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ABSTRACT: The Escherichia coliGroEL subunit consists of three domains with distinct functional roles.

To understand the role of each of the three domains, the effects of mutating a single residue in each
domain (Y203C at the apical, TBOW at the equatorial, and C138W at the intermediate domain) were
studied in detail, using three different enzymes (enolase, lactate dehydrogenase, and rhodanese) as refolding
substrates. By analyzing the effects of each mutation, a transfer of signals was detected between the
apical domain and the equatorial domain. A signal initiated by the equatorial domain triggers the release
of polypeptide from the apical domain. This trigger was independent of nucleotide hydrolysis, as
demonstrated using an ATPase-deficient mutant, and, also, the conditions for successful release of
polypeptide could be modified by a mutation in the apical domain, suggesting that the polypeptide release
mechanism of GroEL is governed by chaperonin-target affinities. Interestingly, a reciprocal signal from
the apical domain was suggested to occur, which triggered nucleotide hydrolysis in the equatorial domain.
This signal was disrupted by a mutation in the intermediate domain to create a novel ternary complex in
which GroES and refolding protein are simultaneously bound in a stable ternary complex devoid of ATPase
activity. These results point to a multitude of signals which govern the overall chaperonin mechanism.

It is well-known that the double-ring-structured chaperonin able to complete its refolding reaction without interruption.
GroEL (14-mer) fromEscherichia colimediates the folding  After hydrolysis of ATP in the GroES-bound cis-ring, GroES
of various proteins in vivo and in vitro with the co- is released by the further binding of ATP at the trans-ring,
chaperonin GroES (7-merl{3). The subunit structure of  at the same time releasing the target protein into solution.
GroEL is composed of three domains: apical, intermediate, Thus, in this functional mechanism, the conformational
and equatorial4—6). Each domain has a specific role during changes of the apical domain induced by nucleotide binding/
folding; i.e., the apical domain interacts with folding hydrolysis at the equatorial domain, as well as the nucleotide-
intermediates and the flexible loop interface of GroES, the dependent GroES binding at the apical domain, are very
equatorial domain hydrolyzes ATP and controls the overall important for efficient fulfilment of the function. Although
chaperonin mechanism by this activity, and the intermediate detailed aspects regarding the specific sequence of events
domain connects these apical and equatorial domains.in the chaperonin cycle that facilitates protein folding have
According to various detailed studieg, (3, 7, §, GroEL been extensively studie@,(3, 7, §, further details on the
first binds protein folding intermediates at its apical domain, functional relationships between the domains, especially the
and, in the presence of ATP, proceeds also to bind the functional role of the intermediate domain, remain unclear.
cofactor GroES in such a way that GroEL and GroES form  In the present study, to elucidate these aspects of nucle-
a capsule around the refolding protein. Since GroES is unableotide- and GroES-dependent release of protein folding
to bind to GroEL in the absence of ATP, the nucleotide is intermediates and also to probe for any functional roles of
presumed to prime the GroEL protein for binding to GroES. the intermediate domain, we constructed three mutants
Binding of GroES in the presence of nucleotide, in turn, (Y203C! T89W, and C138W), each contained in a separate
results in a massive conformational change in the apical domain of GroEL, and performed experiments to evaluate
domain of GroEL which results in a 2-fold enlargement of
the GroEL central cavity€, 9). The refolding protein is 1 Abbreviations: CD, circular dichroism; C138W, GroEL mutant
released inside this cavity by the conformational change, in which the cysteine residue at position 138 was replaced by a

imi i i it is tryptophan residue; EDTA, ethylenediaminetetraacetic acid; DTT,
where, protected from other similar protein particles, it is dithiothreitol: Gdn-HCl, guanidine hydrochloride: HEPES.2-hy-
droxyethylpiperazindN'-2-ethanesulfonic acid; HPLC, high-perfor-
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the effects of each mutation on the functional mechanism fractions were pooled and loaded separately onto a Q-
of GroEL. Experiments using these mutants revealed that Sepharose anion-exchange columr3(4 x 45 cm) which
various signals were being exchanged between the equatoriahad been equilibrated with buffer A and eluted with a linear
and apical domains during the crucial stage of polypeptide concentration gradientfd L of buffer A to 1 L of buffer A
release and subsequent ATP hydrolysis. The intermediatecontainirg 1 M KClI at a flow rate of 40 mL/h. The purified
domain was essential to these signal exchanges, as demonsroEL and GroES proteins were pooled separately and
strated by a mutation in the intermediate domain which could desalted by dialysis thoroughly with buffer A, and then
arrest the chaperonin cycle in a previously undetected concentrated.

conformation. Mutant GroEL proteins were also purified according to
the protocol for wild-type GroEL protein at 4C. For
MATERIALS AND METHODS fluorescence spectroscopy and capillary electrophoresis

. . . experiments, wild-type and mutant proteins were further
Materials Gdn-HCI (specially purified grade) was ob-  ified according to the published protocdl€), The purity
tained from Nacalai Tesque (Kyoto)aqDNA polymerase ¢ the highly purified GroEL proteins was such that no
and restriction enzymes were purchased from Takara (Ky- tryptophan fluorescence due to contaminated polypeptides

oto). Primers for mutations and sequencing were synthesizedy; he preparations was detected under the conditions we used
with a Pharmacia DNA synthesizer (Gene Assembler Spe-i;, ihe present study.

