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ABSTRACT: αB-Crystallin is a chaperone and an anti-
apoptotic protein that is strongly expressed in many tissues,
including the lens, retina, heart, and kidney. In the human lens,
several lysine residues in αB-crystallin are acetylated. We have
previously shown that such acetylation is predominant at lysine
92 (K92) and lysine 166 (K166). We have investigated the
effect of lysine acetylation on the structure and functions of
αB-crystallin by the specific introduction of an Nε-acetyllysine
(AcK) mimic at K92. The introduction of AcK slightly altered
the secondary and tertiary structures of the protein. The
introduction of AcK also resulted in an increase in the molar mass and hydrodynamic radius of the protein, and the protein
became structurally more open and more stable than the native protein. The acetyl protein acquired higher surface
hydrophobicity and exhibited 25−55% higher chaperone activity than the native protein. The acetyl protein had more client
protein binding per subunit of the protein and higher binding affinity relative to that of the native protein. The acetyl protein was
at least 20% more effective in inhibiting chemically induced apoptosis than the native protein. Molecular modeling suggests that
acetylation of K92 makes the “α-crystallin domain” more hydrophobic. Together, our results reveal that the acetylation of a single
lysine residue in αB-crystallin makes the protein structurally more stable and improves its chaperone and anti-apoptotic activities.
Our findings suggest that lysine acetylation of αB-crystallin is an important chemical modification for enhancing αB-crystallin’s
protective functions in the eye.

α-Crystallin is a major protein in the human lens and consists
of two subunits, αA and αB. These proteins belong to the
family of small heat shock proteins that contain a common
central core domain of approximately 90 amino acids, known as
the “α-crystallin domain” (ACD). The two subunits share
significant sequence homology and exist in the lens as hetero-
oligomers of varying sizes with an average molecular mass of
800 kDa.1,2 In the lens, these two proteins function as
molecular chaperones.3 Through direct interaction, these two
proteins prevent the aggregation of β- and γ-crystallins, the
major proteins of the lens, during aging.4 α-Crystallin binds to
the cytoskeletal proteins actin and vimentin and to filament
assembly intermediates,5−7 and it prevents filament disassembly
during cell stress. α-Crystallin also binds to the plasma
membrane in lens fiber cells, although the significance of this
binding is not known.8 In addition, α-crystallin binds to
microtubules and facilitates microtubule assembly in the lens,9

and αB-crystallin associates with the centrosome10 and may

participate in cytokinesis during mitosis.11 Deletion of αA-
crystallin or αA- and αB-crystallin together causes cataracts,
which are accompanied by the aggregation of proteins.12,13

Forced expression of chaperone-compromised α-crystallin also
leads to cataracts,14,15 further underlying the importance of α-
crystallin’s chaperone activity for lens transparency. Outside of
the lens, α-crystallin has been shown to bind to β-amyloid and
synuclein and prevent their aggregation, which have implica-
tions for neurological diseases.16,17 In addition, the loss of the
chaperone activity of αB-crystallin leads to desmin-related
cardiomyopathy.18 Furthermore, αB-crystallin binds to pro-
inflammatory cytokines;19 an immune response against αB-
crystallin enhances inflammation in multiple sclerosis,20 and
administration of αB-crystallin reduces the extent of paralysis in
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experimental autoimmune encephalomyelitis,21 which is
dependent on its chaperone function.
In addition to its role as a chaperone, α-crystallin is an anti-

apoptotic protein22 that prevents the activation of procaspase-3,
binds to Bax, activates PI3-kinase, and inhibits the phosphatase
and tensin homologue (PTEN) by directly interacting with
those proteins23,24 and promoting cell survival. There is
evidence of such interactions in cells exposed to external
stresses.22

In the retina, αB-crystallin is present in retinal pigmented
epithelial (RPE) cells, Muller cells, retinal capillary cells, and
photoreceptors.22 RPE cells secrete αB-crystallin through an
exosomal pathway.25,26 Although the exact function of the
secreted αB-crystallin is not known, αB-crystallin is known to
protect RPE cells from oxidative damage.27 αB-Crystallin could
play a role in diabetic retinopathy. Its neuroprotective function
becomes weaker in diabetic retinas,28 which could partly explain
early apoptosis in the neural retina during diabetes. α-Crystallin
translocates from the cytoplasm to the nucleus when cells are
stressed.29 Whether this nuclear localization is a requirement
for its anti-apoptotic function is not known. αB-Crystallin is
also present in mitochondria, where it inhibits cytochrome c
oxidation.30 Taken together, it is evident that αB-crystallin is a
multifaceted protein and plays an important role in preventing
superfluous protein denaturation and apoptosis in stressed cells.
Lysine acetylation is a widespread protein modification that

occurs in cells. The reaction is catalyzed by lysine acetyl
transferases (KATs) in the cytoplasm [and by histone acetyl
transferases (HATs) for histones in the nucleus], and
deacetylation is regulated by lysine deacetylases (KDACs) [or
histone deacetylases (HDACs)].31,32 While histone acetylation
and deacetylation regulate gene expression, lysine acetylation of
cytosolic proteins regulates cellular functions and metabo-
lism.33,34 In the human lens, acetylation of both αA- and αB-
crystallin was first reported by Smith’s laboratory.35,36 We have
recently identified K70 and K99 in αA-crystallin and K92 and
K166 in αB-crystallin as being acetylated in the human lens.37

We now extend this study to show that αB-crystallin is
acetylated in the mouse and human retina (Figure S1 of the
Supporting Information). We found that lysine acetylation in α-
crystallin improves its chaperone function37 and that prior
lysine acetylation inhibits protein modification by glycation.38

