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ABSTRACT:. The chaperonin GroEL is a homotetradecamer in which the subumitS7{ 000) are joined
through noncovalent forces. This study reports on the unfolding and disassembly of GroEL in guanidine
hydrochloride and urea. Kinetic and equilibrium measurements were made using amide hydrogen exchange/
mass spectrometry, light scattering, and size-exclusion chromatography. Hydrogen exchange in GroEL
destabilized in 1.8 M GdHCI (the unfolding midpoint is 1.2 M GdHCI) shows that the apical and
intermediate domains unfold 3.1 times faster than the equatorial domain. Light scattering measurements
made under the same conditions show that disassembly of the native GroEL tetradecamer occurs at the
same rate as unfolding of the equatorial domain. This study of the kinetics of GroEL unfolding and
disassembly demonstrates the existence of an intermediate that was identified as a tetradecamer with the
apical and intermediate domains unfolded. Although this intermediate was easily detected in dynamic
unfolding measurements, its population in equilibrium measurements at the midpoint for GroEL unfolding
was too small to be detected. This study of GroEL unfolding and disassembly points to features that may
be important in the folding and assembly of the GroEL macroassembly.

The chaperonin GroEL, the most thoroughly characterized major structural changes in GroER,(10. However, it was
molecular chaperone, assists protein folding in vite 8). noted that GroEL lost ATPase activity at much lower
GroEL is a homotetradecamer composed of two back-to- concentrations of GAHCI (midpoint 0.5 M GdHCIP)(
back seven-member rings. Each subunit consists of 547Subsequent light scattering and fluorescence experiments also

residues and 3 distinctive structural domaids §). The indicated that GAHCI induced an additional structural change
equatorial domain (residues-332 and 408522) is well- when the concentration of denaturant was less than 0.5 M
ordered and forms a solid foundation around the waist of (10). Structural changes in GroEL induced by denaturants
the assembly. The apical domain (residues -1%15) is have also been studied by size exclusion chromatography

considerably less ordered and provides the binding site forand sedimentation velocity analysis. The size exclusion
the substrate protein. An intermediate domain (residues 133 results indicated that GroEL remains a tetradecamer for
189 and 376407) links the equatorial and apical domains. GdHCI concentrations as high as 0.6 M). The sedimenta-
Little is known about the processes through which GroEL tion velocity results showed that GroEL is a tetradecamer
folds into these three structural domains, nor is much knownin 2.0 M urea and a monomer in 2.3 M urell). Circular
about how GroEL subunits assemble to form the biologically dichroism (CD) analysis of GroEL equilibrated in urea
active tetradecamer. There is increasing evidence suggestingndicated a single major structural change with the midpoint
that, in some cases, folding and unfolding involve similar at 2.2 M urea, in agreement with the sedimentation velocity
paths on the folding energy landscape-8). When folding measurementslp). Another report indicated that the mid-
and unfolding do occur along similar paths, important point for GroEL unfolding occurred at 3.3 M ure8)(
features of the folding energy landscape can be deduced from Collectively, these results show that low concentrations
studies of protein unfolding. This prospect led us to consider of GAHCI (<0.5 M) inhibit ATPase activity of GroEL and
several previous studies of GroEL unfolding. Light scattering, alter slightly its fluorescence and light scattering without
circular dichroism (225 nm), and fluorescence measurementsappreciably altering its CD properties. However, these
indicated that equilibration in 1:21.3 M GdHCF induced structural changes do not involve disassembly of the GroEL
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tetradecamer. Higher concentrations of denaturant (1.2 Mthe column (Vydac C4 x 50 mm) were maintained at O
GdHCI or 2-3 M urea) cause major structural changes °C, and both mobile phases (water and acetonitrile) contained
(fluorescence and CD) and disassembly of the tetradecamei0.05% trifluoroacetic acid. An aliquot (5€.) of sample was

(light scattering and sedimentation velocity). In addition to loaded using a 5@L injection loop and a flow rate of 140
these structural changes, residual structure in the apicaluL/min. Following a 1.5 min desalting period at 30%
domain has been detected by the fluorescence of bisANSacetonitrile, the flow rate was decreased tad®min, and

when GroEL was equilibrated in ure&d). This structure, the protein was eluted using a-365% gradient in 4.5 min.
which was not detected by other spectroscopic methods, wasThe mass spectrometer was scanned over the mass/charge
lost when the urea concentration was greater thasd Bi. range 706-1800. Deuterium levels were determined from

