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Abstract

Protein aggregation is a hallmark of several neurodegenerative diseases and also of cataracts. The major
proteins in the lens of the eye are crystallins, which accumulate throughout life and are extensively modified.
Deamidation is the major modification in the lens during aging and cataracts. Among the crystallins, the
bA3-subunit has been found to have multiple sites of deamidation associated with the insoluble proteins in
vivo. Several sites were predicted to be exposed on the surface of bA3 and were investigated in this study.
Deamidation was mimicked by site-directed mutagenesis at Q42 and N54 on the N-terminal domain, N133
and N155 on the C-terminal domain, and N120 in the peptide connecting the domains. Deamidation altered
the tertiary structure without disrupting the secondary structure or the dimer formation of bA3. Deamidations
in the C-terminal domain and in the connecting peptide decreased stability to a greater extent than
deamidations in the N-terminal domain. Deamidation at N54 and N155 also disrupted the association with
the bB1-subunit. Sedimentation velocity experiments integrated with high-resolution analysis detected
soluble aggregates at 15%–20% in all deamidated proteins, but not in wild-type bA3. These aggregates had
elevated frictional ratios, suggesting that they were elongated. The detection of aggregates in vitro strongly
suggests that deamidation may contribute to protein aggregation in the lens. A potential mechanism may
include decreased stability and/or altered interactions with other b-subunits. Understanding the role of
deamidation in the long-lived crystallins has important implications in other aggregation diseases.
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Cataract is the most common cause of preventable blind-
ness in the world (Resnikoff et al. 2004). Age-related
cataract is a protein aggregation disease associated with

the insolubization of modified proteins in the lens
(Harrington et al. 2004). The lens contains a high con-
centration of proteins that are mostly structural proteins
called crystallins. To enable transparency, crystallins form
hetero-oligomers that assemble into ordered structures
(Delaye and Tardieu 1983). Modifications that disrupt this
order most likely contribute to aggregation and precipitation.

The proteins from older lenses contain many modifi-
cations including truncation, methylation, oxidation,
disulfide bond formation, glycation, racemization, and
deamidation (Groenen et al. 1993; Fujii et al. 1994;
Ahmed et al. 1997; Lampi et al. 1998; Takemoto and
Boyle 1998; Hanson et al. 2000; Wilmarth et al. 2006).
The large accumulation of post-translationally modified
crystallins occurs during normal aging because of the low

ps035410 Takata et al. ARTICLE RA

Reprint requests to: Kirsten J. Lampi, Department of Integrative
Biosciences, School of Dentistry, Oregon Health and Science Univer-
sity, 611 Southwest Campus Drive, Portland, OR 97239-3098, USA;
e-mail: lampik@ohsu.edu; fax: (503) 494-8554.

Abbreviations: BBSRC, Biotechnology and Biological Sciences
Research Council; DTT, dithiothreitol; EDTA, ehtylendiaminetetra-
acetic acid; FI, fluorescence intensity; GuHCl, guanidine hydrochlor-
ide; MW, molecular weight; MWCO, molecular weight cut off; PDB,
Protein Data Bank; SDS-PAGE, sodium dodecyl sulfate polyacryla-
mide gel electrophroresis; TCEP, tris(2-carboxyethyl)phosphine.

Article and publication are at http://www.proteinscience.org/cgi/doi/
10.1110/ps.035410.108.

Protein Science (2008), 17:1565–1575. Published by Cold Spring Harbor Laboratory Press. Copyright � 2008 The Protein Society 1565

JOBNAME: PROSCI 17#9 2008 PAGE: 1 OUTPUT: Wednesday August 6 18:02:04 2008

csh/PROSCI/164286/ps035410



turnover of proteins in the lens. Deamidation is the
most abundant modification in the lens accounting for
>60% of the total reported modifications, and was the
only modification increased in the insoluble proteins
(Wilmarth et al. 2006).

Nonenzymatic deamidation is initiated by formation of
an imide intermediate between the terminal amide and the
carboxyl group of Asn or Gln residues. Rapid hydrolysis
completes deamidation. The five-member succinimide
ring of Asn forms more readily than the six-member ring
of Gln (Robinson and Robinson 2004a). Because of the
much slower rate of deamidation of Gln, the Asn content
can dictate the overall levels of deamidation in a protein
(Robinson 1974). Deamidation can also occur enzymati-
cally. Enzymatic deamidation by transglutaminase leads
to deamidation of several Gln on the extensions of bA3
(Boros et al. 2008). There is no known enzyme for
deamidation of Asn.

