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Major heat shock proteins, such as the Escherichia coli DnaK protein, not only are required for cell growth
after heat shock but seem to possess important functions in cellular metabolism at normal growth temperatures
as well. E. coli AdnaK52 mutants have severe cellular defects at 30°C, one of which is in cell division (B. Bukau
and G. C. Walker, J. Bacteriol. 171:2337-2346, 1989). Here we show that at 30°C, AdnaK52 mutants have
defects in chromosome segregation and in maintenance of low-copy-number plasmids. Fluorescence micro-
scopic analysis revealed that chromosomes were frequently lacking at peripheries of cell filaments of AdnaK52
mutants and clustered at other locations. In other parts of the cell filaments, chromosomes were apparently
normally distributed and they were also present in most of the small cells found in populations of AdnaK52
cells. These defects might be at the level of DNA replication, since AdraK52 mutants have a threefold lower rate
of DNA synthesis than wild-type cells. Chromosome segregation defects of AdnaK52 mutants were also
observed in an rnh dnaA mutant background, in which initiation of DNA replication is DnaA-oriC independent.
We also found that low-copy-number P1 miniplasmids could not be stably maintained in AdnaK52 mutants at
30°C. Apar P1 miniplasmids that carry the P1-encoded rep functions required for their replication but lack the
Pl-encoded par functions required for faithful partitioning of the plasmids during cell division were also
unstable in AdnaK52 mutants. Taken together, our results indicate important, although not absolutely
essential, functions for DnaK at 30°C in one or more processes necessary for correct replication and/or
partitioning of chromosomes and P1 miniplasmids. Furthermore, we found that P1 miniplasmids were also
highly unstable in dnaJ259 mutants, indicating a role for the DnaJ heat shock protein in maintenance of these

plasmids.

Recent genetic evidence suggests important cellular func-
tions for major heat shock proteins, not only under stress
conditions such as heat shock but under physiological con-
ditions at lower temperatures as well. Thus, Escherichia coli
mutants deleted for the rpoH (htpR) gene, which encodes the
alternative sigma subunit for heat shock genes, o2 (29), are
unable to grow at temperatures higher than 20°C (22, 52).
Deletions of the groEL groES operon or the grpE gene,
which encode the GroEL-GroES and GrpE heat shock
proteins, respectively, are lethal at all growth temperatures
tested (2, 9). Deletion of the dnaK gene (AdnaK52) (31),
which encodes the DnaK heat shock protein, causes cold
sensitivity as well as temperature sensitivity for cell growth
(4, 5). Within the narrow permissive temperature range
around 30°C, AdnaK52 mutants grew slowly, were poorly
viable, and were genetically unstable. Biochemical data
suggest that major heat shock proteins, such as DnaK and
GroEL, act as macromolecular detergents or chaperonins
which mediate folding and unfolding of other proteins and
assembly and disassembly of oligomeric protein structures
(15, 24, 33). However, the biological processes which in-
volve major heat shock proteins are still largely unknown.

We are interested in identifying cellular functions of the E.
coli DnaK heat shock protein. DnaK is a member of the
highly conserved Hsp70 protein family and shares about 50%
amino acid homology with the Hsp70 proteins of eucaryotes
such as Drosophila melanogaster and humans (24). DnaK is
a 69-kilodalton protein which has ATPase activity (3, 54), is
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capable of autophosphorylation (54), and physically inter-
acts with the DnaJ and GrpE heat shock proteins (19, 53;
S. M. Sell, Ph.D. thesis, University of Utah, Salt Lake City,
1987). dnaK forms an operon together with the promoter-
distal dnaJ heat shock gene (29, 30). dnaK is expressed at
37°C at a high level such that DnaK protein constitutes 1.4%
of the total cellular protein at that temperature (30). Heat
shock and other stresses induce further expression of dnak
as part of the heat shock response.

Only the function for DnaK in replication of lambda DNA
has been clearly established. There, DnaK is required for
initiation of replication and appears to act by dissociating
DnaB protein from the N\ P protein, thereby allowing the
helicase to act (8, 10, 23). Most information about the
cellular functions of DnaK has originated from mutant
analysis. dnaK mutants described earlier were isolated ei-
ther at 30°C as \-resistant clones (13, 34) which often were
unable to grow at high temperatures (13) or as conditional
mutants unable to grow at high temperatures (18). A shift of
temperature-sensitive dnaK mutants to nonpermissive
(43°C) temperatures leads to inhibition of synthesis of RNA
and DNA (18, 34) and to a block in cell division (34, 45).
\-resistant, temperature-sensitive dnaK756 mutants were
also shown to be defective at low temperatures in degrada-
tion of abnormal proteins (40) and of the normally very
unstable o2 protein (D. B. Straus and C. Gross, personal
communication; 43). Partial stabilization of o2 in dnaK756
mutants leads to defects in recovery from the heat shock
response (42). Using selection for conditional mutants de-
fective at high temperatures in normal DnaA protein and
oriC-dependent initiation of chromosomal DNA replication,
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TABLE 1. Bacterial strains

Strains Genetic markers Reference
Oor source
MC4100 F~ araD139 A(argF-lac)U169 rpsL150 6
relAl deoCl ptsF25 rpsR fibB301

BB1042 MC4100 thr::Tnl0 AdnaK52::Cm" 5
BB1176 MC4100(pZAQ) 5,49
CSH26 F~ ara A(lac-pro) thi J. Yin; 28
D47.2 CSH26 rnh::Tn3 J. Yin
D47.22 CSH26 rnh::Tn3 dnaA::Tnl0 J. Yin
JFL100 ftsZ84 J. Park

Sakakibara recently isolated a new allele of dnaK, dnaKl111
(36).