Results presented here provide a new view, based on amiddhe centroids of peaks in the mass spectra reconstructed from
hydrogen exchange (HX), of denaturant-induced unfolding the multiply charged state ions in the original spectra. The
and disassembly of GroEL. Isotope exchange was detecteddeneral procedures used for amide hydrogen exchange and
by analyzing both intact GroEL subunits and their peptic mass spectrometry are described in more detail elsewhere
fragments by mass spectrometry (M3B{16). Analysis (13, 19.
of multiple envelopes of isotope peaks in mass spectra Pepsin Digestion and Fragment AnalysiBhe labeled
showed that different regions of GroEL unfold at different protein (400 pmol of monomer) was digested with pepsin
rates. Furthermore, unfolding of the equatorial domain (basedfor 3.5 min (S:E mass ratio 1:1,%C; pH 2.4) before analysis
on HX) and disassembly of the GroEL tetradecamer (basedby HPLC MS. The HPLC injector and column (Vydac C4 1
on light scattering) occurred at the same rate, suggesting that< 50 mm) were maintained at. An aliquot of the digest
they are closely coupled processes. The present results aréd0 uL) was loaded into a 5@L loop at a flow rate of 40
combined with those of previous studies to develop a more uL/min. After desalting with 2% acetonitrile for 2 min, peptic

detailed model for folding and assembly of native GroEL. fragments were eluted using a-38% acetonitrile gradient
in 10 min and detected on-line by a Micromass AutoSpec

MATERIALS AND METHODS magnetic sector mass spectrometer equipped for electrospray
_ ) ionization. lons in the mass-to-charge range-38850 were
~ Unfolding and Labeling. E. colBroEL was overexpressed  recorded using a focal plane detector. Although pepsin
in E. coli, as described previouslyL{). Purified GroEL in  ¢jeavage sites are difficult to predict from sequence alone,
Hepes, pH 7.4, was diluted 13.5-fold into a guanidine cleayage was reproducible under identical digestion condi-
hydrochloride (GdDCI)/20 buffer (50 mM Hepes, pD 7.0)  tions. All peptides were identified by collision-induced
to initiate unfolding and subsequent deuterium exchange- gissociation tandem mass spectrometry using a Finnigan
in. All measurements of pH in solutions containing®are LCQ ion trap mass spectrometer.
presented here “as read” from the pH mets8)(The final Data AnalysisMass spectra of peptides exhibiting bimodal
concentration of GdDCI was 1.8 M, and the concentration gjstributions of isotopes were deconvoluted into their con-
of the GroEL tetradecamer was 1uM. The temperature  gtjtyent low- and high-mass envelopes using the computer
was 21+ 2 °C. After various unfolding times (10, 22, 29, program “Hxpro” Q0). The areas of these envelopes were
45, 90, 180, and 360 s), isotope exchange was quenched by,seq to determine the populations of GroEL that were
decreasing the pH to 2.4 and the temperature ¥€0The  ynfolded in specific regions. Unfolding rate constants were

quench solution was 300 mM phosphate at pH 2.4. Samplesgetermined from these populations assuming consecutive
labeled with deuterium were stored-af0 °C until analyzed  first-order reactions:

by HPLC MS. Deuterium uptake in native GroEL in the

absence of denaturant was determined from a “native” protein
reference sample, which was prepared by incubating GroEL
in the labeling buffer without GdDCI for 10 s. Deuterium \yhere N, I, and U refer to the populations of the native,

loss during analysis was estimated by an_al)‘/‘zmg a S"’,‘,mF’leintermediate, and unfolded species, respectively. Unfolding
that was completely exchanged in@ This “unfolded” rate constantsk, and k»,, were calculated by fitting the
reference sample was prepared by incubating the protein info|iowing equations to the experimental data:

the labeling buffer containing 1.8 M GdDCI for 1 h. These

ok
N—|—U

reference samples, as well as samples from the time course, [N],= [N], exp(=k,t) (1)
were analyzed by the same quench and HPLC MS proce-

dures. About 400 pmol (subunit basis) of GroEL was used k, exp(k,t) — k, exp(k,t)

for each measurement. [U]; = [N]o[1+ kK, (2)

Some measurements were made under equilibrium condi-
tions. Preliminary measurements showed that approximatelywhere [N}, is the initial native protein population.

4 h was required to achieve equilibrium populations of folded  Light Scattering.Right angle light scattering (323 nm)
and unfolded forms of GroEL in 1.2 M GdHCI. The time measurements were performed on a SLM Aminco Bowman
required to achieve equilibrium, which depends on the series 2 luminescence spectrometer. GroEL was diluted into
concentration of denaturant, was considered in the designthe isotope labeling buffer (1.8 M GdDCI) to give a final
of all equilibrium experiments. protein concentration of 1,AM (tetradecamer).

