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ABSTRACT: Age-related nuclear (ARN) cataract is a major cause of world blindness. With the onset of
ARN cataract, the normally transparent and colorless lens becomes opaque and can take on colors ranging
from orange, brown, and even black. The molecular basis for this remarkable transformation is unknown.
ARN cataract is also characterized by extensive oxidation, insolubilization, and cross-linking of
polypeptides, particularly in the nucleus of the lens. It has been postulated that 3-hydroxykynurenine
(30HKyn) may be involved in these changes. This endogenous tryptophan metabolite is readily oxidized
and is involved in the tanning of moth cocoons and the formation of pigments in the eyes of butterflies.
30HKyn is a component of our primate-specific UV-filter pathway, and the brownish hue of ARN cataract
lenses is also unique to humans. Because numerous colored compounds can be produced by autoxidation
of 30HKyn, this process could provide an explanation for the variety of lens colors and other changes
seen in ARN cataract. For such a theory to be tenable, it needs to be demonstrated that 30OHKyn is bound
to proteins in the human lens. Here, we show that all normal lenses older than 50 have 30OHKyn covalently
attached to the nuclear proteins, most likely via cysteine residues. If indeed 30HKyn is implicated in
ARN cataract, a reduction in the levels that are bound in cataract, compared to normal lenses, would be
expected. In agreement with this hypothesis, no bound 30HKyn could be detected in proteins isolated
from ARN cataract lenses.

The function of the lens is to transmit, filter, and focus with age in a linear mannemB); however, human lenses
light upon the retina. The high refractive index of the lens become more fluorescent with age because of post-
is due to the high concentration of structural proteios;, translational modification (PTM) of the structural proteins.
andy crystallins (). In addition to transmitting most visible ~ Although a number of compounds have been reported as
wavelengths, the human lens absorbs UV light in the-300 adducts to human lens proteif®s+12), it is not known which
400 nm region because of the presence of several tryptophanef these is primarily responsible for the increased fluores-
derived UV-filter compounds 2 3). These compounds cence. Human lenses also become increasingly yellow with
prevent UV-induced photodamage to the retifiaand also age; however, it is the unique color of ARN cataract lenses
aid in visual acuity. that has puzzled researchers for many years.

Primate UV filters are kynurenine derivatives, each with  In this study, we examined 30OHKyn and its reactivity with
a peak absorption centered at about 365 nm. 3-Hydroxy- proteins. 30HKyn is a neurotoxid 8) o-aminophenol that
kynurenineO-$-p-glucoside (30HKynG)is the most abun-  has been implicated in several disease states, for example,
dant in the human lens, followed by 4-(2-amino-3-hydroxy- Huntington’s and Parkinson’s diseaseH-16). At neutral
phenyl)-4-oxobutanoic acid-3-p-glucoside, kynurenine  pH, kynurenines undergo deamination of the amino acid side
(Kyn), and 3-hydroxykynurenine (30HKyn2,(3, 5—7) (see chain to produce intermediate compounds (e.g., see Figure
Figure 1). The content of free UV filters in the lens decreases 1) that are susceptible to nucleophilic attack via Michael
addition. Amino acid residues such as cysteine (Cys),
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30HKynG, 3-hydroxykynurenin®-$-p-glucoside; Kyn, kynurenine; i i ;
Lys, lysine; PTM, post-translational modification; RP-HPLC, reversed- 3OHKyn differs in one very important respect from the
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spectrometry; TFA, trifluoroacetic acid. can readily oxidize Z5, 26). In model systems, numerous

10.1021/bi051744y CCC: $33.50 © 2006 American Chemical Society
Published on Web 01/24/2006



3-Hydroxykynurenine and Cataract Biochemistry, Vol. 45, No. 6, 20061951

H,oN COOH
NH, o) o) sj/
COOH 7 COOH Cys COOH
NH, NH, NH, NH,
OH OH OH
30HKyn o,-unsaturated ketone 30HKyn-Cys

Intermediate

Ficure 1: Formation of 30HKyn-Cys adduct via spontaneous deamination of the amino acid side chain of 30HKyn. His and Lys adducts
can be formed in a similar manner.

dimeric and other colored products result from the oxidation phase for 15 min. The flow rate was 1 mL/min. Semi-
of 30HKyn under physiological conditiong6, 27). If such preparative separations were performed using the same
processes also occur after 30HKyn has become linked toconditions as those for the analytical separations, except that
proteins, colored, insoluble, and cross-linked proteins could a Hypersil (BDS, C18, im, 10 x 250 mm) column was
result. It has been proposed that this could be a contributingused at a flow rate of 3 mL/min.

factor in the development of human age-related nuclear  stapility studies and protein analyses were performed on
(ARN) cataract28—32), but proof has been lacking largely  a Shimadzu HPLC system containing a SCL-10A VP system
because of the problems associated with analyzing the lowcontroller, a LC-10AT VP pump, SIL-10AD VP auto-injector
levels of such a readily oxidized molecule. ARN cataract is with a 50uL loop, and a SPD-M10AVP diode array detector.
characterized by massive oxidation, coupled with extensive The above gradient and the same Phenomenex column were
coloration, cross-linking, and insolubilization of lens proteins ysed: however, the flow was 0.5 mL/min, and the concentra-
(33-37). . _ tion of TFA was 0.1%.

