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A nonsense mutation was identified in the essential cell division gene ftsA of
Escherichia coli. A A-transducing phage was isolated which complemented this
mutation. This phage programmed the synthesis of four bacterial proteins in UV-
irradiated cells. By substituting the nonsense mutation for the ftsA* allele in this
transducing phage and comparing the proteins programmed by it in UV-treated
Su* and Su~ cells, the product of the ftsA gene was identified as a protein with a

molecular weight of 50,000.

The study of the cell cycle in Escherichia coli
is essentially an investigation into the two major
periodic events of the cell cycle, i.e., DNA rep-
lication and cell division. The investigation into
DNA replication has proceeded more rapidly
than that into cell division on both a genetic and
a biochemical level. Recent results (19) suggest
that most of the genes involved in DNA repli-
cation may be identified. In addition, many of
the gene products have been identified and their
functions determined (10).

Many genes involved in cell division have also
been identified. Hirota et al. (7, 8, 18) made a
preliminary classification of division mutants,
but this list is still increasing (6, 13). However,
on a biochemical level, the investigation of cell
division lags behind that of DNA replication.
This is chiefly due to the lack of an assay for the
gene products involved. To circumvent this
problem we have isolated a unique collection of
conditional mutants which have nonsense mu-
tations in genes involved in cell division (M.
Vincente, N. Otsuji, J. F. Lutkenhaus, K. Begg,
G. Salmond, and W. D. Donachie, manuscript in
preparation). Such mutants will allow the iden-
tification of the corresponding gene products.

In this article we report the first successful
use of this method. We have identified the pri-
mary gene product of a cell division gene. This
gene was shown by complementation to be iden-
tical to a gene previously designated as ftsA (7,
8, 21, 24).

MATERIALS AND METHODS

Bacterial and phage strains. The E. coli K-12
strains used in this study are summarized in Table 1.
The phage strains used are listed in Table 2.

Growth media. Oxoid nutrient broth was used for
liquid cultures and added to agar for plates. The NaCl

1 Present address: Department of Microbiology, University
of Connecticut Health Center, Farmington, CT 06032.

concentration was 5 mg/ml. To test for the envA
phenotype, rifampin was added to plates at a final
concentration of 2 to 10 pg/ml, dependmg on the
strain.

Minimal medium was Vogel-Bonner salts (22) sup-
plemented with 0.2% maltose and vitamin B, (10 pg/
ml).

Growth of phage and preparation of DNA.
High-titer stocks of phage were prepared in the follow-
ing way. Phage were plated for single plaques on
W3110. Bacteria from the center of the turbid plaque
were streaked, and single colonies were picked and
tested for lysogeny by cross-streaking against the
Aimm?®'cl mutants (Table 2). Lysogens were grown in
liquid and induced by UV irradiation. Phage were
concentrated by polyethylene glycol precipitation (26).
The phage were further purified and concentrated by
a CsCl step gradient, and in some cases this was
followed by a CsCl equilibrium gradient.

To prepare DNA, the phage were dialyzed to re-
move the CsCl and the protein was extracted with
phenol. The DNA was then dialyzed against a solution
of 0.1 M NaCl, 10 mM Tris-hydrochloride (pH 7.5),
and 1 mM EDTA to remove the phenol.

A transduction. To test for transduction of a ther-
mosensitivity (Ts) marker, 10® cells of the tempera-
ture-sensitive recipient were mixed with 0.1 ml of the
appropriate sterile lysate. After incubation to allow
adsorption, appropriate dilutions of the mixture were
spread on nutrient agar plates and incubated directly
at 42°C. For transduction of OV16 to temperature
resistance with the low-frequency transducing lysate,
all resultant clones were screened for the Trp pheno-
type at 42°C. This was employed as a screen for
reversion of tyrT(SupF.as) to temperature resistance,
which occurs at a high frequency. All clones that
required tryptophan at 42°C and were resistant to the
Aimm?*cl mutants (Table 2) were presumed to be
transductants. These were then induced to obtain
high-frequency transducing lysates. In the case of a
defective phage, A540 was added as a helper after UV
induction.

