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ABSTRACT: In addition to contributing to lens optical
properties, the α-crystallins are small heat shock proteins that
possess chaperone activity and are predicted to bind and
sequester destabilized proteins to delay cataract formation.
The current model of α-crystallin chaperone mechanism
envisions a transition from the native oligomer to an activated
form that has higher affinity to non-native states of the
substrate. Previous studies have suggested that this oligomeric
plasticity is encoded in the primary sequence and controls
access to high affinity binding sites within the N-terminal
domain. Here, we further examined the role of sequence variation in the context of species-specific α-crystallins from rat and
zebrafish. Alternative splicing of the αA gene in rodents produces αAins, which is distinguished by a longer N-terminal domain.
The zebrafish genome includes duplicate αB-crystallin genes, αBa and αBb, which display divergent primary sequence and tissue
expression patterns. Equilibrium binding experiments were employed to quantitatively define chaperone interactions with a
destabilized model substrate, T4 lysozyme. In combination with multiangle light scattering, we show that rat αAins and zebrafish
α-crystallins display distinct global structural properties and chaperone activities. Notably, we find that αAins and αBa
demonstrate substantially enhanced chaperone function relative to other α-crystallins, binding the same substrate more than 2
orders of magnitude higher affinity and mimicking the activity of fully activated mammalian small heat shock proteins. These
results emphasize the role of sequence divergence as an evolutionary strategy to tune chaperone function to the requirements of
the tissues and organisms in which they are expressed.

As a consequence of terminal differentiation, the organelle-
free fiber cells of the ocular lens are presented with the

challenge of producing an appropriate refractive medium and
maintaining optical clarity for a lifetime. Expression of the
crystallins,1 which possess uniquely high solubility and stability,
addresses both issues at two fundamental levels. Serving as
principle units of supramolecular structure, the crystallins are
primary to lens transparency and refractivity through finely
tuned protein−protein interactions that achieve the short-range
order required to focus light onto the retina.2−5 In addition, the
α-crystallins, composed of distinct αA and αB polypeptide
chains, share sequence similarity to small heat shock proteins6,7

(sHSP) and demonstrate characteristics of molecular chaper-
ones in vitro.8

Accumulation of age-related posttranslational modifica-
tions9−12 to lens proteins reduces thermodynamic stability
(ΔGunf) and shifts the folding equilibrium toward non-native
states. In the absence of protein turnover, the increasing
prevalence of non-native states in the dense protein milieu
drives hydrophobic associations.13,14 As a chaperone, α-
crystallin is postulated to bind destabilized proteins that
would otherwise form insoluble aggregates potentially leading

to opacification.15,16 In vivo, a role for αA-crystallin in lens
development and/or maintenance is supported by gene
knockout studies in mice demonstrating progressive cataract
formation relative to wild type.17−19 Furthermore, missense
mutations in the α-crystallins have been implicated in
congenital cataract.20−22 More recently, a similar role of α-
crystallin in the development and transparency of the zebrafish
lens was demonstrated.23

Extensive in vitro experimentation has characterized the
chaperone function of α-crystallin with a number of model and
endogenous substrates, revealing common principles of activity
in the sHSP superfamily. α-Crystallin has been found to delay
aggregation of thermally24 or chemically25 denatured targets.
More importantly and similar to other sHSP, α-crystallin binds
destabilized proteins without the onset of gross aggregation.
Using T4 lysozyme (T4L) as a client protein, we demonstrated
that sHSP binding involves two modes distinguished by the
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number of binding sites and affinity.26−30 Furthermore, sHSP
affinity correlates with the degree of thermodynamic
perturbation of the substrate,27 establishing the sHSPs as
“stability sensors”. Substrate binding can be increased under
conditions that mimic environmental stress, such as changes in
temperature,31 oxidation,32 or phosphorylation state26,33 of the
chaperone (Scheme 1).

A salient feature of sHSPs is the ability to form oligomeric
assemblies of varying order.34 αA- and αB-crystallin protomers
associate into large polydisperse homo- and hetero-oligomers
that approach 0.8 MDa on average. In general, the broad,
dynamic range of oligomer size, symmetry ,and order for sHSPs
appears to be encoded by the primary sequence. Invariably, the
oligomeric building block consists of a dimer assembled from
the α-crystallin domain,35−37 80−100 residues that form a beta-
sandwich structure. This conserved motif is nestled between
the variable N- and C-terminal domains.7 Crystallographic
studies have shown that plasticity in oligomeric architecture is
conferred by structural elements in the N-terminal domain and
the C-terminal extension.38−40