In the current study, we investigated whether 3OHKyYn 1555 SpectrometryElectrospray ionization (ESI) mass
could bind to proteins under conditions analogous to thosespectra were acquired on a Quadrupole Time-of-Flight
in the normal human lens. If so, we c_ould reasonably expectQ_TOFz mass spectrometer (Micromass, Manchester, U.K.)
to observe 30HKyn bound to proteins from older normal j, hositive-ion mode. Samples were dissolved in 50% (v/v)
human lenses and, further, that these modified proteins MaYyaqueous acetonitrile and 0.2% (v/v) formic acid. The mass

retain theo-aminophenol moieties in a state that could be gpecrometer was calibrated with (Glu)-Fibrinopeptide B (0.5
oxidized if conditions within the lens became oxidative, such pmolfuL).

as In ARN cataract. Tandem Mass Spectrometry (MS/MS)andem mass

3C,)A|_5|Kanf|;;; dsaeurz:lzano tﬁlflcngnt]?rlfo t:gg;y\',\,z?edu?? :reetévgig spectra were acquired using the same conditions as above.
y P prep The collision energy ranged from 20 to 30 eV.

characterized and the binding of 30HKyn to proteins was ) )
investigated. Using data obtained from stability studies of ~ Synthesis of 30HKynGThe glucoside of 30HKyn was
ynthesized using the method of Manthey et 38)(

the synthetic adducts, a novel assay was developed thaf . - - _
allowed quantification of the levels of 30HKyn attached to ~ Synthesis and Purification of 30HKyn-Modified Amino

proteins from both normal and cataract lenses. Acids (21) 30HKyn (50 mg) was dissolved in 50 mM ha
COs/NaHCQ; buffer at pH 9.5 (30 mL). The amino acids
EXPERIMENTAL PROCEDURES (N-a-t-Boc4.-His, N-a-t-Boc4.-Lys, and Cys) were added

to the buffer in 10-fold molar excess. The pH was readjusted
to 9.5 with 0.1 M NaOH if required, then the resulting
solution was bubbled with argon, sealed, wrapped in foil,
and incubated at 37C for 48 h. After the pH was adjusted
to between 4 and 5 with glacial acetic acid, the resulting
mixture was separated by semipreparative or analytical
HPLC. The yield, NMR, MS/MS data, and high-resolution
mass spectra are given below.

Materials All organic solvents and acids were HPLC-
grade (Ajax, Auburn, NSW, Australia). Milli-Q water
(purified to 18.2 M2/cn¥) was used in the preparation of
all solutions. The amino aciddi{a-t-Boc+.-His, N-a-t-Boc-
L-Lys, and Cys), Hydrochloric acid (HCI), 30HKyn, thiogly-
colic acid, phenol, reduced glutathione (GSH), trifluoroacetic
acid (TFA), ethylenediaminetetraacetic acid, phenylmethyl-
sulfonyl fluoride, 1,4-dithiothreitol, sodium azide, guanidine
hydrochloride (guanidine HCI), and Tris-HCI were obtained  N-¢-tert-Butoxycarbonyle-lysyl-3-hydroxyoL-kynure-
from Sigma-Aldrich Chemical Co. (St. Louis, MO). nine (30HKynt-Boc-Lys): 11.3 mg, 11%.+Found: MH

HPLC. Reversed-phase high-performance liquid chroma- 424-2264. Calculated for £HzNsOs: MH™, 454.2189.
tography (RP-HPLC) was performed on an ICI HPLC system ESI-MS/MS of m'z 454 (MH"): 354 (100%), 247 (7%),
(ICI Instruments, Australia). For analytical scale separation 208 (10%), 203 (96%), 152 (24%), 147 (28%), 128 (12%).
of the 30HKyn amino acid adducts, a Phenomenex column 0H: 7.54 (1H, d,J = 8.0, H-6), 7.16 (1H, dJ = 7.0,
(Jupiter C18, 300 A, 5m, 4.6 x 250 mm) was used with ~ H-4), 6.96 (1H, t,J = 8.0, 8.0, H-5), 4.20 (1H, m, H-9),
the following mobile phase conditions: solvent A [aqueous 4-12 (1H, m, H-15), 3.82 (2H, m, G#8), 3.19 (2H, m, Cht
0.05% (v/v) TFA] for 5 min followed by a linear gradient  11), 1.89 (1H, m, Ckt14), 1.81 (2H, m, Cht12), 1.75 (1H,
of 0—50% solvent B [80% (v/v) acetonitrile4® and 0.05% M, CHx-14), 1.51 (2H, m, Ck13), 1.29 (9H, s, 3CHj).
(v/v) TFA] over 20 min, followed by a linear gradient of 0C: 200.2 (CO-7), 172.8 (CO-10), 146.5 (C-3), 134.1 (C-
50—-100% B over 15 min and re-equilibration in the aqueous 2), 122.8 (C-6), 120.2 (C-4), 120.1 (C-5), 81.8 (C-18), 57.3
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(C-9), 53.7 (C-15), 47.1 (C-11), 38.6 (C-8), 30.1 (C-14),27.7  Incubation of CLP with 30HKyn at pH 7.2 or 9.5 (21)
(C-19), 25.0 (C-12), 22.3 (C-13). CLP (50 mg) and 30HKyn (10 mg) were dissolved in 0.1
N-o-tert-Butoxycarbonyle-histidyl-3-hydroxysL-kynure- M phosphate buffer at pH 7.2 (10 mL) containing chloroform
nine (30OHKyn#-Boc-His): 8.6 mg, 9%. Found: MH (20uL) or in 50 mM NaCOs/NaHCG; buffer at pH 9.5 (10
463.1771. Calculated for £H,7/N4sOs: MH™, 463.1829. mL). The solution was bubbled with argon (5 min) to give
ESI-MS/MS of m/z 463 (MH"): 407 (52%), 363 (100%), an oxygen content of 40 mmHg, sealed, wrapped in foil,
317 (15%), 209 (10%), 208 (12%), 156 (52%), 110 (5%). and incubated at 37C for 48 h. At the end of the incubation,
OH: 8.75 (1H, s, H-11), 7.42 (1H, d,= 8.0, H-6), 7.34 the protein was adjusted to a final concentration of 80%
(1H, s, H-13), 7.03 (1H, dJ = 8.0, H-4), 6.90 (1H, t]J = ethanol, by the addition of absolute ethanol, and then
7.5, 8.0, H-5), 5.47 (1H, m, H-9), 4.30 (1H, m, H-15), 3.92 centrifuged (8009, 10 °C, 20 min). To ensure the removal
(2H, m, CH-8), 3.17 (1H, ddJ = 15.5, 15.5, CH14), 2.97 of all noncovalently bound material, the protein was dis-
(1H, m, CH-14), 1.93 (9H, s, 3CHjy). solved n 6 M guanidine HCI (10 mL), dialyzed overnight
o0C: 199.1 (CO-7), 172.4 (C0O-10), 147.0 (C-3), 135.6 (C- against 0.1 M sodium acetate/acetic acid buffer at pH 4, and
11), 135.3 (C-2), 129.7 (C-12), 122.6 (C-6), 122.0 (C-5), freeze-dried.
120.7 (C-4), 119.9 (C-13), 119.2 (C-1), 81.8 (C-18), 59.1  Preparation of Human Lens Proteiflormal human aged
(C-9), 52.8 (C-15), 41.9 (C-8), 27.5 (C-19), 26.8 (C-14), 26.8 lenses were obtained from the Sydney Lions Eye Bank. ARN
(C-14). cataract lenses were obtained from K. T. Sheth Eye Hospital,
L-Cysteinyl-3-hydroxykynurenine (30OHKyn-Cys): 12.4 Rajkot, Gujarat, India. All lenses were stored-a80 °C.
mg, 17%. Found: MH, 329.0789. Calculated for,gH;- Nuclei were obtained using a cork borer (5 mm), and the
N.OsS: MH', 329.0807. EStMS/MS of m/z 329 (MH"): ends were removed (1 mm). The nuclei were homogenized
311 (30%), 240 (10%), 208 (60%), 202 (100%), 190 (65%), in 500 uL of 6 M guanidine HCI and dialyzed overnight

