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Overexpression of the TnS transposase (Tnp) was found to be lethal to Escherichia coli. This killing was not
caused by transposition or dependent on the transpositional or DNA binding competence of Tnp. Instead, it
was strictly correlated with the presence of a wild-type N terminus. Deletions removing just two N-terminal
amino acids of Tnp resulted in partial suppression of this effect, and deletions of Tnp removing 3 or 11
N-terminal amino acids abolished the killing effect. This cytotoxic effect of Tnp overexpression is accompanied
by extensive filament formation (i.e., a defect in cell division) and aberrant nucleoid segregation. Four E. coli
mutants were isolated which allow survival upon Tnp overexpression, and the mutations are located at four
discrete loci. These suppressor mutations map near essential genes involved in cell division and DNA
segregation. One of these mutations maps to a 4.5-kb HindHI region containing theftsYEX (cell division) locus
at 76 min. A simple proposition which accounts for all of these observations is that Tnp interacts with an
essential E. coli factor alecting cell division and/or chromosome segregation and that overexpression of Tnp
titrates this factor below a level required for viability of the cell. Furthermore, the N terminus of Tnp is
necessary for this interaction. The possible significance of this phenomenon for the transposition process is
discussed.

Tn5 transposition in Escherichia coli is a very rare event. In
general, the controls exerted to limit the frequency of TnS
transposition fall into several classes, including those which
facilitate the assembly of the nucleoprotein complex at the
transposon ends and those which regulate the expression and
activity of the transposase (Tnp) itself. Little is known about
the assembly of Tnp at the TnS ends; however, it is known that
Tnp activity is negatively regulated by at least two posttranslational mechanisms. The first involves the inhibitor protein
Inh. Inh is translated in the same reading frame as Tnp from an
internal AUG codon (38). This results in a protein that lacks
the N-terminal 55 amino acids of Tnp but is otherwise identical. It has recently been shown that Inh interacts with Tnp to
form heteromultimers that bind to the TnS end sequences,
presumably forming nonproductive bound complexes (6).
Since transposition likely involves multiple, interacting Tnp
proteins at the transposon ends (la), this nonproductive
binding would probably interfere with the normal transposition
process. The second involves the nature of the TnS Tnp protein
itself. Recent evidence suggests that Tnp exists in two distinct
forms, one which is active for transposition and another which
is actually inhibitory for transposition (8, 34), since Tnp
inhibits the transposition of TnS elements located in trans. This
inhibitory form may be due to a functional instability in the
protein that results in a conformational change to an inactive
state and/or nonproductive multimerization (32, 34).
The expression of the Tnp gene is also negatively regulated
by the Dam methylase acting at two GATC sites overlapping

the Tnp promoter P1. Methylation of these sites decreases Tnp
expression about 10-fold (36). This methylation control over
Tnp expression occurs for several insertion (IS) elements and
has been postulated to couple transposition events to passage
of a replication fork, i.e., to occur during chromosome replication (26). This follows because, after passage of a replication
fork, the newly replicated DNA will be transiently hemimethylated and might give rise to a burst of Tnp synthesis. For TnS,
this would temporarily alter the Tnp/Inh ratio, which is a
determinant in the wild-type TnS transposition rate (18), in
favor of transposition.
Little is known about other mechanisms that might limit
transposition in bacteria to particular times during the cell
cycle or might in some way be coupled to landmark cell cycle
events. During the course of constructing a nested set of
deletions in the N terminus of Tnp, we discovered that
overproduction of the wild-type Tnp in the absence of end
sequences was lethal to E. coli, but this lethality required an
intact N terminus. We have investigated this phenomenon
because TnS transposition is also critically dependent upon a
wild-type Tnp N terminus (33) and this raised the possibility
that cell killing by Tnp was related to a normal Tnp-host
protein interaction involved in transposition. In this model,
killing would be caused by titration of this essential host factor
below a certain threshold required for cell viability. We also
demonstrate that this lethality is not due to random cutting of
chromosomal DNA, since Tnp overproduction does not induce
the cellular SOS response. It was previously shown that
overexpression of Tnp in the presence of two outside ends
(OEs) resulted in cell death (22); however, this could have
been a nonspecific effect or could have been simply due to
rapid loss of the Tnp-overproducing plasmid by degradation
after cutting at an OE sequence.
An intriguing finding is that Tnp overproduction causes
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TABLE 1. Bacterial strains

Tn

Strain

DH5OL

MC1061
MDW565
MDW566
MDW570
MDW573
CSH26

Source

Relevant genotype

supE44 AlacUl69 (080
lacZAM15) hsdRl7 recAl endAl
gyrA96 thi-1 relA1
araD139 A(ara-leu)7696 galU galK
hsdR strA Alacl74
MC1061 stkD-10
MC1061 stkC-12
MC1061 stkA4-14
MC1061 stkB-33
ara A(lac-pro)XIII thi StrS

M. Casadaban

ftiiVP

Inh

IS507R7

IS50R

IE

OE

D. Hanahan

Laboratory

cam

cI857

PR
pRZ4737
(A1,2,3,11)

cam

cIss7

collection

D47.20
D47.22
BR293

CSH26 mh::Tn3
CSH26 mh::Tn3 dnaA::850 TnlO
A(lac-pro) thi strA A(gal-XG) +
pL-lacZ cI+434 pR Sam7