Every deamidation site has a preprogrammed rate of
deamidation based on the neighboring amino acids. Rapid
hydrolysis completes deamidation, resulting in a negative
charge at asparaginyl and glutaminyl residues, which can
induce structural changes. The deamidation rates of all
asparagine and glutamine amides in a large number of
peptides have been determined (Robinson and Robinson
2004a) and fit well with the reported in vivo data. For
example, in vivo deamidation at N120 in the linker region
of bA3-crystallin was estimated at 70% (Tsur et al.
2005). This site has a very rapid in vitro rate of deamida-
tion on the order of days.

In vivo deamidation levels in the long-lived crystallins
from adult lenses are actually lower than would be pre-
dicted from the in vitro peptide data, indicating suppres-
sion by the higher ordered structure (Robinson and
Robinson 2001). The high protein concentrations and
tight packing in the lens appear to be molecular determi-
nants of deamidation. Environmental factors, such as
changes in pH, also influence deamidation (Robinson
and Robinson 2004b). Limited data is available regarding
in vivo rates of deamidation throughout life (Dasari et al.
2007; Hains and Truscott 2007), but when compared
with rates in peptides, would provide information re-
garding the contribution of higher ordered structure to
deamidation.

Deamidation introduces a negative charge at aspara-
ginyl and glutaminyl residues, which may induce struc-
tural changes. These structural changes may lead to
exposure of new residues, making additional sites suscep-
tible to deamidation, as has been shown for ribonuclease
A in vitro (Zabrouskov et al. 2006). However, since
deamidation can occur even under mild conditions in
vitro (Nonaka et al. 2008), the use of high pH and high
temperature may artifactually introduce deamidation. The
purpose of the experiments in this study was to determine

which physiological deamidation sites have the greatest
affect on structure and stability as a first step in determin-
ing the overall relevance of deamidation during aging and
cataracts.

Of the crystallins, the a-crystallins, which also have
properties of chaperones, are a major species in the insol-
uble proteins, along with several of the b- and g-
crystallins, including bA3, bB1, and gS (Hanson et al.
2000; David et al. 2005; Harrington et al. 2007). bA3 and
bA1, derived from an alternate start codon, comprise
;8% of the total crystallins in the young lens (Robinson
et al. 2006) and were found in significant amounts by
spectral counting in the insoluble proteins of aged and
cataractous lenses (David et al. 2005; Wilmarth et al. 2006).

bA3 is extensively deamidated during aging and
cataracts (Lampi et al. 1998; Zhang et al. 2003) and the
extent of deamidation increases in the insoluble proteins
(Wilmarth et al. 2006; Dasari et al. 2007). Deamidations
most associated with the insoluble proteins appear to be
preferentially located on the surface (Lapko et al. 2002;
Wilmarth et al. 2006). Therefore, deamidations on the
surface of bA3 were investigated in this study. Several of
these sites were also deamidated at homologous sites in
other b-subunits, making these sites potential ‘‘hot spots’’
for deamidation (Wilmarth et al. 2006). The sites to
investigate were further chosen because they were re-
ported to be extensively deamidated at 10%–35% in vivo.

Surface deamidations on bA3-crystallin investigated in
this study were predicted to be on the N-terminal domain
(Q42, N54) or the C-terminal domain (N133, N155). We
also investigated deamidation in the linker region (N120),
as we had previously reported deamidation in the bB1-
linker altered oligomerization (Harms et al. 2004). We
found deamidation on the surface of bA3 led to aggre-
gation and that specific sites were associated with
destabilization or altered oligomer associations. Our
results support the hypothesis that the accumulation of
extensively deamidated b-crystallins during one’s life
contributes to insolubilization of crystallins. These results
have implications in other aggregation diseases, where
deamidation may also play a role (Watanabe et al. 1999).

Results

The effect of surface deamidations on the structure
of human bA3-crystallin

Since the crystal structure for bA3 is not known,
homology modeling was performed to predict the effect
of specific deamidations on bA3 structure. bA3 was
modeled to the closed monomer of bB1 (Fig. 1A–C) or
to the open monomer of bB2 (Fig. 1D–F) (Bax et al.
1990; Sergeev et al. 2000; Van Montfort et al. 2003). In
both models, Q42, N120, and N133 were visible and
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exposed. Asn54 was partially buried in the closed model
(visible in Fig. 1A,B) and exposed in the open model
(visible in Fig. 1D–F). Asn155 was partially buried in the
open model (visible in Fig. 1D,E) and buried in the closed
model (not visible in Fig. 1A–C).

Wild-type (WT) bA3 and the five mutants in Figure 1
were expressed in the soluble proteins of Escherichia
coli. After purification, only a single protein band was
observed on SDS-PAGE, indicating high purity (data not
shown). Site-directed mutagenesis was confirmed by
digestion with trypsin or with glu-C for N155D, followed
by mass spectrometry. Only peptide fragments belonging
to bA3 were detected in significant amounts by mass
spectrometry, further indicating high purity of the proteins.