162 (80%), 122 (5%), 110 (12%). against a 0.1 M sodium acetate/acetic acid buffer at pH 4.
oH: 7.69 (1H, dJ = 7.5, H-6), 7.43 (1H, tJ = 8.0 and The protein was then freeze-dried.

8.5, H-5), 7.32 (1H, dJ = 8.5, H-4), 4.35 (1H, m, H-12), Acid Hydrolysis of ProteinsProteins modified at pH 7.2

3.97 (1H, m, H-9), 3.77 (1H, m, CHB), 3.66 (1H, dJ = (10 mg), pH 9.5 (10 mg), or human lens protein (5 mg) were

4.5, CH-8), 3.43 (1H, dJ = 4.5, CH-11), 3.33 (1H, dJ hydrolyzed wih 6 M HCI (1 mL), thioglycolic acid [5% (v/

= 5.0, CH-11). V)], and phenol [1% (w/v)] as described above. The samples

o0C: 200.5 (CO-7), 175.9 (CO-10), 170.8 (CO-13), 150.4 were freeze-dried, dissolved in 0.1% aqueous TFA, and
(C-3), 128.3 (C-5), 127.3 (C-1), 122.2 (C-6), 121.5 (C-4), examined by HPLC using the 0.1% TFA buffer system.
118.6 (C-2), 52.1 (C-12), 41.7 (C-9), 40.9 (C-8), 31.6 (C-  Quantification of Protein-Bound 30HKyBOHKyn was
11), 31.3 (C-11). stripped from the proteins by incubation at basic pH. The

Acid Hydrolysis of 30HKyn-Modified Amino Acid Adducts deaminated 30OHKyn that was released was trapped using
(39). Each purified 30HKyn amino acid adduct (0.5 mg) excess GSH that both added to the conjugated ketone and
was hydrolyzed in an evacuated hydrolysis tube with 6 M prevented autoxidation.
HCI (1 mL), thioglycolic acid [5% (v/v)], and phenol [1% (a) Model studies. The protein modified with 30HKyn at
(w/v)] for 24 h at 110°C. After hydrolysis, the mixture was pH 7.2 (that had previously been dialyzed to remove
freeze-dried, dissolved in 0.1% TFA, and purified by HPLC. noncovalently bound material) (50 mg) was dissolved in 6

Stability of 30HKyn Adducts at pH 8OHKyn adducts M guanidine HCI (0.6 mL) containing reduced GSH (500
(0.2 mg) were dissolved in 0.1 M sodium acetate/acetic acid mg), and 2.4 mL of 50 mM N#&LOs/NaHCQ; buffer at pH
buffer at pH 4 (3 mL), and the resulting solutions were 9.5 was added. The pH was readjusted to 9.5 with 6 M
bubbled with either argon or oxygen for 5 min before being NaOH, and the resulting solution was bubbled with argon,

sealed, wrapped in foil, and incubated for 48 h at°87 sealed, wrapped in foil, and incubated at°&/for 4 h. After
Aliquots were taken every 12 h and examined by HPLC to the pH was adjusted to less than 5 with acetic acid, the
determine the recovery of the adducts. solution was centrifuged (60§04 °C, 60 min) in a Vivaspin

Stability of 30HKyn Adducts at pH 7.20HKyn adducts concentrator (10 000 MW cut off) to separate the nonco-
(0.2 mg) were dissolved in 0.1 M phosphate buffer at pH valently bound material (filtrate) from the whole protein. The
7.2 (3 mL), and chloroform (2@L) was added to inhibit filtrate was examined by HPLC using the 0.1% TFA buffer
bacterial growth. The resulting solutions were bubbled with system.
either argon or oxygen for 5 min before being sealed, (b) Human lenses. Human lens nuclei (22 normal lenses,
wrapped in foil, and incubated at 3T for 120 h. Aliquots age range of 1783, and 20 cataractous lenses, age range
were taken every 24 h and examined by HPLC. of 55—101) were extracted with 100% ethanol and then with

