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The aA-Crystallin R116C Mutant Has a Higher Affinity for Forming
Heteroaggregates wittaB-Crystallin'
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ABSTRACT:. An autosomal dominant congenital cataract in humans is associated with mutation of Arg-116
to Cys inaA-crystallin (@A-R116C). The chaperone activity and biophysical properties of reconstituted
o-crystallin from different proportions of wild-typeB-crystallin @B-wt) andaA-R116C-crystallin were
studied by gel permeation chromatography, SipSlyacrylamide gel electrophoresis, and fluorescence
and circular dichroism spectroscopy and compared with those of reconstitdgdtallin from oB-wt

and wild-typeaA-crystallin (aA-wt). The reconstitutedx-crystallin containingoA-R116C andaB-wt

had a higher molecular mass, a higher thermal sensitivity to exposition of Trp side chains, fewer available
hydrophobic surfaces, and lower chaperone activity tharotioeystallin containingeA-wt and oB-wit.

The secondary structure exhibited very small changes, whereas the tertiary structure was distinctly different
for a-crystallin formed fromaA-R116C andoB-wt. Most importantly, subunit exchange studies by
fluorescence resonance energy transfer showedtha&®116C forms heteroaggregates faster than

wt with aB-wt, and the reconstituted-crystallins were true heteroaggregates of two interacting subunits.
These findings suggest that the molecular basis for the congenital cataract witA-R&16C mutation

is the formation of highly oligomerized heteroaggregates-ofystallin with modified structure. However,
contrary to the earlier conclusions based on the studies of homoaggregates, the loss in chaperone activity
of the heteroaggragates having-R116C does not appear to be large enough to become the main factor

in initiating cataract development in the affected individuals.

o-Crystallin is the major multimeric protein of the Congenital cataracts are a common cause of blindness in
mammalian eye lens. It is composed of two types of infants. One type of such a cataract is known to be associated
polypeptide chains (subunits)A andoB chains, which are  with mutation of Arg-116 to a Cys residue in theA-
highly homologous and conservet(3). These are believed  crystallin subunit {4). In our previous studies, we reported
to be present in the protein in an approximately 3:1 to 1:1 that the aA-R116C homoaggregate exists as a highly
aA:aB ratio depending on the agé)( Being the largestin  oligomerized protein with perturbed secondary and tertiary
size among the crystallins having a molecular mass in the structure and decreased chaperone actitiy16). However,
300800 kDa range and also being highly abundant in the it has not been shown how this mutation in tis& subunit
lens, a-crystallin is believed to play a dominant role in affects the formation oéi-crystallin heteroaggregates with
maintaining the transparency of the lens and its impairment the aB subunit and whether this mutation causes structural
during cataractogenesis. Apart from its conventional struc- and functional changes m-crystallin. Since the ratio atA
tural role in the lens, additional importance has been attachedto aB in a-crystallin varies from 3:1 to 1:1, depending on
to this protein because of the discovery thatrystallin the age, we reconstitutedcrystallin heteroaggregates from
functions in the eye lens as a molecular chaper&yeHor oA-wt and oB-wt and fromaA-R116C andaB-wt using
many years it was believed that the expressiom-airys- the two extreme ratios of 3:1 and 1:1 which demonstrated
tallins was restricted to the ocular lens. In 1988;crystallin that the reconstituted-crystallin fromoA-R116C andoB-
was found in tissues other than lens, i.e., in heart, brain, wt has relatively larger molecular size, altered tertiary
spleen, striated muscle, kidney, ets—@g). In 1991, Kato et  structure, and decreased chaperone activity as compared to
al. detected very small amountsaA-crystallin in rat spleen reconstitutedxA-wt and aB-wt. Moreover, subunit exchange
(9). aB-Crystallin has been known to be associated with studies strongly supported the formation of heteroaggregates
various neurodegenerative diseases, including Creuzfeldt-in which o A-R116C interacts witluB at a faster rate than
Jacob disease, Pick’s disease, and Alzheimer’s disease, andA-wt.
muscle diseased(—13).
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naphthalene-6-sulfonic acid (TNS) and guanidine hydrochloride scanner (Shimadzu CS 9000) and estimating the relative areas
(GdnHCI) were obtained from Sigma Chemicals. under the scan curves.

