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ABSTRACT: The human lens contains three major protein
families: α-, β-, and γ-crystallin. Among the several variants of
γ-crystallin in the human lens, γD-crystallin is a major form.
γD-Crystallin is primarily present in the nuclear region of the
lens and contains a single lysine residue at the second position
(K2). In this study, we investigated the acetylation of K2 in
γD-crystallin in aging and cataractous human lenses. Our
results indicated that K2 is acetylated at an early age and that
the amount of K2-acetylated γD-crystallin increased with age.
Mass spectrometric analysis revealed that in addition to K2,
glycine 1 (G1) was acetylated in γD-crystallin from human
lenses and in γD-crystallin acetylated in vitro. The chaperone ability of α-crystallin for acetylated γD-crystallin was lower than that
for the nonacetylated protein. The tertiary structure and the microenvironment of the cysteine residues were significantly altered
by acetylation. The acetylated protein exhibited higher surface hydrophobicity, was unstable against thermal and chemical
denaturation, and exhibited a higher propensity to aggregate at 80 °C in comparison to the nonacetylated protein. Acetylation
enhanced the GdnHCl-induced unfolding and slowed the subsequent refolding of γD-crystallin. Theoretical analysis indicated
that the acetylation of K2 and G1 reduced the structural stability of the protein and brought the distal cysteine residues (C18 and
C78) into close proximity. Collectively, these results indicate that the acetylation of G1 and K2 residues in γD-crystallin likely
induced a molten globule-like structure, predisposing it to aggregation, which may account for the high content of aggregated
proteins in the nucleus of aged and cataractous human lenses.

The mature lens is an avascular, soft, and transparent organ
composed of a monolayer of epithelial cells that continually

grows throughout life. The epithelial cells near the equatorial
region undergo mitotic division, elongate, and then transform
into fiber cells. During this elongation, the fiber cells accumulate
high concentrations of crystallins (∼300−450 mg/mL).1 This
concentrated, protein-rich material not only provides mechanical
and structural stability to the eye lens but also contributes to its
refractive properties and transparency.2,3 Because protein
turnover in the lens is minimal, crystallins must remain soluble
and maintain their structure throughout the life span of an
individual. However, with age, these lens proteins undergo
several modifications, which result in the formation of insoluble
protein aggregates. This protein aggregation or insolubility
causes visible opacity and, thus, cataract formation during aging.
Three major crystallin protein families (α-, β-, and γ-crystallin)

constitute greater than 90% of the total proteins of the lens, and
α-crystallin constitutes ∼50% of the total lens protein mass.4 α-
Crystallin is a large oligomeric protein composed of two
subunits, αA- and αB-crystallin. In 1992, Horwitz first
demonstrated that α-crystallin exhibited molecular chaperone

activity.5 By virtue of this property, α-crystallin is thought to
prevent the aggregation of other lens proteins during aging and,
thus, maintains lens transparency. β- and γ-Crystallins are the
natural substrates of α-crystallin. These proteins function solely
as structural proteins whose packing and interactions are
optimized for the maintenance of eye lens transparency and
refractivity.
The human lens contains five different γ-crystallins encoded by

five different genes (γA, γB, γC, γD, and γS). γD-Crystallin is
highly expressed in human lenses, in addition to γC- and γS-
crystallins. Human γD-crystallin, which is a monomeric protein
with a molecular mass of ∼20 kDa, contains 173 amino acid
residues.6 This protein contains predominantly β-sheet structure,
and its three-dimensional structure was elucidated by X-ray
crystallography, revealing four Greek key motifs organized into
two homologous domains.7 Several posttranslational modifica-
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tions of human γD-crystallin have been reported in human
lenses, among which include the oxidation of tryptophan
(W156) and the deamidation of glutamine and asparagine
(Q12, N49, and N160).8−13 These modifications have been
found to accumulate in cataractous lenses to a greater extent than
in noncataractous, clear lenses.13 In contrast, S-methylation of
cysteine residues in human γD-crystallin was predominantly
found in young clear lenses, which suggests that inhibition of
disulfide bond formation due to this modification may play an
important role in the long term survival of γD-crystallin against
environmental stress.14

Acetylation is another important posttranslational modifica-
tion found in human lens crystallins. Lapko et al. reported that
the N-terminal glycine residue (the N-terminal methionine is
naturally cleaved in γD-crystallin; thus, glycine becomes the N-

terminal residue) of γD-crystallin is acetylated in vivo.14 This N-
terminal acetylation, which is a widespread phenomenon in
eukaryotic cells, is mediated by Nα-acetyltransferase.15 Acetyla-
tion of the ε-amino group of lysine is another modification.
Lysine (K) acetylation is mediated by a lysine acetyltransferase
(KAT), which transfers the acetyl group of acetyl-coenzyme A to
the ε-amino group of the lysine residue of a protein.16 The N-
acetylation of lysine residues in proteins can be reversed by lysine
deacetylase (KDAC).17 Recently, we have identified that K70
and K99 in αA-crystallin, as well as K92 and K166 in αB-
crystallin, are acetylated in the human lens.18−20 Although
human γD-crystallin contains only one lysine residue at position
2 (the numbering for the residues is based on the γD-crystallin
crystal structure, PDB code: 1HK0),7 this lysine acetylation has
not been previously reported. Additionally, the impact of

Figure 1.Detection of K2-acetylated γD-crystallin in the human lens. Western blot analysis of γD-crystallin andNε-acetyllysine-modified proteins in the
human lens. Water-soluble human lens proteins were subjected to Western blot analysis using a monoclonal antibody against γD-crystallin (A). The
membrane was stripped and reprobed using a monoclonal antibody against Nε-acetyllysine (B). Densitometry of Western blot B is shown in C. Water-
soluble human lens proteins were immunoprecipitated using a monoclonal antibody against γD-crystallin and were subjected to Western blot analysis
using an antibody against Nε-acetyllysine (D). The age of the donor lenses is shown below the lanes. M denotes the molecular weight markers. Arrows
indicate the positions of the light (LC) and heavy chains (HC) of the antibody. The (−) denotes nonacetylated recombinant γD-crystallin; the (+)
denotes in vitro acetylated recombinant γD-crystallin. SDS-PAGE of the purified γD-crystallin is shown in panel E. Lanes 1 and 2 are two preparations of
γD-crystallin, and lane 3 is in vitro acetylated γD-crystallin. Western blot analysis of acetylated γD-crystallin using an antibody against Nε-acetyllysine;
acetylation was carried out using various molar excess concentrations of Ac2O relative to lysine in γD-crystallin (F).
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acetylation on the structure and aggregation of human γD-
crystallin is unknown.
In this study, we have found that G1 and K2 are acetylated in

γD-crystallin from human lenses. We found that such acetylation
increases stress-induced aggregation of γD-crystallin and
decreases its chaperoning by α-crystallin. Our biochemical,
biophysical, and theoretical analyses provide the molecular basis
for enhanced aggregation of the acetylated γD-crystallin.

