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Abstract

The effect of viscosity, solvent polarity and pH of the medium on the reaction of a protein, bovine serum albumin
(BSA), with organohalo-peroxyl radical in aqueous solution has been studied using pulse radiolysis technique. Unlike
in dilute aqueous solution, electron transfer from tyrosine to tryptophan radical in BSA has been clearly observed at
a viscosity of 7.7 centiPoise(cP). The oxidation of BSA, tryptophan and tyrosine in different media has also been
compared with those taking place in dilute aqueous solution. The effect of solvent characteristics on the observed
charge transfer has been discussed.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The main components of mammalian cells are
water (70%) and proteins(;20%), while DNA
accounts for less than 1% of the cell weight.
Therefore, most of the radical reactions occur with
proteins in the first step, causing modifications
andyor damage to protein molecules. Furthermore,
radiation-induced modification of the proteins is
not only due to the reaction with primary radicals
but also with secondary radicals, which are formed
from various solutes by scavenging of primary
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radicals. These secondary radicals react with pro-
teins depending upon their redox potential, sur-
rounding chemical environment, etc., causing their
oxidation or reduction. In the reaction of proteins
with oxidizing radicals one-electron oxidized rad-
ical of tryptophan andyor tyrosine are generally
observed. The reaction of oxidizing radical with
tyrosine (pK s10.47) forming one-electron oxi-a

dized tyrosine radical(TyrOH , pK -0) is pH•q
a

dependent with rate constant increasing with pH.
On the other hand, reaction of oxidizing radical
with tryptophan(pK s9.4) forming one-electrona

oxidized tryptophan radical(TrpH , pK s4.3) is•q
a

pH independentw1x. Therefore, at neutral pH one-
electron oxidized radical of tryptophan and tyro-
sine exist as Trp and TyrO , respectively. In some• •
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cases, radical transformation involving charge
transfer from tyrosine to tryptophan radical in
aqueous solution of simple model peptidesw2–4x
and proteinsw4–8x has been observed to take
place. This charge transfer is affected by the
distance, difference in the redox potential between
the donor and the acceptor, solvent structural
reorganization accompanying the transfer, etc.
Charge transfer from tyrosine to the tryptophan
radical also depends on the three-dimensional
structure of the protein molecule, which in turn is
affected by the solvent. In erabutoxin-b, tryptophan
radical does not transform into tyrosine radical
until the –S–S– bonds are broken despite the close
proximity of tryptophan and tyrosinew4x. This
shows that peptide bonds do not provide a channel
for electron transfer and a direct contact between
the two reaction centres by some means is a
prerequisite.
The reaction kinetics of various proteins and

enzymes(hemoglobin, cytochrome, serum albu-
min, papain, trypsin, lysozyme, etc.) with free
radicals in the dilute aqueous solution has been
well reported and compiledw9,10x. The reactions
that take place in cellular environment are expected
to be different compared to that in dilute aqueous
solution as biological systems have high viscosity
and self-assembly which increases efficiency of
the biological processesw11x. For example, viscos-
ity of human blood plasma is04.5 times that of
distilled waterw12x and biological membrane is a
clear example of restricted environment where
lipids, proteins and carbohydrates coexist in a
specific arrangement producing compartmentali-
zation w13x. The hydrophobic interactions of pro-
tein molecules with lipid membrane and
surfactants affect their three dimensional structure,
thereby altering their reactionsw14,15x. The studies
of such reactions are also of significance, since it
is recognized that charge migration can facilitate
transport of radical-centre away from the initial
site. Thus harmful cross-links can be formed at
amino acid residues far away from the site where
the primary reaction occurs. The effect of solvent
characteristics, like polarity and viscosity, on the
free radical induced oxidation reactions of protein,
though very important, has not been reported. In
earlier studies, we have shown that reduction

reaction of bovine serum albumin(BSA) in vis-
cous 2% polyvinyl alcohol solution and wyo
microemulsion follows kinetics and mechanism
different from that in the aqueous solutionw16,17x.
However, the study of free radical induced oxida-
tive damage of protein in such medium faces
inherent experimental difficulties, which arise
because of the reactivity of the substrates used
(alcohol, surfactant, etc.) in high concentration for
mimicking such viscous and micro-heterogeneous
environment with the oxidizing species.
The solvent effects are known to play an impor-

tant role in the reactions of organic compounds
with the peroxyl radicalw18,19x. It has also been
shown that reaction of the hydroxyl radical with
gelatin and recombination reaction of the thiocya-
nate radical,(SCN) in gelatin is not affected•y

