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�-Crystallins are molecular chaperones that protect vertebrate eye
lens proteins from detrimental protein aggregation. �B-Crystallin,
1 of the 2 �-crystallin isoforms, is also associated with myopathies
and neuropathological diseases. Despite the importance of
�-crystallins in protein homeostasis, only little is known about
their quaternary structures because of their seemingly polydis-
perse nature. Here, we analyzed the structures of recombinant
�-crystallins using biophysical methods. In contrast to previous
reports, we show that �B-crystallin assembles into defined oli-
gomers consisting of 24 subunits. The 3-dimensional (3D) recon-
struction of �B-crystallin by electron microscopy reveals a sphere-
like structure with large openings to the interior of the protein.
�A-Crystallin forms, in addition to complexes of 24 subunits, also
smaller oligomers and large clusters consisting of individual oli-
gomers. This propensity might explain the previously reported
polydisperse nature of �-crystallin.

electron microscopy � molecular chaperone � protein aggregation �
small heat shock protein � stress response

Molecular chaperones called �-crystallins, which belong to
the small heat-shock protein (sHsp) family, constitute an

important component of the stress response (1–3). Their cellular
function is to bind to partially unfolded polypeptides and main-
tain them in a refolding-competent state (4–6). Thus, they act as
molecular traps that protect the cell from the consequences of
irreversible protein aggregation. This holdase function of sHsps
enables to separate the binding of unfolded polypeptides from
the refolding process thereby sustaining protein homeostasis (4,
7–9).

There are 2 �-crystallin genes, �A and �B, that encode for
proteins that share �60% sequence identity (10). In the eye lens,
�-crystallins account for �40% of the total protein content (11).
The hetero-oligomeric mixtures of the 2 isoforms cannot be
separated under native conditions (12). Whereas �A-crystallin
expression is mainly limited to the lens and only trace amounts
are found in few other tissues (13), �B-crystallin is ubiquitously
expressed and is abundant in brain, heart, and muscle (14). The
importance of �-crystallins as molecular chaperones was dem-
onstrated by knock-out mice, in which the deletion of �A-
crystallin led to young onset cataract formation (15). The
functional importance of �B-crystallin is not restricted to the eye
lens, because it was shown to be associated with a number of
neuropathological protein folding diseases, including Alzhei-
mer’s, Parkinson’s, and Creutzfeldt-Jakob disease (16, 17). Ad-
ditionally, �B-crystallin is the most abundant gene transcript
present in early active multiple sclerosis lesions (18), and it
appears to exhibit anti-apoptotic as well as neuroprotective
functions (19, 20).

sHsps share common structural features. The most distinctive
characteristic is the structurally conserved ‘‘�-crystallin’’ domain
(2), which is f lanked by a genetically diverse N-terminal region
that differs in sequence and length, and a moderately conserved
C-terminal extension (21). sHsps assemble into large oligomers
with mostly 12 or 24 subunits (22). The dynamic nature of these

assemblies renders their structure determination challenging,
and only few sHsp crystal structures and reconstructions based
on electron microscopy (EM) are available (23–28). These
revealed similar spherical or toroidal structures with internal
cavities.

�-Crystallins were reported to form large oligomers that
display great heterogeneity. The current opinion is that
�-crystallins cannot be obtained in homogeneous form. Neither
the structure of monomeric �-crystallin nor the subunit arrange-
ment within the oligomer are yet known. Based on studies using
scattering methods, several structural models have been pro-
posed that differed substantially from each other (29–33).
Transmission electron microscopy (TEM) has also been used to
elucidate the oligomer structure of �-crystallin (23, 34). Recom-
binant human �B-crystallin was suggested to be an asymmetric
and roughly spherical assembly of 32 subunits with a large central
cavity (23). In addition, the presence of multiple oligomer
assemblies and a highly variable quaternary structure was re-
ported (23). Authentic �-crystallin from bovine eye lens was also
shown to form asymmetric oligomers with mean diameters larger
than those found for recombinant human �B-crystallin and with
an even higher degree of heterogeneity (34). More recently, a
mass spectrometric (MS) analysis suggested that �-crystallins
form a continuum of assemblies with an average mass corre-
sponding to 28 subunits (35).