37
37
11

N

PR
pRZ4737 -

This study
This study

This study
This study

tnp, inh

tnp, inh

cam

cI857

inh
l

PR

MATERIALS AND METHODS
Bacterial strains. The E. coli K-12 strains used in this study
are listed in Table 1. All strains were routinely propagated in
Luria broth (LB), which contains 10 g of Bacto-tryptone, 10 g
of NaCl, and 5 g of Bacto-yeast extract per liter of distilled
water. The following concentrations of antibiotics were used:
chloramphenicol, 20 ,ug/ml; tetracycline, 15 ,ug/ml; and ampicillin, 100 jig/ml. LB plates additionally contained 1.5% Bactoagar (Difco).
Plasmids. The plasmid used to overproduce Tnp was
pRZ4737 (33) (Fig. 1). pRZ4737 is a pACYC184 derivative
that contains the Tnp gene fused downstream of the A PR
promoter and the cro Shine-Dalgarno sequence. pRZ4737
additionally contains the X c1857 repressor, so that Tnp
synthesis is repressed at 32°C and fully induced at 42°C. Since
full expression of Tnp is lethal to E. coli, we do not have an
estimation of the induction ratio. However, an intermediate
induction to 37°C from 32°C increases the P-galactosidase
activity of a Tnp-LacZ fusion 100-fold in this context (from
23.2 to 2,385 P-galactosidase units). Densitometric analysis of
whole-cell extracts after induction to 36, 37, 38, and 42°C
indicates that full induction (to 42°C) increases Tnp production another fivefold (22).
The construction of the N-terminal deletion derivatives (Al,
A2, A3, All) of pRZ4737 has been described previously (33).
pRZ4738 (33) is identical to pRZ4737, except it contains a
deletion of the Tnp start codon, which abolishes Tnp synthesis.
pRZ4775 (33) is identical to pRZ4737, except it contains the
MA56 mutation, which eliminates Inh expression.

so

A

PR
pRZ4738

pRZ4775

defects in both nucleoid segregation and cell division leading
to filament formation. If this phenomenon is caused by a Tnp
interaction with an essential E. coli protein, the implication is
that this factor is required either directly or indirectly for
normal cell cycle function. In order to address the mechanism
of cell killing by Tnp, we have also isolated four E. coli
suppressor mutations and give an initial characterization of
these mutants. One of these mutations maps to a 4.5-kb
HindIII fragment bearing theftsYEX cell division genes and an
uncharacterized gene, open reading frame 4 (ORF4), encoding
a 20-kDa protein (13). A related killing phenomenon has been
reported for the bacteriophage Mu B protein (4), involved in
target site selection during transposition, which raises the
possibility that this may be a general phenomenon among
bacterial IS elements. Finally, we will discuss the possible
significance of these observations for TnS transposition.
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FIG. 1. Structure of IS5OR and plasmids used in this study. Tnp
and Inh indicate the Tnp and inhibitor proteins, respectively, of IS50R.
OE and IE indicate the 19-bp OE and inside end sequences, respectively, which are required for movement of IS50R. The plasmids used
in this study are diagrammed below. Abbreviations: cam, chloramphenicol acetyltransferase gene; c1857, gene for the temperaturesensitive lambda repressor; amp, ,-lactamase gene of pBR322; lacP,
lacI repressor.

pRZ4803 was constructed to overproduce P3 (which contains a 26-amino-acid C-terminal deletion in Tnp) by replacing
the NotI-SphI ISSOR fragment of pRZ4737 with the same
fragment from IS50L, obtained from pRZ102 (29). pRZ4804
was constructed in an analogous manner, only with pRZ4737-A2
(33). This plasmid encodes an overproducer of P3 with a twoamino-acid N-terminal deletion.
pRZ4868 contains the 4.5-kb Hindlll fts locus at 76 min
from Kohara phage 7H7 (20) cloned into the Hindlll site of
the pBR322 derivative pRZ4700. pRZ4700 (2,967 bp) was
constructed by digesting pBR322 with HindIII and AvaI, filling
in the ends with T4 DNA polymerase, and religating. This
procedure deleted the tet gene and regenerated the HindIII
site. pRZ4869 contains an adjacent 15-kb HindIlI fragment
from this same Kohara phage cloned into pRZ4700. This
fragment contains 10 kb of chromosomal DNA clockwise from
the fts locus and 5 kb of XEMBL4 DNA (20).
EOP and cell viability measurements. For efficiency of
plating (EOP) measurements, independent cultures were
grown overnight at 32°C in LB containing chloramphenicol.
Cells were then diluted serially into M9 medium (24) and
plated onto LB plates containing chloramphenicol. After 18 to
24 h of incubation at 32 and 42°C, the number of viable cells
was determined on the basis of the number of colonies at each
temperature.
To determine cell viability after a shift up to 42°C, overnight
cultures as described above were diluted 1:100 into LB containing chloramphenicol and grown at 32 and 42°C. Aliquots
were withdrawn at 0, 2, 4, 6, and 8 h after subculturing, diluted
serially into M9 medium, and plated onto LB plates containing
chloramphenicol. The number of colonies was counted after 18
to 24 h of incubation at 32°C. The same procedure was used for
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cell viability measurements from the Placuv5 Tnp plasmid
pRZ4825; however, IPTG (isopropyl-4-D-thiogalactopyranoside) was used to induce Tnp synthesis and the temperature
was 37°C.
Fluorescence microscopy. Overnight cultures of various strains
carrying either pRZ4775, pRZ4737, or deletion derivatives of
pRZ4737 were diluted 1:50 into LB containing chloramphenicol and grown for 90 min at 32°C to early exponential phase.
Cultures were either kept at 32°C or shifted to 42°C for an
additional 180 min. Microscopy was essentially done by the
method of Hiraga (15). Cells were collected and resuspended
in sterile saline solution (0.9% NaCl in H2O), and 10 [L1 was
spread onto glass slides, heat treated by passage through a
flame, and then fixed with 100% methanol for 5 min. After
washing the slide for 5 s with cold tap water and air drying, 5
,ul of lx DAPI (4',6-diamidino-2-phenylindole [Sigma]) solution (2.5 jig/ml in H20) was spotted onto the cells. Photographs were taken under visible and UV illumination with a
Zeiss Universal microscope and an oil immersion lens (x100
objective). Kodak Ektachrome 400-HC color slide film was used.
Isolation and mapping of stk (suppressor of Tnp killing)
mutations. Independent cultures of MC1061 containing pRZ
4775 were grown overnight at 32°C in LB containing chloramphenicol. Dilutions were plated onto LB plates with chloramphenicol and incubated overnight at 42°C. Survivors were
picked and purified twice by streaking at 32°C on LB-chloramphenicol plates. Plasmid DNA was isolated from each strain
and transformed into DH5a, and multiple transformants were
tested for temperature sensitivity at 42°C. Original temperature-resistant strains which contained plasmids that could no
longer kill DH5ot at 42°C were discarded (these had plasmid
mutations). Strains which contained wild-type plasmids
(judged by their lethality to DH5ao at 42°C) were saved for
further analysis. Cultures were then grown to early exponential
phase in LB-chloramphenicol and induced for Tnp synthesis at
42°C for 60 min. Equivalent optical density at 550 nm units
were loaded onto a sodium dodecyl sulfate-polyacrylamide (3
to 10%) gel electrophoresis (SDS-PAGE) gel and electrophoresed for 3 h at 220 V. Gels were stained with Coomassie blue,
and the amount of Tnp expression was compared with that of
the wild type. Six strains which clearly exhibited equivalent
levels of Tnp expression were saved for further characterization. (stkD-10 consistently shows -50% reduced levels of Tnp
expression compared with the wild type and also shows a
very-slow-growth phenotype at 32 and 42°C.)
Mutations were mapped by Hfr and P1 crosses with the
method and strains of Singer et al. (30). Only four of the
mutations could be localized, and the other two mutations
were subsequently not characterized further. TnlO insertions
near each mutation were isolated, and then the mutations were
moved into an independent, wild-type genetic background
by P1 transduction. Tetracycline-resistant transductants were
screened for their temperature resistance phenotype at 42°C
after introduction of pRZ4775. The recovery of the mutations
at the expected frequencies on the basis of the P1 linkage data
confirmed that the temperature resistance phenotype was caused
by a single mutation or a group of closely linked mutations. All
experiments with the stk mutant strains were carried out with
the original isolates, with the exception of TnS transposition
rate measurements. TnS transposition measurements were
performed at 42 and 32°C in the TnlO transduced mutant
strains after introduction of a wild-type TnS-containing plasmid, pRZ102. The mating out assay was used to quantitate
transposition events into the pOXGen-38 episome (18) and
was performed exactly as described previously (33).
Western blotting. Western blotting (immunoblotting) with
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TABLE 2. EOP of Tnp deletion derivatives
at 42°C (induced) and 32°C (uninduced)
Protein