Preparation of Beine Calf Lens Protein (CLP) (40Fresh 80% ethanol and then centrifuged (8@0Q0 °C, 20 min).
calf eyes were obtained from the local abattoir (Picton, NSW, To ensure the removal of all noncovalently bound material,
Australia). The lenses were removed from each eye, and thethe insoluble protein was dissolved 6 M guanidine HCI
capsule was removed and then stored & 4ntil used. A (2 mL) and dialyzed overnight against 0.1 M sodium acetate/
50 mM Tris-HCI buffer (pH 7.2) containing 5 mM ethyl-  acetic acid buffer at pH 4. The protein was then freeze-dried.
enediaminetetraacetic acid, 1 mM phenylmethylsulfonyl The human lens proteins and reduced GSH (100 mg) were
fluoride, 1 mM 1,4-dithiothreitol, and 0.04% (w/v) sodium dissolved n 6 M guanidine HCI (0.4 mL), and 50 mM
azide was used for extraction. Each lens was homogenized\a,COs/NaHCG; buffer at pH 9.5 (1.1 mL) was added. The
with the buffer (2 mL/lens). Soluble protein remaining after pH was readjusted to 9.5 Wit M NaOH, and the resulting
centrifugation (15008, 5 °C, 30 min) was dialyzed against  solution was bubbled with argon, sealed, wrapped in foil,
water and freeze-dried. and incubated fo4 h at 37°C. After the pH was adjusted
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to less than 5 with acetic acid, the solution was centrifuged
(600Qy, 4 °C, 60 min) in a Vivaspin concentrator (10 000
MW cut off) to separate the noncovalently bound material
from the protein. The filtrate was examined by HPLC using
the 0.1% TFA buffer system.

RESULTS
Characterization of 30HKyn Adduct3hree 30HKyn

amino acid adducts were synthesized by incubation of excess

t-Boc-His, t-Boc-Lys, and Cys, with 30OHKyn at pH 9.5.
Under these high pH conditions, side chains of Kyn
derivatives deaminate more readily than at neutral 4H. (
The Cys adduct was obtained in the highest yield (17%),
followed by Lys (11%) and His (9%) (Figure 1). These
compounds were purified by RP-HPLC, and the chromato-

gram for each adduct showed the presence of other com-

pounds eluting elsewhere, including unreacted 30OHKyn. It
is likely that these other compounds represent oxidation
products of 30HKyn because it is known that 30HKyn
readily autoxidizes with the formation of dimeric and other
compounds at a neutral pF2%, 26) and that the rate is
increased at higher pH27Q).

NMR studies were undertaken to characterize the adducts.

Samples were dissolved in acidified®, to stabilize each
adduct, because-aminophenols readily oxidize at neutral
pH. The adducts (Figure 2) were not separated into individual
diastereoisomers because resolution by HPLC was inad-
equate. The chemical shifts for the and*3C NMR spectra

are listed in the Experimental Procedures. The chemical shifts
for 30HKyn+-Boc-Lys (Figure 2C) are similar to those
reported by Staniszewska et adl2f, who synthesized an
antigen using 30HKyn andl-a-acetyl Lys, for immuno-
histochemical studies.

Because there was a limited amount of sample available,
the quaternary carbons could not be resolved, and therefore
structural characterization of the 30OHKyn adducts (Figure
2) was further confirmed by mass spectrometry.

ESI mass spectra were acquired for each of the adducts
and the expected molecular ions for each of the adducts
(30HKyn-Cys,m/z 329; 30HKynt-Boc-His,m/z 463; 30H-
Kyn-t-Boc-Lys, m/z 454) were present in the spectra (not
shown). MS/MS of the molecular ions was also performed
to confirm the structures. MS/MS analysis of 30HKyn-Cys
(m/z 329) yielded fragment ions, 311, 240, 208, 202, 190,
162, 122, and 110 (Figure 3A). Analysis of 3S0OHK{#BOoC-

His (m/z 463) resulted in fragment ions, 407, 363, 317, 209,
208, 156, and 110, and 30OHKyBoc-Lys (nz 454)
resulted in fragment ions, 354, 247, 208, 203, 152, 147, and
128 (spectra not shown). A characteristic fragment present
in all adducts wasm/z 208, and this corresponds to
3-hydroxykynurenine yellow (Figure 2D¥8), a known
intramolecular cyclization product of 30HKyn at neutral pH
(44).

UV —vis spectra for the three adducts were found to be
essentially identical, with wavelength maxima at 370 and
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FIGURE 2: Structures of 30HKyn adducts. (A) 30HKyn-Cys, (B)
30HKyn+-Boc-His, (C) 30HKynt-Boc-Lys, and (D) 3-hydroxy-
kynurenine yellow, formed by intramolecular condensati&f) 6f
the a,f-unsaturated ketonen(z 208 ion), which was observed in
the tandem mass spectra of all three adducts.

(27) and numerous other produc®b( 26), it was of interest
to discover if the 30HKyn amino acid adducts were also
unstable under physiological conditions.

Stability experiments were performed at pH 7.2 both in
the presence and in the absence of oxygen. The results are
shown in Figure 4A. In the absence of oxygen, only 15% of
30HKyn (part i in Figure 4A) remained after 5 days of
incubation, and these results are comparable to those obtained

269 nm. Three-dimensional fluorescence spectra showed thaby Taylor et al. (2002), where incubations were done in 25

each of the adducts was fluorescent. 30HKyBecC-His,
30HKyn+-Boc-Lys, and 30HKyn-Cys all exhibited maximal
fluorescence intensities at excitation (Ex) 370 nm/emission
(Em) 495 nm (data not shown).

