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Abstract

Purpose—Investigate the impact of natural N- or C-terminal post-translational truncations of
lens mature fiber cell Aquaporin 0 (AQPO) on water permeability (Pw) and cell-to-cell adhesion
(CTCA) functions.

Methods—The following deletions/truncations were created by site-directed mutagenesis
(designations in parentheses): Amino acid residues (AA) 2-6 (AQP0-N-del-2-6), AA235-263
(AQPO0-1-234), AA239-263 (AQP0-1-238), AA244-263 (AQP0-1-243), AA247-263
(AQPO0-1-246), AA250-263 (AQP0-1-249) and AA260-263 (AQP0-1-259). Protein expression
was studied using immunostaining, fluorescent tags and organelle-specific markers. Pw was tested
by expressing the respective CRNA in Xenopus oocytes and conducting osmotic swelling assay.
CTCA was assessed by transfecting intact or mutant AQPO into adhesion-deficient L-cells and
performing cell aggregation and adhesion assays.

Results—AQP0-1-234 and AQP0-1-238 did not traffic to the plasma membrane. Trafficking of
AQPO0-N-del-2-6 and AQP0-1-243 was reduced causing decreased membrane Pw and CTCA.
AQPO0-1-246, AQP0-1-249 and AQPO0-1-259 mutants trafficked properly and functioned normally.
Pw and CTCA functions of the mutants were directly proportional to the respective amount of
AQPQO expressed at the plasma membrane and remained comparable to those of intact AQPO
(AQPO0-1-263).

Conclusion—~Post-translational truncation of N- or C-terminal end amino acids does not alter
the basal water permeability of AQPO or its adhesive functions. AQPO may play a role in adjusting
the refractive index to prevent spherical aberration in the constantly growing lens.
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General significance—Similar studies can be extended to other lens proteins which undergo
post-translational truncations to find out how they assist the lens to maintain transparency and
homeostasis for proper focusing of objects on to the retina.

1. Introduction

The crystalline lens of the human eye focuses objects near and far to the retina. For this
purpose, lens transparency is critical. Lens is a unique tissue; in adult mammals it lacks
innervation and is avascular with no protein turn over in the mature fiber cells. Lens
comprises a monolayer of epithelial cells at the anterior region and multiple layers of fiber
cells that form the bulk (Fig. 1A) which is recognized further into cortex and nucleus. The
cortical region encompasses older to nascent fibers while the nuclear region houses the
mature and the oldest fibers [1,2]. The incessant growth of the lens pushes the oldest fibers
deep into the nuclear region (Fig. 1A); with a gradation of younger fiber cells being added
upon, the youngest fiber is closer to the surface of the lens cortex.

The human lens is uniquely designed to maintain homeostasis and transparency for several
decades of life to project a sharp image of objects on the retina. In order to properly focus
through a process of accommaodation the constantly growing lens gradually increases the
refractive index of the fiber cells toward the center in a continuous gradient [3]. The
refractive index of the human lens varies from ~1.386 in the less dense outer fiber cells up to
~1.406 in more dense central fiber cell layers. This refractive index gradient enhances the
optical power of the lens [4]. This gradient plays an important role in reducing optical
spherical aberrations of the lens [5,6].

Agquaporin (AQP) water channels and solute transporters play an important role in creating a
microcirculation within the avascular lens which provides nourishment and removes
metabolic wastes [7-13] in order to maintain transparency and homeostasis. AQP
transmembrane channels conduct water alone, or with certain small solutes across plasma
membranes depending on the osmotic gradient. Three AQPs (AQP0, AQP1 and AQPS5 (Fig.
1A)) are expressed in the lens [1,14,15]. AQP1 [16] and AQP5 [15,17,18] are expressed in
the epithelial cells. When new fiber cells are formed from the equatorial epithelial cells,
AQP1 expression is down-regulated and replaced by AQPO [1]. AQPO and AQP5 are
expressed in the fiber cells. AQPO (or MIP26) is abundant in the lens fiber cells [1,9,19]
constituting >44% of the total membrane protein [17]. It is expressed in both cortical and
nuclear regions of the lens. The topology of AQPO exhibits cytoplasmic N- and C-termini,
five loops (two intracellular and three extracellular) and six transmembrane domains (Fig.
1B). The putative N-terminus is seven amino acid-long while the C-terminus is 43 amino
acid-long and considered as a regulatory region [20-26].

During embryonic development, primary fiber cells are formed first [1]. Secondary fiber
cells differentiate from the equatorial epithelial cells and form layers around the primary
fiber cells. To start with, the primary and secondary fiber cells contain nucleus and other
cellular organelles. However, as the fiber cells mature in the inner cortex, post-translational
modifications of proteins and alterations in lipid composition ensue within these cells. Such
events cause loss of fiber cell nucleus and cellular organelles [27-30] resulting in the
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terminal loss of synthesis and turnover of biomolecules [27]. Lens proteins undergo age-
related post-translational modifications such as deamidation, isomerization, racemization
and backbone cleavage which increase as the fiber cells age [31-33].

AQPQ is synthesized as a 28 kDa protein. When the fiber cells mature, the amino (N) and/or
carboxyl (C) termini of AQPO get cleaved off as post-translational modifications.
Consequently, the mature fiber cells in the inner cortex and nuclear regions of the lens
harbor shorter versions of AQPO along with the intact form. Loss of the N- and C- termini of
AQPO in mature fiber cells has been investigated and several truncation sites have been
identified [32-38]. An increased rate of truncation occurs in cataractous lenses probably due
to the influence of cataractogenic factors such as oxidative stress, disease condition such as
hyperglycemia, natural and man-made radiation etc. [36,39-44]. Cleavage of amino acids 2—
6 and 2-12 from the N-terminal end has been reported in normal lens [32,36,45,46]. Several
major C-terminal end cleavage sites such as residues 228, 234, 239, 243, 245, 246, 247, 249
and 259 in human AQPO from lens outer cortex to nuclear (core) region have been
documented by mass spectrometric studies [32,33,36]. Truncation increased with
progression in fiber cell age and occurred at higher levels in the lens nuclear region than in
the cortex.