Importantly, a growing body of evidence implicates oligomer
dynamics in sHSP activation.41−43 For instance, structural and
functional studies of Hsp16.5 and Hsp27 have revealed two
distinct mechanisms of chaperone function in which the N-
terminus plays a critical role in oligomer assembly and substrate
binding. Equilibrium dissociation from the native oligomer to a
binding-competent dimer was inferred from studies of high
affinity binding by Hsp27.30,44 In contrast, crystallographic and
functional studies of the symmetric Hsp16.5 uncovered
oligomer expansion facilitated by the plasticity of packing of
the N-terminal domain and the dynamic properties of the C-
terminal tail.40,45 These disparate mechanisms are unified by a
central theme of increased accessibility to substrate binding
sites in the N-terminal domain that are otherwise secluded
within the confines of the oligomer. Collectively, the hallmark
of the high affinity binding mode is defined by global unfolding
of the target substrate and sequestration into the core of the
sHSP oligomer.33,46

These observations suggest that sequence variation can shape
the landscape of sHSP oligomer dynamics and, consequently,
chaperone properties as defined by binding affinity and
capacity. In this context, sequence divergence and the presence
of species-specific chaperones may represent the blueprint of

evolutionary strategies to tune chaperone function. For
instance, zebrafish is the first vertebrate discovered to express
two different αB paralogous chains, αBa and αBb, yet displays
striking sequence divergence47 (Figure S1 of the Supporting
Information). Interestingly, αBb is more similar to human αB
(58% identity) than to its paralog αBa (50% identity). Whereas
αBa expression is limited to the lens in adults, αBb mimics the
ubiquitous extra-lenticular expression pattern of human αB,
which suggests varying physiological roles. In rodent families,
the species-specific α-crystallin αAins arises from alternative
splicing of the primary αA-crystallin gene transcript that
introduces a 23-amino acid polypeptide between residues E63
and L64 prior to the conserved α-crystallin domain.48

Mechanistic knowledge encoded in this protein evolution
process remains untapped. Therefore, we initiated a systematic
investigation of the relationship between sequence divergence,
oligomeric assembly, and chaperone activity in species-specific
α-crystallins. Here, we compare the in vitro chaperone activity
of the zebrafish α-crystallins with rat αAins and human
chaperones. Combining equilibrium binding experiments and
multiangle light scattering (MALS), we show that these α-
crystallins display unique global oligomeric profiles that
correlate to distinct chaperone activities. Furthermore, rat
αAins and lens-specific zebrafish αBa demonstrate intrinsically
elevated binding activity toward destabilized T4L, which is
reminiscent of fully activated mammalian sHSPs. These results
support a conserved role for α-crystallin as a chaperone in the
vertebrate lens, yet emphasizes structural and functional
differences as a consequence of sequence variation within a
species.

■ EXPERIMENTAL PROCEDURES
Materials. Monobromobimane was purchased from Tor-

onto Research Chemicals Inc. Zebrafish α-crystallins were
generous gifts from Dr. Mason Posner, Ashland University.

Mutagenesis. T4L mutants were generated by the
QuikChange procedure (Stratagene) using complementary
oligonucleotide primers containing the desired mutation and
amplified via PCR. Construct integrity was confirmed by DNA
sequencing.

Expression and Purification of Crystallins. The α-
crystallin and Hsp27 constructs were expressed in Escherichia
coli BL21/DE3 cells at 32 °C for 3 h after induction at mid-Log
phase by 400 mM isopropyl β-D-thiogalactopyranoside (IPTG).
Zebrafish αA, rat αAins, human αA or αB, the triply
phosphorylated analogue (S19D/S45D/S59D) of αB-crystallin
(referred to as αB-D3), and the triply phosphorylated analogue
(S15D/S78D/S82D) of Hsp27 (referred to as Hsp27-D3) were
purified as previously described.26,30,49 Protein concentrations
for zebrafish αA, rat αAins, human αA, αB or αB-D3, and
Hsp27-D3 were determined from extinction coefficients:
17 427, 19 940, 16 507, 19 005, and 40 529 M−1 cm−1,
respectively.
Zebrafish αBa and αBb were purified by anion exchange

chromatography followed by size exclusion chromatography
(SEC). Briefly, the cell pellets were lysed in Buffer A (20 mM
Tris pH 8, 1 mM EDTA, 0.02% (w/v) sodium azide), and the
homogenate was cleared by centrifugation after precipitation of
chromatin by polyethylenimine. The proteins were eluted from
HiTrap Q-column by linear sodium chloride gradient. Zebrafish
αBa-L was further purified by reverse phase chromatography.
The samples eluted from the anion exchange column were
adjusted to contain 0.5 M ammonium sulfate and then loaded

