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Abstract

aA-Crystallin high-molecular-weight (HMW) aggregates were prepared by preheating at 80–90 �C and studied using spectro-

scopic measurements. Conformational differences were suggested based on data of increased bis-ANS (4,40-dianilino-1,10-binaph-

thalene-5,50-disulfonic acid) and ThT (thioflavin T) fluorescence as well as increased far-UV and decreased near-UV circular

dichroism (CD). These results indicated that HMW aggregated a-crystallin was more hydrophobic than the native a-crystallin,
possibly resulting from partial unfolding of a-crystallin. The two cysteines in aA-crystallin were mostly oxidized in HMW aggre-

gates. The effects of HMW aggregation on the dynamic structure were studied with fluorescence resonance energy transfer; subunit

exchange became slower. These results strongly suggest that HMW aA-crystallin aggregates result from exposure of buried

b-pleated sheets and increased hydrophobic interaction. � 2002 Elsevier Science (USA). All rights reserved.
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Lens a-crystallin normally exists as an oligomer with
a molecular weight of 600–800 kDa and aggregates to a
high-molecular-weight (HMW) protein in vivo with age
and cataract formation [1]. The oligomeric a-crystallin
consists of two subunits, aA- and aB-crystallins with a
ratio of 3 to 1 in most mammalian lenses. HMW ag-
gregates can also be induced in vitro by heating at high
temperatures [2–5]. The mechanisms of HMW aggre-
gation are not fully established, and it is also not known
whether the in vivo and in vitro HMW aggregations
share the same mechanisms. Based on some spectro-
scopic studies, we speculated that the mechanisms
involved partial unfolding [2,3]. Although in vitro
heating-induced aggregation is nonphysiological, it
provides a convenient way to study the mechanisms of
HMW aggregation. We have reported that some spec-
troscopic properties of in vitro HMW aggregates are
similar to those of in vivo HMW aggregates [6]. In the
present study, HMW aggregates were isolated from
preheated aA-crystallin and the effects of aggregation on
conformation and function were studied by spectro-
scopic measurements.

One unique property of a-crystallin is its possession
of dynamic structure; subunits are constantly undergo-
ing exchange, which has been suggested to be responsi-
ble for some properties of a-crystallin, such as stability
[7,8]. Subunit exchange has been studied by methods of
native IEF and fluorescence resonance energy transfer
(FRET) [7–10]. HMW aggregated a-crystallin may not
readily participate in subunit exchange and thus may
show impaired function. In aged and cataractous lenses,
a large amount of HMW aggregated a-crystallin was
observed. It is speculated that these HMW aggregates
have a reduced subunit exchange with LMW a-crystal-
lin, which makes them functionally less stable.

Materials and methods

Recombinant aA-crystallin. Cloning and expression of aA-crystallin
and W9F mutant are described elsewhere [10,11]. aA-Crystallin has

one Trp-9 and was substituted with Phe in the W9F mutant [10].

aA-Crystallin samples (0.2–0.5 mg/mL) in 50 mM phosphate buf-

fer, pH 7.4, were preheated at 80 or 90 �C for 1 h. Aggregation was

detected by FPLC gel filtration with a Superose-6 column. The amount

of HMW aggregates eluting at void volume increased with heating

time or temperature (see Fig. 1). After heating at 90 �C for 1 h, most

aA-crystallin was in the aggregated state. The fractions of the aggre-

gated state of aA-crystallin with molecular size >2000 kDa (void

volume) were collected and used for the present comparative study.
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SDS–PAGE was performed in a slab gel (15% acrylamide) under

both reducing and nonreducing conditions. Protein concentrations

were determined by the Pierce BCA protein assay, with BSA as a

standard [12]. Absorption at 280 nm increased for the HMW aA-
crystallin, possibly due to disulfide formation (see Fig. 3) and light

scattering; estimation of protein concentration by extinction coefficient

is not appropriate.

CD measurements. CD spectra were measured with an Aviv Cir-

cular Dichroism Spectrometer (Model 60 DS; AVIV, Lakewood, NJ).

Five scans were averaged and smoothed by a polynomial-fitting pro-

gram. The CD intensity is expressed as molar ellipticity with unit of

deg cm2 dmol�1.

