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ABSTRACT. Bovine lens aldose reductase (ALR2) is inactivated by copper ion [Cu(ll)] through an oxygen-
independent oxidative modification process. A stoichiometry of 2 equiv of Cu(ll)/enzyme mol is required
to induce inactivation. While metal chelators such as EDTA-phenantroline prevent but do not reverse

the ALR2 inactivation, DTT allows the enzyme activity to be rescued by inducing the recovery of the
native enzyme form. The inactive enzyme form is characterized by the presence of 2 equiv of bound
copper, at least one of which present as Cu(l), and by the presence of two lesser equivalents, with respect
to the native enzyme, of reduced thiol residues. Data are presented which indicate that the Cu-induced
protein modification responsible for the inactivation of ALR2 is the generation on the enzyme of an
intramolecular disulfide bond. GSH significantly interferes with the Cu-dependent inactivation of ALR2
and induces, through its oxidation to GSSG, the generation of an enzyme form linked to a glutathionyl
residue by a disulfide bond.

Copper is a trace element involved in the mechanism of modification induced by the oxygen radical generating
action of several enzymes and other functional protelns ( system F&/EDTA (24). Thus, different thiol compounds
2). Invivo, the level of the free metal is strictly controlled under oxidative conditions, lead in vitro to enzyme forms
by chelating proteins, such as ceruloplasmin, transcuprein,displaying altered kinetic and structural properti2s<{28).
and albumin, which are all devoted to storage and transportAmong these enzyme forms, the S-glutathionyl-modified
(1). There are, however, pathological conditioBs-7) in ALRZ2, can be generated in vitro by treatment of both bovine
which the concentration of the metal ion increases and causegens and human ALR22(7, 29 with GSH in the presence
damage. Similar to iron, copper promotes the Fenton of FE"/EDTA or with GSSG. This enzyme form was
reaction and therefore may contribute to oxidative stress in detected in intact bovine lens subjected to hyperbaric oxygen
biological systems8—13). Moreover, due to its effective  treatment 80). In vitro studies demonstrate that the modi-
binding capability to polypeptided 4, 15 and nucleic acids  fication of ALR2 appears to proceed by a preliminary
(16—18), copper ion has the potential for site-directed action oxidation of thiols to disulfides which would be the true
on these molecular targets, effectively interfering with normal modifying agents of the protein. The MCO system would
cell function and proliferation 1(9). Different metal- act by generating or propagating oxygen radicals in the bulk
catalyzed oxidation (MCQO)ystems have been used in order solution without a significant direct interaction with the
to study the ability of copper to induce oxidative damage enzyme molecule, and the subsequent enzyme modification
(20—22). In this study, aldose reductase (alditoNADP  would be the result of the increasing concentration of GSSG
oxidoreductase, EC 1.1.1.21), purified from bovine lens was formed as a consequence of the GSH scavenging action.
chosen as the protein target. When oxidative stress is induced by copper ion, GSH

Aldose reductase, which catalyzes the NADPH-dependentcounteracts the stress by its well-known oxidant scavenging
reduction of aldoses, as well as a variety of aliphatic and action as well as by chelating the copper, which would then
aromatic aldehydes to the corresponding alcoh@Bs, (vas be more easily transferred from the bulk solution to metal-
shown to be especially susceptible to thiol-mediated oxidative binding proteins 1, 32.

We describe here the special effectiveness of copper ion
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EXPERIMENTAL PROCEDURES Aliquots (380uL) containing reduced copper were supple-
mented with 254L of 10 mM EDTA, and then a 5-fold
excess of BCDS was added. The absorbance at 483 nm was
immediately read against a blank solution containing no
copper. When the metal was measured on Cu-treated ALR2,
the increase in absorbance at 483 nm was followed 4€25
until no more increase was observed (approximately 120
%in). Calculation was done after subtraction of absorbance
values observed for control samples containing native ALR2.
Total concentration of copper [Cu(ll) plus Cu(l)] could be
determined by supplementing the samples of 3 mM DTT
15 min before addition of BCDS. The copper concentration
was determined by using an extinction coefficient for the
(BCDS)Cu(l) complex of 12250 M* cm™!, which was
evaluated by calibration curves (ranging 13D uM)
obtained by standard solutions of the complex as well as by
standard CuGlsolutions.