Scheme 1. Thermodynamic Model of sHSP Functiona

aEquation 1 describes the equilibrium transition of a substrate
between the native (N) and unfolded (U) states, including a
continuum of non-native intermediates (I). Equation 2 states the
equilibrium between the inactive oligomeric form of the sHSP and the
activated, binding-competent species. Formation of a sHSP/substrate
complex (“C” in Equation 3) depends on the population of activated
sHSP and the recognized non-native states of the substrate.
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onto a phenyl-Sepharose column. Protein was eluted by a
gradient from 0.5 to 0 M ammonium sulfate. All proteins were
purified finally by SEC on Superose6 column into SEC buffer
composed of 9 mM MOPS/6 mM Tris pH 7.2, 50 mM sodium
chloride, 0.1 mM EDTA, 0.02% (w/v) sodium azide. Predicted
molar extinction coefficients of 26 935 and 8479 M−1 cm−1

were used to determine αBa and αBb concentrations,
respectively.
Expression and Purification of T4L. T4L mutants were

expressed in E. coli BL21/DE3 cells and purified by sequential
cation exchange and SEC as previously described.27,50

Following elution from the cation exchange column, the
mutants were incubated with a 10-fold molar excess of
monobromobimane for 2 h at room temperature and then
overnight at 4 °C to label the Cys at residue 151. The protein
was purified from unbound label by SEC using a Superdex75
column equilibrated with SEC buffer. The protein concen-
trations were determined using an extinction coefficient of
22 879 M−1 cm−1 for T4L mutants.
Molar Mass Determination. Molar mass of α-crystallins

were determined by the multiangle laser light-scattering
detector (Wyatt Technologies) connected in-tandem to a
refractive index detector (Agilent). 100 μL of each protein at
0.25−1 mg mL−1 concentrations was injected by an Agilent
HP1100 HPLC system on a Superose6 column equilibrated in
the SEC buffer at the isocratic flow rate of 0.5 mL min−1. The
elution of the proteins was also monitored by a UV absorbance
detector. The molar mass of the proteins were calculated by
Astra software (Wyatt).
Equilibrium Binding Assay. Indicated concentrations (3

or 5 μM) of T4L mutants were mixed with the chaperones at
the stated molar ratio in SEC buffer, and the mixtures were
incubated at defined temperatures for 2 h. Bimane fluorescence
was measured in SynergyH4 microplate reader (BioTek)
maintained at 37 °C. The bimane label was excited at 380
nm (band-pass 20 nm), and the fluorescence intensities parallel
(I∥) and perpendicular (I⊥) to the direction of polarized light
were recorded at 460 nm (band-pass 40 nm). These intensities
were used to determine the steady state anisotropy (r) by the
following equation: r = (I∥ − I⊥)/(I∥ − 2I⊥). Binding isotherms
were generated by plotting bimane anisotropy as a function of
the [sHSP]/[T4L] ratio. Each curve represents the average of
two independent measurements. Curves were fit using the
Levenberg-Marquart nonlinear least-squares method in the
program Origin (OriginLab Inc.)33 and proceeded with floating
initial parameters. The maximum anisotropy was restricted to
0.4, and n (capacity) was bounded between 0.2 and 1.25. In
some cases, reduced χ2 of the fits was further improved by
fixing n to the previously converged value. The resulting
parameters are reported in tables with the standard deviation
(s.d.) of the fit.

■ RESULTS
Methodology. Since previous work has revealed a

correlation between oligomer dynamics of sHSP and chaperone
activity,43 we combined MALS experiments to define the global
oligomeric properties of molar mass and polydispersity (defined
as the range of molecular weights sampled across the main
elution peak) with in vitro equilibrium binding experiments to
determine the affinity and capacity of zebrafish α-crystallins and
rat αAins to destabilized T4L. The substrate binding assay
exploits the coupled equilibria described in Scheme 1. In this
minimalist model, conditions which drive the substrate folding

equilibrium toward non-native/unfolded states (eq 1) or
increase the activated population of the sHSP (eq 2) will
enhance substrate association with the chaperone (eq 3).
To promote substrate recognition and binding by α-

crystallins, we used a panel of previously characterized
background mutations27 in T4L that reduce the free energy
of unfolding (ΔGunf) relative to wild type as shown in Table 1.

T4L mutants were labeled with a bimane fluorophore at a
unique Cys in the C-terminal domain (T151 Bi) previously
shown not to affect ΔGunf.

