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Purpose: To identify the potential candidate genes for a large Chinese family with autosomal dominant congenital
cataract (ADCC) and nystagmus, and investigate the possible molecular mechanism underlying the role of the candidate
genes in cataractogenesis.

Methods: We combined the linkage analysis and direct sequencing for the candidate genes in the linkage regions to
identify the causative mutation. The molecular and bio-functional properties of the proteins encoded by the candidate
genes was further explored with biophysical and biochemical studies of the recombinant wild-type and mutant proteins.
Results: We identified a c. C749T (p.Q227X) transversion in exon 6 of CRYBBI, a cataract-causative gene. This nonsense
mutation changes a phylogenetically conserved glutamine to a stop codon and is predicted to truncate the C-terminus of
the wild-type protein by 26 amino acids. Comparison of the biophysical and biochemical properties of the recombinant
full-length and truncated BBI-crystallins revealed that the mutation led to the insolubility and the phase separation
phenomenon of the truncated protein with a changed conformation. Meanwhile, the thermal stability of the truncated
BB1-crystallin was significantly decreased, and the mutation diminished the chaperoning ability of aA-crystallin with
the mutant under heating stress.

Conclusions: Our findings highlight the importance of the C-terminus in fB1-crystallin in maintaining the crystalline
function and stability, and provide a novel insight into the molecular mechanism underlying the pathogenesis of human
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autosomal dominant congenital cataract.

Cataract can be defined as any opacity or cloudiness of
the crystalline lens resulting from a variation in the refractive
index of the lens [1]. Congenital cataract, one of the leading
causes of treatable blindness worldwide, has a prevalence of
1-15/10,000 live births with a greater presence in developing
countries than in developed countries [2,3]. Congenital cata-
ract is a clinically and genetically heterogeneous disease.
Hereditary cataracts usually account for between 8.3% and
25% of congenital cataracts [1,4]. Congenital cataract can be
inherited as one of three patterns: autosomal dominant (AD),
autosomal recessive (AR), or X-linked transmission, with
autosomal dominant the most prevalent form of inheritance
pattern [5,6]. To date, about 35 genes have been strongly asso-
ciated with inherited cataract only and without other systemic
anomalies [7]. Of the disease-causing mutations reported,
about half are located in crystallins, 15% in connexins, 10%
in transcription factors, 5% each in intermediate filaments
or aquaporin 0, and 10% in a variety of other genes [5].
Crystallin genes encode more than 95% of the water-soluble
structural proteins present in the vertebrate crystalline lens
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and are divided into two major classes, the a-crystallin family
and the B/y-crystallin superfamily [8]. The a-crystallins are
small heat shock proteins that function as molecular chap-
erones. The - and y-crystallins share a common structural
feature consisting of four Greek key motifs (GKMs). The
major sequence difference between oligomeric B-crystallins
and monomeric y-crystallins is that B-crystallins have long-
terminal extensions that are important for B-crystallin func-
tion [9]. Biophysical studies have indicated that the unique
spatial arrangement and short-range ordering of the crystallin
proteins establish the optical transparency [10] and the high
refractive index of the lens [11,12]. However, the molecular
mechanisms of congenital cataract caused by the gene muta-
tions of crystallins are still unclear, especially the novel
mutations. Functional analysis of these mutants is needed to
disclose the underlying pathogenesis of congenital cataract.

In this study, we identified a novel nonsense mutation
c. C749T (p.Q227X) in exon 6 of CRYBBI (GenelD 1414
OMIM: 600929) that altered a phylogenetically conserved
glutamine to a stop codon in a Chinese family with autosomal
dominant congenital cataract (ADCC). Biophysical studies of
the recombinant wild-type (WT) full-length fB1 and mutant
(MU) protein revealed that this mutation resulted in an altera-
tion of the structure, solubility, and stability of the fB1 protein
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and led to a decrease in the ability of aA-crystallin to protect
the BBI protein in the heteromers against aggregation induced
by heat stress. To our knowledge, this is a novel mutation
of BB1-crystallin found to be disease-causing for congenital
nuclear cataracts with nystagmus, and thus, functional studies
on this mutation offer new insight into cataractogenesis.

METHODS

Clinical assessment and DNA specimens: A five-generation
family with congenital cataract and nystagmus, originating
from Hubei province, was recruited at the Department of
Ophthalmology, Zhongnan Hospital (Wuhan University,
Hubei, China). A total of 24 family members (11 affected and
13 unaffected individuals) participated in this study and had a
full ocular assessment to document the phenotype, including
visual acuity testing and slit-lamp photography. Informed
consent was collected and 2 ml venous blood was obtained by
venipuncture into the siliconized vacutainer tubes containing
7.5% EDTA. Genomic DNA was extracted from peripheral
venous blood sample by using the QIAamp DNA kit (Qiagen,
Valencia, CA) according to the manufacturer’s instructions.
This study was approved by the Medical Ethics Committee of
Zhongnan Hospital of Wuhan University and adhered to the
tenets of the Declaration of Helsinki and the study adhered
to the ARVO statement on human subjects.