EOP at 42°C/EOP at 32°C'"

Transposition'

Wild type
Al
A2
A3
All
P3(COOH-A26)
A2 P3

5.6 x 10-5
0.95c
0.96c
0.88
1.0
1.6 x 10-4
0.84

+++

++
++

++

-

The cultures (DH5a containing the various pRZ4737 derivatives) were
grown overnight at 32'C in LB containing 20 ,ug of chloramphenicol per ml.
Dilutions were plated onto LB plates, also with chloramphenicol, and incubated
at 32 and 42°C for 18 to 24 h, and the numbers of colonies were counted. EOP
was calculated as the number of viable colonies per milliliter obtained at 42°C
divided by the number obtained at 32°C.
b Transposition frequencies are derived from reference 33 and were determined at 32°C with pRZ4737 and deletion derivatives. ++ +, 30 to 100%
transposition, + +, 20 to 30% transposition; -, less than 0.5% transposition
compared with the wild type.
c The colony sizes for these strains at 42°C were at least twofold smaller than
those for the strain containing pRZ4738, which does not overproduce Tnp,
indicating compromised growth.

polyclonal antibodies against Tnp was performed exactly as
described in reference 34.
RESULTS

Overexpression of the TnS Tnp is lethal to E. coli. The
low-copy plasmid pRZ4737 contains the wild-type Tnp gene
under the control of the A PR promoter. Tnp expression is
thermoinducible because of the presence of the heat-labile X
c1857 repressor encoded by this plasmid, so that Tnp expression is repressed at 32°C and fully induced at 42°C. Intermediate levels of Tnp expression (-20% of maximal induction)
occur at 37°C (22).
The EOP at 42 versus 32°C is shown for cells overproducing
wild-type Tnp and various isogenic N-terminal Tnp deletions
in Table 2. Overexpression of the wild-type Tnp results in a
large (>104-fold) reduction in plating efficiency at 42°C. It
should be noted that this plasmid does not contain IS50 end
sequences, and so this phenomenon is not due to a large
induction of transposition events. However, overexpression of
deletion variants of Tnp lacking 1, 2, 3, or 11 N-terminal amino
acids results in an equivalent EOP at 42 and 32°C, even though
these derivatives exhibit identical amounts of Tnp overproduction compared with the wild type (described below). The
resulting colonies from the Al and A2 derivatives at 42°C are
smaller than those of the strain not encoding Tnp, however,
indicating that their growth is compromised. The compromised
growth caused by overexpression of the A2 derivative probably
results from a modestly reduced viability as described below
and in Fig. 2A.
This large reduction in plating efficiency additionally does
not depend on a functional Tnp protein. P3, which is encoded
by IS50L, contains a 26-amino-acid C-terminal deletion of Tnp
and is completely defective in promoting IS50 transposition
(19, 29). Overproduction of P3 also leads to a large decrease in
the EOP in E. coli (Table 2). However, an overexpression
variant lacking two N-terminal amino acids completely reverses this effect, as was observed for Tnp.
Tnp overproduction is not merely bacteriostatic but is
cytotoxic to E. coli. The cell viability in liquid culture is shown
after a shift up to 42°C from 32°C for the wild-type, A2, A3, and
All derivatives in Fig. 2A. Cells were grown at 42°C for various
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TABLE 3. EOP of Tnp binding-defective mutants

Tnpa
Wild type
RH30
AV36
A30-35

A3

_1

10I

All

.41
.5

wt

4

10

6

6

Time (Hrs)
42C
WT
Tnp:
Time(min): 1l 5 30

A2

601115

A3
601115
30

30

Tnp

l
1

2

3

4

5

6

7

8

DNA binding activity'

X 10-6
x 10-6
X 10-6

+

x 10-6

-

+++

All
T306h0 1

Tnpa

Inh

7.2
9.4
2.6
6.7

a RH30 denotes an arginine-to-histidine mutation at position 30 in the Tnp
protein sequence, AV36 denotes an alanine-to-valine mutation at position 36 in
the Tnp protein, and A30-35 denotes a deletion of positions 30 to 35 in the Tnp
protein.
b Plasmids pRZ4737, pRZ4737 RH30 (pRZ4801), pRZ4737 AV36
(pRZ4799), and pRZ4737 A30-35 (pRZ4800) in DH5ot were grown overnight in
LB-chloramphenicol, and serial dilutions were plated onto LB-chloramphenicol
plates. After incubation at 32 and 42°C for 18 to 24 h, the number of colonies was
counted and the EOP at 42'C versus that at 32'C was calculated.
The DNA binding activities to the OE are derived from reference 33. +,
approximately fivefold decrease in DNA binding activity compared with that of
the wild type; -, mutant has no detectable DNA binding activity.

