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The grpE gene product is one of three Echerchia coli heat shock proteins (DnaK, DnaJ, and GrpE) that are
essential for both bacteriophage A DNA replication and bacterial growth at all temperatures. In an effort to
determine the role of GrpE and to identify other factors that it may interact with, we isolated multicopy
suppressors of the grpE280 point mutation, as judged by their ability to reverse the temperatue-sensitive
phenotype ofgrpE280. Here we report the characterization of one of them, designated nmgB. The nsgB gene

maps at approximately 53 min on the E. coil chromosome. The minimal gene possesses an open reading frame

that encodes a protein with a predicted size of 41,269 Mr* This open reading frme was confirned the correct
one by direct amino-terminal sequence analysis of the overproduced msgB gene product. Genetic exWeriments
demonstrated that msgB is essential for E. coi th in the temperature range of 22 to 3rC. Through a
sequence homology search, MsgB was shown to be identical to N-succinyl-L-diamnopeic acid desuccinylase
(the dapE gene product), which participates in the diaminopimelic acid-lysine pathway involved In cell wail
biosynthesis. Consistent with this finding, the msgB null allele mutant is viable only when the growth medium
is supplemented with diaminopimelic acid. These results suggest that GrpE may have a previously unsuspected
function(s) in cell wall biosynthesis in E. coil.

The Escherichia coli dnaK, dnaJ, andgrpE gene products
were originally identified as host proteins required by bac-
teriophage A for the initiation of replication of its DNA
(reviewed in reference 5). Subsequently, these three genes
were shown to be heat shock regulated; i.e., their expression
is hyperinduced under stress conditions, such as a temper-
ature shift, ethanol treatment, and virus infection (reviewed
in references 12 and 23). The three proteins cooperate as
"molecular chaperones," protecting other proteins under
conditions of stress and reactivating those already damaged
by stress (5, 36). With respect to X DNA replication, DnaK,
DnaJ, and GrpE are necessaxy for the dissociation of the
XP-DnaB complex localized at oriA, resulting in the activa-
tion of DnaB helicase activity and the initiation of X DNA
replication (40). Most likely, the three proteins are also
required for housekeeping functions, since they are essential
for E. coli growth at all temperatures. This conclusion is
based on the fact that the corresponding genes cannot be
deleted or inactivated, except when extragenic suppressors
are present (4, 6, 33). A variety of evidence exists showing
that GrpE and DnaJ physically interact with DnaK (5). Most
notably, recent work by Liberek et al. (18) showed that the
presence of both DnaJ and GrpE greatly stimulates the weak
ATPase activity of DnaK. Specifically, DnaJ and GrpE
accelerate the rate of hydrolysis of DnaK-bound ATP and
the rate of release of bound ATP or ADP, respectively. The
hydrolysis of DnaK-bound ATP results in a conformational
change in DnaK and the simultaneous release of DnaK-
bound polypeptides (19).

In an effort to further understand the cellular function(s) of
DnaK, DnaJ, and GrpE and to identify other factors that
may interact with them, we searched for and identified genes

* Corresponding author.

that suppress mutant phenotypes in dnaK, dnaJ, or grpE
bacteria when present in multiple copies. By selecting for
these suppressor genes, it may be possible to identify other
genes in E. coli whose products interact with DnaK, DnaJ,
or GrpE directly or indirectly.

E. coli grpE280 cells, which are temperature sensitive, do
not have the ability to support A DNA replication at any
temperature (29, 30) and are also defective in host DNA and
RNA syntheses at nonpermissive temperatures (2, 3). How-
ever, the overproduction of the GrpE280 protein in E. coli
grpE280 cells partially reverses the temperature-sensitive
(Ts-) phenotype, as well as the inability to allow X growth
(1). Unlike the wild-type GrpE protein, the purified GrpE280
protein binds poorly to a DnaK affinity column (1, 39),
suggesting that the nature of the GrpE280-DnaK interaction
is altered. Here we report the characterization of the msgB
gene (multicopy suppressor of grpE), which suppresses the
Ts- phenotype of E. coligrpE280 at 42°C when present on a
multicopy plasmid.

MATERIALS AND METHODS

Strains and media. The various bacterial strains, plasmids,
and bacteriophages used in this work are listed in Table 1.
Rich media, L broth, and L agar (22) were used for the
growth of the E. coli strains and were supplemented with
appropriate antibiotics to final concentrations of 100 ,g/ml
for ampicillin, 20 p,g/ml for chloramphenicol, 50 p,g/ml for
kanamycin, or 20 s.g/ml for tetracycline when necessary.
Pl-mediated transductions were carried out as described by
Miller (22).