Cloning, Expression, and Purification of RecombinaAt Circular Dichroism (CD) Measurement3o investigate
wt and oB-wt and MutantaA-Crystallin Cloning and the conformation of the reconstituted-crystallins, CD
subsequent subcloning into the pET-283((Novagen) spectra were measured with a Jasco spectropolarimeter
expression vector of ratA-crystallin (15) andaB-crystallin (model J710) at room temperature. Protein concentrations
(17, 18) were described previously. BL21(DE3) pLysS of 1.0 and 0.1 mg/mL in 50 mM potassium phosphate buffer
Escherichia colicells (Novagen) harboring the pET-23¢)( (pH 7.4) were used for recording the near- and far-Uv CD
oA-crystallin, o A-S142C/R116C ¢A-R116C), andaB- spectra, with 1 cm and 0.1 cm path length quartz cells,
crystallin constructs were grown in 500 mL of LB to a cell respectively. The reported spectra are the average of five
density of ~0.6 at 600 nm and induced with 0.5 mM scans, which were smoothed, and corrected for buffer blanks.
isopropy! thiog-p-galactoside for 3 h. Cells were harvested CD data were expressed as molar ellipticity in degrees per
by centrifugation at 40affor 10 min, resuspended in 10 square centimeter per decimole, with 115 as the mean residue
mL of lysis buffer [20 mM Tris (pH 7.4), 1 mM EDTA, 4  molecular weight. Secondary structure parameters were
ug/mL pepstatin A, 4ug/mL aprotinin, and 0.1 M PMSF].  estimated by the computer program PROSEC.
After three freezethaw cycles, 800 units of DNase (Sigma) Labeling of RecombinamtA-wt, aB-wt, andoA-Crystallin
and 5 units of RNase (Sigma) and 10 mM Mg@kre added Mutants with Different Fluorescence Probd® 1 mL of a
to the cell lysate, and incubation was carried out at room protein solution (3 mg/mL) in 20 mM MOPS buffer
temperature on the nutatorrf8 h with subsequent centrifu-  containing 100 mM NaCl (pH 7.9) was added a 10-fold
gation at 2800@ for 45 min. The protein was filtered through  excess of solid AIAS, and the reaction was allowed to
a 0.2um filter and loaded onto a Sephacryl S-300 HR proceed for~16 h at room temperature (2&) in the dark.
molecular sieve column (120 cw 2.6 cm). SDS PAGE The unreacted reagent was then separated from the fluores-
was used to examine the fractions; those containing morecently labeled protein on a Sephadex G-25 column equili-
than 95% wild-type and mutant crystallin were pooled and brated with 50 mM phosphate buffer (pH 7.4). LYI-, PM-,
concentrated by ultrafiltration in an Amicon stirred cell. and DMACA-labeled protein was prepared similarly in 50

Reconstitution ofi-Crystallin Heteroaggregates fromB- mM phosphate buffer with a 20-fold molar excess of the
wt, aA-wt, and theaA-R116C Mutant and Determination reagent. In the case of PM and DMACA, reagents were
of Oligomeric SizesFor faster reconstitution of heteroag- dissolved in DMSO. The extent of labeling was determined
gregates, we followed the process of dissociation and spectrophotometrically using molar extinction coefficients
reassociation. Purified protein solutions of a concentration of 40 000 mot* cm™* at 338 nm for PM, 22 000 mot cm*
of ~4 mg/mL were denatured wit4 M GdnHCI for 6 h at 376 nm for DMACA, 47 000 mol cm™* at 336 nm for
under a nitrogen atmosphere at room temperature. TheAIAS, and 11 000 mol* cm™* at 426 nm for LYI, with a
o-crystallin was reconstituted by mixing different proportions corrected protein concentration (corrected for the contribution
(1:1 and 3:10A:aB, keeping a constant protein concentration of the dye at 280 nm).
of 4 mg/mL) of aA-wt or aA-R116C andoB-wt followed Heat-Induced Exposure of Trp Side Chains in Reconsti-
by a slow dialysis process. Purification of the reconstituted tuteda-Crystallin. The tryptophan fluorescence of the protein
protein was done by gel permeation chromatography on asolutions (0.1 mg/mL) in 50 mM phosphate buffer (pH 7.4)
Sephacryl S300 HR column (100 c1.6 cm). A peristaltic at 25-60 °C was measured with an excitation wavelength
pump maintained a constant flow rate of 30 mL/h. Ap- of 295 nm and an emission range of 31D0 nm. Tem-
proximately 8 mg of protein in 2 mL of 50 mM phosphate perature-dependent studies have been carried out using a
buffer (pH 7.4) was applied to the column. The elution was water-jacketed cell holder with a constant-temperature water
performed with the same buffer, and fractions of 1 mL were bath on a Shimadzu spectrofluorometer (model RF-5301PC).
collected and monitored at 280 nm. High-molecular mass Each reading was taken after incubation for 10 min prior to
standards (Sigma) were used to calibrate the column.reaching that temperature. Emission maxima (nanometers)
Molecular massed\) were determined from a plot of log  were then plotted against temperature.
M versusVdV, (whereV is the elution volume and, is TNS [2-(p-Toluidino)naphthalene-6-sulfonic Acid] Binding
the void volume). Studies The fluorescence of TNS in the presence of

