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Abstract

Aguaporin 0 (AQPO0) performs dual functions in the lens fiber cells, as a water pore and as a cell-
to-cell adhesion molecule. Mutations in AQPO cause severe lens cataract in both humans and
mice. An arginine to cysteine missense mutation at amino acid 33 (R33C) produced congenital
autosomal dominant cataract in a Chinese family for five generations. We re-created this mutation
in wild type (WT-AQPO0) human AQPO cDNA by site-directed mutagenesis, and cloned and
expressed the mutant AQPO (AQP0-R33C) in heterologous expression systems. Mutant AQPO-
R33C showed proper trafficking and membrane localization like WT-AQPO. Functional studies
conducted in Xenopus oocytes showed no significant difference (P>0.05) in water permeability
between AQP0-R33C and WT-AQPO0. However, the cell-to-cell adhesion property of AQP0-R33C
was significantly reduced (P< 0.001) compared to that of WT-AQPO, indicated by cell aggregation
and cell-to-cell adhesion assays. Scrape-loading assay using Lucifer Yellow dye showed reduction
in cell-to-cell adhesion affecting gap junction coupling (P< 0.001). The data provided suggest that
this mutation might not have caused significant alterations in protein folding since there was no
obstruction in protein trafficking or water permeation. Reduction in cell-to-cell adhesion and
development of cataract suggest that the conserved positive charge of Extracellular Loop A may
play an important role in bringing fiber cells closer. The proposed schematic models illustrate that
cell-to-cell adhesion elicited by AQPO is vital for lens transparency and homeostasis.
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1. Introduction

Opacification of the lens or cataract accounts for about half of all cases of blindness
worldwide. An estimated 20 million people suffer from bilateral cataracts; this number is
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estimated to reach 32 million globally by 2020 (World Health Organization website,
undated). According to the American Society of Cataract and Refractive Surgery, three
million Americans undergo cataract surgery annually. Causes for cataract development
include age, defects in lens proteins caused by gene mutation, diseases such as diabetes,
exposure to ionizing radiation, oxidative accumulation of free radicals, or a combination of
these factors.

In the adult mammalian eye, the ocular lens is a relatively transparent avascular organ that
relies mainly on solute- and water channels for the distribution of nutrients and removal of
metabolic waste to maintain transparency and homeostasis (Mathias et al., 1997; Robinson
et al., 1983; Varadaraj et al., 1999). Aquaporins (AQPs) constitute a superfamily of small
integral membrane channel proteins that allow passage of water solely, or water and certain
small solutes across the plasma membranes, depending on the osmotic gradient. In
mammals, the superfamily comprises 13 isoforms (AQP0-12). Among them, three aquaporin
water channels are expressed in the lens, namely AQP0O, AQP1 and AQP5. AQPO is
expressed abundantly in the fiber cell membrane (Bassnett et al., 2009; Broekhuyse et al.,
1976; Chepelinsky, 2009; Shiels et al., 2001; Varadaraj et al., 2007). AQP1 is expressed in
the monolayer of epithelial cells (Hamann et al., 1998; Varadaraj et al., 2005, 2007) and
AQPS5 is expressed in both epithelial and fiber cells (Bassnett et al., 2009; Grey et al., 2013;
Kumari et al., 2012).

In the lens, AQPO facilitates water permeation (Shiels, 2012; Shiels et al., 2001; Tong et al.,
2013; Varadaraj et al., 1999, 2005, 2010;) and cell-to-cell adhesion (Kumari and Varadaraj,
2009; Buzhynskyy et al., 2007; Costello et al., 1985; Kumari et al., 2011; Liu et al., 2011;
Michea et al., 1994,1995; Scheuring et al., 2007; Varadaraj et al., 2010). AQPO has a
molecular mass of ~28 kDa, six putative transmembrane domains, and two half-membrane-
spanning domains (Fig. 1A). Three extracellular (A, C, and E) and two intracellular loops (B
and D) serve as connectors of transmembrane domains. Highly conserved NPA motifs that
line the water pore of aquaporin are located in loops B and E. The amino and carboxyl
termini are intracellular with respect to the plasma membrane (Gonen et al., 2004, 2005;
Harries et al., 2004). Molecular and structural studies confirmed that aquaporins are
functional only in the tetrameric form in the membrane (Cheng et al., 1997; Murata et al.,
2000; Ren et al., 2000; Walz et al., 1997). However, each subunit functions as a water
channel.

AQPO mutations identified thus far invariably resulted in autosomal dominant lens cataracts,
underlining the importance of this protein for lens transparency. To date, eleven such
mutations in human (Table 1a; Fig. 1B) and four in mice have been reported (Table 1b; Fig.
1B). Gu et al. (2007) identified a mutation in a five-generation Chinese family with
autosomal dominant congenital lens cataract. Sequencing of the coding regions of AQPO
revealed a point mutation at codon 33 resulting in substitution of a cysteine (C) for arginine
(R). This is the first point mutation identified in the putative Extracellular Loop A of AQPO
that caused total lens cataract (Fig. 1B). The Extracellular Loop A has been speculated to
play a role in cell-to-cell adhesion (Michea et al., 1994, 1995; Gonen et al., 2004; Harries et
al., 2004).

The present study was undertaken to find out whether the substitution of positively charged
amino acid arginine (R33) in the Extracellular Loop A of AQPO with a neutral cysteine (C)
altered water permeation and/or cell-to-cell adhesion causing lens cataract. We performed
heterologous expression of the human wild type (WT-AQPO) and mutant AQPO (AQPO-
R33C) in Xenopus oocytes as well as in Madin—-Darby Canine Kidney (MDCK) cells and
adhesion-deficient L-cells.
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Results show that loss of arginine at position 33 to cysteine did not influence protein
trafficking and water channel function. However, it caused a significant reduction in cell-to-
cell adhesion. As a secondary effect, reduction in cell-to-cell adhesion of fiber cells affected
gap junction coupling and intercellular communication. Our data pointing out the
contribution of the conserved positive charge for establishing firm adherence of fiber cells
suggest that cell-to-cell adhesion exerted by AQPO is critical for lens transparency and
homeostasis.

2. Materials and methods
2.1. Construction of plasmids that encode E-Cadherin, WT-AQP1, WT-AQPO or AQP0-R33C

Expression constructs were generated with or without a fluorescent tag (mCherry, a gift
from Dr. Roger Y. Tsien, University of California, San Diego; EGFP, Clontech, Mountain
View, CA) at the C-terminal end of AQPO and cloned into pcDNA 3.1 myc-His vector
(Invitrogen, CA) carrying CMV and T7 promoters for Xenopus oocyte and mammalian cell
expressions, as described previously (Varadaraj et al., 2008). In short, the coding sequence
of wild type human AQPO with or without a C-terminal tag was amplified by PCR, gel
purified and cloned in the aforementioned vector and used for creating the point mutation at
amino acid 33 (R33C; Gu et al., 2007). Using QuickChange site-directed mutagenesis Kit
(Stratagene, La Jolla, CA) and specific oligonucleotides, the mutation of arginine at position
33 to cysteine (R33C) was incorporated in the wild type constructs (Varadaraj et al., 2008).
The following sense and antisense primers were used: 5- GTC CTC ACT GTG CTG GGC
TCC-3’ (sense) and 5- GGA GCC CAG CAC AGT GAG GAC -3’ (antisense). The
introduced mutation as well as the entire insert sequence was confirmed by bidirectional
automated sequencing at our University sequencing facility. WT-AQP1 and E-Cadherin
expression constructs previously used (Kumari and Varadaraj, 2009) were included in
experiments as necessary.