Isolation of extragenic suppressors ofgrpE280. A library of
E. coli wild-type DNA was obtained by the method of
Groisman et al. with mini-Mu plasmid pEG5294 (11). Strain
CG698 was infected with the mini-Mu lysate and plated on L
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TABLE 1. Bacterial strains, bacteriophages, and plasmids

Strain, phage, or plasmid Genotype or description Source or reference

Strains
B178 W3110 galE sup' 10
MC4100 recA + 7
DHSa recAl Bethesda Research

Laboratories
BL21(DE3) T7 polymerase under lac control 37
CG698 B178 grpE280 pheA::TnJO 3
JC7623 AB1157 recB21 recC22 sbcB15 sbcC201 15
CAG18470 MG1655 purC80::TnlO 35
BW163 B178 (XRS45 msgB+) This work
BW160 JC7623 (XRS45 msgB+) msgB::f1-CamrpurC::Tn1O This work
BW161 JC7623 (XRS45 msgB+) msgB::f1-CamrpurC::Tn1O This work
BW162 JC7623 (XRS45 msgB+) msgB::f1-Camr purC::TnlO This work
KY1621 ArpoH30::Kanr 38
SR407 KY1621 zhf::TnlO rpoH+ 28

Phages
P1L4 Clear-plaque former L. Caro
XRS45 imm2' ind+ 34

Plasmids
Mini-Mu pEG5294 11
pEMBL8(+) Ampr Tetr 8
KS(+) and SK(+) pBluescript, pUC derivative plasmids with T7 and T3 promoters Stratagene
pRS550 Ampr Kanr 34
pBW7 pEMBL8(+) carrying the 5.7-kbp Sau3A fragment from mini-Mu plasmid 52 This work
pBW1 pBluescript SK(+) carrying the KpnI-SmaI fragment containing msgB+ This work
pBW2 to pBW4 Subclones of pBW1 obtained following restriction digestion This work (Fig. 1)
pBW13 and pBW44 Derivatives of pBW1 obtained by exonuclease III digestion This work (Fig. 1)
pBW5 and pBW6 pBW13 and pBW1 into which a 3.7-kbp l-Camr element had been inserted, This work

respectively

agar-kanamycin plates at 42°C. Mini-Mu plasmids were
isolated from temperature-resistant colonies. One of them,
52, was chosen for further study.
Mapping. The map position of msgB was determined by

hybridization to the E. coli library of X transducing phages
carrying ordered overlapping bacterial DNA inserts (14) as
described by Lipinska et al. (21).

Subcloning ofmsgB and construction of deletions. All DNA
manipulations were performed by standard procedures (31).
Sets of overlapping, unidirectional deletions in both direc-
tions of plasmid pBW1 were constructed with exonuclease
III as described previously (13). Restriction endonuclease
digestions and ligations were carried out as recommended by
the enzyme manufacturers (Boehringer Mannheim Biochem-
icals, Bethesda Research Laboratories, and New England
BioLabs).
DNA sequencing. The msgB gene sequence was deter-

mined from the overlapping exonuclease III deletions for
both strands by the dideoxy chain termination method (32).
The reagents and procedures were provided with the Seque-
nase system (United States Biochemical Corp.). Compari-
sons with the GenBank data base were made by use of the
FASTA method of Pearson and Lipman (26).

Overexpression of the plasmid-encoded msgB gene product
and amino acid sequence analysis of the amino-terminal end.
Exonuclease III deletion clone pBW13, with msgB under the
transcriptional regulation of the T7 polymerase promoter,
and its msgB::fl-Camr derivative, pBW5, were transformed
into strain BL21(DE3). Plasmid-encoded proteins were la-
beled with [35S]methionine following isopropyl-13-D-thiogal-
actopyranoside (IPTG) induction of the T7 polymerase gene
and rifampin treatment as described by Studier and Moffatt

(37). Cell extracts were electrophoresed on a 12.5% poly-
acrylamide-sodium dodecyl sulfate gel by the method of
Laemmli (16). For amino-terminal amino acid analysis, the
cell lysates were resolved by gel electrophoresis and trans-
ferred to an Immobilon polyvinylidene difluoride membrane
(Millipore) in accordance with the manufacturer's specifica-
tions. The membrane was stained with 0.1% Coomassie
brilliant blue R-250 in a 1% acetic acid-40% methanol
solution. The corresponding band was excised and used for
the analysis of the first seven amino acids with a model 477A
sequencer (Applied Biosystems) in accordance with the
manufacturer's instructions (analysis was done by R.
Schackmann, University of Utah Biotechnology Center). A
sample amount of approximately 10 pmol was used.

