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Microcystin is a sort of cyclic nonribosomal peptides produced by cyanobacteria. It is cyanotoxin, which
can be very toxic for plants and animals including humans. The present study evaluated the interaction of
microcystin and catalase, under physiological conditions by means of fluorescence, three-dimensional
(3D) fluorescence, circular dichroism (CD), Fourier Transform infrared (FT-IR) spectroscopy, and enzy-
matic reactionkinetic techniques. The fluorescence data showed that microcystin could bind to catalase
to form a complex. The binding process was a spontaneous molecular interaction procedure, in which
electrostatic interactions played a major role. Energy transfer and fluorescence studies proved the exis-
tence of a static binding process. Additionally, as shown by the three-dimensional fluorescence, CD and
FT-IR results, microcystin could lead to conformational and microenvironmental changes of the protein,
which may affect the physiological functions of catalase. The work provides important insights into the
toxicity mechanism of microcystin in vivo.

Crown Copyright � 2013 Published by Elsevier B.V. All rights reserved.
Introduction

Cyanobacteria (formerly called ‘‘blue–green algae’’) have a
worldwide distribution and can form extensive blooms in freshwa-
ter and estuarine habitat. Factors that contribute to bloom forma-
tion and toxin production include warm water [1], nutrient
enrichment [2] and seasonal increases in light intensity [3]. Rising
global temperatures and eutrophication may contribute to more
frequent events and cyanobacterial ‘‘super-blooms’’, with
enhanced risks to human health [4]. Recently, Microcystis bloom
frequently occurred in the eutrophic lakes at Daqing, Heilongjiang
Province, China and the dominant species is Microcystis aeruginosa,
which produces a family of related cyclic heptapeptides (mainly
microcystins) [5]. These toxins are severely hepatotoxic, are pro-
duced in Microcystis cells and are released into water body when
cyanobacterial cells are broken.

Microcystin (shown in Fig. 1) is one of over 80 known toxic vari-
ants and is the most studied by chemists, pharmacologists, biolo-
gists and ecologists. Microcystin-containing ‘‘blooms’’ are a
problem worldwide, including China, Brazil, Australia, the United
States and much of Europe [6]. Toxic blooms of cyanobacteria have
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Fig. 1. Molecular structure of microcystin.
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been associated with acute hepatotoxicity in various species of
domestic animals and humans. Once ingested, microcystin travels
to the liver, via the bile acid transport system, where most is
stored; though some remains in the blood stream and may con-
taminate tissue [7,8]. Microcystin binds covalently to protein phos-
phatases thus disrupting cellular control processes. In addition,
epidemiologic studies in China have suggested that microcystins
in contaminated water may play a role in the higher incidences
of primary human hepatocellular carcinomas in many areas, par-
ticularly in Daqing, China [5].

Detoxification is one of the liver’s functions. Catalase catalyzes
the breakdown of hydrogen peroxide, which is toxic (It is highly
reactive so can cause cell damage. It comes from the small intestine
via the portal vein, from things we eat or drink, e.g. alcohol) to oxy-
gen and water, which are harmless. When the catalase structure is
altered and the function is impeded, liver could not work normally.
Thus to elucidate the interaction of catalase and microcystin is of
great importance to get the insight of the toxic mechanism of micr-
ocystin [9–12]. However, there has been no report regarding the
toxic effects of microcystin on catalase.

The interaction of microcystin with catalase was investigated
under physiological condition in phosphate buffered saline (PBS)
buffer solution at pH 7.4 by means of various spectroscopic meth-
ods (fluorescence, CD and FT-IR) and enzymatic reactionkinetic
technique. Binding constants and the number of binding sites were
calculated using Stern–Volmer equations. The thermodynamic
parameters are calculated and discussed. The distance r between
donor (catalase) and acceptor (microcystin) was obtained accord-
ing to fluorescence resonance energy transfer and the alterations
of catalase secondary structure induced by microcystin were con-
firmed by 3D fluorescence, FT-IR and CD measurements.