To re-evaluate the degree of heterogeneity and the quaternary
structure of �-crystallins, we analyzed the structures of recombinant
human �A- and �B-crystallin and compared them to authentic
�-crystallin purified from bovine eye lenses (�L-crystallin).

Results
Chaperone Activity of �-Crystallins. Human �A- and �B-crystallins
were recombinantly expressed in Escherichia coli and purified to
homogeneity (for details see Materials and Methods and Fig. S1
A–D). For both proteins, MS revealed the correct monomer
masses (Fig. S1 A and B). In addition, authentic �L-crystallin
was purified from bovine eye lenses. MS analysis identified the
correct isoforms and known posttranslational modifications
(Fig. S1C). The secondary and tertiary structures of the prep-
arations were assessed by circular dichroism spectroscopy (Fig.
S1 E and F) and found to correspond to published data (36).

To test the functional properties of the purified proteins, we
analyzed their chaperone activity in aggregation assays using ly-
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sozyme as substrate (37). In the presence of equimolar concentra-
tions of either recombinant �-crystallin species, the aggregation
signal was reduced by approximately half, and when a 2-fold molar
excess over lysozyme was used, the signal was entirely suppressed
(Fig. 1 A and B). Analysis of the supernatant and pellet fractions of
the samples by SDS/PAGE confirmed this picture (Fig. 1E). Also,
�AB-crystallin (an equimolar mixture of recombinant �A- and

�B-crystallin) (Fig. 1 C and E) and authentic �L-crystallin (Fig. 1
D and E) suppressed lysozyme aggregation in a concentration-
dependent manner with efficacies similar to those observed for the
isolated recombinant isoforms.

Hydrodynamic Size of �-Crystallins. Most sHsps studied so far form
oligomers consisting of 12 or 24 subunits (22). For �-crystallin,
however, structural data in the literature suggest a heteroge-
neous assembly with a continuum of different oligomeric states
(34, 35). To address this issue, we subjected the recombinant
�-crystallin isoforms as well as authentic �L-crystallin to ana-
lytical size exclusion chromatography (SEC) and dynamic light
scattering (DLS). Elution profiles of �-crystallins from an ana-
lytical SEC column are shown in Fig. 2A. �B-crystallin eluted in
a single narrow and symmetric peak with a full-width at half
maximum (FWHM) of 1.45 min. According to linear calibration,
the elution time corresponds to a molecular mass of �475 kDa
consistent with a complex of 24 subunits (20.2 kDa monomeric
mass). Similarly, �A-crystallin eluted in a single and symmetric
peak with a slightly smaller apparent molecular mass of 440 kDa
(19.9 kDa monomeric mass). Although the FWHM of �L-
crystallin was very similar to that observed for �A- and �B-
crystallin, the elution time was smaller, indicating that its
hydrodynamic properties differ from that of recombinant �A-
and �B-crystallin. Interestingly, �AB-crystallin eluted at times
similar to those of the isolated recombinant proteins, suggesting
that the formation of �A-�B-hetero-oligomers per se is not
responsible for the different hydrodynamic behavior of �L-
crystallin. For comparison, Hsp26 from yeast and Hsp16.5 from
Methanococcus jannaschii, which form distinct 24-mers (25, 28,
38), were also subjected to SEC. Their FWHMs were very similar
to those obtained for our �-crystallin preparations.

To further address the issue of solution quaternary structure,
we subjected the 4 �-crystallin samples to DLS (Fig. 2B). The
respective particle size distributions indicated hydrodynamic
radii of 8.04 � 0.23 nm for �A-, 7.26 � 0.18 nm for �B-, 8.83 �
0.29 nm for �AB-, and 10.19 � 0.27 nm for �L-crystallin (Fig.
2B), which is in good agreement with the SEC analyses.