Stability of Adducts.Because 30HKyn is known to
autoxidize readily at neutral pH with the production of®4

mM carbonate buffer (pH 7¥4¢). 30HKyn-Cys and 30H-
Kyn-t-Boc-Lys (parts ii and iv in Figure 4A) adducts were
found to be less stable than 30HKyn, with recoveries of 3
and 7%, respectively, after 24 h. In contrast, under the same
conditions, the His adduct (part iii in Figure 4A) was
recovered in 51% vyield. It is likely that each adduct
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undergoes elmination via an Eimechanism, afinough the  SCUEEL, (8) SEbMY of e Syt amie agp s
reasons for the differences in stability are unclear. (i) 30HKyn, (i) 30HKyn-Cys, (iii) 30HKyn4-Boc-His, and (iv)

In the presence of oxygen, the adducts were markedly less30HKyn+-Boc-Lys. (B) Stability of the 30HKyn amino acid
stable. There was, for example, no 30HKyn recovered after adducts and 30HKyn at pH 4 in the abserl®¢ &nd presence®)
96 h at pH 7.2 and no detectable peak for the Cys adductOf oxygen. (i) 30HKyn, (ii) 30OHKyn-Cys, (i) 30HKyrt-Boc-
after only 24 h of incubation (part ii in Figure 4A). No trace HiS» and (iv) 3OHKynt-Boc-Lys.
of the Lys adduct was observed after 48 h of incubation (part illustrate a marked effect of pH on adduct stability. In the
iv in Figure 4A). Again, the His adduct was most stable with absence of oxygen, 30HKyn was recovered in 90% vyield
a recovery of 11% after 120 h (part iii in Figure 4A). (part i in Figure 4B) after 48 h, whereas the Cys and Lys

These data illustrate that all of the 30HKyn amino acid (parts ii and iv in Figure 4B) adducts both showed a 70%
adducts are unstable under physiological conditions and thatrecovery, and 53% of the original 30OHKytrBoc-His (part
this instability is exacerbated by exposure to oxygen. The iii in Figure 4B) was detected after this time. In the presence
Cys and Lys adducts were, in fact, more labile than 30OHKyn of oxygen, the recoveries of all of the compounds were
itself. One objective of the current study was to develop a diminished. The recovery of 30OHKyn dropped to 76%, and
method for detecting 30HKyn attached to proteins. Becausethe Cys, His, and Lys adducts were recovered in yields of
of their instabilities and susceptibility to oxidation, coupled 20, 11, and 36%, respectively, after 48 h. On the basis of
with the fact that they are likely to be present in low levels, these data (parts A and B of Figure 4), to maximize
detection of 30OHKyn adducts presents a technical challenge.recoveries of 30HKyn-containing amino acids, acidic pH is

On the basis of the studies with 30HKyn at neutral pH required during sample isolation. The only exception was
detailed above and previous investigations, which showed 30HKyn-His, which displayed reasonable stability under
that high pH promoted autoxidatior2q), we investigated both neutral and acidic pH both in the presence and absence
the use of acidic pH to stabilize the adducts. If 30OHKyn of oxygen.
adducts were found to be stabilized under such acidic Acid Hydrolysis. The stability of each adduct under
conditions, these could be used for their isolation from conditions used for the hydrolysis of proteins was determined
modified proteins. Stability studies were therefore performed by hydrolyzing with 6 M HCI in the presence of antioxidants
on each of the adducts at pH 4. As described for the (39), because low yields (30HKyn-Cys, 17%; 30OHKyn-His,
incubations at neutral pH, two sets of experiments were 20%; and 30HKyn-Lys, 24%) were recovered initially for
performed, one in the absence of oxygen and one in theeach adduct in the absence of such antioxidants. If antioxi-
presence of oxygen. The results are shown in Figure 4B anddants were added, the recoveries were markedly improved,
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Ficure 5: HPLC traces of protein samples hydrolyzed with 6 M
HCI. The arrows indicate the elution positions of authentic 30OHKyn
amino acid adducts. (A) CLP modified with 30OHKyn at pH 7.2
for 48 h, (B) CLP modified with 30HKyn at pH 9.5 for 48 h, and

(C) normal human lens protein from a 76-year-old lens.

30HKyn-Cys, 87%; 30HKyn-His, 78%; and 30OHKyn-Lys,
95%. Under the same conditions, the recovery of 30HKyn
was 58%. The HPLC profiles showed the presence of other
minor compounds in addition to the major adduct peak, but
these minor peaks were not examined further (data not
shown).
Protein Modification.CLP was modified with 30HKyn

both at pH 7.2 and 9.5. The higher pH promotes deamination
of 30HKyn and reactivity of the nucleophilic side chains
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displayed an ion at/z 363, which corresponds to the mass
of 30HKyn-His. MS/MS of this molecular ion vyielded
fragments atm/z 317, 209, 208, 156, and 110, which are
characteristic fragments of authentic 30OHKyn-His. The peak
at 25.3 min contained, as the major component, a compound
with a molecular ion ofn/z 354, corresponding to the mass
of 30HKyn-Lys. MS/MS analysis ofrVz 354 resulted in
major fragments ionsyvz 208, 203, 152, 147, and 128, all
of which are characteristic of 30HKyn-Lys.

UV —vis and three-dimensional fluorescence spectra were
acquired for the CLP modified with 30HKyn at pH 7.2. This
protein exhibited an absorbance peak at 370 nm and
fluorescence intensities at Ex 370 nm/Em 490 nm. Lens
protein modified at pH 9.5 fluoresced at Ex 370 nm/Em 470
nm. These spectroscopic data are similar to those of the
synthetic 30HKyn amino acid adducts (data not shown).

Human Lens Protein AnalysiBecause th@ vitro study
confirmed that 30OHKyn can bind to lens proteins under
conditions thought to be similar to those present in the normal
human lens and that modified amino acids can be recovered
from acid digests of the proteins, we examined proteins
isolated from a 76-year-old normal human lens to determine
if 30HKyn—amino acid adducts could be detected. Figure
5C shows the HPLC chromatogram of the lens protein
following hydrolysis with 6 M HCI. A small doublet was
observed using detection at 360 nm (28.9 min). MS/MS
confirmed that the doublet in the sample was indeed
30HKyn-Cys, because fragmentation of the ion (Figure 3B)
atm/z 329 yielded the same characteristic ions as authentic
30HKyn-Cys (Figure 3A). Quantitation showed that this
peak corresponded to 42.8 mmol of 30HKyn-Cys/mol of
protein. 30HKyn-Cys was also detected in two other human
lens digests at similar levels (59 and 68 years old, 51.8 and
53.4 mmol/mol of protein, respectively, not shown). Peaks
corresponding to the elution times of the 30HKyn-His and
Lys standards were also collected; however, these adducts
could not be confirmed by mass spectrometry.

