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ABSTRACT: Human carbonic anhydrase Il (HCA Il) interacts weakly with GroEL at room temperature. To
further investigate this interaction we used electron paramagnetic resonance (EPR) spectroscopy to study
HCA 1l cysteine mutants spin-labeled at selected positions. From our results it is evident that-protein
protein interactions can be specifically mapped by site-directed spin-labeling and EPR measurements.
HCA 1l needs to be unfolded to about the same extent as a GuHCI-induced molten-globule intermediate
of the enzyme to interact with GroEL. The interaction with GroEL includes interactions with outer parts
of the HCA Il molecule, such as periphefabktrands and the N-terminal domain, which have previously
been shown to be rather unstable. As a result of the interaction, the rigid and compact hydrophobic core
exhibits higher flexibility than in the molten globule, which is likely to facilitate rearrangements of misfolded
structure during the folding process. The degree of binding to GroEL and accompanying inactivation of
the enzyme depend on the stability of the HCA Il variant, and nonspecific hydrophobic interactions appear
to be most important in stabilizing the GroEkubstrate complex.

It has, for some time, been known that special cellular radecamer comprising identical subunits that are arranged
proteins, called chaperones, exist and that they protect othelin a double heptameric ring structure. The GroEL complex
proteins from aggregation when a cell is exposed to elevatedforms a cylindrical cavity in which the presumed protein
temperatures and stress. It is generally believed that chap-substrate-binding site has been localized to the inside surface
erones interact with non-native proteins exposing hydropho- of the apical domain of each of the subunits. This area
bic surfaces and assist in protein folding or maintain proteins consists mainly of hydrophobic amino acid residues, which
in an extended conformation for transport through mem- indicates the importance of hydrophobic interactions in the
branes {—3). The most thoroughly studied chaperone is the binding of protein substrated 1, 12). In addition, folding
chaperonin GroEL and its co-chaperonin GroES, which are studies on a variety of proteins have shown that the binding
found inEscherichia coli(4). The mechanism by which the of the substrate protein to GroEL is probably due to
GroEL—GroES complex binds and releases substrate proteinshydrophobic interactionsl({—20), although charged interac-
is still not completely understoodby. tions might be essential in some casek8, (20—22).

One of the most challenging questions to be answered Moreover, there is evidence that GroEL actively unfolds the
concerns how GroEL exerts its protective action: whether protein substrate, thereby giving the protein a new op-
it is a passive, that is, functions as a test tuf)edr an active portunity to fold correctly 16, 23—25).
process, that is, functions as an unfoldage What kind of We have previously demonstrated that human carbonic
interactions are important, and how the conformation of the anhydrase Il (HCA 11} interacts rather weakly with GroEL
bound protein is affected by GroEL. The crystal structures at room temperature26) and that the amount of HCA I
of GroEL and the GroEEGroES complex have recently  bound to GroEL increases significantly at elevated temper-
been determined8(-10). The GroEL protein is a tet-  atures 27, 28). We have also noted that GroEL lowers the
apparent activation energy for the refolding of HCA28],
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Ficure 1: Cartoon of HCA Il with mutated and spin-labeled
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Spectrophotometersight absorbance measurements for
protein concentration determinations were performed on a
Hitachi U2000 spectrophotometer. Fluorescence was mea-
sured on a Hitachi F-4500 spectrofluorimeter for Thevalue
determinations.

Protein Isolation and PurificationHCA 1l and mutants
thereof were expressedln coliand were purified by affinity
chromatography, as described earli@6)( GroEL was
prepared as described earli@6( 27) with an additional
incubation of GroEL with GroES and ATP, followed by gel
filtration as described by Mitzobata et aBg) to further
purify GroEL from the nonspecific association of different
peptides. The absence of tryptophan in the purified GroEL
was shown by fluorescence measuremeB$; 40). The
concentration of GroEL was determined according to the Bio-
Rad protein assayt().

Spin-Labeling The modification of SH groups with the

cysteine positions indicated. The 3D structure is based on the crystalspin-label was performed as previously descrit2gl 81).

structure determined by Hakansson et a#)(

of HCA Il that were specifically labeled with a spin-probe
(nitroxide radical) at different positions in both the interior
and the exterior parts of the native protein structure (Figur

e
1). These spin-labeled mutants were thoroughly characterize(ivI

by EPR spectroscopy in our earlier studies of HCA 1l folding
(29—-31). Site-directed spin-labeling has also been used by
other researchers to investigate the interaction between th
chaperoner-crystallin and substrate peptide32y.

HCA 1l has a molecular weight of 29 300, and its structure
is well-characterized 33, 34). The protein consists of a
dominatingS-sheet made up of 18-strands, and that sheet
divides the molecule into two halves (Figure 1). Each half
contains a hydrophobic cluster, that is, there is one in the
N-terminal region and a larger one in the main domain. The

active site is located in a conical cavity that penetrates about

15 A into the middle of the main domain betwegstrands

4 and 5 (Figure 1). The folding behavior of HCA Il has been
extensively studied35), and it has been shown that the
unfolding of the protein is a three-stage process including
the formation of a stable equilibrium intermediate of molten-
globule-type 86). The central part of the largg-core is
extremely stable and retains a compact nativelike structure
under very strong denaturing conditior8l(36, 37).

