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Abstract The denaturation of dimeric creatine kinase (CK)
induced by urea and guanidine hydrochloride (GuHCI) has been
studied by small angle X-ray scattering (SAXS), which is a direct
way to measure the changes in the overall dimensions of a protein
molecule. The radii of gyration (Rg) of CK are 291 0.4 A in the
native state and 46 1.5 A in the unfolded state in either 8 M
urea or 3 M GuHCI. The transition curves of urea denaturation
derived from the R, values and the zero angle intensity (/(0)) are
similar to that from intrinsic fluorescence, indicating that the
changes in the molecular shape, the tertiary structure and the
dissociation of the subunits proceed simultaneously. In the case
of GuHCl-induced denaturation, the dramatic increases both in
R and in 1(0) in 0.3-0.5 M GuHCI suggest clearly that soluble
aggregates form at low GuHCI concentrations. The aggregates
dissociate and the molecule unfolds at higher GuHCI concentra-
tions. The results suggest that the mechanisms of CK denatura-
tion in urea and in GuHCI are somewhat different and the
intermediate in GuHCI denaturation can much more easily form
soluble aggregates.
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1. Introduction

The changes in the secondary and tertiary structure of pro-
teins during folding and unfolding can be monitored by var-
ious methods such as circular dichroism (CD), intrinsic fluo-
rescence, Fourier transform infrared spectroscopy (FTIR) and
nuclear magnetic resonance (NMR). Direct measuring of
changes in the compactness during protein folding is, how-
ever, very difficult. Small angle X-ray scattering (SAXS) is a
powerful technique for such measurements [1-4]. It is well
known that the SAXS pattern is sensitive to the size and
shape of a scattering molecule [1]. The size of a molecule
can be estimated using the radius of gyration (R,), obtained
by analysis of the SAXS patterns using Guinier plots, while
the shape and globularity of proteins can be described in
terms of a Kratky plot and the pair distribution function
(P(r) function). SAXS has been used for monitoring the con-
formational changes of globular proteins [2-5]. The properties
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of the folding intermediates characterized by the method are
of importance for understanding protein folding. In addition,
SAXS is also a useful tool for studying protein aggregation,
which often accompanies the folding process [5].

Cytoplasmic creatine kinase (CK; EC 2.7.3.2) from rabbit
muscle is a dimer which is made up of two identical 43-kDa
polypeptide chains of known sequence [6]. Although the three-
dimensional structure of the isoenzyme has not been obtained
yet, it has been postulated by biochemical and biophysical
methods that the protomer of the enzyme is composed of
two flexibly linked domains and the subunit is assembled
asymmetrically. The unfolding and refolding of the enzyme
have been studied extensively by intrinsic fluorescence, CD
and other biophysical methods [7-10]. The folding mecha-
nisms of CK induced by urea and guanidine hydrochloride
(GuHCl) have been investigated. In the present study, the
changes in the size and shape of the enzyme molecule during
unfolding in urea and GuHCI were studied with the SAXS
technique.

2. Materials and methods

2.1. Materials

Creatine kinase was prepared and further purified as described pre-
viously [11]. The A}Z‘h value of 8.8 [12] was used for protein concen-
tration measurements. The final preparations usually had a specific
activity of 130-160 pmol/min/mg. Ultrapure urea and GuHCI were
obtained from Nacalai Tesque, Inc., Kyoto, Japan. Dithiothreitol
(DTT) was a Sigma product. All other reagents were local products
of analytical grade.

2.2. Synchrotron small angle X-ray scattering measurement

Solution scattering measurements were performed at the beam line
15 small angle installation (BL-15A) of the Photo Factory, National
Laboratory for High Energy Physics, at Tsukuba, Japan, where a
stable beam of photons with a wavelength of 1.5 A was provided
by a bent-crystal horizontally focusing monochromator and a verti-
cally focusing mirror [13]. Samples in a quartz cell with | mm path-
length were irradiated for 300 s at 25°C. The protein concentration
was 7.5 mg/ml. Background data for the buffer solution at different
concentrations of urea and GuHCI were collected before or after
data collection for the protein solutions. The correction of the
SAXS data for the difference in electron density (contrast) between
the protein and solvent molecules as well as for X-ray absorption by
the solution was made according to the standard data provided by
Semisotnov (unpublished data). The data were processed at the Divi-
sion of Medical Electronics, Dokkyo University School of Medicine
[5]. The R, was estimated by the Guniner approximation,
I(h)y=1 (O)e)cp(—Réh2 /3), where h is the scattering vector given by
h=(4m sin B)/A (20 is the scattering angle and A is the wavelength of
the X-ray) and /(0) is the scattering intensity at zero angle. It has been
demonstrated that the /(0) value is sensitive to intermolecular associ-

