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Abstract
Structure and dynamic properties of free poly(methacrylic acid) (PMA) and PMA complexed with K-chymotrypsin (CT)
were studied using the time resolved fluorescence anisotropy technique. We have found that the interaction of PMA with CT
induces the formation of a quasi-regular structure of PMA. At a CT/PMA weight ratio of 4:1 the interaction with CT leads
to formation of approximately four equal segments of polyelectrolyte, each binding one CT molecule and characterized by an
independent rotational mobility. Increase of the CT/PMA weight ratio above 8:1 gives rise to the overall rotation of the
whole enzyme^polyelectrolyte complex. In water^ethanol mixtures the mobility of PMA segments containing CT decreases
and the structure of the complex becomes even more rigid due to enhancement of the electrostatic interaction between CT
and PMA. Formation of the compact and quasi-regular structure of the complex is perhaps the main reason behind the
enhancement of enzyme stability and suppression of enzyme aggregation in water^organic cosolvent mixtures. ß 2001
Elsevier Science B.V. All rights reserved.
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1. Introduction
Biocatalysis in extreme conditions such as high
temperature, high hydrostatic pressure or organic
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solvent systems provides for multiple advantages in
numerous practical areas including synthetic chemistry [1^7]. However, under such conditions, enzymes
often lose their catalytic activity because of denaturation and/or aggregation and thus enzyme stabilization is often needed. It has been shown for enzymes
of di¡erent classes [8^11] that non-covalent complex
formation with polyelectrolytes is an e¡ective method for enzyme stabilization in homogeneous water^
organic cosolvent mixtures.
The in£uence of non-covalent complex formation
with polyelectrolytes (PE) on the catalytic activity
and the structure of K-chymotrypsin (CT) in water^
organic cosolvent mixtures have been the subject of
intensive studies during the last several years. It was
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demonstrated that free CT completely loses its catalytic activity at cosolvent concentrations of 30^50%
v/v. In a water^ethanol system this inactivation is
essentially due to protein aggregation and precipitation [8,9,12^19]. Formation of a complex with PE
produces two major e¡ects as compared to free enzyme [8,9]. (i) At cosolvent concentrations of 10^30%
v/v CT^PE shows a pronounced activation (2^3fold). (ii) The range of cosolvent concentrations
where the enzyme retains its catalytic activity is
much broader. The magnitude of both e¡ects is independent of PE charge density and charge sign. It
has been shown that behind this stabilization and
activation e¡ects are the maintenance of CT native
conformation and suppression of enzyme aggregation and autolysis [8,9].
The structure of poly(methacrylic acid) (PMA) in
aqueous solution has been extensively studied [20^
23]. It is well accepted that in acidic medium PMA
is characterized by a hypercoiled compact structure
stabilized by hydrophobic interactions of K-methyl
groups and formation of intramolecular H-bonds.
In neutral media the dominating form of PMA is
extended random coil. Nevertheless, upon these pH
conditions several compact hydrophobic fragments
of the speci¢c structure are still present. At pH values above 8 the compact hydrophobic fragments in
PMA are completely destroyed because of electrostatic repulsion of charged carboxylic groups. Good
knowledge of PMA's spatial structure under various
conditions makes a basis for studying the changes in
the structural organization of PE induced by enzyme^PE complex formation.
Time resolved £uorescence anisotropy (TRFA)
was chosen as the main method in these studies since
it provides for detailed information on the spatial
structure of the complex and allows following the
internal and overall dynamics of the enzyme^polyelectrolyte complex. Independent sets of experiments
were carried out to reveal the in£uence of CT on the
PMA structure, as well as that of PMA on the CT
structure upon complex formation. First, to study
the structure and dynamic properties of PMA, PE
was covalently modi¢ed with pyrene (pyrene-PMA).
Pyrene is characterized by a long £uorescence lifetime and allows following relatively slow rotation,
which can be expected for supramolecular structures
such as enzyme^polyelectrolyte complex. Second, to

