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In addition to their key role as structural lens proteins, α-crystallins also appear to confer protection against
many eye diseases, including cataract, retinitis pigmentosa, and macular degeneration. Exogenous recombinant
α-crystallin proteins were examined for their ability to prevent cell death induced by heat or oxidative stress
in a human lens epithelial cell line (HLE-B3). Wild type αA- or αB-crystallin (WT-αA and WT-αB) and αA- or
αB-crystallins, modified by the addition of a cell penetration peptide (CPP) designed to enhance the uptake of
proteins into cells (gC-αB, TAT-αB, gC-αA), were produced by recombinant methods. In vitro chaperone-like
assays were used to assay the ability of α-crystallins to protect client proteins from chemical or heat induced
aggregation. In vivo viability assays were performed in HLE-B3 to determine whether pre-treatment
with α-crystallins reduced death after exposure to oxidative or heat stress. Most of the five recombinant
α-crystallin proteins tested conferred some in vitro protection fromprotein aggregation,with the greatest effect
seen with WT-αB and gC-αB. All α-crystallins displayed significant protection to oxidative stress induced cell
death, while only the αB-crystallins reduced cell death induced by thermal stress. Our findings indicate that
the addition of the gC tag enhanced the protective effect of αB-crystallin against oxidative but not thermally-
induced cell death. In conclusion, modifications that increase the uptake of α-crystallin proteins into cells,
without destroying their chaperone-like activity and anti-apoptotic functions, create the potential to use these
proteins therapeutically.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

α-Crystallinsmake up themajor protein component of themamma-
lian lens and function as structural and refractive proteins [1,2]. The two
forms of α-crystallin (αA-crystallin and αB-crystallin) share 57%
sequence homology [3] and have been reported to form multimeric
complexeswith each other at a ratio of 3:1 (αB-crystallin:αB-crystallin)
[4]. More recent studies suggest thatαA- andαB-crystallin are found in
distinct membrane compartments within cells [5] and may therefore
have additional functions in addition to acting as refractive proteins.
These additional functions may differ between each isoform, since αA-
crystallin is found almost exclusively in the lens while αB-crystallin is
found in multiple tissues including the retina, heart, skeletal muscle,
glia, kidney, lung, and Schwann cells [6–9].

In vitro studies of α-crystallins indicated that the proteins function as
molecular chaperones basedon their ability to promote refolding after de-
naturation and suppress thermally-induced protein aggregation [10,11].
Additionally, transfection ofα-crystallin DNA into cultured cells has indi-
cated its ability to promote cellular thermo-resistance and prevent UVA-
logy, University of Colorado
top 8311, Aurora, CO 80045.
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induced apoptosis in human lens epithelial cells [12–14]. Furthermore,
α-crystallin knockout animal models have decreased resistance against
oxidative stress [15]. αB-crystallin has been shown to be up-regulated
in cells exposed to heat, osmotic, and mechanical stresses, likely
preventing damage induced apoptosis [16–18]. In human lens and retina
cells under oxidative stress, αB-crystallin protects mitochondrial cyto-
chrome c from oxidation, preventing apoptosis [19].

We hypothesize that the introduction of α-crystallins to the lens
may represent an approach to limit cell death, and progression of
cataract. Epithelial cells that progress to cortical fiber cells accumulate
large amounts of proteins that must maintain structural integrity for
many decades to support lens transparency. Over time, these cells lose
the capacity to produce new proteins [1]. It has been hypothesized
that in response to metabolic and environmental stresses to the lens,
(UV light exposure, oxidative stress secondary to metabolic diseases),
α-crystallin binds to both unfolded proteins and those involved in
apoptosis, including cytochrome c and caspase 3, to prevent cell death
[19–22]. Therefore, increased levels ofα-crystallinmay delay or prevent
cataract.

While delivery of recombinant α-crystallins to tissues offers an
intriguing approach to prevent protein aggregation diseases, protein
uptake into cells at levels sufficient for efficacy is likely to be a challenge.
A peptide in the TATprotein of human immunodeficiency virus-1 (HIV-1)
was the first cell penetration peptide (CPP) shown to enter cells non-
selectively and without a specific receptor [23]. In 1994, the TAT CPP
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was first utilized to increase protein uptake into cells when Fawell et al.
chemically cross-linked part of TAT to proteins which resulted in trans-
duction of otherwise impermeable proteins [24]. Similarly, herpes
simplex virus type 1 (HSV) encodes for the glycoprotein C (gC) shown
to be involved in viral attachment to cells. We have previously shown
that the fusion of either TAT or gC CPP to αB-crystallin led to a signifi-
cant increase in uptake of α-crystallin to lens-derived cells in culture
after a one hour incubation [25]. However, the ability of these proteins
to function within these cells is currently unknown. The purpose of
the present study was to assess the efficacy of α-crystallins introduced
in this manner against various types of stress in a cell culture model.

2. Methods

2.1. Cell culture

Human lens epithelial cells (HLE-B3) [26] were grown in DMEM
(Sigma, St. Louis, MO) with 20% fetal bovine serum (SAFC Biosciences,
Lenexa, KS) and penicillin–streptomycin–amphotericin B (10 units/
ml–10 units/ml–0.25 μg/ml (HyClone, Logan, UT)) at 37 °C in the
presence of 5% CO2. Cells were added to 12-well or 96-well plates
(Costar, Corning, NY) and allowed to adhere overnight.

