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Abstract
γS-crystallin (γS) is a highly conserved component of the eye lens. To gain insights into the
functional role(s) of this protein, the mouse gene (Crygs) was deleted. Although mutations in γS
can cause severe cataracts, loss of function of γS in knockout (KO) mice produced no obvious
lens opacity, but was associated with focusing defects. Electron microscopy showed no major
differences in lens cell organization, suggesting that the optical defects are primarily cytoplasmic
in origin. KO lenses were also grossly normal by light microscopy but showed evidence of
incomplete clearance of cellular organelles in maturing fiber cells. Phalloidin labeling showed an
unusual distribution of F-actin in a band of mature fiber cells in KO lenses, suggesting a defect in
the organization or processing of the actin cytoskeleton. Indeed, in wild-type lenses, γS and F-
actin colocalize along the fiber cell plasma membrane. Relative levels of F-actin and G-actin in
wild-type and KO lenses were estimated from fluorescent staining profiles and from isolation of
actin fractions from whole lenses. Both methods showed a twofold reduction in the F-actin/G-
actin ratio in KO lenses, whereas no difference in tubulin organization was detected. In vitro
experiments showed that recombinant mouse γS can directly stabilize F-actin. This suggests that
γS may have a functional role related to actin, perhaps in ‘shepherding’ filaments to maintain the
optical properties of the lens cytoplasm and normal fiber cell maturation.
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Introduction
The vertebrate lens is a highly organized system of regularly packed cells with high
concentrations of proteins, forming a transparent tissue with a gradient of refractive index
that eliminates diffraction and aberration errors and produces the fine focus required for
vision [1–3]. Transparency along the optical axis of the lens is enhanced by elimination of
cellular organelles in mature fiber cells [4]. The refractive index gradient is produced by
developmentally regulated layering and packing of elongated fiber cells and stage-specific
expression of the proteins in those cells [2,4–7]. At the molecular level, the bulk of the
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refractive index of the lens is attributable to the highly abundant, soluble crystallins. During
the evolution of the vertebrate eye, crystallins arose by recruitment of pre-existing proteins,
probably with ancient roles in other parts of the eye [8–10]. Indeed, the optical properties of
the lens in different vertebrate lineages have frequently been adjusted by the independent
recruitment of proteins such as enzymes as novel crystallins [11,12].

The α-crystallins, which are present in all vertebrates, are derived from small heat shock
proteins and have roles as molecular chaperones [13–15]. The β-crystallins and γ-crystallins
are also represented throughout vertebrate evolution, and must have formed part of the
earliest vertebrate lenses [16,17]. They are related in sequence and structure, and form part
of the wider βγ-crystallin superfamily, which includes proteins ranging from a bacterial
spore coat protein [18] to a mammalian protein implicated in the control of metastasis in
melanoma [19]. β-Crystallins have orthologs in species from fish to mammals; however, γ-
crystallins are much more variable, and seem to have been particularly subject to adaptation,
duplication and gene loss in different vertebrate lineages [16].

One member of the family, γS-crystallin (γS), is well conserved in evolution, and has
orthologs and paralogs in fish, mammals, reptiles, and birds [16], making it a candidate
representative for an ancient, functional role of γ-crystallins in the eye. Expression of γS
has been observed in non-lens eye tissues [20]. It appears to be subject to light–dark cycle
regulation in the retina [21]; it is induced in an aging model of retinal pigment epithelium
[22]; and it is abundant in drusen [23,24], suggesting possible involvement in age-related
macular degeneration.

Mutations in γS cause cataracts in both mice and humans [25–27]. In the murine Opj
cataract, a temperature-sensitive mutation leads to unfolding of γS, and produces opacity,
with severe disruption of lens cell organization [26]. Opj involves both loss of function and
the toxic effects of an abundant, misfolded protein that is capable of forming amyloid-like
fibrils both in vivo and in vitro [28,29]. To separate loss and gain of function effects and to
provide insights into the functional roles of γS, the mouse Crygs gene was deleted by
homologous recombination.