study the in£uence of PMA on the structure and
dynamic properties of CT, a £uorescent anthranil
(A) group was introduced into the enzyme active
site (formation of acyl enzyme). A-CT has no catalytic activity and is stable for months at neutral pH.
The wavelengths of absorption and emission maximum of A-CT £uorescence (342 and 422 nm) are
well removed from those of aromatic residues of
the protein [24,25]. Due to this anthranilic label is
very appropriate for this study.
The aim of the present study was to characterize
the structure of enzyme^polyelectrolyte complexes
and to reveal its relationship with the catalytic activity of the enzyme in water^organic cosolvent systems.
2. Materials and methods
2.1. Chemicals
Bovine pancreatic K-chymotrypsin and p-nitroanilide anthranilate were from Sigma. Ethanol Uvasol
was from Merck. Water was puri¢ed on a Millipore
system. All other reagents were of analytical grade.
2.2. Preparation of the enzyme^PE complexes
The complexes of CT with PMA (molecular mass
of 300 kDa) were prepared by mixing solutions of
the enzyme and the polyelectrolyte both dissolved in
5 mM aqueous bu¡er of 3-[N-morpholino]propanesulfonic acid (MOPS), pH 7.45 [8,9]. The CT/PMA
weight ratio was varied from 1:1 to 32:1 (molar ratio
from 12:1 to 384:1).
2.3. Synthesis of pyrene-PMA
Synthesis of pyrene-PMA was performed as previously described in [26] (the modi¢cation degree was
5).
2.4. Covalent labeling of K-chymotrypsin
K-Chymotrypsin was modi¢ed with p-nitroanilide
anthronilate according to [27]. The active site concentration of the modi¢ed enzyme was less than 5%
of that of native CT. The assay was carried out with
N-trans-cinnamoylimidazole [9,28].
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2.5. Fluorescence measurements
Steady-state £uorescence spectra were recorded on
a SLM-Aminco SPF-500C £uorimeter. For all experiments the excitation wavelength was 340 nm.
Steady-state £uorescence anisotropy was measured
on a T-format steady-state £uorescence polarimeter
with dual-channel photon counting. Excitation wavelength was 340 nm. The 360 nm cuto¡ ¢lter was used
for emission detection.
Time resolved £uorescence and £uorescence anisotropy decays were measured using the time-correlated single-photon-counting technique, which is
summarized for application in [29^31]. The excitation
source consisted of the frequency-doubled output of
a cavity-dumped dye laser, which was synchronously
pumped by a mode-locked Antares 76-YLF laser
(Coherent, Palo Alto, CA, USA). The excitation
wavelength was 343 nm. As the laser dye [4-dicyanomethylene-2-methyl-6-(p-dimethylaminostyryl)-4Hpyran] was used. The frequency of excitation pulses
was 951.2 kHz for experiments with A-CT and 475.6
kHz for experiments with pyrene-PMA. For A-CT
£uorescence a combination of a KV380 cuto¡ ¢lter
(Schott) with a 402 nm interference ¢lter (Baird
Atomic) was used. In the case of pyrene-PMA a
KV380 cuto¡ ¢lter and a 392.1 nm interference ¢lter
(both Schott) were used. The reference compound
was a solution of POPOP (Eastman Kodak) in £uorescence grade ethanol characterized by a £uorescence lifetime of 1.35 ns [24]. One complete experiment consisted of measuring the polarized (parallel
and perpendicular component) £uorescence decays of
the reference compound (three cycles of 20 s), the
sample (10 cycles of 20 s), the background (two
cycles of 20 s), and again the reference compound.
We have acquired the £uorescence data using 16.32
and 30.42 or 46.05 ps/channel for the experiments
with A-CT and pyrene-PMA, respectively. Decay
curves consisted of 4000 channels each in the case
of A-CT and 2000 channels in the case of pyrenePMA. Overall concentrations of A-CT and pyrenePMA were 1.2 and 0.04 mM, respectively. Full details of the data analysis have been given previously
[24,30,31]. All experiments in this work were carried
out at 20³C.
Examples of experimental and ¢tted £uorescence
and anisotropy decays are given for the case of
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CT^pyrene-PMA complex at a CT/PMA weight ratio of 10:1 in aqueous solution (Fig. 1A,B).
2.6. Circular dichroism
Circular dichroism experiments in the far-ultraviolet region (195^260 nm) were carried out with a Jasco
J-715 spectrometer at 25³C with quartz cells of path
length 1 mm. The protein concentration was 4 WM.
3. Results
3.1. Steady-state £uorescence of pyrene-PMA and
CT^pyrene-PMA
The £uorescence emission spectrum of pyrenePMA in aqueous solution is characterized by two
sharp peaks at 379 and 398 nm and by a shoulder
at 418 nm (Fig. 2). Such a spectrum is usually referred to the pyrene monomer [21,32]. No excimer
emission is observed, indicating that the pyrene moieties are not in molecular contact. Introduction of
ethanol into the system results in higher intensity
of all peaks in the spectrum, maximal values being
observed at 50% v/v of ethanol (Fig. 3). Besides, at
ethanol concentrations above 50% v/v de¢nite destructurization of the spectrum is observed (Fig. 2).
All these results imply dramatic changes in the polarity of the environment of the pyrene groups [21,33]
due to structural reorganization in PMA.
The complex formation with CT leads to a decrease in £uorescence intensity of pyrene-PMA in
aqueous solution and in the whole range of the solvent composition (Fig. 3). This can be due to a
quenching of the pyrene dyes by bound CT molecules and/or compactization of PMA induced by
the complex formation (see below, Tables 1 and 3).
The quenching e¤ciency rises with the increase of
CT/PMA weight ratio, which implies further compactization of PMA.
3.2. Steady-state £uorescence anisotropy of
pyrene-PMA and CT^pyrene-PMA
The steady-state £uorescence anisotropy of free
pyrene-PMA in aqueous solution and water^ethanol
mixtures with low ethanol content is about 0.005
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Fig. 1. Experimental total £uorescence decay (A) and £uorescence anisotropy decay of CT^pyrene-PMA at a CT/PMA weight ratio of
10:1 in aqueous solution. Excitation wavelength 343 nm, emission wavelength 393 nm. Experimental conditions: 5 mM MOPS bu¡er,
pH 7.5; temperature 20³C. Estimated £uorescence and anisotropy decay parameters and their con¢dence intervals at the 67% level:
K1
d1
K2
d2
K3
d3
0.10
12.5 (12.1^12.7)
0.20
80.5 (76.2^83.5)
0.37
175 (172^179)
L1
P1
L2
P2
L3
P3
0.27
0.31 (0.27^0.35)
0.08
28.7 (26.4^30.4)
0.06
278 (269^290)
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Fig. 2. Fluorescence spectra of pyrene-PMA in water^ethanol
mixtures. Excitation wavelength 340 nm. Ethanol concentrations (% v/v): (1) 0; (2) 10; (3) 30; (4) 40; (5) 50; (6) 60; (7)
80. Experimental conditions: 5 mM MOPS bu¡er, pH 7.5; temperature 20³C; [pyrene-PMA] 0.04 WM.

