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 A function of the eye lens is to absorb near-ultraviolet
light (near-UV) transmitted through the cornea and aqueous
humor in the wavelength range of about 300-400 nm [1-3],
thereby preventing UV-induced photo-damage to the retina
[4,5] and reducing chromatic aberration [3]. It has been re-
ported that the majority of environmental UV radiation reach-
ing the lens is UV-A (320-400 nm) and that only approximately
3% is UV-B (290-320 nm) [6]. Several investigators [7-9] have
shown that long-term exposure of mice and guinea pigs to
near-UV can damage the lens, probably due to photo-oxida-
tion. It is assumed that normally the lens is protected from
photo-oxidation by anti-oxidative systems utilizing the ascor-
bate [10] and glutathione [11] redox cycles. However, the anti-
photo-oxidation systems in the lens are not yet fully under-
stood.

Zigler and Rao [12] reported that the lenses of vertebrate
species such as bullfrogs, guinea pigs, ducks, and rabbits con-
tain high concentrations (0.4-1.5 mM) of the reduced pyri-

dine nucleotides reduced nicotinamide adenine dinucleotide
phosphate (NADPH) or reduced nicotinamide adenine dinucle-
otide (NADH), which may function as near-UV filters. High
nucleotide levels in the lens are likely due to specific nucle-
otides binding to taxon-specific enzyme-crystallins related to
NAD(P)H/NAD(P)+-dependent oxidoreductases (i.e., ρ-crys-
tallin/aldo-keto reductase in bullfrogs, ζ-crystallin/alcohol
dehydrogenase in guinea pigs, ε-crystallin/lactate dehydroge-
nase B in ducks, and λ-crystallin/hydroxyacyl-CoA dehydro-
genase in rabbits) [12-14]. Rao and Zigler [14] have further
shown that bullfrogs, guinea pigs, and rabbits lenses exhibit-
ing high levels of NAD(P)H are less susceptible to photo-oxi-
dative damage compared with lenses from the rat, Xenopus,
and a mutant strain of guinea pig with lower levels of
NAD(P)H.

Cunningham et al. [15,16] have reported that when irra-
diated with near-UV, NAD(P)H gives rise to low but signifi-
cant levels of superoxide radicals via a type 2 photosensitiza-
tion. Matsukura et al. [17] reported that soluble ascorbate free
radical (AFR) reductase activity tends to be high in animal
lenses and functions as a near-UV filter, enhancing the anti-
photo-oxidative capacity of ascorbate. Animal lenses with a
near-UV filter may be able to efficiently and rapidly scavenge
for superoxides that are photosensitized by NAD(P)H using
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the ascorbate-AFR reductase system. Thus, it is of interest to
investigate whether NAD(P)H binding to enzyme-crystallins
decreases and/or modulates the efficiency of superoxide gen-
eration by NAD(P)H photosensitization.

λ-Crystallin is a structural lens protein found only in rab-
bit and hare lenses as reported by Mulders et al. [18]. This
group have shown that λ-crystallin shows 30% homology to
3-hydroxyacyl-CoA dehydrogenase and contains a putative
NADH-binding site. Recently, Ishikura et al. [19] have reported
that λ-crystallin is identical to the active enzyme, NAD+-linked
L-gulonate 3-dehydrogenase, which functions in the uronate
cycle. Suzuki et al. [20] have also shown that this enzyme-
crystallin is related to NADH-dependent dehydroascorbate
reductase, based on partial enzyme purification and western
blot analysis. These investigations indicate that λ-crystallin is
a multifunctional protein that is capable of binding NADH/
NAD+. More recently, we [21] have found that most of the
NADH binding to partially purified λ-crystallin is tight and
nondialyzable and estimated that a dissociation constant of
the tight NADH binding is less than 5 nM.

In the present investigation, we demonstrate that λ-crys-
tallin partially purified from a rabbit lens soluble fraction en-
hances NADH photo-oxidation by superoxide radicals gener-
ated by NADH photosensitization. λ-Crystallin also increased
NADH oxidation by superoxides generated enzymatically
using the xanthine/xanthine oxidase system [22]. NADH bound
to enzyme-crystallins rapidly reacted with superoxide through
a radical chain reaction mechanism. Free NADH was oxidized
very little in the absence of λ-crystallin.

