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Abstract
Previous studies have shown that both αA- and αB-crystallins bind Cu2+, suppress the formation
of Cu2+-mediated active oxygen species, and protect ascorbic acid from oxidation by Cu2+. αA-
and αB-crystallins are small heat shock proteins with molecular chaperone activity. In the present
study we show that the mini-αA-crystallin, a peptide consisting of residues 71–88 of αA-crystallin,
prevents copper-induced oxidation of ascorbic acid. Evaluation of binding of copper to mini-αA-
crystallin showed that each molecule of mini-αA crystallin binds one copper molecule. Isothermal
titration calorimetry and nanospray mass spectrometry revealed dissociation constants of 10.72
μM and 9.9 μM, respectively. bis-ANS interaction with mini-αA-crystallin was reduced after
binding of Cu2+, suggesting that the same amino acids are interacting with these two ligands.
Circular dichroism spectrometry showed that copper binding to mini-αA crystallin peptide affects
its secondary structure. Substitution of the His residue in mini-αA-crystallin with Ala abolished
the redox suppression activity of the peptide. During the Cu2+-induced ascorbic acid oxidation
assay, the deletion mutant, αAΔ70-77, showed about 75% loss of ascorbic acid protection
compared to the wild type αA –crystallin. This difference indicates that 70–77 region is the
primary Cu2+ binding site(s) in human native full-size αA-crystallin. The role of the chaperone
site in Cu2+ binding in native αA-crystallin was confirmed by the significant loss of chaperone
activity by the peptide following Cu2+ binding.
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Introduction
αA-Crystallin is one of the abundant proteins in the mammalian lens and belongs to the
family of small heat shock proteins (sHSP) [1]. In addition to its refractive role, αA-
crystallin, like other sHSP members, exhibits chaperone-like function that is believed to be
involved in maintaining lens transparency [2–5]. Studies of the critical residues responsible
for the chaperone-like activity of αA-crystallin have revealed that R116 [6], R49 [7], R21
[8], and F71 [9,10] are critical for chaperone function. Other studies have reported that the
C-terminal region [11–13] and the SRLFDQFFG sequence motif [14] are critical for
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chaperone-like function. There is a general agreement that the hydrophobic regions play a
role in chaperone-like activity of αA-crystallin [15]. Our hydrophobic site-specific reagent
(bis-ANS) binding study suggested that the chaperone site in human αA-crystallin is
residues 70–88, which was subsequently confirmed by the demonstration of inhibited
aggregation activity in a synthetic peptide consisting of αA70-88 residues
(KFVIFLDVKHFSPEDLTVK) [16]. We called this peptide “mini-chaperone” or “mini-αA-
crystallin” [16]. The mini-αA-crystallin sequence is highly conserved among several sHSPs.
During homology modeling studies, this region aligns to β3 and β4 region in the α-crystallin
domain of sHSP16.5 [17]. Mini-αA peptide functions like a molecular chaperone by
preventing the aggregation and precipitation of denaturing substrate proteins caused by
oxidative, thermal, and chemical denaturing agents [16,18,19].

Copper is present in micromolar concentration [3–10 μM] in lens tissue and it is mostly
bound to the lens protein [20–23]. Ortwerth et al. [22] reported that lens proteins tightly bind
Cu2+ ions and suppress Cu2+-mediated generation of reactive oxygen species (ROS), as well
as the oxidation of ascorbic acid. This was further confirmed in a study which showed that
both αA- and αB- crystallins are involved in redox silencing [24]. Under some conditions
Cu2+ interaction with α-crystallin was found to modulate the chaperone activity [25–27].
However, none of the studies carried out thus far have pinpointed the specific Cu2+ binding
sequence in human αA-crystallin. The present study was undertaken to determine whether
mini-αA-crystallin binds Cu2+ and inhibits copper-induced oxidation of ascorbic acid, like
native α-crystallin or its subunits. We show that the αA-crystallin chaperone site is also a
Cu2+ binding site in αA-crystallin and the αA70-88 sequence is sufficient to suppress Cu2+-
induced oxidation of ascorbic acid.