(Fig. 4), which indicates a high mobility of the pyrene groups in PMA. At ethanol concentrations above
40% v/v the £uorescence anisotropy of pyrene-PMA
gradually increases re£ecting increased rigidity of the
PMA structure. Most likely, this growth of the rigidity is conditioned by neutralization of the negative
charges of PMA by low molecular weight counterions substantially enhanced by the lowering of the
solvent polarity.
In aqueous solution the complex formation with
CT and the increase of the CT/PMA weight ratio
lead to the successive increase in £uorescence anisotropy of pyrene-PMA (Fig. 4). The `loading' of the
polyanion with CT results in the involvement of
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Fig. 3. Fluorescence intensity of free pyrene-PMA (1), CT^pyrene-PMA (2, 3) as a function of ethanol concentration. CT/
PMA weight ratios 4:1 (2) and 10:1 (3). Excitation wavelength
340 nm. Other experimental conditions as in Fig. 2.

more and more free charged segments of PMA in
complex with CT. Accordingly, the average mobility
of the pyrene dyes goes down and the £uorescence
anisotropy goes up. The maximal value of anisotropy
(0.15) is observed for the complex with CT/PMA
weight ratio of 32:1 (molar ratio 384:1, charge ratio
2:1). A further increase of the CT/PMA ratio was
followed by precipitation, indicating the formation
of a stoichiometric complex in which virtually all
carbolylate groups of PMA form salt bonds with
the accessible amine groups of CT. The estimated
dissociation constant (Kdis ) for the soluble complex
is approx. 20^50 base WM (Fig. 4 insert) (taking into
account that the number of amino groups in CT is
16).
In water^ethanol mixtures CT^pyrene-PMA obey
the same trend in increase in anisotropy with increase
in ethanol content as was observed for pyrene-PMA

Table 1
Fluorescence lifetimes (d) and their relative contributions (K) for pyrene-PMA as a function of ethanol concentration
Ethanol (% v/v)

K1

d1 (ns)

K2

d2 (ns)

K3

d3 (ns)

0
18
40
47
50
60
80

0
0
0.08
0.04
0.07
0.07
0.15

0
0
10.2
14.0
11.4
17.5
20.3

0.09
0.08
0.08
0.10
0.09
0.32
0.40

53
58
85
81
76
107
90

0.67
0.68
0.57
0.63
0.59
0.38
0.22

140
166
180
173
167
177
191

Excitation wavelength 340 nm, emission wavelength 393 nm.
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number and length of the non-occupied PMA segments. Accordingly, the more sensitive should be the
mobility of the complex domains to the strengthening of its electrostatic interaction with counterions.
Moreover, it is not inconceivable that for the same
reason, i.e. lowering the medium polarity, the electrostatic interactions between the enzyme and the
polyanion are enhanced, promoting the increase in
complex rigidity.
3.3. Steady-state £uorescence of A-CT and
A-CT^PMA

Fig. 4. Steady-state £uorescence anisotropy (excitation wavelength 340 nm) of pyrene-PMA (1) and CT^pyrene-PMA (2^5)
as a function of ethanol concentration. CT/PMA weight ratios:
(2) 1:1; (3) 4:1; (4) 8:1; (5) 32:1. (Insert) Steady-state £uorescence anisotropy of CT^pyrene-PMA in aqueous solution as a
function of CT concentration. Experimental conditions as in
Fig. 2.

(Fig. 4). For the complexes the growth of the anisotropy is more pronounced. At a CT/PMA weight
ratio of 32:1 (charge ratio 2:1) the anisotropy is
practically constant in the whole range of the solvent
composition, which implies that at this ratio the free
charged PMA segments are practically exhausted and
the saturation of PMA with CT is achieved. All these
results can be readily explained by the same in£uence
of environment polarity on electrostatic interaction.
It is apparent that the higher the CT/PMA ratio, i.e.
the greater the number of CT molecules that formed
salt bonds with the PE matrix, the smaller are the

The £uorescence emission spectra of A-CT and ACT^PMA were examined as a function of ethanol
concentration to monitor conformational changes associated with polarity changes in the CT active site.
The £uorescence spectrum of A-CT in aqueous solution has a maximum at 422 nm, which is in good
agreement with previously obtained data [24,25,27].
With increasing ethanol concentration up to 40% v/v,
the £uorescence intensity of A-CT and the value of
Vmax increase (Fig. 5). For free anthranil compounds
the value of Vmax in organic solvents (such as methanol, acetonitrile, etc.) decreases compared to aqueous solutions [27]. All this implies that ethanol induces some perturbances in the enzyme active site
conformation towards the more open one. In the
range of ethanol concentrations from 40 to 90% v/v
the wavelength of the maximal emission (Vmax ) is
practically constant (curve 1 in Fig. 5B). The latter
can be explained by enzyme aggregation, which has
been observed at the given conditions by other methods [9,17^19].

