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ABSTRACT: a-Crystallin, the major protein component of the vertebrate lens, is thought to play a critical
role in the maintenance of transparency through its ability to inhibit stress-induced protein aggregation.
However, during aging and cataract formation the amount of membrane-loangstallin increases
significantly while high molecular weight complexes (HMWCs) comprised-afystallin and other lens
crystallins accumulate. These and other recent data suggest a possible link between cataract formation,
the formation of high molecular weight-crystallin aggregates, and the progressive increase in membrane
association of-crystallin. To better understand these processes, we characterized the chaperone-like
activity (CLA) and subunit exchange of membrane bouwndrystallin. In addition, we measured the
membrane binding properties of in vitro constituted HMWCs to understand the mechanism by which
increasedu-crystallin is bound to the membrane of old and cataractous lens cells in vivo. Membrane-
associatedx-crystallin complexes have measurably reduced CLA compared to complexes in solution;
however, membrane binding does not alter the time required-foystallin complexes to reach subunit
exchange equilibrium. In addition, HMWCs prepared in vitro have a profoundly increased membrane
binding capacity as compared to natixecrystallin. These results are consistent with a model in which
increased membrane binding afcrystallin is an integral step in the pathogenesis of many forms of
cataracts.

The human lens is a tissue that must remain transparents thought to play the critical role of preventing old and
throughout the lifetime of the individual in order to maintain damaged proteins in the lens from forming inclusion bodies,
visual acuity. Fiber cells in the nuclear region of the lens which would result in light scattering and catara}. (
have lost all organelles and have been shown to be protein Aside from CLA,a-crystallin is also known to selectively
synthesis deficient, indicating an overall lack of protein associate with certain types of intermediate filaments. One
turnover @, 2). Indeed, proteins synthesized during lens such lens-specific filament is known as the beaded filament
development are thought to remain in those cells throughout (7). It has been proposed thatcrystallin may play a role
the lifetime of the individual, thus requiring a mechanism in cell structure through aiding in the remodeling of the
for stabilizing old and damaged proteins. However, this cytoskeleton during cell differentiation, although no direct
mechanism and its age-related failure (i.e., cataract formation)in vivo evidence for such a model has yet been produced
are not fully understood. (7—9). a-Crystallin also associates with lens plasma mem-

Lens fiber cells are rich in the small heat shock protein branes in vivo and in vitro, yet no function for this interaction
o-crystallin, which makes up nearly 50% of the total soluble has been demonstrated0-13). To date, the biological
protein and can reach concentrations in excess of 300 mg/significance of both these interactions is largely unknown.
mL (3). It is comprised of two closely related subunitg- The process of aging in the lens has been studied in detalil
crystallin (WTaA)* and aB-crystallin (WTaB), in roughly from both biochemical and cellular aspects. Immunocyto-
a 3:1 molar ratio in humans$). a-Crystallin has been shown  chemistry has shown that the nuclear region of the lens forms
to inhibit stress-induced protein aggregation in vitro, and it a syncytium, likely through membrane fusion during terminal
has the ability to confer heat shock resistance to cell culture fiber cell developmentl). Interestingly, recent studies have
models 4—6). Indeed, this chaperone-like activity (CLA) demonstrated that, during aging and/or cataract formation,
the border between the lens cortex and the nuclear syncytium
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osmotic, nutritional, and oxidative balanc&5¢17). The lins were cloned into the pET23d expression plasmid
plasma membrane itself also changes with age. The phos{Novagen) and then expressed and purified fiEesuherichia

pholipid content shifts such that hydrocarbon chain length coli (strain BL21) cultures essentially as described previously
and saturation increase, which suggests that fiber cell (13). Primary separations were performed on a DEAE-

membranes become more rigid and less permeaB|el0). Sepharose anion-exchange column at pH 8.0, and final
These events are all thought to play important roles in the fractionations were performed on a Sephacryl S400HR
mechanism of age-related nuclear cataract formation. (Pharmacia Biotech Inc.) column in PBS (137 mM NacCl,