Construction of an msgB diploid strain. An msgB diploid
strain was made essentially by the method described by
Simons et al. (34). The SmaI-PvuII fragment from pBW1,
containing the msgB open reading frame, was cloned into
plasmid pRS550, which had been digested with BamHI and
treated with the Klenow fragment of polymerase I. MC4100
bacteria bearing the resulting pRS550 msgB+ plasmid were
infected with phage XRS45. MC4100 bacteria were infected
with the resulting lysate and plated on L agar-kanamycin
plates to select for A lysogens in which the prophage had
attained a copy of the msgB+ gene by homologous recom-
bination. The prophage was induced by UV irradiation, and
the resulting lysate was used to infect bacteria of different
backgrounds to make them diploid for msgB.

Inactivation of the chromosomal msgB gene. An msgB null
allele was constructed in vitro by the insertion of a Camr
cassette, the £l-Camr element (9, 27), into the EcoRI site
within the msgB coding region of pBW1. The resulting
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plasmid, pBW6, was transformed into JC7623 carrying the K
msgB+ prophage. Amp' Camr transformants were selected
for and obtained (see Results). The chromosomal null allele
was transferred by P1 transduction into either an msgB+
haploid or an msgB+ diploid strain in an otherwise wild-type
E. coli background. To monitor the cotransduction fre-
quency and also avoid selecting for the null allele directly,
we used a TnlO insertion (Tet9 in purC (CAG18470) as a
nearby marker.

RESULTS

Isolation and mapping of multicopy suppressors ofgrpE280.
Initially, 30 mini-Mu plasmids were isolated on the basis of
their ability to reverse the Ts- phenotype of CG698
(grpE280) at 42°C. Their ability to suppress the Ts- pheno-
type of grpE280 mutant bacteria was confirmed by retrans-
forming CG698 with the individual purified plasmids and
observing similar numbers of transformants at 30 and 42°C.
The plasmids fell into at least four complementation groups,
as judged by Southern blot analysis (data not shown). One
plasmid, 52, was chosen for further study because it is a
member of the largest complementation group, consisting of
11 isolates. Because bacteriophage Mu replicates by trans-
position, all mini-Mu clones are, by necessity, independent
isolates.
For determination of the approximate map position of the

putative suppressor gene on the E. coli chromosome, plas-
mid 52 DNA was radiolabeled and hybridized to the E. coli
library of Kohara et al. (14) as described by Lipinska et al.
(21). Plasmid 52 DNA hybridized to K transducing phages
421(4E10), 422(7A8), and 423(4C11) (data not shown), which
carry DNA from the 53-min region of the E. coli chromo-
some.

Subcloning of msgB and identification of the msgB gene
product. For subcloning of the putative suppressor gene,
plasmid 52 DNA was partially digested with restriction
endonuclease Sau3A and subsequently ligated into the
pEMBL8(+) vector. The ligation reaction was used to
transform CG698 directly, selecting for Ts+ transformants at
42°C. Plasmids from these candidate colonies were isolated
and tested again for their ability to complement the Ts-
phenotype of CG698, as judged by the numbers and sizes of
colonies observed at 30 and 42°C. One of the subclones,
pBW7, that complemented the Ts- phenotype best was
subjected to restriction map analysis. The restriction map
matched that of E. coli DNA carried by K transducing phages
422 and 423. The HindIII-SmaI fragment containing the
approximately 5.7-kbp insert was then recloned into the
pBluescript KS(+) and SK(+) vectors for the convenience
of later experiments. The resulting high-copy-number
recombinant plasmids, when transformed into CG698, com-
plemented the Ts- phenotype, indicating that at this high
copy number the putative suppressor gene is not harmful to
cell growth at either 30 or 42°C.
To define the limits of the putative suppressor gene, we

constructed additional subclones and nested sets of overlap-
ping exonuclease III clones spanning the 5.7-kbp region from
both directions. Each clone was tested for its ability to
complement the Ts- phenotype of CG698 at 420C, and the
results obtained with some representative clones are shown
in Fig. 1. pBW13 contains a 1.5-kbp insert that fully retains
the ability to rescue the Ts- phenotype of the grpE280
mutant strain, in contrast to pBW44, which carries a 1.2-kbp
insert that does not complement the Ts- phenotype (Fig. 2).
In addition, a CaMr cassette was cloned into the EcoRI sites

of pBW13 and pBW1. Both of the resulting constructs,
pBW5 and pBW6, were unable to rescue the Ts- phenotype.
Therefore, it was concluded that the putative suppressor
gene, which will be referred to as msgB (multicopy suppres-
sor of grpE), lies within the 1.5-kbp fragment of pBW13.
The protein encoded by this 1.5-kbp insert in pBW13 was