For transduction involving envA, the recipient cells,
after time was allowed for adsorption of the phage,
were diluted into nutrient broth and grown for 2 h to
allow time for expression. Appropriate dilutions were
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TABLE 1. Bacterial strains

Bacterial strain

Genotype

Source or reference

ov-2

F~ ilv his leu thyA deo ara(Am) lac-125(Am)
galU42(Am) galE trp(Am) tyrT(SupFuas:)

5

1089

OV-16 pro ftsA16(Am) derivative of OV-2 Vincente et al, manu-
script in preparation

SA291 A(gal att* bio uvrB) his rpsL Noreen Murray

JFL74 spontaneous leu derivative of SA291 This work

JFL75 leu* envA transductant of JFL74 This work

TKF12 ftsA(Ts) thr leu thi pyrF thyA ilvA his arg lac 25
tonA tsx

ATKI131 envA ftsA(Ts) leu* derivative of TKF12 25

159 uvr gal rpsL Tom Linn

159(\imm **supF) Aimm**supF lysogen of 159 This work

W3110 Prototroph Laboratory stock

D22(A) envA his pro trp rpsL 14

PC1358 ddl thr leu trp his thyA thi lac gal xyl mtl ara E. J. Lugtenberg; 24

i tonA phx rpsL ths

PC1242 murF thr leu thi pyrE codA thyA argG ilvA his E. J. Lugtenberg; 24
lacY xyl tonA tsx phx supE ths dra uvrB vtr

PC1357 murC thr leu trp his thyA thi gal xyl mtl ara tonA E. J. Lugtenberg; 24
Dphx rpsL

KLF4/AB2463 F’104 thi thr leu arg his pro recA mtl xyl ara B. Bachmann
galK2 lacY rpsL tsx supE44

KLF1/AB2463 F'101 thi thr leu arg his pro recA mtl xyl ara B. Bachmann

galK2 lacY

TABLE 2. Phage strains

Bacterial genes on

Phage strain Source or reference

phage
A540imm ™! 2,12
AenvA* envA* Wolf-Watz and Lut-
kenhaus (unpub-
lished data)
Al6-2* envA* ftsA* This work
Al6-3° envA~ ftsA* This work
A16-4° envA* ftsA(Ts) This work
A16-5° envA* ftsA-16(Am)  This work
Aimm**supF  supF Noreen Murray
Aimm®*supF  supF 2
Acl857 Noreen Murray
Aimm® c1h80 Noreen Murray
Aimm?'cIhA Noreen Murray
Ab2 Bill Brammar

“ These phage also carry genes ddl* and murC".

then spread onto nutrient plates containing rifampin.

Electron microscopy. The procedure followed
was essentially that of Davis et al. (4). Denatured
DNA was prepared directly from intact phage by
treatment with alkali in a final volume of 500 ul, which
contained 1.5 ug of DNA of each of the two phages in
0.25 M NaOH and 20 mM EDTA. After 20 min at
27°C the solution was neutralized by the addition of
50 ul of 2.0 M Tris-hydrochloride (pH 8.5). Renatur-
ation was achieved by allowing the solution to stand
at 27°C for 2 to 3 h in the presence of 50% formamide.
The spreading solution contained 0.2 volume of the
DNA solution in 0.1 mM Tris-hydrochloride (pH 8.5),
10 mM EDTA, 50% formamide, and 0.1 mg of cyto-
chrome c. The hypophase was 15% formamide in 13
mM Tris-hydrochloride (pH 8.5). ‘

The immunity bubble (imm*/imm?'), 13.7% of A (3),

was used as a standard for referring single-strand
lengths. The right arm of A was used as a standard for
double-strand lengths.

