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Abstract

αB-Crystallin is a member of the small heat shock protein family and is known to have chaperone

activity. Using a peptide scan approach, we previously determined that regions 42–57, 60–71, and

88–123 in αB-crystallin interact with αA-crystallin during heterooligomer formation. To further

characterize the significance of the N-terminal domain of αB-crystallin, we prepared a deletion

mutant that lacks residues 54FLRAPSWF61 (αBΔ54–61) and found that the absence of residues

54–61 in αB-crystallin significantly decreased the homooligomeric mass of αB-crystallin. The

average oligomeric mass of wild-type αB-crystallin and of αBΔ54–61, calculated using

multiangle light scattering, was 624 and 382 kDa, respectively. The mutant subunits aggregate to

form smaller, less-compact oligomers with a 4-fold increase in subunit exchange rate. Deletion of

the 54–61 region resulted in a 50% decrease in intrinsic tryptophan fluorescence. The αBΔ54–61

mutant showed a 2-fold increase in 1,1′-bi(4-anilino)naphthalene-5,5′-disulfonic acid (bis-ANS)

binding as compared to the wild-type protein, suggesting increased hydrophobicity of the mutant

protein. Accompanying the evidence of increased hydrophobicity in the deletion mutant was a 10-

fold increase in antiaggregation activity. Homooligomers of 6HαA (750 kDa) readily exchanged

subunits with αBΔ54–61 homooligomers at 37 °C, forming heterooligomers with an intermediate

mass of 625 kDa. Our data suggest that residues 54FLRAPSWF61 contribute to the higher order

assembly of αB-crystallin oligomers. Residues 54FLRAPSWF61 in αB-crystallin are not essential

for target protein binding during chaperone action, but this region apparently has a role in the

chaperone activity of native αB-crystallin.

The major protein of the vertebrate eye, α-crystallin, belongs to the family of widely

distributed proteins called small heat shock proteins (sHSPs).1 The oligomer of α-crystallin

is composed of two types of 20 kDa subunits, αA- and αB-crystallin, in the ratio ~3:1. The

oligomer is polydisperse in nature and has a mass of 300–1200 kDa (1). Although, αA- and

αB-crystallins were originally thought to be eye lens proteins exclusively, they were
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subsequently discovered to exist in many other tissues (2). In addition, their concentration

was found to be increased in some disease conditions (3). The crystallin subunits have

highly conserved sequences that show a high degree of homology to other sHSPs at the α-

crystallin domain (4, 5). Studies have so far led to limited structural information on sHSPs

(6). The crystal structure identified for Hsp16.5 (7) has enabled homology modeling studies

on αB-crystallin. However, inferences drawn from such studies cannot be relied upon

completely because, unlike Hsp16.5, α-crystallins have a variably asymmetrical and highly

polydispersed structure.

Oligomerization of sHsp subunits is essential in order for α-crystallins to function as

molecular chaperones (8, 9). Biophysical studies (10, 11) and subunit interaction studies

using peptide array (12) and pinarray (13) suggest that extensive contact occurs between the

subunits. Earlier we reported that 42–57 and 60–71 regions in αB-crystallin function as

subunit interaction sites (12, 14). Ghosh et al., in their pin array study, concluded that

sequences 37–54, 75–82, 131–138, 141–148, and 155–166 in αB-crystallin are involved in

subunit interaction (13). These investigators also used the pin array technique to determine

the target protein interaction sites in αB-crystallin and reported that several sites in αB-

crystallin function as chaperone sites (15). Of these sites, regions 43–58, 75–82, 131–138,

141–148, and 157–164 were reported to contain residues that overlap with the subunit

interaction sites. A two-hybrid system study investigated the involvement of N- and C-

terminal domains in subunit interaction and showed that in αB-crystallin only the C-

terminal region is interacting during oligomerization (16, 17).

Both the refractive role of α-crystallin and its chaperone-like property are thought to be

essential for maintaining lens transparency. A large body of evidence suggests that

mutations in α-crystallin subunits underlie loss of chaperone activity and, in turn, may result

in loss of lens transparency (18–23). Using novel cross-linkers and hydrophobic probes, we

have shown that specific residues in the α-crystallin domain of αB-crystallin function as

substrate interaction sites (24, 25). This observation was later confirmed by the synthesis

and characterization of a peptide that represents the chaperone site (26, 27).