Materials NADPH, b,L-glyceraldehyde, dithiothreitol,
GSH, GSSG, catalase (EC 1.11.1.6; 17 600 units/mg), and
superoxide dismutase (EC 1.15.1.1; 13 300 units/mg) were
purchased from Sigma Chemical Co. Bathocuproinedisul-
fonic acid was from Jannsen Pharmaceutical. All electro-
phoresis reagents and isoelectric focusing standards wer
from Bio-Rad. Ampholine PAG plate, pH 4®.5, for
isoelectric focusing was from Pharmacia. Copper(ll) chlo-
ride and all inorganic chemicals were of reagent grade from
BDH. The ALR2 inhibitor §)(+)-6-fluoro-2,3-dihydrospiro-
(4H-1-benzopyran-4;4midazolidine)-2,5'-dione (Sorbinil)
(33) was a gift from Dr. G. Caccia, Laboratori Baldacci
S.p.A., Pisa, Italy. The complex (BCD&u(l) was a gift
from Dr. R. L. Levine, Laboratory of Biochemistry, NHLBI,
NIH, Bethesda, Maryland.

Enzyme Purification The purification of bovine lens ) . )
ALR2 was performed as previously describ8d)( The pure Atomic Absorption Copper was measured by an atomic
native enzyme (specific activity, 1.12 units/mg) was stored absorption spectrophotometer (Perkin-Elmer model 5000)
at 4 °C in 10 mM sodium phosphate buffer, pH 7.0, €quipped with a graphite furnace system (HGA model
supplemented with 2 mM DTT. Just before use, the enzyme 400) after proper sample dilution by MilliQ-grade purified
was extensively dialyzed against 100 mM sodium phosphatewater (Millipore, Medford, MA). The stock calibrator
buffer, pH 6.8 (S-buffer). solution, containing 15 mM Cu(ll) as copper cloride, and

Measurement of Enzyme Adty. The ALR2 activity was  Working solutions were prepared immediately before analy-
measured at 37C, using 4.7 mMb,L-glyceraldehyde as  SIS-
substrate, in 0.25 M sodium phosphate buffer containing 0.38  Thiol and Disulfide DeterminationReduced thiol residues
M ammonium sulfate, 0.11 mM NADPH, and 0.46 mM on both native and Cu-treated ALR2 were measured as
EDTA. One unit of enzyme activity is the amount of enzyme follows in denaturing conditions by using DTNB as titrating

which catalyzes the oxidation of Amol of NADPH/min. agent 40). Enzyme samples after extensive dialysis against

The sensitivity of ALR2 to inhibition by Sorbinil was tested standard buffer were added (@ final concentration) to

in the above assay conditions in the presence ofMOof mixtures containing, in 0.1 M potassium phosphate buffer,

the inhibitor. Superoxide dismutase and catalase activitiespH 7.5, 6 M urea, 0.33% SDS, and 0.4 mM DTNB. The

were measured as previously describ§, (36. absorbance at 412 nm was followed by a Beckman DU-6
Electrophoretic and Isoelectric Focusing AnalyseSel spectrophotometer at 37C until the rate of absorbance

electrophoresis in the presence of SDS, both in reducing andincrease was the same as observed in control assays
nonreducing conditions, was performed according to the (approximatively 4 min). Control assays were performed
method of Laemmli §7) using 0.75 mm thick slab gels and  on the ultrafiltrate of both enzyme solutions obtained through
12% acrylamide. Gels were stained with silver nitrate YM5 membrane. The-SH concentration was evaluated by
according to the method of Wray et aBgj. The following a calibration curve obtained, in the above experimental
standards were used for calibration: ovalbumin (45 000 Da), conditions, by using GSH as standard thiol.
glyceraldehyde-3-phosphate dehydrogenase (36 000 Da), peqyced and oxidized glutathione were measured by a free
carbonic anhydrase (29 000 Da), and trypsinogen (24 000,n¢ capillary electrophoresis methdd)after acidification
Da). Isoelectric focusing was run at’@ on a Biophoresis samples to pH 2y 1 M hydrochloric acid.
horizontal electrophoresis cell (Bio-Rad) using Ampholine . .

Oxygen Remal. The anaerobic conditions adopted to

PAG plate, pH 4.66.5. Gels were prefocused for 20 min : ; ~
at 15 W using an LKB 2103 power supply. Samples were study the effect of oxygen on the Cu-induced inactivation

applied approximately 2 cm from the cathode and focusing ©f ALR2 were as follows. The enzyme solution (188 of

was allowed to proceed for 90 min. After the gel was 28-54M ALR2) and the Cu(ll) solution (1£L of 500 uM
focused, it was immediately fixed in TCA 10%, 0.135 M CUCh), while kept separated into the two arms of a
sulfosalicylic acid for 30 min, then rinsed for 5 min with Sidearmed tube, were subjected to three cycles of vacuum-
25% ethanot8% acetic acid. The gel was stained for 15 Nitrogen treatment and then kept under nitrogen flow for at
min with 1.16 g/L Coomassie blue R250 in 25% ethanol ~€ast 30 min. The ALRZ inactivation was started by mixing
8% acetic acid and then destained with 25% ethaBéb the two solutions and stopped at the proper time by addition
acetic acid. The following standards were used for pl under nitrogen flow of 2QL of 10 mM EDTA. Traces of

determination: phycocyanin (pl 4.6%lactoglobulin B (pI ~ 0Xygen possibly present in the pure grade of nitrogen used
5.1), bovine carbonic anhydrase (pl 6.0), and human carbonicere removed by allowing the gas to pass through a solution
anhydrase (pl 6.5). of 0.1% of pyrogallol in a gas scrubber bottle before reaching