Materials and methods
Reagents

Mini-αA-crystallin [DFVIFLDVKHFSPEDLTVK] and the alanine analog
[DFVIFLDVKAFSPEDLTVK] were supplied by GenScript Corporation, Piscataway, NJ,
USA. The purity of the peptides was >95% as determined by high-performance liquid
chromatography (HPLC) and mass spectroscopy. Dry peptides were weighed on a
microbalance and dissolved in HPLC-grade water, and fractions of solutions were used to
determine the concentration of peptides by amino acid analysis. Copper sulfate solution
from Pierce protein assay kit was used as the source of Cu2+. The actual content of copper
and peptide were determined by flame photometry and amino acid analysis at the
Experimental Station Chemical Laboratories, University of Missouri, Columbia.

Ascorbic acid oxidation
A 100 mM stock solution of ascorbic acid (Sigma-Aldrich, St. Louis, MO, USA) was
prepared in HPLC-grade water. For the oxidation experiments, 500 μM of ascorbic acid was
prepared in Chelex-treated phosphate buffer (50 mM, pH7.2) in the presence and absence of
Cu2+. The assays were carried out at 25°C. In other experiments, ascorbic acid (500 μM)
and Cu2+ (4 μM) were incubated (25°C) in the presence and absence of mini-αA-crystallin.
The absorbance of ascorbic acid was measured at 260 nm, using 1 cm cell path in
spectrophotometer, as described earlier [22].

Circular dichroism spectroscopy
Far- ultraviolet (UV) circular dichroism (CD) spectra of the peptide in the presence and
absence of 1 μM of copper was recorded using a JASCO J-815 spectropolarimeter (Easton,
MD, USA). Mini-αA-crystallin (0.1mg/ml) was prepared in 10 mM phosphate buffer, pH
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7.2. Far-UV CD spectra were recorded at 25°C. All of the reported spectra were the
cumulative average of 6 scans after subtraction of the buffer blank.

Fluorescence spectroscopy
The relative hydrophobicity of mini-αA-crystallin was measured using the hydrophobic dye,
1,1′-bi(4-anilino) naphthalene-5,′-disulfonic acid (bis-ANS) (Molecular Probes, Inc.,
Eugene, OR, USA). A stock solution of the dye (14.8 μM) was prepared in 95% ethanol.
Peptides were titrated with increasing concentrations of copper in the range of 0–100 μM.
Ten μl of bis-ANS stock solution was added to 15μM of mini-αA in 1 ml of 50 mM PO4
buffer at pH 7.2. The mixture was incubated at 37°C for 20 min. The interaction of bis-ANS
with mini-αA-crystallin in the absence and presence of copper was examined by recording
the emission spectra between 450 to 600 nm. The samples were excited at 385 nm in a Jasco
spectrofluorimeter FP-750. Emission at 490 nm was used to calculate F0−F/F0 values.
Analysis of the saturation binding curve at one site was performed using the equation
f=bmax X abs(x)/(KD+abs(x)), as described earlier [28], where bmax is the maximum
binding (maximum extent of quenching), x is the Cu2+ concentration, and f is the
fluorescence quenching at a given concentration of Cu2+. KD value was obtained from a
semi log plot.

Isothermal titration calorimetric assay
Isothermal titration calorimetry was performed in a VP-ITC (Microcal, Inc., Northampton,
MA, USA). Mini-αA-crystallin was prepared in 10 mM cholamine chloride buffer
containing 100 mM NaCl (pH 7.4). Copper sulfate, 1.0 mM, was prepared in the same
buffer. For each titration, the sample cell (1.41 mL) contained mini-αA, and the buret
contained the Cu2+ solution. Following thermal equilbration, injections of titrant, 10 μL,
were made at 4- min intervals. The titration protocol included a 2 μl-pre-injection, the heat
from which was neglected during the subsequent analysis. The data were analyzed with a
single-site model, using the Origin-based software supplied with the instrument.

Analysis of mini-αA-crystallin–copper binding by mass spectrometry
Peptide and Cu2+ were prepared in 5 mM of ammonium acetate buffer (pH 6.3). The final
reaction solution was prepared using the same buffer at 10 μM-concentration of mini-αA-
crystallin and different concentrations of Cu2+. The pH was recorded after the addition of
Cu2+ ion and mini-αA-crystallin. The samples were analyzed in the positive ion mode by
static nanospray mass spectrometry (MS) on an Agilent 6520 QTOF mass spectrometer at
the University of Missouri Proteomics Center. The resulting spectra were subjected to the
Agilent resolved isotope deconvolution software program (Agilent, Santa Clara, CA, USA).