Among many lysine residues in human small heat shock
proteins (Hsp20, αA- and αB-crystallin, and Hsp27), K92 is
highly conserved (Figure S2 of the Supporting Information).
Our aim in this study was to determine the specific effects of
acetylation at this site on αB-crystallin. To study the effects of
acetylation at specific lysine residues on the function of
proteins, lysine residues have been mutated to glutamine to
mimic acetylation.39,40 While this mutation replicates the
neutralization of the positive charge on the protonated lysine
residue, it is not fully structurally compatible with AcK. To
circumvent this problem, Huang et al. first described the use of
methylthiocarbonyl-aziridine (MTCA) to introduce site-specif-
ically an acetylation mimic into proteins.41 MTCA reacts with
cysteine residues (replacing lysine residues by mutation) in
proteins and generates an acetylation mimic, methylthiocar-
bonyl thialysine (MTCTK). Proteins carrying MTCTK
modifications are recognized by the AcK antibody. Further-
more, Huang et al. validated their approach by demonstrating
that the introduction of the MTCTK group at K102 of the CK2
protein kinase stimulates its catalytic activity, similar to
enzymatic acetylation at these lysine residues.41 Using the

same approach, we have studied the site-specific effect of lysine
acetylation at K92 in αB-crystallin. First, we converted K92 to
cysteine 92 (C92) by site-directed mutagenesis and introduced
an acetylation mimic using MTCA. We report below the impact
of acetylation on the structure and function of αB-crystallin.

■ MATERIALS AND METHODS
Citrate synthase (CS), lysozyme (Lyso), malate dehydrogenase
(MDH), protease inhibitor cocktail, methyl chlorothioformate,
staurosporine, and etoposide were obtained from Sigma-Aldrich
Chemical Co. LLC (St. Louis, MO). Aziridine was purchased
from ChemService, Inc. (West Chester, PA). All other
chemicals were of analytical grade. γ-Crystallin (GC) from
bovine lenses was purified as previously described.42

Cloning and Purification of Wild-Type (WT) and
Mutant αB-Crystallin. The αB-crystallin (K92C) mutant
was amplified using the following primers for cloning: 5′-
GGAACTCAAAGTTTGCGTGTTGGGAGATGTG-3′ (for-
ward) and 5′-CACATCTCCCAACACGCAAACTTTGAGT-
TCC-3′ (reverse). The amplified polymerase chain reaction
product was cloned, expressed in Escherichia coli, and purified as
previously described.37 The WT protein was similarly
purified.38

Introduction of the AcK Mimic at the K92 Position of
αB-Crystallin. MTCA was synthesized, and the acetylation
mimic was introduced at K92 using previously described
procedures.41 Briefly, we added 500 and 200 μL of MTCA (1.0
M solution in acetonitrile) to 5.0 mL of the K92C mutant of
αB-crystallin (5.0 mg/mL) and to 2.0 mL of WT αB-crystallin
(4.0 mg/mL) in 100 mM ammonium bicarbonate. The
mixtures were incubated for 3 h at room temperature. The
samples were then dialyzed against 50 mM phosphate buffer
(pH 7.5) for 24 h.

Western Blotting for K92 Acetylation in αB-Crystallin.
The proteins were separated on a 12% denaturing gel,
transferred to a nitrocellulose membrane, and probed with a
monoclonal antibody to AcK (Cell Signaling Technologies,
Danvers, MA) (1:50000 dilution) and an HRP-conjugated goat
anti-mouse IgG (Promega, Madison, WI) (1:5000 dilution).
Immunoreactivity was detected using the enhanced chem-
iluminescence detection kit (Thermo Scientific).

Protein Thiol Assay. The protein thiol assay was
performed using the thiol quantification assay kit from
Abcam (Cambridge, MA) and a 100 μg protein sample.

Mass Spectrometric Confirmation of K92 Acetylation
in αB-Crystallin. The MTCA-derivatized K92C αB-crystallin
was subjected to sodium dodecyl sulfate−polyacrylamide gel
electrophoresis (SDS−PAGE) on a 12% reducing gel. Gel
pieces containing the protein were destained with 50%
acetonitrile in 100 mM ammonium bicarbonate followed by
100% acetonitrile for mass spectrometric detection of the AcK
mimic, MTCTK. Similarly, MTCA-treated WT αB-crystallin
was subjected to electrophoresis and processed. The samples
were then treated with 20 mM DTT at room temperature for
60 min followed by treatment with 50 mM iodoacetamide for
30 min in the dark. The reagents were removed, and the gel
pieces were washed with 100 mM ammonium bicarbonate and
dehydrated in acetonitrile. The gel pieces were then dried in a
Speed Vac concentrator (Savant Speed Vac, Thermo Scientific,
Rockford, IL), rehydrated in 50 mM ammonium bicarbonate
containing sequencing grade modified trypsin, and left to be
digested overnight. Proteolytic peptides extracted from the gels
with 50% acetonitrile in 5% formic acid were completely dried
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in a Speed Vac concentrator and then resuspended in 10 μL of
0.1% formic acid. Three microliters of the peptides was injected
into an Orbitrap Elite Hybrid Mass Spectrometer (Thermo
Electron, San Jose, CA) equipped with a Waters nanoAcquity
ultra-performance liquid chromatography system (Waters,
Milford, MA). Liquid chromatography was performed using
mobile phase A (0.1% formic acid in water) and mobile phase B
(0.1% formic acid in acetonitrile) with a linear gradient of B at
an increment of 1%/min at a flow rate of 300 nL/min for 90
min. All spectra were recorded in a positive ion mode using
data-dependent methods consisting of a full MS scan (m/z
300−1800) in a high-resolution Orbitrap (resolution of
120000) followed by MS/MS scans of the 15 most abundant
precursor ions determined from the full MS scan. The MS/MS
spectra were generated in an ion trap with relatively low
resolution by collision-induced dissociation of the peptide ions
at a normalized collision energy of 35% to generate a series of b
and y ions as major fragments. Raw LC−MS/MS data were
subjected to a database search using the Mascot search engine
(version 2.2.0, Matrix Science) against a protein database
containing αB-crystallin sequences and K92C mutated
sequences. Oxidized methionine and MTCTK were included
as variable modifications. The mass tolerance was set to 10 ppm
for the precursor ions and 0.8 Da for the product ions. The
significance threshold was p < 0.05.
Circular Dichroism Spectroscopy. The far-UV CD