Genotyping and linkage analysis: Exclusion analysis was
conducted in all participants with polymorphic microsatellite
markers flanking 32 known candidate genes [13] to determine
whether all patients share the same allele [14,15]. Then fine
mapping was performed using additional polymorphic micro-
satellite markers that flank the candidate locus. Haplotypes
were generated using the program Cyrillic 2.1 (published by
Cherwell Scientific publishing Ltd, UK). Two-point linkage
analysis was performed using the MLINK program of the
LINKAGE software package (version 5.2). The cataract in
this family was analyzed as an autosomal dominant trait with
full penetrance and a gene frequency of 0.0001. The allele
frequencies for each marker were assumed to be equal in both
genders.

Mutation and bioinformatics analysis: Genomic DNA
samples from the family participants and 100 population
controls were extracted. The genomic DNA of the proband
was screened for mutations in previously reported ADCC
disease-causing genes, including CRYAA (Gene ID: 1409,
OMIM 123580), CRYAB (Gene 1D: 3316; OMIM: 602179),
CRYBAI (Gene ID: 1411, OMIM 123610), CRYBA4 (Gene
ID: 1413, OMIM 123631), CRYBBI, CRYBB2 (Gene 1D: 1415,
OMIM: 123620), CRYGC (Gene ID: 1420, OMIM: 123680),
CRYGD (Gene 1D: 1421, OMIM: 123690), GJA8 (Gene ID:
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2703, OMIM: 600897), GJA3 (Gene ID: 2700, OMIM:
121015), MIP (Gene ID: 4284, OMIM: 154050), and BFSP2,
(Gene ID: 8419, OMIM: 603212) with direct sequencing. The
genomic DNA of the controls was screened for the candidate
mutation. Briefly, individual exons and the flanking intron
sequences of these candidate genes were amplified with
PCR, and then the PCR products were sequenced on an ABI
3730XL Automated Sequencer (PE Biosystems, Foster City,
CA) using gene-specific primers as previously described [16].
The cycling conditions for PCR included a denaturation step
at 95 °C for 3 min, 10 cycles of touchdown PCR with a 1 °C
decrement of the annealing temperature per cycle from 70 °C
to 61 °C, then maintained at 60 °C for 20 more cycles. Each
cycle consisted of a denaturation at 94 °C, annealing step
and extension at 72 °C, all for 30 s, with a final extension at
72 °C for 10 min. Amino acid sequences for BB1-crystalline
were retrieved from NCBI. Multiple sequence alignments of
BBl-crystalline from various species were performed using
DNAMAN software (version 5.0, Lynnon BioSoft, Vaudreuil,
Canada). Three-dimensional structures of the WT B1 and
the mutant were modeled employing the Swiss Model server
program (provided in collaboration by the Biozentrum of
University of Basel, the Swiss Institute of Bioinformatics,
and the NCI Advanced Biomedical Computing Center). The
resulting protein database files were visualized using Swis-
sPdb Viewer (version 4.01, provided by Swiss Institute of
Bioinformatics, Geneva, Switzerland).

Molecular cloning of CRYBBI and CRYAA recombinants:
The total cDNA of the human lens was obtained using the
standard methods as described elsewhere [17]. The coding
sequences of CRYBBI and CRYAA were isolated from the
human lens cDNA with PCR using the following primers:
WT CRYBBI primers (F: 5-GGA ATT CCA TAT GAT
GTC TCA GGC TGC AAA GGC CT-3/, R: 5-CGC GGA
TCC TCA CTT GGG GGG CTC TGT GG-3') and CRYAA
primers (F: 5-AAT CCA TGG ACA TCG CCA TCC ACC-3/,
R: 5'“TAC CTC GAG TTT CTT GGG GGC TGC-3"). The
sense and anti-sense primers for the construction of the MU
CRYBBI were 5'-GGA ATT CCA TAT GAT TCT CAG GCT
GCA AAG GCC T-3' and 5-CGC GGA TCC CTA CAT CTG
TGG CTG GAA GGC TCC-3, respectively. The PCR product
was cloned in a T-simple vector (Takara, Beijing, China) and
sequenced. For protein expression, the coding sequences of
CRYBBI and CRYAA were then inserted between the Ndel/
BamHI sites and the Ncol&Xhol sites, respectively, in
pET28a vectors for the expression constructs.

