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ABSTRACT: R-Crystallin is a small heat shock protein and
molecular chaperone. Binding of Cu2þ and Zn2þ ions to R-
crystallin leads to enhanced chaperone function. Sequestra-
tion of Cu2þ by R-crystallin prevents metal-ion mediated
oxidation. Here we show that binding of human γD-crystal-
lin (HGD, a natural substrate) to humanRA-crystallin (HAA)
is inversely related to the binding of Cu2þ/Zn2þ ions: The
higher the amount of bound HGD, the lower the amount of
bound metal ions. Thus, in the aging lens, depletion of
free HAA will not only lower chaperone capacity but also
lower Cu2þ sequestration, thereby promoting oxidation and
cataract.

The crystallins constitute nearly 90% of the protein content in
the eye lens. R-Crystallin is a major member of this family

with the β/γ-crystallins being the other prominent constituents.
In the mammalian lens, the concentration of R-crystallin
may reach up to ∼50% of the total crystallin concentration.1

R-Crystallin also belongs to the small heat shock protein family
and is now a well-known molecular chaperone.2,3 In this role, it
has been shown to bind the β/γ-crystallins and prevent their self-
aggregation under conditions that promote their unfolding.1

Analysis of bovine and human lenses shows that upon aging a
significant fraction of R-crystallin is associated with the β/
γ-crystallins.4 Thus, it is generally acknowledged that the β/
γ-crystallins are natural substrates in the chaperone function of
R-crystallin.5,6 Recently, in the cloche mutant of the zebrafish, it
has been shown that when the concentration of RA-crystallin is
limiting, the γ-crystallins form aggregates resulting in lens
opacity.7 Furthermore, the opacity could be reversed by over-
expressing RA-crystallin. Thus, R-crystallins prevent the unde-
sired aggregation of γ-crystallins by forming a stable complex
with them.8 Such crystallin complexes have in fact been shown in
human and other lenses upon aging.2,4 Here we examine one
property of human RA-crystallin (HAA), that is, its metal-ion
binding property when complexed with its substrate, human γD-
crystallin (HGD).

It is known that native R-crystallins bind Cu2þ and Zn2þ,9�12

and the chaperone activity of the protein improves upon metal-
ion binding. R-Crystallin is also up-regulated in lens epithelial
cells upon treatment with Cu2þ.13 More importantly, R-crystal-
lin has been shown to sequester Cu2þ ions and ameliorate
cytotoxic metal-ion mediated oxidation.9 However, it is not
known how the binding of the natural substrate, γ-crystallin,

affects the metal-ion binding capacity of R-crystallin. In view
of the significance of metal-ion binding to R-crystallin func-
tion, it is clearly important to determine whether the metal-ion
binding capacity of R-crystallin is maintained once it is
complexed with γ-crystallin. In this report, we describe the
binding of Cu2þ and Zn2þ ions to complexes of recombinant
HAA and HGD crystallins. HAA is the predominant form of
R-crystallin,14 and HGD is one of the major γ-crystallins in the
human lens.5 The data show that as HAA binds increasing
amounts of HGD its capacity to bind either Cu2þ or Zn2þ

correspondingly decreases. These results suggest that the metal-
ion binding capacity of R-crystallin may be compromised in vivo
with aging, exacerbating oxidative insults in aging and cataract.15

Mixtures of HAA (3 mg/mL) and HGD (1.5 mg/mL) (2:1,
w/w) in 0.1 M phosphate buffer, pH 7, were incubated at 50 �C
for 2 h and 16 h, and at 55 �C for 9 h and 16 h in a shaker bath.
The mixtures were chromatographed on a Superose-6 (GE
Healthcare) size-exclusion chromatography (SEC) column and
eluted with 0.1 M phosphate buffer, pH 7 to separate the
HAA�HGD complexes from unreacted HGD (Figure 1). Under
these conditions, we expect complexes of HAA�HGD to form,
based on the work of many investigators, for example, Wang and
Spector.8 Nonetheless, to ensure that HGD alone does not form
aggregates that would elute close to HAA, we ran a control
experiment with HGD alone. Figure S1 in the Supporting Infor-
mation shows clearly that HGD alone, after heating, still shows
the same elution profile as prior to heating.