identified in a T7 polymerase expression system (37) and
shown by gel electrophoresis to be a unique band with a
molecular weight of approximately 40,000 (Fig. 3, lane 2).
The same result was obtained with the larger complementing
clones, pBW1 and pBW4, whose inserts are in the same
orientation as that in pBW13 with respect to the T7 promoter
(data not shown). Because of the Camr cassette insertion at
the EcoRI site, the expression of pBW5 in the T7 system
resulted in a truncated gene product of approximately 26,000
Mr (Fig. 3, lane 3), instead of the 40,000-Mr protein. The
correlation between the disappearance of the 40,000-Mr
protein and the inability of pBW5 to rescue the Ts- pheno-
type of grpE280 mutant bacteria strongly suggests that the
40,000-Mr protein encoded by pBW13 is the msgB gene
product. The orientation of the T7 promoter with respect to
the production of the 40,000-Mr protein indicates that the
msgB gene is transcribed clockwise with respect to the map
of the E. coli chromosome.
DNA sequencing. The sequence of the insgB gene was

determined from the set of overlapping exonuclease III
deletion clones derived from pBW1. A 1,125-bp open read-
ing frame starting at an ATG initiation codon at nucleotide
326 and terminating at two consecutive TGA codons was
found (Fig. 4). The sequence of the open reading frame
predicts a 375-amino-acid-residue polypeptide of 41,269 Mr
and with an estimated isoelectric point of 5.13. These data
are in good agreement with the observed migration of the
purified protein on two-dimensional gels (data not shown). A
putative Shine-Dalgarno sequence and the -10 and -35
sequences characteristic of a70 promoters are located up-
stream of the ATG translational initiation codon. In agree-
ment with these data, Northern (RNA) analysis showed that
the levels of msgB mRNA were similar at both 30 and 42°C,
whether in an rpoH+ or rpoH background, suggesting that
msgB is not a &2-regulated heat shock gene (data not
shown).
Amino-terminal sequence analysis of the msgB gene prod-

uct (see Materials and Methods) revealed the first seven
amino acid residues to be Ser-Cys-Pro-Val-lle-Glu-Leu (un-
derlined in Fig. 4), indicating that the ATG at nucleotide 326
is indeed the initiation codon for the open reading frame
predicted by the DNA sequencing data and that the first
methionine is processed.
msgB is an essential E. cohi gene at all tempetues. To test

the essentiality of msgB, we used the E. coli recB21 recC22
sbcB15 sbcC201 strain, JC7623, and plasmid pBW6, carrying
the msgB null allele construct with the selectable Camr
marker (Fig. 1). It has been reported that in the recBCsbcBC
background, gene replacements can be achieved at a com-
paratively high frequency from double-crossover events
involving covalently closed circular plasmid molecules and
the genome (24). pBW6 was transformed into strain JC7623,
and JC7623 (K msgB+) and Ampr Canr transformants were
selected for at 37°C. These transformants were exposed to
chloramphenicol alone, prior to screening for Amp8 Camr to
identify candidates that had lost the plasmid and recombined
the (-Camr insertion into their chromosomes. Amps Camr
transformants were obtained readily in the diploid strain but
not in the haploid strain. All Amp' isolates in the haploid
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FIG. 1. Subcloning and restriction map of msgB. The numbers at the top indicate the corresponding region (unit: kilobase pairs) of the
physical map of the E. coli chromosome. The genes clockwise from msgB (purC, nlpB, and dapA) are drawn to scale. The + and - symbols
at the right indicate the ability of each plasmid [cloned in the pBluescript SK(+) vector] to complement the Ts- phenotype of strain CG698.
pBW13 and pBW44 are two clones generated by exonuclease III deletions. Abbreviations: B, BglI; BHI, BamHI; C, ClaI; H, HindIII; K,
KYpnI; P, PstI; P2, PvuII; RI, EcoRI; RV, EcoRV; S, SmaI; S3A, Sau3A. Restriction sites in italics (BHI, H, and S) are derived from the
vector. The arrows indicate the direction of transcription. The asterisks indicate the two Sau3A sites used to subclone msgB from plasmid
52 DNA into pEMBL8(+).

strain background were always found to be Cams. This result
suggested that msgB is most likely an essential gene.
The location of the Camr cassette on the chromosome in

the diploid strain was confirmed by P1 transduction with
donor strain CAG18470, which has a mini-TnlO insertion in
thepurC gene (-53.25 min). Approximately 40% of the Tetr

