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DnadJ is a molecular chaperone, which contains a zinc finger-like motif and cooperates with
DnaK to mediate the folding of newly synthesized and denatured proteins. DnaJ was
overproduced and purified using the maltose binding protein (MBP) fusion vector. The
fusion protein (MBP-DnaJ) was expressed in a soluble form in Escherichia coli and
purified to homogeneity using amylose resin in a single step. The UV-visible absorption
spectrum of MBP-Dna.J showed peaks at 355 and 475 nm. Moreover, these absorption peaks
disappeared upon treatment with ethylenediaminetetraacetic acid (EDTA) or p-hydroxy-
mercuriphenylsulfonic acid (PMPS). Inductively coupled plasma (ICP) spectrometry
demonstrated that MBP-Dna.J contains Fe ions as well as Zn ions. MBP-DnaJ mediated the
replication of the A phage in vivo, stimulated the ATPase activity of DnaK and prevented the
aggregation of denatured rhodanase, indicating that fusion of MBP to the N-terminal of
Dna.J does not affect the functions of DnaJ. To study the roles of bound metal ions,
metal-free MBP-DnaJ, and MBP-DnaJ containing 2 Zn ions were prepared. MBP-DnaJ
containing Fe and Zn ions, and MBP-DnaJ containing 2 Zn ions stimulated the ATPase
activity of DnaK, prevented the aggregation of denatured rhodanase and bound to DNA to
similar extents. On the other hand, metal-free MBP-DnaJ showed much lower DNA-
binding ability and lower ability to prevent rhodanese aggregation. Therefore, the bound
metal species do not affect the function of the zinc finger-like motif of DnaJ, whereas
removal of the metal ions from DnaJ diminishes its binding ability as to DNA and
denatured proteins.
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motif.

When prokaryote and eukaryote cells are exposed to high
temperature, the heat shock response occurs. The heat
shock response results in the induction of so-called heat
shock proteins, which mediate the proteolysis (1) and
refolding (2, 3) of denatured proteins. Heat shock proteins,
which mediate protein folding, also play important roles
under physiological conditions (4) and are classified as
molecular chaperones.

DnadJ protein, which is a molecular chaperone in Escheri-
chia coli, was first identified as a host factor required for
DNA replication of the A phage (5-8). Subsequently, DnaJ
has been shown to be involved in a variety of cellular
processes, including DNA replication of the E. coli chromo-
some (7), P1 plasmid (9), and fertility factor F (10),
protein folding (11) and protein translocation (12). DnaJ is
known to function as a typical molecular chaperone in
coordination with other heat shock proteins such as DnaK

! To whom correspondence should be addressed. Tel: +81.78-803-
1147, Fax: +81-78-803-1171, E-mail: kondo @ appchem.chme.kobe-
u.ac.jp

© 1998 by The Japanese Biochemical Society.

842

and GrpE (11). In the presence of DnaJ, the ATPase
activity of DnaK is stimulated (13, 14) and the DnaK-sub-
strate complex is stabilized (15, 16).

The various Dnad homologs contain four conserved
regions. The J-domain, which is the N-terminal 70-amino-
acid-long region, is highly conserved and is responsible for
stimulating the ATPase activity of DnaK (17). The tertiary
structure of the J-domain has been demonstrated by NMR
methodology (18). The G/F module, which is a 35-amino-
acid-long region following the J-domain, is rich in both Gly
and Phe amino acids. Deletion of the G/F module drasti-
cally interferes with DnaJ-dependent stabilization of
DnaK-substrate complexes (19). The Cys-rich region,
which is located downstream of the G/F module of some
Dnad-like proteins (20), contains four repeats of the
sequence, Cys-X-X-Cys-X-Gly-X-Gly (21, 22), and resem-
bles one of the zinc finger motifs. This region is also thought
to be required for Dnad to specifically bind to denatured
proteins (23). The C-terminal region of all Dnad-like
proteins is much less conserved and could be responsible for
substrate binding.