Many changes in the protein content of the lens have also2.7 mM KClI, 4.3 mM NaHPQ,, 1.4 mM KH,PQ,, pH 7.3).
been correlated with aging and the onset of cataract. All proteins were determined to be99% homogeneous as
Truncated, deamidated, glycated, and oxidized crystallins arejudged by the presence of a single band on a Coomassie
common in old and cataractous lenseX0+24). High blue stained SDSPAGE gel (data not shown). Proteins were
molecular weight complexes (HMWCs) comprisedetrys- stored at—80 °C until use.
tallin associated with a wide variety of other lens proteins  Protein Conjugation to AlexaFluor350 and Alexa-
accumulate in the lens as age increag8s46). It is thought Fluor430. Purified recombinanti-crystallins and human
that these complexes arise directly froatrystallin’s ability aldose reductase (HAR) were conjugated with either Alexa-
to bind damaged proteins and prevent their aggregation intoFluor350 or AlexaFluor430 fluorescent tags as described by
inclusion bodies. In additionp-crystallin is known to the manufacturer (Molecular Probes, Eugene, OR). Conju-
fractionate increasingly with the water-insoluble fraction of gated proteins were separated from nonreacted AlexaFluor
the lens with age, although the nature of that insoluble reagent using prepacked desalting columns according to the
fraction has not been studied in detdllr¢-31). In separate = manufacturer’s protocol (Econo-Pac 10DG column, Bio-
reports, the amount of crystallin protein, particulashcrys- Rad, Hercules, CA). The purified conjugates were analyzed
tallin, found on the membranes during cataract formation is usingAzsdAsss (for AlexaFluor350) orAysy/Ayszs (for Alexa-
dramatically increased over the basal level§)( These Fluor430) readings in a Varian Cary 1E UV/vis spectropho-

observations suggest that the water-insoluble poal-ofys- tometer. Protein concentration and degree of conjugation
tallin could be largely synonymous with the membrane- were determined for the AlexaFluor350 conjugates with the
bound pool {1). equations:
In our recent report on the characterization of the o
congenital cataract associated-crystallin mutation, R116C, - [Asgo— (Agye x 0.19)] x dilution
we concluded that increased membrane binding capacity was [protein] = €protein
one possible mechanism by which this mutant could cause
cataracts32). This conclusion raised the question about the . Agys x dilution
possible role of membrane association in age-related cata- mol of dye/mol of subunit= m]

racts. Given that the amount of membrane-associated crys-
tallin protein increases with age and cataract formation, we where 0.19 is a correction factor for the absorbance of
proposed that increased membrane associatiorooystallin AlexaFluor350 at 280 nm, 19000 is the molar extinction
could be a common link between some types of congenital coefficient for AlexaFluor350,go andAsss are the measured
cataracts and age-related catara88.( absorbance values at 280 and 346 nm, respectivelysare

In the present study, we sought to understand the effectis the molar extinction coefficient for-crystallin. The
of known changes in the-crystallin population on mem-  specific activities of thesex-crystallin conjugates were
brane binding to better understand the increased crystallindetermined by analyzing known amounts in a Hoefer Dyna-
protein membrane association in old and cataractous lensesQuant spectrofluorometer. The average specific activities
To this end, we measured the CLA and subunit exchange ofwere then calculated and expresseéfng of protein F =
membrane-boundx-crystallin complexes as well as the fluorescence intensity). Likewise, concentration and conjuga-
binding capacities of two types of HMWCs. We found that tion efficiency for the AlexaFluor430 conjugates were
membrane association did not prevendcrystallin from calculated using the equations:
acting like a chaperone nor did it alter subunit exchange- o
ability, suggesting that other nonmembrane binding crystal- [Azgo — (Ayz4 x 0.28)] x dilution

lins could become membrane bound through the CLA of [protein] = €protein

membrane-associated-crystallin. Interestingly, we also

found that reconstituted HMWCs show significantly in- | of dve/mol of subunit A3, x dilution
indi iti i i mol of dye/mol of subunitt ———«————

creased membrane binding capacities over natiggystallin. Y 16000[protein]

Our data support a model in which increased membrane

association ofx-crystallin and other lens proteins, whether where 0.28 is a correction factor for the absorbance of

caused by HMWC formation in the cytoplasm, CLA of AlexaFluor430 at 280 nm, 16000 is the molar extinction

membrane-boundx-crystallin, or genetic mutation, is a coefficient for AlexaFluor430A.g, andAsz, are the measured

critical event during cataract pathogenesis. This model may absorbance values at 280 and 434 nm, respectively;ard

provide an explanation for the presence of the metabolite is the molar extinction coefficient far-crystallin.

