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Abstract

Aquaporin 0 (AQP0) formerly known as membrane intrinsic protein (MIP), is expressed exclusively in the lens during terminal
differentiation of fiber cells. AQPO plays an important role not only in the regulation of water content but also in cell-to-cell
adhesion of the lens fiber cells. We have investigated the thermal stress-induced structural alterations of detergent (octyl
glucoside)-solubilized calf lens AQPO. The results show an increase in the amount of AQPO that aggregated as the
temperature increased from 40°C to 65°C. a-Crystallin, molecular chaperone abundantly present in the eye lens, completely
prevented the AQPO aggregation at a 1:1 (weight/weight) ratio. Since a-crystallin consists of two gene products namely oA-
and oB-crystallins, we have tested the recombinant proteins on their ability to prevent thermal-stress induced AQPO
aggregation. In contrast to the general observation made with other target proteins, aA-crystallin exhibited better
chaperone-like activity towards AQPO compared to aB-crystallin. Neither post-translational modifications (glycation) nor C-
terminus truncation of AQPO have any appreciable effect on its thermal aggregation properties. a-Crystallin offers similar
protection against thermal aggregation as in the case of the unmodified AQPO, suggesting that acrystallin may bind to
either intracellular loops or other residues of AQPO that become exposed during thermal stress. Far-UV circular dichroism
studies indicated a loss of ahelical structures when AQPO was subjected to temperatures above 45°C, and the presence of o-
crystallin stabilized these secondary structures. We report here, for the first time, that a-crystallin protects AQPO from
thermal aggregation. Since stress-induced structural perturbations of AQPO may affect the integrity of the lens, presence of
the molecular chaperone, a-crystallin (particularly oA-crystallin) in close proximity to the lens membrane is physiologically
relevant.
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Introduction

Aquaporins (AQPs) are the family of homologous water and
glycerol transporters expressed in eubacteria, archae, fungi, plants
and animals [l]. In mammals, about 13 AQPs have been
identified [2]. AQPO, formerly known as MIP (membrane intrinsic
protein), is the first cloned member of this family of proteins [3]. It
is expressed exclusively in elongated fiber cells [4]. AQPO channels
transport water [5]. Water flow is essential in the internal micro-
circulatory system for the avascular lens [6]. AQPO water
permeability is regulated by pH and Ca®*/calmodulin [7-11].
Mutations and the C-terminus truncation of AQPO are associated
with development of cataract [12—14].

In the lens, AQPO seems to have additional functions as well.
Dunia et al, [15] observed clustering of AQPO reconstituted
liposomes, suggesting AQP0O may be involved in cellular adhesion.
Two-dimensional crystallization showed both single- and double-
layered crystals [16-17], suggesting AQPO could mediate cellular
adhesion besides water transport. Furthermore, [18] showed that
expression of AQPO enhanced cell-to-cell adhesion in adhesion-
dependent fibroblast cell cultures. Thus it appears that in the outer

PLOS ONE | www.plosone.org

layers of the lens AQPO can function as a water pore, whereas in
the inner layers it is primarily involved in mediating adhesion
between neighboring cells.

It 1s reported that AQPO interacts with other lens crystallins in
the following decreasing order: oA-, aB-, BB2- and yC-crystallins
[19]. It was shown that a-crystallin, a multimeric protein (comprised
of aA- and aB-crystallin subunits) belonging to the family of small
heat-shock proteins, binds more readily to the lens membranes than
other crystallins, and this binding was shown to increase with age
and in cataracts [20-22]. Mulders et al., [23] and Liang and Li [24]
suggested that binding of a-crystallin to the membranes is mediated
through AQP0O. Amounts of oA-crystallin associated with the
membranes were found to be higher than those of a-crystallin. It
was also suggested that aB-crystallin may not be able to bind to the
membranes in the absence of aA-crystallin [25-26]. However, Su e
al., [27] showed that aB-crystallin has a higher affinity to bind to
membranes, and this binding can be enhanced by mild thermal
stress [28]. The nature and significance of the binding of a-crystallin
to the membranes is still not completely understood.