In earlier studies of HCA II, we found that the mobility
of the spin-label, as determined from the EPR line-shape
can give detailed information about structural and confor-
mational changes during various stages of the folding
process. In the present investigation we used a similar

Preparation of Samples for EPR and Inaetiion—
Reactvation MeasuremenisThe samples for EPR and
activity measurements were prepared as follows: (8vb
spin-labeled HCA Il was mixed in the incubation buffer, 0.1
Tris-H,SQy, pH 7.5, containing 0.2 M GuHCI, and, when
ndicated, equimolar amounts of GroEL were added as well.
All stock solutions of GroEL and spin-labeled HCA 1l used
in the experiments were initially buffered in 0.1 M Tris-H

%o, pH 7.5, so as to avoid the dilution of the buffer in the

various reactivation experiments.

Inactivation and Reactiation of Spin-Labeled HCA 1l with
and without GroEL The inactivation of spin-labeled HCA
Il without GroEL was initiated by adding spin-labeled HCA
Il to the incubation buffer equilibrated to the temperature of
the measurement. The inactivation of spin-labeled HCA I
with GroEL was initiated by adding spin-labeled HCA I
and GroEL simultaneously to the same buffer as that above.
The activity was monitored by the Ghydration assay
described elsewherd?, 43) and measured as a function of
time until equilibrium was reached between active and
inactive enzyme.

The reactivation experiments of heat-denatured spin-
labeled HCA Il were performed as described elsewh2vg (
for the unlabeled protein. In short, the samples were prepared
as indicated above and were then incubatedlfd at 50
°C; thereafter the temperature was lowered to°20 To
monitor the reactivation we measured the activity as a
function of time until equilibrium between active and inactive
HCA Il was reached.

EPR Measurement&PR measurements were carried out

approach to elucidate the stryctural c;hanges that accompamasing a Bruker ER200D-SRC CW EPR spectrometer. An
the temperature-dependent interaction between GroEL andgg4102TM cavity with its standard variable temperature
HCA I. The increased temperature leads 'to a partially jpgert was used, and samples were inserted in the appropriate
unfolded structure of HCA Il with the EPR line-shape of - 41 sample cells (Wilmad & Co). A Bruker VT4112 system
the spin-label reflecting local motions of the more flexible 5 seq to measure the temperature. We found it necessary
side chains. Relative changes of the mobility of spin-labels 4, ¢5jiprate the temperature at the position of the sample in

in different positions in HCA Il upon binding to GroEL, in the cell by using an external thermocouple, because the
terms of Iine—brpadening or line-sharpening of'the associateds(,j‘mme temperature is sensitive to both the ,heater and the
EPR spectral lines, are demonstrated and discussed. flow of nitrogen gas. To minimize the negative effects of
diffusion in and out of the active sample region in the cavity,
we filled only the lower portion of the sample cell with
Chemicals The spin-labeN-(1-oxyl-2,2,5,5-tetramethyl-  protein solution. It took approximately—6 min for the
3-pyrrolidinyl)iodoacetamide was purchased from Sigma. All temperature to change between 20 andG@t the position
other chemicals were of reagent grade. of the sample within the variable temperature holder. The

MATERIALS AND METHODS
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time_when r_eaching this temperature was Set_ to 0 when Table 1: Inactivation, Reactivation, argh of Spin-Labeled
monitoring time-dependent changes. It was judged that variants of HCA I
another two to three minutes was required to equilibrate the

—
temperature of the sample within the (semi-) filled cell. The . acivit” (/0_)
scan time was always the same: 4.5 min. ‘g'rtggﬁt G‘?'C')tgl_’ I.
The samples of spin-labeled HCA Il, as well as mixtures spin-labeled without  after ~ without  after  value
of spin-labeled HCA Il and GroEL, were also investigated  variant heating heating heating heating  (°C)°
with respect to time-dependent changes before, during, and c206 95 20 85 75 35
after incubation took place. Typically, a mixture of spin- W16C 92 50 75 75 36
labeled HCA Il and GroEL was inserted in an EPR sample 3\/5967% gg 1; j’g fg 312
cell at 20°C and spectra were recorded as a function of time. \y155¢ 95 6 58 58 36
This process was usually allowed to continue for-28 min F176C 98 4 22 39 31
in order to investigate possible complex formation already  W245C 95 23 93 80 39

at room temperature. Thereafter the temperature was raised = after 4 h of incubation in 0.2 M GuHCI at 26C. ® Determined
to 50°C and spectra were recorded as a function of time for from fluorescence measuremerft¥he spin-labeled variants were
abou 1 h toensure that equilibrium was reached. After the incubated fo 1 h at 50°C before incubation at 20C.  The spin-
heat incubation, the temperature was lowered t6@@nd labeled variants were together with GroEL incubatedfd at 50°C
' . - before incubation at 20C.