Although these particular dnaK alleles have proved useful
for revealing cellular functions for DnaK after heat shock,
they do not provide clear information about functions for
DnaK in cellular metabolism at lower temperatures. To
elucidate these functions, we are performing a detailed
analysis of the cellular defects at 30°C of AdnaK52 mutants
which completely lack the DnaK protein (31). We previously
reported that AdnaK52 mutants possess multiple cellular
defects at 30°C, one of which was shown to be in cell division
(4, 5), suggesting that DnaK is directly or indirectly involved
in the regular division process. The present study was
undertaken to identify other unknown cellular defects of
AdnaK52 mutants. Since previous reports had indicated
involvement of DnaK in DNA replication after heat shock
(see above), we specifically asked whether DN A metabolism
is also altered in these mutants at 30°C. Our results indicate
that DnaK plays an important role at low temperatures in
one or more processes necessary for correct segregation of
chromosomes. Furthermore, DnaK, as well as the DnaJ heat
shock protein, is involved in replication of low-copy-number
P1 miniplasmids at 30°C. Functions for heat shock proteins
in plasmid replication have been independently identified by
Tilly and Yarmolinsky and are described in the accompany-
ing report (44).

MATERIALS AND METHODS

Bacterial strains, bacteriophages, and plasmids. The bacte-
rial strains used are listed in Table 1. A\(draK™) was obtained
from C. Georgopoulos. \ kan cI857-P1:R5-3 (A-mini-P1) and
the spectinomycin resistance plasmid pSP102 were de-
scribed before (11, 39, 44).

Media and growth conditions. Bacteria were grown aero-
bically at 30°C in Luria broth (LB) (28). Chloramphenicol,
tetracycline, kanamycin, and spectinomycin were used at
final concentrations of 25, 10, 75, and 100 pg/ml, respec-
tively.

Genetic manipulations. P1 vir transductions, transforma-
tions and, lysogenizations were done as described earlier
(25, 28, 37). The presence of plasmids in cells lysogenized
with A-mini-P1 or transformed with pSP102 was verified by
agarose electrophoresis of DNA preparations of the cells.

Plasmid stability measurements. For plasmid stability
tests, wild-type cells (MC4100) carrying A-mini-P1 or
pSP102 were transduced at 30°C to thr::Tnl0 by using a P1
lysate grown on a thr::Tnl0 AdnaK52 strain (BB1042). Some
of the resulting Tc" transductants obtained the linked
AdnaK352 allele by cotransduction. Colonies formed by these
thr::Tnl0 AdnaK52 transductants are morphologically dis-
tinct from colonies formed by thr::Tnl0 dnaK™* transduc-
tants in that they are flat and translucent (5). Cells from Tc"
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AdnaK52 and dnaK™ transductant colonies were suspended
in LB-tetracycline medium containing the appropriate anti-
biotic for selection of the plasmid and grown at 30°C to mid-
or late-logarithmic phase. The cells were then diluted 1:1,000
in LB-tetracycline medium lacking the selective antibiotic
and grown at 30°C for about 10 generations. Samples were
taken at various times, and appropriate dilutions were plated
on LB-tetracycline agar plates. Loss of A-mini-P1 and
pSP102 was determined by replica plating of the resulting
colonies onto LB-tetracycline plates containing the selecting
antibiotic.

DNA synthesis experiments. Cells of strain MC4100 were
transduced at 30°C to thr::Tnl0 with a P1 vir lysate grown on
a thr::Tnl0 AdnaK52 strain (BB1042). Cells of Tc* transduc-
tant colonies of normal morphology (thr::Tnl0 dnaK™*) and
cells of flat, translucent Tc" transductant colonies (thr::Tnl0
AdnaK52) were picked and grown overnight in LB-tetracy-
cline at 30°C. The cultures were then diluted in the same
medium to an optical density at 600 nm of about 0.05 and
further grown to an optical density at 600 nm of 0.5.
One-milliliter portions of the cultures were distributed in
prewarmed tubes, and 20 p.Ci of [*H]thymidine (72 Ci/mmol;
Amersham Corp.) with 0.1 pg of unlabeled carrier thymidine
and 200 pg of 2'-deoxyadenosine was added. Samples (150
wl) were removed at 1, 5, 10, 20, and 30 min after addition of
the radioactive label and added to cold trichloroacetic acid
(final concentration, 10%) to precipitate macromolecules.
Trichloroacetic acid-precipitated samples were collected on
Whatman GF/C filters which were then washed three times
with 10% trichloroacetic acid and once with ethanol and
dried. Radioactivity was determined by scintillation count-
ing, and incorporation of [*H]thymidine into DNA was
normalized to milligrams of total cell protein. Cells from the
cultures used in these experiments were plated on LB-
tetracycline and LB-chloramphenicol plates and grown at 30
and 42°C to determine whether the AdnaK52 allele was
present in the transductant cells and to determine the fre-
quency of acquisition by AdnaK52 transductants of second-
ary mutations which might alter their growth behavior (faster
growth, formation of colonies of normal morphology, and
suppression of filamentous growth at 30°C [S]). Data from
DNA synthesis experiments were only used when the num-
ber of suppressor-carrying AdnaK52 mutant cells in the
culture by the above-described criteria was less than 4% of
the total number of cells. In one experiment (see Fig. 5), less
than 1% of the AdnaK52 mutants seemed to have acquired
secondary mutations.