33 These mutants possess equilibrium
folding constants on the order of 102−104 at 37 °C, and
crystallographic analysis indicates that such mutants retain
native folds regardless of thermodynamic destabilization.51

Under conditions of the binding assay, the equilibrium of
bimane-labeled T4L mutants predominately favors the folded
state. Thus, the measured binding activity of the α-crystallins is
coupled directly to the substrate folding equilibrium (eq 1 of
Scheme 1). We have previously shown that binding interactions
with T4L capture the intrinsic properties of sHSPs, which
govern chaperone activity toward endogenous substrates.52,53

Complex formation was monitored by changes in bimane
anisotropy, which has been shown to be an effective reporter of
α-crystallin/T4L binding.54 Titration of α-crystallin restricts
probe rotation leading to an increase in anisotropy, and the
resulting binding isotherms yield properties, such as affinity,
that distinguish chaperone activity between sHSPs. We opted
to use anisotropy as the detection scheme for binding to enable
the use of a high-throughput plate reader for data collection.
Absent from anisotropy curves is the biphasic binding
isotherms typically obtained from monitoring changes in
bimane emission intensity, which is the signature of two-
mode binding.29 A monotonic increase in bimane anisotropy
implies similar anisotropy values for both binding modes,
precluding thorough parametrization of the second low affinity
mode by nonlinear least-squares analysis. Therefore, anisotropy
experiments were performed with low T4L concentrations to
reduce the contribution of low affinity binding, and binding
isotherms were fit with a single-site binding model to quantify
binding sites (n) and affinity (KD). In some experiments, values
of n greater than 0.25 implied a minor role of the second
binding mode;27,29 thus the reported KD also represents a
convolution of high and low affinity binding in these cases.

Oligomeric Diversity of Zebrafish α-Crystallins and
Rat αAins. Recombinant zebrafish αA, αBa, αBb, and rat αAins

were expressed and isolated using established protocols
(Experimental Procedures) for biophysical characterization by
MALS. Zebrafish αBa displayed an unusual chromatographic
behavior in the ion exchange step. The protein eluted at two
different ionic strengths suggestive of two distinct protein
populations with different global surface electrostatics. One
population, hereafter referred to as αBa-S, bound the resin and
purified under similar conditions as zebrafish αA and αBb. The

Table 1. Stability Profile of T4L Mutants

ΔGunf (kcal mol−1)a

T4L construct 23 °C (±s.d.) 30 °C (±s.d.) 37 °C (±s.d.)

WT 14.3 (1.5)
D70N 9.2 (0.6) 7.8 (0.7) 6.8 (0.4)
L99A 7.9 (0.7) 6.5 (0.3) 5.3 (0.7)
L99A/A130S 6.6 (0.5) 4.7 (0.3) 3.5 (0.3)

aDetermined at pH 7.2.
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other population, referred to αBa-L, was not retained by the
resin at pH 8.0−8.5 and constituted approximately 35% of the
total recoverable protein. Subsequent size exclusion chroma-
tography revealed distinct elution patterns in which the αBa-S
peak was delayed by ∼5.5 mL relative to αBa-L (Figure 1).

MALS analysis indicated that the molar mass of αBa-L was
substantially larger than αBa-S, although both were poly-
disperse relative to αA and αBb (Figure 1A,B). Importantly,
αBa-S and αBa-L oligomers were built by the same monomeric
unit as corroborated by comparable size and purity on SDS-
PAGE (Figure 1C), and LC-MS/MS spectrometry following
tryptic digestion (data not shown). The isolated αBa-L
population was stable and not influenced by concentration or
pH (data not shown), suggesting that the two populations of
αBa are meta-equilibrium forms of the oligomer.
Remarkably, αBa-S and αBa-L demonstrated distinct

chaperone activities according to anisotropy binding curves to
the bimane-labeled T4L-L46A mutant (ΔGunf = 6.6 ± 0.4 kcal
mol−1 at 37 °C33). The apparent left shift in the αBa-L titration
implied a substantial enhancement of substrate binding relative
to αBa-S (Figure 1D). Combined, these results suggested that
αBa-S and αBa-L, although derived from the same primary
sequence, can segregate into two forms with very different
oligomeric structures and chaperone activities.
We focused on αBa-S since this population demonstrated

comparable binding and oligomeric properties to other

zebrafish and rodent α-crystallins (Figure 1, Figure S2).
Relative to αBa-S, zebrafish αA and αBb formed smaller
oligomers that clustered around a similar average molar mass
(Figure 1B, Table 2). The calculated molar mass of rat αAins

was reduced approximately 50% on average (∼0.4 MDa) in
comparison to human αA, which is a consequence of increased
polydispersity (Figure S2, Table 2). Indeed, MALS analysis
indicated that αAins assembled into oligomers with a 0.9−0.2
MDa molecular weight range.