spectra were recorded as a function of time for 2 h. The
procedure described above was repeated for at least two . o
series of samples of different origin. Il at room temperature2@, 27). The chaperoning activity

Processing of Experimental EPR Datalthough all of ~ ©f GroEL seems to be accomplished by reversible binding
the integrated EPR spectra (with the exception of those of an inactive form of HCA Il that is capable of reactivation.
associated with heat-treated samples in the absence ofl NUS, unfolded forms of HCA Il resulting from the heat
GroEL) showed only minor variations in terms of integrated treatment are interacting with GroEL, and it should therefore
EPR signal intensity, the presented EPR spectra have all bee?® POSsible to map the extent of this interaction specifically
baseline corrected and normalized to a constant spin con-dY Site-directed spin-labeling of the target molecule, HCA

centration (Bruker Win-EPR ver. 2.11 and Matlab 5.1). Thus, I _ )
a line width change can also be interpreted as a difference Tm values of the spin-labeled HCA Il variants were

in the associated spectral amplitudes.

Determination of . Spin-labeled protein was added to
the incubation buffer (see above) to a concentration of 0.5
uM. A 1-mL aliquot of the sample was filtered through a
0.45um filter (Millipore) into the sample cuvette. The

cuvette was placed in a circulating water bath for effective .

heating. The temperature was varied stepwise5(2C) in
the range 1665 °C, depending on the stability of the mutant.

After reaching a selected temperature, the sample was

incubated for 15 min prior to the measurement. The cuvette
was rapidly placed in a thermostated cell holder in the
spectrofluorimeter, and three accumulative fluorescence
spectra were recorded in the wavelength range-3B®) nm
with an excitation wavelength of 295 nm, using 5 nm
emission and 10 nm excitation slits except when studying
the spin-W16C and spin-W97C mutants, for which 10 nm
slits were used for both emission and excitation. After
correction with the appropriate blank, each emission peak
was analyzed through first derivative calculation to find the
emission maximum. Thd,, value was calculated as de-
scribed elsewheredd).

As a control experiment,, of HCAIl was also determined
by differential scanning calorimetry (Microcal MC-2). The
protein concentration was 34M, and the scan rate was 1
°C/min.

RESULTS AND DISCUSSION

Heat-Induced Unfolding of the Spin-Labeled HCA 1
Mutants We have previously shown that GroEL has the
capability to protect HCA Il from irreversible aggregation

determined in the reactivation buffer to study the effects of
spin-labeling on stability and to determine resistance to heat
denaturation. The unfolding induced by heating was moni-
tored by the red shift of the intrinsic Trp fluorescence
spectrum. This parameter reflects the global unfolding of
HCA 11, since the 7 Trp residues of the protein are distributed
in the molecule. Previously, we have also shown that the
determination of the stability of all possible single-point Trp
mutants of HCAIl can be done independently of the method
used (fluorescence, UV absorbance, or enzyme activity),
strongly indicating that different Trp content does not
interfere with the obtained stability datd5, 46).

The determinedr,, values were further validated by a
control experiment on unmutated HCAII using a differential
scanning calorimeter (DSC). The, values obtained from
the DSC and fluorescence experiment only differed BZ1

All spin-labeled variants hadl, values in the temperature
range 3139 °C (Table 1) and all had reached a plateau
value at 50°C; hence, a suitable high-temperature limit for
the study of GroEL and the spin-labeled variants of HCA Il
was 50°C.

The fluorescence spectra of all of the spin-labeled variants
were red-shifted to 342344 nm at 50C, showing that the
state of unfolding was similar for all of these variants.
Comparisons with fluorescence spectra of GuHCI-unfolded
HCA Il show that these wavelength maxima correspond to
an exposure of Trp residues that is observed in the molten-
globule state of the proteirt§).

Measurements on unlabeled HCA 1l showed that the
addition of equimolar amounts of GroEL lowered tlg
value by 7°C. The temperature dependence on the reactiva-

at elevated temperatures. This leads to high yields of activetion yield of denatured HCA Il was earlier shown to be
enzyme when the temperature is lowered, despite a ratheraffected in a similar way, when GroEL was presear)(

weak interaction between the chaperonin GroEL and HCA

The fluorescence spectrum of the unlabeled HCA Il was red-
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presence of GroEL, the corresponding heat transition led to 100
a Trp fluorescence maximum at 342 nm, indicating that the
tryptophans in the bound HCA Il are not fully exposed. The
observed red shift can be attributed only to unfolding of HCA
Il, because GroEL does not contain any Trp resid4é. (

All T, experiments were performed in buffers containing
0.2 M GuHCI, and this GuHCI addition was also included ;59
@)
O
0

shifted to 341 nm after the heat unfolding transition. In the t R R R T ]

80 () —

60 o
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Activity (%)

in all subsequent measurements. The rationale for performing 20
all experiments in 0.2 M GuHCI is that, without the
destabilizing effect by GuHCI, it is impossible to induce the 50 w150 200 20 300
molten-globule-like conformation at a temperature that Time (min)

GroEL will withstand without being heat;denatured. 'In the FIGURE 2: The activity of spin-W97C mutant as a function of time
absence of GUHCI a temperature of- @85 °C was required  for (@) inactivation of spin-W97C in the presence of GroEL at 20
to complete the unfolding transition of HCA Il to the molten- °C, and ©) recovery of enzyme activity of spin-W97C in the
globule-like state, whereas only B€C was needed in the presence of GroEL at 2 after incubation fol hin 50°C. There
presence of 0.2 M GUHCI. At 6TC no chaperone action on IS N0 remaining enzyme activity at SC.

