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Multiple promoters drive the expression of the principal cell division gene, ftsZ, in bacterial systems. Primer
extension analysis of total RNA from Mycobacterium tuberculosis and a Mycobacterium smegmatis transformant
containing 1.117 kb of the upstream region of M. tuberculosis ftsZ and promoter fusion studies identified six ftsZ
transcripts and their promoters in the fisQ open reading frame and fisQ-ftsZ intergenic region. The presence
of multiple promoters reflects the requirement to maintain a high basal level of, or to differentially regulate,
FtsZ expression during different growth conditions of the pathogen in vivo.

Bacterial cell division is a tightly regulated process that in-
volves spatial and temporal control of the replication and seg-
regation of the chromosome (karyokinesis) and cytoplasmic
division of the cell (cytokinesis) (12, 27, 37). The principal cell
division protein FtsZ initiates septation through polymeriza-
tion to form a ring-like structure at the leading edge of the
invaginating septum to guide cytokinesis (1, 5, 27, 37). Al-
though the function of FtsZ seems to be similar in all bacterial
cells, transcriptional regulation of the gene differs remarkably,
apparently in compliance with the physiological demands and
growth conditions of different bacterial genera and species. In
Escherichia coli, six promoters distributed in the upstream ftsQ,
ftsA, and ddIB coding sequences drive one-third of the total
ftsQAZ transcripts. The remaining two-thirds of ftsZ transcrip-
tion is driven by promoters that are placed beyond 6 kb up-
stream of ddIB gene (10, 18, 40). Some of these promoters are
upregulated by protein factors, such as SdiA, which regulates
the ftsQ2p promoter (46), and the response regulator RcsB,
which regulates the fts41p promoter (8, 22). Like for E. coli,
the presence of multiple promoters for ftsZ has been reported
for Bartonella bacilliformis and Bartonella henselae (17), She-
wanella violacea (31), Neisseria gonorrhoeae (20), and Thermo-
plasma acidophilum (48). However, in the differentiating bac-
terium Caulobacter crescentus, monocistronic ftsZ is driven by a
single promoter under the control of the global cell cycle reg-
ulator CtrA (32). In Bacillus subtilis, where the organization of
the genes in the dew cluster is similar to that in E. coli, among
the three promoters that drive ftsA-ftsZ cotranscription, two
are active during vegetative growth (SigA dependent) and one
is active during sporulation (SigH dependent) (24). Moreover,
the response regulator YycF of the YycG/YycF two-compo-
nent system binds directly to the nonessential P1 promoter
upstream of ftsAZ and activates transcription of the gene (21,
30). In Streptomyces, among the three ftsZ promoters present
in the ftsQ-ftsZ intergenic region, one promoter is constitu-
tively active, the second one is active during vegetative growth,
and the third one is active during sporulation (11, 19, 33, 41).
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A minor sporulation-specific ftsZ transcript was detected from
the ftsQ open reading frame (ORF) in Streptomyces griseus (11,
33) and in Streptomyces coelicolor (19, 39). In Corynebacterium
glutamicum ATCC 13869 (Brevibacterium lactofermentum),
there is a less abundant short transcript originating from the
ftsO-ftsZ intergenic region and a more abundant transcript
starting inside ftsQ (29, 42).

Mpycobacterium tuberculosis, which is a member of the lower
Actinomycetes group and is similar to Corynebacterium and
Streptomyces, is known to shut down its proliferation inside
activated macrophages (34, 35). Similarly, proliferation of the
pathogen is arrested at a uniform stage of the cell cycle when
the cell enters the state of dormancy and is resumed when the
cell comes out of dormancy (36, 47). Thus, the regulation of
cell division is a key process that is obligatory for the pathogen
for the successful establishment of infection as well as for
survival and proliferation inside host cells. Although the mech-
anism of the control of septation in this pathogen is not known,
a critical intracellular concentration of FtsZ protein, the level
of which decreases in stationary phase, was found to be re-
quired for productive septum formation (13). This finding sug-
gests a regulatory mechanism that controls the critical level of
FtsZ protein inside the cells. We have initiated studies on the
transcriptional regulation of the ftsZ gene of M. tuberculosis,
and recently we have reported the identification of three spe-
cific regions upstream of the ftsZ ORF, which elicited fisZ-
specific transcription (43). These regions were the ftsQ-ftsZ
intergenic region (172 bp) and the 5’ 467-bp and 3’ 217-bp
regions of the ftsQ ORF, with maximal activity coming from
within the ftsQ ORF. In continuation of these observations,
here we report the identification of multiple transcripts and
their start sites at the nucleotide level, and the corresponding
putative promoters, by primer extension analysis from these
regions on the RNA from mid-log-phase M. tuberculosis cells
and on Mycobacterium smegmatis transformant carrying the M.
tuberculosis ftsZ upstream region.