METHODS
Preparation of a lens soluble fraction:  Ten rabbit lenses were
obtained from freshly enucleated eyes of Japanese albino rab-
bits (6-20 months old) sacrificed with overdoses of an anes-
thetic containing an equal mixture of 5% ketamine-HCl and
2% xylazine-HCl. Lenses were kept frozen at -80 °C until use.
All animal procedures were in accordance with the ARVO
resolution on animals and ophthalmic research. Lenses were
homogenized 5-10 times (w/v) 0.1 M KCl, 10 mM K-phos-
phate, pH 7.2 in a glass homogenizer on ice and the soluble
fraction was obtained by centrifugation at 15,000x g for 1 h at
4 °C.

Preparation of λ-crystallin by column chromatography:
λ-Crystallin was partially purified from the lens soluble frac-
tion by a two-step isolation procedure at 4 °C comprised of
gel filtration (Sephadex G-75 superfine or Sephacryl S-200HR;
Amersham Biosciences, Piscataway, NJ) and Affi-Gel Blue
(Bio-Rad Laboratories, Hercules, CA) affinity-column chro-
matography as reported previously [21]. A solution of the en-
zyme-crystallin obtained was dialyzed twice against 50 vol-
umes of 10 mM K-phosphate, 0.1 mM EDTA, pH 7.2 and
used for experiments. As described in detail in our previous
paper [21], the purity of the 33 kDa protein (the main subunit
of λ-crystallin) in the partially purified enzyme-crystallin frac-
tion was about 90% as judged by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE). Most of the im-
purities (about 10%) were partial degradation products of the

enzyme-crystallin. Protein concentration was assayed by the
bicinchoninic acid method [23] using bovine serum albumin
as the standard.

Reduced nicotinamide adenine dinucleotide (NADH)
photo-oxidation by near-ultraviolet irradiation:  NADH (10-
50 µM; Wako Pure Chemical Industries, Osaka, Japan) or
NADPH (50 µM; Oriental Yeast Company, Tokyo, Japan) was
dissolved in 2 ml of 50 mM K-phosphate, 0.1 mM EDTA, pH
7.2 in the presence or absence of partially purified λ-crystal-
lin (0-70 µg protein/ml). The sample was irradiated cumula-
tively for 2 h at room temperature with near-UV. Control
samples were incubated in the dark. In some experiments, 20
µg/ml superoxide dismutase (SOD; lyophilized powder from
bovine erythrocytes, about 5,000 U/mg; Boehringer Mannheim
GmbH, Mannheim, Germany) was added to the sample be-
fore near-UV irradiation. Near-UV, absorbed predominantly
by NAD(P)H, was provided by a Toshiba FL 20S-BLB lamp
(300-430 nm, maximum at 360 nm; Toshiba, Tokyo, Japan).
The lamp was set at a position 8 cm above the surface of the
sample solution, and light intensity measured using a J-221
Blak-Ray Ultraviolet Intensity Meter (UVP, Upland, CA) was
590-630 µW/cm2. NAD(P)H oxidation was determined by
measuring the decrease in absorbance at 340 nm at cumula-
tive irradiation times of 30, 60, and 120 min. We employed
6,200 M-1cm-1 as the molar extinction coefficient of NAD(P)H
at 340 nm [10].

Detection of superoxide generated by reduced nicotina-
mide adenine dinucleotide (NADH) photosensitization:  Su-
peroxide radical generated by NADH photosensitization was
detected by measuring spectrophotometrically superoxide-
mediated reduction of cytochrome C at 550 nm, using a modi-
fied method of Cunningham et al. [15]. Cytochrome C (0.12-
0.48 mg/ml, from horse heart, biochemical grade, greater than
or equal to 95% purity; Wako Pure Chemical Industries, Osaka,
Japan) was added to 50 µM-NADH solutions in the presence
or absence of 20 µg/ml SOD. Mixtures were irradiated by near-
UV, and the reduction of cytochrome C was measured by
monitoring an increase in absorbance at 550 nm. Control
samples were incubated in the dark or without NADH to cor-
rect for absorbance changes at 550 nm in the dark reaction
and in the near-UV absorption of cytochrome C. The amount
of superoxide radical generated by NADH photosensitization
was calculated from the SOD-inhibited fraction of the cyto-
chrome C photoreduction reaction. The differential molar ex-
tinction coefficient (reduced-oxidized) for reduction of cyto-
chrome C at 550 nm was ∆ε=21,000 M-1cm-1 [22].