A-Crystallin functions as a molecular chaperone towards other
lens cytosolic proteins such as B- and y-crystallins as well as other
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target proteins [29-31]. Increased aggregation of AQPO was
observed in transgenic mice expressing CRYAA N101D mutant of
o-crystallin  [32], indicating that the interaction between o-
crystallin and AQPO has some physiological relevance. However,
whether a-crystallin functions as a molecular chaperone and
prevents aggregation of AQPO has not been addressed so far. In
fact, there are no comprehensive studies on the interactions of o-
crystallin with any membrane protein, or its functional signifi-
cance. In long-lived tissues like the lens, proteins (including AQPO0)
are subjected to cumulative insults from metabolic (oxidants) and
environmental (UV rays) stresses during the lifetime, which may
affect protein conformation, leading to aggregation and loss of
function. In this study, we have used OG solubilized AQPO as a
model to study temperature-mediated structural changes and
aggregation, and the effect of o-crystallin and its constituent
homooligomers, aA- and aB-crystallins.

Materials and Methods

Preparation of lens membranes

Snap-frozen calf eyes were obtained from a commercial supplier
(Pelfrez, Little Rock, AK) and stored at —80°C until use.
Decapsulated lenses were homogenized in ice-cold 10 mM
phosphate buffered saline, pH 7.4 (PBS, from Sigma Chemical
Co, St. Louis, MO). Soluble fraction, containing lens crystallins,
was removed by centrifugation at 18,000 x g for 30 min. The pellet
was washed 3 times with PBS, resuspended in PBS containing 7 M
urea and stirred for 1 hr at 4°C. The urea-soluble fraction was
separated by centrifugation at 18,000 x g for 30 min. The pellet
containing lens membranes was washed twice with PBS-urea,
twice with PBS and then resuspended in PBS. AQPO was
solubilized in 1% octyl B-D-glucopyranoside (octyl glucoside or
OG). The detergent-solubilized protein was recovered by centri-
fugation (18,000 x g for 30 min).

Thermal denaturation assays of AQPO

Calf lens AQPO solubilized in 10% OG was diluted with
10 mM phosphate buffer, pH 7.4 to final OG concentration of
1%. In all of the assays, the final concentration of AQPO was kept
at 0.15> mg/ml. To initiate aggregation, the temperature of the
AQPO solution (0.15 mg/ml) was raised using a Julabo thermo-
stated water bath connected to the Hitachi F-4000 fluorescence
spectrophotometer. The extent of protein aggregation was
measured as a function of time by monitoring the 90° scattering
of 465 nm light. In some experiments, the aggregation was
measured by measuring the absorbance at 360 nm on a Jasco J715
spectropolarimeter.

Gel permeation chromatography profile of thermally
stressed AQPO

Samples of OG- solubilized calf lens AQPO were incubated at
50°C for various time intervals and resolved on gel permeation
HPLC columns (SEC 3000 SW, 10 mm x600 mm, maintained at
50°C with the help of a water jacket). The mobile phase consisted
of 10 mM PBS, 100 mM NaCl and 1% OG. The absorbance was
monitored at 280 nm while the flow rate was maintained at 1 ml/
min. In some experiments, bovine o—crystallin (1:1 weight/weight
ratio) was also added prior to the incubation of AQPO at 50°C.

Assays for measuring chaperone activity of a-crystallin
against AQPO and C-crystallin

In all chaperone assays, we have used either bovine a—crystallin
(isolated from calf lens cortical fibers) or recombinant human o—
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crystallins (either homooligomers of oA-, or aB-crystallins or
heterooligomers of oA- and oB-crystallins, at 3:1 ratio). The
chaperone to target protein concentration ratio was maintained at
1:1 (weight/weight)) ratio, unless stated otherwise.

Thermal denaturation of calf lens AQPO was performed, as
described above, in the presence of o—crystallin. Aggregation of
C-crystallin in 10 mM phosphate buffer, pH 7.4 containing 1%
OG was initiated by increasing the sample temperature to 43°C.
Similarly, aggregation of insulin in 10 mM phosphate buffer,
pH 7.4, containing 1% OG was initiated by the DTT
(dithiothreitol)-induced reduction of the disulfide bonds at
37°C. The extent of aggregation in both of these assays was
measured either in the absence or in the presence of aA-, or aB-
crystallin.

Effect of glycation of AQPO on the chaperone function of
a-crystallin

In order to study the effect of glycation of AQPO (a common
post-translational modification in aging and in diabetes) on the
chaperone function of a-crystallin, lens membranes were incubat-
ed without and with 1 M glucose for 4 days at 37°C as described
earlier [33]. After the incubation, the membranes were washed
with PBS, solubilized in 1% OG in PBS and then subjected to
thermal stress in the absence or in the presence of non-glycated o-
crystallin.