2.2. Cloning of recombinant human αA-crystallin fused with gC cell
penetration peptide (CPP)

Construction of αA-crystallin with an N-terminal gC peptide was
carried out as previously reported for gC-fusedαB-crystallin [25]. Brief-
ly, primers for the gC CPP were designed with NcoI (5′ forward primer)
and HindIII (3′ reverse primer) sequences and were obtained from IDT
(Coralville, IA). PCR was carried out using these primers together with
our previously-described αA-crystallin expression construct [27] to
prepare gC-αA coding region with the CPP at the N-terminus of αA.
PCR was performed for 30 cycles of 95 °C, 50 °C, and 72 °C for 1 min
each. Reaction products were separated on a 1% agarose operated in
Tris–acetate EDTA (TAE) buffer. PCR bands of the expected size were
excised from the gel and purified using the quick spin kit (Qiagen,
Germantown, MD) following the manufacturer's protocol. Purified
PCR DNA along with pET-23d vector DNA was digested with NcoI and
HindIII (New England Biolabs, Ipswich, MA). Restriction fragments
were resolved by 1% agarose TAE gel. Purified vector DNA and PCR am-
plified DNAwere ligated using a quick ligase kit (NEB) and transformed
into Escherichia coli strain TOP 10 (Life Technologies, Carlsbad, CA).
Colonies were selected and inserts confirmed by DNA sequencing.

2.3. Production of recombinant α-crystallin proteins

Preparation of expression plasmids encoding wild-type αA-crystallin
(WT-αA), wild-type αB-crystallin (WT-αB), gC-tagged αA-crystallin
(gC-αA), gC-tagged αB-crystallin (gC-αB), and TAT-tagged αB-crystallin
(TAT-αB) have previously been reported [25,27,28]. Expression and
purification of recombinant crystallins were carried out as described
[28]. Purified proteins were kept at 4 °C if used immediately, or were
stored at−80 °C.

2.4. Cellular heat stress assay

HLE-B3 cells grown to ~90% confluence were treated with a single
α-crystallin for 1 h at 37 °C. Briefly, 12.5 μg/ml of α-crystallins (or PBS
alone as a vehicle control) was added to the culture medium and cells
were incubated for 1 h at 37 °C. The culture mediumwas then replaced
with fresh culture media without α-crystallin. After this media
exchange, cells were placed at 45 °C for 1 h to induce heat stress.
Following the 45 °C heat treatment, cells were returned to 37 °C.
Live cells were identified 23 h later using the Live/Dead Viability/
Cytotoxicity Assay Kit (Life Technologies) which relies on cytoplasmic
esterases to cleave calcein and generate intracellular fluorescence
(calcein assay). To measure this activity, 23 h after heat treatment,
cells were washed twice with PBS and placed in 120 μL PBS with 5 μM
Calcein AM and incubated for 20 min at 25 °C in the dark. Following in-
cubation, viable cells were detected using an excitation at 485 nm and
emission at 528 nm with a Synergy 4 Multi-mode Microplate Reader
andGen5Reader Control andData Analysis Software (BioTek,Winooski,
VT). After subtracting background fluorescence from all samples,
untreated (no protein or heat) cellswere used to determine 100% viabil-
ity. To determine the number of cells protected from heat treatment by
α-crystallin, the following equation was used:

%viable ¼ % viablewithα‐crystallin−avg:% viablewithoutα‐crystallin
100−avg:% viablewithoutα‐crystallin

� 100:

Results are reported as average ± standard deviation of at
least three independent experiments. Each experimental condition
was studied in triplicate. The p-values were calculated using a two-
tailed, Student's t-Test assuming equal variance.

2.5. Cellular oxidative stress assay

Treatment groups were assembled in the same manner as the
cellular heat stress assays described above. The only modification from
the above assay is after α-crystallin treatment, cells were exposed to
37.5 μM H2O2 (Sigma) and incubated at 37 °C for 24 h. Cell viability
after this treatment was assessed using the calcein assay as above.

2.6. Chaperone-like activity measurements on
reduction-induced aggregation

Assays were performed similar to those previously described
[25,29,30]. Briefly, 10 μM lysozyme (EMD Millipore, Philadelphia,
PA) was mixed with 1 mM DTT in the presence or absence of 10 μM
WT-αA, WT-αB, gC-αB, TAT-αB, or gC-αA. Reactions were monitored
for 1 h at 37 °C in a Cary 1E spectrophotometer fitted with a Peltier
controlled sample carrier. Samples were continuously monitored for
light scattering at 360 nm for 60 min.

2.7. Toxicity assays

To assess the toxicity of α-crystallin preparations, HLE-B3 cells
were incubated for 1 h in the presence of 12.5 μg/ml, 37.5 μg/ml, or
125 μg/ml of each of five variants of α-crystallin prepared for this
study. After 1 h, media were replaced with α-crystallin-free media
and incubated overnight. 24 h post-α-crystallin exposure, cells were
harvested and viability was determined using the Live/Dead Viability/
Cytotoxicity Assay Kit (Life Technologies) as above. Assays were repeat-
ed in triplicate for each protein.

2.8. Chaperone-like activity measurements on heat-induced aggregation

CLA assays with the human aldose reductase AKR1B1 (HAR) heat-
induced aggregation assay have been described previously [27,28].
Briefly, 2.5 μM recombinant HAR was mixed with 1 mM DTT in the
presence or absence of WT-αA, WT-αB, gC-αB, TAT-αB, or gC-αA (all
at 2.5 μM crystallin subunit concentration). Samples were incubated
for 30 min at 53 °C in a Cary 1E UV/vis spectrophotometer. Samples
were continuously monitored for light scattering at 360 nm for 60 min.