Several roles have been proposed for AQPO. Water channel function [9] and cell-to-cell
adhesion (CTCA) have been reported [2,11-13,39-42,47,48]. Based on protein structural
studies, distinct roles have been postulated for the intact and N- and C- terminal cleaved
forms of AQPO of the mature fiber cells [49-52]. Effect of some of the C-terminal
truncations on Pw has been reported [37]. However, there is no functional in vitro or in vivo
investigation on the effect of N- or C- terminal cleavage on CTCA.

In order to understand whether N- or C-terminal cleavage influences the functions of AQPO
simultaneously, we created N- or progressively shortened C- terminal truncation mutants
and expressed them in vitro in Xenopus oocytes and cell culture models. Water channel and
CTCA functions exhibited by the N- and C- terminal truncation mutants were studied and
compared to those of intact AQPO. Our results indicate that N- and C- termini are important
for protein trafficking; deletion of about 17 amino acids from the C-terminal end does not
cause considerable alteration in protein trafficking or water channel and CTCA functions. N-
and/or C-terminal truncations probably assist in the compact packing of mature fiber cells to
reduce light diffraction and to adjust the refractive index to prevent spherical aberration in
the constantly growing lens.

2. Materials and methods

2.1. Construction of plasmids encoding mouse intact (WT)-AQPO and N/C-terminal
truncation mutants

Expression constructs were generated with or without a fluorescent tag (mCherry, provided
by Dr. Roger Y. Tsien, University of California, San Diego; EGFP, Clontech, Mountain
View, CA) in pcDNA 3.1 myc-His vector (Invitrogen, CA) attached to the C-terminus, as
described previously [49]. The vector contains CMV and T7 promoters for Xenopus oocyte
and mammalian cell expressions. Using PCR, the coding sequence of intact (wild type)
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AQPO was amplified. The amplicon was gel purified and cloned in the vector mentioned;
EGFP or mCherry tag was PCR amplified and attached to the C-terminal using restriction
sites. These or untagged constructs were used for creating the N- and C-terminal deletion/
truncation mutants as appropriate. Deletion/Truncation was introduced into intact AQPO
cDNA (which has a total of 263 amino acids), using QuickChange site-directed mutagenesis
kit (Stratagene, La Jolla, CA) along with sense and antisense oligonucleotides specifically
designed to create truncation mutants mimicking the natural truncations identified in the
human lens [32-34,44]. Deletion/truncation of amino acids and the designation of the
different constructs (in parentheses) were: 2—6 (AQP0-N-del-2-6), 235-263 (AQP0-1-234),
239-263 (AQP0-1-238), 244-263 (AQP0-1-243), 247-263 (AQP0-1-246), 250-263
(AQPO0-1-249) and 260-263 (AQP0-1-259). Deletion/truncation points as well as the entire
insert sequences were confirmed by bidirectional automated sequencing at our University
Sequencing Facility. All of the mutants created are referred as truncation mutants even
though the methionine at the N-terminal was retained to allow in vitro expression of the N-
terminal mutant.

2.2. In vitro and in vivo expression and localization of AQPO

2.2.1. Pw and expression pattern of intact AQP0O and N- and C-terminal
truncation mutants in Xenopus laevis oocytes—Capped complementary RNAs
(cRNAs) of intact AQPO and N- and C-terminal truncation mutants were synthesized in vitro
using T7 RNA polymerase (NMESSAGE mMACHINE T7 Ultra Kit, Ambion, USA),
quantified using a NanoDrop spectrophotometer (ND-2000c, ThermoFisher, MA) and stored
at —80°C as aliquots. Ovarian lobes were surgically removed from Xenopus laevis frog;
stage V and VI oocytes were defolliculated using Collagenase Type Il (Sigma). The oocytes
were maintained at 18°C and 5 or 25 ng cRNA of the respective expression construct was
injected in a volume of 25 nl/oocyte [49]. An equal volume of distilled water was injected
into separate oocytes for obtaining control data.

Pw (um/s) studies of intact AQPO and N- or C-terminal truncation mutants were conducted
in Xenopus oocyte heterologous system. Distilled water-injected (control) and cRNA-
injected (cCRNA of intact AQPO-GFP or N- or C-terminal truncation mutants of intact AQPO-
EGFP) oocytes were subjected to a hypo-osmotic shock, as described previously, under
normal physiological conditions of pH 7.2 and 1 mM Ca2* [14,49], and the rate of swelling
was recorded. We have selected the physiological conditions mentioned to mimic the
prevailing conditions in the lens cortex where both intact and cleaved forms of AQPO are
present [33]).

Two days after the injections, membrane permeability assay was conducted and Pw was
quantified from the initial slope of the volume change when the oocytes were subjected to an
abrupt change in osmolarity from 180 to 60 mOsm (isotonic to hypotonic) at 20°C. Pw was
(dV/dt)
calculated using the formula [49], Pw= m 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 A, is the change
in bath osmolarity (0.12 x 1073 mol/cm3).
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2.2.2. Analysis of the expression pattern of intact AQPO and N- or C-terminal
truncation mutants in Xenopus laevis oocytes and quantification of the
expressed proteins at the plasma membrane—Lack of a specific antibody for
truncated AQPO posed an obstacle in quantifying the amount of protein expressed at the
oocyte plasma membrane. Therefore, we relied upon the EGFP tag fluorescence intensity as
a measure of protein expression. Immediately following Pw measurements, eight to ten
oocytes were fixed in 4% paraformaldehyde in the oocyte medium for 3hr at 22°C at room
temperature. The oocytes were washed three times with oocyte medium and cryosectioned at
14 pm thickness. The sections were mounted in anti-fade Vectamount (Vector Laboratories,
Inc., Burlingame, CA). Optimized Z-sectional digital images were acquired. In order to draw
a parallel between protein expression at the oocyte plasma membrane and Pw, intensity of
fluorescence at the plasma membrane of water-injected (control) or intact AQPO-EGFP or
mutant cRNA-injected oocyte was quantified from at least six random regions of each
oocyte using Sigma Scan software. Data were plotted using Sigma Plot 2000 software.

