACGGACGGCGGGAGCCTGTACCGATCTCCGATAGGTTGCGCGA

CCACGCGGGGACGTCCGAGGGAGCGGGCGAGCCTCGCTAGGCTGGACG

GATCA_CGACCGTGTGCCCCTGCTGCLCCAGGGCCTGGGCGAGCGC

GCTGCTGACATCGGflQT5ET TCCGCGGCTCAGCGGGGTGTGTCTCTT

TTGTCTCCGTGTCTCCAGCCCCGTCGGGACTCTCCTCIGGGCCCTGCAT

CCACCGZCTTGLCGGACCACCGTTCCATTGTAGAACGGTGGTCGT

TAAAGCTTTGGTAACGCACCCGCCTACTCACGTGAGTAGCTIGGAGCG

TGATTGCCGGTCAGGGCAG TCCGCCATCGTCGCGTAGGGTGTCACA

GCCGCGGTGGACATATGCCCGAGCGAAGCGGCGCTGCTAGCCTGCGATGA

GAAGCCATCGCGGCCATQAGTGTCCTCATTGGGGGCTACGGTACTCAAC

ACCCAGCCTACTCACGTGAGTAGCTTGGAGCGTGGGCTAGGGTGAGCGA

GAAACAAATGGGTCACGCCCGAGAAATCACCCGTCCCTAGGGTCGAGGAA

CGGAGCCAACCGTTCGCGGGAGTGCCCCACGGGCCGGTAGGCATGCGGAG

ACAGCTTTACTTGGCCGTTGCCCGGATGTCCGGGTGCTACTAZTCGCGAA

CCGTCCGTGCGGCTCACCGAGGACGGTCGGGCGGTGCTACGTTGGCTGAA

GGCGGAAAATCGCTACGGCCCGCACACCGGCGGCTGATATGCTGAGCCGAT9***

GAAAAATTACTCGGTTACCTGACGCCCCGGCTCAGGAGAGCCTGCTAGCTATG***

CCGGCTGAAACCAGACCTCACCGGGGCAGGCCGGGCATAGCCTCGGGTCATG***

GTCCATACTGTGGTCGCACAGTTGCTGTGTCAAG TACACGTGCTAG

TCGAGGCGGTCGAAGACCTCGGCGTACATTTCCGTGA

GCGATGCTGTTGGGGCTGGACAATCGTGCCGGTTGGTAGGATCCAGCGGTG***

CGGTCGGCATTGTCGAACACCTACCGGCAATACGCGTTAGAGTGTCCACAGTG

TTTGCCGAAAZCTCAGCCTACTCACGTGAGTAGTGTAGAGTCGGCTACG

CCACGCGGATTGGGCGTAACGCTCTTGGGAACAACACGATGACCTAAGA

CGGATGACCTTQCTCGACTGGTTGACTCTCTACACTGAAGATTTACA

68

69

71

77

59

57

72

69

59

59

88

57

89

60

61

63

40

47

75,90

91

40,92

93

89

75,90

75,90

94

95

96

58

56

35

77

92

97

74
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# Promoter -40 -30 -20 -10 +1
* * * * * Reference

65 tpA-

66e

67 tlrC-p

68 brpA-p3

69

70 orfl590-p2

71opl

72 ka

73tyl

74 saf-R
75 actI-p

76 casA-p

77 gal-p2

78 c3

79

80

81

82 pAl

83 afsR-pl

84 aiy-p3

85 dag-p2

86 actIII-p

87 re-A2

88 orf-p2

89 pabS-p

90 bar-p2

91 xyl-p

92 orfJI2-p

93aphpl

94 rph-p

95 afsA-p

96 yh

97 d-

98h

99 aacC7-p2

100 p

CGTCCGGGCTTWACCTCACGTCACGTGAGGAGGCAGCGTGGACGGCG

TCACCTCCATTGATTAI5&ggCTCCGTATGTGACTGAATGCAGAGCG

GCACCGGGCCTTGGTGATQCSQTACGTTGACCTTCATGGGAACACTG

GACGGACCGGTCGTCGD GCAGTTTGCCTGGA_1TCGAGCGGAT
TCGCAACTCQAccAAATGTCTTGCAGAAA9QI7TGACGcIGTTAACGACA

GGGTCAACGACCGGAGCACAGCGCGGTCTGACACTTCGCTACGACAAG

ACCGCGTGCALCCGCGATCGCCGATCAACCGCGCTL55EWXGCSA

CWGW9cTc0ffTTCCGGCGC....GCGCCGATAGCGT CCcTC

GGAAACGGTGGTCCGTTTCCCGCCCCTGCCCGTAGGCCGTGCGCGTCCCGC

CGTCACCAGTGCGACTTCGGAGTCCTGCGTGGCCATGTGTTCCCCTCCCT

AGCGTGCGCGAGGGCTTCACCGCATGGCGCCCCGCCGTTACCGTGCCCT

CCTGGAACTTTTCACTTCCGCCTCGTCCGGCAAGCTGAGTTCCTCG

AGCTGTGCGCCGGGTGCTCGAAGGTCGTGCCGACCGGTGAGGTTTCCGTCTC~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
TGCGACGGGAGTTCCGTCTCCGAAGAGTCCGTTGAGGTTCCGGC

