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ABSTRACT: Our understanding of the mechanism of protein folding can be improved by the characterization
of folding intermediate states. Intrinsic tryptophan fluorescence measurements of equilibrium GdmHCl-
induced unfolding of MM-CK allow for the construction of a “phase diagram”, which shows the presence
of five different conformational states, including three partially folded intermediates. However, only three
states are detected by using pulsed-labeled H-D exchange analyzed by electrospray ionization mass
spectrometry. One of them is the native state, and the two other species are present in proportions strongly
dependent on the GdmHCl concentration and denaturation time. The low-mass peak is due to a largely
exchange-incompetent state, which has gained only∼10 deuteriums more than the native protein. This
population of MM-CK molecules has undergone a small conformational change induced by low GdmHCl
concentrations. However, this limited change is in itself not sufficient to inactivate the enzyme or is
easily reversible. The high-mass peak corresponds to a population of MM-CK that is fully deuterated.
The comparison of fluorescence, activity, and H-D exchange measurements shows that the maximally
populated intermediate at 0.8 M GdmHCl has the characteristics of a molten globule. It has no activity;
it has 55% of its nativeR-helices and a maximum fluorescence emission wavelength of∼341 nm, and it
binds ANS strongly. However, no protection against exchange is detected under the conditions used in
this work. This paradox, the presence of significant residual secondary and tertiary structures detected by
optical probes and the total deuteration of its amide protons detected by H-D exchange and mass
spectrometry, could be explained by a highly dynamic MM-CK molten globule.

Protein folding is one of the most challenging subjects in
structural biology, and characterization of folding-unfolding
intermediates is a necessary step for the elucidation of its
mechanisms. A large amount of experimental data has been
acquired with small, single-domain proteins, but large,
multidomain, and oligomeric proteins have been explored
less. The folding-unfolding processes of these proteins are
complicated by association and dissociation of subunits.
Moreover, folding and oligomerization events may be linked
(1).

For many small monomeric proteins such as lysozyme (2),
R-lactalbumin (3), and ribonuclease A (4), an equilibrium
intermediate possessing similar characteristics, defined as the
molten globule state, has been detected between the native
and fully unfolded states (5). This state is usually character-
ized by a relatively compact and globular shape, exposed
hydrophobic areas that strongly bind the fluorescent probe
ANS,1 a prononced secondary structure, and a fluctuating
tertiary structure (3, 6). This state seems to be not only an

equilibrium intermediate in folding-unfolding processes but
also an early kinetic intermediate on the folding pathway of
proteins (6-9).

Creatine kinase (CK) isoenzymes are members of the large
family of phosphagen kinases. They catalyze the reversible
transfer of a phosphoryl group from MgATP2- to creatine,
generating phosphocreatine and MgADP- in the cells of
excitable tissues (for a review, see ref10). The X-ray
structure of several CKs has recently been determined. These
include octameric mitochondrial CK from chicken heart (11)
and from human placenta (12) and dimeric cytosolic CKs
from rabbit, chicken, ox, and human (13-16). These
structures exhibit a high degree of homology, in accordance
with their high level of sequence similarity (∼60% identical
across all species). They share the same subunit topology.
Each monomer displays a two-domain organization with a
small N-terminal domain (∼100 residues) containing only
helices and a large C-terminal domain (residues 120-380)
consisting of an eight-stranded antiparallelâ-sheet sur-
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rounded by sevenR-helices. The active site is located in a
cleft between the two domains. Sequence alignment of the
CK isoenzymes reveals six highly conserved regions, which
form a compact core involved in substrate binding and
catalysis (11). Several monomer-monomer contact areas
allow the formation of a stable dimer (17, 18). Surface loops
that are highly flexible have been observed in all known CKs
around residues 59-69, 182-204, and 320-330, and they
are believed to be involved in rearrangements of the structure
to shield the active site from water during catalysis (19, 20).
A unique site of cleavage by proteinase K is located in the
C-terminal loop of native CKs (21-23). Cleavage at this
site inactivates the enzyme (24). Otherwise, native CKs are
highly resistant to specific proteases, which indicates that
CK has a rather compact structure (21, 23, 25). However,
low denaturant concentrations enhance the susceptibility to
proteases (26) and allow exposure of otherwise hidden
epitopes (27). This sensitivity to denaturant results from a
limited unfolding within the hydrophobic shell of the protein
(28) and from a disruption of monomer-monomer contacts
(17).

The folding and unfolding of CK are complex and involve
several intermediates (25, 29, 30-36). The most abundant
intermediate observed at moderate concentrations (0.6-1 M)
of GdmHCl is a molten globule, but the occurrence of an
inactive dimer, a compact monomer, and a pre-molten
globule has also been suggested together with that of
misfolded species leading to aggregate formation on the
folding pathway, depending on the experimental conditions.
Our aim was to better characterize the molten globule
intermediate during the unfolding of a multidomain dimeric
protein such as MM-CK.

