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ABSTRACT: The purpose of the study was to compare the effects of deamidation alone, truncation alone,
or both truncation and deamidation on structural and functional properties of human lens olA-crystallin.
Specifically, the study investigated whether deamidation of one or two sites in 0tA-crystallin (i.e., QA-
N101D, aA-N123D, atA-N101/123D) and/or truncation of the N-terminal domain (residues 1—63) or
C-terminal extension (residues 140—173) affected the structural and functional properties relative to wild-
type (WT) oA. Human WT-0A and human deamidated oA (aA-N101D, aA-N123D, aA-N101/123D)
were used as templates to generate the following eight N-terminal domain (residues 1—63) deleted or
C-terminal extension (residues 140—173) deleted a.A mutants and deamidated plus N-terminal domain or
C-terminal extension deleted mutants: (i) A A-NT (NT, N-terminal domain deleted), (ii)) c A-N101D-NT,
(iii) 0 A-N123D-NT, (iv) aA-N101/123D-NT, (v) aA-CT (CT, C-terminal extension deleted), (vi) 0LA-
N101D-CT, (vii) aA-N123D-CT, and (viii) 0 A-N101/123D-CT. All of the proteins were purified and
their structural and functional (chaperone activity) properties determined. The desired deletions in the
0A-crystallin mutants were confirmed by matrix-assisted laser desorption/ionization-time-of-flight (MALDI-
TOF) mass spectrometric analysis. Relative to WT-0tA homomers, the mutant proteins exhibited major
structural and functional changes. The maximum decrease in chaperone activity in homomers occurred
on deamidation of N123 residue, but it was substantially restored after N- or C-terminal truncations in
this mutant protein. Far-UV circular dichroism (CD) spectral analyses generally showed an increase in
the f-contents in A mutants with deletions of N-terminal domain or C-terminal extension and also with
deamidation plus above N- or C-terminal deletions. Intrinsic tryptophan (Trp) and total fluorescence spectral
studies suggested altered microenvironments in the A mutant proteins. Similarly, the ANS (8-anilino-
1-naphthalenesulfate) binding showed generally increased fluorescence with blue shift on deletion of the
N-terminal domain in the deamidated mutant proteins, but opposite effects were observed on deletion of
the C-terminal extension. Molecular mass, polydispersity of homomers, and the rate of subunit exchange
with WT-aB-crystallin increased on deletion of the C-terminal extension in the deamidated aA mutants,
but on N-terminal domain deletion these values showed variable results based on the deamidation site. In
summary, the data suggested that the deamidation alone showed greater effect on chaperone activity than
the deletion of N-terminal domain or C-terminal extension of aA-crystallin. The N123 residue of aA-
crystallin plays a crucial role in maintaining its chaperone function. However, both the N-terminal domain
and C-terminal extension are also important for the chaperone activity of otA-crystallin because the activity
was partially or fully recovered following either deletion in the cA-N123D mutant. The results of subunit
exchange rates among oA mutants and WT-aB suggested that such exchange is an important determinant
in maintenance of chaperone activity following deamidation and/or deletion of the N-terminal domain or
C-terminal extension in aA-crystallin.

Among lens crystallins (o-, 5-, and y-crystallins), only
the o-crystallin belongs to a heat shock protein family [HSPs]
(I) and has chaperone activity (2). Like other HSPs,
a-crystallin also contains a highly conserved sequence of
80—100 residues called the o-crystallin domain (residues
64—139 in aA-crystallin and residues 66—144 in oB-
crystallin) (3). Based on similarities with the structures of
other HSPs, it is believed that the N-terminal region of both
0A- (residues 1—63) and aB- (residues 1—66) crystallins
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forms independently folded domain, whereas the C-terminal
region (residues 143—173 in olA-crystallin and residues
147—175 in oB-crystallin) is flexible and unstructured (7).
On the removal of N-terminal residues (partial or 1—56
residues of N-terminus) and the C-terminal extension (partial
or 32—34 residues of C-terminus) of 0A- and aB-crystallins,
the proteins showed improper folding, reduced chaperone
activity, and formation of trimers or tetramers (4-8). Residues
42—57 and residues 60—71 of aB-crystallin interact with
oA-crystallin (9, 10), and pin-array analysis has further
shown that five peptide sequences of oB-crystallin (i.e.,
residues 37—54 [in the N-terminal region], residues 75—82,
131—138, 141—148 [form S-strand in the conserved o-crys-
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tallin domain], and residues 155—166 [in the C-terminal
extension]) interact with otA-crystallin (/7). In spite of these
studies, the individual amino acids in the 0lA and oB subunits
that interact with target protein during chaperone activity
have not been fully identified.

Age-related conformational changes and unfolding of a-,
p-, and y-crystallins are believed to lead to their aggregation
and cross-linking. Two disease-related point mutations of a
highly conserved Arg at equivalent positions in 0tA- (R116C)
and oB- (R120G) crystallins caused structural changes that
lead to hereditary cataracts (/2, 13). Changes that are likely
due to posttranslational modifications of crystallins, such as
disulfide bonding (/4), glycation (/5), oxidation of Trp and
His residues (16, 17), deamidation (/8), and transglutami-
nase-mediated cross-linking (/9), are also believed to cause
cataract. Because deamidation has been identified as the most
prevalent among posttranslational modifications in human
lenses (I, 17, 20), it might play a major role during
cataractogeneis.

Deamidation introduces a negative charge (i.e., an amide
group is replaced with a carboxylic group) that causes
changes in protein tertiary structure and, in turn, affects
structural and functional properties. For example, the dea-
midation at critical sites in SB2-crystallin destabilized its
dimers and, therefore, might disrupt its function in oligomer
formation in the lens (27). Similarly, our recent studies
showed that both Asn residues (at positions N101 and N123)
are required for the structural integrity and chaperone
function of homoaggregates of human o.A-crystallin, and the
deamidation of N101 but not of N123 (both present in the
conserved region of aA) had profound effects on its structural
and functional properties (22). We also showed that the
deamidation of N146 but not of N78 in human aB-crystallin
had profound effects on its structural and functional proper-
ties (23).

The deamidation of both glutaminyl and aspariginyl
residues in proteins might serve as molecular clocks of
biological events such as protein turnover, development, and
aging (24). Indeed, the turnover rates of cytochrome c (25),
rabbit muscle aldose reductase, histones, and erythrocyte
membrane protein 4.1 (26-28) were accelerated following
deamidation. However, as stated above, the age-related
deamidation of crystallins (A and oB, SBI, and yS-
crystallins) affected their properties as a major posttransla-
tional modification (18, 22, 23, 29-31), and deamidation of
specific residues increased in the water-insoluble (WT)'
proteins compared to water-soluble (WS) proteins in human
lenses (32). This suggested that deamidation could cause
structural instability that might lead to insolubilization of a
protein. The cataract-specific deamidation of N-143 in yS-
crystallin further supports this possibility (31).

Although the deamidation but not the truncation has been
shown to cause structural changes leading to insolubilization
of BBl-crystallin (33), similar effects on aA- or aB-
crystallins are presently unknown. In vivo, both olA- and
oaB-crystallins show relatively greater susceptibility to

! Abbreviations: 8-anilino-1-naphthalenesulfate (ANS), daltons (Da),
dithiothreitol (DTT), isopropyl f3-D-1-thiogalactopyranoside (IPTG),
matrix-assisted laser desorption/ionization-time-of-flight (MALDI-TOF),
multiangle light scattering (MALS), sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS—PAGE), small heat shock proteins (sHSPs),
water insoluble (WI), water soluble (WS), wild type (WT).
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degradation of the C-terminal region than of the N-terminal
region (34-36). However, presently, no clear link exists
between the greater susceptibility of C-terminal region of
deamidated vs nondeamidated aA- or aB-crystallins to their
cleavage via enzymatic/nonenzymatic reactions. Therefore,
the question of the relative effects of deamidation and/or
truncation on the structural and functional properties of aA
and aB-crystallins remains unanswered. Because truncation
or mutation in the C-terminal extension of o-sHSPs has
resulted in myopathies and cataract (37, 38), and the
N-terminal extension in various sHSPs plays a major function
in multimeric complex formation (39), it is important to
understand the effects of deletion of N-terminal domain or
C-terminal extension of a-crystallin on its chaperone activity.
To answer this question, the purpose of the present study
was to examine relative effects of deamidation alone, N- or
C-terminal deletion, and deamidation plus N- or C-terminal
deletion on structural and functional properties of OLA-
crystallin. Using the aA-deamidated mutants (i.e., O.A-
N101D, 0 A-N123D, or A-N101/123D) (23), we generated
deamidated plus either N-terminal domain- (residues 1—63)
or C-terminal extension- (residues 140—173) deleted mutants.
Additionally, the N-terminal domain- or C-terminal exten-
sion-deleted mutants of WT-0A crystallin were also gener-
ated to be used as controls. This report describes comparative
structural and functional properties of the WT-olA crystallin
and its mutant proteins.