SDS-PAGE of Reconstituted-Crystallin and Determi- reconstitutedr-crystallins was measured using an excitation
nation of Subunit Ratios from Densitometric ScannBiDS— wavelength of 320 nm and an emission range of-3580
PAGE was performed using a 12% separating gel and 4%nm. All measurements were performed in 50 mM phosphate
stacking gel under reducing conditions, according to the buffer (pH 7.4). Typically, to 1 mL of a protein (0.1 mg/

method of Laemmli 19). The gel was stained with Coo-
massie brilliant blue R-250. The relative levelsooh and
oB subunits in the reconstitutedcrystallin were determined

mL) solution was added BL of 20 mM TNS in DMSO,
and the mixture was incubatedrfa h at 37°C.
Reconstitution of Heteroaggregates Containing Fluores-

by densitometric scanning of the stained protein bands oncent Label and Fluorescence Resonance Energy Transfer

the gel at 600 nm using the dual-wavelength flying spot

1 Abbreviations: PM,N-(1-pyrene)maleimide; DMACA, 7-(dim-
ethylamino)cumarin-4-acetic acid, succinimidyl ester; LYI, lucifer
yellow iodoacetamide; AIAS, 4-acetamid6-4othiocyanatostilbene-
2,2-disulfonic acid; TNS, 24¢-toluidino)naphthalene-6-sulfonic acid;
GdnHCI, guanidine hydrochloride; ADH, alcohol dehydrogenase;
FRET, fluorescence resonance energy transfer.

(FRET) StudiesLabeled homoaggregate proteinspAtPM,
0oA-R116C-PM, andaB-DMACA) were dissociated to
subunits usig 4 M GdnHCI (final concentration). FRET was
employed to determine the formation of heteroaggregates by
mixing aA- and oB-crystallin subunits with subsequent
dilution of GdnHCI. The exchange reaction was initiated by
mixing a 3:1 ratio ofacA-crystallin to aB-crystallin with a
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Ficure 1: Comparison of the size distribution of reconstituted
o-crystallins. Purification and determination of the molecular masses

of reconstituteda-crystallins were achieved by size-exclusion
chromatography on a Sephacryl S-300HR column. The numbers  -4000
on the top refer to the masses of the molecular mass protein
standards from which molecular masses of the reconstituted
a-crystallins have been determined.

final protein concentration being 1 mg/mL. After each -6000 ‘
dilution, the mixture was thoroughly mixed and left to 195 205 215 225 235 245
incubate for 10 min (such an incubation was found to be Wavelength (nm)

sufficiept to estal_:)lish equilibrium). The emission spectra of g rc2: Far-Uv CD spectra of reconstitutedcrystallin in 50
the mixture excited at 338 nm (for donor fluorophore, mm phosphate buffer (pH 7.4). The protein concentration for far-
emission maxima at 376 nm) were recorded in the range of UV CD measurements was0.1 mg/mL, and a cylindrical quartz
360-520 nm, and the readings were corrected for dilution Cell with a path length of 1 mm was used: (@-wt and aB-wt
(data not shown). The increase in fluorescence intensity at(1141))’ a(r?c)j0&9&%&%?@%&“@_&%%’.Z(CZ)QA'M and oB-wt (3:
468 nm due to energy transfer from the donor moleowkfe ( e B

PM/aA-R116C-PM, emission maxima at 376 nm) to the peak) fromaA-R116C-crystallin andxB-wt-crystallin (1:1
acceptor moleculeaB-DMACA, absorption maxima at a mixing) was~725 kDa, whereas forA-wt and aB-wt at
wavelength of 376 nm and emission maxima at a wavelengthyne same ratio, it was 610 kDa (Figure 1). But when the
of 468 nm) was then plotted versus the GdnHCI concentra- g phunits were mixed in a 3:1 ratiok: oB), the sizes were
tion. For measurements of the rate of subunit exchange, the; 340 and 610 kDa, respectively, farA-R116C with oB-
LYI-labeled aA-homoaggregate was mixed with an AIAS- it and gA-wt with aB-wt. The reconstituted-crystallin
labeledoB-homoaggregate (3:1 ratio) to form heteroaggre- from A-R116C with aB-wt for both ratios is larger than
gates (in the absence of GdnHCI). Time-dependent emissiony, o reconstituted-crystallin from aA-wt with aB-wt. To
spectra were obtained at an excitation wavelength of 336 getermine the actual subunit ratios in the reconstituted
nm, and the decrease in AIAS emission intensity at 415 NM ¢,_cystallin, SDS-PAGE (figure not shown) was carried out
and increase in LYl emission intensity at 515 nm were qjowed by densitometric scanning of the gef:oB ratios
determined. The rate of subunit exchange was determinedy 1-1 and 1:1 for 1:1 mixing and 3:1.4 and 3:2.4 for 3:1

by nonlinear regression analysis of the data. mixing were found foraA-wt with aB-wt and aA-R116C
Chaperone Actiity of Reconstitutecx-Crystallin. The with oB-wt, respectively.