AAGAGTCCGTTGAGGTCtCGGGCCTGAGTATGACGGTCAGTCAGAAGAGC

GGGCCTGAGTATGACGGTCAGTCAGAAGAGCTACACGCCCGTTGAGGGC

TCCGCGCTTI_CGTCGGGGCCGTAGGGGTTTCGGACATTCTTGTGCGGGG

GCGTCTCCCACGGCTGACGTGGTCGGCATGAACAAGGCAAACTGACGTG

CCTCTTTCGCAACTCACCGAAATGTCTTGCAGAAAGCCTTGACGCTGTT

CACGTGGGCGlTCCGGAACTTTTTGCACGCACGCGAGCTCTCGAATTTT

CCCATCTCMCTT_GACCGCCGCTCGAGCCGGGCGCCCAAAGCTGAGCGCG

GTGCTTCGCTCACCCTAGCCCACGCTCCAAGCTACTCACGTGAGTAGGC

G_GGQTGGTACIIQQQA M&¢ATTGAATCCGCAACGCGCAGTATCATG

ATTCCCAACCTG_MMTCGATTTTTCTGATCATGCAGTACCCTGTGCCGCCAC
nmi~~~~~~~~~~~~~.'mn

AACTTTGATG99CGTCAACATTTGATGGICGT CCAGGTGGAAC

r.Ar-.AAArx"-". A M-r"-ATUGArm<1MTC

98

99

100

74

101

55

35

102

33

103

64

104

68

92

92

92

92

46

72

101

37

64,65

40

45

105

61

60

67

46

106

107

44

108

109,110

86

111

GTCAAATCACCTAGGGAGAAGGTGQQTCCGCAGAGCGAC;TG*

GGGGAGTTATGCCCAGCAGCAGTCTTGATCGATCCGTGCCGACTATG***

GlCAATCGGCCTgAACTGGAACCTGTTE_GTTAAGCGCCGTCANM***

cccGTGC.GGC.ccTgM CA ICCTGCGAGTTAMCGCCG.c.C
C_ DCGAC GCCGCCACCAXC=UGACCC

Grt***
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# Promoter -40 -30 -20 -10 +1
* * * * * Reference

101 br-

102 redD-Rr2
103 en4ol-p
104 YDJ1Ri

105 Ra

106 mDR3

107 rrn4Dp

108 orfl590-pl

109 &L

110 pIJ101-pc

111 k1Bp2
112 uEtk-
113 bl-

114 a

115 4g.

116 otA-

117 DM

118 rep-pAl

119 d 1

120 QrL

121 redD-pR3

122 t&rDp
123 xylB-pl

124 nk-

125 gaA-

126 d

127 a pj

128 brdD-p2
129 krpA-1.