In the previous studies, purification of E. coli DnaJ was
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started by solubilization of the pellet fraction with urea,
and required several subsequent column chromatography
steps (23-25). The purified DnaJ was found to bind two Zn
1ons through its zinc finger-like motif (23, 25). We describe
the production of Dnad carrying a maltose binding protein
(MBP-DnaJ) at its N-terminal and its affinity purification
from a soluble fraction of E. coli cells using amylose resin.
The purified MBP-DnaJ was characterized, and used to
study the interaction with DnaK, protein substrates, and
single-stranded and double-stranded DNAs.

MATERIALS AND METHODS

Materials—E. coli strains DH5«¢ and HMS174 were
used. E. coli strains MC4100 (F' araD4(argF-lac)U169
rpsL relA fibB deoC ptsF rbsR) and KY1456 (MC4100
dna/::Tn10-42) were gifts from Dr. Kitagawa (Nara
Institute of Science and Technology, Nara). Plasmid
pMAL-c2, encoding malFE (A42-26) (MBP gene with deletion
of the signal sequence), the pMAL primer and amylose
resin were obtained from New England Biolabs (Beverly,
MA, USA). Plasmids pUC118 and pUC119, restriction
endonucleases, polymerase and ssM13 phage DNA were
obtained from Takara Shuzo (Kyoto). Plasmids pT7-5 and
pGP1-2 were gifts from Dr. Tabor (Department of Biologi-
cal Chemistry and Molecular Pharmacology, the Harvard
Medical School, USA) (26). Phage 1403, which contains
the dnaJ gene, was obtained from the Kohara Gene Library
Laboratory of the National Institute of Genetics, Mishima.
Synthetic oligonucleotides were obtained from Funakoshi
(Tokyo). p-Hydroxymercuriphenylsulfonic acid (PMPS)
and rhodanase from bovine liver were obtained from Sigma
Chemical (St. Louis, MO, USA). Ethylenediamine tetra-
acetic acid (EDTA), malachite green and ammonium
molybdate were obtained from Nacalai Tesque (Kyoto).
DnaK and GrpE from E. coli were obtained from Epicentra
Technologies (Madison, WI, USA).

Plasmid Construction—The dnaJ gene from 1403 was
subcloned between the EcoRI and BamHI sites of pUC119
and pT7-5, the resultant plasmids being named
pUC119dnad and pT7-5dnad, respectively.

The dnaJ gene was amplified by means of the standard
polymerase chain reaction using the two primers, 5'-ATT-
TCAATGGCTAAGCAAGATTATTACGAG and 5'-CGCC-
ACTCTAGAGGTGCTCGCATATCTTCAACG, which in-
troduced a flanking Xbal site (underlined), with plasmid
pUC119dnad as a template. After cleavage with Xbal, the
resultant fragment was inserted into plasmid pMAL-c2
digested with Xmnl and EcoRI to yield plasmid pMAL-
dnad. The DNA sequencing of pMAL-dnaJ was carried out
by the dideoxy-chain-termination method with the pMAL
primer.

Measurement of Avir Phage Growth In Vivo—MC4100
and KY1456 containing pMAL-c2 or pMAL-dnaJ were
grown in LB medium at 30°C to a cell density of 2x10°
cells/ml, centrifuged and then resuspended in 10 mM
MgSO,. The Avir phage was added at a multiplicity of 0.1,
and adsorption was allowed for 30 min at 37°C. After
removing unadsorbed phage by centrifugation, the infected
cells were diluted 100-fold with LB medium [Difco yeast
extract (5 g/liter), Difco tryptone (10 g/liter), and NaCl (5
g/liter)] and then incubated for 3 h at 37°C, followed by the
addition of several drops of chloroform. The layers were
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diluted and plated with MC4100, and then the phage titers
were measured (7).

Protein Purification—Dnad was purified from a pellet
fraction of E. coli HMS174 cells containing plasmids
pT7-5dnad and pGP1-2 as described by Zylicz et al. (24).
The purified DnaJ was dialyzed against 20 mM Tris-HCl
(pH 7.5), 200 mM NaCl, and 10% glycerol (buffer A), and
then stored at —80°C.

