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Abstract

Molecular chaperones of the heat shock protein 70 family (Hsp70; also called DnaK in prokaryotes) play an important role in the
folding and functioning of cellular protein machinery. The dnaK gene from the plant pathogen Agrobacterium tumefaciens RUOR
was ampliWed using the polymerase chain reaction and the DnaK protein (Agt DnaK) was over-produced as a His-tagged protein in
Escherichia coli. The Agt DnaK amino acid sequence was 96% identical to the A. tumefaciens C58 DnaK sequence and 65% identical
to the E. coli DnaK sequence. Agt DnaK was shown to be able to functionally replace E. coli DnaK in vivo using complementation
assays with an E. coli dnaK756 mutant strain and a dnaK52 deletion strain. Over-production and puriWcation of Agt DnaK was suc-
cessful, and allowed for further characterization of the protein. Kinetic analysis of the basal ATPase activity of puriWed Agt DnaK
revealed a Vmax of 1.3 nmol phosphate released per minute per milligram DnaK, and a Km of 62 �M ATP. Thus, this is the Wrst study
to provide both in vivo and in vitro evidence that Agt DnaK has the properties of a molecular chaperone of the Hsp70 family.
 2004 Elsevier Inc. All rights reserved.
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The Escherichia coli DnaK and DnaJ proteins were
initially identiWed as being important for the replication
of � DNA [1]. DnaK was later classiWed as a member of
the 70 kDa heat shock protein (Hsp70)1 family of pro-
teins [2]. Hsp70s are present in almost all organisms
(reviewed in [3]) and their predominant function is to
ensure the correct folding of nascent polypeptides, as
well as to prevent the misfolding of proteins due to cellu-
lar stress [4,5].

Hsp70 proteins are divided into three main domains,
an ATPase domain, a substrate binding domain, and a
less characterized C-terminal domain. The structures of
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the ATPase domain [6,7] and the substrate binding region
[8] have been determined. The chaperone activity of
Hsp70 proteins is dependent on a close interaction
between the substrate binding domain and the ATPase
domain. When ATP is bound to the ATPase domain,
there is poor substrate binding, and hence there is weak
chaperone activity. When ADP is bound however, there is
high aYnity for substrate, and the chaperone activity is
enhanced. The ATPase activity is regulated by the co-
chaperone protein DnaJ [9–11]. The DnaJ-like proteins
stimulate the low basal ATP hydrolysis activity of partner
Hsp70s [12,13], and in doing so enhance the Hsp70s sub-
strate binding activity and hence their chaperone activity.

Agrobacterium tumefaciens is an economically impor-
tant plant pathogen, whose genome sequence has
recently been released [14,15]. A. tumefaciens is a Gram-
negative plant pathogen instrumental in the formation
of Crown Gall disease in plants which causes the forma-
tion of invasive tumours in the plant. Certain strains of
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A. tumefaciens, such as A. tumefaciens RUOR have been
found to be of industrial importance for the over-pro-
duction of the commercially important hydantoinase
and N-carbamoyl-N-amino acid amidohydrolase (N-
carbamoylase) enzymes that are involved in the synthesis
of optically pure amino acids [16–18]. These enzymes
have been recombinantly over-produced in E. coli, how-
ever protein aggregation was frequently observed [19,20].
The co-expression of molecular chaperones from E. coli
have been used to enhance the solubility and activity of
hydantoinase and N-carbamoylase from Agrobacterium
radiobacter NRRL B11291 and N-carbamoylase from A.
tumefaciens AM10 [19,20]. Consequently molecular
chaperones have a potential role in biotechnology to
enhance the recombinant over-expression of a particular
enzyme of interest [21]. Our aim is to use the molecular
chaperones DnaK and DnaJ from A. tumefaciens
RUOR to improve the yields of recombinantly over-pro-
duced N-carbamoylase from A. tumefaciens RUOR.
However, the novel DnaK and DnaJ proteins from A.
tumefaciens RUOR need to be produced and character-
ized as molecular chaperones. The majority of work that
has been done on deWned DnaK–DnaJ systems at a pro-
karyotic level has involved looking at the E. coli system
[22–27]. Limited work has been performed on other pro-
karyotic systems [28–30]. Previous research has shown
that the regulation of the heat shock response of A. tum-
efaciens is diVerent to that of E. coli and shows a high
degree of complexity [31,32]. For this reason it is inter-
esting to look at the properties of molecular chaperones
from A. tumefaciens. We have therefore focused on the
isolation of the gene encoding the chaperone protein
DnaK from A. tumefaciens RUOR.