spectra were recorded at 25 °C using a Chirascan Plus
instrument (Applied Photophysics). The spectra were collected
from 190 to 260 nm using a rectangular quartz cell with a 1 mm
path length. The proteins (0.2 mg/mL) were dissolved in 50
mM phosphate buffer (pH 7.5). The spectra were analyzed for
secondary structure content using CDNN CD spectra
deconvolution software (Applied Photophysics). The near-UV
CD spectra were measured at 25 °C using the same
spectropolarimeter. The spectra were measured with a 1.0
mg/mL protein solution in 50 mM phosphate buffer (pH 7.5).
The reported spectra are the average of five scans.
Surface Hydrophobicity and Tryptophan Fluores-

cence. The surface hydrophobicity of the protein (0.05 mg/
mL) was measured using 10 μM 2-p-toluidinonaphthalene-6-
sulfonate (TNS) (emission at 350−520 nm and excitation at
320 nm). The intrinsic tryptophan fluorescence spectra of the
proteins (0.05 mg/mL) in 50 mM phosphate buffer (pH 7.5) at
25 °C were recorded using a Fluoromax 4P spectrofluorometer
(Horiba Scientific, Edison, NJ). The excitation wavelength was
set to 295 nm, and the emission spectra were recorded between
310 and 400 nm. The data were collected at a 0.5 nm
wavelength resolution.
Determination of Structural Stability. The structural

stabilities of native αB-crystallin and acetyl αB-crystallin were
determined using an equilibrium chemical denaturation experi-
ment. Protein [0.05 mg/mL in 50 mM phosphate buffer (pH
7.5)] was incubated with 0−7 M urea for 18 h at 25 °C. The
intrinsic tryptophan fluorescence spectrum of the protein
solution was recorded in the 310−400 nm region at an
excitation wavelength of 295 nm. The equilibrium unfolding
profile was fit according to a three-state model, as described
previously.43

DLS−MALS Analysis. The samples were injected into a
TSK-5000PWXL (Tosoh Bioscience) gel filtration column
equilibrated with 50 mM phosphate buffer with 150 mM
NaCl buffer (pH 7.2) and connected to an high-performance
liquid chromatography system (Shimadzu, Columbia, MD)

coupled to multiangle light-scattering and dynamic light-
scattering detectors (Wyatt Technology, Santa Barbara, CA).
The flow rate was set to 0.75 mL/min. The average molar mass
and hydrodynamic radius of the oligomers were determined
using ASTRA (Wyatt Technology).

Chaperone Activity Assays. Chaperone activity assays
were conducted as previously described.37 We compared the
chaperone activity of WT and MTCA-treated αB-crystallin.
The ratios of αB-crystallin to client proteins (w/w) are given in
the figure legends. The chaperone activity of αB-crystallin was
also assessed in cells transferred with αB-crystallin as previously
described.44 HeLa cells (70% confluent) were transferred with
αB-crystallin (4 μg) with the aid of a cationic lipid,
BioPORTER (Polyplus transfection reagent, Illkirch, France).
A batch of cells treated with BioPORTER alone served as a
control. After incubation for 4 h, the cell lysate was prepared
using M-PER containing a protease inhibitor cocktail (1:100).
Western blotting for αB-crystallin was used to confirm that an
equal amount of protein was transferred into the cells. Protein
corresponding to 50 μg from cell lysates was either incubated at
55 °C for 2 h or kept at room temperature for 2 h (control).
After being incubated, the samples were centrifuged at 14000g
for 10 min. The protein concentration in the supernatant was
measured using the BCA protein assay kit.

Determination of Protein Refolding Ability. MDH (1.0
μM) was denatured in 6 M guanidine hydrochloride (Gu-HCl)
for 8 h at 25 °C. Refolding of MDH was initiated by a 100-fold
dilution with a refolding buffer [50 mM phosphate buffer, 10
mM magnesium acetate, and 5 mM DTT (pH 7.5)] in the
presence or absence of 20 μM native and acetyl αB-crystallin.
The MDH concentration was 10 nM during refolding. The
activity of the refolded MDH was measured by adding 20 μL of
the refolding mixture to 580 μL of refolding buffer containing
0.1 mM NADH and 0.4 mM oxaloacetic acid (preincubated at
25 °C) and measuring the absorbance at 340 nm.

Equilibrium Binding Study. The chaperone−substrate
binding study was performed using the membrane filtration
method.45 Briefly, acetyl and native αB-crystallin (12.5 μM)
were incubated at 60 °C for 1 h with 2−18 μM GC in 50 mM
phosphate buffer (pH 7.5). After equilibration at 25 °C for 1 h,
the incubation mixture was spun through a Microcon
centrifugal filter device (Millipore, Billerica, MA) (4000g) fit
with a 100 kDa cutoff membrane filter to separate the unbound
substrate. The number of binding sites (n) and the dissociation
constant (Kd) were determined as previously described.45,46

Apoptosis Measurements. αB-Crystallin was transferred
into HeLa cells with the aid of BioPORTER according to the
manufacturer’s instructions. The cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10%
FBS. When the cells were 70−80% confluent, the adherent cells
were treated with BioPORTER containing proteins in serum-
free medium. Cells treated with BioPORTER alone served as a
control. The cells were incubated for 4 h at 37 °C in a
humidified 5% CO2 atmosphere and then washed with PBS. To
induce apoptosis, the cells were treated with either 100 nM
staurosporine or 20 μM etoposide at 37 °C for 24 h. Early
apoptotic cells were detected by staining cells with annexin V-
FITC (BD Biosciences, San Jose, CA).