Fluorescence measurements. Fluorescence was measured with an

RF-5301PC Shimadzu Spectrofluorometer (Shimadzu, Columbia,

MD). Trp fluorescence spectra were obtained with excitation wave-

lengths of 295 nm. Bis-ANS (4,40-dianilino-1,10-binaphthalene-5,50-di-

sulfonic acid; e ¼ 23� 103 cm�1 M�1 at 395 nm) (Molecular Probes,

Junction City, OR) and ThT (thioflavin T; e ¼ 26:62� 103 cm�1 M�1

at 416 nm) (Sigma Chemicals, St. Louis, MO) were used to probe the

change in hydrophobicity and b-sheet conformation, with excitation

wavelength at 395 and 450 nm, respectively. Aliquots (20 lL) of bis-
ANS stock solution (4:5� 10�4 M) or ThT stock solution (3:5 lM)

were added to 1 mL of protein samples and allowed to sit at room

temperature for 15 min before measurement. The titration was con-

tinued until saturation was reached.

The status of cysteine was determined by MIANS fluorescence

[2-(40-maleimidylanilino) naphthalene-6-sulfonic acid] (MIANS, e ¼
27� 103 cm�1 M�1 at 322 nm) (Molecular Probes, Junction City, OR).

At pH 7–7.6, MIANS binds only to SH groups. Excess MIANS (in

molar ratio) was added to the protein solution. MIANS fluorescence

arises only after binding with a protein; it does not give any fluores-

cence in phosphate buffer.

Subunit exchange study. For the subunit exchange study, the Trp-

deficient W9F mutant was similarly treated with MIANS as in the

determination of cysteine. The excess MIANS was removed by dialysis.

The degree of labeling was approximately 1.4 mol of MIANS per mole

of aA-crystallin W9F. The MIANS-labeled W9F mutant was mixed

with either WT or HMW aggregated aA-crystallin. The mixtures were

subjected to FRET measurements at 37 �C at intervals of 15–60 min

for 6–7 h. The labeled MIANS acts as an acceptor with an excitation

wavelength at 322 nm, which overlaps with emission of the donor Trp

(emission between 310 and 350 nm). When the two probes were in a

close proximity resulting from intermolecular reaction, energy transfer

would occur. The emission scanning (kex ¼ 290 nm) will show a de-

crease of Trp fluorescence intensity and an increase of MIANS fluo-

rescence intensity with time. The exchange rate is dependent upon

many parameters, such as temperature, ionic strength, etc. [9,10] and in

the present study the temperature of 37 �C was chosen. The efficiency

of energy transfer (E) is calculated with the equation E ¼ 1� ðFt=F0Þ,
where Ft and F0 are emission intensities of donor at time t and 0,

respectively. The efficiency depends on the inverse sixth power of

the distance between donor and acceptor and the critical distance

for energy transfer is in the range of 20–50 �AA [13]. Since the size of

a-crystallin aggregates is 150–200 �AA, the measurements provide a

sensitive detection of either intermolecular exchange or interaction

[10].

Results

HMW aggregates

Fig. 1 shows the elution pattern of wild-type aA-
crystallin preheated at 80 or 90 �C for 1 h. The fractions
at void volume (>2000 kDa) increased with duration or
increasing temperatures and those with 1 h heating at
80 �C were collected as HMW aggregated aA-crystallin.
The exact molecular weight of HMW aA-crystallin is
not known but is not important in the present study.

SDS–PAGE patterns in the presence and absence of
b-mercaptoethanol are shown in Fig. 2. Less staining for
HMW aggregates was observed as reported previously
[6]. Increasing amount of disulfide cross-linked dimer

Fig. 1. FPLC gel filtration FPLC of aA-crystallin preheated at 80 or

90 �C for 1 h. Flow rate was 0.5 mL/min and 1-mL fractions were

collected.

Fig. 2. SDS–PAGE patterns of native and HMW aA-crystallins: Lane
1, MW marker; lanes 2 and 4, native form; lanes 3 and 5, HMW ag-

gregated form. Lanes 2 and 3 were run under reducing conditions and

lanes 4 and 5 were run under nonreducing conditions.
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and trimer species was observed in the HMW aggre-
gates. The change of cysteine is further confirmed by
MIANS fluorescence as shown in Fig. 3. A large de-
creased intensity was observed for HMW aA-crystallin.
MIANS fluorescence intensity correlates closely with the
hydrophobic environment of Cys groups [14,15] and the
observed decrease is due mainly to disulfide formation
rather than the inaccessibility of Cys groups. The latter
will show a blue shift of emission wavelength rather than
a decrease in intensity.