The full sequence of the A. tumefaciens dnaK gene
and a partial sequence of the dnaJ gene were released
previously [33], and with the release of the genome
sequence of A. tumefaciens C58 it has become straight-
forward to design a method for isolating these genes. In
this study we report on the successful expression, over-
production and puriWcation of the A. tumefaciens DnaK
protein (Agt DnaK). The Agt DnaK protein was shown
by in vivo and in vitro means to have the properties of a
molecular chaperone.

Materials and methods

Materials

All reagents were obtained from Sigma Chemicals
(USA), Roche Molecular Biochemicals (USA), or Merck
Chemicals (Germany) unless otherwise stated. A. tum-
efaciens RUOR genomic DNA and cells were a kind gift
of Ms. M. Jiwaji and Dr. C. Hartley (Rhodes University).
E. coli strains BB1553 (MC4100 �dnaK52::CmR sidB1)
and BB2362 (dnaK756 recA::TcR pDMI, 1) were kindly
provided by Prof. B. Bukau (University of Heidelberg,
Germany). The pQE60 and pBB46 (AmpR and encoding
E. coli DnaK) plasmids were kindly provided by Dr. W.
Burkholder (Stanford University, USA). The pQE30
plasmids were purchased from Qiagen (USA) and the
pGEM-T Easy cloning system from Promega (USA).
Primers were synthesised by IDT (USA). Polymerase
chain reaction (PCR) was performed using the Roche
Expand High Fidelity PCR kit (Germany). Nickel-Che-
lating Sepharose Fast Flow matrix was obtained from
Pharmacia Biotech (Sweden). Hybond C-extra nitrocel-
lulose was purchased from Amersham Biosciences (UK).

Isolation of the Agt dnaK coding region

A. tumefaciens RUOR was grown at 30 °C for 5 days
and genomic DNA was isolated using standard molecu-
lar biology techniques [34]. The primers used for the iso-
lation of the complete dnaKJ coding region were
AtDnaKJ F (5�GGA TCC ATG GCA AAA GTA ATC
GGT ATC 3�) and AtDnaKJ R (5�GTC GAC TCA
GCC STC AAA GAA TTY YTY CAT CCG 3�). Prim-
ers were designed based on the known A. tumefaciens
C58 sequence, with some degeneracies incorporated into
the reverse primer. The forward primer included a
BamHI site, and the reverse primer a SalI site (under-
lined). The Roche Expand High Wdelity PCR kit was
used for this reaction. The parameters used for the reac-
tion were as follows: an initial step of 5 min at 95 °C, fol-
lowed by 25 cycles of 1 min at 95 °C, 1 min at 55 °C, 2 min
at 72 °C, followed by a Wnal hold at 72 °C for 10 min. The
dnaKJ coding region was ligated into pGEM-T Easy,
following the manufacturers instructions, and the con-
struct was sequenced on both strands to obtain a com-
plete nucleotide sequence for the gene. The dnaK coding
region was then inserted into the expression vector
pQE30 (Qiagen) for the expression of N-terminally His-
tagged protein. Plasmid pQE30 was restricted with
BamHI and HincII, and the pGEM-T-dnaKJ was
restricted with BamHI and NruI. The BamHI–NruI
dnaK encoding fragment was then ligated into pQE30 to
generate pRK30.

Computational analysis

The amino acid sequences of the A. tumefaciens C58
DnaK and E. coli DnaK were obtained from GenBank
and aligned with the amino acid sequence of Agt DnaK
using the ClustalW Multiple Sequence Alignment Pro-
gram [35]. The alignment was run on BoxShade to visu-
alize identical regions.