To examine the effect of deamidation on bA3 structure,
mutants were analyzed by far- or near-UV circular
dichroism (CD). WT bA3 and bA3 deamidated mutants
showed typical b-strand-rich structures, characteristic of
b-crystallins, with strong maxima at 195 nm and minima
at 215 nm in the far-UV range (Fig. 2A). All proteins
folded with the expected secondary conformation in vitro,
and deamidation did not alter secondary structure. The
predicted b-sheet content of 43%–49% and helical con-
tent of 5%–8% was similar to previously reported
structures (Takata et al. 2007; Table 1). In contrast, the
near-UV CD spectra of the five mutants differed from
WT, particularly in the heights of the spectral bands
between 290 and 260 nm, indicating differences in
tertiary structure (Fig. 2B).

To investigate the dimerization, homogeneity, and the
overall shape of bA3, size-exclusion chromatography in
line with multiangle light scattering (SEC-MALS) and
analytical ultracentrifugation (AUC) analyses were per-
formed. The weight-average molar masses derived from
light-scattering experiments were ;51 6 3 kDa for all
proteins, at all concentrations between 1.0 and 10 mg/mL
(Table 1). This closely matches the size of a dimer at
50,300 Da without the N-terminal acetylation (Lampi
et al. 1997). Each protein eluted in a single symmetrical
peak with a 5 kDa difference in molar masses across the
peak, indicating little polydispersity of the samples.

Sedimentation analysis showed coefficients between
3.6 and 4.0 (Fig. 3). The van Holde-Weischet integral
distributions indicated a homogeneous composition of
WT bA3 sedimenting at 4 s, while all mutants sedimented
slightly slower at around 3.9 s and showed the presence of
about 15%–20% aggregation.

Two-dimensional spectrum analysis and genetic algo-
rithm analysis of the distribution of sedimentation coef-
ficients (Brookes and Demeler 2006, 2007; Brookes et al.
2006) revealed a major sedimenting species with Mw in
excellent agreement with the bA3 dimer Mw, and fric-
tional ratios, f/fo, between 1.4 and 1.5 for the dimer
species for all proteins (Fig. 4). In addition, we detected

Figure 1. Three-dimensional models of bA3-crystallin. Closed monomer

structure (A–C), based on bB1-crystallin (PDB:1OKI). Open monomer

structure (D–F), based on bB2-crystallin (PDB: 1BLB). Top view of

models (top panels), right side (middle), and left side (bottom). Positions of

deamidation sites denoted in black.

Figure 2. Far-UV CD (A) and near-UV CD spectra (B) of WT, Q42E, N54D, N120D, N133D, and N155D bA3-crystallins.

Aggregation of deamidated bA3-crystallin
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that deamidation led to several minor species with
significantly elevated frictional ratios, suggesting aggre-
gation. The aggregates were dispersed in size, ranging
from 200 to 700 kDa and had frictional coefficient ratios,
suggesting a slightly nonglobular shape, consistent with
an elongated protein.

The effect of deamidations on the stability of human
bA3-crystallin in urea

The relative stabilities of the deamidated mutants were
compared with WT bA3 during unfolding in urea. Protein
unfolding and refolding were detected by measuring fluo-
rescence emission dominated by nine tryptophan residues
in bA3, of which only four are buried (Bateman et al.
2003). The emission spectra for the bA3 mutants were
indistinguishable from WT in the absence of urea (data not
shown), supporting the above CD results that deamidation
did not significantly alter the overall structure of bA3.

Unfolding of WT bA3 and all deamidated mutants in urea
showed high cooperativity, without an observable transition
in the unfolding curve that would indicate an intermediate
(Fig. 5), as was apparent for other b-crystallins (Koteiche
et al. 2007). Unfolding was reversible down to 2 M urea for
all proteins. Refolding proceeded along a similar path to that
observed during unfolding. At urea concentrations <2 M, a
slight increase in fluorescence intensity was observed, due to
light-scattering aggregates, indicating incomplete refolding.

Without a visible intermediate in the unfolding curves,
the data were fit assuming two states, native and dena-
tured. The midpoints of transition curves, Cm, were used
to rank stability. The Cm for WT bA3 was observed at 4.3
M urea (Table 2). Deamidation at N120, N133, and N155
shifted unfolding to the left, and at Q42, shifted unfolding
to the left only in the second part of the curve. This
implied deamidation at Q42 had a greater destabilization
effect on the intermediate to the unfolded protein, than on
the native to the intermediate. Deamidation at N54 did
not alter stability in urea.

Apparent free energies were approximated for the
unfolding and refolding curves in Figure 5 (Table 2).

The relative apparent DGD
0’s and the unfolding curves of

all deamidated mutants were lower than for WT bA3 and
N54D. Similar results were obtained at either excitation
at 283 or 293 nm. Relative stabilities from both the
concentration of the midpoint of the unfolding curve and
the apparent free energies were from most stable to least;
N54D $ WT > Q42E > N133D > N155D $ N120D.