130 pA3

131 brdD-pl

132 sipl

133 pA

134 IP212-p
135 *

136 Plk-

CfaGfA&CTCCTOCACCAGGGAGCGGCTCCCCATC
AAGAGGAAGATGAACGGGATGTTCACCGCGGTCAGAGGGCAGAGAAGAAG

ATTGACTGATTGACGCGCTT5955AGGGGAGGCACGG

GCAGCGCCGTGTGCGC TGcCC G GccfAGCGACGGAAT9

GGTACTTCCGGCGCAACGTGCTGTCGTCCATGGGCGGCATCATGGCAGA

AAACGAAGGCCGGTAAGCGTCAGlCSrAiQ9GC

GGAAGCGCGAGGAATCGATC_A&&ATCTATA ATTCGACT
GGAGAACTACGCTGTGTTTACTGGTGTTCTCGACAGGGGGGCATATTCC,

TGCAGGCGGGGAACTCCTATGCCGACCTCACGAGCCACG_QCGCGG

AGCTGGACGAGATAAGAGTC5g1GTQ2GCG

CGACTCAGCACCGCCGCATGACGGATGGQC AAACCGGCGGGC

ACTGTCCCTGCCATGTGTGOTO1gC A G A G C

AQS£GACGC^ACGCG00CATGTGACC!T

TACCTGGCCAOZ 11 CGAATGATCGTGCAC

GTCOGCCGTCAC GAGCgaGTG9iCC CTTGCTACCGTGATC.
GTTCACTGCGTGCCACTCGTGGTGCGGGTACTTCCGGCGCAACGTGCTG

GTGAGTAGGCTZTGCGTTACCAAAGCT TTACCTTCGGAACACAAGAA

TTTGGCGtCCCA=CTGCGGAAGTCATTGCCAAATATAAGATTCTTCA

ATCCT1GGTTGIGGCGACGOCGCCGCTGCtCGCGAACTGCTCACC

GGT GT

TTGGCTCGACG&CACCCAGAAATGTATGATCAAGGCGAATACT£TCAT~

AAATTAGTATGCAGGCACTTCTGGGAAGAGACACACCCCGCTGAGC

CGGCTCGGTGcF9&CCATGATCCGCAAAAGGGiZSAAGTtCGAATTAC

ACATCTGCCAACGACGTAACAACCCCCGAA_1 CA&GGTCTCAACTGGT

TCCTTCGCGTGACATGCAACCCATCTGCCCCTCCTGCGCGTAGAGATGGTGCC

TCTTGCAGAAAGCCTTGACGCTGTTAACGACATGAACGGCAGGCTCCGGTA

CGAGGGGCAGGTTGGGAATTCTGTCCGGATTCCAGTCGTTGTTTCCAT

CCTT..71!CGA TggT CTCTCTACACTGAAGATTTACATCTGATT

GCGTGCACT15Tg:CgGGCCTACTTCCGGCGCAACGTGCTGTCGTcC4A

ACDOGOGCgg99CACCCCAGCGGACGGCCTCTTCAGGGT

TCAGGCCGATTAAGAGGCGGCGGATATTCGGCCATCTGGCCACTTCGCT

CCGGTGAGCTGGTAGACGAAGGCGCCCGAGTCTCCTTCGTTCACTGCGT

CCCGCGGGCACACAGGGAAGGCAGCGCCGGGACAAGGTGTTGCACGATAGGTG

CCATCGAGAACTGGCCCTTGGCGTCCAGCGGCTTGTAGATCGTTGACGT

GCCCTT@CGT5AGCGGCTTGTAGATCGTTGACGTGGCACCCTTGTG

56

57

34

44

46

39

39

55

42

73

58

38

112

46

37

62

46

40

37

45

57

47

60

69

52

113

101

61,97

74

46

61,97

81

46

38

38

38
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# Promoter -40 -30 -20 -10 +1
* * * * * Reference

137 otcD-pl CGCTGIT9GAT CGCCGGCGGGAACACACCCGCGGGCATGATCACGGT 62

138 otcD-p4,5.6 CGCAITTTCGTT.9rCTCTGACGTCGCTGTGGGATCCGCCCGGCGG 62

139 otcD-p2,3 CCGCCCTCTCTGACGTCGCTGTGGGATCCGCCCGGCGGGAACACACCCGCGGGC 62

aSymbols: The relative distances from the transcription start sites at +1 (and denoted by a dot beneath the nucleotide) are given for easy
comparison. Sequences of similarity and the possible -10 regions of promoters #29-37 are underlined; ATG*** or GTG*** indicates the
promoters in which transcription is initiated at the same nucleotide.

Relationship of transcription start site and translation
initiation codon

Of 48 streptomycete genes analyzed, the distance from the
transcription start site to the coding region (not including the
eleven genes containing leaderless mRNAs [described below])
ranged from 9 to 345 nucleotides. With most of the streptomycete
genes analyzed, the transcription start sites were within 100
nucleotides of the apparent coding regions. This compares to an
average distance of ca. 23 nucleotides separating the transcription
start site from the coding region in a typical E. coli gene (117).
For three genes, the nearest detectable transcription start sites
were 298, 335, and 345 nucleotides upstream of the coding
regions. In a few of these genes with extraordinarily long 5'
untranslated sequences, the sequences between the transcription
start sites and coding regions had significant secondary structures
that were hypothesized to contain regulatory sites such as
antiterminators (69,118).
The apparent Shine-Dalgamo (119) sequences of 44

streptomycete genes, chosen to reflect genes encoding a wide
range of functions, were analyzed for their complementarity to
the 3' end of the 16S rRNA of S. lividans (120) and for their
distance upstream of the initiation codon, as shown in Table 3.
These Shine-Dalgamo sequences ranged from 5 to 12
nucleotides (average of 8.5 nucleotides) upstream of the initiation
codons. E. coli Shine -Dalgamo sequences are typically 5 to 9
nucleotides upstream of the initiation codon (125), and B. subtilis
Shine -Dalgarno sequences are 7 to 14 nucleotides upstream of
the AUG (122). McLaughlin et al. (126) proposed that the
Shine -Dalgarno sequences of Gram-positive bacterial mRNAs
are typically able to form strong complexes with the 3' end of
16S rRNA, whereas E. coli Shine-Dalgamo sequences are more
variable. As can be seen in Table 3, the strength of the measured
apparent streptomycete Shine-Dalgarno sequences varied
considerably, from a low of -2.2 Kcal/mol to a high of -22.2
Kcal/mol (using Tinoco's rules [123] for comparison to other
published values; average, -11.3 = 5.1 Kcal/mol [ : 1 SD];
n = 44]), as has been observed also with Shine-Dalgarno
sequences in E. coli (127). The conserved Shine-Dalgamo
sequence for these 44 streptomycete genes was (a/g)-G-G-A-G-
G. Previously, studies have found that in E. coli a rather poor
Shine -Dalgarno region is tolerated (two Gs and an A, yielding
-7.2 Kcal in binding energy, will suffice; 127) but in B. subtilis
a rather extensive complementarity between the 3' end of the
16S rRNA and the Shine-Dalgarno region is required (e.g., -14
to -23 Kcal/mol) for translational initiation (122). The ability
of streptomycetes to express E. coli genes, such as the ampC
gene, which has a relatively poor Shine-Dalgamo sequence