Results
Creation of Crygs null allele

The promoter and exon 1 of Crygs in an SV129 BAC clone containing murine Crygs was
replaced by a Neo cassette (Fig. 1A). The deletion construct was electroporated into SV129
ES cells and selected for G418 resistance. A homologous recombinant clone line was
identified by Southern blotting (Fig. 1B), and was injected into C57Bl/6 blastocysts to
produce chimeric embryos. Germ line transmission of the deletion allele was established
through subsequent breeding with C57Bl/6. Heterozygous (+/−) mice were crossed with
C57Bl/6 for multiple generations (currently 10) to achieve a uniform genetic background.
Mice were genotyped for the lens cytoskeleton protein CP49/BFSP2, because SV129 mice
contain a mutation in this gene [30,31].

Validation of the knockout (KO)
γS mRNA in wild-type (WT) (+/+), heterozygous (+/−), KO (−/−) and Opj (γS mutant)
lenses was examined by RT-PCR (Fig. 2A). No expression was observed in the KO lens.
Lenses from the same genotypes, separated into water-soluble, mild detergent (Triton)-
soluble and SDS-soluble fractions, were examined by western blot. γS protein was absent
from the KO lens. The protein was detected in all three fractions of +/+ and +/− lenses,
showing that some γS is associated with insoluble membrane/cytoskeletal fractions (Fig.
2B). For the Opj mutant lens, most of the γS protein was found in the highly insoluble SDS-
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extracted fraction, but no mutant protein was present in the cytoskeleton-associated Triton
fraction. The migration of γS protein in the Triton and SDS fractions appeared to be slightly
retarded, although the control western blot for macrophage migration inhibition factor [32]
from the same fractions showed identical mobility in all cases. The reason for this shift is
unknown.

Protein content of the KO lens
Total soluble protein content was measured for WT, KO and Opj lenses (Fig. 2C). Whereas
the amount of soluble protein in the Opj lens was severely reduced, both WT and KO lenses
had similar levels. WT and KO lens proteins were separated by 2D gel electrophoresis.
Figure 3A shows that silver stain profiles for both were remarkably similar, with changes
only in the 10–20-kDa range. The major missing spot in the KO lens corresponds to the
expected position for γS [33]. Several smaller spots with different charge characteristics
were also missing in the KO lens. γS protein undergoes post-translational changes with
aging in the lens [34]. Figure 3B,C shows the Coomassie stain and γS western blot for
duplicate blots. No γS immunoreactivity was present in the KO lens, but multiple γS-
derived spots were detected in the WT lens, corresponding to spots missing in the silver
stain pattern. As the antiserum against γS was raised against a peptide in the C-terminal
domain [20], additional N-terminal domain fragments could also exist.

Optical properties of the KO lens
In contrast to the severe cataract resulting from mutation of γS in the Opj lens [26], the KO
lens had no major opacity. Figure 4 shows photographs of littermate WT and KO lenses
under identical conditions. Up to 1 year of age, the WT lens is clear and the KO shows, at
most, a slight haziness with no cataract. However, a greater difference is seen when lenses
are used to visualize an object under the dissecting microscope. Up to 3 months, there is no
difference in image formation between WT and KO lenses. With age, even in the WT lens,
the sharpness of focus decreases, but this is much more noticeable in the KO lens: by 8
months, image formation is blurred and distorted.

Lens structure and histology
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) showed
no differences in cell shape or organization in the KO lens (Fig. 5). Light microscopy also
showed that WT and KO lenses were similar in size and general appearance at all ages
examined. However, in adult lenses (4 months and older), 4′,6-diamidino-2-phenylindole
(DAPI) staining of cell nuclei showed that, whereas the onset of nuclear breakdown that
occurs in maturing cortical fiber cells was similar in WT and KO lenses, scattered fragments
of nuclear debris persisted in deeper layers of mature fiber cells in the KO lens, becoming
particularly noticeable by 6 months (Figs 6A and 7). Similarly, labeling for markers for
mitochondria and endoplasmic reticulum, which are also cleared from maturing fiber cells,
revealed persistence of these markers in mature cell layers (Fig. 6B). The distributions of the
lens-specific intermediate filament proteins BFSP1 (filensin) and BFSP2 (CP49) [35,36]
showed no differences between WT and KO lenses (Fig. 6C).