For the mutant most destabilized by deamidation, N120D,
unfolding and refolding were also monitored by far-UV CD
and compared with WT. In Figure 6, spectra are shown for
proteins in 3.6 M urea and demonstrate the overlapping
spectra for unfolding/refolding of WT (Fig. 6A), but not for
N120D (Fig. 6B). At higher urea concentrations unfolding/
refolding spectra were similar for both proteins. The
refolding spectrum of N120D at 3.6 M urea (Fig. 6, open
squares) has a greater signal than the unfolding spectrum
(Fig. 6, closed squares). This difference between unfolding
and refolding of N120D suggests the presence of an
aggregate or a nonnative intermediate.

The effect of deamidations on the stability of human
bA3-crystallin during heating

WT bA3 and deamidated mutants of bA3 were heated to
55°C, and the change in turbidity measured at 405 nm

Table 1. Secondary structure prediction by the variable selection method, molar mass, and size of recombinant
bA3-crystallinsa

Protein

Percent of structure (%)
Mw RH f/f0

Helix Sheet Turn Unordered (kDa) (nm) (3 10�11 kg/s)

WT bA3 6 45 12 37 49 6 2 3.2 6 0.2 1.3 6 0.1

Q42E 5 47 10 38 50 6 1 3.1 6 0.3 1.3 6 0.2

N54D 5 45 12 38 49 6 1 3.1 6 0.3 1.3 6 0.2

N120D 6 43 11 39 51 6 1 3.2 6 0.1 1.3 6 0.1

N133D 5 49 8 37 50 6 1 3.1 6 0.3 1.3 6 0.2

N155D 8 44 10 39 49 6 1 3.0 6 0.3 1.3 6 0.2

a Lobley et al. (2002); Johnson (1999).

Figure 3. Enhanced van Holde-Weischet integral distribution plots of WT

bA3 (red circles), N54D (green squares), N133D (blue triangles), N120D

(maroon diamonds), N155D (magenta circles), and Q42E (cyan triangles).
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(Fig. 7; Takata et al. 2007). All deamidated bA3 mutants
showed greater turbidity, except for N54D. Deamidation
in the linker region and on the C-terminal domain
(N120D, N133D, and N155D) led to a rapid increase in
turbidity within 30 min, after which samples started to
precipitate.

The effects of deamidation on the interactions
of bA3-crystallin with bB1-crystallin

bA3- and bB1-crystallins form hetero-oligomers (Bateman
et al. 2003; Liu and Liang. 2007; Dolinska et al. 2008). The
bHigh fraction contains all of the b-subunits in approx-
imately equal amounts (Lampi et al. 1998). Therefore,
equal amounts of WT bB1 and bA3-subunits were mixed
at 37°C. Hetero-oligomers were resolved from homodimers
by SEC-MALS.

The molar masses of WT bA3 and the bA3 mutants at
0.5 mg/mL averaged 50 kDa, suggesting dimer formation
(Fig. 8A). The molar mass of bB1 at 0.5 mg/mL ranged
from 60.1 6 0.2 kDa to 27.3 6 0.1 kDa across the peak,
with 75% # 35 kDa (Fig. 8B), suggesting mixed mono-
mer dimers (Lampi et al. 2001). After 180 min incubation
of both proteins together, a single peak eluted with a
greater molar mass than for either bB1 or bA3 (Fig. 8C).
The molar masses across this peak ranged from 80 to 50
kDa at the tailing edge, suggesting a mixture of bB1:bA3
hetero-oligomers. This is in agreement with reports of a
tetramer-dimer equilibrium of bA3:truncated bB1 by
Bateman et al. (2003) at similar concentrations.

Deamidation at Q42, N120, or N133 did not alter the
molar masses of the hetero-oligomers formed with WT
bB1 (Fig. 8D,F,G). In contrast, deamidation at N54 or

N155 led to hetero-dimers with WT bB1 of 54–57 kDa
(Fig. 8E,H). The peaks were symmetrical with similar
molar masses across the peak, suggesting a single species
with Mw of dimers. The rates of hetero-oligomer for-
mation differed, with the hetero-oligomer of N120D or
N155D with WT bB1 being the major species within 30–
60 min compared with 90–180 min for all other bA3s.

The composition of the peaks was confirmed by
electrophoresis. The presence of both WT bB1 and WT
bA3 or a deamidated bA3-subunit in the early eluting
peak was confirmed by SDS-PAGE (data not shown).
Protein fractions under the peaks were subjected to Blue
Native PAGE and a single band confirmed formation of
hetero-oligomers (Fig. 9). However, the hetero-oligomers
resolved as broad bands, similar to WT bB1 alone,
suggesting a possible mixture of different size oligomers.
Mixtures of bB1 with bA3-subunits resolved at higher
molecular weights than the BSA dimer of 132 kDa. This
suggested a higher Mw than the BSA standard, and would
be in disagreement with the Mw obtained from MALS
above. This difference in Mw more likely reflects an
unusual migration of the b-crystallins compared to the
globular BSA during electrophoresis.

