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ABSTRACT

Majority of the promoter elements of mycobacteria
do not function well in other eubacterial systems
and analysis of their sequences has established
the presence of only single conserved sequence
located at the —10 position. Additional sequences
for the appropriate functioning of these promoters
have been proposed but not characterized, probably
due to the absence of sufficient humber of strong
mycobacterial promoters. In the current study, we
have isolated functional promoter-like sequences
of mycobacteria from the pool of random DNA
sequences. Based on the promoter activity in
Mycobacterium smegmatis and score assigned by
neural network promoter prediction program, we
selected one of these promoter sequences, namely
A3, for characterization in order to understand the
structure of housekeeping promoters of mycobac-
teria. A3;~RBRNAP complexes were subjected to
DNase | footprinting and subsequent mutagenesis.
Our results demonstrate that in addition to —10
sequences, DNA sequence at —35 site can also
influence the activity of mycobacterial promoters
by modulating the promoter recognition by RNA
polymerase and subsequent formation of open
complex. We also provide evidence that despite
exhibiting similarities in —10 and —35 sequences,
promoter regions of mycobacteria and Escherichia
coli differ from each other due to differences in
their requirement of spacer sequences between the
two positions.

INTRODUCTION

Success of a pathogen lies in its ability to control gene
expression under varying environmental conditions. In pro-
karyotes gene expression is mostly regulated at the initiation

of transcription. Mycobacterium tuberculosis, one of the most
successful and dreaded organisms is responsible for the loss
of ~40000 human lives every week, globally (1). The gen-
ome sequence of M.tuberculosis has revealed the presence
of 13 different sigma factors (2); some of these have been
implicated in the control of pathogenesis of the organism
(3—10). Hence, one of the critical factors for the success of
M .tuberculosis as a pathogen appears to be its ability for dif-
ferential expression of genes required for its survival under
various environmental conditions, it faces during the course
of infection. Despite several elegant studies on the expression
of genes in mycobacteria, we still lack a clear understanding
about the structure of mycobacterial transcriptional elements.

In an earlier study, we had characterized promoter ele-
ments of M.tuberculosis and Mycobacterium smegmatis and
showed that fast growing M.smegmatis and slow growing
M tuberculosis and Mycobacterium bovis BCG recognize
mycobacterial promoters with similar efficiencies and that
the basic transcriptional machineries of these mycobacterial
species have common determinants of transcriptional specifi-
city (11). Our study revealed that at —10/extended —10 posi-
tions the mycobacterial promoters have sequences similar to
their counterparts in Escherichia coli; most significantly, the
mycobacterial promoters appeared to lack any other canoni-
cal sequence(s) except the Pribnow Box. However, deletion
of entire promoter sequence, upstream to —10 hexamer in a
few of the mycobacterial promoters and consequent loss of
their transcriptional activities (~90%) clearly suggested the
requirement of additional upstream sequences for the optimal
functioning of these promoters (11). Although, a number of
mycobacterial promoters have been reported to posses
E.coli-like —35 sequences (12), only a few of these exhibit
comparable activity in both the organisms (13-23). In fact,
in a systematic study on the transcriptional signals of myco-
bacteria, we had shown that most of the mycobacterial pro-
moters function very inefficiently in E.coli (11).

In this study, we have characterized the important regions
in the housekeeping mycobacterial promoters. The availabil-
ity of abundant strong promoter sequences marks the primary
requirement for the characterization of important promoter
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regions. However, in an earlier study it was demonstrated that
most of the mycobacterial promoters are weak (24). Hence, in
the current study, we first selected sequences similar to those
of functional promoters of mycobacteria from a random DNA
sequence library. The selection was based on the promoter
activity of these DNA sequences in M.smegmatis. Out of
475 promoter clones, 40 clones exhibiting the varying pro-
moter activities were sequenced and 26 unique clones were
subsequently analyzed by using neural network promoter pre-
diction (NNPP) program, (version 2.2) (http://www .fruitfly.
org/seq_tools/nnppAbst.html). One of these promoter-like
sequences namely Aj,, based on its high activity and score
was subsequently selected for detailed characterization. Our
results demonstrate that both the —10 and —35 conservations
are required by mycobacterial promoters for the initiation of
transcription and optimal activity. We also provide evidence
for the functional differences in the promoter regions of
mycobacteria and E.coli.

MATERIALS AND METHODS
Strains, plasmids and enzymes

In this study we used E.coli strain XL1Blue (F'::Tnl0
proA*B* lacl® AllacZ] M15/recAl endAl gyrA96 [Nal'] thi
hsdR17 [remy] glnV44 relAl lac), procured from Stratagene,
La Jolla, CA, USA and BL21 (DE3) pLysS (F- ompT hsdSg
[rgmg] gal decm [DE3] pLysS [CmR]), purchased from
Novagen, Madison, WI, USA. M.smegmatis MC?155
(avirulent, fast growing saprophytic strain of mycobacterium)
was kindly provided by Dr S. Bardarov, Albert Einstein Col-
lege of Medicine, NY, USA. Plasmid pSD5B (mycobacteria-
E.coli shuttle vector carrying promoter-less /acZ gene) was
constructed in our laboratory (25) and pET-23b (expression
vector with pBR322 plasmid origin of DNA replication and
T7 promoter) was obtained from Novagen, Madison, WI,
USA. Enzymes and kits were as follows: restriction enzymes,
T4 DNA ligase and T4 polynucleotide kinase from New
England Biolabs (Beverly, MA, USA); Sequenase version
2.0 kit from United States Biochemical Corp. (Cleveland,
OH, USA); Pfu DNA polymerase from Stratgene (La Jolla,
CA, USA) and DNase I (Grade II) from Roche Applied
Science (Indianapolis, IN, USA).

DNA manipulations

PCR amplifications were carried out according to the manu-
facturer’s specifications (Applied Biosystems, Foster City,
CA, USA). Each of the 30 cycles was carried out at 94°C
for 1 min, 60°C for 1 min and 72°C for 1 min, followed by
final extension at 72°C for 10 min. DNA fragments used
for cloning and labeling reactions were purified by using
GFX™ PCR DNA and Gel Band Purification Kit (Amersham
Biosciences, Piscataway, NJ, USA) as per the manufacturer’s
specifications.

Construction of promoter fragments with
random sequences

Promoter fragments were selected by partially annealing
oligomers, oligos 1 and 2 (Figure 1). The oligol contained

a 29 bp long random sequence, flanked by constant
sequences, at its 5’ and 3’ ends. The flanking sequence at
the 5" end comprised of a partial TER3 terminator sequence
of pSD5B and the flanking sequence at the 3’ end carried
the sequence of coding strand of sigA gene from position
—142 to —163 (with respect to translational start codon).
The oligo2 contained the sequence of template strand of
sigA gene from position —88 to —163 (with respect to trans-
lational start codon). Thus, these oligomers had a 22 bp long
complementary sequence for hybridization. The template
strand of sigA gene (in oligo2) carried mutations at positions,
—141 and —140 (5'-TA-3’ to 5'-GC-3'), which abolished
inherent transcriptional activity of this sequence (data not
shown) (Figure 1). Promoter fragments used in the first
round of selection were generated in vitro by hybridizing
these two partially complementary oligonucleotides, oligol
and oligo2 (Figure 1). Oligonucleotides (1 uM each) were
incubated in 40 mM Tris—HCI (pH 7.5), 20 mM MgCl, and
50 mM NacCl for 5 min at 95°C and then annealed by slow
cooling to 30°C for 1 h. The 3’ ends were extended with
0.5 mM dNTPs and 3 U of Sequenase DNA polymerase at
37°C for 1 h. The resulting fragments were extracted with
phenol, followed by chloroform. A total of 20 randomly
chosen fragments were sequenced after cloning in pGEM3Z
vector at Xbal-Sphl sites; the frequency of base pairs at
each position in the randomized region was approximately
equal (data not shown). DNA fragments were end-labeled
by PCR amplification by using a set of primers, PrF’ and
oli%02, one of which (oligo2) was labeled with 10 puCi
[y-"*P]JATP (4000 Ci/mMol) and polynucleotide kinase,
according to the manufacturer’s recommendations.