Hydrogen exchange has become a powerful tool in
analyzing the structure and dynamics of proteins (37, 38).
When a protein is incubated in D2O, labile hydrogens in the
protein are replaced with deuteriums at varying rates depend-
ing on hydrogen bonding and solvent accessibility. The
interest in this technique has been significantly heightened
by the introduction of mass spectrometry methods for
analyzing deuterium incorporation and by the development
of deuterium labeling followed by pepsin digestion which
localizes exchange to short fragments of the protein (39, 40).
This technique allows amide hydrogen exchange studies of
large proteins with high sensitivity. It is unique in that it is
capable of easily detecting different conformational states
(41).

Protein hydrogen exchange in the native state involves a
two-step process in which a structural change allows isotope
exchange (37). The structural change may be localized in a
small region, facilitating the exchange of one or several
amide hydrogens within this segment, or it may involve a
global unfolding of a domain, making way for the exchange
of all its amide hydrogens. The two mechanisms may operate
in parallel in different regions of a protein. The two steps
required for amide hydrogen exchange are illustrated in the
following scheme (42)

where F and U refer to the folded and unfolded forms,
respectively. Ifkcl . kc, the structural change facilitating

hydrogen exchange occurs many times before isotopic
exchange takes place and the exchange is described by EX2
kinetics (42, 43). This EX2 kinetics leads to a random
distribution of deuterium among the peptides, and the isotope
pattern observed in the mass spectra of peptides partially
deuterated via such a mechanism will be binomial. In
contrast, ifkcl , kc, all sites exposed to the deuterated solvent
will undergo isotopic exchange in the first opening. This form
of isotope exchange is denoted as EX1 kinetics. The mass
spectra of peptides undergoing isotope exchange by EX1
kinetics may have a bimodal distribution of isotopic peaks
(41). The two envelopes of isotope peaks correspond to little
and fully exchanged populations. H-D exchange followed
by mass spectrometry measurements has been successfully
used to analyze protein native conformational dynamics (40,
44, 45) and to detect conformational changes upon ligand
binding (46, 47) and transient protein folding intermediates
of several proteins: hen lysozyme (41, 48), cytochromec
(49), and apomyoglobin (50). These studies have demon-
strated that the combination of H-D exchange and ESI-MS
measurements of whole proteins can be a sensitive probe of
protein global conformation, complementary to that obtained
by circular dichroism (51) and NMR (41). Several groups
have used this method in combination with several other
techniques to detect and study molten globule conformations
(52-54). The H-D exchange technique combined with
proteolysis has been used to study conformational changes
in the unfolding of aldolase (55, 56).

Our study describes measurements of the equilibrium and
kinetic GdmHCl-induced unfolding of MM-CK, monitored
by intrinsic fluorescence, ANS binding, and far-UV CD.
These data have been compared to those obtained under
similar conditions with amide hydrogen exchange experi-
ments. It was found that in 0.8 M GdmHCl, a concentration
at which the molten globule state is maximally populated,
the protein has a highly fluctuating structure, allowing a total
deuteration under our experimental conditions.

MATERIALS AND METHODS

Protein Preparation.Creatine kinase from rabbit muscle
(MM-CK) was purchased from Roche. The enzyme was
desalted by using a PD10 Sephadex G25 column (Pharmacia)
equilibrated in 50 mM Tris-HCl buffer (pH 7) or 20 mM
Tris-AcOH, 0.1 mM EDTA buffer (pH 7.4). The protein
concentration was estimated as described previously (57) or
using a molar extinction coefficient of 76 000 M-1 cm-1 at
280 nm for MM-CK.

Materials.ATP and EDTA were purchased from Roche.
D2O (99.9%) and chloroacetic acid (99%) were purchased
from Aldrich, and ANS, TFA, DTT, and creatine were from
Sigma. GdmHCl and Tris were purchased from Interchim,
and acetonitrile was from SDS.

Creatine Kinase ActiVity. MM-CK activity was determined
using a pHstat method (58). Enzyme activity was measured
at 30 °C and pH 8.8 using 4 mM MgATP and 40 mM
creatine as substrates. Samples treated with GdmHCl were
diluted at least 100-fold into the assay mixture for determi-
nation of MM-CK activity. We found that the residual
concentration of GdmHCl, a competitive inhibitor of CK,
does not affect the enzymatic activity significantly (29).

Equilibrium Unfolding by GdmHCl.Samples of 2µM
MM-CK were incubated with 50 mM Tris-HCl buffer (pH
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7) containing 0.1 mM EDTA, 5 mM DTT, and various
concentrations of GdmHCl. To ensure that equilibrium has
been attained, all experiments described below were per-
formed after incubation at 20°C for 19 h.

Kinetics of Unfolding by GdmHCl.Samples of 2µM MM-
CK were incubated at 20°C for different times with 50 mM
Tris-HCl buffer (pH 7) containing a final concentration of
DTT of 2.5 mM and various concentrations of GdmHCl
(conditions similar to those used for hydrogen-deuterium
exchange experiments).