Protein expression and purification: The procedure details
regarding the overexpression and purification of the recom-
binant proteins were followed as previously described with
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minor modifications [16]. Briefly, Escherichia coli BL21
(DE3) was transformed with expression constructs using
a standard E. coli transformation procedure. The proteins
were overexpressed by the addition of isopropyl B-D-1-
thiogalactopyranoside (IPTG, final concentration of 0.1 mM)
when the cell cultures reached an optical density (OD) value
of 0.6, and the cultures were incubated further at 37 °C for
4 h. The cells were harvested, resuspended in lysis buffer
(20 mM sodium phosphate, 0.5 M NaCl, 1% phenylmethane-
sulfonyl fluoride, PMSF), and lysed by sonication in an ice
bath. The soluble fraction was separated by centrifugation at
8,000 xg for 30 min at 4 °C, and the pellet was resuspended
in a detergent buffer (0.02 M Tris-HCI, pH 7.4, containing
1% (w/v) sodium deoxycholate, 0.2 M NaCl, and 1% NP-40)
and centrifuged at 5,000 xg for 10 min at 4 °C. The pellet was
washed with 0.5% Triton X-100 and then was resuspended
in denaturation buffer (20 mM sodium phosphate buffer, pH
7.4, containing 8 M urea and 0.5 M NaCl). Depending on the
expression of the desired proteins in the soluble fraction or
the inclusion bodies, the proteins were purified under either
native or denaturing conditions [18,19]. The recombinant
proteins containing six His-tags at the N-terminus were
purified with an affinity chromatographic method using
the Ni?" chelating column. During the purification process
under native conditions, a column was equilibrated with
the native buffer (20 mM sodium phosphate buffer (pH 7.4)
containing 0.5 M NaCl) at first. Then, the protein preparation
was applied to the column and washed with a native buffer
containing 10 mM imidazole, and finally, the matrix-bound
protein was eluted with a native buffer containing 250 mM
imidazole (pH 7.4). However, during purification of the
mutant protein under denaturing conditions, the column was
equilibrated with a denaturation buffer at first. Following the
protein application, the unbound proteins were eluted, first
with a denaturation buffer, which was followed by a second
wash with a denaturation buffer at pH 6.0 and a third wash
with denaturation buffer at pH 5.3. The bound proteins were
eluted with denaturation buffer containing 250 mM imidazole
(pH 7.4). The sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS—PAGE) analysis was used to identify
the fractions that contained the desired proteins during puri-
fication. The protein purified under native conditions was
pooled, dialyzed against 50 mM phosphate buffer (pH 7.4) at
4 °C, and stored at —80 °C until used. The denatured mutant
protein was refolded in a urea-free buffer under denaturing
conditions following a method described elsewhere [19].
Briefly, the mutant protein was refolded by adding it drop-
wise to an excess of cold buffer (25 mM Tris-HCI, 1 mM
DTT, pH 7.5) at 1:100 dilution (denatured protein:buffer).
The protein concentrations were determined using a Pierce
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Coomassie Plus Assay Reagent (Pierce Chemical, Rockford,
IL) according to the Bradford method.

Circular dichroism studies: The circular dichroism (CD)
spectra were obtained with a Model J-810 spectropolarimeter
(Jasco, Tokyo, Japan). WT and MU BBI protein solutions at
0.2 mg/ml (dissolved in 50 mM sodium phosphate buffer, pH
7.4) were used to record the CD spectra. The spectra reported
were the average of five scans, corrected for buffer blank,
and smoothed. The CD data were expressed as the molar
ellipticity in degrees cm?/dmol.

Fluorescence spectroscopy: All fluorescence measurements
were performed using a Hitachi F-4500 FL spectrophotom-
eter (Hitachi, Tokyo, Japan) with a protein concentration of
0.2 mg/ml at room temperature. The excitation and emission
band passes were set at 5 and 3 nm, respectively. The intrinsic
Trp fluorescence intensities of the WT and truncated MU
BBI proteins dissolved in 50 mM sodium phosphate buffer
(containing 100 mM NacCl, pH 7.4) were recorded with an
excitation at 280 nm and an emission between 300 and 400
nm. The extrinsic 8-anilinonaphthalene-1-sulfonic acid
(ANS) fluorescence spectra were recorded at wavelengths
ranging from 400 to 600 nm with the excitation wavelength
at 380 nm. Fluorescence intensity was then measured, and
the readings were corrected for buffer blanks. In the ANS
fluorescence experiments, 15 ul of 0.8 mM ANS (dissolved
in methanol) was added to the purified WT and MU B1
protein solutions (0.2 mg/ml, dissolved in 50 mM phosphate
buffer, pH 7.4).