Site-directed mutagenesis studies by us and others show that both theN-terminal region and

C-terminal region are involved in α-crystallin oligomerization (10, 12, 14, 28–32). We

showed that inversion of the 54–60 sequence in αB-crystallin affects the subunit interaction

but does not alter its chaperone activity (33). An αBΔ41–58 mutant, characterized by Ghosh

et al., (34) showed increased molecular size, polydispersity, and varying chaperone activity.

The αBΔ41–58 mutant was less effective than wild-type αB-crystallin in protecting

maximally unfolded citrate synthase (CS), whereas it was as effective as wild-type αB-

crystallin in protecting partially unfolded βL-crystallin.

Residues 54–60 contribute to the sequences identified as the subunit interaction sites (33)

aswell as the chaperone site (15) in previous studies. Additionally, the αBR56 substitution

or deletion study has shown that this residue plays a role in αB-crystallin structure–function

(35). In this study, we characterized the αB-crystallin mutant in which residues 54–61 were

deleted to determine the consequences of loss of this region. We show that αB-crystallin

without residues 54–61 (a) forms a smaller homooligomer, (b) has fewer subunits per
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oligomer, (c) still interacts with αA-crystallin to form a smaller than normal size

heterooligomer, and (d) is an efficient chaperone.

EXPERIMENTAL PROCEDURES

Construction, Expression, and Purification of Wild-Type αB-, αBΔ54–61, and 6Hα A-
Crystallins

Human αA- and αB-crystallin cDNA were cloned into pET23d vector (Novagen-EMD

Biosciences, La Jolla, CA) at the NcoI/HindIII site. The αBΔ54–61 mutant (Figure 1) was

constructed from the human αB-crystallin cDNA using the QuikChange site-directed

mutagenesis kit (Stratagene, La Jolla, CA). The mutation was confirmed by DNA

sequencing. The proteins were expressed in Escherichia coli BL21(DE3)pLysS cells

(Invitrogen Corp., Carlsbad, CA), as described previously (24). To prepare Histagged αA

(6HαA), we used pQE-30 vector (Qiagen, Valencia, CA). BamHI and PstI restriction sites

were introduced in αA-crystallin cDNA using polymerase chain reaction (PCR) to clone

into pQE-30 vector. A second PCR was performed to correct the reading frame, and the

sequence was verified by DNA sequencing. The protein was expressed in E. coli

M15[pREP4] strain (Qiagen, Valencia, CA). The 6HαA prepared fromthis clone had an

RGS-HHHHHH tag at the N-terminal end of the protein. His-tagged protein was isolated in

native condition and purified using the QIAexpress system (Qiagen, Valencia, CA). The

eluate was treated with 100 mM EDTA and purified further on a Superdex G200 column.

Structural Characterization of Wild-Type αB-Crystallin and αBΔ54–61

The purified proteins were spectroscopically analyzed to see if deletion of residues 54–61

leads to significant changes in αB-crystallin structure. Phosphate buffer (0.05 M) containing

0.15 M NaCl and 0.02% sodium azide (pH 7.4) was used in all measurements unless

otherwise specified. The molecularmass of recombinant 6HαA- and αB-crystallins and of

heterooligomers formed by a mixture of αA-crystallin and αBΔ54–61 was determined using

a Biosep-sec4000 column.

The intrinsic tryptophan fluorescence spectra of the wild-type and mutant αB-crystallins

were recorded using a Jasco FP-750 spectrofluorometer, as described previously (24). The

excitation wavelength was set to 295 nm, and the emission was recorded between 310 and

380 nm. Protein samples of 200 µg/mL in phosphate buffer were used.