For this study, M. tuberculosis H37Ra cells, the isogenic
attenuated mutant strain of pathogenic M. tuberculosis H37Rv,
and an M. smegmatis transformant carrying the pMN406-Q1K1
construct containing the ftsQ ORF—ftsQ-ftsZ intergenic region
were grown to mid-log phase (an optical density of approxi-
mately 0.8 at 600 nm) in Middlebrook 7H9 (Difco) liquid
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TABLE 1. Primers used in primer extension

Annealing
Primer Sequence temperature
O
ZPE 5" CGATCATTCGGTTGACGGCG 55
TTGAC 3’
K1 5" CGGGATCCCGTTCGGCTTCC 61
TCCCTGGTGGGG 3’
Igf 5" CGCGGATCCATGGCTACGAC 60
GGTTGCTAACCGTGCAGG 3’
K2r 5" GCTAACCGTGCAGGCGCGCC 60-58-55
GATAC 3’
P2r 5" CGGGATCCCGCCGCCTTGGT 58
CGTCGGATCG 3’
P1P2r 5" GGGTACTGCCGCTGCACCCG 62
CGCAC 3’
Revgfp2PE 5" CGGTGAACAGCTCCTCGCCC 58
TTCGAC 3’

medium supplemented with albumin-dextrose-catalase (ADC)
enrichment and hygromycin selection (50 pwg/ml) wherever ap-
plicable. The isolation of RNA, removal of genomic DNA
contamination from the samples, and quantitation of total
RNA from M. tuberculosis cells and M. smegmatis transfor-
mants were all carried out as previously described (43). For
primer extension analysis, 5" end-labeled primers (Table 1) of
1.5 X 10° cpm were hybridized to 2 pg of total RNA for 10 min
at 65°C followed by another 10 min of hybridization at a suit-
able annealing temperature (Table 1). Primer was extended by
using Moloney murine leukemia virus RNase H™ reverse tran-
scriptase enzyme (MBI Fermentas) at either 42 or 45°C for 1 h
in the presence of either 1 or 5 mM deoxynucleoside triphos-
phates. All of the reactions were repeated with two different
dilutions of total RNA preparations from at least three inde-
pendent mid-log-phase cultures. Control primer extension re-
actions were performed on E. coli tRNA (1 ng) (Sigma) to rule
out extended products due to nonspecific annealing. Similarly,
in order to rule out primer-extended product being a falloff
product due to GC-rich sequences, primer extension reactions
were performed on single-stranded sense strand DNA (200 ng)
of the corresponding regions that was amplified from the PCR
product of the 1.202-kbp region (Q1-ZPE segment) from the
ATG of ftsQ to the annealing site of the ZPE primer inside the
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ftsZ ORF by using only the forward Q1 primer (57) as de-
scribed previously (16). The primer extension products were
analyzed in 6 or 8% denaturing polyacrylamide gel with 7 M
urea, along with a corresponding sequencing reaction, using a
Thermosequenase cycle sequencing kit (USB) on the PCR
product template Q1-ZPE that was amplified from genomic
DNA of M. tuberculosis H37Ra.

Identification of the origin of ftsZ transcripts from the fisQ-
JtsZ intergenic region. Primer extension analysis of RNA from
M. tuberculosis cells with ZPE and K1 primers, which anneal to
the M. tuberculosis ftsZ gene and the ftsQ-ftsZ intergenic re-
gion, respectively (Table 1), identified two transcripts, t1 and
t2, originating from the intergenic region. However, extension
using the Revgfp2PE primer, which anneals to the mycgfp2+
gene in the pMN406-Q1K1 construct, on RNA from M. smeg-
matis transformants harboring multicopy reporter plasmid
pMN406-Q1K1 (43) containing the 1.117-kb M. tuberculosis
ftsZ promoter region (ftsQ ORF and ftsQ-ftsZ intergenic re-
gion) identified t2 and, instead of t1, two additional transcripts,
ta and tb, which were not found in M. fuberculosis. The control
experiments using a mixture of E. coli tRNA and single-
stranded sense strand DNA did not show any corresponding
bands (Fig. 1b, lane cz), indicating that the primer extension
reactions did not involve either nonspecific extension or sec-
ondary structure-related falloff of the enzyme. The control
experiments for the primer extension of RNA from M. smeg-
matis transformant were carried out using RNA from M. smeg-
matis transformants containing promoterless vector control
(pMN406-Apimyc) (43). Primer extension analyses using RNA
from M. smegmatis transformants containing the individual
172-bp ftsQ-ftsZ intergenic region and the 3’ 217-bp and 5’
467-bp regions of the ftsQ ORF in the reporter plasmid (43)
were not carried out in order not to miss any transcripts that
originate near the junctions of these cloned regions.