Protein synthesis in UV-irradiated bacteria.
The procedure was essentially that of T. Linn, M.
Goman, and J. Scaife (J. Mol. Biol., in press). The
cells were grown in minimal medium supplemented
with 0.2% maltose. At an optical density at 540 nm of
0.2 the cells were collected by centrifugation and re-
suspended in the same medium containing 0.02 M
MgCl, at a density of 10° cells per ml. After a UV dose
of 6000 ergs/mm’, the culture was split into 100-pl
aliquots and infected with phage at a multiplicity of
infection of 10. The samples were incubated for 20 min
at 37°C to allow adsorption and then diluted by the
addition of 4 volumes of prewarmed minimal medium.
After a further 20-min incubation, 20 Ci of [**S]me-
thionine was added to each sample. After 5 min, the
samples were centrifuged, and the cell pellet was re-
suspended in 50 pul of sodium dodecyl sulfate sample
buffer, which contained 2% sodium dodecyl sulfate,
20% glycerol, 5% 2-mercaptoethanol, and 125 mM Tris-
hydrochloride (pH 6.8).

Electrophoresis and autoradiography were per-
formed as described previously (11) except that the
polyacrylamide gels were 10 to 17% gradient gels.

Agarose gel electrophoresis. Samples containing
1 to 2 ug of phage DNA in 30 pul were incubated with
2 units of restriction endonuclease HindIII (Boehrin-
ger-Mannheim) at 37°C for 1 h. After heating at 70°C
for 10 min, 5 pl of 0.1% bromophenol blue in 50%
glycerol was added, and the samples were loaded onto
a 0.8% agarose gel. Electrophoresis was at 30 V/cm for
15 h. The running buffer was 40 mM Tris-acetic acid
(pH 8.2), 20 mM sodium acetate, 10 mM EDTA, and
0.2 ug of ethidium bromide per ml.
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RESULTS

Physiology and genetic mapping of
OV16. OV16 was isolated as a temperature-sen-
sitive mutant after nitrosoguanidine mutagene-
sis of a strain carrying a temperature-sensitive
suppressor, tyrT(SupFias) (M. Vincente, J. F.
Lutkenhaus, K. Begg, N. Otsuji, G. Salmond,
and W. D. Donachie, submitted for publication).
Lysogenization of this mutant with an integra-
tion-proficient A\imm?®'supF (a non-temperature-
sensitive suppressor) conferred temperature re-
sistance, thus confirming that the temperature
sensitivity was due to the presence of an amber
mutation. Following curing of Aimm®'supF by
Aimm’b2 the mutant again became temperature
sensitive. After a shift to 42°C, asynchronous
populations of this mutant stop dividing after
about 20 min (an interval equivalent to the D
period). Figure 1 shows photographs of this mu-
tant growing at 30°C and 150 min after a shift to
42°C.

The mutation in OV16 was located near leu
by F’ complementation. It was complemented
by F’104 but not by F’101. The mutation also
cotransduced (by P1 transduction) with leu, but
it was difficult to quantitate due to the poor
viability of OV16 on minimal plates. It therefore
appeared possible that the mutation might fall
within the cluster of division-related genes (in-
cluding ftsA) that lie near leu (Fig. 2). In addi-
tion, the filaments formed at 42°C have a very
characteristic shape, with indentations at sites
that would presumably have been septa (see Fig.
1B). Similar filaments are formed by tempera-
ture-sensitive ftsA missense mutants (23).

Isolation of a transducing phage for
OV16. The envA mutation maps within this
cluster of genes, but a AenvA* transducing phage
(selected from in vitro-constructed transducing
derivatives of a plaque-forming, integration-pro-
ficient phage Aimm?®'; ref. 2; Wolf-Watz and Lut-
kenhaus, unpublished data) failed to comple-
ment both the mutation of interest and a known
ftsA mutation. This phage was extended to in-
clude additional chromosomal loci near envA.
To do this, SA291, an E. coli K-12 strain with
an att* deletion, was lysogenized with AenvA*.
Then a lysate made by UV induction of this
lysogen was screened for its ability to transduce

levA sep  murk
(ilvH,1) (pol 8)(mraA,8)