Analysis of Intact GroEL Subunit8lass spectra of the Size Exclusion ChromatographgroEL incubated in urea
intact GroEL subunits were acquired with a Micromass for 24 h was loaded on a Superose 12HR column (Pharmacia)
Platform Il electrospray ionization mass spectrometer directly and detected by UV absorbance at 229 nm. The mobile phase
coupled to a reversed phase HPLC system. The injector andwas 50 mM Tris, 100 mM KCI, 2.5 or 2.6 M urea, pH 7.8.
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Table 1: Deuterium Levels Found in GroEL Monomers following

-—//\l Incubation in RO and 1.8 M GdDCI
deuterium level

22s

incubation inter- intermediate- unfolded—
! time (s) folded mediate unfolded folded intermediate
F Y s native ref 79
z 10 136 332 196
8 %0s 22 163 343 516 180 173
= 29 171 344 521 173 177
45 182 358 529 176 172

360 s 90 368 529 162
180 529
360 530
Unfolded
H____/E_‘ aThe deuterium level was determined from the molecular masses

of intact GroEL monomers (see Figure 1) and adjusting for deuterium
losses during HPLC3E). P Native GroEL was exposed to,D with
no GdDCI for 10 s.

57 000 57 400 57 800

Molecular Mass

FiGure 1: Electrospray mass spectra of intact GroEL monomers . . . . .
derived from native GroEL incubated in 1.8 M,O/GdDCI for The GroEL amino acid sequence used in this study, which

22, 45, 90, and 360 s. The native ref sample was prepared byis based on the scheme used by SwissProt (entry no. P06139),
exposing native GroEL to f© for 10 s in the absence of GAHCI.  does not include Met 1, which was cleaved after translation.

The unfolded ref sample represents GroEL that was completely This form of GroEL. which has 547 residues (14 of which
exchanged in BD. These spectra were reconstructed from peaks are proline), has 5'32 eptide amide linkages that could
for multiply charged ions in the original mass spectra. The area P ! pep g

under each envelope of isotope peaks was used to determine thdecome deuterated. Assuming that HX was complete in the
populations of folded, partially unfolded intermediate, and unfolded unfolded reference, GroEL should have 532 deuteriums

forms of GroEL. located at peptide amide linkages. Finding only 476 indicates
To correlate the elution time with molecular mass, the elution that 11% of this deuterium was lost during the HPLC step.

times of native GroEL i, 800 000) and BSANI, 66 000) This Io_ss was used to adjust for deuterium losses during
were determined using the same buffer but without urea. HPLC in other samples3p).

For a structurally homogeneous sample, deuterium is
RESULTS distributed randomly among all the molecules. Mass spectra
of labeled proteins with a random distribution of deuterium

exchange rates of hydrogen located at peptide amide Iinkage%j_‘flee siln?Ietﬁnve;opes of isot?pe I[\J/Ieaks, astillus;rate:j _in
are highly sensitive to intramolecular hydrogen bonding and . Igure L for the reterence samples. Vlass Spectra of proteins
their access to the solver#l—25). Since unfolding disrupts in which some of the mo_lecules were folded and. oth_ers were
intramolecular hydrogen bonding and provides essentially unfolded during isotopic labeling may exhibit bimodal

complete access to the solvent, isotope exchange rates M’sotope patternsze, 31,32, 35 A significant populz?\tion_
unfolded proteins are much faster than in the folded forms. of an intermediate state along the unfolding pathway in which

For example, exchange is about 85% complet# § for an only part of th_e molecule is fqldgd may give an gdditional
unfolded protein at pH 7.018), but may require months to gnvelope_ of isotope peaks indicating a deuterium level
reach equilibrium in a folded protein. The high sensitivity intermediate between those of the native and unfolded
of hydrogen exchange to the folding status of proteins has "¢ferences.
been used successfully in several studies of protein folding The deuterium uptake by GroEL was followed by mass
(26—28) and protein unfoldingZ9—32). spectrometry as a function of the time the protein was
Amide hydrogen exchange was used in the present studyincubated in RO and 1.8 M GdDCI. After 10 s, two
to investigate the unfolding of GroEL in 1.8 M GdHCI. envelopes of isotope peaks were detected. The deuterium
Results from previous CD and fluorescence studies showedlevels found in different forms of GroEL are given in Table
that GroEL unfolding is complete in 1.8 M GdH®,(10. 1. After 22 s, three envelopes of isotope peaks were evident
In the present study, GroEL was unfolded in the presence (Figure 1), indicating the presence of three conformations
of D,O. Under these conditions, HX occurred slowly at most of GroEL (F, I, and U). The deuterium level of ions
peptide amide linkages in folded molecules, proceeding comprising the high-mass envelope indicated that nearly all
rapidly only when molecules or specific regions within of the 532 amide hydrogens had been replaced with
molecules unfolded. The large difference in HX rates in deuterium. It follows that this peak represents completely
folded and unfolded GroEL is illustrated by the mass spectra unfolded GroEL molecules, as sensed by hydrogen exchange.
of the native 1, 57 266) and unfolded\, 57 671) reference  As the incubation time in BD/GdDCI increased to 360 s,
samples (Figure 1). The average molecular mass measurethe high-mass envelope became the dominant peak in the
for GroEL with a natural abundance of isotopes was 57 195 mass spectrum, indicating that GroEL was becoming in-
(calculatedVl, 57 198). It is important to note that deuterium creasingly unfolded. During this time, the deuterium level
located in the side chains, as well as at the N- and C-termini, increased from 516 to 529 (see Table 1). Although this small
was replaced with protium during the HPLC ste8, 33, increase in mass (0.02%) with exposure t©DBGdDCI may
34). As a result, the increased molecular mass of GroEL indicate some residual structure, it is close to the uncertainty
reflects only deuterium located at peptide amide linkages. of these measurements and may not be significant.