cial). ATP and ADP were purchased from Sigma and used |yantification of Amino Acid Substitution of GroEL

after checking the purityl(). All other reagents were of  \tants Confirmation of the desired mutation at the amino
the highest grade commercially available. acid level was also accomplished by peptide mapping and
Preparation of Mutant ProteinsGenes encoding the sequencing. Samples of purified GroEL mutants were
GroEL mutants were prepared by the overlap extension extensively digested by a lysyl endopeptidagehfromo-
method (1) as follows. Plasmid pUCESL was first con-  pacter lyticusprotease 1) according to the published protocols
structed by Subcloning the DNA fragment Containing the (]_3), and Separated on algeversed-phase HPLC column
groE operon from pKY206 £coRl—Smd fragment) into the  with detection by both absorbance at 215 nm and fluores-
multicloning site of pUC118. Several steps of polymerase cence at 350 nm (excitation: 295 nm). Peaks of interest were
chain reaction (Perkin-EImer DNA Thermal Cycler) of this  collected and sequenced on a Shimadzu PPSQ-10 amino acid
groE operon region using primers-( — strands) containing  sequencer.
the mutation [ACC (Thr) to TGG (Trp) for T8OW, TGC Measurements of CD and Fluorescence Spectra, and
(Cys) to TGG (Trp) for C138W, and TAC (Tyr) to TGC  Relatie Molecular MassCD spectra were measured on a
(Cys) for Y203C] and the M13 primers P7 and P8 resulted JASCO J-720 spectropolarimeter equipped with a constant-
in a DNA fragment containing the desired mutation. These temperature cell holder. The buffer used was 10 mM
fragments were again cut witacdRl and Smad and ligated HEPES-KOH buffer, pH 7.0, containing 10 mM KCI, 5
into the multicloning site of pUC118 to produce pUCESL mM Mg(CHsCOO), and 0.1 mM DTT. Fluorescence
mutant forms, which were then used to transfdEmcoli spectroscopy was performed on a Hitachi F-4010 fluores-
strain JM109. The incorporation of each mutation at the cence spectrophotometer equipped with a Constant-temper-
desired positions was confirmed by DNA sequence analysisature cell holder. The spectra were measured in 50 mM
of the entire GroEL coding region using an Applied HEPES-KOH buffer, pH 7.0, containing 10 mM KCI, 10
Biosystems 373A DNA sequencer. The mutants were mwm Mg(CHsCOO), and 1 mM 2-mercaptoethanol. The
expressed in the presence of 1 mM isopropyl-1-ffio-  relative molecular mass of each GroEL mutant protein was
galactopyranoside at amounts comparable to JM109/pUC-determined by HPLC gel-filtration chromatography per-
ESL, i.e., approximately 1030% of the total soluble protein  formed on a Bio-Gel SEC 40XL size-exclusion column (
at 30°C. Under these conditions, the amount of endogenous 7.8 x 300 mm; Bio-Rad Laboratories), using a Gilson HPLC
GroEL protein from host cell was found to be less than 3% system at a detection wavelength of 280 nm. The running

of the expressed mutant proteins by quantitation of the-SDS  puffer was 50 mM Tris-HCI buffer, pH 7.8, containing 0.2
PAGE band with a Densito-Pattern Analyzer EPA-3000 M NaCl, and a flow rate of 0.5 mL/min was used for

(Maruzen Petrochemical). Therefore, we concluded that the analysis.

effect of contaminant wild-type GroEL protein in the purified  Capillary Electrophoresis Analysi§ree-solution capillary
preparations of mutant forms was negligible in further ejectrophoresis analysis was performed on a Quanta 4000E
experiments. The concentrations of GroEL mutants were system (Waters) with a fused silica Capi”ary tube76lum
determined colorimetrically with a protein dye reagent x 45 cm) at 25°C, as reported previousii4). The buffer
(Protein Assay Kit; Bio-Rad Laboratories) using bovine ysed was 50 mM MOPSKOH, pH 7.0, containing 10 mM

serum albumin as a standard. Mg(CHsCOO), 10 mM KClI, 0.5 M trimethylammonium
Purification of GroEL Proteins Wild-type GroEL and propanesulfonate, and 2 mM ATP.
GroES proteins were expressedincoli DH-1/pKY206 and ATPase Actiity MeasurementsATPase activities of

purified at 4°C as follows. Briefly, after lysis and removal GroEL mutants were measured at 25 or €7, using the
of nucleic acids by addition of streptomycin, the 55% method of Lanzetta et all§), as modified by Martin et al.
ammonium sulfate precipitate was subjected to a Sephacryl(16). Briefly, after incubation for 10 min, 2 mM ATP was
S-300 gel-filtration columnd¢ 2.8 x 130 cm) which had added into 60QuL of ATPase assay buffer [50 mM Tris-
been equilibrated with 50 mM Tris-HCI buffer, pH 7.8, HCI, pH 7.4, containing 20 mM Mg(C$#OO), 100 mM
containing 2 mM EDTA and 1 mM 2-mercaptoethanol KCI, and 2 mM 2-mercaptoethanol] containing 61 uM
(buffer A), at a flow rate of 0.5 mL/min. GroEL and GroES GroEL or GroEL and GroES oligomer. Routinely, at 10 min
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intervals (usually the reaction was traced for 60 min), 50 cold water and subjected to SBEAGE (15% polyacryla-

uL aliquots of the assay mixture were mixed with 200 mide gel).
of 1 M perchloric acid, vortexed briefly, and incubated on  The proteinase K digestion experiments were carried out
ice for 30 min. This solution was Centrlfuged, al’ld,Lﬂ.OOf as follows. C138W-rhodanese Complex (OM\A) prepared