In vitro selection

Labeled DNA fragments (~0.5 uM) were incubated with
~1 uM RNA polymerase (purified from M.smegmatis,
as described earlier (26)). After binding for 10 min at 37°C,
heparin was added at a final concentration of 10 pg/ml.
After incubation for 10 min at 37°C, RNAP-promoter
complexes were separated from unbound DNA on 5% non-
denaturing polyacrylamide gels. These complexes were
eluted by Tris—HCI (10 mM)/EDTA (1 mM), pH 8.0 and
the purified DNA was amplified by PCR by using Pfu DNA
polymerase. Primers, PrF’ and oligo2 contained all non-
randomized promoter positions to reduce the frequency of
PCR-generated mutations that might increase promoter bind-
ing by RNAP. Amplicons were monitored on gels and the
PCR was terminated at appropriate stage to avoid formation
of heteroduplexes (27). In the third and subsequent round
of selection, the PCR-amplified DNA fragments from the pre-
vious round were used and the RNAP-binding reactions were
carried out under progressively more stringent conditions [by
reducing RNAP concentration to 0.1 UM after second round
of binding; 10 nM after fourth round of binding and 1 nM
after sixth round of binding (keeping reaction time 10 min),
and reducing reaction time to 5 min after sixth round of bind-
ing and 2 min after eight round of binding (keeping RNAP
concentration 1 nM)]. DNA fragments obtained in each
round of selection were subsequently PCR amplified and
cloned in pSD5B at its promoter cloning sites. The recombi-
nant vectors were employed to determine the transcriptional
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Oligo 1 -163 -142
GGGCTTTTTTTTGGATCCTTCTAGANNNNNNNNNNNNNNNNNNNNNNNNNNNNNCTGTACTCGTGCGCAGTAAAGT -88
PrF’ GACATGAGCACGCGTCATTTCACGGTTACCAGTCGCCGCCGECEEECTEECTATCGCGCGCTCATAAGTGCGACTAGCGTACG
*E Oligo 2

End filling by Sequenase

PCR amplification by
PrF’ and labeled oligo2

Xbal Sph'1
GGGCTTTTTTTTGGATCCTTCTAGANNNNNNNNNNNNNNNNNNNNNNNNNNNNNCTGTACTCGTGCGCAGTARAGTGCCAATGETCAGCGECEECCGCCCGACCGATAGCGCGCGAGTATTCACGCTGATCGCATGC
CCCGAAAAAAAACCTAGGAAGATCTNNNNNNNNNNNNNNNNNNNNNNNNNNNNNGACATGAGCACGCGTCATTTCACGGTTACCAGTCGCCGCCGGCGGGCTGGCTATCGCGCGCTCATAAGTGCGACTAGCGTACG R

Binding with RNAP

|

Elution
PCR amplification by
PrF’ and oligo2

Restriction digestion
by Xba 1 and Sph 1

v

Clone in pSD5B

l

Measure -galactosidase activity

Figure 1. Generation of promoter fragments with random sequences by in vitro selection. Oligonucleotides were annealed and extended with Sequenase DNA
polymerase to form a library of double-stranded DNA fragments carrying 29 bp long random sequence, flanked by constant sequences, at its 5" and 3’ ends. The
flanking sequence at the 5" end comprised of a partial TER3 terminator sequence of pSD5B and the flanking sequence at the 3’ end carried the sequence of coding
strand of sigA gene from position —142 to —163 (with respect to translational start codon). The oligo2 contained the mutant sequence (positions of mutations are
marked by small asterisks) of template strand of sigA gene from position —88 to —163 (with respect to translational start codon). These oligonucleotides were
designed in such a way that the resulting double-stranded DNA fragments contained an Xbal site upstream to random sequence and an Sphl site downstream to it.
The end-labeled DNA fragments were obtained by subjecting the double-stranded DNA fragment to PCR amplification by using primer PrF’ and labeled primer
oligo2. Primers, PrF’ and oligo2, were designed in such a way that the amplicon carried sufficient bases (76 bases) downstream to the random sequence to ensure
that the selected promoter sequences have sufficient bases downstream to the TSP. These end-labeled DNA fragments were subjected to EMSA by allowing them
to form the complex with RNAP of M.smegmatis. The DNA fragments were subsequently eluted from the gel and re-amplified by PrF’ and oligo2. PCR amplicon
was subsequently used for either its cloning into the pSD5B (after digestion by Xbal and Sphl) or as a template for second round of PCR amplification using
primer PrF’ and labeled primer oligo2. B-Galactosidase activity of the promoter clones was determined, as described in Materials and Methods. Bold star

represents the labeled end of promoter DNA fragment.

activity of cloned DNA fragments in M.smegmatis (Figure 1).
Ten rounds of in vitro selection were carried out, as after
tenth round we could not monitor any complex on the gel
(data not shown).

Construction of mutants

DNA fragments carrying the mutations and deletions/
insertions in promoter sequences were constructed by two-
step PCR amplification using overlapping modified primers,
as described earlier (28). After cleavage with Xbal-Sphl,
these fragments were cloned in pSD5B and the recombinant
vectors were used to transform E.coli XL1Blue and M.smeg-
matis MC?155 strains, respectively, and the transformants
were grown on Luria—Bertani plate containing kanamycin
(25 pg/ml) and X-gal (60 pg/ml). Nucleotide sequence of
DNA fragments was determined by the Sequenase version
2.0 according to the manufacturer’s instructions.

Primer extension

The transcription start point (TSP) of Az, was determined by
isolating RNA from M.smegmatis, harboring pSD5B-Aj;;.

Primer extension was carried out by using the primer PrlacZ
(Figure 4), as described earlier (11).

Electrophoretic mobility shift assay (EMSA)

EMSA was performed typically as described earlier (26),
except whenever needed, heparin was added (10 pg/ml)
after 10 min of binding of RNAP with promoter fragment.
All the binding reactions were performed with PCR-amplified
labeled promoter fragments as template. The DNA fragments
were PCR amplified by using primers, PrF (labeled by using
the [y-"*PJATP and T4 polynucleotide kinase, according to
the manufacturer’s specifications) and PrR (Figure 4A),
resulting in a 217 bp amplicon, which contained 142 bp
upstream of the TSP (+1) of A3, and 75 bp downstream
of +1 (Figure 4C).