A2
lo 4

EOP at 42°C/EOP at 32'Cb

9

10

11

12

FIG. 2. Overproduction of Tnp is lethal to E. coli (A) Overnight
cultures grown at 32°C were diluted into fresh LB containing chloramphenicol and grown for various times at 42°C. Aliquots were
withdrawn at 0, 2, 4, 6, and 8 h, and dilutions were plated at 320C to
determine the number of viable cells. (B) Western blot of whole-cell
extracts showing the induction at 420C of the wild-type Tnp and
deletion derivatives at 15, 30, and 60 min. Equivalent optical density at
550 nm units were loaded for each time point. Western blotting was
performed as described previously (33).

times and then plated at 320C to determine the number of
viable cells. For the wild-type Tnp, the number of viable cells
falls over 2 orders of magnitude after induction. The A2
derivative shows a modest, but significant, six- to eightfold
reduction in viability over the same time course. The A3 and
Al derivatives continue to grow and divide upon induction. A
Western blot analysis (Fig. 2B) shows that the level of protein
expression is very similar to that of the wild type for these
deletion derivatives, except that A3 shows a reproducible 50%
reduction in expression levels. The steady-state levels of protein production at 36.5°C exactly parallel those in this analysis,
except the All derivative accumulates greater amounts of
protein than the wild type (data not shown), indicating that the
levels of Tnp derivatives seen after transient induction to 42°C
accurately reflect their relative synthesis rates.
The reason for the lack of cell killing by the A3 and All
derivatives cannot be attributed to their having a completely
unfolded or misfolded conformation in vivo. First, we have
previously shown that the A3 Tnp derivative exhibits only a
modest four- to fivefold reduction in its transposition activity in
vivo at 320C (33). Also, both at 32°C and after a transient
induction to 42°C, the A3 and All Tnp derivatives exhibit
wild-type levels of Tnp-dependent inhibition in vivo, indicating
that they are taking on the protein conformation necessary for
this inhibition activity (33). Furthermore, after induction of
protein synthesis by a temperature shift to 42°C, each of these
Tnp derivatives can be purified exactly as the wild-type protein

is. The A3 derivative exhibits wild-type DNA binding activity to
the OE in vitro, and the All1 protein is specifically defective in
its interaction with the OE (33).
Finally, increased temperature is not required for the Tnpinduced lethality, since overexpression of Tnp from the tac
promoter at 32, 37, and 42°C is also lethal to E. coli (data not
shown [see Table 4]). We should also note that increasing the
expression of Tnp to protein levels roughly equivalent to full
induction of lacZ from the lac operon is sufficient to significantly reduce the growth rate of E. coli and to cause the
appearance of filamentous cells. All of the preceding data
demonstrate that increased expression of the TnS Tnp is toxic
to E. coli and that toxicity requires neither the presence of TnS
ends nor a transpositionally competent Tnp protein. Instead,
killing is strictly correlated with the presence of a wild-type N
terminus.
Killing does not depend on Tnp DNA binding activity or the
presence of DnaA, an essential DNA replication protein involved in TnS transposition. One possible explanation for the
cell-killing phenomenon could be that Tnp was binding to
matches to the OE or pseudo-OE sites in the E. coli chromosome and catalyzing abortive transposition events, resulting in
lethal chromosomal damage. In order to examine this possibility, we tested the effect of overproducing DNA bindingdefective mutants of Tnp. A number of point mutations in the
unique N terminus of Tnp have previously been isolated and
shown to be defective in transposition (19). Five of these
derivatives were subsequently shown to encode proteins that
were completely or partially defective in binding to the Tn5 OE
(33). These mutations were also cloned into the overexpression
plasmid used in this study, and, importantly, each encodes a
wild-type N terminus from position 1 to position 29. Table 3
indicates that overexpression of representative binding-defective Tnp derivatives results in the same large decrease in
plating efficiency as wild-type Tnp does. This indicates that the
specific DNA binding activity of Tnp is not required for cell
killing. Also, this indicates that Tnp is not killing cells by
binding to OE-type sites in the chromosome and inducing
lethal chromosome rearrangements.
DnaA is the initiator protein for chromosomal DNA replication from oriC (21). It has previously been shown to be
important for TnS transposition, since transposition in DnaA
mutants is decreased 10- to 100-fold (37). DnaA has also been
shown to bind to a site within the TnS OE (12). Since this is an
essential E. coli protein and its binding site overlaps the Tnp
binding site at the OE, it seemed possible that a Tnp-DnaA
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1

OE

CTGACTCITAIACACAAGT
DnaA

Strain
1. CSH26
2. CSH26
rnH::Tn3
3. CSH26
rnH::Tn3
dnaA::TnlO

4. CSH26

EOP 42

0/32°

6.7 x 10
1.3 x 10-3
2.9 x 10-5
0.68 (No Tnp Overproduction)

rnH::Tn3

dnaA::TnlO

FIG. 3. Tnp-DnaA interaction is not responsible for cell death. A
schematic of the OE is presented, with the DnaA binding site
underlined. The EOP measurements of these strains containing
pRZ4737 were as described in Materials and Methods. Line 4 indicates
that the strain CSH26 mH::Tn3 dnaA::TnlO forms 30% fewer colonies
at 42°C than at 32°C in the absence of Tnp overproduction.

