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Abstract We studied the effect of cysteine modification on creatine kinase (CK)
aggregation as well as the kinetics of the process. We found that CK aggregation was
modulated by different pH conditions in the presence of Zn2+, which is a CK aggregation
trigger. The CK aggregation followed first-order kinetics, and this was effectively
suppressed in acidic conditions. Even under the acidic condition, cysteine modification at
the active site with using 5,5′-dithiobis-2-nitrobenzoic acid (DTNB) induced conspicuous
aggregation in a dose-dependent manner. This aggregation process is directly related with
decreasing the change of transition free-energy (ΔΔGAG). When dithiothreitol (DTT) was
applied to the reaction system, the aggregates were significantly reduced: DTT treatment
can fully reactivate (higher than 80%) the inactive CK that was separated from CK
aggregates, whereas CK was completely inactivated by Zn2+ and DTNB. Some added
osmolytes such as glycine and proline were able to successfully block CK aggregation by
increasing the ΔΔGAG as well as by suppressing the hydrophobic CK surface. Our study
suggests the effect of cysteine modification on the unfavorable aggregation of CK and on
the aggregation process that followed first-order kinetics with the accompanying changes of
transitional free energy and disruptions of the hydrophobic surface. We also demonstrate
the successful protocol to block the aggregation.
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Abbreviations
CK muscle type creatine kinase
DTNB 5,5′-dithiobis-2-nitrobenzoic acid
DTT dithiothreitol
MES 2-[N-morpholino]ethanesulfonic acid
ANS 1-anilinonaphthalene-8-sulfonate

Introduction

Creatine kinase (CK; ATP: creatine N-phosphotransferase, EC 2.7.3.2) catalyzes the
reversible transfer of a phosphoryl group from MgATP to creatine, and this results in
phosphocreatine and MgADP. Therefore, CK is critically involved in energy metabolism as
well as homeostasis. It has been shown that several types of CK are expressed in various
tissues: the muscle and brain types of CK are the most common, and three different
isoenzymes that include CK-MM (the muscle type homodimer), CK-BB (the brain type
homodimer), and CK-MB (the muscle plus brain type heterodimer) originate from these
two common types. Besides that, two mitochondrial types of CK such as the ubiquitous and
sarcomeric forms are also found in tissues [1, 2]. Among the different types of CK, the
muscle type CK is a good model to use for studying protein folding and aggregation
because of several of its characteristics: (1) it is a dimer consisting of two identical subunits
(the N-terminal domain with about 100 residues and the C-terminal domain with about 250
residues) [3], (2) extensively denatured CK can be spontaneously refolded with restoration
of its enzymatic activity in the absence of any external assistance [4], (3) several
intermediates are involved in its folding pathway [5–7], (4) the tertiary structure can be
easily measured by monitoring the activity change [8], and (5) denatured CK acts as a
binding partner for studying protein–protein interactions during refolding and aggregation
[9–11].

It has generally been recognized that the CK active site is very flexible, and this property
is the basis for the theory of active site flexibility [12–15]. CK contains one cysteine at the
active site per subunit, and a simple cysteine modification at the native state of CK by 5,5′-
dithiobis-2-nitrobenzoic acid (DTNB) leads to complete inactivation of the enzyme without
the use of any inhibitors [16]. Among the free forms of cysteine, only one form with a
specific active site is essential for catalytic activity. However, the relationship between
active site flexibility and the role of the cysteine residue in the active site pocket on CK
aggregation has never been clarified. CK aggregation is a phenomenon that is competitive
between different states of correct folding and misfolding. Tong et al. [17] previously
reported that Zn2+ induced the inactivation and aggregation of CK by exposing the
hydrophobic surface with the accompanying conformational changes, and this occurred in a
dose-dependent and temperature-dependent manner. This study implied that Zn2+ could be
used to trigger aggregation to the native state of CK.