2

significantly by increase in macro-viscosity of the
medium w20x. It was ascribed to small size of the
hydroxyl and (SCN) radicals whose reactions•y

2

are not affected by triple helixes of gelatin mac-
romolecule. The effects of solvent characteristics
on the reactions of benzhydryl cations are also
known w21x.
To overcome the difficulties mentioned above,

reaction of BSA, a carrier protein, with organo-
halo-peroxyl radical has been studied to investigate
solvent effects on the reaction of proteins with
oxidizing radicals. The organohalo-peroxyl radi-
cals can be conveniently generated in the aqueous
solution containing other organic solutes and is
also used as a model peroxyl radical. Glycerol has
been added to increase viscosity of the medium.
Electron pulse radiolysis system with kinetic spec-
trophotometry was used to study the fast reactions.

2. Experimental

The pulse radiolysis system using 7 MeV elec-
tron pulse has been described elsewherew22x. The
dosimetry was carried out using an air-saturated
aqueous solution of 5=10 mol dm KSCNy2 y3

(G´s2.6=10 m J at 475 nmw23x). They4 2 y1

kinetic spectrophotometric detection system cov-
ered the wavelength range 250–800 nm. The
optical path length of the cell was 1.0 cm. The
viscosity of the solution used was measured using
a DJScientific make Analytical Viscometer AV-
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Fig. 1. Transient absorption spectrum obtained from aerated
aqueous solution containing BSA(1.0=10 mol dm ),y4 y3

glycerol (45-wyv%), 2-propanol(3.0 mol dm ) and CCly3
4

(4.0=10 mol dm ) at pH 6.8,(a) 50 ms and(b) 1700msy2 y3

after the electron pulse.Inset: kinetic traces at(a) 410 nm and
(b) 460 nm under similar conditions. Dose 40 Gy.

250 and Ostwald viscometer. Dielectric constant
of the solvent mixtures has been taken as algebraic
sum of mol fraction multiplied with the dielectric
constant of each component.G-values of the pri-
mary radicals of water-radiolysis have been used
for the solvent mixture. High dose(corresponding
to;9=10 mol dm peroxyl radical) has beeny6 y3

used in this study to have better signal to noise
ratio. The bimolecular rate constants were calcu-
lated by plotting pseudo-first order rate constant
against the respective solute concentrations. BSA
(fraction V) from SISCO (India) was used as
received. All other chemicals were of AR grade.
All aqueous solutions were prepared in nano-pure
water (conductivity 0.06mS cm ) from Barn-y1

stead nano-pure cartridge filtration system. 2-Pro-
panol (3 mol dm ) was added to aqueousy3

glycerol (45-wyv% corresponding to 4.88
mol dm ) solution to solubilize CCl . Phosphatey3

4

buffer was used to prepare pH 6.8 and other pHs
have been obtained using HClO andyor NaOH4

solutions. All the measurements were carried out
at 26"1 8C and the expected error in the meas-
urement of data is"10%.

3. Results and discussion

The viscosity and dielectric constant of the
solution used are 7.73 cP and 63.66, respectively.
The viscosity is;8.65 times that of the distilled
water. CCl O radical has been generated as shown•

3 2

by the following reactions.

y • •H Oße , H , OH,« (1)2 aq

y • ye qCCl ™CCl qCl (2)aq 4 3

• •CCl qO ™CCl OO (3)3 2 3

The hydroxyl radical(OH) and H atom are• •

scavenged by 2-propanol and glycerol. It has been
observed that in aqueous glycerol solution
CCl O radical has absorption around 300 nm and•

3 2

becomes negligible at 350 nm(not shown here).
This suggests that in this medium transient absorp-
tion beyond 350 nm is not due to CCl O radical.•

3 2

The glycerol and alcohol radicals produced by
scavenging OH and H are carbon-centered radicals•

and did not cause reduction or oxidation of BSA.