Measurement of Caspase-3 Activity. HeLa cells treated
as described above were lysed using M-PER reagent. An equal
volume of fluorogenic substrate solution [2× reaction buffer
(10 mM DTT and 50 μM Ac-DEVD-AFC)] was added to the
cell lysate, which was incubated for 1 h at 37 °C in the dark.
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The samples were read in a Spectramax Gemini XPS
spectrofluorometer (Molecular Devices, Sunnyvale, CA) at
excitation and emission wavelengths of 400 and 505 nm,
respectively.
Molecular Modeling. The crystal structure of the ACD

(which contains K92) was taken from the Protein Data Bank
(entry 2WJ7).47 The file contains the coordinates of residues
67−157, which are numbered starting at number 4. The
structure was renumbered for analysis. Acetylated K92 was built
and optimized in YASARA (YASARA Biosciences Inc., Vienna,
Austria) employing an Amber03 force field. To visualize the
effect of K92 acetylation, the electrostatic potential isosurfaces
were calculated at the 25 kcal/mol level. The electrostatic
potential was also mapped on the molecular surfaces of WT
and K92-acetylated αB-crystallin. All of the calculations and the
generation of images were performed in YASARA.
Statistics. The results are presented as means ± the

standard deviation (SD). Significant differences among the
groups were determined using analysis of variance, and a p <
0.05 level was considered significant.

■ RESULTS
MTCA-mediated introduction of the AcK mimic, MTCTK,
occurs specifically on cysteine residues in proteins.41 The
absence of cysteine residues in human αB-crystallin worked to
our advantage. We introduced a cysteine residue at K92 and
treated the resulting K92C protein with MTCA (Figure 1).

SDS−PAGE of the MTCA-treated WT and K92C protein
showed single protein bands similar to unmodified WT and
K92C αB-crystallin (Figure 2A). Western blotting using an AcK
monoclonal antibody showed reaction with MTCA-modified
K92C protein (Figure 2B) but not with untreated WT or K92C
protein. MTCA-treated WT protein did not show a reaction.
Our procedure resulted in nearly 98% conversion of the
cysteine to MTCTK, as revealed using a protein thiol assay
(Figure 2C). Mass spectrometric analysis of the peptides
derived from the gel band covered approximately 97% of αB-
crystallin’s sequence. For C92-containing peptides, both

unmodified (C92) and modified (AcK mimic at C92) peptide
were identified in several trypsin miscut peptides, such as
peptides HFSPEELKVCVLGDVIEVHGK (residues 83−103),
HFSPEELKVCVLGDVIEVHGKHEER (residues 83−107),
and VCVLGDVIEVHGK (residues 91−103). As an example,
the tandem mass spectrum of the ion at m/z 495.5900(3+) of
the VCVLGDVIEVHGK (residues 91−103) peptide with the
AcK mimic is shown in Figure 2D. Compared with that of the
unmodified peptide, there is no change in mass for the y series
ions from y2 to y11. However, a mass shift of 117 Da was
observed for y12, b series ions from b2 to b9, and the precursor
ion, which indicates the modification of the C92 residue to
MTCTK. Together, these data confirm the specific introduc-
tion of the AcK mimic at K92 in αB-crystallin.
Next, we determined whether MTCA treatment alone

changes the structure and function of αB-crystallin. WT
protein was treated with MTCA (conditions similar to those
used for the K92C protein). This treatment changed neither
the tryptophan fluorescence (Figure S3A of the Supporting
Information) nor the surface hydrophobicity (Figure S3B of the
Supporting Information) of the protein and did not alter the
secondary structure of αB-crystallin (data not shown). Next, we
determined whether MTCA treatment affected the chaperone
activity of αB-crystallin. The chaperone activity was assessed
using four client proteins, CS, Lyso, MDH, and GC. The client
proteins were subjected to thermal (CS, MDH, and GC) or
chemical (Lyso) stress to induce protein denaturation. The
light scattering from the denatured proteins was monitored
spectrophotometrically in the presence or absence of MTCA-
treated or untreated αB-crystallin. Both proteins were equally
effective against all four client proteins (Figure S3C of the
Supporting Information). These results suggest that MTCA
treatment alone does not affect the structure or the chaperone
activity of αB-crystallin. Because MTCA treatment had no
effect on the structure and chaperone activity and because
MTCA-mediated conversion of K92C to MTCTK was close to
100%, in all of the subsequent experiments, we used only
MTCA-treated K92C and MTCA-treated WT protein for
comparison, hereafter termed acetyl and native proteins,
respectively.
The far-UV CD spectra for the acetyl and native proteins

were nearly identical (Figure 3A). The secondary structural
elements of the two proteins are listed in Table 1. The acetyl
protein showed marginally higher α-helicity with a slight
decrease in the level of β-sheet structure relative to that of the
native protein. Near-UV CD spectra of these two proteins
revealed that the microenvironments of the aromatic amino
acid residues were altered (Figure 3B). The tryptophan
fluorescence of the acetyl protein was 33% higher than that
of the native protein (Figure 3C), further implying that
acetylation perturbed the microenvironment of the tryptophan
residues. Taken together, these data show that K92 acetylation
had a marginal effect on the secondary structure but had a
stronger effect on the tertiary structure of the protein.
In its native state, αB-crystallin exists as a polydisperse

oligomer that ranges from 4 to 40 subunits. Whether K92
acetylation affected the oligomeric structure (i.e., quaternary
structure) of the protein was investigated using DLS−MALS.
As shown in Figure 4A, the acetyl protein had a broader peak
than the native protein, with an average molar mass of 9.24 ×
105 g/mol compared with a mass of 5.73 × 105 g/mol for the
native protein. The hydrodynamic radii (Rh) of the native and
acetyl proteins were 8.2 and 10 nm, respectively. Together,