DNase I footprinting

DNase I footprinting of the RNAP-Aj;; promoter complexes
was performed with 217 bp long PCR amplicon, labeled at
single end as described above. Footprinting was carried out
as described earlier (26).
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Determination of promoter activity by
B-galactosidase assay

Promoter activity was determined by conducting the
B-galactosidase assay, as described by Miller (29).

RESULTS

Selection of strong transcriptional signals
of mycobacteria

We made an attempt to generate the strong promoter
sequences of mycobacteria by following a strategy, similar
to saturation mutagenesis (30). However, owing to lack of
enough information about the sequence requirements by
mycobacterial transcriptional machinery, we restricted the
length of random nucleotides to 29 bases (Figure 1), which
represent the number of bases acquired between —10 and
—35 hexameric sequences ([6 X 2] + 17) in other prokaryotic
systems (31,32). However, the random DNA sequence library
generated by us represents relatively small fraction of
possible DNA sequences at the site of randomization, as
compared to the one exhibiting 95% coverage (which would
need enormous starting DNA material (>5 mM), and thus
may not be experimentally feasible). Despite this caveat, as
described below, we were able to select several strong tran-
scription signals of mycobacteria.

The initial selection of strong promoter-like sequences
was based on the ability of these random DNA fragments
to bind with RNAP and form open complexes under varying
stringencies in the presence of heparin, as described in Mate-
rials and Methods. Subsequently, by using -galactosidase-
based reporter plasmid the transcriptional activities of
~475 selected DNA sequence clones were determined in
M .smegmatis, which varied from ~900 to ~39000 nmol/
min/mg (B-galactosidase activities; data not shown). For
further analysis, 40 clones were selected for nucleotide
sequencing which included all the clones exhibiting greater
than ~2000 nmol/min/mg activity [which represents the
activity of the constitutive sigA promoter (Figure 7A)], and
some clones with the promoter activity of lower than 2000
nmol/min/mg. As shown in Figure 2, 26 out of 40 clones
exhibited unique sequences.

Promoter prediction by NNPP program and
sequence analysis

To define the promoter elements, the sequence of the above
26 clones was analyzed by NNPP program (http://www.
fruitfly.org/seq_tools/nnppAbst.html). Each of the DNA
sequences containing 29 bp long unique sequence, flanked
by 15 bp long constant sequences, at its 5’ (5'-TTGGATCC-
TTCTAGA-3') and 3’ (5-CTGTACTCGTGCGCA-3') ends
was subjected to promoter prediction analysis. The NNPP

| 29 nt

5’ -GGGCTTTTTTTTGGATCCTTCTAGA

GATTGTACAGGTTCAATCCCCGTGGTACA
TTGTGGATGGCGCGCACGGATTGTGACTC
TGTACACTGGCGGTACAGGGACGGCTAAT
TTTGCGATATATGTTGCGTCGCTGGTAGC
GAGGAGACCTGCCTAAGTCCGGGCGCAGG
CAGTATCGTAGACTAGTTATAACTGTTGA
AAGAACCACCAAATCTACGCCTCGTTCGA
CCCGGTATTGTATCATGGATTGTATAATA
GCTGTTGGTCCAGAACGTCACATCTTATA
GGGCTGGTGCAGCGCAAGTAACTATAGTG
GCTGTTGGTCCAGAACGTCACATCATATA
AACGCGCTATCATTGCTGGATGAGAAACT
GCTAATCTGGGATTATAGAGGTACAAGGC
GGAGGGGTTCCAGTGCCCATGCCAGGTGT
CGTTAAGGTTGGCAAGTAAACCCTTACCG
ATGTAGGCCGAATCATCCGTAGTAAGTCG
TTCAAGGCGCTCTAAACATCGGTCTGCAG
GAAATGGACAGTGGCATGCACTTGCTCGG
TCTTATGGACGGGGCTATAATGTATCACG
CGCGCCACGGCAGGACTCCGCTGGAACCT
CTTTGGGGACGGCTGCCATCAGGCCAATG
TAAGACTAAGAGTCAGTGCGTTGATCACG
GATATGGTGGCAATAAGACGACGCATCGA
GAGTGCATGAGGGAAGCTAACTCCAGACG
TGGGAGCTGTGGATTTCCACCCAGTTGCA
GAAAGGAGACGCTATCGTCACGCGAGGTA

CTGTACTCGTGCGC. . .-3"

Clone B-galactosidase activity

(nmol/min/mg)
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Figure 2. Analysis of unique promoter clones. The open box represents the position of 29 bp long unique sequence in each promoter clone, flanked by constant
sequences, at its 5" and 3’ ends, as described in Figure 1. Promoter activity was measured as B-galactosidase specific activity. The values represent mean of three

separate assays.
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5’ -TAGATTTGCGATATATGTTGCGTCGCTGGTAGCCTGTACTCGTGCGCA-3"
5’ -TAGAGATTGTACAGGTTCAATCCCCGTGGTACACTGTACTCGTGCGCA-3"
5’ -GATCCTTCTAGACAGTATCGTAGACTAGTTATAACTGTTGACTGTACTCG-3"
5’ -TTCTAGACCCGGTATTGTATCATGGATTGTATAATACTGTACTCGTGCGC-3"
5’ -TCTAGAAACGCGCTATCATTGCTGGATGAGAAACTCTGTACTCGTGCGCA-3"
5’ -TTCTAGAGGGCTGGTGCAGCGCAAGTAACTATAGTGCTGTACTCGTGCGC-3"
5’ -TAGATGTACACTGGCGGTACAGGGACGGCTAATCTGTACTCGTGCGCA-3"
5’ -TAGAGCTGTTGGTCCAGAACGTCACATCATATACTGTACTCGTGCGCA-3"
5’ -TAGAGCTGTTGGTCCAGAACGTCACATCTTATACTGTACTCGTGCGCA-3"
5’ -TTCTAGATCTTATGGACGGGGCTATAATGTATCACGCTGTACTCGTGCGC-3"
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Figure 3. Promoter prediction by the NNPP program. Each of the DNA sequences containing 29 bp long unique sequence, flanked by 15 bp long constant
sequences, at its 5’ and 3’ ends was used for the promoter prediction by NNPP program by using minimum promoter score >0.25. +1 indicates the putative TSP,
identified by the NNPP program. The values represent the score assigned to each DNA sequence.

program recognized 10 out of 26 sequences as having a
definitive TSP with a score of >0.25 (Figure 3). Moreover,
these promoter sequences appeared to contain the conserved
bases, 5'-WTS-3" at —35 and 5'-TATACT-3" at —10 posi-
tions, with respect to their putative TSPs and exhibited strong
activities ranging from ~3000 to 39000 nmol/min/mg
(Figures 2 and 3). Promoters, A,;, A>, and Az also contained
an extended —10 motif. These results indicate that despite
using the incomplete DNA sequence library, we were able
to select a few strong promoter sequences preferred by
mycobacterial RNAP. However, as shown in Figures 2 and
3, activities of these promoter sequences were not corre-
sponding to the scores assigned by the program. Therefore,
we selected one of the promoter sequences, Az, for further
characterization on the basis of its highest activity and the
score >0.9, assigned by NNPP program.

To experimentally define the promoter elements of Az,
it was subjected to primer extension analysis, which
revealed that transcription from this promoter starts from a
purine residue G near the position predicted by program
(Figure 4B). Analysis of the promoter sequence revealed
the presence of an extended —10 sequence 5'-TGGTACACT-
3/, 6 bp upstream to the +1 site (Figure 4C).