Actin distribution
Phalloidin staining for F-actin showed a marked difference between WT and KO lenses
(Fig. 7). Whereas the WT lens had fairly uniform staining throughout the cortical fiber cells,
the KO lens showed a distinct band of cell layers in the deep cortical region with uneven
staining of F-actin. This band of unusual phalloidin staining was seen consistently in KO
lenses ranging from 6 months to > 1 year of age, but was not noticeable in younger lenses.
Examination of the 2D gels of lens proteins in the actin size range (43 kDa) showed no
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major differences between WT and KO lenses (Fig. 3), suggesting that this difference results
from post-translational events. The basis for the uneven phalloidin staining is not known.
However, it is unlikely to be associated with the formation of large aggregates, as these
would be expected to cause light scattering and opacity. Furthermore, TEM of lens fibers
showed no evidence of large aggregates (Fig. 5). Nevertheless, it appeared that the
organization of actin in the fiber cells of the γS KO lens might be abnormal.

Alteration in the F-actin/G-actin ratio in the γS KO lens
Multiple littermate WT and KO lens sections from 6- to 8-month-old mice were dual-labeled
with phalloidin (for polymerized F-actin) and with fluorescently labeled DNaseI (for
monomeric G-actin), and the relative fluorescence intensities were scanned from the
epithelium into the cortical lens fibers (Fig. 8). The ratio of F-actin/G-actin staining
intensity, averaged over 300 nm into the lens cortex, was two-fold higher in the WT lens
than in the KO lens.

F-actin and G-actin fractions from multiple whole WT and KO lenses were quantitated by
western blotting (Fig. 9A,B). This approach also showed a twofold decrease in the F-actin/
G-actin ratio in the KO lens. Western blots for total actin in whole lens homogenized in
RIPA buffer showed no significant difference between littermate WT and KO pairs (Fig.
9C). Also, no difference was detected in the polymerized/unpolymerized ratio for tubulin in
WT and KO lenses (Fig. 9D,E).

γS was localized in thick sections of the WT mouse lens that were partially ‘ghosted’ to
reduce the strong signal from cytoplasmic protein. As shown in Fig. 10A, both antibody
against γS and antibody against phalloidin showed colocalization along the plasma
membrane. Furthermore, γS could be detected in the pellet fraction of whole WT lenses, but
this was almost abolished by the addition of cytochalasin D, which depolymerizes F-actin
(Fig. 10B).

Effect of γS-crystallin on the stability of F-actin
Recombinant mouse γS was used in in vitro polymerization and depolymerization assays
with fluorescently labeled actin [37,38]. As shown in Fig. 11, addition of γS had no
significant effect on the rapid polymerization of actin. However, in depolymerization assays,
γS showed a significant, concentration-dependent stabilization of preformed F-actin,
whereas BSA (at 100 μg) showed little stabilization, similar to buffer alone.

Discussion
γ-Crystallins constitute a family of highly specialized proteins that have evolved as major
components of the refractive structure of the vertebrate eye lens. The mouse lens expresses
eight different γ-crystallins: γA-crystallin (γA), γB-crystallin (γB), γC-crystallin (γC),
γD-crystallin (γD), γE-crystallin (γE), γF-crystallin (γF), γS, and γN-crystallin (γN)
[16,39]. The genes for γA–γF are clustered on mouse chromosome 1, and are expressed at
their highest levels in the fiber cells of the embryonic lens [11,40]. These cells form the lens
nucleus, the densest, highest refractive index part of the mature lens [2,40]. The recently
discovered γN is expressed at relatively low levels, but is also found predominantly in the
lens nucleus [16]. Interestingly, γE, γF and γN are all encoded by pseudogenes in humans,
whereas γA and γB are expressed at only low levels [16,41,42]. γD–γF are also apparently
absent from the guinea pig, suggesting that several of these proteins are functionally
dispensable [43]. Indeed, γA–γF have no orthologs in nonmammalian species; fish have
multiple γM proteins that are only distantly related to mammalian γ-crystallins [16].
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In contrast, γS is well conserved throughout vertebrate evolution [16], and, unlike the other
γ-crystallins, is expressed at high levels in cortical fiber cells and even in lens epithelium
[44]. It is not lens-specific; being expressed at lower levels in cornea and retina, but, overall,
it is shows a high preference for the eye in expression [20,21,45]. Along with some α-
crystallins and β-crystallins, γS has been detected in drusen, plaque-like deposits in Bruch’s
membrane, basal to the retinal pigment epithelium, which are associated with age-related
macular degeneration [23]. It is also induced in an animal model of retinal pigment
epithelium damage [22]. These observations hint that γS may retain an ancestral functional
role that may have first been important in the retina and other parts of the eye, perhaps as a
stress protein, even before the later evolution of the vertebrate lens. This original function
may have been selectively useful in the lens, and may underlie the recruitment of γ-
crystallins to the ancestral vertebrate lens [17].

