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Cloned division genes (ftsQ and ftsA) and the gene for B-lactamase (bla) were transcribed in vivo from a
bacteriophage T7 promoter under conditions which blocked the use of other promoters. The different coding
regions of single mRNAs were translated with widely different efficiencies, such that the ratio of g-lactamase
production to FtsQ production was about 75:1. The relative rates of translation of the division proteins reflected
their relative rates of production from normal chromosomal promoters (FtsA > FtsQ). We show that the low
rates of production of FtsQ and FtsA proteins are due to their ribosome-binding sequences and that there is no
obligatory translational coupling between them, despite the close proximity of the genes. Levels of translation
of FtsA are shown to be proportional to levels of transcription, and therefore there is no evidence of variable

regulation of translation.

The essential cell division genes ftsQ, ftsA, and ftsZ are
tightly linked within a large cluster of genes concerned with
peptidoglycan synthesis and septation (Fig. 1). There are
numerous promoters within the cluster, several of which are
found within coding sequences (12, 13, 17, 18, 21, 22). Figure
1 shows the arrangement in the ddi-envA region. There are
no transcriptional terminators within this group, but there is
a strong terminator after envA (1). (This terminator separates
transcription of the cell division and other upstream genes
from that of downstream genes concerned with transport of
proteins across membranes [1, 9].) When cloned segments of
this region are expressed in vivo, it is found that quite
different amounts of the different proteins are produced and
that these amounts are in reverse order from the transcrip-
tional order of the genes on the chromosome (1, 7, 12, 13,
22). Thus, more EnvA protein than FtsZ is produced (7),
while FtsZ is produced in much greater amounts than FtsA
(7). The FtsQ protein has only recently been identified (15),
but it was noted that it was produced in small amounts from
cloned DNA. Presumably this differential expression reflects
the relative requirements for the four proteins in cell divi-
sion. Although the contributions of the different promoters
to transcription of the region are not known for normal
conditions, the lack of terminators between them should lead
to progressively higher levels of transcription of downstream
genes (Fig. 1). This might therefore explain their different
levels of expression. However, we show here that differen-
tial translation of the different coding sequences in a com-
mon mRNA (produced from a cloned bacteriophage T7
promoter [16]) gives similar relative rates of production for
FtsQ and FtsA (translation of envA has not yet been studied
in this way). We also have evidence which suggests that
FtsZ is translated more efficiently than either FtsQ or FtsA.
Mechanisms for the strong differential expression of the
division proteins therefore appear to have evolved at both
the transcriptional and translational levels.

We have earlier provided evidence that transcription from
promoters in this region is regulated by the requirements of
the cell for FtsA protein during division (2). We have
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therefore looked for evidence of similar regulation of the
frequency of translation of FtsA. Our results suggest, how-
ever, that there is no such independent control.

MATERIALS AND METHODS

Strains. Escherichia coli K-12 NM275 (an hsdR trpR
derivative of W3350), obtained from Noreen Murray, was
used in most experiments, and E. coli BL21(DE3) (16) was
used in experiments using isopropyl-p - D -thiogalactepy-
ranoside (IPTG) induction.

Measurement of rates of synthesis of polypeptides from
mRNAs transcribed from the ¢10 promoter of phage T7. The
method used was essentially that described by Studier and
Moffat (16) and Tabor and Richardson (19). Cells carrying
the various plasmids (described below) were grown over-
night with shaking at 37°C in M9 salts with 0.4% maltose,
thiamine (1 pg/ml), and ampicillin (50 pg/ml). These cultures
were diluted into fresh medium to give an optical density at
540 nm of between 0.06 and 0.1 and were grown with shaking
at 37°C. When the optical density reached 0.8, 10 mM
MgSO, was added. Part of the culture was then infected with
ACE6 (16) at a multiplicity of infection of about 7. The
uninfected portion served as a control. After 30 min, samples
were withdrawn from both the infected and uninfected
cultures, and rifampin was added to a final concentration of
200 pg/ml. After 45 min, 500-wl samples of the four portions
of each culture were pulse-labeled with 5 wCi of [3°S]-
methionine for S min. These were then chilled in an ice water
bath before being centrifuged at 4°C for 2 min. The super-
natants were decanted, and the pellets were suspended in 60
! of cracking buffer (5) and placed in a boiling water bath for
4 min. Portions (20 ul each) of each sample were loaded and
electrophoresed on 10% sodium dodecyl sulfate-polyacryla-
mide gels. The gels were stained with Coomassie blue for 30
min, destained, dried, and exposed to Du Pont X-ray film for
12 h. The autoradiographs were developed in an automatic
film developer. The labeled bands were located with the
autoradiograms, cut out of the dried gel, placed on polyeth-
ylene, rehydrated with 20 pl of water for 20 min, dropped
into 3 ml of Petri solubilizing scintillant (11), swirled over-
night at 37°C, and then counted in a scintillation counter.