Production of Agt DnaK

E. coli XL1 Blue was transformed with the expres-
sion plasmid pRK30. A single colony was used to inocu-
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late 25 mL 2£ YT broth containing 100 �g/mL
ampicillin. The culture was grown overnight at 37 °C.
The culture was diluted into fresh broth containing
100 �g/mL ampicillin to a Wnal volume of 250 mL, and
the culture was allowed to grow until mid-log phase
(OD600 0.3–0.4). Protein production was then monitored
by the collection of hourly and overnight samples both
in the absence and the presence of the protein inducer
IPTG (1 mM Wnal concentration). The whole-cell
extracts were normalized to OD600 and the appropriate
aliquots were run on 12% SDS–PAGE gels. The protein
bands were visualized using Coomassie brilliant blue
staining.

PuriWcation of Agt DnaK

An overnight culture of E. coli XL1 Blue[pRK30] was
diluted into fresh 2£ YT broth culture to a Wnal volume
of 1 L, and the cultures were allowed to grow until mid-
log phase (OD600 0.3–0.4). Protein production was then
induced with 1 mM IPTG for 4 h, following which cells
were resuspended in 1/20th culture volume lysis buVer
(100 mM Tris, pH 8.0, 300 mM NaCl, 10 mM imidazole,
and 1 mM PMSF). Cells were frozen overnight, and
thawed in the presence of 1 mg/mL lysozyme. Mild soni-
cation was carried out and the cellular debri was
removed by centrifugation at 16,000g for 20 min in a
bench top centrifuge (Eppendorf, Germany). Cell lysate
was incubated with 1 mL of a 50% slurry of nickel-
charged Sepharose beads overnight at 4 °C. The beads
were washed three times in wash buVer (100 mM Tris,
pH 8.0, 300 mM NaCl, and 100 mM imidazole). The
bound protein was eluted in elution buVer (100 mM Tris,
pH 8.0, 300 mM NaCl, and 1 M imidazole), dialyzed
overnight (100 mM Tris, pH 8.0, 300 mM NaCl, and
1 mM PMSF), concentrated by dialysis against PEG
20000 (Merck, Germany) and stored at ¡80 °C. Protein
concentration was determined using the Bradford assay,
with bovine serum albumin as a standard, and the purity
was assessed using SDS–PAGE. Western analysis was
performed to conWrm production of the Agt DnaK pro-
tein using anti-His antibodies (Amersham Biosciences,
USA). Chemiluminescence-based immunodetection was
performed using the BM Chemiluminescence Western
blotting kit (Mouse/Rabbit) from Roche, as per the
manufacturers instructions.

Complementation assays

The temperature-sensitive E. coli strains BB1553
(MC4100 �dnaK52::CmR sidB1) and BB2362 (dnaK756
recA::TcR pDMI 1) were used to determine the ability of
Agt DnaK to functionally replace E. coli DnaK under
heat shock conditions. The �dnaK52 E. coli strain is
temperature-sensitive at temperatures below 20 °C and
above 35 °C, while dnaK756 exhibits temperature-sensi-
tive growth above 40 °C. The �dnaK52 mutant strain has
an internal fragment of the dnaK gene replaced with a
cat cassette, causing temperature sensitivity [36]. How-
ever, the �dnaK52 mutant strain (BB1553) carries the
sidB1 suppressor mutation allowing the cells to grow
stably at 30 °C [37]. The dnaK756 strain produces a
mutant DnaK protein that carries three glycine-to-
aspartate substitutions [38,39]. The G32D mutation falls
within the GrpE-binding loop of the ATPase domain,
while G455D and G468D are in the substrate-binding
domain [38]. E. coli DnaK encoded on pBB46 (a pQE60-
based construct) was used as a positive control. The
plasmids pQE30, pRK30 (a pQE30-based construct),
pQE60, and pBB46 were transformed into E. coli
BB1553 and BB2362 strains. Overnight cultures were set
up at 30 °C using fresh transformants in 2£ YT broth
containing 100�g/mL ampicillin for plasmid selection,
50�g/mL kanamycin and 10 �g/mL tetracycline for E.
coli BB2362 strain selection and 34�g/mL chloroamphe-
nicol for E. coli BB1553 strain selection. Cultures were
serially diluted using 2£ YT broth before being spotted
onto plates containing 50 �M IPTG for E. coli BB1553
strain and 20 �M IPTG for E. coli BB2362 strain. The
transformed E. coli BB1553 strain was grown at 30 and
40 °C, while transformed E. coli BB2362 strain was
grown at 37 and 44 °C. Western analysis was performed
to conWrm production of the Agt DnaK and E. coli
DnaK proteins in the E. coli BB1553 strain using anti-
His antibodies (Amersham Biosciences, UK) and anti-
DnaK antibodies (Stressgen, USA) respectively. Chemi-
luminescence-based immunodetection was performed
using the BM Chemiluminescence Western blotting kit
(Mouse/Rabbit) from Roche, as per the manufacturers
instructions.