The solvent-exposed hydrophobic sites in the wild-type αBand αBΔ54–61 were probed

using a hydrophobic dye, 1,1′-bi-(4-anilino)naphthalene-5,5′-disulfonic acid (bis-ANS)

(Molecular Probes, Inc., Eugene, OR). A stock solution of the dye (14.8 mM) was prepared

in 95%ethanol. To 200 µg of wild-type and mutant αB-crystallins in 1 mL of phosphate

buffer was added 10 µL of bis-ANS stock solution. The mixture was incubated at 37 °C for

30 min. The interactions of bis-ANS with wild-type and mutant αB-crystallins were

examined by recording the emission spectra between 450 and 600 nm. The samples were

excited at 385 nm.

Changes in secondary and tertiary protein structures were investigated by measuring at room

temperature far-ultraviolet (UV) and near-UV circular dichroism (CD) using the Jasco 815-
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CD spectrometer. Protein concentrations of 3.0 and 0.2 mg/mL in phosphate buffer were

used for near- and far-UV CD measurements, respectively. The path length was 5 mm. The

proteins were scanned eight times, the spectra were averaged, and themolar ellipticity of

themutant was compared with that of wild-type αB-crystallin.

Light Scattering

Protein samples were injected into a TSK G5000PWXL (Tosoh Bioscience,

Montgomeryville, PA) size-exclusion column fitted to an HPLC with RID detector

(Shimadzu Scientific Instruments, Inc., Columbia, MD) and equilibrated with phosphate

buffer. The flow rate was set at 0.75 mL/min. The HPLC was coupled to multiangle light

scattering (MALS) (DAWN) and quasi-elastic light scattering detectors (Wyatt Technology

Corp., Santa Barbara, CA).

Transmission Electron Microscopy

A 5 µL aliquot of the sample (2 mg/mL) was placed on a carbon-coated copper grid and

allowed to absorb. After 1 min the excess sample was removed using a filter paper, and the

grid was air-dried before negatively staining with 2%uranyl acetate for 2 min. The excess

stain was removed from the grid, air-dried, and observed in a JEOL 1400 transmission

electron microscope.

Subunit Interaction Studies

To demonstrate the presence of subunit exchange between αBΔ54–61 and 6HαA-crystallin,

we labeled αBΔ54–61 with Alexa Fluor-350 dye (Molecular Probes Inc., Eugene, OR).

Unlabeled 6HαA (250 µg) and labeled αBΔ54–61 (75 µg) were mixed (200 µL) and

incubated at 37 °C for 3 h and then injected into an HPLC fitted with a TSK4000 gel

filtration column and equilibrated with phosphate buffer. The flow rate was set at 0.5 mL/

min. Another set of samples containing the same amounts of 6HαA and αBΔ54–61 was

injected immediately (0 h) after mixing to obtain the elution profile of the individual

proteins. The elution of the proteins was monitored using UV and fluorescent detectors, and

the fractions were collected at 1 min intervals. The samples were then concentrated and

analyzed on a SDS–PAGE.

FRET Assay

The subunit exchange rate of the proteins was determined by performing FRET assay.

Labeling of the proteins was performed as described earlier (12), except that the unlabeled

dye was removed by extensive dialysis. Proteins conjugated with Alexa Fluor-350 served as

energy donors, while proteins conjugated with Alexa Fluor-488 acted as energy acceptors.

Equal amounts (25 µg) of the labeled proteins were mixed in a total of 250 µL of phosphate

buffer. The sample was incubated at 37 °C. The subunit exchange was monitored by

exciting the sample at 346 nm and measuring the emission spectra from 400 to 600 nm at

various intervals for up to 1.5 h. The subunit exchange rate was calculated from the FRET

assay, as described previously (10).

Santhoshkumar et al. Page 4

Biochemistry. Author manuscript; available in PMC 2014 April 23.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Chaperone Assay

Chaperone-like activity of wild-type αB and the deletion mutant was compared using

alcohol dehydrogenase (ADH) (Worthington) and CS (Sigma) substrates, as described

previously (24, 36). Aggregation of substrate proteins was monitored by measuring light

scattering at 360 nm in the presence of various amounts of wild-type and mutant proteins as

a function of time, using a Shimadzu spectrophotometer equipped with a temperature-

regulated multicell holder.