Effects of Cu2+ on mini-αA-crystallin chaperone-like activity
To test whether copper binding to mini-αA-crystallin modulates chaperone-like activity,
mini-αA-crystallin was saturated with 1 mM CuSO4 solution, and the peptide–Cu2+

complex was isolated by Sephadex-G20 gel filtration chromatography. Protein aggregation
assays were performed using 75 μg of citrate synthase (CS) in 1 ml of 40 mM HEPES-KOH
buffer (pH 7.0) in the presence of the mini-αA-crystallin–Cu2+ complex (50 μg) or mini-αA-
crystallin alone (50 μg). The extent of aggregation of CS was monitored at 360 nm up to 1 h,
as described earlier [10].

αAΔ70-77 region in copper binding
To test whether this region is the only copper binding region in αA-crystallin, a deletion
mutant αAΔ70-77 was created by site-directed mutagenesis, and the recombinant protein
was purified [10]. Purified protein was used in the copper-induced ascorbic acid oxidation
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assay, as described above. Oxidation assays were carried out using 100 μg of recombinant
protein αAΔ70-77 or wild-type αA-crystallin in the presence and absence of Cu2+ (5 μM).

Results
Inhibition of Cu2+-mediated ascorbic acid oxidation by mini-αA-crystallin

Ascorbic acid is readily oxidized in the presence of Cu2+ ion (Fig. 1A). In the presence of
air/oxygen and Cu2+, ascorbic acid is converted to dehydroascorbic acid, with the generation
of reduced copper ion. Our baseline experiment of the rate of ascorbic acid oxidation at
increasing concentrations of Cu2+ revealed that in about 30 min, 500 μM of ascorbic acid
was completely oxidized by 4 μM Cu2+ (Fig. 1B). In another experiment, the effects of Cu2+

(4 μM) on oxidation of ascorbic acid (500 μM) was determined in the presence of different
concentrations of mini-αA-crystallin (Fig. 2A). The amount of ascorbic acid remaining in
the reaction mixture that contained both Cu2+ and mini-αA-crystallin showed a sigmoidal
profile (Fig. 2A), similar to the profile observed with increasing concentrations of Cu2+ and
a fixed amount of ascorbic acid (Fig. 1B). A mini-αA-crystallin concentration of 2 μM
reduced 50% the amount of ascorbic acid oxidation induced by 4 μM of copper (Fig. 2A),
suggesting that mini-αA-crystallin may bind copper and render it unavailable for ascorbic
acid oxidation. A reverse titration, with a fixed concentration of mini-αA- and varying
concentrations of Cu2+, led to complete suppression of ascorbic acid oxidation when the
concentration of the peptide in the reaction mixture reached that of Cu2+ (Fig. 2B). The
protection of ascorbic acid by the peptide was nearly lost when the His in mini-αA-crystallin
was substituted with Ala (Fig 2C). The inability of Ala-substituted mini-αA- to prevent the
Cu2+-mediated oxidation of ascorbic acid indicates that the His residue in the peptide is
essential for its redox suppression activity.

Effect of copper on bis-ANS binding to mini-αA-crystallin
Bis-ANS binds to hydrophobic proteins and peptides, and this binding leads to a several fold
enhancement of bis-ANS fluorescence, with a blue shift in the emission maximum. Earlier
we reported that mini-αA-crystallin interacts with bis-ANS [16] and that the maximum
emission of the complex is around 490 nm. The present study revealed that prior binding of
Cu2+ to mini-αA -crystallin decreased bis-ANS binding, as shown in Fig. 3A. Titration of
mini-αA (15 μM) with increasing concentrations of Cu2+ (1–100 μM) decreased the bis-
ANS fluorescence intensity in a concentration-dependent manner (Fig. 3A). The extent of
fluorescence quenching was calculated using F0−F/F0, which gave a hyperbolic plot that
showed the fluorescence intensity of mini-αA- plotted against Cu2+ concentration. The plot
demonstrated over 98% saturation of Cu2+ binding sites in mini-αA at 100 μM Cu2+ (Fig.
3B). The extent of fluorescence quenching by Cu2+ was used to determine binding
constants, as described earlier [28,29]. The analysis of the semi-log plot of the titration data
gave a KD value of 8.4 × 10−6 M for the binding of Cu2+ to mini-αA-crystallin (Fig. 3B
inset). The control peptide αA1-14, showed no changes in bis-ANS fluorescence intensity in
the presence and absence of Cu2+.