Intrinsic Fluorescence Measurements.Protein intrinsic
fluorescence measurements were carried out on a Hitachi
F-4500 spectrofluorimeter as previously described (34) with
a final protein concentration of 2µM at 20°C. The excitation
wavelength was 295 nm.

The “phase diagram” method of Burstein, which is very
sensitive in detecting intermediate states, was used to analyze
fluorescence data (36). This diagram plots the fluorescence
intensity (I) at a wavelength chosen from one side of the
fluorescence emission peak versus the intensity at another
wavelength located on the other side of the peak. Its
nonlinearity reflects sequential transformations between
intermediate states during the denaturation process. In our
case, the intensity at 365 nm (I365) was plotted versus the
intensity at 320 nm (I320) using an excitation wavelength of
295 nm.

ANS Binding Measurements.ANS (final concentration of
310µM) in methanol was added to the protein samples (final
protein concentration of 2µM), and the ANS fluorescence
was recorded at 495 nm with an excitation wavelength of
395 nm. All spectra were corrected for the free ANS
fluorescence. For unfolding kinetics, ANS was added to CK
after a determined denaturation time.

CD Spectroscopy.CD measurements were recorded on a
Jobin Yvon CD6 spectropolarimeter. The ellipticity was
measured at 222 nm. MM-CK (final concentration of 3µM)
was incubated at 20°C for different times with 50 mM Tris-
HCl buffer (pH 7) containing a final DTT concentration of
2.5 mM and 0.8 M GdmHCl.

Deuterium Exchange.The procedure used to pulse-label
MM-CK with deuterium following denaturation by GdmHCl
for various times is illustrated in Figure 1. MM-CK (80µM)
in 50 mM Tris-HCl/H2O buffer (pH 7) was diluted (1/1, v/v)
into 50 mM Tris-HCl/H2O buffer (pH 7 and 20°C)

containing 5 mM DTT and the amount of GdmHCl required
to obtain final concentrations of 0, 0.4, 0.6, 0.8, 1, or 3 M.
Following this unfolding period, the solution was diluted 1/20
with D2O labeling solution [50 mM Tris-DCl/D2O and 0,
0.4, 0.6, 0.8, 1, or 3 M GdmDCl (pD 7) at 20°C] to label
the protein. All pD measurements are given as the values
read from the pH meter with no adjustment for isotope effects
(59). The deuterated labeling solution containing GdmHCl
was prepared by concentration to1/5 of its initial volume
using a vacuum concentrator (SpeedVac). The concentrated
solution was reconstituted with D2O and concentrated again.
This step was repeated three times. Experimental consider-
ations for designing pulse labeling experiments in which
deuterium levels at peptide amide linkage are determined
by mass spectrometry have been discussed by Denget al.
(60). Isotope exchange was quenched after various times
ranging from 10 s to 60 min by the addition of cold 0.2 M
chloroacetic acid (H2O, pH 2) to decrease the pH to 2.5 and
by decreasing the temperature to-3 °C in an ice/H2O/
ammonium sulfate bath. The MM-CK final concentration
was 1.86 µM. The sample (280 pmol) was analyzed
immediately by HPLC-electrospray ionization mass spec-
trometry. The HPLC column was a reversed phase concen-
tration microcolumn (C4, 3 mm× 8 mm, Michrom
Bioresources). The HPLC column and the entire injector
assembly were packed in ice to minimize H-D exchange at
peptide amide linkages during analysis. Note that rate
constants for exchange at peptide amide linkages increase
3-fold for each 10°C increase (61). A 2 min desalting step
(100% mobile phase A containing 0.1% TFA/H2O) at a rate
of 500 µL/min was used before the HPLC system was
connected to the mass spectrometer. MM-CK was then eluted
at a rate of 200µL/min directly into the mass spectrometer
within 8 min with 60% phase B containing 90% acetonitrile,
0.1% TFA, and H2O.

Back-Exchange Controls.With each set of samples, an
undeuterated (0% reference) control and a totally deuterated
(100% reference) control were also analyzed (39). The 100%
reference in which all exchangeable hydrogens have been
replaced with deuterium was prepared by incubating the
protein in 50 mM Tris-DCl/D2O buffer (pD 2.5) at 35°C
for 3 h. The 0% reference was prepared by mixing a stock
solution of MM-CK with buffer containing no deuterium.
These controls were also quenched at the same final
percentage of deuterium as the samples to correct for gain
and loss of deuterium.

Correction was done according to eq 1

whereD is the deuterium content of the protein,m, m0%,
and m100% are the average molecular masses of the same
protein in the sample, the undeuterated form, and the totally
deuterated form, respectively, andN is the number of
exchangeable peptide amide hydrogens in the protein (num-
ber of peptide bonds not involving Pro residues). The HPLC
step was performed with protiated solvants, thereby removing
deuterium from side chains and amino and carboxy termini
that exchange much faster than amide linkages (61). There-
fore, the increase in mass is a direct measurement of the
level of deuteration at peptide amide linkages.

