JOURNAL OF BACTERIOLOGY, July 1998, p. 3663-3670
0021-9193/98/$04.00+0

Vol. 180, No. 14

Copyright © 1998, American Society for Microbiology. All Rights Reserved.

ftsE(Ts) Affects Translocation of K™-Pump Proteins into the
Cytoplasmic Membrane of Escherichia coli

HIDEKI UKAI' HIROSHI MATSUZAWA,* KOREAKI ITO,> MAMORU YAMADA,*
AND AKIKO NISHIMURA'*

National Institute of Genetics, Mishima, Shizuoka-ken 411-8540," Department of Biotechnology, The University of
Tokyo, Yayoi 1111, Bunkyo-ku, Tokyo 113, Institute for Virus Research, Kyoto University, Kyoto 606-01,>
and Department of Biological Chemistry, Faculty of Agriculture, Yamaguchi 753,* Japan

Received 29 December 1997/Accepted 28 April 1998

The ftsE(Ts) mutation of Escherichia coli causes defects in cell division and cell growth. We expressed
alkaline phosphatase (PhoA) fusion proteins of KdpA, Kup, and TrkH, all of which proved functional in vivo
as K™ ion pumps, in the mutant cells. During growth at 41°C, these proteins were progressively lost from the
membrane fraction. The reduction in the abundance of these proteins inversely correlated with cell growth, but
the preformed proteins in the membrane were stable at 41°C, indicating that the molecules synthesized at the
permissive temperature were diluted in a growth-dependent manner at a high temperature. Pulse-chase
experiments showed that KdpA-PhoA was synthesized, but the synthesized protein did not translocate into the
membrane of the ftsE(Ts) cells at 41°C and degraded very rapidly. The loss of KdpA-PhoA from the membrane
fractions of ftsE(Ts) cells was suppressed by a multicopy plasmid carrying the fisE™ gene. While cell growth
stopped when the abundance of these proteins decreased 15-fold, the addition of a high concentration of K*
ions specifically alleviated the growth defect of ftsE(Ts) cells but not cell division, and the cells elongated more
than 100-fold. We conclude that one of the causes of growth cessation in the ftsE(Ts) mutants is a defect in the

translocation of K*-pump proteins into the cytoplasmic membrane.

Gene disruption studies show that many cell division genes
of Escherichia coli, such as ftsZ, zipA, ftsN, and ftsI, are essen-
tial for cell growth (4, 6, 13, 14), but the essential functions
affected by mutations in these genes have not been identified.
In this study, we analyzed the mechanism of cell growth arrest
in the ftsE(Ts) mutant and found that the mutation caused a
defect in the translocation of K™ -pump protein-alkaline phos-
phatase (PhoA) fusion proteins into the cytoplasmic mem-
brane and that the addition of a high concentration of K*
partially restores cell growth but not cell division in the mutant.

The ftsE(Ts) mutant strain grows normally at 30°C but stops
dividing and loses viability immediately upon a temperature
shift to 41°C (29), and DNA sequence analysis shows that FtsE
(Ts) has a missense substitution of Ser for 135Pro (10). FtsE is
localized to the cytoplasmic side of the inner membrane (12).
Therefore, it is hypothesized that FtsE may act at the inner
membrane in a “septalsome” complex. While ftsE is the second
gene in the ftsYEX operon at 76 min on the E. coli chromo-
somal map, its product belongs to the superfamily of ABC
(ATP-binding cassette) transporters (11). HlyB, a member of
this family, directs the nonconventional protein export, which
does not require an N-terminal signal sequence or the cellular
Sec machinery (19). FtsY shows sequence homology with a
signal recognition particle (SRP) receptor subunit (SRa) of
eukaryotes (30), and it plays a role in the secretion of proteins
such as OmpF and B-lactamase (22). More recent work shows
that FtsY can promote the cotranslational targeting of a signal
sequence bearing nascent chains (22). Therefore, it is specu-
lated that FtsE may also play a role in protein export in con-
junction with FtsY. However, the accumulation of precursors
of B-lactamase, OmpF, or ribose-binding protein has not been
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observed in ftsE(Ts) cells, although depletion of FtsY causes
an accumulation of these precursor proteins (22).