Zebrafish α-Crystallins and Rat αAins Are Protein
Stability Sensors with a Spectrum of Affinities to
Substrates. The propensity of zebrafish α-crystallins and
αAins to form a complex with T4L mutants is illustrated by
anisotropy binding curves at 37 °C and compared with human
αA (Figures 2 and 3). Consistent with previous studies, a
leftward shift in the binding curves of human αA between
distinct T4L mutants indicated a change in capacity (n), affinity
(KD) or both. These changes are correlated with substrate
ΔGunf (Figure 2a, Table 3). A similar trend in binding pattern
emerged from zebrafish αA and rat αAins (Figure 2b,c) and
zebrafish αB crystallins (Figure 3) in which the most
destabilized T4L-L99A/A130S mutant was bound with the
highest efficiency. Invariably, T4L-L99A/A130S induced an
increase in n relative to more stable mutants, suggesting an
unavoidable contribution of the second low affinity-high
capacity binding mode (Table 3). Analysis of binding curves
generated from α-crystallin-induced quenching of bimane
fluorescence intensity yielded similar changes in n and KD
(data not shown).
In accordance with the differences in global oligomeric

properties (Figure 1), we observed species-specific changes in
chaperone activity between α-crystallins. Collectively, the data
sets in Figures 2 and 3 reported substantial variation in binding
to T4L substrates. Interestingly, zebrafish αBa-S, αBb, and rat
αAins demonstrated equivalent or greater tendency for complex
formation with all T4L substrates relative to human and
zebrafish αA. Whereas fits to the binding isotherms of all αA-
crystallins to T4L-D70N were underdetermined due to limited
binding, fits for αBa-S, αBb and αAins were better defined
showing that the mutant bound with greater affinities (Table
3). Notably, binding curves with L99A and L99A/A130S were
essentially indistinguishable for αAins (Figure 2c) and αBa-S
(Figure 3a), suggesting that these chaperones possess a higher
intrinsic activity than human αA and zebrafish αA or αBb.
Overall, these results are consistent with previous reports of

related α-crystallins functioning as “stability sensors” in which
the extent of binding depends on the substrate ΔGunf (eq 1 of
Scheme 1). Furthermore, the observed differences in chaperone

Figure 1. Oligomeric properties of zebrafish α-crystallins. (A)
Purification of αBa isolated two populations with distinct chromato-
graphic behaviors and MALS profiles, revealing average molecular
weights greater than 1 × 106 g mol−1. (B) In contrast, αA and αBb
formed smaller oligomers of similar mass as reported in Table 2. (C)
SDS-PAGE confirmed that αBa and αBb oligomers were constructed
from subunit monomers of comparable molecular weight and purity.
(D) Titration of a constant concentration of bimane-labeled T4L (3
μM for αBa-L and αBa−S, 5 μM for human αB) with α-crystallin
increases bimane anisotropy, indicative of complex formation. Parallel
to the differences in oligomer size, αBa-L demonstrated elevated
binding activity to the T4L-L46A substrate relative to αBa-S. In
contrast, very little binding of this T4L mutant by human αB was
detected.

Table 2. Global Oligomer Properties Determined from
MALS

α-crystallin avg molar mass (× 106 g/mol)
calculated no. of

subunitsa

human αA 0.773 36
rat αAins 0.447 20
zebrafish αA 0.556 28
zebrafish αBa-S 1.035 48
zebrafish αBa-L ≫1.0 ≫48
zebrafish αBb 0.587 32
aDetermined by dividing the average molar mass by the monomer
molecular weight.
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activity between orthologs and paralogs correlated with
molecular weight and/or polydispersity of the sHSP oligomer
(Figure 1). The average molar mass, polydispersity and binding
of zebrafish αB-crystallins exceeded the αA chain. Likewise,
enhanced binding activity of αAins relative to αA was consonant
with the altered structural properties of the oligomer. Thus,
these observations are in agreement with coupling between
oligomer size, polydispersity and chaperone function.
Temperature Dependence of Chaperone Activity.

Previous reports have suggested that zebrafish α-crystallins,
particularly αB-crystallins, display optimized chaperone activ-
ities at temperatures that approximate the physiological
temperature of zebrafish (∼28 °C).47,55 These studies, based
on the suppression of aggregation of chemically denatured
target substrates by the chaperone, indicated that zebrafish α-
crystallin activity decreases at elevated temperatures (above 35
°C), which was contrasted with human α-crystallins that
displayed higher chaperone-like activity at higher temperatures.
These results were interpreted to imply that temperature
dependence of chaperone function is an evolutionarily tuned

feature adapted for the native environment of the organism.47

We explored this hypothesis further in binding assays by
exploiting the temperature dependence of ΔGunf of different
T4L substrates (Table 1) to uncover temperature-induced
changes in zebrafish α-crystallin chaperone activity.
In contrast to previous reports, a general trend emerged from

the binding isotherms of zebrafish α-crystallins in which
changes in n and KD reflected greater binding affinity and
capacity with increasing temperature from 28 to 37 °C as
illustrated in Figure 4 for αA and αBb. In addition, lowering the
temperature from 28 to 23 °C decreased the binding affinity of
αBb at least 5-fold. This pattern of temperature-dependent
binding was independent of substrate ΔGunf as shown in Table