Basal ATPase activity assays

ATP hydrolysis assays performed were a modiWcation
of the method originally described by Lanzetta, and by
Chamberlain and Burgoyne [40,41]. Agt DnaK to a Wnal
concentration of 0.4�M was added to the assay buVer
(10 mM Hepes, pH 8.0, 100 mM KCl, 2 mM MgCl2, and
0.5 mM DTT) and incubated for 5 min at 37 °C. The
reaction was started by the addition of ATP at various
concentrations (0–500 �M). An aliquot (50 �L) of the
reaction was removed at varying time intervals and the
reaction stopped with the addition of 10% SDS (50�L).
Colour development was started by the addition of
1.25% ammonium molybdate in 6.5% H2SO4 (50 �L),
and 9% ascorbic acid (50�L). Colour development
occurred over a 1 h period, and was read at 660 nm. The
assays were corrected for spontaneous ATP degradation.
SpeciWc activity was determined in units of nanomoles
phosphate released per minute per milligram DnaK, and
activity was deWned as nmol phosphate released per
minute.



164 A. BoshoV et al. / Protein Expression and PuriWcation 38 (2004) 161–169
Nucleotide sequence accession number

The nucleotide sequence for the complete A. tumefac-
iens RUOR dnaKJ coding region has been submitted to
GenBank under Accession No. AY494599.

Results

Isolation of the A. tumefaciens RUOR dnaK coding region
(Agt dnaK)

The Agt dnaK coding region was successfully ampli-
Wed from genomic DNA using PCR. The dnaK coding
region was inserted into pQE30 and the size of the pre-
dicted Agt DnaK protein was theoretically determined
to be 68.9 kDa. The amino acid sequence of the Agt
DnaK protein was compared to the DnaK proteins from
A. tumefaciens C58 and E. coli (Fig. 1). There was 96%
amino acid sequence identity between Agt DnaK and A.
tumefaciens C58 DnaK, while there was 65% amino acid
sequence identity between Agt DnaK and E. coli DnaK.
A comparison of the Agt DnaK and E. coli DnaK amino
acid residues revealed that Agt DnaK consisted of the
canonical domains; an ATPase domain (amino acids 1–
380), a substrate-binding domain (amino acids 389–532)
and a C-terminal domain (amino acids 533–634). There
was 70% similarity between the substrate binding
domains of Agt DnaK and E. coli DnaK proteins.

Production and puriWcation of Agt DnaK

The expression plasmid pRK30 resulted in the recom-
binant over-production of His-tagged Agt DnaK pro-
tein. SDS–PAGE analysis of whole cell extracts before
and after induction with IPTG revealed that the DnaK
Fig. 1. Comparison of the DnaK proteins from A. tumefaciens RUOR, A. tumefaciens C58, and E. coli. The protein sequences were aligned using Clu-
stalW [35] and shaded using BoxShade. The linker region (dotted) joins the ATPase domain (underlined) and peptide-binding domain (dashed), fol-

lowed by the C-terminal domain (double underlined). The numbers represent the position of the amino acids within the protein sequence.
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protein migrated as a single 70 kDa band and the
amount of protein produced before induction with
IPTG was very similar to the amount of protein after 5 h
of induction, however the protein concentration of Agt
DnaK decreased signiWcantly overnight (Fig. 2). Protein
induction using IPTG was not tightly regulated as the
amount of protein before induction was similar to that
after 4 h induction (compare lanes 0 and 4 of Fig. 2). Pro-
tein production was also monitored in the absence of
IPTG and the levels of protein were very similar to those
observed in the presence of IPTG, according to SDS–
PAGE analysis (data not shown). However, Western
analysis revealed an inductive eVect when the level of
Agt DnaK produced before the addition of IPTG (Figs.
3A and B, lane 0) was compared to the level after 4 h of
induction with IPTG (Figs. 3A and B, lane 1).