K™ ions are required for the 50S ribosomal subunit to cat-
alyze the peptidyl transferase reaction (25) and for the 30S
ribosomal subunit to bind phenylalanyl-tRNA in vitro (38).
Furthermore, K™ forms a membrane potential, which is im-
portant for the production of ATP and as a motive force to
ingest nutrients (15). Thus, the level of K* affects cell growth.
The K* concentration is a limiting factor for protein synthesis,
since the rate of protein synthesis slows down fourfold when
the level of K* falls below 25 mM (21). The intracellular
concentration of K* is maintained at 200 mM in E. coli cells
growing in a medium containing 10 mM K" (31). The active
transport of K" is mediated by the three K™ ion pumps, Kdp,
Kup, and Trk (31). Cells that lose all three K ion pumps
cannot grow in normal medium containing 10 mM K, al-
though cells having only one of the pumps can grow (8). How-
ever, even cells lacking all the K* ion pumps can grow in a
medium supplemented to more than 115 mM K* (28). Mea-
surements of K uptake show that the triple-mutant cells
which lack all three K* pumps lose almost all of their K*.
Transport rates in such strains are linearly dependent on the
external K concentration up to 105 mM (28). They have
suggested that E. coli has a K™ ion channel that allows K™ to
flow into the cell by concentration gradient, similar to the
process in a eukaryote.

MATERIALS AND METHODS

Bacterial strains and media. The isogenic pair of strains used in this paper,
ftsE(Ts) and ftsE™, were made by the transduction of fisE(Ts) and fisE™ into the
wild-type strain, MG1655 (32). Transduction with T4GT7 was carried out as
described by Wilson et al. (36). ftsE(Ts) and ftsE™* were cotransduced with malT*
from MFT1181 [malT" ftsE(Ts)] into MG1655 malT::Tnl0. The strains used for
a complementation test of the plasmids encoding K* ion pump protein-PhoA
fusion proteins, TK2204 (F~ thi rha lacZam nagA kdpA4 trkA405 trkDI) and
TK2691 [F~ thi rha lacZ nadA A(kdpFAB)S trkG92 trkHI trkD1]), were kindly
supplied by W. Epstein (7). Plasmid pJF118HE (9) was kindly supplied by P. W.
Postma, and pVP100 (5) was kindly supplied by R. B. Gennis. K10 contains 0.5 g
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FIG. 1. (a) Construction of the 'phoA plasmid (pTAP). pTAP is a pJF118HE
derivative that contains a 'phoA fragment lacking the sequence for the phoA
signal sequence. The construction of this vector is described in Materials and
Methods. (b) Structure of the plasmid encoding PhoA fusion protein. Truncated
sequences from the C-terminal region of each K*-pump protein were subcloned
into the BamHI site of pTAP. This construction creates an in-frame K*-pump
protein—PhoA fusion protein under the control of the tac promoter. The fusion
site of each K*-pump protein-PhoA fusion protein is shown in parentheses
(fusion site/total amino acids [a.a.]).

of NaCl/liter, 1 g of NH,Cl/liter, 30.3 g of Na,HPO, - 12H,O/liter, 2.4 g of
NaH,PO, - 2H,O/liter, 2 mM MgSO,, 0.1 mM CaCl,, 2 g of glucose/liter, and 10
mM KCI. K200 contains 200 mM KClI instead of 10 mM KCI. K10-succinate
contains succinate instead of glucose.