2.9. α-Crystallin conjugation to Alexa-Fluor-350 and Alexa-Fluor 488

α-Crystallins were conjugated with Alexa-Fluor-350 or Alexa-Fluor
488 fluorophores according to the manufacturer's protocol (Life
Technologies). Concisely, α-crystallins in PBS were mixed with
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100 mM sodium bicarbonate added to Alexa-Fluor-350 or Alexa-Fluor
488 dye and incubated with mixing at 25 °C for 1 h. Alexa-Fluor dye-
labeled proteins were then passed over a kit-supplied desalting column
to remove unconjugated dye. Protein concentrations and percent
labeling were determined as recommended by the manufacturer.
2.10. Microscopy analysis of α-crystallin

HLE-B3 cells were plated onto 35 mm glass bottom culture
dishes overnight to allow adherence. Cells with ~90% confluence were
treated with 12.5 μg/ml of Alexa-Fluor-350 labeled α-crystallin for
1 h. The α-crystallin-supplemented medium was then replaced with
fresh media containing 37.5 μM H2O2 and cells incubated for 24 h.
Next, cellswere harvested andwashed twicewith PBS followed by incu-
bation in 1 ml of PBSwith 5 μM calcein AM solution at 25 °C for 20 min
in the dark. After incubation, cells were imagedusing aNikon 90imicro-
scope at 10× magnification. The Alexa-Fluor-350 labeled α-crystallin
detected by blue fluorescence was converted to red in the images.
2.11. Immunohistochemistry

Glass coverslips were placed into 12-well plates. HLE-B3 cells were
allowed to adhere to coverslips. After cells reached ~95% confluence,
2 μg of Alexa-Fluor 488-labeled gC-αB were added to the well. After
72 h, coverslips were removed fromwells and rinsed in PBS. The cover-
slip was then placed in 100% methanol for 30 s, rinsed with 1× PBS for
30 s, and were then blocked with 2% w/v BSA in PBS for 30 min. After
blocking, α-crystallin antibody (a gift from Dr. Usha Andley, Washing-
ton University in St. Louis, MO) at 1/300 dilution in 2% BSA was added
for 20 min. The coverslip was then washed with PBS, again blocked
with 2% BSA for 30 min, then probed with a 1/500 dilution of goat
anti-rabbit 594 (Life Technologies) for 20 min. After another rinse
with PBS, the coverslip was mounted on a glass slide with DAPI with
Fig. 1. Localization of exogenousα-crystallin in HLE-B3 cells. HLE-B3 cells were treated with Al
withα-crystallin antibody followed by an Alexa-Fluor-594 secondary antibody (red). Cells wer
(A) co-localized with native α-crystallin (B) as seen when merged (C). Both protein were pred
VectaShield (Vector Laboratories, Burlingame, CA), and imaged using a
Nikon microscopy system.
3. Results

3.1. Co-localization of native and recombinant α-crystallin taken up into
HLE-B3 cells

Previously we reported the uptake ofα-crystallin protein by HLE-B3
cells [25]. However, the localization of exogenous gC-αB was not deter-
mined. Using immunohistochemistry to detect α-crystallin in cells, we
found that Alexa-Fluor 488-labeled recombinant, exogenous proteins
co-localizewith the nativeα-crystallin in perinuclear regions; however,
it did not localize with native proteins at leading edges of cells (Fig. 1).
Moreover, exogenous α-crystallin formed punctate patterns in ~5% of
cells. This suggests that both the gC tag, as well as the cell uptakemech-
anism may affect the protein's trafficking upon cell entry.
3.2. Recombinant protein toxicity in HLE-B3 cells

A consequence of using recombinant proteins from E. coli is the
potential for toxic contaminants during purification. As a first step in
assessing the use of α-crystallins in a cell-based system, we tested
whether the treatment of HLE-B3 cells with recombinant proteins was
associated with toxicity. Treatment of HLE-B3 cells over a 10-fold
concentration range using five different α-crystallins was generally
not associated with any toxic effects (Fig. 2). Among the five protein
preparations tested, only WT-αA showed a statistically-significant
reduction in cell viability (76.4% ± 12.4%, p b 0.01) but even in this
case, the reductionwas observed only in cells treated at the highest con-
centration (125 μg/ml). Additional purification of α-crystallins over
polymyxin resin to remove endotoxin did not improve cell viability
(data not shown). An apparent increase in viability was observed in
exa-Fluor 488-labeled gC-αB (green) for 72 h. Cells were fixed with methanol and probed
emounted and stained with DAPI. Microscopy analysis of cells indicated exogenous gC-αB
ominately cytoplasmic and excluded from the DAPI (blue) stained nuclei (D).