Materials and methods

Catalase was purchased from Sinopharm Chemical Reagent
Beijing Co., Ltd. (Beijing, China). Microcystin with 98% purity was
donated by Shanghai Institute of Pharmaceutical Industry, China.
All other reagents of analytical grade were used and they were
bought from Nanjing Di’an Biotechnology Co., Ltd., China. Dou-
ble-distilled water was used throughout the experiments. Catalase
was dissolved in 0.05 M phosphate buffered saline (PBS) solution
to form a 2.0 � 10�6 M solution and then preserved at 4 �C for later
use.

Steady state fluorescence spectra were acquired on a Hitachi
F4010 (Hitachi, Tokyo, Japan) using 1 cm matched quartz cuvettes
keeping excitation and emission slit widths of 3 nm. Intrinsic
fluorescence of catalase was measured by exciting at 280 nm. Tem-
perature dependent fluorescence spectral studies were performed
on the Hitachi unit equipped with a circulating water bath. For
Stern–Volmer calculations, the fluorescence data were processed
with considerations of inner filter effects [11], which would cause
absorption of both excitation and emission radiation. Methods to
inner filter effect corrections are taken from Ding [13].

The conformational changes in the protein secondary structures
on microcystin binding were studied using a Jasco J815 spectropo-
larimeter (Shimadzu, Tokyo, Japan) at 25 �C equipped with a Peltier
cell holder and temperature controller PFD425 L/15. The protein
concentration and path length of the cells used were 2 � 10�7 M
and 0.1 cm for far UV CD. Secondary structure calculations were
performed using the software supplied by Jasco Company.

The absorbance spectra of microcystin in phosphate buffer solu-
tion were recorded on a Shimadzu UV2450 spectrophotometer
(Shimadzu, Tokyo, Japan). Slit width and scanning speed were set
at 2 nm and 100 nm/min, respectively.

FT-IR measurements were carried out on Perkin Elmer Spec-
trum GX FTIR Spectrometer (Perkin Elmer, Shelton, CT) equipment
using ZnSe window. Hundred scans were recorded for each sample
in the spectral range of 400–4000 cm�1 with a resolution of
4 cm�1. The background was corrected before scanning the sam-
ples and the buffer spectrum collected. FT-IR spectra of free cata-
lase (5 � 10�4 M) and catalase–microcystin complex (1:2) were
recorded to identify changes in secondary structure in catalase
on interaction with microcystin. All the experiments were per-
formed at room temperature (25 �C).

The activity of catalase was measured using H2O2 as the sub-
strate. Catalase can catalyze H2O2 into water and oxygen. The en-
zyme activity was obtained based on the decrease in absorbance
at 400 nm, where H2O2 absorbs, in buffered phosphate medium
(pH 7.4) containing various concentration of microcystin. One unit
of CAT activity is defined as the amount of enzyme that decom-
poses 1 mmol H2O2 per minute. The final amount of catalase and
H2O2 are 5 � 10�6 M and 8 mM, respectively. The inhibition mech-
anism was determined using the methods from Lineweaver [14]
and the experimental conditions are the same with the activity
measurements.

Results and discussion

Fluorescence quenching mechanism of catalase by microcystin

The fluorescence of protein originates mainly from the
amino acid residues of tryptophan (Trp) or tyrosine (Tyr), and
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fluorescence quenching measurement can provide rich informa-
tion for the interaction between pollutant molecules and proteins,
such as, binding constant, number of binding site, binding location
and binding mechanism.

Fig. 2 shows the fluorescence quenching spectra of catalase in-
duced by different concentrations of microcystin in phosphate buf-
fer solution with pH 7.4 at the excitation wavelength of 280 nm. It
can be observed that the fluorescence intensities of catalase grad-
ually decreased accompanying with red shifts of the maximum
emission bands from 342 nm to 344 nm when Cmicrocystin/Ccatalase

increased from 0 to 6. The significant fluorescence quenching of
the protein demonstrated that microcystin has been bound with
the protein, and the obvious blue shifts of the emission bands indi-
cated that the conformation of the protein has been changed and
the Trp residues of the protein were exposed to more nonpolar
environment after interacting with microcystin [13].