Construction of plasmids. The 2.2-kb HindIII-Bst1107 segment containing
phoA without the signal sequence was obtained from pVP100 (5) and ligated with
the 5.2-kb HindIII-Smal segment from pJF118HE (9). The resulting plasmid,
pTAP, carried lacI? and phoA, with phoA inserted just downstream of the tac
promoter (Fig. 1). The PCR products containing kdpA, kdpC, kdpD, kup, and
trkH, respectively, were prepared by the method of Innis et al. (16) with the
following primers. The forward primers had the 5’ flanking sequences of the
corresponding genes, including the Shine-Dalgarno sequence and the HindIll
recognition sequence (kdpA, 5'-TTTAAGCTTATGCGGAGGCGTTCTGATG
G-3"; kdpC, 5'-TTTAAGCTTGGTCTGGTGTGAGGTTTACC-3'; kdpD, 5'-G
GGAAGCTTGGCGCTGGATAAACTTGATG-3'; rkH, 5'-AAAAAGCTTA
AGGAAGCGGCAGAGATGC-3"; and kup, 5'-TTTAAGCTTTTTTGTGGGC
CAAGGGAC-3"). The reverse primers had 3’ flanking sequences that were
interrupted either by the BamHI recognition sequence (kdpA, 5'-TTAGGATC
CGAGAGATATTCCGCCACCGG-3'; kdpC, 5'-AAAGGATCCAGCGCCAG
ATTGAGTTCAAC-3'; and kdpD, 5'-GGGGGATCCCGTGGGGCGATAAA
AAAGAG-3") or the BglII recognition sequence (rkH, 5'-AAAAGATCTATA
ATCGCCAGCATACTGAC-3'; and kup, 5'-AAAAGATCTAGGTTAGCGGT
GAACAATGG-3'). The PCR products were cut with HindIIl and then cut
further with BamHI or BgIII and cloned into the HindIII-BamHI site of pTAP.
As a result, the phoA sequence was fused in frame to one of the K*-pump genes
and placed under the control of the fac promoter.

Western blotting analysis. The membrane fraction was prepared by the
method of Yamada et al. (37). Proteins were then solubilized with sodium
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dodecyl sulfate and analyzed by Western blotting; PhoA fusion proteins of the
K" pump were detected with anti-PhoA antiserum and the ECL Western blot-
ting detection kit (Amersham). Glucose dehydrogenase (GDH) was detected
with an anti-GDH antiserum. Protein concentrations were determined by the
method of Lowry et al. (20), and a fixed amount of protein was used for quan-
titative analysis.

RESULTS

High concentration of KClI in the medium partially restores
growth of strain ftsE(Ts) at the nonpermissive temperature.
We analyzed the effect of high concentrations of K* in the
medium on the growth (as measured by the increase in optical
density at 600 nm [ODg,]) and division of a pair of isogenic
strains, ftsE(Ts) and ftsE . Bacteria were grown exponentially
in K10 medium containing 10 mM of KCl at 30°C. The cultures
were then diluted with K10 or K200 (200 mM KCl) medium to
an appropriate dilution to avoid growth saturation and possible
depletion of K" ions and incubated at 30 or 41°C. The ODgy,
value of each sample was corrected for the dilution factor. In
K10, the growth of ftsE(Ts) stopped completely 4 h after the
shift to 41°C (Fig. 2a). During this period, the ODy, value
increased 32-fold. However, in K200, the growth of ftsE(Ts)
continued at least up to 10 h after the shift to 41°C (Fig. 2a),
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FIG. 2. Growth of ftsE(Ts) and ftsE* cells in the presence of 10 or 200 mM
KCI. Bacterial cultures growing exponentially in K10 medium at 30°C were
diluted 10- to 10*fold with fresh K10 or K200 medium and incubated at 30 or
41°C. The ODgy values (actual readings, 0.013 to 0.042) were corrected for the
dilution factors and plotted as values relative to that of the 0-h sample, (a) ftsE
(Ts) grown at 41°C in K10 (@), in K200 (O), and with a change from K200 to
K10 at 6 h (A). (b) ftsE(Ts) grown at 30°C in K10 (@) and in K200 (O). (c) ftsE™
grown at 41°C in K10 (M) and in K200 ((J). (d) ftsE™ grown at 30°C in K10 ()
and in K200 ((J).
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FIG. 3. Cell division of ftsE(Ts) in K200 and K10 media. Numbers of cells in
the ftsE(Ts) cultures shown in Fig. 2 were measured by using a Coulter counter.
The numbers were corrected for the dilution factors and plotted relative to the
numbers of the 0-h samples. A, ftsE(Ts) grown in K10 at 41°C; A, ftsE(Ts) grown
in K200 at 41°C; @, ftsE(Ts) grown in K10 at 30°C; O, ftsE(Ts) grown in K200 at
30°C.

although the growth rate was very low compared to that at
30°C (Fig. 2b). We also found that the amount of protein in
each culture was proportional to the ODy, value (data not
shown). Therefore, the ODy, value represents the protein
mass. The growth of ftsE* at 41°C (Fig. 2c), or the growth of
either strain at 30°C (Fig. 2b and d), was not affected by high
concentration of K*. When K200-grown ftsE(Ts) cells were
washed and recultured in K10 at 41°C, growth stopped again
(Fig. 2a). Therefore, the recovery of cell growth of ftsE(Ts) in
K200 is distinct from nonspecific growth enhancement. High
concentrations of NaCl (100 to 300 mM) did not restore the
growth of ftsE(Ts) at 41°C (data not shown). The KCl effect,
therefore, is not a general salt effect. We also found that ftsE
(Ts) formed colonies on the K200 agar plate at 41°C but not on
the K10 plate. Cell division of ftsE(Ts) stopped completely
within 20 min after exposure to a temperature of 41°C, irre-
spective of the KCI concentration (Fig. 3).