The γS KO lens has a slight haziness but no major opacity. This contrasts with the very
severe Opj cataract, in which misfolding/unfolding of mutant γS leads to disruption of the
cell architecture and fibril formation [26,28,29,46]. The mild γS KO phenotype also
contrasts with that produced by deletion of a major β-crystallin, βB2, in which age-related
cataract is reported [47]. However, whereas deletion of γS causes no acute loss of
transparency, the optical properties of the maturing KO lens are defective and image
formation is poor as compared with the matched WT lens (up to 1 year of age, the KO mice
show no obvious differences in nonlens eye tissues, where γS is expressed at much lower
levels than in the lens).

In normal vertebrate lens development, maturing fiber cells undergo a tightly regulated
process of loss of nuclei, mitochondria, and other organelles [4]. It is believed that this may
have evolved to reduce light scattering along the visual axis of the lens. In maturing fiber
cells, nuclei condense and undergo chromatin degradation in a process reminiscent of
apoptosis [48,49]. In the young lens, the nuclear debris is substantially cleared within a few
layers of fiber cells (although this clearance seems to become less efficient with age).
However, in several cataracts and in the DNaseIIβ null mouse [4,50], the program of nuclear
and other organelle breakdown is deficient to varying degrees. This is also seen in the γS
KO lens, with persistence of DAPI-positive bodies, which are presumably fragments of
condensed chromatin- containing structures, deep into cortical layers. Labeling of markers
for mitochondria and the endoplasmic reticulum also suggests that clearance of these
organelles may be defective in the KO lens. This raises the possibility that γS participates in
normal functioning of the machinery of cell maturation, perhaps through interactions with
components of intracellular trafficking, such as intermediate filaments and microtubules.

Indeed, the KO lens exhibits a well-defined zone of mature fiber cells in the deep cortical
region of the lens, in which phalloidin staining shows an uneven distribution of F-actin. The
vertebrate lens contains several discrete developmental zones marked by changes in fiber
cell structure, organelle and cytoskeleton organization, and specific patterns of gene
expression [1,4,6,7,51]. The KO lens may contain a region in which reorganization of the
actin cytoskeleton is defective.

Indeed, quantitation of the ratio of polymeric F-actin to monomeric G-actin in the lens by
two methods showed consistent differences between WT and KO lenses, with an overall
two-fold decrease in the F-actin/G-actin ratio in the KO lens, but no difference in overall
levels of expressed actin. This suggests that γS may be required for normal regulation of F-
actin levels in the mouse lens. In contrast, no difference was detected in the organization of
tubulin in the WT and KO lenses.
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Actin filaments constitute a key part of the architecture of the cell, and serve to anchor and
localize other components with various functions, including cell–cell junctional complexes,
and also form part of the contractile systems for cell motility [52]. Light and electron
microscopy showed no evidence of major defects in cell shape or packing in the KO lens,
suggesting that any difference in actin organization associated with the absence of γS is not
sufficient to affect the machinery of fiber cell elongation or the formation of cellular
junctions. The effect of the absence of γS appears to be concentrated in the organization of
the fiber cell cytoplasm.

Recombinant mouse γS was tested for its ability to alter rates of polymerization or
depolymerization of pyrene-labeled actin, as detected by increased fluorescence in the
polymerized state. No effect was seen on the rapid polymerization of actin, but γS
significantly slowed the depolymerization of F-actin in a concentration-dependent manner.
This occurred at approximately stoichiometric levels, which are certainly achievable in the
normal lens, where γS abundance is at least equivalent to that of actin, as is apparent from
Fig. 3 and from proteome analysis [53].