(TATGGAA [128]), further suggests that streptomycete
ribosomes do not require extensive complementarity between the
Shine -Dalgarno sequences and the 3' end of the 16S rRNA in
order to initiate translation. Expression of foreign genes
containing poor Shine - Dalgamo sequences and the presence of
a wide range of Shine- Dalgarno sequences in streptomycete
genes (Table 3) indicate that the streptomycete genes that have
been analyzed to date do not fit the rules proposed by McLaughlin
et al. (126) for the structure of Shine -Dalgarno sequence regions
of Gram-positive bacteria.

In the case of eleven actinomycete genes, i.e., streptothricin
acetyltransferase (sta) from S. lavendulae (96), the erythromycin
resistance gene (ermE) from Saccharopolyspora erythraea
(formerly Streptomyces erythreus) (35,43,45), the aminoglycoside
phosphotransferase gene (aph) from S. fradiae (43,45,46),
ribostamycin phosphotransferase (rph) from S. ribosidificus (106),
aminocyclitol acetyltransferase (aacC7) from S. rimosus forma
paromomycinus (86), the nosiheptide resistance (nshR) gene of
S. actuosus (69,70), afsA from S. griseus (107), chloramphenicol
acetyltransferase from S. acrimycini (94), korB from plasmid
pUlOl (58), as well as aacC9 from Micromonospora chalcea
(95) and cdh from Norcardia spp. (108), transcription from the
nearest promoter and translation are proposed to be initiated at
the same nucleotide (or in one case one nucleotide removed from
the promoter; 35) (Table 4). In the case of the cdh gene from
Nocardia, transcription was initiated from the same nucleotide
in both Nocardia and S. lividans (108). The transcription start
sites of these eleven genes were characterized using S1 nuclease
protection experiments and, in some cases, in vivo promoter probe
analyses. In vitro transcription analyses and mutational studies
of aph-pl (43,45,46) and ermE-pl (35,43,45) confirmed that
those transcripts were not the result of post-transcriptional mRNA
processing. Edman degradation of the purified rph (106), sta (96),
aph (129) and cdh (108) gene products also confirmed the
N -terminal amino acid sequences as those which were expected
from the nucleotide sequences. The unusual structures of these
eleven streptomycete genes are especially interesting since eight
of them are involved in secondary metabolism, i.e., antibiotic
resistance or differentiation (as in the case of afsA [ 107]). Several
of these genes do not possess obvious Shine- Dalgarno sequences
upstream of the translation initiation site or within the first ca.
20 nucleotides of the coding regions. The aph (46) and rph (106)
genes are strongly expressed in S. lividans, indicating that S.
lividans, and presumably most streptomycetes, can translate
mRNAs with this structure. This gene structure displays a

relationship between transcription and translation which is
strikingly different from the common promoter-ribosome binding
site-translation initiation sequence of most prokaryotic genes



968 Nucleic Acids Research, Vol. 20, No. 5

Table 3. Analysis of possible Shine-Dalgarno regions in 44 streptomycete genesa.

# Gene Shine - Dalgamo site Distance (nt) from Binding strength Reference
and initiation codon initiation codon (AG in Kcal/mol)