/W W W S U U SN SR W SN SN S G {
Tt T

murf

J. BACTERIOL.

OV16 to temperature resistance. One difficulty
in this procedure is the high reversion rate of
the suppressor to temperature resistance (95%
of all revertants). However, OV16 also carries a
trp(Am) mutation, and therefore all clones could
be checked for the Trp phenotype at 42°C.
Twelve clones that required tryptophan at 42°C
were tested for phage release. Two of these
yielded high-frequency transducing lysates for
OV16 upon induction. The remaining 10 con-
tained defective transducing phage, since they
yielded high-frequency transducing lysates if
A540 was added as a helper following induction.
One of the plaque formers, A16-2, was chosen for
the subsequent work. This phage also comple-
mented ftsA (TKF12), dd! (PC1358), and murC

Fi1c. 1. (A) OV16 grown in nutrient broth at 30°C.
(B) OV16 shifted to 42°C for 150 min.

murl ddl ftsA envA

(mut7)

L
T ™ Tt

T T ™ T

'FIG. 2. The genetic and physical map of the region between leu and envA. Each segment corresponds to 1
kilobase. The positions of leuA, sep, murE, murF, murC, ddl, ftsA, and envA are taken from Fletcher et al. (6).
The positions of the remaining genes are taken from Bachmann et al. (1), but are not as well characterized.
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(PC1357), but did not complement murF
(PC1242).

To determine the size of the bacterial DNA
insert, A16-2 was heteroduplexed with AcI857. A
typical molecule is shown in Fig. 3. There are
two bubbles, one corresponding to the different
immunity regions of the two phages and the
other, larger bubble resulting from the bacterial
DNA insertion. By comparing this heteroduplex
with the AenvA*/AcI857 heteroduplex (not
shown) it was calculated that the bacterial DNA
insertion had been increased from 7% of A in
AenvA* to 21% in A16-2. In addition, 3% of the
phage DNA from the 2 region (adjacent to gene
J) was lost during the formation of A16-2.

Analysis of the HindlIII digests of these two
phage DNAs (Fig. 4, columns 3 and 4) confirmed
the size of the bacterial DNA insert as 7%. Also,
the additional bacterial DNA in A16-2 contains
a HindlIII site resulting in a 6.4% fragment (Fig.
5).

Isolation of a phage carrying the amber
mutation. To identify the product of the gene
mutated in OV16, it was necessary to obtain the
amber allele on the phage. To do this the envA
allele (from strain D22) was first put onto A16-2,
This was done by using phage P1 to cotransduce
envA with leu” into a strain lacking the att* site
(JFL74). This strain was then lysogenized with
A16-2 (the phage was expected to integrate in
the vicinity of envA by homologous recombina-
tion). This lysogen was induced, and the phage
obtained were used to make lysogens of a strain
carrying the envA allele. These lysogens were
then checked for sensitivity to rifampin to de-

Fic. 3. An electron micrograph of a heteroduplex
molecule of A16-2 and AcI857. The smaller bubble is
due to the two different immunity regions, and the
larger bubble is due to the bacterial DNA present in
A16-2.
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F1G. 4. Agarose gel electrophoresis of phage DNA
digested with HindIII: column 1, AcI857; column 2,
A540; column 3, NenvA*; column 4, \16-2; column 5,
Al6-3; column 6, A\16-4; and column 7, A16-5. \540
contains a single HindIII site. \envA*, the transduc-
ing phage constructed from MA540, contains three
HindlIII sites, one at each end of the bacterial DNA
insertion (7.0% fragment) and another near the right
end generating an 8.8% fragment. This latter site was
picked up when AenvA* recombined with \* during
its isolation (suspected from the heteroduplex analy-
sis since this phage no longer has the nin deletion).
The remaining phages yield identical fragments. In
addition to those fragments contained in AenvA*
there is a 6.6% fragment generated from the extra
bacterial DNA contained in these phage. Also, the
extra bacterial DNA results in an increase in the
large fragment from the left end.

termine which allele was carried by the phage.
Five percent of the phage were found to carry
envA, and the remainder carried envA*. One of
the phage carrying envA, designated A16-3, was
chosen for subsequent manipulations.