Figure 2. Binding profiles of αA-crystallins to destabilized T4L
mutants. An increase in α-crystallin binding affinity and/or capacity is
observed with a progressive decrease in T4L stability, which is
reported as a left-shift in the data. Whereas the binding pattern of
human (A) and zebrafish (B) αA are comparable, rat αAins (C) shows
substantial enhancement of activity. Solid lines are the nonlinear least-
squares fits of the curves and the parameters are reported in Table 3.
All binding curves were generated in pH 7.2 buffer at 37 °C.

Figure 3. Zebrafish αB-crystallins demonstrate distinct binding
behavior. Similar to αA, the αB paralogs showed increased binding
activity toward more destabilized substrates. However, αBa-S (A)
binds the T4L mutants with higher affinity and capacity than αBb (B).
Binding isotherms were generated in pH 7.2 buffer at 37 °C, and the
resulting fit parameters are shown in Table 3.

Table 3. Capacity and Affinity of α-Crystallins for T4L
Mutants

α-crystallin T4L
[T4L]
μM N (±s.d.) KD (±s.d.) μM

human αA D70N 3 0.20a 14.65 (3.21)
L99A 0.27 (0.09) 2.43 (1.42)
L99A/130S 1.25a 2.37 (0.31)

rat αAins D70N 3 0.20a 6.82 (1.03)
L99A 0.33 (0.01) 0.017 (0.017)
L99A/130S 0.32 (0.03) 0.064 (0.059)

zebrafish αA D70N 5 0.20a 88.92 (31.04)
L99A 0.33a 8.16 (1.07)
L99A/130S 1.25a 6.20 (0.44)

zebrafish αBa-S D70N 3 0.20a 1.87 (0.31)
L99A 0.47 (0.04) 0.058 (0.057)
L99A/130S 0.65 (0.05) 0.063 (0.060)

zebrafish αBb D70N 3 0.20a 4.85 (0.87)
L99A 0.20 (0.04) 1.34 (0.17)
L99A/130S 0.33 (0.02) 0.12 (0.06)

an was fixed during the fitting routine. See Experimental Procedures.
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4. Moreover, zebrafish αA showed the lowest affinity toward
T4L in all conditions, yet αBa-S consistently demonstrated the
greatest binding activity.
Changes in temperature shift the folding constant of the T4L

substrates by 2 orders of magnitude across the tested
temperature range (Table 1). Thus, the observed activation
of chaperone binding at higher temperatures is driven partially
by a shift in the substrate folding equilibrium toward non-native

states (eq 1). However, a parallel temperature-dependent shift
in the α-crystallin oligomer equilibrium toward a larger pool of
binding competent species (eq 2) will also contribute to the
apparent increase in chaperone activity (eq 3). Therefore, in
order to deconvolute temperature-driven changes of eq 2, we
compared binding isotherms of T4L-L99A at 37 °C with T4L-
L99A/130S at 28 °C. On the basis of the stability profiles
(Table 1), these T4L mutants are expected to have near
identical ΔGunf at the respective temperatures, and thus similar
equilibrium folding constants. In the context of Scheme 1, this
approach masks the role of eq 1 while ascribing differences in
binding curves to temperature-driven activation of the α-
crystallins to promote substrate association. As shown in Figure
4, binding of T4L-L99A at 37 °C was enhanced relative to T4L-
L99A/A130S at 28 °C for both zebrafish αA and αBb with an
increase in binding affinity approximately three- to 10-fold
(Table 4). A similar increase in capacity and affinity was
observed for αBa-S for these substrates, reinforcing the
conclusion that increasing temperature, even beyond 28 °C,
activates binding by the chaperone in stark contrast with the
conclusions of Dahlman and colleagues55 (Table 4).