Fig. 2. Toxicity of α-crystallins on HLE-B3 cells. HLE-B3 cells were treated with increasing concentrations (12.5 μg/ml, 37.5 μg/ml, and 125 μg/ml) of WT-αB, gC-αB, TAT-αB, WT-αA,
or gC-αA for 1 h. The α-crystallin proteins were removed and cells were incubated for 24 h. The viability of cells treated with α-crystallins was determined using Live/Dead Viability/
Cytotoxicity Assay Kit. Untreated HLE-B3 cells fluorescence was set to 100% (control). Experiments were repeated in triplicate and reported at mean and std dev. ** = p b 0.01.
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cell cultures exposed to intermediate concentrations of gC-αB. Howev-
er, there was no dose-dependency to define a trendwith either protein.
3.3. Effect of cell penetration peptide on chaperone-like activity

To determine the functional impact of modifying α-crystallins by
the introduction of a cell penetration peptide (CPP), we conducted
chaperone-like activity assays using two distinctly different methods
to destabilize client proteins. In the first case, we examined the chaper-
one activity ofα-crystallin proteins using heat-induced aggregation of a
client protein. As in our previous studies [28], we used human aldose re-
ductase (HAR) as a client protein to measure the ability of α-crystallin
to suppress formation of light scattering aggregates. WT-αB and WT-
αA almost completely prevented HAR aggregation under these condi-
tions (Fig. 3). The gC-αB protein reduced aggregation only modestly
(approximately 16%). Unexpectedly, TAT-αB and gC-αA appeared to
induce additional aggregation of the HAR client protein although no ap-
parent aggregation was observed when αA-crystallins were incubated
under these conditions in the absence of client protein (not shown).

To avoid complications associated with thermal destabilization of
modified α-crystallins at non-physiological temperatures, such as
with the behavior of TAT-αB and gC-αA described above, we conducted
additional chaperone-like activity assays at 37 °C. This was carried out
by measuring the suppression of DTT-reduction induced aggregation
of lysozyme as described by others [29,30]. Addition of the gC-cell
penetration peptide (CPP) had virtually no effect on the chaperone-
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Fig. 3. Analysis of chaperone-like protection of HAR against thermal aggregation. HAR
(2.5 μM) was combined with an equimolar amount of α-crystallin subunits, heated to
52 °C and monitored for protein aggregation by changes in light scattering at 360 nm.
No increase in light scattering indicates protection of HAR from aggregation.
like activity ofαB-crystallin. Likewild type, gC-αB can almost complete-
ly suppress lysozyme aggregation (Fig. 4). In contrast, WT-αA was
somewhat less effective (prevented 61% aggregation) and gC-αA had
almost no CLA activity under these conditions. Similar to our observa-
tions with the heat induced aggregation assay, there was an increase
in lysozyme aggregation (114%) when chaperone-like assays were
carried out using TAT-αB.

3.4. α-Crystallin-mediated protection of HLE-B3 cells against
oxidative stress

Weused a hydrogen peroxide oxidative stressmodel in HLE-B3 cells
to test the ability of the variousα-crystallins to protect against oxidative
stress. Analysis of HLE-B3 cell viabilitywith concentrations of H2O2 from
0 to 300 μM indicated that amounts of 37.5 μM or greater induced apo-
ptosis as detected by DNA laddering and flow cytometry (data not
shown). HLE-B3 cells were pretreated in media with 12.5 μg/ml recom-
binant α-crystallin protein for 1 h, cells were exposed to 37.5 μMH2O2

in media for 24 h. Using the calcein viability assay, the percent of cells
protected from oxidative stress induced apoptosis by each protein was
calculated (Fig. 5). All five recombinant α-crystallin proteins showed
statistically significant protection of HLE-B3 cells. We observed that
gC-αB was particularly effective at protecting against peroxide-
induced apoptosis (cell viability was 147.0% ± 76.7%, p b 0.001 vs.
vehicle control). However, all α-crystallins examined afforded some
degree of protection against cell death, with WT-αB and its variants
being somewhat more effective than αA, as WT-αA or gC-αA (Fig. 5).
0 20 40 60 80
0.0

0.2

0.4

0.6
Lysozyme control

Time

O
D

36
0 

n
m

WT-αB
gC-αB
TAT-αB
WT-αA
gC-αA

Fig. 4. Analysis of chaperone-like protection of lysozyme against DTT-induced aggrega-
tion. Lysozyme (10 μM)was combinedwith an equimolar amount ofα-crystallin subunits
and incubated for 1 h at 37 °C. Solutionsweremonitored for changes in light scattering by
measuring absorbance at 360 nm. No increase in light scattering indicates protection of
lysozyme from aggregation.
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Fig. 5. Ability of recombinantα-crystallins to protect HLE-B3 cells against oxidative stress
was assayed by preloading the cells using 12.5 μg/ml of α-crystallin protein (WT-αB, gC-
αB, TAT-αB,WT-αA, or gC-αA) for 1 h prior to 24 h of exposure to 37.5 μMH2O2 followed
bya calcein viability assay. Results are reported as percentage of cells protected fromdeath
as compared to the peroxide-only control. * = p b 0.05, ** = p b 0.01, *** = p b 0.001.

No H2O2

Only H2O2

Calcein α-crystallin
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In all functional studies involving cell-based assays, we used recom-
binant HAR, purified from E. coli expression cultures [31], to control
for possible small molecular weight contaminants derived from high
density cultures of bacterial host cells. Such contaminants could
possibly affect the metric being studied, especially in cell-based assays.
In measurements of protection against oxidative stress, we used
170 μg HAR as a negative control for α-crystallins. Virtually no protec-
tive effect against oxidative stress was observed when HAR was
substituted for α-crystallin (19.1% ± 31.0%, p = 0.24).
WT-ααA