Figure 1. Schematic illustration of the site-specific introduction of an
AcK mimic into αB-crystallin. αB-Crystallin mutant K92C was treated
with MTCA to generate an AcK mimic at K92. The absence of
cysteine residues in αB-crystallin allowed us to introduce an AcK
mimic at K92 by first mutating K92 to Cys.
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these data suggest that K92 acetylation led to an increase in the
average oligomeric size, consisting of ∼28 subunits in the native
protein to ∼46 subunits in the acetyl protein.
To determine whether an increase in the oligomeric size and

the subtle changes in the tertiary structure had any effect on the
overall structural stability of the acetyl protein, the thermody-
namic stabilities of the native and acetyl proteins were
compared. Equilibrium urea unfolding was measured by
following the tryptophan fluorescence of these two proteins
at various urea concentrations. The λmax values for the native
and unfolded WT αB-crystallin were recorded at 340 and 354
nm, and for the acetyl protein at 340 and 352 nm. We plotted
the ratio of the intensities in the native and unfolded states as a
function of the urea concentration (Figure 4B). An estimate of
the transition midpoint (C1/2) from the sigmoidal analysis of

the denaturation profiles indicated that the C1/2 value increased
slightly from 2.41 M urea for the native protein to 2.51 M urea
for the acetyl protein (Figure 4B and Table 2). To measure the
stability against chemical denaturation, all of the profiles were
analyzed with the aid of a global three-state fitting procedure
according to the following equation:

= + −Δ ° + +

−Δ ° +

+ −Δ ° +

+ −Δ ° +

F F F G m RT F

G m RT

G m RT

G m RT

[ exp( [urea])/

exp( [urea])/ ]/[1

exp( [urea])/

exp( [urea])/ ]

N 1 1 1 U

2 2

1 1

2 2

where FN, FI, and FU are the fluorescence intensities for the
100% native, 100% intermediate, and 100% unfolded forms,

Figure 2. Confirmation of the introduction of the AcK mimic into αB-crystallin. (A) SDS−PAGE of WT (lane 1), K92C (lane 2), WT treated with
MTCA (lane 3), and K92C treated with MTCA (lane 4). (B) Western blotting using an AcK antibody showed reaction with only K92C treated with
MTCA (lane assignments are the same as in panel A). (C) Estimation of the protein thiol content showed that nearly 98% of the cysteine in the
K92C was modified to MTCTK. αB(a) denotes acetyl αB-crystallin. (D) Mass spectrometric identification of the AcK mimic at K92 in αB-crystallin.
The tandem mass spectrum of the αB-crystallin peptide [VCVLGDVIEVHGK (residues 91−103)] with a precursor ion at m/z 495.5900(3+) and
K92C-modified MTCTK is shown.
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respectively. The term ΔG1° refers to the standard free energy
change between the native and intermediate forms, and ΔG2°
refers to the standard free energy change between the
intermediate and unfolded forms. The term ΔG° is the sum
of ΔG1° and ΔG2° and refers to the standard free energy
change of unfolding (between the native and unfolded forms)
at a urea concentration of zero. The fitted parameters are listed
in Table 2. The standard free energy change of the unfolding of
the native protein at 25 °C was 22.94 kJ/mol. The ΔG° value
for the acetyl protein increased to 29.95 kJ/mol, indicating an
increase in thermodynamic stability of approximately 7 kJ/mol.
We then measured the chaperone activity of the protein

using the same four client proteins used in the assessment of
the effect of MTCA on WT protein (Figure S3C of the
Supporting Information). The chaperone activity against CS,
Lyso, MDH, and GC was 38, 25, 75, and 66% more effective,
respectively, with the acetyl protein than with the native protein
(Figure 5A). When tested against CS, the chaperone activity of
the acetyl protein was consistently higher than that of the WT
protein across various αB-crystallin to client protein ratios
(Figure S4 of the Supporting Information). Because only a
fraction of the K92 residue in αB-crystallin is acetylated in the
human lens,36 we determined whether a mixture of acetyl and

native proteins, wherein acetyl protein constituted 1 and 5% of
the total protein (1% acetyl + 99% native and 5% acetyl + 95%
native), would show an improvement in the chaperone activity
(over that of native protein). Remarkably, both mixtures
showed significantly higher activity than the native protein
against CS. When the sample was tested against GC, only the
5% acetyl + 95% native protein mixture showed a significantly
higher activity (Figure 5B,C). Together, these data show that
acetylation of K92 improves the chaperone activity of αB-
crystallin, and such an improvement in the chaperone activity is
maintained even when the acetyl protein makes up a small
portion of the total protein.
Next, we compared the ability of the native and acetyl

protein to inhibit protein aggregation in HeLa cells. αB-
Crystallin was transferred into cells with the aid of
BioPORTER. This technique resulted in an equal amount of
acetyl and native protein being transferred into the cells, as
revealed by Western blotting (Figure 6A). The proteins in the
cell lysate aggregated and precipitated as insoluble pellets upon
being incubated at 55 °C. We then measured the concentration
of the recovered soluble protein in the supernatant. We found a
significant difference between the acetyl and native protein in
preventing protein aggregation when we used 4 μg of αB-

Figure 3. Structural changes in acetyl αB-crystallin. The far-UV (A)
and near-UV (B) CD spectra for the native (αB) and acetyl αB-
crystallin [αB(a)]. (C) Tryptophan fluorescence was higher for the
acetyl protein than for the native protein.