■ MATERIALS AND METHODS
Dithiothreitol (DTT); 4,4′-dianilino-1,1′-binaphthyl-5,5′-disul-
fonic acid, dipotassium salt (bis-ANS); guanidium hydrochloride
(GdnHCl); and ethylenediaminetetraacetic acid, disodium salt
dehydrate (EDTA) were obtained from Sigma Chemical Co. (St.
Louis, MO). 5,5′-Dithiobis(2-nitrobenzoic acid) (DTNB) was
obtained from Sisco Research Laboratories, India. αL-Crystallin
was purified from bovine eye lenses, as previously described.21 All
other chemicals were of analytical grade.
Detection of Nε-Acetyllysine in γD-Crystallin of the

Human Lens. The ages of the analyzed noncataractous lenses
are shown in Figure 1. The cataractous lenses were obtained from
65- to 75-year-old donors. Each lens was processed through
homogenization, centrifugation, and sonication to obtain the
water-soluble protein, as previously described.18 Water-soluble
proteins (20 μg from each lens) were analyzed on a 12%
denaturing gel, transferred to a nitrocellulose membrane, and
probed with a monoclonal antibody against human γD-crystallin
(1:2500 dilution, Santa Cruz Biotechnology, Dallas, TX) and an
HRP-conjugated goat antimouse IgG (1:5000 dilution, Promega,
Madison, WI). The immunoreactivity was identified using the
SuperSignal West Pico Chemiluminescent Substrate (Thermo
Scientific, Waltham, MA). The membrane was reprobed using a
monoclonal antibody against Nε-acetyllysine (1:2500 dilution,
Cell Signaling Technologies, Danvers, MA).
The water-soluble protein samples were also immunoprecipi-

tated using a monoclonal antibody against human γD-crystallin
by adding 5 μL of the antibody to 500 μg of protein from various
lenses followed by incubation with mixing for 4 h at 37 °C.
Twenty microliters of Protein A/G Agarose (Santa Cruz
Biotechnology) was then added to each sample and incubated
with mixing at 4 °C overnight. The samples were centrifuged at
1000g for 5 min at 4 °C. Pellets were washed on ice three times
with a cell lysis buffer (Cell Signaling Technologies) and
resuspended in 30 μL of 2× SDS sample buffer. The samples
were subsequently analyzed on a 12% denaturing gel and probed
for Nε-acetyllysine as previously described.
Cloning, Expression, and Purification of Human γD-

Crystallin. The human γD-crystallin in pET-3d plasmid was a
kind gift from Dr. Ajay Pande of the University at Albany. The
bacterial expression and purification of γD-crystallin were
performed using previously described methods22 with minor
modifications. Briefly, the amplified PCR product was recloned
into a pET-23d vector at the NcoI/BamHI restriction sites in
which the NdeI site had been replaced with an NcoI site. The
resultant DNA was transformed into BL21(DE3) pLysS cells to
overexpress the recombinant protein. When the culture reached
its target density of OD ≈ 0.8 (OD 600 nm), the recombinant
proteins were overexpressed in E. coli BL21(DE3) pLysS cells by
induction with 500 μM IPTG. The bacterial pellet obtained after
centrifugation at 5000g was suspended in 50 mM Tris, pH 8.0,
containing 50 mM NaCl, 2 mM EDTA, and 10 μL/mL of a
protease inhibitor cocktail (Sigma, Cat# P8849). Lysozyme was
added to the cell suspension at 0.3 mg/mL and incubated for 10

min at 37 °C followed by sonication on ice at 30% amplitude and
duty cycle = 40. To the resulting cell lysate, 1.0 μL of benzonase
nuclease (Sigma-Aldrich, Cat#E1014) was then added and
incubated at 37 °C in a shaker for 20 min, which was followed by
the addition of sodium deoxycholate at 1.0 mg/mL and another
incubation for 10min at 37 °C.DTTwas then added to the lysate
at a 5 mM concentration and incubated for 10 min at 37 °C. The
cell lysate was centrifuged at 20000g for 30 min at 4 °C. DNA in
the lysate was precipitated by adding 0.2% polyethylenimine
followed by centrifugation at 20000g for 15 min. Ammonium
sulfate was added to the lysate to reach 60% saturation; the
protein solution was then left at 4 °C overnight and centrifuged
at 20000g for 5 min. The resulting pellet was suspended in 50
mM sodium phosphate buffer, pH 7.4, containing 150 mMNaCl
and 5 mMDTT, and it was centrifuged at 20000g for 5 min. The
supernatant was passed through a 10 kDa MWCO filter. The
retenate from the filtration was dialyzed for 48 h against PBS with
0.2 mM EDTA before loading onto a Sephacryl S-200 HR
column. Elution was carried out using 50 mM sodium phosphate
buffer, pH 7.4, containing 5 mM DTT. Fractions of 3.0 mL were
collected, and their OD at 280 nm was recorded. SDS-PAGE of
the fractions was carried out to detect γD-crystallin; fractions
containing γD-crystallin were pooled and dialyzed for 24 h at 4
°C against PBS with 0.2 mM EDTA.

In vitro Acetylation of Recombinant Human γD-
Crystallin. Acetylation of human recombinant γD-crystallin
was performed as previously described with minor modifica-
tions.18 Acetic anhydride (Ac2O) was prepared in dioxane to a
final concentration of 50 mM and added to 500 μg of
recombinant γD-crystallin over a period of 1 h to obtain K2 at
Ac2O molar ratios of 1:0, 1:1, 1:2, 1:4, and 1:10, with the pH
controlled at 7.4 using diluted NH4OH as necessary. Samples
were dialyzed overnight against PBS. We dialyzed nonacetylated
and acetylated γD-crystallin against suitable buffers prior to each
biophysical and biochemical assay.

Identification of Acetylation Sites in Human γD-
Crystallin Using Mass Spectroscopy. Water-soluble γD-
crystallin (500 μg) isolated from a 73-year-old human lens was
immunoprecipitated using a γD-crystallin antibody (5 μL), as
previously described, and the resultant gel pellet was dissolved in
the sample buffer and subjected to SDS-PAGE analysis.
Recombinant γD-crystallin that had been acetylated as previously
described (with a 10 molar excess of Ac2O) was also subjected to
SDS-PAGE analysis. SDS-PAGE gel bands containing γD-
crystallin were cut into small pieces and destained with 50%
acetonitrile in 100 mM ammonium bicarbonate followed by
dehydration in 100% acetonitrile and then dried in a SpeedVac
centrifuge. Prior to overnight in-gel trypsin digestion, the protein
was chemically reduced using 20 mMDTT at room temperature
for 1 h and alkylated with 50 mM iodoacetamide in 50 mM
ammonium bicarbonate for 30 min in the dark. Proteolytic
peptides were extracted from gels using 50% acetonitrile in 5%
formic acid and then resuspended in 0.1% formic acid after being
completely dried under a vacuum. The analysis of the resultant
peptides was performed using an Orbitrap Elite hybrid mass
spectrometer (Thermo Scientific, San Jose, CA, USA) equipped
with a Waters nanoACQUITY UPLC system (Waters, Taunton,
MA, USA). Spectra were recorded using data-dependent
methods that involved an alternative full scan followed by 20
MS/MS scans. The data were analyzed using Mascot Daemon
(Matrix Science, Boston, MA) at a setting of 10 ppm for parent
ions and 0.8 Da for product ions. Carbamidomethylation of Cys
(C) residues were set as fixed modifications, and oxidation of
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Met and acetylation of N-terminal G1 and K2 residues were set
as variable modifications. Acetylation sites were further verified
by manual examination of each tandem mass spectrum.
Circular Dichroism (CD) Measurements. Far-UV CD