MBP-Dna.J was purified from E. coli DH5« cells contain-
ing plasmid pMAL-dnaJ. Cultures of DH5a (pMAL-dnal)
were grown at 37°C in 1 liter LB medium until A4, =0.5,
and harvested after [PTG induction (final concentration,
0.3 mM) for 3 h. Cells were suspended in buffer A and then
frozen at —80°C overnight. The frozen cells were thawed in
an ice bath, and the sonicated cell suspension was centri-
fuged at 10,000 X g for 30 min. The supernatant was loaded
onto amylose resin equilibrated with buffer A. Affinity
purification of MBP-DnaJ using the amylose resin was
performed as described by Riggs (27). Metal-free MBP-
DnaJ [MBP-DnaJ(—)] was prepared by titration of MBP-
DnaJ with PMPS followed by dialysis, and MBP-Dnad (2
Zn), which contains two Zn ions, was prepared by the
addition of DTT and ZnCl, to MBP-DnaJ(—), as described
by Banecki et al. (25).

The protein concentration was determined by the Brad-
ford method with bovine serum albumin as the standard.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) was performed as described by Garfin (28). A
15% polyacrylamide gel was used and stained with Coomas-
sie Brilliant Blue R250.

Measurement of UV-Visible Absorption Spectra—UV-
visible absorption spectra of 33.3 uM MBP-LacZa, 21.4
#M MBP-DnaJ, and 32.5 uM DnaJ in buffer A were
measured with a U-best 30 spectrophotometer (JASCO).
To measure the spectral change of MBP-DnaJ during
EDTA treatment, 21.4 4M MBP-DnaJ was incubated in
buffer A in the absence or presence of 100 mM EDTA at
37°C for 15 min. A PMPS titration experiment was per-
formed as described by Banecki et al. (25). Five-micro-
liters of 5 mM PMPS in buffer A was added to a 2 ml
cuvette containing 4.35 M MBP-DnaJ. The absorbance
was measured at 250, 355, and 475 nm.

Measurement of Metal Contents—One hundred sixty-
three micromolar MBP-DnaJ, 282 uM MBP-LacZ, or 67.9
#M hemoglobin in buffer A was diluted 30-fold with
distilled water. The amounts of metals contained in these
proteins (5.43 xM MBP-DnaJ, 9.40 xM MBP-LacZa, and
2.26 M hemoglobin) were measured with a sequential
plasma spectrometer ICPS-100TR (Shimadzu, Tokyo).

Measurement of ATPase Activity of DnaK—The
ATPase activity of DnaK was measured by quantifying the
inorganic phosphate produced during ATP hydrolysis by
calorimetry as described by Mizobata et al. (29). DnaK
(0.73 M) and GrpE (1.5 uM) were incubated at 37°C in
the presence of 1.5 uM DnaJ, MBP-DnaJ, MBP-DnaJ(—),
MBP-Dnad(2 Zn), or MBP-LacZa in 25 mM Hepes-KOH
(pH 7.5), 100mM KCl, and 10 mM MgCl; (buffer B)
containing 2 mM ATP. Fifteen microliters samples were
taken at the indicated times and mixed with 60 yzl of 1M
perchoric acid. The samples were then mixed with a
malachite green and ammonium molybdate solution, and
then the absorbance at 660 nm was measured.

Measurement of Denatured Rhodanase Aggregation—
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Aggregation of denatured bovine liver rhodanase was
measured using a spectrophotometer as described by
Langer et al. (11). Forty-six micromolar bovine liver
rhodanase was denatured for 60 min at 25°C in 30 mM
Tris-HC1 (pH 7.4), 5 mM dithiothreitol (DTT), and 6 M
guanidium-HC] (denaturation buffer). Twenty microliters
of the denatured rhodanase was diluted in 2 ml of 10 mM
Mopse-KOH (pH 7.2) and 50 mM KCl (buffer C) in the
absence or presence of 0.92 and 2.3 4M DnaJ, MBP-Dnal,
MBP-DnaJ(—), MBP-DnaJd(2 Zn), or MBP-LacZa. Aggre-
gation was measured with a spectrophotometer for 50 min
at 25°C at the wavelength of 320 nm.