EXPERIMENTAL PROCEDURES

Materials. The restriction endonucleases Apal, Sacl, and
Sphl, the molecular weight protein markers, and DNA
markers were purchased from either Amersham Biosciences
(Piscataway, NJ) or Promega (Madison, WI). The T7
promoter, T7 terminator, and other primers used in the study
were obtained from Sigma Genosis (St. Louis, MO). All
chemicals for gel electrophoresis were from Amersham
Biosciences (Piscataway, NJ) or Bio-Rad (South San Fran-
cisco, CA). Unless indicated otherwise, all other molecular
biology grade chemicals used in this study were purchased
from Fisher (Atlanta, GA) or Sigma (St. Louis, MO)
companies.

Bacterial Strains and Plasmids. Escherichia coli BL21(DE3)
bacterial strain was obtained from Invitrogen (Carlsbad, CA).
The human aA-crystallin ¢cDNA cloned on a plasmid
pDIRECT was received from Dr. Mark Petrash, Washington
University, St. Louis, MO. Cells were propagated in Luria
broth, and recombinant bacteria were selected using ampicillin.

Site-Specific Mutagenesis. Deamidation of Asn (N) at
positions 101, 123, and at both positions to Asp (D) was
introduced in 0l A-cDNA using a QuikChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA) as described
previously (23). The deamidated oA DNA was used as
templates, with specific complementary primer pairs (Table
1) to generate the desired deleted or deamidated plus deleted
aA-crystallin mutants. The PCR products were ligated to
pET 100 Directional TOPO vector. Recombinant human aA-
crystallin coding sequence (WT-aA), aA-N101D, aA-
N123D, and aA-N101/123D were subcloned in the pET100
Directional TOPO vector to introduce His tags. Also, the
N-terminal domain (residues 1—63) or the C-terminal exten-
sion (residues 140—173) was deleted in WT-aA and the
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Table 1: Oligonucleotide Primers®

deletion mutant constructs

primers (5'—3")

WT-aA forward
reverse
aA-N101D forward
reverse
aA-N123D forward
reverse
aA-N101/123D forward
reverse
aA-NT forward
reverse
aA-N10ID-NT forward
reverse
aA-N123D-NT forward
reverse
aA-N101/123D-NT forward
reverse
aA-CT forward
reverse
aA-N101D-CT forward
reverse
aA-N123D-CT forward
reverse
aA-N101/123D-CT forward

reverse

CACCATGGACGTGACCATCCAGCACCCCTG
TAGGACGAGGGAGCCGAGGTGGGC
CACCATGGACGTGACCATCCAGCACCCCTG
TAGGACGAGGGAGCCGAGGTGGGC
CACCATGGACGTGACCATCCAGCACCCCTG
TAGGACGAGGGAGCCGAGGTGGGC
CACCATGGACGTGACCATCCAGCACCCCTG
TAGGACGAGGGAGCCGAGGTGGGC
CACCGTTCGATCCGACCGGGACAAGTTCG
TTAGGACGAGGGAGCCGAGGTGGGC
CACCGTTCGATCCGACCGGGACAAGTTCG
TTAGGACGAGGGAGCCGAGGTGGGC
CACCGTTCGATCCGACCGGGACAAGTTCG
TTAGGACGAGGGAGCCGAGGTGGGC
CACCGTTCGATCCGACCGGGACAAGTTCG
TTAGGACGAGGGAGCCGAGGTGGGC
CACCATGGACGTGACCATCCAGCACCCCTG
TTAGGTCAGCATGCCATCGGCAGACAGGG
CACCATGGACGTGACCATCCAGCACCCCTG
TTAGGTCAGCATGCCATCGGCAGACAGGG
CACCATGGACGTGACCATCCAGCACCCCTG
TTAGGTCAGCATGCCATCGGCAGACAGGG
CACCATGGACGTGACCATCCAGCACCCCTG
TTAGGTCAGCATGCCATCGGCAGACAGGG

“These primers were used for subcloning WT-aA and deamidated olA-species, and generating the truncated oA mutant proteins using PCR-based
mutagenesis. NT denotes the N-terminally truncated and CT denotes the C-terminally truncated mutant proteins.

deamidated mutants to generate N-terminal domain- or
C-terminal extension-deleted mutants using PCR-based mu-
tagenesis. Thus, the following eight mutants were generated:
(1) aA-NT (NT, N-terminally [residues 1—63] truncated),
(i) aA-N101D-NT, (iii) o A-N123D-NT, (iv) otA-N101/
123D-NT, (v) aA-CT (CT, C-terminally [residues 140—173]
truncated), (vi) aA-N101D-CT, (vii) aA-N123D-CT, and
(viii)) aA-N101/123D-CT. Briefly, 25 ng of template was
used, and the PCR conditions were as follows: predenaturing
at 95 °C for 30 s, followed by 30 cycles of denaturing at 95
°C for 30 s, annealing at 60—64 °C (depending on the
melting temperature [7T,,] of the primers) for 30 s, and
extensions at 72 °C for 1 min followed by a final extension
at 72 °C for 10 min. The PCR products were ligated into
the pET100 Directional TOPO vector (Invitrogen) using the
manufacturer’s instructions, and the positive clones were
identified by restriction analysis using Apal, Sacl, and Sphl.
The orientation of the DNA sequences was confirmed by
their sequencing at the Core Facility of the University of
Alabama at Birmingham.

Expression and Purification of Wild-Type and Mutant
Proteins. E. coli BL21(DE3) was transformed with mutant
amplicons using a standard E. coli transformation procedure
as described previously (22, 23). The proteins were over-
expressed by addition of isopropyl [-D-1-thiogalactopyra-
noside (IPTG, final concentration of 1 mM), and the cultures
were incubated further at 37 °C for 4 h. The cells were
harvested and resuspended in lysis buffer [SO mM Tris-HCl
(pH 8.0) containing lysozyme (0.25 mg/mL) and protease
inhibitor cocktail (Sigma)] and lysed by sonication at 5 °C.
DNA was degraded using DNase I (10 ug/mL) and incuba-
tion on ice for 30 min. The soluble fraction was separated
by centrifugation at 8000g for 15 min at 5 °C, and the pellet
was resuspended in a detergent buffer [0.02 M Tris-HCI,
pH 7.5, containing 1% (w/v) sodium deoxycholate, 0.2 M
NaCl, and 1% NP-40]. The detergent-soluble fraction was
separated by centrifugation at 5000g for 10 min at 5 °C; the

pellet was washed with 0.5% Triton X-100 (10 ug of DNase
I was added if the pellet was viscous). The washing of the
pellet was repeated as necessary to remove bacterial debris
from the inclusion bodies. The pellet was resuspended in
denaturation buffer [DB buffer: 0.02 M sodium phosphate,
pH 7.8, containing 8 M urea and 0.5 M NaCl].

Depending on the expression of the desired mutant proteins
either in soluble fraction or in the inclusion bodies, they were
purified under either native or denaturing conditions. In case
the desired protein was expressed as partly soluble form (i.e.,
present in both soluble fraction and inclusion bodies), the
soluble protein fraction was selectively used for its purifica-
tion. All purification steps, including refolding of proteins,
were carried out at 5 °C unless indicated otherwise. Each of
the mutant proteins contained six His tags and was purified
by an affinity chromatographic method using Pro-bond Ni**
chelating column as described by the manufacturer (Invit-
rogen). Briefly, during purification under native conditions,
a column was equilibrated with native buffer (NB buffer:
20 mM sodium phosphate [pH 7.8] containing 0.5 M NaCl),
the protein preparation was applied to the column and then
washed with NB containing 10 mM imidazole, and finally,
the matrix-bound protein was eluted with NB containing 250
mM imidazole (pH 7.8). During purification of a mutant
protein under denaturing conditions, the column was equili-
brated with DB buffer. Following protein application, the
unbound proteins were eluted, first with DB buffer, which
was followed by a second wash with DB buffer at pH 6.0
(pH adjusted with HCI) and a third wash with DB buffer at
pH 5.3 (pH adjusted with HCI). The bound proteins were
eluted with DB buffer (pH 7.8) containing 250 mM imida-
zole. SDS—PAGE analysis (40) was used to identify the
fractions that contained the desired proteins during purifica-
tion. The proteins purified under native conditions were
pooled, dialyzed against 0.05 M phosphate buffer (pH 7.5)
at 5 °C, and stored at —20 °C until used. The proteins purified
under denaturing conditions were folded as described below.
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Refolding of Mutant Proteins Purified under Denaturating
Conditions. The purified mutant proteins purified under
denaturating conditions were refolded in a urea-free buffer.
Briefly, a desired protein was refolded by adding it dropwise
to an excess of cold buffer (25 mM Tris-HCI, 1 mM DTT,
pH 7.5) at 1:100 dilution (denatured protein:buffer). Circular
dichroism spectrum was recorded to determine whether a
refolded WT-0tA had a similar secondary structure to that
of its native form.

