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Abstract

Free radical reactions of lysozyme (Lz), tryptophan and disulfides were studied with curcumin, a lipid-soluble
antioxidant from turmeric, in aqueous solution using a pulse radiolysis technique. The binding of curcumin with
lysozyme was confirmed using absorption, fluorescence and stopped-flow techniques. The free radicals of curcumin
generated after repairing radicals of disulfides, lysozyme and tryptophan absorb at 500-510 nm. Implication of this in
evaluating the antioxidant behavior of curcumin in protecting proteins is discussed. © 2001 Elsevier Science B.V. All

rights reserved.
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1. Introduction

Radiation damage to proteins has been the
subject of great attention because of the current
interest in radiobiology and radio sterilization of
food and enzymes [1]. Several studies have de-
monstrated that reduction /oxidation reactions in
proteins are intimately involved in the control of
vital processes such as signal tranduction, gene
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expression etc. [2]. While the oxidation takes place
at the amino acid site, the reduction is mostly
observed on the disulfide bond. Some reports
have also indicated that the fragmentation of
peptides, polypeptides and proteins in the solid
state involves the dry electron [3]. Long-range
electron transfer between the phenol side chain
of tyrosine and tryptophan indolyl radical has
been observed in a number of proteins and also
in model systems separated by peptide bridges
[4-13]. It has been suggested that such long-range
electron transfer may extend the target size for
radiation-induced damage of the sub-cellular pro-
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tein. Also, some studies indicate that the hole
center produced mainly by the charge transfer
from ionized solvent molecules can get localized
at the amide back bone [14].

The oxidation and reduction of proteins are
often mediated by free radicals produced either
due to a metabolic process or during oxidative
stress. Antioxidants are known to protect cells
and also proteins from the free radical attack. In
recent years, it is a matter of great interest that
dietary antioxidants can decrease the risk of many
diseases [15-17]. Turmeric (Curcuma longa) is
one such natural antioxidant, which is used as an
ingredient in Indian cooking. The major yellow
pigment of turmeric is curcumin, a polyphenol.
Like vitamin E (a-tocopherol), curcumin is a
lipid-soluble antioxidant and is soluble only in
organic solvents and membranes. Very recently,
free radical reactions and chemo-preventive
mechanisms of curcumin have been reported
[18-23]. In view of the importance of dietary
antioxidants, we have studied the free radical
reactions of curcumin with a protein, lysozyme
(Lz) and some model compounds that are the
constituents of lysozyme.

2. Experimental
2.1. Materials

Curcumin, lysozyme, tryptophan, cystine, ob-
tained from Sigma, were used as received. All
other chemicals used were either AR or GR
grade. Nanopure water was used throughout the
experiments. IOLAR grade gases (purity >
99.9%) were used for purging the solutions. All
solutions were prepared just before the experi-
ments and kept in dark to avoid any photochemi-
cal reactions.

2.2. Methods

2.2.1. Absorption, fluorescence and stopped-flow
techniques

Steady-state fluorescence and absorption mea-
surements were carried out using Hitachi (F-4010)
spectrofluorimeter and a Hitachi (330) spec-

trophotometer, respectively. The fluorescence
anisotropy experiments were carried out both in
the presence and the absence of lysozyme and the
details are given as follows. The solutions with
and without lysozyme (1 mM) containing cur-
cumin (22 wM) and 2% methanol were excited at
wavelength 428 nm. The polarized emission in
parallel and perpendicular direction was collected
in the wavelength region 500-600 nm. The
steady-state anisotropy {r) is defined as:

<r>:(1u_IA)/((IH+ZIA) (1D

where I, and I are, respectively, the polarized
fluorescence intensities parallel and perpendicu-
lar to the excitation polarization. I;; and I; were
corrected for the different sensitivity depending
on polarization.

