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Tn5 transposase (Tnp) overproduction is lethal to Escherichia coli. Tnp overproduction causes cell filamentation, abnormal chromosome segregation, and an increase in anucleated cell formation. There are two simple
explanations for the observed phenotype: induction of the SOS response or of the heat shock response. The
data presented here show that overproduction of Tnp neither induces an SOS response nor a strong heat shock
response. However, our experiments do indicate that induction of some s32-programmed function(s) (either
due to an rpoH mutation, a deletion of dnaK, or overproduction of s32) suppresses Tnp overproduction killing.
This effect is not due to overproduction of DnaK, DnaJ, or GroELS. In addition, Tnp but not D11 Tnp (whose
overproduction does not kill the host cells) associates with the inner cell membrane, suggesting a possible
correlation between cell killing and Tnp membrane association. These observations will be discussed in the
context of a model proposing that Tnp overproduction titrates an essential host factor(s) involved in an early
cell division step and/or chromosome segregation.
the absence of Tn5 end sequences (therefore, in the absence of
transposition). Overproduction killing is associated with both
filament formation and defective nucleoid segregation. This
Tnp overproduction killing has been partially characterized
(59). Through an analysis of various Tnp mutants, it has been
determined that catalytically active transposase is not required
for killing. However, analysis of N-terminal deletions of Tnp
showed that deletion of the first 3 or 11 amino acids from the
N terminus blocked the killing. The wild-type N terminus of
Tnp therefore must be very critical for the cell killing phenotype, possibly due to specific interactions with certain host
factors that may play a role in Tn5 transposition.
In order to investigate the transposase overproduction killing phenotype further, we isolated and mapped four host mutations that suppress Tnp overproduction killing (stk). These
mutations were localized to four different loci in the E. coli
genome (59). The mutations map very close to genes known to
be involved in cell division or DNA segregation: at 28 min
(near topA, tonB, TerA, and TerD), 76 min (ftsSYEX-rpoH),
85.5 min (near xerC, uvrD, and recQ), and 99.5 min (near dnaK,
dnaJ, dnaT, and dnaC).
In this communication, we first examine general mechanisms
that might explain the Tnp overproduction killing phenomenon. One simple explanation for Tnp overproduction killing
could be that it induces an SOS response due to a nonspecific
nuclease activity of Tnp. We demonstrate that Tnp overproduction killing is not a result of SOS induction. Second, we
examine the relationship between the heat shock (stress) response and Tnp-associated killing. Our data show that overproduction of Tnp does not cause substantial induction of the
heat shock response. However, our experiments do support the
idea that moderate induction of some s32-programmed function(s) suppresses Tnp overproduction killing. Finally, we report that one of the stk mutations, stkA14, is an allele of rpoH
(the gene encoding s32) which causes constitutive induction of
heat shock proteins. However, the well-known heat shock proteins DnaK, DnaJ, GroEL, and GroES do not appear to be
involved in Tnp-associated killing.
In addition to the formation of long filaments and the asso-

Tn5 is a composite 5.8-kb transposon that contains 1.5-kb
inverted repeats IS50R and IS50L (see Fig. 1) (for reviews, see
references 3 and 44). IS50R and IS50L have 19-bp repeats at
their ends: the inside end and the outside end. These sequences are recognized by transposase and by host factors
involved in Tn5 transposition. IS50R encodes a cis-acting 476amino-acid transposase (Tnp) and a 421-amino-acid trans-acting inhibitor of transposition (Inh). The coding sequences of
Tnp and Inh are the same except that Inh lacks 55 N-terminal
amino acids. IS50L encodes two proteins, P3 and P4, that are
C-terminus-truncated variants of Tnp and Inh and have no
known function. The central 2.75-kb region of Tn5 contains
three cotranscribed genes encoding resistance to kanamycin,
bleomycin, and streptomycin. This region does not have a
known function in the transposition process.
Transposition is a very rare event and responds in a complex
fashion to the presence of various proteins (4). For example,
the frequency of Tn5 transposition is dependent on the ratio
between the two proteins encoded by the element itself, Tnp
and Inh (61), and is influenced by a variety of host factors (3,
44), such as integration host factor (32), HU (32), DNA polymerase I (49), DnaA (3, 44), topoisomerase I (52), DNA gyrase (24), Dam methylase (64), Fis (58), and SulA (50, 57). The
observation that Dam methylase regulates both the synthesis of
Tnp and the transposition event itself suggests that transposition preferentially takes place soon after the DNA replication
fork passes when the donor DNA is hemimethylated (44, 63).
This would allow the use of the sister chromosome to fill in the
gap left by the excision of Tn5. Thus, Dam DNA methylation
probably regulates the timing of the transposition event. This
model was also described for Tn10 (4). The mechanism by
which other host factors influence the frequency of Tn5 transposition is not yet clear. Moreover, there could be other unknown host factors that affect Tn5 transposition.
Overproduction of Tn5 Tnp is lethal to Escherichia coli in
* Corresponding author. Mailing address: Department of Biochemistry, University of Wisconsin—Madison, 420 Henry Mall, Madison,
WI 53706.
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TABLE 1. Bacterial strains used in this study
Strain

MC1061
MGDZB
MDW555
HEY30
HEY31
HEY29
HEY32
HEY33
HEY34
HEY35
HEY36
HEY37
HEY38
HEY39
HEY40
MDW570
NK8027
HEY56
HEY57
HEY58
HEY66
HEY43
HEY70
HEY71