HCA Il could be detected because GroEL was denatured at ) . i

this temperature, whereas HCA Il can be chaperoned at 5or€activated to approximately the same level as during the
°C. Another reason for running the inactivatioreactivation ~ nactivation experiments at 2t (described above). The
experiments in low concentrations of GUHCI is that previ- '€activation process as a function of time is shown for spin-
ously cited GroEL-mediated refolding studies on HCA 11 W97C (Figure 2), and the recovered activities for all of the
have been performed in this mediu®6(28), permitting spin-labeled variants after GroEL-assisted refolding are
us to make comparisons under similar conditions. It has Presented in Table 1. It is evident that equilibrium was
previously been shown that the action of GroEL can be attained because starting from the denatured or the native

affected by GUHCI47). In that study it was demonstrated state of the spin-labeled HCA Il variants led to similar levels
that low concentrations of GUHCI decreased the ATPase Of activity. For heat-denatured (3C, 1 h) spin-labeled HCA
activity of GroEL and destabilized the GroEL/ES complex, ! variants, all but spin-W16C gave low yields of active
thus relieving the inhibition of GroEL ATPase by GroES. ©NZyme upon unassisted reactivation at@(Table 1).
However, the refolding of HCA Il can be efficiently assisted The results regarding inactivation and reactivation that

by GroEL without GroES and ATP. Since GroEL alone is Were obtained in an earlier study of unlabeled HCA 1l in
used in this study, the known effects by GUHCI on the the presence and absence of GroBE) (@re very similar to

chaperonin should be off-set. In a controi experiment both the data acquired with the spin-labeled HCA Il used in the
the spontaneous and the GroEL-mediated refolding behaviorPresent study. Therefore, it is reasonable to believe that the

of HCA Il were also shown to be very similar in urea (0.6 engineered mutations as well as the spin-labeling of HCA
M) and GUHCI (0.2 M). Il have not caused structural alterations that will significantly

affect the chaperone action of GroEL.

Heat Inactbation and Reactiation with and without We earlier interpreted our results to say that there is an
GroEL These experiments were primarily performed to see equilibrium between an inactive HCA Il intermediate,

whether the spin-labeled mutants appeared to be chaperonegrobamy bound to GroEL, and the active enzyme. The
by GroEL in the same manner as the unlabeled and ghqeryeqd increase in the inactivation rate in the presence of
unmutated form of HCAIl used in a previously published Grog| was attributed to a shift in the equilibrium, away from
study @7). Thus, these experiments should be regarded yg native state, caused by rapid binding of GroEL to the
primarily as verifying experiments rather than giving infor- 4 ctive intermediate.
mation on detailed mechanistic aspects of the chaperone The pependence of Protein Stability on the Interaction
action of GroEL on HCAII. Inactivatiorreactivation ex-  ith GroEL.An approximately linear relationship was noted
perlments at different temperatures are not straightforward ¢y, the stability of the spin-labeled variants toward heat
to interpret because temperature affects many parametergenaturation and formation of the corresponding inactive
such as the stability of HCAIl and GroEL, aggregation jnermediate caused by the GroEL interaction at °Zd
behavior, and binding strength to GroEL. At 2C slow (Figure 3). A similar correlation between the stability and
inactivation of the spin-labeled mutants occurred when {he fraction of remaining inactive intermediate was also found
GroEL was present, and the time course of this process isyhen the spin-labeled variants were first heat-denatured and
shown in Figure 2 for a representative variant, spin-W97C  t,an renatured in the presence of GroEL af@QTable 1).
The equilibrium value of the inactivation corresponds to 40% £pRr Behaior of Spin-Labeled HCA Il at Eleated
of the remaining enzyme activity. Similar inactivation TemperaturesThe spectra recorded at room temperature (20
behavior was also observed atZDfor the rest of the spin- ¢ for the various spin-labeled HCA Il variants showed the
labeled variants, and the equilibrium values in terms of characteristic features described in our previous stady. (
remaining activities are given in Table 1. Buried sites were generally associated with a less mobile
All of the spin-labeled HCA Il variants were incubated at spin-label, whereas the variants with spin-label positions in
50°C for 1 h together with GroEL, and complete inactivation the exterior parts of the molecule showed more of the
occurred within the first 3 min. When the temperature was characteristic three-line spectra expected for a flexible
subsequently lowered to 2C, the protein variants were all  environment. The buried sites (residues 97, 123, 206) are