The Stern–Volmer equation (Eq. (1)) was used to calculate the
Stern–Volmer quenching constant KSV and the bimolecular
quenching rate constant Kq [15]:

F0=F ¼ 1þ Kqs0½Q � ¼ 1þ KSV ½Q � ð1Þ

F0 and F represent the fluorescence intensities of a protein in the ab-
sence and presence of the ligand, [Q] is the drug concentration, and
s0 is the average lifetime of the fluorophore in the absence of the
ligand.

Fig. 3A and B presents the Stern–Volmer curves for the fluores-
cence quenching of catalase after interacting with different con-
centrations of microcystin at pH 7.4. It can be seen from Fig. 3A
that the Stern–Volmer curves were linear when the molar ratio
of the drug to protein ranged from 0 to 6 at pH 7.4. The bimolecular
quenching rate constant (Kq) obtained at 298 K according to Eq. (1)
was 1.12 � 1013 M�1 s�1 (Table 1), which showed that Kq was
much higher than the limiting diffusion constant Kd (Kd = 2 � 1010 -
M�1 s�1) of the biomolecule, These results demonstrated that the
fluorescence quenching of catalase by microcystin was mainly a
static quenching process, and the complexes of pollutant and pro-
tein have been formed.

Since the fluorescence quenching is a static process, the number
of the binding site (n) and the binding constants (KA) can be ob-
tained by Eq. (2) deduced in previous reports [16–18]:

lg
F0 � F

F
¼ lg KA þ n lg½Q �: ð2Þ

The n values from the slopes of Eq. (2) was 0.949 at 298 K (Table 2),
indicating that one molecule of microcystin bound with one mole-
cule of catalase. The binding constant of microcystin decreased with
260 280 300 320 340 360 380 400 420 440

0

100000

200000

300000

400000

500000

600000

700000

800000

0 2 4 6 8 10 12
0

100000
200000
300000
400000
500000
600000
700000
800000

C
PS

[Q]*10-6 M

(g)

(a)

In
te

ns
ity

 (C
PS

)

Wavelength (nm)

microcystin only

Fig. 2. Fluorescence emission spectra of catalase in the presence of microcystin.
Ccatalase: 2 � 10�6 M, Cmicrocystin, a–g: 0, 2, 4, 6, 8, 10 and 12 � 10�6 M; pH 7.4,
T = 298 K.
increasing temperature, indicating that microcystin–catalase was
not moderate and sensitive to temperature.

Interaction forces between quencher and biomolecules may in-
clude hydrophobic force, electrostatic interactions, van der Waals
interactions, hydrogen bonds, and others [19]. In order to map
the interaction between microcystin and catalase, the thermody-
namic parameters were calculated using the Van’t Hoff equation:

In
K2

K1

� �
¼ DH�

R
1
T1
� 1

T2

� �
ð3Þ

where K is the binding constant to a site, R is the universal gas con-
stant (8.314 J mol�1 K�1), DH and DS� are the changes in enthalpy
and entropy during quenching process. The free energy change
(DG�) associated with the interaction of microcystin and catalase
can be calculated from the following equation:

DG� ¼ DH� � TDS� ¼ �RTInK� ð4Þ

According to the binding constants that were found at three tem-
peratures above (291 K, 298 K and 305 K), the change in enthalpy
(DH�) and entropy (DS�) values were obtained from Van’t Hoff
equation, and the results are presented in Table 3. The free energy
change DG� was calculated with the Eq. (4). As Table 3 shown,
the DH� and DS� for the binding reaction between microcystin
and catalase were found to be �9.79 � 103 J mol�1 and
58.8 J mol�1 K�1 at 298 K. The negative DG� corresponded to a
spontaneous binding process. Therefore, the binding process be-
tween microcystin and catalase was spontaneous.