Effect of C-terminus truncation of AQPO on the
chaperone function of a-crystallin

We have also tested the chaperone activity of o-crystallin in
preventing the aggregation of C-terminus truncated AQP0. C-
terminus truncated 22 kDa fragment of AQPO was generated by
limited proteolysis using Glu-C protease. Calf lens membranes
were resuspended in 10 mM ammonium bicarbonate buffer,
pH 4.5, and incubated at 37°C for 20 hrs at an enzyme to
membrane protein ratio of 1:20 (weight/weight). Following the
incubation, the membranes were washed with cold PBS and
solubilized in 1% OG in PBS. The resultant 22 kDa AQPO
fragment was then subjected to thermal stress in the absence or
presence of non-glycated o-crystallin.

Monitoring secondary structural changes of AQPO during
thermal-stress

Changes in the secondary structure of AQPO during thermal
stress were followed by far UV Circular dichroism (CD)
measurements using a Jasco J-715 spectropolarimeter. Deter-
gent-solubilized AQPO (0.1 mg/ml in 1% OG, 10 mM phosphate
buffer, pH:7.4 containing 100 mM NaCl) was used in this assay.
CD spectra, measured between 193-260 nm, were used to analyze
the structural changes during thermal stress. In order to determine
the chaperone function of o—crystallin towards AQPO during
thermal-denaturation, bovine a-crystallin was added in the assays.
In these assays, the CD spectra were corrected by subtracting the
background of a sample containing only a-crystallin in detergent
and buffer.

Gel electrophoresis

In order to characterize the protein aggregation, proteins were
separated on a 12% SDS-polyacrylamide gel. The protein samples
were incubated for 1 hour at 25°C in the SDS-PAGE sample
buffer containing 50 mM Tris-HCI (pH 6.8), 2% SDS, and 0.1%
B-mercaptoethanol before loading on the gel. After electrophore-
sis, the proteins were visualized by staining with Coomassie
Brilliant Blue 250.
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Protein content
Protein content was estimated by the BCA protocol (kit from
Pierce) using bovine serum albumin as the standard.

Results and Discussion

Thermal aggregation of AQPO and its prevention by a-
crystallin

Although anecdotal evidence suggests that boiling lens mem-
branes leads to aggregation of AQPO, this is the first systematic
study to show it thermal-induced aggregation properties. Owing to
its pivotal role in water transport and its involvement in cell-to-cell
adhesion, understanding stress-induced aggregation of AQPO is
highly relevant in lens pathophysiology. Plasencia et al., [34] have
used thermal stress to study structural perturbations of spinach
aquaporin (SoPIP2;1) in biomimetic systems. Our choice in using
a similar technique resides in the convenience of manipulating
conditions to induce structural perturbations in AQPO, and to
demonstrate the chaperone function of a-crystallin. When OG
solubilized AQPO was subjected to thermal stress, we observed a
gradual increase in the absorbance at 360 nm at temperatures
above 40°C, indicating protein aggregation (Fig 1). Further, SDS-
PAGE analysis showed a temperature-dependent loss of AQPO
monomers (26 kDa) with a concomitant increase in protein
aggregates (>200 kDa) as shown in Fig 2 (left panel, lanes 5-8).
Although the pattern of AQPO aggregation is similar to that
observed with spinach AQP (SoPIP2;1)[34], the threshold to
tolerate thermal-stress seems to be about 10°C lower (40°C for
AQPO vs 50°C for SoPIP2;1). It is interesting to note that thermal
stress-induced high molecular weight aggregates of AQPO did not
enter the SDS-PAGE gels (Fig.2). Earlier studies have shown that
aqua-glyceroporins  (glycerol facilitator), archaeal aquaporin
(AqoM) and spinach aquaporin (SoPIP2;1) also form large
aggregates which do not enter the SDS-PAGE gels [34-36]. It
appears that aquaporins form SDS-resistant aggregates similar to
other membrane proteins including the porins as reported earlier
[37. 38].

a-Crystallin is known to prevent the aggregation of several
target proteins induced by UV-radiation, DTT" and temperature
[31,39]. In order to find out whether a-crystallin exhibits similar
chaperone-like activity for AQPO, we have used different
concentration ratios of AQPO to bovine a-crystallin (1:1; 2:1;
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Figure 1. Thermal aggregation of AQPO and protection by a-
crystallin. Detergent solubilized AQPO (0.15 mg/ml in 10 mM phos-
phate buffer, pH 7.4 containing 1% OG) was subjected to thermal stress
by gradually increasing the temperature and the absorbance monitored
at 360 nm on a Jasco 715 Spectropolarimeter.
doi:10.1371/journal.pone.0080404.g001
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3:1, respectively) in the chaperone assays. o-Crystallin prevented
the thermal aggregation of AQPO in a concentration-dependent
manner and nearly eliminated aggregation at the ratio of 1:1 (Fig
1). SDS-PAGE analysis showed a progressive loss of monomeric
subunits of AQPO as well as a-crystallin above 45°C with a
concomitant increase in the formation of AQPO-o0 crystallin
complexes as indicated by the appearance of bands at ~200 kDa
(Fig 2, right panel, lanes 5-8).