Fluorescence microscopy. Cells (i) collected from fresh
colonies grown on LB agar plates or (ii) grown logarithmi-
cally in LB liquid medium were washed in Veronal-acetate
buffer (pH 7.5) and fixed for 1 h at 4°C in the same buffer
containing 0.1% OsO,. The fixed cells were pelleted and
suspended in Veronal-acetate buffer containing Fluoro-
chrome 33342 (Hoechst-Roussel Pharmaceuticals, Inc.) at 20
pM. The cells were immediately analyzed in a Zeiss Axiop-
lan Universal microscope using a Plan 100 objective and
Nomarsky differential interference contrast optics and ap-
propriate filters to detect fluorescence. Bacteria were pho-
tographed with Tri-X-Pan 400 films (Eastman Kodak Co.).
Untreated samples of the cell cultures of AdnaK52 mutants
used for microscopy were tested for the presence of sup-
pressor mutations as described for DNA and protein synthe-
sis experiments.
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RESULTS

AdnaK52 mutants are defective in chromosome segregation
at 30°C. To determine whether DnaK has a role in replication
of cellular DNA in vivo at low temperatures as well as in cell
division, we asked whether AdnaK52 mutants have defects
in chromosome segregation. Defects in DNA replication
typically cause formation of cell filaments with centrally
located chromosomes (17). This morphological phenotype is
useful for detecting defects in synthesis of chromosomal
DNA in dna mutants and for distinguishing dna mutants
from fts mutants which are defective in cell division but not
in DNA synthesis (7, 16, 17, 21). We therefore determined
the pattern of segregation of chromosomes within cell fila-
ments of AdnaK52 mutants at 30°C. The AdnaK52 allele was
transduced into wild-type bacteria, and cells from AdnaK52
transductant colonies were stained, either directly or after
growth to mid-log phase in selective liquid medium, with a
fluorescent dye that binds to DNA. They were then sub-
jected to fluorescence microscopic analysis. This approach
largely avoided the complication of suppressor mutations,
which might accumulate in the genetically unstable AdnaK52
mutants (5).

We found that cell filaments of AdnaK52 mutants had
abnormally segregated chromosomes (Fig. 1). Frequently,
large parts of the cell filaments lacked chromosomes, while
other parts contained chromosomes that were often un-
evenly distributed. The parts of the cells lacking chromo-
somes were frequently delimited by large, strongly fluores-
cent nucleoids, each presumably containing several
unsegregated chromosomes. Some cells contained only one,
centrally located nucleoid that exhibited unusually bright
fluorescence (Fig. 1B, arrows), also suggesting that they
contained several unsegregated chromosomes. These cells
usually formed filaments significantly shorter (four to eight
times the length of wild-type cells) than the typically long
cell filaments formed by AdnaK52 mutants (more than 20
times the length of wild-type cells), suggesting arrest of cell
growth at an early stage. In yet other cases, the whole
AdnaK52 mutant cell filament was fluorescent, suggesting
destruction of the morphological integrity of the chromo-
somes. It is possible that this phenotype results from break-
age and nucleolytic degradation of chromosomes during cell
death. However, removal of a major cellular nuclease,
exonuclease V, by mutation of the recBC genes (38) did not
eliminate this phenotype (data not shown).

While many cell filaments exhibited chromosome segrega-
tion defects, as described above, some cell filaments, as well
as many short cells, did not exhibit detectable defects. The
partial nature of these chromosome segregation defects
might explain why populations of AdnaK52 mutants are able
to grow at 30°C. It is the subpopulation of cells with little or
no chromosome segregation defects that is likely to be
proficient for further growth.

The defects in chromosome segregation of AdraK52 mu-
tants at 30°C are due to lack of DnaK. To show this, we
transduced the AdnaK52 allele into wild-type cells carrying
one extra copy of the dnaK* gene on a lysogenized
NM(dnaK™) phage. AdnaK52[\(dnaK™*)] lysogens did not form
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cell filaments at 30°C and did not possess defects in chromo-
some segregation (data not shown). The most economical
explanation of the phenotypes observed is that segregation
of chromosomes is occasionally, eventually irreversibly,
blocked in AdnaK52 mutants at 30°C, indicating an impor-
tant, although not essential, role for DnaK in one or more
processes necessary for correct chromosome segregation.

Abnormal segregation of chromosomes of AdnaK52 mutants
is unlikely to result from defects in cell division. In E. coli, cell
division and DNA replication are coregulated processes (7,
46). It was therefore possible that the observed defects in
chromosome segregation of AdnaK52 mutant cells resulted
from defects in cell division. We have previously shown that
cell division defects of AdnaK52 mutants can be largely
suppressed by overproduction of the FtsZ protein (5), indi-
cating that DnaK is directly or indirectly involved in normal
cell division, possibly in septation at the level of FtsZ action.
To investigate whether the observed defects in chromosome
segregation of AdnaK52 mutants were caused by reduced
FtsZ activity, we determined whether conditional ftsZ84
mutants, which are deficient in septum formation at nonper-
missive temperatures (17), exhibit phenotypes similar to
those of AdnaK52 mutants. After growth of frsZ84 mutant
cells for 2 h at a nonpermissive temperature, the cells formed
filaments containing extremely well-separated and regularly
distributed chromosomes (Fig. 2). Even after incubation of
the cells for 14 h at a nonpermissive temperature, chromo-
somes were regularly distributed over the entire cell body
(data not shown). This phenotype is consistent with previ-
ously published results (17) and is in clear contrast to the
phenotype of AdnaK52 mutants described above, suggesting
that abnormal chromosome segregation in AdnaK52 mutants
did not result from lack of FtsZ activity.

We also analyzed the pattern of chromosome segregation
in AdnaK52 mutants that carry a high-copy-number plasmid
encoding the ftsZ gene (pZAQ) (49). Presence of this plasmid
causes overproduction of the FtsZ protein and, as a conse-
quence, leads to suppression of cell division defects in
AdnaK52 mutants (5). Although many cells with lengths
similar to that of the wild type possessed chromosomes,
some cells of this class, as well as most of the minicells
present in the cell population, lacked DNA. Furthermore,
short cell filaments present in the cell population had abnor-
mally distributed chromosomes. Thus, chromosome segre-
gation seemed to be abnormal in AdnaK52 mutants with
suppressed cell division defects as well, although we found it
difficult to evaluate whether these defects were as severe as
in the cell filaments of AdrnaK52 mutants. Taken together,
these experiments further support the hypothesis that
AdnaK52 mutants possess defects in chromosome segrega-
tion in addition to defects in septation.