rep

XP55

ailv

aiySG

SS1

cho

eruSF

est

bla

orf 590

dac

pAC

sph

nshA
gIJlQla kilBi
tra

ANCV?7

AAGAAGGAGAACGAUCGUG

AAGGGGCGGGAACAUG

GUGGGGGAGACAUG

CA§QL UCAUG

CAGGAGGCACCACAUG

CAGGAGGCACCACAUG

CGGAAGGAUGCACACAAUG

UGAAAGGQGUACAUG

UGAGAGGUGGUCCUCAGUG

GACGAAGGAGCCACAAGAUG

ACGGAGGCAGUACGUCGAUG

UGAAAGGGCACAGCCAUG

UCGAAGGAGUCGUCAUG

UUGAAGGGUGUGUAAUG

CGAGAGGUAGCGAGUUCAUG

AAGGAGUCGCGGGUG

CGGG-AGAUGCGUUGACAUG
UAGGAGGAGCUGGAUG

AAGGAGUUGAUCGAUG

AG.GAG.GUCCGGACAUG
GAGGAGUGCGGCAGUG

AGGGGGACGGCAUG

CGAGGGGUGGCGCAUG

AUAGAGGUCCGCUGUG

AGGGAGGGGAACACAUG

CGGGAG UCAGAUG

AUCGAGGUGCCAUG

CCGGUAGGACGACCAUG

AAGGAGACCUUCCAUG

CCCGAGGAAUUCGAUAUG

GACGAGGAGGACCCGUG

CALGGGCUCALAUG
CUCGACGACCAUG

CGCGACGCUGAUG

CUGGGGGCGUUAGGUG

_
.*

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

11

8

6

6

8

8

11

8

11

12

12

10

9

9

12

7

11

8

8

9

8

6

8

8

9

10

6

9

8

10

9

7

6

6

9

-12.8

- 8.4

-12.2

-16.6

-16.6

-16.6

- 7.2

- 9.0

-16.0

- 2.2

-14.4

- 7.2

- 7.2

- 7.2

-11.6

-14.0

-11.6

-16.6

-22.2

-18.8

-11.6

- 5.0

- 9.4

-15.0

-16.6

-11.6

-13.8

- 5.0

-15.0

-11.6

-16.6

-12.2

- 2.2

- 2.2

-10.0

37

40

80

53

78

79

81

82

83

101

77

99

58

75

68

77

85

93

59

112

68

72

55

109

65

113

52

121

111

59

69

58

58

86

91
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# Gene Shine - Dalgarno site Distance (nt) from Binding strength Reference
and initiation codon initiation codon (AG in Kcal/mol)

36. brpA GAWG% CCGUG 5 -12.2 74

37. strB AUGGAGGAGAGUCAUG 9 -16.6 75

38. Bgal CGGAAGGCCACGGUCAUG 11 - 7.2 76

39. orfP(era) ACGGACACUCGCAUG 8 - 7.2 35

40. npr CCGCAGAAAGCAUG 7 - 2.2 87

41. ieiCi(sta) CAGGAGGUCCCGCAUG 9 -18.8 89

42. zelCl(stg) CCGGAGGUCCGUAUG 8 -16.6 89

43. kamB CAAGAGCCGGAUG 6 - 4.4 102

44. tlrC CAGGGGCUUUCGCAUG 9 - 7.2 100

Conserved: .....GGAGG..... Ave.: 8.5±1.8 nt Ave.: -11.3±5.1

16S rRNAC: 31-oR-UCUUUCCUCCACUAG-51 Range: 5 - 12 nt Range: -2.2 to -22.2

aThe underlined nucleotides indicate complementarity to the 3' end of the 16S rRNA from S. lividans (120). The distance of the Shine-Dalgarno
region from the initiation codon was measured as the first base to the right of the AGGA or its equivalent (122). The AG of binding was

calculated using Tinoco's rules (123) rather than the updated rules of Turner et al. (124) for direct comparison to previously published AG
values for Shine-Dalgarno sequences of E. coli and B. subtilis (see text). The initiation codons are designated as AUG or GUG.
bThis represents the Shine-Dalgarno region upstream of the gene preceding the aacC7 resistance gene in S. rimosus forrma paromomycinus.
cThe 3' end of the 16S rRNA sequence of S. lividans was determined by Bibb and Cohen (121).

(127). Other prokaryotic genes in which transcription and
translation are initiated from the same nucleotides include the
lambda cI gene transcribed from the prm promoter (130), the
tetR gene in transposon Tnl 721 (131), and the bacteriorhodopsin
(bop [ 132]), halo-opsin (hop [ 133]), bacteriorhodopsin-related
(brp [134]) genes in Halobacterium halobium, and the polA gene
of Streptococcus pneumoniae (135). Significantly, the polA gene
was shown to be transcribed in S. pneumoniae, B. subtilis, and
E. coli using the same transcription start site (135).

Streptomycete promoters with sequences similar to E. coli
Eu70-like promoters

Of the 139 apparent streptomycete promoter sequences tabulated,
29 appear to fall into a group which has been previously described
as streptomycete E. coli -like promoter sequences (30). These
promoters typically are associated with 'housekeeping' genes
(19), but as can be seen in Table 1, a wide variety of genes
associated with secondary metabolic functions is also included
in this group. Included in this group are the 'SEP' promoters,
which have been defined functionally only by their activity in
E. coli (49,50); it is possible that these 'SEP' promoters may
not have activity in vivo in streptomycetes.
The promoters in Table 1 were grouped together based on two

criteria: (i) their sequences are relatively similar to the consensus
sequence for E. coli promoters recognized by Ea70 (in which the
-35 hexamer is TTGACA and the -10 hexamer is TATAAT
[17,18]); and (ii) the -10 and -35 hexamers of these promoters
are 16 to 18 nucleotides apart. The latter requirement is especially
important because >92% of all E. coli promoters recognized
by Ea70 have spacers between -10 and -35 of 16 to 18
nucleotides (57% of those have spacers of 17 nucleotides [18]),

spacer mutations have been shown to yield strong effects on
promoter activities (136,137), and the RNA polymerase
holoenzyme appears to contact only one side of the DNA helix
(138). Recent mutational studies on sigma factors (139-141)
have confirmed the premise of Losick and Pero (26) that sigma
factors generally contact nucleotides in both the -10 and -35
hexamers.
The Ea70-like streptomycete promoters have been separated