Mass spectrometric analysis of Cu2+ binding to mini-αA-crystallin
Mass spectrometric analysis allows direct measurement of Cu2+ ions bound to the mini-αA-
crystallin in addition to the speciation information. Nanospray QTOF mass spectra were
recorded for mini-αA-crystallin (10 μM) in the absence and presence of different
concentrations of Cu2+ at pH 6.3. The deconvoluted mass spectrum of mini-αA- without
Cu2+ showed one major peak at m/z 2249, corresponding to mini-αA peptide mass (Fig.
4A). The profile also showed several additional minor peaks that corresponded to Na+ or K+

adducts of the peptide; these were subtracted prior to the final data analysis. A higher mass
shift to m/z 2309, equivalent to binding of one Cu2+ molecule was observed only after the
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addition of Cu2+, thus indicating that there is one Cu2+ binding site in mini-αA-crystallin.
The Profiles showed a shift in peak mass, corresponding to one Cu2+ addition from a
reaction mixture containing 2 to 20 μM copper (Figs. 4B through 4E). Significant gains in
peak intensity resulted from binding of one Cu2+ to the peptide (Figs. 4C, 4D, 4E). A 1:1
ratio of copper (10 μM) to mini-αA-crystallin (10 μM) showed a major peak (79%) with one
Cu2+ and a small peak (21%) of free peptide (Fig. 4D). With a 1:2 ratio of mini-αA- and
Cu2+, the peak shift corresponded to one Cu2+ binding to 94.3% of the peptide. Binding of
two Cu2+ per 1.5% and 2.8 % of the total peptide was observed when mini-αA-to-Cu2+ratio
of 1:1 and 1:2 was used (Figs. 4D and 4E).

The dissociation constant for Cu2+ binding to the peptide was determined from the peak
intensity of mini-αA-crystallin alone or mini-αA–Cu2+ complex, as described by Whittal et
al. [30]. The sum of bound Cu2+ was calculated from the sum of mini-αA–Cu2+ complex,
assuming that the total amount of bound Cu2+ is equal to mini-αA–Cu2+ complexes or the
concentration of free peptide is equal to the concentration of mini-αA–Cu2+ complex minus
the total amount of mini-αA (Table 1). From the data shown in Figs 4F and 4G we estimated
that at a Cu2+ concentration of ~5 μM, 50% of the mini-αA-crystallin binds with one Cu2+.
The data also reveal that mini-αA-crystallin has one Cu2+ binding site that exhibits a KD
value 5.1×10−6.

Effect of Cu2+ binding on chaperone-like activity of mini-αA-crystallin
The effect of prior binding of Cu2+ to mini-αA-crystallin on chaperone-like activity was
investigated using CS (Fig. 5). The addition of mini-αA-crystallin efficiently suppressed the
CS aggregation. However, in presence of Cu2+, there was a significant increase in the
aggregation of denaturing CS. The addition of mini-αA-crystallin suppressed this
aggregation but the total aggregation observed in the presence of Cu2+ and mini-αA-
crystallin remained slightly higher than that with mini-αA- and CS. The addition of EDTA
to chelate Cu2+ augmented the chaperone activity of the peptide, to a level equal to that of
the peptide without Cu2+.This also was evident from the overlap of light scattering profile of
mini-αA-crystallin in the absence of Cu2+ and in the presence of Cu2+ –EDTA (Fig. 5).

Selective Cu2+ binding property of mini-αA-crystallin
To examine whether Cu2+ binding to mini-αA-crystallin is selective or affected by the
presence of other metal ions, Zn2+ (1 mM) or Fe2+ (1 mM) was added to mini-αA-crystallin
(50 μg) and set aside for 30 min at room temperature, after which the hydrophobic probe
bis-ANS was added. The samples were excited at 385 nm and the emission at 490 nm was
recorded. Unlike Cu2+-treated mini-αA-crystallin, Zn2+- and Fe2+-treated mini-αA showed
no loss in bis-ANS fluorescence (compare Figs 6 and 3A), suggesting that there is either no
binding of metal ions to the peptide at the bis-ANS binding site or the bound metal ions are
readily displaced by bis-ANS. However, the addition of Cu2+ to the mini-αA-crystallin
sample that contained saturating amounts of Zn2+ or Fe2+ metal ions resulted in a significant
decrease in bis-ANS fluorescence values. The net fluorescence was comparable to that
observed after the addition of Cu2+ to mini-αA-crystallin. These data suggest that mini-αA-
crystallin has a selective Cu2+ binding site that is not affected by the presence of other metal
ions Zn2+ or Fe2+ (Fig. 6).