spectra were measured at 25 °C using a Chirascan-plus
spectrometer (Applied Photophysics, UK). Spectra were
collected from 195 to 260 nm using a cylindrical quartz cell
with a 1 mm path length. Proteins (0.2 mg/mL) were dissolved
in 10 mM phosphate buffer, 5 mM DTT, and 1 mM EDTA (pH
7.0). The reported spectra are the average of five scans. Spectra
were analyzed for secondary structure content using the
CONTILL curve-fitting program.23 The near-UV CD spectra
were measured at 25 °C using an identical spectropolarimeter.
The spectra were measured with a 1.0 mg/mL protein solution in
10 mM phosphate buffer, 5 mM DTT, and 1 mM EDTA (pH
7.0). The reported spectra are the average of five scans.
Intrinsic Tryptophan FluorescenceMeasurements.The

intrinsic tryptophan fluorescence spectra of the proteins (0.025
mg/mL) in 10 mM phosphate buffer, 5 mM DTT, and 1 mM
EDTA (pH 7.0) at 25 °C were recorded using a FluoroMax-4P
spectrofluorometer (Horiba Jobin Mayer, USA). The excitation
wavelength was set to 295 nm, and the emission spectra were
recorded between 310 and 400 nm. The data were collected at
0.5 nm wavelength resolution.
Bis-ANS Fluorescence Experiment. Bis-ANS (10 μM)was

added to nonacetylated and acetylated γD-crystallin (0.05 mg/
mL in 10 mM phosphate buffer, 5 mM DTT, and 1 mM EDTA
[pH 7.0]), and the mixture was incubated for 1 h at 25 °C.
Fluorescence emission spectra were recorded between 450 and
600 nm using an excitation wavelength of 390 nm. The excitation
and emission band passes were 2.5 and 5 nm, respectively. The
data were collected at 0.5 nm wavelength resolution.
Quantification of Sulfhydryl Groups. Proteins at a

concentration of 0.4 mg/mL in 50 mM phosphate buffer
containing 1 mM EDTA (pH 7.4) and DTNB solution were
added to yield a protein to DTNB molar ratio of 1:7. Following
the addition of DTNB, the exposure of thiol groups was
monitored by measuring the absorbance at 412 nm at 25 °C as a
function of time in a PerkinElmer spectrophotometer fitted with
a thermostatic cell holder and an electronic temperature control.
A molar extinction coefficient of 14 150 M−1 cm−1 for the
thionitrophenylate anion at 412 nm was used to calculate the
amount of sulfhydryl (free -SH) groups present in γD-crystallin
samples. To confirm the thiol specificity, we also performed an
identical experiment using Mycobacterium leprae HSP18, which
lacks cysteine residues.
Estimation of Structural Stability. (a). Chemical Denatu-

ration. The structural stability of nonacetylated and acetylated
human γD-crystallin was determined using an equilibrium
chemical denaturation experiment. Both proteins (0.025 mg/
mL in 10 mM phosphate buffer, 5 mM DTT and 1 mM EDTA
[pH 7.0]) were individually incubated with various concen-
trations of GdnHCl (0−7 M) for 18 h at 37 °C. Intrinsic
tryptophan fluorescence spectra of all samples were recorded
between 310 and 400 nm using an excitation wavelength of 295
nm. The equilibrium unfolding profile was fit according to a
three-state model.18,20,24

(b). Thermal Denaturation Monitoring the Intrinsic
Tryptophan Fluorescence. The structural stability of non-
acetylated and acetylated human γD-crystallin was also
determined bymonitoring the changes in the maximum emission
wavelength (λmax) of the intrinsic tryptophan fluorescence in a
FluoroMax-4P spectrofluorometer equipped with a temperature-

controlled water bath. The change in λmax was recorded stepwise
between 25 and 90 °C in a quartz cell, allowing the samples to
equilibrate at each temperature for 2 min. The data were
recorded at intervals of 2 °C. A protein concentration of 0.025
mg/mL in 10 mM phosphate buffer, 5 mM DTT, and 1 mM
EDTA (pH 7.0) was used. The raw data were fitted to a two-state
model, and the fitting results are indicated by solid lines.24 The
midpoint transition, or Tm, was calculated using sigmoidal
analysis.24

(c). Thermal Denaturation Using far-UV CD Spectroscopy.
The structural stability of nonacetylated and acetylated human
γD-crystallin was also determined using thermally induced
unfolding experiments in a Chirascan-plus spectrometer
(Applied Photophysics, Leatherhead, UK) equipped with a
Peltier system. The change in ellipticity at 218 nm was recorded
stepwise between 25 and 90 °C in a quartz cell with a path length
of 2 mm, allowing the samples to equilibrate at each temperature.
The heating rate was set to 0.5 °C/min. The data were recorded
at intervals of 2 °C. A protein concentration of 0.1 mg/mL in 10
mM phosphate buffer, 5 mM DTT, and 1 mM EDTA (pH 7.0)
was used. The values for the fraction unfolded (αU) for both
proteins were calculated using the following equation:

α
θ θ
θ θ

=
−
−U

F t

F U (1)

where θF is the ellipticity value at 25 °C for completely folded or
native protein, θt is the observed ellipticity value at any
temperature between 25 and 90 °C, and θU is the ellipticity
value at 90 °C for the completely denatured or unfolded state.
The Tm was calculated using sigmoidal analysis as previously
described.24

Kinetics of Unfolding/Refolding. The time course of
unfolding of nonacetylated and acetylated γD-crystallin in 5.5 M
GdnHCl, 10 mM phosphate buffer, 5 mM DTT, and 1 mM
EDTA (pH 7.0) was monitored by fluorescence emission at 355
nm using an excitation wavelength of 295 nm in a FluoroMax-4P
spectrofluorometer. Protein at a concentration of 100 μg/mL
was injected into the cuvette, yielding a final protein
concentration of 10 μg/mL at two different temperatures (25
and 37 °C), with constant stirring. Fluorescence was monitored
until no further changes were observed. Each unfolding
experiment was performed in triplicate.
Refolding experiments were performed in an analogous

fashion. Protein (100 μg/mL) that had been incubated in 5.5
M GdnHCl, 10 mM phosphate buffer, 5 mM DTT, and 1 mM
EDTA (pH 7.0) at two different temperatures (25 and 37 °C) for
5 h was subsequently injected into 0.5 M GdnHCl in an identical
buffer. The final GdnHCl concentration was 1.0 M, and the final
protein concentration was 10 μg/mL.

In Vitro Aggregation Assay. Nonacetylated and acetylated
γD-crystallin (0.1 mg/mL) in 10 mM phosphate buffer, 5 mM
DTT, and 1 mM EDTA (pH 7.0) were incubated at 80 °C. Light
scattering at 400 nm was monitored for 1 h in the kinetic mode.
Thermal aggregation of both proteins was also performed in the
presence of 0.075 or 0.1 mg/mL αL-crystallin.