Fig. 2. SDS–PAGE analysis of the over-production of Agt DnaK in E.
coli XL1 Blue[pRK30] cells. The protein represents total cell extract
after diVerent times of induction by 1 mM IPTG. MM, molecular mass
markers in kDa; lane 0, protein before induction with IPTG; lanes 1–5,
protein induced hourly over a period of 5 h using IPTG; and lane O/N,
protein produced after overnight induction. The protein bands were
visualized using Coomassie brilliant blue staining.
The high over-production of the Agt DnaK protein
simpliWed the puriWcation using nickel aYnity chroma-
tography. The eYciency of the puriWcation procedure
was evaluated by SDS–PAGE analysis. Most Agt DnaK
was soluble and present in the cell lysate (Fig. 3, lane 2),
however protein also remained in the insoluble pellet
fraction (Fig. 3, lane 3). The amount of Sepharose beads
used to bind the protein was suYcient as very little Agt
DnaK remained in the cell lysate after binding to the
beads (Fig. 3, lane 4). During the subsequent wash steps
Agt DnaK was also washed oV the beads (Fig. 3, lane 5).
The protein was eluted from the nickel-charged Sepha-
rose beads in a buVer containing 1 M imidazole (Fig. 3,
lane 6) and the imidazole was later removed by dialysis
and the puriWed protein was concentrated against PEG
20000 (Fig. 3, lane 7). Agt DnaK was successfully puri-
Wed as a soluble protein that migrated as a single band
on SDS–PAGE. The purity of Agt DnaK protein was
greater than 95%, and approximately 8 mg of protein
was puriWed per 1 L culture volume.