In this study, we determined the relationship between aggregation and the nature of the
flexible CK active site. As the active site of CK is the biggest and the most important part to
the overall structure, studying the responses of the flexible active site to outer stimulation is
important, in addition to determining its enzymatic catalysis. To conduct this study, we set
up proper reaction conditions by using Zn2+ as well as modulating the pH condition before
performing cysteine modification by DTNB. We found that CK aggregation was further
promoted by DTNB-mediated cysteine modification at the active site in the presence of
Zn2+ due to the increased hydrophobic surface, and this suggests that flexibility at the active
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site might play a key role for aggregation. To confirm these results, dithiothreitol (DTT) and
osmolytes such as glycine and proline were applied to block aggregation, and we found that
suppression of CK aggregation is directly related with the changes of transitional free-
energy (ΔΔGAG) as well as being related to the hydrophobicity of the CK structure. We
provide here new information regarding the relationship between enzyme aggregation and a
flexible active site; further, the aggregation followed first-order kinetic behavior, which is
involved with the enzyme’s stability changes, as indicated by ΔΔGAG.

Materials and Methods

Materials

Rabbit muscle CK was purified as described previously [18]. Creatine, ATP, DTT,
magnesium acetate, thymol blue, zinc acetate, ANS, and DTNB were all purchased from
Sigma in the USA. All the other reagents were local products of a pure analytical grade.

CK Assay

The CK activity was measured by following the proton generation during the reaction of
ATP and creatine at 597 nm at 25 °C using the indicator thymol blue. The substrate was
composed of 24 mM creatine, 4 mM ATP, 8 mM magnesium acetate, 0.01% thymol blue,
and 5 mM glycine–NaOH buffer, pH 9.0. The reaction volume was 1 ml, and 10 μl of
enzyme solution was added to the substrate system to measure the activity. Absorption was
measured with a Perkin Elmer Lambda Bio U/V spectrophotometer. The enzyme
concentration was determined using the absorption coefficient, A1%

1 cm ¼ 8:8 and the
Bradford method.

Kinetic Analysis

Equations were adopted from the previously reported methods for the kinetic analysis of
CK aggregation [19, 20].

DAG ¼ AG1 � AGt ð1Þ
where AG1 is the absorbance at the end of the aggregation reaction before reaching the
precipitation state and AGt is the absorbance at time t during aggregation. The experimental
data were fitted to first-order expressions as:

DAG ¼ exp �kAG=tð Þ ð2Þ

DAG ¼ P1 exp �kAG1=tð Þ þ P2 exp �kAG2=tð Þ ð3Þ
where kAG is the rate constant for a monophasic reaction (Eq. 2). P1 and P2 indicate the
fractions reacting with the rate constants kAG1 and kAG2, respectively, for a biphasic reaction
(Eq. 3). The change of transition free energy during aggregation in the presence of an
additive is expressed as:

DDGAG ¼ RT ln kAG;none
�
kAG;additive

� � ð4Þ
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Intrinsic and ANS Binding Fluorescence Measurements

The intrinsic fluorescence emission spectra were measured with an F-2500 fluorescence
spectrophotometer using a 1-cm path length cuvette. An excitation wavelength of 280 nm
was used for measuring the tryptophan fluorescence, and the emission wavelengths ranged
between 300 and 400 nm. To probe the hydrophobic surface changes, the fluorescence
spectra changes were studied by labeling with 40 μM ANS for 30 min before measurement.
An excitation wavelength of 390 nm was used for the ANS binding fluorescence, and the
emission wavelength ranged from 400 to 600 nm.

Results

The Effect of pH on CK Aggregation in the Presence of Zn2+

In addition to the previous results [17], we found that CK aggregation by Zn2+ is closely
related with the pH condition: CK aggregation was conspicuously suppressed under the
condition of pH 6.5 (Fig. 1A). CK was aggregated quickly at the initial phase at a pH of
7.0 and 7.2 compared to the more acidic conditions, indicating that Zn2+ is preferably
reactive to CK with increasing pH values and this reaction was more favorable at a
neutral pH condition than at slightly acidic conditions. To determine the tertiary structural
changes of CK at pH 6.0 and 6.5 in the presence of 5 mM Zn2+, we measured the intrinsic
fluorescence spectra (Fig. 1B). The results showed that the intrinsic fluorescence spectra
were changed with Zn2+ treatment both at pH 6.0 and 6.5 compared to the native state:
the maximum fluorescence intensities were increased (59% for pH 6.0; 30% for pH 6.5),
and the maximum wavelengths were red-shifted 3 nm for both the pH values,
respectively.