2.2. cRNA expression in Xenopus oocytes

Capped complementary RNAs (CRNAs) were synthesized in vitro using T7 RNA
polymerase (NMESSAGE mMACHINE T7 Ultra Kit, Ambion, USA). The cRNAs were
quantified using a NanoDrop spectrophotometer (ND-2000c, ThermoFisher, MA) and
aliquots were stored at —80°C. Ovarian lobes contai ning stage V and VI oocytes were
surgically removed from Xenopus laevis frog and defolliculated using Collagenase Type Il
(Sigma). The oocytes were maintained at 18°C, an d 5 or 25 ng cRNA of the respective
expression construct was injected in a volume of 25 nl/oocyte (Varadaraj et al., 2008). An
equal volume of distilled water was injected for control oocytes.

2.3. Immunostaining and western blotting of AQPO proteins expressed in oocytes

Cryosections (thickness:12-18um) were made of Xenopus laevis oocytes injected with
distilled water (control) or expressing WT-AQPO or AQP0-R33C protein, and
immunostained with polyclonal rabbit antibody raised against human AQPO (Santa Cruz
Biotechnology, Inc., Dallas, TX). The processed sections were mounted in anti-fade
Vectamount (Vector Laboratories, Inc., Burlingame, CA). Optimized Z-sectional digital
images were acquired using Zeiss Axiovert 200M motorized inverted fluorescence
microscope (Varadaraj et al., 2008).

Oocytes were tested to verify translation of injected human WT-AQPO and mutant AQPO-
R33C cRNA by western blot analysis. For sample preparation, WT-AQPO or AQP0-R33C
cRNA injected oocytes were suspended in 500 pl of lysis buffer containing 5 mM Tris (pH
8.0), 5 mM EDTA and protease inhibitors (Sigma Chemicals, St. Louis. MO). The oocytes
were lysed using a sequence of mechanical passages through 20, 22, 24 and 26 Gauge
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hypodermic needles. The lysates were centrifuged at 800 X g at 4 °C for 5 minutes. The
supernatant was c entrifuged at 100,000 X g at 4 °C for 45 min. Membrane pellets were
treated with 2X SDS-PAGE loading buffer and sonicated on ice. The samples were heated to
55-60°C for 10 min. to facilitate complete dissolution of membrane pellets, and resolved on
a 4-12% SDS-polyacrylamide gradient gel. Western blotting was performed using a C-
terminal- specific anti-AQPO0 antibody (Varadaraj et al., 2007, 2008).

2.4. Expression and localization of WT-AQPO and AQPO0-R33C proteins in cultured cells

MDCK and mouse fibroblast L-cells (CCL-1.3) from ATCC (Manassas, VA) were cultured
in a 37°C incubator set with 5% CO,. WT-AQP0-mCherry and AQP0-R33C-EGFP
expression constructs were transfected separately using Effectene reagent (Qiagen, USA) or
X-tremeGENE HP DNA transfection reagent (Roche Diagnostics, Indianapolis, IN)
according to the company protocols. Fluorescent signals were captured using a Zeiss
epifluorescent microscope equipped with mCherry and EGFP fluorescent filters.

Colocalization studies were performed as described by Varadaraj et al. (2008) to find out
whether WT-AQPO-mCherry and AQP0-R33C-EGFP could colocalize at the membrane.
Briefly, MDCK cells were cotransfected with WT-AQPO-mCherry and mutant AQPO-
R33C-EGFP expression plasmid constructs, and grown on sterile coverslips. After fixing in
4% paraformaldehyde, coverslips were washed with PBS and mounted on slides using anti-
fade Vectamount with DAPI nuclear stain. Fluorescent signals from cotransfected WT-
AQPO-mCherry and mutant AQP0-R33C-EGFP were captured separately using a Zeiss
epifluorescent microscope with mCherry and EGFP fluorescent filters. Images of the
fluorescent signals were superimposed (Varadaraj et al., 2008).

Forster Resonance Energy Transfer (FRET) technique was employed for tracing
colocalization. We used AQP0-R33C-EGFP as the donor (Ex 488 and Em 507) and WT-
AQPO-mCherry as the acceptor (Ex 587 Em 610). Images were acquired using a Zeiss
microscope fitted with a 63x oil immersion lens, and equipped with the following filters/
dichroic sets (nm): (1) Texas Red cube, excitation (EX) 545/30, emission (EM) 620/60,
beamsplitter 570 (longpass); (2) EGFP cube, excitation (EX) 470/40, emission (EM) 525/50,
beamsplitter 495 (longpass); (3) FRET cube, EX 470/40, EM 640/50, beamsplitter 495
(longpass) (Chroma Technology Corp, USA). As a control, WT-AQPO-mCherry and WT-
AQPO-EGFP were co-transfected and subjected to FRET analysis.

To test endoplasmic reticulum (ER)-specific and membrane-specific localization, MDCK
cells expressing WT-AQPO-EGFP and mutant AQP0-R33C-EGFP were seeded onto a 35
mm culture dish with square coverslips and grown to 100% confluence. To highlight the ER,
cells were transduced with Organelle Light Intracellular Targeted Fluorescent Protein, ER-
Red Fluorescent Protein (ER-RFP, BacMam 1.0), as described by the manufacturer
(Invitrogen). The cells were gently washed twice with pre-warmed normal growth medium,
replaced with fresh medium and imaged 36h post-transfection. Washing of the cells was
done in warm 1X PBS. The cells were fixed in 4% paraformaldehyde and washed again. The
glass coverslips with cells were mounted in anti-fade Vectamount containing DAPI nuclear
stain. Cells were imaged using Caral Zeiss AxioVision Confocal microscope. Optimized Z-
sectional digital images were acquired as described above.

Western blotting of cells expressing WT-AQPO-mCherry and AQP0-R33C-EGFP was
carried out as described (Varadaraj et al., 2008).

2.5. Oocyte membrane water permeability measurement

Oocyte membrane water permeability (Pw, um/s) was calculated from rate of swelling of the
control (distilled water-injected) and cRNA of WT-AQPO0- and/or mutant AQP0-R33C-
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injected oocytes in response to hypo-osmotic shock, as described previously (Varadaraj et
al., 1999, 2005, 2008). Two days after the injections, membrane permeability assay was
performed and Pw was quantified from the initial slope of the volume change when oocytes
were subjected to an osmotic gradient from 180 to 60 mOsm at 20°C. Pw was calculated
using the formula, Pw = (dV/dt)/(SmV\wAc), where V (cm3) is the oocyte volume calculated
from the cross-sectional area, Sy, (cm?) is the oocyte surface area calculated from the cross-
sectional area, V,, is the molar volume of water (18 cm3/mol) and Ac is the change in bath
osmolarity (0.12 x 1073 mol/cm3).

2.6. Cell-to-cell adhesion studies

2.6.1. Cell aggregation assay using a rotary gyratory shaker—Cell aggregation
assay was performed as described previously (Vicker and Edwards, 1972; Takeichi, 1977;
Takahashi, et al., 1999; Andl et al., 2003; Hiroaki et al., 2006; Kumari and Varadaraj, 2009).
This assay is a semi-quantitative measurement of proteins that promote cell-to-cell adhesion;
it does not measure the amount of adhesive force involved. However, a protein that
promotes strong adhesion would show more cell clustering and firm adhesion at a given
time and vice versa. Clones of L-cells stably expressing empty vector, AQP1, (negative
controls), E-cadherin (positive control), WT-AQPO, AQP0-R33C and WT-AQPO + AQPO0-
R33C were grown to 75-85% confluence. After gentle washing with 1X PBS without Ca?*,
single cell preparations were made by trypsinization and dispersion by gentle pipetting.
Additional washing of the cells two times with 1X PBS without Ca2* was followed by a
final wash using serum-free Opti-MEM | and the cells in each group were suspended in
serum-free Opti-MEM 1.