Circular dichroism

Fig. 4 shows the far-UV and near-UV CD of HMW
and native aA-crystallin. The characteristic 215–218
nm band of b-pleated sheet was shifted to 208 nm,
which seems to be an indication of increase of a-helical
content. But the secondary structural analysis indicated
no increase in a-helical content, rather an increase of
b-pleated sheet was observed. The percentage of
secondary structures for the control aA-crystallin was
found to be 8, 40, 24, and 29, respectively, for a-helix,
b-pleated sheet, b turn, and random coil. The corre-
sponding figures for HMW aA-crystallin were 8, 48,
11, and 34, respectively. The exact content of each
secondary structure may vary from the reported values
[16–18], but the important observation was that heat-
treatment did not completely denaturate aA-crystallin,
which is further supported by Trp fluorescence (see
below).

Near-UV CD bands for HMW a-crystallin were
shifted towards more negative. This change was very
similar to that in heat-induced HMW aggregation of
bovine lens a-crystallin [2]. Such a result is usually
caused by partial unfolding and aggregation.

Fluorescence

Trp fluorescence shows little shift in emission maxi-
mum wavelength (kem ¼ 336–337 nm) for HMW ag-
gregates (Fig. 5). Similar treatment of bB2-crystallin
generated a partially unfolded protein (kem shifted from
331 to 339 nm) [19].

Large increases of bis-ANS and ThT fluorescence
intensity for HMW aggregates were observed (Figs. 6A

Fig. 3. MIANS fluorescence spectra of native (curve 1) and HMW

aggregated (curve 2) aA-crystallins: Excitation wavelength was 322

nm. Protein concentration was 0.1 mg/mL in 50 mM phosphate buffer,

pH 7.4.

Fig. 4. (A) Far-UV CD and (B) near-UV CD spectra of native

(curve 1) and HMW (curve 2) aA-crystallins. Protein concentration

was 0.1 mg/mL in 50 mM phosphate buffer, pH 7.4, and cell path-

lengths were 1 mm for far-UV CD and 0.5 mg/mL and 10 mm for near-

UV CD measurements. The spectra were an average of five scans

smoothed by a polynomial-fitting program.

Fig. 5. Trp fluorescence spectra of native (curve 1) and HMW (curve 2)

aggregated aA-crystallins: Curves 3 and 4 are the corresponding

spectra for the control and preheated bB2-crystallin for comparison.

Excitation wavelength was 295 nm and protein concentration was 0.1

mg/mL in 50 mM phosphate buffer, pH 7.4.
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and B). The results confirmed the earlier reports for a
general tendency of increasing protein hydrophobicity in
the HMW aggregates, regardless of whether the aggre-
gation was induced by heat or was formed in vivo
[2,3,6]. Increased ThT fluorescence can be attributed to
an increased b-pleated sheet conformation as well as
increased aggregation [3,20,21].

Subunit exchange

Fig. 7 shows the representative FRET spectra for the
native and HMW aggregated aA-crystallins mixed with
MIANS-labeled W9F, showing decrease of Trp fluo-
rescence intensity and increase of MIANS fluorescence
intensity. This was possible because subunit exchange
between MIANS-labeled W9F and WT aA-crystallins
brought the two probes in a close proximity. Fig. 8
shows FRET efficiencies with a function of time. The
exchange was greater between the MIANS-labeled W9F
aA-crystallin mutant and the native aA-crystallin than
between the MIANS-labeled W9F aA-crystallin mutant
and the HMW aggregated aA-crystallin.

Discussion

The irreversible changes of a-crystallin brought about
by heating have been previously established [2–5]. The

Fig. 6. (A) Bis-ANS and (B) ThT fluorescence spectra of native (curve

1) and HMW (curve 2) aggregated aA-crystallins: Excitation wave-

lengths were 395 and 450 nm, respectively. Protein concentration was

0.1 mg/mL in 50 mM phosphate buffer, pH 7.4. Probe concentrations

were 15 lM for bis-ANS and 3 lM for ThT.