barrier seen in older lenses. Lens Plasma Membrane Fractionatiddovine lenses were

isolated and decapsulated, and the cortical fiber cells were

EXPERIMENTAL PROCEDURES removed using a scalpel. The membrane preparation was then
Overexpression and Purification of Human Recombinant performed using the cortical fiber cells according to Russell

oA- andoB-Crystallin Human WToA and WToB crystal- et al. @33). The dry weight was quantified by drying aliquots
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of the membrane suspension in preweighed centrifuge tubesof removal was determined at the same time points by
in a spin vacuum (Heto VR1, Denmark). Weight measure- competition of bound fluorescence donor complexes with
ments were performed on an analytical balance (Mettler- unlabeled a-crystallin as described previously and then

Toledo, Columbus, OH), and the concentration/(nL) of compared to the time course of subunit excharg. (
membrane in the suspension was determined by averaging High Molecular Weight Complex Formatiorinsulin/
at least four replicate measurements. WToA HMWCs were formed by incubation of W6A—

Lipid Vesicle FormationDipalmitoylphosphatidylcholine  AlexaFluor350 conjugates and insulin (from bovine pancreas,
(DPPC) and sphingomyelin (SPH) vesicles were formed Sigma, MO) under reducing conditions (10 mM dithio-
using sonication as recommended by the manufacturerthreitol) at 37°C for 30 min. Simultaneously, light scattering
(Avanti Polar Lipids, Inc., Alabaster, AL). Briefly, lipids in  was monitored at 390 nm in a Cary 1E UV/vis spectropho-
chloroform were dried down to a film under argon and tometer to verify suppression of insulin B chain aggregation
rehydrated fol h in PBSwith stirring above the lipid-phase by the WTaA conjugate. The resulting sample was centri-
transition temperature. The rehydrated lipids were then fuged for 10 min at 1000 to remove any insoluble
sonicated until the solution became clear. The dry weight aggregates formed. The fluorescence specific activity was
was quantified by drying aliquots of the vesicle suspension verified to ensure that the bound insulin did not alter the
in preweighed centrifuge tubes in a spin vacuum (Heto VR1, fluorescence intensity of the cosecrystallin complex. These
Denmark). Weight measurements were performed on anspluble HMWCs were used in membrane binding experi-
analytical balance (Mettler-Toledo, Columbus, OH), and the ments and were analyzed on a Superose 6 column as de-
concentration ¢g/mL) of vesicle in the suspension was scribed below for the purification of HAR/MSA HMWCs.
determined by averaging at least four replicate measurementsinsulin stock solutions (10 mg/mL) were made by dissolving

Chaperone-like Actity (CLA) Measurementgwo types 10 mg of insulin (Sigma, St. Louis, MO) in 1 mL of dB
of measurements were used to determine the CLA of vesicle-with 3 uL of 1 N NaOH added to dissolve the protein.
bounda-crystallin. First, to determine the overall effect of HAR/WTaA HMWCs were formed by incubation of
vesicle binding on the total CLA obi-crystallin, DPPC  \wTgA and HAR at 52°C for 1 h with monitoring by light
vesicles were incubated with VA or WTaB for 15 hat  gcattering at 390 nm to verify suppression of HAR aggrega-
37°C to allow binding to reach completion. Then the entire tjon (data not shown). The resulting sample was filtered using
sample, containing both bound and unbowerdrystallinas 5 syringe filter (0.22¢m) and injected on a Superose 6 gel
would be found in vivo, was used in heat denaturation assaysSyjjiration column in PBS on a Pharmacia FPLC system (0.3
as described previously with human aldose reductase (HAR) m/min flow rate). The peak corresponding to the HAR/
as the substrate proteir84). In the second experiment, \yTgA HMWC was pooled and then conjugated to Alexa-
sphingomyelin vesicles were incubated for 15 h at®87  Fjy0r350 under standard conditions. After the conjugate was
with WTaA or WTaB to allow binding to reach completion.  gesalted, the protein was quantified using the Bradford
The vesicles were then isolated from the solublerystallin protein assay with WA as the standard then used in
by centrifugation at 3750@0for 2 h. These vesicles, with  emprane binding assay3H.
a-crystallin bound, were used in similar heat denaturation A <tandard elution curve for the Superose 6 column was

a[c,says'to_mtlaa_sure the CLA of the vesicle-associated Comq g4 cted using IgM~900 kDa), thyroglobulin (669 kDa),
plexes in Isolation. ferritin (440 kDa), catalase (232 kDa), and aldolase (158

Sﬁbun't bExchange Il\/klj?asu:jemenﬁébhe ra’:)e of SUbIlIJ_n't kDa). The molecular weights of the-crystallin aggregates
exchange between soluble and membrane-boaystallin were calculated using their peak retention volumes.