Quaternary Structure of �-Crystallins. As SEC and DLS measure-
ments alone do not suffice for an unequivocal judgement of the
homogeneity of protein samples, we subjected our �-crystallin
preparations to analytical ultracentrifugation (AUC) and TEM.

Sedimentation velocity (SV) AUC of �B-crystallin generated
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Fig. 1. Chaperone activity of �-crystallin. The chaperone function of �-
crystallin was assessed at 37 °C by its ability to suppress the aggregation of 10
�M lysozyme. Lysozyme aggregation was monitored at 400 nm in a UV/Vis
spectrophotometer in the absence (�) and presence of 5 �M (�), 10 �M (‚),
and 20 �M (ƒ) �-crystallin. (A) �A-Crystallin, (B) �B-crystallin, (C) �AB-crystallin
(equimolar mixture of recombinant �A- and �B-crystallin), and (D) authentic
�L-crystallin. (E) The solubility of denatured lysozyme (Lys) in the absence and
presence of a 2-fold molar excess of respective �-crystallin (�) was analyzed by
comparing the soluble supernatant fraction (S) and the insoluble sediment
fraction (I) using SDS/PAGE.

DA B C

0 30 60 90 120 150

16

17

18

19

20

s
 (

10
-1

3  
s)

 

Concentration (µM) 

0.0

0.5

1.0

0.0

0.5

1.0

0.0

0.5

1.0

0.1 1 10 100 1000
0.0

0.5

1.0

R
h
 (nm)

1E-4 1E-3 0.01 0.1 1 10
 Time (ms)

0 10 20 30 40 50

300

350

400

450

500

550

600

650

M
ol

ec
ul

ar
 m

as
s 

(k
D

a)

Concentration (µM)

F
re

qu
en

cy

αA

αB

αAB

αL

12 14 16 18 20

0.0

0.5

1.0

400 800

14

15

16

R
F

U

Time (min)

 T
im

e 
(m

in
)

 log(MW)

Fig. 2. Hydrodynamic analysis. (A) The SEC elution profiles of recombinant human �A- (black line), �B-crystallin (red line), an equimolar mixture of both isoforms
(�AB-crystallin) (green line), and authentic bovine �L-crystallin (blue line) were obtained using a Tosoh Bioscience TSK 4000 PW column. All species eluted from
the SEC column within a single, narrow, and symmetric peak with a width at half-height in the range of 1.4 min. Inset: Linear calibration revealed a molecular
mass of 441 kDa for �A-crystallin, �475 kDa for �B-crystallin as well as for the mixture of both isoforms, and 628 kDa for �L-crystallin. (B) Plots of the DLS
autocorrelation function (G(1)(t)) of �A-, �B-, �AB-, and �L-crystallin and the corresponding particle size distributions. Frequency refers to the observed molecule
size distribution. The hydrodynamic radii are 8.04 � 0.23 nm for �A- (peak weight 99.88%), 7.26 � 0.18 nm for �B- (peak weight 99.80%), 8.83 � 0.29 nm for
�AB- (peak weight 100%), and 10.19 � 0.27 nm for �L-crystallin (peak weight 99.31%). (C) Concentration-dependent analysis of the sedimentation coefficient
(s) by SV AUC as a function of the concentration of �A-crystallin (�), �B-crystallin (�), �AB-crystallin (ƒ), and �L-crystallin (‚). (D) Apparent molecular masses
for �B-crystallin determined from SE AUC experiments as a function of the protein concentration. Data were fitted to a molecular mass of 482 � 12 kDa, which
is independent of protein concentration.
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a single sedimentation boundary, indicating the absence of
significant fractions of differently sized particles. Data analysis
using the time derivative (dC/dT) method (39) revealed a narrow
distribution of apparent sedimentation coefficients (s*) with the
highest frequency at �16.5 S (Fig. S2B). �A-Crystallin and
�AB-crystallin, however, showed larger sedimentation coeffi-
cients (s) of 18 S and 17 S, respectively, with broader distribu-
tions (Fig. S2 A and C). The authentic �L-crystallin exhibited the
largest s value of 20 S (Fig. S2D). The s values of all 4 species were
shown to be independent of concentration within the range of
2–150 �M (Fig. 2C). Because �B-crystallin was found to lack
significant polydispersity, we performed sedimentation equilib-
rium (SE) AUC to more precisely analyze its quaternary struc-
ture. We determined a concentration-independent molecular
mass of 482 � 12 kDa, which is in agreement with the theoretical
mass of 484 kDa for a 24-mer (Fig. 2D).