the supernatant was mixed with 80 of a solution  as described above was incubated af@5n the presence
containing 0.034% Malachite Green oxalate, 3.2% am- of GroES (0.7«M) and ATP (2 mM). The digestion reaction
monium molybdate3 N HCI, and 0.1% Triton X-100. After  was started by addition of proteinase K (7 nM; 200 ng/mL)
mixing, 100uL of 34% (w/v) sodium citrate dihydrate was  to this mixture. At appropriate times, phenylmethanesulfonyl
added, and the mixture was allowed to stand for about 30 fluoride dissolved in 8% 2-propanol was added to stop the
min at room temperature for the color to develop. The reaction (1 mM), and then the proteins were precipitated with
absorbance of this mixture was quantitated at 660 nm. trichloroacetic acid and analyzed by SBBAGE (15%
Concentrations of inorganic phosphate were determined bypolyacrylamide gel). The quantitation of the bands was
using a standard solution of phosphate in the same buffer.performed using the public domain softwalkiH Image
Nucleotide Binding Measuremenginding of nucleotides ~ (developed at the U. S. National Institutes of Health and
to T89W was measured by monitoring the changes in available from the Internet by anonymous FTP from zip-
fluorescence at 340 nm. The excitation wavelength was 295py-nimh.nih.gov).
nm. Various concentrations of ATP were mixed with 62 nM
(50 ug/mL) T89W protein (14-mer), and the spectra were RESULTS
subsequently measured. The raw data were corrected for g ~tural Features of GroEL Mutant Proteinghe
buffer effects by subtraction of a reference spectrum contain- |, .ations of the three mutation sites, Y203C, T89W, and

ing an identical concentration of nucleotide. C138W, are shown in Figure 1a,b. Tyr203 is located in the
Refolding AssaysRefolding assays of yeast enolad€)(  apical domain, and the side chain projects out toward the
andStaphylococcusDH (17) were carried out as previously interior of the central cavity; Thr89 is located at the ATP
reported. Refolding of bovine rhodanese was performed binding site in the equatorial domain and interacts with the
under two different conditions: ‘permissive’l§) and y-phosphate group of ATP20) when ATP is bound to
‘nonpermissive’ 16), with some modifications in protocol.  GroEL; and Cys138 is located at a hinge regi®) (
Briefly, rhodanese (5@M) was unfolded in 40 mM Tris-  connecting the intermediate and the equatorial domains. Each
HCI buffer, pH 7.4, containig 6 M Gdn-HCl and 1.5 mM  site was selected in the expectation that incorporation of a
DTT at 25°C for 1 h. For permissive refolding, the refolding mutation would result in the following effects on the
reaction was started by a 100-fold dilution into ‘permissive chaperonin mechanism: a change in the affinity for folding
buffer’ (50 mM Tris-HCI, pH 7.8, containing 50 mM intermediates and GroES (Tyr203), a change in ATP binding/
N&S,03, 10 mM MgCh, 10 mM KCI, and 400 mM  hydrolysis (Thr89), and a change in the general chaperonin
2-mercaptoethanol). For nonpermissive refolding, the dilution mechanism (Cys138). As a result, we hoped to study the
was into ‘nonpermissive buffer’ (30 mM Tris-HCI buffer, functional role of each domain of the GroEL subunit. The
pH 7.2, containing 50 mM KCI). The temperature and protein tryptophan mutations, if successful, would also allow fluo-
concentration of rhodanese during the refolding reaction wererescence experiments to be performed.
25 °C and 0.5uM, respectively; 2 mM ATP, 4 mM Mg- Each mutant was overproduced B coli in amounts
(CHsCOOp, and a 1.5-fold molar excess of GroEL and comparable to the wild-type protein. Although small differ-
GroES oligomer relative to rhodanese were present in theences in the near-UV CD spectra were observed for T89W
refolding reaction. At appropriate times during the refolding and C138W due to incorporation of a tryptophan residue,
reaction, 20Q.L of the mixture was withdrawn and assayed we concluded that the difference in overall structure com-
for rhodanese activity. The assay was performed at@5  pared to wild-type was minimal from the analysis of far-
as described previousl{9). Refolding yield was determined Uy CD spectra and gel-filtration chromatography profiles
as the percentage ratio of the activity of the refolding enzyme (data not shown).
relative to that of native enzyme. Functional Characteristics of GroEL Mutant Proteins.
Analysis of Ternary Complex Formation of GroEL (1) ATPase Actity and Binding of GroES.We first
Folding Intermediate-GroES The nature of the C138W examined the ATPase activity of each GroEL mutant. As
folding intermediate-GroES ternary complex was examined indicated in Figure 2a, each mutant protein showed different
as follows: rhodanese (M) and LDH (504M monomer) activities. Whereas T89W exhibited no ATPase activity
were unfolded in Gdn-HCI and diluted 100-fold into ‘non- regardless of the presence or absence of GroES, C138W and
permissive’ buffer containing equimolar concentrations of Y203C showed almost the same ATPase activity profiles as
C138W GroEL 14-mer and GroES 7-mer. Immediately after the wild-type GroEL. When the ATPase activities were
dilution, 2 mM ATP was added, and this mixture was measured for 60 min, a gentle-slope curve was produced
incubated for 10 min at 2%C. Three hundred microliters of  (data not shown). From the curves, almost the same initial
the refolding mixture thus prepared was then loaded onto arates of ATP hydrolysis (0.08°%) as the wild-type GroEL
Sephacryl S-300 gel-filtration columm (12 x 250 mm) in the absence of GroES (0.68.1 s!) (21, 22 were
which had been equilibrated with the same buffer containing estimated for C138W and Y203C. In the presence of an
0.4 mM ATP. Fractions (800L) collected from the column  equimolar concentration of GroES, C138W behaved like the
were precipitated by addition of trichloroacetic acid (final wild-type protein, with a 50% decrease in the ATP hydrolysis
concentration of 10%) and placed on ice for 15 min. The activity (21), while that of Y203C was decreased by only
precipitates were centrifuged and washed with 1 mL of ice- about 30%. The slight decrease in ATP hydrolysis of Y203C
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Ficure 1: Structure of GroEL subunit. Graphical images were created using the program MOLABDLging downloaded PDB files.