Although γS is able to stabilize F-actin, this may not involve direct tight binding, as
experiments including yeast two-hybrid screening have failed to identify any strong binary
interaction of γS with another protein (unpublished data). However, the WT lens does
contain a fraction of γS that, under nondenaturing conditions, is associated with material
that pellets under centrifugation, and this fraction is greatly reduced in the presence of
cytochalasin D. Together with evidence for colocalization of γS and F-actin in fiber cells,
this suggests that some γS is associated with F-actin in lens.

Is a role for γS in actin organization or stabilization plausible from a wider evolutionary and
superfamily perspective? β-Crystallins and γ-crystallins are both related to a number of
nonlens proteins in prokaryotes and eukaryotes [8,19,54]. Although the functions of these
proteins are not well understood, some of them do have plausible connections with the
cytoskeleton and/or control of cell morphology. For example, expression of AIM1 (absent in
melanoma 1, which contains six γB domains) is associated with a change in morphology
and invasiveness in melanoma cells [19], whereas EDSP (Ep36) is closely associated with
the plasma membrane in developing newt larvae [55,56]. Lens fiber cells undergo a huge
increase in size as they differentiate from epithelial cells, and this involves a massive
elaboration of the cytoskeleton. During evolution, there could have been selective
advantages to the recruitment of proteins to the lens that would be beneficial in these
processes. Indeed, there is evidence the α-crystallins, members of the small heat shock
protein superfamily, also have functional associations with the lens cytoskeleton [57–59].
The KO model suggests that γS, too, may have a role in maintaining the optimal
organization of F-actin in the lens cell cytoplasm. The same sort of ‘shepherding’
functionality could also be involved in maintaining the short-range order of the multimeric
complexes of α-crystallins and β-crystallins in the lens [40,60].

Experimental procedures
Construction of the Crygs null allele

The 5′-flank and exon 1 of the mouse Crygs gene in a BAC clone (#20750; Genome
Systems, St Louis, MO, USA) were replaced by a Neo selectable marker cassette [61]. The
construct was electroporated into ES cells (SV129), and G418-resistant clones were
screened for homologous recombination by Southern blotting with a 5′-probe outside of the
targeting arm region and EcoRV digestion (Fig. 1). Chimeras from one clone (ES20) were
crossed with WT C57Bl/6 mice, and F1 offspring were genotyped by Southern blotting.
Subsequent genotyping was performed by PCR detection of WT and KO alleles from tail
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DNA extracts. Genotyping PCR primers for the WT allele were 5′-
CTTTTCTCGGTAATTTAGCCTCAC-3′ and 5′-ATGT CGGGGATCTGTTTATTCA-3′,
and those for the KO allele were 5′-CGGACCGCTATCAGGACA-3′ and 5′-AA
GTGGGAATCAAGAGAAAAACA-3′. Mice were also genotyped for the CP49 gene as
described previously [30].

Verification of KO
The expression of Crygs was assayed by RT-PCR with primers spanning exons 1–3
(forward, 5′-TCTCTCAGTA GTGCGGGAATCAACCT-3′; reverse, 5′-GGACCACAA
GCCAGACAGCAGAG-3′). β-Actin expression was detected with the following primers:
forward, 5′-CTG GCTGGCCGGGACCTGAC-3′; reverse, 5′-ACCGCTCG
TTGCCAATAGTGATGA-3′.

Western blots
Lenses were homogenized in 50 μL per lens of NaCl/Tris, NaCl/Tris plus 1% Triton X-100,
or NaCl/Tris plus 0.1% SDS. Supernatants after microcentrifugation were analyzed on 10%
SDS/PAGE gels, and transferred to poly(vinylidene difluoride) membranes. For some
experiments, the whole lens was homogenized in RIPA buffer, 50 mM Tris/HCl (pH 7.4),
150 mM NaCl, 0.25% deoxycholic acid, 1% NP-40, and 1 mM EDTA.

Two-dimensional electrophoresis was performed at Bioworld (Dublin, OH, USA) by the
carrier ampholine method of IEF ([62], using reagents from Kendrick Labs (Madison, WI,
USA), and blotting onto nitrocellulose.

For both PAGE and 2D electrophoresis, membranes were incubated with rabbit polyclonal
antibody against mouse γS [20] at 1 : 10 000 and visualized by electrochemiluminescence
(GE Healthcare, Piscataway, NJ, USA).