Relevant genotype

araD139 D(ara-leu)7696 galU galK
hsdR strA Dlac174
MG1665 DlacZ145
MC1061/pRZ4775
MC1061/pRZ4737D11
MC1061/pRZ4778
MGDZB rpoH165::Tn10 via P1
from MDW389
MGDZB dnak756::Tn10 via P1
from MDW412
MGDZB dnaJ259::Tn10 via P1
from MDW411
MGDZB groES30::Tn10 via P1
from MDW410
MGDZB grpE280::Tn10 via P1
from MDW413
MGDZB DdnaK::Tn10Kan via P1
from CAG121368
MGDZB/pRZ4824
MC1061/pRZ4775/pAKL1
MC1061/pRZ4824/pGroELS
MC1061/pRZ4775/pFN97
MC1061 stkA14
thi strA D(lac-pro) D(gal-lG)
D(bio-uvrB) lRSam7 imm434
pL:lacZ
NK8027/pRZ4825
NK8027/pRZ4834
NK8027/pRZ4857
MC1061/pRZ4824
NK8027/pRZ4824
MC1061/pKAL1
MC1061/pgroELS

Source

M. Casabadan
Lab collection
Weinreich et al.
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
Weinreich et al.
N. Kleckner
This
This
This
This
This
This
This

study
study
study
study
study
study
study

ciated extended nucleoid bodies, we show that Tnp overproduction causes an increase in anucleated cell formation. This
observation suggests that transposase overproduction may kill
the host cells by inhibiting DNA segregation. Because many
functions involved with DNA segregation could be membrane
associated (21, 39, 40), we reinvestigated the previously reported Tnp membrane association (11). We show that while
wild-type Tnp is membrane associated, D11 Tnp (whose overproduction fails to kill the host) is not.
MATERIALS AND METHODS
Strains and growth conditions. The E. coli K-12 strains used are listed in Table
1. All strains were grown in Luria broth (LB) (48) or M9-glucose-salt minimal
medium (48) containing all amino acids (except methionine and cysteine) and
the following five vitamins at 0.01 mM (p-aminobenzoic acid, p-dihydroxybenzoic
acid, p-hydroxybenzoic acid, pantothenate [calcium salt], and thiamine) (56).
MgSO4 was added to a final concentration of 1 mM. LB plates contain 15 g of
Bacto Agar per liter of LB. The antibiotics and concentrations were as follows:
chloramphenicol, 20 mg/ml; ampicillin, 100 mg/ml; kanamycin, 40 mg/ml; and
tetracycline, 15 mg/ml.
Plasmids. Most of the plasmids used in this study are shown in Fig. 1.
pRZ4775 and pRZ4777 (encoding Tnp under l PR control) were described by
Weinreich et al. (59). Construction of the N-terminal deletion derivative of Tnp
(D11 Tnp) on pRZ4777 has been described elsewhere (59). Construction of
pRZ4825, pRZ4834, and pRZ4857 was described by Weinreich et al. (60).
pRZ4825 and pRZ4834 encode Tnp under lac UV5 promoter control, while
pRZ4857 encodes the EK345/LP372 hyperactive mutant derivative of Tnp. Additionally, pRZ4834 and pRZ4857 contain a transposable mini-Tn5. pRZ4824 is
a pBR322 derivative that encodes Tnp and Inh and has Tnp under the control of
Ptac. pRZ4824 also contains lacIq.
pgroESL was obtained from A. Gatenbay, DuPont Central Research and
Development (55). This plasmid contains groESL under the control of Plac as
well as the groESL promoter. Thus, GroESL synthesis can be induced by isopropyl-b-D-thiogalactopyranoside (IPTG) in a lacIq-containing strain as well as
by heat. pKAL1 was obtained from C. A. Gross. This is a pB10 derivative

FIG. 1. Plasmids used in this study. pRZ4775, pRZ4737, pRZ4825, pRZ4824
encoding wild-type Tnp, and pRZ4777 encoding the D11 version of Tnp, do not
have IS50 end sequences. pRZ4834 encoding wild-type Tnp and pRZ4857 encoding EK345/LP372 Tnp have a transposable mini-Tn5 cassette. pgroELS contains groELS under Plac control, while pAKL1 contains dnaK and dnaJ. pFN97
contains rpoH under control of its own promoter. Abbreviations: OE, outside
end; IE, inside end; amp, ampicillin; EK/LP, EK345/LP372 Tnp; cam, chloramphenicol; cI587, temperature-sensitive l repressor.