Recovery of cell growth without cell division in response to
high concentrations of K* was also shown by microscopical
observation of cells from the same cultures (Fig. 4). The aver-
age length of ftsE(Ts) cells cultured in K200 at 41°C increased
with time, and after 10 h, the cells elongated to 308 wm, which
corresponded to a 97-fold elongation over the original cells.
However, in K10, elongation stopped completely at 75 pwm
after 4 h of incubation at 41°C. This value is not in conflict with
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that expected based on the ratio of the ODg, value to the
number of cells. The addition of high concentrations of K*
affected neither the cell division of ftsE(Ts) at 30°C nor that
of ftsE™ at either temperature; cells in these cases were rod
shaped (Fig. 4). Microscope observations of DAPI (4', 6-di-
amidino-2-phenylindole)-stained cells from the same cultures
also showed that the addition of high concentrations of K" did
not affect the DNA synthesis and partition of the nucleoids
(data not shown).

These results indicate that the growth defect of strain ftsE
(Ts) at 41°C is specifically alleviated by the addition of high
concentrations of K" into the medium. Cell division remains
defective under such conditions, however.

The proteins constituting the K* pumps are missing in the
membrane fraction of the fisE(Ts) mutant at 41°C. The results
described above suggested that the inhibition of cell growth of
ftsE(Ts) at 41°C may have been caused by a reduction in the
intracellular K* level. The K* level of the wild-type cell is
controlled by three sets of K™ pumps, Kdp, Kup, and Trk (31).
Therefore, we analyzed the effect of the ftsE(Ts) mutation on
the amounts of five membrane proteins of the K* pumps,
KdpA, KdpC, KdpD, Kup, and TrkH. We constructed a series
of plasmids encoding fusion proteins between each of these
proteins and PhoA, with a fusion junction located near the C
terminus of the protein. Various transformants of ftsE(Ts) and
ftsE™ by these plasmids were grown to an exponential phase at
30°C in K10, diluted to 1/200 with K10, and further incubated
in the presence of 50 puM IPTG (isopropyl-B-p-thiogalactopy-
ranoside) at 41 or 30°C for 5 h. Membrane fractions were
prepared and subjected to Western blotting analysis with anti-
PhoA serum (23). As shown in Fig. 5, in the case of ftsE™, all
the fusion proteins tested were detected irrespective of the
incubation temperature. However, in the case of ftsE(Ts) cul-
tured at 41°C, three fusion proteins, KdpA-PhoA, TrkH-PhoA,
and Kup-PhoA, were not detected in the membranes. At 30°C,
these proteins were present in the membrane fractions. In
contrast, KdpC-PhoA and KdpD-PhoA were detected in the
membrane fractions irrespective of the ftsE genotype of the
host strain or the growth temperature. GDH, used as an in-
ternal control, was detected in similar amounts in all the sam-
ples examined. Therefore, the loss of the three K*-pump pro-
teins from the membrane fractions of ftsE(Ts) cells at 41°C
cannot be explained in terms of membrane instability of the
sick cells. The three fusion proteins which were lost from the
membranes of ftsE(Ts) cells were detected in the membranes
of ftsE(Ts) cells carrying a multicopy plasmid bearing fisE™
(unpublished data) and cultured at 41°C.

To determine whether the three fusion proteins affected by
ftsE(Ts) were functional, the plasmid encoding each of them
was introduced into a strain that contained an appropriate
mutant allele (kdpA, kup [equivalent to trkD], or trkH) as well
as mutations preventing the function of the other two K"
pumps, because one of the three pumps alone can support cell
growth under low K™ concentrations (8, 28). As shown in Fig.
6, all three plasmids complemented the corresponding mutants
in the presence of 50 uM IPTG. Therefore, our conclusion
from the experimental results with PhoA fusion proteins may
be extended to the natural phenomena that actually occur in
the ftsE(Ts) cells.