Determination of Structural and Functional Properties of
WT-0A-Crystallin and Mutant Proteins. (1) Fluorescence
Studies. All fluorescence spectra were recorded in corrected
spectrum mode using a Shimadzu RF-5301PC spectrofluo-
rometer with excitation and emission band passes set at 5
and 3 nm, respectively. The intrinsic Trp fluorescence
intensities of the WT-0A, the three deamidated mutants, and
the deamidated plus C-terminal extension-deleted A mu-
tants (0.15 mg/mL of each), each dissolved in 10 mM sodium
phosphate buffer, pH 7.4, containing 100 mM NaCl, were
recorded with an excitation at 295 nm and emission between
300 and 400 nm. Because human aA-crystallin contains a
single Trp at position 9 that was lost during deletion of the
N-terminal domain (residues 1—63), the total fluorescence
intensities of the N-terminally deleted mutants and their
controls were recorded with an excitation at 285 nm and
emission between 300 and 400 nm.

(2) ANS-Binding Studies. The binding of a hydrophobic
probe, ANS, to WT-0A and mutant proteins was determined
by recording fluorescence spectra after excitation at 390 nm
and emission between 400 and 600 nm. In these experiments,
15 uL of 0.8 mM ANS (dissolved in methanol) was added
to a protein preparation (0.15 mg/mL, dissolved in 10 mM
phosphate buffer, pH 7.4). The samples were incubated at
37 °C for 15 min prior to the fluorescence measurements.

(3) Circular Dichroism (CD) Studies. To investigate the
secondary structural changes in the WT-aA and mutant
proteins, their far-UV CD spectra were determined at room
temperature using a AVIS spectropolarimeter (Model 62DS,
Lakewood, NJ). The otA-crystallin preparations at 0.2—0.3
mg/mL (dissolved in 50 mM Tris-HCI, pH 7.9) were used
for recording the far-UV CD spectra. The path length was
0.1 cm during the far-UV CD spectra determination. The
spectra reported are the average of five scans, corrected for
buffer blank and smoothed. Secondary structures were
estimated using the SELCON program (41).

(4) Oligomer Size Determination by Static Light Scattering.

A multiangle laser light scattering instrument (Wyatt
Technology, Santa Barbara, CA), coupled to HPLC, was used
to determine the absolute molar mass of WT-aA and its
mutant proteins. Briefly, protein samples in 50 mM sodium
phosphate, pH 7.4, were filtered thorough a 0.22 um filter
prior to their analysis. Results used 18 different angles, and
the angles were normalized with the 90° detector.

(5) Chaperone Activity Assay. The chaperone activity was
determined by using insulin as the target protein essentially
by the methods previously described (22, 23). The aggrega-
tion of insulin by 20 mM DTT at 25 °C in either the absence
or presence of different aA-crystallin species homoaggre-
gates (i.e., WT-0A, aA-N101D, aA-N123D, oA-N101/
123D, aA-NT, aA-N101D-NT, ocA-N123D-NT, cA-N101/
123D-NT, aA-CT, aA-N101D-CT, tA-N123D-CT, and 0LA-
N101/123D-CT mutants) at varying concentrations was
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determined. The aggregation was monitored as turbidity at
360 nm up to 180 min using a Shimadzu UV —vis scanning
spectrophotometer (model UV2101 PC), equipped with a six-
cell positioner (Shimadzu model CPS-260) and a temperature
controller (Shimadzu model CPS 260). The chaperone
activity of heteromers (atA- and oB-crystallins at 3:1 ratio)
was also determined as previously described (22). For this
experiment, the purified WT-alA or the mutant proteins were
mixed with purified WT-0B in a 3:1 ratio (aA:0B), followed
by denaturation in 4 M guanidine hydrochloride (GdnHCI)
and renaturation as described by Bera et al. (42). Using this
method, the heteromer formation between the following
species at a ratio of 3:1 (0tA:aB) was examined: (a) WT-
oA:WT-aB; (b) aA-N101D:WT-0B; (c) aA-N123D:WT-
oB; (d) 0 A-N101/123D:WT-0B; (e) aA-NT:WT-aB; (f)
0A-CT:WT-aB; (g) aA-N101D-NT:WT-aB; (h) o A-N101D-
CT:WT-aB; (i) aA-N123D-NT:WT-aB; (j) aA-N123D-CT:
WT-aB; (k) aA-N101/123D-NT:WT-aB, and (1) aA-N101/
123D-CT:WT-0B. Briefly, the individual heteromer preparations
were mixed to 4 M GdnHCI (final concentration) and
incubated at room temperature for 6 h. This was followed
by dialysis against 50 mM phosphate buffer, pH 7.5, at 5
°C for 24 h with four changes of the buffer.

(6) Subunit Exchange Rates between Recombinant WT-
QA, Its Mutants, and WT-0B-Crystallin. The rates of subunit
exchange between aA-crystallin (WT and its mutants) and
WT-0B were measured using the fluorescence resonance
energy transfer (FRET) technique as described previously (9, 43).
WT-0A and its mutants were labeled with Alexa fluor 350
and acted as energy donors, whereas oB labeled with Alexa
fluor 488 acted as an energy acceptor. The fluorescent 0lA-
350 (wild type/mutants) and aB-488 mixture was prepared
in 3:1 ratio to mimic the in vivo situation, and subunit
exchange was monitored at 37 °C in buffer A (50 mM
sodium phosphate, pH 7.5, containing 100 mM sodium
chloride and 2 mM DTT) for 2 h. The time-dependent
decrease in donor fluorescence and concomitant increase in
the acceptor fluorescence were monitored upon exciting the
samples at the donor absorption maximum (346 nm). After
curve fitting of the raw data and nonlinear regression analysis
(using Sigma plot 8.0 software), we then calculated the
subunit exchange rate.

Purified WT-aA and its mutants were labeled with Alexa
fluor 350, and WT-aB was labeled with Alexa fluor 488
using a manufacturer-recommended procedure (Molecular
Probes). Briefly, a desired protein was mixed with Alexa
fluor dye in 50 mM sodium phosphate with 100 mM sodium
bicarbonate. The reaction was allowed to proceed in dark
for 2 h at room temperature, and it was stopped by adding
1.5 M hydroxylamine, pH 8.5, and incubation for 1 h at room
temperature. The excess of Alexa fluor dye was separated
from the labeled proteins by dialyzing against 50 mM
phosphate buffer at 5 °C for 48 h with two changes of the
buffer using Spectra/Por membrane (3500 Da molecular mass
cutoff).

RESULTS

Confirmation of Specific Deletions at Desired Sites in QA-
Crystallin Mutants. The three deamidated o.A mutants (i.e.,
oA-N101D, atA-N123D, and aA-N101/123D), generated
previously in our laboratory (22), were used as templates to
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FIGURE 1: Schematic diagram to show the regions and residue
numbers forming the N-terminal domain and C-terminal extension
and deamidation sites in the WT and 11 mutant proteins (identified
by their names on the right). In the three deamidated mutants, N101
or N123 or both were deamidated to D residue. Among the four
N-terminal domain-deleted mutants (missing residues 1—63), the
first was with no deamidation, and the second, third, and fourth
were with the deletion and deamidation at N101, N123, or both to
D, respectively. Among the four C-terminal extension-deleted
mutants (missing residues 140—173), the first was with no
deamidation, and the second, third, and fourth were with the deletion
and deamidation at N101, N123, or both to D, respectively.

generate eight either N-terminal domain-deleted or C-
terminal extension-deleted mutants (see Experimental Pro-
cedures). As shown in Figure 1, the single N-terminal (NT)
domain-deleted and the three deamidated plus N-terminal
domain-deleted mutants are referred to throughout the text
as 0A-NT, aA-N101D-NT, aA-N123D-NT, and aA-N101/
123D-NT mutants, respectively. Similarly, the single C-
terminal (CT) extension-deleted and the three deamidated
plus C-terminal extension-deleted mutants are referred to as
oA-CT, aA-N101D-CT, oA-N123D-CT, and oA-N101/
123D-CT mutants, respectively.