To further investigate the nature of the different assemblies,
we separated �-crystallin preparations by SEC into an early, a
medium, and a late fraction (Fig. 3 A–D, Insets) and analyzed
these fractions separately by SV AUC and TEM. Interestingly,
the sedimentation coefficients of the �A-crystallin fractions
differed substantially from each other with an inverse correla-
tion between elution time in SEC and s values (Fig. 3A, Left).
TEM revealed the presence of small (11.5 nm diameter) and
large (13.5 nm) assemblies in the medium �A fraction (Fig. 3A,
Right, Top). In the fraction at early elution times, large oligomers
(13.5 nm) and elongated assemblies resulting from oligomer-
oligomer associations were detected (Fig. 3A, Right, Bottom).

In contrast, �B-crystallin exhibited a much higher degree of
homogeneity. The medium and late fractions after SEC (Fig. 3B,
Inset) yielded very similar s distributions with the highest fre-
quency at 16.7 S, indicating the absence of smaller oligomeric

species (Fig. 3B, Left). TEM analysis confirmed this finding; only
globular oligomers (13.5 nm), similar to the large ones in
�A-crystallin samples, were identified (Fig. 3B, Right, Top). The
early SEC fraction contained a population of oligomers sedi-
menting with 18.5 S. TEM revealed the presence of large
assemblies in this fraction, which appear to be a population of
interacting oligomers (Fig. 3B, Right, Bottom). However, the
amount of clustered oligomers was lower than in the respective
�A-crystallin samples.

Interestingly, �AB-crystallin fractions (Fig. 3C) turned out to
be similar to those of �A-crystallin; whereas the early fraction
contained larger oligomers and oligomer clusters (Fig. 3C, Right,
Bottom), the medium fraction was characterized by the presence
of both larger and smaller oligomers (Fig. 3C, Right, Top),
suggesting that smaller species are an intrinsic property of
�A-crystallin.

The authentic �L-crystallin exhibited the highest degree of
heterogeneity within our analyses (Fig. 3D). In general, s values
were larger compared with the recombinant preparations (Fig.
3D, Left), which corresponds well to SEC data. TEM analysis of
the medium fraction revealed the existence of populations of
smaller and larger oligomers (Fig. 3D, Right, Top). The early
fraction produced a broad and asymmetric s distribution ranging
from 15–45 S (Fig. 3D, Left). In accordance, a significantly
higher degree of oligomer-oligomer association as well as larger
oligomer clusters were observed by TEM (Fig. 3D, Right, Bot-
tom) when compared with the other recombinant �-crystallin
samples.

