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Transcription of the Escherichia coli dew cluster: Evidence for distal upstream
transcripts being involved in the expression of the downstream ftsZ gene
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Abstract — Escherichia colistrains VIP596 and VIP597 have been constructed to compare the amount of transcriptiofts# the

gene derived from proximal promoters in tldIB-ftsZregion with that originating in the upstream regions of ttoav cluster. Both

strains have in common f-galactosidase reporter fusion located at do#B locus but differ in that VIP597 has a transcription
terminatorQ interposon located downstream frdatZ In addition, these strains have tdIB, ftsQ, ftsAandftsZ genes under the

control of the IPTG-inducible promoter.R allowing to control artificiallyftsZexpression for normal cell division to take place. When
[-galactosidase activity was measured in VIP596 and VIP597 and compared to the levels measured in strain VIP407, in which the
lacZ reporter fusion is located in tHesZgene, they were found to account for nearly 66% of the total transcription enterinfgsiito

This result indicates that the reductiorfisZ transcription observed when the promoters indtEB-ftsAregion are disconnected from

the upstream sequences of tmv cluster (as observed by Flardh et al., Mol. Microbiol. 30 (1998) 305-316) in strain VIP490) is the
direct consequence of the interruption in the transcription originated upstream and not due to the effect of such sequences on the
promoters proximal tdtsZ © 2001 Société francaise de biochimie et biologie moléculaire / Editions scientifiques et médicales
Elsevier SAS

cell division / regulation / transcription / dew cluster / Escherichia coli

1. Introduction coding regions of the immediately adjacent upstream
ddIB, ftsQand ftsA genes, to regulatiisZ expression [2,

The ftsZ gene maps at 2.5 min of tHescherichia coli  10]. Previous studies demonstrated that these promoters
chromosome immediately after two other cell-divisionprovide only 33% of the totaftsZ transcription [1]. A
genesftsQ andftsA at the distal end of thdcw cluster. number of regulatory factors (SdiAy®, ppGpp, RcsB)
ftsA and Z share a high degree of homology with otherhave been demonstrated to act on these promoters
bacterial species and their products, together with Fts11-14]. As a further complexity the accumulation of
are essential foE. coli cell division. TheE. coli dcw  transcripts forftsZ has been reported to oscillate in a
cluster is formed by a total of 16 genes involved either incell-cycle-dependent manner [15].
cell division or in peptidoglycan biosynthesis [2]. FtsZ is  In this work we have constructed strains in which a
an essential protein for cell division in many organismsreporter -galactosidase gene is placed in tBe coli
including bacteria, archaea and eukaryotic organelleshromosome at a location suitable to report the transcrip-
both chloroplasts [3, 4] and mitochondria [5]. Genetional activity that, having originated in the upstream
expression regulation in thE. coli dcwcluster is very regions of thedcw cluster, is able to progress into the
complex, as it occurs as well in other clusters containinglistal ddI-fts region. We find that a substantial amount of
essential genes (reviewed in [6, 7]). Given the absence dfanscripts originating in the upstreadcw sequences
transcriptional terminators the wholdcw cluster may enter into theddl-ftsregion. It seems then unlikely that the
function inE. colias a single transcriptional unit [8]. This upstreamdcw sequences have an enhancing effect on the
is not the case in other microorganisms suctiNessseria  downstreanddI-fts region promoters.
gonorrhoae[9] in which the presence of transcriptional
terminators divides thdcwcluster in at least five distinct
transcriptional units. 2. Materials and methods

Similarly, transcriptional organisation of the distal end
of the E.coli dcw cluster is complex, marked by the 2 1. Bacterial strains
existence of at least seven promoters, located within the

E . coliK12 strains MC10614raD139A(ara-leu)7697
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thi-1 relAl; [17]) and CC118(\pir) (A(lac-pro) argE(Am)
recA56 nalA RifR (Apir); [18]) were grown on Luria broth
(LB) either liquid or solidified with 1.5% agar [19] at
37 °C and supplemented when required with thiamine
(thi) at 5pg mL~2, ampicillin (Amp) at 50 pg mL™?,
isopropyl-p-D-thiogalatopyranoside  (IPTG) (20 or
100 uM, except when stated otherwise), and 5-bromo-4-
chlorlo-3—indonI—ﬁ—D—gaIatopyranoside (X-Gal) at 40 g
mL~.