DNase I footprinting analysis of A3;,—~RNAP complex

In order to characterize the base positions in Az, promoter
required for the binding of mycobacterial RNAP during the
binary complex formation, the RNAP-A;, promoter com-
plexes were subjected to DNase I treatment and the gel
band intensities were analyzed by densitometric scanning
by using NIH/mage program. As shown in Figure 4D, the
holoenzyme partially protected the sequences around —10
position and exhibited complete protection of the bases
5'-ACAGG-3', near —35 position (from —31 to —27 posi-
tions). The binding of RNAP also revealed a few hyperactive
sites at positions —24, —25, —34, —38, —41 and —43
(Figure 4D). Protection of bases near —10 and —35 positions
of Aj, implicated that these promoter regions could play an
important role in the recognition of RNAP.

Base substitutions at —35 region and its influence on
promoter functions

Based on the DNase I footprinting results, we evaluated the
effect of base substitutions from positions —35 to —27 on

the activity of Az, promoter. Since the presence of TGN
motif in case of mycobacteria may mask the contribution
of —35 region in the promoter activity (26), we first mutated
the TGN motif of Az, and the subsequent mutations in the
—35 region were carried out with A3,7.. In the preliminary
studies it was observed that substituting T at position —35
by G [A3776.(35T-G)], TT at positions —35 and —34 by
GG [A3776.(35.34TT-GG)], and GT at positions —33 and
—32 by CC [A3776.(;33.32GT-CC)] resulted in a substantial
reduction in the Ajz;rg. promoter activity. However, sub-
stitutions of bases at positions —31, —30, —29, —28 and
—27 (A31C30 by GG [A3776.(31-30AC-GG)], A29 by C
[A3776.(20A-C)] and G28G27 by TT[A3776-(28-27GG-TT)))
exhibited only moderate effect on the promoter activity
in M.smegmatis. Quantitative estimations indicated that
the activities of (A\;7TG_(_35T—G), A37T0,(_35_34TT-GG) and
A3776.(33.32GT-CC) were reduced by 3-, 4.5- and 3-fold,
respectively, in comparison with the activity of wild-type
promoter (Az;rg.) while the activities of Az776.(.31.30AC-
GG), A37Tg_(_29A-C) and A37Tg_(_zg_27GG-TT) were similar
to the activity of wild-type promoter (Figure 5A).

In order to analyze the effect of these substitutions at
molecular level, both the wild-type promoter Aj;,;g. and
its derivatives were subjected to binding with RNAP. As
shown in Figure 5B, mutations of bases from position —35
to —32 resulted in a significant reduction in binding (Lanes
2, 4 and 5). It was also observed that mutation of A residue
at position —29 exhibited no effect on the binding of RNAP
(Lane 3). Hence, these results were in agreement with the
in vivo activities exhibited by the mutant promoters and
suggested that —35 region of mycobacterial promoter is an
important determinant of its activity.

Determination of the optimal base requirement at
the —35 region

To determine if there is a sequence preference in the —35
promoter element, we examined each position in the —35
promoter region from positions —35 to —30, comparing the
effect of each of the four possible nucleotides on promoter
activity. The activity of these 24 promoter derivatives
(6 positions X 4 bases) was measured in M.smegmatis. As
shown in Figure 6, mutations at positions —35 to —30 exhib-
ited substantial effect on promoter activity and revealed that
the sequence “>TTGCGA > represented the optimal base
requirement at the —35 region of the A;;rs. promoter.
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Figure 4. Analysis of A;; promoter. (A) Schematic illustration of pSD5B-Aj;; promoter clone. Relevant restriction sites, positions of various primers (PrF,
PrR and PrlacZ) and antibiotic resistance marker (kn) are shown. TER1, TER2 and TER3 represent the transcriptional terminators, as described previously
(24,25). (B) Determination of TSP of A;,. Primer extension reaction was carried out with end-labeled primer PrlacZ and RNA isolated from the M.smegmatis
cells harboring pSD5B-Aj;; vector. The reactions were analyzed on urea—6% polyacrylamide gels. Sequencing reactions were also performed with PrlacZ and run
alongside the corresponding primer extension reactions (lane P). Arrow represents position of TSP, which is shown as a bold letter in the sequence. (C) Sequence
analysis of Az, promoter containing region of pSD5B-Aj;,. +1 represents TSP of Az, Sequences written in bold indicate position of —10 sequence of Aj;.
Horizontal arrows represent the sequences of PrF, PrR and PrlacZ primers, respectively. Sequence written in italics represents the transcriptional terminator,
TER3. Positions of restriction sites flanking the promoter region are shown. (D) DNase I protection assay using RNAP bound to the A;; promoter. The gel
electrophoretic pattern and the corresponding densitometric scan of the coding strand are shown. Arrows indicate the positions of DNase I hyperactive sites due
to the binding of RNAP. The numbers indicate the positions of respective bases. The solid vertical bar indicates the positions on the promoter region that are
completely protected; the interrupted bar represents the sequence that shows partial protection. G+A represents sequencing ladder by the Maxam—Gilbert method;
‘+” and ‘—’ represent DNase I reactions with and without RNAP, respectively. Densitometric scanning was performed by using NIH /mage program.

Generality of the —35 sequence for promoter functions affinity of RNAP to Assrg. and sigA promoters with their

Since, the —35 sequence, 5'-TTGCGA-3’ was derived, based
on mutations at individual positions, we next wanted to
evaluate the authenticity of this sequence and its contribution
in the enhancement of promoter activity. Hence, we replaced
the —35 sequence of Az,rg. with a sequence 5'-TTGCGA-3'.
As shown in Figure 7A, the resulting promoter Ajz;rg.con
exhibited an ~2.5-fold enhancement in its activity in com-
parison with the activity of Aj;;7g. (Figure 7A). Similarly,
we also substituted the —35 region sequence of another mod-
erately active mycobacterial promoter sigA by the sequence,
5'-TTGCGA-3'. The resulting promoter sigAprocon exhibited
a ~6-fold higher activity in comparison with the activity of
sigA (Figure 7A). These results suggested that 5'-TTGCGA-
3’ could serve as an optimal —35 sequence for mycobacterial
promoters.

To analyze the effect of the sequence 5-TTGCGA-3' on
promoter recognition by RNAP, we compared the binding

derivatives, Ajyrg.con and sigAprocon, respectively, by
EMSA. Different concentrations of RNAP were mixed with
32p_labeled promoter fragments at 37°C to allow complex
formation. The results showed concentration-dependent
binding of RNAP with all the four promoter fragments
(Figure 7B). However, promoter derivatives with the modi-
fied sequence, 5-TTGCGA-3' at —35 positions exhibited
higher affinity than the corresponding wild-type promoters
(Figure 7B). These results indicated the preference of
mycobacterial RNA polymerase for the sequence 5'-
TTGCGA-3' at —35 region.