was measured using fluorescence resonance energy transfer Membrane Binding Assavéembrane binding assavs
(FRET). AlexaFluor350-conjugated V&R or WTaB were g Assay ; 9 y
were performed essentially as previously describ&g). (

used as the fluorescence donors, and AIeXaFIuOmgo_AIexaFIuor35O-con'u ated protein samples (see above) were
conjugated W&A or WTaB were used as the fluorescence : Jug Prote P
incubated with bovine cortical fiber cell plasma membranes

acceptors. Lens membranes (50) were saturated with . =" .

the fluorescence donor conjugates®d at 37°C. Following In blnd.mg buff(_ar (PBS. supplemented with 5 mM .Mgpl

the incubation, the membranes were pelleted (14080 Following the |nc_ubat|0n,° the sample was centrifuged at

min, 4 °C) and the supernatant was discarded. The peIIets142,[0%":]0r ?0 nr:"nmatmér?] anr?d cki)ecar\]réttfeld. rThe Ete”ft?,in

were resuspended in PBS containing either the correspondin ontaining piasma membrane and bou uorescent protein,

fluorescence acceptor conjugate or nonlabelectystallin ere then analyzed for fluor_escence_. The _blndlng capacity

(no acceptor) and then incubated for various times. At eachVas calculated from ex_penment.s in which 50@ .Of
membranes was used with a varied amount of conjugated

time point, the samples were centrifuged for 30 min at 4 protein. The horizontal asymptote of the saturation curve

°C, and the pellet was analyzed for fluorescence. FIuores—re resents the maximum amount of protein able to bind a
cence intensity of the donor in the preserigg)(and absence ep P
fixed amount of membrane.

(Fg) of the acceptor was measured to determine the efficiency

of energy transferl) as calculated using the equation: RESULTS
E=1— Eﬂ (5) Chaperone-like Actity of Membrane-Bound-Crystallin.
Fq Chaperone-like activity is the best studied aspeat-ofys-

tallin’s biological function; however, little is known about
The time required to reach half-completiofips, was the effect of membrane association on that activity. To
determined through curve fit analysis and used to determinemeasure the CLA of membrane-bound complexes, phospho-
the rate at which exchange reached equilibrium. The degreelipid vesicles were employed as the primary binding template
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0.7- of vesicles did not alter the amount of HAR aggregation,
while o-crystallin-only controls showed no aggregation in
the absence of HAR.

The second experiment was similar to the DPPC experi-
ments above, except that the vesicles, made of SPH and
containing boundx-crystallin, were first isolated from the
soluble pool before being used in the CLA assays with HAR
in order to directly measure the CLA of boundcrystallin
in isolation (Figure 1B). All assays were done with a 1:1
molar ratio of HAR too.-crystallin. We found that the activity
of bound complexes was reducega € 0.0010 for WA
samples and 0.0058 for the WB samples) compared to
0.7 the activity of an equal amount of soluble-crystallin;
however, significant CLA of bound complexes was
observed.

Subunit Exchange and Rersibility of o-Crystallin Mem-
brane Binding We have reported previously that membrane
association ofi-crystallin is partially reversiblel@d). The
conclusion from those experiments was that the partial
. reversibility of binding is likely due to subunit exchange

HOOLEEECG between membrane-bound and solublerystallin rather
0 10 2 . % . 0 50 60 than removal of intact complexes. To better understand the

Time, min mechanism of reversibility and the in vivo equilibrium that
FIGURE 1: CLA of membrane-bound-crystallin. (A) WToA (1 would result, we measured-crystallin subunit exchange
nmol) and WTB (2 nmol) were incubated with DPPC vesicles, between membrane-bound and solublerystallin using
and the mix of bound and solubtecrystallin was assayed for CLA  fluorescence resonance energy transfer (FRET). Lens mem-
using the heat denaturation assay with HAR (2 nmol) as the pranes were first saturated with AlexaFluor350-conjugated

substrate. A small difference & 0.0010) was seen between \WA
in the presencex) and absencea( of DPPC vesicles. Curves with WToA or WToB to serve as the fluorescence donors. Upon