containing dnaK and dnaJ under the control of the lac UV5 promoter (62).
pFN97, containing rpoH (s32), was obtained from F. Neidhardt (37). Cloning
vector pBII was supplied by A. Roca, and pBIP3, a cloning vector for allele
exchange experiments, was obtained from R. Maurer (51).
In order to perform recombination studies, a PCR fragment containing rpoH
sequences was cloned as follows: the same PCR product used for sequence
determination was cut with HindIII and PstI and then cloned into the same sites
of pRZ8815 to generate pRZ8818. Then the 1.5-kb ApaI/NotI fragment containing the rpoH mutation of pRZ8818 was cloned into the same sites of pBIP3 to
construct pRZ8819. The presence of the mutation on pRZ8819 was confirmed by
sequencing, and then pRZ8819 was used for the allele replacement experiment
to test whether the mutation was sufficient to give suppression of transposaseassociated killing in an otherwise wild-type background.
Allele replacement. Mutant and wild-type alleles of rpoH were subcloned onto
pBIP3 as described above. The plasmids were then transferred into E. coli, and
a simple phagemid-based system was used to generate allele replacements by the
method of Slater and Maurer (51). After allele exchange, about 200 to 300
individual colonies for each construct were tested for the transposase overproduction phenotype at 428C.
Quantitation of Tnp overproduction killing by efficiency-of-plating experiments. After transformation of the plasmids into CaCl2-treated competent cells,
four individual colonies for each sample were grown overnight in LB containing
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appropriate drug(s) at 32 or 378C. Depending upon the mode of regulating Tnp
synthesis and/or various host proteins in individual experiments, dilutions of each
sample were plated onto LB agar plates containing appropriate drug(s) and the
indicated concentrations of IPTG (see figure legends) or were incubated at 428C.
After 18 h, the numbers of colonies formed were compared to those for the
uninduced control samples (grown in the absence of IPTG or at 328C).
P1 transduction. The different heat shock gene mutations were introduced
into the MC1061 or MCDZB background via generalized P1 transduction:
rpoH165 from CAG597, groES30 from CAG9259, dnaJ from CAG748, grpE from
CAG11066, dnaK756 from CAG11065, and DdnaK from CAG121368. P1 lysates
were obtained from CAG121368 in the presence of pKAL1 containing dnaK and
dnaJ in order to obtain efficient lysate production (33, 41). P1 lysis and transduction were accomplished as previously described (33). In order to obtain the
correct strains, the presumed DdnaK strain was tested for P1 resistance and the
other strains were tested for a temperature-sensitive phenotype.
35
S labeling. The cells were grown in M9-glucose medium supplemented with
all amino acids (except methionine and cysteine) and five vitamins (56) to an
optical density at 450 nm of 0.1 at 328C. Then 1 ml of each culture was pulselabeled by adding 20 mCi of a Tran-35S-label mixture (L-[35S]methionine and
35
L-[ S]cysteine; 1.146 Ci/mmol; ICN Pharmaceuticals, Inc.) for 1 min with shaking, and the label was chased by addition of 100 ml of (10-mg/ml) methionine and
cysteine for 1 min. The labeled sample was mixed with 110 ml of 50% trichloroacetic acid (final concentration, 5%) as a zero time point. The remaining
unlabeled cultures were then shifted to 428C to induce Tnp overproduction, and
after a 1-h induction, the cultures were pulse-labeled as described above. For
strains containing pRZ4824, the protocol was the same except that cultures were
grown at 328C and various concentrations of IPTG were added to induce Tnp
synthesis (final concentrations, 0.04 and 0.1 mM). Samples with the same counts
per minute (5 3 105 cpm) were analyzed on a sodium dodecyl sulfate-polyacrylamide gel (SDS-PAG) (10% polyacrylamide). The autoradiograms of the
gels were quantitated by densitometry.
Immunoprecipitation. Each 35S-labeled sample (containing 106 cpm) was
mixed with 2% SDS and 50 mM Tris-HCl, pH 7.5, to give a final volume of 50
ml. Then 150 ml of radioimmunoprecipitation buffer (48) and 50 ml of protein A
(Sigma) were added, and the mixture was incubated on ice for 30 min. Samples
were centrifuged, and the supernatant from each tube was transferred to a new
Eppendorf tube containing 1 ml of anti-DnaK (polyclonal immunoglobulin G
obtained from C. Gross) and were incubated for 4 h on ice. Then an additional
50 ml of protein A (from Sigma) was added, and incubation was continued for 30
more min on ice. After centrifugation, the pellets were washed with radioimmunoprecipitation buffer (48), resuspended in 30-ml portions of 13 SDS sample
buffer (48), and analyzed on an SDS-PAG (10% polyacrylamide). The autoradiograms of the gels were quantitated by densitometry.
SOS induction experiments. Strain NK8027 alone and NK8027 containing
pRZ4825, pRZ4834, or pRZ4857 were grown overnight in LB containing the
appropriate drug(s) at 378C. Diluted cultures (1:100) were grown at 378C for
1.5 h, and then IPTG was added to induce Tnp synthesis or mitomycin (12.46 to
124.62 ng/ml as final concentrations) was added to induce the SOS response. The
IPTG concentrations used for different strains were chosen to yield equivalent
levels of host cell killing. After induction, cultures were grown for 7 h at 378C
(29). An aliquot of each sample was taken, and various dilutions of each sample
were plated onto LB agar containing the appropriate drugs to measure the
efficiency of the killing. The growth of the rest of the cultures was then stopped
by adding 60 mg of chloramphenicol per ml, and b-galactosidase specific activities
were determined (48).
Fluorescence microscopy. Cultures of strains carrying pRZ4824 grown overnight were diluted 1:50 into LB containing 100 mg of ampicillin per ml. Then
cultures were grown for 90 min at 378C to early exponential phase before
addition of various concentrations of IPTG (0 to 0.1 mM) to induce Tnp synthesis. Incubation was continued for 3 h. Microscopy was done essentially by the
method of Hiraga et al. (20). A 500-ml sample of each culture was taken, cells
were collected and resuspended in sterile saline solution (0.9% NaCl in H2O),
and 10-ml portions of these suspensions were spread onto glass slides, heated by
passage through a flame, and fixed with 100% methanol for 5 min. After the
slides were washed with cold tap water and air dried, 10 ml of a solution of
acridine orange (0.15 mg/ml) in 10 mM phosphate buffer, pH 7.4, was added
immediately before a coverslip was applied. Preparations were examined and
photographed by using an Olympus BH2 microscope with UV illumination, a
UV or blue filter, and an oil immersion lens (1003 objective). Kodak Extrachrome 400-HC color slide film was used.
PCR amplification, single-strand conformation polymorphism (SSCP) analysis, and DNA sequencing. rpoH and ftsSYEX were PCR amplified in four
partially overlapping fragments from both stkA14 and wild-type (MC1061/
pRZ4775) strains. The amplifications were carried out as follows: cultures grown
overnight were centrifuged, the pellets were washed with TE buffer and resuspended in TE buffer (48), and proteinase K was added to a final concentration
of 50 mg/ml. The suspensions were incubated at 558C for 15 min, 808C for 15 min,
and 10 min on ice and then centrifuged at 12,000 3 g for 5 min. These cell lysates
were used as template stocks for amplifications of all DNA fragments (10 ml of
the lysate was used per PCR mixture).
PCR mixtures were set up in a total volume of 100 ml. Each reaction mixture
contained the following: 10 ml of cell lysate, 10 mM Tris-HCl (pH 8.3), 50 mM
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KCl, 200 mM each of the four deoxynucleoside triphosphates, 3 to 4 mM MgCl2,
0.5 mM (each) primer (24-mers were used as primers), and 5 U of Taq DNA
polymerase (Promega). The fragments were amplified by 40 cycles of PCR, with
1 cycle consisting of 2 min at 948C, 1 min at 658C, and 2 to 4 min at 728C. After
PCR amplification, proper DNA fragments were purified from 1% agarose gels.
Each DNA fragment type was prepared from two or three independent stocks.
SSCP analysis of the PCR-amplified fragments was performed as described
previously (17).
The agarose gel-purified fragments were used for sequencing as follows; 400
ng of template, 0.5 mM primer, 1.5% Nonidet P-40–Tween 20 (28), 4 ml of 53
sequencing grade Taq DNA polymerase buffer (50 mM Tris-HCl [pH 8.5], 30
mM MgCl2) were mixed, and the volume was adjusted to 18 ml. The mixture was
heated at 1008C for 3 to 5 min to denature the template and immediately cooled
on ice for about 15 min. Then 2 ml of labeling nucleotide mix (1.5 mM dCTP, 1.5
mM dGTP, and 1.5 mM dTTP), 1 ml of [a-32P]dATP (10 mCi/ml; 3,000 Ci/mmol),
1 ml (5 U) of sequencing grade Taq DNA polymerase (Promega), and 1 ml of 0.1
M dithiothreitol were added to the above mixture, and then the mixture was
incubated for 1 min at 378C. After the 378C incubation, 5 ml of the above mixture
was added to 3 ml of each dideoxynucleoside triphosphate mix (dideoxynucleoside triphosphate mixes used were from the cycle sequencing kit of Promega),
and incubation was continued at 74 to 768C for 10 min. Reactions were stopped
by adding formamide and tracking dye.
Cell fractionation. The cell fractionation procedure was identical to that used
in DeLong et al. (11) except that the outer and inner membranes were separated
as follows: the sucrose step gradients were prepared by layering 4 ml of 50%
sucrose (wt/wt) and 4 ml of 44% sucrose over a 3-ml cushion of 56% (wt/wt)
sucrose. All sucrose solutions contained 3 mM EDTA, pH 7.2. Then 1 ml of
membrane suspension was layered on top of the step gradient, and centrifugation
at 78,000 3 g was carried out for 19 to 24 h in an SW40 Ti rotor.
The upper (inner membrane) and lower (outer membrane) bands were collected with a hypodermic syringe. The inner and outer membrane fractions were
then harvested by centrifugation at 78,000 3 g for 2 h in a Ti60 rotor and
resuspended in 300- to 400-ml portions of SE10 (11) and stored at 2408C (for
marker enzyme assays, one-third of each fraction was stored at 2208C in 50%
glycerol). Phenylmethylsulfonyl fluoride (125 ml/ml) was added to all buffers, and
all steps following sonication were carried out at 48C. The fractions were analyzed on SDS-PAGs (10% polyacrylamide). The Coomassie blue-stained gels
were quantitated by densitometry.
Protein, enzyme, and KDO assays. Protein concentrations in cell extracts were
determined by the Bradford protein assay (46). NADPH oxidase activity was
assayed as described by Kasahara and Anraku (26). Glucose-6-phosphate
isomerase was assayed by the procedure of Clifton et al. (10). KDO (2-keto-3deoxyoctonate) was assayed as described by Karkhanis et al. (25).