0 ! | ! | ! | ! | I | !
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Ficure 3: GroEL-mediated inactivation of spin-labeled variants
of HCA 1l at 20 °C as a function of thermodynamic stability
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Reactivation: Heat-treated (1h, 8@) protein was cooled to 20

3 . °C; sample with GroEL (gray spectra) and sample without GroEL
S T (dashed spectra). All spectra (normalized) are plotted with the same
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temperature back to 20C, the precipitate tended to ac-
‘ cumulate at the bottom of the sample cell, making further
T gammertenm et s EPR quantification of these heat-treated samples unreliable.
7 The low reactivation yields of the heat-denatured spin-labeled
J HCA Il variants are in accordance with these observations
. . . . (Table 1). When samples comprising mixtures of spin-labeled
Ficure 4: Effect of time on the EPR signal of spin-S56C durin :
heat treatment at 50C with GroEL (grgy spectr%) and withoutg HCA Il and G roEL were subjecte_d to tgmperatures above
GroEL (dashed spectra). As noted the signal remains unchangedim Of the spin-labeled HCA Il variants (i.e., at 3€), no
in the presence of GroEL. The recording of the top spectrum was precipitate was seen, and the associated EPR spectra were
initiated when the sample reached 30. unchanged over time; this behavior is illustrated for the spin-
S56C mutant in Figure 4. Furthermore, the EPR spectra of
also those with lowB values (6-8 A?) from the crystal  spin-labeled HCA Il variants in the presence of GroEL
structure, whereas the more exposed sites (residues 16, S6egained their original features when the temperature was
176, 245) have highds values (9-12 A?) indicating amore  prought back to room temperature after the heat treatment,
flexible structure in the outer parts of the molecuBa)( which is in contrast to what happened when GroEL was not
Upon warming of the samples, the EPR lines became present in the sample cell. This is exemplified for spin-W16C
progressively narrower due to the onset of thermally assistedin Figure 5. These spectral observations are supported by
unfolding of the protein, but this effect was essentially the inactivation-reactivation data above, which show that
reversible as long as the sample temperature was held belovequilibrium was reached from both the heat-denatured and
Tm. At temperatures abovk,, the EPR lines initially became  the native state of the spin-labeled HCA Il variants in the
narrower but broaden after storage at these temperaturepresence of GroEL.
(Figure 4). The EPR spectra of GroEL-bound spin-labeled variants
The latter process was observed for all spin-labeled HCA were in some cases different from those of the spin-labeled
Il variants, although the time evolution and final appearance variants without GroEL; these differences are presented and
of the broadened EPR line-shape varied. This broadeninganalyzed below.
of EPR lines was associated with a precipitation in the EPR  Interaction with the N-terminal Domaiftw16C Position
sample cell; thus we obtained both visible and spectroscopic16 is near the surface in the N-terminal part of the molecule
evidence of aggregation of the unfolded spin-labeled HCA (Figure 1). The mobility of the spin-label in that position
Il variants at elevated temperatures. During the course ofwas relatively large in the native state at 20, and a
the experiment, particularly when bringing the sample broadening of the line-shape was observed in the presence

+ 55 min
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Ficure 6: Various EPR spectra of spin-labeled variants of HCA 1l (indicated by insets) with (gray spectra) and without (dashed spectra)
the presence of GroEL. All spectra were recorded at@0The samples with GroEL were allowed to equilibrate for-@8 min before
recording. The amplitude scale within each pair of normalized spectra is the same; however, the amplitude scale may differ among the

various variants.
of GroEL together with the spin-labeled mutant, both at 20  Lowering the temperature of the GroEL-containing sample
and 50 °C (Figure 5). This indicates that there is an again to 20°C (after the heat treatment) the EPR signal
interaction between the substructure around position 16 andbecame broader, since the viscosity increases and a large
GroEL. If an interaction had not taken place, the EPR lines population of the protein substrate is still bound to GroEL.
would have been the same in the presence and absence dflowever, the signal changes toward the same line-shape as
GroEL. was noted in the EPR spectrum of spin-S56C in the presence
of GroEL before heat treatment. The phenomenon is il-
lustrated in Figure 8, showing the EPR spectra associated
S56C This position is located peripherally jfrstrand 2 with the initial and final states of this process. Analysis of
of the main domain of the HCA Il molecule (Figure 1). The the reactivation kinetics yielded a half-life of 23 min. A
mobility of the spin-label in this position was relatively large similar time constant could be estimated from the changes
in the native state at 28C (Figure 6). The spectra of spin- of EPR spectra; however, since the amplitude changes were
S56C with and without GroEL were identical immediately rather small the obtained values are too uncertain to give
after mixing, but as time progressed the EPR lines broadenedaccurate kinetic information.
considerably of the spin-S56C spectrum in the presence of W97C This amino acid is located ifi-strand 4 and is
GroEL (data not shown). part of the stable hydrophobic cluster in HCA Il (Figure 1).
An increase in the temperature to 50 should result in Solvent accessibility studies have shown that position 97 is
greater mobility of the spin-label, that is, the peaks in the deeply buried inside the HCA Il molecul83), and chemical
EPR spectra are expected to become narrower due toabeling data indicate that the substructure around this
thermally assisted unfolding, and this was found for spin- position, which compriseg-strands 3-5, is remarkably
S56C without GroEL. However, for spin-S56C in the stable, retaining a compact residual structure even under
presence of GroEL the line-shape broadening indicates lowerextremely strong denaturing conditiorl( 36).