Measurement of CoppeiComplexometric Determination ~ theé Cu-enzyme incubating mixture.
The concentration of Cu(l) was determined by measuring Other Methods Protein concentration was determined
the formation of the complex between the metal ion and according to the method of Bradfordd) using bovine serum
BCDS @9). albumin as standard.
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-O\g FIGURE 2: Stoichiometry of the ALR2 inactivation process induced
by CuCh. ALR2 was incubated at 28 in S-buffer in the presence
0 L . . , of different concentration of Cughnd the inactivation monitored
0 2 4 6 until equilibrium was reached. The residual activity was used to
evaluate the concentration of the residual active enzyme taking into
time (h) account that the Cu-modified ALR2 displays a specific activity of
20% with respect to the native enzyme. The concentration of
Ficure 1: Effect of CuC} on ALR2 inactivation. Aldose reductase  residual active enzyme, measured in incubation performed at 3.5
at the final concentration of 3,6M was incubated at 25C in (@), 7 () and 14 ®) uM of ALR2, is plotted against copper ion
S-buffer both alone and in the presence of the following GuCl concentration.
(M) concentrations: nonea(, 1.5 (1), 3.5 ©), 5 @), 7 (¢), and
the enzyme activity (residual activity) was measured. In the inset,
the initial rate of enzyme inactivation (milliunits/mk min) is

residual activity (mU/ml)

levels (3.5, 7, and 2&M) clearly indicate that the molecular

reported. ratio [Cu(Il)]/[ALR2] rather than the absolute concentration
of the metal ion is the parameter which is related to the
RESULTS occurrence of the aggregation phenomena (data not shown).

Copper-Dependent Inactition of Baine Lens ALR2. Thus, only when the [Cu(Il)]J/[ALR2] ratio was higher than
The incubation of ALR2 in the presence of low levels of 3, protein precipitation was observed. Even though DTT
Cu(ll) caused a progressive inactivation of the enzyme. Both was able to reverse Cu-induced enzyme inactivation (see
the rate and maximal extent of inactivation were dependentbelow), this thiol agent was ineffective in dissolving the
on the metal ion concentration (Figure 1). The time course protein aggregate which could be solubilized, irrespective
of inactivation of ALR2, at different enzyme concentrations Of the presence of the thiol agent, only when a detergent
(3.5, 7, and 14:M of ALR2), allowed the evaluation of the ~ (0.4% SDS) was added.
requirement of copper needed to induce the loss of enzyme Metal Specificity and Oxygen Dependence of ALR2
activity (Figure 2). The equilibrium concentration of inactive Inactivation. As shown in Figure 4, in which ALR2
ALR2 as a function of the copper ion concentration at treatment performed under different conditions is reported,
subsaturating levels of the metal ion indicated a stoichiometry oxygen did not appear to be a relevant factor in ALR2
of [Cu(ll)]/[inactive ALR2] close to 2:1. The SDSPAGE inactivation. A rapid decline in the enzyme activity was
analysis performed under reducing and nonreducing condi-observed in the presence of Cu(ll) irrespective of the
tions revealed that most of the Cu-inactivated ALR2 migrated presence of oxygen. Moreover, no effect on the enzyme
as a monomer of 34 kDa (Figure 3B). Protein bands inactivation process was detectable when mannitol as well
appearing in nonreducing conditions in the proximity of the as SOD and catalase were present in the incubation mixture
34 kDa band of both the untreated and Cu-treated enzyme(data not shown).
samples (Figure 3B, lanes 4 and 6, respectively) may be Zinc ion is a divalent cation that, like copper, is known to
ascribed to partial refolding of the protein molecule due to strongly bind to proteins, but does not act as a redox catalyst.
the nonsufficient protection of SH groups. These protein Zn(ll) did not interfere in the Cu-induced inactivation
bands, as well as those with higher molecular weight presentprocess, up to [Zn(Il)[/[ALR2] ratios of 10. In addition, no
in nonreducing conditions, were absent in the electrophoreticinterference in the rate of copper-dependent inactivation of
run performed in the presence of 2ME. The isoelectric ALR2 and in the residual activity at equilibrium was
focusing analysis of the Cu-inactivated ALR2 (Figure 3A) observed when Zn(ll), at Zn(I1)/Cu(ll) ratios as high as,10
indicated a major protein band focusing at pH 5.25, 0.4 units was added to the enzyme either before or after the copper.
higher than the native enzyme. The most acidic band (pl Similarly, no effect on the ALR2 activity was exerted by
4.6) (Figure 3A, lane 1) can be ascribed to the complex Cd(Il) and Ni(ll) up to Me(Il)/[[ALR2] ratios of 200 (data
NADP—ALR2; such a complex appeared to be stabilized not shown).
by DTT, which is actually present as preservative in the Reversibility of the Cu(ll)-Induced Inactation of ALR2.
native enzyme preparations (Cappiello et al., unpublished When the ratio Cu(Il)/ALR2 was kept lower than 3, so that
results). When the incubation of ALR2 and copper was no aggregation phenomena occurred, the loss of enzyme
performed at relatively higher concentrations of the metal activity induced by copper ion was reversed by reducing
ion, the enzyme inactivation was followed by protein conditions. In fact, the addition of DTT to the enzyme after
precipitation. Incubations performed at different ALR2 incubation with copper allowed the recovery of most of the
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Ficure 3: |IEF and SDS PAGE analysis of native and copper-modified ALR2. ALR2 and Cu-modified ALR2, obtained after incubation