interaction was responsible for the cell-killing effect by sequestering DnaA from its normal role in the initiation of DNA
replication. A mutation in RNase H enables cells to grow in
the absence of DnaA by allowing the initiation of DNA
replication at random-primed sites throughout the genome
(37). Tnp overproduction is still toxic to E. coli in both the
mH::Tn3 and mH::Tn3 dnaA::TnlO strains, which can grow in
the absence of DnaA (Fig. 3). So, this Tnp-dependent lethality
cannot be due only to the loss of DnaA function. This result is
supported by DAPI staining of E. coli undergoing Tnp overproduction (below) that indicates that DNA replication is not
inhibited by Tnp overproduction.
Cell death is not caused by the intrinsic nonspecific nuclease activity of Tnp. One of the last steps in the transposition
reaction is the double-stranded cutting of the target DNA,
followed by the strand transfer of transposon sequences to the
new target site (reviewed in reference 24a). In order to address
whether this nuclease activity of Tnp could somehow be
activated out of the normal context of the transposition
reaction, thus leading to chromosomal damage and possibly
cell death, we tested whether overproduction of Tnp caused an
induction of the cellular SOS response. This was measured
with a strain which has a chromosomal fusion of the A PL
promoter to the lacZ coding sequence (11). An increase in
P-galactosidase activity in this strain occurs after DNA damage
resulting from the recA-dependent coproteolysis of the lambda
repressor (28). Since Tnp expression in pRZ4737 is also under
the control of the lambda repressor, we induced Tnp expression from the heterologous lacUVS promoter and measured
both cell killing and 3-galactosidase activity after induction of
Tnp synthesis at 37°C. The results in Table 4 indicate that,
although induction of Tnp with 0.5 mM IPTG results in
approximately 54-fold killing, no increase in 3-galactosidase
activity occurs. However, induction of ,B-galactosidase activity
and cell death do occur in this strain after exposure to the
mutagenic agent mitomycin under otherwise identical conditions (Table 4). This indicates that cell death by Tnp overproduction is not caused by chromosomal DNA damage which
would induce a cellular SOS response and hence the synthesis
of ,-galactosidase protein from the PL promoter.
Filament formation and aberrant nucleoid segregation accompany Tnp overproduction. In order to see if any morphological changes in E. coli accompanied Tnp overproduction,

TABLE 4. Tnp overproduction does not induce an SOS responsea
3-Galactosidase units
Fold killing
Induction agent
Plasmid
pRZ4825
pRZ4825
pRZ4825
None

None
0.5 mM IPTG
1.0 mM IPTG
Mitomycin

None
54

100
60

45
31
33
267

a Overnight cultures were diluted 1/100 into 5 ml of LB containing the
appropriate antibiotics. Cultures were grown at 37°C for 1.5 h, and then IPTG (to
0.5 or 1.0 mM) or mitomycin (12.5 ng/ml, final concentration) was added. After
7 h of further incubation, an aliquot of each culture was removed and diluted and
the CFU were determined by plating on LB plates containing the appropriate
antibiotics. Growth of the rest of the culture was terminated by adding
chloramphenicol (60 ,ug/ml, final concentration), and the l-galactosidase activities were determined as described by Miller (24).

the cells were examined microscopically. Bacterial cells containing the wild-type-, A2, A3, or All Tnp-overproducing
plasmids were grown to early exponential phase at 32°C and
then shifted to 42°C for 3 h to induce Tnp synthesis. The cells
were then fixed and stained with DAPI for fluorescent microscopy by the method of Hiraga (15); micrographs of these cells
are presented in Fig. 4. The wild-type cells at 32°C consist of
mostly single and dividing cells with regular nucleoids. During
Tnp overexpression, however, the cells show extensive filamentation over a wide range from approximately 2 to 10 cell
lengths and exhibit very large regions of DAPI fluorescence,
only rarely having segregated nucleoids. In some instances,
DAPI staining was seen continuously throughout the length of
the filament, except at the poles. Overproduction of the A2
derivative at 42°C, which still causes some cell death (Fig. 2),
results in essentially the same morphology. However, partial
induction to 37°C, which results in some filamentation for the
wild-type Tnp, does not result in any phenotype for the A2
derivative, indicating that this mutant gives partial suppression
of the filamentation phenotype (data not shown). In contrast,
the strains overexpressing the A3 and All derivatives look
much more normal, exhibiting mostly single cells containing a
single or two separate nucleoids. Even for the All derivative,
though, some cells appear to have missegregated nucleoids.
Occasionally, two or three nucleoids can be seen at one pole
and no chromosomes are seen at the opposite pole. As an
additional control for any temperature effects, a culture containing pRZ4738 was shifted to 42°C and examined. This
plasmid is identical to pRZ4737, except it has a small 7-bp
deletion removing the start codon for Tnp. These cells looked
very similar to the wild-type, uninduced culture, with no
discernable differences in cell length or nuclear segregation
patterns (not shown).
This indicates that defects in nucleoid segregation and cell
division accompany Tnp overproduction but that these effects
require the presence of the wild-type N-terminal three amino
acids. Defects in nuclear segregation are known to cause an
inhibition of cell division (23), and so the defect in cell division
may be secondary. The filamentation is not caused by induction of the cell division inhibitor suL4 after DNA damage (16),
because the host cell is recAl and therefore is defective for
induction of the SOS response (28). In addition, filamentation
also occurs in a strain with recA deleted. Furthermore, wildtype recA strains also exhibit filamentation (described below),
and this filamentation is not more extensive than that for the
recAl strain, as would be expected if DNA damage were
occurring and inducing the sulA division inhibitor.
Isolation and characterization of E. coli suppressors of Tnp
killing (stk mutants). In order to identify factors or a pathway
responsible for this cytotoxic effect, E. coli survivors containing
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FIG. 4. DAPI-stained photomicrographs of Tnp and deletion derivatives. The cultures (DH5cr recAl) containing pRZ4737 and NH2-terminal
deletion derivatives were grown to early exponential phase and then induced for 3 h at 42°C. Slides were prepared, stained with DAPI, and
photographed as described in Materials and Methods.