Defects in segregation of chromosomes of AdnaK52 mutants
are independent of DnaA and oriC. The fact that DnaK is
essential for initiation of replication of A\ DNA (8, 10, 23) led
us to consider the possibility that the observed defects in
chromosome segregation were due to defects of AdnaK52
mutants in initiation of chromosomal DNA replication under
non-heat shock conditions. Furthermore, since Sakakibara
had reported evidence suggesting that DnaK is involved in

FIG. 1. Abnormal segregation of chromosomes in cell filaments of AdnaK52 mutants at 30°C. Wild-type cells (MC4100) were transduced
at 30°C to thr::Tnl0 AdnaK52 as described for DNA synthesis experiments in Materials and Methods. Fresh thr::Tnl0 AdnaK52 transductants
(B) and thr::Tnl0 dnaK* control cells (A) were grown at 30°C in LB-tetracycline medium to the logarithmic phase and subjected to
fluorescence microscopic analysis. Arrows indicate short filaments with centrally located nucleoids. Bars, 10 wm.
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FIG. 2. Regular segregation of chromosomes of ftsZ84 mutants
at nonpermissive temperatures. ftsZ84 mutant cells (strain JFL100)
were grown at 30°C in LB medium to the logarithmic phase, shifted
to 43°C for 2 h, and subjected to fluorescence microscopic analysis.
Bar, 10 um.

DnaA-oriC-dependent initiation of chromosomal DNA rep-
lication after heat shock (36), it seemed possible that DnaK
was likewise involved in DnaA-oriC-dependent initiation of
chromosomal DNA replication at lower temperatures.

In his studies of initiation of chromosomal replication after
heat shock, Sakakibara had reported that a specific mutation
in dnaK (dnaK111) causes inhibition of initiation of DNA
replication after shift of the cells to 42.5°C (36). Further-
more, he found that this inhibition could be suppressed by
introduction of an rnh mutation, which allows initiation of
DNA replication to occur in a DnaA-oriC-independent fash-
ion (26). In a similar fashion, we therefore examined whether
the presence of an rnh::Tn3 mutation suppressed the abnor-
malities in segregation of chromosomes that we observed in
AdnaK52 mutants at 30°C. However, chromosome segrega-
tion defects were present in AdnaK52 rnh::Tn3 mutants
(data not shown), indicating that the rnh mutation did not
suppress the defects in AdnaK52 mutants that lead to abnor-
mal chromosome segregation. Chromosomes in rnh::Tn3
dnaK™ cells were mostly normally segregated. Furthermore,
introduction of the AdnaK352 allele into rnh::Tn3 dnaA850::
Tnl0 double mutants that completely lack DnaA activity
also caused abnormal segregation of chromosomes (Fig. 3).
Cell filaments were, on the average, shorter than filaments
formed by rnh* dnaA* AdnaK52 mutants, and they fre-
quently contained only one, centrally located nucleoid. This
phenotype suggests that segregation of chromosomes is
more frequently inhibited in rnh dnaA AdnaK52 strains, thus
preventing further cell growth. The two simplest models to
explain these findings are that (i) DnaK affects DnaA-
oriC-dependent initiation of replication in rnh™ strains and
DnaA-oriC-independent initiation of replication in rnh
strains and (ii) DnaK affects one or more postinitiation steps
necessary for correct segregation of chromosomes in both
rnh™ and rnh strains. More complicated models cannot be
excluded.

Reduced rate of DNA synthesis at 30°C in AdnaK52 mu-
tants. Involvement of DnaK in chromosomal DNA replica-
tion should lead to decreased rates of DNA synthesis in

FIG. 3. Abnormal segregation of chromosomes in dnaA850::
Tnl0 rnh::Tn3 AdnaK52 mutants. dnaA850::Tnl0 rnh::Tn3 mutant
cells were transduced to AdnaK52, and fresh AdnaK52 dnaA850::
Tnl0 rnh::Tn3 transductants were grown at 30°C in LB-chloram-
phenicol medium to the logarithmic phase and subjected to fluores-
cence microscopic analysis. Bar, 10 pm.

AdnaK52 mutants compared with those of the wild type. We
therefore determined the incorporation of radioactively la-
beled thymidine into DNA of wild-type cells and AdnaK52
mutant cells at 30°C (Fig. 4). The rate of DNA synthesis was
about threefold lower in AdnaK52 mutants than in wild-type
cells. This finding suggests a role for DnaK in DNA replica-
tion that might cause chromosome segregation defects of
AdnaK52 mutants. We cannot exclude the possibility, how-
ever, that this role for DnaK is only indirect and that defects
of AdnaK52 mutants in processes other than DNA synthesis

wild type

100000 -

DNA synthesis (cpm)

0 T T
0 10 20 30

time (min)

FIG. 4. DNA synthesis of AdnaK52 mutants at 30°C. Incorpora-
tion of [*H]thymidine at 30°C into DNA of thr::Tnl0 AdnaK52
transductants (@) and thr::Tnl0 dnaK™* transductants (O) was
determined as described in Materials and Methods.
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TABLE 2. Effects of dnaK and dnaJ mutations on stability of
A-mini-P1 and pSP102 plasmids

% Plasmid loss

Plasmid and strain or generation

A-mini-P1
MCAL00 ..ot ee e 0.25
MC4100 AdnaK52 . . 457
MC4100[\(dnaK*))................ . 039
MC4100[A(dnaK*)] AdnaK52 0.15
MC4100 dRAKTS6......eeeeeeverrereeerereeereeereeennan 0.66
MCA100(DZAQ) ...eveeeeeeeerrererererererereeeeenennas 0.4
MCA100(pZAQ) AdNAKS2.....oeeeeeeeeereeeerereeanen 5.38
MCA100 dRAT259 ....eeeeeeeeeeeeeeeeeeereeeereeeeereeeene 4.14
pSP102
MCA100 ..o 0.008
MC4100 AdnaK52 1.1

cause abnormal chromosome segregation and a lower rate of
DNA synthesis. One such process might be the rate of
synthesis of proteins, which was also found to be reduced in
AdnaK52 mutants (about 1.5- to 3-fold) compared with
wild-type cells.

