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ABSTRACT: a-Crystallin, the major eye lens protein, is a molecular chaperone that plays a crucial role in
the suppression of protein aggregation and thus in the long-term maintenance of lens transparency. Zinc
is a micronutrient of the eye, but its molecular interaction witbrystallin has not been studied in detail.

In this paper, we present results of in vitro experiments that show bivalent zinc specifically interacts with
o-crystallin with a dissociation constant in the submillimolar range € 0.2—0.4 mM). We compared

the effect of Z&" with those of C&", Cli2™, Mg?t, Cc+, P2+, Ni2*, F&', and C8" at 1 mM on the
structure and chaperoning ability afcrystallin. An insulin aggregation assay showed that among the
bivalent metal ions, only 1 mM 2 improved the chaperone function afcrystallin by 30% compared

to that in the absence of bivalent metal ions. Addition of 1 mM*Zincreased the yield ak-crystallin-
assisted refolding of urea-treated LDH to its native state from 33 to 38%, but other bivalent ions had little
effect. The surface hydrophobicity ofcrystallin was increased by 50% due to the binding of'Zin

the presence of 1 mM 2n, the stability ofa-crystallin was enhanced by 36 kJ/mol, and it became more
resistant to tryptic cleavage. The implications of enhanced stability and molecular chaperone activity of
o-crystallin in the presence of 2h are discussed in terms of its role in the long-term maintenance of
lens transparency and cataract formation.

o-Crystallin, the major protein of the vertebrate eye lens, placement of available hydrophobic surfaces between ag-
belongs to the small heat shock protein (sHS&ily and gregating substrate proteins is believed to be the principal
is a molecular chaperoné-4). It prevents the aggregation mechanism for the prevention of substrate protein aggrega-
of a large number of substrate proteins, including its natural tion by the chaperoneg); In vitro experiments have shown
substrated- andy-crystallin 6—10). Under in vitro condi-  that external stress conditions that exposed more hydrophobic
tions, it assists the refolding of various enzyme substratessites were accompanied by an increase in chaperone activity
(10-14). The lens is an extremely dense mass of proteins, (7, 9). However, these conditions are nonphysiological, and
mainly the crystallins, with very little turnover of proteins. how chaperone functions could be modified under in vivo
The chaperone function od-crystallin is thought to be  conditions is still poorly understood. A recent thermodynamic
crucial in the maintenance of the transparency of the eyestydy @4) has shown that the free energy of stabilization
lens. With age, the transparency of the lens gradually que to binding of a hydrophobic probe t¢ocrystallin does
diminishes and cataract develops. The causes for the graduahot correlate with its chaperoning ability, indicating that

loss of chaperone function are not very well understood, nteractions other than the hydrophobic types may also
although various post-translational modificatiohs, (L6) and contribute significantly to the interaction energy.

genetic mutations1(/—19) are being studied in an attempt
to establish any possible relationship.

Hydrophobic interaction plays a major role in the recogni-
tion of the substrate by the chapero2€{23), and proper

Although hydrophobic interaction in general was believed
to play a dominant role in the chaperersibstrate recogni-
tion, the importance of charge interactions with respect to
the polypeptide binding and structure of the chaperone was
suggested by many studie25-28). Results from our
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2-(p-toludino)naphthalene-6-sulfonic acid, sodium salt; bis-ANS-4,4 role @3). Many of the crystallins such #s andy-crystallins

dianilino-1,2-binaphthyl-5,5-disulfonic acid, dipotassium salt; DTNB, ~ &€ C_é-+ bin.ding proteins 4, 35). Several bivalent metal
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and the fluorescence emission spectrum was recorded

are believed to play a possible role in the genesis andbetween 450 and 550 nm using 390 nm as the excitation

molecular mechanism of cataract formation.

wavelength. The excitation and emission band-passes were

Despite these scattered works suggesting the importancéd nm each. To analyze the binding data according to the

of bivalent metal ions in the structural and functional
properties of crystallin proteins, their mechanism of action

is not understood. The published results are often contradic-

tory to each other and do not provide much insight into the
physicochemical interaction between the metal ion and

Scatchard equation, a titration of Qu bis-ANS by 10.0
mg/mL aA- or aB-crystallin (in the absence and presence
of bivalent metal ions) was performed. This reverse titration
data were used to obtain the quantitative relationship between
the fluorescence intensity change and bound bis-ANS,

a-crystallin. We have therefore undertaken a detailed study according to the work of Cardamone and P@9)(

to understand the role of bivalent metal ions in the structure,
stability, and chaperone function afcrystallin. Our results
clearly show that at 1 mM, of the nine bivalent metal ions
chosen for this study, only Zh has a significant effect in
exposing hydrophobic groups, improving chaperone function,
and enhancing the structural integrity @fcrystallin.

EXPERIMENTAL PROCEDURES

Materials.All reagents used in this study were of analytical
grade. Insulin, DNase, lysozymesbenzoylpL-argininep-
nitroanilide hydrochloride (BAPNAACI), isopropyl 5-D-
thiogalactopyranoside (IPTG), DTNB, calcium chloride
(CaCk), magnesium chloride (Mgg)l zinc sulfate (ZnSg),
copper sulfate (CuS£p cobalt sulfate (CoS§), lead sulfate
(PbSQ), nickel sulfate (NiSQ), cadmium chloride (Cdg),
iron(Il) chloride (FeC4), and SDS were all purchased from
Sigma. -Mercaptoethanol AME), dithiothreitol (DTT),
trypsin, and lactate dehydrogenase (LDH) were from Sisco

Research Laboratories. Tris buffer salt was purchased from

GIBCO BRL. Bis-ANS and TNS were obtained from
Molecular Probes. Phenylmethanesulfonyl fluoride (PMSF)
was obtained from Merck.

Expression and Purification of Recombina- andaB-
Crystallin. Plasmids were obtained as gifts from W. W. de
Jong (Catholic University of Nijmegen, the Netherlands) and
J. Horwitz (Jules Stein Eye Institute, Los Angeles, CA).