2.2. DNA manipulations

General DNA manipulations were performed according
to standard protocols [20, 21]. Transformations were
performed either as described by Hanahan [17], or using
the BioRad E. coli electroporation pulser at the manufac-
turer’s specifications. Non-radioactive labeling of probes,
hybridization, and colorimetric detection of Southern blots
were carried out using Boehringer (Roche Molecular
Biochemicals) Nucleic Acid Labelling and Detection kit
accordingly to the manufacturer’s instructions.

2.3. Plasmid constructions

Plasmid pPFV 1 was constructed by cloning a Hindll1-
Pstl 729 bp fragment containing part of ddiB gene and
part of murC from plasmid pKFV117 in the Hindlll and
Pstl sites of plasmid pTL61T which contains the lacZ
reporter gene and an Rnase |11 processing site at the start
of lacZ [22]. This resulted in the murC-ddiB segment
being placed upstream the lacZ gene. The resulting pPFV 1
plasmid was then propagated in DH50.

To obtain plasmid pAFV1 a 4115 bp Sall-Nrul frag-
ment from plasmid pPFV 1, containing the C-terminal part
of murC and a fusion ®(ddIB-lacZ), was cloned between
the Xhol and the Klenow treated Bglll sites of plasmid
pKFV115 [1], so that the P, promoter of pKFV115 is
able to direct transcription from the truncated murC
region. Plasmid pAFV2 was constructed as pAFV1 but
inserting the transcription terminator Q as a 2.0 kb Smal
fragment from plasmid pHP45Q [23] downstream the
lacZ gene. Both plasmids were propagated in the strain
CC118 (\pir).

2.4. Construction of the reporter strains VIP596
and VIP597

Plasmids pAFV 1 and pAFV2 do not replicate except in
hosts expressing the it protein [24]. To select for strainsin
which the desired constructions had integrated into the
chromosome, pAFV1 and pAFV2 were electroporated
into MC1061. AmpR Lac* colonies were then selected on
LB plates containing IPTG at different concentrations
(ranging from 20-100 pM) and 50 pg mL1 ampicillin.
Their IPTG growth dependence was tested and the correct
location of the integrated plasmid in the chromosome was
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confirmed using PCR amplification and sequencing.
Primer pairs used and sizes of the expected amplified
fragments were: KF7(murC) - TG17(lacz) (2.8 kb); TG20
(tac promoter) - MA1(ddIB), (600 bp); and KF8 (aadA) -
MAZ1(ddIB) (6.0 kb) (see figure 1) [1]. Detection of the Q
fragment in strain V1P597 was a so confirmed by Southern
blot analysis of EcoRV digested chromosomal DNA using
an 2.0 kb Q probe from plasmid pHP45Q [23] yielding an
8.0 kb fragment as expected.

2.5. p-Galactosidase assays

Measurement of 3-galactosidase activities was done in
samples obtained from LB liquid medium cultures supple-
mented with IPTG (5, 20, 60 and 100 pM), thi (5ug
mL™), and Amp (50 uig mL™ when necessary). The
cultures were maintained in exponential growth phase at
an ODgy lower than 0.25 by diluting into pre-warmed
medium for at least 10 doubling times. For assays samples
were taken at ODgyo = 0.2 and B-galactosidase activities
were measured as described by Miller [19], with the
maodifications described by Masters et a. [25]. The activi-
ties are expressed in Miller units.

2.6. Cell volume measurements

Portions of exponentially growing cultures of VIP596
and VIP597 in medium containing 20 M IPTG were
transferred to medium containing different IPTG concen-
trations and grown, maintaining the ODg,, below 0.3 by
suitable dilutions, for at least three doublings. After this
time the median cell volume of each portion was mea-
sured using a ZM Coulter Counter with a 30 um orifice
connected to a Coulter Channelyzer 256 (both from
Coulter Electronics) as described previously [26].

2.7. Measurement of FtsZ and FtsA concentrations

FtsZ and FtsA contents were determined as described
previously [26, 27], except that blots were revealed using
a luminescence detection kit from Boehringer Mannheim
(Roche Molecular Biochemicals). The FtsZ and A levels
were measured in the same blot using polyclonal antisera
MV J9(anti-FtsZ) and MV J1(anti-FtsA).