Before beginning the cell aggregation assay, initial cell numbers were counted using a
hemocytometer. First, the hemocytometer was pre-coated with 2% bovine serum albumin
(BSA) to prevent attachment of cells to the glass. After gentle mixing, an aliquot of cells
from a group was added to the hemocytometer using a nonstick pipette. Cells were counted
under an Olympus light microscope set to use a phase contrast objective. Cell counting was
performed for each sample. Samples were diluted to 1x10° cells per ml and 2.5 ml of each
cell suspension was plated separately in 6-well plates, pre-coated with 2% agarose (Sigma)
or 2% BSA (Sigma-Aldrich, St. Louis, MO) to prevent attachment of cells to the plastic, and
rotated on a rotary gyratory shaker (80 rpm) for 30, 60 and 90 min, at 37°C. At the end of
each time period, an equal volume of 2% glutaraldehyde was added to stop further cell-to-
cell aggregation, or dissociation of aggregates. Particle number was determined using a
hemocytometer. A particle by definition is a single cell or one cell-aggregate (two or more
cells sticking together). A minimum of five aliquots were counted for each sample and time
point, and resulting values were averaged. At the end of a given time depending on the
tendency to aggregate, the samples would show less number of particles as a result of cell
aggregation compared to the number of particles at the beginning of the experiment. The
extent of aggregation (EA) at various intervals was calculated from the ratio of total number
of particles at time ‘t” of incubation (Ny) to the initial number of particles at the start of the
assay (Ng), and expressed as percentage (EA (%) = (N¢/Ng)*100). EA would be inversely
proportional to the number of particles. The aggregation assay was repeated six times and
the mean and standard deviations calculated were plotted as a graph.

2.6.2. Cell-to-cell adhesion assay using a microplate reader—The adhesion assay
was based on the novel procedure using a microplate reader reported previously from our
laboratory (Kumari and Varadaraj, 2009). This assay measures semi-quantitatively the
adhesion efficiency of a protein that promotes cell-to-cell adhesion. This method does not
directly measure the amount of adhesive force involved.

Exp Eye Res. Author manuscript; available in PMC 2014 November 01.
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Adhesion-deficient mouse L-cells expressing empty vector, AQP1, E-cadherin, WT-AQPO,
mutant AQP0-R33C or WT-AQPO + mutant AQP0-R33C at 75-85 % confluence were
incubated with 5 pM/ml CellTracker™ Red CMPTX dye (Invitrogen, CA) in serum-free
Opti-MEM 1 with 1% BSA for 1 h. After washing with 1X PBS, the dye-loaded cells were
incubated for 30-45 min in MEM containing 10% FBS, collected by trypsinization at 21°C
for 3 min, neutralized wi th MEM containing 5% FBS, washed three times with 1X PBS
containing 1% BSA, and suspended in serum-free Opti-MEM | containing 1% BSA. In 24-
well microplates, a monolayer of confluent L-cells stably expressing vector, AQP1, E-
cadherin, WT-AQPO0, AQP0-R33C or WT-AQPO+mutant AQP0-R33C was maintained
separately. Cells were prepared as given in section 2.6.1, counted and diluted to 1x10° per
ml. A 250 pl aliquot of the respective CellTracker-Red-loaded L-cell suspension was
smoothly added to each matching group and gently agitated for uniform distribution over the
attached cell lawn. Cells were incubated for 1h at 37°C and fluorescence was measured at
excitation /emission wavelengths of 584/612 nm. Cells were gently washed three times with
serum-free MEM culture medium containing 1% BSA for 5 min each and one time with
1XPBS on a rotary shaker at 40 rpm, at room temperature, to remove non-adhered and
weakly adhered cells. More cells would remain attached to the lawn of cells if the expressed
protein had strong adhesive property and vice versa. Non-adherent cells were removed and
fluorescence was read again as described above. The ratio between fluorescence intensity
(FI) of CellTracker-Red loaded cells that remained adhered after washing (FIAW) and that
of CellTracker-Red loaded cells post-incubation before washing (FIBW) expressed as
percentage of fluorescence intensity (PFI (%) = [(FIAW/FIBW)x100]), was considered as
the measure of the cell-to-cell adhesion elicited by each sample. For different stages of the
experiment, such as reading initial fluorescence of total cells loaded and fluorescence due to
adhered cells, a minimum of 10 wells were used and values were averaged. Relative
adhesion (RA) of the protein of interest normalized to E-Cadherin positive control was
calculated as the ratio between the PFI of cells expressing the protein of interest (PFI of
protein of interest) and the PFI of cells expressing E-cadherin positive control (PFI of E-
cadherin) and expressed as percentage (RA (%) = (PFI of Protein of interest) / (PFI of E-
cadherin) x 100). The assay was repeated four times, mean and standard deviations were
calculated, and represented as a bar graph. The statistical significance of the difference
between two samples (e.g. WT-AQPO vs mutant R33C) was determined by the paired t-test
using data obtained from four experimental replications. P < 0.05 was considered
significant.

2.6.3. Cell-to-cell adhesion assay using an epifluorescent microscope—In this
assay, all the steps followed were the same as in section 2.6.2., except a fluorescent imaging
technique using a Zeiss epifluorescent microscope was used instead of a microplate
fluorescence intensity reader. The attached cells were counted and the relative cell-to-cell
adhesion efficiency was calculated with reference to the positive control E-cadherin and
expressed as percentage.

In brief, adhesion-deficient L-cells stably expressing empty vector, AQP1, E-cadherin, WT-
AQPO or mutant AQP0-R33C grown to 80% confluence were loaded with membrane
permeable CellTracker™ Red CMPTX dye as described above in section 2.6.2 dissociated
by trypsinization at 21°C for 3 m in, neutralized, washed, counted using a hemocytometer
pre-coated with 2% BSA, and suspended in serum-free MEM culture medium containing
1% BSA. Equal numbers of the dye-loaded cells were added to a monolayer of L-cells
cultured in 24-well microplates, and stably expressed the respective protein but were not
dye-loaded. After 45 min of incubation at 37°C, cells were gently washed three times with
serum-free MEM culture medium containing 1% BSA for 5 min each on a rotary shaker at
40 rpm at room temperature to remove loose and weakly adhered cells. More cells would
attach to the lawn of cells if the expressed protein had strong adhesion property; less number
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or no cells would attach to the lawn of cells if the expressed protein had weak or no adhesive
property. The cells were fixed in 2% glutaraldehyde to stop further cell adhesion or
dissociation. Cells were imaged under a Zeiss epifluorescent microscope and the number of
fluorescent cells adhered to the cell lawn was counted for each group. The assay was
repeated five times. Relative adhesion (RA) normalized to positive control E-cadherin was
calculated as the ratio between the number of fluorescent cells (NFC) expressing the protein
of interest that adhered to the cell lawn after washing (NFC of Protein of interest) and
number of fluorescent cells expressing E-cadherin positive control at adhered to the cell
lawn after washing (NFC of E-cadherin) and expressed as percentage (RA (%) = (NFC of
Protein of interest) / (NFC of E-cadherin) x 100). RA values of five repeats were used to
calculate the mean and standard deviations and were represented as a bar graph. The
statistical significance of difference between two samples was determined by the paired t-
test using data from the five experimental repeats. P < 0.05 was considered significant.