Fig. 5. Fluorescence intensity (A) and wavelength of maximal emission (B) of free A-CT (1) and A-CT^PMA (2) as a function of
ethanol concentration. Excitation wavelength 340 nm. Experimental conditions: 5 mM MOPS bu¡er, pH 7.5; temperature 20³C;
[A-CT] = 1.2 WM; [PMA] = 0.04 WM.

BBAPRO 36502 13-12-01

E.V. Kudryashova et al. / Biochimica et Biophysica Acta 1550 (2001) 129^143

The £uorescence emission spectrum of A-CT^
PMA in aqueous solution is characterized by a maximum at 430 nm (curve 2 in Fig. 5B). The pronounced red shift of Vmax upon complex formation
indicates a drastic increase in medium polarity in the
vicinity of the emitting anthranilic group [27]. The
£uorescence intensity and Vmax of A-CT^PMA remain practically constant with an increase in ethanol
concentration up to 60% v/v. This could be expected
since, as mentioned above, the addition of ethanol
could only enhance the electrostatic interaction of
CT with PMA. In other words, the complex formation with PMA reliably protects the active site of CT
from the contact with the solvent molecules. At ethanol concentrations above 60% v/v Vmax starts to decrease due to aggregation (data shown below, Tables
4 and 6).
3.4. Time-resolved £uorescence of pyrene-PMA in
aqueous solution and water^ethanol mixtures
In aqueous solution and at low ethanol concentrations pyrene-PMA is characterized by two populations of pyrene groups (£uorescence lifetimes d2
and d3 of 50 and 140 ns, Table 1). The major contribution to the total £uorescence decay is provided
by the longer £uorescence lifetime (d3 ). This value is
attributed to pyrene monomers in polar media [33^
35] and can be assigned to pyrene groups of PMA
exposed to the solution. The £uorescence lifetime (d2 )
could correspond to inner pyrene groups in PMA
included in the interaction with hydrophobic fragments existing in free PMA at neutral pH values
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[20^23]. The values of both these £uorescence lifetimes have a noticeable tendency to go up with increasing ethanol concentration due to lowering of the
medium polarity. The relative contribution of lifetime (d2 ) rises signi¢cantly at ethanol concentrations
above 50% v/v at the expense of d3 . The shortest
£uorescence lifetime (d1 ) makes same contribution
only at an ethanol concentration of 80% v/v. The
appearance of d1 is likely to re£ect the formation
of a collapsed structure of PMA at high ethanol
concentrations [20^23], leading to quenching of a
small amount of pyrene groups. All these ¢ndings
are evidence in favor of the above assumption that
the lowering of medium polarity leads to neutralization of PMA free segments and promotes the intramolecular hydrophobic interactions.
3.5. Rotational dynamics of PMA in aqueous solution
and water^ethanol mixtures
Pyrene-PMA shows two types of rotational motion: rapid rotation of pyrene groups around the
point of attachment (rotational correlation time P1
in Table 2) and motion of a hydrophobic fragment
of PMA (rotational correlation time P2 in Table 2).
Both correlation times (P1 and P2 ) increase with an
increase in ethanol content and peak at an ethanol
concentration of 47%, which corresponds to minimal rotational mobility of the hydrophobic fragments in PMA and pyrene groups around the point
of attachment. All this implies the enhancement
of intramolecular hydrophobic interactions. On
further increasing the ethanol concentration, the

Table 2
Anisotropy decay parameters: rotational correlation times (P) and their relative contributions (L) for pyrene-PMA as a function of
ethanol concentration
Ethanol (% v/v)

L1

Pa1

L2

Pb2

L3

Pc3

0
18
40
47
50
60
80

0.20
0.17
0.13
0.09
0.16
^
^

0.3
0.5
1.1
2.2
0.7
^
^

0.08
0.10
0.10
0.09
0.11
0.10
0.04

5.1
8.0
12.2
16.4
12.3
9.6
7.4

^
^
^
^
^
0.04
0.14

^
^
^
^
^
210
s 1000

Excitation wavelength 343 nm, emission wavelength 393 nm.
Rotation of pyrene group around the point of attachment.
b
Motion of hydrophobic fragments of PMA.
c
Motion of PMA aggregates.
a
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relative contribution of both types of motion to
anisotropy decay decreases. This region of the solvent composition corresponds to aggregation of
PMA molecules. The aggregation is evident from
the appearance of the longest correlation time (P3 )
(unresolved on the nanosecond time scale), corresponding to very slow rotation of PMA intermolecular associates.

consisting of electrostatically bound components
are usually formed (for review see [36]).
Finally, the pyrenes with the shortest lifetime (d1 )
came up with complex formation. These are probably the pyrenes interacting very tightly with their
environment, which results in quenching of the £uorescence. Thus, one can judge that the structure of
the PMA^CT complex is quite compact.
The values d1 and d2 and their relative contributions are practically independent on ethanol concentration (Table 3A). The value of d3 increases with the
increase in ethanol concentration as was observed in
the case of free pyrene-PMA. All these results indicate that the structure of the complex is quite stable
in water^ethanol mixtures.
In the system with higher CT content (CT/PMA
weight ratio 10:1, molar ratio 120:1) both d1 and d2
are characterized by smaller values (Table 3B). This
can be explained by a more compact CT^pyrenePMA structure when more CT molecules are complexed to PMA, leading to a slight quenching of the
pyrene £uorescence.