Complementation for the loss of functional E. coli DnaK 
with Agt DnaK

Agt DnaK was able to functionally replace the DnaK
mutant protein expressed in E. coli strain dnaK756
(BB2362) at 44 °C in the presence of 20 �M IPTG (Fig.
4A). Agt DnaK was able to complement fully for the
lack of E. coli DnaK in the null mutant strain �dnaK52
(BB1553) at 39 °C (data not shown) and partially com-
plement at 40 °C in the presence of 50 �M IPTG (Fig.
4B), when compared to E. coli DnaK (expressed on
pBB46). The reasons for partial complementation at
Fig. 3. SDS–PAGE and Western analysis of aYnity-puriWed Agt DnaK. MM, molecular mass markers in kDa; lane 0, protein in total cell extract
before induction with 1 mM IPTG; lane 1, protein in total cell extract after 4 h of induction with IPTG; lane 2, protein present in the soluble cell
lysate; lane 3, protein present in the insoluble pellet fraction; lane 4, protein present in the cell lysate after binding of Agt DnaK to nickel-charged
Sepharose beads; lane 5, protein present in the Wrst wash of the Sepharose beads; lane 6, elution of protein from the nickel-charged Sepharose beads
using 1 M imidazole; and lane 7, puriWed protein after dialysis and concentration. The protein bands were visualized using Coomassie brilliant blue
staining (A). Chemiluminescence-based Western analysis was used to conWrm expression of His-tagged Agt DnaK protein using anti-His antibodies
(B). Molecular mass markers, expressed as kDa, are shown on the left-hand side, and the arrows on the right-hand side indicate the position of
DnaK.
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Fig. 4. Agt DnaK can successfully complement for the loss of func-
tional E. coli DnaK. E. coli strains BB2362 and BB1553 were trans-
formed with pQE30, pRK30 (pQE30 vector containing the coding
region of Agt DnaK), pQE60, and pBB46 (pQE60 vector containing
the coding region of E. coli DnaK). The cells were diluted 10-fold
sequentially from neat (OD600 D 0.2) to 10¡4, spotted on agar plates
supplemented with IPTG and evaluated for their abilities to grow at
the respective permissive and non-permissive temperatures for each E.
coli strain. (A) The transformed E. coli strain BB2362 grew at the per-
missive temperature of 37 °C, indicating that the strain was viable. At
the non-permissive temperature of 44 °C, the growth of BB2362 trans-
formed with pRK30 (Agt DnaK) was similar to that of BB2362 trans-
formed with pBB46 (E. coli DnaK) indicating that Agt DnaK was able
to complement for the lack of a functional DnaK in the E. coli strain
BB2362. (B) The transformed E. coli strain BB1553 grew at the per-
missive temperature of 30 °C, indicating that the strain was viable. At
the non-permissive temperature of 40 °C, the growth of BB1553 trans-
formed with pRK30 (Agt DnaK) did not grow as well as BB1553
transformed with pBB46 (E. coli DnaK) indicating that Agt DnaK
was able to partially complement for the lack of DnaK in the E. coli
strain BB1553. (C) SDS–PAGE (upper panel) and Western analysis
(lower panel) of protein levels of Agt DnaK and E. coli DnaK proteins
expressed in E. coli BB1553 strain after overnight growth at 40 °C.
Lane 1, protein present in total cell extract before induction of BB1553
transformed with pRK30 (Agt DnaK); lane 2, protein present in total
cell extract after induction with IPTG and overnight growth of
BB1553 transformed with pRK30 (Agt DnaK); lane 3, protein present
in total cell extract before induction of BB1553 transformed with
pBB46 (E. coli DnaK); lane 4, protein present in total cell extract after
induction with IPTG and overnight growth of BB1553 transformed
with pBB46 (E. coli DnaK); and lane 5, 10 �g of puriWed Agt DnaK.
Western analysis of Agt DnaK and E. coli DnaK proteins was con-
ducted using anti-His and anti-DnaK antibodies respectively. Molecu-
lar mass markers, expressed as kDa, are shown on the left-hand side,
and the arrow indicates the position of DnaK.
40 °C may be due to the low levels of Agt DnaK com-
pared to E. coli DnaK proteins produced in the null
mutant strain �dnaK52 (BB1553) (compare lanes 2 and
4 of Fig. 4C). The levels of Agt DnaK and E. coli DnaK
proteins were similar before induction with 50 �M IPTG
(compare lanes 1 and 3 of Fig. 4C). Both E. coli dnaK756
and �dnaK52 strains required IPTG to induce E. coli
DnaK and Agt DnaK proteins at high temperatures. The
growth of the negative controls (each strain transformed
with pQE30 and pQE60) was similar to the growth of
the positive control (each strain transformed with
pBB46) and test (each strain transformed with pRK30)
at permissive temperatures, however under heat shock
conditions growth of the negative controls was sup-
pressed (Figs. 4A and B).

ATP hydrolysis

Determination of the kinetic constants of Agt DnaK
was performed using a colourimetric assay monitoring
the release of inorganic phosphate (Pi). Agt DnaK was
shown to have a basal ATPase activity with a Vmax of
1.3 nmol phosphate released per minute per milligram
DnaK and Km of 62.0 �M (Fig. 5). The Vmax and Km were
determined from three independent experiments.

Discussion

The release of the full genome sequence of A. tum-
efaciens C58 facilitated the ampliWcation of the coding
region of the dnaK operon of A. tumefaciens RUOR.
Due to the 65% amino acid sequence identity between
Agt DnaK and E. coli DnaK sequences, the chaperone
properties of these prokaryotic DnaK proteins were
compared in this study.

The Agt DnaK protein was successfully over-pro-
duced as the major protein in E. coli XL1 Blue cells. Rel-
atively high basal expression from the lac operator-
controlled T5 promoter on pRK30, which is a pQE30-
based expression vector, probably accounts for the high
level of Agt DnaK produced before induction with
IPTG. Relatively high levels of basal expression by
pQE30-based vectors have been observed during the
recombinant production of numerous proteins, includ-
ing CikA [42] and azoreductase [43]. The co-transforma-
tion of the plasmid pREP4 (encoding the lac repressor
protein) with pQE30-based expression constructs can be
used to minimize the basal expression levels [44,45].