2.2.3 Expression, localization and colocalization of intact AQPO-EGFP and N-
and C-terminal truncation mutant proteins in culture cells—MDCK cells from
ATCC (Manassas, VA) were cultured in a 37°C incubator set with 5% CO». Transfections
were performed using Effectene reagent (Qiagen, USA) or X-tremeGENE HP DNA
transfection reagent (Roche Diagnostics, Indianapolis, IN) following the company protocols.

Endoplasmic reticulum (ER)-specific localization and plasma membrane-specific
localization were tested as outlined here. MDCK cells expressing intact AQPO-EGFP and/or
N- and C-terminal truncation mutants of intact AQPO-EGFP were plated onto 35 mm culture
dishes containing square coverslips. These cells were transduced with ER Organelle Light
Fluorescent Protein, ER-RFP (Red Fluorescent Protein; BacMam 1.0) as recommended by
the manufacturer (Invitrogen) to highlight the ER. Similarly, another set of intact and
truncated AQPO was tested for plasma membrane-specific localization using CellLight®
plasma membrane-RFP BacMam 2.0 reagent. After 36 hrs, cells were washed with 1xPBS,
fixed with 4% paraformaldehyde and washed again with 1xPBS. The glass coverslips with
cells were mounted in anti-fade Vectamount containing DAPI nuclear stain. Fluorescent
signals from cells were captured separately for each experimental group using a Zeiss
epifluorescent microscope fitted with EGFP and Texas Red fluorescent filters. Images of the
fluorescent signals were superimposed for colocalization analysis.

Colocalization of each of the N- and C-terminal truncation mutants of intact AQPO-EGFP
and intact AQPO-mCherry was also tested, as described by Varadaraj et al. [49]. In brief,
MDCK cells co-transfected with the corresponding N- or C-terminal deletion mutant of
intact AQPO-EGFP expression construct and intact AQPO-mCherry were grown on sterile
coverslips. Fixation was performed using 4% paraformaldehyde. After washing with PBS,
the coverslips containing the cells were mounted onto glass slides using anti-fade
Vectamount. Forster Resonance Energy Transfer (FRET) technique was used to assess
colocalization. N- and C-terminal deletion mutants with EGFP were used as donors, as
appropriate (Ex 488 and Em 507) and intact AQPO-mCherry as the acceptor (Ex 587 Em
610). Imaging was performed using a Zeiss microscope containing a 63x oil immersion lens
and the following filters/dichroic sets (nm): (1) EGFP cube, excitation (EX) 470/40,
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emission (EM) 525/50, beamsplitter 495 (longpass); (2) Texas Red cube, excitation (EX)
545/30, emission (EM) 620/60, beamsplitter 570 (longpass) and (3) FRET cube, EX 470/40,
EM 640/50, beamsplitter 495 (longpass) (Chroma Technology Corp, USA). Intact AQPO-
EGFP and intact AQPO-mCherry were co-transfected and subjected to FRET analysis for the
purpose of acquiring positive control FRET images.

2.2.4. Immunostaining of wild type mouse lens—Lenses from 4-month-old wild
type mice were dissected out, fixed for 24 hrs in 10% neutral buffered formalin and rinsed
three times in phosphate-buffered saline (PBS). Paraffin sections were cut at 4- to 6-um
thickness. Deparaffinated sections were incubated for 30 min. in 1XPBS and fixed in 4%
paraformaldehyde for 30 min. Sections were incubated in 0.4% Triton X-100 in PBS for 30
min, washed with PBS, incubated overnight with anti-AQPO antibody (Chemicon,
Temecula, CA) at 4°C in a humidified chamber, washed again and exposed to FITC-
conjugated 1gG for 2 hours. After washing, the sections were mounted in anti-fade
Vectamount (Vector Labs) containing nuclear stain DAPI. Optimized Z-sectional digital
images were acquired with a Zeiss Axiovert 200 inverted microscope equipped with
AxioCam and Zeiss AxioVision 4.1 software (Carl Zeiss Microlmaging, Inc.), and
processed using Adobe Photoshop 7.0.

2.3. Cell-to-cell adhesion (CTCA) studies

2.3. 1. Cell aggregation assay using a rotary gyratory shaker—Cell aggregation
assay was done as described [2,47]. Single cell suspensions of stably transfected L-cell
(CCL-1.3; ATCC, Manassas, VA) clones expressing empty vector, AQP1, (negative
controls), E-cadherin (positive control), intact AQPO or N- and C-terminal truncation
mutants of intact AQPO were plated separately in 6-well plates pre-coated with agarose or
bovine serum albumin (Sigma-Aldrich, St. Louis, MO), 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, equal
volume of 2% glutaraldehyde was added to stop the process. Particle number was
determined using a hemocytometer. The extent of aggregation (EA) at various intervals was
calculated from the ratio of total number of particles (single cells + number of cell-
aggregates) at time “t” of incubation (Ny) to the initial number of particles (Ng) and

expressed as percentage, EA(%):E_S x 100. As cells aggregate, the number of particles will
decrease as a function of time depending on the extent of cell-to-cell adhesion exerted by
each sample. The results were averaged for six experiments.