Defect of AdnaK52 mutants in stable maintenance of A-
mini-P1 plasmids. As shown above, the presence of multiple
cellular defects at 30°C renders identification of defects in
chromosomal DNA synthesis of AdnaK52 mutants difficult.
As an alternative approach to identifying a role for DnaK in
DNA synthesis at 30°C, we analyzed the stability of low-
copy-number plasmids in AdnaK52 mutants. Low-copy-
number plasmids are experimentally easily accessible and
are widely used as model systems to study replication as well
as partitioning of DNA to daughter cells during cell division.
We used a derivative of bacteriophage P1, N kan cI857-
P1:RS5-3 (\-mini-P1) (11, 39), which replicates as a plasmid
with a copy number similar to that of the host chromosome
(39). A-mini-P1 consists of a A vector containing a 7-kilobase
insert that encodes the rep and par functions of P1 required
for replication and partitioning, respectively, of this plasmid
(39, 51). We introduced the AdnaK52 allele at 30°C into
wild-type cells carrying A-mini-P1 as a lysogen and deter-
mined its stability. In these experiments, fresh AdnaK52
transductants were immediately tested for plasmid stability
without further purification of the colonies to avoid accumu-
lation of suppressor mutations. In AdnaK52 mutants, \—
mini-P1 plasmids were lost at a rate about 18 times higher
than in dnaK™ cells (Table 2).

Involvement of DnaK heat shock protein in stable mainte-
nance of A-mini-P1 plasmids. The inability of AdnaK52
mutants to maintain A-mini-P1 is due to loss of DnaK. This
was shown by determining the loss of A-mini-P1 in AdrnaK52
mutants which contained one extra copy of the dnaK™ gene
provided by a lysogenic A(dnaK*) phage. Presence of this
extra copy of dnaK™ fully restored the ability of AdnaK52
mutants to stably maintain the A-mini-P1 plasmid (Table 2).

We also examined the stability of A-mini-P1 in mutants
that carry the conditional dnaK756 mutation and found that
the presence of this mutation caused only a slight decrease
(less than threefold) in the stability of A-mini-P1 compared
with wild-type cells (Table 2). This indicates that the
DnaK756 mutant protein possesses at least partial activity at
30°§, allowing the A-mini-P1 plasmid to be maintained fairly
stably.

These results show that the DnaK protein plays an impor-
tant role in stable maintenance of A-mini-P1 plasmids. How-
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ever, this function of DnaK is not essential for maintenance
of A-mini-P1, since these plasmids could be maintained in
AdnaK52 mutants with selective pressure.

Defects in maintenance of A-mini-P1 are not caused by cell
division defects of AdnaK52 mutants. We considered the
possibility that instability of A-mini-P1 in AdnaK52 mutants
resulted from cell division defects of these mutants. We
therefore asked whether suppression of cell division defects
of AdnaK52 mutants by overproduction of FtsZ can sup-
press the instability of A-mini-P1. However, while presence
in AdrnaK52 mutants of a high-copy-number plasmid encod-
ing FtsZ (pZAQ) did suppress cell division defects of these
cells, it did not improve the stability of A-mini-P1 plasmids
(Table 2). Thus, plasmid maintenance defects of AdnaK52
mutants are not caused by cell division defects.

Defect of AdnaK52 mutants in replication of Apar mini-P1
plasmids. Stable maintenance of A-mini-P1 depends on rep-
lication and partition functions of P1 that are encoded by
adjacent but genetically separable rep and par regions
present on these plasmids (39, 51). Instability of A~mini-P1 in
AdnaK52 mutants might a priori be due to functions of DnaK
in replication or partitioning of the plasmid. To distinguish
between these two possibilities, we determined the effect of
the AdnaK52 mutation on the stability of plasmids (pSP102)
which carry the essential rep functions but lack the par
functions (44). In wild-type cells, pSP102 plasmids have
increased copy numbers due to deletion of the copy number
control region and are partitioned statistically during cell
division (32). Introduction of the AdnaK52 allele into cells
that carry pSP102 plasmids caused a greater-than-100-fold
increase in the rate of loss of this plasmid (Table 2). This
result indicates that DnaK is involved at the level of repli-
cation of these plasmids and excludes the possibility that
DnaK is required only for partitioning of Pl-derived plas-
mids.

Defect of dnaJ259 mutants in stable maintenance of P1
miniplasmids. The DnaK protein physically interacts with
the DnaJ heat shock protein (Sell, Ph.D. thesis). This
interaction might have functional significance, since muta-
tions in dnaJ cause cellular defects similar to those caused
by mutations in dnaK, such as defects in DNA synthesis
after heat shock (29). We therefore considered the possibility
that not only DnaK but also DnaJ is required for stable
maintenance of A-mini-P1 plasmids and determined the
stability of these plasmids in dnaJ259 mutants (41). We
found that A-mini-P1 was lost at the same high rate in
dnaJ259 mutants as in AdnaK52 mutants (Table 2). These
results indicate that the DnaK and Dnal heat shock proteins
are both required for stable maintenance of A-mini-P1 plas-
mids.

DISCUSSION

In this study, we demonstrated that at low temperature
(30°C), AdnaK52 mutants have defects that lead to abnormal
segregation of chromosomes and instability of low-copy-
number plasmids derived from P1. Defects in chromosome
segregation and P1 plasmid stability result from defects in
replication and/or partitioning of DNA (16, 17, 21, 51), and
therefore, these phenotypes of AdnaK52 mutants indicate
important, although not absolutely essential, functions for
DnaK in replication and/or partitioning of chromosomes and
P1 miniplasmids at 30°C.