denaturation and aggregation of alcohol dehydrogenase gy ciural Studies of ReconstitutaeCrystallins Far- and
(ADH) in the absence and in the presence of reconstituted hoar-Uv CD spectra are shown in Figures 2 and 3,
o-crystallins were assessed in a Shimadzu UV-2401PC  ogpectively. When secondary structures (Figure 2) of the
spectrophotometer equipped with a temperature-regulated Ce'Feconstitutedx-crystallin fromaA-R116C with oB-wt and
holder.o-Crystallin:ADH ratios of 1:2 and 1:10 were used  ;aA_wt with oB-wt were analyzed in detail, the former
to determine chaperone-like activity. ADH (2B@/mL) was  ghowing very small difference in structural components (a
denatured using 10 mM EDTA at 3% 1 °C, and light  eary 204 increase in-helix content and a 2% decrease in
scattering was monitored at 360 nm. S-turn content) regardless of their reconstitution ratios.
RESULTS Tertiary structural differences in the intensities mainly in the
265—-285 nm regions for reconstituted\-R116C withoB-
Molecular Masses and Subunit Ratios of Reconstituted wt were found from near-UV CD spectra (Figure 3). To see
a-Crystallins.To purify the major population of reconstituted the tertiary structural changes upon formation of heteroag-
heteroaggregates-crystallin from the mixture, analytical gregates, we scanned immediately mixed (not reconstituted)
size-exclusion chromatography was performed at room aA-wt with aA-R116C andaB-crystallin with the same
temperature. The size of reconstituteecrystallin (major ratios that were used for the reconstitutedrystallin at room
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Ficure 3: Near-UV CD spectra of reconstitutedcrystallin as well as homopolymers and a simple mixtureAfwt or cA-R116C with

oB-wt at 3:1.4 and 3:2.4 ratios in 50 mM phosphate buffer (pH 7.4). The protein concentration for near-UV CD measuremerits was
mg/mL, and a cylindrical quartz cell with a path length of 1 cm was used. Five scans were recorded and averaged for each sample,
corrected for the cell blank, and smoothed for eliminating background noises. The ellipticity is expressed in degrees per square centimeter
per decimole, and the mean residue molecular weight was taken to be 115.
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FIGURE 4. Heat-induced exposure of Trp in reconstitutedrystallins. Trp emission maxima (excitation at 295 nm) of reconstituted
a-crystallins [0.1 mg/mL in 50 mM phosphate buffer (pH 7.4)] have been plotted vs temperature.

temperature. The increase in intensities between reconstitutedA-R116C withoB-wt, while reconstituted:-crystallin from
and mixed o-crystallin was more for the reconstituted aA-wt with aB-wt showed a shift from only 337.2 to 337.8
o-crystallin fromaA-R116C andaB-wt than for reconsti- nm. The data show that the microenvironments of Trp
tuted a-crystallin from aA-wt and aB-wt (Figure 3). residues of the reconstituted crystallin freA-R116C with
Thermally Induced Exposure of Trp Side Chains of oB-wt are thermally sensitive.
Reconstitutedr-Crystallins The exposure of Trp residues Relatie Hydrophobicity of the ReconstituteeCrystallins
in the reconstituted.-crystallins was determined by monitor- TNS is a hydrophobic molecule that becomes highly
ing Trp emission maxima in the temperature range of 25 fluorescent upon binding to protein hydrophobic sit26, (
60 °C (Figure 4). When the temperature was increased from 21). Figure 5 shows the fluorescence spectra of TNS bound
25 to 40°C, the Trp emission maxima red shifted from 337.2 with different reconstituted.-crystallins. A highest relative
to 340 nm in the case of the reconstitutearystallin from intensity was found for reconstitutedcrystallin with a 1:1
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FiGURe 6: Spectral properties of AlAS-labeled and LYI-labeled
i crystallin. Absorption (a and c) and fluorescence emission (b and
d) spectra ofuB-AIAS (a and b) andxA-R116C-LYI (c and d)
labeled protein. The emission maxima for AIAS-labeled protein
excited at 336 nm and LYl-labeled protein excited at 426 nm are
350 370 390 410 430 450 470 480 510 530 550 425 and 515 nm, respectively. The protein:fluorophore molar ratios
Wavelength (nm) are ~1:1 and~1:2 for aB-wt to fluorophore andxA-R116C to
fluorophore, respectively.

TNS alone

Ficure 5: TNS interaction with reconstituted-crystallins. One

milliliter of protein (0.1 mg/mL) in 50 mM phosphate buffer was ot
incubated with 5L of 20 mM TNS in DMSO for 2 h. Fluorescence closer to each other (reassociation) to form heteroaggregates.