Electron Microscopy and 3D Reconstruction of �B-Crystallin. Because
of the homogeneity of recombinant �B-crystallin, we focused on
analyzing its 3-dimensional (3D) structure by EM and image
processing (for details see Materials and Methods and Fig. S3).
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Fig. 3. Heterogeneity of �-crystallins. (A–D) Analysis of fractions obtained from SEC (see Materials and Methods) by SV analytical ultracentrifugation (Left) and
TEM (Right). s distributions for the early (red), medium (blue), and late (green) fraction of the elution peaks (Insets) were determined using the dC/dT method.
Representative electron micrographs of negatively stained [ammonium molybdate, 1.5% (wt/vol), pH 5.5] �-crystallin samples obtained from the medium (blue
frame) and the early SEC fraction (red frame) are depicted (Scale bars, 50 nm). For each sample, average images (Scale bars, 10 nm) are included for every
population with �10% abundance. (A) �A-crystallin. (B) �B-crystallin. Note the much higher degree of homogeneity. (C) �AB-crystallin. (D) Authentic
�L-crystallin.
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For this purpose, 2565 single particle images (Fig. 4A) were
selected from electron micrographs of the negatively stained
samples and subjected to multivariate statistical analysis (MSA)
and classification. Eigenimages, i.e., images representing the
most important differences in the data set, obtained after a first
cycle of translational alignment and MSA (Fig. 4B) as well as
preliminary class averages (Fig. 4C) already indicated the pres-
ence of projection images with 3-fold symmetry. Thus, and
because of the 24-meric assembly of �B-crystallin oligomers as
determined by SEC (Fig. 2 A) and SE AUC (Fig. 2C), compatible
point group symmetries, i.e., C3, D3, tetrahedral, and octahedral,
were imposed for the calculation of the respective preliminary
3D models by angular reconstitution based on selected class
averages (see Materials and Methods and Fig. S3). For each
imposed symmetry, the preliminary model was refined in iter-
ative cycles at which the reprojections of the preceding model
were used as new references for multi-reference alignment
(MRA) of the whole data set followed by MSA and classification.
In each cycle, the quality of the resulting model was checked by
projection matching (40), i.e., by comparing the consistency
between the class averages and reprojections of the model in the
orientations found for the class averages. For C3, D3, and
octahedral symmetries, the class averages and corresponding
reprojections did not match sufficiently, and the refinement
procedure did not lead to a significant resolution improvement
(Fig. S4). Tetrahedral symmetry, however, gave consistent re-
sults and led to a final 3D model at �20 Å resolution as judged
by the 0.5 Fourier shell correlation (FSC) criterion (41). Selected
class averages and corresponding reprojections of the final 3D
model are shown in Fig. 4 D and E, respectively. For the
calculation of the model, 40 classes were used.

The 3D reconstruction shows that human �B-crystallin oli-
gomer is roughly spherical with a diameter of 13.5 nm (Fig. 5A
and Movie S1). The oligomer accommodates a large central
cavity of �8.5 nm diameter that is surrounded by a symmetrical
protein shell with a mean thickness varying from 2.5 to 4 nm (Fig.
5B). The protein shell contains openings at the positions of the
2- and 3-fold axes, with diameters of �3.5 nm for the 2-fold axes

and 3 and 2 nm for the 2 unequal 3-fold axes. The overall
quaternary structure of human recombinant �B-crystallin shows
similarities to the structures of Hsp20.2 from Archaeoglobus
fulgidus (24) and Hsp16.5 from M. jannaschii (25), which both
form spherical, 24-meric complexes with octahedral symmetry.
As shown in Fig. 5C, the dimeric �-crystallin domain of Hsp16.5
from M. jannaschii (25) is well-accommodated in the corresponding
position of the �B-crystallin model (see also Movie S1).

Discussion
The contribution of sHsps to the cellular chaperone network as
efficient molecular traps for non-native proteins is a rather
recent concept. A characteristic trait conserved from pro-
karyotes to eukaryotes and archaea is their elaborate quaternary
structure in which 12 or 24 subunits assemble to barrel- or
sphere-shaped complexes. In this context, the eye lens protein
�-crystallin was considered to be rather unique because it was
reported to possess a highly variable quaternary structure (34,
35). However, we demonstrate that both �A- and �B-crystallin
assemble into distinct oligomers with a well-defined quaternary
structure. The 2 proteins differ in their propensities to form
further associations leading to heterogeneous populations.