Fig. 7. FRET spectra for the native (A) and HMW aggregated (B)

aA-crystallins at 37 �C: curves 1 and 2 were at 0 and 6 h incuba-

tion, respectively. Equal amounts of unlabeled (HMW or control

aA-crystallin) and MIANS-labeled W9F aA-crystallin samples

(0.1 mg/mL) were mixed for the experiment.

Fig. 8. FRET efficiencies for the native (�-�) and HMW aggregated

(�-�) aA-crystallins as a function of time at 37 �C. Each point was an

average of two independent experiments.
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most noticeable change is HMW aggregation. The co-
valent change of disulfide formation detected in HMW
aggregates has been thought to play a significant role in
cataractogenesis. Our recent study using Cys-deficient
aA-crystallin mutants, however, indicates that disulfide
cross-links contribute little to HMW aggregation [22]. In
fact, HMW aggregation results from an initial partial
unfolding and increased hydrophobic interaction. Par-
tial unfolding exposed hydrophobic surfaces, which
promotes hydrophobic interaction. The consequence is
formation of HMW aggregates with a chain-like or fil-
ament structure [5,23]. Disulfide formation is more
likely a result of partial unfolding that exposed buried
cysteine groups.

The three-dimensional structure of a-crystallin has
not been determined, but many models have been pro-
posed. Recently, a structural model was constructed on
the basis of similarity in sequence between aB-crystallin
and Mj HSP16.5 [24,25]. The main feature is the pres-
ence of a hollow spherical structure, which is consistent
with cryo-electron microscopic studies [26,27]. There
may be two possible mechanisms for HMW aggrega-
tion: one involves partial disassembling and reassem-
bling processes, in which the hollow spherical structure
should be preserved, but no cryo-electron microscopy
data were available. The other mechanism is association
of partial unfolded proteins through hydrophobic in-
teraction to form a filament- or chain-like structure,
which has been observed in an electron microscopy
study [5]. Our present data were unable to assign which
structure, hollow or filament-like, was adopted by
HMW aggregates.

The far-UV CD shows that the content of b-pleated
sheet increased. This finding suggests that HMW ag-
gregation was caused by stacking of increased b-pleated
sheets. It is known that the side chains of amino acids
that favor formation of b-pleated conformation are
hydrophobic, such as valine and isoleucine [28]. We
believe that HMW aggregation is caused by exposure of
buried b-pleated sheets as well as by the increase of the
percentage of b-pleated sheet.

One effect of HMW aggregation on a-crystallin is
reduced subunit exchange. This intersubunit exchange
has been suggested to be responsible for stabilizing the
protein during disturbance either from post-transla-
tional modifications or environmental changes [7].
However, disulfide formation and HMW aggregation
may affect the intersubunit exchange. According to re-
cent studies, exchange of subunits does not occur upon
collision of two oligomers; rather it occurs through
dissociation–reassociation of the oligomers [29,30]. Di-
sulfide cross-linking and HMW aggregation will slow
down the process and thus reduce the intersubunit ex-
change. This must have physiological relevance because
HMW aggregation in the human lens may show the
same adverse effects on the protein function.

In addition to its function as a structural protein, a-
crystallin was found to be a small heat-shock protein
and could function as a chaperone [31]. It protects other
crystallins from unfolding and aggregation. The effects
of HMW aggregation on chaperone-like activity are
different for in vitro and in vivo products. The HMW
aggregates formed in vivo increase the chaperone ac-
tivity and the heat-induced HMW aggregates decrease
the activity [2,4,6,32]. The possible explanation is that in
vivo HMW aggregation involves a lot of modifications
that may offset the increased hydrophobicity due to
partial unfolding. Modifications such as glycation,
photooxidation, phosphorylation, deamidation, and
mixed disulfide formation increase protein charge or
hydrophilicity.

In conclusion, heat-induced HMW aggregation of a-
crystallin may result from partial unfolding and in-
creased hydrophobic interaction. One major effect of
HMW aggregation is a slower subunit exchange than
the native protein, which may cause conformational
instability.
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