Discussion

Deamidation is directly associated
with crystallin aggregation

The major finding of this study was that deamidations
associated with insolubilization in vivo led to aggregation
in vitro. Our findings strongly suggest that deamidation

Figure 4. Genetic algorithm/Monte Carlo analysis of WT bA3 and mutants, WT bA3 (A), N155D (B), Q42E (C), N133D (D), N54D

(E), N120D (F).
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may directly contribute to insolubilization of bA3 in the
aged and cataractous lens.

Our use of high-resolution finite element models
integrated with supercomputing allowed for the accurate
detection of different sedimenting species and their fric-
tional ratios by sedimentation velocity. The aggregates
detected by these methods were not detected by classical
light-scattering methods. The wide range of molecular
weight species predicted from sedimentation velocity
would have eluted in multiple fractions during chroma-
tography and may have been below the concentration
detection of the MALS instrument. In the compact envi-
ronment of the lens, even a low level of aggregation may
disrupt the tight packing of crystallins and scatter light.

Aggregation detected in this study is especially sig-
nificant in light of the overwhelming amount of deami-
dation in the lens, and in particular, bA3, during normal
aging and cataract formation (Lampi et al. 1998; Wilmarth
et al. 2006). The accumulation of multiple deamidations
may further increase the level of soluble aggregates in vivo
and lead to insolubilization. For example, at least eight sites
of deamidation in bA3, of which five were investigated
here, were greater in the insoluble proteins than the soluble

proteins of aged and cataractous lenses (Wilmarth et al.
2006). Investigating the effect of deamidation at individual
sites is the first step in elucidating the role of deamidation
in the lens.

While our data suggests that site-specific deamidations
induce soluble aggregation, multiple modifications are
most likely needed for insolubilization. By altering pro-
tein structure, deamidation may expose buried residues
that are then susceptible to further deamidations, or other
modifications such as oxidation or proteolysis. In support
of this, deamidated bA3 fragments have been selectively
associated with the insoluble proteins from cataractous
lenses (Harrington et al. 2004).

Deamidation-induced aggregation may have sig-
nificance in other diseases as well. In Alzheimer’s,
deamidation was identified in t protein isolated from
paired helical filaments from Alzheimer’s diseased brain
tissue (Watanabe et al. 1999). Deamidation may also play
a role in tissue destruction during diabetes. Only 5% of
deamidated amylin peptides in vitro were enough to
mimic amyloid aggregate formation, similar to the amylin
aggregates in the pancreas of patients with Type 2
diabetes mellitus (Nilsson et al. 2002). These studies
suggest that low levels of deamidation may trigger
aggregation and be cytotoxic.

Deamidation decreased protein stability
and may decrease stability in vivo

A potential mechanism for deamidation-induced aggre-
gation may be destabilization. We and others have
previously reported that bA3 is prone to associate and
aggregate upon perturbation of its structure by urea,
heating, or low pH, even in the presence of DTT (Bateman
et al. 2003; Takata et al. 2007). Deamidations at the
interface between domains further decreased stability in
bA3 (Takata et al. 2007), as has also been reported for gD

Table 2. Equilibrium apparent unfolding free energy for WT,
Q42E, N54D, N120D, N133D, and N155D of bA3-crystallin

Protein CM
a DCM

b DGD
0 c DDGD

0 d

WT bA3 4.3 6 < 0.1 – 13 6 2.0 –

Q42E 4.2 6 < 0.1 �0.1 6 < 0.1 12 6 2.0 �1.0 6 2.0

N54D 4.5 6 < 0.1 0.2 6 < 0.1 13 6 1.0 0.0 6 1.0

N120D 4.0 6 < 0.1 �0.3 6 < 0.1 7.0 6 0.2 �6.0 6 2.2

N133D 4.1 6 < 0.1 �0.2 6 < 0.1 8.9 6 0.2 �3.1 6 2.2

N155D 4.0 6 < 0.1 �0.3 6 < 0.1 7.9 6 0.4 �5.1 6 2.4

a Midpoints of apparent equilibrium unfolding transitions for mutants from
extrapolation method.
b DCM ¼ CM (mutant) �CM(wild type) in units of M.
c Apparent Gibbs free energy, DGD

0 (kcal/mol), of unfolding based on urea
curves. RTlnKD values were calculated for KD ¼ fD/fN from the transition
region of the urea denaturation curves.
d DDGD

0 ¼ DGD
0

(mutant) � DGD
0

(wild type) in units of kcal/mol.