2.7. Gap junction coupling functional assay using scrape-loading dye transfer

Expression construct for rat Cx50 was generated without a fluorescent tag in pcDNA 3.1
myc-His vector (Invitrogen, CA) carrying CMV and T7 promoters as described previously
(\VVaradaraj et al., 2008). The coding sequence of wild type rat Cx50 was amplified by PCR,
gel purified and cloned into the vector. The insert sequence was confirmed by automated
sequencing at our University Sequencing Facility. Expression construct was transfected in
adhesion deficient L-cells and expression clones were selected using G418 and expression
was confirmed by western blotting using Cx50 specific antibody (K-20; Santa Cruz
Biotechnology, Inc., TX). Cells propagated from a single clone expressing Cx50 were used
to transfect WT-AQPO and AQP0-R33C expression constructs described in section 2.4. and
expression clones were selected using G418 and confirmed by western blotting using AQPO
specific antibody as in section 2.3. Equal amount of WT-AQPO0 and AQP0-R33C protein
expressing clone for each was selected for scrape-loading dye transfer assay. Scrape loading
dye transfer assay was used to simultaneously test dye coupling in a large population of
cells. Briefly, stable cell lines expressing empty vector, WT-AQP0, AQP0-R33C, lens
connexin 50 (Cx50), or Cx50 + WT-AQPO or Cx50 + AQP0-R33C were plated on 24-well
culture plates 24h prior to scrape-loading. After rinsing with Hank's balanced salt (HBS)
solution, 0.5 ml of PBS solution containing 5 mg/ml of Lucifer Yellow CH (LY, MW
457.25; Sigma—Aldrich, St. Louis, MO) was added to the cells. Two longitudinal scratches
were made through the cell monolayer using a 27-gauge needle. After 5 min, the cultures
were rinsed with HBS and incubated for 30 min., to allow dye transfer to adjoining cells via
gap junction channels. The cells were rinsed with 1XPBS, fixed with 4% paraformaldehyde,
and viewed using Zeiss Axiovert 200M inverted epifluorescence microscope using FITC
filter. Images were captured and digitized. The degree of LY dye transfer was quantified by
measuring the distance from the scrape lines to the travel front of LY. At least five images
for each scrape wound per well, and six wells per sample, were used to assess the level of
dye transfer. Distance covered by intercellular LY transfer would be directly proportional to
the number of coupled cells.

2.8. Statistics

3. Results

Student's paired t-test was performed using Sigma Plot 2000 software, Version 6.10. A value
of P < 0.05 was considered significant.

Using heterologous expression systems, we sought to characterize the impact of AQPO-
R33C mutation in membrane trafficking and functional expression. We used two such
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expression systems, namely Xenopus laevis oocytes and mammalian cells to conduct
experiments.

3.1. Expression and localization of WT-AQPO and mutant AQP0-R33C

The first question put forth was whether mutant AQP0-R33C can traffic to the membrane.
To find out, experiments were designed to study protein expression and localization. We
synthesized cRNAs of WT-AQPO0 and AQP0-R33C in vitro. Xenopus oocytes were injected
with 25 ng cRNA of WT-AQPO or AQP0-R33C; distilled water injected oocytes served as
control. After allowing enough time for protein expression, oocytes were cryosectioned and
immunostained with anti-AQPO antibody. Expression and localization of WT-AQPO and
AQPO0-R33C were studied using confocal microscopy. As anticipated, there was no specific
immunostaining in water-injected oocytes (Fig. 2a). It is interesting to note that both WT-
AQPO (Fig. 2b) and AQP0-R33C (Fig. 2¢) proteins localized at the oocyte plasma
membrane. Patterns of expression and localization of AQP0-R33C were not significantly
different from those of WT-AQPO, indicating that the mutation did not impair membrane
trafficking.

To further confirm expression of the respective proteins in the oocyte plasma membrane,
immunoblot analysis of total membrane proteins extracted from oocytes injected with WT-
AQPO or AQP0-R33C cRNA was performed. Both samples verified expression of
corresponding proteins by immunoreactivity to an expected peptide band size of ~28 kDa
(Fig. 2d).

Expression and localization were also tested in culture cells. WT-AQPO-mCherry and
mutant AQP0-R33C-EGFP were transfected separately or together into MDCK cells. WT-
AQPO-mCherry (Fig. 3a) and mutant AQP0-R33C-EGFP (Fig. 3b) chimeric proteins
localized abundantly at the plasma membrane, as seen at the oocyte plasma membrane (Fig.
2b, ). Immunoblotting of proteins extracted from cells transfected with respective
expression constructs showed anti-AQPO antibody binding to a ~58 kDa band for WT-
AQPO-mCherry and mutant AQP0-R33C-EGFP (Fig. 3c). When WT-AQP0O-mCherry and
mutant AQP0-R33C-EGFP were cotransfected, both chimeric proteins coexpressed
profusely at the plasma membrane (Fig. 3d, €). Images of WT-AQP0-mCherry and AQPO-
R33C-EGFP, taken from the same cell were superimposed to verify colocalization of wild
type and mutant proteins. The yellow signal that emerged when the images were merged
reinforced their colocalization (Fig. 3f).

Aquaporin proteins are synthesized and assembled as tetramers in the ER (Aerts et al., 1990;
Buck et al., 2007; Konig et al., 1997; Smith and Agre, 1991; Zampighi et al., 1989). To
determine whether WT-AQPO-mCherry and AQP0-R33C-EGFP proteins could assemble as
tetramers and colocalize in the ER, both expression constructs were cotransfected into
MDCK cells and subjected to FRET analysis with EGFP serving as the donor fluorophore
and mCherry as the acceptor (Fig 4a—c). As a control, we cotransfected WT-AQPO-mCherry
and WT-AQPO-EGFP and performed FRET analysis (Fig. 4d—f). Figure 4c shows the
emerged FRET signal, suggesting colocalization of wild type and mutant proteins in the
same oligomer as heterotetramers or within 100A; Figure 4f supports the soundness of the
technique by providing FRET signal for the wild type cloned and expressed separately with
two different fluorophores (Fig. 4 d, €).

To confirm that WT-AQPO and AQP0-R33C localize at the ER and plasma membrane, an
ER organelle-specific test was conducted. Confluent MDCK cells grown on coverslips were
coexpressed with Organelle Light ER-RFP + WT-AQPO-EGFP or ER-RFP + AQP0-R33C-
EGFP (Fig. 4g —I). Cells were viewed under the EGFP filter to show membrane localization
(Fig 4 g, j). The cells were viewed under Texas Red filter to highlight ER-specific
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localization (Fig.4 h, k). The respective images for wild type (g, h) and mutant (j, k) were
merged. The red and green merged-image turned yellow, indicating localization of proteins
in the ER (Fig. 4 i, I). The green signal, visible mostly at the periphery, highlights expression
of the respective protein along with the attached EGFP at the plasma membranes (Fig. 4 i, I).
This experiment showed that the mutant AQP0-R33C can traffic via ER and localize at the
plasma membrane like the WT-AQPO.

3.2. Functional expression of WT-AQPO and AQP0-R33C proteins

We studied water permeability (Pw) of Xenopus oocytes injected with distilled water, or 25
ng cRNA of WT-AQPO or AQP0-R33C as given in the ‘“Materials and Methods’ section.
WT-AQPO and AQP0-R33C were tested with and without a C-terminal fluorescent tag.
Distilled water injected oocytes were treated as a control. AQP1-injected oocytes (5 ng)
served as a positive control. There was no functional abnormality due to the attachment of a
C-terminal tag as was evident from comparable values of water permeability obtained for
AQPO proteins expressed with and without a tag for the wild type and the mutant (Fig. 5 B).
Similar results had been observed and reported previously (Varadaraj et al., 2008; Yang and
Verkman, 1997). Both the WT-AQPO0 and AQP0-R33C injected oocytes provided
overlapping values for the relative volume increase (Fig. 5A, B) indicating the mutation did
not compromise the water channel function of AQPO. As expected, the relative volume (Fig.
5A) of AQP1-injected oocytes was highest, reflecting the water channel’s much higher
efficiency. Pw of oocytes injected with distilled water was 11.8 £ 3.5 um/s while that of
WT-AQPO was 27.3 + 5.4 um/s, and of AQP0-R33C, 26.7+ 4.8 um/s. The Pw of the mutant
AQPO0-R33C was not significantly different from that of WT-AQPO (Fig. 5B), indicating
that the mutation did not affect water channel function. Also, when the WT-AQPO and
AQPO0-R33C were co-expressed, the oocyte plasma membrane Pw was not altered
significantly compared to that of WT-AQPO (P > 0.05; also, Fig. 5B).