The high levels of Agt DnaK produced in E. coli facili-
tated the development of a one-step batch puriWcation
procedure for the generation of puriWed Agt DnaK.
While this procedure had the advantage of limited steps,
which in turn limits protein loss, loss of protein did occur
during the puriWcation procedure, as approximately a
quarter of the protein present in the sonicated fraction



was present in the insoluble pellet fraction, and signiW-
cant amounts of protein were lost during the wash steps.
However, the wash steps were important for the removal
of proteins that had non-speciWcally bound to the aYnity
matrix. The Agt DnaK in the insoluble fraction probably
represents aggregated protein that resulted from the high
rate and level of expression. Numerous enzymes present
in the cell, including E. coli DnaK possess ATPase activ-
ity, thus for subsequent ATPase activity assays on Agt
DnaK, it was desirable to have protein of high purity.
For biotechnological applications, such as protein fold-
ing bioreactors, crude cell extracts containing over-pro-
duced Agt DnaK may be suYcient.

Complementation studies are a well-established
method to aid in the determination of the in vivo biolog-
ical function of proteins. The fact that E. coli DnaK is
essential for growth at elevated temperatures [36,46] has
facilitated the study of other DnaK homologues using E.
coli dnaK mutants. Agt DnaK was able to substitute for
E. coli DnaK in two diVerent mutant dnaK strains of E.
coli when grown at non-permissive temperatures. The E.
coli BB1553 strain was characterized by reduced levels of
DnaJ proteins, resulting from a polar eVect of the chlor-
amphenicol marker upstream of the dnaJ gene [47]. This
may account for the partial complementation observed
for E. coli BB1553 transformed with pRK30 at 40 °C.
Bacillus subtilis DnaK was unable to complement for the
lack of E. coli DnaK in a �dnaK52 null mutant strain at
40 °C, however co-transformation of a plasmid encoding
E. coli DnaJ facilitated complementation by this DnaK
[48]. Thus increasing the levels of DnaJ proteins could
enhance the complementation of Agt DnaK in �dnaK52
at 40 °C. However, other possibilities for partial comple-
mentation cannot be excluded, such as low levels of Agt
DnaK or incomplete interaction between Agt DnaK and
E. coli DnaJ proteins in the cell, leading to ineYcient
chaperone activity. The transformation of a plasmid
encoding the Agt dnaKJ operon could potentially ensure
that the amounts of DnaJ were suYcient in the cell and
that the interaction between DnaK and its co-chaperone
DnaJ was not compromised.

The high protein yields that were obtained after aYn-
ity puriWcation facilitated the biochemical characteriza-
tion of the basal ATPase activity of Agt DnaK. The
ATPase activity and nucleotide bound state of Hsp70s
are involved in the regulation of assisted refolding of
proteins by these chaperones. A wide range of values
have been reported for the basal ATPase activity of E.
coli DnaK, with Vmax values ranging from 0.43 to
3.5 nmol Pi/min/mg DnaK and Km values ranging from
20 nM to 20 �M ATP [13,49–51]. The Vmax of Agt DnaK
ATPase activity of 1.3 nmol Pi/min/mg determined in
this study falls within the range reported in previous
studies for the basal ATPase activity of E. coli DnaK,
however the Km of 62.0�M is signiWcantly higher than
that obtained for E. coli DnaK.

This is the Wrst study that has provided evidence that
Agt DnaK has biochemical and molecular chaperone
properties of the Hsp70 family of proteins. However, the
molecular chaperone DnaK requires the co-chaperone
DnaJ to function correctly, and the close interaction
between DnaK and DnaJ is crucial for normal cellular
functioning. GrpE is also important for nucleotide
exchange during the ATPase cycle. Thus future studies
will include the expression and puriWcation of DnaJ and
GrpE proteins from A. tumefaciens RUOR. The inXu-
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Fig. 5. Determination of kinetic constants for Agt DnaK ATPase activity. The ATPase activity of Agt DnaK (0.4 �M) was determined using varying
concentrations of ATP (0–500 �M). The amount of phosphate released was determined colorimetrically using a modiWcation of the method
described by Chamberlain and Burgoyne [41]. The kinetic parameters Km and Vmax were determined using a Lineweaver–Burke plot. The inset shows
the Michaelis–Menten plot generated with the data. All points are the means of three independent experiments.
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ence of Agt DnaJ and GrpE on the ATPase activity of
Agt DnaK will be compared to that of the E. coli DnaK–
DnaJ–GrpE system. Finally the abilities of both the
Agrobacterium and E. coli DnaKJE chaperone systems
to refold recombinantly produced N-carbamoylase will
be evaluated.
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