Dissociation Constant (§ for Binding of Cd" and Zr¥*
to HumanaA- and oB-Crystallin Human aA- and aB-
crystallin (0.05 mg/mL) were first incubated separately with
10 uM bis-ANS for 2 h at 25°C. These solutions were
titrated with 10 mM C&" or Zr?* by adding a small aliquot
at a time. After each addition, the solution was stirred
magnetically for 1 min, and the fluorescence emission
spectrum was recorded between 450 and 550 nm using 390
nm as the excitation wavelength. The excitation and emission
bandpasses were 5 nm each. The equation for single-site
ligand binding measured through changes in the spectro-
scopic signal 40) is given by

AFICy2. = A — K AF (1)

whereAF represents the increase or decrease in fluorescence
intensity at a given concentration of the bivalent metal ion,
Kgq is the dissociation constant, add= KqAFmax We used
this equation to calculate the dissociation const&py for
binding of C¢* and Zr#* to humanaA- and oB-crystallin.

Fluorescence Quenching Experimentsyptophan fluo-
rescence spectra were recorded in a Hitachi F-4500 spec-
trofluorometer using an excitation wavelength of 295 nm.
Quenching experiments were performed by separately ti-
trating the solution of humanB-crystallin in the absence
and presence of 1 mM €g Cw, or Zr?t with a freshly
prepare 5 M solution of acrylamide 41). Fluorescence

described previously10Q).

TNS and Bis-ANS Binding layCrystallin in the Presence
of Different Bvalent Metal lons. (a) TNS Binding Assay
The effect of bivalent metal ions on the exposed surface
hydrophobicity of humamB-crystallin was measured with
a specific hydrophobic probe, TNS. First3-crystallin (5.0
uM) in 50 mM Tris buffer containing 100 mM NaCl (pH
7.0) was separately incubated at 26 for 1.0 h in the

absence and presence of 1 mM different bivalent metal ions.

Afterward, a methanolic solution of TNS (1QaM) was

to the emission maximum adB-crystallin (337 nm) and
were corrected for dilution, blanks, and inner filter effects.
The effective SternVolmer quenching constant&4y) were
calculated from the inverse slopes of thg¢AF versus 1/[Q]
plots according to the modified Sterivolmer equationfFo/

AF = 1/, + 1/ Ksv[Q], whereF, andF are the fluorescence
intensities in the absence and presence of the quencher,
respectively, [Q] is the molar concentration of the quencher,
and AF = Fo — F (41, 42). The fraction of quenchable
fluorescencef,, was obtained from the ordinate intercept of

added to the incubated protein samples, and the mixture washe linear portion of théy/AF versus 1/[Q] plot 41).

incubated fo 2 h at 25°C. The protein samples were excited

CD MeasurementsFar-UV CD spectra of different

at 320 nm, and fluorescence emission spectra were recordegamples were taken at room temperature using a Jasco J 600
between 350 and 520 nm. The excitation and emission band-spectropolarimeter continuously flushed with dry nitrogen.

passes were 5 nm each.

(b) Bis-ANS Binding AssaytA- and aB-crystallin (2.5
uM each) in 50 mM Tris buffer containing 100 mM NaCl
(pH 7.0) were separately incubated atZ5for 1 h in the
absence and presence of 1 mM Ca@nSQ, and CuSQ
in a 3 mLfluorimeter cuvette placed inside a Hitachi F-4500

Spectra were collected from 250 to 200 nm using a slit width
of 1 nm and a scan speed of 20 nm/min using a cylindrical
quartz cell with a path length of 1 mm. Proteins (0.2 mg/
mL) were dissolved separately in 50 mM borate buffer (pH
7.0) in 1 mM C&" or 1 mM Zr?" and were incubated
overnight. The reported spectra were the average of five

spectrofluorimeter maintained at the incubation temperature scans. Spectra were analyzed for secondary structure content

using a water bath. The solution was titrated with 300
bis-ANS by adding a small aliquot at a time. After each
addition, the solution was stirred magnetically for 3 min,

by the curve fitting programs CONTINLL, CDSSTR, and
SELCONS3 #@3—45). Near-UV CD spectra were recorded
with a Jasco J-815 spectropolarimeter from 350 to 250 nm
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using a 10 mm path length cell and a protein concentration (pH 7.0) in the absence and presence of 0.08 mg&BL

of 0.5 mg/mL in the presence of 1 mM Znor C&".

Appropriate control spectra were also collected and sub-

tracted from the sample spectra.
Reactvity of Thiols ino-Crystalllin in the Presence of
Bivalent Metal lons The free thiol concentration was

crystallin was separately preincubated with all nine bivalent
metal ions at 1 mM and 28C for 1 h. Aggregation was
initiated by adding freshly preparéfME to a final concen-
tration of 25 mM, and the apparent absorbance at 400 nm
was monitored in the kinetic mode using a Shimadzu UV-

measured using Ellman’s reagent DTNB. First, recombinant 2401PC spectrophotometer maintained at@5Assays were

humanaA-crystallin (0.4 mg/mL) was preincubated with 1
mM Ca&*, CWt, or Zret at room temperature (25C) for 1
h. Then DTNB was added to a final concentration of 0.13

also conducted using recombinam-crystallin using a 1:0.4
(w/w) insulin:oA-crystallin ratio.

Chaperone activity was also assayed by assessing the

mM to this mixture, and the absorbance at 412 nm was g-crystallin-mediated refolding of LDH, a homotetrameric

measured as a function of time with the formation of thiol
nitrobenzoate anion by reaction of DTNB with the free
sulfhydryl group of humamA-crystallin.

Effect of Bralent Metal lons on the Enzymatic Adgty
of Trypsin The effect of bivalent metal ions (€3 CW?",
and Zrt") on the enzymatic activity of trypsin was deter-
mined using the BAPNA assax). Briefly, BAPNA [1 mg/
mL in 50 mM Tris buffer containing 100 mM NacCl (pH
7.0)] was incubated with trypsin (at a ratio of 60:1, w/w)
separately in the absence and presence of 1 mM £acCl
ZnSQ, and CuSQat 37°C for 30 min. The reaction was

enzyme, from its fully unfolded statel@. LDH was
denaturedn 8 M urea fa 8 h at 25°C at a concentration of

1 uM. Refolding of the enzyme was initiated by diluting
the denatured LDH 100-fold in a refolding buffer (pH 7.0)
comprising 50 mM Tris buffer, 200 mM NaCl, 10 mM
magnesium acetate, 10 m8ME, 30uM oB-crystallin, and/

or 1 mM CacC}, CuSQ, NiSO,, FeCh, or ZnSQ. Control
experiments withoutaB-crystallin and/or 1 mM CaG|
CuSQ, NiSO,, FeCl, or ZnSQ were also conducted. The
enzyme concentration was 10 nM during refolding. The
activity of the refolded enzyme was assayed by adding 20

stopped immediately by adding the appropriate amount of 4| of refolding mixture to 580uL of refolding buffer
an acetic acid solution, and the absorbance at 410 nm wasmentioned above containing 0.1 mM NADH and 0.4 mM
measured using a Shimadzu UV-2401PC Spectrophotometegodium pyruvate preincuba{ed at 3Z and measuring the

maintained at 25C.