Although we wanted the amber mutation from
OV16 on the phage, it was easier to put the
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484 46 41 193 1202136 a8
ACI’57 x 9 2 T X

413 324
Asao *

473 70 294 88
Aenva’ e T

X 1294

M6-2 509 6470 29 88

Fi1c. 5. A schematic diagram of the various phages
used in this investigation. The triangles indicate the
sites cleaved by HindIIl, deduced from Fig. 4. The
numbers to the right refer to the percentage of total
lambda DNA.

ftsA(Ts) allele onto the phage first because suit-
able bacterial strains were available. This was
done by plating A16-3 on strain TKF12, which is
ftsA(Ts) and envA*. We then selected for phage
that had regained the envA* allele by recombi-
nation with the bacterial chromosome. Such
phage would have a high probability of also
picking up the ftsA(Ts) allele because of its
proximity. All AenvA* were isolated by trans-
duction of ATK131 [envA ftsA(Ts)] to envA*.
Each transductant was then also screened to
determine the ftsA allele on the phage. Of the
phage that were envA*, 37% were also ftsA(Ts).
One of these, A16-4, was used further.

If ftsA and the mutation in OV16 are in the
same gene, then A16-4 should not complement
OV16. Lysogens of OV16 were constructed and
found to be still temperature sensitive. Thus, the
amber mutation in OV16 is in the ftsA gene.

This same procedure could also be used to put
the amber mutation from OV16 onto the phage.
Therefore, A16-3 was plated on OV16, and
AenvA* recombinants were again selected by
complementation of strain ATK131 [envA
ftsA(Ts)]. Of the phage that became envA™*, 32%
were found to no longer complement the
ftsA(Ts) mutation. These had presumably
picked up the amber mutation, confirming that
this mutation is in the ftsA gene. One of these
phage, A16-5, was used further.

These derivatives of A16-2 were assumed to
carry the mutated alleles since they no longer
complemented the corresponding mutants. It is
unlikely that the respective gene was deleted,
because in each case the phage were generated
by an event that occurred at high frequency.
This is confirmed, since the HindIII profiles of
these phage DNAs are identical to A16-2 (Fig. 4,
columns 3-6).

Identification of the fisA gene product.
The proteins coded for by the inserted bacterial

J. BACTERIOL.

DNA in these phages were determined by infec-
tion of UV-irradiated cells followed by pulse-
labeling with [**S]methionine. Comparison (Fig.
6, columns 2 and 3) of the patterns obtained
with the transducing phage, A16-2, and the orig-
inal vector, A540, revealed the presence of four
additional proteins (molecular weights of 40,000,
50,000, 52,000, and 60,000) which must be ex-
pressed from the bacterial DNA. Infection with
the phage carrying the ftsA(Am) mutation, A16-
5 (Fig. 6, column 4), resulted in the synthesis of
only three of these proteins. One protein with a

1 2 3 4 56 7 8 9 10

F1G. 6. An autoradiogram of [**S]methionine-la-
beled proteins obtained after phage infection of UV-
irradiated cells. The cells were strain 159 in columns
1 to 5 and strain 159 (\imm**supF) in columns 6 to
10. The phage were as follows: columns 1 and 6, no
phage; columns 2 and 7, \540; columns 3 and 8, \16-
2; columns 4 and 9, A16-5; and columns 5 and 10, \16-
4. The arrows indicate the positions of the proteins
specified by the bacterial DNA. One protein (molec-
ular weight of 48,000) present in the A540-infected
cells is not present in the cells infected with the
various transducing phages. The gene for this protein
lies within the b2 region (17) and was deleted during
formation of \16-2.
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molecular weight of 50,000 was not synthesized.
However, in the presence of a suppressor the
synthesis of this protein was restored (Fig. 6,
column 8). Thus, this protein must be the prod-
uct of the ftsA gene.

Infection with the phage carrying the ftsA(Ts)
allele (Fig. 6, columrs 5 and 10) resulted in a
pattern of protein synthesis that was identical
with that obtained with A16-2. In addition, these
samples were run in the two-dimensional gel
system of O’Farrell (15) (not shown) to deter-
mine whether the ftsA(Ts) mutation had re-
sulted in a change in charge of the 50,000-dalton
protein, but there was no change.