into three subgroups on the basis of the number of nucleotides
in the spacer regions separating the -10 and -35 hexamers.
If promoters with a 19 nucleotide spacer region were included,
certain other streptomycete promoters such as amy-pl, hrdD-
pl, and gylR-p might be included with the other apparent
Ea70-like promoters. The average distance between the -10 and
-35 hexameric regions of the promoters in Table 1 is 17.3
nucleotides. This is similar to E. coli promoters recognized by
Eu70, in which the optimal spacer distance is 17 i 1 nucleotides
(17,18). Jaurin and Cohen (128) found that addition of 1
nucleotide to the 16 nucleotide spacer region of the E. coli ampC
promoter increased transcription efficiency 16-fold in E. coli and
30-fold in S. lividans. Thus, it is apparent that the size of the
spacer also is important to the activity in S. lividans of Ea70-like
promoters.

Certain of the putative promoters shown in Table 1, including
SEP2 (49), SEP3 (49), SEP6 (49), SEP8 (50), pIJIOIA-p (36)
(kilB-p [58]), pIJIOIB-p (36) (tra-p [58]), pIJ101-pc (73), and
XP55-p (80), are functional in E. coli, further demonstrating the
relationship between these and E. coli promoters recognized by
Ea70. S I nuclease protection analyses showed that the
transcription start sites ofpIJJOJ-pc (73), ampC (an E. coli gene
[128]), and pIJJOIA-p (36) were at the same nucleotide or within
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Table 4. Promoter regions and 5' coding regions of streptomycete genes in which transcription from the nearest promoter and translation are proposed
to initiation from the same nucleotidea.

# Gene -35 region -10 region tss/TICb Coding region Reference

1. eriE GATGCTGTTGTGGGCTGGACAATCGTGCCGGTTGGTAGGATCCAGCG GUG AGC UCG GAC GAG CAG CCG CGC 35

2. korB AGCCTGAACTAGTTGCGCAGACTGACACAGTCGGTCAGGATGACTTC AUG ACG CAA AAG ACA CCG GGC GAG 58

3. nshR CGCTCTGGTGGCCGGGGGCGCAGGCTCCCGGCCACTAGACTGCGCGC AUG ACU GAG CCC GCC AUC AUC ACG 69

4. sta GGCTGAAACCAGACCTCACCGGGGCAGGCCGGGCATAGCCTCGGGTC AUG ACC ACG ACC CAU GGC AGC ACG 96

5. A CGGAAAATCGCTACGGCCCGCACACCGGCGGCTGATATGCTGAGCCG AUG GAC GCC CCG ATC CCG ACC CCG 94

6. aacC9 AAATTACTCGGTTACCTGACGCCCCGGCTCAGGAGAGCCTGCTAGCT AUG GAA GAG AUG AGC UUA CUC AAU 95

7. afsA GGGGAGTTATGCCCGAAGCAGCAGTCTTGATCGATCCGGTGCCGACT AUG GAC GCG GAG GCC GAG GUG GUG 107

8. aacC7 GAGAAATACGGTGCCGGTGACCGTGAGCGACGGATACCTTCCCGTCC AUG GAC GAA CUC GCC UUG CUC AAG 86

9. oh GACGAAAGGCGCGGAACGGCGTCTCCGCCTCTGCCATGATGCCGCCC AUG GAC GAC AGC ACG UUG CGC CGG 46

10. rh GTCAAATCACCTAGGGAGAAGGTGCCTTCTCTGCCATGATGCCGACC AUG GM AGC ACG UUG CGC CGG ACA 106

11. cdh GACAATCGGCCTCGAAACTGGAACCTGTTTCAGTTAAGCTGCCCGTC AUG GGU GAC GCA UCU UUG ACC ACC 108

aSymbols and abbreviations: The transcription start sites are denoted by a dot beneath the nucleotide, and GUG and AUG indicate the initiation codons.
bAbbreviations: tss, transcription start site; TIC, translation initiation codon.

1-2 nucleotides in S. lividans and E. coli, indicating that the
transcription initiation sites for these genes in these two very
different organisms were nearly identical. Interestingly, the G+C
content of these putative promoters (SEP2, SEP3, SEP6, SEP8,
pIJIJOA-p, pIJIOJB-p, and pIJ101-pc, and XP55-p) transcribed
in E. coli is 47.9 mol %. On the other hand, the vph, tsr, aph,
and ermE genes were not expressed from their own promoters
(shown in Table 2) in E. coli (32,35). As would be expected,
most of the promoters (e.g., ermE-pl, aph-pl, aph-p2, tsr-pl,
tsr-p2, vph-pl, vph-p2) of these genes do not have sequences
resembling Ea70-like promoters, so their function in E. coli
would not be expected. Why ermE-p2 (Table 1; spacer, 18
nucleotides) is not active in E. coli is not known at this time.
A compilation of -10 and -35 hexamer sequences of the

streptomycete Ea70-like promoters indicate that the updated
consensus sequences for the these now should be T-T-G-A-C-
(Pu) for the -35 region and T-A-g-(Pu)-(Pu)-T for the -10
region (Table 5).