Structural Stability ofa-Crystallin in the Presence of
Different Bvalent Metal lons The effect of different bivalent
metal ions on the structural compactness.afrystallin was
measured by comparing the trypsin digestibilityook- and
aB-crystallin in the absence and presence of 1 mM GaCl
and ZnSQ (10, 23). aA- and aB-crystallin [1 mg/mL in 50
mM Tris buffer containing 100 mM NacCl (pH 7.0)] were

incubated with trypsin (at a ratio of 60:1, w/w) in the absence

and presence of 1 mM Caind ZnSQ at 37°C. Aliquots

decrease in absorbance at 340 nm with time.

Statistical AnalysisAll the values are represented as means
=+ the standard deviatiom(= 3). We used Studentistest
to analyze the statistical differences between groBpslues
of <0.05 were considered statistically significant.

RESULTS

Effect of Bvalent Metal lons on the Chaperone Function
of a-Crystallin. Bivalent metal ions have been reported to

were withdrawn after different periods of digestion, and the affect the chaperone activity of-crystallin 29—31). Since
reaction was stopped immediately by adding soybean trypsinthe reports are inconsistent, we carried out an extensive

inhibitor. SDS-PAGE of theaA- andoB-crystallin digest
was performed under reducing conditions in a Bio-Rad Mini-

chaperone activity assay of recombinant humaAnandoB-
crystallin using an insulin aggregation assay in the presence

PROTEAN 3 electrophoresis setup using a linear 8 to 16% and absence of 1 mM €5 Mg?*, P?t, Co?t, Ni2t, CcPt,
gradient polyacrylamide gel. Silver staining was used to Cw", F&*, and Z#" ions to probe for a specific ion effect.
detect the bands. Gels were scanned in a densitometer foThe results for the chaperone activity afA- and oB-

guantitative analysis.

The effect of different bivalent metal ions (€a Clw#™,
and Zrt*, 1 mM each) on the stability ofxA- and
oB-crystallin was also determined by equilibrium chemical
denaturation experiment$@ 47). Theo-crystallin solution
[0.1 mg/mL in 50 mM Tris buffer containing 100 mM NacCl
(pH 7.0)] was incubated at 2% at various urea concentra-
tions in the range of ©8 M for 18 h. Tryptophan
fluorescence spectra of all solutions were taken in the-300

crystallin are presented in panels A and B of Figure 1,
respectively. For these experiments, a ratio of 1:0.4 (w/w)
of insulin toaA-crystallin or 1:0.25 (w/w) of insulin t@B-
crystallin was chosen to produce50% protection in
aggregation in the absence of added bivalent metal ions. It
should also be mentioned here that the reaction mixture
contained 100 mM NaCl which maintained the ionic strength
of the medium. Changing NaCl to KCI or CsCl produced
no difference for any of the assays mentioned above (data

400 nm region using 295 nm as the excitation wavelength not shown), indicating that the monovalent ions had no
and 5 nm each for excitation and emission band-passes. Thénfluence on the chaperone activity afcrystallin and the

equilibrium unfolding profile was fitted according to a three-
state model 10, 47, 48).

Chaperone Actiity Assays oft-Crystallin in the Presence
of Different Bvalent Metal lonsThe chaperone-like activity
of recombinant humamB-crystallin in the absence and
presence of 1 mM CaglMgCl,, CoSQ, PbSQ, NiSO;,
CdCk, FeCp, CuSQ, and ZnSQ was studied usingME-
induced aggregation of insulireg, 31, 49). Briefly, 0.32
mg/mL insulin in 50 mM Tris buffer and 100 mM NacCl

changes were due to the different bivalent cations. Percent-
ages of protection under the experimental condition calcu-
lated from the scattering value @ h are shown in Figure
1C. Figure 1A shows that 1 mM €3 Mg?", Pi?*, C*,

and Cé&* did not influence the insulin aggregation much.
Ni%* and Fé" reduced chaperone activity afA-crystallin,

but Ci#* slightly enhanced it. FarB-crystallin (Figure 1B),
chaperone activity was least affected by?GaMg?", and
P*, decreased by Co, Fe&™, Ni?*, and Cd™, and slightly
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Ficure 1. Effect of 1 mM bivalent metal ions on the chaperone activityadrystallin. (A) Chaperone activity aiA-crystallin and (B)
chaperone activity ofiB-crystallin: (1) insulin only, (2) insulin and-crystallin, (3) insulin,a-crystallin, and Ca, (4) insulirg-crystallin,

and Mg, (5) insulinp-crystallin, and Pb, (6) insuliny-crystallin, and Cd, (7) insulinx-crystallin, and Co, (8) insulinx-crystallin, and Fe,

(9) insulin, a-crystallin, and Ni, (10) insulinp-crystallin, and Cu, and (11) insulim-crystallin, and Zn. The assay mixture (60Q)
contained 50 mM Tris buffer (pH 7), 100 mM NaCl, 0.32 mg/mL insulin, 1 mM bivalent metal ions, and 0.128 mug#rtkystallin or

0.08 mg/mLaB-crystallin, and aggregation was started by adding 25 AME. (C) Percent protection ability afA- and oB-crystallin

against insulin aggregation in the absence and presence of different bivalent metal ions. Data ar¢ theassndard deviation from
triplicate determinations. Statistically significant changes are shown with asterisks atop the bar. (D) Effect of 1 mM bivalent metal ions on
the controlSME-induced aggregation of 0.32 mg/mL insulin in the absence®trystallin at 25°C: (1) insulin, (2) insulin and Fe, (3)

insulin and Ni, (4) insulin and Cu, and (5) insulin and Zn.

increased by Ci. Some of these results are contrary to saturation in insulin aggregation was reached early compared
published results2Q, 30), but we have verified our results to that in the absence of Zh However, the extent of
by repeated experiments with both recombinant ane aggregation (scattering) in the presence and absence’of Zn
crystallin. Considering a 5% error in the measurement of remained practically unchanged.