The apical domain is indicated in red, equatorial in blue, and intermediate in green. Mutated residues are represented by a space-filling
model [Tyr203 (green), Thr89 (red), and Cys138 (blue)] in the structure of GroEL 14-mer (from 1DER in PDB) (a) and of-GmaiEHS

21-mer (from 1AON in PDB) (b). A magnified structure of the hinge region between the equatorial and the intermediate domains viewed
from the left side of (b) is shown in (c).
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Ficure 2: ATPase activity (a) and capillary electrophoresis analysis (b) of wild-type and GroEL mutant proteins. Aliquotsafath

of GroEL and GroES oligomer and 2 mM ATP were used for the ATPase activity assay’ @t (@&e Materials and Methods for detailed
conditions). The quantity of released inorganic phosphate ion after 60 min reaction was compared to that of wild-type GroEL. For the
capillary electrophoresis analysis, a 50 ng protein sample was applied, and the changes in absorbance at 185 nm werelfjorfitored (
sharp peak at 7.5 min was due to neutral net-charge solutes. GroEL and-S8s&ES complex were not separated under these conditions.

in the presence of GroES suggested that the affinity to bind in the presence of ATP and GroES at 5. As substrate
GroES in the presence of ATP was weakened by the proteins, we used three different proteins, each of which
mutation. To detect a direct interaction of each GroEL mutant displays distinct characteristics during refolding in the
with GroES, we studied the complex formation of these presence of GroE. The first target protein, yeast enolase
mutants using capillary electrophoresis4), Binding of (dimer, My, 47 500% 2), is a protein which displays a high
GroES to GroEL can be monitored by the disappearance of gonaneous folding yield but whose refolding intermediates
a peak at 9 min, which represents the GroES 7-mer (Figure 5 0 1yqng efficiently by GroEL. Addition of either ATP

2b). As shown in Figure 2b, C138W was at_)l_e to f‘.’””f.‘ a singly or ADP and GroES triggers the release of enolase
GroEL—GroES complex under equimolar conditions, similar L . .
refolding intermediates10). The second target protein,

to the wild-type GroEL protein, while for Y203C under the :
same conditions, 30% of the GroES remained free in StaphylococcusDH (dimer, My, 32 000 2), refolds very

solution. This indicates that Y203C has a decreased GroESPOOrlY in buffer but is greatly assisted by GroEL in

binding ability, which is consistent with the weak suppression combination with either ATP singly or ADP and GroER].

in ATPase activity seen in Figure 2a. T89W was not able to The third target protein, bovine rhodanese (monoriy,

bind GroES in the presence of ATP. 33 000), displays different characteristics according to dif-
(2) Chaperonin Actiity. We next examined the ability of ~ ferent buffer conditions. Under the so-called ‘nonpermissive

these mutants to trap refolding intermediates in the absenceconditions’, rhodanese is absolutely dependent on GroEL,

of ATP and to facilitate protein folding (refoldase activity) GroES, and ATP for efficient refolding to occut).
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0 Ficure 4: Refolding characteristics of Y203C for LDH (a) and
ATP =+ =+ -+ - + rhodanese (b). (a) The refolding reaction was performed in the
Spontaneous  Wild  T8SW  C138W  Y203C presence of a 5-fold molar excess of GroEL 14-mer and 2 mM
ADP at 25°C. (b) The refolding reaction was carried out in the
b 80 1 presence of a 1.5-fold molar excess of GroEL 14-mer and 2 mM
9 ATP at 25°C under the permissive conditions as described under
T 60 - Materials and Methods. All other conditions were the same as in
E the legend for Figure 3.
<]
E 40 7 was capable of refolding all of the substrate proteins in the
S presence of GroES and ATP, whereas T89W was able to
g 20 refold enolase and LDH but not rhodanese, and C138W was
a able to refold only enolase. To study the different charac-
0 teristics for the different substrate proteins further and also
ATP N to understand the functional mechanism in terms of GroEL
Spontaneous  Wild T8IW  C138W  Y203C domains, we studied the behavior of each mutant during the
folding reaction in greater detail.
C o 807 Mutation Effects of Tyr203 at the Apical DomaiAs
o i shown in Figure 3, Y203C showed a weakening in affinity
.E 60 | for refolding intermediates of enolase during the initial
] formation of the chaperonin complex. Y203C also displayed
% 40 - a difference during the release of LDH and rhodanese upon
S addition of nucleotides (Figure 4). For wild-type GroEL, in
% the absence of GroES, the refolding intermediates of LDH
g 207 are released by the addition of ATP but not ADFT)( As
§ shown in Figure 4a, however, Y203C released the refolding
£ 0 . intermediates of LDH upon addition of ADP even in the
Spontaneous  Wild  TBSW  C138W  Y203C absence of GroES. A similar result was observed for
ATP + + + + rhodanese (Figure 4b). As shown in the figure, under

FiGURe 3: Chaperonin-facilitated refolding reaction of enolase (a), conditions where rhodanese refolded spontaneously (‘permis-
LDH (b), and rhodanese (c). The refolding reaction was carried Sive conditions’) (Figure 4b, left), wild-type GroEL could
out at 25°C, and the final refolding activity after reaching plateau not release the refolding intermediates of rhodanese by the
(about 20 min for enolas® h for LDH, and 50 min for rhodanese)  5dqdition of ATP singly (Figure 4b, center), and GroES was