The transcript t1, which was identified in M. tuberculosis,
starts at the A or G 12 or 13 bp upstream of the ATG of fisZ
and just includes the predicted ribosome binding site (RBS)
GGAGGAAG of the cognate mRNA (Fig. 1b). The potential
RBS where the transcription start lies can form stem-loop
structures in several conformations with sequences just down-
stream of ATG of the ftsZ gene. The presence of such stem-
loop structures and a strong RBS at the 5’ end of the RNA is

TABLE 2. Primers used in the cloning of promoter sequences

Primer

Sequence

Region or promoter

cloned
T1f 5" GCTCTAGAGTTGAGGTTGAGAGTTTGCCAGCAGACACAC 3’ P1
K1 5" CGGGATCCCGTTCGGCTTCCTCCCTGGTGGGG 3’ P1
Tbf 5" GCTCTAGACCATACGGTTCTGACTACGAGCAACTAC 3’ Pb
Tbr 5" CGGGATCCAAACTCTCAACCTCAACCATAGGCTTAGAG 3’ Pb
K2 5" GCTCTAGACCGAAAAAATGCCCGCCGCGTATC 3’ P2
T2r 5" GCGGATCCATGTCAAGTAGTTGCTCGTAGTCAGAACCGTATGGC 3’ P2
Igf 5" GCGGATCCTAAATGGCTACGACGGTTGCTAACCGTGCAGG 3’ P2A, P3
T3f 5" GCTCTAGAGGCAGAACGTACGACGTGTCCAGCCCC 3’ P3
T4 5" CTAGACCTGAAGTTGCAAGCCAGGTGGGGCGGATCGCGGCCCCGTCG 3’ P4
T4c 5" GATCCGACGGGGCCGCGATCCGCCCCACCTGGCTTGCAACTTCAGGT 3’ P4
T5f 5" GCTCTAGAGAGGTTCTCGACGCCGCCAG 3’ P5
T5r 5" CGGGATCCCGATCTGCAGCAACGGCGTTGCCG 3’ P5
Q1 5" GCGGGATCCGATATCATGACGGAACACAACGAGGACCCACAGATCGAGCGC 3’ Q1SD1
SD1 5" GATATCGCTAGCGATGGCGATCTCGGCCGCTTTGAGCGACCGGCCTTC 3’ Q1SD1
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FIG. 1. Primer extension analysis of RNA from M. tuberculosis. (a) Schematic locations of ZPE and K1 primers. (b to d) Phosphorimaging
profile of primer extension analysis using ZPE on M. tuberculosis RNA. Lane cz, control extension with ZPE on E. coli tRNA (1 pg) mixed with
single-stranded sense strand DNA (200 ng) of the 1.117-kb promoter region. (e and f) Phosphorimaging profile of primer extension using K1 on

M. tuberculosis (Mt) RNA.

known to stabilize the cognate mRNA molecule (3, 4, 26). The
putative promoter P1, which drives the expression of the t1
transcript, has CGAGCCCC as the —10 sequence and TT
GCCA as the —35 sequence (Table 3) (see Fig. 5). Although
the —35 sequence shows a o“*-like promoter consensus, the
—10 sequence does not. Therefore, P1 could be classified un-
der type C promoters (23). If the —10 region (CGAGCC) is

considered with a —35-like (GAGAGT) sequence, with a 24-
nucleotide gap between them, it shows ¢ consensus (38, 45)
(see Fig. 5). However, in mycobacteria the gap between —10
and —35 sequences of various promoters reported so far are
found to vary between 12 and 22 nucleotides only and not 24
nucleotides (23).