Different signs and magnitude for the thermodynamic parame-
ters appeared with different interaction forces, such as typical
hydrophobic interactions of positive DH� and DS�, van der Waals
force and hydrogen bonding formation showing with negative
DH� and DS� in low dielectric media, and electrostatic interactions
playing a role in negative DH� and positive DS�. Therefore, the
interaction forces behind the binding of microcystin with catalase
may derive from electrostatic interactions because of the negative
DH� and positive DS� (Table 3). Meanwhile, the negative DH� val-
ues indicated that the formation of catalase–microcystin coordina-
tion compound was an exothermic reaction.

Energy transfer to microcystin and the binding distance measurement

Fluorescence resonance energy transfer (FRET) is a good tech-
nique to determine the distance of separation between the donor
(fluorophore) and the acceptor. The FRET efficiency depends on
the extent of overlap of the donor emission and acceptor absorption,
orientation of the transition dipole of the donor, and the distance
between the donor and acceptor which must be within the Forster
distance of 2–8 nm [20]. The overlap of the absorbance spectrum
of microcystin with the emission spectra of catalase–microcystin
was presented in Fig. S1 (Supplementary Information). In a protein-
ous environment, the proximity of the ligand molecule to the Trp
moiety is often determined through FRET study. The efficiency (E)
of the FRET process depends on the inverse sixth power of the aver-
age distance between donor and acceptor (r) and of the critical en-
ergy transfer distance or Forster radius (R0). When the efficiency of
transfer is 50%, a condition of 1:1 situation of donor to acceptor con-
centration prevails and E is expressed by the equation [21]:

E ¼ 1� F
F0
¼ R6

0

R6
0 þ r6

ð5Þ

R0 can be calculated using the relationship [22]:

R6
0 ¼ 8:8� 10�25k2N�4UJ ð6Þ

where k2 is the spatial factor of orientation, n is the refractive index
of the medium, U is the fluorescence quantum yield of the donor
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Fig. 3. (A) Stern–Volmer and (B) Hill plots of fluorescence data at different temperatures.

Table 1
Stern–Volmer quenching constants of the catalase–microcystin system at different
temperatures.

T (K) Kq (M�1 s�1) KSV (M�1) Ra SDb

291 1.64 � 1013 1.64 � 105 0.9980 0.04875
298 1.12 � 1013 1.12 � 105 0.9992 0.02182
305 0.62 � 1013 0.62 � 105 0.9992 0.01144

a The correlation coefficient.
b The standard deviation.

Table 2
Binding parameters of the catalase–microcystin system at different temperatures.

T (K) KA (M�1) n Ra SDb

291 6.73 � 104 0.925 0.9904 0.04151
298 6.12 � 104 0.949 0.9968 0.02465
305 3.79 � 104 0.956 0.9994 0.01095

a The correlation coefficient.
b The standard deviation.

Table 3
Thermodynamic parameters of the catalase–microcystin system.

T (K) DG� (J mol�1) DS� (J mol�1 K�1) DH� (J mol�1)

291 �2.69 � 104

298 �2.73 � 104 58.8 �9.79 � 103

305 �2.67 � 104
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and J is the overlap integral of the fluorescence emission spectrum
for the donor and the absorption spectrum of the acceptor. J may be
calculated from the equation [23]:
J ¼
P

FðkÞeðkÞk4DkP
FðkÞDk

ð7Þ
where F(k) and e(k) represent the fluorescence intensity of the do-
nor and the molar absorption coefficient of the acceptor, respec-
tively, at the wavelength k. Using the values of k2 = 2/3, n = 1.36
and U = 0.15 for the protein, the values of E, J, R0 and r have been
calculated to be 0.09, 8.94 � 10�14 cm3 M�1, 2.62 nm and 2.86 nm
for catalase–microcystin. The distance between ligand and Trp is
far lower than the 7 nm value and 0.5R0 < r < 1.5R0, indicating high
probability of energy transfer from Trp of catalase to microcystin.
This is also in accordance with static quenching mechanism. The re-
sults indicated that the conditions of Forster energy transfer for the
binding is obeyed.
Conformational change studies by synchronous, CD, 3D fluorescence
and FT-IR