:_S'Dlrll-ldlﬁtg drt?gdzﬁggeTQSrmg ltﬁcr-:AOtrzgcetiroCnor\:\?:rr;trgggnségf 323'356% also required for efficient release. However, Y203C released
nM, respectively. A 5-fold molar excess of chaperonin proteins the intermediates to a small but significant extent upon the

(GroEL 14-mer and GroES 7-mer) was used for the refolding of addition of ATP only (Figure 4b, right). This result, that

enola_se and LDH, and a 1.5-fold mola_r excess was used for theyzogc d|Sp|ayed a decreased afﬁnity for both GroES and

[jeJﬁLd'“r%f%flc;i':qc’d\?vgfge‘i&hoe;ﬁgczem,rvla“‘r’:: gfctf/derl""'c' and ATP yafolding intermediates, is probably attributed to a decrease
9 9 » resp v in hydrophobicity (6, 24-27) of the apical domain for

As shown in Figure 3a, the efﬁciency of b|nd|ng enolase foIdlng protein and GroES. A similar conclusion was reached
refolding intermediates in the absence of ATP was decreasedn @ previous study which converted this same residue to
in the order wild-type> C138W > Y203C = T89W, and glutamic acid 28). In this study, this decrease in affinity
the trapped intermediates were all released upon addition of2lso resulted in a change in the conditions required for
ATP. For LDH, on the other hand, whereas all of the mutants Productive release of various folding proteins, indicating that
were able to bind the refolding intermediates efficiently in the nucleotide specificities of various refolding proteins
the absence of ATP, the refolding yield upon addition of during chaperonin-facilitated protein folding are affected
ATP was varied in the order wild-type Y203C > T89W strongly by the relative affinities between the apical domain
(Figure 3b). C138W was unable to facilitate refolding. With 0f GroEL and various refolding proteins.
regard to rhodanese refolding under ‘nonpermissias) ( Mutation Effects of Thr89 at the ATP Binding Site of the
folding conditions (see Materials and Methods), as shown Equatorial DomainAs shown in Figure 2, T89W was found
in Figure 3c, only Y203C could facilitate the refolding to have no ATPase activity and no GroES binding ability.
reaction at the same efficiency as wild-type, and T89W and We next examined whether T89W was able to bind a
C138W could not facilitate it at all. To summarize, Y203C nucleotide but not hydrolyze it, or was unable to bind
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Interestingly, although T89W was able to proceed only
partially through the postulated chaperonin mechanism,
nevertheless it was still capable of enhancing the refolding
yield of certain proteins in a nucleotide-dependent manner.

a 100 : :

D
-1

o~
(=)

Fluorescence Intensity
(Arbitrary Units)
1

75
2 As shown in Figure 5b, in the absence of nucleotide, the
0§ refolding of LDH was completely arrested by this mutant.
50 L S e Upon addition of ATP, an efficient refolding reaction with

a refolding yield greater than spontaneous refolding was
observed, although the final refolding yield was lower than
25 | . that mediated by wild-type GroEL. This result clearly shows
that a signal triggered by ATP binding in the equatorial
domain is transmitted to the apical domain to release the
0 . - refolding intermediates of LDH.
300 350 400 450 Mutation Effects of Cys138 at the Intermediate Domain.
Wavelength (nm) Although C138W showed the same characteristics as wild-
b : : : type GroEL in ATPase activity and GroES binding ability
60 | (Figure 2), C138W had no refoldase activity in the refolding
~_o----0O reactions of LDH and rhodanese, as shown in Figure 3b and
O Figure 3c, respectively. To clarify this discrepancy, further
40 1 detailed experiments were performed as shown below. A
jog time-dependent refolding reaction of rhodanese in the pres-
s ence of GroEL protein under ‘nonpermissive’ conditions is
20 r (o] -~ | shown in Figure 6a. C138W was not able to mediate the
L AT refolding of rhodanese even in the presence of GroES and
ATP, in contrast to wild-type GroEL. Surprisingly, when we
measured the ATPase activity during the reaction, we found
that the ATPase activity of C138W was completely arrested
under these conditions (Figure 6b). The arrest of ATPase
Ficure 5: Characteristics of T89W GroEL mutant. () ATP binding  activity could also be achieved by the addition of rhodanese
characteristics of T89W monitored by tryptophan fluorescence alone, indicating that the binding of rhodanese to C138W
changes at various concentrations of ATP. The tryptophan fluo- T : .
rescence spectra were measured upon excitation at 295 nm at 25esulted in the simultaneous arrest of ATPase activity on both
°C. The inset indicates the fluorescence changes at 340 nm as dings. Such evidence of interring communications has been
function of the concentration of ATP. (b) Refolding reaction of obtained in other studies by monitoring the cooperativity in

;E/)mbigléhiﬁ dﬁ’égf:gg?o(ﬂfo?v S'fﬂi?dr{‘y‘ﬂgrérﬁcéfsoﬁfy{gggx sagl:z:res)' ATPase activity 0) and various conformational changes
TBOW only (closed squareé); wild-type GroEL, GroES, and 2 mm (31). To confirm that the refolding intermediates were

ATP (closed circles); T89W, GroES, and 2 mM ATP (closed trapped by the C138W mutant protein, gel-filtration of the
triangles); wild-type GroEL and 2 mM ATP (open circles); and refolding reaction mixture followed by SDSPAGE analysis
T89W and 2 mM ATP (open triangles). Spontaneous refolding was was performed. Notably, as shown in Figure 6c, it was found
represented by the solid line. All other conditions were the same that under these conditions C138W formed a complex not
as in the legend for Figure 3. . s . :

only with rhodanese refolding intermediates but also simul-
taneously with GroES. The same result was obtained in
experiments with LDH (data not shown).