WT-αB
3.5. α-Crystallin-mediated protection of HLE-B3 cells against heat stress

To further test the protective effects of α-crystallin against thermal
stress, we utilized a 45 °C heat-stress cell culture model of apoptosis.
Cells were pre-treated with recombinant α-crystallins, and were then
incubated at 45 °C for 1 h. Cell viability was measured 24 h later using
the calcein assay (Fig. 6). All three αB-crystallin proteins showed a sta-
tistically significant protective effect when compared to cells receiving
no protein pretreatment. The strongest protective effect occurred with
WT-αB (34.0% ± 9.0%, p b 0.001), followed by gC-αB (32.9% ± 13.9%,
p b 0.001) and TAT-αB (24.6% ± 14.2%, p b 0.01).
Fig. 6.α-Crystallin protection of HLE-B3 cells from heat stress. HLE-B3 cells were incubat-
ed for 1 h with 12.5 μg/ml of the indicated α-crystallins. Cells were then treated at 45 °C
for 1 h. After 24 h, calcein viability assay was used to determined cell survival.
* = p b 0.05, ** = p b 0.01, *** = p b 0.001.
In contrast, the αA-crystallins failed to protect HLE-B3 cells from
the 45 °C heat induced apoptosis. Cells treated with both WT-αA and
gC-αA did not show a statistically significant difference in cell viability
(4.9% ± 16.2%, p = 0.527 and−2.4% ± 15.3%, p = 0.740, respectively).
Similarly, essentially noprotectionwasobserved in cells treatedwithHAR
(negative control) (10.9% ± 10.3%, p = 0.084).
3.6. Cell penetration of modified α-crystallins

α-Crystallins were labeled with an Alexa-Fluor 350 fluorescent
probe to permit us tomonitor cellular uptake and persistence following
treatment with oxidative stress. We reasoned that this would allow us
to determine if there was a correlation between α-crystallin uptake
and cell viability following stress treatment. Indeed, uptake of each of
the different forms of α-crystallins was easily detected by fluorescence
gC-αA

gC-αB

TAT-αB

Fig. 7.Microscopy analysis of viable HLE-B3 cells treated withα-crystallin. 1 h pretreated
HLE-B3 cells with Alexa-Fluor 350 labeledWT-αA,WT-αB, gC-αA, or gC-αB were follow-
ed with a chemical stress of 37.5 μM H2O2 exposure for 24 h or a no H2O2 treatment
control. Viable cells were labeled and detected using calcein staining (green). Cells with
exogenousα-crystallins were detected by the presence of Alexa-Fluor 350 labeled protein
(red). Increased levels of α-crystallins localized with viable cells.

image of Fig.�6
image of Fig.�7
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microscopy. We observed a correlation between cells containing Alexa-
Fluor-conjugated α-crystallins and those which stained positive for
calcein (green), the cell viability indicator (Fig. 7). Additionally, cells
treated with α-crystallin prior to exposure to hydrogen peroxide
treatment, displayed higher cell density compared to cells treated
with hydrogen peroxide alone (Fig. 7). These results are consistent
with the idea that the α-crystallins enter and protect cells from oxida-
tive stress induced apoptosis.

4. Discussion

In this study, we have shown that recombinant α-crystallin can
enter HLE-B3 cells and a substantial amount of it may co-localize with
endogenous α-crystallins. These results provide evidence that human
α-crystallins produced in a bacterial expression host and purified by
conventional protein separation media can be introduced to human-
derived cells without toxic effects associated with the protein or
contaminating by-products. Additionally, cells treated with exogenous
α-crystallin proteins had reduced levels of apoptosis when stressed
with oxidative or thermal insults. This uptake of α-crystallin (Fig. 7),
which occurred rapidly, correlated with protection. In the case of gC-
αB, we previously found that protein uptake could be achieved within
60 min of exposure to cells [25]. Of note was the finding that even α-
crystallins without cell penetration tags were able to prevent thermal
and oxidative stress. Since excess α-crystallins are removed from the
media prior to cells being stressed, the observation that these proteins
are still protective suggests the possibility that a slower but still effective
uptake mechanism is occurring. Another possibility is thatα-crystallins
may act through an extracellular mechanism to protect cells. This latter
notion seems plausible in light of previous reports that sHSP may be
associated with membranes and may be secreted from the cell [32].

We initially expected that the protective potential of α-crystallins
would correlate with their in vitro chaperone-like capabilities revealed
in client protein-binding assays. For example, wild type αA-crystallin,
which has a strong CLA profile, was relatively ineffective in protecting
against heat- and oxidative stress-induced cell death. Differences in
assay conditions between in vitro and in vivo assays could explain the
apparent discordancy between CLA and cellular protection. First, our
chaperone-like activity assays using the heat-induced HAR aggregation
assay, indicated that WT-αA and WT-αB have similarly strong chaper-
one activity while gC-αB and TAT-αB had minimal chaperone activity.
These in vitro CLA assay results differed widely from the cell culture
model results; however, the conditions for the two assays are quite dif-
ferent as the CLA assay was conducted at 52 °C, a temperature at which
αB-crystallin has been shown to be more structurally unstable [33],
while the cell culturemodel heat stress occurred at 45 °C. Previous stud-
ies showed that αB-crystallin undergoes heat-induced structural alter-
ations starting at 45 °C, while αA-crystallin retains its structure to
temperatures up to 55 °C [33]. It is possible that the addition of CPP
tags to αB-crystallin further destabilizes the protein structure such
that gC-αB and TAT-αB had substantially reduced chaperone-like activ-
ity against 52 °C heat-induced aggregation of HAR in vitro. Similarly,
TAT-αB did not prevent aggregation in lysozyme DTT-induced in vitro
assays, but showed a protective effect in the cell based oxidative stress
model. The other α-crystallin proteins were roughly consistent
between in vitro and cell based assay of oxidative stress. Furthermore,
our results are consistent with previous studies in which αB-crystallin
showed a stronger ability to protect against DTT-induced insulin aggre-
gation at 35 °C thanαA-crystallin. This difference disappeared at higher
temperatures due to the relative instability of αB-crystallin to elevated
temperatures [33].

