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Abstract Chaperonin GroEL assists protein fold-
ing in the presence of ATP and magnesium. Recent
studies have shown that several divalent cations
other than magnesium induce conformational
changes of GroEL, thereby influencing chapero-
nin-assisted protein folding, but little is known
about the detailed mechanism for such actions.
Thus, the effects of divalent cations on protein
encapsulation by GroEL/ES complexes were
investigated. Of the divalent cations, not only
magnesium, but also manganese ions enabled
the functional refolding and release of 5,10-methy-
lenetetrahydroforate reductase (METF) by
GroEL. Neither ATP hydrolysis nor METF refold-
ing was observed in the presence of zinc ion,
whereas only ATP hydrolysis was induced by
cobalt and nickel ions. SDS-PAGE and gel filtra-
tion analyses revealed that cobalt, nickel and zinc
ions permit the formation of stable substrate-
GroEL-GroES cis-ternary complexes, but prevent
the release of METT from GroEL.
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Introduction

Chaperonin GroEL is a heptameric double-ring
protein that assists protein folding in cooperation
with its cofactor GroES (Ellis 1996; Xu et al.
1997; Braig 1998). GroEL/ES-assisted protein
folding involves capsulation and the subsequent
release of substrate proteins (Martin et al. 1993;
Rye et al. 1997; Farr et al. 2003), in which several
components (i.e., potassium, magnesium and
ATP) are essential (Goloubinoff et al. 1989; Todd
et al. 1993). Also, metal divalent cations other
than magnesium ion have been shown to influ-
ence protein folding as well as the GroEL
conformation (Azem et al. 1994). For example,
manganese ion reduced the rate of ATP hydro-
lysis but increased the affinity of GroES for
GroEL (Diamant et al. 1995), while zinc ion
modulated the exposure of hydrophobic surfaces
for GroEL (Brazil et al. 1998). However, it has
not yet been clarified how the divalent cations
affect the GroEL/ES-induced protein capsulation
in the protein folding function.

Recent proteomic analysis has revealed that
about 250 proteins interact with the GroEL
(Kerner et al. 2005). Among them, only ~85
proteins were obligate GroEL-dependent sub-
strates that fold through the complete chaperonin
pathway coupled with ATP hydrolysis, whereas
other identified proteins partially interacted with
GroEL and folded with no requirement for
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GroES. Moreover, not only proteins from E. coli
but also proteins from various organisms were
refolded by assist of GroEL (Badcoe et al. 1991;
Holl-Neugebauer et al. 1991; Fisher 1992; Mizobata
et al. 1992; Hartman et al. 1993; Makino et al.
1997; Chaudhuri et al. 2001).

In this study, we have studied the effects of
divalent cations on protein folding by the GroEL-
GroES complex using 5,10-methylenetetrahydro-
forate reductase (METF) [EC 1.5.1.20] from
E. coli. METF is a homo-tetrameric protein with
a subunit molecular mass of 33,100 that catalyzes
the reduction of 5,10-methylenetetrahydroforate
to 5-methyltetrahydroforate using NAD(P)H and
FAD (Sheppard et al. 1999), and is an obligate
substrate for GroEL-assisted folding (Kerner
et al. 2005). We here report that, of the divalent
cations tested, only magnesium and manganese
ions can be used for METF refolding, while
cobalt, nickel and zinc ions prevent the release of
METF from the GroEL-GroES complex.

Materials and methods
Reagents

Guanidine  hydrochloride  (Gdn-HCl) was
obtained from Nacalai Tesque (Kyoto, Japan).
Divalent cation salts were obtained from Wako
Pure Chemical Industries (Osaka, Japan), Nacalai
Tesque and Sigma-Aldrich Japan, whereas
NADH was purchased from Oriental Yeast Co.
(Osaka, Japan). ATP-trisodium salt, trans-1,
2-diaminocyclohexane-N,N,N’,N’-tetra acetic acid
(CDTA), FAD, menadione, proteinase K, PMSF
and bovine serum albumin (BSA) were purchased
from Sigma-Aldrich Japan. BeCl, was obtained
from Aldrich. Ammonium molybdate, triton
X-100 and NaF were obtained from Wako Pure
Chemical Industries. Malachite green oxalate was
obtained from Chroma-Gesellschaft, mbH & Co.
(Miinster, Germany).