be expected to detect a fluorescence change of the introduce Next, to determine the nature of the ternary complex, we
P g . (atilized the fact that the cis chaperonin complex protects the

tryptophan upon nucleot|de_b|nd|r_19 In T8.9W' As shown in refolding protein intermediates from proteinase K digestion
Figure 5a, the fluorescence intensity was increased gradually

) : ) . s 32, 33. In the present experiment, an equivalent molar
by increasing concentrations of ATP in a saturating manner. ( 3 P P d

: o _ concentration of rhodanese relative to GroEL and GroES
Interestingly, the ATP binding curve of T8OW did not show  qjiqomers was used. After 12 min, the trapped intermediates
positive cooperativity. This finding suggested that the

e & _ _ were completely digested when GroES was absent [Figure
mutation in T8OW at the equatorial domain also affected ggijiy], and partially protected when GroES was present
various intersubunit interactions of GroEL. This interesting [Figure 6d(ii)]. In the presence of GroES, the quantity of
characteristic of T8OW is presently being studied (manuscript (hgdanese remaining after a 12 min digestion [Figure 6d-
in prep_aration). Although _the apparent half—saturgtion con- (jj)] was about half of that at 0 min [Figure 6d()] as
centration (14%M) was slightly higher than the wild-type  determined by densitometric analysis, suggesting that the
(10, 29, this result clearly shows that this mutant has the stable ternary complex of C138¥Whodanese GroES is a
ability to bind ATP. The apparent half-saturation concentra- 1:1 mixture of cis and trans complexes. The absence of any
tion was not affected by the addition of an equimolar ATPase activity shows that both of these conformations are
concentration of GroES 7-mer to the solution (data not locked. Interestingly, when the refolding reaction was carried
shown), which also indicated the inability of this mutant to out at 37°C or when the temperature was shifted from 25
bind GroES. Therefore, T89W was a mutant where the °C to either 30 or 37C (Figure 6e), the productive refolding
nucleotide binding ability was apparently decoupled from of rhodanese was resumed, concomitant with the restoration
further steps in the chaperonin mechanism. of GroEL ATPase activity. This indicates that the charac-
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Refolding Yield (%)
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nucleotides at all. As Thr89 is located in the vicinity of the
y-phosphate of ATP in the ATP binding forr@@), we could
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Ficure 6: Characteristics of C138W GroEL mutant. (a) Refolding reaction of rhodaneseND.3n the presence of GroEL (14-mer)
proteins (0.5«M), GroES (7-mer) (0.5xM), and 2 mM ATP at 25C. Symbols represent as follows: wild-type GroEL, GroES, and 2 mM

ATP (closed circles); wild-type GroEL and 2 mM ATP (open circles); C138W, GroES, and 2 mM ATP (closed squares); and C138W and

2 mM ATP (open squares). (b) ATPase activity of C138W GroEL mutant in the presence or absence of refolding intermediates of rhodanese
at 25°C. GroEL (and GroES) oligomer (0,8M) and rhodanese (0.6BM) and 2 mM ATP were used: C138W only (closed circles);
C138W-GroES (open circles); C138Whodanese intermediates (closed squares); Ct38tanese intermediate&roES (open squares).

(c) SDS-PAGE of the ternary complex of C138Whodanese GroES. See Materials and Methods for the detailed experimental conditions.

(d) Protection experiments of C138WhodaneseGroES complex from proteinase K digestion. SEFAGE (left) and densitometric

analysis around the rhodanese band (right) of the samples of the Ci3®danese GroES complex at 0 time (i) and at 12 min (ii), and

of C138W-rhodanese complex at 12 min (iii). The results in lanes (i) and (ii) represent aliquots obtained from a common sample at the
indicated times. All three lanes are from the same gel. The bands indicated by an asterisk indicate a polypeptide derived from digestion of
the C138W mutant GroEL proteir34). (e) Refolding of rhodanese in the presence of wild-type GroEL or C138W mutant, GroES, and
ATP, and the ATPase activity during the refolding reaction when the reaction temperature was shifted f@no 20 and 37C. Closed