Determination of 30OHKyn Bound to Proteiria.previous
research, it had been shown that GSH binds covalently to

so that higher yields of adducts were expected under thesehe deamination product that results from the exposure of
conditions. Modified proteins were hydrolyzed with acid, and 30HKynG to a base. This novel fluorescent diastereoiso-
components in the hydrolyzates were separated by RP-HPLC meric adduct is found as a UV filter in the human leAs)(
The chromatograms are shown in parts A and B of Figure  Because previous data had shown that exposure to neutral
5. The HPLC profile of the protein modified at pH 7.2 o pasic conditions promoted decomposition of the 30HKyn
(Figure 5A) showed a doublet at 28.7 min when monitored amino acid adducts, we investigated whether simple exposure
at 360 nm. This pair was at the same retention time as of the Cys, His, or Lys adducts or 30HKyn-modified protein
synthetic 30HKyn-Cys, which also eluted as a doublet, 15 pase may lead to the release of the corresponding
corresponding to diastereoisomers. MS/MS of the peaks geamination product. Basic conditions were used to speed
confirmed that the prominentvz 329 ion present, corre-  the reaction, but it was recognized that the unsaturated ketone
sponding to the mass of 30HKyn-Cys, fragmented to give that was released would be highly susceptible to both
m'z 208, 202, 190, 162, 122, and 110, which are all oxidation and further reactions under such conditions. To
of the His and Lys adducts could be found at the retention ¢compound, we included excess GSH into the basic solution
times of the corresponding standards. These results show that,sed to cleave the UV-filter adducts. It was found that the
at physiological pH, Cys residues in CLP are major sites of GSH adducts were obtained in high yield and were easily
reaction of 30HKyn. identified by HPLC and mass spectrometry. Time-course
The HPLC chromatogram of the hydrolyzate of CLP experiments showed that maximal yields of the GSH adducts
modified by 30HKyn at pH 9.5 (Figure 5B) also showed a were obtained after incubation for 4 h. Recovery experiments
doublet peak eluting at 28.7 min. Using the same conditions using this methodology with the 30HKyn adducts of Lys,
as described for the pH 7.2 incubation, MS/MS confirmed Cys, and His showed that yields of GSH conjugates of 73,
that this doublet was 30HKyn-Cys. Peaks that eluted earlier 61, and 0.5% were obtained, respectively, raleh of
were also collected and analyzed. The peak at 26.0 minincubation with GSH at pH 9.5. Therefore, this method is
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Ficure 6: UV filters bound to proteins. (A) HPLC traces of the protein-free filtrate following incubation with GSH at pH 9.5 for 4 h. (i)
CLP modified with 30OHKyn at pH 7.2 and (ii) human protein from 68-year-old normal lens. (B) Tandem mass spectravaf3hs ion
derived from (i) synthetic 30HKyn-GSH, (ii) the HPLC doublet peak, which eluted at 30 min in CLP modified with 30OHKyn at pH 7.2
(partiin A), and (ii) the HPLC doublet peak, which eluted at 30 min in human protein from a 68-year-old normal lens (part ii in A).

useful for detecting 30HKyn bound to Lys or Cys residues The ESI spectrum for this peak showed an abundant ion at
on proteins but not His residues. m/z 515. MS/MS analysis of this ion (part ii in Figure 6B)
CLP modified with 30OHKyn at pH 7.2 was incubated with confirmed that it corresponded to that of 30OHKyn-GSH,
excess GSH at pH 9.5 fat h because a time course had because the spectrum was identical to that of the synthetic
shown, as for the synthetic adducts, that release was maximatompound (part i in Figure 6B). The fragment ionrafz
after 4 h. The solution was ultrafiltered to separate the 386 corresponds to the loss of glutamate; the iom/at368
cleaved compounds from the remaining protein. An HPLC corresponds to the further loss of water; and thenin308
chromatogram of the filtrate (part i in Figure 6A) showed a corresponds to GSH46). lons atm/z 208, 190, 162, and
doublet eluting at 30 min. Quantification of this doublet 110 are characteristic fragment ions of 30HKyn. This
coupled with data from acid hydrolysis, which showed 31.8 methodology was therefore applied to proteins extracted from
mmol of 30HKyn-Cys/mol of protein, revealed that there human lenses. A total of 22 normal human lenses were
was a 67% recovery of 30HKyn from the modified protein. examined as well as 20 ARN cataractous lenses. Part ii in
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Ficure 7: Levels of 30OHKyn bound to the nuclear proteins of normal human lenses as a function of age. The values shown have not been
corrected for the recovery of 30HKyn-GSH from 30HKyn-modified protein.