protection, the enhancement of chaperone activity b Cu The protection ability ofa A- and aB-crystallin toward

can be considered marginal. However, the presence of 1 mMSME-induced insulin aggregation was found to be dependent
Zn?* resulted in significantly P < 0.0005) enhanced on Zr?t concentration (Figure 2). In the presence of 0.1 mM
protection against aggregation for botlkA- and oB- Zn?*, the protection abilities oftA- and aB-crystallin were
crystallin. In the presence of 1 mM Zn the chaperone ~59 and~68%, respectively, and these increased-ft7
function of aA- and aB-crystallin increased by-27 and and ~85%, respectively, at 1.0 mM 2h (Figure 2B-D).
35%, respectively (Figure 1C). We also carefully checked It has been found that while complete prevention of ag-
if the metal ions had any influence on the control insulin gregation required a 1:0.75 (w/w) ratio of insulin ¢dB-
aggregation assay. We found that except fot'Zmone of crystallin in the absence of any bivalent ion, in the presence
these metal ions at a concentration of 1 mM has any of 1 mM Zr?", a ratio of 1:0.4 (w/w) of insulin to
significant influence on the aggregation of insulin in the aB-crystallin was sufficient to give full protection (data not
absence oftA- or aB-crystallin (Figure 1D). In the presence  shown). Interestingly, the extent of maximum insulin ag-
of 1.0 mM Zr?t, the process of aggregation of control insulin  gregation in the absence of-crystallin was found to be
(in the absence afA- or aB-crystallin) became quicker as  almost independent of the concentration of Zions (Figure

the lag time was significantly reduced and consequently 2A). The insulin aggregation profiles in the presence of0.1
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Ficure 2: Effect of different zinc concentrations on the chaperone activitg/f and aB-crystallin. (A) SME-induced aggregation of
0.32 mg/mL insulin in the absence and presence of 0.0 mM Zr?+ at 25°C: (1) insulin, (2) insulin and 0.1 mM Zn, (3) insulin and 0.25
mM Zn, (4) insulin and 0.50 mM Zn, and (5) insulin and 1.0 mM Zn. Insulin (0.32 mg/mL) was incubated separately with or without
0.1-1.0 mM Zr?*+ for 1 h at 25°C. Aggregation was started by adding 25 n#MIE, and scattering at 400 nm was monitored. (B) Effect
of Zn?* concentration on chaperone activity @f-crystallin and (C) effect of Z# concentration on chaperone activity @B-crystallin:

(1) insulin, (2) insulin andx-crystallin, (3) insulin,a-crystallin, and 0.1 mM Zn, (4) insulimx-crystallin, and 0.25 mM Zn, (5) insulin,
a-crystallin, and 0.5 mM Zn, and (6) insuli,-crystallin, and 1 mM ZnoA- or aB-crystallin was incubated separately with or without
0.1-1.0 mM Zr?* for 1 h. The substrateA-crystallin and substrateB-crystallin ratios (w/w) were 1:0.4 and 1:0.25, respectively. All
solutions contained 25 mMME. (D) Percent protection ability afA- and oB-crystallin against insulin aggregation in the absence and
presence of 0:21.0 mM Zr?+ at 25°C. Data are means the standard deviation from triplicate determinations. Statistically significant
changes are shown with asterisks atop the bar.

0.25 mM Zrt+ were quite similar to that in the absence of 50
Zn?* (Figure 2A). The profile at 0.5 mM Z was identical 2 +Zn
with that at 1.0 mM Z#A*, showing quicker aggregation but 1
aggregation to the same extent as in the absence 4f Zn
(Figure 2A). Similar results were also obtained when bovine
a,-crystallin was used instead of recombina- or aB- ] ~ +Cu
crystallins (data not shown). These data clearly show that + Ca
the dose-dependent chaperone activity is primarily due to
interaction between 2m and a-crystallin.

o-Crystallin is also known to assist the in vitro refolding
of many enzyme substrateBX-14). We studied the refold-
ing of lactate dehydrogenase (LDH) at 37 by recombinant
oB-crystallin in the presence and absence of 1 mM*Ca
Cw*, Ni?t, Fet, and Zi#* ions by 100-fold dilution of an
8 M urea solution of LDH into refolding buffer (Figure 3). 104
In the absence of bothiB-crystallin and bivalent metal ions,
only 4% activity could be recovered. This value did not
change much in the presence of 1 mM bivalent ions in the .
absence of theB-crystallin (data not shown). In the presence 0 T T T T y T
of aB-crystallin without any bivalent metal ionsy33% 0 2 4 6 8
activity could be regained. Separately, wheB-crystallin
and 1 mM C&" or CL* were present, the reactivation yield Ficure 3: Time course of reactivation of LDH at 3T from an
re_malned 3336%'. Furthermqre, in the presence of Fer 8 M urea solution in the presence and absence of different bivalent
Ni?*, the reactivation yield slightly decreased to-28%, metal ions at 1 mM. LDH was inactivated by incubation at’25
but when the refolding buffer contained baiB-crystallin in an 8 M urea solution at 8 h. Refolding was initiated by 100-fold
and 1 mM Z@&*, activity recovered jumped to 48%. This dilution of LDH (1 «M) in 8 M urea in a refolding buffer [50 mM
effect of Zr?*, leading to a significantR < 0.05) increase ~ 11S containing 100 mM NaCl (pH 7.0)] containing 10 mM

. . . . magnesium acetate, 10 mpME, 30 uM oB-crystallin, and/or
in refolding yield, was observed whemB-crystallin was different bivalent metal ions at 1 mM. Each data point is the average

replaced withaA- and o.-crystallin and also with other  of triplicate measurement, and error bars denote the standard
substrates such as malate dehydrogenase or carbonic anhyleviation.

30 1

20

Activity recovered (%)

LDH alone

Refolding time (hr)
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Ficure 4: Fluorescence spectra of TNS bound®-crystallin in

the absence and presence of 1 mM bivalent metal ions 4C25
The protein concentration was 0.1 mg/mL and the TNS concentra-
tion 100uM. All protein solutions were first incubated with different
bivalent metal ions at 1 mM fol h and then incubated with TNS
for 2 h. The fluorescence spectrum of different samples was taken
from 350 to 520 nm. The excitation wavelength was 320 nm: (a)
Cu, (b) Fe, (c) Co, (d) Ni, (e) Mg, (f) no bivalent metal ion, (g)
Ca, (h) Cd, (i) Pb, and (j) Zn.

drase (data not shown). Thus, both the insulin aggregation

and the refolding activity assay revealed marked enhance-

ment of chaperone activity af-crystallin in the presence
of Zn?*,

Change in the Surface Hydrophobicityw{Crystallin Due
to Zr?* Binding Hydrophobic exposure has been probed by
the fluorescence of TNS bound t@B-crystallin in the
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crystallin in the presence of the respective bivalent metal
ion was necessary to convert the fluorescence intensity
changes into bound bis-ANS as discussed previoully (
39).