RESULTS
Tnp overproduction killing is not a result of an SOS response. It is possible that transposase manifests a nuclease
activity, since two of the steps in transposition, cleavage of the
transposon DNA from the donor DNA backbone and integration of the element into the target sequence, involve phosphodiester bond cleavage (4, 34). Thus, Tnp overproduction
might kill the host cell by causing nonspecific DNA damage.
This possibility was investigated by examining whether Tnp
overproduction causes an SOS response. Here it is demonstrated that Tnp overproduction does not induce an SOS response.
The effect of Tnp overproduction was tested in NK8027, an
SOS tester strain that has a chromosomal fusion of lambda PL
to lacZ (45). Induction of the SOS response resulting from
DNA damage increases b-galactosidase levels due to the
RecA-dependent coproteolysis of the lambda repressor. As
expected, b-galactosidase expression is enhanced when the
cells are grown in the presence of mitomycin (Fig. 2, bars 2 and
3). Induction of wild-type Tnp programmed by pRZ4825 did
not show an increase in b-galactosidase at the levels of Tnp
production that lead to killing comparable to that of the mitomycin-treated control (Fig. 2).
It should be noted that Tnp overproduction host killing does
not involve transposition per se because the elements being
studied do not have the end sequences required for transposition. Host cell killing, transposition, and induction of an SOS
response have also been studied by using constructs containing
a transposable mini-Tn5 cassette (Fig. 2, pRZ4834). When
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FIG. 2. Tnp overproduction killing is not a result of SOS induction. E. coli
NK8027 with or without the indicated plasmids were grown for 7 h under
inducing conditions, and b-galactosidase specific activities were then determined
as described in Materials and Methods. b-Galactosidase levels in NK8027 in the
presence (1) or absence (2) of mitomycin (MMC) (12.24 and 124.6 ng of MMC
per ml used for bars 2 and 3, respectively) or IPTG are shown. Experiments were
done with no Tnp overproduction (bar 1), wild-type Tnp overproduction (bars 7,
8, and 9), and hyperactive EK345/LP372 Tnp overproduction (bars 10 and 11).
pRZ4825 encodes Tnp programmed by the IPTG-inducible lac UV5 promoter.
Percent cell survival [Cell surv. (%)] is indicated; the standard deviations were
less than 1%. Each value is an average of five individual experiments.