Table 1. Secondary Structural Elements in Native and Acetyl
αB-Crystallin

protein α-helix (%) β-sheet (%) β-turn (%) random coil (%)

native 14.4 38.3 15.8 31.5
acetyl 16.3 34.4 16.1 33.2

Figure 4. Oligomerization and thermodynamic stability of acetyl αB-
crystallin. (A) DLS−MALS profiles for native and acetyl αB-crystallin.
The acetyl protein exhibited a larger oligomeric size than the native
protein. (B) Equilibrium urea denaturation profile for 0.05 mg/mL
native and acetyl αB-crystallin at 25 °C. The profile is normalized to a
scale of 0−1. Symbols represent the experimental data points, and the
lines represent the best fit according to the three-state model.

Table 2. C1/2 and ΔG° Values for Native and Acetyl αB-
Crystallin at 25 °C

protein C1/2 (M) ΔG° (kJ/mol)

native 2.41 ± 0.02 22.94 ± 0.92
acetyl 2.51 ± 0.03 29.95 ± 1.06
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crystallin and an incubation time of 2 h (Figure S5 of the
Supporting Information). In the controls (without αB-

crystallin), there was a 64% loss of protein in the supernatant;
however, this value was reduced to 53% with the transfer of the

Figure 5. Acetylation of K92 improves the chaperone activity of αB-crystallin. (A) The chaperone activities of the native and acetyl αB-crystallins
were measured using citrate synthase (CS), lysozyme (Lyso), γ-crystallin (GC), and malate dehydrogenase (MDH). The following chaperone:client
protein ratios (w/w) were used: CS, 1:2; Lyso, 1:4; MDH, 1:8; and GC, 1:6. Representative traces for each assay are shown in the left panels. A
mixture of 1% acetyl and 99% native (0.125 μg of acetyl and 12.375 μg of native, 25 μg of CS, 1:2 αB-crystallin:CS ratio) and 5% acetyl and 95%
native αB-crystallin (0.625 μg of acetyl and 11.875 μg of native, 25 μg of CS, 1:2 αB-crystallin:CS ratio) significantly improved the chaperone activity
against CS (B) and GC (C). αB = native αB-crystallin. αB(a) = acetyl αB-crystallin. Bars are means ± SD of three independent experiments. *p <
0.05. **p < 0.005. ***p < 0.0005. NS means not significant.

Biochemistry Article

dx.doi.org/10.1021/bi400638s | Biochemistry 2013, 52, 8126−81388132



native protein (p < 0.05 compared to control) and further
reduced to 41% with the transfer of the acetyl protein (p <
0.005 compared to control) (Figure 6B). Protein precipitation
was not observed in any of the samples maintained at room
temperature. Together, these data imply that the acetyl protein
maintained stronger chaperone activity than the native protein.
We also determined the ability of the native and acetyl

protein to refold denatured proteins, using MDH as the client
protein. When fully denatured MDH was allowed to refold by
being diluted in the appropriate refolding buffer (in the absence
of αB-crystallin), a nominal 1% of the enzyme’s activity was
recovered (Figure 7, trace 1). However, in the presence of 20

μM native αB-crystallin, approximately 19% of the activity of
MDH was regained (trace 2). At the same protein
concentration, the recovery of the enzyme activity with acetyl
αB-crystallin was 14% higher than with the native protein (trace
3). To rule out nonspecific effects, we used BSA in place of αB-
crystallin, which had no effect on MDH refolding (trace 4).
Thus, both the protein aggregation and the refolding assays
showed that the acetylation of K92 improves the chaperone
activity of αB-crystallin.
We measured the surface hydrophobicity using a hydro-

phobic probe, TNS, to determine whether an increase in the
surface hydrophobicity resulted in a higher chaperone activity
for the acetyl protein. The chaperone assays with Lyso, CS,
MDH, and GC were conducted at 25, 43, 50, and 60 °C,
respectively; therefore, we measured the surface hydrophobicity
at these temperatures. As shown in Figure 8A, the fluorescence
intensity of TNS bound to the acetyl protein was 11−20%
higher than that of the native protein. These results suggest that
K92 acetylation led to an increase in the hydrophobicity of the
protein, which improved the chaperone activity of the protein.
To assess whether the improved chaperone activity is a result

of stronger binding of the client protein to the acetyl protein,
we performed an equilibrium binding study using GC as the
client protein (Figure 8B). We determined the dissociation
constant (Kd) using the Scatchard equation:

ν ν̃ = − × ̃S n K K/ / 1/d d

where ν̃ is the number of moles of substrate bound per mole of
chaperone, n is the number of binding sites, and Kd is the
dissociation constant. We noted that the number of binding
sites (n) per subunit of acetylated protein increased to 3.34
from 2.33 in the native protein and that the Kd decreased
slightly from 2.81 μM in the native protein to 2.73 μM in the
acetyl protein (Table 3). From these data, we conclude that the
acetylation of K92 in αB-crystallin provides a higher affinity for
denatured proteins. However, in these experiments, we cannot
rule out aggregation and association of the client protein before
it binds to αB-crystallin at 60 °C, which could result in a larger
n per molecule of αB-crystallin.
Next, we investigated the effect of K92 acetylation on the

second important function of αB-crystallin, its ability to prevent
apoptosis in stressed cells. We used HeLa cells for these
experiments because these cells contain low levels of
endogenous αB-crystallin. The native and acetyl proteins
were transferred into cells using BioPORTER. We induced
apoptosis by treating the cells with either 100 nM staurosporine
or 20 μM etoposide. As shown in panels A and B of Figure 9,
both proteins significantly inhibited apoptosis. However, the
acetyl protein was 18−20% more effective than the native
protein in both treatments. The inhibition of apoptosis was
accompanied by significant inhibition of caspase-3 activity in
both treatments (Figure 9C,D). Again, the acetyl protein was at
least 5−10% more effective than the native protein. Taken
together, these results show that the acetylation of K92 makes
αB-crystallin a more effective anti-apoptotic protein through
stronger inhibition of caspase-3.
Molecular modeling based on the X-ray crystal structure of

the ACD47 shows that the removal of the positive charge on
K92 by acetylation diminishes the electrostatic potential,
changing this region from hydrophilic to hydrophobic. The
resulting electrostatic potential in this area is neutral due to
compensation by ionic interactions between neighboring
residues glutamine 99 (Q99) and K90. The shape of the