Imaging the mouse lens and optics
Lenses were freshly dissected in NaCl/Pi and positioned posterior side up in the beveled
center hole (1.7 mm in diameter) of a black 1-mm thick plastic washer submerged in NaCl/
Pi buffer in a 60-mm Petri dish on the stage of a Zeiss Stemi-2000C microscope (Göttingen,
Germany). The stage and the Petri dish were sandwiched by a highly detailed image printed
on a transparency film (stage side) and by a 10-mm spacer (a Petri dish cover). The images
through the lens were recorded with a Canon A640 digital camera system with × 30
magnification and illumination from below.

SEM and TEM
For SEM, lenses were fixed in a mixture of 2% paraformaldehyde and 2.5% glutaraldehyde
in 0.1 M sodium cacodylate buffer (EM fix) for 1 h. Lenses were split along the optic axis
and fixed for a further 12 h. The tissue was dehydrated through acetone, critical point dried,
and then split into quarters, yielding fresh fracture surfaces. Specimens were sputter-coated
and examined with a scanning electron microscope (XL 30; Philips, Andover, MA, USA).
For TEM, tissues were fixed and processed routinely as previously described [63].

Actin staining and quantitation
Frozen sections of eyes from littermate WT and KO mice were prepared as described
previously [16] and stained with Alexa Fluor-488-conjugated phalloidin (1 : 100 in NaCl/Pi)
with 1% BSA for 30 min at room temperature, counterstained with DAPI, and mounted with
Prolong Gold antifade mounting medium (Invitrogen, Carlsbad, CA, USA). For quantitation,
sections were also stained with 50 μg·mL−1 Alexa Fluor-488-conjugated DNaseI (Molecular
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Probes, Carlsbad, CA, USA). Sections were washed, mounted and imaged at 488 nm
(DNaseI), 568 nm (phalloidin) and 364 nm (DAPI) excitation wavelengths, with a Leica
confocal microscope (TCS SP2) with a × 40 0.85 numerical aperture (HCX Plan Apo CS)
and a × 40 0.75–1.25 numerical aperture (Oil HCX Plan Apo CS) objective lens (Leica,
Deerfield, IL, USA). Images were analyzed with LEICA-LITE software (Leica), and signal
intensities for 488 and 568 nm across the equatorial cortical region of the lens were plotted
as a function of distance. The F-actin/G-actin ratios from different animals were averaged.

The F-actin/G-actin ratio was determined with an in vivo actin assay kit (Cytoskeleton,
Denver, CO, USA). Separated G-actin and F-actin fractions were quantified after western
blotting with 1 : 1000 anti-actin serum (Cytoskeleton), using IMAGEQUANT 5.2. The
tubulin/microtubule ratio in native mouse lenses was similarly determined with the
Microtubules/Tubulin In Vivo Assay Kit (Cytoskeleton), following the manufacturer’s
protocols.

For examination of copelleting of γS and F-actin, the whole WT lens was homogenized in
LAS2 buffer (Cytoskeleton) and divided equally. One sample was treated with cytochalasin
D (EMD4; Biosciences, Rockland, MA, USA) at a final concentration of 200 μM. Both
samples were centrifuged at 100 000 g for 1 h, and supernatant and pellet fractions were
examined by western blot with rabbit anti-γS serum.

F-actin/γS colocalization
Unfixed eyes from adult WT mice were embedded in Optical Cutting Temperature freezing
medium and snap frozen in liquid nitrogen. Thick (150 μm) frozen sections were cut at −18
°C with a Leica Cryostat (CM3050), and ‘ghosted’ [64] to reduce soluble cytoplasmic
proteins. Sections were fixed with 4% paraformaldehyde in NaCl/Pi for 2 h, and stained
sequentially (1 h at 4 °C) with rabbit polyclonal anti-γS serum, Alexa Fluor-568-conjugated
phalloidin, and Alexa Fluor-488-conjugated anti-rabbit IgG and DAPI. After extensive
washing, the stained sections were mounted and imaged under a confocal fluorescence
microscope.