Gel permeation chromatography profile of thermally
stressed AQPO and prevention of aggregation by o—

crystallin
Thermal stress initially resulted in unfolding of AQPO leading to
the formation of soluble aggregates at ~ 1000 kDa with a

concomitant loss of monomers at 26 kDa (Fig 3; 3 min). However,
prolonged thermal stress resulted in the formation of larger
aggregates which are insoluble and failed to elute through the
columns (Fig 3; 6-12 min). Presence of a-crystallin seems to have
favored the formation of the o-crystallin/AQPO complex which
resolved at ~ 800 kDa. These gel permeation chromatography
results are consistent with the results obtained from light scattering
and gel electrophoresis (Figs 1 and 2). The results obtained from
SDS-PAGE (Fig2 left panel, lanes 6-8) suggest that AQPO
monomers completely disappear at 50°C and beyond, leading to
the formation of large aggregates >200 kDa. Fig 2 (right panel,
lanes 6-8) suggests that o-crystallin interacts with AQPO and the
resultant AQPO-a-crystallin complex yields bands at ~ 200 kDa at
50°C and beyond; however, part of the AQPO-a-crystallin
complex did not enter the gel (Fig 2 right panel, lanes 6-8),
suggesting the formation of high molecular weight aggregates
(> 200 kDa). On the other hand, on the gel-filtration column this
band was resolved at 800 kDa.

Specificity in the a-crystallin gene products towards
AQPO

a—Crystallin is comprised of two gene products, aA- and oB-
crystallin. It is well-known that oB-crystallin is ubiquitously
expressed in many non-lenticular cells, whereas oA-crystallin is
found only in trace quantities in non-lenticular tissues [40]. This
difference in tissue- specific expression suggests that these gene
products might have evolved to play distinct physiological
functions. In order to find out if these two gene products exhibit

AQPO alone AQPO + alpha crystallin

kDa MW1 23 45 67 8MW 1 2 345 6 7 8MW kpg
200 . fue o i TR FENEEES T - 20
16 — : <116

= -~ 97
66 — - 66
45 > - 45
31— - 31

- - -

20 8 . R s .20

Figure 2. Gel electrophoresis analysis of thermal-denaturation
of AQPO and protection by a-crystallin. Detergent solubilized
AQPO (0.15 mg/ml in 10 mM phosphate buffer, pH 7.4 containing 1%
0OG) was subjected to thermal stress in a thermal cycler (5 min at each
given temperature) without and with o-crystallin and resolved on 12%
SDS-PAGE. Left panel - AQPO alone and Right panel - AQPO + o-
crystallin. MW — molecular weight markers (range 20-200 kDa); lane 1 -
25°C; lane 2 - 30°C; lane 3 - 35°C; lane 4 - 40°C; lane 5 - 45°C; lane 6 —
50°C; lane 7 — 55°C and lane 8 - 60°C.

doi:10.1371/journal.pone.0080404.g002
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Figure 3. HPLC temporal profile of thermally stressed AQPO. A:
Samples of OG solubilized calf AQPO (0.15 mg/ml in phosphate buffer,
pH 7.4 containing 100 mM NaCl and 1% OG) were incubated at 50°C for
various time intervals. Note the AQPO monomer resolved as a major
peak at 26 kDa protein and the AQPO aggregate at ~ 1000 kDa (see 3
min at 50°C). When the AQPO was maintained at 50°C for 6 min or
more, these AQPO aggregates also disappeared. B: Addition of o-
crystallin in the incubation mixture resulted in the formation of a-
crystallin and AQPO complexes resolved at ~800 kDa.
doi:10.1371/journal.pone.0080404.9003

any specificity in preventing aggregation of AQPO, we have used
human recombinant o—heterooligomer (prepared by mixing
recombinant human oA- and oB-crystallins in a ratio of 3:1
weight/weight) as well as human recombinant oA- and oB-
homooligomers, which have been well-studied in our laboratory
with other target proteins. We have also compared the
chaperone activity of bovine o—crystallin with that of recombi-
nant human o-crystallin. The results showed no noticeable
variation (data not shown). It has been generally observed that
aB-crystallin is a more effective chaperone than aA-crystallin
[29]. Our observation suggests that oA-crystallin is more
effective in preventing thermal-aggregation of the membrane
protein, AQPO (Fig 4). The existence of atA-crystallin and AQPO
in close proximity in the lens would have a physiological
significance. This is supported by the work of [41] who showed
that oA-crystallin knockouts exhibited irregular localization of
AQPO in the lens membranes, suggesting that normal levels of
oA-crystallin are essential to maintain normal membrane
architecture.