Detection of a GroEL Unfolding Intermediatésotope
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Native GroEL exposed to {® (nho GdDCI) for 10 s had  maximum and decayed to zero as the population of the
an excess of 79 deuteriums, indicating that HX was very unfolded form rose from 0 to 100%. Rate constants in eqs 1
fast at approximately 79 amide linkages (Table 1). The massand 2 were adjusted to optimize the fit between experimental
of the low-mass envelope for GroEL exposed tgODand and calculated populations. Unfolding rate constants of 0.048
GdDCI for 10 s indicated an excess of 136 deuteriums. The and 0.015 st gave the best fit fok; andk,, respectively.
increase from 79 (native reference) to 136 indicates the Identification of the Unfolding Domains in GroE[To
loosening effect of GADCI on GroEL that remained folded identify specific residues comprising the two unfolding
during the incubation time. As the incubation time increased domains detected by analysis of the intact GroEL monomers,
from 10 to 45 s, the deuterium level in this population of the labeled protein was digested into peptic fragments whose
molecules increased from 136 to 182 (Table 1). This increasedeuterium levels were determined by HPLC MS. Except for
reflects the increased time available for HX and possible addition of pepsin to the quench solution and a 3.5 min
continued loosening of folded GroEL. For incubation times digestion time, the experimental conditions used to prepare
greater than 45 s, this population was too small to be detectedsamples for the two types of analyses were identical. For
readily. the experimental conditions used in this study, 54 peptic

Three spectra in Figure 1 have a third peak representingfragments covering 97% of the entire GroEL backbone were
partially unfolded GroEL monomers (I) with deuterium levels identified. A subset of these fragments covering 91% of the
intermediate between those of the folded and unfolded forms.backbone was used in this study. The amino acid sequences
The molecular masses of this population indicated that their of GroEL and the peptic fragments used in this study are
deuterium levels increased from 332 to 368 as the incubationpresented in Figure 2.
time increased from 10 to 90 s. As described above for the Mass spectra of the segment including residues-224
population of folded GroEL, this increase is due to the derived from GroEL incubated in JO/GdDCI for 22, 45,
increased time available for hydrogen exchange and possiblyand 90 s are presented in Figure 3. These spectra have two
to increased loosening of the folded regions. The difference envelopes of isotope peaks (illustrated by broken lines),
in the deuterium levels between two peaks (right columns clearly demonstrating structural heterogeneity in this region
in Table 1) gives the number of amide linkages that became of the GroEL backbone. The low-mass envelope of isotope
deuterated following a particular unfolding step. Since peaks had an average mass similar to that of the native
exchange was complete at some amide linkages beforereference (top panel), indicating that the population of
unfolding occurred, the differences in the deuterium levels molecules represented by this envelope was folded. The high-
found between the three envelopes of isotope peaks represennass envelope of the isotope peaks had an average mass
only the lower limit to the number of residues involved in similar to that of the unfolded reference (bottom panel),
each unfolding domain. The results presented in Table 1lindicating that the population of molecules represented by
show that the first unfolding step must involve at least 196 this envelope was unfolded.
residues and the second unfolding step must involve at least The relative areas of the low- and high-mass envelopes
177 residues. indicate the relative populations of molecules in which this