Adaptive Poisson−Boltzmann Solver (APBS). The
crystal structure of human γD-crystallin was obtained from the
Protein Data Bank (PDB code: 1HK0).7 Acetylation of G1 and
K2 was considered when analyzing the bond order, overlapping
atoms, and missing hydrogen atoms. The nonacetylated and
acetylated γD-crystallin were further optimized by reorienting
the hydroxyl groups and amide groups of Asn and Gln to define
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the hydrogen bonding network. In addition, we also considered
the appropriate orientation and states for the His residues of both
proteins. The macro-model was subjected to minimization in the
Protein Preparation Wizard (Schrödinger Suite) using the
OPLS_200525 force field up to a maximum deviation of 0.8 Å.
Final energy minimization of the protein macro-models was
performed with 3500 steps, employing the Polak-Ribiere
conjugate gradient algorithm, which iterates the energy
minimization scheme every 3N steps. The energy minimized
conformations were used to generate pqr f iles using the PDB
2PQR server.26 All computations required to evaluate the
electrostatic properties were performed using a plugin option of
PyMOL v1.2r3pre. Visualization of the electrostatic isosurfaces
was contoured at ±0.37 kT/e for positive and negative
isosurfaces, respectively.
Molecular Dynamics (MD) Simulation. The structural

behavior of the acetylated and nonacetylated γD-crystallin was
further examined in solvent conditions usingmolecular dynamics
simulations. An entire MD simulation was performed using
Desmond utilizing the OPLS_2005 force field. Acetylation at K2
and G1 was manually introduced using the edit option in
Maestro. Simulations using an equal time scale were performed
for both the nonacetylated and the acetylated models of γD-
crystallin. All of the hydrogen bonds were constrained using the
M-SHAKE algorithm,27 with an integration frequency of a 2 fs
time step. A RESPA integrator28 was employed with a 6 fs time
step for long-range Coulomb interactions; electrostatic inter-
actions were computed using the particle-mesh Ewald method
with a cubic-β spline and a grid spacing of 1 Å. As a
microcanonical system, an NPT ensemble was set up to execute
the simulation at 1 bar pressure and a constant temperature of
+27 °C (300 K). The temperature and pressure of the systemwas
maintained employing Langevin dynamics and the Nose-̀Hoover
method. All of the models were solved using TIP3P water models
with a 10-Å edge length in the orthorhombic boundary
conditions. Appropriate quantities of counterions were added
for neutralization. Initially, the systems were subjected to energy
minimization with 4000 steps of steepest descent integration to
avoid steric clashes between the atoms. The remaining protocol
of energy minimization and equilibration was adopted from the
default protocol in the Desmond MD simulation system
(Desmond Molecular Dynamics System, version 3.4 (2013) D.

E. Shaw Research, New York, NY. Maestro-Desmond Interoper-
ability Tools, version 3.4, (2013) Schrodinger, New York, NY).
All of the images were rendered using the PyMOL software.

Statistics. The data are presented as the means ± SD of the
number of experiments indicated in the figure legends. The data
were analyzed using the StatView software (SAS Institute Inc.,
Cary, NC). Statistical significance among the groups was
determined using an analysis of variance, and p < 0.05 was
considered significant.

■ RESULTS AND DISCUSSION

In the human lens γ-crystallin subtypes, γC, γD, and γS share
approximately 80% amino acid sequence homology (Figure S1 of
the Supporting Information). The N-terminal methionine
residue that is incorporated during the translation initiation
step has been found to be cleaved from all three of these γ-
crystallins.11,29 Furthermore, multiple sequence alignment of
these γ-crystallins indicates that K2 is conserved among these
three proteins (Figure S1 of the Supporting Information).
Interestingly, Park et al. identified acetylation of this conserved
lysine residue in γS-crystallin of the human lens.9 We
hypothesized that acetylation of K2 also occurs in human γD-
crystallin. Recently, we demonstrated that lysine acetylation in α-
crystallin enhanced its chaperone function.18 In another study,
we demonstrated that K92 acetylation improved the chaperone
and antiapoptotic properties of human αB-crystallin.20 Based on
these observations, we hypothesized that acetylation could alter
the structure, stability and aggregation properties of human γD-
crystallin.
Western blot analysis using monoclonal antibodies against

human γD-crystallin and Nε-acetyllysine exhibited distinct
immunoreactivity at approximately 20 kDa and 37 kDa in
human lenses (Figure 1A,B). Furthermore, the total proteins
bearing Nε-acetyllysine increased with age (Figure 1B,C). To
further confirm K2 acetylation in γD-crystallin, we immunopre-
cipitated γD-crystallin from human lenses and probed by
Western blot analysis using an antibody against Nε-acetyllysine.
As shown in Figure 1D, Nε-acetyllysine was present in γD-
crystallin in all of the lenses. These results also indicated that K2
in γD-crystallin is acetylated at an early age and that this

Figure 2.Mass spectrometric detection of acetylation at G1 and K2 in human γD-crystallin. Tandem mass spectra of γD-crystallin from a 73-year-old
human lens (A) and in vitro acetylated γD-crystallin (B). The precursor ion of 589.81 (2+) that indicates a mass shift of +84 Da compared with the
unmodified peptide is shown. The mass shift of +42 Da was observed at y8, but not y-series ions from y1 to y7, which indicated acetylation of K2. The
mass shift of +84 Da was observed on the precursor ion, as well as b-series ions from b2 to b7, which suggested acetylation of K2 and G1.
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acetylation increased with age. Furthermore, we observed
acetylation of γD-crystallin in cataractous lenses (Figure 1D).
SDS-PAGE of the recombinant γD-crystallin indicated that it

was pure (Figure 1E). We then acetylated the purified γD-
crystallin in vitro using Ac2O. This modification did not result in
cross-linking of the protein (Figure 1E, lane 3). Acetylation of
recombinant γD-crystallin was achieved using different molar
ratios of lysine to Ac2O (considering one lysine residue per
molecule of γD-crystallin). Western blot analysis using the Nε-
acetyllysine antibody indicated acetylation of γD-crystallin, and
the intensity of the band increased as the concentration of Ac2O
increased (Figure 1F).
We further verified the acetylation sites in human γD-crystallin

using mass spectrometry. Both γD-crystallin from a 73-year-old
lens (Figure 2A) and in vitro acetylated γD-crystallin (Figure 2B)
exhibited similar tandem mass patterns in the modified peptides

(the sequence coverages for the two proteins were 94 and 99%,
respectively). The N-terminal peptide GKITLYEDR of the
protein was observed in both the unmodified and the modified
forms with mass shifts of +42 Da and +84 Da (Table 1),
indicating that in addition to K2 acetylation, G1 was acetylated in
both the in vivo and the in vitro samples.
In the human lens, crystallins undergo various modifica-

tions.8,30 Several studies have attempted to understand the effect
of these modifications on the structure and function of
crystallins.18,31−34 For γD-crystallin, Flaugh et al. demonstrated
that deamidation of glutamine destabilizes the protein by
lowering the kinetic barrier to unfolding.35 Schafheimer and
King demonstrated that UVA/UVB radiation induced photo-
aggregation of γD-crystallin in vitro.36 Therefore, to determine
how acetylation affects γD-crystallin, we first examined the
aggregation profiles of nonacetylated and acetylated γD-