Other streptomycete promoters

Only 29 out of the 139 streptomycete promoters analyzed
appeared to fit into an Eu70-like promoter consensus group. An
effort has been made to group together promoters with similar
sequences. In obvious cases, the similar sequences between two
promoters, or among several promoters (particularly in the
important -10 and -35 regions), are indicated by underlining.
These side-by-side comparisons, however, are not intended to
depict classes of promoters. Indeed, such classes can only be
constructed after it has been determined which RNA polymerase
holoenzymes recognize and transcribe which sequences.
Nevertheless, among the remaining 110 promoters, several
interesting comparisons can be made which may suggest possible
relationships for future studies on their functionality. For
example, gal-pl, which is now known to contain a string of G
residues in the functional -35 region (Westpheling, pers. comm.)

has a similar -35 region with several other promoters, including
nshR-p, afsB-p, gylR-p, orfl-pl/p2, sph-p, afsR-p2, and nshA-
p. In several of these promoters, a possible E&70-like -10
region can be seen (as marked), although the functional
significance of this is as yet unknown. Other apparent
streptomycete promoters having similar sequences can be
compared directly by viewing Table 2.

Promoters with specialized structures or functions

Considering the broad ranges of metabolism that are encompassed
by the promoters described, it is likely that sequences other than
just the -10 and -35 regions are important to the regulation
of transcription. For example, promoters sapA-p (52) and tipA-
p (98) are not constitutively transcribed; sapA-p is temporally
regulated and is maximally transcribed after exponential phase
is completed (51,52) and tipA-p is induced by thiostrepton (98).
Recent studies have also shown that activity of aphD-pl (the
promoter upstream of strR) is dependent on the presence of A-
factor (90). Although specialized RNA polymerases may
recognize features of the -10 and/or -35 regions of these genes,
other features of the promoter regions also may be involved in
temporal or induction/repression mechanisms. DNA within
several streptomycete promoter regions has significant potential
for forming secondary structures (i.e., hairpin loops), including
tipA-p (98) mentioned above, pabS-p, which is regulated by
phosphate (105), hyg-p (110), and rep-pl, the promoter for the
repressor gene of 4C3 1 (40).
Some streptomycete promoters thus far studied are clearly

regulated temporally. In vivo promoter probe analysis has shown
that the sapA-p promoter of the spore-associated-protein (sapA)
gene of S. coelicolor (51,52) is present only after growth in a
colony has ceased, and SI nuclease protection analyses of the
nshA-pl promoter of Streptomyces actuosus (70) and of the Al-p
promoter isolated from a Streptomyces aureofaciens plasmid (42)
showed that these promoters are not active until late in the growth
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Table 5. Analysis of 28 streptomycete promoter sequences similar to those recognized by RNA polymerases containing the
a70 subunit in Escherichia coli and oA in Bacillus subtilis.

Number of examples of nucleotide in position of hexamer given
Description -35 region -10 region

nt position 1 2 3 4 5 6 -spacer-a 1 2 3 4 5 6

T: 25 26 0 2 2 5 17 3 4 3 3 29

A: 0 0 0 2Q 3 8 0 25 3 12 11 0

G: 4 3 29 1 5 10 3 1 12 8 10 0

C: 0 0 0 6 19 6 9 0 10 6 5 0

Consensus: T T G A C (Pu) T A g (Pu) (Pu) T

Percent: 86% 90% 100% 69% 66% 62% 59% 86% 41% 69% 72% 100%

aThree, 14, and 12 promoters had spacer regions of 16, 17, and 18 nucleotides, respectively.

curves of the respective organisms. These three temporally-
regulated promoters do not share significant sequence similarities
from -40 to +1 (Table 2).

Mutational studies with streptomycete promoters

The promoters of four streptomycete genes (ermE, aph, tsr, gab,
and one E. coli promoter expressed in S. lividans (ampC-p) have
been analyzed by deletion or site-specific mutation analysis. The
-35 region (TTGTCA) of the wild-type E. coli ampC promoter

is separated from the -10 region (TACAAT) by 16 nucleotides
(128). As mentioned previously, insertion of an additional
nucleotide in the spacer region resulted in a 16-fold and 30-fold
increase in promoter activity in E. coli and S. lividans,
respectively (128). Site-specific mutations in the -10 (from TA-
CAAT to TATAAT) and -35 (from TTGTCA to TTGACA)
regions, making ampC-p identical to the consensus E. coli
promoter sequence (17,18), resulted in higher transcription
activities in both E. coli and S. lividans. It is perhaps notable
that the effects were 2 to 3-fold greater in E. coli than in S.
lividans (128). These increases in promoter activity, however,
were significantly smaller than the increase caused by changing
the spacer region from 16 to 17 nucleotides (128).
The streptomycete promoters aph-pl (43,46) and ermE-pl