Interaction with the Mains-core

mobility of the spin-label at 50C than at 20°C (Figures 6 The mobility of the spin-label in this position was very
and 7). Thus, GroEL interacts with a larger population of low at 20°C. However, the faint but notable isotropic three-
spin-S56C molecules at 5@ than at 20°C. At 50 °C the line features of the EPR spectra were more prominent in the

amplitude of spin-S56C spectra in the absence of GroEL presence of GroEL at 20C (Figure 6). Therefore, the
decreased gradually with time, whereas the spectra in thesubstructure embracing the spin-label at position 97 seems
presence of GroEL appeared unchanged (Figure 4). This wago loosen up when GroEL interacts with the spin-W97C
due to aggregation in the absence of GroEL, which is mutant. Proof that GroEL interacts with the spin-W97C
corroborated by a visible precipitate within the sample cell mutant at 20°C and thereby affects the conformation is
as discussed in a previous subsection. provided by the following data: the enzyme exhibited only
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Ficure 7: Various EPR spectra of spin-labeled variants of HCA 1l (indicated by insets) with (gray spectra) and without (dashed spectra)
the presence of GroEL. All spectra were recorded atG05 min after the associated sample reached the incubation temperature. The
spectra of samples with GroEL were all essentially unchanged gitrin of heat treatment, whereas the EPR lines of samples without
GroEL became broadened with time in a similar way as illustrated for spin-S56C in Figure 4. The time-dependent process for the variants
without GroEL, together with the problem of instantly reaching the temperature within the sample (see Material and Methods), shows that
the line-shape of the EPR spectra of the samples without GroEL should be regarded as slightly narrower if extrapolated to zero-time. The
amplitude scale within each pair of normalized spectra is the same; however, the amplitude scale may differ among the various variants.

! W123C Trpl123 is located ins-strand 5, close to the
surface of the protein (Figure 1). Data from chemical labeling
experiments have shown that the region around position 123
is relatively rigid @6). At 20 °C there was no difference
20G between the EPR spectra of spin-W123C obtained in the
presence and the absence GroEL (Figure 6). The spin label
appeared to be rather immobilized in both cases.

A difference between the two samples could be seen after
the temperature was increased to°80 the mobility of the
spin-label in spin-W123C was greater in the presence than
in the absence of GroEL (Figure 7). That means that GroEL
makes the spin-label more mobile, which could be interpreted
in the same way as for the spin-W97C mutant, that is, that
_ ) ) _ GroEL induces conformational changes at the position of
Ficure 8: Effect of time on the EPR signal of spin-SS56C during  the spin-label. The structural change results in a more flexible

reactivation. The protein was heat-denatured &G the presence . . i,
of GroEL for 1 h, and reactivation was initiated by cooling to 20 surrounding at this position.
°C. Both spectra were recorded with the sample afQ0 gray C206 Cys206 is located near the edggiedtrand 7. That

spectrum, recorded directly after the initiation of reactivation; black g.strand and the vicinal sixth strand represent the most
spectrum, recorded aft@ h of reactivation after heat treatment. hydrophobic parts of the HCA Il moleculd®). Cys206 is

in the absence of GroEL (Table 1). have revealed that the native structure around this position

As for all spin-HCA Il variants without GroEL, increasing IS rather compact; that was indicated by low mobility of the
the temperature also increased the mobility of the spin-label, SPin-label 81).
due to greater flexibility of the protein. However, the spin- EPR spectra of spin-C206 at 2€ are shown in Figure
label at 50°C in position 97 was slightly more mobile in 6. When comparing the spectra for spin-C206 at@Qvith
the presence than in the absence of GroEL (Figure 7). and without GroEL, it can be noted that the mobility of the

-

|
h
)
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spin-label was Som_eWhat larger when the chaperonin WaSTabIe 2: Summary of Mobililty Changes of Spin-Probes upon
present. That signifies that the structure around the spin- nteraction
label in C206 becomes more flexible when GroEL is present.