FIGURE 1: Experimental procedure used to determine the degree
of deuteration of creatine kinase destabilized in GdmHCl by pulse-
labeling hydrogen exchange coupled to mass spectrometry.

D )
m - m0%

m100%- m0%
N (1)
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Data Analysis.Deuterium levels were plotted versus the
exchange time and fitted to a three-exponential expression
according to eq 2:

whereai is the number of deuteriums that can be exchanged
with a similar rate constant,ki, andN is the sum of theai

values (corresponding to the number of peptide amide
linkages for which the hydrogen exchange rate is measur-
able). Theai values were rounded up to the nearest integer.

Mass Spectrometry.Analyses of MM-CK were performed
using an API III+ triple-quadrupole mass spectrometer
(Perkin-Elmer Sciex) equipped with a nebulizer-assisted
electrospray ionization interface. The instrument was cali-
brated using polypropylene glycol. The ion spray voltage
was set at 5 kV, and the orifice voltage was 80 V for MM-
CK analysis. Mass spectra were recorded fromm/z 900 to
1250 using a step ofm/z 0.5 and a dwell time of 2 ms/step.
The nebulizer gas was nitrogen to prevent back-exchange
during the ionization-desorption process. Mass spectra were
acquired using a Macintosh Quadra 950 data system, and
molecular masses were calculated using Mac Spec software
(Perkin-Elmer Sciex).

RESULTS

Equilibrium Unfolding.The complexity of the GdmHCl-
induced unfolding process is illustrated in Figure 2A by a
phase diagram showing the dependence of the tryptophan

fluorescence emission at 365 nm versus that at 320 nm (36).
This phase diagram shows significant changes in the
characteristics of the intrinsic fluorescence. Between 0 and
0.5 M GdmHCl, the intensity at 320 nm exhibits a small
decrease. However, between 0.5 and 0.8 M GdmHCl,I365

increases greatly. Between 0.8 and 2.5 M, there is a large
decrease inI320. Above 2.5 M GdmHCl,I365 increases again.
Each linear portion of the diagram describes a two-state
transition. For our experimental conditions, four linear parts
can be drawn (from 0 to 0.5, from 0.5 to 0.8, from 0.8 to
2.5, and from 2.5 to 4). The transitions do not occur at the
same GdmHCl concentrations as those observed by
Kuznetsovaet al. (36), probably because of differences in
pH and temperature. Figure 2B shows the variation of the
intensity at the maximum emission wavelength in increasing
concentrations of GdmHCl. Between 0 and 0.5 M GdmHCl,
a slight decrease in the intensity is observed. The increased
intensity observed around 0.8 M GdmHCl, where the CK
dimer is dissociated, is related to perturbations of the
microenvironment of tryptophan residues. Above 2.5 M
GdmHCl, the intensity level is low and constant. These
results indicate the presence of five states of MM-CK during
the denaturation: the native protein between 0 and 0.5 M
GdmHCl, the completely unfolded protein above 2.5 M
GdmHCl, and three intermediate states reaching maximum
populations at 0.5, 0.8, and 2.5 M GdmHCl. At the protein
concentration that was used (2µM), no aggregate formation
was observed. Perturbations to the CK three-dimensional
structure can also be sensitively monitored using enzymatic

FIGURE 2: Effect of GdmHCl on equilibrium unfolding of creatine kinase. (A) Phase diagram representing the equilibrium unfolding of
creatine kinase induced by an increase in GdmHCl concentration.I320 and I365 correspond to the intensities for each concentration of
GdmHCl at 320 and 365 nm, respectively. Denaturant concentrations (molar) are indicated next to the corresponding symbol. Each segment
represents an all-or-none transition between two different conformations. (B) Variation of the intensity at the maximum fluorescence emission
wavelength during the equilibrium unfolding of MM-CK by GdmHCl. The excitation wavelength was 295 nm. (C) The residual activity of
MM-CK (b) was measured with the pHstat method, and the maximum fluorescence emission wavelength (9) was determined using an
excitation wavelength of 295 nm to selectively excite tryptophan residues. (D) Measurements of ANS binding to creatine kinase unfolded
at equilibrium. Aliquots of a 25 mM methanolic ANS solution were added to the spectrofluorimeter cuvette (final ANS concentration of
310 µM). Samples were excited at 395 nm, and the ANS fluorescence intensities were recorded at 495 nm. For all experiments, MM-CK
(final enzyme concentration of 2µM) was unfolded by incubation for 19 h at 20°C at various concentrations of GdmHCl in 50 mM
Tris-HCl, 0.1 mM EDTA, and 5 mM DTT (pH 7.0).