DISCUSSION

Many temperature-sensitive missense mu-
tants that affect cell division have been isolated
in E. coli, but few of these have led to the
identification of the corresponding gene prod-
ucts. The exceptions are those in which the
mutation also leads to a loss in the ability of the
protein to bind penicillin, which can then be
used as an assay for their identification (20).
This assay is, of course, limited to very few of
the proteins actually involved in cell division
(based on the larger number of genes that have
been implicated in cell division).

As a first step in identifying the gene products
involved in cell division, we have isolated a
collection of mutants with nonsense mutations
in various genes that affect this process. In the
second stage we have begun to isolate specialized
A-transducing phages that complement these
mutants, the first of which is described here.
Others have also been isolated and will be de-
scribed in later publications.

Complementation tests show that the non-
sense mutation in OV16 is in the gene that has
been previously designated ftsA. With the use of
the A-transducing phage carrying the nonsense
mutation we have been able to identify the
product of the ftsA gene as a protein with a
molecular weight of 50,000. We have also run
the protein coded for by the original ftsA(Ts)
allele in the two-dimensional gel system of
O’Farrell (not shown). It has the same charge
and molecular weight as the wild-type protein,
thus confirming that f¢tsA(Ts) is a missense mu-
tant.

In addition to the product of the ftsA gene,
three other proteins are coded for by this trans-
ducing phage. They have approximate molecular
weights of 40,000, 52,000, and 60,000. These
could be the gene products of envA, ddl, or
murC or of some other as yet unidentified genes
that might be in this region. At present work is
progressing in trying to identify them. The bac-
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terial DNA insertion in this transducing phage
is 21% the length of lambda, or about 10.5 kilo-
bases. The four proteins we have found occupy
50% of the coding capacity of this DNA. It is
possible that other smaller proteins are present
which are not seen due to the large number of
phage proteins in this region of the gel (although
no new proteins were seen in the two-dimen-
sional gels). Therefore, it is possible that at least
some of this DNA is not expressed under these
conditions, suggesting that it is noncoding DNA.

Wijsman (24) has pointed out that the genes
in this region of the map are related in that they
all affect the cell envelope. Fletcher et al. (6)
raised the possibility that these genes might
even be in one functional unit. However, this
possibility can now be ruled out. The family of
A-transducing phages isolated by Fletcher et al.
(6) start from a point in the leu operon and
extend in the direction of envA. Our transducing
phage starts to the right of envA and extends
back towards leu until murC. In addition, we
have a transducing phage that complements just
envA (Wolf-Watz and Lutkenhaus, unpublished
data). Since all of these phage can complement
the appropriate mutant in the prophage state,
we can assume that the promoter(s) for these
genes are intact. Therefore, we can conclude
that the genes in this region must have at least
three separate promoters.

In the experiment presented in Fig. 6 either a
nonlysogen or a heteroimmune lysogen was used
for the analysis of the proteins synthesized by
the various transducing phages. As a result the
synthesis of the bacterial proteins coded for by
the phage is increased due either to expression
from the phage promoters or to gene dosage as
a result of phage DNA synthesis. The level of
expression of the ftsA gene in a homoimmune
lysogen under these conditions (not shown) is
the same order of magnitude as the expression
of polA from ApolA (A. Newman, T. Linn, and
R. Hayward, Mol. Gen. Genet., in press). This
would suggest a level of approximately 400 mol-
ecules of the ftsA gene product per cell (9).

The role of the ftsA gene product in division
is not yet clear, although the available evidence
suggests that it plays an essential role. Investi-
gation of a missense mutant in this gene reveals
that the gene product is required throughout
septation (23). The kinetics of division in the
mutant containing the amber mutation show
that the gene product cannot be reutilized and
is presumably used up in the process of septa-
tion. In addition, the product appears to reach
a critical level just as the cells become commit-
ted to divide (Vincente et al., submitted for
publication).
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ADDENDUM IN PROOF

Recent results from this laboratory indicate that the ftsA

locus can be divided into two cistrons. One cistron is identified
by the ftsA12(Ts) mutation (21, 24), and the other is identified
by the ftsA84(Ts) mutation (7, 8). This will be the subject of
a subsequent publication.
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