In order to determine the global distribution of this
optimal —35 sequence in the 5'-untranslated regions
(5'-UTRs) of M.tuberculosis genome, we analyzed putative
promoter sequences in 5-UTRs, up to 300 bp from the
translational start site. Pattern search analysis of the 5'-
UTRs of M.tuberculosis genome using the TubercuList
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Complex
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Figure 5. Base substitutions at —35 region and its influence on promoter functions. (A) Effects of base substitutions on the activity of As,7. promoter. Promoter
activity was measured as B-galactosidase specific activity. The cell lysate of pSD5B-transformed M.smegmatis (exhibiting an activity of 12 + 5 nmol/min/mg;
data not shown) was used as a negative control. The values represent mean of three separate assays. ‘-’ represents similar bases at the corresponding position. The
numbers above promoter sequence indicate the positions of respective bases. (B) EMSA with wild-type and mutant A;77s. promoter fragments. Binding reactions
containing 1.5 nM of radiolabeled promoter DNA fragment and 0.1 uM RNA polymerase were carried out at 37°C for 10 min. The reactions were terminated by
addition of 10 pg/ml heparin for 2 min. After incubation, samples were loaded on 4% polyacrylamide (30:1 acrylamide/Bis) gel.
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Figure 6. Effects of single-base substitutions on the activity of Azyrg.
promoter in M.smegmatis. All three possible substitutions were carried out at
each position from —35 to —30. The wild-type sequence at each position is
shown below the figure. Promoter activity was measured as B-galactosidase
specific activity. The cell lysate of pSDS5B-transformed M.smegmatis
(exhibiting an activity of 12 = 5 nmol/min/mg; data not shown) was used
as a negative control. The values represent mean of three separate assays.

(http://genolist.pasteur.fr/TubercuList/) website for the pres-
ence of a sequence 5'-TTGCGA-N g.;-TANNNT-3' revealed
3 perfect matching sequences (exhibited by 5’-UTRs of genes
pksl1, Rv3839 and mmsA) and 112 sequences with one mis-
match in either of putative —35 and —10 hexamers (Table 1).
In addition, majority of these sequences (47 out of 115)
exhibited a distance of 18 bp between putative —35 and
—10 hexamers (Table 1). To analyze the effects of base
substitution at —35 position in the activity of these promoter-
like sequences, we randomly selected the 5-UTRs of two
genes, mmsA and gcvH (Table 1). The DNA sequence of
each of these 5'-UTRs encompassing the minimal promoter
region from position —35 to +10 (based on the respective
putative TSPs) was cloned in pSD5B at the promoter
cloning sites, Xbal and Sphl and the promoter activity
was determined in M.smegmatis, as described above. As
shown in Figure 7A, both these promoters exhibited weak
activities in M.smegmatis (224 nmol/min/mg by mmsA and
169 nmol/min/mg by gcvH). By replacing the —35 sequence
by a non-identical sequence, there was a significant reduction
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Figure 7. Functional analysis of promoter derivatives with altered sequence in the —35 region. (A) Comparative analysis of the activities of wild-type and mutant
derivatives of mycobacterial promoters, respectively. sigA promoter fragment contains the promoter sequence from position —143 to +42 with respect to its TSP
and both the mmsA and gcvH promoter fragments contain the promoter sequence from position —35 to +10 with respect to their TSPs. Promoter activity was
measured as [-galactosidase specific activity. The cell lysate of pSD5B-transformed M.smegmatis (exhibiting an activity of 12 + 5 nmol/min/mg; data not
shown) was used as a negative control. The values represent mean of three separate assays. Underlined sequences represent the bases at —35 and —10 positions.
The numbers above promoter sequence indicate the positions of respective bases. Boldface letters at +1 indicate the experimentally defined TSPs. (B) EMSA
with wild-type and mutant derivatives of A3,75. and sigA promoters, respectively. Binding reactions containing 1.5 nM of radiolabeled promoter DNA fragment
and different concentrations of RNA polymerase were carried out at 37°C for 10 min. After incubation, samples were loaded on 4% polyacrylamide

(30:1 acrylamide/Bis) gel.

in the activities of the respective promoters (105 nmol/min/
mg by mmsA and 79 nmol/min/mg by gcvH, Figure 7A).
These results further confirm the premise that the —35
sequence can influence the activity of mycobacterial pro-
moters by modulating the promoter recognition by RNA
polymerase and subsequent formation of open complex.

Determination of optimum distance between —35 and
—10 sequences of mycobacterial promoters

Although the sequences between —35 and —10 regions may
not directly contribute towards the specificity of recognition
of promoter elements by RNAP, the placement of two sites
at an appropriate distance is critical for the geometry of
RNAP and subsequent recognition by RNAP (33). In order
to determine the optimal intervening distance, spacer length
was modulated from 15 to 19 bp (The distance between
—-35 and -10 sequences in Az;rg.con was 17 bp). As shown
in Figure 8, the distance was altered by deleting or inserting
bases at the center of spacer. Moreover, we inserted random

bases in the spacer (Figure 8) and observed that the effect
was not sequence specific (data not shown). Promoter
derivatives with 15 or 19 bp long spacer sequences
exhibited a drastic reduction in their activities (1912 and
5757 nmol/min/mg, respectively) in comparison with activity
of the wild-type promoter (25393 nmol/min/mg). Promoter
derivative with 16 bp long spacer sequence exhibited signifi-
cant promoter activity (11278 nmol/min/mg); however, the
highest activity was exhibited by promoter derivative with
18 bp spacer (36309 nmol/min/mg).

Analysis of the functional differences between
mycobacterial and E.coli promoters

Since, the overall architecture of mycobacterial and E.coli
promoters appeared similar, we compared the activity of
one of the derivatives of Az;rg., Asz7rg-(conE.coli) (which
has E.coli consensus sequence 5'-TTGACA-3' at —35 posi-
tion with a spacer length of 16 bp) in M.smegmatis and
E.coli. Aszsrg.(conE.coli) exhibited a specific activity of