D ) N - ∑ai exp(-kit) (2)
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activity andλmax measurements (29). Since the denaturing
effect of low to moderate GdmHCl concentrations is very
much dependent on temperature, those measurements have
been carried out at a controlled temperature (20°C). CK
begins to lose its activity above 0.4 M GdmHCl and is fully
inactivated at 0.8 M denaturant (Figure 2C). When the
enzyme is incubated in<0.5 M GdmHCl, its maximum
fluorescence emission wavelength (λmax) is 332 nm, indicat-
ing that the four tryptophan residues remain mostly buried
inside the protein (Figure 2C). Although the enzyme is
completely inactivated in 0.8 M GdmHCl, it is not fully
denatured, as indicated by itsλmax of 341 nm. For higher
denaturant concentrations, theλmax increases up to 350 and
352 nm at 3 and 4 M GdmHCl, respectively. The binding
of the fluorescent hydrophobic probe ANS was assessed at
various GdmHCl concentrations (Figure 2D). This extrinsic
probe is often used to show evidence of molten globule, a
structural intermediate state with exposed hydrophobic
regions to which ANS can bind thereby increasing its
fluorescence quantum yield (62). The intensity of ANS
fluorescence emission, which is low for the native enzyme,
strongly increases up to 0.8 M GdmHCl and then decreases
to a very low level where the fully denatured protein no
longer binds the probe.

The comparison of the different equilibrium data (Figure
2) indicates that around 0.5 M GdmHCl the protein begins
to lose its enzymatic activity, itsλmax begins to increase, and
ANS is weakly bound. At 0.8 M denaturing agent, the
enzyme is fully inactivated, itsλmax is 341 nm, and ANS
binding is strong. These data indicate the presence of a
molten globule state. The inactive intermediate present at
2.5 M GdmHCl has aλmax around 350 nm, and it weakly
binds ANS. The variations of the phase diagram (Figure 2A)
and of the intensity measured at the emissionλmax (Figure
2B) both show that further structural modifications occur
well above the GdmHCl concentration necessary for a total
inactivation of the enzyme.

Unfolding Kinetics.The kinetics of enzyme inactivation
and variation of fluorescence parameters were studied under
similar conditions (Figure 3). Figure 3A shows that the
degree of inactivation depends on GdmHCl concentration;
it is low in 0.5 M GdmHCl and nearly complete in 0.8 and
3 M GdmHCl. The equilibrium between active and inactive
states of CK is in favor of the active form in 0.5 M GdmHCl,
but shifts to the inactive form above 0.65 M GdmHCl.

λmax variations are analyzed in Figure 3B. The equilibrium
value in 3 M GdmHCl (350 nm) is attained in less than 20
s, whereas in 0.5 M GdmHCl, theλmax increased within 1 h
by only 1 nm from its native value, 332 nm, in parallel with
a loss of activity of ∼15%. The rate and extent of
denaturation increase as the GdmHCl concentration is
increased from 0.5 to 0.65 M and then to 0.8 M. At this
latter concentration, the kinetics of enzyme inactivation and
λmax variation were not dependent on the protein con-
centration (data not shown), indicating that the unfolding
process does not involve an equilibrium with a rate-limiting
monomer-dimer transition.

The kinetics of the decrease in ellipticity at 222 nm and
of the increase in the ANS fluorescence at 495 nm due to
probe binding have been studied in a similar way in 0.8 M
GdmHCl (not shown). The data have been fitted to first-
order kinetics. The rate constants of variation of these
parameters, represented in Table 1, are very similar to those
of inactivation and variation ofλmax.

In summary, when CK is denatured in 0.8 M GdmHCl, it
strongly binds ANS, it has aλmax of 341 nm, higher than
that of the native state (332 nm), but lower than that of the
fully denatured protein (352 nm), and its ellipticity at 222
nm is 55% of that of the native protein. All of these data
confirm that a molten globule state of CK is present under
these conditions.

Hydrogen-Deuterium Exchange.To further characterize
the pattern of CK denaturation at low GdmHCl concentra-
tions and the structure of the molten globule intermediate
observed at 0.8 M GdmHCl, hydrogen-deuterium exchange
experiments were carried out with analysis by mass spec-
trometry.

Deconvoluted mass spectra of CK incubated under native
or denaturing conditions are presented in Figure 4. The

FIGURE 3: Effect of GdmHCl on the unfolding kinetics of creatine kinase. (A) The residual activity of MM-CK, normalized to the native
protein value, was measured at different concentrations of GdmHCl. The data were fitted to the equationAt ) a exp(-kt) + b. (B) The
maximum fluorescence emission wavelength, at different concentrations of GdmHCl, was determined using an excitation wavelength of
295 nm. For all experiments, MM-CK was unfolded by incubation at various concentrations of GdmHCl: 0.5 (b), 0.65 (2), 0.8 (9), and
3 M ([) in 50 mM Tris-HCl and 2.5 mM DTT (pH 7.0). The final enzyme concentration was 2µM. The data were fitted to the equation
Ft ) (FF - FU) exp(-kt) + FU, whereFF andFU are theλmax values of folded and unfolded MM-CK, respectively.