It is not clear which of the processes required for replica-
tion and for partitioning of chromosomes and P1 plasmids
involve DnaK. In view of the mechanistic similarities of at
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least some of the processes leading to correct segregation of
chromosomes and those leading to stable maintenance of P1
plasmids, it might be that DnaK affects the same process(es)
in each case. Our finding that the rate of synthesis of
chromosomal DNA was decreased about threefold in
AdnaK52 mutants at 30°C compared with wild-type cells is
consistent with a role for DnaK in regular chromosomal
DNA synthesis at 30°C and with its apparent role in DNA
synthesis after heat shock. The defects of AdnaK52 mutants
in chromosome segregation did not depend exclusively on
regular, DnaA-oriC-dependent initiation of replication, since
they also occurred in AdnaK52 rnh dnaA mutants which use
an alternative, oriK-dependent pathway for initiation of
replication (26). The two simplest models to explain our
findings are that (i) DnaK affects DnaA-oriC-dependent
initiation of chromosome replication in rnh™ strains and
DnaA-oriC-independent initiation of chromosome replica-
tion in rnh strains or (ii) DnaK affects postinitiation steps
necessary for correct segregation of chromosomes, such as
elongation or termination of replication, or partitioning of
chromosomal DNA in both rnh™ and rnh strains. The defects
of AdnaK52 mutants in P1 miniplasmid maintenance were
also observed with Apar P1 miniplasmids which carry the
rep functions of P1 required for their replication but lack the
par functions of P1 required for their faithful partitioning
during host cell division. This result indicates a role for
DnaK in plasmid replication that is sufficient to explain the
instability of P1 miniplasmids in AdraK52 mutants, although
we cannot rule out a role for DnaK in partitioning as well.
Thus, as for chromosomal DNA, DnaK might affect (i)
initiation of plasmid replication or (ii) a postinitiation process
necessary for stable maintenance of the plasmids.

A role for DnaK in normal initiation of replication, as
suggested by the first model, is consistent with a number of
other findings. After heat shock, DNA synthesis of condi-
tional dnaK mutants is slowly inhibited (18, 34, 36), which
suggests a defect in initiation of DNA replication rather than
in elongation (21). Moreover, at nonpermissive tempera-
tures, the dnaK111 mutation was found to inhibit DnaA-
oriC-dependent initiation of replication specifically (36). In
addition, the transient increase in the rate of initiation of
DNA replication observed after heat shock is htpR™ depen-
dent, indicating that heat shock proteins may be involved
(14). Finally, DnaK has a known role in the initiation of A
replication (8, 10, 23). There is no evidence supporting the
second model, which suggests a role for DnaK in a postini-
tiation process.

At first glance, involvement of DnaK in replication of
chromosomes and plasmids might seem surprising, since it is
dispensable under most conditions for reconstituted in vitro
replication systems (12, 26). However, a requirement for
DnaK might have been missed because it is not absolutely
essential for replication of chromosomes and P1 miniplas-
mids at 30°C or because the reconstituted in vitro replication
systems used do not fully reflect in vivo conditions. In fact,
preliminary experiments of Sakakibara indicated that oriC-
dependent plasmid replication is lower with a crude enzyme
system prepared from dnaKliII cells than with a crude
enzyme system prepared from dnaK* cells (36). Also, the
activity of fraction II extracts prepared from dnaK mutants
in oriC-dependent replication was stimulated upon addition
of purified DnaK protein (55). Subsequent addition of anti-
bodies to DnaK inhibited the replication activity of these
extracts.

Besides DnaK, the DnaJ heat shock protein was also
found to be an important host cell factor required for stable
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maintenance of P1 miniplasmids. In addition, Tilly and
Yarmolinsky show in the accompanying report (44) that
A-mini-P1 plasmids were unstable in grpE heat shock mu-
tants, and they present data indicating that the grpE muta-
tion, as well as dnaJ mutations, affects replication of P1
plasmids. Since the DnaK, DnalJ, and GrpE heat shock
proteins interact in vivo (19, 53; Sell, Ph.D. thesis), they
might act together in plasmid replication, possibly in a
functionally active complex.

Taken together, our findings and previously reported
results from other laboratories indicate functions for major
heat shock proteins of E. coli, including DnaK, Dnal, GrpE,
GroEL, and GroES, as well as the activator of the heat
shock response, a2, in normal replication of DNA of phages
and plasmids and in processes required for proper segrega-
tion of chromosomal DNA (this study; 1, 18, 23, 34, 35, 44,
47, 48). It is interesting in this regard that under normal
temperature conditions, expression of Hsp70 proteins of
humans is induced and Hsp70 proteins migrate to the nu-
cleus upon entry of the cells into the S phase (20, 27).
Furthermore, cells treated with a DNA synthesis inhibitor
are blocked in induction of Hsp70 expression following
serum stimulation (50). These results might indicate a func-
tion of Hsp70 proteins in DNA synthesis. Functions of heat
shock proteins in DN A synthesis might be one of the reasons
for their ubiquity and extreme conservation in nature.

ACKNOWLEDGMENTS

We thank B. Funnell, C. Georgopoulos, J. Lutkenhaus, J. Park,
K. Tilly, and J. Yin for sending us bacterial strains, phages, and
plasmids; D. Straus and K. Tilly for communication of unpublished
results; C. Donnelly and J. McCarty for helpful discussions; J. Reed
for comments on the manuscript; M. White for help in preparation of
the manuscript; and B. Meyer for use of the Zeiss Universal
microscope.

This research was supported by Public Health Service grant
GM28988 from the National Institute of General Medical Sciences.
B.B. was supported by a fellowship of the Deutscher Akademischer
Austauschdienst.

LITERATURE CITED

1. Ang, D., G. N. Chandrasekhar, M. Zylicz, and C. Georgopoulos.
1986. Escherichia coli grpE gene codes for heat shock protein
B25.3, essential for both A\ DNA replication at all temperatures
and host growth at high temperature. J. Bacteriol. 167:25-29.

2. Ang, D., and C. Georgopoulos. 1989. The heat-shock-regulated
grpE gene of Escherichia coli is required for bacterial growth at
all temperatures but is dispensable in certain mutant back-
grounds. J. Bacteriol. 171:2748-2755.