the Tnp-overproducing plasmid pRZ4775 were selected at
42°C and then propagated thereafter at 32°C. Mutations were
classified as host- or plasmid-associated as described in Materials and Methods, and the host mutants were further screened
by SDS-PAGE analysis of total cell extracts for those still
capable of inducing wild-type or nearly wild-type amounts of
Tnp. Six were saved for further analysis, and the mutations
were mapped by Hfr and P1 crosses with an ordered set of
TnlO insertions in the E. coli genome (30). Two of the
mutations could not be localized, and the positions of the
remaining four mutations are shown in Fig. 5. They were
localized to four distinct loci: stk4-14 to 76.2 min, stkB-33 to
86.5 min, stkC-12 to 99.8 min, and stkD-10 to 28 min. The
growth rates of the stk/4-14 and stkD-10 strains were noticeably

slower than that of the wild type at 32°C, and the other
mutations resulted in only modest reductions in the growth
rate at 32°C. Each of the mutant strains has an equal EOP at
32 and 42°C upon Tnp overexpression (data not shown).
Interestingly, each of these mutations mapped near a region
containing genes known to be involved in DNA segregation or
cell division (Fig. 5). From the P1 linkage data, for instance, it
was evident that stk/A-14 was very near the fts locus at 76 min,
which contains essential genes known to be involved in cell
division (13). We randomly cloned EcoRI and HindIll DNA
fragments from Kohara phage (20) spanning the 75- to 77-min
region into a pBR322 derivative and looked for plasmids which
would complement the mutation, without success. We then
cloned thefts locus from Kohara phage 7H7 (20) on a 4.5-kb
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FIG. 5. Map position of the stk (suppressor of Tnp killing) mutations on the E. coli chromosome. The P1 linkage of each mutation to
a nearby TnlO insertion (30) is indicated in parentheses next to the
map position of the insertion. The approximate location of each stk
mutation was determined by the P1 lihkage data to several adjacent
TnlO insertions. Several known genes in each region are also given.

HindIII fragment and also an adjacent 15-kb HindIII fragment
(clockwise from thefts locus) containing both E. coli and phage
DNA (Fig. 6). Neither HindIII fragnent is able to complement
the stkA-14 mutation in a multicopy plasmid. The rpoH gene,
which encodes the heat shock or factor, is also located
adjacent to the fts locus; however, a plasmid derivative containing chromosomal rpoH was also not able to complement
this mutation.
Since we were unable to complement this mutation by using
multicopy plasmids, we investigated whether various DNA
fragments from this chromosomal region could suppress the
lethality of Tnp overproduction in a wild-type E. col background when present in multiple copies. The 4.-kb HindIII
fragment bearing the ftsYEX locus was able to suppress the
Tnp killing in a wild-type strain when present on the multicopy
pBR322 plasmid. pBR322 alone or pBR322 containing adjacent regions of the chromosome is not able to suppress
Tnp-dependent killing.
Using recombinational mapping (31), it is now clear that the
stkA-14 mutation lies within this 4.5-kb HindIII fragment
which contains four genes: the ftsYEX operon and an uncharacterized inner membrane-associated protein encoded by
ORF4 (13). Chromosomal duplications of various genomic
fragments in the 76-min region were constructed by the
method of Slater and Maurer (31). Only the duplications of the
4.5-kb HindIII fragment gave rise to a Tnp-sensitive phenotype, indicating that a recessive mutation within this fragment
is required for survival after Tnp overproduction. Of the 4.5-kb
HindIII recombinants which had lost the duplication (scored
by loss of the intervening antibiotic resistance determinant),
50% were now sensitive to Tnp overexpression, 43% were still
resistant, and 7% were indeterminate. These data, taken
together with the fact that the increased copy number of the
wild-type 4.5-kb HindIII locus is able to suppress Tnp-dependent cell death, indicate that a mutation in one of the four
genes encoded on this DNA is required for suppression and
that the increased copy number of this locus is sufficient to give
suppression.
A reversion analysis indicates that the stk/4-14 phenotype is
likely caused by a single mutation. MC1061 stkA-14 grows
slowly at 32°C, and the colonies exhibit a wrinkled morphology.

77 min

FIG. 6. Chromosomal region near the fts locus at 76 min. The
region of the E. coli chromosome containing thefts locus (13) and the
stkA-14 mutation is indicated relative to various restriction enzyme
sites according to the data of Kohara (20). The shaded area indicates
the region containing the stkA-14 mutation. 7H7 was the Kohara phage
(20) used to clone the fts region.

In fact, this strain has a much healthier appearance at 37 and
42°C when Tnp is being overproduced and additionally is cold
sensitive for growth at 15°C. Colonies of this strain carrying
pRZ4775 (the Tnp-overproducing plasmid) were incubated for
4 to 5 days at 32°C (i.e., where Tnp synthesis is fully repressed),
and the faster-growing revertants that grew within the colony
were streak purified twice and then tested for their temperature resistance phenotype at 42°C. Approximately 62% (13 of
21) of these revertants to the wild-type growth rate were now
temperature sensitive. Since both the slow-growth phenotype
and the temperature resistance coreverted the majority of the
time, they are likely caused by a single mutation. Those
faster-growing segregants which were still temperature resistant probably contained secondary suppressor mutations which
allowed a faster growth rate.
The nuclear staining and cellular morphology of each of
these mutant strains were examined before and after Tnp
overproduction. In the uninduced state, they appeared as
wild-type cells containing mostly single or dividing cells (not
shown). (stkA4-14 and stkD-10 were not as vigorous as the wild
type and had an occasional filament at 32°C.) After a shift up
to 42°C, however, they exhibited a variety of phenotypes (Fig.
7). The cells containing the stkA-14 mutation had a very
interesting phenotype. Although wild-type cells show a great
deal of heterogeneity in cell length (from 3 to 10 cell lengths)
accompanying Tnp overproduction and 79% of the cells were
filamentous, stkA-14 exhibited very uniform ifiaments of approximately 4 to 5 cell lengths and 90% of the cells were
filamentous. Also, a noticeable fraction of the cells (22%)
contained regularly spaced nucleoids, indicating a more normal segregation phenotype. However, the remainder of the
filamentous cells still showed diffuse nuclear staining. stkB-33
and stkD-10 were similar in that the distribution of cell lengths
was shifted toward single and dividing cells (approximately 83
and 57%, respectively), but they still exhibited broadly staining
nuclear regions in the filaments that were present. In contrast,
stkC-12, which has the strongest phenotype (i.e., the most
vigorous growth at 42°C), was indistinguishable from the wild
type in that it formed extensive filaments with diffuse, broadly
staining nuclear regions. However, at the partially inducing
temperature of 37°C, when the wild-type Tnp induces some
filamentation and causes a marked decrease in the growth rate,
stkC-12 had essentially no phenotype (data not shown), indicating that it has an intermediate phenotype.
DISCUSSION