Table 1: Rate Constants of MM-CK Denaturation Kinetics in 0.8 M
GdmHCl for Different Parametersa

rate constant (min-1)

inactivation 0.021( 0.001
disappearance of the low-mass species 0.023( 0.002
appearance of the high-mass species 0.026( 0.003
λmax variation 0.022( 0.001
ANS binding 0.031( 0.001
variation of ellipticity at 222 nm 0.027( 0.001
a All data were fitted to a monoexponential expression.
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average molecular mass measured for CK with a natural
abundance of isotopes was 42 984( 4 Da (calculatedMr of
42 982 Da). The average molecular mass of the 0% reference
(i.e., nondeuterated CK that has been treated under conditions
similar to those of the incubated samples) was 42 994 Da.
There is a small increase in the level of deuteration during
the quenching period (10 Da). After a 120 s incubation in
D2O, the mass of the native enzyme increased to 43 097 Da.
Since deuteriums located in the side chains, as well as those
at the N- and C-termini of the protein, were replaced with
protons during the HPLC step, the increase in the molecular
mass of CK (103 Da) reflects only the deuteration of peptide
amide linkages. The 100% reference (43 304 Da) has
incorporated 320 deuteriums, which is significantly fewer
than the 361 exchangeable amide hydrogens in MM-CK. The
difference (41 deuterons) is due to back-exchange with
solvent protons during the analytical phase. When CK was
partially unfolded in 0.8 M GdmHCl for 30 min followed
by H-D exchange for 120 s, two mass envelopes were
observed: a low-mass envelope at 43 108 Da and a high-
mass envelope at 43 304 Da. The low-mass species observed
at 0.8 M GdmHCl has a slightly but reproducibly higher mass
than the native deuterated protein (between 5 and 11 Da for
an expected mass measurement error of∼4 Da). An unfolded
sample of CK denatured for 10 min in 3 M GdmHCl
exhibited only one peak at 43 304 Da. Thus, the high-mass
species observed in 0.8 M GdmHCl, the species unfolded
in 3 M GdmHCl, and the totally deuterated sample (100%
reference) have the same mass.

Figure 5 shows the kinetics of deuteration of native CK
and of CK incubated in 0.8 and 3 M GdmHCl for 30 and 10
min, respectively. The minimal deuteration time required to
obtain reproducible results was 10 s. The raw data were
corrected for deuterium gain or loss during the quenching
and desalting phases (eq 1), and the curves were fitted to eq
2. For the native enzyme, 181 of the 361 total amide
hydrogens were replaced with deuterium within 1 h. At least
three steps with well-resolved rate constants can be detected
in the kinetics: 79 amide hydrogens are exchanged with a
rate constant of 15.6 min-1, 31 replaced with deuterium at a
rate constant of 1.4 min-1, and 71 replaced with a very low

rate constant of 0.06 min-1. The 180 remaining amide
hydrogens are not exchanged or exchanged with such low
rate constants that they could not be determined under the
experimental conditions presented here. The shape of the
deuteration kinetics observed for the low-mass species in
0.8 M GdmHCl is similar to that of the native one. However,
the total amount of deuteriums incorporated was increased
by 7 to 188 after deuteration for 1 h. This increase in the
level of deuteration resulted from an increase of ap-
proximately five and eight deuteriums exchanged in the two
faster phases and a decrease of approximately six slowly
exchangeable amide hydrogens. For the high-mass species
observed in 0.8 M GdmHCl, as well as for 3 M denatured
CK, deuteration of peptide bonds is nearly total at the first
measurement time. For comparison, the theoretical deutera-
tion kinetics of the nonstructured polypeptide calculated using
Bai et al. (61) data with the HXPEP program written by Z.
Zhang is drawn in Figure 5.

To look for the existence of deuterated species other than
those described by the results in Figure 4, CK denatured in
various GdmHCl concentrations for 10 min was incubated
in D2O buffer for 10 s. Figure 6 clearly shows that, whatever
the denaturant concentration, no species other than those
already described was detected. Only two peaks are present
in variable proportions. The low-mass species corresponds
to the only peak detected in 0.4 and 0.6 M GdmHCl under
these experimental conditions. Although it is the major peak
at 0.8 M, it disappeared at 1.5 M GdmHCl (not shown). The
high-mass species having the same mass as the fully
deuterated protein appears in 0.8 M GdmHCl, is dominant
in 1 M GdmHCl, and is the single species observed in 3 M
GdmHCl. Thus, the rate of conversion of the low-mass
species into the high-mass species is dependent on the
GdmHCl concentration.

The kinetics of MM-CK denaturation in 0.8 M GdmHCl
was studied in more detail by pulse labeling for 10 s (Figure

FIGURE 4: Reconstructed spectra of MM-CK obtained by the
deconvolution of the electrospray ionization mass spectra. MM-
CK was pulse-labeled in D2O for 120 s following incubation in 0
M GdmHCl (s), 0.8 M GdmHCl for 30 min (- - -), and 3 M
GdmHCl for 10 min (- - -). Reconstructed spectra of non-
deuterated MM-CK (‚‚‚), the 0% reference (0% ref) (-‚-), and
completely deuterated MM-CK (100% ref) (-‚‚-) are also
presented. The minor peak observed after the main ones is probably
due to an adduct.