In order to verify whether the same transcript is produced in
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TABLE 3. Putative promoter sequences of M. tuberculosis ftsZ

Putative Distance of +1 from

promoter -3 -10 + ATG of fisZ Type
P1 GAGAGTTTGCCA CGAGCcCCC G/A 13 or 12 C
P2 TTAGCA TACGGT A 100 A
P3 GTACGA TGCCGA A 176 C
P4 GTTGCAA GATCGC G 331 C
P5 TTCTCGA GGCCGGCA G 655 C
Po TCGCGA TCGGGA GG 773 or 772 C

the M. smegmatis transformant, extension was carried out on
RNA from the transformant by using primer Revgfp2PE,
the 3" end of which anneals against G of the ATG codon of
mycgfp2+ in the promoter probe vector (43) (Fig. 2a and Table
1). Instead of the t1 transcript, the primer extension reaction
identified the transcript ta, which starts at the G that is 24 bp
upstream of the ATG of ftsZ (Fig. 2b; see Fig. 5). Similar to P1,
the corresponding Pa promoter for the ta transcript possessed
TTGAGA as the —35 sequence of o™ consensus, but there was
no clear —10 region similar to the —10 consensus of o** (see
Fig. 5). Therefore, Pa could also be considered a type C pro-
moter (23). It may be noted that both P1 and Pa promoters
overlap with each other, suggesting that the transcription ini-
tiation complex can engage only one of them at any time point
if both are functional in the same organism. Such promoters,
having conserved the —35 region but without —10 consensus,
are known to be targets of regulation by extracellular function
sigma factors (15). The M. smegmatis genome lacks a o< ho-
mologue but possesses sequences for eight additional extracel-
lular function sigma factors which are absent in M. tuberculosis
(38). Therefore, it is likely that the overlapping P1 and Pa
promoters might be targets of regulation by different sigma
factors in M. tuberculosis and M. smegmatis. Another possibility
for the presence of t1 and ta transcripts is that the products
originated from differential processing of a single pre-mRNA
due to altered secondary structure in these two mycobacterial
species, owing to the GC-rich mycgfp2+ sequence, instead of
the ftsZ ORF, downstream of the promoter region in the trans-
formant. One distant possibility is sequence polymorphism,
similar to a previous report (6), between the ftsZ promoter
region of the attenuated H37Ra strain, from which RNA was
prepared for primer extension, and of the virulent H37Rv
strain, the DNA of which was used to generate the insert in the
PMN406-Q1K1 construct (43). We ruled out this possibility, as
the sequence of the Pfu polymerase (MBI Fermentas)-ampli-
fied product from the ftsQ ORF—ftsQ-ftsZ intergenic—ftsZ ORF
region (Q1-ZPE) from H37Ra genomic DNA with the ZPE,
K2r, P2r, and P1P2r primers (Table 1) was identical to the
reported sequence of the ftsQ-ftsZ locus of M. tuberculosis
H37Rv (9).

Extension with the same primer, Revgfp2PE, of RNA from
M. smegmatis transformants detected yet another transcript, tb
(Fig. 2b; see Fig. 5). The product starts at the A or G at 62 or
63 bp, respectively, upstream of the ATG of the ftsZ gene. The
corresponding promoter region, Pb (=35 TTCTGA and —10
TCTAAG with a 21- to 22-bp spacer region) shows a high
degree of consensus to o promoters (see Fig. 5). In addition
to the presence of a clear ¢®* promoter consensus, there could
also be a probable " or o™ consensus with —35-like GCAAC

and —10-like GGTTG, but with a 24-bp spacer, just immedi-
ately upstream of the +1 site (see Fig. 5). However, the tb
transcript was absent from extension using the ZPE primer on
the RNA from M. tuberculosis mid-log-phase cells (Fig. 1b).
The absence of tb in mid-log-phase M. tuberculosis cells could
be due to the possibility that the Pb promoter might be under
regulated activity, as there is a strong hairpin loop present
downstream of the —10 sequence of Pb involving the start site
of the tb transcript. Such secondary structure downstream of
the —10 sequence might be suggestive of a repression mecha-
nism, as repressors are shown to maximally bind to palindrome
sequences that are present downstream of —30 of promoter
regions and up to +20 of the ORF (295). It is also possible that
the activity of Pb is below detection limits during mid-log phase
in M. tuberculosis. The presence of a large amount of tran-
scribed RNA from the multicopy plasmid pMN406-Q1K1 in
M. smegmatis transformant might have enabled its detection in
the transformant. Another possibility is that antibiotic selec-
tion of M. smegmatis transformant might have induced stress
response-specific sigma factors, such as ¢ or o', for which
consensus exists upstream of tb, which in turn might have
activated the Pb promoter. Extension reactions using the
primer K1, which binds upstream of ZPE and Revgfp2PE, the
3’ end of which anneals to 24 bp upstream of the ATG of ftsZ
(Fig. 1a and 2a and Table 1) or mycgfp2+ in pMNQI1KI1 (Fig.
2a), confirmed the observation that tb is present in M. smeg-
matis transformant only and not in M. tuberculosis cells (Fig. 1f
and 2d).