spectra of the TNS-bound form were recorded using an excitation AS & result, FRET takes place, the fluorescence emission
wavelength of 320 nm and an emission range of-3580 nm. intensity at 376 nm of the donor molecule (PM-labeteft

wt or tA-R116C) decreases, and the fluorescence emission
aA-wt:aB-wt ratio, followed by a 3:1.4tA-wt:aB-wt ratio intensity at 468 nm of the acceptor moleculd({DMACA)
and a 1:10A-R116CuoB-wt ratio, and was lowest for a 3:2.4  increases. The emission intensiB/Ky) at 468 nm (corrected)
aA-R116CoB-wt ratio. Therefore, the available hydrophobic was plotted versus the decreasing concentration of GAnHCI
surface is in the following order: 1:dA-wt:oB-wt > 3:1.4 (Figure 7). The subunit exchange betweeh-R116C and
aA-wt:aB-wt > 1:1 aA-R116CoB-wt > 3:2.40A-R116C: oB-wt was faster than that betweer-wt and oB-wt. The
aB-wt. rate of subunit exchange between two homoaggregates was
Labeling ofaA-wt, t A-R116C, andxB-wt with Fluores- also determined by FRET by mixing AIAS-labeledB-wt
cent Probes Recombinant ratoA-wt contains a single  with LYI-labeledaA-wt or aA-R116C in a 1:3 ratio at room
cysteine residue, arwA-R116C has three cysteine residues. temperature in the absence of GdnHCI. At room temperature,
Labeling of PM revealed that there is on average 1 mol of the fluorescence emission intensity remains unaltered since
fluorophore/mol ofaA-wt and 2 mol of fluorophore/mol of  the donor and the acceptor are far apart. However, the
0aA-R116C. DMACA and AIAS are commonly known to  fluorescence intensity was markedly altered at°@7 The
be amine specific reagents. Approximately 1 mol of DMACA time-dependent decrease in AIAS emission intensity at 426
and AIAS was attached to theB-wt protein. Likewise, 1 nm and a concomitant increase in LYI fluorescence at 515
mol of LYI was attached taA-wt, and 2 mol of LYI was nm were indicative of energy transfer due to the proximity
attached taA-R116C. Figure 6 shows the emission maxima of the two fluorophores (Figure 8). Aft@ h at 37°C, there
of AIAS-labeledaB-crystallin excited at 336 nm and LYIl-  was no change in the emission intensity, implying achieve-
labeledaA-R116C excited at 426 nm with emission maxima ment of stable equilibrium. We have calculated the rate of
around 422 and 516 nm, respectively. The significant overlap subunit exchange from the increase in acceptor fluorescence
of the emission spectrum of the AIAS fluorophore with the intensity (corrected). Figure 9 shows a plotrafF, of LYI
absorption spectrum of the LYI fluorophore results in FRET at 515 nm as a function of time, whekg is the emission
when they come closer to each other. intensity at timet andFg is that at time zero. The increased
Rate Constant of Subunit Exchange Determined by FRETemission intensity of LYI was divided by a factor 2 faA-
of Mixing Labeled Subunit®Ve demonstrated the formation R116C since there are two LYI fluorophores per subunit.
of heteroaggregates in which the subunits are truly interacting The rate constant was obtained by fitting the data to the
by doing a FRET study at room temperature {£3. When exponential functiorF/Fo = A; + Ae™, whereA; and A,
PM-labeledoA-wt or 0t A-R116C was mixed with DMACA- are constants andis the rate constant for subunit exchange.
labeledoB-wt in a 3:1 ratio in the presencé 4 M GdnHCI, The rates of subunit exchange were found to be>8 ¥0*
no energy transfer could take place because the subunits were™* for aB-wt andaA-wt. Surprisingly, a nearly 3-fold higher
far apart due to dissociatior2?). But, with decreasing rate constant (24.2 104 s ') was obtained fooB-wt and
GdnHCI concentrations, fluorophore-labeled monomers comeaA-R116C than foroB-wt and olA-wt.
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0 Ficure 8: Time-dependent FRET due to subunit exchange of
4 3 2 1 0 AIAS-labeledaB-crystallin and LYI-labeledxA-R116C crystallin.
The emission spectra aiB-crystallin excited at 336 nm were
GdnHCI [M] recorded 0 (a), 2 (b), 4 (c), 6 (d), 8 (€), 10 (f), 15 (g), 25 (h), 45 (i),

FIGURE 7: Denaturant concentration-dependent changes in emission’> (i), 120 (k), 180 (I), and 240 min (m) after mixing of LYI-
intensity due to subunit exchange. The increase in relative labeledaA-R116C crystallin and AlAS-labeledB-crystallin in a
fluorescence intensity at 468 nm due to fluorescence resonance3:1 ratio, with a final protein concentration 1 mg/mL. The decrease
energy transfer from PM-labele@A-wt or aA-R116C Crysta”in in fluorescence !nten_SIty at 426 nm of the AlAS'labeled protein
to DMACA-labeled oB-wt crystallin. Fluorescently labeledA- and the concomitant increase in fluorescence intensity at 515 nm
wt or tA-R116C crystallin was mixed with fluorescently labeled  ©f the LYI-labeled protein are indicative of energy transfer due to
aB-wt crystallin in a 3:1 ratio with a final protein concentration of ~€Xchange of subunits between the two labeled populations.