for 90 min at 25°C of 7 uM ALR2 with 14 uM CuCl,, were dialyzed against S-buffer containing 0.5 mM EDTA and then analyzed both

by isoelectric focusing (panel A) and SBEAGE (panel B) as described in the Experimental Procedures. (Panel A) Std, standards; lanes
1,2, and 3: 4.%qg of standards, ALR2, Cu-modified ALR2, and Cu-modified ALR2 treated with DTT, respectively. The numbers alongside

the gel represent the isoelectric point of proteins used as standards. See Experimental Procedures for details. (Panel B) Lanes 4 and 6, 2.4
ug of ALR2 and Cu-modified ALR2 in nonreducing conditions, respectively. Lanes 5 and 7Zg2of ALR2 and Cu-modified ALR2 in

reducing conditions, respectively. The numbers alongside the gel represent apparent molecular weights, divided by 1000, of the polypeptide
species used as standards. See Experimental Procedures for details.

While ineffective in restoring enzyme activity after treat-
ment of ALR2 with Cu(ll), EDTA, as well as OP, was able,
when present during the incubation, to prevent enzyme
modification. EDTA, added at different times during the
inactivation, abruptly stopped the loss of enzyme activity
induced by copper (Figure 4). Indeed, this fact, together
with the lack of any interference in the enzyme assay by
EDTA up to 0.5 mM, is the basis for the procedure adopted
to stop the inactivation process and then follow the kinetics
of enzyme modification.

Effect of Thiol Compounds on the Copper-Induced Modi-
fication of Baiine Lens ALR2.Thiol compounds protected
the ALR2 from inactivation induced by copper. DTT (0.2
mM final concentration) present in the inactivating mixture
Ficure 4: Inactivation of bovine lens ALR2 induced by the Cu- Containing ALR2 and copper ion Comp|ete|y prevented

(I) ion. Aldose reductase at the final concentration of 86 was : ot : s
incubated at 23C in S-buffer both alonel) and in the presence enzyme inactivation (Figure 4). Under these conditions,

of 7 uM CuCl, (0) and assayed at different times for enzyme analysis of the copper redox state by the BCDS-complexo-
activity. At the time indicated by arrows, as well as at zero time, metric method revealed that the metal ion was in a reduced
aliquots of the copper containing mixture were withdrawn, supple- state and that both the rate and extent of metal reduction
mented as follows and again incubated at@5 (a), 1 mM EDTA,; were dependent on the concentration of DTT (data not

(a), 1 mM OP; ©), 0.2 and 3 mM DTT at zero time and 120 min, . .
respectively. @) The mixture of ALR2 and copper ion incubated shown). The capacity of GSH to protect ALR2 against the

under nitrogen atmosphere after oxygen depletion (see Experimentapf)pP?r'induced inaqtivation is shown in. Figgre _5- A
Procedures).®) Incubation after addition of 3 mM DTT to the  significant decrease in the rate of enzyme inactivation was