3.6. Time-resolved £uorescence of CT^pyrene-PMA
in aqueous solution and water^ethanol mixtures
Complex formation with enzyme causes drastic
conformational changes of PMA. Some of the pyrene
groups of PMA free charged segments initially exposed to the solution (d3 in Table 1) become involved
in inner hydrophobic regions of the complex (d2 in
Table 3). Accordingly, as compared to free pyrenePMA, the relative contribution of d2 to the complex
increases at the expense of d3 (Table 3).
The pyrene groups of PMA hydrophobic fragments (d2 in Table 1) are transferred to inner hydrophobic regions of the complex as well (d2 in Table 3).
Accordingly, the value of d2 in the CT^PMA complex is greater as compared to that of free PMA
(compare d2 in Table 1 and d2 in Table 3). Moreover,
the hydrophobic fragments of PMA and CT^PMA
hydrophobic regions could e¡ectively interact with
one another. All this could be expected, as upon
complex formation the hydrophobic inner regions

3.7. Rotational dynamics of CT^pyrene-PMA in
aqueous solution and water^ethanol mixtures
The rotational dynamics of PMA change markedly
upon complex formation with the enzyme and reveal
a pronounced dependence on the CT/PMA weight
ratio (Table 4A,B). In aqueous solution the forma-

Table 3
Fluorescence lifetimes (d) and their relative contributions (K) for CT^pyrene-PMA at CT/PMA weight ratios of 4:1 (A) and 10:1 (B)
Ethanol (% v/v)
(A)
0
18
47
60
80
(B)
0
10
20
30
40
50
60
70

K1

d1

K2

d2

K3

d3

0.07
0.06
0.07
0.09
0.10

21.0
23.0
17.1
19.0
30.5

0.36
0.15
0.23
0.30
0.01

112
108
116
113
104

0.32
0.53
0.46
0.39
0.30

176
181
203
212
220

0.10
0.10
0.10
0.10
0.23
0.10
0.12
0.17

12.45
10.72
7.62
8.74
10.51
14.47
10.66
12.45

0.20
0.20
0.13
0.13
0.06
0.16
0.18
0.04

81
96
66
81
87
87
79
91

0.37
0.36
0.49
0.50
0.20
0.50
0.46
0.05

175
193
185
199
205
205
207
213

Excitation wavelength 343 nm, emission wavelength 393 nm.
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Table 4
Rotational correlation times (P) and their relative contributions (L) for CT^pyrene-PMA at CT/PMA weight ratios of 4:1 (A) and
10:1 (B) as a function of ethanol concentration
(A)
Ethanol (% v/v)

L1

Pa1

L2

Pb2

L3

Pc3

0
18
47
60
80

0.10
0.10
0.08
^
0.01

3.3
5.6
5.4
^
5.5

0.06
0.05
0.05
0.04
0.02

59
92
62
33
11

^
^
0.06
0.11
0.15

^
^
s 1000
s 1000
s 1000

Ethanol (% v/v)

L1

Pd1

L2

Pb2

L3

Pe3

L4

Pc4

0
10
20
30
40
50
60
70

0.27
0.30
0.24
^
^
0.17
0.15
^

0.3
0.4
0.3
^
^
0.3
0.2
^

0.08
0.08
0.05
^
^
0.03
0.02
^

28.7
40.7
39.8
^
^
44.5
10.7
^

0.06
0.08
0.08
0.06
0.03
0.05
^
^

278
403
577
167
164
146
^
^

^
^
^
0.05
0.09
0.13
0.15
0.15

^
^
^
s 1000
s 1000
s 1000
s 1000
s 1000

(B)

Excitation wavelength 343 nm, emission wavelength 393 nm.
Motion of hydrophobic fragments of PMA.
b
Rotation of PMA segments containing CT.
c
Motion of the CT^PMA aggregates.
d
Rotation of pyrene group around the point of attachment.
e
Motion of whole CT^PMA.
a

tion of an enzyme^polyelectrolyte complex with a
CT/PMA weight ratio of 4:1 (molar ratio 48:1) gives
rise to a rotational correlation time (P2 ) of 60 ns
(Table 4A). This value allows one to attribute P2 to
the rotational motion of several (approximately four)
PMA segments of equal size, containing one molecule of enzyme. So, the stoichiometric ratio of CT/
PMA at current conditions could be estimated as
4:1. In water^ethanol mixtures the distinct maximum
of correlation time P2 is observed at an ethanol concentration of 18% v/v (Table 4A), which corresponds
to the lowest mobility of PMA segments containing
CT. The longest rotational correlation time (P3 ) registered at ethanol concentrations above 47% v/v can
re£ect the formation of aggregates of the complex.
An increase in the CT content in the system up to
a CT/PMA weight ratio of 10:1 leads to a shorter
correlation time (P2 ) (Table 4B). This can be due to
an increased number of PMA segments containing
CT. The longest correlation time (P3 ) (of 280 ns in
aqueous solution) can be attributed to the overall
rotation of the CT^PMA complex. Based on this

Table 5
Fluorescence lifetimes (d) and their relative contribution (K) for
A-CT (A) and A-CT^PMA (B) as a function of ethanol concentration
Ethanol (% v/v)
(A)
0
10
20
40
50
60
80
(B)
0
10
20
40
50
60
80