Results of a separate pulse-labeling experiment confirmedsegment was folded or unfolded, respectivél9,(29. With
that GroEL equilibrated in 1.8 M GdHCI was completely increasing incubation time in 1.8 M GdDCI, the population
unfolded, as assessed by HX. Following equilibration ®H of molecules folded in this region decreased while the
GdHCI for 360 s, GroEL was exposed to@GdDCI for population of molecules unfolded in this region increased
10 s prior to quenching HX. The mass spectrum of this (Figure 3). In the backbone segment including residues-214
sample (data not presented) exhibited only one envelope 0f221, approximately 62% of the molecules were unfolded after
isotope peaks and a deuterium level of 532, indicating little 22 s of incubation in GADCI. Approximately 89% of the
protection against HX. The absence of peaks correspondingmolecules were unfolded after 45 s. By contrast, unfolding
to either folded GroEL or the partially unfolded intermediate of the GroEL backbone segment including residue-4425
confirmed that these forms were much less stable thanwas much slower. After 22 s, only 14% of the molecules
completely unfolded GroEL in 1.8 M GdHCI. These results were unfolded; after 90 s, 63% of the molecules were
are consistent with previous studies which reported that the unfolded.
midpoint for equilibrium unfolding of GroEL occurs at 1.2 Similar analyses were performed on 38 peptic fragments
M GdHCI (9, 10. of GroEL to determine the folding status of specific regions

As discussed elsewherelq, 37, peak intensities in  in GroEL as a function of the time it was incubated ig)
continuous-labeling experiments represent populations thatGdDCI. Unfolding rate constants for these regions, which
unfolded and underwent complete isotope exchange. Thiswere determined using eqs 1 and 2, are listed in Table 2.
population includes molecules that were unfolded at the time The unfolding rates of backbone regions corresponding to
that HX was quenched as well as those molecules thatthese 38 peptic fragments of GroEL form 2 distinct groups
refolded prior to HX quenching. Because equilibrium in 1.8 with unfolding rate constants of 0.049 and 0.018 §hese
M GdDCI strongly favored the unfolded protein, the popula- unfolding rate constants correlate very closely with the
tion that unfolded and subsequently refolded prior to quench unfolding rate constants determined by analyzing intact
was small. Under these conditions, the peak intensities in GroEL (Table 2). Peptides indicating fast or slow folding of
Figure 1 indicate the populations of the folded, intermediate, GroEL are illustrated in Figure 2 as thick or thin lines,
and unfolded forms of GroEL at the time HX was quenched. respectively. All of the fast unfolding peptides (20) map to
The population of the folded form followed a single- the apical and intermediate domains, and all of the slow
exponential decay with increasing incubation time OD unfolding peptides (18) map to the equatorial domain (Figure
GdDCI. The population of the intermediate rose to a 4).
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Ficure 2: Amino acid sequence of GroEU®). Arrows indicate the peptic fragments used in this study. Heavy and light arrows indicate
segments derived from regions unfolding rapidly or slowly, respectively. Dashed lines indicate segments that did not exhibit bimodal
isotope patterns. The apical (A), intermediate (l), and equatorial (E) structural domains were identified by X-ray crystall@graphy (

Residues 214-221 Residues 419-42 Table 2: Rate Constants for Unfolding of GroEL Incubated in 1.8
Native ref M GdHCI Determined from the Mass Spectra of Intact GroEL
Monomers or Their Peptic Fragments
fast unfolding regions slow unfolding regions
22 residues k(s residues k(s™
133-160 0.051 120 0.017
143-160 0.054 2136 0.015
> 45s 161-165 0.052 3754 0.016
g MM 166—-186 0.058 5561 0.016
£ 188-193 0.051 6272 0.017
194—-208 0.047 7394 0.016
90s 204—213 0.051 95126 0.011
{ 214-220 0.049 12#132 0.015
\ 214-221 0.049 409418 0.018
221-233 0.043 419425 0.017
Unfolded ref 237-247 0.047 419428 0.017
262—268 0.043 426443 0.018
269-290 0.048 444452 0.016
291-303 0.045 453483 0.018
932 936 940 393 395 397 399 306—-313 0.051 488504 0.018
314-330 0.045 491504 0.017
Mass / Charge 331-354 0.052 505512 0.015
FIGURE 3: Electrospray mass spectra of two peptic fragments 367-376 0.053 513519 0.015
derived from GroEL after incubation of the native protein isCD 377385 0.055
and 1.8 M GdDCI for 22, 45, and 90 s. The native and unfolded 386-399 0.050
references were described in Figure 1. The bimodal isotope av 0.049 av 0.016
distributions indicated by dashed lines were used to determine the intact monomer 0.048 intact monomer 0.015
populations of molecules that were unfolded in the region from
which the peptides were derived. respectively, suggesting that the intermediate domain may

Identification of unfolding domains by peptic fragments unfold slightly faster than the apical domain. However, this
that exhibit similar unfolding rates can be extended to include difference is very near the confidence limit of these measure-
comparison of the unfolding rates of the apical and inter- ments and may not be significant. Although the exact
mediate domains. The mean unfolding rate constants forunfolding mechanism cannot be determined from these
peptic fragments derived from the apical (14 peptides) and results, it is evident that unfolding of the apical and
intermediate (6 peptides) domains are 0.048 and 0.053 s intermediate domains of GroEL is a closely coupled process.
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Ficure 5: Change in intensity of scattered light (323 nm) with the
time GroEL was incubated in 1.8 M GdDCI in,D.

well as finding that the C-terminus protrudes from the
equatorial domain into the GroEL central cavity to form a
barrier between the two ring$g§).

