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A B S T R A C T

The aggregation of crystallins in lenses is associated with cataract formation. We previously reported that mutant
crystallins are associated with an increased abundance of histones in knock-in and knockout mouse models.
However, very little is known about the specific interactions between lens crystallins and histones. Here, we
performed in vitro analyses to determine whether α-crystallin interacts with histones directly. Isothermal ti-
tration calorimetry revealed a strong histone–α-crystallin binding with a Kd of 4×10−7 M, and the thermo-
dynamic parameters suggested that the interaction was both entropy and enthalpy driven. Size-exclusion
chromatography further showed that histone–α-crystallin complexes are water soluble but become water in-
soluble as the concentration of histones is increased. Right-angle light scattering measurements of the water-
soluble fractions of histone–α-crystallin mixtures showed a decrease in the oligomeric molecular weight of α-
crystallin, indicating that histones alter the oligomerization of α-crystallin. Taken together, these findings reveal
for the first time that histones interact with and affect the solubility and aggregation of α-crystallin, indicating
that the interaction between α-crystallin and histones in the lens is functionally important.

1. Introduction

α-Crystallin is a major protein of mammalian lenses and is essential
for lens transparency. Crystallin aggregation in cataracts in humans is
associated with aging, environmental UV stress, and genetic mutations
[1–3]. Point mutations in crystallin genes that have been associated
with cataracts have been introduced in mouse models to investigate the
mechanism of cataractogenesis in vivo [4,5].

We previously demonstrated that lens epithelial cells expressing the
R116C mutation in αA-crystallin have increased abundances of histones
H2B and H4 [6]. Similarly, proteomics analyses on the lenses of Cryaa-
R49C knock-in mice and young Cryaa/Cryab double knockout mice
show increases in H2B and H4 as well as H2A [7,8]. Other recent stu-
dies also suggest that α-crystallin has a functional relationship with
histones, though very little is known about the specific role of histones
in the lens [9,10]. In yeast cells, the upregulation of histones was shown
to improve cell survival [11]. Although histones can be found in the cell
cytoplasm and extracellular space and are involved in inflammation,
cancer, and other pathologies [12], their primary function is in the
nucleus, where they package DNA into nucleosomes—the basic
building blocks of chromatin—and are involved in transcriptional reg-
ulation [13–15]. An increase in histones in lenses from the αA-R49C
mutant mice may be indicative of an increase in nucleosome density,

and a functional increase in the histone/DNA ratio may lead to in-
creased amounts of heterochromatin. The increase in histone tran-
scripts in Cryaa-R49C mice suggests that the increase in gene expression
of histones may be an early event in cataractogenesis, though the notion
that α-crystallin functions as a modulator of the expression of histones
has not yet been investigated [16]. Nevertheless, these findings strongly
suggest a functional relationship between histones and α-crystallin.

We also discovered that the mutant αA-R49C protein is distributed
mainly in the nuclei of transfected lens epithelial cells, where it may
bind and sequester histones [17]. Indeed, our proteomic analyses re-
vealed that α-crystallin and histones are colocalized in cataractous
lenses [7,8]. As a negatively charged protein, α-crystallin may directly
bind to histones, but this possibility has not been tested in vitro. It also
remains unclear whether α-crystallin exists as a stable complex with
histones or serves as a transcriptional inhibitor.

Many chaperones such as Nasp, Npm2 and Asf1 are involved in the
sequestration, import, and deposition of histones onto chromatin
[18–23]. Histone chaperones are known to bind histones and shield
them from non-specific interactions [24]. Additionally, mouse ery-
throblasts transfer histones and non-histone proteins from the nucleus
to the cytoplasm, and a similar process may occur in denucleating lens
fiber cells in vivo [25]. Investigation of an in vitro interaction between
histones and α-crystallin may thus provide insight into their functional
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relationship in vivo. Therefore, we performed isothermal titration ca-
lorimetry (ITC), as well as size-exclusion chromatography and gel
electrophoresis, to investigate histone–α-crystallin interactions in vitro.
The results from this study provide information from which we can
design new experiments to better understand the role of histone–α-
crystallin interactions in eye tissues and pathologies.