Mitochondrial and endoplasmic reticulum markers and intermediate filaments
Frozen sections of mouse lenses were labeled with mouse antibodies against COX IV (a
mitochondrial marker) or PDI (an endoplasmic reticulum marker) (Abcam, Cambridge, MA,
USA) at 1 : 200 dilution, or with rabbit polyclonal antibody against purified recombinant
human CP49/phakinin/BFSP2 (1 : 1000 dilution), or rabbit polyclonal antibody against
purified recombinant human CP94/filensin/BFSP1 (1 : 1000 dilution) [36], and visualized as
described above.

Actin polymerization/depolymerization
For assays, we used the Actin Polymerization Biochem Kit BK003 (Cytoskeleton), based on
the polymerization-dependent increase in fluorescence of pyrene-conjugated actin [37,38].
Ranges of concentrations of recombinant mouse γS [26] or BSA were added. Each
experiment was performed in triplicate or quadruplicate. Relative fluorescence was plotted
as a function of time.
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Abbreviations

DAPI 4′,6-diamidino-2-phenylindole

KO knockout

SEM scanning electron microscopy

TEM transmission electron microscopy

WT wild-type

γA γA-crystallin

γB γB-crystallin

γC γC-crystallin

γD γD-crystallin

γE γE-crystallin

γF γF-crystallin

γN γN-crystallin

γS γS-crystallin
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Fig. 1.
Construction of the Crygs null allele. (A) Summary diagram of the deletion strategy. The
genomic organization of the mouse Crygs locus is shown at the top. The targeting vector
used to generate the null allele is shown in the middle, in which a Neo resistance gene
(NeoR) driven by the phosphoglycerate kinase promoter is used to replace the 5′-flanking
region and exon 1 of the Crygs gene. The bottom panel shows integration of the targeting
vector at the target locus through homologous recombination. Restriction sites are indicated
as follows: RV, EcoRV; Kp, KpnI; H, HindIII; X, XhoI;, Bg, BglII; B, BamHI. (B) Southern
blot analysis of the Crygs targeted allele. Genomic DNA from ES clones and F1 germline
mouse tails was digested with EcoRV and probed with a probe upstream of the 5′-target
region, as shown in (A). Bands corresponding to WT and KO loci are indicated.
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Fig. 2.
Validation of loss of γS expression. (A) RT-PCR of lenses from WT (+/+), heterozygous (+/
−), KO (−/−) and Opj mice show absence of mRNA for γS in the KO mouse. β-Actin was
used as positive control. (B) Western blot of lenses from WT (+/+), heterozygous (+/−), KO
(−/−) and Opj mice. Lens extracts were fractionated into NaCl/Tris-soluble, Triton-soluble
and SDS-soluble fractions. Blots were hybridized with antibodies against γS and MIF (as
loading control). (C) Total soluble protein per lens was measured for three pairs each of age-
matched WT, KO and Opj mice. There was no significant difference in content between WT
and KO lenses.
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Fig. 3.
Two-dimensional gel electrophoresis of WT and KO mouse lenses. (A) Silver-stained blots
of WT and KO lenses. White arrows indicate the positions of spots missing in the KO lens.
The black arrow indicates the size region for actin. (B) Coomassie stain and (C) western blot
of γS for duplicate 2D gels of WT and KO lenses. The asterisk shows the position of the
main γS spot. The WT lens shows evidence of multiple post-translational modifications of
γS, whereas the KO lens shows complete absence of γS immunoreactivity.
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Fig. 4.
Defective optics in the aging γS KO lens. Representative images for aged-matched WT and
KO lenses. The panels on the right show dark field photographs of WT and KO lenses. KO
lenses are transparent even up to 13 months, with no more than slight haziness. The panels
on the left show images taken through the lenses under identical conditions. At 3 months,
there are no differences between WT and KO lenses, but by 8 months, image formation in
the KO lens is noticeably worse.
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Fig. 5.
Organization of fiber cells in the γS KO lens appears normal by electron microscopy. In
each row, the first three panels (A–C; E–G) show SEM images of the lens cortex. (D) and
(H) show TEM images of cortical fiber cells. Images are from 6-month-old littermate lenses,
with the WT lens above and the KO lens below. Size bars: (A) 100 μm; (B) 25 μm; (C) 25
μm; (D) 2 μm; (E) 100 μm; (F) 25 μm; (G) 10 μm; (H) 2 μm. No significant differences