&)

where? is the number of moles of bis-ANS bound per mole
of aB-crystallin,n is the number of binding sites, akq is

the dissociation constant. Values of dissociation congant
and the stoichiometry of bindingi) of bis-ANS per mole

of aB-crystallin subunit obtained from the Scatchard plot
are presented in Table 1. It can be seen that the presence of
1 mM Zr?t increasedn for binding of bis-ANS tooB-
crystallin from 0.97 to 2.24 per subunit and decreaked
from 1.78 to 1.08:M, but the presence of Gaion has little
effect on the increase in the number of exposed hydrophobic
sites ofaB-crystallin (Table 1). A very similar type of result
was found foraA-crystallin also (data not shown).

The bis-ANS fluorescence enhancement by?*Zand
guenching by C& were not specific taxB-crystallin only
asoA-crystallin also had a similar effect (Figure 6). In Figure
6A, we present the results for the fluorescence titration of a
bis-ANS—-aA-crystallin complex by Z&t and Cd*. The
data for both metal ions display typical curvature, which is
an indication of the “static effect” in fluorescence quenching
or enhancement. Such an effect arises due to the binding of
the ions to the fluorophoret®, 50) which in this case is the
bis-ANS—aA-crystallin complex. The data were analyzed
according to eq 1, and the dissociation const&a) (vas
obtained from the slope of the linear plotAF/Cyz2+ against

presence and absence of the bivalent metal ions. Figure 4AF (Figure 6B). The dissociation constantsg) for the

shows the fluorescence spectrum of 100 TNS separately
incubated with %M oB-crystallin containing 1 mM bivalent
metal ion. When the intensity values at 420 nm (aroig)
were compared, we found that the presence of 1 mRt Zn
led to a near doubling of the fluorescence intensity. No
significant changes were observed in the presence f, Pb
Cd?t, C&t, and Mg*. On the other hand, Ri, Co*t, Fet,
and Cd" led to a significant decrease® (< 0.005) in
fluorescence intensity. This effect was not due to ionic

binding of Zr#* to aA- and aB-crystallin are 0.38 and 0.20
mM, respectively, and those for binding of €uare 0.38
and 0.26 mM, respectively. The values are consistent with
stronger interaction of these ions widl-crystallin than with
oA-crystallin. TheseKy values are 1 order of magnitude
lower than those obtained for the binding between bivalent
metal ions and GroEL2g), indicating more specific interac-
tion of these ions witha-crystallin. Since little change in
fluorescence intensity was observed in the presence®f Ca

strength because the effect was observed in the presence af was not possible to calculate the dissociation constant for

100 mM NacCl, which was sufficient to screen all electrostatic
interactions.

The effect was quantitatively studied for selected bivalent
ions by using bis-ANS as the hydrophobic probe (Figure 5).
The result showed that the presence of 1 mMZanhanced
the bis-ANS fluorescence2.5-fold, but the same concentra-
tion of C&" had very little effect (Figure 5A). Bis-ANS
fluorescence decreased significantly & 0.005) in the
presence of Ci ion. All these results are qualitatively
similar to those presented in Figure 4. To further characterize
the binding of bis-ANS taxB-crystallin in the presence of
the bivalent metal ions in terms of binding constant and
number of binding sitesyB-crystallin was fluorimetrically
titrated by bis-ANS in the presence and absence of 1 mM
Ca&*, Cut, and Zrt*. The fluorescence emission intensities
of bis-ANS in the presence @fB-crystallin at 500 nm as a

this ion by this method.

EDTA is an effective chelator of bivalent cations. Addition
of EDTA to the Zri#*-containing bis-ANS andB-crystallin
solution gave interesting results. At a bis-ANS concentration
of 10 uM, 0.05 mg/mLoaB-crystallin in the absence of any
bivalent metal ion had a fluorescence intensity of 1330
(arbitrary units) at 500 nm (Figure 7). In the presence of 1
mM Zn?*, the value increased to 2700. Addition of 1, 2, 4,
and 8 mM EDTA resulted in intensity values of 2550, 2780,
2850, and 3020, respectively. This indicates that the effect
of Zn?* ions on the surface hydrophobic exposurexs-
crystallin is not reversible. Although the Znion-induced
surface hydrophobic exposure was somewhat reduced at 1
mM EDTA, a higher concentration of it exposed additional
sites. When 2 mM EDTA was added to a bis-ANB/
crystallin mixture without bivalent metal ions, the intensity

function of bis-ANS concentration are shown in Figure 5B. at 500 nm rose from 1330 to 1750. This clearly reflects the
The data were analyzed according to the Scatchard equatiorfact that the interaction of the negative charges of EDTA on
(eq 2). A reverse titration of bis-ANS with recombinari- the chaperone surface can also modulate the surface hydro-
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FiGure 5: Fluorescence properties of bis-ANS boundu®-crystallin in the absence and presence of bivalent metal ions &C28A)
Fluorescence spectra of bis-ANS in the absence and presence of 1 mM bivalent metal ions. The protein concentration was 0.05 mg/mL, and
the bis-ANS concentration was M. The fluorescence spectrum of different samples was taken from 450 to 550 nm. The excitation
wavelength was 390 nm. (B) Binding of bis-ANS é@B-crystallin in the absence and presence of 1 mM bivalent metal ions & .2Zbhe
protein concentration in all samples was 0.05 mg/mL in 50 mM Tris buffer containing 100 mM NaCl (pH 7.0). An excitation wavelength
of 390 nm and an emission wavelength of 500 nm were used.