Isothermal titration calorimetric assay
The energetics of Cu2+ binding were examined by isothermal titration calorimetry (Fig. 7).
It is apparent from the raw data that the interaction of Cu2+ with mini-αA-crystallin was
exothermic under our experimental conditions (Fig 7, top graph). The corresponding
integrated data, corrected for the heat of mixing, are presented in the lower panel of Fig. 7.
These data can be satisfactorily accommodated by a single-site model, affording estimates
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for the association constant and apparent binding enthalpy of 1.07 ± 0.06 × 105 M−1 and
−2.45 ± 0.03 kcal mol−1, respectively.

Deletion of chaperone-site residues in αA-crystallin affects Cu2+ binding
To demonstrate that the mini-αA sequence is the major copper binding site in human αA-
crystallin, we created an αA-crystallin deletion mutant, αAΔ70-77, by site-directed
mutagenesis and tested the ability of the purified recombinant proteins to protect against
Cu2+-induced oxidation of ascorbic acid. We found that 100 μg of native αA-crystallin is
able to protect >90% of ascorbic acid from Cu2+-induced oxidation, whereas 100 μg of the
deletion mutant was able to protect <20% of ascorbic acid from Cu2+-mediated oxidation
(Fig. 8).

Discussion
Previous studies have shown that α–crystallin can bind copper and prevent copper- mediated
oxidation of ascorbic acid [22,24,31]. Lens α–crystallin also prevents Cu2+-induced
inactivation and aggregation of aldose reductase [25]. While these studies confirm the
interaction between Cu2+ and lens crystallins and redox suppression of bound Cu2+, no
studies have identified specific regions or residues in α-crystallin subunits that are
responsible for Cu2+ binding. In a previous study we identified a specific region in crystallin
subunits involved in αA-crystallin function [16]. In other studies, we also found evidence of
chaperone-like activity in a synthetic peptide KFVIFLDVKHFSPEDLTVK, corresponding
to 70–88 amino acids of αA-crystallin, or DFVIFLDVKHFSPEDLTVK (where N-terminal
Lys was substituted with Asp) [18,19].

In the present study, using both biophysical and biochemical techniques, we evaluated the
copper binding and redox suppression activity of an αA-crystallin peptide (mini-αA-
crystallin). The oxidation of ascorbic acid by Cu2+ and its prevention by mini-αA-crystallin
was used to measure the ability of the peptide to bind Cu2+ (Figs. 1 and 2). We found that
the addition of mini-αA-crystallin to the -ascorbic acid–Cu2+ reaction mixture prevented
ascorbic acid oxidation (Fig. 2). However, when the His in the peptide was substituted with
Ala, yielding DFVIFLDVKAFSPEDLTVK, the peptide was unable to protect ascorbic acid
from Cu2+-induced oxidation. The data suggest that the peptide-mediated suppression of
ascorbic acid oxidation by Cu2+ is due to the binding of the metal ions to the peptide,
suppressing the redox activity of the bound Cu2+. On the basis of these data, we propose that
the previously reported redox suppression activity of α-crystallin resides at the same
sequence as the previously identified chaperone activity region. Metal ions are known to
coordinate to His residues in metal chelating peptides and proteins [29,30]. Studies of the
binding of Cu2+ to peptides derived from α-synuclein and prion proteins and to β-amyloid
have shown that His residues in the peptides are involved in metal binding. The absence of
redox suppression activity in αA-crystallin that lacked His suggests that His is involved in
the binding of Cu2+ to this peptide. Unlike the Cu2+ bound to mini-αA-crystallin, the Cu2+

bound to His-containing β-amyloid peptide stimulated oxidation of ascorbic acid and
generated H2O2 [35].