2.3.2. CTCA assay using an epifluorescent microscope—This adhesion assay is
based on the novel procedure described previously from our laboratory (47,50). This assay
measures semi-quantitatively the adhesion efficiency of a protein that promotes cell-to-cell
adhesion. Adhesion-deficient L-cells were transfected with empty vector, AQP1, E-
cadherin, intact AQPO or N- and C-terminal truncation mutants of intact AQPO-EGFP and
stably expressing colonies were selected. Cells were grown to 80% confluence and loaded
with membrane permeable CellTracker™ Red CMPTX dye. Trypsinization at 21°C for 3
min was done to dissociate the cells which were subsequently neutralized, washed and
counted using a Neubauer hemocytometer pre-coated with 2% BSA. The cells were
suspended in serum-free Minimum Essential Medium (MEM) containing 1% BSA at a
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dilution of 1x10° per ml. To a monolayer of 100% confluent unloaded L-cells stably
expressing the respective protein in 24-well microplates, 4.5x10% dye-loaded cells per well
(450 pl) were added and incubated for 60 min at 37°C. Cells were washed gently three times
with serum-free MEM containing 1% BSA for 5 min. each, on a rotary shaker (40 rpm at
room temperature). Attachment of cells to the lawn of cells depended on the adhesive
property exerted by the respective sample. The cells were fixed in 2% glutaraldehyde and
imaged under a Zeiss epifluorescent microscope. From each group, the number of
fluorescent cells adhered to the lawn of cells was counted. E-cadherin served as a positive
control. Mean and standard deviations were calculated from the values of five repetitions
that used same number of cells per well under similar conditions and represented as a bar
graph. Paired t-test was used to calculate the statistical significance for the difference in
adhesion between two samples using the data obtained from the five experimental repeats. P
< 0.05 was considered significant.

2.3.3. Correlation between protein expression at L-cell plasma membrane and
CTCA—In order to find the correlation between the level of protein expression at L-cell
plasma membrane and CTCA, 2ul of CellLight® plasma membrane-RFP BacMam 2.0
reagent per 10,000 cells was added to adhesion-deficient L-cells stably expressing EGFP-
tagged intact AQPO, AQP0-N-del-2-6, AQP0-1-243, AQP0-1-246, AQP0-1-249 or
AQPO0-1-259 mutant plated onto coverslips and incubated for 18 hrs at 37°C. Cells were
washed with PBS and fixed using 4% paraformaldehyde. After washing with PBS, the
coverslips with cells were mounted onto glass slides using anti-fade Vectamount. Co-
localization of plasma membrane marker and intact AQPO-EGFP or each of the mutants
mentioned was studied using FRET technique. Intact AQPO-EGFP or mutant AQPO was
used as donor as appropriate (Ex 488 and Em 507) and CellLight® plasma membrane-RFP
as the acceptor (Ex 587 Em 610). FRET imaging and was performed as described in sections
2.3. At least five random regions of fluorescence intensity were quantified for each sample
using Sigma Scan software and plotted as a bidirectional graph using Sigma Plot 2000
software.

2.4. Statistics

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

3. Results

3.1. Functional expression of intact AQPO and N- or C-terminal mutants

Intact (wild type) AQPO contains 263 amino acids. Being located in the cytoplasm, the N-
and C-termini of AQPO are intracellular. The putative N- and C-termini are seven (1-7) and
43 amino acids (221-263) long, respectively (Fig. 1b).

The following truncation mutants were created (Fig. 1B); AQPO-N-del-2-6, AQP0-1-234,
AQP0-1-238, AQP0-1-243, AQP0-1-246, AQP0-1-249 and AQP0-1-259. To evaluate the
effects of truncation on Pw, we synthesized cRNAs in vitro to code for intact AQPO-EGFP
and N- or C-terminal truncation mutants of intact AQPO-EGFP. We have tested and reported
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previously that EGFP tag does not affect the functional characteristics (Pw and CTCA) of
AQPO under the normal physiological conditions [2,49] that exist in the human lens cortex
which contains intact and N- and/or C-terminal cleaved forms of AQPO [33]. Pw of Xenopus
oocytes injected with distilled water, or 25 ng cRNA of intact AQPO-EGFP or N- and C-
terminal mutants with EGFP were studied as given in the ‘Materials and Methods’ section
2.2.1. Results are shown as Table 1. Distilled water-injected oocytes served as control. Intact
AQPO-EGFP injected oocytes served as positive control. Pw of oocytes injected with
distilled water was 11.0 + 3.2 pm/s while that of intact AQPO-EGFP was 43.5 £ 4.3 ym/s.
Depending on the site of truncation there was variability in the level of water channel
function of N- and C-terminal truncated mutants (Table 1; Fig. 2). Pw of AQP0-1-234-
EGFP and AQP0-1-238-EGFP was reduced to that of water injected control. AQPO-N-
del-2-6-EGFP and AQP0-1-243-EGFP showed increase in Pw compared to the water-
injected control but significant decrease (P < 0.001) compared to intact AQPO-EGFP (Table
1; Fig. 2). C-terminal truncation mutants AQP0-1-246-EGFP, AQP0-1-249-EGFP and
AQPO0-1-259-EGFP showed no significant difference in Pw (P > 0.05) compared to intact
AQPO-EGFP. It is clear that truncation at amino acid residue 238 and below significantly
affected the Pw characteristic of AQPO. Truncation at amino acid residue 243 resulted in
reduced Pw (36%) which is significantly less (P < 0.001) compared to that of intact AQPO;
Pw of AQP0-1-243-EGFP was significantly more (P < 0.001) compared to AQP0-1-234-
EGFP, AQP0-1-238-EGFP or water injected control. Truncation at residue 246 and beyond
did not significantly alter Pw which remained comparable to that of intact AQPO-EGFP. It
appears that absence of N-terminal residues 2—-6 and C-terminal residues 221 to 245 could
significantly affect the plasma membrane Pw of AQPO.

3.2. Effect of expression and plasma membrane localization of intact AQPO and N- or C-
terminal truncation mutants on plasma membrane Pw

We tested to find out whether the varied plasma membrane Pw exhibited by the mutants was
influenced by the extent of expression of the respective protein at the plasma membrane. For
this study, heterologous expression in Xenopus laevis oocytes was followed. Soon after the
Pw measurements described above, oocytes were fixed and cryosectioned for protein
expression and localization studies. Using an epifluorescent Zeiss confocal microscope,
images were taken and scanned using SigmaScan software to quantify EGFP fluorescence
intensity. As expected, there was only background fluorescence in the distilled water-
injected oocytes (Fig. 3). Intact AQPO-EGFP, AQP0-N-del-2-6-EGFP, AQPO0-1-243-EGFP,
AQPO0-1-246-EGFP, AQP0-1-249-EGFP and AQP0-1-259-EGFP localized at the oocyte
plasma membrane, though with varying intensities of EGFP fluorescence. However,
AQPO0-1-234-EGFP and AQP0-1-238-EGFP showed intracellular localization due to
impaired trafficking (Fig. 3).