wild-type Tnp is overproduced (pRZ4834), no SOS response is
detected (Fig. 2). However, one can detect an SOS response
when the hyperactive EK345/LP372 double mutant derivative
of Tnp is expressed but only in the presence of Tn5 end sequences (pRZ4857 [Fig. 2]). It should be noted that even in the
absence of IPTG, basal-level expression of Tnp occurs, therefore transposition also takes place. This may be the reason why
there is a low level of SOS induction in the absence of IPTG
for the hyperactive EK345/LP372 Tnp (Fig. 2, bar 10). Overproduction of EK345/LP372 Tnp in the absence of Tn5 end
sequences did not lead to an SOS response (data not shown).
These results are consistent with observations by Gasch and
Weinreich (15a).
Tnp overproduction killing is not due to induction of the
heat shock response. Another possible explanation for the
Tnp-associated killing is that Tnp overproduction induces a
heat shock response. Since DnaK and GroEL are induced as
an early step in the heat shock response (14, 19, 43), we
determined the levels of DnaK and GroEL in a wild-type cell
containing an IPTG-inducible Tnp overproducer (pRZ4824).
The samples were pulse-labeled with [35S]methionine and
[35S]cysteine in the presence and absence of IPTG at 328C, and
whole-cell extracts were analyzed by SDS-PAG electrophoresis
(SDS-PAGE) (Fig. 3, lanes 1 and 2). The 35S-labeled samples
were also used for immunoprecipitation with anti-DnaK and
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FIG. 3. Comparison of heat shock protein synthesis in wild-type cells and a
DdnaK mutant in the presence and absence of Tnp. The pulse-labeling and
SDS-PAGE analyses were done as described in Materials and Methods. Autoradiograms of the gels are presented. These autoradiograms were quantitated by
densitometric analysis. Whole-cell extracts of wild-type (lanes 1 and 2) and
DdnaK mutant (lanes 3 and 4) cells harboring pRZ4824 in the absence (lanes 1
and 3) or presence (lanes 2 and 4) of 0.04 mM IPTG to induce Tnp synthesis
were used.

anti-GroEL antibodies, and the precipitates were analyzed by
SDS-PAGE in order to quantitate DnaK and GroEL levels
(data not shown). These results showed that Tnp overproduction causes small increases (1.3-fold) in the levels of DnaK and
GroEL in wild-type cells overproducing Tnp. Under the same
conditions, DdnaK (a positive control for high-level expression
of heat shock proteins) shows a threefold increase in the level
of GroEL in the absence of Tnp and a 3.3-fold increase in the
presence of Tnp (Fig. 3, lanes 3 and 4).
In order to determine whether the small increases in DnaK
and GroEL levels resulting from Tnp overproduction are related to its killing effect, we compared the levels of these two
proteins resulting from Tnp overproduction with those found
in response to D11 Tnp overproduction, since D11 Tnp overproduction does not lead to cell death. A temperature shift to
428C was utilized for the induction of both Tnp (pRZ4775) and
D11 Tnp (pRZ4777), the cells were pulse-labeled with 35S, and
then whole-cell extracts or immunoprecipitates were analyzed
by SDS-PAGE. Densitometric examination of the resulting
autoradiograms indicated that overproduction of either protein caused a similar modest induction of DnaK and GroEL
(wt, wt/Tnp, and wt/D11 bars [Fig. 4a]). Thus, the small increases in DnaK and GroEL levels appear to be unrelated to
the killing effect of Tnp overproduction. Significant induction
of DnaK and GroEL (threefold) in an rpoH mutant strain
(stkA14 to be described below) was seen under these conditions (compare stkA14/Tnp with wt, wt/Tnp, and wt/D11 bars
[Fig. 4a]).
Tnp overproduction killing can be suppressed by a s32programmed function. (i) stkA14 mutant shows threefold increases in the levels of DnaK and GroEL. We have previously
reported the isolation of four host mutations that suppress Tnp
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FIG. 4. Induction of heat shock protein expression in stkA14 mutant. (a) The [35S]methionine and [35S]cysteine-labeled extracts from the wild type (wt) and stk
mutants (suppressors of transposase overproduction killing) (at 428C) were immunoprecipitated with anti-DnaK antibodies and examined by SDS-PAGE (3 to 10%
polyacrylamide) as described in Materials and Methods. Densitometric quantitation of the autoradiograms showed that wild-type Tnp (Tnp) or D11 Tnp (D11)
overexpression causes 1.2- to 1.4-fold (wt/Tnp and wt/D11) induction of the heat shock response, while the stkA14 mutant strain has a ca. 3-fold induction of heat shock
protein synthesis. Each value is an average of four individual experiments. w/o, without. (b) Cells grown at 328C were pulse-labeled with a mixture of [35S]methionine
and [35S]cysteine and analyzed on an SDS-PAG (3 to 10% polyacrylamide) as described in Materials and Methods. The autoradiograms of the gels were quantitated
by densitometric analysis. Whole-cell extracts from wild-type cells (lanes 1 and 2) and stkD10 (lane 3) and stkA14 (lane 4) mutant cells were used.

overproduction killing (stk) (59). While studying the levels of
DnaK and GroEL in wild-type cells in response to Tnp and
D11 Tnp overproduction, we also examined these heat shock
protein levels in hosts carrying the suppressor mutations. As
described above, the cells were pulse-labeled with 35S and
whole-cell extracts or anti-DnaK immunoprecipitates were analyzed by SDS-PAGE. Interestingly, densitometric examination of the autoradiograms of both the whole-cell extracts and
the immunoprecipitation gels indicated that one of the stk
mutants, the stkA14 mutant, has threefold increases in DnaK
and GroEL levels (Fig. 4a, lane 6). However, the threefold
induction of heat shock proteins in stkA14 is not related to Tnp
overproduction or the temperature up-shift, since the same
increases in DnaK and GroEL levels occur in the absence of
Tnp at 328C (Fig. 4b, lane 4). Rather, this heat shock protein
induction is due to the host mutation which, as shall be demonstrated later, maps in the rpoH gene. The other stk mutants
show no increases in heat shock protein levels (Fig. 4).
(ii) The stkA14 mutation is located in rpoH. Previous genetic
results had mapped the stkA14 mutation to the rpoH-ftsSYEX
region (59), but detailed recombination and complementation
experiments using wild-type DNA from the Kohara phage 7H7
(27) failed to yield definitive results. We therefore used PCR
to amplify different segments that covered this entire region
from the stkA14 mutant and its wild-type parent, and the PCR
products were screened by SSCP analysis (17). All PCR products were also sequenced.
Results from the SSCP gels suggested that a mutation might