Figure 5. Unfolding and refolding of bA3-crystallins in urea, WT (A),

Q42E (B), N54D (C), N120D (D), N133D (E), and N155D (F).
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(Flaugh et al. 2006), with a greater effect observed with
multiple deamidations (Lampi et al. 2006; Takata et al.
2007). In this study, we showed that deamidation on the
surface, except for at N54, also decreased stability of
bA3.

It is not readily apparent why deamidation at N54 led
to aggregation but not to decreased stability. We have
previously reported that deamidation at N157 in bB1,
located on an outside surface loop, also increased stabil-
ity (Harms et al. 2004). Specific effects of deamidation
may involve different interactions with nearby residues or
solvent.

The effects of deamidation on stability are dependent
on the site of deamidation. Deamidations in the C-
terminal domain at N133 and N155 decreased bA3
stability more than deamidations in the N-terminal
domain at Q42 and N54, regardless of the degree of
exposure of the residue. For example, N54 and N155 are
both buried or partially buried (Fig. 1), but deamidation at
N54 increased stability, while deamidation at N155
decreased stability. Our results are consistent with reports
that the C-terminal domain is less stable than the N-
terminal domain (Gupta et al. 2006).

Surface deamidations shifted the unfolding of bA3 to
lower urea concentrations equally from native to
unfolded, except for deamidation at Q42 in the N-

terminal domain, which affected the latter part of the
curve. This indicated that the transition from an inter-
mediate to the unfolded state was destabilized, consistent
with the N-terminal domain unfolding after the less stable
C-terminal domain (Gupta et al. 2006). Because a distinct
transition in the unfolding curve was not apparent by
fluorescence, the data were not fit to a three-state tran-
sition, but instead, a two-state transition was approxi-
mated. The difference in apparent free energy between
the least stable mutants, N120D and N155D, and WT was
5–6 kcal/mol. This accounts for possible disruption of one
to two hydrogen bonds.

When CD was used to monitor the unfolding of deami-
dated bA3, differences between unfolding and refolding
were detected, suggesting a possible aggregate or nonnative
intermediate. The nature of this intermediate appears to
have an increased content of b-strand, as has previously
been observed for a deletion mutant of bA3 (Reddy et al.
2004). We did not observe a similar effect upon refolding of
WT. These results suggest that deamidation may increase
the tendency of bA3 to unfold and to aggregate.

Deamidation altered subunit–subunit interactions

Modified b-crystallins are prone to associate (Zhang et al.
2003). Therefore, a potential mechanism that was
explored in this study was deamidation on the surface
of bA3, altering interactions with other b-crystallin
subunits. Deamidation at N54 or N155 disrupted hetero-
oligomer formation, resulting in hetero-dimers only.
Because reducing agent was present during oligomer
formation, it is not expected that disulfide bonds would
have led to dimer formation. Complex hetero-oligomers
of b-crystallin subunits are isolated from lens tissue,
reflecting the complexity of these interactions in vivo
(Lampi et al. 1998). Deamidation at specific sites may
disrupt these in vivo interactions and is a potential
mechanism for contributing to aggregation.

Figure 6. Stability of WT bA3 and N120D in 3.6 M urea measured by

CD. Unfolding (j) and refolding (u) of (A) WT and (B) N120D.

Figure 7. Turbidity at 405 nm during heating at 55°C for WT, Q42E,

N54D, N120D, N133D, N155D bA3-crystallins.
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Conclusion

While other modifications occur during normal aging of
the lens, deamidation appears to be the most extensive
(Lampi et al. 1998; Wilmarth et al. 2006; Hains and
Truscott 2007). Yet, the role of deamidation in insolubi-
lization of lens crystallins and cataract formation has
remained speculative. The detection of deamidated bA3-
crystallin aggregates strongly suggests that deamidation
may initiate formation of light-scattering aggregates in
the lens. It is noteworthy that the formation of aggregates
was detected prior to precipitation induced by perturbing
in heat or urea and may be a precondition for cataracts.

The accumulation during one’s life of extensively
deamidated crystallins at the levels reported in vivo
may trigger crystallin aggregation, leading to precipita-
tion. A potential mechanism for aggregate formation
due to deamidation is a decreased stability and altered
interactions between b-subunits.

Understanding the role of deamidation in the crystal-
lins has important implications in other aggregation
diseases. The lens is, in many ways, a long-term incuba-

tor for studying the role of protein modifications on
protein aggregation. Future studies are needed to identify
the nature of the aggregate and to determine whether it is
possible to prevent this aggregate before precipitation.