Construction of plasmids. The parent plasmids pT7-4 and
pT7-5 were obtained from Chris Boyd, and pET-3C was
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FIG. 1. Arrangement of genes in the major morphogene cluster
(3) and the promoters P and terminator ((J) known in the ddl-envA
segment. The locations of the recently described f1s36, ftsW (4), and
murD (8) are included. Some reference restriction sites are shown:
R, EcoRl; B, BamHI; K, Kpnl; H, Hindlll; and C, Clal.

obtained from W. Studier. These plasmids carry the $10
promoter of phage T7 upstream from a polylinker and the bla
gene (Fig. 2) (19). pT7-4QA was made by cloning the
2.3-kilobase (kb) EcoRI fragment from pGH4 (12) into the
EcoRlI site of pT7-4. This fragment carries the coding se-
quences of ftsQ and ftsA together with short flanking se-
quences from the upstream ddl gene and the downstream
ftsZ gene (12). pT7-4A was made by digesting pT7-4QA with
BamHI to delete the region between the BamHI site on the
polylinker and the BamHI site on the 2.3-kb fragment,
followed by religation. This deletes part of frsQ but leaves
the ftsA sequence intact. pT7-5QA was made by cloning the
2.3-kb fragment into the EcoRI site of pT7-5. pT7-5Q was
made by digesting pT7-5QA with HindIII to delete the region
between the HindIll site on the polylinker and the HindIII
site on the 2.3-kb fragment, followed by religation. This
removes the C-terminal coding sequence of ftsA but leaves
ftsQ intact. pET-3CQA was made by cloning the BamHI
fragment of pT7-5QA (from the BamHI site in ftsQ to the
BamHI site on the polylinker) into the BamHI site of
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FIG. 2. Chromosomal inserts in the plasmids used in this work.
The boxes represent coding sequences (Q, ftsQ; A, ftsA; and Z,
ftsZ). The large black triangle represents the ¢10 promoter, the
small triangle represents the bla promoter, and Ter indicates the T7
terminator. The distance between the cloned fis and bla segments is
not to scale. The black segment represents the RBS and first codons
of the T7 gene 10 (see text).
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pET-3C. This creates an in-frame translational fusion be-
tween the N-terminal codons of gene 10 (from phage T7) and
the C-terminal codons of ftsQ, while leaving the ftsA se-
quence unchanged. pET-3CQA(KpnlA) was made by digest-
ing pET-3CQA with Kpnl and religating. This procedure
creates an in-frame translational fusion between the N-ter-
minal codons of the gene 10::ftsQ fusion and the C-terminal
sequence of ftsA. pT7-5QAZ was made by digesting pT7-
5QA, first with HindIII and then with Clal, to remove the
fragment between the HindlIII site in ftsA and the Clal site in
the polylinker and then religating with a 1.87-kb HindIII-
Clal fragment (obtained from pSUZ donated by Susan
Dewar) to replace the deleted portion of frsA together with
the complete ftsZ downstream coding sequence.