FIU. 2. suppression Or tne Ts pnenotype or a grpE-i8c mutant
strain. CG698 was transformed with various plasmids. Transfor-
mants were selected for at 30°C on L agar-ampicillin plates. Indi-
vidual transformants were streaked on L agar plates and incubated
at 30 and 42°C. a, B178; b, CG698; c, CG698[pBluescript SK(+)]; d,
CG698(pBW13); e, CG698(pBW44); f, CG698(pBW5).

transductants remained Camr, indicating that the msgB gene
is approximately 60% cotransducible with the purC gene.
Southern analysis of one of the Camr strains proved that the
msgB chromosomal locus was indeed replaced by the
msgB::fI-Camr null allele (data not shown). By P1 transduc-
tion, most of the diploid strain transformants were shown to
have the msgB: :f-Camr null allele at the chromosomal locus
and not in the X msgB+ prophage. This result was expected
because the copy of the wild-type msgB gene in the prophage
does not have much homologous chromosomal flanking
sequence.
To confirm the essentiality of the msgB gene, we used

purC::TnlO msgB::fI-Camr strains BW160, BW161, and
BW162 as donors in independent experiments to transduce
the purC::TnlO marker into both msgB haploid and msgB
diploid wild-type backgrounds. The Tetr transductants were
screened for Camr. None of the Tetr transductants was Camr
when the wild-type haploid strain, B178, was the recipient
(Table 2). On the other hand, when the msgB diploid strain,
BW163, was the recipient, the normal cotransduction fre-
quency of 60% was observed for the two markers. Similar
results were obtained when the transductions were carried
out at 22, 30, or 37°C (data not shown), demonstrating that
the msgB gene product is needed for bacterial viability at all
temperatures.
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FIG. 3. Identification of the nsgB gene product. Shown is an

autoradiogram of 35S-labeled cell lysates following gel electropho-
resis on a 12.5% polyacrylamide-sodium dodecyl sulfate gel. Ex-
tracts were obtained from strain BL21(DE3) bearing the pBluescript
SK(+) vector (lane 1), pBW13 (lane 2), pBW5 (lane 3), or pBlue-
script SK(+) carrying the fl-Camr cassette (lane 4) following IPTG
induction and rifampin treatment. For further details, see Materials
and Methods and Results. Cam, chloramphenicol; MW, molecular
weight (in thousands).

782

848

914

980

1046

1112

The msgB gene is identical to dapE. Initial computer
analysis of the predicted amino acid sequence of the msgB
gene product provided no information about the possible
function of the protein. However, following 1 year of a

continued search of the GenBank data base, msgB was

finally identified as the E. coli dapE gene (accession number
X57403; Sa, 36a), which codes for N-succinyl-L-diami-
nopimelate desuccinylase (EC 3.5.1.18), an enzyme of the
diaminopimelic acid-lysine pathway that catalyzes the hy-
drolysis of N-succinyl-L-diaminopimelic acid to produce
L-diaminopimelic acid (L-DAP) and succinate (20). On the
basis of this information, transduction experiments were
again performed, with selection on media supplemented with
L-DAP, the product of the DapE enzyme, to determine
whether the msgB null mutant is viable under these circum-
stances. With msgB diploid strain BW163 as the recipient,
the observed cotransduction frequencies for the Tetr and
Camr markers were the same with or without L-DAP.
However, when B178 was the recipient, cotransduction of
the Camr and Tetr markers was observed only when L-DAP
was present in the selection media at concentrations of 0.1 to
10 mM. No Camr transductants were observed in the ab-
sence of L-DAP. However, even with the addition of 0.5 mM
L-DAP, the observed frequency of cotransduction (4 to 5%)
into the haploid strain was comparatively lower than the 60%
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FIG. 4. Nucleotide sequence of the 1.5-kbp DNA fragment con-
taining the nasgB gene and the deduced amino acid sequence. The
putative ribosome-binding site (Shine-Dalgarno sequence [S/D]) and
the -10 and -35 promoter consensus sequences are underlined and
labeled below the sequence. Selected restriction sites are also
underlined and labeled above the sequence. The first seven amino
acids (underlined) correlate with the results of the amino-terminal
analysis of the overexpressed msgB gene product.

observed with the diploid strain. The reason may be the slow
uptake of L-DAP by E. coli. When the recipient was preex-
posed to the appropriate amount of L-DAP prior to trans-
duction, there was a large increase in the number of Camr
transductants (>25%), although not up to the normal fre-
quency of 60%.