Significantly low levels of plasma membrane expression and water channel permeability
were observed for mutants AQPO-N-del-2-6-EGFP and AQP0-1-243-EGFP (P < 0.001)
compared to those of intact AQPO-EGFP. However, the C-terminal truncation mutants
AQPO0-1-246-EGFP, AQP0-1-249-EGFP, AQP0-1-259-EGFP showed only slight reduction
in the levels of protein expression at the plasma membrane compared to intact AQPO-EGFP
and the reduction in Pw was not statistically significant (P > 0.05) indicating amino acid
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residues from 247 to 263 may not be critical for protein trafficking to the plasma membrane.
However, amino acid residues 221 to 245 could be involved in protein trafficking and
localization since AQPO0-1-243-EGFP showed significant decrease (P<0.001) in plasma
membrane localization with majority of the protein being trapped in the cytoplasm (Fig. 3).

From the relative water channel function calculated with regard to the respective protein
expression level of each of the mutants or intact AQPO-EGFP at Xenopus oocyte plasma
membrane, it appeared that Pw was proportional to the level of protein expression at the
plasma membrane (Fig. 4). Mutants with low level of protein expression at the plasma
membrane (AQPO-N-del-2-6-EGFP and AQP0-1-243-EGFP) exhibited less Pw compared to
those with higher levels of protein expression at the plasma membrane (AQPO0-1-246-EGFP,
AQPO0-1-249-EGFP and AQPO0-1-259-EGFP). The decrease or increase in water channel
function of each mutant or intact AQPO was relative to the level of its protein expression at
the plasma membrane. Since in vivo, truncations occur in the proteins that are already
localized at the plasma membrane and after fiber cell maturation when little or no protein
turn over occurs, it can be inferred that N- and C-terminal end post-translational cleavages
may not render closure of the water pore. We compared the water channel function of each
mutant or intact AQPO with its own protein expression level at the plasma membrane (with
EGFP fluorescence as a measure) and not between mutant and intact AQPO directly because
in the C-terminal mutants, the EGFP fluorescent protein folding may vary. However, the
current study shows that the N- and C-terminal truncated AQPO channels transport water
and the water channel function is proportional to the level of protein expression at the
plasma membrane.

ion and localization of intact AQPO and N- and C-terminal truncation mutants

in culture cells

For proper functioning, the N- and C-terminal mutants of intact AQPO must first traffic and
reach the plasma membrane without interruption. To further confirm our results, we used
heterologous cell culture expression system to test for trafficking and localization. Since
AQPO0-1-234 and AQP0-1-238 mutants did not traffic to the membrane when expressed in
Xenopus oocytes, these two mutants were excluded from the study. The following
experiment was designed to test whether each of the mutant proteins (AQP0-N-del-2-6,
AQPO0-1-243, AQP0-1-246, AQP0-1-249 and AQP0-1-259) traffic through endoplasmic
reticulum (ER) and localize at the plasma membrane. To locate the presence of the protein
in the ER, Organelle Light ER-RFP marker was used. MDCK cells expressing intact or
mutant AQPO with EGFP were plated separately on coverslips and transduced with
Organelle Light ER-RFP marker. The coexpressing cells were viewed under EGFP filter in
an epifluorescence microscope to image green fluorescence corresponding to EGFP-tag in
intact AQPO/mutant AQPO protein or viewed under Texas Red filter to image Organelle
Light ER-RFP marker protein. Merging of the respective EGFP and ER-RFP images
exhibited yellow color indicating colocalization of the ER marker protein and intact or
mutant AQPO protein (Fig. 5). The green signal due to the EGFP tag visible mostly at the
periphery of the merged images indicated plasma membrane localization of the respective
protein (Fig. 5). The blue spots represent cell nuclei stained with DAPI. This experiment
showed that the tested mutants of AQPO-EGFP followed the ER trafficking pathway and
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localized at the plasma membrane like the intact AQPO. Low levels of membrane
localization were observed for AQPO-N-del-2-6 and AQP0-1-243. Similar to intact AQPO,
AQPO0-1-246, AQPO0-1-249 and AQP0-1-259 proteins localized mostly at the plasma
membrane.

Coexpression of intact AQPO or mutant AQPO (AQPO0-N-del-2-6-EGFP, AQP0-1-243-
EGFP, AQP0-1-246-EGFP, AQP0-1-249-EGFP and AQP0-1-259-EGFP) and membrane
marker CellLight® plasma membrane-RFP was tested in culture cells. MDCK cells stably
expressing intact AQPO-EGFP or C-terminal truncation mutant AQP0-1-243-EGFP grown
on coverslips were transduced with plasma membrane marker CellLight® plasma
membrane-RFP. Intact AQPO-EGFP and mutant AQPO-EGFP chimeric proteins
coexpressed at the plasma membrane, with differing degrees of intensity. Images of intact
AQPO-EGFP or mutants (AQP0-N-del-2-6-EGFP, AQP0-1-243-EGFP, AQP0-1-246-EGFP,
AQPO0-1-249-EGFP and AQP0-1-259-EGFP), and CellLight® plasma membrane-RFP,
taken of the same cell, were superimposed to verify colocalization. The emerged yellow
signal indicated colocalization of the intact or mutant AQPO with CellLight® plasma
membrane-RFP at the plasma membrane. We have shown images of colocalization for only
intact AQPO and the C-terminal mutant AQP0-1-243-EGFP (Fig. 6A). The blue spots in the
Figure 6A are DAPI-stained cell nuclei. Decreased levels of yellow signals for AQPO-N-
del-2-6-EGFP (image not shown) and AQP0-1-243-EGFP compared to intact AQPO-EGFP
have indicated low levels of mutant AQPO protein localization at the plasma membrane.
However, other C-terminal truncation mutants AQP0-1-246-EGFP, AQP0-1-249-EGFP and
AQPO0-1-259-EGFP displayed plasma membrane localization (data not shown) comparable
to that of intact AQPO.