Gene cloning
Escherichia coli genome DNA was prepared from

E. coli strain K-12 provided by the National
Institute of Genetics (Shizuoka, Japan) (Blattner
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et al. 1997). The region of DNA encoding the
groEL gene was amplified from genomic DNA
by PCR. The primers used for amplification were
groEL-F  (5-GGGAATTCCATATGGCAGCT
AAAGACGTAAAATTCGG-3) and groEL-R
(5’-CCGCTCGAGTTACATCATGCCGCCCA
TGC-3’). PCR was carried out using 1 U KOD-
plus DNA polymerase (Toyobo, Osaka, Japan),
20 ng of E. coli K-12 genomic DNA as a tem-
plate, 0.2 uM primer pair and 0.2 mM dNTP
mixture in 50 pl according to the following
protocol: 94°C for 2 min followed by 30 cycles
of 94°C for 15 s, 53°C for 30 s, and 68°C for 90 s.
After gel purification, the isolated fragment was
cloned into Ndel and Xhol sites of pET-22b (+)
vector (Novagen, WI, USA); similarly, the
groES gene was cloned into the pET-22b (+)
vector. The primers used for PCR were groES-F
(5-GGGAATT CCATATGAATATTCGTCCA
TTGC-3) and groES-R (5-CCGCTCGAGTTA-
CGCTTCAA CAATTGCC-3). Moreover, the
metf gene fused with the His-tag sequence at
the 3’-end was also cloned into pET-22b (+)
vector. The primers used for PCR were metf-F
(5-GGGAATTCCATAT GAGCTTTTTTCAC-
GCCAGCC-3’) and metf-R (5-CCGCTCGAG-
TAAACCAGGTCGAACC CC-3’). These
groEL, groES and metf genes were entirely
sequenced by the dye-terminator method using
a DYEnamic ET terminator cycle sequencing kit
(Amersham Biosciences Co., Piscataway, NIJ,
USA) in combination with an ABI3100 genetic
analyzer (Applied Biosystems Japan, Tokyo,
Japan).

Purification of GroEL

Recombinant GroEL was expressed in E. coli
strain BL21 (DE3) (Novagen). The plasmid
construct was used to transform E. coli BL21
(DE3), and the transformants were grown at 37°C
in LB broth containing ampicillin (100 pg/ml).
The protein expression was then induced by the
addition of 0.5 mM IPTG. After incubation at
25°C for 12 h, the protein-overexpressing bacte-
rial cells were harvested and resuspended in
buffer A (50 mM Tris—-HCI, pH 7.5, containing
1mM EDTA and 50 mM NaCl). Lysozyme
(0.5 mg/ml, Nacalai Tesque) and benzonase
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nuclease (5 units/ml, Novagen) were added to the
cell suspension, which was subsequently disrupted
by ultrasonication (Sonifire 450, Branson, CT,
USA). The supernatant was fractionated by
ammonium sulfate precipitation by a stepwise
gradient from 30% (w/v) to 65% (w/v) saturation.
The protein precipitate obtained at 65% ammo-
nium sulfate saturation was collected and dis-
solved in buffer A. The protein solution was
dialyzed overnight with 100-fold volume of buffer
A with two buffer changes. Dialyzed protein was
loaded onto a HiPrep Q anion exchange column
(Amersham Biosciences, NJ, USA) with buffer A
and eluted by a linear gradient of NaCl from
50 mM to 1 M. Fractions containing GroEL, as
determined by SDS-PAGE analysis, were pooled
and the protein was concentrated by ultrafiltra-
tion using a 100-kDa cutoff filter (Millipore, MA,
USA). The concentrated GroEL was purified by
gel filtration using a TSK-GEL G4000SW column
(column size: 21.5 x 600 mm, TOSOH, Tokyo,
Japan) with buffer B (50 mM Tris-HCI, pH 7.5,
1 mM EDTA, 250 mM NaCl, 20% (v/v) ethanol).
Fractions containing 14 meric GroEL were
pooled and concentrated using a 100-kDa cutoff
filter. The concentrated GroEL was loaded onto a
Mono Q anion exchange column (Amersham
Biosciences) with buffer A and eluted with a
linear gradient of NaCl from 145 mM to 1 M. The
GroEL-containing fractions were pooled and
dialyzed with refolding buffer (50 mM MOPS-
KOH, pH 7.0, 10 mM KCIl). The concentrations
of purified GroEL were determined by the
Bradford method using bovine serum albumin
as the standard, and their purity was checked by
SDS-PAGE and native PAGE analysis using
Coomassie brilliant blue R-250 (Nacalai Tesque)
for protein staining.