Zebrafish αBa and Rodent αAins Are Activated
Chaperones. Although zebrafish and rat α-crystallins dis-
played properties as predicted by the thermodynamic model of
chaperone function, a direct comparison of binding revealed
strong functional divergence (Figure 5). Whereas zebrafish and
human αA bind T4L-L99A with relatively similar affinities, the
KD of rat αAins was more than 100-fold lower than zebrafish or
human αA (Figure 5a, Table 5). Differences in binding activity
were even more pronounced for the αB-crystallins. The
zebrafish paralogs showed substantially elevated binding with
respect to human αB (Figure 5b). However, variations in
activity within the zebrafish αB chains were also apparent in
which αBa-S bound the destabilized substrate with an order of
magnitude higher affinity and with greater capacity than αBb
(Table 5). As a group, zebrafish αB-crystallins demonstrated
greater binding activity than zebrafish αA. Both of these
observations disagree with previously reported results.47,55

Remarkably, the binding affinity of αBa-S and αAins is similar
to that of the phosphorylation mimics (D3 analogues,
Experimental Procedures) of mammalian sHSPs. As shown in
Figure 5c, these α-crystallins bind T4L-L99A with a similar
efficiency as fully activated human αB-D3 and Hsp27-D3. The
binding parameters reported in Table 5 likewise underscore
relatively minor differences n and KD for these chaperones. This
result suggests that these species-specific chaperones have
evolved particularly to provide a steady-state buffering capacity
against protein aggregation.

■ DISCUSSION
The results presented above offer a novel perspective on the
evolutionary tuning of α-crystallin chaperone activity. In
addition to establishing the roles of rodent αAins and zebrafish
α-crystallins as chaperones, our observations highlight distinct
structural and functional features that arise from sequence
divergence within paralogs. The general properties of rodent
αAins and zebrafish α-crystallins in vitro chaperone activity are
described well by the thermodynamic model of Scheme 1.
Substrates with progressive reductions in ΔGunf trigger higher
affinity binding by the chaperone, indicating that these α-
crystallins can discriminate between target proteins on the basis
of the equilibrium population of non-native states. Similar to
other species and sHSPs, zebrafish α-crystallin displays

Figure 4. Temperature-driven activation of zebrafish α-crystallin
chaperone activity. A left-shift in the binding curves is induced by an
increase in temperature for αA (A) and αBb (B). Specific activation of
the α-crystallins can be seen by comparing substrate binding of T4L-
L99A at 37 °C and -L99A/A130S at 28 °C. At these temperatures,
both substrates possess similar ΔGunf, which implies the increased
binding affinity is a consequence of enhanced chaperone activity. The
parameters for the fits are reported in Table 4.

Table 4. Temperature Dependence of Zebrafish α-Crystallin
Binding Activity

α-crystallin T4L
[T4L]
μM

temp
(°C) N (±s.d.) KD (±s.d.) μM

αA L99A 5 28 0.20a 50.71 (12.69)
L99A 5 37 0.33a 8.16 (1.07)
L99A/
130S

5 28 0.20a 20.87 (3.82)

L99A/
130S

5 37 1.25a 6.20 (0.44)

αBa-S L99A 5 28 0.20 (0.04) 0.92 (0.71)
L99A 3 37 0.64 (0.05) 0.012 (0.034)
L99A/
130S

5 28 0.28 (0.02) 0.21 (0.12)

L99A/
130S

3 37 0.65 (0.05) 0.063 (0.060)

αBb L99A 3 37 0.20 (0.04) 1.34 (0.17)
L99A/
130S

5 23 0.20a 28.96 (5.87)

L99A/
130S

5 28 0.20a 4.94 (0.76)

L99A/
130S

3 37 0.34 (0.02) 0.25 (0.08)

an was fixed during the fitting routine. See Experimental Procedures
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temperature-driven activation, even above the hypothesized
threshold of 28 °C. These results imply that the energetic
component of chaperone function in sHSPs is governed by
common principles across the evolutionary spectrum.
However, definitive differences in substrate binding among

the α-crystallins investigated here uncovered functional
characteristics which deviate from previously reported results.
Although αA and αBa are lens-specific in adult zebrafish, αBa
was described as having reduced chaperone-like activity relative
to αA, αBb, and human αB in assays which measured

suppression of target protein aggregation under denaturing
conditions.47,55 This led to the hypothesis that αBa has little
utility as a chaperone in the lens. The binding assay performed
here, which quantitatively describes the predominant molecular
interactions that precede aggregation, illustrates that αBa
possesses larger capacity and greater affinity toward destabilized
substrates than αA and αBb as defined by larger n and a smaller
KD.
A similar observation was evident for rat αAins relative to αA

in our binding experiments. In contrast, results from earlier
studies have presented the appearance of αAins in the rodent
genome as an evolutionary conundrum. The ability of αAins to
prevent aggregation of target proteins in nonequilibrium assays
was reduced compared to αA, conferring no apparent
advantage as a chaperone to overall lens maintenance.56 This
result led to the unsatisfying speculation that αAins has been
selectively retained as a structural protein in the lens, even
though it contributes only 10−20% of the total αA-crystallin
pool48 and has been lost in most mammalian species.57 We find
that rat αAins is more active as a chaperone than αA, binding the
identical substrate up to 2 orders of magnitude higher affinity.
A major finding of this work is that αAins and αBa-S bind