Transposons can be classified as selfish DNA (25). These are
segments of DNA which associate with

a

host and

are propa-

OVEREXPRESSING Tn5 TRANSPOSASE PERTURBS CELL DIVISION

VOL. 176, 1994

WT- 320

stkB-33 420

stkA-14 420

stkD-10 420

5501

FIG. 7. DAPI-stained photomicrographs of wild-type and stk mutants. Cultures of MC1061 recA + (wild type or with an stk mutation) containing
pRZ4775 were grown to early exponential phase and shifted to 42°C for 3 h to induce Tnp synthesis. Cells were fixed, stained with DAPI, and
photographed as described in Materials and Methods. Approximately 130 cells were counted for each strain. The percentage of filamentous cells,
the approximate range in cell size of the filaments, and the percentage of filamentous cells exhibiting nucleoid segregation, respectively, are as
follows: wild type, 79%, 3 to 10, 9%; stkA-14, 90%, 4 to 5, 22%; stkB-33, 14%, 3 to 4, 10%; stkC-12, 64%, 3 to 7, 12%; and stkD-10, 43%, 3 to 5,
9%.

gated and replicated by their host at no cost to the element.
However, transposons often confer on their bacterial hosts
beneficial properties such as antibiotic or heavy metal resistance (2). In addition, since the bacterial-transposon relationship can be said to be symbiotic, mechanisms have probably
evolved to limit the deleterious effects caused by transposition.
It has already been suggested that transposition events are
timed to occur after the passage of a DNA replication fork
(26). An intact, newly replicated sister duplex could then be
used as a template for repair of the gapped duplex left by a
conservative transposition event. We have discovered a connection between the processes of bacterial chromosome partition and cell division and the high-level production of the TnS

Tnp. While this does not demonstrate that any causal relationship between TnS transposition events and a delay in chromosome partition exists, it does raise this possibility. Because the
defects in cell division which occur require the overproduction
of Tnp proteins with wild-type N termini and TnS transposition
itself is very sensitive to perturbations in the wild-type N
terminus (33), we feel these two processes may somehow be
related.
Overexpression of the TnS Tnp causes defects in nucleoid
segregation and cell division. This is also accompanied by cell
death, which may result from the segregation and septation
defects but which may be caused by yet other unknown effects.
This possibility is raised because intermediate levels of Tnp
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expression lead to some filament formation but not cell death.
Also, cells containing the suppressor mutation stkC-12, which
allows Tnp overexpression at 42°C, still filament extensively
and show defects in chromosome partition. This mutation does
result in an intermediate phenotype, however, since partial
induction of Tnp in the wild-type strain, but not the stkC-12
strain, results in some filamentation and aberrant cellular
morphology. This phenotype could also arise if this mutation
bypasses Tnp lethality by altering the function of an essential
cell division protein. This mutant protein would be impaired
for its cell division function but somehow also bypasses the
Tnp-induced lethality.
Cell death, filamentation, and the nucleoid segregation
defects are all bypassed if Tnp contains an N-terminal deletion
of 3 or 11 amino acids. These defects are partially suppressed
if the Tnp contains a two-amino-acid deletion at the N
terminus. Therefore, this is not a general phenomenon caused
by increased levels of protein expression; it specifically requires
high-level expression of Tnp derivatives containing a wild-type
N terminus. Additionally, this effect is not caused by increased
rates of transposition, because it occurs in the absence of IS50
ends and also occurs with Tnp derivatives which are defective
in promoting transposition and in binding to the IS50 ends.
The only correlation with the killing effect, therefore, is the
presence of a wild-type N terminus.
In addition, killing is not caused by Tnp acting as a nonspecific nuclease. If high-level Tnp production resulted in aberrant
cutting at random sites throughout the chromosome, this
would be lethal to E. coli but would also induce the cellular
SOS response. We have specifically shown that high-level
expression of Tnp does not induce SOS functions, measured
with a chromosomal A PL-lacZ operon fusion. We have also
previously shown that inducing Tnp synthesis by at least
100-fold does not lead to an increase in the TnS transposition
frequency (32), although it does lead to a large increase in the
inhibitory activity of Tnp. This indicates that the transpositional activity and not the abundance of the wild-type protein
is limiting the TnS transposition rate and makes it unlikely that
overproduction of Tnp leads to some form of activated Tnp
which cuts DNA out of the normal context of the transposition
reaction. It was also previously shown that high-level expression of the TnlO Tnp in the absence of ends does not induce a
cellular SOS response (14, 27). Therefore, for these Tnp
proteins, it seems unlikely that their intrinsic double-stranded
nuclease activity, which is required for target DNA cleavage
during the transposition reaction, is activated to any significant
extent unless the Tnp is productively bound to the transposon
end sequences.
The most plausible explanation for this effect is that some
essential E. coli protein interacts with Tnp through critical
contacts in the N-terminal three to four amino acids. Highlevel expression of Tnp titrates out this factor, which leads to
defects in cell division and ultimately cell death. This putative
factor, additionally, is directly or indirectly involved in the
process of chromosome segregation and/or cell division. An
indirect cause leading to cell division defects might arise, for
example, if the DnaK protein was normally involved in the
folding of Tnp and made essential contacts with the nascent N
terminus of Tnp. DnaK is a heat shock protein in E. coli, which
is essential at 42°C, and its absence may lead to pleiotropic
defects in protein folding which give rise to the effects we
observe. More directly, DnaK is required for X DNA replication (10) and has been implicated in chromosomal DNA
segregation and cell division (5). We have recently found,
however, that Tnp overproduction is still lethal at 30°C in a
AdnaK strain, but we have not yet examined the determinants
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of Tnp killing in this compromised strain background. There
are probably other such indirect factors not involved in cell
division which, when titrated below some essential level, could
result in the phenotype which we observe. This putative host
protein, however, may be intimately involved in chromosome
segregation or cell division.
A fraction (-10%) of Tnp has been shown to be localized to
the inner cell membrane (7, 17); however, the functional
significance of this interaction has not been demonstrated. This
localization requires the N-terminal 55 amino acids, because
Inh (which differs from Tnp only by lacking this domain) is not
localized to the membrane (7). A whole series of genes in E.
coli have been isolated which play direct roles in cell division
and septation (3, 9) and, recently, in nucleoid segregation (14a,
15). Many of these, of course, are integral membrane or
membrane-associated proteins. It has also been shown that
defects in chromosome segregation will delay septum formation (23), and so these two processes are coupled by at least
this negative pathway. Since Tnp overproduction leads to
defects in both chromosome partition and cell division, the
membrane association of Tnp may be a functional one which
occurs through an association with an essential membrane
protein of the partition or cell division apparatus. High-level
expression of the Mu B protein involved in transposon target
site selection has been shown to be lethal to E. coli and also
leads to filament formation (4). The Mu B protein also
fractionates with the inner cell membrane (4). A number of
other bacterial IS Tnps also lead to cell killing and filamentation when overexpressed (1).
We have isolated and mapped four mutations in E. coli that
affect cell survival in the presence of high-level Tnp expression.
By using P1 linkage data, these map to four discrete loci at
approximately 76.2, 86.5, 99.8, and 28 min on the E. coli
chromosome. The cellular morphology of these mutants undergoing Tnp overexpression was also examined. Two mutations (stkB-33 and stkD-10) caused the appearance of an
increased number of single and dividing cells compared with
the wild type. One mutation, stkC-12, resulted in cells which
were indistinguishable from the wild type undergoing maximal
Tnp overproduction. However, at the intermediate inducing
condition of 37°C, this mutant strain has essentially no phenotype while the wild-type strain exhibits a markedly slower
growth rate and begins to form filamentous cells. The stkA4-14
mutation alters the distribution of filaments produced upon
Tnp overproduction, so that they are now very homogeneous
in length (approximately five cell lengths), and also allows
normal chromosome segregation in 22% of these filaments.
We have initially focused our efforts on the stkA-14 mutation, which exhibited the intriguing phenotype of very uniform
filaments of four to five cell lengths upon Tnp overproduction,
with many of these exhibiting regularly spaced nucleoids. The
P1 linkage data place this mutation very close to thefts locus at
76 min described by Salmond and coworkers (13). We cloned
the 4.5-kb HindIII fragment containing this operon from
Kohara phage 7H7, but this fragment was not able to complement the mutation in multiple copies. Interestingly, the presence of this fragment on pBR322 in a stkA-14, but not stkA+,
background yields filaments at 32°C (35), i.e., when Tnp
expression is fully repressed. An adjacent 6.5-kb HindIllEcoRV fragment clockwise from the fts locus gives the same
phenotype at 32°C but also does not complement the mutation.
It is difficult to imagine how an increased copy number of a cell
division operon would lead to defects in septation in our
mutant strain but not in the wild type, if this mutation were in
a gene totally unrelated to the normal division process.
Using recombination to map this mutation, however, we
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have demonstrated that stkA4-14 lies within this 4.5-kb Hindlll