WTaB in the presenced) and absence®) of DPPC vesicles were ~ completion of binding, the membranes containing bound
not significantly differenty = 0.1713). For an aggregation positive  a-crystallin were isolated with centrifugation, and the
control, HAR was incubated in the presence of DPPC vesicles but resulting pellet was resuspended in PBS containing either
in the absence of-crystallin (x). For an aggregation negative nonconjugatedo-crystallin (no fluorescence acceptor) or

control,a-crystallin was incubated in the presence of DPPC vesicles . :
but in the absence of HART). (B) WTaA and WTaB were bound AlexaFluor430-conjugatedx-crystallin (the fluorescence

to SPH vesicles and then fractionated away from the soluble acceptor) for varying times. The times to reach half-
a-crystallin. The purified vesicles with-crystallin bound (2 nmol completion of subunit exchang@&(s) for both WTaA and

of a-crystallinfassay) were then used in assays as before (with 2WToB (4.0+ 0.7 and 1.5+ 0.2 h, respectively) were not
nmol of HAR) with similar aggregation positive«) and negative statistically different |y = 0.7843 and 0.7166, respectively)

E)De)twceoengrglgﬂﬁmrﬂﬁgs‘uﬂrmabl(e A)d gﬁéeﬂr?&&do'\?vg)( X‘)'éf_ifg_en to the time to release 50% of removable AlexaFluor350

wise, a measurable reductiop € 0.0058) in activity was seen  Conjugates through competition with nonconjugatedrys-
between SPH-bound WiB (O) and unbound Wa&B (®). tallin (Figure 2, Table 1).

Formation ofa-Crystallin High Molecular Weight Com-
because DPPC and SPH vesicle suspensions are essentiallylexes. High molecular weighta-crystallin  complexes
clear while fractionated lens membranes cause significant(HMWCs) composed ofi-crystallin and a variety of other
light scattering. The CLA was measured on two different lens proteins can be formed in viv@g, 36—39). These
mixtures for each homocomplex. First, DPPC vesicles were HMWCs, presumably resulting from the CLA of lens
incubated with and without-crystallin homocomplexes for  a-crystallin toward damaged lens proteins, accumulate with
15 h at 37°C to allow binding to reach completion. As age and with the onset of catarac2$,(36—39). It has also
controls,a-crystallin homocomplexes were incubated without been shown that lens proteins, particuladycrystallin,
vesicles under identical conditions. Then the entire sampleincreasingly fractionate with the water-insoluble fraction of
volume, containing a mixture of approximately 65% bound the lens with age and the onset of catarad® (1). To
and 35% unbound.-crystallin (data not shown), was used determine the effect of forming HMWCs on the membrane
in heat denaturation chaperone assays with human aldoséinding properties ofi-crystallin, we made large aggregates
reductase (HAR) as the substrate (Figure 1A). FOraAT in vitro for binding studies.
samples, a molar ratio of 1:0.5 (HAR to WAR) was used, We formed two HMWCs to control for the possible
whereas the ratio was 1:1 for VB assays. We found a  binding differences between aggregates of varying composi-
small difference in the CLA curve (= 0.0010) resulting tion. First, a-crystallin/insulin complexes were made by
from WToA mixtures as compared to the vesicle-free incubating equal weights of AlexaFluor-350-conjugated
a-crystallin controls, although the total amount of HAR WTaA and insulin under reducing conditions at 32 for
aggregation remained similar. For \WWB, the mixture 30 min, as described in Experimental Procedures. Aggrega-
containing both bound and unbound protein had indistin- tion of insulin’s B chain with and withoud.-crystallin was
guishable CLA compared to the soluble protein algme=( monitored at 390 nm to ensure that the aggregation was
0.1713). Crystallin-free reactions confirmed that the presenceblocked by the presence of WR. Under these conditions,

>

Abs @ 390 nm

Abs @ 390 nm =
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Ficure 3: Formation of insulinfW&A HMWCs. Insulin was

B incubated for 30 min at 37C with (O) and without ®) WToA
under reducing conditions to allowcrystallin to bind denaturing
[} insulin B chains. Light scattering was measured at 390 nm to
% observe HMWC formation (i.e., inhibition of insulin aggregation).
E
Q 0.10
o HMWC
(4
& E 0.08+ l Native a-crystallin
2 ol
o 0.06
0 T T L L} 1 @
0 5 .10 15 20 25 g 0.04
Time, hours < 0.02-
FiGURE 2: Subunit exchange of membrane-bowadrystallin. Lens ) L
membranes were saturated with AlexaFluor360rystallin con- 0.00 : . )
jugates which were subsequently competed off with nonconjugated 0 10 20 30
(no fluorescence acceptor) or AlexaFluor430-conjugateatys- Ve, ml

tallin. The time course curves are shown for simple competitive

removal in percent complet®] and fluorescence energy transfer FIGURE 4: FPLC analysis of insulin/W@A HMWCs. Insulin/
efficiency in percent completed). 100% complete indicates the ~WTaA HMWCs were loaded onto a Superose 6 gel filtration
incubation had reached equilibrium; it should not be assumed thatcolumn on a FPLC system to determine the size distribution of
100% of all protein was removed or exchanged. (A) The time o-crystallin in the sample. Thec-crystallin is found in both
courses for reversibility and exchange between bound and solubleHMWCs and native-sized complexes (see arrows) in roughly a 50:
WToA were indistinguishable. (B) The time courses for reversibility 50 ratio. The column was run in PBS at room temperature at 0.3
and exchange between bound and soluble d®/Twere also mL/min while monitoring the eluate witAg, readings.