A stopped-flow spectrometer (SX-18MV, Ap-
plied Photo physics Ltd., UK) with absorption
detection was employed to study the binding con-
stant of lysozyme with protein. In brief, equal
volumes of two solutions containing curcumin in
methanol /water mixture (1:99 v/v) and aqueous
solutions of lysozyme were mixed simultaneously
with the help of a pneumatic drive and the changes
in curcumin absorption were monitored with ab-
sorption detection. The kinetic data was fitted to
a single exponential function. At least three dif-
ferent runs were used to get the observed rate
constant.

2.2.2. Pulse radiolysis

7 MeV electron pulses of 50 ns from a linear
electron accelerator (LINAC) were employed for
pulse radiolysis studies. The details of LINAC are
given elsewhere [24]. When short pulses of high-
energy electrons interact with water, the energy
deposited results in the formation of primary
radicals viz. e,, OH" and H'. One can selectively
scavenge the OH'" radicals or e, to study oxida-
tion and reduction reactions. The OH" radicals
formed by the water radiolysis and also by Eq. (2)
react rapidly with N; (0.1 M) and produce azide
radicals Eq. (3), which are specific one-electron
oxidant with the reduction potential of 1.33 V vs.
NHE [25].
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€,q TN O+ H,0>OH+ N, +OH "~ 2)

OH +N; - OH +N; 3

The reduction of disulfides was studied in N,-
bubbled aqueous solutions containing 0.1 M ¢-
butanol. The transients formed after reactions
with primary and secondary radicals were moni-
tored using kinetic spectrophotometry. The absor-
bed dose was measured using aerated thiocynate
dosimeter solution. All the experiments were car-
ried out at pH 6.8 using equimolar mixture of
phosphates (5 mM) as buffers.

3. Results and discussion
3.1. Binding of curcumin to lysozyme

Curcumin being lypophillic gets solubilized into
the hydrophobic pockets of the proteins. There-
fore, it should be possible to observe changes in
absorption and fluorescence spectra of curcumin
in the presence of lysozymes as the absorption
and fluorescence properties of curcumin are very
sensitive to the solvent environment [26]. Cur-
cumin is insoluble in water and hence it is neces-
sary to add a minimum of 1% methanol to solu-
bilize at least 20-50 wM curcumin. Curcumin
exhibits intense absorption in the wavelength
range from 300 to 500 nm with maximum absorp-
tion at 420 nm. Lysozymes do not absorb above
300 nm and therefore do not interfere with the
absorption spectrum of curcumin. However, when
lysozyme (1 mM) solution was added to curcumin
(22 M) the shape of the absorption spectrum
did not change but the absorbance at 420 nm
increased with increasing lysozyme concentration.
Fig. 1 shows the absorption spectrum of curcumin
in the presence of varying amounts of lysozyme,
suggesting existence of equilibrium between cur-
cumin and lysozyme. Therefore, it is possible to
apply Benesi—Hilderbrand equation [27] for such
equilibrium [Eq. (4)]:

kg
lysozyme + curcumin = lysozyme-curcumin  (4)
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1.200

1 | 1 | 1
2 4 6 8 10
w 1/[Lysozyme], mM
[
2z
<
o
x
(o]
]
o
<
(o}
300 400 500 600

(nm)

Fig. 1. Absorption spectra of 22 wM curcumin in the presence
of various concentrations of lysozyme. (a) [Lz] = 0.0 M, (b)
[Lz]=1.0x10"* M, (c) [Lz] =5.0 X 10~* M, (d) [Lz] = 1.0 X
107 M, (e) [Lz] =2.0 X 107> M and (f) [Lz] = 5.0 X 1073 M.
All solutions contained 1% methanol. Inset shows linear plot
for the reciprocal of absorbance increase at 420 nm of re-
ciprocal concentration of lysozyme.