In our chemical-induced aggregation assay, WT-αB and gC-αB
exhibited the strongest chaperone-like activity. In the tissue culture
model, WT-αB and gC-αB also showed the strongest ability to protect
against oxidative-stress induced apoptosis. Unexpectedly, TAT-αB,
which was ineffective in the lysozyme-based chaperone assays,
provided significant protection to HLE-B3 cells exposed to hydrogen
peroxide challenge. The reason for this divergence is unclear at this
time, but may relate to translocation to subcellular compartments as
reported by others [34].

All of the various forms of α-crystallin tested (WT-αB, WT-αA, gC-
αB, TAT-αB, gC-αA) had protective effects on HLE-B3 cells against
oxidative stress, and a subset of these (WT-αB, gC-αB, TAT-αB) also
had protective effects against heat stress. αB-crystallin modified with
a gC cell penetration peptide at the N-terminus (gC-αB) stood out as
the most promising of the α-crystallins tested in this study. The gC-αB
had strong protective effects against both heat and oxidative stress,
was free of measurable toxic effects on the HLE-B3 cells, and appeared
to distribute well throughout the cells as shown by immunofluores-
cence and Alexa-Fluor-tracking by fluorescence microscopy (Fig. 1).
Others have shown that peptides derived from α-crystallin (mini-
chaperone) can also prevent protein aggregation in vitro and protect
cells from apoptosis [35,36].

In addition to playing a key role as a structural lens protein, it is now
becoming evident that α-crystallins may contribute to protection from
many diseases in the eye, including cataract, retinitis pigmentosa,
and macular degeneration [35,37,38]. Protective roles for α-crystallin
have been identified outside the eye as well, in conditions such as
Alzheimer's disease, prion disease, autoimmune encephalomyelitis
[39], and various cardiomyopathies. Prior studies to investigate the
protective effects of α-crystallin by altering intracellular levels of the
protein have relied on cell transfection with α-crystallin expression
plasmids, as well as α-crystallin knock-out mice [40]. However, the
possibility of enriching cells with recombinant α-crystallin protein
supplied post-translationally received only limited study [41].

5. Conclusions

The ability to modify α-crystallins for enhanced cellular uptake lays
the foundation for their use as therapeutic proteins against a wide array
of diseases.

Acknowledgements

Core laboratory supportwas provided by theMolecular Biology Core
at the Barbara Davis Childhood Diabetes Center at the University of
Colorado Anschutz Medical Campus through funding by NIH grant P30
DK57516.

References

[1] H. Bloemendal, The lens proteins, Molecular and Cellular Biology of the Eye Lens,
John Wiley & Sons, New York, 1981, pp. 1–14.

[2] M. Delaye, A. Tardieu, Short-range order of crystallin proteins accounts for eye lens
transparency, Nature 302 (1983) 415–417.

[3] F.J. Van Der Ouderaa, W.W. de Jong, A. Hilderink, H. Bloemendal, The amino-acids
sequence of the alphaB2 chain of bovine alpha-crystallin, Eur. J. Biochem. 49
(1974) 157–168.

[4] S. Gopalakrishnan, L. Takemoto, An assay for intermolecular exchange of alpha
crystallin, Invest. Ophthalmol. Vis. Sci. 33 (1992) 2936–2941.

[5] R.K. Gangalum, J. Horwitz, S.A. Kohan, S.P. Bhat, alphaA-crystallin and
alphaB-crystallin reside in separate subcellular compartments in the developing oc-
ular lens, J. Biol. Chem. 287 (2012) 42407–42416.

[6] R.A. Dubin, E.F. Wawrousek, J. Piatigorsky, Expression of the murine alpha
B-crystallin gene is not restricted to the lens, Mol. Cell. Biol. 9 (1989) 1083–1091.

[7] T. Iwaki, A. Kume Iwaki, J.E. Goldman, Cellular distribution of alpha B-crystallin in
non-lenticular tissues, J. Histochem. Cytochem. 38 (1990) 31–39.

[8] D. Deretic, R.H. Aebersold, H.D. Morrison, D.S. Papermaster, Alpha A- and alpha
B-crystallin in the retina. Association with the post-Golgi compartment of frog ret-
inal photoreceptors, J. Biol. Chem. 269 (1994) 16853–16861.

[9] S.P. Bhat, C.N. Nagineni, alpha B subunit of lens-specific protein alpha-crystallin is
present in other ocular and non-ocular tissues, Biochem. Biophys. Res. Commun.
158 (1989) 319–325.

[10] J. Horwitz, Alpha-crystallin can function as a molecular chaperone, Proc. Natl. Acad.
Sci. U. S. A. 89 (1992) 10449–10453.

[11] U. Jakob, M. Gaestel, K. Engel, J. Buchner, Small heat shock proteins are molecular
chaperones, J. Biol. Chem. 268 (1993) 1517–1520.

http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0005
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0005
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0010
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0010
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0015
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0015
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0015
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0020
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0020
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0025
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0025
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0025
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0030
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0030
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0035
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0035
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0040
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0040
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0040
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0045
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0045
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0045
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0050
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0050
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0055
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0055


315K.L. Christopher et al. / Biochimica et Biophysica Acta 1843 (2014) 309–315
[12] I.J.P. van den, P. Overkamp, U. Knauf, M. Gaestel, W.W. de Jong, Alpha A-crystallin
confers cellular thermoresistance, FEBS Lett. 355 (1994) 54–56.