PLOS ONE | www.plosone.org

Aggregation of AQPO and Protection by a-Crystallin

12
£
c
w 10 |
©
<
% gl
o
£
5 6
©
O
n 4}
]
2
5 2}
Q
o

O 2 1 1

0 10 20 30 40 50
Time (minutes)

Figure 4. Chaperone-like activity of reconstituted human a-
crystallin and its gene-products. Thermal aggregation of (a) AQPO
(0.15 mg/ml) at 49°C, (b) in presence of recombinant human oB-
crystalline (0.15 mg/ml) (homooligomer), (c) recombinant human oA-
crystallin (0.15 mg/ml) (homooligomer), and (d) in presence of
recombinant human a-crystallin (0.15 mg/ml) (heterooligomer of oA-
and oB-crystallins at 3:1 ratio).

doi:10.1371/journal.pone.0080404.g004

Evidence that the detergent has no effect on the thermal
stress or chaperone function of a-crystallin

Generally, all the chaperone assays are carried out in buffers
under low ionic strength and salt conditions. Under these
conditions we have shown earlier that the recombinant oB-
crystallin offers much better protection than oA-crystallin against
either DTT-induced aggregation of insulin or thermally-induced
aggregation of &-crystallin [39]. In our present study with AQPO,
we have used octyl glucoside as the detergent to keep it in a soluble
form. This raises a possibility that the structural features of oA-
and oB-crystallin might have been altered in the micelle
environment of OG. To test this possibility, we have carried out
the chaperone assays of a-crystallin against thermally-induced
aggregation of &-crystallin and DTT-induced aggregation of
insulin under conditions used for AQPO chaperone assays. The
time course for the aggregation of thermally stressed &-crystallin (at
43°C) or of the DTT-reduced insulin is essentially the same in the
presence of OG (Fig. 5A) or in its absence. Further, OG did not
alter the chaperone specificity of aB- over that of atA-crystallin for
E-crystallin or insulin (Fig 5B). These results indicate that OG is
not responsible for the preferential interaction of aA-crystallin
(hence increased chaperone-like activity) with AQPO, compared to
aB-crystallin.

Effect of C-terminus modifications of AQPO on its thermal
aggregation and the binding of a—crystallin

Earlier studies have shown that the cytoplasmic C-terminus
region of AQPO has consensus sites for post-translational
modification such as glycation (K228, K238, K251) [42],
phosphorylation (S235) [43] as well as calmodulin-binding (225-
241) [[7]. Further, Ball et al, [44] showed age- and cataract-
dependent truncations of the C-terminus of AQPO. In order to
understand the effect of these modifications on the thermal
aggregation of AQPO and its interaction with o-crystallin, AQPO
was glycated i vitro as described earlier [42] and used in the
thermal aggregation assays in the presence and in the absence of
o—crystallin. Using mass spectrometry, we have shown earlier a
mass shift equivalent to one, two and three glucose adducts in
AQPO samples incubated with 1 M glucose [42]. As shown in Fig
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Figure 5. Chaperone-like activity of human o-crystallin gene
products against target proteins. A: (@) Recombinant human oA-
crystallin (0.1 mg/ml) (homooligomer) and (A) recombinant human oB-
crystallin (0.1 mg/ml) (homooligomer), against (H) thermal aggregation
of &-crystallin (0.1 mg/ml) at 43°C. B: (@) Recombinant human oA-
crystallin (0.2 mg/ml) (homooligomer) and (A) recombinant human oB-
crystallin (0.2 mg/ml) (homooligomer), against (H) DTT-induced
aggregation of insulin (0.2 mg/ml) at 43°C.
doi:10.1371/journal.pone.0080404.g005

6A, the glycation of AQPO has no effect on thermal aggregation or
on the chaperone function of a-crystallin.

In order to study the effect of C-terminus truncation of AQPO,
we have used Glu-C protease to cleave the C-terminus region and
used the resultant 22 kDa AQPO in the thermal aggregation assays
in the presence and in the absence of a-crystallin. As shown in Fig
6B, truncation of the C-terminus region has no effect on the
thermal aggregation of AQPO or the chaperone function of o-
crystallin. These studies reveal that the C-terminus is not the
binding site for o-crystallin. This implies that the B and/or the D
intracellular loops of AQPO or some of the membrane-embedded
residues that may become exposed under thermal stress are the
possible binding sites for o-crystallin.