indistinguishable.
0.6

HMWC
Table 1: Summary of Data £ 0.5 /
c
WToA WToB 8 0.4-
reversibility (To.s) (h) 2.94 0.5 1.1+ 0.3 N 0.3
exchangeTos) (h) 40+0.7 15+0.2 @ -
pvalue 0.7843 0.7166 8 0.2
2 The time to reach half-completio{s) for removal and subunit < 0.1
exchange of membrane-bourdcrystallin complexes with soluble A~
o-crystallin complexes. An unpairgeest indicated that the differences 0.0 T T T 1
in Tos values were not significantly different for either protein. 5 10 15 20 25
Ve, mi

WTaA was the limiting reagent and was thus functionally Ficure5: FPLC analysis of HAR/W&A HMWCs. HAR/WToA

saturated with insulin, as shown by the lack of complete HMWCs were loaded onto a Superose 6 gel filtration column on a
S hihit L ; ; FPLC system to purify the HMW aggregate (arrow). The column
inhibition of aggregation (Figure 3). The mixture was was run in PBS at room temperature at 0.3 mL/min and monitored

centrifuged briefly to clear the small amount of aggregated yjith Ay, readings. The protein was pooled (brackets) and then
insulin; then the total supernatant was used in the membraneconjugated with Alexa-Fluor350 for membrane binding studies.
binding studies described below. Due to the use of conjugated

WToA in these HMWCs, no post-HMWC formation labeling peaks in the elution profile likely represent variously sized
was required, and purification of these complexes was not soluble insulin aggregates.

performed. However, they were analyzed by gel filtration ~ The second form of HMWC contained ViR and HAR.

on a Superose 6 column using an FPLC system. Despite theNonconjugated W#A was incubated with HAR for 60 min
apparent saturation of-crystallin CLA (Figure 3), we found  at 52 °C to allow o-crystallin to block HAR aggregation
that nearly half of thea-crystallin added to this assay (light scattering data not shown). The resulting solution was
remained approximately 550 kDa in size, which corresponds run on a Superose 6 gel filtration column to purify the
to the elution of pure recombinant-crystallin (Figure 4). HMWCs from all other soluble proteins (Figure 5). The
The remaining portion ofi-crystallin was found in the first ~ HMWC peak eluting at the column void volume was pooled
peak, which eluted in the void volume of the column, (see bracketin Figure 5)and conjugated with AlexaFluor350.
indicating a molecular mass greater than 2000 kDa. Other The presence of both WA and HAR in the HMWC pool
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A~ 30 of r_ner_nbrane-bound crystallin proteins, particulall-yc_rys-_
T o 25 tallin, is seen 10, 11). In_ our report on the characterlzatlon
26 of the autosomal dominartA R116C protein, we found
2 5 201 that this mutation results in dramatically increased membrane
-5 qs, 15 binding capacity 82). These observations led us and others
°§ E 104 to hypothesize that increased membrane association was
g 2 A - involved with the formation of at least some types of
c 51 ; i cataracts. In the present study, we investigated the relation-
04 L ; . ' ship betweeru-crystallin CLA and membrane association
0 20 40 60 80 with age-related changes in the lens protein population. We
[protein], ug found a direct correlation between the formation of high
molecular weight aggregates and increased membrane bind-
B 301 ing, supporting a model in which increased membrane
=~ @ 25 association is a key event in the pathway leading to cataracts.
e 204 The model proposes that increased membrane association
3 ‘E’ is deleterious with respect to lens transparency. It is
': °E> 151 important, therefore, to understand the relationship between
2 g 107 the CLA of the protein complex and membrane binding. To
i - 3 this end, we measured the CLA of vesicle-boendrystallin
in two slightly different assays. First, a mixture of DPPC
00 20 20 00 20 vesicles with bound and unbound WA or WTaB in
equilibrium was tested for activity in a heat denaturation
[a)ug assay with HAR as the substrate (Figure 1A). We found a
FIGURE 6: Membrane association ef-crystallin HMWCs. Lens small but measurable difference in the inhibition of HAR
membranes were incubated with a varied amount-afystallin aggregation when vesicle-boundcrystallin was in equi-