Metal-ion complexes of proteins were made as follows: A 10-
fold molar excess of an aqueous solution of either CuCl2 or
ZnSO4 was added to HAA or HGD, or HAA�HGD in 0.1 M
phosphate buffer, pH 7 with constant stirring while maintaining
the pH at 7. The precipitated copper and zinc hydroxides were re-
moved, and the solutions containing the Cu2þ and Zn2þ complexes
were passed through a Superose-6 SEC column to remove freemetal
salts. To determine the concentration of bound Cu2þ and Zn2þ

in the protein complexes, protein solutions were mixed with a
solution of 4 M guanidinium hydrochloride and incubated at
room temperature for 5 min. A freshly prepared solution of 4-(2-
pyridylazo) resorcinol (PAR) (100 μM) was then added, and
absorbances at 514 nm (for Cu2þ) and 500 nm (for Zn2þ) were
measured immediately.16 This method has been used success-
fully by Rasia et al.17 to determine Cu2þ binding to R-synuclein.
Standard solutions of copper and zinc salts were used to calibrate
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the amount of metal ions. Direct determination of the HAA-
bound Cu2þ ions was achieved by a second method which is
based on the fact that the HAA-Cu2þ complex has an absorption
band around 600 nm, with a corresponding positive CD band
around 575 nm (Figure S2, Supporting Information).

When a mixture of HAA and HGD is heated above 50 �C,
increasing amounts of HGD bind to HAA. Figure 1 shows the
separation of the HAA�HGD complexes from free HGD using
SEC. By varying the incubation time and temperature, we
produced HAA�HGD complexes containing different weight
% of bound-HGD. Thus, heating HGD and HAA at 50 �C for 2 h
gave a complex containing 4.3% (w/w) of HGD. The proportion
of HGD increased to 19.9% (w/w) by heating at 55 �C for 16 h.
Increased binding resulted in the shift of the higher molecular
weight peak in Figure 1 to the left, with a corresponding decrease
in the height of the remaining unbound-HGD peak in Figure 1.
In contrast to the peak showing unbound HGD in Figure 1, the
high molecular weight HAA�HGD complexes show variable
widths and peak heights, which suggests that a different distribu-
tion of hetero-oligomers are formed at each temperature and
incubation time.

HGD by itself shows significant Cu2þ binding (Figure S3,
Supporting Information) but negligible Zn2þ binding. There-
fore, in calculating the amount of Cu2þ bound to HAA�HGD
complexes, the contribution of Cu2þ bound to HGD alone was
subtracted from the total bound Cu2þ at each condition. Since
the Cu2þ complex with HGD alone does not show CD (or
absorption) in the visible region, the ellipticity at 575 nm for
Cu2þ complexes of HAA�HGD is only due to the Cu2þ bound
to HAA and not to HGD. In Figure 2, we plot the corrected
concentration of bound metal ions as a function of the weight
percentage of HGD in the complexes. Clearly, the decrease in
Cu2þ binding to the HAA�HGD complex, as observed by CD,
agrees well with that observed using the PAR dye. This is further
elaborated in Figure S4, Supporting Information. The data
clearly show that as the amount of bound HGD increases, the
amount of bound Cu2þ or Zn2þ decreases, revealing an inverse
linear relationship; i.e., increased binding of HGD proportionally
lowers the binding of metal ions to HAA. A similar decrease in
Cu2þ binding is also observed inHAA upon binding human βB1-
crystallin (HBB), as described in theExperimental procedures of the
Supporting Information. Taken together, these data suggest that
binding of substrates to HAA prevents the binding of metal ions.

To eliminate the possibility that heating HAA at 50/55 �C for
extended periods of time might have resulted in lowered ion-
binding, we performed another control experiment and mea-
sured metal ion-binding using HAA alone under identical
temperatures and incubation times as those used for the
HAA�HGD complexes. Figure 3 shows that in fact, higher
amounts of both Cu2þ and Zn2þ ions bind to HAA under these
conditions than they do at room-temperature (22 �C). Thus, if
preheated HAA is taken as a control, we observe a more
pronounced lowering in the metal-ion binding capacity of
HAA�HGD.