Table 1: Parameters of Binding of Bis-ANS ¢dB-Crystallin in the were no significant changes in the CD spectrum of the protein
Presence and Absence of Various Bivalent Metal lons at®5 (Figure 8A), indicating minimal changes in _the seconplary
system n Ka (M) structure. All the spectra reflect characteristics of dominant
P—— 097+ 0010 178 0,033 ﬁ—lsheet structure. The spectra were quantitatively analyzed
humanaBand 1nM C#°  0.99+0.014 176+ 0.028 with CONTINLL (43), SELCONS, and CDSSTRAg, 45).
humanaB and 1 M Zn2* 2.24+ 0.016 1.08+ 0.024 We estimated-32% 3-sheet and 15%-helix content which
agree well with secondary structural estimates dds-
crystallin in the absence of bivalent metal iorfsl{53).

phobic exposure, very much like that of ATRQJ. Since . 4
the presence of both EDTA and Zndoes not replace the ;Lherefore,dat L rtth neltther Zh(;]otr Ciébllonstpetrturbed
effect of each but shows a positive effect of exposing more € secondary structure to any e_ ec_a € extent.
hydrophobic groups than when present individually, it Near-UV CD spectra are shown in Figure 8B. It was found
indicates that Z# and EDTA bind tooaB-crystallin at  thatin the presence and absence of 1 mM'Cthe near-
different sites. UV CD spectral characteristics @fB-crystallin remained
Internal Changes in the Structure ofCrystallin in the nearly unchanged. In the presence of 1 mMZalso, the
Presence of Bialent Metal lons The results described above ~Spectrum exhibited almost all the features present in the
clearly show that the bivalent metal ions,Z1in particular, ~ absence of bivalent metal ions, although a general increase
increased the surface exposure of the hydrophobic groupsin the ellipticity value was noticed. However, no significant
Whether these surface changes were accompanied by changéevelopment of positive ellipticity was observed in the
in the polarity of the buried tryptophan group has been Presence of Z41. These results indicate that tertiary contacts
checked by assessing the tryptophan fluorescence quenchinground the aromatic residues remain largely unaltered. These
of aB-crystallin by acrylamide in the presence and absence results are consistent with our tryptophan fluorescence
of the bivalent metal ions. The quenching data were analyzedduénching data.
by a modified SternVVolmer equation 41, 42), which Reactvity of aA-Crystallin Thiols in the Presence of
enabled us to calculate the quenching constag) &nd the Bivalent Metal lonsaA-Crystallin has two free thiol groups
fraction of accessible fluorophoré&)((Table 2). It is clear located at the junction of thex“crystallin” domain and the
from Table 2 that the quenching parameters in the presenceC-terminal tail at positions 131 and 142, respectivly [t
and absence of bivalent metal ions are nearly identical, is already known that of these two thiols, the one at position
indicating that the buried tryptophan environment remained 131 was accessible to thiol-reacting reagents while the one

unaffected. at position 142 was burie®4). Thiol residues can coordinate
We also probed the secondary and tertiary structuceBef to bivalent metal ions through their available electron pair
crystallin in the presence and absence of'Gand Zi#" by on the sulfur atom, and this would result in a lack of thiol

far- and near-UV circular dichroism (Figure 8). Most of the reactivity. We determined the accessibility of the thiol groups
experiments described in this paper were carried out in 50toward the reagent DTNB at room temperature in the
mM Tris buffer. However, due strong absorbance below 210 presence of the bivalent metal ions by following the time

nm, the Tris buffer was replaced with borate buffer (50 mM). course of the product absorbance at 412 nm (Figure 9). In
In the presence and absence ofCand Zr#* ions, there the absence of any bivalent metal id%,, rose sharply for
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Ficure 6: Binding of C@" and Zr#" ions to a-crystallin. (A) Fluorescence emission intensity (500 nm) of bis-ANS 10 bound to
aA-crystallin (top panel) andB-crystallin (bottom panel) as a function of bivalent metal ion concentration &C29he two bivalent

metal ions used in this study were Zn(empty symbols) and Cu (filled symbols). Here the protein concentration was 2M. The

excitation wavelength was 390 nm. (B) Determination of the dissociation con&igrfo( the interaction between bivalent metal ions and
recombinant humanA-crystallin (empty symbols) ouB-crystallin (filled symbols) induced by 1 mM 2n (top panel) and 1 mM Cd

(bottom panel) at 28C. The dissociation constar{) was obtained from the slope of the linear plotA¥#/Cyz+ againstAF, whereAF

represents the increase or decrease in fluorescence intensity (500 nm) at a given concentration of the bivalent metal ion. The dissociation
constantsKg) for the binding of ZA" to aA- and aB-crystallin are 0.38R < 0.005) and 0.20 mMK < 0.005), respectively, and those

for binding of C#* are 0.38 P < 0.05) and 0.26 mMR < 0.05), respectively. The excitation wavelength was 390 nm. The protein
concentration was 0.05 mg/mL, and the bis-ANS concentration wasgviLO

3500 -
Table 2: Fluorescence Quenching Parameters of Human

aB-Crystallin in the Absence and Presence of Various Bivalent
Metal lons at 25°C
fa st (Mfl) fa KSV (M 71)

none 1.0 2.9 ImMCO 1.0 3.0
i1mMC&" 1.0 3.1 1mMZAt 1.0 3.2

2800

2100 +

similar to that without C& ion (trace 2). The presence of 1
mM Cw* or Zr?t ion in the system somewhat decreased
the initial rate of the reaction, but the finAl,, values were
nearly same (traces 3 and 4). This would indicate th&t Cu
and Zr#* ions do not have direct bonding with the thiol
group, but the conformational changes d-crystallin
induced by these ions, particularly at the surface level, might
have somewhat reduced the initial accessibility of the thiol
group to DTNB.

Tryptic Digestion ofa-Crystallin in the Presence of
Bivalent Metal lons.We have checked here whether the
addition of selected bivalent metal ions,?ZnCa&", and
Cu?*, changes the digestibility aiB-crystallin by trypsin.