According to our results, human recombinant �B-crystallin
forms distinct complexes consisting of 24 subunits. By negative
stain electron microscopy and image processing, we were able to
reconstruct a 3D model of the �B-crystallin assembly at 20 Å
resolution that allows a detailed look at its structural character-
istics. In line with the oligomer architectures observed for other
sHsps, �B-crystallin oligomer is a hollow, sphere-like assembly.
The positioning of the �-crystallin domain from M. jannaschii
Hsp16.5 in the 3D model of �B-crystallin suggests that the
subunit topography within the oligomer is conserved. A char-
acteristic feature of sHsps, large openings in the protein shell

A

B

C

D

E

Fig. 4. Image analysis of negatively stained �B-crystallin oligomers. (A)
Gallery of single �B-crystallin oligomers. (B) First 10 eigenimages (statistical
difference images) obtained after translational alignment of the data set. (C)
Two class averages with apparent 3-fold and mirror-symmetries resulting from
the MSA of the translationally aligned data set. (D) Characteristic final class
averages. (E) 2D reprojections of the 3D model of �B-crystallin in the orien-
tations found for the class averages shown in D (Scale bar, 10 nm).

C

A

B

Fig. 5. 3D reconstruction of human recombinant �B-crystallin. (A) Surface
representations of the 3D model of human recombinant �B-crystallin. The
density threshold applied for the surface representation has been chosen such
that the corresponding molecular mass was in agreement with a 24-meric
�B-crystallin. The molecules are viewed along the 2-fold axis (first row) and the
2 unequal 3-fold axes (second and third row). (B) Density cross-sections
through the 3D model of �B-crystallin. (C) Superposition of the ribbon rep-
resentation of the dimeric �-crystallin domain of Hsp16.5 from M. jannaschii
(25) with the meshed surface representations of the 3D model of �B-crystallin
(Scale bar, 10 nm).
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leading to the hollow interior, is also present in �B-crystallin
oligomer, albeit more pronounced as in the structures of other
sHsps (24, 25, 28). In contrast to 24-meric sHsps complexes from
yeast and archaea (24, 28), �B-crystallin oligomers do not show
detectable size variations.

Whereas �B-crystallin is characterized by a well-defined quater-
nary structure, our combined SEC/AUC/TEM analyses clearly
show that �A-crystallin forms, besides complexes of 24 subunits,
also smaller oligomers and large clusters consisting of individual
oligomers. This heterogeneity also dominates in mixed complexes
consisting of both �A- and �B-crystallin. The propensity of single
�A-crystallin oligomers to further associate to larger particles may
result in a continuum of assemblies that could explain the previously
suggested polydisperse character of �-crystallin, which is composed
of both �A- and �B-crystallin. Interestingly, authentic �-crystallin
seems to possess, as compared with the mixture of recombinant �A-
and �B-crystallin, a larger degree of heterogeneity including large
oligomer clusters, giving rise to the assumption that the formation
of oligomer clusters might be influenced by the posttranslational
modifications of the �-crystallins in the eye lens. Whether these
modifications are important for maintaining the transparency of the
eye lens or are merely the result of aging remains to be elucidated.
It is noteworthy that the deletion of �B-crystallin has no lens
phenotype, whereas the deletion of �A-crystallin leads to severe
cataract, i.e., the formation of large aggregates of eye lens proteins,
as shown by gene deletion studies in mice (15, 42). Thus, it is
tempting to speculate that the 2 �-crystallins differ not only in their
structural but also in their functional properties in lenticular cells,
with �A-crystallin being the more active chaperone toward lens
proteins such as the �- and �-crystallins. Furthermore, the poly-
dispersity introduced by �A-crystallin might be essential to abolish
higher order structures of �-crystallins under the extremely high
protein concentrations (�450 mg/mL) in the eye lens. Another
aspect to consider is that �-crystallins have to be permanently active
in the eye lens for several decades—in contrast to regulable sHsps,
such as Hsp26. The latter is activated by a temperature-induced
structural rearrangement exposing the chaperone binding site (38,
43). In the case of �-crystallin, multiple binding sites may be
permanently exposed on the surface of the oligomer and interact
with each other, leading to the formation of larger assemblies. A
similar tendency has also been reported for Hsp70, which forms
dimers mediated by their substrate binding domains (44, 45), and
Hsp90, which can form larger oligomers (46).