Reduced nicotinamide adenine dinucleotide (NADH) oxi-
dation by superoxide generated in a xanthine/xanthine oxi-
dase system:  Oxidation of NADH by superoxide radicals in
the absence and presence of λ-crystallin was also evaluated
using the xanthine/xanthine oxidase system, a well-known
enzymatic superoxide generator [22]. Rates of NADH oxida-
tion were measured at 27 °C by recording the absorbance de-
crease at 340 nm for two min. The reaction system in 50 mM
K-phosphate, 0.1 mM EDTA, pH 7.2 at a final volume of 1 ml
contained 41-163 µg protein/ml of partially purified λ-crys-
tallin, 50 µM NADH, 20 µM xanthine (Sigma, St. Louis, MO),
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and 5.5 µg/ml xanthine oxidase (lyophilized powder from
buttermilk, 0.25 U/mg; Oriental Yeast Company, Tokyo, Ja-
pan). Reactions were initiated by addition of xanthine oxi-
dase. Control experiments omitted xanthine oxidase or λ-crys-
tallin. In some experiments, 0.025-0.21 µg/ml SOD or 2.5-20
µM ascorbic acid was added prior to initiating the reaction.
Using the method of cytochrome C reduction [22], we deter-

mined that oxidation of 20 µM xanthine by 5.5 µg/ml xan-
thine oxidase generated superoxide at an initial rate of 0.7 µM/
min.

©2007 Molecular VisionMolecular Vision 2007; 13:1722-9 <http://www.molvis.org/molvis/v13/a192/>

Figure 1. NADH and NADPH photo-oxidation in the presence and
absence of λ-crystallin.  NADH (A) and NADPH (B) photo-oxida-
tion in the presence and absence of partially purified λ-crystallin. An
absorbance decrease of 50 µM NAD(P)H at 340 nm was measured
over 2 h of near-UV irradiation in the presence (red circles) and ab-
sence (blue boxes) of 70 µg protein/ml of partially purified λ-crys-
tallin. Filled black circles: absorbance decrease of NAD(P)H in the
dark control. Data are means±S.D. of three to four experiments.

Figure 2. Relationship of the rate of λ-crystallin-enhanced NADH
photo-oxidation to concentrations of λ-crystallin and NADH..  The
relationship of the rate (µM/2 h) of λ-crystallin-enhanced NADH
photo-oxidation to concentrations of partially purified λ-crystallin
(A) and NADH (B). In A, photo-oxidation rates were determined at
50 µM NADH with or without partially purified λ-crystallin (0-70
µg protein/ml). In B, rates of NADH (10-50 µM) photo-oxidation
were determined in the presence (red circles) and absence (blue boxes)
of 35 µg protein/ml of partially purified λ-crystallin.
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RESULTS
Reduced nicotinamide adenine dinucleotide (NADH) photo-
oxidation enhanced by λ-crystallin:  Very little of the 50 µM
free NADH was oxidized in the absence of λ-crystallin over 2
h of near-UV irradiation (Figure 1A, blue line). In contrast,
NADH photo-oxidation was rapidly initiated in the presence
of partially purified λ-crystallins (about 90% purity; Figure
1A, red line), which was prepared from rabbit lenses by a two-
step gel filtration and affinity column chromatography proce-
dure [21]. This enhanced photo-oxidation was specific for
NADH, since it did not occur when NADPH was used instead
of NADH (Figure 1B). Weaker NADH photo-oxidation was
also observed in crude samples of λ-crystallins separated by
gel filtration of a rabbit lens soluble fraction although there
was considerable variation in the experimental data (data not
shown). These findings indicate that λ-crystallins, which se-
lectively binds to NADH, enhances NADH photo-oxidation.
As shown in Figure 2, the rates of NADH photo-oxidation
increased proportional to the concentrations of both partially
purified λ-crystallin (Figure 2A) and NADH (Figure 2B). λ-
Crystallin-enhanced NADH photo-oxidation was totally in-
hibited by the addition of 20 µg/ml SOD (Figure 3), implying
that superoxide radicals were responsible for this NADH
photo-oxidation.

Levels of detected superoxide radical generated by pho-
tosensitization of 50 µM NADH almost reached saturation in
the range of 0.12-0.48 mg/ml cytochrome C, regardless of sig-
nificantly interfering near-UV absorption by cytochrome C
(Figure 4). Saturated levels of superoxide detected were about

2 µM/2 h, and this value was consistent with the photo-oxida-
tion rate (Figure 2A) of 50 µM free NADH without λ-crystal-
lin. However, NADH photo-oxidation rates in the presence of
17.5-70 µg protein/ml of partially purified λ-crystallin, which
was about 6-18 µM/2 h (Figure 2A), were three to nine times
higher than the measured levels of superoxide photosensitized
by NADH. λ-Crystallin-enhanced NADH photo-oxidation
apparently exceeds the level of superoxides generated by
NADH photosensitization.