Thermally induced secondary structural changes of AQPO
and its prevention by a- crystalline

We have investigated the effect of thermal stress on the
secondary structures of detergent solubilized AQPO by measuring
its far-UV CD spectra as a function of temperature from 25°C to
65°C (Fig. 7A). Deconvolution of the spectra [45] shows that the
o—helical content of AQPO is about 50% when the temperature is
below 40°C, which is in reasonable agreement with crystallo-
graphic data [46]. A small decrease in the native secondary
structure was observed at 45°C; at about 55°C there is a significant
loss of secondary structure with some residual structure. At higher
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Figure 6. Effect of post-translational modifications and C-
terminus truncation of AQPO on thermal aggregation and
chaperone function of a-crystallin. A: Effect of glycation of AQPO
on thermal aggregation and chaperone function. Lens membranes
were incubated with 1 M glucose for 4 days. Glycated AQPO was
solubilized in 1% octyl glucoside and subjected to thermal stress. a -
glycated AQPO; b - non-glycated AQPO; c - glycated AQPO + o—crystallin;
d - non-glycated AQPO + o-crystallin. Inset: SDS-PAGE of in vitro
glycated AQPO. M - Markers; 1 - Control incubation; 2 - 1 M glucose
incubation. B: Effect of C-terminus truncation of AQPO on thermal
aggregation and chaperone function: Lens membranes were treated
with Glu-C protease and the resultant C-terminus truncated AQPO was
solubilized in 1% octyl glucoside, and then subjected to thermal stress.
a - control AQPO; b - C-terminus truncated AQPO; c - control AQPO + a-
crystallin; d - C-terminus truncated AQPO + a-crystallin. Inset: SDS-PAGE
of C-terminus truncated AQPO. 1 — Control AQPO; 2 - Glu-C protease
digested AQPO; M — Markers.

doi:10.1371/journal.pone.0080404.g006

temperatures even this residual structure was completely lost (Fig.
7A). These results are in agreement with the thermally induced
changes observed in secondary structures measured for OG
solubilized spinach AQPO (SoPIP2;1) [34]. Sagne et al [47] have
proposed that proteins susceptible to SDS-resistant aggregation
have detectable secondary structure in the presence of SDS.
Conditions such as thermal stress cause partial unfolding of the
residual structure and trigger aggregation. Our CD studies show
that there is detectable residual secondary structure between 45°C
and 55°C. It is likely that these partially unfolded residual
structures undergo aggregation, which is resistant to SDS (Fig. 1,
left panel). Some of the membrane proteins are known to revert to
their native secondary structure over a limited temperature range.
Above this range, the interactions required to keep the protein and
detergent in the soluble form are disrupted, leading to the
oligomerization and aggregation of the protein [48]. Whether such
reversal of the secondary structure occurs in the case of AQPO has
been investigated by us using far-UV CD spectroscopy and the
results are shown as supplemental data (Fig. S1). Fig. S1, panel A
suggests that the CD spectrum of the sample recorded at 25°C
overlaps with the spectra of the samples that were heated to 40°C
and brought back to 25°C. Similar phenomenon was exhibited by
AQPO at 42.5°C as well, as shown in the Fig. S1, panel B.
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Figure 7. Secondary structural changes of AQPO during
thermal stress and protection by a-crystallin. A: Detergent
solubilized AQPO (0.1 mg/ml in 10 mM phosphate buffer, pH 7.4
containing 100 mM NaCl and 1% OG) was subjected to thermal stress
for 5 min at a given temperature. Following the thermal stress, the
protein solution was immediately cooled to 25°C and Far UV CD studies
were done at 25°C using a circular dichroism spectropolarimeter. Note
progressive loss of a-helical structures with increasing temperature and
these changes are irreversible. B: The same assay was done in the
presence of bovine a~-crystallin (at a ratio of 1:1 weight/weight).
doi:10.1371/journal.pone.0080404.g007

However, at temperatures higher than 42.5°C, secondary struc-
tural changes as observed by CD are irreversible (Fig. S1, panels C
and D). Presence of a—crystallin had a marked effect in preventing
thermally induced secondary structural changes of AQPO. As
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shown in Fig. 7B, the CD spectra obtained at all temperatures
tested (25° C — 55 °C) retained a significantly greater proportion of
o—helical structure, which correlates with the minimization of light
scattering shown above (Fig 1).