Growth-dependent dilution of the KdpA-PhoA, TrkH-PhoA,
and Kup-PhoA proteins in the membranes of ftsE(Ts) cells at
41°C. To elucidate the mechanism by which the three K*-
pump proteins are specifically lost from the ftsE(Ts) cell mem-
brane, we analyzed the time courses of their disappearances
after a temperature shift to 41°C. The ftsE(Ts) and ftsE™ cells,
carrying the plasmids encoding the three fusion proteins, were
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FIG. 4. Phase-contrast micrographs of ftsE(Ts) and ftsE™ (the 8-h cultures shown in Fig. 2) grown in different concentrations of KCl. Magnification, X400 [ftsE

(Ts) at 41°C] and X800 (others).

grown at 30°C for 3 h in K10 containing 50 uM IPTG. The
cultures were then diluted 1/40 with the same medium and
incubated at 41°C for an additional 3 h. At the indicated times
(Fig. 7a), samples were withdrawn for quantitative analysis of
the fusion proteins by Western blotting. The relative intensities
of the proteins in a fixed amount of membrane preparation
were plotted against the increase in ODyy,, of the cultures. As
shown in Fig. 7b, the abundance of the three fusion proteins in
the membrane did not change in ftsE*. However, the specific
content of each of the fusion proteins in the membranes of ftsE
(Ts) cells remained unchanged for the first doubling of ODg,
and then decreased. The half-life of this disappearance coin-
cided well with the time required for one doubling of OD,.

Using parts of the same cultures, we analyzed the levels of
mRNA for the three fusion genes by the competitive reverse
transcription method (2) and found no significant differences
between ftsE(Ts) and ftsE™ (data not shown). Under the same
culture conditions, cell division of ftsE(Ts) stopped completely
after one doubling of ODy, (Fig. 7b). Thus, the fusion pro-
teins stopped accumulating in the membrane soon after cell
division was inhibited by the ftsE(Ts) mutation; thereafter,
they were simply diluted as the cell mass increased.

We further examined whether KdpA-PhoA synthesized at
30°C is destabilized at 41°C. The ftsE(Ts) and ftsE™* cells,
carrying the plasmid encoding KdpA-PhoA, were grown expo-
nentially in K10 medium containing 50 pM IPTG at 30°C for
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FIG. 5. Western blot analysis of the PhoA fusion proteins of the K" -pump
proteins. Cultures of transformants of ftsE(Ts) and ftsE™ carrying one of
the plasmids encoding KdpA-PhoA, KdpC-PhoA, KdpD-PhoA, Kup-PhoA, and
TrkH-PhoA were grown exponentially at 30°C and diluted 200-fold with K10
medium containing IPTG, followed by incubation for 5 h at 30 or 41°C. Cells
were collected from each culture, and the membrane fractions were isolated.
Membrane proteins (10 pg each) were electrophoresed in a sodium dodecyl
sulfate-12% polyacrylamide gel and analyzed by Western blotting with anti-
PhoA antiserum or anti-GDH antiserum.

3 h. The cells were then collected, washed, resuspended in K10
without IPTG, and further incubated at 41°C. The relative
amounts of the KdpA-PhoA protein were measured (Fig. 8a)
at intervals. In both the ftsE(Ts) and ftsE™ cells, the abun-
dance of the fusion protein decreased in proportion to the
increase in ODg, (Fig. 8b). Moreover, the amount decreased
in inverse proportion to the increase in ODyy,. These results
indicate that in both ftsE(Ts) and ftsE™ cells, the fusion pro-
tein, once localized in the membrane at 30°C, is stable at 41°C
for at least 3 h.

The ftsE(Ts) mutation affects the translocation of KdpA-
PhoA. The results described above suggest that ftsE(Ts) affects
the translocation of the three fusion proteins into the mem-
brane and that the fusion proteins which have failed to trans-
locate into the membrane might be degraded. We performed a
pulse-chase experiment by the method of Ito et al. (18) to test
this hypothesis. The ftsE(Ts) and ftsE* cells carrying the
KdpA-PhoA plasmid were grown exponentially in K10 me-
dium at 30°C. The cultures were then diluted 1/40 with K10
containing 50 uM IPTG and incubated at 30 or 41°C for 1 h.
The cells were labeled with [*H]leucine for 2 min and chased
with unlabeled leucine for 0 to 5 min. As shown in Fig. 9a,
KdpA-PhoA was synthesized in similar amounts in all the
cultures irrespective of the ftsE genotype or the growth tem-
perature, but the protein synthesized in ftsE(Ts) disappeared
during a 2-min chase at 41°C.