; - HCAII mobility at 20°C mobility at 50°C
When the temperature was raised to°&l) the mobility of variant without GrolEL with GroEL?
the spln—l_abel increased in both samples (Flgure 7). However,™ o7 rigid more mobile
at that high temperature, the spin label in the sample with  \y123¢c rigid more mobile
spin-C206 and GroEL was significantly more mobile than €206 (wt) rigid more mobile
the spin label in the sample with spin-C206 alone. W16C mobile _ more rigid
. . .. S56C intermediate mobile more rigid
In conclusion, the structure at the spin-label position  F176c mobile more rigid
becomes more flexible in the presence of GroEL at both 20 w245C rigid/mobile more rigid

and 50°C. Thus, similar effects of the GroEL interaction aCompared with HCA Il variant alone.
are observed for the spin-label in this position as when
attached to positions 97 and 123.

was recovered after cooling. In the absence of the chaperonin
very little enzyme activity was regained.

Considering the present results regarding inactivation and

F176C Phel76 is located near the surface clogéstrand reactivation in combination with the intrinsic fluorescence
1, and it is almost completely buried because its side chainproperties of the heat-inactivated spin-labeled HCA I
points toward the interior of the molecule (Figure 1). variants, it seems that HCA Il must assume a partially

At 20 °C, no differences were observed in the EPR spectra unfolded, molten globule-like conformation to be able to bind
of spin-F176C in the presence or absence of GroEL (Figure to GroEL.
6). In a sense, the mobility of the spin-label was intermediate  Further, the decrease ifi, (7 °C) for HCA Il in the
between an immobilized (as in spin-C206, spin-W97C, and presence of GroEL indicates that the interaction with GroEL
spin-W123C) and a mobile status (as in spin-W16£9, (  destabilizes the protein structure. This suggests that GroEL
31). actively unfolds HCA II. A similar observation was made

After increasing the temperature to 8D, we saw a minor  for the interaction of GroEL with barnase. In that case
difference between the two samples: the surroundings ofwas decreased by 9C and it was concluded that GroEL
the spin-label were more rigid in the presence of GroEL catalyzes unfolding of bound proteins by using binding
(Figure 7). That implies that GroEL interacts with HCA Il energy g5).

at pOSitiOﬂ 176. However, the mObIlIty of the Spin-label was The structural Changes that occur upon bmdmg to GroEL

Interaction with Peripheral Positions

greater at 50C in the presence of GroEL than at 20 in are characterized in some detail by monitoring the mobility
the absence of the chaperonin, which is due to the temper-changes of the attached spin-labels (see Table 2 for a
ature increase. summary).

W245C Trp245 is accommodated in a long loop between  The spin-probes that were linked to peripheral positions
the centraf3-core and the N-terminal domain (Figure 1). At of HCA Il showed substantial mobility in the absence of
20 °C, the equilibrium between the native state and the GroEL but were all, to varying degrees, immobilized during
inactive intermediate of the spin-W245C mutant was hardly jnteraction with GroEL. The other category of spin-labels
influenced by the presence of GroEL (Table 1). This is also that was attached to interior parts of the HCA Il molecule
in agreement with the corresponding EPR spectra recordedyas all largely immobilized in the absence of GroEL, even
with and without GroEL, which do not show any significant 4t elevated temperatures. Contrary to the surface-located spin-
spectral differences (Figure 6). labels, these interiorly bound spin-labels became less im-

When the temperature was raised to°&) the mobility mobilized during interaction with GroEL. It is important to
of the spin-label increased both in the presence and in thenote that the surface-located spin-labels during interaction
absence of GroEL as noted above due to an increase inwith GroEL are still fairly mobile, whereas the movements
thermal energy. More important, however, is that the EPR of the mobilized interiorly located spin-labels are much more
spectrum of the spin-W245C sample with added GroEL restricted. Therefore, it appears that the interior hydrophobic
indicates lower mobility of the spin-label than the spectrum core still exists during interaction with GroEL. Nevertheless,
of spin-W245C without GroEL (Figure 7). This suggests that considering the increased mobility of the spin-labels, it seems
an interaction also occurs between GroEL and HCA Il at that the interaction with the chaperonin results in a more
this position. dynamic central core structure.