be located in a fragment containing all of rpoH and 150 bp
from ftsX (data not shown). Thus, we sequenced this PCR
fragment and found a C-to-A change at position 1149 of rpoH
in contrast to the published sequence (18). The presence of the
mutation was confirmed by comparison with the sequence deduced from the PCR fragment of wild-type DNA (from strain
MC1061) and by sequencing two different PCR-amplified
stocks to avoid random PCR errors. This mutation results in an
alanine-to-aspartate change at codon 50 of s32.
Although there was no obvious change indicated by the
SSCP analysis of the fragments covering ftsSYEX, we also sequenced the entire ftsSYEX locus to confirm that the rpoH
mutation was the only change. No mutation was detected in the
fts locus. Thus, we conclude that there is only one mutation
responsible for the suppressor phenotype of stkA14 and this
mutation is located in rpoH.
We wanted to confirm that the rpoH mutation by itself is
sufficient to suppress transposase overproduction killing.
Therefore, we cloned a fragment containing the mutation onto
phagemid pBIP3 and used the allele exchange method (51) to
introduce the rpoH mutation into the wild-type strain,
MC1061/pRZ4775. After appropriate recombinants were selected, the isolates were tested for the Tnp overproduction
phenotype. Three separate experiments demonstrate that
when the mutant rpoH gene was used in the allele replacement
test, 57% of the recombinants (excisants) were found to be
resistant to Tnp overproduction killing (the mutant phenotype). In a control experiment, the equivalent wild-type rpoH
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sequence cloned into pBIP3 failed to yield any overproductionresistant recombinants (data not shown). Therefore, these results clearly show that the rpoH mutation is sufficient to suppress Tnp-associated killing.
(iii) Multiple copies of rpoH or the presence of a DdnaK
allele suppresses Tnp overproduction killing. The above results indicated that a mutation in the rpoH gene could suppress
Tnp overproduction killing and that elevated levels of s32dependent gene expression were associated with the suppression phenotype. This suggests that overproduction of the wildtype s32 subunit might also lead to suppression. This possibility
was tested by introducing pFN97 into the Tnp overproducer
strain (MC1061/pRZ4775). pFN97 is a pBR322 derivative that
encodes wild-type s32 programmed by its own promoter. The
MC1061/pFN97/pRZ4775 cells were then tested for Tnp overproduction killing by examining the efficiency of colony formation at 428C (Tnp overproduction) versus 328C. The presence
of pFN97 completely suppresses the Tnp overproduction killing phenotype (in the absence of pFN97, colony formation
occurred at a frequency of 5 3 1026; in the presence of pFN97,
no killing was detected).
DnaK is known to down-regulate the abundance of s32 (31).
Thus, in the context of a general investigation of the roles of
heat shock proteins in Tnp overproduction killing, we studied
the effect of introducing a DdnaK allele on the Tnp overproduction killing phenotype. We introduced DdnaK into strain
MGDZB through P1 transduction as described in Materials
and Methods. Since the DdnaK mutant strain is temperature
sensitive, we used a plasmid in which Ptac programs the synthesis of Tnp (pRZ4824) and Tnp overproduction was accomplished by plating various dilutions of the culture onto LB agar
containing 0 to 0.1 mM concentrations of IPTG and incubating
overnight at 328C. The efficiency-of-plating results showed that
the DdnaK mutation suppresses Tnp overproduction killing
(Fig. 5). This result is consistent with the result obtained with
stkA14, since the DdnaK strain also has excess amounts of
other heat shock proteins due to up-regulation of s32.
(iv) Effects of known heat shock proteins on Tnp overproduction killing. The properties of the stkA14 mutation and the
DdnaK mutation suggest that increased expression of some
s32-dependent protein can ameliorate Tnp overproduction
killing. Thus, we examined the influence of various known heat
shock proteins on the Tnp overproduction killing phenomenon
by either overexpressing the heat shock protein while Tnp was
being overproduced or by expressing Tnp in heat shock mutant
strains.
DnaK, DnaJ, GroEL, and GroES are major heat shock
proteins (14, 19, 22). Cooverproduction of DnaK and DnaJ or
GroEL and GroES with Tnp did not show any suppression of
Tnp killing (data not shown). The effect of Tnp overproduction
was also studied in various heat shock-defective strains. The
efficiency-of-plating results demonstrated that the heat shock
gene mutations in groES, grpE, rpoH, and dnaJ compound the
lethal effect of Tnp overproduction (Fig. 5). The effects of the
groES, grpE, and dnaJ mutations could mean that the cells are
experiencing two additive stresses (53), while the rpoH effect
probably reflects the previously determined fact that some
s32-programmed property is capable of preventing Tnp overproduction killing.
Localization of Tnp and D11 Tnp. Previously DeLong et al.
have shown that 5 to 10% of Tnp but not Inh is associated with
the inner cell membrane (11). Here we examined Tnp and D11
Tnp (whose overproduction does not kill the cells) for their
inner membrane association to determine whether there is a
correlation between host killing and Tnp-membrane interaction.
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FIG. 5. Tnp overproduction killing in heat shock mutant strains. Different
heat shock gene mutations were introduced into strain MGDZB as described in
Materials and Methods. In these experiments, pRZ4824 was used as a Tnp
overproducer. The strains were grown overnight at 328C, and then various dilutions were plated on LB agar containing the appropriate drugs and different
concentrations of IPTG (0 to 0.1 mM). The experiment was done at 328C
because of the temperature-sensitive phenotype of the heat shock mutants. Each
value is an average of three individual experiments. The average error was
between 0.05 and 4%. WT, wild type.