3.1. Effect of solvent characteristics

The reaction, which has been studied by chang-
ing solvent characteristics, can be written as:

• y •qCCl OqSolute(S)™CCl O qS (4)3 2 3 2

Since unionized species are producing ionized
species, the kinetics of reaction is expected to be
affected by the dielectric constant of the medium
w18,19x. The molecular conformation of BSA, a
macromolecule, is also known to be affected by
characteristics of the mediumw15x. Therefore, the
effect of different solvent characteristics, namely
viscosity, polarity and pH, on the oxidation of
BSA can be observed.

3.1.1. Viscosity
Transient absorption spectrum obtained from

CCl O induced oxidation of BSA in 45-wyv%•
3 2

aqueous aerated glycerol solution at pH 6.8 has
been shown in Fig. 1. Its characteristics are differ-
ent from that observed in the reaction of the same
radical with BSA in dilute aqueous solutionw24x.
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This transient absorption spectrum shows simulta-
neous decay of 460 nm and growth of 410 nm
absorption after the first step of formation of
absorption at these two positions. The inset in Fig.
1 shows a delayed formation of transient absorp-
tion at 410 nm along with decay at 460 nm, which
has not been observed in the dilute aqueous solu-
tion w24x. The transient absorption at 410 nm is
known to be due to the one-electron oxidized
radical of tyrosine but the absorption at 460 nm is
new. To identify the transient species observed in
the reaction of BSA with CCl O radical in this•

3 2

medium, similar studies have been done with
tryptophan, tyrosine and dimethyl disulfide(disul-
fide link), which are more susceptible to oxidation
in BSA molecule. The transient absorption spectra
obtained for tryptophan, tyrosine and dimethyl
disulfide under similar conditions have been shown
in Fig. 2A–C, respectively. Fig. 2A–C and the
transient absorption maxima of one-electron oxi-
dized radical of tryptophanw25–28x, tryosinew29–
32x and dimethyl disulfidew33x suggest that the
transient absorption in Fig. 1 at 460 nm is due to
the one-electron oxidized tryptophan radical(Trp )•

and that at 410 nm is due to the one-electron
oxidized radical of tyrosine(TyrO ). It has to be•

noted that tryptophan and not tyrosine can be
oxidized with CCl O radical at neutral pH. The•

3 2

transient absorption maximum at 460 nm for tryp-
tophan radical has also been observed in the
reaction of casein with CCl O radicalw8x. It is•

3 2

well known that absorption and emission charac-
teristics of tryptophan are polarity dependent. The
blue-shift in absorption maximum of tryptophan
radical can be ascribed to the reduction in polarity
of the medium. If the oxidation of the disulfide
group has taken place, it is either masked by the
relatively strong absorption of TyrO or there is•

hole migration from one-electron oxidized disul-
fide group to tyrosinew1x. The oxidation of other
amino acids, even if taking place, could not be
observed in this complex system or probably gets
repaired by hole migration to generate thermody-
namically more stable tyrosine radical. The hole
migration has been suggested earlier in the case
of oxidation of peptidesw2x and BSA in aqueous
solution w24x. The oxidation of BSA by CCl O ,•

3 2

at pH 6.9, in aqueous solution gives transient

absorption at 410 nm along with a broad transient
absorption approximately 460 nmw24x. However,
no radical transformation was reported in BSA
molecule. It is observed from the Fig. 1 that while
the transient absorption at 410 nm corresponding
to TyrO increases the absorption at 460 nm cor-•

responding to Trp decreases with the time, sug-•

gesting that electron(or hole) transfer takes place.
The formation of tryptophan radical and charge
transfer from tyrosine to tryptophan radical in
protein are shown in Schemes 1 and 2.
As discussed earlier, a similar type of radical

transformation has been observed in the oxidation
of aqueous solution of peptides and some proteins
w1–8x. In the reaction of CCl O with lysozyme•