Size exclusion chromatography: Size determinations of the
oligomeric BBI protein in solution were performed using gel
filtration chromatography (size exclusion chromatography,
SEC) with an OHpak SB-804 HQ column (Shodex, Tokyo,
Japan) equilibrated in 50 mM sodium phosphate (pH 7.4)
containing 100 mM NaCl [20]. The concentrations of the full
length and truncated BB1 proteins were adjusted to the same
concentration of 0.5 mg/ml, and 100 pl of each sample solu-
tion was applied to the column. The flow rate was 0.5 ml/min.

Phase separation: Solutions of recombinant WT and MU Bl
proteins at a concentration of 1.5 mg/ml in 50 mM sodium
phosphate (pH 7.4) were examined for their ability to undergo
reversible cryoprecipitation or phase separation. The initial
concentrations of the solutions were determined after they
had been spun down at 13,000 xg at 20 °C for 5 min, by
measuring the absorption of the dilution of 5 pl supernatant
at 280 nm that diluted into 370 pl of sodium phosphate at pH
7.4. The protein solutions were then placed at 4 °C for 1 h
before they were spun down at 13,000 xg at 4 °C for 5 min.
The protein concentration in the supernatant was determined
as above. Then, the solutions were allowed to return to room
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temperature, and the supernatant was determined again to
verify the reversibility of the process.

Light scattering: Light scattering was determined indirectly
by measuring absorbance at 405 nm. Based on previous
reports, a BB1 protein solution with the concentration of
0.2 mg/ml contained predominantly monomers of fB1, while
solutions with higher concentrations were predominantly
dimers with small amounts of higher-ordered oligomers [21].
The samples at 0.1 mg/ml were heated at 55 °C for 750 min
in a thermal jacketed cuvette with constant stirring (Cary 4
Bio UV-Visible spectrophotometer, Varian, Palo Alto, CA).
Incubations were performed in the same buffer as that in CD
detection. The WT BBI protein was heated at 55 °C alone or
with an equal molar amount of a A-crystallin, and the results
were compared with those resulting from heating the MU B1
protein alone or with an equal molar amount of aA-crystallin.

RESULTS

Clinical findings: We identified a five-generation Chinese
family with a clear diagnosis of congenital cataract with 24
living members (Figure 1A). According to the history and
medical records, all affected individuals showed bilateral
nuclear cataracts of variable severity before the age of 5.
They had similar poor visual acuity and nystagmus without
other ocular or systemic abnormalities (Figure 1B,C). Clinical
features of cataract were symmetric in two eyes of most
affected individuals. The details about the phenotypes of the
affected individuals are presented in Table 1. The pedigree of
the family suggests an AD mode of inheritance.

Linkage and mutation analysis identified a nonsense muta-
tion: Allele-sharing analysis excluded all the known cataract-
related loci except the B-crystallin cluster on chromosome
22q11.2-12.1. Linkage analysis gave a maximum two-point
logarithm (base 10) of odds (LOD) score of 2.69 for marker
D22S283 at recombination fraction [0] = 0 (Appendix 1).
Haplotype analysis showed that the affected individuals in
the family shared a common haplotype between D22S277
and D22S283 (Figure 1A). These markers closely flank the
CRYBB3, CRYBB2, CRYBBI, and CRYBA4 gene cluster.
Meantime, direct sequencing of the coding regions and the
flanking intronic sequences of previously reported ADCC
disease-causing genes (CRYAA, CRYAB, CRYBAI, CRYBAA4,
CRYBBI, CRYBB2, CRYGC, CRYGD, GJAS8, GJA3, MIP,
and BFSP2) in the proband revealed no nucleotide changes
except a heterozygous ¢. C749T (p.Q227X) transition in exon
6 of CRYBBI and a synonymous single nucleotide variation
in CRYAA (the C/T transition). The synonymous C/T varia-
tion in CRYAA (rs872331) identified in the proband was a
known polymorphism. The nonsense mutation changed a
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phylogenetically conserved glutamine to a stop codon that
was cosegregated with all affected individuals in the family
(Figure 1E). In addition, this single nucleotide change was
not detected in any of the unaffected family members or
the 100 healthy unrelated individuals from the same ethnic
background. It suggested that this mutation was the causative
mutation rather than a rare polymorphism in strong linkage
disequilibrium with the disease in this pedigree. Multiple
sequence alignments generated using DNAMAN software
showed that the Gln residue at position 227 of human
BB1-crystallin was highly conserved in Mus musculus,
Rattus norvegicus, Bos taurus, Cavia porcellus, Gallus
gallus, Danio rerio, and Xenopus tropicalis (Figure 2B).
This nonsense mutation led to a truncated protein with the
deletion of the C-terminal extension plus partial motif IV and
conformational changes in the BB1-crystallin (Figure 2A-D).