Primer extension with the ZPE, K1, and Revgfp2PE primers
identified a fourth transcript, t2, from the RNA of both M.
tuberculosis cells and the M. smegmatis transformant (Fig. 1b,
d, and e and 2b, d, e, and f). The +1 site starts at the A 100 bp
upstream of the ATG of the ftsZ gene (Table 3). The corre-
sponding promoter, P2, shows a canonical o**-type consensus
having —35 TTAGCA and —10 TACGGT with a spacer region
of 13 bp. Alternately, there could be o- or ¢"'-type consensus
having —35-like GGAAC and —10-like GGTTC with a 14-bp
spacer (see Fig. 5). Incidentally, the promoter region contains
palindromic sequences upstream of as well as between the —35
and —10 regions (see Fig. 5). Such promoters are subject to
regulation and could be probable transcription factor binding
sites, as in the case of the tip4-p promoter of Streptomyces (44).
It may be noted that the —10 region of P2 and the —35 region
of Pb overlap (see Fig. 5), indicating the possibility of differ-
ential engagement of the two promoters by RNA polymerase.
Another possibility is of promoter occlusion (2) of Pb by the
higher level of activity of P2 in M. tuberculosis.

Transcripts ta and tb are not specific to fisZ. In order to
verify whether ta and tb represent differentially expressed true
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FIG. 2. Primer extension analyses of RNA from mycobacterial transformants. (a) Schematic locations of ZPE, K1, and Revgfp2PE primers. (b)
Phosphorimaging profile of primer extension analysis using Revgfp2PE on M. smegmatis Q1K1. (¢) Phosphorimaging profile of primer extension
analysis with Revgfp2PE of RNA from M. tuberculosis Q1K1. (d) Phosphorimaging profile of primer extension analysis of RNA of M. smegmatis
Q1K1 with K1 primer. Extension products from 500 ng (lane 1) and 2 pg (lane 2) of RNA are shown. (¢) Phosphorimaging profile of primer
extension analysis with K1 primer of RNA from M. smegmatis Q1K1 (lane 2) and M. smegmatis Q1SD1 (lane 1). (f) Phosphorimaging profile of
primer extension analysis with ZPE primer of RNA from M. smegmatis Q1SD1. MsQ1K1 +p, M. smegmatis transformed with pMN406-Q1K1;
MsQI1K1 —p, M. smegmatis transformed with promoterless vector control pMN406-Apimyc; and MsQ1SD1 +p, M. smegmatis transformed with
pMN406-Q1SD1. t1 to t4, ta, and tb are extension products representing transcripts.

transcripts, RNA was prepared from M. tuberculosis integrant
carrying pMN406-Q1K1 derivative (unpublished data) at the
L5 lambda attachment site. Primer extension analysis using the
Revgfp2PE and K1 primers identified the same ta and tb tran-
scripts, instead of t1, from the RNA of M. tuberculosis trans-
formants too (Fig. 2¢). The presence of these transcripts in M.
tuberculosis transformants rules out the possibility, suggested
earlier, of repression or downregulated expression from the Pa
and Pb promoters in M. tuberculosis. However, antibiotic-in-
duced sigma factor-mediated activation of these promoters
cannot be ruled out. In order to verify this possibility, the
1,843-bp region starting from the ATG of M. tuberculosis ftsQ

up to the 726-bp region of M. tuberculosis ftsZ was PCR am-
plified from M. tuberculosis genomic DNA by using Q1 and
SD1 primers (Table 2) and KOD XL DNA polymerase (No-
vagen) and cloned into the pMN406-Apimyc vector (43) at the
Sspl and Nhel sites, replacing the mycgfp2+ gene, to obtain
pMN406-Q1SD1. In this construct, M. tuberculosis ftsZ was
directly under the regulation of its own native 1.117-kb pro-
moter region. Extension of the ZPE primer on the RNA from
M. smegmatis transformant containing pMN406-Q1SD1 iden-
tified t1 and t2 transcripts, originating from the intergenic
region, but not ta or tb transcripts (Fig. 2f). This observation
was again confirmed by the extension of K1 primer on the same
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FIG. 3. Primer extension analysis in the 3" portion of the ftsQ ORF. (a) Schematic locations of Igf and K2r primers. (b to ¢) Phosphorimaging
profile of primer extension using K2r (b and c) and Igf (d and e) primers. t3 and t4 are extension products representing transcripts.