For this study, the overproducer plasmids encoding Tnp
(pRZ4775) and D11 Tnp (pRZ4777) programmed by l PR
were used. The induction of Tnp and D11 Tnp was accomplished by incubating the cultures at 428C for 3 h. The cells
were sonicated, and membranes were fractionated on a sucrose
step gradient.
As shown in Fig. 6, Tnp associates with the membrane, while
D11 Tnp does not. A summary of the quantitation of Tnp and
D11 Tnp in the inner membrane and outer membrane and of
the results of marker assays is presented in Table 2. The
marker assays show that there is at most 1% cytoplasmic contamination in the inner membrane fraction, so the accumulation of Tnp in the inner membrane fraction is not due to
cytoplasmic contamination. It should be noted that the finding
of Tnp in the membrane fraction is not due to formation of
inclusion bodies, since addition of a 50% step between the 44
and 56% sucrose steps (which allowed the separation of inclusion bodies from the inner and outer membrane bands when
various deletion derivatives of Tnp were analyzed [data not
shown]) failed to demonstrate inclusion bodies containing
wild-type Tnp and D11 Tnp. These findings are also consistent
with those of DeLong and Syvanen (11). The low amount of
Tnp accumulation in the outer membrane fraction is probably
due to inner membrane contamination based upon the marker
enzyme assay results.
The results of this examination of Tnp and D11 Tnp suggest
a possible relationship between cell killing and Tnp-inner cell
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ponential phase at 378C. Various concentrations of IPTG (0 to
0.1 mM) were added to give different levels of Tnp induction,
and after 90 more min of incubation, the efficiency of killing
and cell morphology were examined as described in Materials
and Methods. As shown in Fig. 7, cultures at the uninduced
stage contain mostly single or dividing cells; however, induction of a low level of Tnp (0.02 mM IPTG), which is not
sufficient to decrease the efficiency of plating, results in formation of two or three cell-length filaments, abnormal DNA segregation, and production of anucleated cells. Nucleoids are
clearly seen at the centers of the filamented cells which probably arrested at the partitioning stage. A higher level of Tnp
induction (at 0.04 mM IPTG) results in a dramatic increase in
cell filamentation and clearly defective nucleoid segregation.
This level of Tnp induction is lethal to the cells (a 10-fold
killing was observed). An increase in anucleated cell formation
to between 3 and 5% was observed at this point (Fig. 7). The
anucleated cells show only red (dark orange) staining with
acridine orange. Formation of anucleated cells could be evidence for defective partitioning due to Tnp overproduction.
These results suggest that Tnp overproduction causes a block
in DNA segregation. An examination of the colony sizes shows
that low-level induction of Tnp results in smaller colony sizes.
This might result from an increase in the doubling time.
FIG. 6. Localization of wild-type Tnp and D11 Tnp. The spheroplasts were
obtained as described by DeLong et al. (11). The spheroplasts were sonicated,
and the whole-cell extracts were spun at 78,000 3 g to separate the cytoplasmic
fraction from the membrane fraction. The membrane fraction was washed three
times to remove cytoplasm and unbroken cells. Then, the membrane fraction was
fractionated on a 44, 50, and 56% sucrose step gradient, and aliquots were
examined by SDS-PAGE (10% polyacrylamide). The Coomassie blue-stained
gels were quantitated with a densitometer. The arrowheads show Tnp and D11
Tnp. IM, inner cell membrane; OM, outer cell membrane.

membrane association. Additionally, these results suggest that
the Tnp N terminus plays an important role in membrane
association.
Tnp overproduction leads to defective chromosome segregation and anucleated cell formation. It has been previously
shown that overproduction of Tnp but not D11 Tnp (whose
overproduction is not lethal to the cells) causes extensive cell
filamentation and abnormal DNA segregation (59). We extended this previous study by microscopically examining cells
with various levels of Tnp overproduction in order to compare
Tnp production levels, abnormal DNA segregation, filamentation properties, and cell lethality. In addition, we specifically
looked for an increase in anucleated cell formation as a possible consequence of a block in DNA segregation. Colony sizes
were also compared at different levels of Tnp overproduction.
Bacterial cells containing pRZ4824 were grown to early ex-

DISCUSSION
It has been reported that Tn5 Tnp overproduction is lethal
to E. coli. Tnp killing is not related to the transposition and
specific DNA binding activities of Tnp (59). However, Tnp
overproduction killing is dependent on the presence of the
wild-type N terminus of the protein (59). Tnp overproduction
killing could be explained in two ways. (i) Tnp killing could be
due to a nonspecific event. (ii) Tnp killing could be a consequence of Tnp interaction with an essential host factor(s) involved in transposition or its regulation. If the latter explanation is correct, Tnp overproduction killing should be a useful
tool for studying these factors.
A simple explanation for Tnp overproduction killing is that
a nonspecific nuclease activity of Tnp causes random DNA
damage and induction of the SOS response. However, here we
show evidence that Tnp overproduction does not cause SOS
induction. These results are consistent with those of Roberts
and Kleckner for Tn10 (when they produced Tn10 transposase
in the absence of the end sequences, SOS induction did not
occur) (45). Our results also demonstrated that even in the
presence of the Tn5 end sequences, overproduction of wildtype Tnp does not cause an SOS response. However, overexpression of the EK345/LP372 hyperactive mutant derivative of
Tnp results in SOS induction but only in the presence of Tn5

TABLE 2. Localization of Tnp and D11 Tnpa
% of protein in fraction

Wild-type Tnp
D11 Tnp

Marker assay

Tnp and D11 Tnp quantitation

Sample

KDO

NADPH-O

IM

OM

IB

IM

OM

IM

OM

Glu-6-P
in IM

20.7
3.2

8.1
0

0
0

7
6

45
34

52
51

17.5
17

,1
,1

a
Wild-type Tnp associates with the cell membrane, while D11 Tnp does not. The membrane fractions (inner membrane [IM], outer membrane [OM], and inclusion
bodies [IB]) were prepared as described in the legend to Fig. 6. The marker assays were carried out as described in Materials and Methods. Glucose-6-phosphate
dehydrogenase (Glu-6-P] was assayed as a cytoplasmic marker, while NADPH oxidase (NADPH-O) was assayed as an inner membrane marker and 2-keto-3deoxyoctonate (KDO) was used as an outer membrane marker. The Coomassie blue-stained SDS-PAGs were quantitated by using a personal densitometer SI
(Molecular Dynamics), and the averages were calculated from six individual experiments (at least two SDS-PAGs were quantitated for each experiment).