2. Materials and methods

2.1. ITC

Protein–protein interactions between histones and α-crystallin were
examined on a nano-ITC instrument (TA Instruments). Histones (bo-
vine) were obtained from Sigma-Aldrich (catalog number H9250) and
crystallin proteins (α-, βH-, βL- and γ-crystallin) were purified from

porcine lenses [26]; protein solutions were prepared in phosphate-
buffered saline (PBS). Preliminary experiments indicated that the time
for which the histones were dissolved in PBS was relevant; however,
allowing the histones to dissolve in solution for 3 h reduced this effect.
MALDI-TOF MS analysis of histones obtained from Sigma showed that
this preparation contains the core histones H2a, H2b, H3 and H4 his-
tones (Supplementary Fig. S1).

The ITC instrument was validated using a nano-ITC validation kit
according to the manufacturer's instructions. The reference cell was
washed three times and then filled with 300 μl deionized and degassed
water. The calorimeter was equilibrated to a baseline drift of less than
100 nW over 10min. Next, the sample cell was washed three times and
filled with the histone solution. Twenty sequential injections of 2.50 μl
α-crystallin were then made at room temperature (25 °C) with a stirring
speed of 350 rpm; the processes for titrating βH-, βL-, and γ-crystallins

Fig. 1. Isothermal titration calorimetric (ITC) analysis of the interaction between histones and α-crystallin. (A) Changes in current were recorded after sequential
injections of 150 μM α-crystallin into a solution of histones (514 μM). (B) Integrated and normalized areas under each peak were plotted against the mole ratio (α-
crystallin/histone); the red line shows the fit of the data using the NanoAnalyze program.

Table 1
Thermodynamic parameters of α-, βH, βL-, and γ-crystallin binding to histones.

Samplea Kd n ΔH (kJ/mol) ΔS (J/mol K) ΔG (kJ/mol) − TΔS (kJ/mol) Ka (M−1)

α-Crystallin 4.00E−7 0.042 − 26.32 34.20 − 36.52 − 10.20 2.50E6
α-Crystallin HS 2.93E−8 0.040 − 7.60 118.7 − 43.00 − 35.40 3.42E7
βL-Crystallin 8.64E−8 0.036 − 44.80 − 15.05 − 40.32 4.49 1.15E7
βL-Crystallin HS 7.43E−7 0.021 − 37.07 − 6.99 − 34.98 2.08 1.35e6
γ-Crystallin 1.27E−7 0.035 − 55.92 − 55.54 − 39.36 16.56 7.85E6
γ-Crystallin HS 1.02E7 0.010 −65.91 −87.22 −39.90 26.00 9.79E6

a Sample concentrations were 150 μM (3mg/ml) α- or γ-crystallin or 120 μM (3mg/ml) βL-crystallin with 514 μM (7.2 mg/ml) histones (predissolved for 6 h). HS
refers to 0.5M NaCl-containing phosphate-buffered saline (PBS).
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were similar. We first performed preliminary experiments with equal
concentrations (mg/ml) of α-crystallin and histones, and then tested
other concentrations to get the mid-point of the interaction curve. The
ITC software provides the optimal concentrations of the proteins to use
to obtain the interaction data. The optimal concentration ratio of
crystallins to histones, which was determined in preliminary studies,
was 150 μM (3mg/ml) α-crystallin to 514 μM (7.2 mg/ml) histones in
the presence of 1mM ATP. To calculate molar concentrations of crys-
tallins and histones, we used the subunit molecular masses of 20 kDa
(25 kDa for βL-crystallin) and 14 kDa, respectively. The binding of α-
crystallin to histones was examined at 3, 6, and 24 h after the pre-
paration of the histone solution. The interactions between histones and
crystallins were also examined at high salt concentrations in PBS con-
taining 0.5 M NaCl. Additionally, control ITC titrations were done in the
absence of ATP or histones.