80 r

&
=]

residual activity (mU/ml)

time (min)

enzyme in nitrogen atmosphere. observed when 3 mM GSH was present in an incubation
mixture containing 3.5uM ALR2 and 15 uM CuCl,.
enzyme activity (Figure 4). EDTA, as well asphenan- Moreover, a reduced maximal extent of ALR2 inactivation

throline, were ineffective in enzyme reactivation (see below). was observed. Isoelectric focusing analysis of the Cu(ll)/
Moreover, incubation of the copper-inactivated enzyme at GSH-treated enzyme (sample obtained as in Figure 5 after
37°C inthe presence of 1 mM EDTA, followed by extensive 4 h of incubation, closed triangles) revealed only protein
dialysis against the same metal chelator in S-buffer, also didbands focusing at pH 4.85 and at pH 4.75 (data not shown)
not allow reactivation. Again DTT, added to the dialyzed consistent with the presence of the native enzyme and GS-
sample, causes a progressive recovery of enzyme activityALR2 (27), respectively. Moreover, analysis of the enzyme
culminating in an enzyme form with specific activity and preparation by affinity chromatography on Matrex orange
susceptibility to Sorbinil inhibition comparable to the native A, a method optimized for detection of GS-ALR2 in bovine
ALR2 (data not shown). lens (30), revealed the presence of this enzyme form in the
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Table 1: Evaluation of Copper Content in Cu-Modified ALR2
Samples
ol [Cul/[enzyme] % activity
T samples 1 2 -DTT +DTT
-E' (1) Cu-ALR2 1.1+ 0.1 ND 20 80
g (2) 1+ S-buffer+ EDTA 09+01 0.7 21 83
E (3)2+3hat37°C 21+05 ND 13 52
2 (4)2+3hat37°CinDTT 20+ 0.2 ND 95 82
= (5)2+3hat37°CinEDTA 2.2+0.3 ND 22 69
(6) 3+ S-buffer 17402 1.8 6 70
(7) 3+ S-buffer+ EDTA 094+01 11 8 57
05 . - : (8) 4+ S-buffer 0.6£0.2 0.3 92 86
0 1 2 3 4 (9) 4+ S-buffer+ EDTA 0.2+0.1 0.2 100 98
time (h) a Cu-modified ALR2 (sample 1) was obtained by incubating native

FiGURE 5. Effect of GSH and GSSG on the copper-induced ALR2 at the final concentration of 3.8M with 7.0 uM CuCl, at 25
modification of bovine lens ALR2. Aldose reductase at the final °C for 90 min, followed by dialysis at 4C against 10 vol of S-buffer.
concentration of 3.5M, was incubated at 37C in S-buffer Sample 1 was then subjected to_the following treatments: (a) dialysis
supplemented with 1%M CuCl, in the absence®) or in the against 10 vol o_f S-b_uffer containing 0_.5 mM EDTA (sample 2_); (b)
presence of both 1.5 mM GSS@) and 3 mM GSH 4) and treatment described in a followed by incubation at°87for 3 h in
assayed for enzyme activity. Open symbols refer to incubations S-buffer both alone (sample 3) and in the presence of 5 mM DTT
performed as control in which the enzyme was incubated in the (Sample 4) or of 0.5 mM EDTA (sample 5). Samples 3 and 4 were

absence of metal ion alon®) or in the presence of 3 mM GSH dia_lyzed against S-buffer either alone (samples 6 and 8, respet_:tively)
(A) or 1.5 mM GSSGI). or in the presence of 0.5 mM EDTA (samples 7 and 9, respectively).

Bound copper was measured both as Cu(l) by the BCDS-complexo-
metric method directly on the enzyme preparation (samples 1 and 2)
and as total copper, by using both complexometric (column 1) and
atomic absorption (column 2) analyses (see Materials and Methods).
The enzyme activity measured on different samples, either in the
absence or in the presence of 5 mM DTT, is reported as a percentage
of the initial activity of native ALR2. Activity values in the presence

of DTT are corrected for the 15% inhibition exerted by DTT on the
enzyme in the adopted assay conditions. All measurements are within
a SD of 10% of the mean value. Standard deviation is the result of at
least three determinations. NB not detected.

300 18

200

100

Concentration (WM)

Residual activity (mU/ml)

08 . . . e by ALR2 after inactivation is evident from the results
reported in Table 1, which shows the content of copper ion
in the Cu(ll)-inactivated ALR2 and in enzyme subjected to