3.3. Cell-to-cell adhesion property of WT-AQPO and AQP0-R33C

AQPO0-R33C showed proper trafficking and membrane localization as the WT-AQPO (Figs.
3, 4). It also retained normal water channel function. These two observations and the
positioning of this cataract-causing mutation at a putative extracellular loop prompted us to
test the cell-to-cell adhesion efficiency of AQP0-R33C. Mouse L-fibroblast cells lacking
endogenous cell adhesion molecules were stably transfected with vector (negative control),
AQP1 (negative control), E-cadherin (positive control), WT-AQPO, mutant AQP0-R33C or
WT-AQPO + AQP0-R33C and individual clones were selected using G418. Clones that
showed very high levels of expression were selected for further studies.

Cell-to-cell adhesive property was tested using cell aggregation assay in a rotary gyratory
shaker. Cells expressing E-cadherin, WT-AQPO or mutant AQP0-R33C displayed
considerable cell aggregation as a function of time (Fig. 6A). As time progressed, more and
more E-cadherin, WT-AQPO0 and mutant AQP0-R33C transfected cells formed cell clusters,
consequently reducing the number of non-aggregating individual L-cells. E-cadherin served
as a positive control (Kumari and Varadaraj, 2009; Yap et al., 1997) which was used as a
standard to calculate relative aggregation by other proteins. The extent of aggregation
exhibited by WT-AQPO was 18% more than that of mutant AQP0-R33C (Fig. 6A). Cells
transfected with empty vector or AQP1 did not show considerable aggregation with passage
of time. Lack of cell cluster formation by AQP1 indicated absence of cell-to-cell adhesion
capability which had also been reported by Hiroaki et al. (2006). Cells cotransfected with
WT-AQPO and AQP0-R33C showed more aggregation (Fig. 6A) compared to those
transfected with only AQP0-R33C, and less aggregation compared to cells transfected with
WT-AQPO, suggesting mutation-induced reduction in the cell aggregation capability (Fig.
6A).
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To mimic and estimate lens fiber cell-to-cell adhesion promoted by WT-AQPO and mutant
AQPO0-R33C, a novel method developed previously by our laboratory (Kumari and
Varadaraj, 2009) was used. Mouse fibroblast L-cells stably expressing empty vector,
negative control AQP1, positive control E-Cadherin, WT-AQP0, AQP0-R33C or WT-AQPO
+ AQPO0-R33C grown to 75-85% confluence were subjected to the assay. Relative adhesion
induced by each protein was estimated using E-Cadherin as a positive control. Cell-to-cell
adhesion induced by WT-AQPO, AQP0-R33C or WT-AQPO + AQP0-R33C expressing cells
was statistically significant (P < 0.001; Fig. 6B) compared to negative controls, L-cells
expressing empty vector or AQP1. WT-AQPO, AQP0-R33C or WT-AQPO + AQP0-R33C
showed significantly less cell-to-cell adhesion (P < 0.001) compared to L-cells expressing
the positive control E-Cadherin (Fig. 6B). The important finding of this study is the
reduction in cell-to-cell adhesion observed for mutant R33C-AQPO0 (~27%) compared to the
WT-AQPQO. There was statistically significant reduction in cell-to-cell adhesion for mutant
AQP0-R33C (**P < 0.001) and WT-AQPO + AQP0-R33C (***P < 0.05) expressing cells
compared to the WT-AQPO expressing cells.

To further investigate cell-to-cell adhesion, a fluorescence imaging assay developed in our
laboratory (Kumari and Varadaraj, 2009) was used (Fig. 6C). CellTracker™ Red CMPTX
dye-loaded cells of empty vector, AQP1, E-Cadherin, WT-AQPO0 and AQP0-R33C were
added to corresponding unloaded cells and cells that remained attached after washing were
imaged using an epifluorescent microscope (Fig. 6C). The dye-loaded cells in the images
were counted as described in the ‘Materials and Methods’ section, and plotted (Fig. 6D).
Cell-to-cell adhesion induced by WT-AQPO or mutant AQP0-R33C expressing cells was
statistically significant (P < 0.001; Fig. 6D) compared to L-cells expressing empty vector or
AQPL1. Adhesion efficiency of cells expressing WT-AQPO was significantly less (*P <
0.001) compared to the positive control cells expressing E-Cadherin (Fig. 6D). The cell-to-
cell adhesion exerted by the mutant AQP0-R33C was significantly lower (34%) than that of
the WT-AQPO (** P < 0.0001; Fig. 6D). Results of this cell-to-cell adhesion study using the
fluorescence imaging technique (Fig. 6D) followed a similar pattern to that obtained in the
cell-to-cell adhesion assay using a microplate reader (Fig. 6B).

3.4. Effect of AQP0-R33C mutation on Cx50 gap junction coupling

AQPO forms thin junctions due to its cell-to-cell adhesion property. Electron microscopic
studies revealed presence of connexin clusters near AQPO square arrays (Buzhynskyy et al.,
2007). Using chicken embryonic fibroblast cells, Liu et al. (2011) demonstrated that cell-to-
cell adhesion facilitated by AQPO enhanced the Cx50-mediated gap junction coupling for
intercellular communication. In order to find out whether the reduction in cell-to-cell
adhesion in the human mutant AQP0-R33C could affect intercellular communication, we
tested Cx50-mediated cell-to-cell dye coupling. For this experiment, Cx50 construct was
transfected into L-cells and clone selection was performed under G418 to ensure stable
expression. A clone that expressed considerable level of Cx50 was selected after performing
western blotting (Fig. 7Aa). Cells propagated from this clone were used to transfect WT-
AQPO0 and AQP0-R33C constructs. Comparable amount of WT-AQPO or AQP0-R33C
expression in Cx50 expressing L-cells was verified by Western blotting (Fig. 7Ab).

L-cells stably expressing vector (negative control), WT-AQPO, AQP0-R33C, rat Cx50, WT-
AQPO + Cx50, or AQP0-R33C + Cx50 were tested using Scrape-loading Lucifer Yellow
(LY) dye transfer technique, which permits real-time observation of cell-to-cell dye
coupling due to functional gap junction channel formation (El-Fouly et al., 1987; Liu et al.,
2011; Opsahl and Rivedal, 2000; Venance et al., 1995). Cell-to-cell-mediated dye coupling
levels were evaluated from the distance of LY dye migration (Fig. 7A). LY spread in the
monolayer of cells would be directly proportional to the number of coupled cells. Dye
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transfer in the cells transfected with WT-AQPO or AQP0-R33C was not significantly
different from vector-transfected cells (Fig. 7A). The dye transfer in the cells transfected
with Cx50 alone was less than that of the cells expressing Cx50 + WT-AQPO or Cx50 +
AQPO0-R33C. However, the distance of dye migration was less in cells expressing AQPO-
R33C + Cx50 compared to cells expressing WT-AQPO + Cx50, indicating that the mutation
weakened cell-to-cell adhesion capability of AQPO and compromised gap junction coupling.
The level of dye-coupling was semi-quantified by measuring the distance of LY-dye
migration from the scrape line to the dye front, and plotted as a graph (Fig. 7B). Cells
coexpressing rat Cx50 and WT-AQPO showed an increase (40%) in LY-dye transfer over
those expressing only Cx50 (*P < 0.001), implying facilitation of gap junction coupling by
AQPO. However, the level of dye-coupling in the cells expressing Cx50 + AQP0-R33C was
significantly reduced (16%; Fig. 7B, # P < 0.001)) compared to cells expressing Cx50 +
WT-AQPO, indicating mutation-induced reduction in cell-to-cell gap junction coupling.

4. Discussion

Development of total lens cataract in a five-generation family comprising 22 affected
individuals from China was investigated by Gu et al. (2007). The study consisting of
eighteen members of the family had ten individuals with lens cataract, four unaffected
individuals, and four spouses. It was identified that the congenital lens cataract phenotype
was due to a mutation in the AQPO gene localized at 12g13.1-14.1. Sequencing of the
AQPO coding region of the affected members revealed a transition of a pyrimidine to
another pyrimidine, C > T, at nucleotide 97 in exon 1 (Gu et al., 2007). The transition
resulted in the substitution of cysteine (C) with a neutral polar sulfhydryl side group for
arginine (R) with a positively charged polar side group at codon 33 (p.R33C), located in the
putative 15t Extracellular Loop (Loop A; Fig. 1B) of AQPO.