It is known that upon aging the native crystallins in the lens are
gradually depleted and replaced by hetero-oligomeric crystallin
complexes. Such complexes comprising R-crystallin and mem-
bers of the β/γ family have been found in the water-soluble as
well as water-insoluble protein fractions obtained from aged and
cataractous human lenses.4,18 In this report, we have modeled
such complexes in vitro using HAA and HGD crystallin and
shown that both Zn2þ and Cu2þ ion binding drops significantly
and almost linearly, when HAA binds β/γ-crystallin substrates.

Figure 2 shows that around 10.1 μmol of Zn2þ and 14.7 μmol
Cu2þ bind to about 30.5 μmol of HAA in the absence of HGD.
Thus, the Zn2þ to HAA ratio (∼1:3) is comparable to the Cu2þ

to HAA ratio (1:2). Since HGD-binding lowers both Cu2þ and
Zn2þ binding in a similar manner (Figure 2), it is tempting to
suggest that the two ions may bind independently at the same site
on HAA. This has been shown for some proteins that bind both
Cu2þ and Zn2þ ions.19,20 The recent X-ray crystal structure of a
truncated form of bovine RA-crystallin (tr-BAA) with bound
Zn2þ ions21 shows that the Zn2þ binding site is formed by three
different monomer chains of tr-BAA, while each tr-BAA mono-
mer binds three Zn2þ. On this basis, the overall stoichiometry
[Zn2þ]/[tr-BAA] in these crystals would be 1:1. In our study,
with full-length HAA in solution, we obtain only a third of that
ratio. This difference may be either due to the particular
organization of HAA oligomers in solution as opposed to in a
crystal lattice, or to the difference between full-length HAA versus
tr-BAA, or both. According to theX-ray structurework,21 all amino
acid residues bound to Zn2þ are part of the R-crystallin domain.22

Thus, it is likely that our results using HAA may have a wider
applicability to other proteins containing the R-crystallin domain.

Figure 1. SECplots of heated and unheatedmixtures ofHAA andHGD
(2:1 wt/wt). HAA and HGD mixtures were heated at 50 �C (for 2 and
16 h) and 55 �C (for 9 and 16 h). All chromatograms are normalized
with respect to the total area under the two peaks. Increasing proportion
of HGD in the complex shifts the high molecular weight peak progres-
sively to the left.

Figure 2. Lowering of the bound Cu2þ concentration (left axis, black)
and bound Zn2þ concentration (right axis) with increasing weight% of
HGD in the HAA�HGD complexes. Total protein concentration, 30.5
μM. Variation of ellipticity (mdeg) for Cu2þ complexes measured at
575 nm (left axis, gray). Protein concentration was 600 μM for CD
studies. Ellipticity values are shown as gray symbols with error bars,
indicating the level of noise in the spectrum. The lines are linear fits of
the data: black solid ([Cu2þ]), black dotted ([Zn2þ]), and gray
(ellipticity).
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The chaperone complexes in our study were produced using
temperatures (50�55 �C) significantly higher than physiological
temperature, even though the human lens may occasionally
approach 50 �C in vivo.23 We note that under these conditions,
the secondary structure of HAA is still maintained,14,24 which we
have confirmed using CD. Such experimental conditions are
generally necessary to model reactions in vitro that occur over
long periods of time in the lens in vivo, where products accumulate
over a lifetime due to negligible protein turnover. However, we
have examined complex formation also at 40 �C, closer to
physiological temperature, and show that the rate of HAA�HGD
complex formation drops significantly (Table S1, Supporting
Information). As expected, the yield of the HAA�HGD complex
increases with the increase in reaction time and temperature.

Finally, Cu2þ and Zn2þ have been shown to increase the
chaperone activity of R-crystallin in vitro.10 Our data show that
complexation of R- with β/γ-crystallins should (1) lower the
chaperone activity in the lens, and (2) lead to an increase in the
concentration of free Cu2þ. Other reports suggest a correlation
between cataract and elevation of total copper in the lens.25 Thus, a
combination of these two independent effects, that is, lowered
chaperone activity and increase in free Cu2þ, could lead to a
precipitous degradation of lens proteins due to aging and cataract,
assuming that the in vitro results are applicable to the lens in vivo.
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