FIG. 7. Tnp overproduction leads to anucleated cell formation. The cells were fixed, stained, and examined by fluorescence microscopy as described in Materials and Methods. An increase in anucleated cell formation
is seen at 0.04 mM IPTG concentration where 10-fold killing occurs by Tnp overproduction. The arrowheads point to anucleated cells.
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end sequences. Therefore, it is clear that the Tnp overproduction phenotype is not a result of induction of the SOS response.
Another simple explanation for Tnp overproduction killing
is that Tnp overproduction induces a heat shock response. A
lethal heat shock response occurs when l cI (42) and l cIII (2)
proteins and some other proteins known to be unstable are
overproduced (43, 62). Therefore, we tested such a possibility
for wild-type Tnp and D11 Tnp. These results showed that Tnp
overproduction does not cause a significant increase in the
level of heat shock protein synthesis.
Therefore, we believe that Tnp overproduction killing is
likely due to a specific titration of a host factor(s) involved in
DNA segregation, since Tnp overproduction results in defective nucleoid segregation and filamentation. To be able to
determine the possible host factors and pathways involved, we
have taken a few approaches. One of the approaches is studying E. coli mutants isolated as suppressors of Tnp overproduction killing (so-called stk mutants) (59). Here we report that
one of the stk mutations, stkA14, is located in rpoH (the gene
encoding s32). This mutation causes moderate induction of the
level of heat shock proteins (about threefold). According to
the model developed by the laboratory of Yura et al. (36, 64)),
this could be due to an increase in the translation of rpoH
mRNA because the mutation lies in the region responsible for
the mRNA secondary structure that regulates translation (64).
Alternatively, it is possible that this mutation results in a more
stable or active s32 (the mutation results in an alanine-toaspartic acid change at codon 50). Two other results suggested
that an elevated level of s32 can suppress Tnp overproduction
killing. Introduction of a DdnaK mutation suppresses Tnp
overproduction killing, and the presence of multiple copies of
rpoH is also able to suppress Tnp overproduction killing.
However, cooverproduction of DnaK and DnaJ or GroEL
and GroES with Tnp did not show any suppression of Tnpassociated killing. Therefore, we conclude that a s32-dependent gene(s) plays a role in Tnp-associated killing, but this
gene(s) is not dnaK (or dnaJ) or groEL (or groES). It has
recently been shown that some genes not known to be associated with a heat shock response also have s32-dependent promoters (8, 9, 30). One of these genes is topA (encoding topoisomerase I) (30). Also, Chuang and Blattner (9) have
identified eight new genes in E. coli that have s32-dependent
promoters but fail to show an increase in expression due to
heat shock. Thus, it is possible that some essential genes, such
as those involved in DNA replication, segregation, and cell
division, also have s32 promoters. In these cases, the s32programmed expression might function to maintain their expression levels during heat shock. We are currently extending
our work to determine the mechanism by which a high level of
s32 suppresses Tnp overproduction killing.
It has been shown that a fraction of Tnp interacts with the
inner cell membrane (11, 23). The functional significance of
this interaction has not been determined. It is known that most
of the cell division proteins are membrane binding proteins
(12, 13, 16). Also, it has been shown that there is a connection
between DNA segregation and DNA membrane association
(21, 39, 40). Thus, we postulate that there might be a relationship between the membrane association of Tnp and the Tnp
overproduction killing phenomenon. We examined this possibility by investigating wild-type and D11 Tnp for their inner
membrane association. The results showed that Tnp associates
with the inner membrane while D11 Tnp does not. The apparent accumulation of Tnp in the cell membrane does not require Tnp overproduction (DeLong et al. [11]) and is not the
result of forming inclusion bodies, since no Tnp was found at
the interface between the 50 and 56% sucrose layers (54).
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Interestingly, not only does overproduction of the MuB protein cause the same cell killing phenotype as that of Tn5 Tnp
but Boeckh et al. (7) have reported that MuB also associates
with the inner cell membrane. Thus, we conclude that Tn5 Tnp
(and perhaps MuB) overproduction killing is correlated with
inner cell membrane association.
There could be a connection between a delay in the segregation of newly replicated chromosomes and overproduction
of Tn5 transposase (44). Although there is no direct evidence
showing that Tn5 Tnp delays or blocks DNA segregation in
order to permit completion of Tn5 transposition (44), certain
observations raise this possibility. Here we have shown that
Tnp overproduction results in anucleated cell formation. The
presence of anucleated cells is evidence for a block in DNA
segregation, since anucleated cell formation has been observed
in E. coli DNA partitioning mutants such as mukA and mukB
(15, 20, 38), gyrB (35), parC (1), and xerC (5, 6) mutants. Thus,
if there is a specific interaction between Tnp and a specific host
factor(s) involved in DNA segregation or a very early stage(s)
of cell division and Tn5 transposition or its regulation, Tnp
may titrate this protein(s). An increase in the level of Tnp will
increase the level of titration until there is not enough factor
left to perform its role in the DNA segregation or cell division
process and cell death will occur. Under low-Tnp conditions,
cells will show some defect but will still be able to complete the
cell division process, although there may be an increase in the
doubling time or there may be some defective divisions, yielding two or three nucleoids per cell instead of one. At low levels
of Tnp, such a situation has been observed. It has also been
noticed that increasing levels of Tnp first causes small-colony
formation and then leads to killing. Two host proteins that are
candidates for the factor titrated by Tnp overproduction are
gyrase and topoisomerase I, because both gyrase (24) and
topoisomerase I (52) are probably involved in Tn5 transposition and they are also involved in DNA segregation (21, 47).
The possible interaction of gyrase and/or topoisomerase I (and
other host factors) with Tn5 transposition is under investigation.
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