0014-5793/97/$17.00 © 1997 Federation of European Biochemical Societies. All rights reserved.

PIIS0014-5793(97)01120-4



184

ation and dissociation of protein complexes [5]. The globularity of
protein molecule was examined with a Kratky plot, i.e. I(h)h? versus
h.

3. Results

3.1. Changes in the R, value and 1(0) with the changes in
concentrations of urea or GuHCI

As shown in Fig. 1 (curve 1), the R, value of CK in the
native state is 29 +0.4 A and changes little at urea concen-
trations below 3 M. The R, value increases sharply at urea
concentre}tions between 3.0 and 4.2 M, reaching a value of
46+ 1.5 A. Further increases of the urea concentration result
in no further changes in the R, value. The good agreement
between the curves plotted from the R, values and that from
intrinsic fluorescence indicates that the swell of the molecular
size occurs simultaneously with the changes in the tertiary
structure of the molecule. The value of I(0) decreases to a
value of about 50% of that in the native state between 3.0
and 4.5 M urea (Fig. 1, curve 2), indicating clearly that the
dissociation of the dimer takes place cooperatively with the
conformational transitions.

Previous studies by intrinsic fluorescence and CD spectra
([9,10], Fan et al., submitted for publication) suggested that
the unfolding transition of CK in GuHCl is a two-stage proc-
ess involving an equilibrium intermediate which resembles the
definition of the ‘molten globule’ (MG) and is most stable at
0.8 M GuHCIL The CK unfolding curve monitored by R,
value shows a different behavior. The R, value increases dra-
matically, from about 29 to 55 A, within the native-MG tran-
sition region (0.3-0.8 M GuHCI), then it decreases to a value
of about 46 A with a further increase of the GuHCI concen-
tration.

The value of I(0) increases sharply at GuHCI concentra-
tions higher than 0.2 M and reaches a value about 2.7-fold
of that of the native state at 0.8 M GuHCI. The value of 1(0)
decreases gradually with a further increase in the GuHCI con-
centration (Fig. 2, curve 2). The /(0) value in 3 M GuHClI is
the same as in 8 M urea. The increases in the values of the R,
and /(0) show clearly that, at the protein concentration used
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Fig. 1. Urea-induced equilibrium unfolding transition of CK moni-
tored by the apparent value of R, (1) and by the apparent zero-an-
gle intensity (2). Prior to the measurement, the enzyme was incu-
bated with the desired concentrations of urea in 50 mM Tris-HCI
buffer, pH 8.3 at 25°C for 12 h. The protein concentration was 7.5

mg/ml. The transition curve monitored by intrinsic fluorescence is
also shown as a dotted line for comparison [7].
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Fig. 2. GuHCl-induced equilibrium unfolding transition of CK
monitored by the apparent value of R, (1) and by the apparent
zero-angle intensity (2). Prior to the measurement, the enzyme was
incubated with the desired concentrations of GuHCl in 50 mM
Tris-HCI buffer, pH 8.3 at 25°C for 12 h. The protein concentration
is 7.5 mg/ml. The transition curve monitored by intrinsic fluores-
cence was also shown as a dotted line for comparison (Fan et al.,
unpublished data).

in the present study, an intermolecular association occurs at
GuHCI concentrations of 0.3-0.8 M. With further increases of
the GuHCI concentration, the intermolecular aggregates dis-
sociate, accompanied by the unfolding of the molecule.