[13] U.P. Andley, Z. Song, E.F. Wawrousek, T.P. Fleming, S. Bassnett, Differential protec-
tive activity of alpha A- and alphaB-crystallin in lens epithelial cells, J. Biol. Chem.
275 (2000) 36823–36831.

[14] J.P. Liu, R. Schlosser, W.Y. Ma, Z. Dong, H. Feng, L. Lui, X.Q. Huang, Y. Liu, D.W. Li,
Human alphaA- and alphaB-crystallins prevent UVA-induced apoptosis through
regulation of PKCalpha, RAF/MEK/ERK and AKT signaling pathways, Exp. Eye Res.
79 (2004) 393–403.

[15] J. Yaung, M. Jin, E. Barron, C. Spee, E.F. Wawrousek, R. Kannan, D.R. Hinton,
alpha-Crystallin distribution in retinal pigment epithelium and effect of gene knock-
outs on sensitivity to oxidative stress, Mol. Vis. 13 (2007) 566–577.

[16] R. Klemenz, E. Frohli, R.H. Steiger, R. Schafer, A. Aoyama, Alpha B-crystallin is a small
heat shock protein, Proc. Natl. Acad. Sci. U. S. A. 88 (1991) 3652–3656.

[17] S. Dasgupta, T.C. Hohman, D. Carper, Hypertonic stress induces alpha B-crystallin ex-
pression, Exp. Eye Res. 54 (1992) 461–470.

[18] K.P. Mitton, S.J. Tumminia, J. Arora, P. Zelenka, D.L. Epstein, P. Russell, Transient loss
of alphaB-crystallin: an early cellular response to mechanical stretch, Biochem.
Biophys. Res. Commun. 235 (1997) 69–73.

[19] R.S. McGreal, W.L. Kantorow, D.C. Chauss, J. Wei, L.A. Brennan, M. Kantorow,
alphaB-crystallin/sHSP protects cytochrome c and mitochondrial function against
oxidative stress in lens and retinal cells, Biochim. Biophys. Acta 1820 (2012)
921–930.

[20] M.C. Kamradt, F. Chen, V.L. Cryns, The small heat shock protein alpha B-crystallin
negatively regulates cytochrome c- and caspase-8-dependent activation of
caspase-3 by inhibiting its autoproteolytic maturation, J. Biol. Chem. 276 (2001)
16059–16063.

[21] M.C. Kamradt, F. Chen, S. Sam, V.L. Cryns, The small heat shock protein alpha
B-crystallin negatively regulates apoptosis during myogenic differentiation by
inhibiting caspase-3 activation, J. Biol. Chem. 277 (2002) 38731–38736.

[22] M.C. Kamradt, M. Lu, M.E. Werner, T. Kwan, F. Chen, A. Strohecker, S. Oshita, J.C.
Wilkinson, C. Yu, P.G. Oliver, C.S. Duckett, D.J. Buchsbaum, A.F. LoBuglio, V.C.
Jordan, V.L. Cryns, The small heat shock protein alpha B-crystallin is a novel inhibi-
tor of TRAIL-induced apoptosis that suppresses the activation of caspase-3, J. Biol.
Chem. 280 (2005) 11059–11066.

[23] D.A. Mann, A.D. Frankel, Endocytosis and targeting of exogenous HIV-1 Tat protein,
EMBO J. 10 (1991) 1733–1739.

[24] S. Fawell, J. Seery, Y. Daikh, C.Moore, L.L. Chen, B. Pepinsky, J. Barsoum, Tat-mediated
delivery of heterologous proteins into cells, Proc. Natl. Acad. Sci. U. S. A. 91 (1994)
664–668.

[25] N.H. Mueller, D.A. Ammar, J.M. Petrash, Cell penetration peptides for enhanced entry
of alphaB-crystallin into lens cells, Invest. Ophthalmol. Vis. Sci. 54 (2013) 2–8.

[26] U.P. Andley, J.S. Rhim, L.T. Chylack Jr., T.P. Fleming, Propagation and immortalization of
human lens epithelial cells in culture, Invest. Ophthalmol. Vis. Sci. 35 (1994)
3094–3102.

[27] B.A. Cobb, J.M. Petrash, Characterization of alpha-crystallin–plasma membrane
binding, J. Biol. Chem. 275 (2000) 6664–6672.
[28] U.P. Andley, S. Mathur, T.A. Griest, J.M. Petrash, Cloning, expression, and
chaperone-like activity of human alphaA- crystallin, J. Biol. Chem. 271 (1996)
31973–31980.

[29] R.B. Nahomi, T. Oya-Ito, R.H. Nagaraj, The combined effect of acetylation
and glycation on the chaperone and anti-apoptotic functions of human
alpha-crystallin, Biochim. Biophys. Acta 1832 (1) (2012) 195–203.

[30] R.H. Nagaraj, R.B. Nahomi, S. Shanthakumar, M. Linetsky, S. Padmanabha, N.
Pasupuleti, B. Wang, P. Santhoshkumar, A.K. Panda, A. Biswas, Acetylation of
alphaA-crystallin in the human lens: effects on structure and chaperone function,
Biochim. Biophys. Acta 1822 (2012) 120–129.

[31] O. el Kabbani, S.V. Narayana, Y.S. Babu, K.M. Moore, T.G. Flynn, J.M. Petrash, E.M.
Westbrook, L.J. DeLucas, C.E. Bugg, Purification, crystallization and preliminary
crystallographic analysis of porcine aldose reductase, J. Mol. Biol. 218 (1991)
695–698.