Our subsequent kinetic analyses showed that CK had a tendency to follow a kinetic time
course (Fig. 2A). Semi-logarithmic plot analysis showed that two kinds of first-order
kinetics were observed: biphasic kinetics was noted at pH 7.2 and monophasic kinetics was
noted at pH 7.0 to 6.5 (Fig. 2B and C). The CK aggregation rate constants showed
exponent increases with the increasing pH values (Fig. 2D).

The Effect of DTNB Modification on CK Aggregation in the Presence of Zn2+

Under the condition of pH 6.5 where CK aggregation was efficiently suppressed even in
the presence of 5 mM Zn2+, we found that cysteine modification at the active site could
significantly promote CK aggregation (Fig. 3). This implied that the cysteine
modification at the active sites might trigger and/or promote CK aggregation if an
additional factor is involved such as Zn2+. As observed in Fig. 3A, the sample pretreated
with DTNB was conspicuously aggregated in the presence of Zn2+ in a dose-dependent
manner. The kinetic analysis also showed that this reaction followed the monophasic
kinetic order (Fig. 3B). Increasing the cysteine residue modification via DTNB was
accompanied by decreasing the transient free-energy changes at a fixed concentration of
Zn2+ (Fig. 3C). Thus, the CK stability was drastically decreased, and this resulted in the
inner binding of CK molecules. The above results suggested that a combination of
cysteine modification and Zn2+, even at an acidic buffer condition, could effectively
promote CK aggregation.
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In addition, the number of free thiol groups (–SH) of CK in the presence of 5 mM Zn2+

at pH 6.5 was detected according to the method by Okonjo et al. [21]. The results showed
that two –SH groups for the native CK and eight –SH groups for the fully denatured CK
using 3 M guanidine hydrochloride at pH 6.5 were detected, while four –SH groups were
detected for the 5 mM Zn2+-treated CK at pH 6.5. These results implied that the partial
conformational changes and exposure of the –SH groups of CK in the presence of Zn2+

were induced, and these exposed –SH groups could be easily interacted with DTNB,
resulting in the stability changes of CK.
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Fig. 1 CK aggregation and the
conformation changes in the
presence of Zn2+ at the various
pH conditions. AThe aggregation
experiments were conducted at
different pHs; these experiments
were done using 50 mM Tris–
HCl buffers labeled as 7.2 and
7.0 and using 50 mM MES
buffers labeled as 6.7 and 6.5 on
the curves, respectively. The final
concentrations for CK and Zn2+

were 10 μM and 5.0 mM,
respectively. The incubating
temperature was 37 °C. B The
intrinsic fluorescence spectra of
CK were measured with an
excitation wavelength of 280 nm.
Label 1: native CK in 50 mM
MES buffer pH 6.0, label 2:
5 mM of the Zn2+-treated CK in
sample 1, label 3: native CK in
50 mM MES buffer pH 6.5, and
label 4: 5 mM of the Zn2+-treated
CK in sample 3. The final
enzyme concentrations were
2.0 μM
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The Effect of Zn2+ on the DTNB-Modified CK

To further verify the relationship between Zn2+ and the DTNB modification, we next
conducted cysteine modification at a fixed DTNB concentration (75 μM), and then we
added different concentrations of Zn2+ to the reaction solution. The result showed that the
DTNB-modified CK was significantly aggregated in a Zn2+ dose-dependent manner
(Fig. 4A). This result indicated that even a low concentration of Zn2+ (less than 1 mM)
acted as an aggregation trigger compared to the relatively high concentration in which
5 mM Zn2+ at pH 6.5 hardly induced aggregation (Fig. 1). When the enzyme had its
cysteine residues modified at the active site, then the aggregation was more susceptible to
the added Zn2+. Similar to Fig. 3, the kinetic parameters were suitably calculated, and we
deduced the transition free-energy changes (Fig. 4B). Zn2+ also decreased the CK stability,
as was monitored by decreasing the change of transition free energy. These results
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Fig. 2 Kinetic analysis of CK aggregation in the presence of 5 mM Zn2+. A Kinetic analysis of CK
aggregation at pH 7.2 according to Eq. 1. B A semi-logarithmic plot of CK aggregation at pH 7.2. The
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Fig. 3 Effect of DTNB on CK
aggregation in a fixed Zn2+
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modifications at the active site
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before the enzyme sample was
added to the reaction mixture.
The Zn2+ concentration (5 mM)
was fixed in all the reaction
buffers (50 mM MES buffer,
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The curve (dashed line) shows
the CK state with incubation with
5 mM Zn2+ and without DTNB
modification. The final CK
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incubating temperature was
37 °C. B A semi-logarithmic plot
of the DTNB-modified CK
aggregation at pH 6.5 in the
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concentrations of DTNB and
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respectively. The data were
obtained from A. C The change
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supported the observation that DTNB-mediated active site modification was a factor for
inducing aggregation.