Purification of GroES

Recombinant GroES was expressed in E. coli and
extracted from cells by the same procedure as for
GroEL. The supernatant obtained by the lysis of
E. coli over-expressing recombinant GroES was
fractionated by ammonium sulfate precipitation
by a stepwise gradient of ammonium sulfate from
35% (w/v) to 55% (w/v) saturation. The precip-
itates resulting from 55% ammonium sulfate

saturation were harvested and dissolved in buffer
A. The protein solution was then dialyzed over-
night with 100-fold volume of buffer A with two
buffer changes. The dialyzed proteins were
loaded onto a HiPrep Q anion exchange column
with buffer A and eluted by a linear gradient of
NaCl from 50 mM to 1 M. Fractions containing
GroES were pooled and concentrated by ultrafil-
tration using a 10-kDa cutoff filter (Millipore).
Concentrated GroES was dialyzed overnight with
100-fold volumes of buffer C (50 mM acetic acid
buffer, pH 5.3) with two buffer changes and the
insoluble matter was removed from the dialyzed
proteins by centrifugation. The resultant super-
natants were loaded onto a Mono Q anion
exchange column with buffer C and eluted with
a linear gradient of NaCl from 0 mM to 400 mM.
Moreover, the fraction containing GroES were
purified using a Mono Q anion exchange column
with 4-column volume of buffer A. The proteins
were eluted with a linear gradient of NaCl from
50 mM to 1 M. Finally, GroES-containing frac-
tions were purified by gel filtration using a
Superdex 200 GL column (Amersham Biosciences)
with buffer B. The fractions containing 7 meric
GroES proteins were pooled and dialyzed with
refolding buffer. The purity of the proteins was
checked by SDS and native PAGE as described
for GroEL.

Purification of METF

Recombinant METF protein fused with additional
amino residues (LEHHHHHH) from pET22b (+)
vector at the C terminus was expressed in E. coli
strain BL21 (DE3) and extracted from the cells by
the same procedure as for GroEL with buffer D
(50 mM Tris-HCI, pH 7.6, 500 mM NaCl and
5 mM imidazole). The crude extract was purified
by Ni-NTA affinity resin (Novagen) followed by
gelfiltration using a Superdex 200 GL column with
refolding buffer. The purity of the proteins was
checked by SDS and native PAGE as described for
GroEL.

METF refolding assay

Unless otherwise stated, the molar concentrations
of METF, GroEL and GroES are expressed as
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those of 4, 14 and 7 mer, respectively. METF
(10 pM) was denatured with 4 M Gdn-HCl for
1 h at 25°C. Denatured METF was diluted 100-
fold at 37°C into refolding buffer containing
0.5 uM GroEL, 1 uM GroES, 2 mM ATP-Nas,
10 mM divalent cation, 1 mg/ml BSA and 0.5 uM
FAD. The refolding reaction was stopped by the
addition of 40 mM CDTA. METF activity was
assayed at 25°C for 15 min by measuring absor-
bance at 340 nm in METF assay solution (50 mM
Tris—HCI, pH 7.2, 200 pM NADH, 180 uM men-
adione, 2 mM EDTA and 1 mg/ml BSA). The
refolding yield was determined as the percentage
of activity of the refolding enzyme relative to that
of the native enzyme.