Loss of secondary structures under thermal stress and protection
by o—crystallin has profound physiological significance. In the lens,
significant amounts of o—crystallin have been shown to be
associated with lens membranes with age and cataracts [23].
Liang and Li [24] suggested that o—crystallin binding to the
membranes is mediated through AQPO. Further, Liu and Liang
[19] demonstrated that the extent of binding interactions decrease
in the following order - otA-, aB-, BB2- and yC-crystallin. Stress-
induced structural perturbations of AQPO0, the major membrane
protein, may result in protein aggregation and loss of function
leading to lens opacification. Presence of otA-crystallin in close
proximity to AQPO would be physiologically significant. This
study, for the first time, brings to light the chaperone function of o-
crystallin against membrane proteins such as AQPO, which is
involved in maintaining lens fiber cell homeostasis.
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Figure S1 Temperature-dependent secondary structur-
al changes of AQPO0 studied by far-UV CD: The spectra of
detergent solubilized AQPO (0.1 mg/ml in 10 mM phosphate
buffer, pH 7.4 containing 100 mM NaCl and 1% OG) was
recorded at 25°C. Samples of AQPO were heated to 40°C (panel
A), 42.5°C (panel B), 45°C (panel C) or 50°C, respectively and far-
UV spectra recorded. Each of the protein samples was cooled back
to 25°C and the spectra recorded again under the same
conditions.

(TIF)

Author Contributions

Conceived and designed the experiments: SSM JH. Performed the
experiments: SSM JH VS. Analyzed the data: SSM JH VS ChMR.
Contributed reagents/materials/analysis tools: SSM JH VS. Wrote the
paper: SSM JH VS.

14. Shiels A, Bassnett S, Varadaraj K, Mathias R, Al-ghoul K, et al. (2001) Optical
dysfunction of the crystallin lens in aquaporin-O-deficient mice. Physiol
Genomics 7: 179-186.

15. Dunia I, Manenti S, Rousselet A, Benedetti EL (1987) Electron-microscopic
observations of reconstituted proteoliposomes with the purified major intrinsic
membrane-protein of eye lens fibers. J Cell Biol 105: 1679-1689.

16. Hasler L, Waltz T, Tittmann P, Gross H, Kestler J, et al. (1998) Purified lens
major intrinsic protein (MIP) forms highly ordered tetragonal two-dimensional
arrays by reconstitution. ] Mol Biol 279: 855-864.

17. Fotiadis D, Hasler D, Muller DJ, Stahlberg H, Kistler J, et al. (2000) Surface
tongue-and-groove contours on lens MIP facilitate cell-to-cell adherence. J] Mol
Biol 300: 779-789.

18. Kumari SS, Varadaraj K (2009) Intact AQPO performs cell-to-cell adhesion.
Biochem Biophys Res Commun 390: 1034-1039.

19. Liu BF, Liang JJ (2008) Confocal fluorescence microscopy study of interaction
between lens MIP26/AQPO0 and crystallins in living cells. J Cell Biochem 104:
51-58.

20. Cobb BA, Petrash JM (2000) Characterization of a-crystallin-plasma membrane
binding. J Biol Chem 275: 6664-6672.

21. Cenedella R], Fleschner CR (1992) Selective association of crystallins with the
lens ‘native’ membrane during dynamic cataractogenesis. Curr Eye Res 11:
801-815.

22. Boyle DL, Takemoto L (1996) EM immunolocalization of a-crystallins:
association with the plasma membrane from normal and cataractous human
lenses. Curr Eye Res 15: 577-582.

23. Mulders JWM, Stokermans J, Leunissen JAM, Beneditti EL, Bloemendal H, et
al. (1985) Interaction of a-crystallin with lens plasma membranes. Affinity of
MP26. Eur J Biochem 152: 721-728.

24. Liang JN, Li XY (1992) Spectroscopic studies on the interaction of calf lens
membranes with crystallins. Exp Eye Res 54: 719-724.

November 2013 | Volume 8 | Issue 11 | e80404



26.

27.

28.

29.

30.

31.

34.

36.

. Ifeanyi F, Takemoto L (1990) Specificity of o-crystallin binding to the lens

membrane. Curr Eye Res 9: 259-265.

Fleschner CR, Cenedella RJ (1992) Examination of a lens ‘native’ plasma
membrane fraction and its associated crystallins. Curr Eye Res 11: 739-752.
Su SP, McArthur JD, Friedrich MG, Truscott RJW, Aquilina JA (2011)
Understanding the o-crystallin cell membrane conjugation. Mol Vis 17: 2798
2807.