Materials and Methods

Mutagenesis, expression, and purification
of recombinant proteins

Wild-type human bA3-crystallin (WT bA3) and bB1-crystallin
(WT bB1) were recombinantly expressed in E. coli as previously
described (Lampi et al. 2001; Takata et al. 2007). cDNA was
translated from RNA from lenses <1 yr of age obtained anony-
mously from human donors (Lions Eye Bank of Oregon) (Lampi
et al. 2001). In vivo deamidation sites in bA3 were mimicked by
replacing glutamine 42 with glutamic acid and asparagines 54,
120, 133, and 155 with aspartic acid by site-directed mutagenesis
using internal primers containing the desired mutation (Quik-
Change Mutagenesis kit, Stratagene). The mutation was intro-
duced into the WT bA3 sequence in the pCR-Blunt II-TOPO
vector and then subcloned into the pET-3a vector (Novagen).
Clones containing the correct insert were confirmed by sequenc-
ing (Nevada Genomics Center).

Recombinant bA3 and bB1 were purified by ion exchange
chromatography as reported previously (Lampi et al. 2001;
Takata et al. 2007). Purity of the proteins was checked by SDS-
PAGE. Proteins were digested with trypsin or glu-C followed
by mass spectrometry (LTQ, ThermoFinnigan), to confirm the
deamidation sites.

CD spectroscopy

CD measurements in the near- and far-UV ranges were per-
formed using a JASCO J-810 spectropolarimeter (JASCO).
Samples were exhaustively dialyzed with buffer (pH 6.8)
containing 5 mM NaH2PO4, 5 mM Na2HPO4, and 100 mM
NaF. Measurements were performed in a 1.0-cm cell for near-
UV and in a 0.1-cm cell for far-UV at 4°C as previously
described (Takata et al. 2007). Protein concentrations were

Figure 8. Size exclusion chromatograms of bB1–bA3 hetero-oligomers

after 180 min incubation at 37°C. WT bA3 (A), WT bB1 (B). Equal molar

amounts of bB1 mixed with bA3 WT (C), Q42E (D), N54D (E), N120D

(F), N133D (G), or N155D (H).

Figure 9. Blue Native PAGE of proteins from size exclusion chromatog-

raphy in Figure 8. Native albumin standard (left), WT bB1 (lane 1), WT

bA3 (lane 2), WT bA3:WT bB1 (lane 3), WT bB1:Q42E (lane 4), WT

bB1:N54D (lane 5), WT bB1:N120D (lane 6), WT bB1:N133D (lane 7),

and WT bB1:N155D (lane 8).
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0.10–0.15 mg/mL for far-UV CD and 0.2–0.3 mg/mL for near-
UV CD. Concentrations of all mutants were determined by
amino acid analysis (Molecular Structure Facility, UC Davis).
Spectra were processed using CDtool from Birkbeck College,
London (Lees et al. 2004). Percent secondary structure was
calculated using software available at the DICHROWEB web-
site located at http://www.cryst.bbk.ac.uk/cdweb/html/
home.html, which is part of the BBSRC Center for Protein
and Membrane Structure and Dynamics (Lobley et al. 2002;
Whitmore and Wallace 2004). A modification of the variable
selection method, CDSSTR, was used to analyze data from 270
to 175 nm (Johnson 1999). Experiments were performed twice.

Association of expressed proteins

Multiangle laser light scattering (MALS) (DAWN HELEOS,
Wyatt Technology) and Quasi-elastic laser light scattering
(QELS, Wyatt) in line with size-exclusion chromatography
(SEC) was performed to determine the association state of
bA3 mutants. Samples were concentrated to between 1.0 and
10 mg/mL as previously described (Takata et al. 2007). A 100-
mL sample was injected onto a Sepharose 12 10/300 GL column
(Amersham Biosciences) equilibrated in buffer (pH 6.8) con-
taining 29 mM Na2HPO4, 29 mM NaH2PO4, 100 mM KCl,
1 mM EDTA, and 1 mM DTT with a flow rate of 0.4 mL/min.

In order to estimate the globularity of the protein, sedimenta-
tion velocity experiments were performed. All samples were
exhaustively dialyzed into 5 mM NaH2PO4, 5 mM Na2HPO4

(pH 6.8), and 100 mM NaCl. The reducing agent, TCEP at 2
mM, was added to all samples. Sedimentation velocity experi-
ments were performed at a rotor speed of 60,000 rpm, 20°C, and
monitored by UV intensity measurements at 280 nm using a
Beckman Coulter Optima XL-I (Beckman Coulter). Sedimentation
data was analyzed with UltraScan 9.4 (http://www.ultrascan.
uthscsa.edu, developed by Dr. B. Demeler at The University of
Texas Health Science Center at San Antonio [UTHSCSA]). In
order to assess composition, model independent s-value distribu-
tions were determined using the enhanced van Holde-Weischet
method in the UltraScan software (Demeler and van Holde 2004).
Molecular weight and frictional ratios were determined with two-
dimensional spectrum analysis (Brookes et al. 2006) and the
genetic algorithm optimization method (Brookes and Demeler
2006, 2007). Hydrodynamic corrections for buffer conditions were
made according to data published by Laue et al. (1992) as
implemented in UltraScan. Data were fitted on the UTHSCSA
Bioinformatics Core Facility Linux cluster and on the Lonestar
cluster at the Texas Advanced Computing Center.