Figure 6. Chaperone activity of acetyl αB-crystallin is better than that
of the native protein in HeLa cells. HeLa cells were transferred with
native or acetyl αB-crystallin. (A) Western blotting and densitometry
(bar graph) showed that the amount of protein transferred with the aid
of BioPORTER was equal for the two proteins: lane 1, cell lysate; lane
2, cells transferred with native αB-crystallin; lane 3, cells transferred
with acetyl αB-crystallin. (B) Cell lysates from αB-crystallin-trans-
ferred HeLa cells were incubated at 55 °C for 2 h, and the aggregated
protein was removed by centrifugation. The protein content in the
supernatant was measured. αB = native αB-crystallin. αB(a) = acetyl
αB-crystallin. Bars are means ± SD of three independent experiments.
*p < 0.05. **p < 0.005. ***p < 0.0005.

Figure 7. Effect of K92 acetylation on the ability of αB-crystallin to
refold denatured MDH. The enzyme activity of MDH (which is
directly related to protein refolding) was abolished by incubation in a 6
M Gu-HCl solution at 25 °C: trace 1, 10 nM MDH alone; trace 2, 10
nM MDH with 20 μM native αB-crystallin; trace 3, 10 nM MDH with
20 μM acetyl αB-crystallin; trace 4, 10 nM MDH with 20 μM BSA.
Refolding was initiated by 100-fold dilution of MDH (1 μM) in 6 M
Gu-HCl in refolding buffer (pH 7.5) containing 50 mM phosphate, 10
mM magnesium acetate, and 5 mM DTT. Each data point is the
average of triplicate measurements.
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electrostatic potential changed from a quadrupole to a dipole
(Figure 10A,B), which can facilitate the formation of large
oligomers of ACD. Changes are also visible on the molecular
surface, mapped with electrostatic potential (Figure 10C,D).
Thus, molecular modeling supports the finding that K92
acetylation makes αB-crystallin more hydrophobic and
consequently a better chaperone.

■ DISCUSSION
Lysine acetylation is a dynamic process, regulated through
KATs and KDACs. Several recent studies have shown that this
process plays an important role in the regulation of metabolism
and cell functions.33,34 We previously found that αA- and αB-
crystallin are acetylated at specific lysine residues in the lens.37

The purpose of this study was to investigate the effects of lysine

acetylation at K92 on the structure and functions of human αB-
crystallin. This site was chosen on the basis of our previous
finding that K92 is acetylated in the human lens37 and because
it is a highly conserved residue among several major small heat
shock proteins.
Our previous in vitro lysine acetylation using a chemical

method showed improvement in the chaperone and anti-
apoptotic activity of α-crystallin.37,38 However, in these studies,
lysine acetylation was performed by reacting αA-crystallin with
acetic anhydride. This method indiscriminately acetylates lysine
residues in αA-crystallin even at low acetic anhydride
concentrations. Thus, the method does not permit investigation
of the effects of specific AcK residues in α-crystallin. To
circumvent this problem in this study, we used the novel
chemical method of Huang et al.41 in which we used MTCA to
introduce an AcK mimic at K92 by first mutating the lysine to
cysteine and then converting the cysteine to MTCTK. Our
mass spectrometric and Western blotting data confirmed that
we have achieved this goal. The fact that MTCA had no effect
on either the structure or function of WT αB-crystallin and that
C92 was almost entirely converted into the AcK mimic allowed

Figure 8. Surface hydrophobicity of acetyl αB-crystallin and estimation of binding parameters with client proteins. (A) Surface hydrophobicity
probed with TNS at different temperatures. At all of the temperatures, the acetyl protein exhibited a higher surface hydrophobicity than the native
protein. (B) The dissociation constant (Kd) and the number of binding sites (n) for the interaction between GC and αB-crystallin at 60 °C were
estimated using the Scatchard equation shown in the Results. αB = native αB-crystallin. αB(a) = acetyl αB-crystallin.

Table 3. Determination of Values of n and Kd for the
Interaction of Native and Acetyl αB-Crystallin with GC at 60
°C

n Kd (μM)

native with GC 2.33 ± 0.04 2.81 ± 0.14
acetyl with GC 3.34 ± 0.06 2.73 ± 0.19
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us to compare only native and acetyl αB-crystallin in
subsequent experiments.
The alteration in the near-UV CD spectra and the greater

tryptophan fluorescence intensity of the acetyl protein relative
to that of the native protein (in light of the same emission
maxima) suggest that K92 acetylation perturbs only the tertiary
structure of αB-crystallin. This finding is analogous to our

previous observation that lysine acetylation in αA-crystallin
resulted in increased tryptophan fluorescence.37 The two
tryptophan residues (W9 and W60) in human αB-crystallin
are located in the N-terminus of the protein, which is thought
to be involved in monomeric interactions.48 We speculate that
the N-terminus is more relaxed in the acetyl protein, which
results in the exposure of W9 and W60 to a more polar
environment. Thus, the protein exhibits greater tryptophan
fluorescence. Similarly, a previous study has shown changes in
tryptophan fluorescence by subtle modifications in the ACD.49