We used isothermal titration calorimetric assays and mass spectrometric methods to
investigate the interaction between mini-αA-crystallin and Cu2+. Both methods showed that
the peptide interacts with Cu2+ with high affinity. The stoichiometry of the mini-αA–copper
complex formation was estimated by nanospray ionization mass spectrometry. The mass
spectrometric data demonstrating that mini-αA-crystallin binds to Cu2+ at a 1:1 ratio provide
direct evidence for the interaction of mini-αA with Cu2+. However, at higher Cu2+

concentration (1: 2 peptide to Cu2+) we observed that about 2 Cu2+ was bound to 2.8 % of
the peptide. On the basis of isothermal titration calorimetric data, the dissociation constant
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(KD) for Cu2+ interaction with the peptide is 9.3 μM. This value agrees well with the 8.4 μM
value obtained by analysis of the quenching of peptide-bound bis-ANS fluorescence by
Cu2+ ion. Previously, it was reported that KD(apparent) for αA-crystallin–Cu2+ interactions in
glycine buffer is in the range of 5–12 μM [24].

A crystal structure study of truncated αA-crystallin (αAC59-163) reported that three
subunits contribute to a zinc binding motif [36]. His 100 and Glu 102 of one subunit and His
107 and His154 of two other subunits were found to be involved in the formation of
tetrahedral coordination geometry of Zn2+ binding [36]. A molecular modeling study
predicted that residues H 18, Glu 99, H 101, H 119, and Lys 121 in αA-crystallin are
coordinating with Cu2+ [26]. However, this prediction has yet to be validated
experimentally. To test whether the mini-αA region (residues 70–88) is the only copper
binding site in αA-crystallin, we prepared a deletion mutant of α-crystallin (αAΔ70-77),
which lacks a portion of the mini-chaperone sequence, and tested the ability of purified
recombinant protein to prevent Cu2+-mediated ascorbic acid oxidation. The αAΔ70-77 was
soluble and relatively stable with a significant loss in chaperone activity. We found that
αAΔ70-77 has a 70% reduced activity against Cu2+-induced oxidation of ascorbic acid as
compared to wild-type αA-crystallin. Deletion of the 70–88 region in αA-crystallin
produced an unstable aggregation protein that we could not test. These results indicate that
the 70–77 region is the major Cu2+ binding site in human αA-crystallin. At this time, due to
the lack of crystal structure of wild-type αA-crystallin, we are unable to discuss the relative
location of Cu2+ in αA-crystallin oligomer.

There are three nitrogen donor systems involved in the Cu2+ binding to protein/peptide. It
has been reported that the imidazolic nitrogen atoms of histidine residues act as principle
anchor points for the Cu2+ binding. To some extent, Lys and Glu amino acids may also be
considered as amino acids involved in copper binding. Alternatively, at least 2 histidines and
one arginine are required to form one copper binding site [33]. However, mini-αA-crystallin
has only one histidine and no arginine residues. Therefore it remains to be determined which
amino acid residues in the peptide coordinate with copper. It could be possible that the
single histidine along with lysine and N-terminal amino group may be involved in copper
coordination in mini-αA-crystallin. Mlynarz et al. [34] reported that in short peptides, a
single histidine could play the role of an anchoring site using its imidazole side chain
nitrogen as a donor atom. Mini-αA-crystallin with single His seems to be fulfilling this
criterion. To conclude, we have identified in αA-crystallin, for the first time, the Cu2+