Table 1. Analysis of putative promoter sequences in 5-UTRs of

mycobacterial genome

Position -35 —-10 Gene

from ATG

Promoter sequences with 17 bp spacer
—-70 5 -TTGCGAGATCGCGTAATGTGGCTTAAACT-3' pksill
-57 5/ -PTPTGCGACCAGACCGTCCATTAGTTAACTT-3' Rv3839
—234 5'-TTGCGATGCGGTTCCAGTACGAATCCCGT-3' pntaa
-32  5'-TTGCGAACCAAGTCGCGAGTCGAGAGGGT-3' Rv0157A
—76 5/ -TTPGCGAGCAGACCCCGCCAGCTCGACCGT-3' galE2
—235 5'-TTGCGAATTATTGGTCAGATCGGTACCAC-3’ Rv0508
—214 5 -TTGCGAGCGCAGCTGCGGCACGGTGGCAT-3' Rv0897c
—257 5 -TTGCGACACGTGGCCGATCTTGTTATGAC-3’ Rv1208
—189 5'-TTGCGACGGTTGAGCATGCTGGTTGCGGT-3' Rv1290A
-97 5/ -TPTGCGAACGGCTGGCATCGAAATCAACTT-3' PEL9
—89  5'-TTGCGAAACTATTACCGTCGGGTTTTGGT-3’ Rv18l5s
—294  5'-TTGCGATAACCCAACTCTCATGGTGCTTT-3' Rv2298
—190 5 -TTGCGATGAGCAGCGTGGCCGACTATCTC-3' PPE40
—231 5'-TTGCGACGCCACGGTGCCCGTCGGATGGT-3' ggtB
—168 5'-TTGCGAAGTCCAATCGCAAATATTACGAA-3' Rv2723
—151 5 -TTGCGAATCCTGTTGGGCCGCCCCAGTTT-3’ Rv2808
—141 5'-TTGCGACCAGTTCAACCTGTGCGTAATGG-3' Rv3088
-57 5/ -TTGCGAACCCAACTGGTCGCGGCTCCACT-3'  rmlB
—141 5 -TTGCGAATGCTGACGCTAGATAGAGAAGCT-3' mmpLS8
—120 5'-TTGCGACGCGAGCGGTCATGGAGCAGGGT-3' soda
—69 5/ -PTGCGCAAGACTGCGGCGGAATCTAATAT-3' Rv0331
—97  5/-TTGCGCCGCGTCGCCACACGCCCGTATCTT-3' Rv0496
-37 5/ -PTGCGGAAGAATATCCGTAAGTCTAAACT-3' Rv2034
—37 5/ -PTPTGCGGCGGATTCTCGCGCTGCATACCGT -3’  Rv3447c¢
—87 5 -TTGCCATTAAACTGCACCCACGCTACCGT-3' rpmBl
—69 5/ -PTGCAATAGCAAGCACTTGGACGTACTCT-3' Rv0474
—268 5'-TTGCCATGTTCTCACCAAGGGCGTACCGT-3' Rv0654
—119 5-TTGTGATTGGCGTGGGGGGGCGCTAACGT-3'  Rv0302
-35 5/ -TPPGTGATCCGTATTTCGCGTTCACTATATT-3' Rv1773c
—64 5/ -PAGCGAAAACTGGGAATTTCCCCTACGTT-3' Rv2331
—243  5'-TCGCGACGATATTTACGGTGCGCTACGGT-3' Rv2475c
—41 5/-TGGCGAGCTTCGTGCGTCTTCGGTAGCCT-3' metU
—294  5'-GTGCGAAAGAGCCGTCATTCGCCTAGAAT-3' PES

Promoter sequences with 18 bp spacer
—78 5/ -PTGCGAGCCATCCGCCACAGTTACTAGGAT-3' mmsA
—70 5 -TTGCGAGATCGCGTAATGTGGCTTAAACTT-3' pksll
—125 5-TTGCGACGGGTCGGTTCGCGGCCCCAACGCT-3' pknF
—230 5 -TTGCGATGATCGCGCTGACGGGCTCAGCAT-3' PPE28
—274 5 -TTGCGAGTTCCGTTGCAATTTCGGTGTATT-3’ hisE
-57 5/-TTGCGATGCCCGCCGTTACCCTGTGACTGT-3' cypl28
—46 5/ -PPGCGATCCCATAGCTTTTGGGCTTGAGGT -3’ Rv2285
—127 5-TTGCGAGCTATATCGCGGCGCTGTTGTGGT-3' Rv2823c
—144 5'-TTGCGACGGGCGTGGGCGGCACCGTGGTAT-3' Rv2912c
—69 5/ -PTPGCGAGTTCCCTGAAGCAAGCACTGCAGT-3' Rv3ll4
—181 5'-TTGCGACCGAGAAGCTGAGCGACGTATTCG-3' Rv3173c
—156 5 -TTGCGACCCAAAAGGTCACCCGCGTCCTGT-3’ Rv3269
-33 5/ -PPGCGATGATTTTCCAACCGGGAGCAGAGT-3' Rv3389c
-76  5'-TTGCGACGCATGTTCTTCACCGTCTATCCA-3' cut3
—43 5/ -TPTGCGAGACGCGCATATCGCCCACTGTAGT-3' cypld2
—247 5 -TTGCGATCCAGCTCGGCCTGCCCCCTGEGTTT-3' fadE33
-79  5-TTGCGATCGCCACGAGCGGTAACCTGGACT-3' ftsH
—141 5 -TTGCGAATGTGACGGTAGATAGAGAAGCTT-3' mmpL8
—260 5'-TTGCGACGCAGCATCGTGGTGCTCAACGAT-3' Rv3861
—80  5-TTGCGAGATTGGCTGCCCGCATCCAATGAT-3’ Rv0090
—150 5'-TTGCGATGACCCGAAAAAGCCAGGTAGACG-3’ Rv0293c
—49  5'-TTGCGAACACATCGTTGATGGCCGTACTCG-3' YrbEe2A
—113  5-TTGCGATCCGCGGCGGGTCTATGGTGCCAT-3' Rv0894
—298 5'-TTGCGGACAACGTGCAACGGTTCGTACAGT-3’ Rv0615
-279 5'-TPTGCGTGTGCATCATCTGGCAGGCTATGTT-3' Rv1510
—-82 5/ -PTPTGCGGCAACCAAAACAGCACCAATACGCT-3' gevH
—43 5/ -PPGCGCTTGAGCCAGCTAGGCGGCTAAATT-3' Rv2657c
-300 5-TTGCGCTTGAGCCAGCTAGGCGGGTAAATT-3' Rv2656c
-70 5/ -PTPTGCGCGGCAGGACTTTTGGGCCCTAGCTT-3' pknI
—213 5 -TTGCGGTACCGGCGGTACCGGCTTTAGTGT-3’ Rv3338
—193  5'-TTGCGCAGAGCACGGCGATGCGGGTAATGT-3' infa
—64 5/ -PPGCGCTCACCGGAGAGAAAACTCTAACGT-3' Rv3526
—111  5-TTGCCACTACCATCCGGTTGCGGATAACGT-3’ Rv0950c
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Position -35 —10 Gene
from ATG
—66  5'-TTGCCACCGCCATTCTGCGTCGGTTAGTCT-3' Rv1490
—153  5'-TTGCTAAATTAGGGCAGCCTTGCCTATCAT-3' Rv1847
—54 5 -TTGAGAGTCGGGCGCCGGTTGCGGTAATCT-3' ileT
—279 5'-TTGAGACTCGGGCGCCGGTTGCGGTAATCT-3' alaT
—141 5-TTGTGATCGAACGGGTGGGGCCTCTAGGTT-3' rpfB
—226 5'-TTACGATCACCAGCTGGTGGGGCTTATGGT-3' trmD
—203 5'-TTACGACTTCGGCGGCCGGTCCAATATCGT-3' teryY
-89 5/ -PGGCGATAACGCCGCCTCCGGAGGTACGTT-3' Rv0193c
-36 5 -PCGCGACTTGTGTGACCGACAGGCTACGTT-3' Rv0938
—81 5 -PAGCGATGTTTTTGCCAGATCGCGTAATGT-3' pksll
—149 5'-TCGCGATGTTCATGTTAGTCCAGCTATATT-3' Rv1730c
—49 5 -CTGCGACTACTAGGCCCGCGACCGTAAGCT-3' purB
-91 5/ -ATGCGACACGTAAACTTATCGGTGTACTTT-3' mesT
—49  5'-CTGCGACGGCACCTATCGGGATCGTAATTT-3' Rv3766
Promoter sequences with 19 bp spacer
—270 5'-TTGCGATAAGTACCTCCGGCAATTCTATGAG-3' gmhB
—253  5'-TTGCGATAAATGATGCTAGATCACGTCATTT-3' Rv0246
—77  5-TTGCGAACAATGACAGCCATGAGGCCAGTAT-3'Rv0308
—-229 5'-TTGCGACCCCGCTGGCCGACCGGCAGTTCCGT -3’ desA2
-70  5'-TTGCGAGATCGCGTAATGTGGCTTAAACTTT-3 pksll
—107 5-TTGCGAGCCGGGTGCATAGGCCCGGTACGGC-3' Rv1846c
—255 5'-TTGCGATTGCCACCCTCAAAAAGGGCACGTT-3' Rv2433c
—234 5/-TTGCGATGCGTTCGCGATCGGTCCGGACTCT-3' pdhA
—140 5'-TTGCGATTGGACTTCGCAATCGTCGTTCGCT-3' Rv2721c
—282 5'-TTGCGAGGCCTGGTGGCGCTGGTGGTGCCAT-3' PEPGRS47
—127 5'-TTGCGAACTTAGAGAAAGACTAGAACACGTT-3' hmp
—266 5'-TTGCGGCGCTGGGCGACAATCCCCGTAGAAT-3 iles
—99  5-PTGCGCCACGCCGTTGCGGTGTGATTAATCT-3' TB15.3
—38  5-TTGCGCCCCGGACTAGCGCGAAAGATACTGT-3' Rv1922
—-38  5'-TTGCGTCTGCTCGCGCACCCCGGAGTAGCGT-3' Rv2449¢c
—44 5/ -PPGCGGTGCCGGETCGTCGCCGGECCGTAGGAT -3 prou
—157 5-TTGCGCTGCCGGTGTCGCCGGGCCGTAGGAT-3' tig
—261 5'-TTGCGTTATACGACAGTCTGAGCAGTATATT-3' PPE61
—272 5 -TTGCGGAGGAGAACACCACATTCGTTATTCT-3' Rv3737
—234  5'-TTGCGCTTTCCCCAGGCCGGCGAAATAACAT-3' mmpL8
—38 5/ -PPGCCAGCGCTCGCGAACGCGCGGTTAACCT -3’ pepE
—176 5 -TTGCAAACGATACGCATGCTGTCTGTAGATT-3' fadE34
-72  5-TTTCGACAACCGTTGCACGGCACGGTAGCGT-3'Rv0106
—72  5'-TTTCGACAACAGCTAGGTGGCACTGTACCGT-3'Rv2059
—218 5'-TTCCGAGTCACGATGTCGGCCTGGCTATCCT-3' Rv2717¢
—110 5'-TGGCGAGTAGATACAACCATACGAGTAGGCT-3' tuf
—120 5'-TCGCGACTGTGGAGGCTTGGCCGGTTAGCGT-3' PES
—102 5'-TCGCGACCCGACATTGCGAAAGTATTACCGT-3'Rv1815
—86  5'-TCGCGATGGACCGCTGTCGTCACTATAACGT-3' plcA
—37  5'-GTGCGATTCTGTGTCTGCTTGCCGGTAGACT-3'Rv1096
—123  5'-ATGCGATGCTTTCGTCTTGAGCCACTACCAT-3' pks3
-39 5/ -CTGCGACCCATTAAGTAGGTTAGGCTACATT- 3’ MBT1
—38  5/-CTGCGACAACTCCAAGCGTGGCCGGTAACGT-3' fadD28
—276 5'-ATGCGACGGCCATCACAGACCAAGGTATCGT-3'Rv3098c
—269 5'-GTGCGACATTGACGCCATCGGCGACTAGCTT-3' Rv3277