. 6 Red ate of o during ALR2 inactivati further manipulation. The inactive enzyme, generated by 1
IGURE 6: Redox state of copper ion during inactivation. . : : I .
Aldose reductase at the final concentration @V, was incubated h of incubation as described in Figure 6 and subjected to

in S-buffer at 25°C in the presence of 14M CuCl,. At indicated extensive dialysis against EDTA, still showed a [Cu(l))/
times aliquots were withdrawn, supplemented with 0.5 mM EDTA [ALR2] ratio of 1:1 (Table 1, samples 1 and 2). However,
and analyzed for residual activit@f and Cu(l) contentlf). Closed when the dialyzed enzyme was incubated3d either alone
triangles refer to the:M concentration of the inactive enzyme rin the presence of EDTA or DTT, approximately 2 equiv
calculated from the residual catalytic activity values as described
in Figure 2. Open circles refer to a control incubation of ALR2 Of Copper/enzyme mol were detected (Table 1, sampiés.3
performed in the absence of copper. In all cases, the complexometric detection of the second
equivalent of copper required the presence of DTT in the
treated enzyme preparation. On the other hand, protein band@issay mixture (see Experimental Procedures). While making
focusing at pH 4.75 and pH 5.25, corresponding to GS-ALR2 detectable the second equivalent of copper, the incubation
and Cu-inactivated ALR2, respectively, were observed when of the Cu-inactivated enzyme rf& h in S-buffer did not
GSSG instead of GSH was present with copper during ALR2 cause the release of the metal ion. In fact, after the dialysis
incubation. Under these conditions, the inactivation rate of of sample 3 against S-buffer, 2 equiv of copper/enzyme mol
ALR2 was very close to that observed when only Cu(ll) was were still detectable in the enzyme preparation (Table 1,
present during the incubation (Figure 5). sample 6). On the other hand, only one metal ion was
ALR2-Cu(ll) Interaction. The interaction between copper retained by the enzyme when the dialysis buffer was
and ALR2 was assessed by measuring the metal ion boundsupplemented with 0.5 mM EDTA (Table 1, sample 7).
to the protein. Taking advantage of the specificity of Finally, a complete removal of copper (Table 1, samples 8
bathocuproin for Cu(l), the complexometric analysis de- and 9) was achieved by the dialysis of the Cu-inactivated
scribed in the Experimental Procedures allowed us to follow ALR2 subjected to a 3 h incubation at 3T with DTT
the redox state of copper during ALR2 inactivation. A direct (Table 1, sample 4). As shown in the left-hand column of
comparison between the formation of Cu(l) and the loss of the right-hand section of Table 1, the treatment with DTT
enzyme activity is shown in Figure 6. By evaluating the was the only one that allowed the recovery of the enzyme
concentration of the inactivated ALR2 from the measurement activity (Table 1, samples 4, 8, and 9). For all the samples,
of the activity, a ratio of [Cu(l)]/[[inactive ALR2] of  however, it was possible to rescue the activity by supple-
approximately 1:1 was calculated. The retention of copper menting the enzyme assay mixture with DTT.

0 15 30 45 60

time (min)



14172 Biochemistry, Vol. 37, No. 40, 1998 Cecconi et al.

Protein Thiols Determination The thiol assay performed Indeed, 2 equiv of copper/mol of enzyme were detectable
in denaturing conditions on the native and Cu-modified on Cu-inactivated ALR2 (Table 1). The complexometric
ALR2 allowed the determination of 6.& 0.1 and 4.9+ analysis for Cu(l) performed on the Cu-inactivated ALR2

0.1 thiol equiv/enzyme mol, respectively. revealed that at least one of the two protein-bound copper
ions was present as Cu(l) (Table 1). The second equivalent
DISCUSSION of bound copper could not be directly detected by the

complexometric assay method because either it was Cu(ll)
or it was Cu(l) buried in a BCDS-inaccessible site. It became
detectable only after the prolonged incubation of the inactive
enzyme at 37°C. The requirement of DTT for the
complexometric detection of the second equivalent of copper
following incubation at 37C would suggest its disclosure
as Cu(ll). However, although thermal treatment was unable
to determine the release of the metal ion in the solution, it
may well allow its oxidation; thus, it was not possible to
ascertain the redox state of the second copper equivalent
detectable on the enzyme.

The incubation of ALR2 in the presence of low levels of
copper ion leads to a progressive inactivation of the enzyme
(Figure 1) and to the generation of an enzyme form
characterized by a pl of 5.25, 0.4 pH units higher with respect
to the native enzyme (Figure 3). Oxygen radical scavenging
systems [i.e., mannitol4@), SOD, and catalase] and the
removal of oxygen from the incubating mixture and its
substitution with nitrogen do not affect the inactivation
process (Figure 5). Thus, the well-known capacity of copper
to promote the formation of oxygen-activated species does