fragment which contains the ftsYEX operon and an adjacent
gene, ORF4, which encodes a 20-kDa inner membrane-associated protein of unknown function (13). The duplications of
the ftsYEX region (wild type over mutant) are sensitive to Tnp
killing, and so this mutation is recessive. Furthermore, the
presence of this 4.5-kb HindIII fragment on pBR322 (but not
pBR322 alone) is sufficient to suppress the lethality of Tnp
overproduction in a wild-type background, which explains why
we were not able to complement the mutation with the
wild-type locus in multiple copies. Since this 4.5-kb HindIII cell
division locus in multiple copies is sufficient to give suppression, it seems likely that the cell division defects and the
lethality caused by Tnp overexpression have a cause and effect
relationship. Interestingly, since the pattern of nucleoid segregation is more normal in the stkA -14 background, this suggests
that this mutant locus is somehow influencing the aberrant
nucleoid segregation phenotype which we observe in wild-type

strains.
Since we have isolated four independent mutations and
these map to four discrete loci, it seems likely that other
chromosomal mutations will also suppress Tnp-dependent
lethality. If lethality is caused by a perturbation of the complex
processes of chromosome segregation or cell division, however, one would expect that a number of mutations would be
capable of bypassing this defect. We have examined the
transposition rates of wild-type TnS in each of the mutant
backgrounds both at 32°C and at 42°C. Since these mutations
were isolated at 42°C, the alteration may only be manifested at
the higher temperature. We have not detected any significant
differences in the transposition frequencies in the mutant
strains compared with those of the wild type at either temperature. This is not particularly surprising, however, since we are
proposing that Tnp interacts with only one E. coli protein,
whose absence gives rise to the pleiotropic effects which we
observe. Since this is likely an essential host protein, mutations
in this gene which specifically alter the presumptive Tnp
interaction and yet retain biological activity will probably be
rare, and we have not collected a saturated set of mutations
which will give rise to Tnp resistance. The approach we are
taking is to understand the mechanism of suppression by
several of the mutations which we now have in order to
investigate the possible connection to the Tn5 transposition
reaction.
One possible function of this putative Tnp interaction may
be to transiently delay chromosome partition until the intermediates after a transposition event have been resolved or
repaired. Alternatively, TnS may have simply recruited a
protein involved in the processes of cell division or chromosome segregation for its own transposition activity. This case
has already been established for the DnaA protein, which is
essential for DNA replication from oriC and also stimulates
Tn5 transposition (37). It is clear that further work will be
necessary to establish the identity of the genes giving suppression, the mechanism of suppression, and the possible connection between the process of cell division and TnS transposition.
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