Mapping the GroEL InteractionWe have previously The motion of the spin-labels that are near or on the
shown that GroEL interacted rather weakly with HCA Il surface, on the other hand, becomes more constrained during
during the folding process at room temperature, and this wasthe HCA [I—GroEL encounter. It is not possible to deduce
also true in the absence of GroES and ATP. The native a detailed structure or the distance between the spin-label
conformation of HCA 1l was not affected by GroEL at that and GroEL from the EPR line-shape data. Since the line-
temperature. However, at elevated temperatures the interacshape of the spin-label in all positions when interacting with
tion between GroEL and HCA Il was shown to become GroEL is far from the “rigid limit” associated with the size
stronger. It seemed as though the binding to GroEL causedof HCA Il (compared with data for the native W97C case
a shift in the equilibrium toward an unfolded inactive (31)), the dynamic signature dominating the EPR spectrum
intermediate that was in equilibrium with the native state. is the local motions of the spin-labeled side chain. Hence, a
Although this intermediate was inactive, most of the activity pronounced effect on the rotational diffusion due to the large
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molecular weight of GroEL, even in close contact to the to GroEL is dependent on the stability of the HCA 1l
substrate protein, is not expected. variant: that is, the easier the molten-globule-like intermedi-
Another possible scenario is that GroEL causes a generalate can be formed, the more of the protein substrate will be
disorder in the molecular structure of HCA II. This inter- captured by GroEL. This observation supports the idea that
pretation of the our data is, however, less plausible becausenonspecific hydrophobic interactions are most important for
interaction with GroEL resulted in two different types of formation of the GroEE-substrate complexi(—19).
mobility changes of the spin-labels depending on the location The Conformation of Bound Protein Substratétow
of the spin-labels in the native state of HCA Il. In addition, much of the native conformation that is present in a protein
these two categories of spin-labels differed significantly in substrate complexed to GroEL is a question that lacks an
regard to their final mobility, which shows that the spin- unequivocal answer and is therefore still a subject of
label environments still are remarkably different in the discussion. In some cases it has been proposed that GroEL-
GroEL-bound state. bound proteins are completely unfolded. Other studies
Earlier characterizations of folding intermediates of HCA suggest that the protein substrates are partially structured and
Il have shown that the protein can adopt a stable and compacthat many of them have structural features that resemble a
equilibrium folding intermediate conformation of molten- molten-globule-like conformation, that is, they have a
globule-type 81, 36). The predominang-structure, which  significant amount of nativelike secondary structure but no
consists of 1Q3-strands that extend throughout the entire stable tertiary interactions and they have exposed hydropho-
molecule, appears to be largely intact in this intermediate. bic patches. It has also been reported that the properties of
However, the outermogi-strands were found to be flexible  the bound protein are similar to those of the native stjte (
and less stable than the interiorly locafedtrands, showing |t has also been shown that in some cases binding of GroEL
that the outer parts of the structure are more labile. Of the |eads to further unfolding of the substrats(23—25).
positions probed only those exposed in the molten-globule  Eyidently, the conformational state recognized by GroEL
(positions 16, 56, 176, 245) had spin-probes that were s not unique. Our data suggest that the formation of a
immobilized during interaction with GroEL. This part of the  protein-substrate complex depends on the thermodynamic
EPR data indicates that the bound intermediate of HCA Il stapility and that this influences the partitioning between the
is unfolded at least to the same extent as the molten-globuleyqynd and unbound protein substrate. The hydrophobic core
intermediate. Specifically, the outer part of the main domain of the molten-globule state of HCA Il has been shown to be

ﬁ—_core (probed_at positions 56 and 176) seems to i“t?raCtextremely stable31, 36), and that is probably the reason
with GroEL. This appears also to be the case for the minor GroEL is not capable of fully unfolding the polypeptide

N-terminal domain (position 16) and the interface between
the two domains (position 245).

We have previously reported that a hydrophobic region,
containingB-strands 3-5, seems to be remarkably stable and
is not ruptured until extremely strong denaturing conditions
(approximatel 5 M GuHCI) are applied31, 36). In a recent
study, we demonstrated th@tstrands 6 and 7 are also
included in this stable residual structurg7)(. That this

chain. Apparently, it seems as though the degree of unfolding
of protein substrates depends on the stability and size of the
hydrophobic core.

Concluding RemarksThe main conclusions that can be
drawn from this study are the following: (i) HCA Il needs
to be unfolded to a degree similar to that of a GuHCI-induced
molten-globule intermediate of the enzyme for the initial
interaction with GroEL to take place; (ii) the degree of

compactness is retained after heat denaturation is alsobinding to GroEL depends on the stability of the HCA I

demonstrated by our present data showing broad line-widths

in the EPR spectra of the spin-labels in this area of the

molecule (positions 97, 123, and 206; Figure 7). It was noted

that the spin-labels were somewhat more mobile in this
region when GroEL was present, which indicates that the

structure of the hydrophobic core becomes more flexible than

variant; (iii) GroEL efficiently protects HCA Il from ir-
reversible aggregation at higher temperatures; (iv) interaction
with GroEL leads to higher flexibility of the rigid and
compact hydrophobic core of HCA Il, which is likely to
facilitate rearrangements of misfolded structure; (v) the
secondary structure of the bound intermediate is not known

in the corresponding unchaperoned state. By making the rigidy, ¢ it is clear that the protein becomes more flexible upon

core structure more dynamic GroEL will facilitate rearrange-
ments of misfolded structure. From this observation it is clear
that GroEL can participate actively in the folding process
by loosening up structural elements. In regard to HCA Il
such an active role for GroEL is supported by our previous
finding that the apparent activation energy for reactivation
of the denatured enzyme is lowered by GroEL, which
strongly indicates that GroEL influences the folding pathway
(28).

Nonspecific Hydrophobic Interactions between GroEL and
HCA Il. The observed relationship between the binding of
HCA 1l to GroEL and the stability of the enzyme (Figure 3)
shows that the insertion of the spin-label has little or no direct
effect on the affinity for GroEL. In 5 of the 6 mutants,

binding than the well-characterized molten-globule state; (vi)
protein—protein interactions can be specifically mapped by
site-directed spin-labeling and EPR measurements.
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