The titration data were analyzed using NanoAnalyze software (TA
Instruments) in which the upward peaks correspond to an exothermic
reaction. The heat of dilution resulting from injecting the protein into
the buffer was determined and subtracted before data fitting. The en-
thalpy (ΔH), dissociation constant (Kd), and stoichiometry of the in-
teraction (n) were calculated using the heat changes directly measured
between α-crystallin and histones. The entropy (ΔS) and binding free
energy (ΔG) of the interaction were calculated with the NanoAnalyze
software.

2.2. GPC

α-Crystallin (50 µM) was incubated with increasing concentrations
of histones: 0.0714, 0.143, 0.357, 0.536, 0.714, 1.071, 1.43, 1.79, and
2.14 μM (1, 2, 5, 7.5, 10, 15, 20, 25, and 30 μg/ml, respectively). The

histone–α-crystallin mixtures were then filtered through 0.22-μm filters
and water-soluble proteins were separated in succession on G3000
PWXL and G5000 PWXL size-exclusion chromatography columns
(Tosoh Bioscience LLC, Prussia, PA) in line with the Viscotek TDA 302
triple-detector array system (Viscotek/Malvern) equipped with a VE-
1122 pump and a VE-7510 degasser for measuring UV absorption, re-
fractive index, right-angle light scattering (RALS), and viscosity.
Viscotek OmniSEC software was used to calculate the molecular
weights of the crystallin proteins using bovine serum albumin and the
92-kDa Pullulan Malvern standards. The protein samples (100 μl) were
injected into the columns with 0.5× Dulbecco's modified PBS as the
mobile phase at a flow rate of 0.8 ml/min at 37 °C. The protein con-
centrations were calculated on the basis of the refractive index using a
dn/dc of 0.185 for both the bovine serum albumin standard and the
crystallin proteins.

2.2.1. Gel electrophoresis
Supernatants and pellets were obtained by centrifuging (10,000 rpm

for 30min) the complexes of α-crystallin (50 μM) and histones
(0.4–6.42 μM) after a 1-h incubation at 37 °C. Thirty microliters of
electrophoresis sample buffer (Novex LC2676 Tris-glycine-SDS buffer;
Life Technologies) was added to each pellet, and 20 μl was added to the
lanes of 10–20% Tris-glycine gels (Life Technologies). Prestained mo-
lecular weight markers (Invitrogen) were used on all gels. After the
electrophoresis, the gels were stained with Coomassie blue or trans-
ferred to polyvinylidene difluoride membranes and stained with Revert
protein stain (LI-COR Biosciences, Lincoln, NE, USA) and visualized on
an Odyssey analyzer (LI-COR).

Fig. 2. Isothermal titration calorimetric (ITC) analysis of the interaction between histones and βL-crystallin or γ-crystallin. Changes in current were recorded after
sequential injections of 150 μM βL-crystallin (blue) or γ-crystallin (green) into a solution of histones (514 μM); data for α-crystallin are shown in red for comparison.
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3. Results and discussion

3.1. Interaction of histones with α-crystallin by ITC

As previous studies indicated that α-crystallin functionally interacts
with histones in vivo, observed as increases in histone–α-crystallin-
complexes and transcripts in Cryaa/Cryab knockout mice and in mouse
lenses expressing a mutant α-crystallin [6–8,16], we sought to verify
this in vitro. The results from ITC experiments revealed that an inter-
action occurs in mixtures of 150 μM α-crystallin and 514 μM histones
(Fig. 1A). Fig. 1B shows the integrated and normalized area under each
peak plotted against the mole ratio (α-crystallin/histone); the curve
fitting (red line) was determined by the NanoAnalyze program. The
titrations also showed that the binding of α-crystallins and histones is
exothermic with favorable binding enthalpy and entropy (Table 1). The
negative enthalpy (ΔH) values show a high selectivity of the direct or
specific interactions between histones and α-crystallin [27], whereas
the entropy (ΔS value) is usually related to solvation effects [27]. The
Kd value indicates that the binding between histones and α-crystallin
occurs with high affinity. The stoichiometry of histone and α-crystallin

binding suggests that it involves more than a charge interaction be-
tween the acidic groups of α-crystallin and basic groups, such as lysines,
on histones. Indeed, the binding interactions were not substantially
altered under a high salt condition (Table 1), indicating that ionic in-
teractions do not have a primary role in their association. Thus, the
binding may be due to hydrophobic interactions. Association of histone
with α-crystallin was ATP-dependent (Supplemental Fig. S2). ATP has
been shown to affect the structure of the core domain of αB-crystallin
[28]. ITC titrations in the absence of ATP showed no significant inter-
action between histones and α-crystallin.