FIGURE 5: Deuterium levels in MM-CK following incubation of
the protein in D2O for 10 s to 60 min. The deuterium level is
corrected for deuterium gain and/or loss during analysis. MM-CK
was incubated in 0 M GdmHCl (b), 0.8 M GdmHCl for 30 min
(9 and [), and 3 M GdmHCl for 10 min (2). The theoretical
deuterium level expected for the unfolded protein (+) was calculated
by using the HXPEP program. The lines correspond to the best fit
to eq 2.
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7). Again, only two peaks were observed. The low-mass
species, which corresponds to the only peak observed after
a denaturation time of 20 s, disappeared with a correlated
increase in the level of the high-mass species, which
corresponds to the only peak remaining after 360 min. No
evidence for a species with an intermediate level of deu-
teration can be found.

DISCUSSION

BehaVior of NatiVe or Denatured MM-CK in D2O. When
solubilized in a deuterated buffer, native MM-CK exchanges
69 of its amide protons in 10 s and 103 in 120 s,
corresponding to 22 and 32% of its 320 exchanged amide
protons, respectively. Thus, a significant number of MM-
CK protons could be exchanged under native conditions. This
is surprising with regard to its high resistance to proteases,
but suggests a relatively high dynamics in at least some
regions of the protein.

When MM-CK was denatured in 0.4-3 M GdmHCl for
10 min, only two deuterated species can be observed in
changing proportions. Only these two species were found
when the H-D exchange was carried out after different
denaturation periods in 0.8 M GdmHCl. Thus, the propor-
tions of the two MM-CK populations are strongly dependent
on GdmHCl concentration and denaturation time.

Whatever the different incubation conditions, the masses
of these two species were constant, although their relative

intensities changed. This bimodal pattern, observed between
0.8 and 1.5 M GdmHCl, is typical of an H-D exchange
process occurring with an EX1 mechanism. That is, the
structure interchange time is longer than the labeling time,
which is longer than the time required for hydrogen exchange
in an unprotected polypeptide. Finding a low-mass peak
corresponding to the less deuterated protein (i.e., protected
form) and a high-mass peak corresponding to the totally
deuterated protein (i.e., unprotected form) is consistent with
these conditions. Indeed, EX1 kinetics are most frequently
observed when proteins are destabilized by addition of a
denaturing agent, an acidic or basic pH, or a high temperature
(41, 63, 64). Equilibrium as well as kinetic GdmHCl-induced
unfolding of rabbit muscle CK was studied. The unfolding
process involves several partially folded intermediates, one
of them resembling the molten globule state. Thus, despite
the evidence found for the presence of different intermediates
on the unfolding pathway of MM-CK, H-D exchange
experiments analyzed by mass spectrometry clearly indicated
that no more than two deuterated species are present during
GdmHCl denaturation. Obviously, ESI-MS is a very good
technique for obtaining the distribution of masses within a
population of protein molecules that had undergone hydrogen
exchange, and thus, it is a good method for obtaining
evidence for intermediate states that have different H-D
exchange properties (41). It has been shown that mass spectra
of aldolase destabilized in 3.5 M urea exhibited four peaks
and that the intensities changed with denaturation time. Each
peak corresponded to a particular unfolded form of the
protein (64). The first peak corresponds to the native
undeuterated aldolase (0% reference) and the fourth to the
nearly completely deuterated protein, and the two other peaks
represent two partially unfolded states of aldolase. The
pattern that we found with MM-CK is quite different since
we found a maximum of two peaks whatever the denaturation
and deuteration times and the denaturant concentration. We
have thus to reconcile the existence of several intermediates
with that of only two deuterated species. One likely explana-
tion is that other conformational states are so dynamic that
all sites are labeled within 10 s. Other conformational states
may become observable with shorter pulse times (<2 s),
which would require the use of a quench-flow system.

Characterization of the Molten Globule State of MM-CK.
The link among inactivation,λmax variation, and the relative
proportion of the low-mass and high-mass peaks as a function
of denaturation time was more thoroughly investigated at
0.8 M GdmHCl, where the molten globule state is maximally
populated. The areas under the two peaks presented in Figure
7 were estimated and plotted as a function of time in Figure
8 together with the variation of activity andλmax. For an easier
comparison, all the parameters presented in this figure have
been normalized to their maximum variation in 0.8 M
GdmHCl. The low-mass species slowly disappears and is
converted into the high-mass species. An equivalent propor-
tion of the two species is found after a 30 min incubation
period. The decrease of the less exchanged form clearly
parallels the loss of activity, and both parameters approach
their minimal values after 3 h. This pattern suggests that the
less exchanged species, which has gained no more than 10
deuteriums as compared to the deuterated native protein, is
the only active form. Thus, the conformational change, which
allows this additional deuteration, is not sufficient to

FIGURE 6: Reconstructed spectra of MM-CK obtained by the
deconvolution of the electrospray ionization mass spectra. MM-
CK was pulse-labeled in D2O for 10 s following denaturation for
10 min at different concentrations of GdmHCl: 0.4 (s), 0.6 (‚‚‚),
0.8 (- - -), 1 (-‚‚-), and 3 M (- - -).