Assuming a 1:1 complex and using Benesi—
Hilderbrand equation in terms of reciprocal OD
at 420 nm as a function of reciprocal concentra-
tion of lysozyme [27], a linear plot is obtained as
given in the inset of Fig. 1. From this, an equilib-
rium constant of 1230 M ™! was estimated between
curcumin and lysozyme.

Like absorbance, the fluorescence intensity
from the excited state of curcumin at 510 nm
(Fig. 2) was found to increase in the presence of
lysozyme. The rate of increase in fluorescence
was found to be more than that of absorption.
Hence, the changes in fluorescence can be uti-
lized to evaluate binding constant with suitable
corrections. However, no such attempt was made
in the present work.

The binding constant was also determined by
using the stopped-flow technique. Since there is a
change in the absorbance in the presence of
lysozyme, the rate of change in the absorbance
due to curcumin is followed as a function of time,
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Fig. 2. Fluorescence spectra of 22 wM curcumin in the pres-
ence of various concentrations of lysozyme. (a) [Lz] = 0.0 M,
M [Lz]=1.0X10"* M, (0) [Lz] =5.0 X 10~* M, (d) [Lz] = 1.0
X107 M, (e) [Lz]=2.0x 1073 M and (f) [Lz] =5.0 X 103
M. M\, = 428 nm. All solutions contained 1% methanol.

at a given concentration of lysozyme. Inset of Fig.
3 shows a typical absorption—time plot, indicating
increase in absorbance at 420 nm with time after
mixing 25 pwM solution of curcumin in 1%
methanol with a solution of 1 mM lysozyme. The
observed rate constant (k) was found to in-
crease with increasing concentration of lysozyme
from 0.6 to 4 mM. Thus, for the equilibrium
between curcumin and lysozyme as given in Eq.
(4), the binding constant can be related to k in
terms of the forward (k;) and reverse (k,) rate
constants by Eq. (5):

k. = k;[lysozyme] + k,, Q)

From the slope and intercept of the linear plot
of the observed rate constant (k) vs. lysozyme
concentration (Fig. 3), the binding constant
(k;/k,), was calculated to be 875 M ™. This fur-
ther supports our earlier speculation that cur-
cumin has selective affinity towards protein by

solubilizing in the hydrophobic micro domains of
the protein.

The discrepancy observed in the binding con-
stant of curcumin with lysozyme obtained from
steady-state absorption method and utilizing
stopped-flow technique can be explained as fol-
lows. The steady-state absorption method con-
siders the overall increase in the absorbance and
does not account for any free curcumin present in
the solution. Whereas, the time-resolved method
considers only the bound curcumin, hence may be
more reliable than the steady-state absorbance
method.

To reconfirm the binding of curcumin with
lysozyme, fluorescence anisotropy experiments
were also carried out. The steady-state anisotropy
values ({r)) for the solution containing 1 mM
lysozyme and 22 wM curcumin were found to be
in the range 0.33-0.36. The results are shown in
Fig. 4. It can be seen from the same figure that
fluorescence anisotropy of curcumin in the
absence of lysozyme is negligibly small (Fig. 4a).
This shows that anisotropy of curcumin increases
significantly in the presence of 1 mM lysozyme
and was independent of the wavelength (Fig. 4b).
This further confirms that curcumin gets solu-
bilized in the hydrophobic micro domains of
lysozyme, where it experiences a restricted mo-
tion and therefore, an increase in the anisotropy
occurs. It is important to mention here that the
lifetime of curcumin varies from 200 to 400 ps in
various polar solvents [26], hence, the probability
of polarization is more. All these observations
and a large binding constant observed by fol-
lowing the changes in the absorption of curcumin
suggest that curcumin binds to lysozyme irre-
versibly.