RNA, wherein as expected only t2 and not tb could be de-
tected, as K1 anneals at the P1/Pa region (Fig. 2e, lane 1). This
result ruled out the possibility of firing of Pa and Pb promoters
by antibiotic-induced sigma factors. The fact that ta and tb
transcripts are absent in the negative control (pMN406-Api-
myc) and that two independent primers, K1 and Revgfp2PE,
have identified them in M. smegmatis and M. tuberculosis trans-
formants only when mycgfp2+ is present downstream of the
1.117-kb M. tuberculosis ftsZ promoter region (Fig. 2b and c)
and not when the ftsZ ORF is present (Fig. 2f and 1b) proves
that the two transcripts are the processed ends due to a mod-
ified conformation of the untranslated M. tuberculosis ftsZ

leader sequence in the presence of the GC-rich mycgfp2+
sequence downstream of the promoter region. Since the two
transcripts do not pertain to ftsZ transcription, as evident from
the primer extension result with RNA from M. smegmatis
transformant (pMN406-Q1SD1) (Fig. 2e and f), the probable
reason for their mycgfp2+-specific origin was not investigated.

Identification of the origin of ftsZ transcripts from the ftsQ
OREF. Primer extension analysis on the RNA from M. tubercu-
losis cells and M. smegmatis transformants containing
pMN406-Q1K1 with the primers ZPE, K1, Revgfp2PE, KZ2r,
Igf, P2r, and P1P2r (Table 1) identified four transcripts: t3 and
t4, originating in the 3’ 217-bp region of the ftsQ ORF, and t5
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FIG. 4. Primer extension analysis in the 5’ portion of the ftsQ ORF. (a to ¢) Phosphorimaging profile of primer extension using P2r and P1P2r
primers. (a) Extension with P2r of RNA from M. smegmatis transformed with pMN406-Q1K1. +p1 and +p2 are two different reactions from two
different samples. (b and c) Extension with P1P2r primer of RNA from M. smegmatis Q1K1 (MsQ1K1) and M. tuberculosis (Mt). Primer extension
products from 2 pg (lane 1) and 500 ng (lane 2) of RNA are shown. (d) Schematic locations of P2r and P1P2r primers and +1 sites of fisZ

transcripts (t1 to t6).

and t6, originating in the 5’ 467-bp region of the ftsQ ORF
(Fig. 3 and 4). The extension of ZPE, K1, and Revgfp2PE
primers identified transcript t3 as originating inside the ftsQ
ORF at the A, which is 4 nucleotides upstream of the end of
the stop codon of ftsQ and 176 bp upstream of the ATG of fisZ
(Fig. 1b and c and 2b, d, e, and f; Table 3). Similarly, t4 was
found to originate approximately 320 bp upstream of the ATG
of ftsZ and about 145 bp upstream of the stop codon of ftsQ. In
order to precisely map t3 and t4 transcripts, K2r and Igf prim-
ers were used for primer-extension on total RNA from M.
tuberculosis and M. smegmatis transformant containing
pMN406-Q1K1 (Table 1 and Fig. 3a).

Primer K2r, the 3’ end of which lies in the ftsQ-ftsZ inter-
genic region 153 bp upstream of the ATG of ftsZ, was annealed

to RNA with a gradual reduction of temperature (Table 1 and
Fig. 3a) owing to the high secondary structure in the region.
The 3’ end of the primer Igf anneals 142 bp upstream of ATG
(Table 1 and Fig. 3a). The extension of both of the primers
detected t3 transcript (Fig. 3c and e and 5), confirming the
earlier observation. The corresponding promoter, P3, lacks
consensus to -, ¢“-, or ¢'-type promoters and could be
grouped as a C type promoter (Table 3 and Fig. 5). Since P3
lacks consensus with any of the known sigma factor-specific
promoters and t3 starts in an AU-rich region downstream of
which there is a probable strong stem-loop structure, t3 could
be a RNase-processed product, as found in the ftsQAZ tran-
script of E. coli (7). The extension of K2r and Igf mapped t4,
originating at the G 331 bp upstream of the ATG of ftsZ and



VoL. 187, 2005 NOTES 2547
1051 > la - U 1108
P1/Pa gttgageTTGAGAGITTGCCAgcagacaCACCGAagaaccGAGCCCcaccaggGAggaagecgaacg
sigC gggaat cgtsss
1001 b 1067
Pb ccatacggTTCTGACTacgagcaactacttgacataacTCTAAGcctatggttGAggttgagagttt
SigA ttgacw tatamt
sigE ggrme sgttg
946 - 1035