Interaction between DNAs and MBP-Dna.J, MBP-Dna.J-
(—), and MBP-DnaJJ(2 Zn)—Twenty-five micrograms of
MBP-DnaJ, MBP-DnaJ(—), MBP-DnaJ(2 Zn), or MBP-
LacZa and 1.0 xg of 8sM 13 phage DNA or pUC118 plasmid
DNA were incubated in 50 x«1 of buffer B for 10 min at 25°C.
Forty microliters of amylose resin was added to the
reaction mixture, which was then recovered by centrifuga-
tion at 5,000 rpm. The amylose resin was washed two times
with 50 g1 of buffer B. Protein-DNA complexes bound to
the resin were then eluted with 30 u1 of buffer B containing
10 mM maltose. DNA present in 20 ul of the eluted
fraction was analyzed by 1% agarose gel electrophoresis.

RESULTS

A Phage Growth in the dnaJ Mutant Containing Plasmid
pPMAL-dnaJ—Dnad protein is necessary for A phage
replication. We examined whether or not MBP-DnaJ is
capable of replicating the A phage using a DnaJ mutant E.
coli strain (Table I). The level of A phage growth in
KY1456(dnaJ-) cells containing plasmid pMAL-Dnad was
similar to that in MC4100(dnaJ*) cells, while the level of A
phage growth in KY1456(dnaJ™) cells containing plasmid
pMAL-c2 was very low. This indicates that MBP-DnaJ
exhibits similar activity to wild type Dnad in vivo.

Overproduction and Purification of MBP-DnaJ—Figure
1 shows SDS-PAGE analysis of the expression and purifica-
tion of MBP-Dnad. Plasmid pMAL-dnaJ gave a high level
of expression of MBP-DnaJ (83 kDa, lane 2), and almost all
of the fusion protein was detected in the soluble fraction
(data not shown). Moreover, MBP-DnaJ was purified to
homogeneity using amylose resin in a single step (lane 3).
Forty-five milligrams of pure MBP-DnaJ was obtained
from 1 liter of culture in shake flasks.

UV-Visible Absorption Spectrum of MBP-DnaJ—DnaJ,
which was purified from the pellet fraction of E. coli, was
colorless. However, MBP-DnaJ was a slightly red color.
Figure 2 shows the UV-visible absorption spectra of Dnad,
MBP-DnaJ, and MBP-LacZa. The spectrum of DnaJ did
not show any peak (dashed and dotted line). In contrast, the
spectrum of MBP-DnaJ showed two peaks at 355 and 475
nm (solid line). Because the spectrum of MBP-LacZa did

TABLE 1. A phage growth in dnaJ mutant cells with and

without pMAL-DnaJ.
Strain Avir phage titer (pfu/ml)
MC4100(dnad*)/pMAL-c2 2x10%
MC4100(dnaJ*)/pMAL-DnaJ 4x10
KY1456(dnad")/pMAL-c2 5x10*
KY1456(dnaJ~)/pMAL-DnadJ 2x10'*
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not show any peak (dashed line), the specific absorption
peaks of MBP-DnaJ resulted from the Dnad region.
Moreover, these peaks of MBP-DnaJ completely disap-
peared on incubation with EDTA for 15 min at 37°C (data
not shown), indicating that the DnaJ region contains
divalent plus ions, which result in the specific absorption
peaks.

UV-Visible Absorption Spectral Change of MBP-DnaJ
during Titration with Mercurial Reagent PMPS—PMPS is
known to release Zn ions from zinc-binding proteins (25,
30). The formation of a mercaptide bond between free Cys
residues and PMPS can be monitored as the absorbance at
250 nm. Figure 3 shows that the absorbance at 250 nm
increased on the addition of PMPS and reached a plateau at
the ratio of 8 PMPS to each MBP-DnaJ monomer. In
addition, the absorbance at 355 and 475 nm decreased and
reached a plateau at the ratio of 8 PMPS to each MBP-DnaJ
monomer, suggesting that 8 Cys residues are involved in
the binding of metal ions. Metal ions, which give the
absorption peaks at 355 and 475 nm, bind to Cys residues
in the zinc finger-like motif of the DnaJ region of MBP-
Dnad.