DTT-Mediated Suppression of CK Aggregation

DTT is known to be a strong reducing agent as well as a chelator for Zn2+ and Cu2+ ions.
Therefore, the additive DTT can reduce the DTNB from the CK molecule and it can
simultaneously chelate Zn2+ from the reaction solution. As a result, DTT might efficiently
suppress CK aggregation. The result confirmed our idea that DTT not only suppressed CK
aggregation in a dose-dependent manner but it also fully reactivated the CK activity from the
aggregation (Fig. 5). This result reaffirmed that cysteine modification of CK was directly
involved with aggregation, and its reduction suppressed the occurrence of aggregation.
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Fig. 4 Effect of Zn2+ on the CK
aggregation in a fixed DTNB
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was modified with 75 μM DTNB
for 1 h before applying it to the
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change of transition free energy
during CK aggregation. Kinetic
analyses for calculating the rate
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DTNB-modified enzyme samples
that were differently treated with
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Zn2+, respectively
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Preventing CK Aggregation with the Aid of Osmolytes Such As Glycine and Proline

It is well known that some osmolytes effectively blocked CK aggregation during refolding [22,
23]. To observe the enzyme stability changes via the changes of transitional free energy, we
added osmolytes such as glycine and proline to the incubation solutions. The results showed
that CK aggregation was effectively suppressed by glycine (Fig. 6) and proline (Fig. 7).
Subsequent analyses showed that glycine decreased the aggregation rate constant (Fig. 6B);
thus, this resulted in increases of the transitional free-energy changes in a dose-dependent
manner (Fig. 6C). The ANS-binding fluorescence changes showed that glycine significantly
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Fig. 5 Preventing CK aggregation
and recovering CK activity by
DTT. A Blocking CK aggregation
by DTT. Aggregation was done in
the presence of 0.2 mM Zn2+ by
applying 75 μM of DTNB-
modified CK (curve 1). Curves 2
to 5 show the DTT treatment at
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Label 1: native CK control, label
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sample in label 4. The data are
given as mean values (n=3)
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suppressed the hydrophobic surfaces of CK to the native state (Fig. 6D). The additive DTT
also suppressed the hydrophobic surfaces. These results indicated that CK aggregation was
caused by exposure of its hydrophobic surfaces, as was triggered by Zn2+ and cysteine
modification. Similar to glycine, proline also effectively blocked CK aggregation (Fig. 7A):
it decreased the aggregation rate constant (Fig. 7B), and this resulted in increases of the
transitional free-energy changes (Fig. 7C). The ANS-binding fluorescence changes
confirmed that the suppression of CK’s hydrophobic surface, by exposure to Zn2+ and
DTNB modification, was directly involved with preventing aggregation (Fig. 7D).
Interestingly, we additionally tested glycerol, dimethyl sulfoxide (DMSO) and sucrose,
which are all known to be effective osmolytes that block CK aggregation during refolding;
however, those osmolytes did not effectively suppress the CK aggregation that was due to
the Zn2+ and cysteine modification even at high concentrations: 1.5 M for glycerol, 1.4 M
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Fig. 6 Effect of glycine on CK aggregation. A Blocking CK aggregation by glycine. Different
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B Plot of the aggregation rate constant (kAG) versus [glycine]. C The change of transition free energy during
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23.2, 46.3, and 92.5 mM, respectively. D The ANS-binding fluorescence changes. ANS (40 μM) was labeled
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for DMSO, and 1.2 M for sucrose (the data are not shown). Among the osmolytes we tested,
glycine and proline effectively blocked CK aggregation.