The DNA sequencing results confirmed desired deletions
of either N-terminal domain or C-terminal extension in the
WT-aA crystallin and in the three deamidated mutants. To
confirm the deletions in the expressed mutant proteins,
individual protein bands with desired molecular weights,
which showed higher expression on IPTG-treatment com-
pared to untreated preparations on a SDS gel, were analyzed
by MALDI-TOF mass spectrometry. Figure 2 shows MALDI-
TOF mass spectrometric profiles of tryptic fragments of the
following three representative proteins: (A) WT-0A, (B) olA-
NT mutant protein, and (C) aA-CT mutant protein. The
tryptic fragments of WT-aA with mass (Da) of 980.6
(residues 71—78), 1037.5 (residues 13—21), 1090.5 (residues
104—112), 1193.6 (residues 12—21), 1311.7 (residues
146—157), and 1627.7 (residues 100—112) are shown in
Figure 2A, which confirmed the full length of WT-0A
crystallin. Similarly, the dlA-NT mutant protein showed
(Figure 2B) tryptic fragments with mass of 981.2 (residues
71—78), 1091.1 (residues 104—112), 1312.4 (residues
146—157), and 1626.7 (residues 100—112). The mutant
protein showed an absence of the N-terminal tryptic fragment
with mass of 1037.5 (residues 13—21) and 1193.6 (residues
12—21), which suggested the deletion of the N-terminal
domain. Similar MALDI-TOF analysis of aA-CT mutant
protein (Figure 2C) showed tryptic fragments with mass of
980.7 (residues 71—78), 1037.6 (residues 13—21), 1091.6
(residues 104—112), 1193.7 (residues 12-21), and 1627.8
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FIGURE 2: Deletions in individual mutant proteins were confirmed
by MALDI-TOF mass spectrometry. (A) Typical profile of WT-
QA containing the tryptic fragments with masses (Da) 980.6
(residues 71—78), 1037.5 (residues 13—21), 1090.5 (residues
104—112), 1193.6 (residues 12—21), 1311.7 (residues 146—157),
and 1626.7 (residues 100—112). (B) Typical profile of otA-NT
mutant containing the tryptic fragments with masses 981.2 (residues
71—178), 1091.1 (residues 104—112), 1312.4 (residues 146—157),
and 1627.7 (residues 100—112), while missing 1037.5 (residues
13—21) and 1193.6 (residues 12—21). (C) Typical profile of atA-
CT mutant containing the tryptic fragments with masses 980.7
(residues 71—78), 1037.6 (residues 13—21), 1091.6 (residues
104—112), 1193.7 (residues 12-21), and 1627.8 (residues 100—112),
while missing 1311.7 (residues 146—157).

(residues 100—112). An absence of the C-terminal fragment
with mass of 1311.7 (residues 146—157) in the mutant
suggested the deletion of C-terminal extension. Similar
MALDI-TOF analyses confirmed specific deletions in the
remaining six A mutant proteins (results not shown).
Expression and Purification of Human WT-0A and Mutant
Proteins. On expression of WT-aA crystallin and the mutant
proteins in E. coli, the mutant proteins were recovered in
either the soluble or insoluble (inclusion bodies) fractions
or in both (Table 2). The deamidated plus N-terminal
domain-deleted mutants (A-NT, aA-N101D-NT, and olA-
N123D-NT) were recovered in the soluble fraction, but the
deamidated plus C-terminal extension-deleted mutants (0LA-
CT, cA-N101D-CT, aA-N123D-CT, and 0tA-N101/123D-
CT mutants) were present in the inclusion bodies, suggesting
a soluble nature of the former proteins but insoluble nature
of the latter proteins. However, the aA-N123D and aA-
N101/123D-NT mutant proteins were present in both the
soluble fraction and inclusion bodies, suggesting their partial
soluble nature. Each protein was purified using a Ni**-affinity
column under native or denaturing conditions as described
in Experimental Procedures. In some cases, two consecutive
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Table 2: Solubility of WT-0lA and Its Deamidated/Deamidated plus
N-Terminal Domain- or C-Terminal Extension-Deleted Mutant Proteins”

WT-aA and deamidated/
deamidated-deleted mutants

WT-0A

aA-N101D
aA-N123D
aA-N101/123D
aA-NT
aA-N101D-NT
aA-N123D-NT
aA-N101/123D-NT
aA-CT
aA-N101D-CT
aA-N123D-CT -
aA-N101/123D-CT -

“The + sign indicates the presence of the protein as observed on
SDS—PAGE after centrifugation.
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FIGURE 3: SDS—PAGE analysis of WT-alA, its deamidated mutants,
and their N- and C-terminally deleted mutant proteins. Lane 1, WT-
0A; lane 2, aA-N101D; lane 3, aA-N123D; lane 4, cA-N101/
123D; lane 5, o A-CT; lane 6, c A-N101D-CT; lane 7, 0 A-N123D-
CT; lane 8, aA-N101/123D-CT; lane 9, o A-NT; lane 10, otA-
N101D-NT; lane 11, o A-N123D-NT; lane 12, aA-N101/123D-
NT.

Ni>*-affinity chromatographic steps were needed to recover
a desired purified protein species.

The purified WToA-crystallin and its three deamidated
mutant proteins (containing residues 1—173) showed mo-
lecular masses of 25—30 kDa on SDS—PAGE analysis
(Figure 3, lanes 1 to 4), whereas species with either deletion
of the N-terminal domain (residues 1—63) or the C-terminal
extension (residues 140—173) showed lower molecular
masses of 17—20 kDa (Figure 3, lanes 5—12). As evident
from SDS—PAGE analysis (Figure 3), the WT-atA and its
mutant proteins were recovered in the highly purified forms,
and their higher than expected molecular masses were due
to additional six His residues.

Effects of Deletion of N-Terminal Domain or C-Terminal
Extension in Deamidated 0A-Crystallin Mutants on Their
Structural and Functional Properties. (1) Comparison of
Effects on Chaperone Activity of Deamidation or Deamida-
tion plus Deletions of N-Terminal Domain or C-Terminal
Extension. The chaperone activities of WT-0lA and its mutant
proteins were compared using insulin as a target protein at
four different ratios of crystallin to insulin (i.e., 0.25:1, 0.5:
1, 0.75:1, and 1:1 [w/w]). The aggregation of insulin alone
by DTT was taken as the 0% protection, and relative to this,
the percent protection by each of the homoaggregates (WT-
OLA or its mutant proteins) or heteroaggregates (WT-0LA or
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its mutant proteins plus WT-aB) was calculated. Although
only the percent protection of denaturation of insulin by DTT
in the presence of atA-crystallin species at 200 ug at the
crystallin-to-insulin ratios of 1:1 (w/w) are shown, at other
ratios of 0.25:1, 0.5:1, and 0.75:1, similar trends in percent
protection were observed. The homomers of WT-aA crys-
tallin exhibited about 90% protection of the DTT-induced
denaturation of insulin, which was referred to as the control
level, and the protections by other proteins relative to the
control were determined. The relative loss of chaperone
activity on deamidation of alA-crystallin was similar to those
we reported previously (22). While the aA-N123D mutant
showed complete loss of the chaperone activity (i.e., showed
no protection), only 30% protection by aA-N101D and about
70% by aA-N101/123D relative to the control were ob-
served. On the deletion of N-terminal domain, the aA-NT
protein exhibited only about 35% protection, but on deletion
of C-terminal extension, the aA-CT showed 100% protection
(i.e., at the level of the control [WT-aA crystallin]). Together,
the results suggested that a maximum loss in chaperone
activity of otA-crystallin occurred following deamidation of
N123, followed by deletion of the N-terminal domain
(residues 1—63), but none occurred on the deletion of
C-terminal extension (residues 140—173) (Table 3).

When the N-terminal domain was deleted in the deami-
dated aA species, they generally exhibited a lower chaperone
activity relative to WT-0lA control. However, these mutants
showed decreasing levels of activity in the following order:
aA-N101/123D-NT > aA-N123D-NT > aA-N101D-NT
(i.e., percent protection: 89% otA-N101/123D-NT, 87% o.A-
N123D-NT, and 60% oA-N101D-NT, Table 3). These
results also showed that the deamidated plus N-terminal
domain-deleted 0LA species showed higher activity than aA
species with only N-terminal deletion, suggesting a gain in
the chaperone activity. In contrast to the N-terminal domain
deletion, the C-terminal extension deletion in aA-crystallin
showed the same level of activity as the WT-aA-crystallin.
Surprisingly, the 0A-N123D mutant, which lost all of its
activity on deamidation, regained its activity on C-terminal
deletion to the level of WT-aA-crystallin. In summary, the
deamidated plus C-terminal deleted mutants showed decreas-
ing levels of activity in the following order: aA-N101D-CT
> aA-N101/123D-CT > aA-N123D-CT (i.e., percent protec-
tion: 76% oA-N101D-CT, 54% aA-N101/123D-CT, and
42% aA-N123D-NT, Table 3).

As stated above, the deamidation of N123 to D residue
alone in oA-crystallin resulted in a complete loss in
chaperone activity relative to WT-0lA but on the deletion of
N-terminal domain showed relatively lesser loss in activity
while after deletion of C-terminal extension showed a
complete regain in activity to the same levels as of WT-
otA-crystallin. The results suggested a critical role of the
N123 residue and N-terminal domain, compared to C-
terminal extension, in maintaining chaperone function of the
crystallin. Similarly, the ocA-N101D and aA-N101/123D
mutant proteins that showed loss of 70% and 30% activities,
respectively, regained activities to the control (WT-0tA) level
on deletion of either the N-terminal domain or C-terminal
extension. Together, the results suggested greater effects on
chaperone activity from deamidation than from N- or
C-terminal deletions.