Table 1. Detection of Acetylated Amino Acids in Human γD-Crystallin

samples

sequence Mr (expt) Mc (calc) error (ppm) modified site mass shift (Da) in vitro in vivo

GKITLYEDR 1093.5742 1093.5768 −2 none X X
GKITLYEDR 1135.5856 1135.5873 −1 protein N-terminus +42.0106 X X
GKITLYEDR 1177.5962 1177.5979 −1 protein N-terminus and K2 +84.0212 X X

Figure 3. Acetylated γD-crystallin is more prone to thermal aggregation and less protected by αL-crystallin. (A) Time-course aggregation of
nonacetylated and acetylated human γD-crystallin at 80 °C. The samples were prepared in 10 mM phosphate buffer containing 1 mM EDTA (pH 7.0).
1: Nonacetylated; 2: acetylated; 3: nonacetylated with 5 mMDTT; and 4: acetylated with 5 mMDTT. The protein concentration was 0.1 mg/mL. (B)
Scattering values of both proteins during thermal aggregation after 1 h. (C) Time-course aggregation of nonacetylated and acetylated γD-crystallin at 80
°C in the presence/absence of αL-crystallin. The samples were prepared in 10 mM phosphate buffer containing 5 mM DTT and 1 mM EDTA (pH 7).
The concentration of both γD-crystallin proteins was 0.1 mg/mL. 1: Nonacetylated; 2: acetylated; 3: αL-crystallin alone; 4: nonacetylated + αL-crystallin
(1:1) (w/w); 5: acetylated + αL-crystallin (1:1) (w/w); 6: nonacetylated + αL-crystallin (1:0.75) (w/w); and 7: acetylated + αL-crystallin (1:0.75)(w/w).
(D) Percent protection of nonacetylated and acetylated γD-crystallin by αL-crystallin during thermal aggregation after 1 h. Bars represent the means ±
SD of three independent experiments. *p < 0.05 and ***p < 0.0005.
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crystallin. The acetylated γD-crystallin exhibited a 2-fold increase
in thermal aggregation in comparison to the nonacetylated
protein (Figure 3A,B). The aggregation profiles of the non-
acetylated and acetylated proteins remained unaltered in the
presence of DTT (Figure 3A,B), suggesting that disulfide
formation was not responsible for the greater aggregation of the
acetylated protein. We then determined whether the ability of α-
crystallin to suppress thermal aggregation was altered by
acetylation of γD-crystallin. Heat-induced γD-crystallin aggrega-
tion profiles in the absence or presence of α-crystallin are shown
in Figure 3C,D. α-Crystallin efficiently inhibited the aggregation
of γD-crystallin (∼80%) at a chaperone to substrate ratio of 1:1
(w/w); however, acetylation decreased the chaperone efficiency
by 20%. Similar results were obtained at a chaperone to substrate
ratio of 0.75:1 (w/w). Under these assay conditions, α-crystallin
did not aggregate (Figure 3C, trace 3). These results suggested
that acetylation of G1 and K2 in human γD-crystallin enhanced
its aggregation under thermal stress. The decreased chaperone
function of α-crystallin for the acetylated protein further
suggested that acetylation of γD-crystallin could lead to its
aggregation in aging and cataractous lenses.
We have previously reported that acetylation of α-crystallin

perturbed its structure.18,32,33 To verify whether a similar
structural perturbation occurred in γD-crystallin, we probed
the structure by monitoring the intrinsic tryptophan fluo-
rescence, in addition to using near- and far-UV CD spectroscopy.
Far-UV CD spectra of the nonacetylated and the acetylated
proteins were nearly identical (Figure 4A). The spectra exhibited
characteristics of a dominant β-sheet structure (minima at
approximately 218 nm). Quantitative analysis of the far-UV CD
spectra confirmed that γD-crystallin is a predominantly β-sheet
protein (55% β-sheet and only 8% α-helix). These results further
indicated that G1 and K2 acetylation did not perturb the
secondary structure of γD-crystallin.
The near-UV CD spectra of γD-crystallin are shown in Figure

4B. The signal for tryptophan and tyrosine (greater than 270 nm)
was different in the acetylated protein compared with the
nonacetylated protein. Moreover, peaks for phenylalanine in the
250−270 nm region for the acetylated protein were found to
differ in both intensity and position from those of the
nonacetylated protein. These alterations suggested that G1 and
K2 acetylation significantly perturbed the tertiary structure of
γD-crystallin. The intrinsic tryptophan fluorescence spectra of
the two proteins agreed with the near-UV results (Figure 4C).
The λmax for both the nonacetylated and the acetylated protein
occurred at 327 nm, which suggested that the tryptophan
residues are buried. However, the intrinsic tryptophan
fluorescence of the acetylated protein was ∼10% higher than
that of the nonacetylated protein, suggesting that acetylation
perturbed the microenvironment of the tryptophan residues.
We also used molecular dynamics simulations to understand

the fluctuations in different conformations of γD-crystallin. The
superposition of the nonacetylated and acetylated model
structures (Figure 5A) revealed that the overall globular
conformation was identical in the two proteins. The relative
architecture of the protein, which consists of antiparallel β-sheets,
was well preserved in the acetylated form. These results
correlated well with the far-UV CD spectra (Figure 4A), in
which the spectral characteristics were found to be identical for
the acetylated and nonacetylated proteins. All four tryptophan
(W) residues (W42, W68, W131 and W157) were found to be
buried in the conformational samplings (Figure 5B), which,

again, fully agreed with our intrinsic tryptophan fluorescence
results (Figure 4C).
Human γD-crystallin contains six cysteine residues. The

crystal structure of human γD-crystallin (PDB code: 1HK0)
indicated that all six cysteine residues exist in the reduced (−SH)
form. Because acetylation perturbed the tertiary structure of γD-
crystallin, we determined whether this perturbation was
accompanied by alterations in the microenvironment of the
cysteine residues. Upon reaction between DTNB and the −SH
groups of the nonacetylated protein, 2-nitro-5-thiobenzoic acid
(TNB) was formed, and, as a result of this adduct formation, an
increase in the absorbance at 412 nm (A412) with time was
observed (Figure 6). This increase was significantly smaller in the
acetylated protein. On the basis of these reactions, we estimated
the DTNB-reactive sulfhydryl groups in the nonacetylated and
acetylated protein to be 4.43 μM and 1.21 μM, respectively. To
confirm whether changes in the DTNB assay were due to the
alteration in the available free thiol moieties of cysteine residues,
we performed the assay using the cysteine-lackingMycobacterium
leprae HSP18, which we have previously cloned and purified.24

We did not observe a change in the absorbance value at 412 nm
with time for HSP18. Collectively, these results confirmed that
acetylation of γD-crystallin altered the microenvironment of
cysteine residues in a manner that rendered them inaccessible for
reaction with DTNB.
The X-ray crystal structure of human γD-crystallin indicated

that cysteine (C) residues C18 and C78 are in close proximity
and are therefore likely to form a disulfide bond. Heat map