Effect of Glycine and Proline on the Recovery of CK Activity in the Presence of Zn2+

CK activity was inactivated by Zn2+ in a dose-dependent manner (Fig. 8A). To observe
whether glycine and proline can prevent CK inactivation from Zn2+, the various
concentrations of glycine and proline were pre-incubated with CK in the presence of
Zn2+ before assaying the activity. The results showed that the CK activity could be restored
by adding glycine or proline (Fig. 8B and C). The CK activity was reactivated up to 80–
100% even in the presence of 5 or 2.5 mM Zn2+ for which the enzyme activity was
completely or partially inactivated (Fig. 8A). These results implied that a high concentration
of glycine or proline may directly chelate Zn2+.
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Discussion

CK aggregation is a frequently observed phenomenon in the presence of an inactivator such
as Zn2+ or trifluoroethanol [17, 24] and also during thermal inactivation [24, 25], in
addition to this phenomenon being observed in the folding pathways [10, 11, 20, 24, 26].
Therefore, this aggregation problem with the structural changes is very important, and the
relationship between the enzyme’s structure and aggregation is being gradually revealed. As
the CK active site is known to be flexible [12, 13], insight on the responses of the active
site to environmental factors can provide useful information in addition to providing
information on catalysis and folding. In this regard, we set up the proper conditions using a
CK aggregation inducer such as Zn2+ in the reaction solutions to test whether aggregation is
affected by active site modification. If the flexibility of the active site is directly related with
aggregation, then it might be dependent on the DTNB concentration at a fixed Zn2+

condition or it can synergically induce aggregation in the presence of Zn2+ with the help of
DTNB modification. To prove our ideas, we adjusted and controlled the buffer condition
for directly aggregating CK by Zn2+ via changing the pH condition. When reevaluating the
Zn2+-induced CK aggregation, we found that the additive Zn2+-induced CK aggregation is
directly affected by the pH conditions: Zn2+ did not induce conspicuous aggregation in the
acidic conditions as compared to that in the medium buffer conditions. With this condition,
the DTNB modification triggered aggregation in a dose-dependent manner with a fixed
concentration of Zn2+. In addition to this observation, Zn2+ also induced aggregation of
DTNB-modified CK even under the acidic condition, implying that active site modification
of CK is related to inducing aggregation.

From our studies on kinetics and thermodynamics, we found that the aggregation
processes followed first-order kinetics with changes of the transitional free energy
(ΔΔGAG) in the presence of two additive factors such as DTNB and Zn2+. These results
supported the fact that aggregation was related to the structural stability of the enzyme, and
in our experiments, the instability was caused by the flexible active site. First-order kinetics
has also been observed for other enzymes [27].

To correct unfavorable aggregation, which might further support our ideas, DTT and
some other osmolytes such as glycine and proline were applied to block the
aggregation. We found that CK aggregation was effectively suppressed by DTT, and
this was accompanied by recovery of the enzyme’s activity. DTT has a dual effect in
our reaction conditions, that is, it can directly reduce the DTNB agent from the active
site and it can also directly chelate Zn2+, and so the enzyme activity was reactivated
along with the suppression of aggregation. Disruption of the covalent bond that bridged
between DTNB and cysteine occurred very quickly with the chelation of Zn2+ in the
presence of DTT, and then it stopped CK from aggregating in a dose-dependent manner.
In similar ways, we found that glycine and proline specifically suppressed CK aggregation
in a dose-dependent manner, which was directly related with the increases of ΔΔGAG that
were observed from the subsequent kinetics. These osmolytes stabilized the enzyme, to a
normal level, from embedding of the exposed hydrophobic surfaces, which was measured
from the ANS-binding fluorescence spectra. The kinetic studies of aggregation provided
some insights on preventing aggregation: the osmolytes could stabilize the intermediates
that were very susceptible to the misfolding pathway, and this also led to the formation of
aggregates in the presence of Zn2+ and DTNB. Glycine and proline probably not only
stabilized the CK protein intermediate surface but they also enhanced the ionic strength of
the buffer solution so as to adjust the random binding between the unstable partially
folded CK.
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Taken together, our thermodynamic and kinetic studies of CK aggregation, as well as the
prevention strategies, provide new information regarding the relationship between
aggregation and the flexible CK active site. The site reacted with other factors and this
resulted in increased flexibility, and so this might be a trigger for inducing aggregation.
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