[32] R.K. Gangalum, I.C. Atanasov, Z.H. Zhou, S.P. Bhat, AlphaB-crystallin is found in
detergent-resistant membrane microdomains and is secreted via exosomes from
human retinal pigment epithelial cells, J. Biol. Chem. 286 (2011) 3261–3269.

[33] S.A. Datta, C.M. Rao, Differential temperature-dependent chaperone-like activity of
alphaA- and alphaB-crystallin homoaggregates, J. Biol. Chem. 274 (1999)
34773–34778.

[34] R.S. McGreal, L.A. Brennan, W.L. Kantorow, J.D. Wilcox, J. Wei, D. Chauss, M.
Kantorow, Chaperone-independent mitochondrial translocation and protection by
alphaB-crystallin in RPE cells, Exp. Eye Res. 110 (2013) 10–17.

[35] R.B. Nahomi, B. Wang, C.T. Raghavan, O. Voss, A.I. Doseff, P. Santhoshkumar, R.H.
Nagaraj, Chaperone peptides of alpha-crystallin inhibit epithelial cell apoptosis, pro-
tein insolubilization, and opacification in experimental cataracts, J. Biol. Chem. 288
(2013) 13022–13035.

[36] R.B. Nahomi, T. Oya-Ito, R.H. Nagaraj, The combined effect of acetylation and glycation
on the chaperone and anti-apoptotic functions of human alpha-crystallin, Biochim.
Biophys. Acta 1832 (2013) 195–203.

[37] C.S. Alge, S.G. Priglinger, A.S. Neubauer, A. Kampik, M. Zillig, H. Bloemendal, U.
Welge-Lussen, Retinal pigment epithelium is protected against apoptosis by
alphaB-crystallin, Invest. Ophthalmol. Vis. Sci. 43 (2002) 3575–3582.

[38] M.B. Datiles III, R.R. Ansari, K.I. Suh, S. Vitale, G.F. Reed, J.S. Zigler Jr., F.L. Ferris III,
Clinical detection of precataractous lens protein changes using dynamic light scat-
tering, Arch. Ophthalmol. 126 (2008) 1687–1693.

[39] M.P. Kurnellas, S.E. Brownell, L. Su, A.V. Malkovskiy, J. Rajadas, G. Dolganov, S.
Chopra, G.K. Schoolnik, R.A. Sobel, J. Webster, S.S. Ousman, R.A. Becker, L.
Steinman, J.B. Rothbard, Chaperone activity of small heat shock proteins underlies
therapeutic efficacy in experimental autoimmune encephalomyelitis, J. Biol. Chem.
287 (2012) 36423–36434.

[40] J.P. Brady, D. Garland, Y. Duglas-Tabor, W.G. Robison Jr., A. Groome, E.F. Wawrousek,
Targeted disruption of the mouse alpha A-crystallin gene induces cataract and cyto-
plasmic inclusion bodies containing the small heat shock protein alpha B-crystallin,
Proc. Natl. Acad. Sci. U. S. A. 94 (1997) 884–889.

[41] D.L. Boyle, P. Carman, L. Takemoto, Translocation of macromolecules into whole rat
lenses in culture, Mol. Vis. 8 (2002) 226–234.

http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0060
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0060
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0065
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0065
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0065
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0070
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0070
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0070
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0070
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0075
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0075
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0075
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0080
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0080
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0085
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0085
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0090
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0090
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0090
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0095
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0095
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0095
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0095
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0100
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0100
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0100
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0100
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0105
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0105
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0105
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0110
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0110
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0110
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0110
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0110
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0115
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0115
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0120
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0120
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0120
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0125
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0125
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0130
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0130
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0130
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0135
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0135
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0145
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0145
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0145
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0150
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0150
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0150
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0155
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0155
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0155
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0155
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0160
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0160
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0160
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0160
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0165
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0165
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0165
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0170
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0170
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0170
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0175
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0175
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0175
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0180
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0180
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0180
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0180
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0185
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0185
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0185
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0190
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0190
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0190
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0195
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0195
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0195
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0200
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0200
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0200
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0200
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0200
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0205
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0205
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0205
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0205
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0210
http://refhub.elsevier.com/S0167-4889(13)00401-1/rf0210

	Alpha-crystallin-mediated protection of lens cells against heat andoxidative stress-induced cell death
	1. Introduction
	2. Methods
	2.1. Cell culture
	2.2. Cloning of recombinant human αA-crystallin fused with gC cell penetration peptide (CPP)
	2.3. Production of recombinant α-crystallin proteins
	2.4. Cellular heat stress assay
	2.5. Cellular oxidative stress assay
	2.6. Chaperone-like activity measurements on reduction-induced aggregation
	2.7. Toxicity assays
	2.8. Chaperone-like activity measurements on heat-induced aggregation
	2.9. α-Crystallin conjugation to Alexa-Fluor-350 and Alexa-Fluor 488
	2.10. Microscopy analysis of α-crystallin
	2.11. Immunohistochemistry

	3. Results
	3.1. Co-localization of native and recombinant α-crystallin taken up into HLE-B3 cells
	3.2. Recombinant protein toxicity in HLE-B3 cells
	3.3. Effect of cell penetration peptide on chaperone-like activity
	3.4. α-Crystallin-mediated protection of HLE-B3 cells against oxidative stress
	3.5. α-Crystallin-mediated protection of HLE-B3 cells against heat stress
	3.6. Cell penetration of modified α-crystallins

	4. Discussion
	5. Conclusions
	Acknowledgements
	References