λ-Crystallin-enhanced reduced nicotinamide adenine di-
nucleotide (NADH) oxidation by superoxides generated enzy-
matically:  λ-Crystallin also enhanced NADH oxidation by
superoxide radicals that were generated enzymatically using
the xanthine/xanthine oxidase system (Figure 5). NADH oxi-
dation rates increased with increasing amounts of partially pu-
rified λ-crystallin (Figure 5) and NADH (data not shown).
The increased oxidation rates at 50 µM NADH, about 1-5 µM/
min in these experiments, were two to seven times higher than
the rate (0.7 µM/min) of superoxide generation by xanthine/
xanthine oxidase without enzyme-crystallin. Enhanced oxi-
dation of pyridine nucleotide was not observed when NADPH
was used instead of NADH (data not shown). As shown in
Figure 6A,B, λ-crystallin-enhanced NADH oxidation in the
xanthine/xanthine oxidase system was inhibited by ascorbic
acid, a low-molecular-weight compound with effective super-
oxide-scavenging activity [24], or SOD. We estimated that
NADH oxidation at 82 µg protein/ml (2.5 µM) of partially
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Figure 3. Effect of superoxide dismutase on λ-crystallin-enhanced
NADH photo-oxidation..  NADH photo-oxidation rates (µM/2 h) were
determined at 50 µM NADH, with or without 70 µg protein/ml of
partially purified λ-crystallin and 20 µg/ml of SOD. Data are
means±S.D. of three to four experiments.

Figure 4. Detection of superoxide generated by NADH photosensiti-
zation.  To 50 µM NADH solutions, 0.12-0.48 mg/ml cytochrome C
was added with or without 20 µg/ml SOD. Superoxide photosensi-
tized by near-UV irradiation of the mixtures was detected by mea-
suring spectrophotometrically the SOD-inhibited fraction of cyto-
chrome C photoreduction at 550 nm.
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purified λ-crystallin was inhibited about 50% by addition of 4
µM ascorbic acid or 0.02 µg/ml (0.6 nM) SOD.

DISCUSSION
 The present investigation clearly shows that λ-crystallins par-
tially purified from a rabbit lens soluble fraction enhances
NADH oxidation by the superoxide radicals generated by ei-
ther NADH photosensitization or xanthine/xanthine oxidase.
However, enhanced NADH oxidation exceeds the superoxide
level generated without the enzyme-crystallin. Chan and
Bielski [25-27] reported that in the presence of some dehy-
drogenases (DH), such as lactate dehydrogenase (pig heart)
or glyceraldehyde-3-phosphate dehydrogenase (rabbit muscle),
a chain oxidation of NADH is initiated by superoxide radical
(O

2
-/HO

2
) generated by xanthine/xanthine oxidase or high-

energy ionizing radiation and is propagated by oxygen as
shown in Reactions 1 to 4 (below). Dehydrogenase (DH)-
bound NADH reacts with superoxide (Reaction 2) and the re-
sulting nucleotide radical then reacts with molecular oxygen
to generate another superoxide (Reaction 3). Depending on
the amount of DH present, oxidation of bound NADH may be
repeated many times.

This mechanism is also applicable to λ-crystallin-enhanced
NADH oxidation.

The rabbit lens contains small amounts of SOD [28] but
high concentrations of ascorbic acid [29] and glutathione [11],
which function as superoxide scavengers. Ascorbic acid is ap-
parently more effective at scavenging superoxide than glu-
tathione [30]. It is reported that the rate constant of the reac-
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Figure 5. Relationship of the rate of λ-crystallin-enhanced NADH
oxidation by superoxide generated enzymatically to concentration
of partially purified λ-crystallin.  NADH oxidation rates were deter-
mined at 50 µM NADH with or without partially purified λ-crystal-
lin (0-163 µg protein/ml). Superoxide was generated at an initial rate
of 0.7 µM/min by 20 µM xanthine and 5.5 µg/ml xanthine oxidase.