To determine whether this instability is due to an insertion
problem or occurs because the PhoA fusion protein synthe-
sized at 41°C is incorporated into the membrane but does not
assemble into a higher-order structure and consequently is
degraded, we examined the localization of the labeled KdpA-
PhoA. In another experiment, the 0-min samples, cultured and
labeled similarly, were fractionated into membrane and cyto-
plasmic fractions in the presence of protease inhibitor, and
“H-labeled KdpA-PhoA was immunoprecipitated (Fig. 9b). In
the ftsE(Ts) cells, the KdpA-PhoA synthesized at 41°C was
detected only in the cytoplasmic fraction, although in the case
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of the ftsE™ cells, it was detected only in the membrane frac-
tion. These results indicate that FtsE affects the translocation
of KdpA-PhoA into the membrane.

The absence of K*-pump biogenesis may be responsible for
the growth cessation of ftsE(Ts). To investigate the relation
between the inhibition of cell growth and the loss of K* pumps
in the membranes of ftsE(Ts) cells, we followed cell growth at
41°C in two different media. A culture of ftsE(Ts) growing
exponentially in K10-succinate at 30°C was diluted at 0 h with
K10 or K10-succinate to an appropriate dilution to avoid
growth saturation, and subsequent cell growth at 41°C was
followed by measuring the ODy, of the cultures, with appro-
priate corrections for the dilution (Fig. 10). Doubling times
were 24 min with K10 and 110 min with K10-succinate. The
growth of both cultures stopped when the ODy, increased
32-fold. Thus, the timing of growth cessation was determined
by the extent of cell mass increase but not by the time spent at
41°C. The results presented in Fig. 7 show that KdpA-PhoA,
TrkH-PhoA, and Kup-PhoA decreased to 1/15.4, 1/14.9, and
1/13.5, respectively, when the ODg, of ftsE(Ts) increased 32-
fold at 41°C. Thus, there seem to be critical concentrations of

10 mM KClI

pTAP

pTAP-A
] TK2204 | / TK2204

10 mM KCl1 + IPTG

FIG. 6. Complementation tests of the plasmids encoding the PhoA fusion
proteins. Transformants of TK2204 and TK2691 by one of the plasmids encoding
PhoA fusion proteins were streaked on K10 agar plates with or without IPTG,
and the plates were incubated at 37°C for 24 h. pTAP was used as the vector;
the plasmid pTAP-A encodes KdpA-PhoA, pTAP-U encodes Kup-PhoA, and
pTAP-H encodes TrkH-PhoA. TK2204 has the mutations kdpA4, trkA405, and
trkD1, which cause defects in the Kdp, Trk, and Kup pumps, respectively.
TK2691 has the mutations A(kdpFAB)S, trkG92 and trkHI, and trkD1, which
cause defects in the Kdp, Trk, and Kup pumps, respectively. Cells that lose the
functions of all three K* pumps cannot grow in K10, whereas cells having one of
the three pumps can grow in K10. Note that the Trk pumps are composed of
either TrkA, -E, and -G or TrkA, -E, and -H.
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FIG. 7. Growth-dependent dilution of the KdpA-PhoA, Kup-PhoA, and
TrkH-PhoA proteins. (a) Cultures of various transformants of ftsE(Ts) and
ftsE™ by the plasmid encoding KdpA-PhoA, Kup-PhoA, or TrkH-PhoA were
grown exponentially at 30°C in K10 medium containing 50 pM IPTG (open
arrow) and diluted 1- to 200-fold with the same medium, followed by further
incubation at 41°C (solid arrow). At each time point (small arrows), ODy, the
number of cells, and the amounts of PhoA fusion proteins were measured. (b)
The ODyy values of each sample, 0.17 to 0.4, were corrected for the dilution
factors and are shown relative to the value of the 0-h sample. Cell numbers (A)
were measured by a Coulter counter. The proteins (10 pg each) of the membrane
fractions were analyzed by Western blotting, and the relative amounts of the
PhoA fusion proteins were plotted against the relative increase in ODg,. @, ftsE
(Ts) transformants; m, ftsE* transformants.

the K" -pump proteins below which the ftsE(Ts) cells cannot
grow at 41°C. In the present plasmid-based expression systems,
these values may be about 1/15 of the fully induced levels.