Metal Ions Bound to MBP-DnaJ—In the previous
studies, 4-(2-pyridylazo)resorcinol (PAR) analysis and

= s s ess -e— MBP-Dna)

~ -

L e —

Fig. 1. SDS-PAGE analysis (15% polyacrylamide gel) of crude
and purified MBP-DnadJ. A Coomassie Brilliant Blue R250 stained
gel is shown. (M) Marker proteins, with sizes in kDa; (1) crude extract
before IPTG induction (12.0 xg soluble fraction total protein); (2)
crude extract after IPTG induction for 3 h (15.0 ug soluble fraction
total protein); (3) affinity-purified MBP-Dnad (3.0 ug total protein).
The arrow indicates MBP-DnaJ.
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Fig. 2. UV-visible absorption spectra of 33.3 uM MBP-LacZq.
(----), 21.4 uM MBP-DnaJ (—), and 32.5 uM Dnad (—-) in buffer
A.
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extended X-ray absorption fine structure (EXAFS) analysis
showed that DnaJ purified from a pellet fraction of E. coli
contains two zinc ions (23, 25). In this study, inductively
coupled plasma (ICP) spectrometry was used to identify
the metal ions which bind to MBP-DnaJ. Table II shows the
molar ratios of metals to three proteins. Four Fe ions were
detected for one hemoglobin molecule on ICP analysis,
which is consistent with the previous result (31), indicating
that ICP analysis is effective for determination of the ion
species bound to proteins. On ICP analysis, the molar ratio
of Fe/Zn/MBP-DnaJ was determined to be 0.9:0.9:1,
whereas that of Fe/Zn/MBP-LacZa was determined to be
0.1:0.1:1.

Stimulation of ATPase Activity of DnaK by MBP-
DnaJ—The ATPase activity of DnaK is known to be
stimulated up to 50-fold in the presence of DnaJ and GrpE
(13, 14). Figure 4 shows the enhancement of the ATPase
activity of DnaK by DnaJ, MBP-DnaJ, MBP-DnaJ(—),
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Fig. 3. Spectral change of MBP-DnaJ during titration with the
mercurial reagent, PMPS. Various amounts of PMPS were added to
4.35 uM MBP-Dnad. Absorbance was measured at 250 nm (panel A
and B, a), 355 nm (panel A, A), and 475 nm (panel B, A).

TABLE II. Molar amounts of metal ions contained in MBP-
LacZa, MBP-Dnad, and hemoglobin, as determined by ICP.

. Fe ion Zn ion
Protein (mol/mol protein)
MBP-LacZa 0.1 0.1
MBP-DnaJ 0.9 0.9
Hemoglobin 3.9 nt

nt, not tested.
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MBP-DnaJ(2 Zn), or MBP-LacZ« in the presence of GrpE.
MBP-Dnad, MBP-DnaJ(—), and MBP-DnaJ(2 Zn) stimu-
lated the ATPase activity of DnaK to similar extents to
DnaJ in the presence of GrpE. In contrast, the addition of
MBP-LacZa did not affect the ATPase activity of DnaK.
These results suggest that fusion of MBP to the N-terminal
of Dnad, the species of bound metal ions and the release of
metal ions do not affect its ability to stimulate the ATPase
activity of DnaK.