K1

d1

K2

d2

0.42
0.35
0.25
0.26
0.18
0.24
0.21

5.5
5.5
5.3
5.9
5.9
6.4
6.7

0.48
0.55
0.65
0.64
0.72
0.66
0.69

10.3
10.0
9.8
9.9
9.8
10.0
10.0

0.48
0.31
0.20
0.18
0.18
0.19
0.29

5.5
5.2
5.2
5.5
5.4
5.7
7.2

0.44
0.62
0.71
0.74
0.73
0.71
0.59

9.6
9.3
9.5
9.8
10.0
10.1
10.4

Excitation wavelength 343 nm, emission wavelength 393 nm.
Experimental conditions: 5 mM MOPS bu¡er, pH 7.5; temperature 20³C; [A-CT] = 1.2 WM; [PMA] = 0.04 WM.
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Fig. 6. In£uence of ethanol on CT active site microenvironment. A-CT is characterized by two distinct substates of the
protein with di¡erent environment of the anthranilic group.
Ethanol induces a shift towards the substate with higher accessibility of the active site.

value and on the assumption of a compact spherical
structure of the complex we estimated the molecular
mass of the complex as it is described elsewhere
[25,34,37]. The resulting molecular mass of 600
kDa corresponds to a CT/PMA stoichiometric ratio
of 10:1. These ¢ndings suggest noticeable transfor-

mation of the system caused by the `loading' of PMA
matrix with CT, namely, the overall rotation of the
complex emerges. This also could point to the compactization of the complex structure and enhancement of the interaction between PMA segments containing CT.
At an ethanol concentration of 20% v/v minimal
mobility of the overall structure of the CT^PMA
complex is observed. This can be judged from a distinct maximum of the long correlation time (P3 ) at
this ethanol concentration (Table 4B). The longest
unresolved rotational correlation time (P4 ) can be
attributed to the motion of aggregates of the complex.
3.8. Time-resolved £uorescence of anthranil-CT and
anthranil-CT^PMA in aqueous solution and
water^ethanol mixtures
A-CT is characterized by two £uorescence lifetimes

Table 6
Rotational correlation times (P) and their relative contributions (L) of A-CT (A) and A-CT^PMA (B) as a function of ethanol concentration
(A)
Ethanol (% v/v)

L1

Pa1

L2

0
10
20
40
50
60
80

0.32
0.18
0.11
0.03
^
0.06
0.03

12.5
13.1
12.6
11.0
^
8.1
4.8

^
0.14
0.21
0.40
0.18
^
^

Ethanol (% v/v)

L1

Pd1

L2

0
10
20
40
50
60
80

0.13
0.13
0.14
0.03
^
0.02
0.03

16.9
16.4
22.0
11.0
^
7.8
4.5

0.15
0.20
0.14
0.24
0.32
^
^

Pb2

L3

Pc3

^
^
^
^
0.10
0.24
0.24

^
^
^
^
s 1000
s 1000
s 1000

Pe2

L3

Pf3

96
145
600
147
186
^
^

^
^
^
^
^
0.30
0.26

^
^
^
^
^
s 1000
s 1000

^
36.3
49.2
53.4
51.6
^
^

(B)

Experimental conditions as in Table 5.
Rotation of A-CT.
b
Rotation of trimer and tetramer of A-CT.
c
Motion of large A-CT aggregates.
d
Rotation of A-CT interacting with hydrophobic fragment of PMA.
e
Rotation of A-CT interacting with large segment of PMA.
f
Motion of large A-CT-PMA aggregates.
a
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of 5.5 and 10 ns (Table 5A), which re£ects the existence of two substates of the CT active site di¡ering
in polarity and accessibility (Fig. 6). A similar result
was obtained previously [24,25]. The values of both
lifetimes (d1 and d2 ) are practically independent of
ethanol concentration. Hence, the same two substates are present in water^ethanol mixtures. The relative contribution of the longer lifetime increases approx. 1.5-fold when the ethanol concentration in the
system is increased. Thus, ethanol induces a shift
towards the substate with higher accessibility of the
active site (Fig. 6). A similar conclusion is also drawn
from the dependence of the £uorescence Vmax of ACT on the ethanol concentration (Fig. 5B).
Complex formation with PMA at a CT/PMA
weight ratio of 1:1 (molar ratio 12:1) has only a
marginal e¡ect on the £uorescence lifetime distribution of A-CT and consequently on the equilibrium
between the substates of the CT active site in aqueous solution and water^ethanol mixtures (Table 5B).
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(Table 6A)). The long correlation time (P2 ) can be
assigned to the rotational motion of A-CT bound
with large PMA segments (approximately half of
the PMA molecule). Both correlation times (P1 and
P2 ) are maximal at an ethanol concentration of 20%
v/v, indicating the lowest mobility of both the small
and large segments of PMA interacting with A-CT.
The absence of a correlation time in the range of 36^
50 ns indicates that complex formation suppresses
protein aggregation in water^ethanol mixtures, which
is in good agreement with previously reported results
[9].