3 2

in this medium, contrary to that in dilute aqueous
solution, no such radical transformation has been
observed. The change in observation of radical
transformation from Trp to TyrO for BSA(582• •

amino acids) and lysozyme(128 amino acids)
macromolecules suggests that some conformation-
al changes of protein molecules take place. The
kinetic traces at 410 nm for the oxidation of BSA
in watery2-propanol and watery90% (vyv) glyc-
erol mixture (Fig. 3) qualitatively show that sol-
vent viscosity has significant effect on the rate of
reaction. Since this phenomenon has been observed
for BSA in aqueous glycerol solution and not in
dilute aqueous solution it may be due to higher
viscosity andyor decrease in polarity of the medi-
um. The reduction in the reaction rate constants
has not been found to be in proportion with
increase in viscosity of the medium and even the
reduction is not the same for different molecules.
This suggests that diffusion is not the only factor
in this reaction. The calculated dielectric constant
of the medium(63.66) used is little lower than
that of water(78.54) indicating that polarity of
the medium may be exerting some effect.
The rate constants for the reaction of CCl O•

3 2

with BSA, tryptophan, tyrosine and dimethyl disul-
fide measured in the absence and presence of 45-
wyv% glycerol have been given in Table 1. The
kinetic traces at 410 nm for the formation of
TyrO radical in watery2-propanol, 45-wyv% glyc-•

erol and 50(vyv)% of tert-butanol have also been
recorded. This comparison and earlier studies
w18,19x suggest that the polarity of the medium
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Scheme 1. Formation of tryptophan radical.

Fig. 2. Transient absorption spectrum obtained from aerated aqueous solution containing glycerol(45-wyv%), 2-propanol(3.0
mol dm ), CCl (4.0=10 mol dm ) and (A) tryptophan(1.0=10 mol dm ) at pH 6.8(a) 40 ms and(b) 900 ms (B)y3 y2 y3 y3 y3

4

tyrosine(1.0=10 mol dm ) at pH 10.0(a) 40 ms and(b) 1600ms (C) dimethyl disulfide(2=10 mol dm ) at pH 6.8(a)y3 y3 y3 y3

10 ms and(b) 40 ms, after the electron pulse. Dose 40 Gy.

affects the rate of oxidation by CCl O radical and•
3 2

higher viscosity has significant effect on delayed
formation of TyrO .•

Similar transient absorption spectrum, with very
poor signal to noise ratio, has also been observed
in the reaction of BSA with CHCl O(not shown•

2 2

here). The rate constants for this reaction estimated
at 410 and 460 nm are 1.1=10 and 3.0=108 8

dm mol s , respectively.3 y1 y1
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Fig. 3. Kinetic traces at 410 nm for solution containing BSA
(1.0=10 mol dm ), CCl (4.0=10 mol dm ) and (a)y4 y3 y2 y3

4

2-propanol(3.0 mol dm ) (b) 90% (vyv) glycerol, after they3

electron pulse. Dose 40 Gy.

Scheme 2. Radical transformation from tryptophan to tyrosine.

The anti-oxidant effect of ascorbic acid was
studied in this medium. It was observed that the
tyrosine radical(TyrO ) of BSA, with absorption•

maximum at 410 nm, reacted with ascorbic acid
with a rate constant of 2.4=10 dm mol s6 3 y1 y1

and thus got scavenged. A similar reaction is
known to take place in dilute aqueous solution
w24x. This is in accordance with the fact that the
reaction of the small-sized radical is unaffected by
viscosity of the mediumw20x.

3.1.2. Polarity
The oxidation of BSA with CCl O in 45-wy•

3 2

v% glycerol solution containing 2-propanol(3.0
mol dm ) is probably affected by reduction iny3

polarity as well as increase in viscosity. However,
the transient absorption spectrum obtained for the
oxidation of BSA with CCl O radical in 50%(vy•

3 2

v) tert-butanol solution also shows similar Trp•

(460 nm)™TyrO (410 nm) radical transformation•

(Fig. 4). This suggests that even reduction in
polarity alone can show such radical transforma-
tion. This may be again due to some conforma-
tional changes of BSA molecule. To see the effect
of solvent polarity on kinetics, rate constant for
the reaction of BSA with CCl O in wateryalcohol•

3 2

mixtures having different dielectric constant have
been measured and are reported in Table 2. The
reaction rate constants for the formation of both
tryptophan(460 nm) and tyrosine(410 nm) radi-
cals decrease with decrease in dielectric constant
of the medium in wateryalcohol mixtures. This is
in accordance with the fact that reduction in
polarity reduces the rate of formation of charged
specieswEq. (4)x. The plot of logarithm of the rate
constant of formation at 410 and 460 nm, i.e.
log k, against dielectric constant(´) of the medium
(Fig. 5) has been found to be linear for this

reaction with Rs0.967 and 0.978, respectively.
However, in aqueous glycerol solution, rate con-
stants have not been found to decrease with the
reduction in polarity to a further lower value. This
suggests that reaction of BSA with CCl O is•