The DLS−MALS data revealed that K92 acetylation led to
an increase in the molecular mass and the hydrodynamic radius
of the protein. The average molar mass of the acetyl protein
almost doubled to 975 kDa (from 573 kDa for the native
protein). This result implies that the acetyl protein exists in a
larger oligomeric structure than the native protein. In α-
crystallin, the core ACD is thought to be responsible for
monomer interactions that lead to protein oligomerization.50

The most favored model, based on solid state nuclear magnetic
resonance spectroscopy and cryo-electron microscopy, is one in
which the dimeric building blocks of αB-crystallin assemble into
hexameric rings through ACD interactions and four such
hexamers assemble through N-terminal interactions to form a
24-mer oligomer (one of many possible oligomeric structures)
of αB-crystallin.51 K92 is present within the ACD. Thus, its
acetylation might enhance the oligomerization of the protein.
However, monomeric interaction sites identified in previous
studies do not contain K92.48,52 Thus, the effect of K92
acetylation on the oligomerization could be a distal, secondary
effect.
The increase in the chaperone activity of the acetyl protein is

complemented by an increase in the surface hydrophobicity at
four different temperatures. This finding indicates that the K92
acetylation that led to a larger oligomer of the protein might
have contributed to the overall increase in surface hydro-
phobicity and, consequently, higher chaperone activity. The
improved ability of the acetyl protein to refold a Gu-HCl-

Figure 9. Inhibition of apoptosis by acetyl αB-crystallin was more effective than that by native αB-crystallin. Inhibition of staurosporine-induced
(STS) (A) and etoposide-induced (ETP) (B) apoptosis in HeLa cells by the acetyl and native proteins. The protein was transferred with the aid of
BioPORTER, and cells were treated with staurosporine and etoposide as described in Materials and Methods. Apoptosis was detected and quantified
after staining for annexin V. The bars represent the means ± SD of three independent experiments. Acetyl αB-crystallin inhibits caspase-3 activity
more aggressively than native αB-crystallin. Capase-3 activity in staurosporine (C) and etoposide (D) was measured using a fluorogenic substrate. αB
= native αB-crystallin. αB(a) = acetyl αB-crystallin. The bars represent means ± SD of three independent experiments. *p < 0.05. **p < 0.005. ***p
< 0.0005.

Figure 10. Molecular modeling of K92 acetylation in the ACD of αB-
crystallin. Modeling was based on the published X-ray crystal structure
of the ACD of αB-crystallin (PDB entry 2WJ7). The loss of the
positive charge on the ε-amino group of K92, together with the
electrostatic interaction of the neighboring lysine 90 and glutamic acid
99 residues, makes the average local charge zero in this area and
changes the region from hydrophilic to hydrophobic. The electrostatic
potentials for native (A) and acetyl αB-crystallin (B) are shown as
isosurface blobs at levels of 25 kcal/mol (blue) and −25 kcal/mol
(red). Molecular surface of crystallin mapped with the electrostatic
potential for native (C) and acetyl αB-crystallin (D). The positive and
negative electrostatic potentials on the isosurfaces and on the
molecular surfaces are colored blue and red, respectively.
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denatured protein (MDH) and the stronger binding of a client
protein (GC) support this notion. K92 is located in strand β2
of the ACD in αB-crystallin. The results of the molecular
modeling experiments are fully compatible with the surface
hydrophobicity (TNS) and DLS−MALS data.
Previous studies did not establish a direct relationship

between the chaperone activity and the oligomeric size of α-
crystallin. In some studies, a lower molecular mass led to an
improvement in chaperone activity,53,54 but other studies have
shown the opposite55 or no relationship.56 In this study, we
found that subtle changes in surface hydrophobic patches and
in the tertiary structure caused by K92 acetylation increased the
oligomeric size of αB-crystallin. We also observed that such
acetylation increased the overall structural stability by 7 kJ/mol.
We believe that the larger oligomeric assembly and greater
structural stability contributed to the improvement in the
chaperone activity of acetyl αB-crystallin. This conclusion is
similar to observations in other previous studies, where it has
been noted that the increased chaperone activity of α-crystallin
is associated with greater structural stability of the protein.45,46

The higher anti-apoptotic activity of the acetyl protein
relative to that of the native protein could stem from its higher
chaperone activity. We previously showed that the anti-
apoptotic activity of α-crystallin is intricately linked to its
chaperone function.23 The higher anti-apoptotic activity of the
acetyl protein could be due to its better ability to block the
translocation of Bax to mitochondria, to release of cytochrome
c into the cytoplasm, and to prevent caspase-8- and caspase-9-
mediated activation of caspase-3. Further work is needed to
verify these possibilities. The acetyl protein may more
effectively preserve the cytoskeletal network, as αB-crystallin
is known to bind cytoskeletal proteins and prevent their
destabilization when cells are experiencing stress.57 Whether
lysine acetylation in αB-crystallin is reversed by lysine
deacetylase in eye tissues is not known. Investigation into the
enzymatic regulation of lysine acetylation should provide
further insight into the role of this chemical modification in
the functions of αB-crystallin.
What is the significance of our findings to lens and retinal

biology? In the lens, negligible turnover of protein occurs;
therefore, proteins have to be preserved in their native state to
maintain transparency despite being exposed to sustained and
chronic stresses. Acetylation of αB-crystallin could be a
mechanism for enhancing the chaperone activity and reducing
the level of aggregation of proteins. In addition, apoptosis of
lens epithelial cells is a common occurrence during cataract
formation,58,59 which may be inhibited to a greater extent by
the acetyl protein than by native αB-crystallin. Similarly,
acetylation of αB-crystallin in the retina could help in
preventing apoptosis of cells, which occurs in diseases such as
macular degeneration, glaucoma, and diabetic retinopathy.
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