3.2. Changes in the globularity of CK during denaturation by
urea and GuHCI

Figs. 3 and 4 show the Kratky plots of CK at different
concentrations of urea and GuHCI. The Kratky plot of native
CK shows a clear peak at an /4 value of 0.062 (curve 1 in both
Figs. 3 and 4). The peak diminishes gradually at urea concen-
trations higher than 3 M and becomes a plateau at urea con-
centrations above 4.25 M (Fig. 3). The result shows that the
CK molecule is globular in the native state but is chain-like in
the unfolded state. The globule-coil transition coincides with
that monitored by intrinsic fluorescence and CD.

As shown in Fig. 4, at low GuHCI concentrations, the peak
of the Kratky plots shifts to small values of %, from 0.062 to
about 0.03 AL, The result gives further strong evidence for
intermolecular association at low GuHCI concentrations. Size
exclusion chromatography (Zhang et al., unpublished data)
and sedimentation velocity [10] studies have shown that the
dimeric CK dissociates into monomers at GuHCI concentra-
tions of 0.4-1 M at the protein concentrations used in the
investigations, usually lower than 1 mg/ml. Thus it has been
concluded that the monomeric GuHCl-induced intermediate is
unstable and forms aggregates at higher protein concentra-
tions. As the GuHCI concentration continues to increase,
the protein associates gradually disappear, as indicated by
the decreases in the distinct peak in the Kratky plots. The
Kratky plot becomes a plateau at 3 M GuHCI showing that
the enzyme is in an unfolded state which is similar to the case
of urea denaturation.

4. Discussion

The changes in the size and shape of the CK molecule
during urea- and GuHCl-induced unfolding transitions were
monitored directly with the SAXS technique. SAXS gives
unique and essential information for describing the protein
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unfolding process. The value of R, reflects the changes in the
size of the protein molecule during unfolding while the Kratky
plot directly shows the shape of the molecule. If there is no
intermolecular association and dissociation, /(0) is a constant
during protein unfolding; therefore, it is useful for determin-
ing dissociation and association accompanying the unfolding
process [5]. Although there was a more than 50-fold difference
in the protein concentrations employed, the urea-induced un-
folding transition curves measured by SAXS coincide with
those obtained by intrinsic fluorescence and far-UV CD spec-
tra, indicating that the swelling of the molecule, the changes in
the tertiary and secondary structure as well as the dissociation
of the subunits occur cooperatively during urea denaturation.
The GuHCl-induced unfolding, however, shows a much more
complex behavior. It can be clearly seen from changes in the
R, and I(0) values and the Kratky plot that there is intermo-
lecular association at a GuHCI concentration of 0.4-1.0 M.
This strongly suggests that the equilibrium intermediate in the
GuHCl-induced unfolding process is unstable at the concen-
tration used. However, it is interesting to note that the asso-
ciates are soluble and can refold to the native state after re-
moval of the denaturant.

Urea and GuHCI are two of the most commonly used de-
naturants for protein denaturation, and they are believed to
have a similar mode of action [14,15]. However, urea is gen-
erally known to be about half as effective in protein unfolding
and dissociation as GuHCI [16]. Comparison of the unfolding
and inactivation of CK by urea and GuHCI suggested that
although these two denaturants are similar in some aspects,
there are some significant differences [10,17]: (1) GuHCI is
much more effective in the unfolding and dissociation of the
enzyme. (2) Previous studies indicated that GuHCl-induced
unfolding transition monitored by intrinsic fluorescence, far-
UV CD, and enhancement of ANS fluorescence takes place in
two stages, suggesting the existence of an equilibrium inter-
mediate, which is not stable and forms associates at higher
protein concentrations as indicated by the present SAXS
study. However, in the case of urea denaturation, there is
no such clearly observed intermediate. (3) The unfolding of
CK in 3 M GuHCI differs from that in 8 M urea as indicated
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Fig. 3. Kratky plots of CK at various urea concentrations. The ex-
perimental conditions were the same as in Fig. 1. The numbers on
each curve denote urea molar concentrations.
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Fig. 4. Kratky plots of CK at various concentrations of GuHCI.
The experimental conditions were the same as in Fig. 2. The num-
bers on each curve denote GuHCI molar concentrations.

by the intrinsic fluorescence spectra [7], but the molecular size
and shape are similar as shown in the present study.
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