Promoter sequences in 5'-UTRs of M.tuberculosis genome, up to 300 bp
from the translational start site were subjected to pattern search analysis by
using the TubercuList website for the presence of a sequence 5'-TTGCGA-
N5.1-TANNNT-3" with one mismatch in either of the putative —35 and —10
sequences. Putative —35 and —10 sequences are underlined. The conserved
bases are given in boldface. Numbers on the right refer to the position of the
first base of the putative —35 sequence with respect to the start codon of the
putative ORF.

11623 nmol/min/mg in M.smegmatis, which was comparable
with the activity of Az;76. (9909 nmol/min/mg). However,
contrary to our expectations, Ajz;rg.(conE.coli) exhibited
only negligible activity in E.coli (85 nmol/min/mg). These
observations suggested that in E.coli, in addition to —35
and —10 sequences, there might be other determinants
required for promoter function, which may not be essential
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GATTGCGAAGGTTCAATCCCGACGTACACTGTACTCG
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Figure 8. Effects of spacer length on the activity of A;;rs. promoter. Spacer length of Az;7. promoter was altered by deleting or inserting a base in the spacer
region between —10 and —35 sequences. Random bases were used for insertion (depicted by ‘N”). Promoter activity was measured as -galactosidase specific
activity. The cell lysate of pSD5B-transformed M.smegmatis (exhibiting an activity of 12 + 5 nmol/min/mg; data not shown) was used as a negative control. The

values represent mean of three separate assays. Boldface letters indicate TSP.
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GATTTGACAGGTTCAATCCCCGACGTACACTGTACTCG A, (conE. coli)

GATTTGACAGGTTCAATTTTATGTTTACACTGTACTCG A, (conE. coli)AT+ 12860+121
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Figure 9. Analysis of the functional differences between mycobacterial and E.coli promoters. Promoter activities were measured as [-galactosidase specific
activity. The cell lysate of pSD5B-transformed M.smegmatis (exhibiting an activity of 12 + 5 nmol/min/mg; data not shown) was used as a negative control. The
values represent mean of three separate assays. Underlined sequences represent the conserved bases at —35 and —10 positions. The numbers above promoter
sequence indicate the positions of respective bases. Boldface letter represents +1 position. In case of both the organisms, the samples for measuring promoter

activities were obtained from cultures in their mid-log phase.

in mycobacteria. Recently, in a study by Liu ez al. (34), it was
reported that the —15 sequence plays a crucial role in deter-
mining the strength of E.coli promoters. E.coli promoters
with a consensus —15 sequence 5'-TTTATGTT-3/, exhibited
~2- to 8-fold higher activities compared to their counterparts
devoid of this sequence. In order to find out whether the
inability of Az,rg. (conE.coli) promoter derivative to support
transcription in E.coli was related to the presence of GC-rich
se%uence in the spacer region, we replaced the sequence
~20CCCCGACG™" by an AT-rich sequence (Figure 9).
The resulting promoter derivative, Ajz;rg.(conE.coli)AT+
showed ~15-fold increased activity in E.coli, while in
M .smegmatis, its activity remained unchanged (Figure 9).
These results pointed out that the sequences in the spacer
region and their AT richness could be one of the determin-
ants in differentiating between mycobacterial and E.coli
promoters.

DISCUSSION

Selection of strong transcriptional signals of
mycobacteria and analysis of A3,

Although, the —10 region of mycobacterial promoters has
been clearly identified, the additional features required for
transcription from these promoters have not been clearly
defined. In this study, we have carried out a detailed analysis
to identify what other sequences/features apart from —10
region contribute to the activity of mycobacterial promoters.
Since majority of the known housekeeping promoters

of mycobacteria are weak (24) and are unlikely to carry
consensus/nearly consensus recognition sequences, we were
required to generate strong promoters which bind efficiently
with the RNAP of mycobacteria which was obtained by fol-
lowing a strategy, similar to the saturation mutagenesis (30).
However, owing to lack of sufficient knowledge about
the mycobacterial promoter elements (except the Pribnow
Box), we started with background information about the pro-
moters from other prokaryotic systems. We generated DNA
sequence library harboring ~100 bp long DNA fragments
containing random sequences in a stretch of 29 bases,
which represent the number of bases acquired between —35
and —10 positions in a typical prokaryotic promoter (number
of bases in two hexamers separated by a distance of 17 bp =
[2 x 6] + 17) (31,32). Despite using the incomplete library of
DNA sequences, we were able to select a few strong pro-
moter sequences (Figure 3). We chose to characterize the pro-
moter Az, from this library based on its extremely high
activity and near-perfect score.