HMWC for 6 h at 37°C to allow binding to reach completion. (A)  Jibrium with solublea-crystallin. In a separate experiment,

HAR/WToA HMWCs (O) binding to membranes compared to the ; ; ; : W
controls, heat-treated WA (A), non-heat-treated WHA (@), and §ph|ngomyelln vesicles with bound. or WTOLE.B were
HAR alone (). (B) Insulin/WTaA HMWCs (O) binding to isolated from the solublex-crystallin and used in CLA

membranes compared to the \&/& control @). In both cases, the ~ measurements. Again, we found a decrease, but not elimina-
binding capacities of HMWCs are dramatically increased over that tion, of activity (Figure 1B). The observed decrease in
of native WToA. activity seen may be due to 285% of the complex being

i buried within the lipid bilayer, as previously postulatd@®)(
was confirmed by SDSPAGE (data not shown). Once  considering the extremely high concentration of soluble

conjugated, these complexes were used in the binding assayg_crystallin compared to the amount normally associated with
described below. As a control, VdA was heated fol hat  the membranes in vivo, we conclude that the overall effect

52 °C alone and then used in the binding assays describedyf membrane association ancrystallin CLA in the lens

below. o o must be very small, provided that significant amounts of
HMWC Membrane BindingBoth the insulin/WBA and o crystallin remain soluble. In addition, neithed nor

HAR/\_NTaA aggregates were usepl in lens me_mbrane b_inding y-crystallin bind to membranes alone. Therefore, CLA of
experiments as previously described for natierystallin membrane-bound-crystallin could at least partially account
complexes. Aftea 6 hincubation at 37C, the membranes oy the presence g8- and y-crystallins on the membranes
were pelleted in a centrifuge for 30 min and then analyzed 4f o1d |enses.
for fluorescence. For the purified HAR/VGA aggregates, It has been proposed that the active unit decrystallin
the binding .capac[ty was linear over the mea_lsurable rangec| A s actually a dimer or tetramer of subuni&0f. This
and dramatically increased compared to either HAR Or mode| implies that subunit movement into and away from
WTaA alone (Figure 6A). The assays were performed 10 jqiact native complexes (i.e., subunit exchange) is a require-
the solubility limit of the HMWC, and no significant  ment for activity. In addition, we previously measured partial
difference p = 0.5370) was seen between the’82treated  eyersibility in the membrane-bound complexes which was
and non-heat-treated WR controls (Figure 6A). We also interpreted to be a result of subunit exchange with soluble
examined the insulin/WaA aggregate, which contained any complexes13). To provide support for these proposals and
remaining soluble insulin as well as AlexaFluor350-tagged 5 gain a better understanding of the equilibrium that exists
sybunlts associated e_qual_ly with both HMWCs and native- patween bound and unboundcrystallin complexes, we
sized complexes. This mixture ef-crystallin complexes  ea5red exchange between membrane-associated and soluble
bound approximately half as much as the HARMAT  _crystallin using FRET (Figure 2). We found that the time
aggregates but still much more than WA alone (compare  ¢qyrse for subunit removal by simple competition with
panels A and B of Figure 6). The insulin present in these qnqyorescenti-crystallin subunits corresponds directly with
binding assays was not fluorescently conjugated and thusihe time course of subunit exchange between fluorescent
did not increase the background of these readings. a-crystallin conjugates as measured by FRET. These results
indicate that the reversibility previously reportetl3) is
DISCUSSION indeed subunit exchange between membrane-bound but
Previous studies have demonstrated that, with increasedsolvent-exposed-crystallin subunits and solubte-crystallin
age and/or the onset of cataracts, an increase in the amountomplexes. The ability to function like a chaperone and



o-Crystallin Membrane Binding and Cataracts Biochemistry, Vol. 41, No. 2, 2002489

Damaged .
Mem\brane ; Prot egin a—Cr;stallm
|
| 0
Subunit (14 ® &

Exchange .

v
Wy _ <‘* ¥
oy e > '