Suppression of Denatured Rhodanese Aggregation by
MBP-DnaJ—Dnad has been reported to bind to denatured
rhodanese and to suppress its aggregation (11). Figure 5A
shows the aggregation of rhodanese in the absence and
presence of a twofold molar excess of DnaJ, MBP-Dnal,
MBP-Dnad(—), or MBP-DnaJ(2 Zn). In the presence of
DnadJ, rhodanese aggregation was significantly suppressed.
This result is similar to the previous one (11). On the other
hand, MBP-DnaJ and MBP-DnaJ(2 Zn) showed higher
levels of suppression of the aggregation of rhodanese. In the
presence of MBP-LacZa, aggregation was also suppressed
(Fig. 5B), and the level of suppression of aggregation by
MBP-LacZa was similar to that by MBP (data not shown).
The higher levels of suppression of aggregation by these
MBP-Dnads compared with DnaJ are probably attributable
to MBP. The level of suppression of aggregation by MBP-
DnaJ(—) was lower compared with that by MBP-DnaJ and
MBP-DnaJ(2 Zn), indicating that structure of the zinc
finger-like motif affects its binding ability as to denatured
proteins.

Interaction between DNAs, and MBP-Dna.J, MBP-Dna.J-
(—), and MBP-DnaJ(2 Zn)—It has been suggested that
Dnad binds to ssM13 phage DNA (24). We tried to directly
observe the interaction between MBP-DnaJ and ssM13
phage DNA or pUC118 plasmid DNA by using amylose
resin. Figure 6 shows that MBP-DnaJ and MBP-DnaJ (2 Zn)
bound to both ssM13 phage DNA and pUC118 plasmid
DNA (lanes 2, 4, 7, and 9). In contrast, MBP-LacZa did not
bind to these DNAs (lanes 5 and 10). Therefore, DnadJ binds
to both single-stranded and double-stranded DNAs, and the
metal species bound to Dnad do not affect its DNA binding
ability. On the other hand, the binding of DNA to MBP-
DnaJ(—) was much weaker (lanes 3 and 8).

1.2

1.01

0.8

0.6

Pi (mM)
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Fig. 4. ATPase activity of DnaK. The time course of ATP
hydrolysis was determined by incubating 0.73 xM DnaK in buffer B
containing 1.5 uM GrpE with 1.5 M DnaJ (2), MBP-DnaJ (a),
MBP-DnaJ(-) (=), MBP-DnaJ(2 Zn) (m), or MBP-LacZa (7) at
37°C.
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Fig. 5. Suppression of rhodanese aggregation by Dnad, MBP-
DnaJ, MBP-DnaJ(—), MBP-DnaJ(2 Zn), and MBP-LacZqa. (A)
Time course of aggregation of 0.46 uM denatured rhodanese in buffer
C in the absence (<) or presence of 0.92 xM DnaJ (»), MBP-DnaJ
(a), MBP-DnaJ(—) (0), or MBP-DnaJ(2 Zn) (m) at 25°C. (B)
Aggregation of 0.46 uM denatured rhodanese in buffer C in the
presence of 0.92 uM (m) or 2.30 uM (@) DnaJ, MBP-Dnad, or
MBP-LacZa after incubation at 25°C for 50 min.

DISCUSSION

DnaJ has been shown to be involved in a variety of cellular
processes, including DNA replication of the E. coli chromo-
some (7), P1 plasmid (9), and fertility factor F (10),
protein folding (1) and protein translocation (12). From
these effects, it is supposed that DnaJ functions in various
locations in cells. However, DnaJ has been purified from
the pellet fraction of E. coli cells. Moreover, its purification
required many purification steps, such as urea solubiliza-
tion, DEAE-Sephacel chromatography, ammonium sulfate
precipitation, hydroxyapatite chromatography, and P-11-
cellulose phosphate chromatography (24).

In this study, we propose the production of DnaJ as a
MBP-Dna.J fusion protein. An in vivo 1 phage growth
experiment showed that MBP-DnaJ has a similar function
to wild type DnadJ (Table I). MBP-DnaJ was affinity-puri-
fied from the soluble fraction of E. coli cells using amylose
resin in a single step. The purified MBP-DnaJ was a slightly
red color, and gave UV-visible absorption peaks at 355 and
475 nm (Fig. 2), although DnaJ, which was purified from
the pellet fraction, was colorless. Moreover, these absorp-
tion peaks of MBP-DnaJ disappeared on EDTA or PMPS
treatment. ICP analysis demonstrated that MBP-DnaJ
contains Fe ions as well as Zn ions, and the molar ratio of
Fe/Zn/MBP-DnaJ was approximately 1:1:1. These results