Properties of Deamidated/Truncated Human aA-Crystallins

Table 3: Summary of Structural and Functional Properties of WT-aA and Its Deamidated, Deamidated plus N-Terminal Domain-Deleted, and Deamidated plus C-Terminal Extension-Deleted Mutants

rate of
subunit exchange

CD spectra

chaperone activity (%)

ANS binding

fluorescence” (nm)

molecular

random

Amax intensity

broad
spectrum

(per min)

polydispersity

mass“(Da)
7.0 x 10°

[3-sheet [-turn coil

a-helix

heteromers®

homomers”

(%)

(nm)
502

511

Trp
345
345

0.0412
0.0479
0.0188
0.0754
0.0703
0.0878
0.0226
0.0258
0.0742
0.0814
0.0457
0.0345

1.05
1.27
1.04
1.01

19
18

15
4

45

81.92 +£6.90 31.11 21

30.81 £ 0.68

100

345
347

WT-aA

8.0 x 107
6.0 x 10°

73

5
33
31

26.83

23

aA-N101D

1.5 x 108
2.7 x 10°

18
15

9

11

40
43

13.60
33.79

28.97
93.58

042 £0.33
68.88 £ 2.54
33.58 £3.64
60.01 £ 1.98
84.10 + 7.95
86.67 £+ 4.70

120
429
404
117

490
490

343
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346
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aA-N123D
aA-NT

1.07
1.17
1.03
1.13
1.18
1.07
1.41
1.17

1.5 x 108
9.0 x 10°

“ Trp fluorescence was determined for those LA species that contained Trp-9. Broad spectrum was determined in oA species that lacked Trp-9 due to N-terminal domain deletion. > Homomers contained only the

QA species.  Heteromers contained WT-aA or its mutants and WT-aB. ¢ Molecular mass was determined by static light scattering method. ¢ NA: not applicable.

3.4 x 105
7.9 x 10*
2.1 x 107
1.2 x 108
4.0 x 107

9
17
18
18
18
17
14
34

3
15
14
14

8
13
10
12

65
53
52
47
64
48
32
48

23
15
16
21
10
2
44

6

90.97
78.09
59.16
13.24
10.55
14.65

99.9 £+ 2.99
46.70 £ 2.07
98.73 £2.49
85.72 £ 4.01

87
400
36
76

4
54

491
509
509
497
524
506
517
525

342
332
333
342
346
348
344
347

NA®
NA®
NA®
NA®
348
342
347
346

aA-N101/123D-NT

aA-CT
oA-N101/123D-CT

aA-N101D-NT
aA-N123D-NT
aA-N101D-CT
aA-N123D-CT
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The chaperone activities of heteromers composed of WT-
oA or its mutants plus WT-aB (at 3:1 ratio) were also
determined (Table 3). The heteromers were generated as
described in Experimental Procedures, and the level of
percent protection by heteromers containing WT-aA and
WT-aB (referred as the control level) was used to determine
relative protection by other heteromers. The level of protec-
tion by heteromers of either 0 A-N101D or clA-N123D plus
WT-0B was identical to the control level, whereas it was
relatively reduced to half (50%) by the heteromers of 0tA-
N101/123D plus WT-aB-crystallin. This reduced chaperone
activity was remarkable because the aA-N101/123D ho-
momers showed only about 30% reduction in activity relative
to WT-atA homomers. The results suggested that relative to
the control (i.e., heteromers of WT-0lA and WT-aB), only
the aA-N101/123D mutant showed loss of the activity on
heteromer formation with WT-oB-crystallin. As stated above,
the homomers of aA-N101D and aA-N123D mutants
exhibited 30% and 0% activity relative to homomers of WT-
A, respectively. This suggested that, unlike the aA-N101/
123D mutant, the 0 A-N101D or ctA-N123D mutants restored
the activity to the control level on oligomerization with WT-
aB. Additionally, the activity of heteromers of N-terminal
domain-deleted aA-crystallin plus WT-aB-crystallin was at
the control levels, but the activity of heteromers of the
C-terminal extension-deleted A and WT-oB was about two
times higher than the control level (Table 3). This was in
contrast to the activity of homomers of aA-NT and aA-CT,
which showed 60% reduction and no reduction in activity,
respectively. The activities of heteromers of ®A-N101D-NT
or aA-N123D-NT plus WT-aB were three times higher than
the control levels, which was in contrast to their same levels
of activity as the control during homomer formation. This
suggested that 0 A-N101D-NT or aA-N123D-NT became
better chaperones than the control on oligomerization with
WT-aB. The most intriguing result was that the heteromers
of aA-N101D-CT, aA-N123D-CT, or aA-N101/123D-CT
plus WT-aB-crystallin showed 50% reduced chaperone
activity compared to control levels. Additionally, the chap-
erone activities of these heteromers were substantially
reduced compared with their respective homomers of WT-
oA, A-N101D-CT, 0t A-N123D-CT, or aA-N101/123D-CT.
In summary, the results suggested that oligomerization of
the deamidated aA mutants (dA-N101D and aA-N123D but
not aA-N101/123D) with oB-crystallin restored the lost
activity. Additionally, while the N-terminal domain-deleted
deamidated 0LA became a better chaperone on oligomeriza-
tion with WT-aB, the C-terminal extension-deleted deami-
dated oA lost their activity on oligomerization with WT-
oB relative to control levels.

(2) Circular Dichroism Spectral Studies. To evaluate the
effects of deletion of the N-terminal domain or C-terminal
extension on secondary structural changes in WT-aA and
its deamidated mutant proteins, the far-UV CD spectra were
determined (Figure 4, Table 4). As shown in Table 4 and
Figure 4A, the WT-oA-crystallin exhibited 21% a-helix,
45% B-sheet, 15% f-turn, and 19% of random coil contents.
In contrast, the o A-N101D mutant showed 5% o-helix, 73%
[-sheet, 4% [3-turn, and 18% random coil contents, suggest-
ing that the deamidation of N101 augmented the fS-sheet
content (Figure 4B). The other two deamidated mutant
proteins (i.e., 0tA-N123D and «aA-N101/123D) showed
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FIGURE 4: Far-UV CD spectra of WT-atA and mutant proteins. The otA-crystallin preparations at 0.2—0.3 mg/mL (dissolved in 50 mM
Tris-HCI, pH 7.9) were used for recording the far-UV CD spectra with a path length of 0.1 cm. The spectra reported are the average of five

scans, corrected for buffer blank and smoothed.

Table 4: Secondary Structural Contents of WT-0A and Its Mutant
Proteins®

o-helix p-sheet p-turn random

(%) (%) (%) coil (%)
WT-aA 21 45 15 19
oA-N101D 5 73 4 18
oA-N123D 33 40 9 18
oA-N101/123D 31 43 11 15
oA-NT 23 65 3 9
oA-N101D-NT 15 53 15 17
aA-N123D-NT 16 52 14 18
aA-N101/123D-NT 21 47 14 18
oA-CT 10 64 8 18
aA-N101D-CT 22 48 13 17
oA-N123D-CT 44 32 10 14
0A-N101/123D-CT* 6 48 12 34

“ These percentages were determined from the far-UV CD spectra of
WT-aA and its mutant proteins (0.2—0.3 mg/mL). The asterisk (*)
indicates that selcon3 was used instead of selcon.

almost identical 5-sheet contents as the WT, but their o-helix
contents were increased (i.e., 31% and 33% in the two
mutants compared to 21% in WT, Figure 4A,B, Table 4).
The deletion of either the N-terminal domain or C-terminal
extension resulted in a substantial increase to about 65% in
p-sheet contents relative to the 45% of the WT protein, but
the o-helix contents in WT-aA and aA-NT were the same
(21% and 23%), but it was reduced to 10% in the o A-CT
mutant protein (Figure 4C,D). On deletion of the N-terminal
domain in the deamidated aA-crystallin species, the S-sheet
content increased 47% to 53% in the o A-N101D-NT, aA-
N123D-NT, and aA-N101/123D-NT proteins relative to 45%
of WT-aA. On deletion of the C-terminal extension in the
deamidated oA species, the -sheet contents increased to
48% in both the aA-N101D-CT and aA-N101/123D-CT
proteins, respectively, but it decreased to 32% in aA-N123D-
CT protein. However, relative to the WT protein, the
o-crystallin contents increased to 44% in olAN123D-CT,
remained the same in ®A-N101D-CT, and were substantially

reduced in 0lA-N101/123D-CT. Together, the results sug-
gested that N-terminal deletion in WT-0tA and in its three
deamidated mutant proteins led to greater secondary struc-
tural changes than did deletion of C-terminal extension in
these proteins.