Disassembly of GroEL Is Coupled to Unfolding of the
Equatorial Domain The hydrogen exchange results described
above demonstrate that GroEL destabilized in GdHCI
unfolded in two steps, where unfolding of the equatorial
domain was the slower step. To determine whether either
Equatorial unfolding step correlates with the disassembly of the GroEL

tetradecamer, the rate constant for disassembly of GroEL in
Ficure 4. Structure of GroEL illustrating the apical, intermediate, GdHCI was determined by light scattering. This measurement
%Qgrrﬁggifggig'on‘igmg”; sFrc‘fvgi‘(’gsugt‘g:ia‘I*’gg:garg)stwﬁiﬂcg'mag‘f was performed under the same conditions used to investigate
was incubated in 1.8 M GdDCI gre indicated by red and blue, unfo!dlng of GroEL (RO/1.8 M GdPCI)' The change in
respectively. relative intensity of scattered light with the time GroEL was
exposed to the denaturing conditions is presented in Figure

Most of the peptic fragments of GroEL analyzed in this 5. The magnitude of the intensity change from the start to
study exhibited bimodal isotope distributions, suggesting that the end of the time course was similar to that found for
only the folded and unfolded forms were present at the time complete unfolding of native GroEL, indicating that the entire
HX was quenched. Peaks due to structural forms with disassembly process was monitored in 1.8 M GdDCI. The
deuterium levels intermediate between deuterium levels decrease of scattered light intensity followed an exponential
found for the folded and unfolded forms were generally not decay & = 0.9993) with a first-order rate constant of 0.014
detected. These results demonstrate the cooperative natur8 . It may be of interest to note that performing the light
of the unfolding process. That is, these regions of the GroEL Scattering experiments under similar conditions but j©H
backbone were either folded or unfolded. The peptic fragment gave similar results, but a disassembly rate constant of 0.044
including residues 400418 was an exception. Approxi- s L. Previous studies have shown that many proteins fold
mately half of this fragment is in the intermediate domain, fasterin DO than in BO (39, 40, suggesting that unfolding
and half is in the equatorial domain (see Figure 2). Mass may be slower in BO. Finding that GroEL disassembles
spectra of this fragment had three envelopes of isotope peaks$lower in DO is consistent with unfolding playing an integral
representing three populations of GroEL that differed by the role in the rate-limiting step for disassembly.
folding status of residues 46@118. One population had all
of these residues folded; another population had all of theseP!SCUSSION
residues unfolded; and another population had approximately GroEL Unfolding Analyses of intact GroEL monomers
half of these residues (as ascertained by the mass of théollowing equilibration of native GroEL in 1.8 M GdHCI
middle envelope) unfolded. These results demonstrate thatshowed that GroEL was unfolded, as sensed by amide
the transition between the fast and slow unfolding domains hydrogen exchange. This low level of protection against
was very close to the transition between the intermediate hydrogen exchange demonstrated that most intramolecular

and equatorial structural domains (i.e., Glu 407). hydrogen bonding was lost and that the amide hydrogens
Due to fast isotope exchange into the native form, several had ample access to the deuterated solvent. Mass spectra of
regions of the protein, including residues 25258, 304- intact GroEL monomers as well as peptic fragments derived

308, and 519547, did not exhibit bimodal distributions of  from GroEL incubated in 1.8 M GdDCI show that unfolding
deuterium. Mass spectra of these peptic fragments had anvolved at least two steps. In the first step, the apical and
single envelope of isotope peaks, the centroid of which intermediate domains unfolded, either simultaneously or in
indicated that the segments were completely deuterated. Forapid succession with a rate constant of 0.048 &ight
example, after 10 s labeling in nondenaturing deuterated scattering results show that native GroEL in 1.8 M GdDCI
buffer, isotope exchange in the segment including residuesdissociated 3.1-fold slowek(= 0.014 s%). The excellent
520-547 was essentially complete. This result indicates that fit of the light scattering results to a single exponential term,
this region in the native protein not only was solvent- as suggested previouslyll), implies that the GroEL
accessible but also lacked stable secondary structure. Thestetradecamer dissociates into monomers via a cooperative
results are in agreement with the observation that residuesprocess or a series of closely coupled processes. These results
525-547 were not resolved in the crystal structusg @s suggest that the unfolding intermediate detected in 1.8 M
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GdDCl is a tetradecamer in which the apical and intermediate
domains of the 14 subunits are unfolded. Further analysis 2.5M urea
of the hydrogen exchange results shows that the unfolding
rate of the equatorial domaik € 0.016 s?) is very similar
to the disassembly rate of native GroEL under the same
conditions. These results indicate that unfolding of the 26M urea
equatorial domain and disassembly of the tetradecamer are F
closely linked or possibly cooperative processes.