Recombinant pBI proteins and aA-crystallin were expressed
and purified: After expression in E. coli, the WT BB1 and
aA-crystallins were recovered in the soluble fractions,
whereas the MU BBl-crystallin was exclusively present in
the insoluble inclusion body fractions (Figure 2E). The WT
BB1- and aA-crystallins present in the soluble fractions were
purified under native conditions, and the MU BBI1-crystallin
that was present in the insoluble fractions was purified under
denaturing conditions. The purified proteins on SDS—-PAGE
analysis showed a single major protein band suggesting their
highly purified nature (Figure 2F).

Effect of the p.0227X mutation on the structure fBI-crystallin:
To evaluate the effects of p.Q227X mutation of fB1-crystallin
on the structural properties, far-ultraviolet (UV) CD and
intrinsic Trp fluorescence of the WT and MU BB1-crystallins
were determined (Figure 3A). The far-UV CD spectra indi-
cated that the p.Q227X mutation slightly decreased the mean
residue ellipticity of BBl-crystallin, suggesting that the
mutation led to a minor decrease in the percentages of the
regular secondary structure. The deletion of the C-terminal
extension plus partial motif IV resulted in an approximate 1
nmred shiftin £ _and increased intrinsic Trp fluorescence.
The results suggested that the mutation slightly modified the
tertiary structures of the truncated mutant, which further
influenced the populations and exposure of the remaining
Trp fluorophores.

To investigate the effects of truncation on surface
hydrophobicity of the proteins, the extrinsic fluorescence
probe ANS binding to the WT and MU BBI1 proteins was
detected (Figure 3C). The truncated mutation increased the
ANS fluorescence intensity of the BBl protein by almost
10%. The results showed that the truncated mutant had more
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TABLE 1. CLINICAL CHARACTERISTICS OF A CHINESE PEDIGREE WITH AUTOSOMAL DOMINANT CONGENITAL CATARACTS IN OUR STUDY.

umper | Oender  Ageears  Genotype NP 0082580 (LOCS 3 seale)
1I:1 M 62 C/T p-Q227X N4C4P3Nc4
II:3 F 68 C/T p-Q227X N4C4P3Nc4
1I:4 F 60 C/IC Normal
IL:5 M 70 C/C Normal
II:1 M 42 C/T p-Q227X N3C3P3Nc3
III:2 F 38 C/C Normal
I1L:3 M 40 C/T p-Q227X N3C4P3Nc3
I11:4 M 36 C/C Normal
IIL:5 M 40 C/IC Normal
I1L:6 F 38 C/C Normal
117 F 43 C/T p-Q227X N3C3P3Nc3
I11:9 F 45 C/T p-Q227X N3C3P3Nc3
I11:10 M 44 C/C Normal
II:11 M 47 C/T p-Q227X N3C4P3Nc3
II1:12 F 43 C/IC Normal
v F 16 C/T p.Q227X NOC2PONc0.6
v:2 F 18 C/C Normal
1v:3 M 20 C/T p-Q227X NOC2PONc0.3
v:i4 M 23 C/C Normal
IV:5 M 21 C/C Normal
1v:6 M 23 C/T p-Q227X NOC3PINcl
1v:7 F 22 C/C Normal
Iv:s8 F 26 C/T p-Q227X NOC2PINc0.4
Vil F 2 C/C Normal

ANS-accessible sites and resulted in increased exposure of
hydrophobic patches.

Truncation had less effect on the oligomeric size: Previous
studies showed that the N-terminal region of the crystallin
controlled the degree of oligomerization [22,23]. Here, SEC
was performed to determine the oligomeric size of the recom-
binant BB1 protein and to ascertain whether the C-terminal
deletion influenced oligomerization. As shown in Figure
3D, the average retention times for the WT and MU (BI
proteins were similar. The data indicated that the oligomeric
size of the recombinant WT and MU BBI1 proteins was not
significantly different, which was consistent with the findings
that the C-terminal extension has less effect on controlling
the oligomeric size of the BB1 protein compared with the
N-terminal region [24].

Truncated BI protein was prone to phase separation: The
solutions of the WT and MU BBI1 proteins remained clear
after standing at 37 °C for 1 h. However, the solution of the

MU BBI protein was completely opaque after only 15 min
at 4 °C and produced a significant white pellet when spun
down. The concentration of the supernatant solutions of the
WT BBI1 protein after centrifugation had little change while
the concentration of the supernatant of the solution of the MU
BB1 protein decreased by 25%. The pellet of the MU BBI
protein failed to redissolve effectively when brought back to
25 °C.