Figure 6A shows the HPLC chromatogram for the filtrate 150:5:1 (30OHKynG/Kyn/3OHKyn). This reflects the order
of a 68-year-old normal lens. This was typical of the HPLC of abundance of the free UV filters found in human lenses
chromatograms of the other older normal lenses examined.(8).
The chromatogram showed three doublets eluting at 28.5, An analysis of 20 human cataract lenses, which included
30, and 33 min (part ii in Figure 6A). The large peak at 10 dark [type IV, Pirie classificatio{)] and 10 light [types
28.5 min contained a component with a major ion in the Il and lll, Pirie classification 47)], covering the age range
ESI spectrum ai/z 677. MS/MS of this ion1fyz 515, 386, from 55 to 101, revealed that 30OHKyn could not be detected
368, 208, 190, 162, and 110) confirmed that it was 30H- in any of the cataract lenses. Compounds eluting at the same
KynG-GSH d@5). HPLC retention time as authentic 30OHKyn-GSH were
The doublet peak at 33 min was smaller, and the major collected and examined by mass spectrometry to determine
ion in the ESI spectrum wasvz 499. MS/MS of this ion i trace levels of 30OHKyn-GSH were present. In some
(mz 370, 352, 308, 192, and 174) identified it as Kyn-GSH samples, a small molecular ion for 30HKyn-GSH was
because the MS/MS and HPLC elution times were identical detected; however, MS/MS could not conclusively confirm
to those of Kyn-GSH synthesized by the incubation of Kyn that the product was 30OHKyn-GSH.
with GSH under basic pH conditiongd®). The doublet at
30 min eluted at the same time as synthetic 30HKyn-GSH. DISCUSSION

A major ion atm/z 515 was present in the ESI spectrum.  The aim of the present study was to determine if 30OHKyn
MS/MS of this ion (part iii in Figure 6B) showed fragment  may be implicated in the etiology of nuclear cataract, first,
ions atnvz 386, 368, 208, 190, 162, and 110, as expected py examining normal human lenses for the presence of
for 30HKyn-GSH. protein-bound 30HKyn and, second, by analyzing ARN

Because 30HKynG was present in much higher concen- cataract lenses for any differences from normal human lenses.
trations than 30HKyn, it was important to demonstrate that ARN cataract is characterized by oxidation, coloration,
the 30OHKyn was not derived via the hydrolysis of the insolubilization, and cross-linking of proteins in the leB8<
glucoside during the incubation period. 30HKynG was 37). Aging is by far the largest risk factor for catara86(
incubated with GSH under the same conditions used for the 48), and it is likely but not yet clear exactly how the many
lens proteins. Afte4 h at pH9.5, a large doublet peak changes known to take place in the aging lens may predispose
corresponding to 30HKynG-GSH was observed but there it to subsequent ARN cataract. The development of polypep-
were no detectable peaks in the region where 30HKyn-GSHtide coloration and cross-linking makes it probable that PTM
elutes. This region was also collected for analysis by massof crystallins by small reactive molecules is involved.
spectrometry, but no ion atvz 515, corresponding to  Candidates include ascorba#9), UV filters (20, 21, 32),
30HKyn-GSH, was detected. The absence of hydrolysis is products derived from carbohydrate&1( 50), or lipid
consistent with the stability of glucosides to base. decomposition products such as malondialdehydg. (

The amount of 30OHKyn bound to human nuclear proteins  In this paper, we were able to show that 30OHKyn is bound
as a function of age was determined for 22 normal lensesto human lens proteins in the nucleus and, further, that the
(Figure 7). No 3OHKyn-GSH could be detected in the lenses amounts bound increase with age. Bound 30HKyn was not
17, 19, 20, 23, 33, 44, or 49 years old. There were however detectable in lenses below the age of 50, but all lenses older
varying amounts of 30HKyn covalently bound to proteins than 50 contained measurable levels of this UV filter. In a
in lenses aged 53 years and over. This degree of variability 68-year-old lens, the amount bound corresponds to ap-
is typical of human lens data, and similar distribution patterns proximately 0.312 mmol/mol of protein. 30HKyn was not
were also found in previous studies where the levels of detected in the cortex of normal human lenses.
protein-bound 3OHKynG and Kyn were quantifi&tD(21). On the basis of acid hydrolysis data of normal human
In each of the lenses examined, covalently bound UV filters lenses and model experiments, it would appear that most
were detected in decreasing order of abundance, 30HKynG30OHKyn is attached to Cys residues. Cys was the major site
followed by Kyn and 30HKyn. The approximate ratio was of modification when CLP was incubated with 30HKyn at
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pH 7.2 (Figure 5A). His and Lys residues only became environment.
modified significantly when the incubation was performed  The binding of 30HKyn is potentially of far greater
at pH 9.5, conditions under which the polypeptides are likely significance than the attachment of the other UV filters. This
to be unfolded. is because of the great sensitivity of 30OHKyn to autoxidation
This is the first structural demonstration that 30OHKyn is and the fact that the immediate oxidation product, an
bound to human lens proteins, although immunohistochemi- o-quinonimine, is highly reactive?6—27, 30, 32, 61). Thus,
cal evidence was recently published?2). As outlined the binding of 30HKyn to lens proteins after middle age
elsewhere32, 52), this PTM may be deleterious for the lens introduces into the older lens proteins sites that are reactive
in several ways. For example, aside from the already notedif the general environment of the nucleus becomes less
propensity to oxidize together with the probability of reducing, for example, by a decrease in the concentration of
polypeptide cross-linking via nucleophilic addition to the GSH @, 54). It is of interest that 30OHKyn acts as a pro-
quinonimine, it is also possible that th@aminophenol oxidant in the lens. For example, if 30HKyn is introduced
moiety of 30HKyn may act as a site for chelation of redox- into intact bovine lenses (which do not contain UV filters)
active metals such as Fe or Cu. On the basis of studiesin culture, there is a marked reduction in the concentration
published by Goldstein et al58), these metals are likely to  of GSH in these lenses over time of incubati@2)( It is
remain redox-active once bound and could therefore con-likely that this is mediated via the production of®} that
tribute to hydroxyl radical damage if J@, levels become is formed quantitatively during the autoxidation of 30OHKyn
raised in the lens. Hydroxyl radical oxidation of lens proteins (27).
is known to be associated with ARN catara8®)( Until now, it has proven difficult to demonstrate covalent
The finding that 30HKyn is attached to proteins in the binding of 30HKyn to lens proteins. Principally, this has
normal lens only after age 50 and that this phenomenon isbeen due to the low levels present, coupled with the known
localized in the nucleus provides additional evidence for the susceptibility to oxidation in the presence of even trace levels
lens barrier. In normal lenses, the onset of the lens barrierof oxygen £5—27). In an effort to circumvent these issues,
at middle age 22—24) effectively uncouples the metaboli- we synthesized the three 30HKyn adducts thought to be
cally active cortex from the quiescent nucleus and thus present in the lens2(). Stability studies revealed that
increases the likelihood of PTM by reactive molecules. This exposure to neutral and basic conditions led to the decom-
is because it limits the rate at which GSH enters the nucleus.position of adducts (Figure 4A). Under nonoxidative condi-
Any GSSG formed in the nucleus must return to the cortex tions, both 30HKyn-Cys and 30OHKytBoc-Lys were less
to be re-reduced. This lessened flux may contribute to a stable than 30HKyn itself at pH 7.2, whereas 30OHHKyn-
decrease in the concentration of nuclear GSH in older lensesBoc-His was significantly more stable. Decomposition of all
(8, 549). of these conjugates was accelerated in the presence of
In addition, because of the decreased general movemenbxygen. As such, typical proteolytic techniques involving
of small molecules, including #D (23), in the nucleus, small  digestion with trypsin at pH 8 are unlikely to reveal sites of
molecules that do enter the lens center are then located inbinding of 30OHKyn. In contrast, the 30OHKyn adducts were
this region, on average, for a longer time period than in found to be relatively stable at acidic pH (Figure 4B),
younger lenses. This latter factor assumes a great importancearticularly in the absence of oxygen.
for molecules that are unstable. Of particular relevance to It was found that the 30OHKyn amino acid adducts could
the lens are UV filters and ascorbate or more correctly be recovered from acid hydrolyzates in good yields provided
dehydroascorbate. In both of these cases, lens proteins cathat antioxidants were included. When hydrolysis of aged
be spared from PTM provided that sufficient GSH is present human lens proteins with HCI was undertaken, 30HKyn-
(40, 55). In the case of UV filters, the deamination products, Cys was observed by HPLC (Figure 5C). However, this
which form at pH 7 ¢,8-unsaturated ketones), react rapidly experiment cannot distinguish whether the 30HKyn-Cys was
with the nucleophilic thiol group of GSH4E). In this way, derived from 30HKyn attached to Cys residues of proteins
proteins in the lens can be spardd) and the GSH adduct  or whether it was in fact 30HKynG-Cys, because the