TABLE 2. Percent cotransduction frequency at 37C for the
purC::TnlO and msgB::f-Camr markers with E. coli

strains haploid or diploid for the msgB gene

% Cotransduction frequency (no. of Camr
transductants/no. of Tet' transductants)

Recipient with the foliowing donor:

BW160 BW161 BW162

B178 (mSgBt haploid) 0 (0/147) 0 (0/99) 0 (0/136)
BW163 (msgB+ diploid) 57 (226/396) 66 (229/344) 53 (157/297)

DISCUSSION

The mnsgB gene of E. coil, an extragenic multicopy sup-
pressor of the grpE280 point mutaton, was coned and
characterized. The sgB gene was identified by its ability to
rescue the Ts- phenotype ofgipE280 mutant bactera when
present on multicopy plasmids. Suppression of the Ts-
phenotype was observed when msgB was present on high-
copy-number plasmids, such as pBluescript, pBR322, or

pEMBL, but not low-copy-number plasmids, such as
pCL1920 (-5 copies per cell; 17, 37b). Multicopy msgB did

MW 1 2 3 4
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not, however, suppress the X-resistant phenotype ofgrpE280
bacteria (unpublished observations). The overproduction of
msgB did not suppress the Ts- phenotype of grpE280
bacteria by simply bypassing the need for GrpE, since it did
not suppress the Ts- phenotype of AgrpE bacteria (4; data
not shown).
The msgB gene maps at 53 min, corresponding to the

2,593- to 2,595-kbp region of the physical map of the E. coli
chromosome, with the direction of transcription being clock-
wise relative to the genetic map. The msgB gene was
sequenced, and an open reading frame that codes for a
protein with a predicted molecular weight of 41,269 was
identified. This protein is consistent with the approximately
40,000-Mr protein observed on sodium dodecyl sulfate-
polyacrylamide gels following the overexpression and label-
ing of the msgB gene product (Fig. 3). Moreover, the seven
amino-terminal residues of the overexpressed protein match
perfectly those predicted by the DNA sequence, further
confirming the correctness of the open reading frame. The
putative promoter sequences as well as the results of North-
ern analysis indicate that, unlike gVpE, msgB is not a heat
shock gene.
During the preparation of this manuscript, we found

during a search for amino acid sequence homologies that
msgB is identical to dapE (5a). The dapE gene encodes
N-succinyl-L-diaminopimelate desuccinylase, which pro-
duces L-DAP, which is then isomerized to meso-diaminopi-
melic acid, a structural component of the peptidoglycan
portion of the bacterial cell wall (25). N-Succinyl-L-diami-
nopimelate desuccinylase has been purified to homogeneity
by Lin et al. (20) from cell extracts of E. coli carrying a single
copy of the gene. The reported monomeric molecular weight
of the purified enzyme is approximately 40,000, consistent
with our observations. We also purified the MsgB protein
from cells overproducing MsgB by using an approach differ-
ent from the published one. Although we did not attempt to
demonstrate an enzymatic activity of the MsgB protein, the
facts that (i) the msgB and dapE genes are identical in
sequence, (ii) the MsgB protein and the monomeric form of
the purified DapE enzyme are similar in size, and (iii) msgB
null mutants are viable only in the presence of L-DAP allow
us to conclude that msgB is the gene encoding N-succinyl-
L-diaminopimelate desuccinylase.
The puzzling question is why overexpression of this

enzyme is able to suppress the Ts- phenotype of grpE280
mutant bacteria. One possibility is that in grpE280 bacteria,
under nonpermissive conditions, the MsgB function directly
or indirectly is limiting for bacterial growth. This effect could
be at the level of transcription, translation, protein assem-
bly, or a combination of any of these. We previously showed
that total RNA synthesis is severely affected in grpE280
mutant bacteria at the nonpermissive temperature (3). How-
ever, preliminary Northern blot analyses showed that msgB
transcription is largely unaffected in a grpE280 background
(data not shown).
Another explanation is that the GrpE protein may be a

limiting factor in the production of a cell wall component(s).
For example, in the grpE280 mutant at 42°C, the lack of a
fully functional GrpE protein may lead to a decrease in
the level of N-succinyl-L-diaminopimelate desuccinylase
present in cells, eventually affecting cell wall synthesis and
subsequent elongation and septation during cell growth.
Therefore, the overexpression of the MsgB protein at 42°C
may bypass the impaired function of the GrpE280 mutant
protein. Alternatively, the effective enzymatic activity of the
MsgB protein may depend on the correct conformation or

oligomerization state of the MsgB subunit. The MsgB pro-
tein is present in low levels in bacteria and exists as a
mixture of dimeric and tetrameric species of identical sub-
units (20). At 42°C, the formation of the effective MsgB
protein dimer or tetramer may be inefficient, requiring the
aid of chaperone proteins, such as DnaK, DnaJ, and GrpE.
However, in the grpE280 mutant background at a high
temperature, the formation of MsgB oligomers may be
compromised. Increasing the concentration of MsgB by
overexpression may push the equilibrium towards the for-
mation of more MsgB oligomers, allowing sufficient L-DAP
for cell growth and division. Consistent with MsgB being one
of the key, limiting components under conditions compro-
mising DnaK, DnaJ, or GrpE activity are the following
observations: (i) high MsgB levels improve the growth of
dnaJ mutant bacteria at 43°C (37a) and (ii) high MsgB levels
allow dnaK mutant bacteria to survive the transition from
poor to rich media (lOa). Whatever the mechanism of
suppression by MsgB, this study suggests that GrpE may
have some interesting properties not previously suspected
and perhaps worth studying further.