1 mg/mL, amnl 4 M GdnHCI. After each dilution of the mixture o .
was thoroughly mixed and left to incubate for 10 min, the opacification starting from the nucleus and showed dense

fluorescence intensity was then measured and the readings werénclusion bodies that contain mosthyB. It appears that the
corrected for dilution. The increase in intensity was plotted vs heteroaggregate form of-crystallin is essential in the lens
GdnHCI concentration. AN o L
(in vivo) for maintaining lens transparency. Therefore, it is
important to show the mode of interactions between these
two subunits and the structuréunction properties of the
reconstitutedo-crystallin from oA- and aB-crystallin and
to show whether the R116C mutationa-crystallin affects
subunit interactions as well as structtifenction properties.
Previously, we reported that the homoaggregates of the
mutant aA-R116C, known to be one of the causes of
autosomal dominant congenital cataract, has modified struc-
ture with less chaperone activityg). This investigation gives
answers to basically two questions: first, as we believed that
o-crystallin exists in the form of heteroaggregates in the lens,
how aA-wt and aA-R116C interact withaB-crystallin to
form a-crystallin; and second, whether the structural and
functional properties of reconstitutedcrystallin fromaA-
R116C andaB-crystallin differ from those ofx-crystallin
DISCUSSION from aA-wt_ and aB-crystf_;lIIin. To answer these quest_ions,
we reconstitutedc-crystallin fromoA-wt and aB-crystallin

In 1992, it was shown that lers-crystallin (heteroaggre-  as well as fromaA-R116C andoB-crystallins in the two
gates ofaA andaB subunits) has chaperone-like properties aA:oB ratios (1:1 and 3:1) because these are extreme ratios
(5). Also, now it is well established that individual homo- found in a-crystallin depending on agé)
aggregates oftA or aB can function as chaperones. In The most noteworthy effect of mutation of R116 to C may
general, it is accepted thatcrystallin exists as heteroag- be considered to be the alteration of the subunit composition
gregates ofrA and aB subunits in the lens, though Bhat et as well as enhancement of the size of heteroaggregates
al. (23) concluded thataB-crystallin may exist as an  generated from the mutatedh-crystallin andoB-wt mixed
independent protein not only in non-lens tissues but also inin a 3:1 ratio. The subunit composition and the ratio of the
the lens. The stabilization oflB by oA was recently mutant heteroaggregate was found to be 3:2.2:{) rather
demonstrated by a study ofA-knockout mice 24). Mice than 3:1. The heteroaggregate size was almost twice that
with the targeted disruption of theA gene developed lens  formed from their wild-type counterparts under similar

Chaperone-like Actity of the Reconstituted-Crystallins
The chaperone-like activity of reconstituteecrystallins was
studied by monitoring the ability of this protein to prevent
the denaturation and aggregation of ADH at &7 at two
different proportions (1:2 and 1:108-crystallin:ADH) of
reconstituted-crystallin. Figure 10 shows a different degree
of protection against aggregation by reconstitutedrys-
tallins. The protective ability of reconstituted-crystallin
from olA-wt and oB-wt was always greater than that from
oA-R116C andaB-wt. Approximately 30 and 10% losses
of chaperone-like activity were observed for 1:10 and 1:2
proportions, respectively, for reconstituted-R116C and
aB-wt when compared to that with reconstituted-wt and
aB-wit.
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Ficure 9: Time-dependent increase in emission intensity due to FIGURE 10: Chaperone-li_ke activity of reconstitutezdcrystallir]s.

subunit exchange. Increase in the relative fluorescence intensity atEDTA induced aggregation of 0.4 mg/mL ADH alone and in the

515 nm due to fluorescence resonance energy transfer from thePresence of 0.2 mg/mL [1:2 chaperone:ADH ratio (A)] and 0.04
AIAS-labeled protein to the LYI-labeled protein. AIAS-labeleB- mg/mli [1:10 chaperone:ADH ratio (B)] reconstituteecrystallin.

wt crystallin was incubated with LYI-labeledA-wt and aA-
R116C. Each curve represents the best statistical fit of the data toths work for reconstitution of heteroaggregates has also been

the exponential functiofr/Fq = C; + C,e ¥, The rate constants - . .
determﬁned by curve fittir;g ?Nere18>4 1(2)‘4 and 24.2x 104s? affirmed by the results of FRET experiments (Figure 7),

for aB-wt with aA-wt and oB-wt with o A-R116C, respectively. where with the decrease in denaturant concentration, the
fluorescence emission intensity of the acceptor molecie (

conditions. The tendency to form larger oligomers-@000 wt crystallin) at 460 nm, is found to be increased at the cost
kDa has also been noted with the mutant homoaggregatef that of the donor moleculex@-wt/mutant), an indication
(15). The effect of inclusion ofaB-crystallin within the of their interactions in forming the heteroaggregate. The rate
aggregate was found to reduce the size to a considerableof subunit exchange as obtained from Figure 9 between the
extent (Figure 1). mutantaA homoaggregate and theB-wt homoaggregate