Conformational changes occurring in the protein on binding
were evaluated using synchronous fluorescence [24]. When the
scanning interval between the excitation and emission wave-
lengths is stabilized at 15 and 60 nm, synchronous fluorescence
of the protein is characteristic of Tyr and Trp residues; fluorescence
quenching caused by the ligand implies alteration of the polarity
around these residues. The effect of microcystin on the synchro-
nous fluorescence of catalase with Dk = 15 nm revealed that the
fluorescence intensity diminished systematically with a blue shift
of the maximum emission by 11 nm (Fig. 4). This phenomenon
indicates that in presence of microcystin, Tyr residues are in a polar
environment and are more exposed to solvent. Comparatively,
there is almost no shift in the maximum emission wavelength
when Dk = 60 nm, showing that little microenvironmental change
takes place around Trp residues. Therefore microcystin changed
the polarity around Tyr slightly, while that around Trp was not
changed, which is in agreement with the results from quenching
and FRET experiments implicating unequivocally the involvement
of Trp in the binding process.

The far ultraviolet CD spectrum (Fig. 5A) of native catalase con-
tained two minima at 208 (p ? p*) and 222 nm (n ? p*), which are
characteristic of a-helical structures [25,26]. The secondary struc-
tures of native catalase were found to contain 25.0% a-helix, 23.0%
b-sheet, 23.0% turn and 29.1% random coils. Microcystin is an achi-
ral molecule that is not CD active. Upon titrating with increasing
concentrations of microcystin, the CD spectrum of catalase de-
creased in intensity without any shift in the negative peaks, indi-
cating a slight decrease in the helical structure. At saturation,
corresponding respectively to 0.4 lmol and 0.8 lmol of microcy-
stin for catalase there was a reduction of 2% and 3.4% of a-helical
structure (Table 4). Thus, the unfolding and loss of helical stability
has been observed on binding, inducing secondary structural
changes in the proteins [27,28].

The effects on the secondary structure are more prominent in
the deconvoluted spectra of catalase (Fig. 5B) and the catalase–
microcystin complex (Fig. 5C). The free protein contained 26%
a-helix, 24% b-sheet, 26% turn and 26% random structure. The esti-
mated content of different secondary structures in native catalase
is consistent with those already reported in literature [29,30]. On
interaction of microcystin with catalase, the a-helix content was
reduced from 26% to 24%. A reduction in the a-helical content
was also obtained from CD studies as discussed earlier. The b-sheet
content increased from 24% to 27%. The random structure content
remains same whereas turn structure decreased from 26% to 25%.
The trend of changes in secondary structures by CD and FT-IR are
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Table 4
Secondary structural content of catalase in the absence and presence of gemcitabine.

Ccatalase:Cmicrocystin Content
(%)

a-helix
(±2%)

b-sheet
(±1%)

b-turn
(±1%)

Random coil
(±2%)

0 25.0 23.0 23.0 29.1
1:2 23.0 23.9 23.3 30.3
1:4 21.6 25.7 23.3 29.5
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similar though the content of secondary structural elements differs
as discussed below. Apart from differences in sample preparation
for the two methods, where a hydrated film was used for FT-IR
and an aqueous solution was used for CD measurements, a major
difference lies in the spectroscopic signals themselves. FT-IR
signals arise from the vibrational modes whereas CD spectra are
obtained from electronic transitions that may be the cause for
the difference in content of their structural information. Similar
differences between FT-IR and CD spectroscopic results for pro-
teins have been reported elsewhere [27,31].