Friedrich MG, Truscott RJW (2010) Large-Scale binding of a-crystallin to cell
membranes of aged normal human lenses: A phenomenon that can be used by
mild thermal stress. Invest Opthalmol Vis Sci 51: 5145-5152.

Horwitz J (1992) a-Crystallin can function as molecular chaperone. Proc Nat
Acad Sci 89: 10449-10453.

Rao CM, Ziegler SJ, Raman B (1993) Differential protective ability of o-
crystallin towards thermal and photoaggregation of gamma-crystallin. Invest
Ophthal Visual Sci 34: 988.

Raman B, Rao CM (1994) Chaperone-like activity and quaternary structure of
alpha-crystallin. J Biol Chem 269: 27264-27268.

Gupta R, Asomegha CO, Srivastava OP (2011) The common modification in
oA-crystallin in the lens, N101D, is associated with increase opacity. J Biol Chem
286: 11579-11592.

Swamy-Mruthinti S (2001) Glycation decreases calmodulin binding to lens
transmembrane protein, MIP. Biochim Biophys Acta 1536: 64-72.

Plasencia I, Survery S, Ibragimova S, Hansen JS, Kjelbom P, et al. (2011)
Structure and stability of the spinach aquaporin SOPIP2;1 in detergent micelles
and lipid membranes. PLoS ONE 6(2): el4674, doi: 10,1371/journal-
pone.0014674.

. Galka JJ, Baturin SJ, Manley DM, Kehlar AJ, ONeil JD (2008) Stability of

glycerol facilitator in detergent solutions. Biochemistry 47: 3513-3524.
Kozono D, Ding X, Iwasaki I, Meng X, Kamagata, et al. (2003) Functional
expression and characterization of an archacal aquaporin: AgpM from

hamothermob merbugensis. ] Biol Chem 278: 10649-10656.

PLOS ONE | www.plosone.org

37.

38.

39.

40.

41.

42.

44,

46.

47.

48.

Aggregation of AQPO and Protection by a-Crystallin

Minetti CASA, Tai JY, Blake MS, Pullen JK, Liang SM, et al. (1997) Structural
and functional characterization of a recombinant Por B Class 2 protein from
Neisseria meningitides. J Biol Chem 272: 10710-10720.

Frasch CE, Tsai CM, Mocca LF (1986) Outer membrane proteins of Neusseria
meningitides: Structure and importance in meningococcal disease. Clin Invest Med
9: 101-107.

Raman B, Ramakrishna T, Rao CM (1995) Rapid refolding studies on the
chaperone-line o-crystallin. Effect of o-crystallin on refolding on B- and y-
crystallins. J Biol Chem 270: 19888-19892.

Bhat SP (2003) Crystallins, genes and cataract. Prog Drug Res 60: 205-262.
Xi JH, Bai F, Andley UP (2003) Reduced survival of lens epithelial cells in the
aA-crystallin-knockout mouse. J Cell Sci 116: 1073-1085.

Swamy-Mruthinti S, Schey KL (1997) Mass spectroscopic identification of in
vitro glycated sites of MIP. Curr Eye Res 16: 936-941.

Schey KL, Fowler JG, Schwartz JC, Busman M, Dillon J, et al. (1997) Complete
map and identification of the phosphorylation site of bovine lens major intrinsic
protein. Invest Opthalmol Vis Sci 38: 2508-2515.

Ball LE, Garland DL, Crouch RK, Schey KL (2004) Post-translational
modifications of aquaporin 0 (AQPO) in the normal human lens: Spatial and
temporal occurrence. Biochemistry 43: 9856-9865.

. Perczel A, Park K, Fasman GD (1992) Analysis of circular dichroism spectrum of

proteins using the convex constraint algorithm: a practical guide. Anal Biochem
203: 83-93.

Harries WE, Akhavan D, Miercke L], Khademi S, Stroud RM (2004) The
channel architecture of aquaporin 0 at a 2.2-A resolution. Proc Natl Acad Sci
USA, 101: 14045-14050.

Sagne C, Isambert MF, Henry JP, Gasneir B (1996) SDS-resistant aggregation of
membrane proteins: applications to the purification of the vesicular monoamine
transporter. Biochem J 316: 825-831.

Minitti CASA, Remeta DP (2006) Energetics of membrane protein folding and
stability. Arch Biochem Biophys 453: 32-53.

November 2013 | Volume 8 | Issue 11 | e80404