At present, it is still premature to reconcile the observed
differences in association behaviors and polydispersity of the 2
�-crystallin isoforms with specific functional differences. The
elucidation of their 3D structures and their assembly properties
should allow addressing this question in the near future.

Materials and Methods
Cloning and Protein Purification. Recombinant �A- and �B-crystallin were
cloned from plasmid DNA containing the respective genes (kind gift by Prof.
N.H. Lubsen, Nijmegen, The Netherlands) by PCR amplification using primers
carrying the NcoI and NotI restriction sites. PCR fragments were subcloned into
the vector pET28b� and verified by sequencing. For gene expression, E. coli
BL21(DE3) was transformed with the respective plasmid, cells were grown at
30 °C, and expression was induced by 1 mM IPTG. After cell disruption, the
cleared lysate was applied on a Q Sepharose column (Amersham Bioscience)
equilibrated with TE buffer (50 mM Tris-HCl, 2 mM EDTA, pH 9.0). Elution was
carried out with a linear NaCl gradient. Fractions containing the target protein
were pooled, concentrated, and loaded onto a Superdex 200-pg column
(Amersham Bioscience) run in TE, 100 mM NaCl. Fractions containing the
target protein were applied to a Resource Q column (Amersham Bioscience) in
TE buffer, and the protein was eluted with a linear NaCl gradient. Recombi-
nant �A-crystallin and �B-crystallin were dialyzed against 10 mM NaP, pH 7.5,
and stored at �80 °C.

Authentic �-crystallin (�L-crystallin) was isolated from bovine calf lenses.
The tissue was homogenized, and the soluble �L-crystallin was purified to
homogeneity as described above. SDS/PAGE analysis and matrix-assisted laser

desorption ionization (MALDI) mass spectrometry demonstrated that the
protein preparations were homogeneous.

Lysozyme Aggregation Assay. The aggregation of 10 �M lysozyme (Sigma-
Aldrich) was initiated by 1 mM Tris(2-carboxyethyl)phosphine (TCEP) (Sigma-
Aldrich). All lysozyme assays were carried out at 37 °C in PBS buffer. The
aggregation process was followed at 400 nm by recording absorbance
changes in a Cary 50 UV/VIS spectrophotometer (Varian) equipped with a
temperature-adjustable cuvet holder. To determine the chaperone activity of
�-crystallins, increasing concentrations of each �-crystallin species were added
before reduction. The solubility of denatured lysozyme in the absence and
presence of �-crystallin was determined by SDS/PAGE and Coomassie staining,
analyzing the sediment and supernatant fraction after centrifugation at
10,000 rpm for 2 min in a table-top centrifuge.

Analytical Gel-Filtration. A TosoHaas TSK G4000PW (30 � 0.75 cm) gel filtration
column with a separation range from 10 to 1,500 kDa (Tosoh Bioscience) was
used for gel filtration. All experiments were performed at room temperature
using PBS buffer and a flow rate of 0.75 mL/min. Detection was performed
with a FP 920 fluorescence detector (Jasco), using an excitation wavelength of
280 nm and an emission wavelength of 340 nm. The following proteins were
used for calibration: Thyroglobulin (669 kDa), ferritin (450 kDa), catalase (240
kDa), and aldolase (158 kDa).