3.9. Rotational dynamics of anthranil-CT and
anthranil-CT^PMA in aqueous solution and
water^ethanol mixtures
In aqueous solution A-CT is characterized by only
one type of rotation motion: rotation of the whole
protein molecule (rotational correlation time Pprot: of
12.4 ns, Table 6A). A similar value was reported
earlier for A-CT [24,25]. Addition of ethanol gives
rise to a longer correlation time (P2 ), which implies
that ethanol induces the formation of CT aggregates.
At an ethanol concentration of 10% v/v, the value of
the long correlation time of 36 ns corresponds well to
rotational motion of a dimer. At ethanol concentrations of 20^50% v/v, the long correlation time increases up to 49^53 ns, which corresponds to tetramer rotational motion. At ethanol concentrations
higher than 50% v/v, the longest unresolved rotational correlation time appears, which re£ects the formation of large protein aggregates.
In aqueous solution, complex formation of A-CT
with PMA gives rise to correlation times P1 and P2 of
17 and 96 ns (Table 6B). One can assume that P1 of
17 ns re£ects the rotation of A-CT surrounded by
hydrophobic fragments of PMA (taking into consideration the values of correlation times attributed to
PMA hydrophobic fragments (Table 2) and to A-CT

Fig. 7. CD spectra in the far-UV region for free CT (A) and
CT^PMA (B,C) as a function of ethanol concentration. CT/
PMA weight ratios: 1:2.5 (B) and 4:1 (C). Ethanol concentrations (% v/v): (A) 1, 0; 2, 20; 3, 30; 4, 50; (B,C) 1, 0; 2, 20;
3, 50; 4, 70. Experimental conditions: 5 mM MOPS bu¡er, pH
7.5; temperature 20³C; [CT] = 4 WM.
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3.10. Circular dichroism (CD) spectroscopy in
far-UV region

should be stressed that PMA has a negligible CD
spectrum in the far-UV region.

3.10.1. Aqueous solution
The CD spectrum of CT in aqueous solution
shows a negative maximum at 230 nm, a shoulder
at 222 nm, and a negative band at 203 nm (curve 1 in
Fig. 7A). The spectrum is similar to that reported in
[9,12]. Spectral analysis gives 10^12% of K-helix and
32^34% of L-sheets (Table 7).
In aqueous solution the complex CT^PMA at CT/
PMA weight ratios of 1:2.5 and 4:1 is characterized
by a native-like secondary structure (Fig. 7B,C). It

3.10.2. Water^ethanol mixtures
Addition of small amounts of ethanol (up to 20%
v/v) has only a marginal in£uence on the secondary
structure of the protein for both free CT and CT^
PMA (curves 2, Fig. 7A^C). At ethanol concentrations of 30% v/v and higher ethanol induces dramatic
changes in the secondary structure of free CT: a
signi¢cant decrease in ellipticity at 230 and 203 nm
(curves 3 and 4 in Fig. 7A) re£ecting lower contents
of K-helix (Table 7) [38,39].
A similar decrease in the ellipticity of the CD spectrum of CT^PMA with a weight ratio of 1:2.5 at 230
nm and 203 nm is observed at an ethanol concentration as high as 70% v/v (curve 4 in Fig. 7B). Hence,
complex formation with PMA results in broadening
by 40% v/v the range of ethanol concentrations
where CT retains a native-like secondary structure.
Increasing the CT/PMA weight ratio to 4:1 results
in even further stabilization of the enzyme secondary
structure. For instance, at an ethanol concentration
of 70% v/v the decrease in ellipticity at 230 and 203
nm in the CD spectrum is not so dramatic (curve 4 in
Fig. 7C). Such an e¡ect of the complex composition
on the stability of the CT secondary structure can be
due to the formation of a more rigid structure of the
complex at high CT/PMA ratio. We observed the
same tendency when using TRFA.
4. Discussion
4.1. In£uence of CT on PMA structure

Fig. 8. Supposed structure of pyrene-PMA. The gray ¢gures are
the hydrophobic fragment.

In aqueous solution at pH 7.5 PMA exists as an
extended random coil containing several compact
fragments stabilized by hydrophobic interactions of
K-methyl groups and intramolecular H-bonds [20^
23]. According to the relative contribution of the
corresponding lifetime (d2 in Table 1) to the total
£uorescence decay of pyrene-PMA, about 10% of
PMA units are involved in the formation of such
compact hydrophobic fragments. Analysis of the
time-resolved anisotropy decay of pyrene-PMA suggests that the molecular mass of these fragments is
about 10 kDa. Hence, each PMA molecule at pH 7.5

BBAPRO 36502 13-12-01

E.V. Kudryashova et al. / Biochimica et Biophysica Acta 1550 (2001) 129^143

Fig. 9. Supposed structure of CT^PMA at a CT/PMA weight
ratio of 4:1. Gray circle, CT; gray half-circle, hydrophobic
fragment.