P2 [ccgaaaaaatgcccgccgcgtatcggcgcgcctgcacggT"l;AGCéaccgtcgtagccaT]AQGG;FtctgactAcga gcaactacttgacat

sigA ttgacw tatamt

sigE ggrmec sgttg

sigH sggaac sgtts
898 — 13

P3 ggcagaacGTACGAcgtgtccageeccgaccTGCCGAccgtgaAatag ccgaaaaaatgeccgecgegtatcggegegec

sigC  sssaat cgtsss

748
P4 cctgaagTTGCAAgccaggtgggecgGATCGCggecce

sigF gttt gggtat

-t

Gteggtggecteg

1004
tgcacggttagcaaccgtcgtagecat

798

t
B 470

418
P5 gaggTTCTCGAcgecgecagagtgcGGCCGGCAacgecgttGetgeagat

301

B 350

P6 ctgcTCGCGAcggtegtge tggecgtcgTCGGGAtecgggettgGGetege

FIG. 5. Promoter sequences of M. tuberculosis fisZ and comparisons with different sigma factor consensuses. The number of nucleotides are
based on the M. tuberculosis Q1-ZPE region, with ftsQ ATG as 1. s denotes g or ¢; w denotes a or t; r denotes a or g; and m denotes a or c. The
top arrow is the +1 site. Capital letters indicate —10 and —35 sequences. Convergent arrows indicate palindrome sequences. These promoter
sequences were cloned by using primers shown in Table 2. The portion of the P2 sequence in square brackets is P2A.

158 nucleotides upstream of the end of the stop codon of fisQ,
confirming the earlier observation with ZPE, K1, and
Revgfp2PE primers (Fig. 3b and d and Table 3). The corre-
sponding promoter, P4, has a GC-rich —10 region (GATCGC)
and a weak —35 consensus (TTGCAA) for o, indicating that
it could probably be a type C promoter (Table 3 and Fig. 5).
The alternate possibility is a weak o consensus promoter
(GTTG-13 bp-GCGGAT) (Fig. 5).

In order to verify the observation of the absence of promoter
activity in the 261-bp Pstl fragment of the ftsQ ORF (43),
extension was performed with the P2r primer (Table 1 and Fig.
4d), the 3’ end of which anneals at 416 bp upstream of the
ATG of ftsZ and 244 bp upstream of the stop codon of fisQ.
P2r extension did not generate any product from M. tubercu-
losis RNA or from RNA of M. smegmatis transformant from
the 261-bp region of the ftsQ ORF (43). Instead, it gave a faint
extension product, t5, on RNA from the M. smegmatis trans-
formant containing pMN406-Q1K1, but not from M. tubercu-

losis, above 650 bp upstream of the ATG of ftsZ that lies in the
467-bp 5’ region of the ftsQ ORF (Fig. 4a). In order to pre-
cisely map transcript t5, extension was carried out using the
P1P2r primer (Table 1 and Fig. 4d), the 3’ end of which
anneals to 597 bp upstream of the ATG of ftsZ. The product t5
was found to be present only in M. smegmatis transformant,
starting at the G, 655 bp upstream of the ATG of the ftsZ gene
and 482 nucleotides upstream of the stop codon of ftsQ and lies
in the 467-bp 5’ portion of ftsQ (Fig. 4a and b). The corre-
sponding promoter, P5, having only a weak consensus to the
—35 region (TTCTCG) of ¢, lacks consensus to any of the
known sigma factor-specific promoters. Therefore, it could be
a type C promoter (Table 3 and Fig. 5). The reason for the
absence of t5 transcript in M. tuberculosis could be a low level
of P5 activity or differential regulation at the mid-log phase of
growth. Besides t5, one more transcript, t6, which starts at the
G 772 or 773 nucleotides upstream of the ATG of ftsZ and 599
or 600 nucleotides upstream of the stop codon of ftsQ and lies
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FIG. 6. Fluorescence microscopic observation of M. smegmatis transformants containing various promoter fusion constructs. (a) Dark-field
fluorescence microscopy of the cells containing the constructs indicated in the figure. (b) Figures of phase-contrast microscopy of the corresponding
fluorescent M. smegmatis cells. Cells are photographed and shown at X25,000 magnification. pMN406-Q1K1 (43) was taken as the positive control,

whereas pMN406-Apimyc (43) was used as the negative control. Brightness and contrast have been modified with Adobe Photoshop 6.0.

in the 5’ 467-bp portion of ftsQ, could be detected by P1P2r
primer extension of RNA from M. tuberculosis and M. smeg-
matis transformant containing pMN406-Q1K1 (Fig. 4c). The
corresponding P6 promoter did not show consensus to any of
the known sigma factor-specific promoters (Table 3 and Fig.
5).