RoLtRszeem to be involved in the observed inactivation of The presence on the enzyme of two bound copper ions,
: one of which like Cu(l), confirms the hypothesis that a redox
~ Metal chelators such as EDTA or OP, prevent the copper- hrocess occurred on ALR2 and that the metal ion is firmly
induced inactivation of ALR2.  Because of the special poynd to the enzyme. The presence of copper is sufficient,
properties of EDTA and OP either to impair or activate, iy principle, to explain the loss of enzyme activity but,
respectively, the capacity of Cu(ll) as a catalyst of thiol gpyiously, the possibility of a specific oxidative modification
oxidation (L1, 44, 43, the protective action exerted by both ¢ the protein molecule cannot be excluded. In this regard,
metal chelators on the enzyme activity can simply be ascribedipe effectiveness of DTT in rescuing enzyme activity (Figure
_to their_ability to compete with the enzyme_for_ copper, thus 5) while making all bound copper accessible to BCDS
interfering with effe_ct|ve metal-enzyme binding. On the iiration (Table 1) might be interpreted as a reduction of
other hand, the failure of metal chelators to allow the protein disulfides. However, the unique capability of DTT
recovery of the enzyme activity and the fact that the Cu- {4 jnteract with ALR2 84), together with its potential for
mactlvated ALR2 can be activated by the addition of D'I_'T chelating and reducing coppe#d), may restore ALR2
(Figure 4) would suggest the occurrence of an oxidative activity simply by removing the metal ion from sites
process, which probably involves protein cysteine residues. jnaccessible to other metal chelators. Nevertheless, the
The enzyme inactivation appears to occur through a complete removal of copper by EDTA at 32, which occurs
specific interaction with the copper ion since both the rate without the recovery of enzyme activity (Table 1) and
and the extent of inactivation are proportional to the Cu(ll) without changes in the pl (data not shown), together with
concentration (Figure 1). Indeed, although it is not possible the susceptibility of such a Cu-depleted inactive enzyme form
to speculate in terms of the mechanism of the inactivation to be reduced by DTT to an active native ALR2 (Table 1),
process, the plot of the maximal extent of inactivation as a is a strong indication that the inactivation of ALR2 induced
function of copper ion concentration (Figure 2) indicates, by copper ion is associated with an enzyme form containing
for the overall process, a stoichiometry [Cu(Il)]/[ALR2] of  both bound copper and disulfide bonds. The occurrence of
2:1. the latter modification is sufficient to keep ALR2 in an
The relatively low levels of Cu(ll) required to inactivate inactive state. Protein bands with apparent molecular weights
ALR2, as well as the high rate of enzyme inactivation, are of approximately 70 and 115 kDa were detected after SDS
indicative of the extraordinary effectiveness of the metal PAGE under nonreducing conditions (Figure 3), suggesting
ALR?2 interaction. Zn(ll), a metal ion which, like Cu(ll), the formation of dimeric and trimeric structures. However,
readily binds proteins but does not have the potential to most of the enzyme is present as a monomer. Therefore,
catalyze redox processes, is unable to affect the ALR2 the majority of any disulfide bonds formed must be intramo-
activity and does not interfere with copper-dependent lecular. Indeed, titration by DTNB indicated that the Cu-
inactivation. These results indicate either a significant inactivated ALR2 contained two lesser equivalents of reduced
specificity of ALR2 for copper [Cd(Il) and Ni(ll) do not thiols as compared to native enzyme, which would be
affect ALR2 activity] and/or that the metal binding, as such, consistent with the formation of one disulfide bond per
is not sufficient for enzyme inactivation. In fact, a com- enzyme molecule. Such event is not peculiar for ALR2.
plexometric analysis for Cu(l) performed during ALR2 Indeed other proteins and enzymes have been shown to be
inactivation revealed the formation of reduced copper to give oxidized by copper ion by electron-transfer mechanism at
a ratio [Cu(l)]/[inactive ALR2] of approximately 1:1 (Figure level of Cys residues4(r—49).
6). We therefore hypothesize either the formation of a  The buffering action exerted by GSH on the Cu-induced
specific inactive adduct ALR2Cu(l)/Cu(ll) or an oxidation ALR2 inactivation is reminiscent of its antioxidant, scaveng-
of ALRZ2 induced by the metal ion. However, if the latter ing function. In fact when ALR2 was treated with copper
is the case, the defined stoichiometry of the inactivation in the presence of GSH (Figure 5), the thiol was readily
process implies that the metal ion must, in any event, remainoxidized and the rate and maximal extent of ALR2 inactiva-
bound to the enzyme so that its oxidation and recycling by tion was significantly reduced. The decrease in enzyme
oxygen is impaired. activity observed under these conditions can be linked to a
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GSSG-dependent formation of GS-ALR2 rather than to a 11. Gutteridge, J. M., and Halliwell, B. (198Bjochem. Phar-
direct action of the metal ion on the enzyme. This is macol 31, 2801-2805. _ _ _
supported by the isolectric focusing analysis of Cu(ll)/GSH- 12- Aruoma, O. 1., Halliwell, B., Gajewski, E., and Dizdaroglu,

- . . M. (1991) Biochem. J. 273601—-604.
treated ALR2, which revealed protein bands focusing as the ;3 Ga$|a9n9d )D.lo(ci'ggrgE)fp' EggOReSG_ 050377_682.

native (pl 4.85) and the glutathionyl-modified (pl 4.75)  14. Simpson, J. A., and Dean, R. T. (1999ke Radical Res.
ALR2, but not as the Cu-inactivated ALR2 (pl 5.25). Direct Commun10, 303-312. ' '
interaction between metal ion and ALR2 was more readily 15 Euttte%ig% 8J_M C., and Wilkins, S. (1983pchim. Biophys.