(35,43) are similar in that they both promote transcription at the
translation initiation codon and they have similar Eu70-like -10
regions (CATGAT and TAGGAT, respectively). Site-specific
mutagenesis of the 3' T (which is considered to be the most

strongly conserved nucleotide of the -10 region; 17) in -10

region (to make CATGAC and TAGGAC, respectively) resulted
in reduction of the transcript level below levels detectable by SI
nuclease protection analysis (35,43,45,46). Mutation of the -35
region of ermE-pl by site-directed mutagenesis of the TGGAC-
A to AAAACA resulted in no effect on the level of transcript
obtained, and deletion of the TGG nucleotides (resulting in the

formation of a -35 region of GGCACA) resulted in slightly
increased transcript levels (45). Thus, deletion of the TGG moved

a potential, and presumably normally non-functional,
conventional -35 region to a reasonable position upstream of
the presumed -10 region. This indicates that the hexamer TGG-

ACA, which actually resides around -28, is not important to
the activity of the promoter.
Replacement of the sequences upstream from -22 of tsr-p2,

resulting in two very different significant alterations in the
nucleotide sequences of the -35 region, did not affect the location
of the transcription start site of tsr-p2 (47). On the other hand,
recent experiments on E. coli promoters have shown that both
the -10 and -35 consensus hexamers, along with the nucleotide
sequences in the spacer region, are important for providing both
specificity and efficiency of transcription (142,143). Data suggest
that sequences upstream of -6 are not required for efficient
promoter activity in vitro (142). Nevertheless, Bibb and Janssen's
experiments (35,43 -47), as a whole, suggest a minor role for
the interaction of streptomycete RNA polymerases with the -35
regions of these particular promoters. Moreover, Baum et al.
(38) isolated a DNA fragment from Micromonospora echinospora
that contained multiple tandem promoters that were active in both
M. echinospora and S. lividans. They showed that mPla and
mPJb were active despite deletion of all sequences up to -5 and
-17, respectively (38). These data seem to corroborate the results
obtained by Janssen and Bibb that certain actinomycete promoters
may have reduced requirements for upstream sequences (e.g.,
-35 region). Promoter mPJc, on the other hand, had significantly
reduced activity when sequences up to -34 were deleted (38).
Various studies have shown that not all of the information
required for promoter activity in E. coli is found in the -10 and
-35 hexamers. For example, ideal -10 and -35 hexamers,
separated by 17 nucleotides, have been found in E. coli sequences
which do not exhibit promoter activity (144). In some cases,
sequences upstream of the -35 hexamers (up to -160) (145)
or downstream of -10 (as far as +20) (146) have been shown
to have important effects on promoter strength. On the other
hand, deletion of the -35 regions of certain E. coli promoters
has little or no effect on transcription efficiency, similar to the
results observed with the streptomycete promoters described
above (147). Finally, the region protected by E. coli RNA
polymerase typically ranges from -50 to ca. +10 (148) and
sometimes can extend to -100 or to +20 (149), indicating that
sequences important to promoter efficiency potentially could
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reside anywhere within this large region (137). Nevertheless,
conserved -10 and -35 hexameric sequences have been shown
to have significant contributions to promoter activities in most
cases (17,18,137,142,143).

Westpheling and her colleagues have recently analyzed the -35
region of the gal-pl promoter using site directed mutagenesis.
This promoter has a hexameric sequence of GTGACA (similar
to an E. coli Eu70-like -35 sequence, albeit 23 nucleotides
upstream of the putative -10 hexamer) centered around ca. -38
and a hexamer of GGGGGG centered around -32 (68).
Alteration of nucleotides in the TTGTGA hexamer resulted in
no significant change in promoter activity whereas mutation of
nucleotides within the hexameric G residues resulted in promoter
down mutations (J. Westpheling, personal communication). There
are three significant aspects to these results: (i) this amply
demonstrates the care that must be taken not to overemphasize
similarities based on sequence comparisons alone; (ii) this
corroborates the stringency of the spacer distance between the
-10 and -35 hexamers observed in E. coli promoters
(128,136,143); and (iii) these data suggest a new streptomycete
promoter sequence which a specific RNA polymerase may
recognize.

It is clear from the data presented herein that the work on
streptomycete promoters and the RNA polymerases that recognize
them is still in its infancy. Considerable effort needs to be made
to show functionality to the apparent promoter sequences shown
in this study. Given the complexity of streptomycete
morphological and physiological differentiation and the apparent
differences between regulation in streptomycetes versus other
eubacteria, numerous RNA polymerase holoenzymes would also
be expected to be involved in directing the transcription of genes
of primary and secondary metabolism. At the 'International
Symposium on Biology of Actinomycetes' recently held in
Madison, WI, several advances in the research on streptomycete
promoter sequences were described by a wide variety of research
groups. For examples, several new promoter sequences were
described, DNA footprint analyses by several groups have
identified specific sequences to which putative repressors bind
within the promoter regions, and in depth mutational analyses
of several promoter sequences were described. As these data
become published, it should become apparent that regulation of
gene expression in streptomycetes is quite complex indeed.
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