DISCUSSION

The PhoA fusion proteins of the components of three K*
pumps, KdpA, Kup, and TrkH, were missing in the membrane
fraction of the ftsE(Ts) mutant at 41°C. The fusion proteins,
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once localized in the membranes of ftsE(Ts) cells at 30°C, were
stable even after a 6-h cultivation at 41°C, but they were diluted
in a growth-dependent manner. The loss of the fusion proteins
from the membrane fraction was suppressed by a multicopy
plasmid carrying ftsE™. A pulse-labeling experiment showed
that K*-pump protein-PhoA fusion proteins were synthesized
in the ftsE(Ts) mutant cells at 41°C, but the synthesized fusion
proteins did not translocate into the membrane at 41°C and
degraded rapidly. Thus, the ftsE(Ts) mutation affects the trans-
location of PhoA-fused K*-pump proteins into the membrane.

The ftsE(Ts) mutant first elongates and then stops growing
at the nonpermissive temperature. We showed here that the de-
fect in cell growth is specifically alleviated in the presence of
high concentrations of K*. However, since the defect in cell
division remained impaired, the cells elongated more than 100-
fold. It is known that the triple mutants, which lack all three
K™ pumps, lose almost all of their K*, retaining less than 10%
after 2 h at 37°C, but the level is recovered by the addition of
high concentrations of K* into the medium (28). K* is essen-
tial for protein synthesis, so that a cell cannot grow when the
level of K" is lowered below a critical level (21). Under dif-
ferent growth rate conditions, the ftsE(Ts) cells always stopped
growing when the concentrations of K*-pump protein-PhoA
fusion proteins in the membrane decreased 15-fold. It seems
that the arrest in cell growth of the ftsE(Ts) cells is due to a
defect in the de novo formation of all three K pumps in the
membrane. Moreover, plasmids encoding the PhoA fusion
proteins complemented the mutants having a defect in the cor-
responding proteins. Therefore, we extended our conclusion
from the experimental results with the PhoA fusion proteins to
the biogenesis of natural K™ pumps, and we conclude that the
fitsE(Ts) mutation affects the translocation of K" -pump pro-
teins into the cytoplasmic membrane. The defect in cell growth
of ftsE(Ts) is, at least partially, ascribable to the loss of all
three K™ pumps in the membrane.
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FIG. 8. Preformed KdpA-PhoA in the membrane fractions of ftsE(Ts) and
ftsE™ transformants. (a) Overnight cultures of ftsE(Ts) and ftsE* transformants
by the plasmid encoding KdpA-PhoA were diluted 100-fold with K10 medium
containing 50 pM IPTG and incubated at 30°C for 3 h (open arrow). The ODy,
values of ftsE(Ts) and ftsE* transformants were 0.32 and 0.31, respectively, at
that point. Cells were washed with K10 without IPTG and diluted 1- to 100-fold
with fresh K10 (solid arrow). The cultures were then incubated at 41°C for 0, 0.5,
1,2, and 3 h (small arrows). After this step, the analysis procedure was the same
as that described in the legend to Fig. 7. The relative amounts of KdpA-PhoA
were plotted against the relative increase in ODjg. @, ftsE(Ts) transformant; m,
ftsE* transformant.
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FIG. 9. (a) Pulse-chase of KdpA-PhoA. Overnight cultures of ftsE(Ts) and
ftsE™ transformants by the plasmid encoding KdpA-PhoA were grown exponen-
tially at 30°C in K10 medium (short open arrow in top diagram) and diluted
40-fold with K10 containing 50 pM IPTG (+ IPTG), followed by incubation for
1 h at 41 or 30°C (long arrows). The cells were pulse labeled for 2 min with
[*H]leucine and chased with unlabeled leucine for 5 min at each temperature. At
the indicated time points, trichloroacetic acid (TCA) was added to a final con-
centration of 5%, and KdpA-PhoA in a TCA-insoluble fraction was analyzed as
described by Ito et al. (18), although protein A-Sepharose (Pharmacia) was used
for immunoprecipitation instead of heat-treated Staphylococcus aureus cells. (b)
Localization of labeled KdpA-PhoA. In another experiment, cells cultured for
1 h at 41°C were labeled for 5 min with [°H]leucine. Protease inhibitor was added
as described by Ito (17), the cells were fractionated into cytoplasmic (lanes C)
and membrane (lanes M) fractions, and KdpA-PhoA in a TCA-insoluble fraction
of each was analyzed as described for panel (a). A *C-labeled molecular mass
marker (CFA626; Amersham) was also loaded in the righthand lane.