Figure 6. Effect of ascorbic acid or superoxide dismutase on λ-crys-
tallin-enhanced NADH oxidation by superoxide.  Effects of ascorbic
acid (A) or SOD (B) on λ-crystallin-enhanced NADH oxidation by
superoxide generated enzymatically. NADH oxidation by superox-
ide generated by 20 µM xanthine and 5.5 µg/ml xanthine oxidase
was measured at 50 µM NADH plus 82 µg protein/ml of partially
purified λ-crystallin with or without ascorbic acid (0-20 µM) or SOD
(0-0.21 µg/ml). NADH oxidation rates are plotted relatively to that
without ascorbic acid and SOD.
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tion with superoxide at neutral pH is 2x109 M-1s-1 for SOD
[22] and 2.7x105 M-1s-1 for ascorbic acid [24]. The results in
Figure 6A indicate that the superoxide-scavenging activity of
λ-crystallins with bound NADH is almost equivalent to that
of ascorbic acid. The rate constant for the reaction of NADH
bound to λ-crystallin with superoxide is calculated to be
3.5x105 M-1s-1, based on data shown in Figure 6A,B and the
method of Sawada and Yamazaki [31]. This calculated rate
constant is comparable to the kinetic constants of superoxide-
induced NADH oxidation enhanced by lactate and glyceral-
dehyde-3-phosphate dehydrogenases as estimated by Chan and
Bielski [26,27]. However, Petrat et al. [32] reported that lac-
tate dehydrogenase-bound NADH can be characterized as a
pro-oxidant since the chain oxidation of bound NADH pro-
duces superoxide from oxygen and continuously generates
hydrogen peroxide, an additional oxidant. Anti- or pro-oxida-
tive properties of NADH bound to dehydrogenases probably
depend on concentrations of oxygen in its environment. Rao
and Zigler [14] have reported that the rabbit lens with its high
level of NADH is less susceptible to damage by near-UV irra-
diation. Oxygen tension in the lens, which contains excep-
tionally high concentrations of reducing compounds such as
glutathione and ascorbic acid, is very low, especially in vivo
(approximately 2 mmHg or roughly 2% of arterial oxygen ten-
sion) [33]. Superoxide-scavenging activity of λ-crystallins with
bound NADH may contribute to the high resistance of the
rabbit lens to photo-damage. When superoxide radicals are
generated in the lens by NADH photosensitization following
near-UV absorption, it can be rapidly scavenged locally by
high concentrations of NADH bound to the enzyme-crystal-
lin. Radicals propagated from low amounts of molecular oxy-
gen can also be scavenged: SOD, ascorbic acid, and glutathione
cooperate to scavenge superoxide. In addition, the glutathione-
redox cycle [11] and catalase [28] efficiently detoxify hydro-
gen peroxide which is produced by superoxide scavenging.
Consequently, the rabbit lens is thought to be sufficiently pro-
tected from near-UV photo-damage.

Besides λ-crystallins, there exist many taxon-specific en-
zyme-crystallins binding NAD(P)H/NAD(P)+, which are likely
responsible for UV absorption in the vertebrate lens [12,34].
Examples include ε-crystallin in avian and crocodile lenses,
ζ-crystallin in guinea-pig and camel lenses, η-crystallin in el-
ephant-shrew lenses, π-crystallin in gecko lenses, and ρ-crys-
tallin in bullfrog lenses. ε-, π-, and η-Crystallins are identical
to lactate dehydrogenase B [35], glyceraldehyde-3-phosphate
dehydrogenase [36], and retinal dehydrogenase (a class 1 al-
dehyde dehydrogenase) [37], respectively. ζ-Crystallin is a
novel NADPH: quinone oxidoreductase [38]. ρ-Crystallin
belongs to an aldo-keto reductase superfamily that includes
aldehyde and aldose reductases [34,39], which have recently
been reported to catalyze reduction of aldehydes generated
during peroxidation of unsaturated fatty acids and phospho-
lipids [40,41]. Therefore, like λ-crystallin, these enzyme-
crystallins may have anti-oxidative activities such as super-
oxide scavenging that protect the lens from near-UV photo-
damage.

High levels of enzyme-crystallins related to NAD(P)H/
NAD(P)+-dependent oxidoreductases have not been found in
the human lens, but very high activities of lactate dehydroge-
nase [42], glyceraldehyde-3-phosphate dehydrogenase [42],
and aldehyde dehydrogenase [43-45] have been detected in
the human lens epithelium. NADH bound to these dehydro-
genases may selectively absorb significant amounts of near-
UV, and these enzymes may play anti-oxidative roles. It is
recently reported that an isozyme (ALDH1A1) of aldehyde
dehydrogenase in rat lens and human lens epithelial cells
detoxifies 4-hydroxynonenal, a highly toxic lipid peroxidation
product [46]. Furthermore, the human lens is known to syn-
thesize other near-UV-filtering compounds such as 3-
hydroxykynurenine (3-HK)-related glucosides (yellow pig-
ments) from tryptophan and its metabolites [3,47,48]. The
yellow-colored glucosides appear to be relatively inefficient
photosensitizers [49,50]. Although NAD(P)H is colorless, 3-
HK-related glucosides absorb strongly near-UV and weakly
violet-blue light at approximately 400-450 nm [3,6]. 3-HK-
related glucosides in the human lens may protect the eye not
only from near-UV but also from violet-blue light, which is
more harmful than light of longer wavelengths [4,5].
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