that forms can diffuse out of the lens. glucoside bond, if present, will also be hydrolyzed by acid.
It is clear that maintenance of adequate GSH levels in the Previously, studies using tryptic digestion of proteins from
nucleus of the lens is crucial5§—58) for minimizing older human lenses at pH 6 revealed that 30HKynG is

polypeptide modification. In line with these considerations, attached to several sites on the crystallins. These include three
it has been demonstrated that both 30HKy2G) @nd Kyn Cys residues iryS crystallin and one iiB1 crystallin 3).

(21) become bound progressively to lens proteins with age. If 30HKyn-His, 30HKyn-Lys, or the corresponding
This is particularly noticeable after middle age when nuclear glucoside adducts were present in human lens proteins, the
GSH concentrations decrease. The consequences of this folevels were below the limits of detection. These data together
the lens are not known, but crystallins modified by Kyn with the results of incubation of lens proteins with 30OHKyn
become susceptible to oxidation by wavelengths of light that suggest that Cys may be an important site for the modifica-
penetrate the corne&9). In normal human lenses, the levels tion of lens crystallins. In addition, the results of stability
of reduced GSH are high, ranging from approximately 10 studies of the adducts at pH 7.2 (Figure 4A) suggest that
mM in the outer cortex to 2 mM in the center of the lens the binding of 30OHKyn to crystallins in the lens may be a
(56). The major difference between normal and ARN cataract dynamic process, with binding and release both taking place.
lenses is the environment in the nucleus. On the basis of thelf sufficient GSH is present in the nucleus, as in a young
lack of reduced GSH in advanced cataract len§€s énd normal lens, the reactive deamination product that is released
the high levels of oxidized amino acid residu@®)( it is from the protein would most likely react with GSH and much
apparent that the nucleus of cataract lenses is an oxidizingof it may then diffuse into the lens cortex and out of the
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lens. In the absence of excess GSH, such as in an older or
nuclear cataract lens, the deaminated 30OHKyn may oxidize
and bind to the proteins irreversibl$@-32). In this way, it

is probable that the nuclear proteins would become colored
as well as cross-linked. Oxidation of theaminophenol
would also generate 4@, that could oxidize other residues.

If indeed oxidation of bound UV filters was responsible
for the coloration and other features associated with ARN
cataract, one would expect that the levels of 30HKyn
attached to the protein may be decreased in cataract lenses.
This was found to be the case, and 30HKyn was not detected

in the proteins in human cataract lenses. The levels of the 13.

other two UV filters were diminished compared to age-

matched normal lenses. This result of decreased UV-filter 14,

attachment in cataract agrees with that published for Kyn
using acid hydrolysisg4), but the reason for this is not yet
clear.

Our results suggest that 30OHKyn may play a role in the

substantial changes that occur in the lens with the onset of 16

ARN cataract. Although we have shown here that 30HKyn
is indeed bound to nuclear proteins, it is likely that other
compounds known to be attached to normal aged lens
proteins ©—12) may also play a role in the coloration of
the cataract lens. To prove conclusively that 30HKyn is

involved in the biochemical processes associated with ARN 18.

cataract, it will be necessary to isolate and characterize
oxidation products that incorporate the 30OHKyn moiety from
such cataract lenses. Because of the complexity of pathways
for oxidation of 30HKyn 25—27, 32) and the lability of

some intermediates, coupled with the low levels and the 20-

multitude of protein nucleophilic groups, the isolation and
characterization of oxidized 30OHKyn adducts from cataract
proteins will represent a considerable technical achievement.
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