As a result of the mutation of R116 to C éA-crystallin, has been found to be quite high when compared with that
the subunit suffers a loss of 1 unit of positive charge at between thexA-wt homoaggregate and theB-wt homo-
physiological pH compared to its wild-type counterpart. Also, aggregate. The rate constant in the case of mutant subunit
it has been observed in this work (see later) that upon exchange (24.% 10 4s') has been found to almost 3 times
mutation the subunit suffers a considerable loss of surfacegreater than that with wild-type subunit exchange (8.4
hydrophobicity. The size of the soluble aggregate is generally 104 s™1). With the loss of 1 unit of positive charge, the
determined by a delicate balance of the charge and hydro-mutant subunit assumes a somewhat lower isoelectric point
phobic interactions. It has been report@8)(that successive  and hence its net surface charge would be more negative
removal of residues from the highly charged C-terminal end under physiological conditions than that of its wild-type
of aA-crystallin produces successively larger aggregates. counterpart. With the net surface chargex@-wt crystallin
R116 is known to be located near the subunit interface andbeing positive under this condition, the electrostatic attraction
hence is likely to take part in suburisubunit interactions  of the mutantaA-crystallin towardaB will be somewhat
(26). It has been reporte@7) with many heat-shock proteins  stronger than that aiA-wt crystallin. The very first step of
that if amino acid side chains involving subunit contacts for subunit-subunit interaction is generally considered to be
forming oligomeric aggregates are changed, the size andColumbic interactions between the subunits followed by other
symmetry of the oligomers are found to vary. The stability noncovalent interactions for the subsequent stabilization of
of larger aggregates is generally attained by the burial of the oligomeric aggregates. The enhanced rate of exchange
hydrophobic surfaces in the increased total internal volume for the mutantoA subunit compared to that for the wild
of the aggregates, leaving very little hydrophobicity on the type may be suggested to be partly because of its stronger
surface of the aggregates, inconsistent with the observationelectrostatic interaction towardB-crystallin. The 4-fold
made in this work. reduced ability 28) of the mutantlA-crystallin to exchange