ACKNOWLEDGMENTS
We thank Satish Raina and Margaret Karow for helpful discus-

sions and encouragement during the course of this work. We also
thank Patrick Stragier for communicating his results with dapE prior
to publication.

This work was supported by grants NIH AI21029 and FNS
31-31129.91.

REFERENCES
1. Ang, D. 1988. The role of the Escherichia coli heat shock

protein, grpE, in Escherichia coli growth and X DNA replica-
tion. Ph.D. thesis. University of Utah, Salt Lake City.

2. Ang, D., G. N. Chandrasekhar, C. Johnson, M. Zylicz, and C.
Georgopoulos. 1987. A genetic and biochemical analysis of the
Escherichia coli grpE gene and its product. UCLA Symp. Mol.
Cell. Biol. New Ser. 47:521-533.

3. 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 X DNA replication at all temperatures
and host growth at high temperature. J. Bacteriol. 167:25-29.

4. 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.

5. Ang, D., K. Liberek, D. Skowyra, M. Zylicz, and C. Georgo-
poulos. 1991. Biological role and regulation of the universally
conserved heat shock proteins. J. Biol. Chem. 266:24233-24236.

5a.Bouvier, J., C. Richaud, W. Higgins, 0. Bogler, and P. Stragier.
1992. Cloning, characterization, and expression of the dapE
gene of Escherichia coli. J. Bacteriol. 174:5265-5271.

6. Bukau, B., and G. C. Walker. 1990. Mutations altering heat
shock specific subunit of RNA polymerase suppress major
cellular defects of E. coli mutants lacking the DnaK chaperone.
EMBO J. 9:4027-4036.

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

8. Dente, L., G. Cesareni, and R. Cortese. 1983. pEMBL: a new
family of single-stranded plasmids. Nucleic Acids Res. 11:1645-
1655.

9. Fellay, R., J. Frey, and H. Krisch. 1987. Interposon mutagenesis
of soil and water bacteria: a family of DNA fragments designed
for in vitro insertional mutagenesis of gram-negative bacteria.
Gene 52:147-154.

10. Georgopoulos, C. 1971. Bacterial mutants in which the geneN of
bacteriophage lambda is blocked have an altered RNA polymer-
ase. Proc. Natl. Acad. Sci. USA 68:2977-2981.

10a.Georgopoulos, C. Unpublished data.

VOL. 174, 1992



5264 WU ET AL.

11. Groisman, E. A., N. Pagratis, and M. J. Casadaban. 1991.
Genome mapping and protein region identification using bacte-
riophage Mu. Gene 99:1-7.

12. Gross, C. A., D. B. Straus, J. W. Erickson, and T. Yura. 1990.
The function and regulation of heat shock proteins in Esche-
richia coli, p. 166-190. In R. Morimoto, A. Tissieres, and C.
Georgopoulos (ed.), Stress proteins in biology and medicine.
Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y.

13. Henikoff, S. 1984. Unidirectional digestion with exonuclease III
creates targeted breakpoints for DNA sequencing. Gene 28:351-
359.

14. Kohara, Y., K. Akiyama, and K. Isono. 1987. The physical map
of the whole E. coli chromosome: application of a new strategy
for rapid analysis and sorting of a large genomic library. Cell
50:495-508.

15. Kushner, S. R., H. Nagaishi, A. Templin, and A. J. Clark 1971.
Genetic recombination in Eschenichia coli: the role of exonu-

clease I. Proc. Natl. Acad. Sci. USA 68:824-827.
16. Laemmli, U. K. 1970. Cleavage of structural proteins during the

assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

17. Lerner, C. G., and M. Inouye. 1990. Low copy number plasmids
for regulated low-level expression of cloned genes in Esche-
nichia coli with blue/white insert screening capability. Nucleic
Acids Res. 18:4631.

18. Liberek, K., J. Marszalek, D. Ang, C. Georgopoulos, and M.
Zylicz. 1991. Escherichia coli dnaJ and grpE heat shock proteins
jointly stimulate ATPase activity of DnaK. Proc. Natl. Acad.
Sci. USA 88:2874-2878.