ATP hydrolysis assay

Inorganic phosphate produced during ATP
hydrolysis by GroEL was quantified colormetri-
cally. 0.1 uM denatured METF, 0.5 uM GroEL
and 1.0 uM GroES were added to the refolding
buffer containing 2 mM ATP-Na; and 10 mM
divalent cation. After incubation, the reaction
was stopped by addition of 1 M perchloric acid.
The released phosphate was quantified by absor-
bance at 650 nm with the color reagent (0.034%
malachite green oxalate, 1.05% ammonium
molybdate, 0.1% triton X-100, and 1.5 M HCI)
(Lanzetta et al. 1979). The enzyme reaction was
corrected for buffer as well as increases in
absorbance caused by the non-enzymatic hydro-
lysis of nucleotides. Concentrations of inorganic
phosphates were determined using a standard
solution of potassium dihydrogen phosphate in
the color reagent.

Protease sensitivity assay

METF saturated-GroEL was prepared according
to published protocols (Motojima and Yoshida
2003; Taguchi et al. 2004). The reaction mixtures
contained 1 uM METF saturated GroEL, 2 uM
GroES, 1 mM ATP-Naj, 10 mM divalent cation,
10 mM NaF and 2 mM BeCl, in the refolding
buffer. Subsequently, proteinase K (final concen-
tration, 1 pg/ml) was added to the mixture.
Following incubation for 30 min at 25°C, PMSF
(final concentration, 1 mM) was added to the
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solution to stop protease digestion. The resulting
solution was analyzed by 13% SDS-PAGE.

Gel filtration assay

The solution containing 1 uM METF saturated
GroEL, 2 uM GroES, 2.5 mM ATP-Nas, 10 mM
divalent cation and 5 uM FAD in refolding buffer
was incubated at 25°C for 10 min, and then
applied to a gel filtration column (TSK-GEL
G4000SW, column size: 6 x 600 mm, TOSOH,
Tokyo, Japan) equilibrated with refolding buffer.
METF elution was monitored by absorbance at
450 nm for the maximum absorbance of FAD at a
flow rate of 0.5 ml/min.

Results

Refolding of denatured enzymes by GroEL
in the presence of various divalent cations

Purified GroEL was assembled to yield 800 kDa
as revealed by gel filtration chromatography
using a TSK-GEL G4000SW column. Consistent
with this observation, GroEL showed low mobil-
ity in native PAGE (data not shown). Both SDS
and native PAGE analyses indicated that
GroEL, GroES and METF tested in this study
were of high purity. METF denatured by 4M of
Gdn-HCI failed to refold spontaneously in the
refolding solution; however, METF recovered by
about 40% relative to the native enzyme in few
minutes in the presence of the GroEL, GroES,
ATP and magnesium, but not without GroES.
Guanidine hydrochloride (40 mM) had no effect
on native METF activity. Moreover, various
divalent cations and EDTA also had no effect
on the native METF activity. As shown in Fig. 1,
manganese ion induced the GroEL-assisted
refolding of METF as was the case for magne-
sium; however, alkaline earth metal ions such as
calcium, strontium and barium ions, and transi-
tion metal ions such as cobalt and nickel and zinc
ions did not induce such protein refolding. The
refolding yield of METF in the presence of
manganese was about 70% of that in the pres-
ence of magnesium.
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Fig. 1 Effects of divalent cation on GroEL-assisted
METF refolding. Refolding assays were conducted as
described in ‘“‘Materials and methods.” Each refolding
ratio is shown as the relative value to that observed in the
presence of magnesium. Data represent the mean + SEM
of four independent experiments