may contain about three hydrophobic fragments
(Fig. 8).
We have found that in the complex CT^PMA at a
CT/PMA weight ratio of 1:1 (molar ratio 12:1), CT
interacts with one of the hydrophobic fragments of
PMA. Besides, a large segment of PMA (about half
of the molecule) is involved in electrostatic interaction with each enzyme molecule (P1 and P2 in Table
6B). The size of PMA segments interacting with CT
increases on addition of ethanol to the system (P2 in
Table 6B), which could be due to enhancement of
electrostatic interactions.
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Increasing the CT/PMA ratio up to 4:1 (molar
ratio 48:1) induces the formation of a more compact
structure, composed of approximately four PMA
segments of equal size, each containing one CT molecule surrounded by a PMA chain (Fig. 9, Tables 3
and 4).
A further increase in the CT/PMA ratio up to 10:1
(molar ratio 120:1) results in the formation of approx. 10 segments of equal size per PMA molecule,
each containing one CT molecule (P2 in Table 4B).
The high rigidity of such segments and the low
amount of free charges in PMA lead to the formation of the overall structure of the complex. This is
supported by the appearance of the overall rotational
correlation time of the complex (P3 in Table 4B). A
similar tendency was observed for the complex with a
CT/PMA weight ratio of 8:1.
At a CT/PMA weight ratio of 32:1 (molar ratio
400:1), saturation of PMA with CT is achieved, since
the steady-state anisotropy no longer changes at increasing ethanol concentration (Fig. 4). At higher
CT/PMA initial ratios or at ethanol concentrations
above 50%, formation of a non-soluble complex
takes place due to compensation of most charges
on PMA.
The distribution of CT to the complex does not
obey an `all or nothing' principle. If the `all or nothing' principle is true, at all CT/PMA initial ratios one
would expect to observe dynamic properties of free
PMA and of the complex with maximal CT/PMA
ratio, usually referred to as the `characteristic composition'. However, the dynamic properties attributed to free pyrene-PMA are not detected even at
CT/PMA weight ratios as low as 4:1 (Table 4A)
and a strong dependence of CT^PMA dynamics on
the CT/PMA initial ratio is observed (Table 4A,B).

Table 7
Percentage of secondary structure elements, estimated from CD spectra using CDNN software (http://bioinformatik.biochemtech.unialle.de/cd_spec/cdnn)
Sample

EtOH (%)

K-Helix

L-Sheets

L-Turn

Random coil

CT theoretical dataa
CT experimental data

0
0
20
30
50
70

10
10.7
10.3
7.5
8.0
7.8

34
32.6
32.0
38.8
39.0
39.1

20
22.3
22.6
19.4
18.8
19.0

36
34.4
35.1
34.3
34.2
34.1

a

Extracted from reference ¢le of CDNN program.
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4.2. In£uence of ethanol on the structure of free PMA
and CT^PMA
Addition of ethanol to the system results in structural changes of free PMA due to enhancement of
intramolecular interaction. This is supported by a
pronounced increase in the steady-state £uorescence
anisotropy of pyrene-PMA (Fig. 4), a decrease in
£uorescence intensity of pyrene-PMA at ethanol concentrations above 50% v/v (Figs. 2 and 3) and an
increase of the relative contribution of £uorescence
lifetime corresponding to inner pyrene groups of
PMA at the expense of pyrene groups exposed to
the solution (Table 1).
In the case of CT^PMA it is most important that
the dynamic properties of the complex in water^ethanol mixtures correlate with the catalytic activity of
the enzyme. It is known from the literature [8,9] that
at an ethanol concentration of 20% v/v a maximal
activation e¡ect of complex formation with PE is
observed. Under the same conditions, a maximal rotational correlation time of PMA segments containing CT is achieved. Thus, the activation e¡ect can be
caused by increased rigidity of the internal structure
of the complex.
4.3. In£uence of PMA on CT structure
In aqueous solution free A-CT is characterized by
two distinct substates of the protein with di¡erent
environment of the active site (d1 and d2 in Table
5). In a water^ethanol system the same two substates
are present and no new substates emerge. The only
parameter changed is the contribution of these substates to the equilibrium. Thus, ethanol induces a
shift in equilibrium towards the substate with higher
accessibility of the active site (Fig. 6). A similar conclusion can be drawn from the analysis of Vmax of ACT dependence on the ethanol concentration (Fig.
5). In A-CT^PMA the active site environment of
CT remains unchanged up to an ethanol concentration of 60% v/v (Fig. 5B). Moreover, using CD spectroscopy in the far-UV region, we have found that
complex formation with PMA results in pronounced
stabilization of the secondary structure of the enzyme
in water^ethanol mixtures (Fig. 7). Stabilization was
found to be more pronounced at higher CT/PMA
ratios (Fig. 7C), which can be explained by the for-

mation of a more rigid structure of the complex resulting in strong ¢xation of enzyme conformation.
Besides the above-mentioned structural reorganization, ethanol induces enzyme aggregation. Using
TRFA, the formation of CT oligomers (trimers and
tetramers) in the range of ethanol concentrations
from 10 to 50% v/v was observed (Table 6A). At
higher ethanol concentrations larger and insoluble
protein aggregates are formed. The aggregation of
CT in the range of ethanol concentrations between
40 and 80% v/v was also observed in many works
[8,9,12,18,19]. Complex formation with PMA leads
to suppression of enzyme aggregation up to an ethanol concentration of 60% v/v (Table 6B). A similar
e¡ect of complex formation with PE on the protein
in water^cosolvent mixtures was found in [8^11].
4.4. Conclusions
In this study we have found that interaction of
PMA with enzyme results in the formation of a quasi-regular compact structure of PMA on two levels:
the domain structure represented by several equal
segments, each containing the enzyme molecule surrounded by PE, and the globular-like overall structure (detected at high enzyme/PE ratios). Formation
of such a quasi-regular structure of the complex
leads to signi¢cant stabilization of the tertiary and
secondary structures of the enzyme and suppression
of enzyme aggregation. An increase in the rigidity of
the internal structure of the complex at moderate
ethanol concentrations is probably the main reason
for enzyme activation under such conditions.
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