. . . At first, we checked if the enzymatic activity of trypsin alone,
Ficure 7: Effect of EDTA on the interaction between bis-ANS

andoB-crystallin induced by 1 mM Z# at 25°C. The intensities using BAPNA as_, a substratt%&), was affected by the .
of fluorescence emission of bis-ANS at 500 nm ax@tcrystallin presence of the bivalent metal ions. We found out that while

were acquired with and without ZnS@L mM), followed by the Zn?t and C&" had no effect, 1 mM Cl reduced the activity
addition of EDTA (18 mM). The bis-ANS concentration was 10  of trypsin by nearly 70%. Further study was carried out with
uM and theaB-crystallin concentration 0.05 mg/mL. The excitation 72+ gnd CA&*+ only. The SDS-PAGE profile of tryptic
wavelength was 390 nm. di . ) Lo

igestion products ofuB-crystallin in the absence and
the first 3 min and then reached a steady value in 1 h. This presence of 1 mM Z1 at different digestion times using a
final A412 value corresponded to one thiol per subunittdf 1:50 (w/w) ratio of trypsin to chaperone are shown in Figure
crystallin, in agreement with the previous studigs, (56). 10. After digestion for 45 min, it became clear that the
In the presence of 1 mM €4 the kinetic profile was very  presence of Zi has considerably slowed the cleavage. After
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Ficure 8: Circular dichroic spectra ofB-crystallin in the absence and presence of 1 mM*Cand Zri#+: (A) far-UV CD and (B)
near-UV CD. The protein concentration in 50.0 mM borate buffer (pH 7.0) of all samples for the far-UV experiment was 0.2 mg/mL, and
that for the near-UV experiment was 0.5 mg/mL.
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Ficure 10: SDS-PAGE profile of the trypsin digest o&B-
crystallin in the absence and presence of 1 mM bivalent metal ion.
aB-Crystallin [1 mg/mL in 50 mM Tris buffer containing 100 mM

AA]Z

0.08-
NaCl (pH 7.0)] was digested with trypsin at a 50:1 (w/w) ratio in
the absence and presence of 1 mMZfor different amounts of

0.044 time at 37°C.

0.00 . . and Zrt" by following tryptophan fluorescence at various

0 1200 2400 3600 urea concentrations. Since the wavelengths of maximum
Time (sec) emission {may Of native and unfoldedB-crystallin are 337

and 350 nm, respectively, the data were plotted as the ratio
concentration was 0.4 mg/mL, in 50 mM Tris buffer containing of mtensmgs at.337 and 350 nm as a fur]ct|on qf urea
100 mM NaCl (pH 7"4) and DTNB in a 6-fold molar excess over concentratl_on_(Flgure 11). All the denaturation prof_lles of
the protein. Absorbance was measured at 412 nm as a function ofaB-crystallin in the presence and absence of different
time: (1) no bivalent metal ions, (2) 1 mM €3 (3) 1 mM Cu*, bivalent metal ions have a sigmoid shape. A crude estimate
f‘h“edgzjﬁig“n'v'ofz'g_l;lﬁ‘gthe solutions were incubatedifd hbefore  f the transition midpointQy,) from the sigmoidal analysis

' of the profiles reveals that,, remained 2.6 M both in the
presence and in the absence ofCdn the presence of 1
mM Cw?*, Cy» marginally increased to 2.9 M. However, 1
mM Zn?* drastically shiftedCy, to >5 M. Even in the

Ficure 9: DTNB kinetic profiles of aA-crystallin at various
concentrations of bivalent metal ions at 25. The aA-crystallin

tryptic digestion for 1.0 h, trypsin completely digesteB-
crystallin in the absence of 1 mM Zh but several bands

are distinctly visible in the presence of Znindicating that
Zn?* makesaB-crystallin resistant to tryptic digestion. Here ~presence of 0.1 mM 27, Cy, was 4.6 M urea. The results
also we found that the presence of 1 mM?Caad very are indicative of a dramatic increase in the thermodynamic

little influence as the digestion fragment profiles in both the stability of aB-crystallin in the presence of Zh

absence and presence of it are practically same (see Figure . .
1 of the Supporting Information). Use ofA-crystallin in It can be seen that the profiles lack strong cooperativity,

place ofaB-crystallin produced no change in the qualitative indicating multistate transitions. Sun et &) analyzed the
nature of the result. unfolding profile of recombinanmiB-crystallin with a three-

Structural Stability ofa-Crystallin in the Presence of  state model according to a nati#eintermediate= unfolded
Different Bialent Metal lons We have compared the scheme. The profiles presented here in the presence and
thermodynamic stability ofB-crystallin by equilibrium urea  absence of different bivalent metal ions were also fitted to
unfolding in the presence and absence of 1 mM'Caw’, the three-state model @, 47, 48) according to
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Cat, at which no significant changes ircrystallin proper-
ties have been observed. The key interaction involved in the
recognition between chaperone and its substrate is believed
to be predominantly hydrophobic in nature. Our results show
that Zr#* ions can modulate these hydrophobic interactions
of a-crystallin by inducing conformational changes and
affecting the global stability of the chaperone. These findings
are significant because it shows that such ions may play a
crucial role in the structure, function, and stability of the
o-crystallin in the lens where there is no protein turnover.
We have shown that the effect of Znis not an ionic
strength effect. There seems to be a specific site of interaction
of Zn?* on the surface ofi-crystallin. The enhancement of
bis-ANS fluorescence bound wB-crystallin (Figure 5B)
due to titration by ZA" indicates binding of Z#t to the bis-

[Urea] (M)

Ficure 11: Equilibrium urea unfolding profile a&B-crystallin in
the absence and presence of different bivalent metal ions at 1 mM

and 25°C: (1) aB-crystallin alone, (2)xB-crystallin and 1 mM : . ' o
ca', (3) QBSC)r;‘Sta”iX and 1 mM Ca(h)&) aEr;y_ crystalinand 0.1 ANS—aB-crystallin complex, and we estimate a dissociation