binding region and specific His residue involved in such binding.
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Fig. 1.
(A) Schematic representation of oxidation pathway of the ascorbic acid. (B) Standard curve
of Cu2+-induced oxidation of ascorbic acid. Cu2+-induced oxidation of ascorbic acid was
determined as described under methods by following 260 nm absorbance.
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Fig. 2.
Mini-αA-crystallin inhibition of Cu2+-induced oxidation of ascorbic acid. (A) Effect of
different concentrations of mini-αA-crystallin on 4μM Cu2+-induced oxidation of ascorbic
acid (500 μM). The residual ascorbic acid was measured at 260 nm after 30 min. Non-linear
regression analysis of these data points shows that the effective concentration (EC 50) of
mini-αA-crystallin is 2.2 μM.
(B) Effect of 4 μM mini-αA on different concentrations of Cu2+- induced oxidation of 500
μM ascorbic acid during 30 minutes. 1) without Cu2+; 2) + 1 μM Cu2+; 3) + 2 μM Cu2+; 4)
+ 3 μM Cu2+; 5) + 4 μM Cu2+; 6) + 5 μM Cu2+; 7) + 6 μM Cu2+; 8) + 8 μM Cu2+; 9) + 10
μM Cu2+ and 10) 10 μM Cu2+ without mini-αA-
C) Effect of His-substituted mini-αA-crystallin on Cu2+-induced oxidation of ascorbic acid.
The assays were performed using ascorbic acid (500 μM) and Cu2+ (4 μM) in presence of 4
μM mini-αA- or mini-αA–H79A. 1) without Cu2+ and mini-αA-; 2) + mini-αA + Cu2+; 3) +
mini-αA-H79A + Cu2+ and 4) + Cu2+.
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Fig. 3.
Effects of Cu2+ binding on Bis-ANS fluorescence of mini-αA-crystallin. (A) Quenching of
mini-αA bound Bis-ANS fluorescence by Cu2+ binding. (B) Bis-ANS fluorescence intensity
in the presence of mini-αA-crystallin and increasing concentrations of Cu2+. The extent of
bis-ANS quenching (F0-F) is calculated where F0 and F emission maxima at 490nm are
shown in the absence and presence of Cu2+. The inset shows semi log plot of F0-F/F0 vs
Cu2+ concentration.
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Fig. 4.
Mass spectra of 10μM of mini-αA-crystallin in 5 mM of ammonium acetate buffer pH 6.3,
with and without Cu2+. A) mini-αA without Cu2+; B) + 2 μM Cu2+; C) + 5 μM Cu2+; D) +
10 μM Cu2+ and E) + 20 μM Cu2+.
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F) Estimation of peptide-Cu2+ complex concentrations after mass spectrometric analysis. 1)
amount of one Cu2+ –mini-αA-crystallin complex; 2) free mini-αA-crystallin and 3) two
Cu2+ –mini-αA complex.
G) The binding of Cu2+ ions to 10 μM of mini-αA-crystallin at pH 6.3 as a function of the
concentration of total Cu2+ added. KD= 5.1 μM can be derived from the half-maximal value
in curve.
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Fig. 5.
Chaperone-like activity of mini-αA-crystallin in the presence and absence of Cu2+ against
aggregating citrate synthase (CS). Light scattering by 75 μg/ml CS was monitored at 360 nm
in a spectrophotometer. 1) CS +1 μM Cu2+; 2) CS; 3) CS + 10 μM mini-αA–Cu2+ complex;
4) CS + 10 μM mini-αA and 5) CS + 10 mM mini-αA–Cu2+ complex + 1 mM EDTA.
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Fig. 6.
Selective binding of Cu2+ to mini-αA-crystallin to quench bis-ANS flourescence in the
presence of Zn2+ or Fe2+. 1) bis-ANS fluorescence spectrum with 10 μM mini-αA; 2) bis-
ANS + 10 μM mini-αA- + 1 mM Zn2+; 3) bis-ANS + 10 μM mini-αA- + 1 mM Fe2+; 4. Bis-
ANS + 10 μM mini-αA- + 1 mM Cu2+.
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Fig. 7.
Calorimetric titration of mini-αA-crystallin with copper. (Top panel) Raw data for 10-μl
injections of 1 mM Cu2+ into the reaction cell containing 1.4 ml of 50 μM mini-αA-
dissolved in 10 mM cholamine buffer pH 7.4 containing 100 mM NaCl. (Bottom panel) Plot
of net heat released as a function of the ration of mini-αA to copper.
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Fig. 8.
Oxidation of ascorbic acid in the presence of αAΔ70-77 and wild-type αA-crystallin.
Ascorbic acid (500 μM) was used in assays. 1) ascorbic acid; 2) + 5 μM Cu2+ + 100 μg αA-
wt; 3) + 5 μM Cu2+ + 100 μg αAΔ70-77 and 4) + 5 μM Cu2+.
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Table 1

Cu2+ binding data from mass spectrometric analysis mini-αA andCu2+ mixtures at different ratios of mini-αA
and Cu2+ The values are average of two independent experiments.

[Cu2+] μM Peptide (%) Peptide + 1 Cu2+ (%) Peptide + 2 Cu2+ (%)

0 100 0 0

2 92.2 7.8 0

5 64.3 35.3 0.4

10 18.8 79.7 1.5

20 2.9 94.3 2.8
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