substrates at levels that approach other fully activated sHSPs.
As shown in Figure 5, αAins and αBa-S produce comparable
binding isotherms with the phosphorylation-mimic D3
analogues of human αB and Hsp27. This remarkable result
suggests that zebrafish αBa-S and rat αAins encode for
chaperones that operate in a highly activated state in the
absence of regulatory control.
Importantly, we emphasize that αBa-S and αAins binding

characteristics are representative of intrinsic function since the
observed activity was achieved without protein modification,
such as phosphorylation. Phosphorylated forms of zebrafish58,59

and rodent αA-crystallins60 have been found to increase with
age and can be stimulated by chemical stress,61 which suggests
the potential to modulate chaperone activity. Zebrafish αBa and
αBb contain only one and two of the three consensus
phosphorylation sites found in human αB,62 respectively
(Figure S1). Currently, no phosphorylation of αB-crystallins
has been found in zebrafish.58 In light of results presented here,
significant variations in the primary sequence of zebrafish αBa
may have resulted in the loss of a phosphorylation “switch” and
contributed to the generation of a chaperone with constitutively
enhanced activity.
Other sequence elements have been shown to influence

oligomer properties with a concomitant change in chaperone
activity. The N-terminus of Hsp27 and Hsp16.5 mediates
oligomer dissociation30,63 or expansion,45 respectively, to
activate high affinity binding. In this study, the most active
species displayed the potential to form large (αBa) and/or
polydisperse (αAins) oligomers with a broad range of
incorporated subunits. The most likely source of increased
polydispersity in αAins is the spliced peptide located in the N-
terminal domain. Interestingly, the location of this insertion is
reminiscent of a critical peptide in Hsp27 that is important for
oligomer dynamics and binding.44 Potentiated substrate
binding exhibited by αAins likewise suggests a correlation
between enhanced oligomer dynamics and chaperone function
relative to αA. Sequence divergence within the N- and C-
terminal domains of zebrafish αB-crystallins (Figure S1) appear
to support distinct oligomeric and functional properties. Indeed
the formation of higher order oligomers of αBa (i.e., αBa-L)

Figure 5. Species-specific activation of α-crystallin binding activity.
Binding to T4L-L99A is compared to each species expressing
orthologs of αA (A), αB (B) and activated chaperones (C). Zebrafish
αBa-S and rat αAins show similar binding patterns as fully activated
sHSPs. Fit parameters are reported in Table 5. All binding curves were
generated in pH 7.2 buffer at 37 °C with a [T4L] of 3 μM.

Table 5. Comparison of sHSP Binding to T4L-L99A
between Species

sHSP N (±s.d.) KD (±s.d.)

human αA 0.21 (0.05) 1.90 (0.95)
human αB 0.20a 27.95 (17.08)
human αB-D3 0.58 (0.02) 0.071 (0.026)
human Hsp27-D3 0.30 (0.02) 0.038 (0.041)
rat αAins 0.33 (0.01) 0.017 (0.017)
zebrafish αA 0.27a 8.32 (0.95)
zebrafish αBa-S 0.65 (0.03) 0.068 (0.035)
zebrafish αBb 0.20 (0.04) 1.34 (0.71)

an was fixed during the fitting routine. See Experimental Procedures.
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with even greater chaperone activity than αBa-S may be related
to unique subunit packing arrangements (Figure 1).
The differences in α-crystallin chaperone activity, even

between paralogs, presumably reflects the requirement for the
tissue in which it is expressed. In the context of an avascular
lens devoid of de novo protein synthesis, age-related exhaustion
of soluble, intact α-crystallin ushers protein aggregation and
may contribute to initiation of cataractogenesis.60,64,65 An
intriguing observation is that zebrafish and rat α-crystallins are
far less represented in total lens protein relative to humans
although the ratio of αA to αB is similar.58,66 This difference in
crystallin profile has been interpreted as a reflection of animal
lifespan, or as a consequence of greater γ-crystallin content.
However, the presence of a permanently activated α-crystallin
in zebrafish (αBa) and rat (αAins) lenses would be advanta-
geous as a mechanism to compensate for the overall reduced α-
crystallin pool.
A number of studies have established parallels between

mammalian and zebrafish α-crystallins that support the use of
zebrafish as a model system for vertebrate lens proteo-
stasis.23,58,59,67 In vitro characterization of the chaperone
function supports a conserved role for α-crystallin in lens
maintenance. Additionally, expression of duplicate genes with
divergent sequence and function offers a unique opportunity to
investigate the evolutionary approach toward sHSP design
within a species. Indeed, the results presented here provide a
framework to interpret subsequent mutagenesis studies
designed to interrogate sequence variation between zebrafish
α-crystallins.
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