Effect of the p.0227X mutation on the thermal stability: As a
measure of unfolding and aggregation, changes in absorbance
due to light scattering at 405 nm were followed for dilute
solutions of the WT and MU BBI proteins (0.1 mg/ml) upon
heating at 55 °C (Figure 4). The truncated mutant protein
showed a significantly greater increase in light scattering due
to protein aggregation, demonstrating lower thermal stability.

The chaperoning ability of aA-crystallin with the Bl
protein: Meanwhile, the ability of aA-crystallin to prevent,
via its chaperone action, the aggregation of the BB1 protein
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upon heating was also tested. The presence of the 1:1 molar DISCUSSION

ratio of aA-crystallin to the WT BBI protein significantly 1 thig study, we identified a novel nonsense mutation c.

diminished the increase in light scattering after the WT BB1 C749T (p.Q227X) in exon 6 of CRYBBI that is the causative
was heated. In contrast, the aA-crystallin could partially

stabilize the truncated MU BB1 protein, but the efficiency of
chaperoning MU BB1 was much weaker compared to that of
the WT BBI protein (Figure 4). These results suggested that
the C-terminal extension played an important role in keeping
the solubility and stability of the BB1 protein, even under the
status of cooling or heating stress.

gene for ADCC in a five-generation Chinese family. This
mutation led to a chain-termination at codon 227 in the GKM
IV and was predicted to truncate the full-length BBI1 protein
by 26 amino acids. The truncated B1 protein became water
insoluble with the deletion of its C-terminal extension and
partial GKM IV. The truncation also resulted in alteration
in the conformation and characteristics of phase separation.
Furthermore, the truncation reduced the thermal stability
of the BBI protein and weakened the chaperoning ability of
aA-crystallin with the BB1 protein under heating stress.
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Figure 2. Comparison between the structure and solubility of WT and MU-BBI1 proteins. A: Diagrammatic sketch of fB1 protein features.
The hollow triangle indicates the position of p.Q227X; the hollow rectangle indicates the truncated partial motif VI and C-terminus. B:
Multiple-sequence alignment of BB1-crystallin. The GIn227 residue is highly conserved during evolution shown with a solid triangle. C: The
predicted tertiary structure of wild-type (WT) BBl-crystallin. D: The predicted tertiary structure of mutated fB1-crystallin. The C-terminus
of the wild-type protein is pointed by an arrow, which disappeared in the mutant. E: Distribution of the recombinant expression of the WT
and mutant (MU) BB1 proteins in the Escherichia coli (DE3) strain. I = inclusion bodies; S = supernatant; the arrow indicates the WT or
MU BBI proteins. F: Sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—PAGE) analysis of purified WT-BBI, its truncation
mutant (MU-$B1), and aA-crystallin. Lanes: WT, WT-B1; MU, MU-BBI1; a A, aA-crystallin.

630


http://www.molvis.org/molvis/v23/624

Molecular Vision 2017; 23:624-637 <http://www.molvis.org/molvis/v23/624> © 2017 Molecular Vision

The CRYBBI gene encodes a 252-amino acid protein abnormalities (Table 2). Five mutations (p.G220X, p.Q223X,
mainly expressed in the early lens nucleus. fB1-crystallin, p-S228P, p.R233H, and p. X253R) are located in exon 6 of
a major subunit of the beta-crystallins, comprises 9% of  the CRYBBI gene [9,14,25-27], which indicates that the exon
the total soluble crystallins in human lens, and the amount 6 that encodes the COOH terminal domain and the GKM IV
decreases dramatically with age. fB1-crystallin is thought is the hot site for mutations. All five families inherited as
to be important for the maintenance of lens transparency. an AD trait and revealed a nuclear cataract phenotype with
Mackay et al. mapped the pathogenic gene of the dominant or without other ocular abnormalities, such as microcornea
pulverulent cataract to the CRYBBI gene on chromosome and nystagmus. The p.R123H and p.S129R mutations located
22ql12.1 and found that the p.G220X mutation in this gene in exon 4 that encodes the GKM II were also cosegregated
was responsible for ADCC [25]. To date, at least ten muta- with autosomal dominant nuclear cataract [28,29]. Reis et al.
tions in CRYBBI have been identified in families with  reported a p.VI6F mutation located in exon 3 in a dominant
inherited cataract and some additional developmental ocular ~ congenital cataract with glaucoma and microcornea [30].
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Figure 3. Biophysical characterization of the effect of the mutation in p.Q227X on the structures of pB1-crystallin. A: Far-ultraviolet (UV)
circular dichroism (CD) spectra of the wild-type (WT) BBI protein and its mutant protein. The spectra were determined at room temperature
using a JASCO spectropolarimeter, model J-810. The BB1-crystallin preparations at 0.5 mg/ml (50 mM sodium phosphate buffer, pH 7.4) were
used to record the far-UV CD spectra. The path length was 0.1 cm during the far-UV CD spectra determination. The spectra reported were
the average of five scans, corrected for buffer blank, and were smoothed. B: Intrinsic Trp fluorescence intensities of the WT-BB1 protein and
its mutants. The proteins (0.2 mg/ml each) were dissolved in 50 mM sodium phosphate buffer, pH 7.4, containing 100 mM NacCl, and were
recorded with an excitation at 280 nm and emission between 300 and 400 nm. C: Binding of 8-anilinonaphthalene-1-sulfonic acid (ANS) to
the WT BB1 and mutant proteins. In these experiments, 15 pl of 0.8 mM ANS (dissolved in methanol) was added to a protein preparation
(0.2 mg/ml, dissolved in 50 mM phosphate buffer, pH 7.4). The samples were incubated at 37 °C for 15 min before the fluorescence spectra
were recorded after excitation at 380 nm and emission between 400 and 600 nm. D: Gel filtration chromatography of the WT fB1 and mutant
(MU) BBI proteins performed on an OHpak SB-804 HQ column.
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Figure 4. Thermal denaturation of
WT and MU B1 monomers and
heteromers with aA-crystallin.
Thermal denaturation curves were
obtained by heating 0.2 mg/ml of
the wild-type (WT) and mutant
(MU) BBI proteins at 55 °C in a
50 mM phosphate buffer, pH 7.4,