The fluorescence labeling experiment with the wild-type subunits with thexA-wt homoaggregate supports this view.
and mutantrtA subunit (Figure 8) confirms the rationale that The increased surface area of the mutant homoaggregates
the subunits do interact to form the heteroaggregates. The(twice that of wild-type homoaggregates) may also be a
validity of the dissociatiorrreassociation procedure used in reason for the observed increased exchange rate. The high
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rate of subunit exchange betwee\-R116C andoB-wt conformation of the subunits. The unfolded subunits have
does not appear to be due to extra Cys residuwe#R116C. regained their proper backbone conformation despite the
This conclusion is strengthened by the observation that thepoint mutation. This is affirmed by the unaltered minima at
rate of subunit exchange (data not given) betwearR119C 216 nm and the identical crossover point at 204 nm for both
having normal structure and functio9 30) andaB-wt is spectra (Figure 2). The near-UV CD spectra of a protein are
the same as that betwee\-wt and aB-wt. generally believed to offer an insight into the so-called
The extent of binding of the hydrophobic fluorophore, tertiary structure of a protein (more precisely, the aromatic
TNS, to any protein is customarily considered to be a environments in the tertiary structure) formed by folding of
measure of the available hydrophobic surface on the protein.secondary structural elements as well as by their subsequent
Because of this, the available hydrophobic surface on the packing to form a compact three-dimensional structure. Since
mutant oA-crystallin has been found to be considerably a-crystallin subunits are highly aggregating in nature, it is
smaller when compared to that @A-wt crystallin (15). In not possible to think of tertiary structure of a single subunit.
this work, it has been demonstrated (Figure 5) that the Instead, the near-UV CD spectra@fcrystallins exhibit the
hydrophobic surface available on the mutant heteroaggregatdertiary structure of subunits that has already suffered a
remains almost unchanged, if not further decreased to anperturbation (if any)34) because of the homologous and/or
extent of~10%. It has already been indicated earligs, ( heterologous subunit packing during the formation of homo-
16) that merely a point mutation of Arg to Cys inA- and heteroaggregates. The near-UV CD spectrumleivt
crystallin by itself is not expected to reduce the available homoaggregates is distinctly different from thatadB-wt
hydrophobic surface area on the subunit homoaggregate tchomoaggregates (Figure 3). This difference may be attributed
such an extent unless there is a change in the conformatiorto the difference in the tertiary structure of the individual
of the subunit because of mutation. The further change in subunit and/or to the difference of the effect of homologous
conformation that accompanies the inclusion of ¢tigwt subunit packing (betweawA —aA andaB—oB pairs) upon
subunit during the formation of the heteroaggregate does nottheir tertiary structure. ThelA-wt profile is characterized
favor the exposure of hydrophobic surface. The hydrophobic by five distinctly defined maxima around 259, 265, 273, 279,
surfaces reside all within the internal core of the heteroag- and 287 nm and five distinct minima around 262, 268, 275,
gregate. 284, and 292 nm. The negative vibronic signals at 292 and
It is well-known that the Trp fluorescence emission 284 nm minima are due to Trp residu€b). The maxima
maximum in a protein is an index of the extent of exposure at 259 and 265 nm and the minima at 268 and 262 nm are
of Trp side chains in this protein toward solveB81(32). A characteristics of Phe fine structure. The remaining transitions
complete exposure of Trp in a protein would generally exhibit between 270 and 280 nm arise from Tyr and/or Trp, 287
the emission maximum at around 350 nm which is the nm maxima being considered to be due to Tyr residue. On
emission maximum of free Trp in solution. The more this the contrary, in the:B-wt profile except for the two sharply
value is blue shifted, the more Trp side chains in the protein defined maxima at 259 and 265 nm and the two sharply
are considered to be less exposed to the solvent, i.e., buriedlefined minima at 262 and 268 nm, those in the spectral
in its inner core. This value has been found to be 337 nm region beyond 270 nm are only recognizable but not sharply
for both the mutated and vatA homoaggregated.§) as well defined as in theaA-wt profile. The ellipticity values
as for heteroaggregates of th& mutant ancaB-wt (Figure corresponding to these maxima are also found to be widely
4) at room temperature, indicating that Trp side chains in different for the two wild-type homoaggregates. In the profile
all these aggregates are buried almost to the same extent if mutant homoaggregates, except the Phe fine structure
the hydrophobic core. However, with the increase in tem- which is found to be retained, the entire spectral region
perature from 30C, the extent of exposure of Trp side chains beyond 270 nm is practically structureless. This shows that
to solvent has been found to increase to some extent withinthe mode of folding of the secondary structural elements in
the mutant heteroaggregates in contrast to wild-type hetero-forming the tertiary structure as well as the effect of
aggregates. This is evidenced from the gradual red shiftinghomologous packing of the mutant subunit upon the tertiary
of the Trp emission maximum which levels offaB40 nm structure is distinctly different from those in the wild-type
at 40°C. A thermally induced conformational change has homoaggregates. The differences may be attributed mainly
been reported at around the same temperature with nativeio the alterations in the interaction of aromatic (Tyr and Trp)
o-crystallin 33), but this phenomenon has been found to chromophores in the mutant homoaggregates. This is not
accompany a considerable increase in surface hydrophobicityunlikely, since the replacement of the bulky side chain of
exhibiting maximum chaperone activity at this temperature. Arg with a comparatively smaller one of Cys is not isosteric
For this reason, chaperone activity, in fact, is routinely in nature and hence must affect the packing mode of subunits
measured at 37C rather than at room temperature. In the in space during homoaggregation.
case of mutant heteroaggregates, this conformational change Upon inclusion of thexB-wt crystallin, the reconstituted
does not appear to result in any increase in surface mutant heteroaggregate regained to some extent the fine
hydrophobicity except the Trp side chains being more solvent structure in the spectral region from 270 nm onward. Thus,
exposed. This indicates that the Trp microenvironment in the maxima at 273, 279, and 287 nm have been found to be
the mutant heteroaggregate is different from that in the wild- re-formed together with the characteristic negative vibronic
type heteroaggregate in the sense that the former is moresignal of the Trp transition around 292 nm which appears to
thermally sensitive. be a positive vibronic signal in the mutant homoaggregate.
The far-UV CD spectra for the mutant heteroaggregates However, the spectra still appear to be much less structured
when compared with those for the wild-type heteroaggregatesin the Tyr/Trp region compared with the profile of the wild-
indicate that there is not much change in the backbonetype heteroaggregates. This somewhat loosely packed struc-
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ture of the mutant heteroaggregates particularly in the Tyr/ 11.
Trp microenvironments may be responsible for its thermal
sensitivity toward Trp exposure observed in our fluorescence
studies (Figure 4). Interestingly, the near-UV CD profile of
the mutant heteroaggregates more closely resembles the 3.
profile of the oB-wt homoaggregates, whereas the profile

of the wild-type heteroaggregates more closely resembles
that of theaA-wt homoaggregates. This can be explained 14

by the predominance aiA-wt crystallin in the wild-type

heteroaggregates and thatod-wt crystallin in the mutant
heteroaggregates, thus supporting the difference in subunit
composition in mutant heteroaggregates compared to that of 16.
wild-type heteroaggregates discussed earlier in this work.
Arg-116 is a highly conserved residue in the entire heat- 17-
shock family of proteins and in 28 species of mammals and
other vertebrates36). This work shows that mutation of this
Arg to Cys leads to less compact heteroaggregates that are1g.
much larger. These high-molecular weight aggregates may 20.
cause problems of scattering and/or insolubility as well as

improved ability to bind the membran&Q). However, if

indeed, the mutartA-R116C exists as heteroaggregates in
the human lens, a reduction ©f10% in chaperone activity

at a physiologically relevand-crystallin to target protein
ratio may not be the leading factor in the congenital cataract
formation which is well-known for this particular mutation.
On the other hand, if it is present predominantly as homo-
aggregates in the lens, ard0% reduction in chaperone

activity (15) will be significant.
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