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The purpose of the present study was to determine in vitro the effect of sodium azide, ethanol,
trans-B-carotene, and the reduced form of glutathione on phototransformations in the lens crystallin.
These photostabilizers show a specific affinity for different kinds of free radicals. The water-soluble
protein from the cortical part of the eye was irradiated with doses of UV C ranging from 0 to 4.07
J/cm2. Changes in the structure of the crystallins have been monitored by steady-state absorption
and fluorescence spectroscopy. Irradiation of dialyzed samples of these proteins at a wavelength
of 254 nm (1.13 ± 0.02 mW/cm2) caused photooxidation of aromatic residues; the crystallin solutions
became opaque and turbid. The samples displayed increasing attenuance at a wavelength of 280
nm as photodamage proceeded. The fluorescence of tryptophan at 333 nm systematically decreased
and a new band between 400 and 500 nm appeared during the UV C irradiation. Our results show
that the antioxidants can protect proteins from UV C-induced photodegradation and the protective
effect is significantly dependent on their concentration in the protein solution. There are no dramatic
differences in the rates of exogenous and endogenous scavenging of generated free radicals for all
concentrations used, with rate constants varying by a factor no greater than 2. The mechanism and
the rate of scavenging or quenching are dependent on the nature of the radical species and the
photostabilizer structure. Although this study provides evidence for free radical scavenging and
protein protection, extrapolations to possible antioxidant effects in vivo must be made cautiously.
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INTRODUCTION

The principal component of the vertebrate eye lens
is a group of water-soluble proteins, generally known
as crystallins. The crystallins can be divided into two
superfamilies: polymeric a-crystallins and oligomeric B-
and -y-crystallins, which exhibit a sequence identity of

1 Institute of Chemistry, N. Copernicus University, Gagarina 7, 87-100
Toruri, Poland.

2 Institute of Physics, N. Copernicus University, Grudziadzka 5, 87-
100 Toruri, Poland.

about 30% and a different state of oligomerization. 3-
crystallins can form homodimers or heterooligomers with
molecular masses ranging from 45 to 200 kDa, whereas
-y-crystallins (=20 kDa) are exclusively monomeric. The
three-dimensional structure of (3- and •v-crystallins has
been determined in detail from X-ray analysis [1,2]. The
three-dimensional structure of a-crystallin is currently
unknown, but various models have been proposed [3,4].

Besides, it has been found that a-crystallin can func-
tion as a molecular chaperone in that it prevents the
thermal- or near-UV-induced aggregation of a number of
enzymes and the lens B- and y-crystallins [5,6]. Their
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relative proportions vary with age and location within
the lens as a result of both differential synthesis during
development and selective degradation.

In diabetes and cataractogenesis and with aging, the
crystallins undergo different physicochemical changes,
including increased protein aggregation, the formation of
insoluble proteins, increased pigmentation in the nucleus,
the production of a yellow to brown coloration, and the
appearance of blue fluorescence [7,8]. Although the
nature of many of the age- and cataract-related changes
is still unknown, a number of experimental studies indi-
rectly support the idea that UV irradiation may be cata-
ractogenic [9,10].

One of the major consequences of UV irradiation
of organic matter under aerobic conditions is the produc-
tion of the active states of molecular oxygen, namely,
singlet oxygen, superoxide anion, hydroxyl radical, and
hydrogen peroxide. Tryptophan, histidine, phenylalanine,
cysteine, and methionine are especially vulnerable to oxi-
dation [11].

The lens is chronically exposed to UV irradiation
throughout life. Photochemical damage of the lens pro-
teins may involve a series of reactions including charge
transfer, conversion of tryptophan to kynurenine deriva-
tives, and oxidation of the sulfydryl group. As a conse-
quence, the protein molecules can be fragmented,
aggregated, or cross-linked and this can lead to loss of
biological function, increased susceptibility to proteoly-
sis, and heat denaturation [12-14]. Near-UV irradiation
of the lens protein causes some of these structural changes
as well as direct or sensitized photooxidation of the trypto-
phan residues to kynurenine derivatives and yields a pig-
mented and fluorescent oxidation product that may be
similar to those identified in cataracts or aged lenses
[15,16].

Although the involvement of free radical-mediated
damage to crystallin upon irradiation has been demon-
strated in epidemiological studies and in animal experi-
ments, the role of different active species of oxygen
generated by UV irradiation of the lens protein and the
detailed nature of this change in the protein structure
remain obscure [17,18].