The 3D fluorescence spectroscopy has been widely used in the
analysis of proteins. It could be an important hint suggesting the
changes in protein conformation if there are shifts, appearance or
disappearance, and intensity changes of fluorescent peaks. Thus,
it can comprehensively analyze the information of changes in pro-
tein conformation according to the fluorescent spectrum changes.
Herein, the conformational and microenvironmental changes of
catalase were investigated by comparing the spectral changes in
the absence and presence of microcystin. As shown in Fig. 6 with
the corresponding parameters shown in Table 5, Peak A is the Ray-
leigh scattering peak (kex = kem) and the fluorescence intensity of
Peak A increased with the addition of microcystin. Peak B is the
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second-ordered scattering peak (kem = 2kex). With the addition of
microcystin, the fluorescence intensity of Peak A increased gradu-
ally. The reason for this phenomenon is that the formation of cat-
alase–microcystin complex makes the diameter of the
macromolecule increased, which in turn results in the enhance-
ment of the scattering effect. With increasing concentration of
microcystin, the fluorescence intensity of Peak 1 reduced signifi-
cantly (from 7560 to 3498), which implied the obvious perturba-
tion to the microenvironmental polarities of Trp and Tyr residues
caused by the catalase–microcystin complex formation. Besides
Peak 1, there is another strong fluorescence peak (Peak 2) that
mainly represented the fluorescence characteristic of polypeptide
backbone structures. The fluorescence intensity of Peak 2 de-
creased markedly (from 8721 to 3086) after the addition of micro-
cystin, which indicated the conformational change of catalase
induced by the binding activity of microcystin. This result was in
accordance with the decrease of a-helix content in the CD spectra.
Combined with the synchronous fluorescence, CD and FT-IR re-
sults, the decrease of fluorescence intensity of the two peaks im-
plied that the interaction between microcystin and catalase
induced a slight unfolding of the polypeptide backbone of the pro-
tein. The formation of catalase–microcystin complex probably re-
sulted in the exposure of some hydrophobic regions and then
brought about the conformational changes of catalase.
Effect of microcystin on catalase activity

The liver plays a large role in the detoxification of microcystins.
As one of the main enzymes in hepatocytes, catalase may inevita-
bly encounter microcystins and its activity may be influenced.
Fig. 6. The three-dimensional fluorescence spectra of (A) pure catalase and (B) catalase–
Thus, study of catalase activity in hepatocytes has great signifi-
cance for investigating the function of the enzyme. Catalase is a
homo-tetrameric enzyme that has its heme active site deeply bur-
ied inside the protein [32]. Its only substrate, hydrogen peroxide
(H2O2), reaches the heme through a 45 Å-long channel (Fig. 7).
The structure of an enzyme is related to the function so that a
structural variation may affect its normal physiological function
[33]. It can be seen from the above data that the effect of microcy-
stin on catalase conformation is obvious, and we investigated the
effects of different concentrations of microcystin on the activity
of catalase (Fig. 7). Catalase was exposed to graded concentrations
of microcystin ranging from 10 to 100 mM for different time
points. The range of concentrations could represent a health haz-
ard. As shown in Fig. 8A, the relative catalase activities were re-
duced to 92% and 79% after treatment with 20 and 40 mM
microcystin for 20 min, respectively. As the exposure time in-
creased to 40 min, the activities were reduced to 90% and 75%.
The incubation time has little effect on the activities of catalase
after treatment with 20 mM microcystin. When catalase was incu-
bated in 40 mM, the catalase activity decreased significantly with
longer exposure time.

To confirm the inhibition mode, we drew the Lineweaver–Burk
plots of catalase and catalase–microcystin systems (Fig. 8B). The
Lineweaver–Burk plots with and without catalase intersect on
the x axis, showing a typical feature of noncompetitive inhibition.
Based on the Lineweaver–Burk plots, microcystin did not directly
bind into the catalase activity site, but the binding of microcystin
into the enzyme cavity influenced the microenvironment of the
catalase activity site which resulted in the reduced catalase activ-
ity. Microcystin binds to a site beside the active site of catalase and
microcystin complex. Ccatalase: 2 � 10�6 M, Cmicrocystin: 8 � 10�6 M; pH 7.4, T = 298 K.