RESULTS AND DISCUSSION

Numerous studies have shown that both the N- and C-terminal domain of α-crystallin

subunits participate in heteroand homooligomer formation (10, 12, 15, 28, 31, 34, 37, 38).

Previously, we demonstrated that residues 42–57 and 60–71 at the N-terminal domain of

αB-crystallin are involved in subunit interactions (12) and designated these regions as

recognition sites I and II (RS-1 and RS-2), respectively (Figure 1). We had also observed

that inversion of the sequence 54–60 caused a 12% decrease in oligomer size of αB-

crystallin but had no effect on chaperone-like activity of the protein (33). These data suggest

that the RS-1 and RS-2 sequences along with the residues separating these two recognition

sites play a role in αB-crystallin oligomerization.

Deletion of Residues 54–61 Leads to Smaller Homooligomers

In the present studywe expressed the deletion mutant of αB-crystallin, αBΔ54–61, in E. coli

BL21(DE3)pLysS cells and purified the protein by a combination of gel and ion-exchange

chromatography. Deletion of residues 54–61 did not affect the solubility of the protein. The

purity of the recombinant protein was confirmed by SDS–PAGE and mass spectrometry.

During mass spectrometric analysis the mutant protein showed an expected mass of 19154

Da, confirming the deletion of residues 54–61. The deletion of the 54FLRAPSWF61

sequence in αB-crystallin decreased the average oligomer size to 380 kDa (~20 subunits/

oligomermass), as compared to 620 kDa (~31 subunits/oligomer) for the wild-type protein

(Figure 2). Surprisingly, approximately a 5% decrease (<1000 Da) in subunit mass resulted

in a significantly larger decrease (about 39%) in oligomeric mass. This is likely due to the

reduction in the number of mutant subunits that assemble to form an oligomer. It is not clear

at this time what factor(s) limit(s) the number of subunits in the oligomer formed by the

mutant αB-crystallin, but the results of this study suggest that the residue(s) within 54–61

region has (have) a role in the determination of oligomer size and the number of subunits

forming this oligomer. The decreased oligomeric size of the αBΔ54–61 protein is also

evident from the transmission electron micrographs (Figure 3). The wild-type αB-crystallin

subunits are tightly packed to form compact oligomers (Figure 3A). In contrast, the αBΔ54–

61 subunits are loosely packed, resulting in a less compact oligomer assembly (Figure 3B).

The mutant subunits readily interact with the wild-type αB subunits to form intermediate-

sized oligomers (Figure 3C).

Other investigators have observed a similar decrease (38%) in the oligomeric mass of αB-

crystallin with deletion of residues 21–29 (28). Since the 21–29 region in αB-crystallin is

not considered a subunit interaction region (12, 13), the reason for the decrease in the
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oligomer size is unclear. In the same study (28) the authors reported a decrease in the

hydrodynamic radius and polydispersity of the αBΔ21–29 mutant. We observed a decrease

in the hydrodynamic radius and an increase in the polydispersity index (PDI) of the αBΔ54–

61 mutant when compared to the wild-type protein (Figure 2). The reasons for the increased

polydispersity in αBΔ54–61 are not known at this time. It could be due to increased subunit

exchange rate (discussed below) that leaves the oligomers at various stages of assembly.

Further studies are needed to confirm this hypothesis. Unlike αBΔ54–61 or αBΔ21–29

proteins, another deletion mutant (αBΔ41–58), characterized byGhosh et al. (34), displayed

increased oligomeric mass and polydispersity. This difference could be due to the length of

deletion and the charge: deletion of 18 residues (including two Arg) as compared to deletion

of 8 residues (including one Arg) in the current study. Studies with another sHsp, Hsp16.5,

have shown that the N-terminal region plays a critical role in determining oligomer size and

polydispersity (39). Insertion of a 14 amino acid sequence into the N-terminal region of

Hsp16.5 resulted in the assembly of a larger polydispersed oligomer. Previous study has

shown that R56 substitution and deletion have paradoxical effects on the structure and

function of αB-crystallin (35). While deletion of R56 resulted in increased chaperone

activity, the substitution with Ala (αBR56A) led to nearly complete loss of chaperone

activity. The αB 54–61 sequence having R56 is analogous to the 14-mer from sHsp27 used

to convert the Hsp 16.5 to a larger oligomer. We observed that deletion of the 54–61

sequence from αB-crystallin was sufficient to generate a relatively smaller oligomer with

increased chaperone activity. The oligomers formed from αBΔ54–61, however, showed

increased polydispersity.