mM Zn?*, and (5) aB-crystallin and 1 mM Z&. The protein  constant Kq) of 0.2 mM for the Z@*-bound complex.
concentration was 0.1 mg/mL. The profile has been normalized to Interestingly, the dissociation constakt) for the Ci#+ was
a scale of &1. .Symbols represent the experimental data points, very similar to that of ZA" ions, but C&" ion had a much
3nd thbe C‘T%I'd ||ngs represent the best fit to a three-state model, oy o influence on the functional and structural properties
escribed by eq <. of aB-crystallin. There are a number of negatively charged
| =[lo+ 1, expAG,° + myurea)RT+ &';SE%ESA, S;COQ as p(lggm'fS,AS@A(ASp"%AIﬁp‘)Z,Géug(ZIggld
a o - o ut®2 Asp' As in humanaA-crystallin an -
| XpCAG,” + mplurea)RTYIL + exp(-AG,” + Glu™ Asp®), (Aspf2 GILE”,GIU™, Asp’d), and (GIU% Glui% -
my[urea])RT+ exp(~AG,® + mj[urea))RT] (3) Aspl® GIutl9) in humanoB-crystallin ). Formation of a
] ] . ) complex between Cti andaB-crystallin in which coordina-
wherel,, |1, andl, are the signal intensities for 100% native, tjon takes place through a mixed donor system consisting
100% intermediate, and 100% unfolded forms, respectively. of 5 histidine side chain, carboxylic acid of aspartate and/or
AGy” refers to the standard free energy change between theyytamate residues, and the nitrogen of the lysine has been
native and the intermediate forms, an,° r_efers to 'ghe proposed31). Recently, Coi et al.59) proposed a molecular
standard free energy ch_ange between the intermediate an¢hodel for the most probable coordination site for2Zin
unfolded forms.AG®, being the sum oAG,* and AG;®,  B-crystallin where it was shown to be coordinated by the
refers to the standard free energy change of unfolding gige chains from residues H% His!l® His!® and GIg®.
(between native and unfolded forms) without urea. The fitted Binding of Zr?* to aB-crystallin resulted in a redistribution
parameters are p_resented in Tab_Ie 3. The s.tandard free energys groups at the surface, bringing the donors close enough
change of unfolding ofB-crystallin at 25°C in the absence g coordinate with Z# to stabilize its structure. 2h ions
of any bivalent metal ion is 22.6 kd/mol. This value/As&* are so tightly bound to theB-crystallin that even EDTA
compares well with that of 21.0 kJ/mol reported by Sun et \ya5 unable to release it.
al. (47). C** ion at 1 mM leads to stabilization by It is interesting to note here that EDTA itself, being a
approximately 5 kJ/mol, but 1 mM Zhincreased the\G° tetravalent anionic species, can form a complex ittrys-
to 58.7 kJ/mol and thus enhanced its stabiliyAG®) by tallin, exposing additional hydrophobic pockets very much
~36 kJ/mol. That the effect is very specific toZrcan be  |ike ATP (10). Since the interaction of EDTA with Zf-
realized from the fact that even at 0.1 mM Znthe  poyndaB-crystallin enhanced hydrophobicity over and above
enhancement of stability is20 kJ/mol (Table 3). Such a 5t exposed by Z (Figure 7), it can be safely said that
dramatic increase in stability in the presence ofZhas EDTA and Zi#* are interacting withB-crystallin through
also been observed withA-crystallin andoy -crystallin (data different sites.
not shown). a-Crystallin has a number of hydrophobic pockets on its
surface even at room temperature, as it is known to bind
many hydrophobic probes such as ANS, bis-ANS, TNS,
The results presented in this paper clearly show thét Zn pyrene, etc.7, 24, 52), but it seems that it also has close to
ion has a specific interaction witl-crystallin that can result  its surface a reserve of extra hydrophobic residues, which
in significant exposure of additional hydrophobic sites on can be relocated at the surface by ionic perturbation.
the chaperone surface and consequently can enhance italthough hydrophobic exposure may occur through partial
chaperone activity. We earlier showed that anionic trivalent destabilization of protein structure, stabilization of protein

DISCUSSION

ATP also produced a qualitatively similar effedt0f, but
compared to that, cationic Zhproduced a more dramatic
effect. The effect is quite specific to Zhas many other
bivalent ions produced either no effect or a minimal effect.
In this regard, it may be mentioned that many early studies
(57, 58) that showed aggregation afcrystallin and cataract
formation by C&" used much higher concentrations<B00
mM) of Ca&*. We have restricted ourselves to only 1 mM

structure by metal binding can change side chain reorientation
in proteins 60) that can expose further hydrophobic surfaces.
If partial unfolding had occurred, it would have caused a
substantial loss of tertiary contacts, but this was contrary to
what has been reflected in the near-UV spectrum (Figure
8B). We had already seen that perturbation created by ATP
led to enhanced exposure of surface hydrophobic pockets to
the extent 0f~30%. These results show Zncan give rise
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Table 3: Parameters of Equilibrium Urea Unfolding of HunweB-Crystallin in the Absence and Presence of Different Bivalent Metal lons at
25 °C, Obtained from the Three-State Model (N < U) Fit

system AG;° (kJ/mol) AGy° (kJ/mol) AG° (kd/mol) my (kJ molFt M) m (kJ molt M%)
humanaB 6.38+ 0.38 16.25+ 0.57 22.63+ 0.48 5.84+ 0.45 7.51+ 0.77
humanoB and 1 mM C&" 6.34+ 0.67 16.214+0.72 22.55+ 0.70 5.75+ 0.37 8.01+ 0.50
humanoB and 1 mM C@* 8.27+ 0.62 19.49+ 0.7 27.76+ 0.68 7.08+ 0.55 7.61+ 0.98
humanoB and 0.1 mM Z&+ 11.59+ 0.83 31.6/H+ 251 43.18+ 1.67 4.33£ 0.51 6.97+ 0.92
humanoB and 1 mM Z@&+ 16.63+1.17 42.02t 3.43 58.65+ 2.30 7.15+1.13 11.34+ 1.67

to a more than 100% enhancement in surface hydrophobicityfor the first time that zinc is needed for the stabilization of
(Table 1 and Figures 4 and 5). A very similar effect ofZn  the eye lens protein-crystallin.

was also observed with GroEL; however, in this case, the  Summarizing, we can say that Znion plays a vital role
binding of Zr#* was reversible 28), but its effect on the  in stabilizing the structure and enhancing the chaperone
stability of GroEL was not known. The reversible nature of function of a-crystallin. In the absence of protein turnover
the binding would indicate loose interaction with GroEL, in the lens, this role of & may be crucial for the long-
which is also reflected in it&q being 1 order of magnitude  term transparency of the lens. Thus, loss ofZimecause of
higher than that observed here tocrystallin. The common  aging or other causes could be detrimental to the transparency
features of both these chaperones are the reserve hydrophaof the eye lens.

bicity that can be activated through structural perturbation

by small ions. Exposure of additional hydrophobic sites led ACKNOWLEDGMENT
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in the extent of probe binding in the presence of'ZfTable PSUPPORTING INFORMATION AVAILABLE

1). SDS-PAGE profile of trypsin digestion ofB-crystallin

It is noted that while Z#" significantly enhanced the in the absence and presence of 1 mM'C@rigure 1). This
intensity of TNS or bis-ANS fluorescence, some bivalent material is available free of charge via the Internet at http://
metal ions such as Gt Ni2*, F&, etc., caused a reduction  pubs.acs.org.
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