A and then measuring light scattering
at 405 nm. Meanwhile, the WT
BBI1 protein was heated at 55 °C
with an equal molar amount of

aA-crystallin, and the results were
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compared with those for heating
the MU BBI protein with an equal
molar amount of aA-crystallin.

800

However, other mutations located in exon 1 and exon 2 were
inherited in a recessive model without other ocular abnor-
malities [31,32]. Whether this indicated that the mutations
closer to the C-terminus would induce more severe pheno-
types requires further exploration. However, little functional
importance of the mutants was illustrated in the previous few
reports, in which the molecular mechanisms demonstrated
were most often attributed to disturbance in solubility and
stability of BB1-crystallin.

The p.Q227X mutation described in the present study is
a nonsense mutation of CRYBBI, which leads to a truncated
protein responsible for bilateral dense nuclear cataract and
nystagmus. Likewise, the nonsense mutations located in
other crystalline genes were also reported to be associated
with congenital cataract (Appendix 2). Pras et al. identi-
fied a p.W9X nonsense mutation in the CRYAA gene that
caused autosomal recessive cataract in one Israelite family
[33]. Devi et al. screened the candidate genes in 60 south
Indian families and identified a nonsense mutation (CRYBB2
p.Q155X) responsible for the inherited pediatric cataract
[34]. To date, about 22 mutations in CRYGD have been
reported to be responsible for cataracts, ten of which are
nonsense mutations (Appendix 2) [30,34-41]. yD-crystallin is
composed of two individual domains that each consist of two
GKMs, which is similar to fB1-crystallin. All the nonsense
mutations are distributed in the four GKMs. The nonsense
mutations p.Y17X and p.Y56X are located in GKMs I and
IT of the same domain. The nonsense mutations (p.Q101X,

p-E104fsX4, p.Y134X, p.E135X, p.R140X, p.Y151X, p.W157X,
and p.G165AfsX3) are located in the another domain. Intrigu-
ingly, the truncated mutations are mainly in the GKM IV of
the C-terminus (6/10). In addition, five nonsense mutations
in CRYGC have been associated with cataracts, including
nuclear cataract with obvious nystagmus (p.C109X) [42],
sporadic congenital nuclear cataracts (p.Q113X and p.Y134X)
[43,44], nuclear cataracts with other ocular abnormalities,
such as microphthalmia, microcornea, glaucoma, and corneal
opacity (p.Y139X) [30], nuclear cataracts, and microcornea
(p.W157X) [45,46]. In a manner similar to the nuclear opaci-
ties associated with the p.Q227X mutation of CRYBBI in
the present study, nearly all these CRYGC-related opacities
involve the nucleus of the lens. This clinical manifestation
is in agreement that CRYGC and CRYBBI are abundantly
expressed at an early developmental stage in elongating fiber
cells. The yC-crystallin and BBI1-crystallin are expressed
primarily in the lens nucleus, which is consistent with the
location of the opacity in the nucleus. The difference in the
effects of the clinical features generated by these nonsense
mutations is likely to be due to whether they are subjected
to nonsense-mediated decay (NMD) [47,48]. NMD alters
the patterns of inheritance for premature truncation alleles
in many genes with 5'- nonsense mutations (predicted to
be subject to NMD) resulting in recessive diseases and 3'-
nonsense mutations (predicted to escape NMD) leading to
dominant diseases. In terms of cataract genes, examples
include mutations in CRYBBI with dominant changes
comprising missense mutations in the GKM II or IV, the
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C-terminal extension mutation, and C-terminal truncations
that retain about 90% of normal protein sequences but lack
part of the GKM IV (all located in exon 6 of CRYBBI and
predicted to escape NMD). All of these changes are likely to
result in the expression of mutant protein, and the p.Q227X
mutation in this report is also predicted to escape NMD and
express the mutant BBl-crystallin. The truncated mutant
might not only induce haploinsufficiency but also get new
functions to impair the normal protein interactions. In
contrast, the early frameshift mutation and an initiation codon
substitution in CRYBBI tend to be inherited as a recessive
trait and subject to NMD, resulting in null alleles.