As mammalian lenses express high concentrations of βH, βL-, and γ-
crystallins as well as α-crystallin, we also assessed their interactions
with histones in vitro. Unexpectedly, βH-crystallin did not exhibit any
appreciable interaction with histones by ITC analysis; however, the βL-
and γ-crystallins displayed strong interactions with histones, as in-
dicated by the dissociation constants (Fig. 2 and Table 1). However,
unlike histone–α-crystallin complexes, we did not observe precipitation
of the histone–βL-crystallin and histone–γ-crystallin mixtures. The in-
teraction of βL- or γ-crystallins with histones had a favorable large
binding enthalpy (negative ΔH values) that exceeded the unfavorable

Fig. 3. GPC of α-crystallin incubated with histones. α-Crystallin (50 μM; 1mg/ml) was incubated with increasing concentrations of histones. (A) Right-angle light
scattering (RALS) of the soluble proteins in the filtered samples. The void volume peak represents the high-molecular-weight water-soluble proteins and the α-
crystallin peak represents the normal α-crystallin in the samples incubated with histones at concentrations of 0 μM (yellow), 0.0714 μM (red), 0.357 μM (green),
1.071 μM (black), or 2.14 μM (blue). The inset shows the UV absorbance (218 nm) of histones only. (B) Integration areas of the peak areas of the void volume (blue)
and α-crystallin (red) at different histone concentrations. Note that the two points on the x-axis represent histone concentrations where the water-soluble high-
molecular-weight peak is negligible. At 0.357 µM histone, α-crystallin does aggregate but the aggregate was too large to remain in the water-soluble fraction and
became water insoluble. (C) Molecular weights of the α-crystallin peaks calculated from RALS at different histone concentrations. (D) Revert protein-stained
polyvinylidene difluoride membrane following sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of the water insoluble fractions from mixtures
of 50 μM α-crystallin and various histone concentrations: lane 1, 0.429 μM; lane 2, 0.1.07 μM; lane 3, 2.14 μM; lane 4, 4.28 μM; lane 5, 6.42 μM, lane 6, 6.42 μM
histones without α-crystallin; and lane 7, 50 μM α-crystallin without histones.
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binding entropy (negative ΔS), suggesting that these interactions are
enthalpy driven. The unfavorable ΔS values suggest that water solvates
the histone-binding regions of βL- and γ-crystallins, leading to more
hydrogen bonding and ionic interactions than in the case of α-crystallin
(where water molecules may be extruded from the binding region) and
the configurationally unfavorable entropy (entropy penalty) (Table 1)
[27]. Notably, the ΔG values were nearly identical for the binding of
histones with α-, βL-, and γ-crystallins. It should also be noted that the
overall binding of histones to α-crystallin was expected to be greater
because α-crystallin has more subunits (~ 30) per molecule than βL-
and γ-crystallin (2 and 1 subunit, respectively).

The stoichiometry of association of α-crystallin with histones sug-
gests that histones may be forming a complex when bound to α-crys-
tallin. Histones are known to form octamers when bound to DNA
[13,14]. Further studies will be necessary to determine whether his-
tones form multimers when bound to α-crystallin. Alternatively, only a
limited number of α-crystallin binding sites may be available on his-
tones, and hence a large excess of histones is required to obtain the
stoichiometry. This stoichiometry was not affected by a high salt con-
centration, suggesting that this association was not driven by ionic in-
teractions (Table 1). Similarly, the stoichiometry values of βL- and γ-
crystallins had a high number of histones associating with each crys-
tallin. In contrast to α-crystallin, stoichiometric values were reduced
further under a high salt condition in the βL- and γ-crystallin (Table 1).
For example, γ-crystallin had a 3.5-fold lower n value at a high salt
concentration, indicating that the histone–γ-crystallin binding is largely
ionic in nature and that the binding sites were blocked by the salt.
These data also show that the binding of histones to βL- and γ-crys-
tallins was enthalpy driven, even at high salt concentrations.