FIGURE 7: Unfolding kinetics of MM-CK in 0.8 M GdmHCl for
20 s to 360 min. The reconstructed spectra of MM-CK were
obtained by the deconvolution of the electrospray ionization mass
spectra. The protein was pulse-labeled in D2O for 10 s. Denaturation
times are given on each mass spectrum.
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inactivate the enzyme or is easily reversible. For the other
population of molecules, a major conformational perturba-
tion, including the catalytic site, occurs and leads to total
deuteration and inactivation. The appearance of the high-
mass species is tightly correlated with the increase in the
λmax of the intrinsic fluorescence from 332 to 341 nm, with
a partial decrease in the ellipticity at 222 nm and with the
increased level of binding of ANS to CK. The rate constants
of variation of all parameters summarized in Table 1 are
very similar. This correlation is in agreement with the
occurrence of simultaneous secondary and tertiary structural
changes during unfolding of CK (33). Thus, after a 3 h
denaturation period in 0.8 M GdmHCl, most of the CK
molecules exist as a molten globule, which could be fully
deuterated in a deuteration time of 10 s.

Far-UV circular dichroism analysis of the early folding
intermediates of other proteins has shown the presence of
important amounts of secondary structure, while H-D
exchange indicated the presence of no or little hydrogen
amide protection. The C-terminal proteolytic domain (F2)
of theEscherichia colitryptophan synthaseâ chain appears
to exist as a molten globule that exhibits very low amide
proton protection and yet contains a native secondary
structure stabilized by hydrogen bonds (65). Removing the
heme group of holomyoglobin destabilizes both its tertiary
and secondary structure. Despite anR-helix content of∼73%
of that of holomyoglobin, only 4% of the labile hydrogens
of apomyoglobin remain unexchanged after 30 min at pH 6
(51). In some cases (canine vs equine milk lysozyme), an
enhanced protection and stability are caused by the strength-
ened cooperative interactions between helices (66). However,
as discussed by Guijarroet al. (65), the observation of a
completely deuterated molten globule state raises an apparent
paradox. If the backbone conformation giving rise to the far-
UV CD spectra of the molten globule is due to authentic
secondary structures stabilized by hydrogen bonds, one
would expect a large number of the backbone amide protons
to be protected from deuterium exchange. Conversely, we
observe no protection in our pulsed amide proton exchange
experiments. This can be explained by the low stability of
the existing secondary structures in the presence of GdmHCl.
During the pulsed exchange, a rapid equilibrium exists

between open and closed states, and protein molecules spend
a significant portion of time in a partly folded or unfolded
state where H-D exchange can occur. In contrast to CD,
which measures the average amount ofR-helical content,
H-D exchange analyzed by ESI-MS is cumulative. The
number of exchanged amide protons reflects the presence
of fluctuating structures (51). Thus, the secondary structure
of the CK molten globule must have high dynamics so that
all its amide hydrogens can be fully exchanged. Using site-
directed mutagenesis, we have previously shown that the CK
dimeric state ensures the maximal stability of the subunits
(67). This may induce an enhanced protection against H-D
exchange. Such a role of quaternary structure in the stabiliza-
tion of dimeric proteins has been observed for ascorbate
oxidase and procaspase (68, 69). The assembly of monomers
into a dimeric molecule would then play a fundamental role
by driving the final organization of the tertiary structure.

On the basis of our results, we can propose a scheme
describing the very first events occurring during guanidinium
chloride-induced partial denaturation. When incubated in 0.8
M GdmHCl, the active dimer is slightly modified. This
modification, which is evidenced by the low increase in
amide exchangeability, either has no effect on enzyme
activity or is rapidly reversed in the assay medium. It has
no immediate consequence on the quaternary structure. It
would, however, increase the sensitivity of CK to GdmHCl
which would then bind to an otherwise hidden region of the
protein structure, leading to monomerization (when denatured
at equilibrium in 0.8 M GdmHCl, CK is in a monomeric
state). Once monomerized, the enzyme has no activity and
is unable to renature during the assay due to the low
monomer concentration, which precludes the formation of
an appreciable amount of active dimer. The fact that the
activity and the less exchangeable form are lost at the same
rate further strengthens our previous conclusion about the
stabilizing role of the quaternary structure.

Work to localize the small but reproducible increase in
the level of deuteration is currently in progress, via the use
of H-D exchange and proteolysis. The concerned regions
could be located in areas with little structure such as the N-
or C-terminal end or the surface loops of MM-CK.
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