RESULTS

Differential production of B-lactamase and FtsA protein
from a single mRNA. The 2.3-kb EcoRI chromosomal frag-
ment carrying the complete ftsQ and ftsA coding sequences
was cloned into the plasmid pT7-4 (14) to form pT7-4QA
(Fig. 2). Restriction analysis was used to show that the
fragment was inserted in the correct orientation between the
phage T7 promoter ($10) and the B-lactamase gene (bla).
The $10 promoter is inactive in the absence of the highly
specific T7 RNA polymerase (14, 16, 19), and cells carrying
pT7-4QA express ftsA and bla from their own promoters,
which are transcribed by the E. coli RNA polymerase. ftsQ
is not expressed because the cloned fragment does not
include its promoter (12, 13).

Transcription from ¢10 can be induced by the production
of T7 RNA polymerase, either by induction of a repressed
T7 polymerase gene already present in the cell or by infec-
tion of the cell with a N\ phage carrying this gene (14).
Transcription from all other promoters in the cell can be
blocked at the same time by addition of rifampin, which
inhibits E. coli RNA polymerase but not T7 RNA polymer-
ase (14). Under these conditions, cells carrying pT7-4QA
should produce only a single mRNA species and the FtsQ,
FtsA, and B-lactamase proteins encoded by it.

Figure 3 shows the result of such an experiment. Log-
phase cells of E. coli K-12 NM275, carrying either pT7-4 or
pT7-4QA, were infected with A\CEG6 (carrying the gene for T7
RNA-polymerase [14]). After 30 min, rifampin was added to
inhibit host RNA polymerase. Forty-five minutes later, the
cells were labeled for 5 min with [**S]methionine (see
Materials and Methods). Cells carrying pT7-4 produced only
the three bands of B-lactamase (10) under these conditions
(Fig. 3A, lane 8). (The three polypeptides correspond to a
precursor protein, mature B-lactamase, and a lower-molec-
ular-weight [MW] product which is always seen under these
conditions [10].) Cells carrying pT7-4QA produced an addi-
tional polypeptide with a mobility corresponding to that of
FtsA protein (6, 7) (Fig. 3B, lane 4). FtsQ protein was not
resolved in this case, presumably because its MW caused it
to migrate together with one of the B-lactamase bands. To
confirm that this labeled band is FtsA protein, pT7-5Q was
constructed by deletion of a HindIIl fragment from pT7-
5QA. This deletion removes the C-terminal 102 codons of
ftsA and forms an in-frame fusion with the downstream
vector sequence to give a predicted run-on polypeptide with
a molecular mass of 37.15 kilodaltons (kDa). A band of this
mobility is seen to replace the FtsA band (45.4 kDa) in Fig.
3C, lane 8. (The lower-molecular-mass band is presumed to
be the FtsQ protein; see below.)

It is clear from these autoradiograms that the rate of FtsA
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FIG. 3. Autoradiograms of polypeptides pulse-labeled with [>*S]methionine and separated by polyacrylamide gel electrophoresis. For each
set of cultures, lane 1 shows the control culture (i.e., uninfected and not treated with rifampin), lane 2 shows the uninfected, rifampin-treated
culture, lane 3 shows the infected culture without rifampin, and lane 4 shows the infected culture with rifampin added. (A) Lanes 1 to 4,
pET3C; lanes S to 8, pT7-4. (B) Lanes 1 to 4, pT7-4QA; lanes 5 to 8, pT7-4A. (C) Lanes 1 to 4, pT7-5; lanes 5 to 8, pT7-5Q. (D) Lanes 1 to
4, pT7-5QA; lanes 5 to 8, pET3CQA. (E) Lanes 1 to 4, pET-3CQA(KpnlA). Theoretical molecular masses (in kilodaltons) from DNA
sequences are as follows: FtsA, 45.4; FtsQ, 31.4; FtsA run-on polypeptide, 37.15; T7 protein 10-FtsQ hybrid, 29.6; T7 protein 10-FtsQ-FtsA
hybrid, 52; and B-lactamase polypeptides, 32, 29, and 26. Molecular mass markers are given to the right of each panel in kilodaltons.

synthesis is very much lower than that of B-lactamase from
the same transcript. Direct measurement of the radioactivity
in the B-lactamase and FtsA bands gave a (B-lactamase
synthesis to FtsA synthesis ratio of 23:1.