One of the principal aims of protein photodegrada-
tion studies is finding an efficient and safe method of
protecting their structure against photooxidation. A nor-
mal lens contains inhibitors, such as superoxide dismutase
and glutathione, which can scavenge and quench reactive
free radicals. We decided to compare the photochemical
transformation of lens crystallins in the presence of
selected endogenous and exogenous photostabilizers
upon exposure to UV C radiation at 254 nm using the

spectroscopic techniques of steady-state absorption and
fluorescence spectroscopy.

MATERIALS AND METHODS

Preparation of the Samples

The lenses were isolated from 3- to 5-year-old ani-
mals, decapsulated, pooled, and homogenized in 50 ml
of deionized, cold water (18 mil). The water-soluble
proteins were obtained according to the modified method
of Bloemendal et al. [19]. The total protein concentration
was determined by the method of Lowry et al., using
bovine serum albumin as a standard [20]. Glutathione
(reduced form), sodium azide, ethanol, and trans-B-caro-
tene were purchased from Sigma Chemical Co. (St. Louis,
Mo). Mixtures contained photostabilizers in the concen-
tration range from 10-4 to 10-6 M. All solutions were
filtered using membrane filters (Sigma Chemical Co.).

Illumination Conditions

Each solution was irradiated in a quartz cuvette (2
ml) by a mercury lamp (Philips TUV-30, The Nether-
lands) which emitted mainly light at 253.7 nm. The dis-
tance between the samples and the light source was about
10 cm. The light intensity at this position was 1.13 ±
0.02 mW/cm2. The intensity of the incident light was
measured using an IL1400A radiometer (International
Light, USA). Various doses of UV C radiation were
obtained by varying the irradiation time (0-60 min, i.e.,
0-4.07 J/cm2). The sample temperature did not exceed
22°C.

Spectroscopic Measurements

UV-VIS absorption spectra were recorded with a
Shimadzu spectrophotometer (Model UV-1601PC). Data
collection and plotting were accomplished by the UVPC
program and the computer data station supplied by the
manufacturer.

Intrinsic fluorescence studies were performed with
a Perkin-Elmer LS-50B spectrofluorimeter equipped
with a differential-corrected spectral unit. The rate of
photolysis was followed by monitoring the decrease in
tryptophan fluorescence at the wavelength of the emission
maximum for a range of excitation wavelengths from
270 to 350 nm. Fluorescence of N-formylkynurenine (N-
FK) or other tryptophan derivatives (with the emission
maximum around 452 nm) was obtained under excitation
at 320-360 nm. Spectra were collected using the Perkin-
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Elmer Data Manager in the PECSS (Perkin-Elmer Com-
puter Spectroscopy Software) program to obtain the
differential excitation and emission scans.

RESULTS AND DISCUSSION

The photochemical transformation of lens crystallins
in the presence of selected photostabilizers was studied
for the water-soluble protein fraction from the cortical
part of the eye lens during UV irradiation at a 254-
nm wavelength for periods of 2 to 60 min. The authors
emphasize that a rather high dose of UV C irradiation
was used in these studies, much higher than that which
might reach the lens in vivo.

The lens can be photodamaged by a single large
dose of UV irradiation but chronic low-dose exposure is
also harmful. Several studies have shown that the major
reactive oxygen species formed under these conditions are
singlet oxygen (1O2) andhydroxyl radical (.OH) [21-23].

The absorption of UV irradiation at 254 nm by crys-
tallins is due to the presence of aromatic amino acids
such as phenylalanine, tyrosine, and tryptophan as well
as cysteine. It should be mentioned here that irradiation
at 254 nm can also cause the breaking of peptide bonds
in the range of 180 to 200 nm. McLaren has observed

that the energy of UV radiation at 254 nm is sufficient
to rupture a peptide bond [24].

The defense system of the lens, such as endogenous
antioxidants [glutathione (GSH) and superoxide dismu-
tase] which can protect lens components against photoox-
idation, is insufficient. We chose endogenous and
exogenous photostabilizers with a high chemical reactiv-
ity toward the active forms of oxygen.

The attenuance or each solution was measured in
the range between 200 and 600 nm, while the emission
spectra were recorded in the range of 290 to 500 nm(Figs.
1 and 2).