3 2

affected by polarity as well as viscosity of the
medium. The decay rate constant of the transient
absorbing at 460 nm in various solvents(Table 2)
also indicates that this radical transformation is
affected by solvent characteristics. The formation
traces at 410 nm and the rate constants at 410 and
460 nm in different media(Table 2) suggest that
the rate constants for the reaction of CCl O with•

3 2

tryptophan, tyrosine, dimethyl disulfide and BSA
are strongly affected by the dielectric constant of
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Fig. 4. Transient absorption spectrum obtained from aerated
aqueous solution containing BSA(1.0=10 mol dm ), tert-y4 y3

butanol (50-vyv%), 2-propanol (3.0 mol dm ) and CCly3
4

(4.0=10 mol dm ) at pH 6.8,(a) 50 ms and(b) 900 msy2 y3

after the electron pulse. Dose 40 Gy.

Table 1
Rate constants for the reaction of different solutes with CCl O radical•

3 2

Solute pH l (nm) k (dm mol s )=103 y1 y1 y8

Water 45-wyv% glycerol

Tryptophan 6.8 460 – 2.25
520 0.85(pH ;7)a 0.39

Tyrosine 10.0 410 0.71(pH 10.6)b 0.54
DMDS 6.8 380 42.0 35.0
BSA 6.8 410 4.8 3.3

6.8 460 5.7 3.2
6.8 510 13.0 8.6
10 410 25.0 1.8
10 460 – 5.4

BSAqCHCl O•
2 2 6.8 410 – 1.1

6.8 460 – 3.1

Ref. w25–28xa

Ref. w29–32xb

the medium and the radical transformation from
Trp (460 nm) to TyrO (410 nm) is affected by• •

polarity as well as viscosity of the medium. The
rate constants(k) for the reaction of BSA with
CCl O radical, measured at 410 and 460 nm and•

3 2

at pH 6.8 in this medium can be related with the
dielectric constant(´) and the viscosity(h) of the
medium by a semi-empirical equation:

log ksAqB´qCyh.

3.1.3. pH
The transient absorption spectrum obtained from

the reaction of BSA with CCl O in this medium•
3 2

at pH 10, under identical conditions, also shows
simultaneous decay of 460 nm absorption and
growth of absorption at 410 nm(Fig. 6). This
suggests that radical transformation takes place
even at pH 10. It has been found that even at pH
10 reaction rate constants in this medium are lower
than those in dilute aqueous solution but are still
higher than that at pH 6.8. The decay rate of 460
nm absorption has been found to be the same at
pH 6.8 and 10, suggesting that it is due to the
same process of charge transfer from tyrosine to
tryptophan radical at both pHs and is independent
of pH. DA at 410 nm has been found to increase
with increase in pH which is in accordance with
the fact that the basic form of the radical has

higher molar extinction coefficient than the acidic
form.
BSA is a globular protein composed of 582

amino acids and has ellipsoidal structure of
141=41 A dimensionsw15x. However, it is diffi-2˚



96 R. Joshi, T. Mukherjee / Biophysical Chemistry 103 (2003) 89–98

Table 2
Rate constants(k=10 dm mol s ) for the reaction of BSA with CCl O in different solventsy8 3 y1 y1 •

3 2

Solventa ´ (calculated) At 410 nm At 460 nm Decay at 460 nm
k=10 sy3 y1

2-Propanol(20% vyv) 75.20 4.8 5.7 5.5
Tert-butanol(25% vyv) 74.57 3.0 5.0 13.0
Tert-butanol(40% vyv) 71.05 2.0 1.8 8.3
Tert-butanol(50% vyv) 67.89 1.1 1.1 4.0
Glycerol (45-wyv%) q2-propanol(30% vyv) 63.66 3.3 3.2 9.2

Rest is water.a

Fig. 5. Logk versus dielectric constant(´) of the medium at
(a) 410 and (b) 460 nm for the reaction of BSA with
CCl O at pH 6.8.•