Thorough analysis of Az, revealed that its extremely high
activity could be subscribed to cumulative effect of several
features such as a purine at +1, a conserved —10 sequence
along with an extended —10 motif. We have observed that
replacing the base at +1 by any of the purine residues resulted
in ~2-fold increase in the promoter’s activity in mycobacteria
(N. Agarwal and A. K. Tyagi, unpublished data). In addition,
we had earlier described the role of —10 and extended —10
sequences in mycobacterial promoters (11,26,35). In the
DNase I footprinting experiments, hyperactivities of DNase I
at —24/-25 positions of Aj;, indicated overexposure of
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Table 2. Analysis of strong promoter sequences of mycobacteria
Gene -35 —10 +1 Sp. Ref.
BCG_hsp60 tsA TTGCAC AAGAAT G 18/6 (13)
Mfo_blaF TTCAAA TACGCT A 19/7 (20)
L5_Pleft TTGACA CATTCT A 18/6 (49)
L5_P2 TTGCTA TACATT G 18/7 (49)
Mtb_rpsl TTGACC TATTGT G 18/8 (N. Agarwal and
A. K. Tyagi,
unpublished data)
Msm_rpsi TTGTTT TATTGT G 18/8 (50)
Msm_rrnB Pl TTGACT TAACTT G 1771 (51)
Msm_rrnA P2 TTGCAA TATCTT G 18/6 (51)
Msm_rrnA PCL1 TTGACG TAGACT G 18/6 (51)
Mtb_rrnA PCL1 TTGACT TAGACT G 18/6 (51)
Mfo_rrnA P2 TTGACC TAATCT A 18/5 (52)
Mfo_rrnA P3 TTGACA TAAGCT G 18/6 (52)

Promoter sequences of mycobacteria with strong activities were analyzed to find out the presence of conserved sequences at —35 and — 10 positions and the length
of the spacer region. +1 represents the TSP. Sp. represents the spacer length between —35 and —10 sequences and between — 10 region and TSP, respectively. These
sequences were obtained from the upstream region of various genes from different mycobacterial species: BCG, M.bovis BCG; Mfo, M fortuitum; L5, Mycobac-
teriophage L5; Mtb, M.tuberculosis and Msm, M.smegmatis. The promoter sequences were obtained from different sources as mentioned in corresponding

references.

the bases to DNAse I due to the presence of RNAP. This sug-
gests that interaction of RNAP with A;, may result in the gen-
eration of a favorable conformation of the promoter possibly
due to bending at —24/—25 positions for a better binding of
holoenzyme to both the —35 and the —10 sequences.

Role of the —35 sequence for promoter functions

The reduced RNAP binding and consequently reduced
promoter activity due to substitution of bases at —35 region
suggested the requirement of an optimal —35 sequence in
the activity of mycobacterial promoters. In this study we
show that for the optimal activity and recognition of RNAP,
a sequence at —35 region, 5-TTGCGA-3' is preferred by
mycobacterial transcriptional machinery. However, as shown
in Figure 3, most of the promoters in our library lack this con-
sensus sequence at —35 positions, which is probably due to
incomplete DNA sequence library used for the selection of
promoter-like sequences by mycobacterial RNAP. Significant
changes in the activities of the promoters, Az;rg., SigA, mmsA
and gcvH on the substitution of their respective —35 regions
substantiated the importance of —35 region in the activity
of a mycobacterial promoter. Further evidence for the role
of —35 sequence in promoter function was provided by
enhanced binding of the mycobacterial RNAP with
Asz7rg.con and sigAprocon promoter derivatives containing
5'-TTGCGA-3’ sequence at —35 region. However, as shown
in Figure 6, substitutions of various individual bases at —35
site still resulted in substantial promoter activities, indicating
that mycobacterial transcriptional machinery can tolerate
variety of sequences at —35 position, as reported in our pre-
vious studies (11).

Determination of optimum distance between —35 and
—10 sequences of mycobacterial promoters

The distance between —35 and —10 sequences is one of
the important determinants of promoter activity (36-47).
Alterations in the distance between —35 and —10 sequences
revealed that unlike E.coli RNAP (where the optimum

distance between —35 and —10 sequences is 17 bp), myco-
bacterial enzyme requires an 18 bp long spacer sequence
for optimal promoter activity. These results along with the
observations that >40% of the putative promoter sequences
in 5'-UTRs, obtained by pattern search analysis, exhibited a
distance of 18 bp between putative —35 and —10 sequences
(Table 1), suggest that a distance of 18 bp between —35 and
—10 sequences represents an optimal spacer length for myco-
bacterial promoters. Further support for this comes from
our analysis of several known mycobacterial promoters,
which revealed the presence of a spacer of 18 bp in most
of the strong promoters (Table 2).

Analysis of the functional differences between
mycobacterial and E.coli promoters

Despite the similarities with E.coli promoters, the mycobac-
terial promoters do not function efficiently in E.coli (24).
In the present study also, we observed that Az;rg.conE.coli,
a derivative of A;;7¢. promoter, despite having an E.coli con-
sensus sequence, 5-TTGACA-3' at —35 position did not
exhibit significant activity in E.coli. Recently, in a study by
Liu e al. (34), it was shown that the presence of GC-rich
sequences in the spacer region drastically influences the
strength of promoters in E.coli. This observation was further
substantiated by the fact that majority of strong E.coli
promoters have an AT content of >75-80%. Analysis of
Aszrg.con E.coli promoter derivative indicated the presence
of high GC content (~60%) in the spacer region. Hence,
we replaced the GC-rich spacer sequence of this promoter
(from position —13 to —20) by a sequence resulting in 75%
AT richness in the spacer region. This enhanced AT richness
resulted in 15-fold higher activity of this promoter in E.coli.
However, despite this significant increase, the activity of
As37TG-(conE.coli)AT+ was still lower in E.coli than in
mycobacterium. This could probably be due to a suboptimal
distance between —35 and —15 sequences in this promoter
(8 bp) compared to the distance reported by Liu et al. (34),
where it was observed that the distance between —35 and
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—15 sequences is an important determinant of the promoter
activity in E.coli. It has been observed by Callaci er al.
(48) that the inter-domain distance between regions 2.4 and
4.2 of E.coli 6"° is much shorter than the distance between
—10 and —35 promoter elements. Hence, the AT-rich spacer
sequence may be better suitable for appropriate binding of
this region required by RNAP to establish optimal contacts
with —10 and —35 hexameric sequences. Although, ¢** from
mycobacteria has not been crystallized as yet, possibly, it may
have a more appropriate distance between 2.4 and 4.2 regions,
thus, making it less dependent on the maneuvering of pro-
moter region affected by bending of the spacer sequence.
This may provide an explanation as to why mycobacterial
promoters may function with highly GC-rich spacer regions
but exhibit significantly reduced activity in E.coli.
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