Structural Characterization of the αBΔ54–61 Mutant

The mutant and wild-type αB-crystallins showed significantly different tryptophan emission

spectra (Figure 4A). While the maximal emission was found at 342 nm for both wild-type

and mutant αB-crystallins, tryptophan fluorescence intensity was reduced by 50% in the

αBΔ54–61 mutant. The reduction in tryptophan fluorescence was comparable to the

previously observed decrease in the intrinsic fluorescence when residues 54–60 were

inverted in αB-crystallin (33) or whenW60 was mutated to arginine (14). In the present

study the reduction in intrinsic fluorescence of the mutant can be attributed to the loss of one

of the two tryptophan residues in αB-crystallin at the time of deletion whereas the

quenching of fluorescence of tryptophan 54 in αB-54–60invert likely contributed to the

decrease in intrinsic fluorescence in the mutant protein (33). Subtle changes in protein

structures that are not observed during CD analysis in some instances could lead to a change

in Trp fluorescence (40). In this study the αBΔ54–61 with one Trp at the N-terminal region

showed about one-half of the fluorescence ofwild-typeαB having two Trp residues.

Therefore, it is unlikely that the environment of the N-terminal tryptophan was affected by

the deletion.

To determine the impact of the deletion on the surface hydrophobicity of the protein, we

investigated the ability of the mutant to bind the hydrophobic probe bis-ANS, whose

fluorescence intensity increases and the emission maximum decreases upon binding to

hydrophobic patches on the proteins (41). The fluorescence emission profile indicated that

the mutant αB-crystallin has greater bis-ANS binding capacity than the wild-type protein
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(Figure 4B) although the deleted sequence was hydrophobic in nature. The subunit

rearrangement that results in a smaller oligomer size may be responsible for the overall

increase in hydrophobicity measured by bis-ANS. Perturbation of α-crystallin or of

oligomers of αA- and αB-crystallin is known to lead to increased hydrophobicity (42).

Earlier we observed that, in the mutant αB54–60invert protein, the overall hydrophobicity

was decreased marginally (<10%) in spite of the reduction in oligomer size and the change

in tryptophan environment (33). C-Terminal truncation of αA-crystallin (αA-172) results in

about 30% increase in hydrophobicity without a significant change in near- and far-UV

spectra of mutant proteins (43).

The consequence of deletion of 54–61 residues on the structure of αB-crystallin was

examined by both near- and far-UV CD spectral analysis of the protein (Figure 4C,D). The

mutant protein and the wild-type protein showed similar negative ellipticity between 210

and 220 nm, but the peak for the mutant was at 216 nm whereas the peak for wild-type

protein was at 212 nm. However, insignificant differences between the two proteins were

found on analysis of α-helix, β-sheet, β-turn, and the amount of unordered structure (data

not shown). The near-UV CD spectra of the mutant αB-crystallin showed characteristics

similar to those of the wild-type protein except that the amplitude of the CD spectra between

275 to 290 nm was slightly lower in the mutant protein. The minimal change was not

surprising in the far- and near-UV CD spectra of αBΔ54–61 because the αBΔ41–58mutant

characterized by Ghosh et al. (44) also showed minimal changes in the far- and near-UV CD

spectra. However, it was shown earlier that the αBR56Α mutant shows significant changes

in far- and near-UV spectra (35).