(3) Determination of Intrinsic Trp Fluorescence Spectra
and Broad Spectra. Because 0tA-crystallin contains a single
Trp residue at position 9 in the N-terminal domain (residues
1—63), it was absent in the N-terminal domain-deleted
mutants. Therefore, the comparative Trp fluorescence spectra
of those species that contained Trp-9 (i.e., WT-0A, 0LA-
N101D, aA-N123D, aA-N101/123D, aA-CT, aA-N101D-
CT, aA-N123D-CT, and atA-N101/123D-CT) were deter-
mined, and the total spectra (between 300 and 400 nm) of
species with no Trp-9 (i.e., aA-NT, aA-N101D-NT, oA-
N123D-NT, and cA-N101/123D-NT) were recorded (Figure
5, Table 3). The aromatic rings of amino acids are the
primary reasons for the absorbance peak of proteins at 280
nm. Tyr and especially Trp absorb at 280 nm whereas Phe
absorbs at 260 nm but not at 280 nm. Further, the Ay
fluorescence of Trp is at 340 nm and that of Tyr at 208 nm.
However, the Anax for fluorescence of WT-ot was at 345 nm
and that 0 A-N123D-NT was at 325 nm. This could be due
to exposed Tyr residues in the mutant or alternatively due
to certain impurity in the preparations.

On excitation at 295 nm, WT-0A, aA-N101D, oA-
N123D, and oA-N101/123D showed identical emission
fluorescence with Ama at 345—346 nm (Figure 5A). On
deletion of C-terminal extension, 0A-N101D-CT, oA-
N123D-CT, and atA-N101/123D showed a shift of 3 nm red,
2 nm red, and none in Ay, respectively, suggesting that the
deletion resulted in an altered microenvironment around
Trp-9 in 0 A-N101D and aA-N123D but not in ocA-N101/
123D (Figure 5A, Table 3). The Ay in the total spectra of
the Trp-deficient and deamidated-N-terminal deleted species
(i.e., 0A-NT, aA-N101D-NT, oA-N123D-NT, and oA-
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FIGURE 5: Fluorescence studies of WT-aA and mutant proteins. (A) Total fluorescence intensities (Ex 285, Em 300—400) were measured
for the N-terminally truncated mutants and their controls because of the deletion of the only Trp at position 9 in the N-terminally truncated
mutants. (B) Intrinsic Trp fluorescence intensities (Ex 295, Em 300—400) of C-terminally truncated mutants and their controls. The dotted

line indicates the maximum wavelength peak observed in WT-olA.

N101/123D-NT) exhibited blue shift of 3 nm, 13 nm, 12
nm, and 3 nm, respectively (Figure 5B, Table 3). Together,
the results suggested that relative to the WT protein, the
structures of these mutant proteins were altered more
following the deletion of N- or C-terminal regions than
following deamidation of either N101 or N123 residues.
(4) Surface Hydrophobicity of WT-aA-Crystallin and Its
Mutant Proteins. Because past studies have suggested that
interactions between a chaperone molecule (a-crystallin) and
a target protein largely involve hydrophobic residues (10),
the surface hydrophobic patches in WT-olA-crystallin and
its mutant proteins were probed by using their binding to
ANS (Figure 6, Table 3). Because ANS is nonfluorescent in
an aqueous solution but becomes fluorescent when bound
to surfaces hydrophobic patches of a protein, it is a useful
probe to determine changes in surface hydrophobic patches.
On binding to ANS, WT-aA-crystallin showed a fluores-
cence intensity peak at 502 nm, but the aA-N101D mutant
showed a 9 nm red shift to 511 nm with quenching, and
both aA-N123D and atA-N101/123D mutants showed a 12

nm blue shift to 490 nm. The results suggested that compared
to WT-oA-crystallin, the deamidation of N101 residue
resulted in greater exposed surface hydrophobic patches, but
the deamidation of only residue N123 or both N101 and
N123 residues reduced the surface-exposed hydrophobic
patches. Deletion of the N-terminal domain in WT-0A
resulted in an 11 nm blue shift with increased fluorescence
intensity, but the deletion of C-terminal extension caused a
22 nm red shift with quenching (Table 3). This suggested
that, relative to WT-atA, the N-terminal domain-deleted aA
mutants had increased surface hydrophobic patches and were
relatively reduced in the C-terminal extension-deleted atA.
Further, the aA-N101D-NT and aA-N123D-NT mutants
showed Apnax of 509 nm (a 7 nm red shift), but aA-N101/
123D-NT showed Ama, of 497 (a 5 nm blue shift), suggesting
that the former mutants showed greater hydrophobic patches
than the latter on deletion of the N-terminal domain.
Compared t0 Amax 0f 502 nm in WT-alA, the deletion of
either the N-terminal domain or C-terminal extension resulted
in relatively relaxed structures, as represented by a 7 nm
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binding. (A) WT-0A and its deamidated or truncated mutants. (B) The deamidated plus N- or C-terminally truncated mutants of WT-aA.
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mutation.

red shift at Amax of 509 nm in aA-N123D-NT and by a 15
nm red shift with quenching at 517 nm in ccA-N123D-CT.
Therefore, deamidation at N123 led to a relatively compact
structure of the mutant, which was altered to a relaxed
structure on deletion of either the N-terminal domain or
C-terminal extension. Similarly, the An.x of 490 nm of the
0tA-N101/123D mutant suggested a more compact structure
relative to WT-aA. On N-terminal domain deletion, its Amax
was 497 with 7 nm red shift with quenching. On deletion of
C-terminal extension, it exhibited Ay, of 525 nm with a red
shift of 35 nm (Table 3). The data suggested that the deletion
of either the N-terminal domain or C-terminal extension in
the aA-N101/123D mutant resulted in a less compact
structure than that of the aA-N101/123D mutant. Together,
the results suggested that a deamidation-induced decrease
in available hydrophobic surface patches was in the following
order: aA-N101/123D > oA-NT > aA-N101/123D-NT >
0A-N123D > oA-N10ID-NT > WT-0A > oA-N123D-
NT > aA-N101D-CT > atA-N101/123D-CT > aA-N123D-
CT > oA-CT > 0A-N101D.

(5) Subunit-Exchange Rates between WT-o.B and WT-0A
or Its Mutant Proteins. The subunit-exchange rates of
heteromers containing WT-oB (labeled with Alexa fluor 488)
and WT-0A (or its deamidated and/or N-terminal domain
or C-terminal extension deleted mutants; labeled with Alexa
fluor 350) were determined using the FRET method as
described in Experimental Procedures. The subunit exchange
rate (k) between WT-0B and WT-aA was 0.0412 min~!,
and it was used as 100% (control level) for the comparison
of the exchange rates between WT-aB and oA mutant
proteins (Table 3). Relative to the control, the subunit
exchange rates of N-terminal domain-deleted or C-terminal
extension-deleted oA and WT-oB were almost doubled (i.e.,
170% and 180%, respectively). The subunit-exchange rates
of aA-N101D, aA-N101D-NT, and aA-N101D-CT with
WT-aB were 116%, 213%, and 197%, respectively, com-
pared to the control. These results suggested increased
subunit-exchange rates between 0lA with aB-crystallins on
deamidation at N101, or on deamidation at N101 plus
deletion of N-terminal domain or C-terminal extension.
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However, reduced subunit exchange rates were seen between
WT-aB and tA-N123D or o A-N123D-NT (i.e., 45%—54%
compared to the control) but the same rate as in the control
with the aA-N123D-CT mutant. The results suggested that
either deamidation of N123 or deamidation plus N-terminal
domain deletion had a major effect in reducing exchange
rate with WT-aB, but no such effect was seen on the deletion
of C-terminal extension in the deamidated aA. Interestingly,
the subunit-exchange rate of aA-N101/123D significantly
increased (183%), but the rates of subunit exchange of both
0A-N101/123D-NT and otA-N101/123D-CT decreased to
63% and 84%, respectively, relative to the control.

(6) Determination of Molecular Mass by Static Light
Scattering Method. The molecular masses of the homomers
WT-0A, three deamidated oA species, and deamidated
mutant proteins plus deletion of N-terminal domain or
C-terminal extension were determined by static light scat-
tering (Wyatt Technology). The molecular mass of proteins
was determined using static/classical light scattering. The
polydispersities and molecular masses of the proteins are
reported in Table 3. The molecular mass of each species is
shown in Table 3. Compared to the molecular mass of 7.0
x 10° Da of WT-0A protein, the three deamidated oA
mutant proteins (A-N101D, atA-N123D, and oA-N101/
123D) showed molecular masses of 8 x 107, 6 x 10°, and
1.5 x 10® Da, respectively. On deletion of the N-terminal
domain, the molecular mass of the A A-NT decreased to 2.7
x 10° Da relative to WT. On similar deletion of the
N-terminal domain in the three deamidated mutant proteins,
the molecular masses of the aA-N101D-NT and aA-N123D-
NT mutants were decreased to 3.4 x 10° and 7.9 x 10* Da,
respectively, but increased to 3.8 x 107 Da for aA-N101/
123D-NT mutant. The data suggested a crucial role of the
N-terminal domain in oligomerization of 0LA subunits in
homomers. In contrast, the deletion of the C-terminal
extension caused an increase of mass on the 0A-CT mutant
to 1.15 x 10® Da relative to WT. A similar deletion of the
C-terminal extension also increased mass in the three
deamidated oA species (i.e., aA-N101D-CT, atA-N123D-
CT, and clA-N101/123 Da showed mass of 4.0 x 107, 1.45
x 108, and 9.0 x 10° Da, respectively). Because the mass
of the deamidated plus C-terminal extension deleted proteins
were higher relative to identical species with deamidation
alone, the deletion in 0LA facilitated subunit assembly in its
homomers.