AQPO is the predominant protein in lens fiber cell membranes, constituting ~44.8% of total
plasma membrane proteins (Bassnett et al., 2009). In the avascular lens this protein
functions as a water channel (Varadaraj et al., 1999, 2005, 2010) and as an adhesion
molecule which holds fiber cells tightly to each other. The latter property reduces
extracellular space for necessary adjustments to the refractive index of the growing lens
(Kumari and Varadaraj et al., 2009; Kumari et al., 2011; Varadaraj et al., 2010). Water
permeability of AQPO in mammals and other vertebrates except fish (Virkki et al., 2001;
Clemens et al., 2013) is remarkably low, about 10-fold less compared to more efficient lens
epithelial aguaporin, AQP1 (Chandy et al., 1997; Yang and Verkman, 1997). Low water
permeability has been speculated to favor dual-functional status of AQPO as a water pore
and cell-to-cell adhesion molecule (Jensen et al., 2008).

Several mutations in the human aquaporin family have been identified as causing inherited
diseases (Agre and Kozono, 2003; Verkman, 2008, 2012). Most of these mutations lead to
loss of water channel function, and are associated with diseases inherited as autosomal
recessive phenotypes except for AQPO. In humans, so far eleven mutations (Table 1a; Fig
1B) have been identified in lens AQPO. All eleven mutations resulted in the dominant
phenotype, congenital lens cataract. In mouse, four mutations (Table 1b; Fig 1B) and
knockout of AQPO resulted in autosomal dominant congenital lens cataract. Loss of 50% of
AQPO protein as in the case of heterozygous AQPO knockout mouse model caused lens
cataract suggesting a critical role for AQPO in lens transparency and homeostasis (Al-Ghoul
et al., 2003; Kumari et al., 2011; Shiels et al., 2001; Varadaraj et al., 2010).

Among the eleven mutations identified, only four have been functionally characterized

(E134G, T138R (Francis et al., 2000); G213Vfs*45 (Varadaraj et al., 2008); G165D (Senthil
Kumar et al., 2013)) thus far. In the present study, we have characterized AQP0-R33C
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missense mutation (Gu et al., 2007) that causes autosomal dominant lens cataract in humans.
This is the first mutation identified from the Extracellular Loop A of AQPO that causes lens
cataract. Previously characterized mutant AQPO proteins (Francis et al., 2000; Senthil
Kumar et al., 2013; Varadaraj et al., 2008) were unable to traffic and reach the plasma
membrane, being trapped mainly in the endoplasmic reticulum (ER) of heterologous
expression systems; accumulation of the mutant protein caused ER stress (Senthil Kumar et
al., 2013; Varadaraj et al., 2008) due to unfolded protein response, which has been suggested
as the reason for pathogenesis of several diseases (Kitamura, 2008; Lin and Lavail, 2010;
Reneker et al., 2011; Roussel et al., 2013; Wang et al., 2012). The present study has shown
that unlike AQPO mutants that had been already characterized, AQP0-R33C did not get
trapped in the cellular organelle/s and was able to reach the plasma membrane through
proper trafficking. Functional characterization of the protein showed that AQP0-R33C
retained water channel function as in the case of wild type AQPO, when a comparable
amount of the mutant cRNA was injected into the Xenopus frog oocytes. All four AQPO
mutants previously studied showed loss of water channel function as a result of impaired
membrane trafficking and localization.

We tested for the cell-to-cell adhesion of AQP0-R33C. To our knowledge, this is the first
study that has tested cell-to-cell adhesion capability of an AQPO mutant protein, owing to
the undeterred membrane trafficking and water channel function in spite of the mutation.
Using a traditional method (Vicker and Edwards, 1972; Takeichi, 1977; Takahashi, et al.,
1999; Andl et al., 2003; Hiroaki et al., 2006) and our previously devised method (Kumari
and Varadaraj, 2009) to test the cell-to-cell adhesion capability of wild type AQPO, we
found that there is ~18%, 27% or 34% decrease in cell-to-cell adhesion capability of this
mutant AQPO, presumably due to loss of a positively charged residue in the Extracellular
Loop A. The difference in percentage decrease in cell-to-cell adhesion (~18% and ~27% and
~34%) is due to differences in the sensitivity of techniques used; however, the decrease in
cell-to-cell adhesion obtained using each technique was statistically significant when
compared to cell-to-cell adhesion exhibited by WT-AQPO. Co-expression of WT-AQPO0 and
AQPO0-R33C proteins showed reduction in cell-to-cell adhesion compared to WT-AQPO that
was expressed alone or increase in adhesion compared to AQP0-R33C that was expressed
alone (Fig.6A,B), and gave positive FRET signals (Fig. 4a—c), suggesting wild type and
mutant channel proteins possibly formed mixed tetramers. While the experiments performed
here do not directly measure the cell-to-cell adhesive force involved, they clearly indicate
that the force with which the WT-AQPO0-expressing cells adhere to each other is
compromised in the mutant-protein- expressing cells; considerable number of the latter cells,
that had weak adherence, detached during the washing step which represents an applied
force. It is noteworthy that the mutation involves loss of a positive charge. Structural and
simulation studies have suggested possible involvement of Extracellular Loops of AQPO in
cell-to-cell adhesion of fiber cells (Gonen et al., 2004, 2005; Harries et al., 2004; Jensen et
al. 2008; Michea et al., 1994, 1995; Scheuring et al., 2007). Our data show that while
arginine in the Extracellular Loop A of AQPO may not be critical for protein trafficking,
localization or water permeability, it appears to be a key player in cell-to-cell adhesion,
which is necessary to establish the compact architectural arrangement of fiber cells normally
exhibited on lens cross sections.

Previously, we developed a transgenic mouse model in which AQP1 was expressed in lens
fiber cells of AQPO knockout mouse, to test whether transgenic AQP1 can restore lens
transparency in cataractous lenses of null mice (Varadaraj et al., 2010); only partial
restoration of lens transparency was achieved despite compensation of water permeability by
the more efficient water channel AQPL1. Electron microscopic studies showed lack of cell-to-
cell adhesion in the transgenic lens (Kumari et al., 2011) as observed in the case of AQPO
knockout lens fiber cells (Al-Ghoul et al., 2003). Our in vitro and in vivo studies showed that
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AQPO is capable of promoting cell-to-cell adhesion in contrast to AQP1 (Kumari and
Varadaraj, 2009; Varadaraj et al., 2010; Kumari et al., 2011). Since AQP0-R33C exhibited
membrane localization and water permeability comparable to those of WT-AQPO, and
reduction in cell-to-cell adhesion, it is reasonable to infer that the decrease in cell-to-cell
adhesion may be responsible for causing lens cataract in patients with AQP0-R33C
mutation. The fiber cells need to be packed in such a way that intercellular space between
two fibers is less than the wavelength of visible light, so that the lens can remain transparent
by reducing light scattering.

One of our earlier studies that dealt with spatial and temporal expression of AQP0 and
AQP1 during lens development (VVaradaraj et al., 2007) indicates that presence of AQPO is
crucial from the beginning. Concomitant with appearance of primary fiber cells as early as
Embryonic day (E) 11.25, AQPO begins to express; this expression continues into secondary
fiber cells which differentiate from equatorial epithelial cells. AQPO expression is
constitutive and continues throughout adult life. Even though the epithelial layer is formed
first during lens development, AQP1 expression starts only at E17.5, after AQPO expression
at E11.25. Shiels et al (2001) reported that removal of 50% of AQPO protein as in the case
of heterozygous knockout mouse (loss of 50% of the positive charges contributed by AQPO0)
resulted in severe lens cataract and loss of the architectural fiber cell arrangement in the
primary fiber cells (similar to that in the homozygous knockout) at E15.5 compared to age-
matched wild type lens carrying 100% AQPO in the fiber cells. Apparently, presence of
AQPO is necessary throughout lens development and beyond, presumably to establish firm
cell-to-cell adhesion for ensuring proper focusing and to achieve and maintain lens
transparency while methodically accommodating the new fiber cells that are being
constantly added throughout life.