Figure 4. Acetylation perturbed only the tertiary structure of γD-
crystallin. (A) Far-UV CD spectra of nonacetylated and acetylated
human γD-crystallin. (B) Near-UV CD spectra of nonacetylated and
acetylated human γD-crystallin. The concentrations of the protein
samples used in far- and near-UV CD were 0.2 and 1.0 mg/mL,
respectively. (C) Intrinsic tryptophan fluorescence spectra of non-
acetylated and acetylated human γD-crystallin (0.025 mg/mL) were
recorded from 310 to 400 nm. The excitation wavelength was 295 nm.
Excitation and emission slit widths were 5 nm each. The data were
collected at a 0.5 nmwavelength resolution. All assays were performed in
10 mM phosphate buffer containing 1 mM EDTA and 5 mMDTT (pH
7.0) at 25 °C.
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analysis was performed based on the atomic information from
molecular dynamics simulations to explore the energy minima
points on the correlated projections. The y-axis was plotted by
considering the RMSD for C18 and C78 as a collective variable.
The interatomic distance between the sulfur atoms of both

residues constituted the collective variable for the x-axis (Figure
7). An analysis of the structures representing the top cluster
revealed the interatomic distance between C18 and C78 to be 5.1
Å in the nonacetylated, 4.2 Å in the K2-acetylated and 3.8 Å in the
G1- and K2-acetylated proteins (Figure 7). The local minima
were found to be much further to the right on the x-axis for the
nonacetylated protein. In contrast, these minima were closer to
the origin of the axis for the K2 acetylationmodel, suggesting that
the two cysteine residues contained minimum energy and drew
closer to each other. Interestingly, the minima was found to be
even more conserved for the G1- and K2-acetylated protein,
suggesting that the bond distance between C18 and C78 was
reduced even further. These results correlate well with the in vitro
thiol reactivity experiment (Figure 6) in which a significant
reduction in the free−SH groups was observed for the acetylated
protein. Collectively, acetylation of human γD-crystallin
perturbed the cysteine microenvironments and brought the
two cysteine residues within close proximity of each other.
In addition to these structural perturbations, we also probed

the surface of nonacetylated and acetylated γD-crystallin.
Molecular modeling based on the X-ray crystal structure was
used to evaluate the changes in the surface electrostatics
attributable to acetylation in human γD-crystallin. The
acetylation was introduced at the G1 and K2 positions and
analyzed using APBS. Prior to calculation, energy minimization
of the macro-models was performed to ensure the correct
positioning and orientation of each atom. The electrostatic
isosurface revealed marked changes in the acetylated protein.

Figure 5. Conformational analysis of nonacetylated and acetylated γD-crystallin using molecular dynamics simulations. Molecular dynamics simulation
results suggest that acetylation does not alter the secondary structure of γD-crystallin (A). Tryptophan residues in the nonacetylated (yellow), in the K2-
acetylated (orange) and in the G1- and K2-acetylated γD-crystallin (blue) models are shown (B). The structures used for superposition are models from
the top conformational cluster. All tryptophan residues were found to be buried within the globular core of the proteins. The “circled” portions in the
panel B represents modulation in the structure/conformation of human γD-crystallin due to aceylation.

Figure 6. Acetylation alters the cysteine microenvironment in γD-
crystallin. DTNB reaction kinetic profiles of nonacetylated and
acetylated γD-crystallin at 25 °C. A protein concentration of 0.1 mg/
mL in 50 mM phosphate buffer containing 1 mM EDTA (pH 7.4) was
used. DTNB was used at a 7-fold molar excess of the protein.
Absorbance was measured at 412 nm as a function of time.
Mycobacterium leprae HSP18, which lacks cysteine residues, was used
as a negative control.
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Figure 7.Orientation of thiol residues in nonacetylated and acetylated γD-crystallin. The relative distance between C18 and C78 in the nonacetylated
(A), K2-acetylated (B), and G1- and K2-acetylated γD-crystallin (C) calculated from the top conformational cluster models. Heat map analysis for C18
and C78 of human γD-crystallin [nonacetylated (D), K2-acetylated (E), and G1- and K2-acetylated γD-crystallin (F)] was prepared using the root-
mean-square deviation of C18 and C78 as collective variables for the y-axis and the distance between C18 andC78 as the collective variable for the x-axis.

Figure 8. Surface electrostatic potential attributable to acetylation in human γD-crystallin. Molecular electrostatic potential surfaces for nonacetylated
(A), K2-acetylated (D), andG1- and K2-acetylated (G) human γD-crystallin that were obtained using the adaptive Poisson−Boltzmann solver. Blue and
red contours represent electropositive and electronegative isosurfaces at±0.3 kT/e, respectively. The residues within a 4-Å radius of K2 (green) and G1
(cyan) are represented as sticks with hydrogens, and hydrogen bonds are represented as red dotted lines (B, E, and H). The vacuum-generated
electrostatic potentials near the acetylation region are highlighted in all models, and the models show the electropositive (nonacetylated: C) and
electronegative potentials (K2 acetylation: F; G1 and K2 acetylation: I). The yellow arrow in panel D, F, G, and I depicts comparative changes due to
acetylation of human γD-crystallin.
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The associated region that exhibits changes in electropositive and
electronegative contours near the acetylation site has been
highlighted in Figure 8A,D,G. The relative orientation of the
residues in close proximity to K2 (within a ∼4-Å radius) and the
respective hydrogen bonds (red) are shown in Figure 8B,E,H.
Interestingly, as a consequence of acetylation, the surface
electronegativity appeared to disperse the electropositive
character (blue contours). A similar overview is observed from
the vacuum-generated local potential for the proteins (Figure
8C,F,I). On the basis of all of these findings, we concluded that
structural perturbations as a result of acetylation promoted
thermally induced aggregation of γD-crystallin.
Because lens proteins have a negligible turnover rate

throughout the life span, the stability of crystallin proteins is a
great concern. Our previous studies on α-crystallin suggested
that structural stability modulated its chaperone function. We
demonstrated that the enhancement of the chaperone function
of α-crystallin under different conditions was commonly
associated with increased structural stability.18,37−39 To
determine the effect of acetylation on the structural stability of
γD-crystallin, the thermodynamic stability was examined.
Equilibrium GdnHCl unfolding was estimated by monitoring
the intrinsic tryptophan fluorescence of the protein at various
GdnHCl concentrations. The λmax values were recorded at 327
and 355 nm and plotted as a ratio of intensities (I327/I355) against
GdnHCl concentration (Figure 9A). A crude estimation of the
transition midpoint (C1/2) from sigmoidal analysis of the
denaturation profiles indicated that the C1/2 value decreased
from 2.06 M for the nonacetylated protein to 1.77 M of GdnHCl
for the acetylated protein (Figure 9A and Table 2). This decrease
suggested that acetylation destabilized the overall structural
integrity of γD-crystallin. To quantify the stability, all of the
profiles were analyzed with the aid of a global three-state fitting
procedure, according to the following equation:
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+ −Δ + + −Δ + ·

+ −Δ + + −Δ + ·
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where FN, FI, and FU are the fluorescence intensities for 100%
nonacetylated, 100% intermediate, and 100% unfolded forms,
respectively. ΔG1

0 represents the standard free energy change
between native (N) and the intermediate (I) forms, and ΔG2

0

represents the standard free energy change between the I and
unfolded (U) forms. ΔG0, which is the sum of ΔG1