3.2. Pulse radiolysis studies

If curcumin binds to the proteins, it should also
be possible to protect proteins from free radical-
induced damage. Free-radical-induced oxidation
of proteins has been found to be mainly on the
amino acid site and oxidized tryptophan and tyro-
sine radicals have been observed during protein
oxidation. Antioxidants, capable of scavenging the
free radicals can be employed to minimize the
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Fig. 3. Plot showing the variation in the observed binding rate constant with the concentration of lysozyme. Inset shows
absorption—time plot for binding of 23 wM curcumin in 1% methanol with 1 mM lysozyme at 420 nm.

damage to the proteins. Since curcumin is known
to be a very good scavenger of free radicals [20],
we examined its ability towards the protein-de-
rived free radicals. Pulse radiolysis technique was
employed to study these reactions. Pulse radio-
lysis of N,O-saturated aqueous solution contain-
ing 0.1 M sodium azide, 10% acetonitrite, 1 mM
lysozyme, at pH 6.8 produced a species absorbing
at 510 nm (Fig. 5). This species has been identi-
fied as the indolyl radical formed by the one-elec-
tron oxidation of the tryptophan in the lysozyme
[11]. In the presence of curcumin, the lysozyme
radical reacts with curcumin as seen by the in-
crease in the formation of the transient at 510 nm
with concomitant bleaching of curcumin at 430
nm (Fig. 6). The rate of formation of 510-nm
absorption was monitored as a function of cur-
cumin concentration from 23 to 125 pwM and the
bimolecular rate constant for the reaction of
lysozyme radicals with curcumin was found to be
4.4 %108 M~! s7!. Since lysozyme contains both
tryptophan and tyrosine, this reaction of cur-
cumin is probably due to the scavenging of these

oxidized amino acids. Therefore, we have studied
reactions of tryptophan and tyrosine radicals in-
dependently with curcumin. Fig. 7 shows the
time-resolved spectrum of the transient obtained
on pulse radiolysis of N,O-saturated aqueous so-
lution containing 1 mM tryptophan, 0.1 M Ny
and 60 wM curcumin at pH 6.8. The solution
contained 10% acetonitrile also to make the con-
dition identical to that used when the concentra-
tion of lysozyme was low. It can be seen from Fig.
7 that indolyl radicals were formed in less than
2.5 ws after pulse irradiation. After 50 ws another
transient formation at 510 nm was observed with
concomitant bleaching at 430 nm. It appears that
the tryptophan radical produced by one-electron
oxidation by azide radical gets repaired in the
presence of curcumin. The bimolecular rate con-
stant for the repair of the indolyl radical with
curcumin was found to be 5.0 X 10® M~' s7'. It
therefore appears that curcumin reacts with oxi-
dized tryptophan radicals with almost the same
efficiency as it reacts with oxidized lysozyme. This
could be due to the fact that tryptophan present
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Fig. 4. Anisotropy measurements for solutions of 22 uM
curcumin, A =420 nm. (a) In aqueous solution containing
1% acetonitrile. (b) Same as (a) but in the presence of 1 mM
lysozyme.

in lysozyme may be residing very close to cur-
cumin binding site, hence is available readily for
reaction with curcumin. However, no reaction was
observed with tyrosine under identical experimen-
tal conditions.

Tryptophan has greater reactivity towards the
azide radical than that of tyrosine [9]. The prefer-
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Fig. 5. Formation and decay of the indolyl radical in aqueous

solution containing 1 mM Lz and 0.1 M NaN; at pH 6.8. The
solution contained 10% acetonitrile.
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Fig. 6. Time-dependent (a) absorption growth at 510 nm and
(b) bleaching of curcumin at 430 nm in N,O-saturated aque-
ous solution containing 31 wM curcumin, 1 mM Lz and 0.1 M
NaNj, at pH 6.8. The solution contained 10% acetonitrile.