Previous studies show that the unfolding midpoint for
GroEL, based on CD (220 nm), is 1.2 M GdHCI and that . . ‘ . ,
equilibrium strongly favors the unfolded form at 1.8 M, ( 57000 57 400 57 800
10). The present hydrogen exchange results (both continuous Molecular Mass
labeling and pulse labeling) also show that GroEL is unfolded Ficure 6: Mass spectra of intact GroEL monomers following 24
in 1.8 M GdHCI. Previous light scattering, ATPase activity, h equilibration in 2.5 or 2.6 M urea#® and pulse labeling in urea/
and fluorescence studies indicate that equilibration in GAHCI| D20 for 10 s.
leads to two structural changes, one with a midpoint below
0.5 M and one with a midpoint at 1.2 M GdHC9,(10. A Native
Only the change at 1.2 M GdHCI was detected by CD,
suggesting that this change was due to the loss of secondary
structure of GroEL. Since loss of such secondary structure
must involve loss of H-bonding, hydrogen exchange rates B Tetradecamer
are expected to increase@helical structure is lost. Hence,
the unfolding processes detected in the present hydrogen
exchange experiments are likely the same structural changes
detected by CD at 1.2 M GdHCI. Unfolding studies of two
constructs of the apical domain suggest that the first
unfolding step may be due to unfolding of helices 11 and
12 (41). In the present study, no evidence for this step was
found in the unfolding rates of peptic fragments derived from
these helices (Figure 2), perhaps because the concentration
of GdHCI (1.8 M) was too high.

The present investigation of GroEL unfolding kinetics by 0 10 20 30 40
hydrogen exchange shows that the apical and intermediate Elution Time (min)
domains unfold prior to unfolding of the equatorial domains. Fcure 7: Size exclusion chromatography of GroEL following
Since all three domains of GroEL have high levelsdielix equilibration in 2.5 or 2.6 M urea for 24 h (panels B and C). Elution
character, the CD should change with the unfolding of each of molecular mass references, native GroEL and BSA (molecular

; PP ; ; ; mass 66 kDa), is presented in panels A and C. For panels B and C,
domain. However, equilibrium unfolding studies using CD the column was equilibrated with 50 mM Tris, 100 mM KCl, 2.5

indicated a single transitiond( 10, suggesting that the 26 M urea, pH 7.8; for panels A and D, the column was
unfolding intermediate may be less stable than either the equilibrated with the same buffer but without urea.

folded or the unfolded forms. As a result, its population might
be too small to be detected. To test this hypothesis, additionalinvestigated by hydrogen exchange. Mass spectra of native
hydrogen exchange experiments were performed in 1.2 M GroEL equilibrated in 2.5 or 2.6 M urea for 24 h followed
GdHCl, the apparent midpoint in the GdHCI-induced unfold- by pulse labeling for 10 s (Figure 6) had two envelopes of
ing of GroEL. Following incubation of native GroEL in 1.2  isotope peaks, indicating that GroEL was either folded or
M GdHCI for 0.8, 2.6, and 25 h, unfolded regions were unfolded. These results, which are consistent with those
labeled by exposing the protein to,@/1.2 M GdDCI for obtained in 1.2 M GdHCI, confirm that the equilibrium
10 s. Mass spectra of intact GroEL monomers (data not population of a partially unfolded intermediate is too small
shown) exhibited bimodal isotope patterns indicating that to be detected. To determine the aggregation state of GroEL
approximately 71% was folded and 29% was completely under similar conditions, the same samples were analyzed
unfolded (i.e., offered no protection to HX). There was no by size exclusion chromatography. The chromatograms for
evidence of a third peak representing a partially unfolded GroEL equilibrated in 2.5 or 2.6 M urea (Figure 7) have
population, as found when GroEL was incubated in 1.8 M two peaks corresponding to the GroEL tetradecamer and
GdDCI (Figure 1). These results show that the population unfolded GroEL monomer. The relative intensities of the two
of the partially unfolded intermediate must be very small in peaks illustrate how the equilibrium populations of these two
1.2 M GdHCI, consistent with the CD results. Detection of forms changed with small changes in urea concentration.
the unfolding intermediate in 1.8 M GdDCI is possible These results show that the midpoint for unfolding and
because the unfolding rate constants for the apical anddisassembly of GroEL is close to 2.5 M urea, consistent with
intermediate domains are much faster than the unfolding rateprevious studies using ureal(, 12.
constant for the equatorial domain. GroEL Folding. Spontaneous folding of GroEL is inef-
The unfolding of GroEL has also been studied in ufelg ( ficient (9, 12, suggesting that newly synthesized GroEL can
12). To relate results obtained when GroEL was destabilized fold only in the presence of functional GroEKZ). This
in GAHCI or urea, the unfolding of GroEL in urea was also hypothesis was confirmed by in vivo experimes (44,