3. Resaults

3.1. Determination of the transcription potential
required to produce levels of FtsQ, A and Z able to
sustain cell viability

According to Flérdh et al. [1], 66% of the transcription
potential that reaches the dcw cluster gene ftsZ, located
amost at the end of the cluster, is lost when a strong
transcriptional terminator (the Q interposon) is placed in
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Figure 1. B-Galactosidase reporter fusions in the dew cluster constructed in the E. coli chromosome. The arrangement of genesin the
E. coli dew cluster is shown in the top row. Arrows show the position of known promoters in the ddIB-ftsQAZ region (their abbreviated
names, gene and promoter number are shown). The lacZ reporter is shaded in grey. Direction of transcription of bla and lacZ is
indicated by an arrowhead inside them. The Q interposon is represented by a double cross-hatched box. The hairpin symbol represents
one of the transcriptional terminators contained in the Q element. R marks the RNasel |l processing site located upstream thelacZ gene.
T represents the transcriptional terminator rrnBT in the lacZ gene [22]. The position of the tac promoter used to modulate the
expression of essential cell division genesis aso highlighted. The approximate locations of relevant oligonucleotides primers used to

verify the constructions [1] are indicated.

ddIB in strain VIP490. To find if this reduction is actualy
due to the physical interruption of the transcripts, a
reporter gene was placed in the bacterial chromosome
inside the non-essential gene ddiB. For this purpose ddiB
was replaced by a transcriptiona fusion ®(ddIB-lacZ) by
integrating plasmid pKPFV2 into the chromosome of
strain MC1061 to create strain VIP596 (see figure 1).
Additionally strain VIP597 was constructed by integrating

in the chromosome a transcriptional fusion ®(ddIB-lacz)
containing the strong transcriptional terminator Q located
downstream the lacZ reporter. The chromosome of this
strain contains exactly the same genes as VIP490, but
arranged in a different order. In this way the lacZ gene
inV1P490 reports the transcription that is originated within
the ddl-fts region, while the same reporter in VIP596 and
VIP597 reports the transcription that, originating in the
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Table|. Effect of ITPG concentration on cell volume, FtsA and Z levels and (3-galactosidase activity in strains VIP596 and VIP597.

Srain IPTG concentration Cell volume® FtsAP Ftsz® B-Galactosidase activity
(um)2 (Miller units)
VIP596 5 1.40 0.26 0.57 784
20 0.90 0.70 0.90 712
60 1.20 1.80 1.48 785
100 1.50 2.24 1.82 894
VIP597 5 1.90 0.10 0.45 833
20 0.80 0.45 0.81 816
60 1.10 0.89 1.40 727
100 1.03 0.98 1.60 792

2 Exponentially growing cultures of VIP596 and VIP597 in LB thi, Amp, 20 uM IPTG were washed and divided into media with
different IPTG concentrations. Cultures were kept in exponential growth phase and sampled after 3 h.
b The values are relative to the ones present in MC1061 growing in the same medium lacking antibiotics and IPTG.

upstream regions of the dcw cluster, is able to reach into
the ddIB gene. As the ddl-fts region contains three essen-
tia genes, ftsQ, A and Z, a tac promoter, together with a
lacl® gene was provided in front of ddIB to regulate their
transcription in a controlled manner by the addition of
IPTG to VIP596 and VIP597 (VIP490 contains plasmid
pKFV 122 to ensure a sufficient supply of FtsQ and A [1]).
The chromosomal structure of VIP596 and VIP597 was
confirmed by PCR amplification and sequencing of the
engineered region (results not shown).

As expected both strains VIP596 and VIP597 are
ampicillin resistant, Lac* and, due to the presence of P,,.
and lacl 9 to transcribe essential genes, they are also IPTG
dependent. While VIP597 and VIP490 do not grow at all
when inoculated into LB plates without IPTG, VIP596
grows poorly under the same conditions. This result
indicates that the promoters found inside the ddI-ftsregion
do not provide enough transcription potential to produce
sufficient levels of the FtsQ, A or Z proteins to sustain cell
viability. Sufficient Fts protein levels (FtsQ, A and Z in
VIP596, or FtsZ in VIP490) could only be attained when
P..c isinduced by IPTG (note that FtsQ and A in VIP490
are supplied by a plasmid). Moreover, results from an
experiment designed to determine the IPTG concentration
required by each strains VIP596 and VIP597 to maintain
a volume similar to the wild type (table ) indicated that
both strains require an optimal concentration near 20 pM
IPTG. Microscopical examination of VIP596 and VIP597
cells grown at 20 uM IPTG and transferred to 5 uM IPTG
shows that they form long filaments as expected (data not
shown). At 5uM IPTG VIP597 cells failed to divide
altogether (data not shown). These results show that if any
leakage of transcription termination is allowed by the less
powerful rrnBT terminator element [22] in VIP596 it is
not sufficient to increase the transcription of the promoters
inside the ddl-fts region to levels able to supply sufficient
amounts of the Fts Q, A and Z proteins.