ential oxidation of tryptophan in protein sets up
the electron transfer to tyrosine from tryptophan
radical. This is because the redox potential of
tyrosine and tryptophan neutral species at pH 7
are reported as 0.94 and 1.05 V, respectively [28].
It has been suggested that the intramolecular
electron transfer is much more predominant than
intermolecular electron transfer in peptides [9].
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Fig. 7. Time-resolved transient absorption spectra obtained
on pulse radiolysis of 1 mM tryptophan, 0.1 M NaN; and 60
wM curcumin at pH 6.8. The solution contained 10% acetoni-
trile.
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The intramolecular electron transfer, which is
independent of the concentration of peptides, is
reported in the range of 2.7 X 10® —7.0 x 10%
M~! s~!. The absence of any reactivity of tyro-
sine radical towards curcumin (see above) shows
that the observed rate constant of curcumin reac-
tivity towards lysozyme radical is mainly due to
the reaction with the indolyl radical. Above re-
sults clearly show that curcumin can repair the
indolyl radical. In addition, it can also inhibit
intramolecular electron transfer in the proteins.
The mechanism of repairing can be explained as
below:

N;+ TrypH - N;~ + TrypH" (6)

TrypH"” < Tryp+H?" (7
pK,=423

Therefore, at pH 7, the tryptophan radical will
be in the neutral form. In the presence of cur-
cumin, neutral indolyl radical can react with it
either by electron transfer or by H atom transfer.
Very recently, it has been reported using empiri-
cal linear energy relations that the oxidation po-
tential of curcumin at pH 7 is 0.77 V [29]. This is
considerably lower than the redox potential of
tryptophan and tyrosine. Hence, the electron
transfer from indolyl radical to curcumin is ther-
modynamically favorable.

Thiols and disulfides are important biological
compounds present in many proteins [11,30]. They
are related to each other in a redox system with
thiyl radical as the intermediate. The reaction of
€,, With bovine serum albumin results in a tran-
sient spectrum with a broad maximum at 420 nm
and has been attributed to the addition of e,  to
disulfide groups. The disulfide radical anion
(RSSR™) so formed decays within 1 s into the
thiyl radical and thiolate:

RSSR +e¢,, > RSSR™— RS+ RS~ (8)

Therefore, to see that whether curcumin pro-
tects the disulfide groups in protein we have
carried studies with cystine as a model compound.
Fig. 8 shows the formation of curcumin radical on
reaction of disulfide radical anion with curcumin

in a N,-bubbled aqueous solution containing of
0.5 M t-butanol, 0.8 mM cystine and 0.5 mM
curcumin at pH 6.8. Here it was easy to solubilize
curcumin due to the presence of ¢-butanol. In this
system e, reacts with disulfide to produce a
(RSSR) ™" radical anion, which decays immedi-
ately, that is within 1 ps, into thiyl radicals and
thiolate [30]. The formation of the curcumin radi-
cal is probably due to the reaction of curcumin
with thiyl radicals via H atom transfer. It has
been reported that curcumin acts as a better H
atom transfer than thiols [29]. The bimolecular
rate constant for the formation of curcumin
phenoxyl radicals was found to be 3.7 X 10% M ™!
s~ ! which is comparable to that observed earlier
on reaction with glutathione radicals [31].

4. Conclusion

Curcumin, a lipid soluble phenol, has been
showing many promising results both in vitro and
in vivo systems. In this paper, we have shown for
the first time the binding of curcumin to a protein
i.e. curcumin exists in the close vicinity of the
protein, by wusing spectroscopic methodology.
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Fig. 8. Time-dependent (a) absorption growth of curcumin
radical at 510 nm and (b) concomitant bleaching of curcumin

at 430 nm in N,-bubbled aqueous solution containing 75 uM
curcumin, 0.8 mM cystine and 1.0 M ¢-butanol at pH 6.8.
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However, the actual site of binding is difficult to
predict based on these studies alone. As a result
of such binding, curcumin is able to repair most
of the oxidized amino acid, with a great efficiency.
In addition, curcumin also reacts with thiol radi-
cals. All these results indicate that curcumin can
be a powerful antioxidant to repair both oxidative
and reductive damage caused to proteins by radi-
ation.
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