Deletion of Residues 54–61 Increases the Subunit Exchange Rate of αB-Crystallin

We previously proposed that residues 42–57 and 60–71 in αB-crystallin participate in

subunit interaction (12). In the present study we investigated the effect of deletion of the 54–

61 region on subunit interaction, subunit exchange, and oligomerization with the use of

Alexa-350-labeled αB-crystallin and Alexa-488-labeled αBΔ54–61 crystallin. FRET

analysis showed that mutant αB and wild-type αB-crystallins readily exchange to form

heterooligomers or homooligomers (Figure 5). FRET analysis of a 1:1 mixture of αB and

αBΔ54–61 showed that the exchange rate between the two types of subunits was lower than

the exchange rate between the αBΔ54–61 mutants. Further, the exchange rate between the

wild-type subunits was about 4 times slower than that between mutant subunits (Figure 5).

Additionally, the presence of a denaturing protein, ADH, during FRET assay resulted in a

diminished exchange rate between wild-type and αBΔ54–61 proteins. This suggests that

prior binding of a denaturing protein to αB-crystallin constrains the oligomer from the

dynamic aggregation–dissociation–aggregation process. Other investigators have shown that

prior binding of γ-crystallin to α-crystallin significantly reduces the oligomer exchange

(45). The increased subunit exchange rate of the αBΔ54–61 mutant could be due to the

decreased affinity between subunits as a consequence of loss of residues from the interacting

region.
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αBΔ54–61 Readily Interacts with αA-Crystallin To Form a Smaller than Normal
Heterooligomer

We examined the interaction of αBΔ54–61 and αA-crystallin using 6HαAcrystallin and

Alexa Fluor-350-labeled αBΔ54–61 by the gel filtration chromatographic method. As

shown in Figure 6A, 6HαA eluted from the TSK4000 column with a peak at 30 min,

whereas the Alexa-labeled αBΔ54–61 eluted later and peaked at 35 min. The elution

positions of these proteins were confirmed by SDS–PAGE analysis of the TSK4000 eluants

(Figure 6B, 0 h incubation samples). When 6HαA- and Alexa Fluor-labeled αBΔ54–61

were mixed and incubated for 3 h, a new peak with an elution time of 33–34 min emerged

during gel chromatography. This peak showed both fluorescence and absorbance. SDS–

PAGE analysis of the fractions eluting from the column showed that all of the fractions

contained the same ratios of 6HαA- and αBΔ54–61. The data confirm that the deletion

mutant readily forms a heterooligomer with αA-crystallin. Further, our study also suggests

that αBΔ54–61 can control the size of a heterooligomer of αA- and αBΔ54–61. Peptide

array data from our previous study revealed that residues 42–57 and 60–71 in αB-crystallin

interact with αA-crystallin (12). The present data show that deletion of four residues from

the 42–57 region and two residues fromthe 60–71 region does not affect the interaction of

αB-crystallin with αA-crystallin. It is likely that the αBΔ54–61 mutant exhibits its full

potential to interact with αA-crystallin because of the presence of additional interaction sites

(13, 28, 38) or interaction via the remainder of the 42–57 and 60–67 regions offering a

three-dimensional interface, whereas the peptides in array do not have the affinity required

for the binding when they lose some of the amino acids that flank the critical residues

involved in binding.

Deletion of Residues 54–61 Enhances the Chaperone-like Function of αB-Crystallin

Past studies with crystallin mutants showed that in most cases the increased hydrophobicity

of a mutant is accompanied by increased chaperone-like activity (28, 46). Other reports,

however, showed no correlation between binding of hydrophobic probes and chaperone-like

activity of the protein (47, 48). Because the deletion mutant in our present study showed

increased bis-ANS binding, we determined whether the increased hydrophobicity has any

impact on the chaperone-like activity by testing the ability of both wild-type and the mutant

αB-crystallin to suppress EDTA-induced aggregation of ADH and heat-induced aggregation

of CS using different ratios of αB and the denaturing proteins (Figure 7). During two

different aggregation assays, the deletion mutant was found to have 10-fold greater

chaperone-like activity than the wild-type protein. For example, only 4.5 µg of αBΔ54–61

was sufficient to suppress by 50% aggregation of 200 µg of ADH. In contrast, 46.3 µg of

wild-type αB-crystallin was required for an equivalent degree of aggregation suppression.