Plasma membranes of adjacent fiber cells form fiber junctions. Enriched presence of AQPO
as square arrays is characteristic of the 11-13 nm junctions seen towards the center of the
lens (Zampighi et al., 1989); the intercellular space measures 0.5-0.7 nm, which is much
narrower than that in gap junctions (3-5 nm) (Lo and Harding, 1984; Costello et al., 1989;
Fitzgerald et al., 1985; Zampighi et al., 1989, 1992). This has been attributed by Michea et
al., (1994, 1995) to possible interaction between positively charged amino acids in the
extracellular loops of AQPO, and the negatively charged lipid molecules in the adjacent cell
membrane. The positively charged amino acid at position 33, in the Extracellular Loop A is
highly conserved among vertebrates. In mammals, arginine-33 in the Extracellular Loop A
is highly conserved except in platypus, where it is replaced by another positively charged
amino acid, histidine (review: Chepelinsky, 2009). Among other vertebrate groups, like in
amphibians, this arginine is replaced by a positively charged residue lysine. It must be noted
that evolutionarily, the positive charge was conserved. In AQP0-R33C monomer, there is
loss of one positive charge due to replacement with cysteine. The development of lens
cataract in humans suggests that charged residue at this position is required for function.

Each cell in a vertebrate lens is connected to the adjacent cell via gap junctions
(Goodenough, 1992; Mathias et al., 1997). Cataract due to most of the Cx50 mutations is
dominant (Beyer et al., 2013; Jiang, 2013), which accentuates the physiological relevance of
these channels for lens transparency. The significant roles played by Cx46 and Cx50 in
maintaining lens transparency and organ development have been reported through studies on
genetically engineered mouse models (Gong et al., 1997; Rong et al., 2002; White et al.,
1998). Liu et al. (2011) have shown that gap junction coupling of Cx50 increased when
cotransfected with AQPO compared to cells transfected with only Cx50, due to the cell-to-
cell adhesion property of AQPO. In the current investigation, we found that when AQPO-
R33C was cotransfected with Cx50, there was significant reduction in cell-to-cell gap
junction coupling compared to cells cotransfected with Cx50 and WT-AQPO0. While our data
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corroborate that AQPO-induced cell-to-cell adhesion facilitates gap junction coupling, they
highlight the mutation-induced adverse effect on gap junction coupling due to reduction in
cell-to-cell adhesion. Decrease in gap junction coupling could adversely affect the
intercellular communication necessary for lens microcirculation to maintain transparency
and homeostasis.

The schematic models (Fig. 8) illustrate the possible mechanisms by which decreased cell-
to-cell adhesion of the mutant AQP0-R33C might have caused total lens cataract in humans.
It is well-documented that in order to be functional, the AQP0O monomers need to be
oligomerized into tetramers, even though each monomer can function as an individual
channel (Cheng et al., 1997; Murata et al., 2000; Ren et al., 2000; Walz et al., 1997). Five
positive charges are present in the extracellular loops of each AQPO monomer (Fig. 1A).
Figure 8, upper panel demonstrates the positive charges in the extracellular domains (20 per
tetramer contributed by all 12 extracellular loops) of the WT-AQPO tetramer being able to
interact with the negative charges of lipid membrane, making adjacent fibers come closer
and adhere to each other to reduce extracellular space. The adherence of the adjacent plasma
membranes in turn permits hemichannels of lens fiber cell gap junction connexons, such as
those in Cx46 and Cx50, to come together and form connexin gap junction channels
facilitating intercellular communication. Figure 8, lower panel demonstrates that substitution
of the positively charged arginine with cysteine (R33C) causes loss of four positive charges
(one / monomer) from each tetramer, decreasing the total number of positive charges in the
loops to sixteen. The loss of four positive charges per tetramer weakens the drawing and
holding forces of AQPO, of the opposing membranes. As a result, the interaction between
positive charges of the Extracellular Loop A domains with the negative charges of lipids
from opposing plasma membrane becomes compromised, and the extracellular space
becomes wider compared to that in the WT-AQPO. Reduced cell-to-cell adhesion may have
affected coupling of lens gap junction channels (Cx46 and Cx50) and possible interactions
between other proteins/lipids of neighboring fiber cells. Deficiencies in intercellular
communication and interactions with other proteins/lipids may have led to defective
microcirculation and loss of homeostasis, eventually causing lens cataract. However, we are
not ruling out possible unknown function(s) of AQPO that may have been compromised due
to this mutation.

Our inference can be applied to age-related cataract. The continually growing crystalline
lens harbors the oldest fiber cells at the center of the lens. With age progression and less or
no protein turn-over in the lens mature fiber cells, AQPO is susceptible to post-translational
modifications (PTMs) because of exposure to natural radiations as well as free radicals
released during oxidative biological processes. Numerous age-related PTMs have been
identified, including deamidation (Ball et al., 2004; Schey et al., 2000), phosphorylation
(Ball et al., 2004), N- and C-terminal truncations (Ball et al., 2004; Schey et al., 2000),
carbamylation, acetylation, and oleoylation (Gutierrez et al., 2011). For example,
deamidation of an asparagine introduces a negative charge on the protein. AQPO has 4
potential asparagines at positions 115, 119, 197 and 200 which could undergo deamidation
during aging. Addition of more negative charges alters the net charge composition of
positively charged extracellular domains. This could cause repulsion between deamidation-
introduced negative charges of AQPO and negative charges of fiber cell membrane lipids
leading to loss of fiber cell-to-fiber cell adhesion.

In conclusion, among AQPO mutations characterized thus far, AQP0-R33C is the only
mutation that causes autosomal dominant congenital lens cataract in humans, most probably
due to loss of cell-to-cell adhesion rather than impaired protein trafficking and loss of water
channel function. This mutation further emphasizes the importance of positive charge in
Extracellular Loop A at position 33, which is conserved among vertebrate lens AQPOs, for
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maintaining lens transparency. Our study suggests that AQPO tetramers in the fiber cells of
opposing membranes help to establish firm and tight cell-to-cell adhesion by electrostatic
attraction between positive charges in extracellular loops and negative charges of fiber cell
membrane lipids. The physiological role of positive charges in extracellular loops of AQPO
in the lens warrants further investigation by developing mouse models, and will be a
direction of our future research.

Acknowledgments

Funding

This work was supported by NIH - NEI grant RO1: EY20506.

Abbreviations

WT-AQPO wild type human Aquaporin 0

AQP1 Aquaporin 1

AQPO0-R33C Agquaporin 0 R33C mutant

FRET Forster Resonance Energy Transfer

Pw Water Permeability
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Fig. 1.

(A). Schematic representation of human AQPO. Monomeric structure shows folds, helix
assignment, and location in the membrane. Membrane-spanning helices are denoted as H1-
H6 and loops as LA-LE. The two pore lining helices are shown as HB and HE. Highly
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conserved NPA motifs in loops B and E (shaded green) that line the water pore of aquaporin
are shown. NH,, amino terminus; COOH, carboxy terminus. ‘+’ and ‘=’ represent amino
acid charges in extracellular and cytoplasmic domains. (B). AQPO mutations in humans and
mice. Schematic illustration of the locations of eleven mutations in humans (red) and four
mutations in mice (black) that cause inherited lens cataracts. AQPO secondary structure
domain designations are as given in (Fig 1A).
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Fig. 2.