19. Liberek, K., D. Skowyra, M. Zylicz, C. Johnson, and C. Georg-
opoulos. 1991. The Escherichia coli DnaK chaperone protein,
the Hsp7O eukaryotic equivalent, changes its conformation
upon ATP hydrolysis, thus triggering its dissociation from a
bound target protein. J. Biol. Chem. 266:14491-14496.

20. LAn, Y., R. Myhnman, M. L. Schrag, and Michael H. Gelb. 1988.
Bacterial N-succinyl-L-diaminopimelic acid desuccinylase. J.
Biol. Chem. 263:1622-1627.

21. Lipinska, B., 0. Fayet, L. Baird, and C. Georgopoulos. 1989.
Identification, characterization, and mapping of the Escherichia
coli htrA gene, whose product is essential for bacterial growth
only at elevated temperatures. J. Bacteriol. 171:1574-1584.

22. Miller, J. H. 1972. Experiments in molecular genetics. Cold
Spring Harbor Laboratory, Cold Spring Harbor, N.Y.

23. Neidhardt, F. C., and R. A. VanBogelen. 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. American Society for Microbiology,
Washington, D.C.

24. Oden, K. L., L. C. DeVeaux, C. R. T. Vibat, J. E. Cronan, Jr.,
and R. B. Gennis. 1990. Genomic replacement in Eschenichia
coli K-12 using covalently closed circular plasmid DNA. Gene
96:29-36.

25. Park, J. 1987. The murein sacculus, p. 23-30. In F. C. Nei-
dhardt, J. L. Ingraham, K. B. Low, B. Magasanik, M. Schaech-
ter, and H. E. Umbarger (ed.), Eschenichia coli and Salmonella

typhinurium: cellular and molecular biology. American Society
for Microbiology, Washington, D.C.

26. Pearson, W. R., and D. J. Lipman. 1988. Improved tools for
biological sequence comparison. Proc. Natl. Acad. Sci. USA
85:2444-2448.

27. Prentid, P., and H. M. Krisch. 1984. In vitro insertional muta-
genesis with a selectable DNA fragment. Gene 29:303-311.

28. Raina, S., and C. Georgopoulos. 1990. A new Escherichia coli
heat shock gene, htrC, whose product is essential for viability
only at high temperatures. J. Bacteriol. 172:3417-3426.

29. Saito, H., Y. Nakamura, and H. Uchida. 1978. A transducing A
phage carrying g?pE, a bacterial gene necessary for A DNA
replication, and two ribosomal protein genes, rpsP (S16) and
rpsS (L19). Mol. Gen. Genet. 165:247-256.

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

31. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular
cloning: a laboratory manual, 2nd ed. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

32. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

33. Sell, S. M., C. Eisen, D. Ang, M. Zylicz, and C. Georgopoulos.
1990. Isolation and characterization of dnaJ null mutants of
Escherichia coli. J. Bacteriol. 172:4827-4835.

34. Simons, R. W., F. Houman, and N. Kleckner. 1987. Improved
single and multicopy lac-based cloning vectors for proteins and
operon fusions. Gene 53:85-96.

35. Singer, M., T. A. Baker, G. Schnitzler, S. M. Deischel, M. Goel,
W. Dove, K. J. Jaacks, D. Grossman, J. W. Erickson, and C. A.
Gross. 1989. A collection of strains containing genetically linked
alternating antibiotic resistance elements for genetic mapping of
Eschenichia coli. Microbiol. Rev. 53:1-24.

36. Skowyra, D., C. Georgopoulos, and M. Zylicz. 1990. The E. coli
dnaK gene product, the hsp70 homolog, can reactivate heat-
inactivated RNA polymerase in an ATP hydrolysis-dependent
manner. Cell 62:939-944.

36a.Stragier, P. Personal communication.
37. Studier, F. W., and B. A. Moffatt. 1986. Use of bacteriophage T7

RNA polymerase to direct selective high-level expression of
cloned genes. J. Mol. Biol. 189:113-130.

37a.Wall, D. Personal communication.
37b.Wu, B. Unpublished observation.
38. 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 (&2). J. Bacteriol.
170:3640-3649.

39. Zylicz, M., D. Ang, and C. Georgopoulos. 1987. The grpE
protein of Escherichia coli: purification and properties. J. Biol.
Chem. 262:17437-17442.

40. Zylicz, M., D. Ang, K. Liberek, and C. Georgopoulos. 1989.
Initiation of A DNA replication with purified host- and bacte-
riophage-encoded proteins: the role of the dnaK, dnaJ andgqpE
heat shock proteins. EMBO J. 8:1601-1608.

J. BACTERIOL.