symbols represent the refolding yield of rhodanese, and open symbols represent the ATPase activity of GroEL at each time point. For
refolding yields, native rhodanese activity at 25 was set as 100%. 2 mM ATP was added at the time indicated by the arrow, and the
temperature was shifted at 20 min. Wild-type GroEL with no temperature shift (diamonds); C138W with no temperature shift (circles);
temperature shift to 30C (triangles) and 37C (squares). With the exception of the temperature, all assay conditions were the same as
described under Materials and Methods.
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teristics of C138W seen at 2& were not an artifact due to  to a cysteine residue resulted in a GroEL subunit with a
the mutation, but that a transient conformation of the ternary reduced affinity for GroES and refolding substrate proteins,
complex was observed temporarily at Z5by the disruption as demonstrated in the refolding arrest experiments in Figures
of communications between the apical and equatorial do- 3 and 4. More interesting, however, was the fact that as a
mains at the mutation site of the intermediate domain. Similar result of this mutation, the nucleotide specificities regarding
characteristics of GroEL function were also reported for the release of various proteins from the GroEL cylinder were
GroEL chemically modified at cysteine residue(3%(35. subtly altered. In the case of LDH, addition of ADP to the
However, in the NEM-modified GroEL study3%), the LDH—GroEL complex was sufficient in the mutant to allow
ATPase activity of the GroEkrhodanese complex was only a significant fraction of LDH molecules to be released,
partially suppressed, suggesting an incompletely arrestedwhereas for wild-type GroEL, protein release was observed
cycle. In our experiments, the suppression observed wasonly upon addition of ATP. Once released, a portion of the
complete, which allowed us to characterize this previously molecules were able to recover their intrinsic activities, at a
undetected ternary complex in more detail. yield which was significantly better than the spontaneous
yield. In the case of rhodanese under permissive conditions,
DISCUSSION again the incorporation of the Tyr to Cys mutation resulted
The mechanism of chaperonin function that facilitates in an alteration of the conditions required for polypeptide
protein folding of various proteins is very sophisticat@gd ( release; addition of only ATP was sufficient to initiate
3). The action involves binding of folding intermediates that refolding of about 15% of the total population of rhodanese
are prone to aggregation and a controlled release which ismolecules. These results strongly suggest that the confor-
regulated precisely by ATP binding- and ATP hydrolysis- mational changes induced by the binding and/or hydrolysis
dependent association and dissociation of GroES. Previousof various nucleotides to GroEL are similar in nature; for
studies 2, 3, 6, 28 have shown that numerous conforma- instance, for wild-type GroEL, the changes induced by ATP
tional changes in each domain of GroEL are involved in the only are insufficient to allow the effective release of
expression of chaperonin activity and also that changes inrhodanese folding intermediates. Changes in the apical
one domain affect the function of the other two domains. In domain which cause a reduction in the affinity for protein
the present study, we have tried to clarify the role of each folding intermediates change this situation, and now a
domain of GroEL, especially of the intermediate domain, in significant portion of the refolding protein molecules may
more detail, and also probed for any new evidence of be released.
communication between the domains. To summarize, we propose that the results obtained in the
Signals from the Equatorial Domain to the Apical Domain experiments on T89W and Y203C outline the nature of the
Initiate Peptide Releas&ach mutant displayed significant nucleotide-induced release trigger of GroEL,; that it is induced
characteristics: changing Tyr203 at the apical domain to Cys by nucleotide binding, as previously demonstrated elegantly
(Y203C) resulted in a decrease in affinity for refolding by Rye et al. §), and that the conformational changes
intermediates (Figures 3 and 4) and GroES protein (Figure triggered are essentially similar in nature for each nucleotide
2); changing Thr89 at the equatorial domain to Trp (T89W) and different only in extent8, 10, 17, 36-41). Alteration
caused the loss of ATP hydrolysis and GroES binding of the substrate protein binding affinity of the apical domain
abilities at the apical domain (Figures 2 and 5); and changingis, in the case of LDH and rhodanese, sufficient to alter the
Cys138 at the intermediate domain to Trp (C138W) caused nucleotide requirements for the successful refolding of each
a conditional defect in ATPase activity such that the ATPase substrate protein.
activity was arrested in both rings of the chaperonin when  Signals from the Apical Domain to the Equatorial Domain
refolding intermediates were bound to the apical domain Trigger ATP HydrolysisA reverse transfer of signals was
(Figure 6). These results allow various conclusions to be put suggested from the results obtained by the experiments on
forth regarding the binding of refolding protein to the apical C138W (Figure 6). Changing the cysteine residue at position
domains of the GroEL cis-ring and the subsequent release138 to a more bulky tryptophan residue resulted in a novel
of refolding protein into the central cavity. conditional defect in ATPase activity. In the absence of
First of all, from the results obtained in experiments using refolding protein, the characteristics of C138W in ATPase
GroEL T89W, we deduced that for certain proteins, the activity and GroES binding were indistinguishable from those
binding of various nucleotides to the GroEL equatorial of wild-type GroEL (Figure 2). In the presence of refolding
domain results in the release of refolding protein intermedi- intermediates, however, the chaperonin function was altered
ates from the GroEL central cavity. This suggested that the drastically; i.e., the mutant bound refolding intermediates at
binding of various nucleotides induces a signal which is the apical domain and did not display any chaperonin
transferred from the equatorial domain to the apical domain, activities in this state. In other words, when the refolding
and as a result, changes in the apical domain result in theintermediates bound at the apical domain, ATP hydrolysis
release of protein folding intermediates. The specific require- activity at the equatorial domain was completely suppressed.
ments for the release of various folding proteins naturally The fact that a mutation in the intermediate domain resulted
differ for each substrate proteilq, 36; nevertheless, we in such a suppression clearly suggests that the transfer of a
believe that the signal induced in the equatorial domain, and signal from the apical to the equatorial domains via the
the subsequent changes in the apical domain, may beintermediate domain exists.
essentially similar for each nucleotide, with differences only ~ When we performed further experiments to determine the
in the extent of the changes induced. reasons for ATPase suppression as outlined above, we
Supporting evidence for this conclusion was obtained in discovered a previously undetected intermediate of the
the experiments using GroEL Y203C. Mutation of Tyr203 GroEL—folding intermediate GroES cis-ternary complex
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(Figure 6). This intermediate was characterized by the ois
simultaneous binding of both refolding protein and GroES " Az
to the same toroid of the GroEL 14-mer. Experiments using Unfolding L J
proteinase K demonstrated that in this ternary complex, the Protein GroES, E EI %
refolding protein was localized inside the GroEL cylinder E E ? E@l]:l . Stop at 25°C
and encapsulated by GroES. Interestingly, no ATPase activity E EI E EI °

could be detected for this cis-ternary complex, which —_—
indicated that it was locked in this static conformation at 25  ¢yssw areeL . at37°C
°C, and, also, by raising the temperature to %7, this
intermediate resumed functioning to produce active refolded A - <
protein, indicating that it was not an irreversible byproduct
of the mutation. We suggest that this novel intermediate is
an integral part of the overall chaperonin mechanism, and
represents a view of the conditions immediately prior to 7 aoe
polypeptide release into the central cavity. Such a conforma- ‘\
tion was created previously by Marti8%) using chemical @ m i ggg
modification of the same Cys138 residue. In our case, the ﬁ IE El
formation of the intermediate form was more efficient, and

allowed us to perform some additional characterization Ficure 7: Schematic model of the formation of C138\éfolding
experiments. Previously, existence of a functional com- intermediate-GroES complex at 28C, and a normal productive
munication between the Cys138 residue and the Cy35lgchaperonin cycle at 37C. The cis-complex that bound both the