3.1.1. Interaction of histones with α-crystallin by GPC
We also assessed the histone–α-crystallin interaction in vitro by GPC.

After mixing α-crystallins with a low concentration of histones (α-
crystallin subunit/histone molar ratio of 231), a water-soluble protein
aggregate of α-crystallin with a 30% higher molecular weight was ob-
served in the void volume, which may have resulted from a binding
interaction between α-crystallin and histones (Fig. 3A). As the histone
concentration was increased (α-crystallin subunit/histone molar ratios
of up to 2.6), a gradual but continual decrease in the molecular weight
of the water-soluble α-crystallin peak was observed, as shown by RALS
values (Fig. 3B). Concurrently, the amount of α-crystallin in the water-
soluble fraction decreased. Additionally, a pellet was visible in the

mixture after centrifugation, indicating that a portion of the histone–α-
crystallin complex became water insoluble. An SDS-PAGE analysis of
the water insoluble fraction revealed increased protein amounts and
detectable histone bands with the addition of higher histone con-
centrations (Fig. 3D), suggesting the histone–α-crystallin complex be-
came water insoluble. The SDS-PAGE analysis verified that α-crystallin
preparations were uncontaminated with β- or γ-crystallins. These re-
sults indicate that histones associate with α-crystallin in the large water
insoluble aggregates. Furthermore, histones appear to affect the sub-
unit–subunit interactions and aggregation behavior of α-crystallin and
cause it to dissociate into lower-molecular-weight water-soluble oligo-
mers (Fig. 3B and C). Whereas the molecular weight of α-crystallin was
higher at a low histone/α-crystallin ratio due to the formation of a high-
molecular-weight complex, the complex was partially insoluble at
higher histone/α-crystallin ratios accompanied by a decrease in the
molecular weight of the water-soluble species (Fig. 3A and B). How-
ever, unlike histone–α-crystallin complexes, we did not observe pre-
cipitation of the histone–βL-crystallin and histone–γ-crystallin mix-
tures. Fig. 4 shows a proposed model for the effect of histones on α-
crystallin oligomerization.

In a previous work with transfected cell lines, we observed a re-
distribution of mutant α-crystallin into the cell nuclei [17], where
histones are primarily confined, suggesting that mutant αA-crystallin
may interact with and sequester histones that would otherwise be in-
corporated into chromatin. α-crystallin may be more amenable to in-
teraction with histones in the cell nucleus of Cryaa-R49C cataractous
mouse lenses [17]. In vivo, these interactions are likely affected by
posttranslational histone modifications, such as methylation, acetyla-
tion (which neutralizes the positive charge), and phosphorylation
(which adds to the negative charge and causes chromatin deconden-
sation). Additional studies of the interactions between modified his-
tones and mutant crystallins are needed to determine which modifica-
tions stabilize or promote the interactions between these proteins.

In summary, we demonstrate a strong in vitro interaction between
histones and α-crystallin using ITC, a method that has not been used
previously to study histone–α-crystallin interactions. We found that
whereas the binding of histones to α-crystallin was enthalpy and en-
tropy driven, that to βL- and γ-crystallin was enthalpy driven.
Moreover, βL- and γ-crystallin binding with histones was dependent on
ionic interactions, which were less important for α-crystallin binding.
These findings validate those from in vivo studies in mouse models of
cataracts, which suggest a relationship between histones and crystallins

Fig. 4. Schematic model depicting the effects of histones
(red circles) on the aggregate size and solubility of α-
crystallin (blue circles). At low histone/α-crystallin ratios,
a high-molecular-weight water-soluble complex is formed
(middle panel). As the histone concentration increases, the
proteins form larger water insoluble aggregates that
cannot be detected in the GPC analysis of the supernatants
(Fig. 3B). With a further increase in histone/α-crystallin
ratios, a mixture of water-soluble and water insoluble
complexes is observed (right panel), with a decrease in the
oligomeric size in the water-soluble fraction. Note that
histones and α-crystallins are not drawn to scale.
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