0 and ΔG2
0,

represents the standard free energy change of unfolding
(between the N and U forms) at zero GdnHCl concentration.
The standard free energy change of the nonacetylated protein at
37 °C was 41.93 kJ/mol (Table 2). The ΔG0 value for the
acetylated protein was reduced to 35.72 kJ/mol, suggesting a
decrease in thermodynamic stability by ∼6.21 kJ/mol.
We then compared the stability of the proteins against thermal

stress by measuring far-UV CD spectra and the intrinsic
tryptophan fluorescence. The change in the ellipticity magnitude
at 218 nm (which is characteristic of the β-sheet secondary
structure of the protein) and the alteration in the λmax of intrinsic
tryptophan fluorescence were monitored over a temperature
range from 25 to 90 °C (Figure 9B,C). The thermal denaturation
profiles of both proteins were sigmoidal in nature and exhibited
an apparent two-state transition. Sigmoidal analysis of far-UV
CD profiles demonstrated that the nonacetylated protein
underwent thermal unfolding with a midpoint transition or
melting temperature (Tm) of 82 °C (Table 3). Acetylation shifted

the Tm value to ∼76 °C (Figure 9B and Table 3). A similar
decrease inTm (∼8 °C)was also observed when probed using the
intrinsic tryptophan fluorescence (Figure 9C, Table 4),

Figure 9. Acetylated γD-crystallin is structurally less stable than the
nonacetylated γD-crystallin. Equilibrium GdnHCl unfolding profile for
0.025 mg/mL of nonacetylated and acetylated human γD-crystallin at 37
°C (A). The profile was normalized to a scale of 0−1. Symbols represent
the experimental data points, and the solid lines represent the best fit
according to the three-state model. The thermal stability of both
proteins was evaluated by far-UV CD measurements (B). The
temperature was controlled by a water bath, and the data were recorded
at a given temperature after a 2 min equilibration. A protein
concentration of 0.1 mg/mL in 10 mM phosphate buffer, 5 mM
DTT, and 1mMEDTA (pH 7.0) was used. The raw data were fitted to a
two-state model, and the fitting results are represented by solid lines.
The thermal stability of both proteins was evaluated by monitoring the
intrinsic tryptophan fluorescence (C). The temperature was controlled
by a water bath, and the data were recorded at a given temperature after a
2 min equilibration. A protein concentration of 0.025 mg/mL in 10 mM
phosphate buffer, 5mMDTT, and 1mMEDTA (pH 7.0) was used. The
raw data were fitted to a two-state model, and the fitting results are
represented by solid lines. Potential energy estimation computed from
the molecular dynamics simulation (D). The relative difference in the
potential energy profiles indicate the stability of the macro-models in the
order nonacetylated > K2-acetylated > G1- and K2-acetylated.

Table 2.C1/2 andΔG0 Values of Nonacetylated and Acetylated
Human γD-Crystallin at 37 °C

protein C1/2 (M) ΔG0(kJ/mol)

nonacetylated 2.06 ± 0.04 41.93 ± 0.72
acetylated 1.77 ± 0.05 35.72 ± 0.57

Table 3. Thermal Unfolding Parameters of Nonacetylated and
Acetylated Human γD-Crystallin Determined from Far-UV
CD Spectroscopy

protein Tm (°C)

nonacetylated 82.1 ± 0.3
acetylated 75.7 ± 0.4
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suggesting that acetylation reduced the thermal stability of
human γD-crystallin.

We then estimated the structural stability of the nonacetylated
and acetylated γD-crystallin by computing the potential energy
(PE) of the system throughout the simulation time scale (Figure
9D). The average PE for the nonacetylated protein was found to
be −7.9 × 104 kcal/mol, whereas the PE for acetylated K2 and
acetylated G1 and K2 was found to be−7.7× 104 and−6.7× 104

kcal/mol, respectively. Theoretical analysis, as well as chemical
and thermal denaturation experiments, revealed that acetylation
significantly decreased the structural stability of human γD-
crystallin. A previous study has shown that deamidation, which is
another posttranslational modification, also induced a similar
reduction in the structural stability of γD-crystallin.35 In addition,
it has been demonstrated that congenital cataract mutants of
human γD-crystallin (R14C, G61C) are also structurally less
stable than the wild-type protein.22,40 On the basis of these
observations, we concluded that acetylation destabilized human

γD-crystallin, which promoted its aggregation under a thermally
stressed condition.
In addition to structural stability, lens crystallins exhibit high

kinetic stability, which allows them to retain their folded
conformation during aging. In vitro unfolding/refolding
progression of human γD-crystallin has been extensively studied,
and these studies indicate that the protein contains a partially
folded intermediate population.41−43 We also examined the
effect of acetylation on the unfolding kinetics of γD-crystallin.
The increase in tryptophan fluorescence intensity at 355 nm was
monitored with time, while the protein was rapidly diluted into
5.5 M GdnHCl (pH 7.0) at 25 °C. The kinetic unfolding profile
of the nonacetylated protein was best fit by two exponentials,
which suggested the presence of one intermediate (Figure
10A,B). The rate constant values further reflected that the
transition of the native state to the intermediate (transition 1)
was nearly 10-fold more rapid than the transition from the
intermediate to the unfolded state (transition 2) (Table 5). The
unfolding transition demonstrated t1/2 values of 23.1 and 277 s
for the two phases, respectively. The kinetic unfolding transitions
for the acetylated protein was best fit by a single exponential with
a t1/2 value of ∼69 s. When we performed this unfolding kinetics
experiment at 37 °C, we observed a similar result (data not
shown). Collectively, these results revealed that the acetylated
protein unfolded more rapidly than the nonacetylated protein.
The effect of acetylation on the refolding kinetics of human

γD-crystallin was also determined by productive kinetic refolding
experiments at pH 7.0. The protein was diluted from 5.5 M

Table 4. Thermal Unfolding Parameters of Nonacetylated and
Acetylated Human γD-Crystallin Determined from the
Intrinsic Tryptophan Fluorescence

protein Tm (°C)