3.2. Determination of the transcription potential derived
form upstream dcw cluster sequences that is able to
enter into the ddl-fts region

In order to measure the amount of upstream transcrip-
tion potentia that is able to enter into the ddl-fts region,
the 3-galactosidase activity of strains VIP596 and VIP597
growing in the presence of several IPTG concentrations
was measured (table 1) and compared with the activities
measured in strains VIP407 and VIP490 ([1] and table I1).
Strain VIP407, accordingly to previous estimates, is
considered to report the full potential transcription reach-
ing the ftsZ gene, while VIP490, containing the interposon
in ddIB and the lacZ reporter in ftsZ, reports the transcrip-
tion potential originated at the promoters found in the
ddl-fts region that was found to be 33% of the total [1].
The results (tables I, I1) indicate that the transcription
values reported by the lacZ gene placed immediately
upstream from ddiB at different IPTG concentrations
amount up to 74% (with an average of 61%) of the total
activity reported when the lacZ gene is placed immedi-
ately upstream from ftsZ. We conclude then that transcrip-
tion termination is the major cause of the decrease in the
transcription potential that enters into the ftsZ gene ob-
served when a transcription terminator is inserted in ddiB
(VIP490). Any cis-activation effects on the promoter
activities located in the ddl-fts from the upstream se-
quences, if at all present, are only a minor element in the
regulation of gene expression in this region.

3.3. Effect of the FtsA and FtsZ concentrations
on the expression of the upstream dcw cluster promoters

The presence of a P, promoter in front of ddIB in
strains VIP596 and VIP597 alows the induction of the
expression of ftsQ, A, and Z at different levels depending
on the concentration of the inducer. An experiment was
done in which these strains were grown in the presence of
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Table I1. B-Galactosidase activities in strains containing single-copy lacZ reporter fusions in the dew cluster.

Strain Relevant genotype Doubling time p-galactosidase activity
(min)2 (Miller units®
VIP407° MC1061 ftsZ::pKFV 116 [®(ftsZ-lacZ)] 26 1318 + 152 (100)
VIP490° VIP406° ftsZ::pKFV 116 [®(ftsZ-lacZ)] ddIB:: Q 30 435+ 92 (33)
pKFV122 [ftsQ*, A*]
VIP596 MC1061 ddiB::pAFV1 [®(ddIB-lacZ)] 25 712 + 100 (54)
VIP597 MC1061ddIB::pAFV2 [®(ddIB-lacZ)::Q] 30 816 + 100 (62)

2 Cultures were grown for more than 10 doubling times at 37 °C in LB liquid medium supplemented with 20 uM PTG, thi and Amp.
Figures between brackets are percentages of values relative to VIP407.

b T1].

different IPTG concentrations (5 to 100 uM). The FtsA
and Z cell contents were quantified by Western blotting
and the level of reporter lacZ expression was measured.
The results shown in table | indicate that the level of the
transcription originated in the upstream regions of the dcw
cluster that enters into the ddl-fts region is not modified
significantly by the cellular amounts of the FtsA or FtsZ
proteins. Given the low concentration of FtsQ in the wild
type strain [28, 29], it has not been possible to titrate it
reliably. Asthe constructions used for this experiment also
contain the ftsQ gene under the control of P, it seems
reasonable to assume aswell that the levels of FtsQ should
not affect transcription of the upstream dcw promoters.
The differential effects of IPTG induction on the expres-
sion of ftsand Z are also interesting to note. If we consider
the VIP597 induced levels of ftsA and Z as aresult of the
induction from P, then the levels found in VV1P596 under
the same induction conditions should result from the
addition of P, directed transcription and any other
possible ftsA expression induction. Substraction of the ftsA
and Z levels obtained in VIP597 from those in VIP596 at
each IPTG concentration shows that in response to IPTG
induction the levels of FtsA in VIP596 seem to increase at
a higher rate than those of FtsZ.