After synthesis, aquaporin proteins are assembled into tetramers in the ER before trafficking
to the plasma membrane for insertion [51,52]. To test the possibility whether the intact and
N- and C-terminal truncation mutants of AQPO could exist at the membrane as tetramer
complex in vivo, we coexpressed each of the truncation mutant of AQPO (AQPO-N-del-2-6-
EGFP, AQP0-1-234-EGFP, AQP0-1-238-EGFP, AQP0-1-243-EGFP, AQP0-1-246-EGFP,
AQPO0-1-249-EGFP and AQPO0-1-259-EGFP) and intact AQPO-EGFP into MDCK cells and
subjected to FRET analysis; EGFP was the donor fluorophore and mCherry was the acceptor
(Fig. 6B a—x). MDCK cells cotransfected with intact AQPO-mCherry and intact AQPO-
EGFP and subjected to FRET analysis served as positive control (Fig. 6B a—c). In the
experimental groups, FRET signal indicated colocalization of intact AQPO and mutant
proteins as heterotetramers within 100A for AQPO-N-del-2-6, AQP0-1-243, AQP0-1-246,
AQPO0-1-249 and AQPO0-1-259 (Fig. 6B d—f, m—o, p—r, s-u, v—x respectively). However,
AQPO0-1-234 and AQPO0-1-238 were negative to FRET signal (Fig. 6B g-i and j-I
respectively) confirming lack of membrane localization due to interruption in protein
trafficking. Decreased levels of FRET signals for AQPO-N-del-2-6-EGFP and AQP0-1-243-
EGFP (Fig. 6 B d—f and m-0) compared to intact AQPO-EGFP and other C-terminal
truncation mutants (AQPO0-1-246, AQP0-1-249 and AQPO0-1-259) indicate low levels of
protein localization of these mutants at the plasma membrane.
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ell adhesion (CTCA) studies

Based on the protein expression and functional studies on Xenopus oocytes, only the
following truncation mutants AQPO-N-del-2-6, AQP0-1-243, AQP0-1-246, AQP0-1-249
and AQPO0-1-259 that trafficked to the plasma membrane and formed functional water
channels (section 3.1) were selected for CTCA studies.

Mouse L-fibroblast cells lacking endogenous cell adhesion molecules were stably
transfected with untagged vector (negative control), AQP1 (negative control), E-cadherin
(positive control), intact AQPO or N- and C- terminal truncation mutants (AQPO-N-del-2-6,
AQPO0-1-243, AQP0-1-246, AQP0-1-249 and AQP0-1-259) separately and individual clones
were selected using G418. First, the cell-to-cell adhesive property was tested using cell
aggregation assay in a rotary gyratory shaker. The tested mutants displayed different levels
of cell aggregation as a function of time (Fig. 7) consequently reducing the number of non-
aggregating individual L-cells. E-cadherin served as a positive control [47,53] and was used
as a standard to calculate the relative aggregation by other proteins. Cells transfected with
AQPO0-1-246, AQP0-1-249 and AQP0-1-259 showed no significant (P > 0.05) difference in
cell aggregation compared to those transfected with intact AQPO (Fig. 7). However, cells
transfected with AQPO0-N-del-2-6 and AQP0-1-243 showed less aggregation compared to
those transfected with intact AQPO. The extent of aggregation exhibited by the different
proteins can be summarized as follows: intact AQPO = AQP0-1-259 = AQP0-1-249 =
AQPO0-1-246 > AQPO0-N-del-2-6 = AQP0-1-243 (Fig. 7). As expected, empty vector or
AQP1 did not show considerable aggregation indicating the absence of CTCA capability.
Similar result for AQP1 had also been observed by Hiroaki et al. [54] and Kumari and
Varadaraj [47].

Intact AQPO, truncation mutants and the controls tested above were subjected to a novel
fluorescent assay developed previously by our laboratory [47]. Mouse fibroblast L-cells
stably expressing empty vector, negative control AQP1, positive control E-cadherin, intact
AQPO, N- and C- terminal deletion/truncation mutants, AQP0-N-del-2-6, AQP0-1-243,
AQPO0-1-246, AQP0-1-249 and AQP0-1-259 grown to confluence were subjected to this
assay. Compared to negative controls, namely, L-cells expressing empty vector or AQP1
(Fig. 8A, a,b), CTCA induced by intact AQPO and N- and C- terminal mutants AQPO-N-
del-2-6, AQP0-1-243, AQP0-1-246, AQP0-1-249 and AQP0-1-259 expressing cells was
statistically significant (P < 0.001; Fig. 8A e—i; B). Compared to the positive control L-cells
expressing E-cadherin (Fig. 8A, c; B), CTCA efficiency of L-cells expressing intact AQPO
and N- and C- terminal truncation mutants (Fig. 8A e—i; B) was significantly less (P <
0.001). Cells transfected with AQP0-1-246, AQP0-1-249 and AQP0-1-259 showed no
significant difference (P > 0.05) in CTCA compared to those expressing intact AQPO (Fig.
8B). However, AQPO-N-del-2-6 and AQP0-1-243 showed less CTCA compared to cells
expressing intact AQPO (P<0.01). Same trend was noticed for these mutants with regard to
water channel function (Section 3.1; Fig. 2). The reduction in CTCA of AQP0-N-del-2-6 (P
< 0.001) and AQP0-1-243 (P < 0.001) was statistically significant compared to the C-
terminal truncation mutants AQP0-1-246, AQP0-1-249 and AQP0-1-259 or intact AQPO.
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To find out the reason for the reduction in CTCA observed for AQPO-N-del-2-6 and
AQPO0-1-243, we examined the correlation between CTCA and protein expression at the
plasma membrane of L-cells. Data obtained showed that the trend for CTCA of AQPO-N-
del-2-6 or AQP0-1-243 was very similar to that of intact AQPO (Fig. 8C) considering the
level of protein expression at the plasma membrane. More cells adhered when there was
more mutant AQPO protein available at the plasma membrane as in intact AQPO,
AQPO0-1-246, AQP0-1-249 and AQP0-1-259. Data collected showed a trend similar to that
obtained from water channel permeability studies described in sections 3.1 and 3.2. For
equal amounts of cRNA injected into the Xenopus oocytes, the plasma membrane Pw of
AQPO0-N-del-2-6 and AQP0-1-243 was significantly less than that of the intact AQPO.
However, when the correlation between water channel function and protein expression level
at the plasma membrane was analyzed, water channel permeability of AQP0-N-del-2-6 and
AQPO0-1-243 was comparable to that of intact AQPO (Fig. 4). In summary, results of the in
vitro studies on water channel and CTCA functions of intact AQPO and N/C-terminal
truncation mutants that mimicked the natural post-translational cleavages of AQPO in vivo in
the mature fiber cells of the mammalian lens, followed a comparable trend (Figs. 4, 8C).