; cta .
observed .When GSS.G rathf” thalj GSH was present with 16. Agarwal, K., Sharma, A., and Talukder, G. (198%em. Biol.
Cu(ll) during ALR2 incubation (Figure 5). Under these Interact. 69 1—16.
conditions, while the inactivation rate o.f.ALRZ opserved in 17. Kagawa, T. F., Geierstanger, B. H., Wang, A-H, and Ho,
the presence of Cu(ll) /GSSG is significantly higher than P. S. (1991). Biol. Chem 266, 20175-20184. _
that observed in the presence of either Cu(ll) /GSH or GSSG 18. Geierstanger, B. H, Kagawa, T. F., Chen, S.-L., Quigley, G.
alone, the isoelectrofocusing analysis revealed not only GS- __ J-» @nd Ho, P. S. (1991). Biol. Chem 266, 20185-20191.

. - 19. Linder, M. C. (1983)). Nutr. Growth Cancer 127—38.
ALR2 but also the Cu-inactivated ALR2 form. 20. Kato, Y., Uchida, K., and Kawakishi, (1992) Biol. Chem

These results indicate that an increase of GSSG concentra- 267, 23646-23651.
tion as such is not sufficient for the change in the oxidative 21. Stadtman, E. R., and Oliver, C. N. (1991 Biol. Chem266,
modification pathway of ALR2 observed when GSH was 2005-2008. S
supplemented with Cu(ll). On the contrary, the sequestration 22- Stadtman, E. R. (199Byee Radical Biol. Med9, 315-325.

of Cu(ll) engaged in redox cycling in the bulk solution by 23'83225’3’_ %igf_"CBthlrgczkéf'ég\Alsinggghl’.B" and Gabbay, K. H.

GSH @6, 50 may significantly contribute to the protective 24 Giannessi, M., Del Corso, A., Cappiello, M., Voltarelli, M.,
effect exerted by the thiol compound against Cu-induced Marini, ., Barsacchi, D., Garland, D., Camici, M., and Mura,
inactivation of the enzyme. From these results, it is evident U. (1993)Arch. Biochem. Biophy$300, 423-429.

i ; 25. Del Corso, A., Voltarelli, M., Giannessi, M., Cappiello, M.,
that the stability of the GSSG/CU(I.I) com_pIeSQ) is such Barsacchi, D., Zandomeneghi, M., Camici, M., and Mura, U.
that _GSSG does not compete effectively with ALR2 for metal (1993) Arch. Biochem. Biophy©00, 430-433.
binding, as occurs for metal chelators such as EDTA or OP 2. Del Corso, A., Barsacchi, D., Giannessi, M., Tozzi, M. G.,
(Figure 4). In fact, when the thiol/disulfide redox step is Houben, J. L., Zandomeneghi, M., Camici, M., and Mura, U.

circumvented, as in the case of the incubation in the presence I(%t?i%ci)t)ioir? (ggg:gto tC(;OflllcepKtii o?sfh {t“alldgs?_' Rﬁgggtrass gni nlgs
o 655G, he fat ALR2 nacvaton procos ndiced by & G i B sinceFew ot

” . . ) 27. Cappiello, M., Voltarelli, M., Giannessi, M., Cecconi, I.,
GSSG concentration) for S-glutathionylation of the enzyme. Camici, G., Manao, G., Del Corso, A., and Mura, U. (1994)
Thus, it appears conceivable that alteration of the normal Exp. Eye Res58, 491-501.
thiol redox status may enhance the modifying capability of 28. Del Corso, A., Barsacchi, D., Giannessi, M., Tozzi, M. G.,
copper ion toward target proteins. Maintenance of the GSH ~ &amici, M., and Mura, U. (1989). Biol. Chem264, 17653~

. ) - . 17655.
pool in a reduced state with high [GSH]/[GSSG] ratios may 29. Cappiello, M., Voltarelli, M., Cecconi, I., Vilardo, P. G., Dal

be important in counteracting pathological conditions result- Monte, M., Marini, I., Del Corso, A., Wilson, D. K., Quiocho,
ing in elevated cellular copper levels. F. A., Petrash, J. M., and Mura, U. (1995)Biol. Chem271,
33539-33544.
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