4, Discussion

Expression of the essentia cell division gene ftsZ is
driven in E. coli by a complex set of promoters. Some of
them have been experimentally identified in the proximal
and distal upstream regions of the dcw cluster. Flardh et al.
[1] reported that at least 66% of the transcription of ftsZ
was dependent on sequences upstream from ddIB. They
could not discriminate if such sequences were in itself
promoters or conversely if they played an enhancer-like
role on the promoters within the ddl-fts region. We have
now placed a lacZ reporter gene inside the dispensable
ddIB gene and used it to measure the transcription activity
originating at upstream sequences that enters into the
ddl-fts region. Flardh et a. [1] considered that a similar

reporter construction placed after the end of ftsZ was
reporting 100% of the transcription activity that entered
into ftsZ. However, insertion of an interposon transcrip-
tional terminator in the ddIB gene upstream from ftsQ2p
resulted in a decrease of 66% of the measured activity.
Our results show that the upstream transcription that
entersinto the ddIB gene accounts for approximately 60%
of the total. This result indicates that the decrease ob-
served by Flardh et al. [1], is largely a consequence of the
blocking of incoming transcripts that originated at se-
guences of the dew cluster located upstream from ddiB.

Haraet al. [30] found that the most upstream promoters
of the E. coli dcw cluster are required for the proper
expression of genes downstream to ftsw. Similarly
Mengin-Lecreux et al. [31] have shown that expression of
ftsZ is dependent (although not exclusively) on the pro-
moters found at the 5’ end of the dcw cluster. It is not
known if the messengers that originate at the head of the
cluster are able to reach the ddl-fts region, what would
result in a polycistronic transcript containing information
for 16 genes. If this were the case the regulation of gene
expression in the E. coli dew cluster may offer some
intricate examples of postranscriptional control.

Studying the complementation properties of a lambda
phage vector (A16-2) that carries the terminal half of the
dcw cluster (from the mid part of ftsW) Dai and Lutken-
haus [32] found that it failed to complement a null
mutation in ftsZ estimating then the contribution of
upstream-directed expression of ftsZ to be 30 to 40%. Our
results similarly show that the transcription originated in
the ddl-fts region (33% of the total) is not sufficient to
sustain growth and division in VIP596 and VI1P597 under
normal experimental conditions. This does not exclude
that under specific circumstances some of the promoters
contained in this region may have a more important role,
for example upon entrance into stationary phase the
relative contribution of ftsQ1p increases [13], SdiA induc-
tion of ftsQ2p is able to raise the levels of ftsZ transcrip-
tion [33] and ftsAlp may be induced by RcsB [14].

We also find that different levels of ftsQ, A, and Z
expression obtained when adding different IPTG concen-
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tration to cultures of VIP596 or VIP597 do not signifi-
cantly modify the activity obtained from the reporter gene,
while on the other hand the levels of the FtsA and Z
proteins are induced. This confirms that FtsZ has no
regulatory role in the expression of the promoters located
within the dcw cluster [1]. Moreover, as ftsQ is also
controlled in VIP596 and VIP597 by the P, promoter we
can conclude that neither the levels of FtsA, FtsZ, nor
(possibly) FtsQ are likely to have an important effector
role on the overall transcription activity of the dew cluster
genes in E. coli. Results obtained by Dewar et a. [34],
indicate that the B-galactosidase levels reported by a
construction carrying the ftsAp, ftsZ3p and 4p promoters
in a lambda prophage in a Ts suppressor background
increased at 42 °C when the levels of FtsA16 (Am)
diminished as a consequence of the loss of suppressor
activity. Our results would suggest that the modulation of
expression observed in their experiments do not extend to
the promoters found upstream from ddIB, those that under
normal growth conditions supply 66% of the transcription
potential for ftsZ.

On the other hand, a different effect of IPTG concen-
tration on the rate of FtsA and Z production can be
observed when comparing the levels of both proteins
obtained in VIP596 and VIP597. As the dcw cluster
promoters present in both strains are exactly the same, this
observation should be interpreted as a possible effect of
the FtsA protein on postranscriptional events affecting the
artificial transcript generated in VIP596 by the combined
effect of RNase |11 cleavage upstream lacZ and leakiness
of the transcriptional terminator immediately downstream.

Although there is a fair degree of gene and gene order
conservation among the dcw cluster of different organisms
[8] it seems that regulation of its expression in different
species may adopt different patterns, depending perhaps
on the presence of transcriptional terminators in the
cluster [9]. The physical arrangement of the E. coli dcw
cluster raises some interesting questions on how such a
complexity has been conserved during evolution instead
of the cluster being, or the isolated genes remaining,
dispersed. The dispersion of the dew cluster genes seems
to be a rare event [8], but the separation into different
transcriptional units occurs in some organisms [9]. Thisis
not the case in E. coli in which these complex mechanisms
that regulate transcription of the dcw cluster seem to be
required for the proper performance of septation [26].
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