3. Bochner, B. R., M. Zylicz, and C. Georgopoulos. 1986. Esche-
richia coli DnaK protein possesses a 5'-nucleotidase activity
that is inhibited by AppppA. J. Bacteriol. 168:931-935.

4. Bukau, B., C. E. Donnelly, and G. C. Walker. 1989. DnaK and
GroE proteins play roles in E. coli metabolism at low and
intermediate temperatures as well as at high temperatures, p.
27-36. In M. L. Pardue, J. R. Feramisco, and S. Lindquist
(ed.), Stress-induced proteins. Alan R. Liss, Inc., New York.

S. Bukau, B., and G. C. Walker. 1989. Cellular defects caused by
deletion of the Escherichia coli dnaK gene indicate roles for
heat shock protein in normal metabolism. J. Bacteriol. 171:
2337-2346.

6. Casadaban, M. J. 1976. Transposition and fusion of the lac
genes to selected promoters in Escherichia coli using bacterio-
phage lambda and Mu. J. Mol. Biol. 104:541-555.

7. Donachie, W. D., and A. C. Robinson. 1987. Cell division:
parameter values and the process, p. 1578-1593. In F. C.
Neidhardt, J. L. Ingraham, K. B. Low, B. Magasanik, M.
Schaechter, and H. E. Umbarger (ed.), Escherichia coli and
Salmonella typhimurium. Cellular and molecular biology, vol.



VoL. 171, 1989

8.
9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22

23.

24.

25.

26.

27.

28.
29.

2. American Society for Microbiology, Washington, D.C.
Echols, H. 1986. Multiple DNA-protein interactions governing
high-precision DNA transactions. Science 233:1050-1056.
Fayet, O., T. Ziegelhoffer, and C. Georgopoulos. 1989. The
groES and groEL heat shock gene products of Escherichia coli
are essential for bacterial growth at all temperatures. J. Bacte-
riol. 171:1379-1385.

Friedman, D. L., E. R. Olson, C. Georgopoulos, K. Tilly, I.
Herskowitz, and F. Banuett. 1984. Interactions of bacteriophage
and host macromolecules in the growth of bacteriophage \.
Microbiol. Rev. 48:299-325.

Funnell, B. E. 1988. Mini-P1 plasmid partitioning: excess ParB
protein destabilizes plasmids containing the centromere parS. J.
Bacteriol. 170:954-960.

Funnell, B. E., T. A. Baker, and A. Kornberg. 1986. Complete
enzymatic replication of plasmids containing the origin of the
Escherichia coli chromosome. J. Biol. Chem. 261:5616-5624.
Georgopoulos, C. P. 1977. A new bacterial gene (groPC) which
affects A\ DNA replication. Mol. Gen. Genet. 151:35-39.
Guzman, E. C., A. Jimenez-Sanchez, E. Orr, and R. H. Pritch-
ard. 1988. Heat stress in the presence of low RNA polymerase
activity increases chromosome copy number in Escherichia
coli. Mol. Gen. Genet. 212:203-206.

Hemmingsen, S. M., C. Woolford, S. M. van der Vies, K. Tilly,
D. T. Dennis, C. P. Georgopoulos, R. W. Hendrix, and R. J.
Ellis. 1988. Homologous plant and bacterial proteins chaperone
oligomeric protein assembly. Nature (London) 333:330-334.
Hirota, Y., M. Ricard, and B. Shapiroe. 1971. The use of
thermosensitive mutants of E. coli in the analysis of cell
division. Biomembranes 2:13-31.

Hirota, Y., A. Ryter, and F. Jaboc. 1968. Thermosensitive
mutants of E. coli affected in the processes of DNA synthesis
and cellular division. Cold Spring Harbor Symp. Quant. Biol.
33:677-694.

Itikawa, H., and J.-I. Ryu. 1979. Isolation and characterization
of a temperature-sensitive dnaK mutant of Escherichia coli B. J.
Bacteriol. 138:339-344.

Johnson, C., G. N. Chandrasekhar, and C. Georgopoulos. 1989.
Escherichia coli DnaK and GrpE heat shock proteins interact
both in vivo and in vitro. J. Bacteriol. 171:1590-1596.

Kao, H.-T., O. Capasso, N. Heintz, and J. R. Nevins. 1985. Cell
cycle control of the human HSP70 gene: implications for the
role of a cellular E1A-like function. Mol. Cell. Biol. 5:628-633.
Kornberg, A. 1980. DNA replication. W. H. Freeman & Co.,
San Francisco.

Kusukawa, N., and T. Yura. 1988. Heat shock protein GroE of
Escherichia coli: key protective roles against thermal stress.
Genes Dev. 2:874-882.

Liberek, K., C. Georgopoulos, and M. Zylicz. 1988. Role of the
Escherichia coli DnaK and DnaJ heat shock proteins in the
initiation of bacteriophage A DNA replication. Proc. Natl. Acad.
Sci. USA 85:6632-6636.

Lindquist, S., and E. A. Craig. 1988. The heat-shock proteins.
Annu. Rev. Genet. 22:631-677.

Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

McMacken, R., L. Silver, and C. Georgopoulos. 1987. DNA
replication, p. 564-612. In F. C. Neidhardt, J. L. Ingraham,
K. B. Low, B. Magasanik, M. Schaechter, and H. E. Umbarger
(ed.), Escherichia coli and Salmonella typhimurium. Cellular
and molecular biology, vol. 1. American Society for Microbiol-
ogy, Washington, D.C.

Milarski, K. L., and R. I. Morimoto. 1986. Expression of human
HSP70 during the synthetic phase of the cell cycle. Proc. Natl.
Acad. Sci. USA 83:9517-9521.