Expression of WT-AQPO and AQP0-R33C in the Xenopus laevis oocytes. (a—)
Immunostaining of cryosections of oocytes injected with distilled water or AQPO cRNAs.
Expression of WT-AQPO or mutant AQP0-R33C was visualized by immunostaining using
anti-AQPO antibody: (a) Water injected oocytes, (b) WT-AQPO cRNA injected and ()
mutant AQP0-R33C cRNA injected oocytes. (d) Western blot analysis of oocytes injected
with cRNA of WT-AQPO (lanes 1) or mutant AQP0-R33C (lane 2).
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Fig. 3.

Colocalization

Localization and colocalization of WT-AQPO-mCherry and AQP0-R33C-EGFP. (a, b)
Epifluorescent images of MDCK cells transfected with the WT-AQPO-mCherry and AQPO-
R33C-EGFP, respectively. c. Western blot analysis of MDCK cells expressing WT-AQPO0-
mCherry (lane 1) and AQP0-R33C-EGFP (lane 2). (d—f) Cells cotransfected with WT-
AQPO-mCherry and AQP0-R33C-EGFP constructs; (d) cotransfected cell viewed under
mCherry fluorescent filter; (€) the same cells under an EGFP fluorescent filter; (f) overlaid

image of (d) and (e).
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Fig. 4.

Protein colocalization. (a—f) Forster Resonance Energy Transfer in MDCK cells
cotransfected with WT-AQPO-mCherry and mutant AQP0-R33C-EGFP or WT-AQPO-
EGFP and WT-AQPO-mCherry. Cells were cotransfected with: WT-AQP0O-mCherry and
AQP0-R33C-EGFP (a—c), WT-AQPO-mCherry and WT-AQPO-EGFP (d-f); (a, d) cells
excited at 587 nm and emission recorded at 610 nm; (b, €) cells excited at 488 nm and
emission recorded at 507 nm; (c, f) cells excited at 470 nm and emission recorded at 640 nm
fluorescence due to FRET; (c, f) fluorescence indicating colocalization of mutant AQPO-
R33C-EGFP and WT-AQPO-mCherry or WT-AQPO-EGFP and WT-AQPO-mCherry
proteins in the same oligomer or within 100A. (g—i) Localization of WT-AQPO-EGFP,
AQPO0-R33C-EGFP in the ER. MDCK cells were coexpressed with WT-AQPO-EGFP or
WT-AQPO-mCherry and organelle light ER-RFP. (g, j) Images taken under EGFP filter; (h,
k) images taken under Texas Red filter; (i, I) merged images of (g, h) and (j, k), respectively
showing yellow color due to colocalization of the respective protein (green) in the ER along
with the organelle light (red). The green fluorescence at the periphery of the images (i) and
(1) indicates plasma membrane localization of WT-AQPO-EGFP and AQP0-R33C-EGFP,
respectively.
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Fig. 5.

Water permeability of WT-AQPO and AQP0-R33C. (A) Membrane water permeability of
Xenopus laevis oocytes injected with distilled water, 5 ng/oocyte cRNA of WT-AQP1, 25
ng/oocyte cRNA of WT-AQPO or 25 ng/oocyte cRNA of AQP0-R33C. An oocyte was
placed in a hypotonic solution and initial rate of swelling was estimated. A simple curve fit
to the data was obtained to calculate the oocyte membrane water permeability as described
in the “Materials and Methods’ section. Relative volume due to water uptake of oocytes
injected with distilled water (control), human AQP1-cRNA, human WT-AQPO-cRNA or
human mutant AQP0-R33C-cRNA is plotted. (B) Oocyte membrane water permeability of
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nine swelling assays (each assay with 15 oocytes; (mean £ SD)). Compared to control all
assays showed significant increase in water permeability, P < 0.0001. There was no
significant difference in water permeability between fluorescent protein tagged and
untagged WT-AQPO, AQP0-R33C or WT-AQPO + AQP0-R33C, P > 0.05.
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Fig. 6.

Cell aggregation assay using rotary gyratory shaker. (A). Cell aggregation exhibited by
adhesion-deficient L-cells expressing empty vector, AQP1, E-cadherin, WT-AQP0, AQPO-
R33C or WT-AQPO + AQPO0-R33C in relation to incubation time. (Nt -total number of
particles at time “t” of incubation; Ng - initial number of particles). (B). Cell-to-cell adhesion
assay using a microplate reader. Over a monolayer of L-cells expressing empty vector
(negative, control), AQP1 (negative, control), E-cadherin (positive control), WT-AQPO,
AQP0-R33C or WT-AQPO0 + AQP0-R33C corresponding cells loaded with CellTracker Red
were plated. A microplate reader was used to obtain data as described in the ‘Materials and
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Methods’ section. Stars (**, ***) indicate statistically significant reduction in cell-to-cell
adhesion in AQP0-R33C or WT-AQPO + AQP0-R33C compared to the WT-AQPO. (C).
Cell-to-cell adhesion assay using a fluorescence microscope. Over a monolayer of L-cells
expressing empty vector, AQP1, E-cadherin, WT-AQPO or AQP0-R33C corresponding cells
loaded with CellTracker Red were plated. At the end of the procedure described in the
‘Materials and Methods’ section, cells were imaged under an epifluorescent microscope
(Zeiss). Cells/aggregates were counted and values were plotted. (D). Histogram showing the
extent of cell-to-cell adhesion exhibited after 45 min. of incubation by samples tested using
the fluorescence assay. *Compared to E-Cadherin, WT-AQPO exhibited significantly low
(P< 0.001) cell-to-cell adhesion. **Compared to WT-AQPO, mutant AQP0-R33C exhibited
significantly low cell-to-cell adhesion.
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Scrape-loading dye transfer assay showing AQPO-facilitated gap junction coupling. (A).
Western blotting of (a) Cx50, (b) WT-AQP0 and AQP0-R33C proteins to show expression
of the respective proteins on L-cells. (B). Lucifer yellow (LY) dye transfer in L-cells stably
expressing vector, WT-AQPO, AQP0-R33C, Cx50, WT-AQPO + Cx50 or AQP0-R33C +
Cx50. The extent of dye transfer was quantified by measuring distance from the scrape line
to the dye front of LY. (C). Bar graph representing the data collected, presented as mean +
SD. (n=5). * Increase in gap junction coupling in WT-AQPO + Cx50 transfected cells was
statistically significant (P < 0.001) compared to Cx50 transfected cells; # Reduction in gap
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junction coupling in AQP0-R33C + Cx50 transfected cells was statistically significant (P <
0.001) compared to WT-AQPO + Cx50 transfected cells.
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Fig. 8.

Schematic models illustrating the possible cause for autosomal dominant congenital lens
cataract due to R33C missense mutation. WT-AQPO: It has been postulated that positive
charges in the extracellular loops of AQPO play a significant role in cell-to-cell adhesion.
WT-AQPO monomers form tetramers. Each tetramer carries a total of 20 positive charges

(5 / monomer) in Extracellular Loops, A, C and E. These positive charges electrostatically
attract negatively charged lipids of the opposing fiber cell plasma membrane to come closer,
thus reducing the extracellular space between the fibers and enabling firm and tight cell-to-
cell adhesion. The proximity of fiber cells facilitates gap junction hemichannels to couple
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and form channels for intercellular communication, which aids in microcirculation and
homeostasis of the avascular lens. R33C-AQPO: Mutation at codon 33 in the Extracellular
Loop A of AQPO resulted in replacement of positively charged amino acid arginine (R) to a
neutral amino acid cysteine (C). Mutant AQP0-R33C tetramer has only 16 positive charges
in extracellular loops due to loss of an arginine to cysteine in each monomer. This reduction
might have decreased the pulling and holding forces between opposing fiber cells due to the
fewer number of positive charges interacting with negative charges of the plasma membrane
lipids, leading to wider intercellular space between adjacent fibers compared to that in the
WT-AQPO. Reduced cell-to-cell adhesion of AQP0-R33C might have eventually caused loss
of gap junction coupling, compromising intercellular communication, microcirculation and
homeostasis of the lens.
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