were observed.
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Fig. 6.
Inefficient clearance of organelles in the γS KO lens. (A) Nuclei. DAPI staining of sections
from 17-week-old and 27-week-old littermate lenses for WT (+/+) and KO (−/−) mice. KO
lenses showed increased levels of DAPI-stained nuclei and condensed nuclear fragments in
mature fiber cells. Similar results are also apparent in (B) and in Fig. 8. (B) Other
organelles. Immunofluorescent labeling of 6-month-old WT (+/+) and KO (−/−) lenses for a
mitochondrial marker (COX IV) (left panels) and an endoplasmic reticulum (ER) marker
(PDI) (right panels). In the KO lens, immunoreactivity for the organelle markers persisted in
mature fiber cell layers. (C) Intermediate filaments. Immunofluorescent labeling for the
lens-specific intermediate filaments BFSP1 (filensin) and BFSP2 (CP49) in 8-month-old
lenses. No obvious differences were seen between WT (+/+) and KO (−/−) lenses.
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Fig. 7.
Histology of γS KO and WT lenses reveals defects in nuclear breakdown and the
organization of F-actin. DAPI (blue) stain for nuclei/chromatin and phalloidin (red) stain for
F-actin. The upper panels show sections of lens from the epithelium into the deep cortex.
The lower panels show magnified views of the equivalent deep cortical regions indicated by
white squares in the upper panel. Size bar: 100 μm. Arrows highlight chromatin bodies in
the deep cortex. The KO lens shows retention of nuclear fragments deep into the lens, and a
discrete zone with clumping of F-actin.
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Fig. 8.
Changes in F-actin/G-actin ratio in the γS KO lens. Comparative scanning of labeling for F-
actin (red) and G-actin (green) in WT and KO lenses. (A) Typical staining patterns for WT
and KO lenses. The line shows the 300-μm scan line. (B) Typical examples of the intensity
scans for red and green channels through the lens cortex. (C) The averaged F-actin/G-actin
ratios through the cortex for WT (+/+) and KO (−/−) lenses (n = 4). Overall, the F-actin/G-
actin intensity ratio for the KO lens is approximately half of that for the WT lens.
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Fig. 9.
Changes in F-actin/G-actin ratio in the γS KO lens. P (pellet) and S (supernatant) actin
fractions were separated from WT (+/+) and KO (−/−) lenses. (A) Western blots for actin for
a typical example. (B) Summary of results for five pairs of WT and KO mice, showing error
bars. Overall, the F-actin/G-actin ratio for the KO lens is about half that for the WT lens. (C)
Western blots for total actin from two littermate pairs of +/+ and −/− mice, extracted in
RIPA buffer. There is no significant difference in overall actin levels. Filamentous (pellet,
P) and monomeric (supernatant, S) tubulins were separated from matched WT and KO
lenses (n = 3). (D) Western blots for tubulin for typical examples. (E) Summary of results
for WT and KO mice. There was no significant difference between WT and KO lenses.
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Fig. 10.
Association of γS and F-actin in lenses. (A) Colocalization of γS and F-actin in lens cortical
fibers. Thick sections of a 6-month-old WT lens were ‘ghosted’ and labeled with phalloidin
(red) for F-actin and with antibody against γS (green). The panels show aligned images for
F-actin and γS. Signals colocalize along the plasma membrane of the elongated fiber cells.
(B) Western blot of γS in the supernatant (S) and pellet (P) of whole lens extract centrifuged
at 100 000 g for 1 h with and without addition of cytochalasin D. The supernatant,
containing most of the γS, was loaded at 1/20 of the volume of the pellet. The presence of
γS in the pellet was abolished by addition of cytochalasin D.
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Fig. 11.
Recombinant mouse γS stabilizes F-actin in vitro. (A) Effect of added recombinant mouse
γS (100 μg) on polymerization of pyrene–actin as compared with buffer alone.
Polymerization was determined according to increasing pyrene fluorescence. No effect of
added protein was seen. (B) Effect of increasing amounts of added recombinant mouse γS
(10–200 μg) on depolymerization of pyrene–actin as compared with buffer alone and with
100 μg of BSA. Polymerization was determined according to increasing pyrene
fluorescence. Added γS protected F-actin in a concentration-dependent manner.

Fan et al. Page 23

FEBS J. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