DISCUSSION

The major findings of the comparative studies of WT-aA
and its mutant proteins are as follows: (1) The homomers of
C-terminal extension (residues 140—173) deleted aA (0lA-
CT) became water insoluble (i.e., recovered in the inclusion
bodies), whereas the N-terminal domain (residues 1—63)
deleted aA species (LA-NT) remained water soluble. (2) In
spite of structural instability and insolubilization of olA-
crystallin upon deletion of the C-terminal extension, the
protein showed almost no loss in functional (chaperone)
property. However, the N-terminal domain-deleted oLA-
crystallin maintained the structural stability but showed
significant loss in chaperone activity. (3) Among the aA-
N101D, aA-N123D, and 0cA-N101/123D mutants, only the
0A-N123D mutant showed maximum (complete) loss of
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chaperone activity on deamidation, suggesting that the N123
residue is critical for the chaperone activity of the crystallin.
(4) Deletions of either the N-terminal domain or C-terminal
extension in the deamidated aA-crystallin mutants led to
recovery of chaperone activity, compared with activity in
oA only with deamidation. The data suggested that alterna-
tive folding/subunit exchange of the deamidated crystallin
on such deletions might be responsible for increase in
chaperone activity. (5) Except for the aA-N101D-NT and
0A-N101D-CT mutants, the chaperone activities of deami-
dated plus N-terminal domain- or C-terminal extension-
deleted oA mutants (i.e., 0 A-N123D-NT, aA-N101/123D-
NT, aA-N123D-CT, and aA-N101/123D-CT) were almost
the same as the activity of WT-aA. Together, the data
suggested that the deamidation alone showed a greater effect
on chaperone activity than did the deletion of the N-terminal
domain or C-terminal extension of otA-crystallin. (6) During
heteromer formation, the aA-N123D and o A-N123D-NT
mutants showed reduced subunit exchange rate with WT-
oB, but such exchange rate was unaffected (i.e., remained
at control levels [heteromers of WT-aA plus WT-aB]) on
deletion of C-terminal extension. In contrast, similar heter-
omers of OA-N10ID or aA-N101/123D with WT-aB
exhibited gain in chaperone activity compared to the control.
Together, the data suggested that subunit exchange rate might
be among the factors affecting the chaperone activity levels.

The functional (chaperone activity) properties of N-
terminal domain-deleted and C-terminal extension-deleted
mutants (i.e., A A-NT and aA-CT) were consistent with their
structural alterations as determined by various biophysical
methods. The CD spectral results showed that *A-NT and
oA-CT had increased f3-sheet contents of 65% and 64%,
respectively, compared to 45% of WT-oA. The a-helix
content in aA-NT was almost the same as WT-aA
(~21—23%), but it was reduced to half (10%) in o A-CT
protein. The results suggested that deletion of the N-terminal
domain or C-terminal extension led to structural perturbation
in 0lA-crystallin, but more so on the deletion of the latter.
This could explain the structural instability of o A-CT leading
to its insolubilization.

The intrinsic Trp fluorescence emission maximum in a
protein is an index of Trp side chain exposure on the surface
in a solvent, and generally the A,y is at around 350 nm.
Because aA contains only one Trp at position 9, which was
lost on the deletion of N-terminal domain (residues 1—63)
in the A A-NT mutant, the Trp fluorescence spectra of mutants
lacking the N-terminal domain were not determined. Instead,
the broad spectrum of these mutants was recorded. The 0LA-
CT mutant that contained Trp-9 showed a red shift (A of
348 compared to 345 in WT-0A), suggesting a relatively
relaxed structure. On determination of broad spectra between
300 and 400 nm following excitation at 290 nm, the Ay of
WT-0A, aA-NT, and aA-CT were 345, 342, and 346 nm,
respectively, suggesting a compact structure for aA-NT and
relaxed structure for aA-CT relative to WT protein. These
results were consistent with the CD spectral results and
explain the unstable structure of the ®A-CT mutant. These
trends were also reflected from their ANS-binding results,
which showed a four times greater intensity with 11 nm blue
shift (decreased accessible surface hydrophobic patches) in
oA-NT and three times lesser intensity with 22 nm red shift
(greater accessible surface hydrophobic patches) in 0 A-CT
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compared to the WT-atA-crystallin. The CD spectral results
were further supported by their molecular mass results (i.e.,
increased molecular mass [1.2 x 108Da] of o A-CT compared
to 0 A-NT [2.7 x 10° Da] and WT-0A [7.0 x 10° Da]). The
observed decrease in molecular mass of OA-NT was
consistent with a previous report showing that the N-terminal
of a-crystallin is responsible for dimeric interaction, whereas
the C-terminal regulates global quaternary structure and
variability (44). Furthermore, that study (44) showed that
although 0lA |- 63 showed the same chaperone activity as the
WT-0A, the subunit dynamics and the oligomerization were
severely diminished. The increase in molecular mass of the
0A-CT mutant on deletion of C-terminal 140—173 residues
in our study was in contrast to a previous report (45), which
showed a similar deletion resulted in reduction of molecular
mass from 607 to 148 kDa. This could be attributed to the
six His tags present in our recombinant QA-preparation.
Additionally, the subunit exchange rates of ®A-NT and o.A-
CT with WT-aB were two times greater than the rates
between WT-aA and WT-oB crystallins. Therefore, the
lesser exposure of hydrophobic patches and no loss of
chaperone activity in A-CT, but opposite results in 0LA-
NT, were not consistent with their altered chaperone func-
tions relative to WT-atA. This suggests that His tags might
change protein properties, and data with His tag proteins
needed careful interpretation.

Reports have suggested that, as in other sHSPs (46), the
N-terminal domain of aA-crystallin is important for chap-
erone activity, self-assembly in oligomers, and structural
stability. Our results also support these suggested properties
of N-terminal domain of otA-crystallin. That is, deletion of
the N-terminal domain resulted in altered structure with
properties such as increased hydrophobic patches, f3-sheet
contents, and subunit exchange rate with WT-oB but reduced
oligomer mass and chaperone activity. Residues 12—21 and
71—88 in the N-terminal domain of oA were identified as
substrate binding sites (47). Similarly, two bis-ANS binding
sites at residues 50—54 and 79—99 were also identified (48).
Deletion of 1—63 amino acid residues in bovine OA-
crystallin resulted in the formation of only a tetrameric
species (49), suggesting severely diminished oligomerization
property. This is consistent with the peptide scan results,
which showed that residues 42—57 and 60—71 of A play
a role in oligomerization and subunit interactions (/0).
Further, both the N-terminal domain and C-terminal exten-
sion were shown to be important in the self-interaction of
oA-crystallin (50).

Our results also showed that the deletion of the C-terminal
extension in 0lA-crystallin resulted in its structural instability
(as represented by its insolubilization, relaxed structure,
decreased hydrophobic patches, and f-sheet contents, and
increased oligomers mass) and increased chaperone activity.
The increased chaperone activity with reduced structural
stability of A mutant needed to be studied further. The
C-terminal extension of 0LA, because of the prevalence of
mostly charged amino acids, acts as both solubilizer of target
proteins (46) and as a structural stabilizer. On swapping of
the C-terminal extensions of aA and aB crystallins, it was
concluded that the unstructured C-terminal extension plays
a crucial role in structural stability in addition to its solubilzer
function (57). The C-terminal extension is also implicated
in chaperone function because a decrease in chaperone
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activity of aA-crystallin was observed on either a specific
deletion, introduction of hydrophobic amino acid residues,
or immobilization of C-terminal extension (52). Apparently,
the C-terminal extension of 0LA has a different function than
that of oB, because the chimeric B with C-terminal
extension of otA showed enhanced chaperone activity, but
the chimeric @A with C-terminal extension of oB almost
lost the chaperone activity (57). It has also been shown that
most mutations or truncations of the C-terminal extensions
of o-crystallin and other a-sHSPs like HSP27 lead to
pathology such as myofibrillar myopathy and cataract (37, 46).