Differential production of FtsQ and FtsA from a common
mRNA. In order to resolve the FtsQ polypeptide from the
B-lactamase bands, the 2.3-kb EcoRI fragment was recloned
into pT7-5 to form pT7-5QA (Fig. 2). In this plasmid the bla
gene is in the orientation opposite from its orientation in
pT7-4 and is therefore not transcribed from ¢10 (14). After
the same treatment as before, cells carrying pT7-5QA ex-
pressed only two polypeptides (Fig. 3D, lane 4). Since the
cloned segment being expressed from $10 carries only the
ftsQ and ftsA coding sequences, we infer that the polypep-
tide with the higher mobility corresponded to FtsQ, although
its mobility under our conditions gave a slightly higher MW
than that reported earlier (15). This conclusion was con-
firmed by modification of the ftsQ sequence to produce a
lower-MW product (see below). The band corresponding to
FtsQ was less intense than FtsA. The bands were cut out of
the gel, and the relative amounts of label were measured.
The ratio of FtsA to FtsQ was 3.3:1. This ratio was con-
firmed in similar experiments.

High level of production of a hybrid FtsQ protein from a
different RBS. The differential rates of synthesis of FtsQ and
FtsA and B-lactamase from common mRNAs suggest that
the different coding regions are translated independently
from separate ribosome-binding sites (RBS). To test this
hypothesis, we constructed pET-3CQA (Fig. 2). In this
plasmid the RBS and first 27 codons of ftsQ have been
replaced by the RBS and first 12 codons of gene 10 of phage
T7 to make an in-frame translational fusion resulting in a new
polypeptide of 29.6 kDa. Cells carrying pET-3CQA pro-
duced large amounts of a new, lower-MW polypeptide (Fig.
3D, lane 8). (Like the normal FtsQ protein itself, this band
moved more slowly than predicted from its MW alone.) The
amount of label in this band was similar to that found in
B-lactamase in other experiments (Fig. 3A, lane 8; Fig. 3B,
lanes 4 and 8). This demonstrates that the original band was
indeed FtsQ and also shows that the low level of synthesis of
this protein was probably due to the nature of the RBS
present in the original chromosomal DNA.

Figure 3D (lanes 7 and 8) also shows that there was
increased production of FtsA protein by pET-3CQA. This
presumably resulted from the increased translation of the
upstream ftsQ sequence. The effect might result either from
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FIG. 4. Coordinate induction of transcription and translation of ftsQ and bla. Increasing concentrations of IPTG were added to induce
transcription of the T7 RNA polymerase gene (gene 1) from the lacUVS5 promoter in cells of strain BL21(DE3), which also carried the plasmid
pT7-4QA. (For induction and labeling procedures, see text.) The first of each pair of lanes is an autoradiogram of pulse-labeled cells in the
absence of rifampin, and the second shows the polypeptides labeled in the presence of rifampin. The IPTG concentrations were as follows:
lanes 2 and 3, no IPTG; lanes 4 and 5, 1 nM; lanes 6 and 7, S uM; lanes 8 and 9, 10 pM; lanes 10 and 11, 20 pM; lanes 12 and 13, 50 pM;
lanes 14 and 15, 100 pM; and lanes 16 and 17, 400 uM. The gels were exposed for 96 h. Molecular mass markers (in kilodaltons) are shown

to the right of each panel.

increased stability of the mRNA in this state or from
translation coupling (12, 22). It should be noted that less
FtsA than hybrid FtsQ protein was produced in this situa-
tion.