3 2

Fig. 6. Transient absorption spectrum obtained from aerated
aqueous solution containing BSA(1.0=10 mol dm ),y4 y3

glycerol (45-wyv%), 2-propanol(3.0 mol dm ) and CCly3
4

(4.0=10 mol dm ) at pH 10(a) 80 ms and(b) 350 ms,y2 y3

after the electron pulse.Inset: kinetic traces at(a) 410 nm and
(b) 460 nm under similar conditions. Dose 40 Gy.

cult to comment on the distance-dependent charge
transfer from tyrosine to the tryptophan radical in
solution phase because of conformational changes
of the protein molecule with polarity of the medi-
um and protonated state of the constituent amino
acids with pH of the solution. The number of
possible conformations of BSA(mol. wt. 66700
Da) with change in solvent properties is large.
BSA contains two tryptophan and 19 tyrosine
units. This gives 38 possible donor–acceptor pairs
for charge transfer to take place. However, the
conformational changes in protein molecule with

solvent properties is an altogether different prob-
lem and has not been discussed here.
In aqueous solution of native BSA, tryptophan

and not tyrosine is at the molecule–water interface
contrary to the fact that tyrosine and not tryptophan
is polar in naturew14x. If total reactivities of
tryptophan and tyrosine residues of protein mole-
cule are considered, by multiplying the rate con-
stant with the respective number of amino acid
present in the protein molecule, tryptophan should
react first. This should be followed by a charge
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transfer from tyrosine to tryptophan radical, as this
radical transformation is thermodynamically
favoured (DG sy8 kJ mol ) in the forwardo y1

direction at neutral pHw34,35x. In dilute aqueous
solution of BSA, instead of radical transformation,
only tyrosine radical is known suggesting a very
fast radical transformation. According to the reac-
tivities of the amino acids tryptophan and tyrosine
with CCl O radical in this medium, at neutral pH•

3 2

almost 100% of the CCl O radical should react•
3 2

with tryptophan and even at pH 10 almost 30% of
the radicals should react with tryptophan in the
first step followed by the radical transformation.
This has been observed in glycerolywatery2-pro-
panol solvent mixture suggesting some changes in
three-dimensional structure of protein molecule in
this medium bringing Trp radical and tyrosine•

close together. The reduction in polarity as well as
diffusion of species in this medium presumably
results in the observation of radical transformation.
Furthermore, the pHs inside and over the macro-
molecules, like protein, also vary from the bulk
resulting in altogether different reactions. For
example, the small pockets within and over lyso-
zyme (a protein) are known to have pH far
different from the bulkw36x. Even the unfolding–
folding of a part of protein molecule cannot be
ruled out in solution phase resulting in anomalous
behaviour.
However, the reduction in the reaction rate

constant with increase in viscosity is as expected.
The reduction in reaction rate constant with
decrease in polarity is also as expected due to
formation of the charged species from the
uncharged ones. Since addition of glycerol causes
simultaneous change of viscosity and polarity, it is
difficult to study the effect of viscosity exclusively.
The effect of pH on the state of protonation and
ease of oxidation of tyrosine residues is reflected
in the reaction of BSA with CCl O at pH 10,•

3 2

where higher optical density for the tyrosine radi-
cal has been observed.

4. Conclusions

The reaction of BSA with CCl O radical in•
3 2

aqueous-glycerol and 50%(vyv) tert-butanol
shows a clear charge transfer from tyrosine to the

tryptophan radical. In this medium Trp radical has•

transient absorption maximum at 460 nm unlike at
510 nm in dilute aqueous solution. The rate con-
stants for the reaction of CCl O radical with•

3 2

tryptophan, tyrosine and BSA in this medium are
lower than those in dilute aqueous solution but not
in proportion to the increase in viscosity. The rate
constants for the formation of tryptophan and
tyrosine radical of BSA decrease with decrease in
polarity of the medium. It can be said that charge
transfer takes place in physiological environments
in those reactions, which is not observed in dilute
aqueous solutions. This study suggests that not
only kinetic andyor thermodynamic parameters but
also three-dimensional structure of the protein
molecule affecting the proximity of the donor–
acceptor pair is also a governing parameter in
charge transfer.
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