This observation suggests that deletion of residues 54–61 has a significant effect on the

chaperone-like activity of the protein and correlates with the increased hydrophobicity of the

mutant. Ghosh et al. (15) in their pin array study proposed that the 43–58 region in αB-

crystallin is a common substrate protein interaction site or chaperone site. In a subsequent

study (44), however, deletion of residues 41–58 was shown to have no effect on the

chaperone-like activity of the protein when ADH or βL-crystallins were used as substrates.

It should be noted that αBΔ41–58 produced heterogeneous oligomers with average

molecular masses of 2437 and 420 kDa (34). It is not known whether the two kinds of
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oligomers showed similar chaperone activity. In a site-directed mutagenesis study of R56,

deletion of the residues did not affect chaperone-like activity, whereas R56A mutation

resulted in almost complete loss of chaperone-like activity (46).

We analyzed the reaction mixtures in chaperone assays by gel chromatography and DLS

methods (Figure 8). Both wild-type and the deletion mutant of αB-crystallin formed

complexes with denaturing ADH that were significantly larger than the ADH. The presence

of ADH in the complex was confirmed by SDS–PAGE analysis (data not shown). The

molarmass (Mw) of αBΔ54–61+ADH at the complex peak apex was slightly larger than that

of the αB+ADH complex. Since the Mw of αBΔ54–61 was significantly lower than that of

wild-type αB-crystallin (Figure 2), we believe the increased chaperone activity of αBΔ54–

61 (Figure 7) resulted in a marginally larger αBΔ54–61+ADH complex due to increased

ADH binding as compared to the αB +ADH complex. The αBΔ54–61 + ADH complex

exhibited a higher hydrodynamic radius and polydispersity index (PDI) as compared to the

αB + ADH complex.

At any given chaperone protein concentration, the αBΔ54–61 oligomers are 1.5 times in

excess to αB oligomers. In addition to the increased number of αBΔ54–61 oligomers, the

increased hydrophobicity of αBΔ54–61 and increased subunit exchange rate may also be

contributing to the increased chaperone function of the deletion mutant. It is apparent from

the data shown in Figures 7 and 8 that the αBΔ54–61 oligomers have increased capacity to

bind denaturing proteins. It has been suggested that the dynamic state of crystallins dictates

the chaperone activity of the protein (49), and a number of studies have shown that

increased subunit exchange is associated with increased chaperone activity (42, 50). It is

possible therefore that the increased dissociation of oligomeric units coupled to increased

subunit exchange rate observed in αBΔ54–61may be contributing to the enhanced

chaperone activity. The multiangle light scattering analysis of the complex suggests that the

deletion mutant interacts with unfolding ADH more rapidly and forms aggregates with

larger oligomeric mass and hydrodynamic radius than the wild-type ADH aggregate. The

deletion of the 54–61 region might have activated cryptic chaperone sites or may have

created additional chaperone site(s) in the oligomer. In an earlier study, methyl glyoxal

modification of α-crystallin lead to increased chaperone activity (51), and this was attributed

to increased hydrophobicity and subunit exchange rate. Further studies are required to

identify the residues that contribute to the “new” sites. Whatever may be the reason for the

increased chaperone activity, the results of this study demonstrate that the 54–61 region in

αB-crystallin does not contribute to substrate binding. The increased chaperone activity of

the deletion mutant may not be beneficial to αB-crystallin because the αBΔ54–61 + ADH

complex has a higher PDI. We have observed that protein samples with higher PDI

precipitate early (52). In another study involving αAR116C it has been suggested that

increased chaperone activity may be responsible for the in vivo aggregation of crystallins

and congenital cataractogenesis (53). αAR116C-client protein complexes are less stable

than the αA–client protein complexes. Therefore, we conclude that

residues 54FLRAPSWF61 in αB-crystallin are required to form the stable chaperone–

substrate complex, in addition to their contribution to higher order oligomeric assembly.
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Figure 1.
Amino acid sequence of human αB-crystallin showing the deleted 54FLRAPSWF61region: N-terminal domain (green shaded),