High level of production of a hybrid FtsA protein. To tést
whether the relatively low level of production of FtsA
(compared with B-lactamase) was also due to the nature of
the proximal RBS (lying within ftsQ), a new in-frame fusion
was constructed; in this fusion, the N-terminal 16 codons of
ftsA were replaced with the RBS and the region coding for
the beginning of the protein 10-FtsQ hybrid. To do this,
pET-3CQA DNA was digested with Kpnl and religated to
produce pET-3CQA(KpnlA) (Fig. 2). The new hybrid poly-
peptide has the first 12 amino acids of the gene 10 product, 59
amino acids of FtsQ, and 370 amino acids of FtsA. Under
conditions in which transcription originates only at 10,
pulse-labeled cells carrying this plasmid showed a strongly
labeled band with the mobility expected for the new hybrid
protein (52 kDa) (Fig. 3E, lane 4), together with a number of
lower-MW bands which we suppose represent degradation
products. We interpret this result to mean that the low rates
of synthesis of FtsA protein from pT7-4QA, pT7-5QA, and
pET-3CQA were due to the nature of the RBS within fzsQ.

Lack of obligatory coupling between translation of ftsQ and
JtsA. The fact that the reading frames of frsQ and ftsA
overlap by 2 base pairs has suggested that translation of
these two genes might be coupled (12, 22). That there can be
some coupling is demonstrated by the observation that FtsA
protein was made in larger amounts when the upstream ftsQ
sequence was translated more efficiently (Fig. 3D, lanes 7
and 8). However, the fact that FtsA protein was produced at
a higher rate than FtsQ when normal low-level FtsQ trans-
lation was occurring (Fig. 3D, lane 4) suggests that coupling
is not complete and translation of ftsA takes place indepen-
dently of translation of ftsQ. We showed that this is so by
constructing pT7-4A by BamHI digestion and religation of
pT7-4QA (Fig. 2). This removes the RBS and N-terminal
codons of ftsQ so that the mRNA upstream of ftsA is no
longer translated. Figure 3B shows that this had no effect on
the rate of production of FtsA protein (compare lanes 4 and
8; the ratio of >°S label in these bands was 0.98:1).

Translation of ftsA is proportional to the rate of transcrip-
tion and is not independently regulated. We have earlier
shown that the level of transcription from the promoters
within the 1.7-kb EcoRI-HindIII fragment (covering all of
ftsQ and part of ftsA) appears to be regulated in response to
the need of the cell for division proteins (perhaps only FtsA)
(2). We therefore wished to determine whether translation of
ftsA was also regulated.

To try to test this, we constructed a strain in which the
rate of transcription from $10 was controlled experimen-
tally. We assumed that if translation was independently
regulated, then the rate of translation would not be directly
proportional to the rate of transcription over a range of
transcription rates. We therefore introduced pT7-4QA into
cells of strain BL21(DE3) in which the level of transcription
of 10 is controlled by IPTG (16). This is because this strain
is lysogenized with a phage (ADE3) which carries the gene
for T7 RNA polymerase under the control of the lacUVS5
promoter. Addition of IPTG is therefore required for T7
polymerase production, which is in turn required for tran-
scription of ftsQ, ftsA, and bla from the $10 promoter. The
strategy was to induce different levels of transcription by
using different concentrations of IPTG and then to determine
whether the rate of synthesis of FtsA protein was propor-
tional to that of B-lactamase from the ¢10 transcripts. (We
assumed that the rate of B-lactamase translation would be
proportional to the rate of transcription.)

The rates of production of FtsA and B-lactamase polypep-
tides increased together over the range of IPTG levels used
0, 1, 5, 10, 20, 50, 100, and 400 nM) (Fig. 4). There is
therefore no evidence in this experiment of independent
translational control of FtsA production. (FtsQ could not be
resolved from B-lactamase in this experiment.)

Translation of ftsZ transcripts. pT7-SQAZ was constructed
by removing a HindlII-Clal fragment from pT7-5QA (which
deletes the C-terminal coding sequence from ftsA together
with some plasmid sequence) and replacing it with a HindIII-
Clal segment consisting of the same C-terminal part of ftsA
together with the downstream ftsZ gene. In this plasmid, the
ftsQ, ftsA, and ftsZ sequences are in their normal chromo-
somal order and can be cotranscribed from $10. Restriction
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FIG. 5. Pulse-labeled polypeptides in cells carrying pT7-SQAZ
(samples were treated as described in the legend to Fig. 3). The gel
was exposed for 7 days. Molecular mass markers (in kilodaltons) are
shown to the right of the gel.