In this study, the possible molecular mechanism under-
lying ADCC with nystagmus caused by the p.Q227X mutation
was investigated by comparing the biophysical properties of
the recombinant WT and MU BBI1 proteins. Consistent with
the truncated mutations established in the GKM IV and the
C-terminal extension by Srivastava et al., which resulted in
a significant change in the solubility of the fB1 protein [19],
we found that the p.Q227X mutation dramatically affected the
folding of the recombinant $BI protein in E. coli, implying
that this novel mutation might undergo molecular mecha-
nisms similar to previously identified ones [19,25,46,49].

First, the insolubility of the p.Q227X mutant containing
residues 1-226 further highlights the importance of the
intact C-terminal extension in maintenance in the solubility
and stability of fB1-crystalline. Second, these results indi-
cated that the mutation slightly modified the secondary and
tertiary structures of the truncated BI1 protein and resulted
in increased exposure of hydrophobic patches relative to the
WT BBI protein, which was also coincident with the observa-
tion of Srivastava’s group as well [19]. Moreover, the trun-
cated PBIl-crystallin obviously affects the phase separation
and thermal stability under the status of cooling or heating
stress, as when aA-crystallin was added to determine if it
could prevent the heat-induced aggregation and precipitation
of the BBI1 protein as a molecular chaperone, a 1:1 molar ratio
of aA-crystallin was less effectively chaperoned by the MU
BBI protein at 55 °C compared to the WT BBI protein. This
possibly implicates the mutation interrupts the interactions
among crystallins which is crucial for lens transparency
[49,50].

BBIl-crystallin has long been known to be a crucial
protein in forming heteromers with the acidic f-crystallins
in the lens, and the formation of these heteromers is thought
to be important to the maintenance of the transparency of the
lens [51,52]. Thus, the novel p.Q227X mutation in this study
might also result in ADCC via impairing the normal protein
interactions and the stability of the heteromers with related

© 2017 Molecular Vision

crystallins. In this study, all affected individuals presented
with nystagmus, which coincided with the clinical features in
previously reported families with missense mutations located
in the same domain in CRYBBI [14,26]. Traber et al. estab-
lished an animal model for infantile nystagmus syndrome
using albino mice, which could provide a powerful tool for
exploring the mechanism of nystagmus resulting from the
CRYBBI mutations in future research [53].

In summary, we have identified a novel heterozygous
c. C749T (p.Q227X) mutation in CRYBBI in a family of
Chinese origin with ADCC. Biophysical studies indicate that
the mutation may lead to ADCC by modifying the structure
of BBl-crystallin, inducing insolubility, and diminishing
the thermal stability of the BB1-crystallin monomers or
heteromers with aA-crystallin. Identification and character-
ization of this mutation further confirmed the importance
of the C-terminal regions of BBl-crystallin in maintaining
lens transparency which provides a novel insight into the
molecular mechanism underlying the pathogenesis of human
congenital cataract. Nevertheless, cataractogenesis is a
complex process, much information remains to be elucidated
in lens biology, and the genotype—phenotype relationship is
not yet understood. Different mutations in the same gene can
result in the same type of congenital cataract. However, the
extremely variable morphologic characteristics of cataracts
found in some families indicate that the same mutation in a
single gene can result in different phenotypes. However, the
accumulation of information about the mutation profiles and
underlying molecular mechanism associated with the forma-
tion of inherited cataracts allow the emergence of new treat-
ments and techniques for prevention. Moreover, it could be
extended to age-related cataract in the future, which remains
the leading cause of blindness worldwide.

APPENDIX 1. TWO-POINT LOD SCORES FOR
LINKAGE BETWEEN CATARACT LOCUS AND
CHROMOSOME 22 MARKERS.

To access the data, click or select the words “Appendix 1.”

APPENDIX 2. THE REPORTED NONSENSE
MUTATIONS IN CRYSTALLINE GENES.

To access the data, click or select the words “Appendix 2.”
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