H’ \ Membrane
aCrystallin |

Metabolite . Metabolte Bt

Flux Flux
Young Lens | Middle-aged Lens Old Lens

FiGurRe 7: Schematic of the HMWC binding model and its proposed role in barrier formation. In young lenses, an equilibrium is established
between membrane-bound and soluiderystallin via subunit exchange. These lenses are also characterized by free metabolite diffusion
between the nuclear syncytium and the cortex. As age increases, soluble lens proteins accumulate damage and begin to denature. Both
membrane-bound and soluldecrystallin inhibit stress-induced protein aggregation. However, CLA results in the formation of HMWC

both in solution and on the membrane, although the soluble HMWCs quickly become membrane bound. These lenses are still able to
maintain metabolite diffusion. With time, so many HMWCs accumulate on the lens membranes that the flow of small molecules between
the nucleus and cortex is blocked, forming the barrier previously described in old and cataractouslen$@s (

undergo subunit exchange while bound to the membrane alscstrates another strong link between the CLAoefrystallin
supports the proposal in which subunit exchange must beand increased membrane association of the crystallins.

maintained for activity 40). Finally, these observations In the present study, we have shown that known age-
suggest that membrane-bound and cytoplasroeystallins  associated changes éncrystallin, namely, HMWC forma-
are normally in exchange-mediated equilibrium in vivo.  tjon, have a dramatic impact on membrane association. Given

It is well-known that HMWCs, comprised ef-crystallin that these changes occur concurrently with increased age and
and a variety of other proteins, form in the lens with age with cataract formation, it is reasonable to hypothesize that
(25, 36—39). It is believed that these complexes arise as a the build up of membrane-bound crystallins is a key
direct result ofa-crystallin binding to damaged proteins in  component within the mechanism of age-related cataract
the lens, thus preventing the formation of light scattering formation. This model is further supported by the recent
protein inclusion bodies4q, 42). However, the formation  characterization of thexA R116C mutant in which we
of such complexes is accompanied by the accumulation of proposed that its self-forming, polydisperse HMWC and

lens proteins on the plasma membrane of fiber c&ls11). increased membrane association are involved with formation
To determine if these events are related, we formed high of that type of congenital cataract.
molecular weighti-crystallin complexes in vitro using HAR To date, it is unclear what effect-crystallin membrane

and insulin as substrates and measured the membrane bindingssociation has on the membrane that could lead to cataract
of the resulting HMWCs (Figure 6). These complexes have formation. Although little is known about the maintenance

a significantly higher membrane binding capacity than does of membrane transparency in the lens, it is possible that
native o-crystallin. We also show that, with purified HAR/  extensivea-crystallin binding could create light scattering
WTaA HMWCs, the binding is roughly double that of centers on membranes that accumulate to a point where a
insulin/WTaA complexes (compare panels A and B of Figure cataract is formed. However, an additional possibility relates
6). This may be explained by the fact that only half of the to the metabolite barrier reported to form in old and
WTaA in the insulin HMWC mixture is in large aggregates cataractous lensed%—17). The loss of metabolite flux in
and the other half is present in native-sized complexes the lens is believed to lead to a drop in reduced glutathione
(Figure 4). Interestingly, these data suggest that HMWCs in the nucleus and, consequently, to high levels of lipid and
formed in vivo could be sequestered to the membrane, awayprotein oxidation {5). This oxidation would presumably
from the soluble nativex-crystallin. In addition, HMWC result in further protein damage leading directly to increased
binding could account for the membrane-associgednd formation of HMWCs with a-crystallin. Therefore, we
y-crystallins in old and cataractous lenses. On the basis ofpropose that the barrier between the nucleus and cortex of
these observations, we conclude that the increased bindinghe lens is formed at least partially as a result of excess
in these samples, as compared to nativedA(Tis directly HMWC membrane binding (Figure 7.-Crystallin binding
proportional to the concentration of HMWCs. This demon- could potentially disrupt the lipid bilayer to the point of



490 Biochemistry, Vol. 41, No. 2, 2002

causing membrane instability, which could have deleterious 15.
effects on the function of membrane channels. Another
possibility is that these large complexes could directly or
indirectly block the pores of gap junctions and aquaporins ;7.
through high-capacity interactions, such as those seen in the 18,

present binding assays.

Our data, in conjunction with the numerous cited reports
from other investigators regarding the distribution, CLA, and

membrane association afcrystallin as well as morphologi-

cal and biochemical observations of the aged and cataractous 20,
lens, support a model in which excess membrane association
of a-crystallin is a critical event in some forms of cataracts.

Indeed, enhanced membrane bindingddgrystallin could

provide a possible mechanism by which the metabolite

barrier is formed in old and cataractous lenses.
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