Y. Ishii et al.

« ssM13 DNA
S8 — pUC118 DNA

1 2 3 4 5 66 7 8 9 10 11

Fig. 6. Interaction between DNA, and MBP-DnaJ, MBP-DnaJJ-
(—), and MBP-DnaJ(2 Zn). MBP-DnaJ (lanes 2 and 7), MBP-DnaJ-
(—) (lanes 3 and 8), MBP-DnaJ(2 Zn) (lanes 4 and 9), or MBP-LacZa
(lanes 5 and 10) was incubated with ssM 13 phage DNA (lanes 2-5) or
pUC118 plasmid DNA (lanes 7-10), and subsequently mixed with
amylose resin. The samples eluted from the amylose resin were
analyzed by 1% agarose gel electrophoresis. (Lane 1) ADNA digested
with HindIlI; (lane 6) ssM13 phage DNA; (lane 11) pUC118 plasmid
DNA.

suggest that MBP-DnaJ binds Fe ions as well as Zn ions
through Cys residues in the zinc finger-like motif.

The rubredoxins from Clostridium pasteurianum and
Pseudomonas oleovorans show a specific UV.visible ab-
sorption spectrum between 380 and 490 nm (32- 34). The
rubredoxin from C. pasteurianum contains four Cys resi-
dues and one Fe ion, and that from P. oleovorans contains
ten Cys residues and two Fe ions. These rubredoxins bind
Fe ions through the four Cys residues of the two Cys-X-X-
Cys sequences (35-38). The DnaJ protein also contains
four repeats of the Cys-X-X-Cys sequence (21, 22). Zn and
Fe ions probably bind to two Cys-X-X-Cys sequences,
respectively in MBP-DnaJ from the soluble fraction, while
two Zn ions were found to bind to four Cys-X-X-Cys
sequences in DnaJ from the pellet fraction. Since the MBP
affinity tag does not bind metal ions (Table II), the differ-
ence in metals in DnaJ and MBP-DnaJ probably results
from their different localizations in E. coli cells. In addition,
overexpressed MBP-DnaJ probably uses Fe ions as well as
Zn ions because of the limited amounts of ions in the cells.

MBP-Dnad containing Fe and Zn ions stimulated the
ATPase activity of DnaK to a similar extent to DnaJ
containing two Zn ions (Fig. 4). Moreover, MBP-DnaJ
containing one Zn and one Fe ion showed similar ability to
suppress the aggregation of denatured proteins to that
containing two Zn ions (Fig. 5). Therefore, the bound ion
species do not affect the function of DnaJ. On the other
hand, metal-free MBP-DnaJ showed a lower level of
suppression of rhodanese aggregation, although metal-free
MBP-Dnad stimulated the ATPase activity of DnaK to a
similar extent to DnadJ. In the previous study, the zinc
finger-like motif was found to be necessary for the recogni-
tion and binding of the denatured proteins, while the
J-domain and the G/F module were found to be sufficient to
stimulate the ATPase activity of DnaK (23). Our results
are consistent with this observation. A correctly folded zinc
finger-like motif is required for the DnaJ molecule to
recognize and bind to denatured proteins.

It has been reported that DnaJ binds to ssM13 phage
DNA (24). In this study, the interactions between Dnal,
and single-stranded and double-stranded DNAs were stud-
ied. MBP-DnaJ as well as MBP-DnaJ(2 Zn) was found to
bind to single-stranded and double-stranded DNAs (Fig. 6).
On the other hand, the binding of DNA to metal-free
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MBP-DnaJ was much weaker. Therefore, two metal ions,
which are tetrahedrally coordinated to four Cys residues,
are required for the zinc finger-like motif of DnaJ to
maintain the conformation for DNA binding.

In a previous study, Banecki et al. pointed out that bound

metal ions play a role in stabilizing the tertiary structure of
Dnad (25). The above results indicate that metal ions are
also necessary for the DnaJ function, although the species
of metal ions does not affect its function.
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