Analytical Ultracentrifugation. Analytical ultracentrifugation was carried out in
Beckman XL-A and XL-I machines, equipped with UV and interference detection
systems (Beckman Coulter). For SV, 400 �L sample and 410 �L reference buffer
were loaded into sector-shaped double-channel centerpieces and spun at 25,000
rpm at 20 °C in a Ti60 rotor. Scans were recorded continuously at 280 nm. Data
analysis was carried out using the dC/dT method (39). For SE, 100 �L sample mixed
with 15 �L FC40 oil and 120 �L reference buffer were loaded into 6-channel
centerpieces and spun at 8,000 rpm at 20 °C. The molecular masses for each
concentration were calculated from liner fitting of plots of the natural logarithm
of the concentration versus the square of the radius. Buffer density was taken
from tables and the partial specific volume calculated on the basis of the primary
sequence. The true molecular weight (MW) was derived from linear regression of
the calculated molecular masses.

Dynamic Light Scattering. Light scattering measurements were performed
with an ALV/CGS-8 apparatus equipped with an ALV/5000/6010 digital auto-
correlator operated in the single cross-correlation mode. A Uniphase (power
�35 mW) He-Ne laser operating at a wavelength of 632.8 nm was used as a
light source. Scattering was monitored using a pair of avalanche photon
counting modules (SPCM-CD2969; PerkinElmer). A fraction of the incoming
laser beam was monitored continuously by 2 quadrant photodiodes placed
after a precision attenuator. The readings of the photodiodes were used to
normalize the total scattered intensities and to exclude artifacts stemming
from long-term fluctuations or changes in the pointing stability of the laser
beam. Data were analyzed using the inverse Laplace transformation algo-
rithm CONTIN (47).

Electron Microscopy. �-Crystallin samples were adsorbed for 2 min onto carbon-
coated grids that were glow discharged in air before the application of 5 �L
protein solution at a concentration of 0.05 mg/mL. Excess protein solution was
blotted off, and the samples were negatively stained for 30 s using 5 �L ammo-
nium molybdate solution [1.5% (wt/vol), pH 5.5]. Electron micrographs were
recordedatanominalmagnificationof50,000andatdefocusvaluesof900–1200
nm using a JEOL JEM 100CX electron microscope operated at 100 kV. Suitable
micrographs were digitized at a step size of 8.5 �m using a FlexTight Precision II
array scanner, resulting in a pixel size of 1.69 Å at the specimen level.

Image Processing. Well-separated particles on electron micrographs were
semimanually selected using Boxer from the Eman software package (48). This
package was also used for the determination of the defoci and the correction
of contrast transfer function (CTF) by phase flipping. The following image
processing procedures and the 3D reconstruction (Fig. S3) were carried out
using the Imagic suite (49).

In a first step, CTF-corrected molecular images from each negative were
pooled, band-pass filtered (between 12 and 170 Å), and normalized. Afterward,
a first translational alignment was performed by ‘‘self-alignment,’’ i.e., the input
image was iteratively centered relative to a rotationally symmetrized version of
itself. Upon identification of eigenimages, MSA, and the following classification,
only structurally well-defined class averages were used as references for multi-
reference rotational and translational alignment (MRA) of the data set. Once the
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number and quality of the class averages have been improved sufficiently in
iterative cycles of MRA and MSA (Fig. S3, loop 1), 4 preliminary 3D models
differing in their symmetries, i.e., models with C3, D3, tetrahedral, and octahedral
point group symmetry, were reconstructed based on representative class aver-
ages with well-assigned projection angles by the method of angular reconstitu-
tion. The respective symmetries were taken into account for the choice of ‘‘com-
mon lines’’ (50). For each symmetry imposed, the preliminary model was
subjected to iterative cycles of refinement (Fig. S3, loop 2), at which the reprojec-
tions of the preceding model were used as new references for MRA of the data

set followed by MSA and classification. In each cycle, the quality of the resulting
model was checked.
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