analysis confirmed the construct, and the presence of active
ftsA and ftsZ genes was checked by complementation of
mutants. ‘

Cells carrying pT7-5QAZ produced numerous minicells, in
addition to normally dividing cells, as previously reported
for plasmids carrying functional ftsZ (20). Some difficulty
was experienced in maintaining this plasmid in minimal
medium long enough to carry out the labeling protocol used
for all the other plasmids. A labeled polypeptide correspond-
ing to the molecular mass (40 kDa) of FtsZ was seen, but the
expected FtsA and FtsQ bands were not detected (Fig. 5).
Genetic testing of the treated population showed that this
was due to the low percentage of cells which still carried the
plasmid at the time of labeling. Although we have been
unable to overcome this problem of stability, this result
nevertheless suggests that much more FtsZ protein than
either FtsA or FtsQ is made when these proteins are made
from a single transcript.

DISCUSSION

The experiments described above show differential trans-
lation of the ftsQ, ftsA, ftsZ, and bla coding sequences when
they are transcribed as polycistronic mRNAs. The ratio of
rates of synthesis of B-lactamase, FtsA, and FtsQ is esti-
mated to be about 75:3:1 (by direct measurement of the
radioactivities of eluted polypeptides), although the bla
sequence was always transcribed last and might therefore
have been expected to be transcribed and translated at lower
levels than upstream genes. It is clear, therefore, that the
FtsA and FtsQ proteins are very inefficiently produced.
(These proteins are stable [15; unpublished data], and the
low levels of labeled polypeptides are not due to rapid
degradation.) Very inefficient translation of mRNA must
therefore be the cause of their low rates of synthesis. This
was confirmed by replacing the upstream sequences contain-
ing the putative RBS with the RBS and initial few codons of
an efficiently translated gene, gene 10 of phage T7 (14). The
resulting hybrid polypeptides (containing 90% of the FtsQ
polypeptide or 96% of the FtsA polypeptide) were produced
at rates similar to that of B-lactamase (as measured by the
radioactivity of eluted bands).

We have shown that the ftsA coding sequence is translated
independently of ftsQ, confirming the existence of ribosome-
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binding sequences within the ftsQ coding frame (12). This is
supported by the fact that FtsA protein is made at about
three times the rate of FtsQ when the genes are cotrans-
cribed. FtsA translation is, however, stimulated when the
upstream ftsQ sequences are being much more actively
translated. Translational coupling can therefore occur under
such conditions.

We have shown that the production of FtsA protein
parallels that of B-lactamase when the frequency of tran-
scription is progressively increased. We take this to show
that the level of translation of ftsA per transcript is constant
even when FtsA (and FtsQ) protein is being produced in
excess. This would imply that there is no feedback regula-
tion of translation by FtsA (or FtsQ). The fact that transla-
tional efficiencies of ftsQ and ftsA were largely unchanged in
our experiments, whether or not one or both of these
proteins were being overproduced or whether (in the case of
FtsA) a normal or an abnormal runoff protein was being
produced, also argues against any regulation of translation
efficiency by either of these proteins. This is in contrast to
transcription of ftsA, which has been shown to be regulated
in response to the requirements of the cell for FtsA protein
Q).

The arrangement of the ftsQ-envA group of division genes
within a larger cluster of genes containing many internal
promoters but no known intervening transcription termina-
tors is expected to produce progressively increasing num-
bers of transcripts for progressively later genes. This is in
accord with published observations on the relative levels of
the EnvA, FtsZ, FtsA, and FtsQ polypeptides expressed
from cloned DNA with some or all of these promoters (7,
15). Our present work shows that this differential transcrip-
tion of different division genes is reinforced by strong
differential translation of the different segments of mRNA.
We presume that these controls on division protein produc-
tion have evolved in response to the requirements of the cell
for particular amounts of the different proteins at a particular
stage in cell growth. The result is a very complex arrange-
ment in which sequences allowing independent transcription
and translation of adjacent genes are superimposed on the
coding sequences themselves.
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