4. Discussion

In normal human lens, intact and truncated AQPO proteins are present in the inner cortical
and outer nuclear regions [32,33,36,37]. In the current study, Co-expression of N- or C-
terminal truncation mutant and intact AQPO in MDCK cells showed colocalization at the
plasma membrane (Fig. 6A d-f). In vivo, N- and C- terminal post-translational
modifications take place after intact AQPO had trafficked and localized at the plasma
membrane. This event cannot be reproduced in vitro using the existing cell culture models.
Also, there are no specific proteases currently available to create truncations that could
mimic the natural post-translational modifications observed in human lens. However, in
vitro studies like the current investigation can provide clues for what might be happening in
the lens.

AQPO0-N-del-2-6, AQP0-1-234, AQP0-1-238 and AQP0-1-243 truncation mutants were
totally or partially inhibited from trafficking to the plasma membrane depending on the site
of truncation (Fig. 3). AQP0-1-234 and AQPO0-1-238 were unable to traffic to the plasma
membrane, consequently causing no increase in plasma membrane Pw which remained the
same as that of water-injected control oocytes (Fig. 2). AQP0-N-del-2-6 and AQP0-1-243
showed decrease in plasma membrane localization and therefore caused 49% and 36%
reduction in Pw, respectively compared to intact AQPO. Calibration of relative plasma
membrane Pw based on the fluorescence intensity of the EGFP tag of the respective
truncation mutant or intact AQPO at oocyte plasma membrane, AQP0-N-del-2-6 and
AQPO0-1-243 showed a proportional correlation between fluorescence intensity and Pw.
Reduction in protein expression at the plasma membrane has been observed for the bovine
mutants AQPO0-1-228 [55] and AQPO0-1-225 [20], and human mutant AQPO [37] in
expression studies using Xenopus oocytes. Current and previous investigations suggest that
the N- and C-termini of the AQPO are critical for normal trafficking and membrane
localization. It has also been shown that water channel function of AQPO is regulated by
calcium-calmodulin and phosphorylation at the proximal C-terminal domain [21-25].
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The created C-terminal truncation mutants namely, AQP0-1-246, AQP0-1-249 and
AQPO0-1-259 resembling the natural truncations in human lens [32,33,36] were fully
functional under the tested normal physiological conditions that exist in the lens cortex
where intact and N- and/or C-terminal cleaved AQPO are present [33]. AQPO-N-del-2-6,
AQPO0-1-243, AQP0-1-246, AQP0-1-249 and AQP0-1-259 cleaved forms and intact AQPO
that gave positive results for Pw were tested for CTCA in adhesion-deficient mouse
fibroblast L-cells. Under normal physiological conditions, all of them promoted CTCA,
although with varied efficiencies. We and others have previously reported the adhesion
capability of intact AQPO [2,20-26,47,48,50]. AQP0-N-del-2-6 and AQP0-1-243 showed
decrease in CTCA by 52% and 46%, respectively, compared to the adhesion property
exhibited by intact AQPO. However, considering the CTCA exerted by intact AQPO based
on the level of its plasma membrane localization, AQP0-N-del-2-6 and AQP0-1-243 showed
that the reduction in CTCA was a reflection of the decrease in the amount of protein
expressed at the plasma membrane. CTCA function of AQP0-1-246, AQP0-1-249 and
AQPO0-1-259 demonstrated no significant change (Fig. 7, 8B) compared to that of intact
AQPO. Post-translational truncation at the N- and C-termini is not unique to AQPO and had
been observed for other lens proteins also. Accumulation of N- and C-terminal cleavages
without affecting lens transparency has been identified for crystallin [56-58], connexins
(Cx50 [59-61] and Cx46 [62]) and beaded filaments [63] of the mature fiber cells. C-
terminal post-translational cleavages were present in human lens as early as 2—years of age
[36] suggesting AQPO truncation is a normal fiber cell-maturation-related event. Our current
and previous investigations [2,15,47] suggest that N- or C-terminal truncated AQPO
continue to function as water channels and CTCA protein during fiber cell maturation and
aging processes. It appears that truncations of N- and C-terminal ends of AQPO are natural
events in the fiber cell maturation and compaction process. Truncation could be a
mechanism to conveniently pack the older fiber cells compactly in a place where there is no
natural protein turnover, to aid in adjusting the refractive index and preventing spherical
aberration of the continuously growing lens.