Table 5
Three-dimensional projections and the corresponding excitation–emission matrix fluorescence diagram of catalase–microcystin system.

Peaks Pure catalase Catalase–microcystin

Peak position kex/kem (nm/nm) Stokes Dk (nm) Fluorescence internsity Peak position kex/kem (nm/nm) Stokes Dk (nm) Fluorescence internsity

A kex = kem 0 2534 kex = kem 0 2743
B kex = 2kem 0 849 kex = 2kem 0 513
1 278/337 21 7560 278/337 23 3498
2 225/337 54 8721 225/337 75 3086

Fig. 7. Structure of catalase with activity site indicated.
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hinders the binding of the enzyme substrate, leading to the en-
zyme inhibition.

Effect of the temperature on the fluorescence emission of catalase–
microcystin bioconjugate

It is clear that body temperature has an important influence on
the properties of proteins in biological environment as well as on
the conjugation and interaction of proteins with drug ligands.
We investigated the effect of the temperature on the fluorescence
emission of catalase and catalase–microcystin bioconjugate by
varying the temperature from 283 K to 353 K. Furthermore, it is
well known that intrinsic fluorescence of tryptophan residue is
highly sensitive to the microenvironment and, therefore, is widely
used to investigate changes in the protein structure. It was seen
that by increasing the temperature, the intensity of the emission
was decreased. This behavior could be explained in terms of
decreases of the quantum yield of the protein as a function of
temperature mainly attributed to temperature-induced unfolding
of protein. In addition, the influence of temperature on the
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fluorescence peak positions of pure catalase and catalase–microcy-
stin was studied, and the results are represented in Fig. 9. A blue
shift in the catalase emission peak position is observed by increas-
ing the temperature. The changes in emission wavelength versus
temperature represent two limiting regions. One was at the tem-
perature lower than 293 K, that the wavelength of maximum emis-
sion is located at 342 nm, corresponding to native state of protein.
The second was at temperatures higher than 343 K where the peak
position of the protein blue-shifted to 326 nm, consistent with pro-
tein unfolded form. At intermediate temperatures (between 293 K
and 343 K) a decrease in emission wavelength was observed, rep-
resenting a transition from unfold to denature state of catalase. It
should be emphasized again that the variation in the peak position
could reflect the protein conformation changes. The catalase–micr-
ocystin solution represented a similar behavior in its temperature-
induced denaturation curve. However, it is clear that slope of tran-
sition region (between 293 K and 343 K) is slightly bigger in tem-
perature-induced denaturation curve of catalase–microcystin in
comparison with pure catalase curve. This temperature study im-
plies that the binding of microcystin to catalase inserted an effect
on the thermal behavior of catalase.

Conclusion

In the present work, the interaction between microcystin and
catalase was investigated employing different spectroscopic (fluo-
rescence, CD, FT-IR) methods and enzymatic reactionkinetic tech-
niques. The experimental results indicated that the microcystin
binds to catalase with moderate affinity and the intrinsic fluores-
cence of catalase was quenched through static quenching mecha-
nism. The binding parameters were calculated using the Stern–
Volmer equation. The thermodynamic parameters, negative value
of DH�, positive value of DS� and the negative value of DG� indicate
that electrostatic interaction plays a major role in the binding pro-
cess. The distance (r) between Trp-214 of catalase and microcystin
was evaluated as r = 2.86 nm, following Forster non-radioactive
resonance energy-transfer theory. Furthermore, CD and FT-IR evi-
dences show that the secondary structure of catalase was changed
after microcystin was bound to catalase. Our results may provide
valuable information to understand the mechanistic pathway of
toxicological behavior of microcystin.
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