Activity of the mapped putative promoter sequences in vivo.
Although our previous study (43) showed promoter activity
from the individual 5" 467-bp (initiating t5 and t6 transcripts)
and 3’ 217-bp (initiating t3 and t4 transcripts) regions of M.
tuberculosis ftsQ as well as the ftsQ-ftsZ intergenic region (ini-
tiating t1 and t2 transcripts), the presence of multiple origins of
transcripts from each cloned region and also the presence of
potential stem-loop structures in some of the promoter regions
raise the possibility that some of the 5" ends identified could be
due to RNA processing. Due to the lack of RNase mutant
strains for mycobacteria, the transcripts with secondary struc-
ture near their origin could not be tested to determine whether
they were RNase-processed products. Since the majority of the
mycobacterial promoters are not active in E. coli (23), E. coli
RNase mutant strains also could not be used for this purpose.
Instead, the activity of the putative promoters was determined
in the reporter fusion study using the promoter probe vector
pMN406-Apimyc (43). Since P6 is the most distal promoter
detected, there is no promoter sequence beyond P6 in the M.
smegmatis transformant containing pMN406-Q1K1. There-
fore, t6 transcript cannot be a processed product. Hence, ex-
cept P6, other putative promoter sequences, namely, P1, P2,
P3, P4, and P5, encompassing exclusively the —10, —35, and
+1 start sites of the respective transcripts (Fig. 5), were PCR
amplified with primers (Table 2) and cloned in pMN406-Api-
myc vector, and the sequences were confirmed by using
Revgfp2PE primer (Table 1) and analyzed for their activity in
M. smegmatis transformants. The respective sequences of the
P1, P2, P3, P4, and P5 promoters that were cloned are indi-
cated in Fig. 5. Since P2 has secondary structure regions over-
lapping with the —10 and —35 sequences, in order to confirm
the promoter activity of P2, the —10 sequence was deleted by
cloning a 59-bp PCR-amplified truncated P2 (P2A) (Fig. 5). As
an internal negative control, a 67-bp Pb sequence was PCR
amplified and cloned. Except truncated P2A and the negative
control Pb, all of the specific promoter sequences, namely, P1
to P5, drove the expression of mycgfp2+ (Fig. 6). These ob-

servations confirmed that the regions, predicted based on 5’
end mapping of ftsZ transcripts, are true promoters and the
transcripts t1 to t5 (and t6) are true transcripts and not RNase-
processed products. These observations indicate that the pal-
indrome sequences in these promoter regions are not RNase
processing sites but might be involved in promoter regulation.
Careful mutational analyses of the palindrome structures are
needed to fully understand the transcriptional regulation of the
M. tuberculosis ftsZ gene.

In summary, we have identified and mapped six transcripts
(t1 to t6) and their putative promoters (P1 to P6) for the ftsZ
gene of M. tuberculosis. Among them, P1 and P2 are in the
ftsO-ftsZ intergenic region, while P3 and P4 are in the 3’
217-bp region and P5 and P6 are in the 5’ 467-bp region of the
ftsQ ORF. The identification of these transcripts, their respec-
tive putative promoters, and their distribution are in concur-
rence with our previous study (43), which demonstrated pro-
moter activity in the ftsQ-ftsZ intergenic region and 3’ 217-bp
and 5" 467-bp regions of the ftisQ ORF. The absence of any
transcript from the 261-bp P1P2 region of ftsQ also correlates
with the absence of promoter activity noted for this region in
our previous study (43). The quantitation of the relative inten-
sities of the extension products of t1, t2, t3, and t4 transcripts
(Fig. 1b and 2f) showed that both in M. tuberculosis cells and in
M. smegmatis transformants, the promoter strength of the 3’
217-bp region of the ftsQ ORF is 1.3 to 1.8 times higher than
that of the 172-bp M. tuberculosis ftsQ-ftsZ intergenic region.
These values are comparable to the values (1.4 to 1.8) obtained
in the semiquantitative reverse transcription-PCR analyses of
the M. tuberculosis ftsZ transcripts originating from the respec-
tive regions in M. tuberculosis (43) and in M. smegmatis trans-
formant containing pMN406-Q1K1 (Fig. 6 of reference 43).
The promoters in the ftsQ ORF are GC rich and lack consen-
sus to promoters that are recognized by the plethora of char-
acterized sigma factors present in M. tuberculosis. Their high
GC content also shows concurrence with their activity in M.
smegmatis but lack of activity in E. coli (43). The presence of
multiple promoters for ftsZ might facilitate differential regu-
lation of gene expression in response to various environmental
signals corresponding to different stages of the life cycle of the
pathogen. Alternately, considering the slow rate of transcrip-
tion in mycobacteria (28), multiple promoters might enable the
maintenance of the high intracellular concentration of FtsZ
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required for cell division in M. tuberculosis and M. smegmatis
(13, 14).
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