Under UV C irradiation (X = 254 nm), the attenu-
ance spectra of the crystallin solutions with and without
all photostabilizers used changed markedly (Fig. 3). Pro-
longed UV C irradiation caused a gradual increase in
attenuance, while the absorption band at 280 nm became
less distinct. This suggests the occurrence of photochemi-
cal transformations, cross-linking, and a decrease in tryp-
tophan content caused by active species of oxygen
generated in the protein solution. The addition of antioxi-
dants appears to prevent or reduce the degree of protein
photodegradation caused by UV C irradiation.

The most promising protective effect was observed
for water-soluble antioxidants such as GSH and sodium
azide (Fig. 3). GSH is an endogenous tripeptide, which

Fig. 1. UV-VIS spectra of lens crystallins before (1) and after (2) UV C irradiation
at 254 nm for 45 min.
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plays a pivotal role in lens defense against photooxidative
damage. It can act as a direct free radical scavenger and
this is thought to be the main protective effect against UV
irradiation with different wavelengths. This is consistent
with a rate constant of 2.0 X 106 M-1 s-1 for singlet
oxygen and 8.0 X 109 M-1 s-1 for hydroxyl radical at a
physiological pH [25]. GSH quenches radicals by hydro-

gen atom donation and the resulting much less reactive
thinyl radicals decay bimolecularly or via an oxygen-
dependent mechanism, in both cases forming glutathione
disulfide (GSSG) [26,27].

Oxidation of the protein sulfydryl group has been
considered one of the most likely causes for cross-linking,
aggregation, and insolubilization of the lens proteins.

Fig. 3. Changes in the attenuance of the lens crystallin solution at 280 nm under UV C irradiation at
254 nm. The concentration of photostabilizers was (A) 10-6 M and (B) 10-4 M.

Fig. 2. Fluorescence spectra of lens crystallins before (1) and after (2) UV C irradiation at
254 nm for 45 min. Excitation wavelength, 280 nm.
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When the reduced form of GSH was added to the protein
solution, the protein thiol was lost more rapidly then the
protein sulfydryl.

The data presented here agree with results of other
investigators showing that GSH can very efficiently pre-
vent protein photooxidation by the autooxidation of cys-
tine residues [28,29]. The UV light-induced sample
turbidity is most due to crystallin aggregation and/or
cross-linking. These two photostabilizers significantly
retarded the photodegradation of the proteins; even after
2 h of irradiation the mixtures remained transparent. GSH
in reduced form and sodium azide inhibit protein cross-
linking and aggregation caused by UV irradiation. Based
upon its inhibition of cross-linking and ability to retard
this process, we concluded that sodium azide quenched
singlet oxygen and hydroxyl radical with a very high
efficiency, however, details of this process are unknown.

Trans-B-carotene and ethanol retarded the photo-
chemical transformation to a lesser degree; these two
photostabilizers only delayed the onset of turbidity (mani-
fested by the background attenuance) caused by UV light.
Trans-B-carotene, a precursor for vitamin A and the most
important member of the carotenoid family of antioxi-
dants, is claimed to have anticataract properties [30,31].
Indeed, epidemiological data also suggest that trans-B-
carotene can reduce the overall oxidative risk, serve as
a singlet oxygen quencher, and prevent cataract formation
or molecular photodegradation [32,33]. Trans-B-carotene
is capable of quenching excited triplet states and sin-
glet oxygen.

Visible turbidity of the protein solutions was
observed after either 30 or 60 min of UV C irradiation
of the crystallin samples with and without mixtures of

trans-B-carotene in ethanol, respectively. Added solutions
of trans-B-carotene in ethanol inhibited photoaggregation
of the crystallins to a lesser degree than GSH and sodium
azide. Besides, the use of trans-B-carotene as an antioxi-
dant is limited due to its insolubility in water. Longer
times of irradiation at 254 nm caused precipitation of the
coagulated proteins in all mixtures.

The fluorescence of all crystallins is due predomi-
nantly to tryptophan residues, however, all of the aromatic
residues are excited to some extent at 270-to 300-nm
wavelengths, yet the tyrosine and phenylalanine bands
are not visible in the native crystallins.

In general, the emission spectra of the proteins
depend strongly on the wavelength used to excite fluores-
cence, thus revealing the heterogeneity of fluorophores.
The question arises as to the magnitude of such heteroge-
neity for tryptophan residues contained in the crystallins
and its dependence on irradiation with and without photo-
stabilizers added. We used excitation wavelengths of 270
to 300 nm, however, no significant heterogeneity was
detected (unpublished data).