Effects of divalent cations on ATP hydrolysis
by GroEL/ES

ATP hydrolysis by GroEL was investigated in the
presence of various cations under refolding condi-
tions. ATP hydrolysis occurred time-dependently
in the presence of either GroEL, or GroEL/ES
complexes (data not shown). ATP hydrolysis by
GroEL was also observed in the presence of
manganese ion at a rate of about 15% of that
observed in the presence of magnesium ion
(Fig. 2A). Regardless of the absence (Fig. 2A) or
presence (Fig. 2B) of GroES, nickel and cobalt
ions induced ATP hydrolysis by GroEL, but
alkaline earth metal ions and zinc ion did not.

It has been shown that fluoroberyllate (BeFx)
mimics the phosphate part of the enzyme-bound
nucleotide (Taguchi et al. 2004), thereby inhibit-
ing ATP hydrolysis and forming a GroEL-GroES
complex in which the GroEL ring encapsulates a
folding component substrate protein. Addition of
BeFx resulted in a block of ATP hydrolysis by
GroEL in the presence of not only magnesium,
but also manganese, cobalt and nickel ions.

Effects of divalent cations on the formation
of substrate-GroEL-GroES cis-ternary
complexes

To investigate whether various divalent cations
permit the formation of the cis-ternary complex
with ATP, a protease sensitivity assay was carried
out as reported elsewhere (Motojima and Yoshida
2003). In this assay, the substrate protein band is
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Fig. 2 Hydrolysis of ATP by GroEL in the presence of
various divalent cations. (A) Hydrolysis of ATP by GroEL
alone. (B) Hydrolysis of ATP by GroEL/ES complex and
GroEL in the presence of BeFx. The concentrations of
ATP-Nas, divalent cation, BeCl, and NaF were 2, 10, 10
and 50 mM, respectively. “None” represents the ATP
hydrolysis observed in the presence of GroEL and ATP
but in the absence of divalent cation. Data represent the
mean + SEM of at least three independent experiments

observed in SDS-PAGE if it is encapsulated in
the GroEL-GroES cis-ternary complex with ATP
(Fig. 3A). In the control experiment, the dena-
tured METF bound to GroEL was completely
digested by proteinase K, 30 min after the addi-
tion of the protease in the absence of GroES and
divalent cations. GroEL-GroES-METF com-
plexes were found to form in the presence of
magnesium, manganese, cobalt, nickel and zinc
ions, but not in the presence of calcium, stron-
tium, barium and EDTA due to a complete
digestion of METF by proteinase K. Further-
more, the proteinase K digestion of METF during
the refolding reaction was also examined in the
absence of BeFx (Fig. 3B). In the presence of
magnesium ion, denatured METF was gradually
digested by proteinase K, whereas in the presence
of manganese, cobalt, nickel and zinc ions, dena-
tured METF was barely digested by proteinase K
even after 30 min incubation.
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Fig. 3 Protection of encapsulated METF from proteinase
K in the presence of various cations. METF-saturated
GroEL (1 uM), GroES (2 uM), ATP (1 mM) and indi-
cated components were added to the refolding buffer and
incubated for 30 min at 25°C. After incubation, the
solutions were analyzed by 13% SDS-PAGE. Formation
of GroEL-GroES-METF cis-ternary complexes with ATP
and various cations in the presence (A) and absence (B) of
BeFx

Release of METF from the GroEL-GroES-
METF cis-ternary complexes

Finally, we investigated by gel filtration whether
METF is released from the GroEL-GroES-
METF cis-ternary complexes (Fig. 4). METF-
saturated GroEL containing the enzyme co-factor
FAD was eluted at 27 min (Fig. 4, peak a).
METF-free GroEL was also eluted at the same
time as monitoring at 280 nm (data not shown).
FAD-bound METF, which was released from
GroEL, was eluted at 35 min (Fig. 4, peak b),
whereas free FAD was eluted at 47 min (Fig. 4,
peak c). The released FAD-bound METF was
detected in the presence of magnesium and
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Time (min)