Intensity

2.5M urea

Monomer

2.6 M urea

Absorbance
(o]




Unfolding of GroEL Chaperonin Biochemistry, Vol. 39, No. 15, 20001257

which demonstrated that one of the natural substrates forlikely reversible. Although GroEL monomers with the
GroEL is GroEL itself. In vitro refolding of GroEL from  equatorial domains folded [i.e., U(Al)] have not been
low concentrations of denaturants (1 M GdHCI30M urea) detected, there is good evidence indicating that reactions
appeared to restore GroEL to its native structure (based onjoining Native and U(AIE) are reversible. GroEL equilibrated
CD, fluorescence, and light scattering) and ATPase activity in 2.5 or 2.6 M urea for 24 h and analyzed by size exclusion
(9, 12. However, refolding from higher concentrations of chromatography (Figure 7) shows how the populations of
denaturants gave non-native material with considerable Native and U(AIE) change with small changes in the urea
secondary structure, but no ATPase activity or quaternary concentration. Although the present results (Figures 6 and
structure and an increased susceptibility to proteolysis. 7) show that paths joining Native and U(AIE) are reversible,
Investigations of denaturant-induced structural changes inthe order in which the three domains fold cannot be
GroEL by CD, velocity sedimentation, and light scattering determined. However, with the importance of the equatorial
suggested that the secondary and quaternary structures oflomain in stabilizing the tetradecamer, based on the present
GroEL were lost at the same concentration of denaturants.unfolding results as well as the X-ray crystal structure of
Binding of bisSANS was maximurmi3 M urea, suggesting  GroEL, it is likely that the equatorial domain folds before
hydrophobic structure that was not detectable by fluorescencethe tetradecamer assembles. In addition, deletion mutagenesis
or CD (12). Photolabeling studies showed that biSANS binds results show that residues N-terminal to residue 522 are
to the region including residues 26248 in the apical required for assembly of the tetradecamé%)( consistent
domain of GroEL. These results led Gorovtis et al. to propose with the requirement for folding of the equatorial domain
a model for describing GroEL unfolding in denaturants. At before assembly. These results suggest that the failure of
low concentrations of denaturants, native GroEL dissociates GroEL to assemble efficiently in vitro may due to misfolding
to monomers. At intermediate levels of denaturants (3 M of the equatorial domain. As proposed by Gorovtis et al.,
urea), these monomers retained some hydrophobic structurehe residual hydrophobic structure in the apical domain may
in the apical domain. When this residual structure was lost be required for proper folding of the equatorial domain in
at higher concentrations of denaturants, GroEL would not the absence of native GroEL. Alternatively, efficient folding
refold to the native state. They also proposed that GroEL of the equatorial domain may require the presence of native
folding might start with formation of this hydrophobic core GroEL (42).
in the apical domain which facilitated folding of the N- and Previous studies of the unfolding of GroEL have used
C-terminal domains to form the equatorial domain with several different analytical methods, including tyrosine
eventual assembly of the native homotetradecamer. fluorescence, bisANS fluorescence, CD, light scattering, size
Assuming that denaturants change the populations of exclusion chromatography, sedimentation velocity, and AT-
various unfolding intermediates, but not the unfolding pase activity. Although these methods provide highly specific
pathway, results obtained with different concentrations of and valuable structural information, they provide no informa-
denaturants may be combined to suggest an unfolding modetion on specific locations of structural changes. The present
for GroEL, as illustrated below. In the first step, the apical results demonstrate how amide hydrogen exchange, when
and intermediate domains unfold while the folded equatorial combined with proteolytic fragmentation and mass spec-
domains hold the tetradecamer together. The species 4(Al) trometry, can be used to locate structural changes in large
refers to a tetradecamer with all apical and intermediate protein complexes (i.e., determine which regions are un-
domains unfolded (A, I, and E refer to apical, intermediate, folded) and to quantify populations of diverse unfolded
and equatorial domains). This species was detected by amidestructural forms. This experimental procedure will likely

hydrogen exchange when GroEL was incubated in 1.8 M prove useful for folding and assembly studies of other large
GdHCI (Figures 1 and 3). The underlined A is used to complexes.

indicate that some hydrophobic structure that binds to

bisSANS remains in residues 26249 of the apical domain  ACKNOWLEDGMENT

(12). GroEL monomers with the apical and intermediate ]
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