α-crystallin domain (orange shaded), and C-terminal tail (yellow shaded). The putative αA-crystallin interacting sites and the

chaperone site identified by us earlier are also shown.The residues deleted in this study are shown in red.
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Figure 2.
Dynamic light scattering analysis of wild-type αB-crystallin (solid line, filled circle) and the αBΔ54–61 mutant (broken line,

open circle). Proteins (0.15mg in 0.05mL) were incubated at 37 °C for 1 h prior to analysis. Themolarmass distribution across

the refractive index peaks, the polydispersity index (PDI), and the hydrodynamic radius of the proteins were analyzed from the

MALS data using ASTRA (v5.3.2.10) software. The number of subunits per oligomer was calculated by dividing the oligomeric

mass with the mass of the individual subunit.
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Figure 3.
Transmission electron micrographs of wild-type and mutant αB-crystallins. A drop of 1 mg/mL protein was negatively stained

with 2% uranyl acetate and observed under the JEOL 1200EX electron microscope. (A) Wild-type αB-crystallin; (B) αBΔ54–

61; (C) αB wild type+ αBΔ54–61 (1:1). Bar on the left corner in panels A, B, and C = 20 nm.
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Figure 4.
Spectroscopic characterization of wild-type αB-crystallin (solid line) and mutant αBΔ54–61 (broken line). (A) Tryptophan

fluorescence intensity. Protein samples of 0.2 mg/mL in phosphate buffer were used. The excitation wavelength was set to 295

nm. (B) Bis-ANS binding. Bis-ANS stock, 10 µL (14.8mM) solution, was added to 0.2 mg/mL protein in phosphate buffer and

incubated at 37 °C for 30 min. The samples were excited at 385 nm. (C) Far-UV CD spectra were recorded at a protein

concentration of 0.2 mg/mL using a 5 mm path length cell. (D) Near-UV CD spectra were recorded at a protein concentration of

3 mg/mL using a 5 mm path length cell.
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Figure 5.
Subunit exchange studies of wild-type αB-crystallin and αB-Δ54–61 in the presence and absence of ADH. The labeled proteins

were mixed in equal amounts (25 µg) in a total volume of 250 µL of phosphate buffer. To determine the effect of substrate on

subunit exchange, ADH (150 µg) was incubated at 37 °C for 15 min prior to the addition of labeled chaperone proteins. The

exchange rate is shown beside the graphs.
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Figure 6.
Demonstration of subunit interaction between 6HαA and αBΔ54–61. (A) Chromatographic profile of 6HαA (250 µg) and

Alexa-350-labeled αBΔ54–61 mixture at 0 min time (solid line) and after 3 h (broken line) of incubation. The black lines

represent the UV profile at 280 nm. The green lines represent the fluorescence profile. Prior to incubation the bulk of6HαA

andαBΔ54–61 elutes at 30 and 35 min, respectively. After 3 h of incubation, the proteins are largely seen coeluting at 33–34

min. (B) SDS–PAGE of fractions collected during chromatography. The tube numbers are offset by minutes due to delay in

sample collection.
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Figure 7.
Comparison of antiaggregation activities of αBΔ54–61 and wild-type αB-crystallins using ADH and CS as substrate proteins.

Aggregation of ADH (250 µg) was induced at 37 °C by phosphate buffer containing100mMEDTA, and aggregation of CS (75

µg in40mMHEPES–NaOHbuffer) was initiated by heating the sample at 43 °C. The percentage of substrate protein aggregated

in the presence of various concentrations of wild type (solid circle) and αBΔ54–61 (open circle) was calculated at the 45 min

time point and plotted. The aggregation of substrate protein in the absence of chaperone protein was considered

100%aggregation. The amount of chaperone protein required to prevent the aggregation of the substrate by 50% was calculated

from the nonlinear regression analysis. This value is used to compare the chaperone efficiency of wild-type and mutant proteins.
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Figure 8.
Molar mass distribution of wild-type αB-ADH(solid line, filled circle) and αB-Δ54–61-ADH (broken line, open circle).

Crystallins and the ADH in equal concentration (50 µg) in phosphate buffer were incubated at 37 °Cfor 1 h, and the reaction

mixtures were analyzed by MALS following TSK G4000PWxL chromatography. The table below the graph shows additional

parameters determined during MALS measurements.
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