Differential stability of deamidated proteins

Stability of deamidated mutant proteins was measured by
fluorescence spectrometry during unfolding/refolding in urea.
A stock solution of 7.64 M urea in phosphate buffer was
prepared according to the methods of Pace (1986) and Takata
et al. (2007). The buffer (pH 7.0) contained 50 mM Na2HPO4,
50 mM NaH2PO4, 5 mM DTT, and 2 mM EDTA. Proteins at
1 mM were incubated in urea for 24 h at 22°C. For refolding
experiments, proteins were incubated in 7.5 M urea for 5 h, then
diluted to the desired urea concentrations and incubated for a
total of 24 h.

Fluorescence intensities were measured on a Photon Tech-
nology International QM-2000-7 spectrometer using the manu-
facture’s software, FeliX (Photon Technology International).

Emission spectra were recorded between 300 and 400 nm with
an excitation wavelength at 283 nm. Slit widths were set to 2
nm. Emission spectra were corrected for the buffer signal. The
extent of unfolded protein was calculated from the normalized
intensities (FI 360/320). Relative stabilities were determined in
this study by fitting the data to a two-state model and measuring
the denaturant concentration at the transition midpoint, CM, and
approximating the apparent free energy, apparent DGD (Lampi
et al. 2006).

Far-UV CD was also used to measure unfolding and refolding
of WT and N120D at 6 mM in increasing urea concentrations.
Experiments were performed as described above for CD, except
100 mM NaF was replaced with 100 mM NaCl. Samples
were prepared as described above for fluorescence intensity
measurements.

Heat stability

Heat-induced precipitation of bA3 was measured in a thermal-
jacketed cuvette with constant stirring (Cary 4 Bio UV-Visible
spectrophotometer, Varian). Heat incubation was performed in
the same buffer as the MALS experiments described above. All
samples were concentrated to 0.5 mg/mL, and the tendency of
the proteins to aggregate was monitored at 405 nm at 55°C for
180 min.

Interaction of bA3- and bB1-subunits

For hetero-oligomer detection, recombinant bB1 and bA3
mutants were premixed in equilibrating buffer at equal molar
amounts for a final concentration of 1.0 mg/mL. Mixtures were
incubated for 30, 60, 90, and 180 min at 37°C. The mixtures
were filtered and injected onto the MALS-QELS-SEC system.
The weight-averaged molar masses were calculated from the
refractive index with software provided by the manufacturer
(ASTRA V, Wyatt Technology) as previously described (Harms
et al. 2004). Eluted fractions were visualized by SDS-PAGE.

Electrophoresis

The same samples from the interaction analysis above were
mixed with Blue Native PAGE containing PFO-Na sample
buffer (20 mM Tris-HCl, 20 mM Tris-Base, 0.5 mM EDTA,
15% [v/v] glycerol, 0.05% PFO-Na, 0.5% Coommassie blue [G-
250] at pH 7.0). Blue Native PAGE and SDS-PAGE electro-
phoresis were performed as previously described with
some modifications using precast, 1.0-mm thick 8 3 8 cm,
polyacrylamide Nu-PAGE 10% Bis-Tris gels (Invitrogen)
(Ramjeesingh et al. 1999; Yang et al. 2002). Blue Native PAGE
was performed at 200 V at 4°C until the blue dye reached
the bottom of the gel. Nondenatured albumin was used as
a standard. Proteins were visualized by destaining in 20%
methanol.

Molecular modeling

bA3 has previously been modeled as ‘‘opened’’ and ‘‘closed’’
monomers predicted to exist at low concentrations (pdb: 1BLB)
(Sergeev et al. 2000). Homology modeling was used in the
present experiments to predict the position of the deamidation
sites in both conformations. The human bA3 sequence was
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modeled using either the bovine bB2 dimer structure (pdb:
1BLB) as an open dimer model or the human bB1-crystallin
(pdb: 1OKI) as a close dimer model. The models were made and
refined by the homology modeling server, 3D-jigsaw (Cancer
Research,UK). The models were represented as monomer
subunits in CPK model representation using DS ViewerPro
software (Fig. 1) (Accelrys Inc.).

Protein concentration

Concentrations were calculated from UV absorbance at 280 nm
with extinction coefficients for bA3 at 2.62 (mg/mL)�1cm�1

and for bB1 at 2.07 (mg/mL)�1cm�1. Amino acid analysis was
also performed (Molecular Structure Facility, UC Davis).
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