Miller, J. H. 1972. Experiments in molecular genetics. Cold
Spring Harbor Laboratory, Cold Spring Harbor, N.Y.
Neidhardt, F. C., and R. A. Van Bogelen. 1987. Heat shock
response, p. 1334-1345. In F. C. Neidhardt, J. L. Ingraham,
K. B. Low, B. Magasanik, M. Schaechter, and H. E. Umbarger
(ed.), Escherichia coli and Salmonella typhimurium. Cellular
and molecular biology, vol. 2. American Society for Microbiol-

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

41.

42.

43.

45.

47.

49.

50.

51.

52.

DEFECTS OF E. COLI AdnaK52 MUTANTS 6037

ogy, Washington, D.C.

Neidhardt, F. C., R. A. Van Bogelen, and V. Vaughn. 1984. The
genetics and regulation of heat-shock proteins. Annu. Rev.
Genet. 18:295-329.

Paek, K.-H., and G. C. Walker. 1987. Escherichia coli dnaK null
mutants are inviable at high temperature. J. Bacteriol. 169:
283-290.

Pal, S. K., R. J. Mason, and D. K. Chattoraj. 1986. P1 plasmid
replication: role of initiator titration in copy number control. J.
Mol. Biol. 192:275-285.

Pelham, H. R. B. 1986. Speculations on the functions of the
major heat shock and glucose-regulated proteins. Cell 46:959—
961.

Saito, H., and H. Uchida. 1977. Initiation of the DN A replication
of bacteriophage lambda in Escherichia coli K12. J. Mol. Biol.
113:1-25.

Saito, H., and H. Uchida. 1978. Organization and expression of
the dnaJ and dnaK genes of Escherichia coli K12. Mol. Gen.
Genet. 164:1-8.

Sakakibara, Y. 1988. The dnaK gene of Escherichia coli func-
tions in initiation of chromosome replication. J. Bacteriol.
170:972-979.

Silhavy, T. J., M. L. Berman, and L. W. Enquist. 1984.
Experiments with gene fusions. Cold Spring Harbor Labora-
tory, Cold Spring Harbor, N.Y.

Simmeon, V. F., and S. Lederberg. 1972. Degradation of bacte-
riophage lambda deoxyribonucleic acid after restriction by
Escherichia coli K-12. J. Bacteriol. 112:161-169.

Sternberg, N., and S. Austin. 1983. Isolation and characteriza-
tion of P1 minireplicons, A\-P1:5R and A-P1:5L. J. Bacteriol.
153:800-812.

. Straus, D. B., W. A. Walter, and C. A. Gross. 1988. Escherichia

coli heat shock gene mutants are defective in proteolysis. Genes
Dev. 2:1851-1858.

Sunshine, M., M. Feiss, J. Stuart, and J. Yochem. 1977. A new
host gene (groPC) necessary for lambda DNA replication. Mol.
Gen. Genet. 151:27-34.

Tilly, K., N. McKittrick, M. Zylicz, and C. Georgopoulos. 1983.
The dnaK protein modulates the heat-shock response of Esch-
erichia coli. Cell 34:641-646.

Tilly, K., J. Spence, and C. Georgopoulos. 1989. Modulation of
stability of the Escherichia coli heat shock regulatory factor o2.
J. Bacteriol. 171:1585-1589.

. Tilly, K., and M. Yarmolinsky. 1989. Participation of Esche-

richia coli heat shock proteins DnaK, DnaJ, and GrpE in P1
plasmid replication. J. Bacteriol. 171:6025-6029.

Tsuchido, T., R. A. Van Bogelen, and F. C. Neidhardt. 1986.
Heat shock response in Escherichia coli influences cell division.
Proc. Natl. Acad. Sci. USA 83:6959-6963.

. von Meyenburg, K., and F. G. Hansen. 1987. Regulation of

chromosome replication, p. 1555-1577. In F. C. Neidhardt, J. L.
Ingraham, K. B. Low, B. Magasanik, M. Schaechter, and H. E.
Umbarger (ed.), Escherichia coli and Salmonella typhimurium.
Cellular and molecular biology, vol. 2. American Society for
Microbiology, Washington, D.C.

Wada, C., M. Imai, and T. Yura. 1987. Host control of plasmid
replication: requirement for the o factor ¢>? in transcription of
mini-F replication initiator gene. Proc. Natl. Acad. Sci. USA
84:8849-8853.

. Wada, M., and H. Itikawa. 1984. Participation of Escherichia

coli K-12 groE gene products in the synthesis of cellular DNA
and RNA. J. Bacteriol. 157:694-696.

Ward, J. E., Jr., and J. Lutkenhaus. 1985. Overproduction of
FtsZ induces minicell formation in E. coli. Cell 42:941-949.
Wau, B. J., and R. I. Merimoto. 1985. Transcription of the human
hsp70 gene is induced by serum stimulation. Proc. Natl. Acad.
Sci. USA 82:6070-6074.

Yarmolinsky, M., and N. Sternberg. 1988. Bacteriophage P1, p.
291-438. In R. Calendar (ed.), The bacteriophages, vol. I.
Plenum Publishing Corp., New York.

Zhou, Y.-N., N. Kusukawa, J. W. Erickson, C. A. Gross, and T.
Yura. 1988. Isolation and characterization of Escherichia coli
mutants that lack the heat shock sigma factor ¢32. J. Bacteriol.



6038 BUKAU AND WALKER

170:3640-3649.
53. Zylicz, M., D. Ang, and C. Georgopoulos. 1987. The grpE
protein of Escherichia coli. J. Biol. Chem. 262:17437-17442.
54. Zylicz, M., J. H. LeBowitz, R. McMacken, and C. P. Georgop-
oulos. 1983. The dnaK protein of Escherichia coli possesses an
ATPase and autophosphorylating activity and is essential in an

55.

J. BACTERIOL.

in vitro DNA replication system. Proc. Natl. Acad. Sci. USA
80:6431-6435.

Zylicz, M., T. Yamamoto, N. McKittrick, S. Sell, and C.
Georgopoulos. 1985. Purification and properties of the dnal
replication protein of Escherichia coli. J. Biol. Chem. 260:
7591-7598.