nonacetylated 83.4 ± 0.5
acetylated 75.2 ± 0.3

Figure 10. Acetylation alters the unfolding and refolding of γD-crystallin. Productive kinetic unfolding data of nonacetylated and acetylated human γD-
crystallin (A). For unfolding, nonacetylated proteins (0.1 mg/mL) were diluted into 5.5 M GdnHCl, 10 mM phosphate buffer, 5 mMDTT, and 1 mM
EDTA (pH 7.0) at 25 °C. Changes in the fluorescence intensity at 355 nmwere monitored over time using an excitation wavelength of 295 nm. The final
protein concentration in the unfolding buffer was 0.01 mg/mL. Unfolding time-course profiles (B) of both proteins were fitted with double and single
exponentials, respectively, as indicated by solid lines. Productive kinetic refolding data of nonacetylated and acetylated human γD-crystallin (C). The
protein (0.1 mg/mL) was initially unfolded in 5.5 M GdnHCl and diluted into 10 mM phosphate, 5 mM DTT, and 1 mM EDTA (pH 7.0) at 25 °C to
yield a final GdnHCl concentration of 1.0 M. The final protein concentration was 0.01 mg/mL. Changes in the fluorescence intensity at 355 nm were
monitored over time using an excitation wavelength of 295 nm. Both refolding time-course profiles were fitted with double exponentials, as indicated by
solid lines (D).
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GdnHCl to 1.0 M GdnHCl, and the decrease in intrinsic
tryptophan fluorescence intensity at 355 nm was monitored
(Figure 10C,D). The refolding kinetics profile of the non-
acetylated protein exhibited a rapid decrease in fluorescence
intensity up to 180 s followed by a gradual decrease during the
remainder of the assay. The profile was best fit by two
exponentials (Figure 10D), yielding t1/2 values of 9.9 and 83.5
s for the unfolded state (U)→ intermediate state (I) (transition
1) and intermediate (I) → native state (N) (transition 2),
respectively (Table 6). The t1/2 values for the U→ I and I→ N
transitions increased ∼4- to 5-fold for the acetylated protein
compared with that of the nonacetylated protein (Table 6),
suggesting that refolding of the acetylated protein was slower
than the nonacetylated protein. The results obtained from
structural stability and unfolding/refolding kinetics experiments
suggested that G1 and K2 in the N-terminal region of γD-
crystallin are critical for both the overall structural stability and
the kinetic stability of this protein. Our results are analogous to
previous observations that deamidation and cataract-causing
point mutations in the N-terminal region of γD-crystallin (L5S,
V75D) decreased the kinetic unfolding barrier of γD-
crystallin.35,41 Interestingly, our results also demonstrate that
acetylation destabilized the native conformation by decreasing
the potential barrier of the unfolding pathway, which may be
account for the increased aggregation of the acetylated protein
under thermal stress.
Folding studies of multidomain proteins are of significant

importance. The geometry of interdomain interfaces and stability
of different domains play a crucial role in protein folding. Partially
unfolded chains/domains are often known to trigger aggregation
reactions, which in turn lead to several protein aggregation
diseases.44 Human γD-crystallin has two indistinct domains (N-
and C-terminal domains). Although, acetylation of G1 and K2
residues in the N-terminal domain of this protein grossly
perturbed the tertiary structure, structural stability and cysteine
microenvironment, negligible alteration in the secondary
structure of this protein indicated that only a part of the protein
is involved for such alteration. Moreover, theoretical studies also
predicted that acetylation of γD-crystallin brought the two
distant cysteine residues (C18 and C78) in the N-terminal
domain within close proximity of each other. In light of all these
observations, it appeared acetylation affected the stability of the
two domains in human γD-cystallin. Previously, several attempts
have been made to understand the folding and stability of these
two domains in this crystallin protein using unfolding/refolding
kinetic experiments.6,41,45 All these studies used an assumption/
hypothesis proposed by Flaugh et al. during analyzing the data
associated with these experiments i.e. during unfolding/refolding
kinetics experiment, the native to intermediate transition

corresponds to unfolding/refolding of N-terminal domain and
the intermediate to unfolded transition corresponds to
unfolding/refolding of the C- terminal domain of γD-crystallin.41

We also used this hypothesis to understand the effect of
acetylation on the stability of these two domains in human γD-
crystallin. When the kinetic unfolding profile of nonacetylated
and acetylated γD-crystallin was compared, it was found that the
N-terminal domain of the acetylated protein unfolded faster than
that of the nonacetylated protein (Table 5). When the kinetic
refolding profiles of both the proteins were compared, it was
found that the N-terminal domain of the acetylated protein takes
longer time to refold compared to the nonacetylated protein.
However, when the same was compared for the C-terminal
domain, the difference in refolding time for these two proteins
was comparatively less (Table 6). Therefore, we can suggest that
acetylation of human γD-crystallin presumably destabilized its N-
terminal domain more compared to its C-terminal domain which
made γD-crystallin more prone to aggregation (Figure 3B).
Our biophysical studies clearly revealed that the structural

stability of γD-crystallin was decreased due to acetylation, which
was accompanied by a perturbed tertiary structure and native-like
secondary structure. This finding led us to hypothesize that
acetylation of γD-crystallin may induce the formation of a molten
globule-like intermediate structure. The term “molten globule”
evolved from the work of Ohgushi andWada in 1983.46 Amolten
globule is typically an intermediate state, which is clearly different
from the native and denatured states of a protein, with a native-
like secondary structure but grossly perturbed/disordered
tertiary structure and a significant exposure of hydrophobic
surface. Chemical modifications of proteins are often responsible
for the formation of a molten globule structure. For example,
reductive alkylation of lysine residues induced a molten globule
structure in the thermostable lipase found in the Geobacillus
zalihae strain T1 and decreased the stability of this protein.47

Another example is the modification of ε-amino groups of lysine
residues in glucose oxidase, which resulted in a molten globule-
like intermediate structure of the protein.48 These studies also
demonstrated that the partially flexible structure of the molten
globule-like intermediate state exposed a higher amount of
hydrophobic sites on its surface. Therefore, we evaluated
whether acetylation exposed hydrophobic sites in γD-crystallin
using bis-ANS as a hydrophobic probe. This hydrophobic probe
is commonly used to monitor the molten globule state in a
protein.49,50 We observed that the fluorescence intensity of bis-
ANS bound to the protein was ∼30% higher compared with the
nonacetylated protein (Figure 11). This finding suggested that
acetylation induced a molten globule state in γD-crystallin with a
semiflexible structure, which permitted exposure of some
hydrophobic groups at the protein surface. This probably led

Table 5. Productive Kinetic Unfolding Parameters of Nonacetylated and Acetylated Human γD-Crystallin

kinetic unfolding transition 1 kinetic unfolding transition 2

protein k1 (s
−1) t11/2 (s) k2 (s

‑1) t21/2 (s)

nonacetylated 0.03 ± 0.004 23.1 ± 3.0 0.0025 ± 0.0001 277 ± 9
acetylated 0.01 ± 0.001 69.3 ± 6.0

Table 6. Productive Kinetic Refolding Parameters of Nonacetylated and Acetylated Human γD-Crystallin

kinetic refolding transition 1 kinetic refolding transition 2

protein k1(s
−1) t11/2(s) k2(s

−1) t21/2 (s)

nonacetylated 0.07 ± 0.003 9.9 ± 0.5 0.0083 ± 0.0003 83.5 ± 0.5
acetylated 0.02 ± 0.001 34.6 ± 1.0 0.0016 ± 0.0001 433.1 ± 3.0
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to the increase in aggregation of γD-crystallin under thermal
stress.
In summary, the present study has demonstrated that G1 and

K2 acetylation occurred in γD-crystallin of the human lens and
that this acetylation decreased the structural stability, altered the
unfolding/refolding kinetics, and perturbed the conformation of
this protein. Whether the acetylation of γD-crystallin alters the
binding affinity of γD-crystallin for α-crystallin remains to be
determined. We propose that these changes increase the
propensity of γD-crystallin to self-aggregate and contribute to
the aggregation of proteins that occurs in aging and cataractous
lenses.
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bis-ANS, 4,4′-dianilino-1,1′-binaphthyl-5,5′-disulfonic acid, di-
potassium salt; DTNB, 5,5′-dithiobis(2-nitrobenzoic acid);
TNB, 2-nitro-5-thiobenzoic acid; DTT, dithiothreitol; GdnHCl,
guanidine hydrochloride; MD, molecular dynamics; APBS,
adaptive Poisson−Boltzmann solver
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