FtsE is speculated to have a function in protein translocation
in conjunction with Ffh-4.5S ribonucleoprotein (SRP) and
FtsY (10, 22), the bacterial counterpart of the mammalian SRP
system (24). SRP and FtsY indeed promote the cotranslational
targeting of signal sequence-bearing nascent chains (26). Ul-
brandt et al. (34) have screened genes that cause synthetic
lethality upon overexpression (a Slo phenotype) in E. coli cells
with limiting SRP activity and have suggested that FtsE re-
quires SRP for its membrane insertion. However, it is equally
possible that FtsE participates in the translocation facilitation
of some proteins. Thus, its overproduction may cause some
unbalance in the SRP-related translocation machinery. We
have shown here that the fusion proteins are certainly synthe-
sized, but fail to assemble into the membrane and degrade very
rapidly in the ftsE(Ts) mutant cells. Thus, FtsE actually medi-
ates protein translocation. However, the accumulation of pre-
cursors of B-lactamase, OmpF, or ribose-binding protein has
not been observed in ftsE(Ts), although the depletion of FtsY
causes an accumulation of these precursor proteins (22).
Moreover, no mutations have been mapped in ftsY, despite
localized mutagenesis of the ftsYEX gene cluster (10), although
the depletion of Fth gives rise to an elongated morphological
phenotype (22). A homolog of FtsY has been identified in an
archaebacterium, but the relevant gene is not flanked by ftsE or
ftsX (27) and sequence analysis of Mycobacterium tuberculosis
DNA reveals open reading frames homologous with those of
ftsX and ftsE but not ftsY (33). These results suggest that the
molecular mechanism of FtsE action may be different from
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FIG. 10. Growth of ftsE(Ts) at 41°C in poor or rich medium. A bacterial
culture, growing exponentially at 30°C, was diluted with K10 (@) or K10-succi-
nate (O) medium and incubated at 41°C for 14 h. The ODg, measured at each
point was 0.012 to 0.09. The values were corrected for the dilution factors, and
the corrected values were plotted relative to that of the 0-h sample.

that of FtsY, although both may act to facilitate the translo-
cation of proteins in conjunction with SRP.

All of the three proteins, KdpA, TrkH, and Kup, which were
affected by the ftsE(Ts) mutation have more than eight mem-
brane-spanning segments. In contrast, KdpC and KdpD, which
were not affected by the ftsE(Ts) mutation, have only one and
four membrane-spanning segments, respectively. We found that
the tetA™" transductant of ftsE(Ts) showed a decreased resis-
tance to tetracycline even at the permissive temperature (un-
published data). However, TetA, having 12 membrane-span-
ning segments (3), accumulated normally in the membrane
fractions of ftsE(Ts) cells carrying the tet4 gene (data not
shown). Therefore, a specific number of membrane-spanning
segments may not be a necessary feature.

The defect in cell division of ftsE(Ts) could be explained if
some proteins essential for cell division are translocated into
the membrane by FtsE. This speculation is not in conflict with
the fact that ftsE(Ts) recovers cell division at 30°C in the
presence of chloramphenicol after 60 min of incubation at
41°C (29). The ftsE(Ts) mutation may affect the late stage of
the cell division cycle because the FtsZ ring can be detected in
ftsE(Ts) cells at 41°C (unpublished observation). FtsQ, which
is not required for FtsZ ring formation (1), is known to be
cross-linked to the SRP subunit Ffh (35), suggesting that FtsQ
might be a candidate substrate for FtsE action. Further studies
will elucidate the molecular mechanism of FtsE action in cell
division.
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