: : . : : refolding intermediate and GroES proteins simultaneously was
residue that is located in the equatorial domain was also isolated stably only at 28C, and was identified to be a transient

reported by single and double mutations on the residue(s)step in the chaperonin functional cycle. At 32, the productive
to serine residue(s)4R). This result also indicated that chaperonin cycle after the novel cis-ternary complex state proceeds
Cys138 at the intermediate domain is a critical residue for as outlined in the introduction. It should be noted that both release
interdomain communication. of trapped intermediate and ATPase activity are resumed upon an
. . increase in temperature.

It is tempting to speculate on the reasons why such an
intermediate state may be formed as a result of the C138W
mutation. As determined by Xu et ab)( the mutated Cys138
residue is located at the loop just before the F-helix and forms
van der Waals contacts with Ala406 that is present at the
end of the M-helix (Figure 1c). At the mid-position of this
M-helix, Asp398, which participates in ATP hydrolysB)(
exists closely (within about 5 A distance) with other
important catalytic residues such as Asp83)(and Asp87
(28). Thus, it may be that changing Cys138 to a more bulky
tryptophan residue pushes away the M-helix, resulting in a
perturbation of the conformation and an arrested ATPase
activity. Since theB-factor of the hinge region supporting
the highly flexible apical domain is also rather high);
the flexibility around the hinge region (Trp138 and Ala406)
would be more increased at higher temperature in the mutant,
and then the ATPase activity and the chaperonin cycle
coupled with it would recover (Figure 6e).

Significance of the GroEtFolding Intermediate-GroES
cis-Ternary ComplexAnother interesting point for discussion
is the specific conformation of the apical domain in this cis-
ternary complex. In the GroELGroES-(ADP); structure,
the accessible surface of the inside of the enlarged central
cavity was changed from a hydrophobic to a hydrophilic
environment by opening upward and twisting the apical
domain about 99 and this environment change at the inside
of the cavity is considered to be a trigger for the dissociation
of the trapped folding intermediates from the wall of the
cavity (6). The fact that recovery of rhodanese activity was
not observed for the ternary complex indicates that GroEL
is still maintaining the refolding rhodanese molecule in a
state of folding arrest in the centrall cavity; howeyer, GroE_S CONCLUSIONS
is also bound to this form, suggesting that the apical domain
is accommodating both refolding protein and the co- We have studied the functional role of each domain of
chaperonin in this transient state. Considering that the chaperonin GroEL by using three different mutants, in which
interactions between the apical domain of GroEL and a mutation is located in the apical, equatorial, and intermedi-

@ [\

-

7Pi

refolding polypeptides are mediated mainly by hydrophobic
interactions 26), it is likely that the ternary complex still
has the hydrophobic environment partially localized at the
inside wall; in other words, the central cavity probably has
not completed its transition from a hydrophobic to a
hydrophilic environment. A detailed examination of this
ternary complex would, in theory, yield numerous details
regarding the transfer of affinities from refolding polypeptide
to GroES during the crucial process of polypeptide release.
Chaperonin Cycle According to the results regarding
C138W, the mechanism of chaperonin action that was
outlined in the introduction can now be illustrated schemati-
cally in more detail by Figure 7. In the mechanism, it should
be noted that in the cis-complex, both refolding intermediates
and GroES protein are bound to the same apical domain of
GroEL at the same time, and refolding of the intermediates
is arrested in this state. The presence of this intermediate
state in the general chaperonin cycle was also reported by
Rye et al. 8) although it was detected only transiently in
kinetic study. In this chaperonin cycle, it should be stressed
that the binding of refolding intermediates at the apical
domain of GroEL affected ATPase activity at the equatorial
domain through the intermediate domain; in other words, a
communication signal mediated by conformational changes
that occurred at the apical domain upon binding of refolding
intermediates is transmitted to the equatorial domain through
the intermediate domain, and vice versa. It is the com-
munication network mediated by the intermediate domain
that is very important for the overall chaperonin mechanism.
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ate domains. With three refolding substrate enzymes having
different refolding characteristics, it was found that Tyr203
at the apical domain is involved in the interactions with the
refolding intermediates and GroES protein, and Thr89 at the
equatorial domain is closely involved with nucleotide binding
and ATP hydrolysis. A most interesting conformation was
detected in experiments involving the mutation of Cys138,
located at the hinge region of the intermediate domain. The
C138W mutant showed normal ATPase activity and GroES
binding in the absence of refolding intermediates, but once
the intermediates bind to the apical domain, ATP hydrolysis
reaction in the equatorial domain is halted at°Z5 In the
presence of GroES, a stable ternary complex of GreEL
refolding intermediate GroES was formed. This novel
ternary complex was reincorporated into the productive
refolding cycle when the temperature was shifted t6¢G7
This disruption of the productive chaperonin cycle caused
by a mutation in the intermediate domain demonstrated the
presence of functional communications between the apical
domain and the equatorial domain via the intermediate
domain.
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