One intriguing finding in this study was that the deami-
dation of N-123 resulted in complete loss of chaperone
activity, and the deamidation severely affected the chaperone
activity in the following order compared to the WT-0tA: 0LA-
N123D > 0A-N101D > aA-N123/101D. The results were
consistent with our previous report (22), which showed that
both 0tA-N101D and «A-N123D mutants lost activity
relative to WT-0.A. However, a relatively greater loss in the
activity of the 0lA-N123D mutant than the oA-N101D
mutant in the present study could be due to presence of
additional six His tags, which also affected the solubility of
the aA-N123D and aA-N101D mutant proteins. Because
WT-0A and all the other mutants that were studied in this
report were His tagged, we attempted to normalize the effects
of additional six His residues while comparing their structural
and functional properties. Although some of the properties
of 0 A-N101D and atA-N123D were different than WT-aA
in the present study, the overall effects were similar to our
previous report (22); i.e., structural and functional properties
due to deamidation of N101 and 123 to D in aA were
affected but at varying levels relative to WT-aA. Further-
more, several past studies that compared structural and
functional properties of mutant crystallins to WT utilized
His-tagged crystallins (53, 54).

As stated above, the deamidation alone showed a greater
effect on chaperone activity than did the deletion of the
N-terminal domain or C-terminal extension in the crystallin.
This could be because N101 and N123 exist in the conserved
oA-crystallin core region (residues 64—139), and their
deamidation produced additional negative charges leading
to altered protein conformation. This was consistent with the
structural changes observed during the CD spectral analyses.
Higher S-contents (f-sheet: 64—65%) on the deletion of
N-terminal domain or C-terminal extension of otA-crystallin
were seen, whereas the deamidation alone (without deletion)
resulted in lower f3-sheet contents (40%—43%) and relatively
higher o-helix contents (30%—31% compared to 15%—16%
of o A-NT and aA-CT). Whether the increased [-sheet
contents in the olA species resulted in greater structural
stability and whether increase in o-helix contents reduced
the stability could not be assessed in these studies. Present
literature suggests that the conserved a-crystallin core region
(residues 64—139) of otA-crystallin also plays a role in its
chaperone function and structural stability. A mutation in
the conserved Arg residue (R116C) resulted in human
congenital cataract (/3) and in lens opacity and posterior
suture defects in R116C transgenic mice (55), and reduced
heteroaggregation with aB (/3) and reduced chaperone
activity (56), which suggests that the core region might also
contribute to structural and functional properties of OA-
crystallin.
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The deamidated oA mutants (i.e., 0 A-N101D, aA-N123D,
and aA-N101/123D) and N-terminal domain or C-terminal
extension-deleted mutants (0A-NT and oA-CT) showed
relatively greater loss in chaperone activity than the deami-
dated plus N-terminal domain-deleted or deamidated plus
C-terminal extension-deleted oA mutants (i.e., °cA-N101D-
NT, cA-N123D-NT, aA-N101/123D-NT, aA-N101D-CT,
aA-N123D-CT, and clA-N101/123D-CT). Furthermore, ex-
cept for the aA-N101D-NT and aA-N101D-CT mutants, the
chaperone activities of deamidated plus N-terminal domain
or C-terminal extension-deleted oA mutants (i.e., 0LA-
N123D-NT, aA-N101/123D-NT, 0cA-N123D-CT, and oA-
N101/123D-CT) were almost at the same levels as the WT-
aA. The loss or gain in functional property (chaperone
activity) did not fully coincide with stability and structural
changes in A mutants compared to WT-alA-crystallin. The
deamidated plus N-terminal domain-deleted aA mutants (i.e.,
0A-N101D-NT, aA-N123D-NT, and otA-N101/123D-NT)
remained water soluble, whereas the C-terminal extension-
deleted species (i.e., 0A-N101D-CT, aA-N123D-CT, and
aA-N101/123D-CT) became water insoluble (recovered in
the inclusion bodies), which suggested that, in general, a
greater structural instability on deletion of the C-terminal
extension than on deletion of the N-terminal domain.
Together, the results suggested although the deamidation
showed a greater effect on chaperone activity than C-terminal
deletion, the C-terminal extension plays a greater role in the
structural stability of aA-crystallin than does the deamidation
at N101 and/or N123 residues. The ANS binding data further
supported the finding of increased chaperone activity and
reduced structural stability results of oA mutants. The
deamidated plus C-terminal extension-deleted 0tA species
(aA-N101D-CT, 0tA-N123D-CT, and aA-N101/123D-CT)
generally showed relative fluorescence quenching on ANS
binding, with a red shift compared to both WT-otA and
deamidated species (lLA-N101D, 0t A-N123D, and aA-N101/
123D). This suggested an increase in their exposed hydro-
phobic patches on deamidation and deletion.

The homoaggregates of oLA- or oB-crystallins exchange
subunits among themselves and with o-crystallin heteroag-
gregates (56), which leads to their dynamic structure and
polydisperse character (43). Because the chaperone activity
modulation is also dependent upon the subunit exchange
rates, their packing in oligomers of varying sizes, and
exposed surface hydrophobic patches (4, 25, 52), the subunit
exchange rates between WT-aA, or its mutants with WT-
aB, were determined. We maintained a 3:1 ratio (WT-aA
or its mutants:WT-aB) in these studies for two reasons: (1)
Although subunit exchange between aA- and oB-crystallin
could occur at varying ratios, the 3 to 1 ratio of A and 0B
was found to be the most thermostable and showed relatively
more compact structure than the homomers of either WT-
oA or WT-aB crystallins (48, 57). (2) A complex of WT-
oA and WT-aB showed greater thermal stability than either
protein alone; therefore, the complex is believed to have
greater potential to protect proteins under stress (48, 57).
The results in our study show that WT-aB, on oligomer-
ization with a A-NT mutant, exhibited levels of chaperone
activity almost identical to levels in the control (i.e., WT-
oA:WT-aB, 3:1), but a similar oligomerization with olA-
CT showed two times higher activity. As mentioned above,
oA-NT had greater structural stability than ocA-CT, but in
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the former, the deletion resulted in significant loss of
chaperone activity. Therefore, increased chaperone activity
in the heteromers of A A-NT and WT-oB might be due to
aB being a better chaperone than oA (73), to aB being more
flexible than aA-crystallin (63), and to the fact that increasing
the content of aB relative to otA in heteromers increased
chaperone activity (59).

Results presented herein also show that the chaperone
activity that was lost in the two deamidated QA species (i.e.,
aA-N101D, alA-N123D) was recovered to the control levels
(heteromers of deamidated oA and WT-aB). However, the
heteromers of the otA-N101/123D mutant and WT-oB
showed only 50% activity compared to the control level.
Similarly, compared with heteromers of WT-aA and WT-
oB crystallins, the heteromers containing deamidated aA
showed higher molecular mass, altered tertiary structure, and
reduced exposed hydrophobic surface and chaperone activity.
Between the two Asn residues of otA-crystallin, only the Asn-
123 and not the Asn-101 has been conserved in the
mammalian species (64). Because deamidation introduces a
negative charge, it is believed to cause alterations in protein
tertiary structure, affecting their structural and functional
properties. Although a frequent in vivo deamidation of Asn-
101 and not of the Asn-123 residue has been reported in
past studies (36, 65), our previous study (23) also showed
relatively greater altered properties in the mutant aA-N101D
than in the mutant 0A-N123D compared to WT-aA-
crystallin. Therefore, in the heteromers, the WT-aB-crystallin
might provide greater surface hydrophobic patches to
increase the chaperone activity of the deamidated mutant
proteins. However, apparently, a similar effect did not occur
in the heterooligomers of WT-aB and the aA-N101/123D
mutant.

The chaperone activity of homomers composed of dea-
midated plus C-terminal extension-deleted 0L A mutants (0LA-
N101D-CT, acA-N123D-CT, and aA-N101/123D-CT) was
at the same level as the WT-olA homomers. Further, the
chaperone activity of the aA-CT plus WT-aB heteromer
showed almost double the activity of the control, whereas
the deamidated plus C-terminal extension-deleted species,
on oligomerization with WT-oB-crystallin, lost about half
of their chaperone activity. The results suggested that deletion
of C-terminal extension was less deleterious than deamidation
for maintaining the chaperone function even in heteromers
of atA- and aB-crystallins.

In summary, the present study suggested that the deletion
of the N-terminal domain or C-terminal extension in the
deamidated otA-crystallin species resulted in major structural
changes. The deamidation of N101 and N123 in aA showed
greater effect on its chaperone activity than did deletion of
either the N-terminal domain or C-terminal extension. The
deletion of the C-terminal extension in WT-aA affected its
structural stability, protein solubility, and oligomerization.
The chaperone activity of N-terminal domain-deleted 0tA-
homomers was reduced to the level of ®A-N101D, but the
maximum decrease occurred in the aA-N123D mutant
compared to the WT-o.A homomer. This suggested that both
deletion of the N-terminal domain or mutation of N123 to
D in aA-crystallin had a more pronounced effect on the
chaperone activity than did deletion of the C-terminal
extension of either WT-atA or deamidated oLA mutants.
However, these effects could not be fully explained by the
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structural changes in the mutants. The present study empha-
sizes the importance of the above deletions vs deamidations
on structural and functional properties of human aA-
crystallin. Our future studies will be focused on whether these
posttranslational modifications lead to cataract development
in transgenic animals.
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