Nonirradiated aqueous solutions of the fresh crys-
tallins showed a single strong band at 333 nm characteris-
tic of tryptophan residues. This indicates that the
tryptophan residues are located in a largely apolar envi-
ronment [34].

The emission spectra of the protein samples obtained
for the 280-nm excitation wavelength exhibited a progres-
sive decrease in intensity after short-wavelength UV irra-
diation (Fig. 4). This decrease in emission intensity is
due to the photransformation of tryptophan residues of
crystallins, which can occur by either direct absorption
of the 254-nm light or a sensitized reaction [35,36]. A

Fig. 4. Changes in the tryptophan fluorescence at 333 nm obtained for excitation at 280 nm in lens
crystallin solutions under UV C irradiation at 254 nm. The concentration of photostabilizers was (A)
10-6 M and (B) 10-4 M.
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new band at around 400-500 nm appears as a result
of UV C irradiation. This band is not present in the
nonirradiated control samples.

Although several photoproducts of tryptophan are
known to form, considering the position of the new band,
the corresponding excitation spectrum, and earlier obser-
vations, the band at 452 nm is assigned to the aerobic
photoproduct of tryptophan, N-formylkynurenine (N-
FK), or other derivatives [37-39]. Independent monitor-
ing of the tryptophan (excitation at 280 nm; Fig. 4) and
N-FK (excitation at 360 nm; Fig. 5) emission levels
showed a significant decrease in the fluorescence inten-
sity of tryptophan, with a concomitant increase in N-FK-
type emission as irradiation proceeds.

The same general features were obtained in crystallin
mixtures with all photostabilizers, but with some interest-
ing differences. Phototransformation of tryptophan resi-
dues was observed in the pure crystallin solution as well
as in the samples with exogenous and endogenous antioxi-
dants, however, the rate of tryptophan transformation was
distinctly higher in a solution without photostabilizers.
Added antioxidants are seen to inhibit photolysis and
the changes are less pronounced (Fig. 6). In general, all
antioxidants appeared to be rather efficient photodegrada-
tion inhibitors; the initial decrease in tryptophan fluores-
cence (Fig. 4) probably resulted from an interaction of
the stabilizer with the protein residues.

It has been shown that ethanol, trans-B-carotene,
and azide ions quench singlet oxygen with a very high
efficiency. Smaller changes in the presence of inhibitors
such as GSH and sodium azide necessarily indicate a
predominant role of singlet oxygen in this photoprocess.
The possibility of formation of .OH radicals, which are

also quenched by NaN3 and ethanol, cannot be excluded,
however, this remains unclear. In general, the reaction
rate constant of hydroxyl radical is rather large; it can
react with a number of cellular components and reveals
only a low specificity.

Active species of oxygen generated in these photore-
actions can easily penetrate and interact with protein mol-
ecules, causing destabilization of their structure. The
singlet state of oxygen and hydroxyl radical could initiate
photodegradation of proteins and oxidation of some of
the amino acids.

The above results, i.e., differences in the attenuance
spectra and changes in fluorescence intensity after UV
irradiation, different onset times of turbidity of the sam-
ples, and formed solid precipitation of crystallins, suggest
that these photochemical reactions in crystallins are inhib-
ited by all the photostabilizers used. In the work presented
here, we observed a photoprotective effect of endogenous
and exogenous compounds in the concentration range
from 10-4 to 10-6 M; the toxicity at these concentrations
is usually very low.

With aging, the balance between the endogenous
antioxidant photoprotective system and oxygen radicals
becomes more sensitive to physiological stress. More-
over, the age-related decrease in antioxidant activity is
not sufficient to compensate for an increase in the rate
of photodegradation of the protein lens. Probably, this is
one of the reasons for the appearance of the senile cata-
ract. It appears that the onset of senile cataract may be
significantly delayed by supporting the endogenous pho-
toprotective system with exogenous antioxidants. Proba-
bly, a combination of photostabilizers would be more
effective than individual compounds.

Fig. 5. Changes in the N-FK fluorescence at 432 nm obtained for excitation at 360 nm in lens
crystallin solutions under UV C irradiation at 254 nm. The concentration of photostabilizers was
(A) 10-6 M and (B) 10-4 M.
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Fig. 6. The ratio I432/I333 of fluorescence intensities at 432 nm (N-FK) and 333 nm (tryptophan) of
lens crystallin solutions under UV C irradiation at 254 nm. The concentration of photostabilizers was
(A) 10-6 M and (B) 10-4 M.
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