Fig. 4 Detection by gel filtration of METF, which is
released from the GroEL/ES complex in the presence of
various cations. Refolding mixtures in the presence of
various cations were applied to the gel filtration column
(see Materials and methods for details) and detected by
absorbance at 450 nm for the absorption maximum of
FAD. GroEL containing METF with FAD bound (a),
refolded METF with FAD bound (b) and free FAD (c)
were eluted at 27, 35 and 47 min, respectively

manganese ions in refolding reaction mixtures,
but not in the presence of other cations.

Discussion

Of the divalent cations, zinc ion has been shown
to enhance the stability of GroEL as revealed by
an increase of cross-linking species by glutardial-
dehyde (Azem et al. 1994) and the affinity for
hydrophobic probes 4,4’-bis(1-anilino-8-naphtha-
lenesulfonic acid) (Brazil et al. 1998). In contrast,
manganese ion has been found to enhance not
only the stability of GroEL (Azem et al. 1994),
but also the binding of GroES to GroEL
(Diamant et al. 1995). Also, effects of divalent
cations on the ATP hydrolysis by GroEL have
been studied by Melkani et al. (2003). However,
to our knowledge, there have been no reports on
the effects of divalent cations on the GroEL-
assisted protein encapsulation and release.
Excluding magnesium, only manganese ion per-
mitted GroEL-assisted refolding of METF
(Fig. 1), suggesting that it was available for the
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GroEL-assisted folding reaction cycles. However,
manganese ion forms more stable METF-GroEL-
GroES cis-ternary complex than magnesium ion
so that encapsulated METF was protected from
protease digestion in the absence of BeFx
(Fig. 3B). These results seem to reflect an
enhancement of the GroEL stability and the
GroES affinity for GroEL as reported (Azem
et al. 1994; Diamant et al. 1995).

Zinc ion inhibited the ATP hydrolysis by
GroEL, whereas cobalt and nickel ions permitted
it (Fig. 2). The addition of BeFx markedly sup-
pressed the cobalt and nickel ion-induced ATP
hydrolysis, but GroES failed to stop it (Fig. 2), as
observed for the magnesium and manganese-
induced ATP hydrolysis. Thus, it is conceivable
that the ATP hydrolysis in the presence of cobalt
and nickel ions occurs in a similar manner to that
in the presence of magnesium and manganese
ions.

METF was protected from protease digestion
in the GroEL-GroES complex in the presence of
cobalt, nickel and zinc ions (Fig. 3), but no FAD-
bound METF was detected in the gel filtration
assay (Fig. 4). These results suggest that cobalt,
nickel and zinc ions permit the formation of a
stable METF-GroEL-GroES cis-ternary com-
plex, but prevented the release of METF from
the complexes. It is of interest that the ATP
hydrolysis occurred in the METF-GroEL-GroES
cis-ternary complex in the presence of cobalt and
nickel ions, despite the protein release failure.
The mechanism for such observation remains to
be studied in future.

In conclusion, we have investigated the effects
of divalent cations on the functional refolding of
METF, which involves GroEL-GroES complex
formation. Alkaline earth metal ions such as
calcium, strontium and barium ions did not
induce the GroEL-assisted refolding. Of the
divalent cations other than magnesium ion, only
manganese ion permitted, but to a lower extent
than magnesium, GroEL-assisted refolding and
release of METF, which is accompanied by ATP
hydrolysis. By contrast, cobalt, nickel and zinc
ions permitted the encapsulation of METF in
the GroEL-GroES complex, but prevented the
release of the protein. Although cobalt and nickel
ions induced the ATP hydrolysis, addition of

BeFx suppressed it, as observed for magnesium
ion. These findings provided a new insight into
the role of divalent cations in the chaperonin-
assisted protein folding reaction.
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