Conflicting views exist in literature regarding the function/s of intact and end cleaved forms
of AQPO. Electron diffraction microscopy studies indicate that intact AQPO functions as an
open water channel but not as an adhesion protein and C-terminal-cleaved AQPO functions
as an adhesion protein but is closed as a water pore [64,65]. X-ray crystallographic analyses
[66] and molecular dynamic studies [67] suggest that intact AQPO is an open water channel
and may also participate in CTCA. In vitro liposome experiments by Michea et al. [68,69]
indicate that intact AQPO may participate in CTCA. Their results show that AQPO adheres
to negatively charged membrane vesicles, indicating the electrostatic nature of adhesion. It
has been suggested that the extracellular loops of AQPO interact with the lipids of the
opposing plasma membrane [66-71]. We have shown previously that intact AQPO is capable
of providing CTCA in addition to being a water channel [2,15,47]. Our current results show
that N- or C-Terminal cleaved forms can conduct water as well as provide CTCA.

Immunostaining of lens cross sections using an anti-AQPO0 antibody raised against a C-
terminal peptide indicates the natural post-translational truncation of AQPO. Figure 9A
shows differential staining; the outer cortical fiber cells bind the antibody intensely while the
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intensity of binding decreases toward the inner cortex and is almost absent in the nuclear
region. Since the antibody is raised against a peptide (amino acids: 247th-263rd) from the C-
terminal end of AQPO, the reduced antibody binding in the inner cortex and lack of binding
in most of the nuclear regions could be due to the loss of the C-terminal end by natural
truncation [32,33]. Figure Fig 9A(a—c) shows the gradual decrease in antibody binding from
cortex to the nucleus. Dehydration and compaction of the fiber cells might also have
rendered the epitopes inaccessible to the antibody. A diffusion barrier region which restricts
the passage of solutes and water from the cortical region into the nucleus has been
recognized by several studies [72-74].

Several junctions are present in the fiber cell plasma membrane depending on the area of the
lens for maintaining membrane integrity and/or cell-to-cell communication to adjust the
refractive index as well as to maintain transparency and homeostasis. In the outer cortex,
fiber cells have N-cadherin adhesion junctions (extracellular width, 20—40 nm), connexin
(Cx46 and Cx50) gap junctions (16—-17 nm) and small patches of intact AQPO square array
thin junctions (11-13 nm). Within the lens outer cortex, AQPO square arrays appear as 6.6
nm repeats [70,71,75,76]. Level of N-cadherin which is critical in lens differentiation and
maintenance [77-81] is present at reduced levels in the inner cortex and is absent in the lens
nucleus and adhesion junctions are coincidently reduced or absent [82]; however, inner
cortex and nucleus contain gap junctions formed by connexins (16—-17 nm) and thin
junctions by AQPO (11-13 nm) [11-13,39-42,70,71,83]. Cell membranes have specialized
AQPO-lipid interactions that determine the fiber cell shape, surface topology and size of the
intercellular junctions [84]. Large patches of AQPO square arrays pair with the protein-free
lipid membrane bilayers to develop new and asymmetric thin junctions; pairing of 7 nm
thick AQPO square arrays with 4-5 nm thick lipid bilayers produces narrow junctions of
about 11 nm [70,71,85,86].

Thin junctions formed by AQPO between fiber cell membranes could play a significant role
in the compact packing of the fiber cells. Since lens is continuously growing peripherally,
compact packing is necessary to adjust and maintain a refractive index gradient which
should be low in the cortex and high in the nucleus; otherwise spherical aberration will
result in improper focusing. As the fiber cells in the inner cortex mature they lose the
cellular nucleus and organelles [27,87] probably to reduce light diffraction and to aid in fiber
cell compaction [88-90]. Even though many studies exist on fiber cell architectural changes
and post-translational cleavage of lens proteins, the physiological significance of these
processes has not been addressed satisfactorily. Based on our current and previously
published data (2,47,48] and from relevant literature, we hypothesize that intact and post-
translationally N- and C-terminal cleaved AQPO play a significant role in fiber cell
compaction and refractive index adjustment by regulating the extracellular space between
fiber cells by providing firm CTCA and carrying out fiber cell dehydration. Our
interpretations are depicted as schematic models through Figures 9B, C and D that explain
how AQPO could be playing a significant role in fiber cell compaction, probably to aid in
adjusting the refractive index of the lens. We speculate that for proper compaction of the
fiber cells, deletion of cytoplasmic N- and C-terminal ends of membrane proteins like AQPO
which interact with other proteins may be necessary; these end cleavages correlate well with
fiber cell rearrangements and remodeling (Fig. 9B) from a smooth hexagonal appearance in

Biochim Biophys Acta. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kumari and Varadaraj

Page 15

the outer cortex to an interdigitated and irregular cross-sectional appearance in the inner
cortex followed by an irregular undulating membrane cross-sectional appearance in the
nucleus [90]. Normally in the outer cortex fiber cells, the N- and C-terminal ends of intact
AQPO interact with cytoskeletal proteins such as actins [91] and beaded filaments [92,93]
and get uniformly distributed throughout the plasma membrane, except a few areas (e.g.,
with small patches of square arrays), giving an ordered hexagonal architecture [76]. Lens
cytoskeletal proteins control the shape of fiber cells [90,94-96]. In vivo and in vitro studies
have shown the interactions of lens membrane proteins and cytoplasmic proteins [91,96—
100]. The remarkable cellular rearrangements that occur in the mature fiber cells in the inner
cortex and nucleus most probably could be due to dissociation of cytoplasmic N- and C-
terminal ends of membrane proteins like AQPO, connexins etc., from the cytosolic proteins
like crystallins and lens-specific cytoskeletal beaded filament proteins such as filensin and
CP49. In order to adjust the refractive index and reduce diffraction of light in the ocular
lens, fiber cells undergo a unique process of maturation by losing their nuclei as well as
eliminating cellular organelles and cytoskeletal proteins; actins, intermediate filaments and
beaded filaments filensin and CP49 are absent in the lens nucleus [90-106]. Blankenship et
al. [105] showed that filensin rod domain and phakinin (CP49) localized at the membrane
lining region in outer cortex cells and to the central region of the cytoplasm in inner cortex
cells. Similar observations were also recorded in rat lens [107]. Light-scattering was
observed in the lenses of filensin and CP49 knockout mice starting very early in life [108—
110]. This could be due to failure in AQPO distribution and the consequent lack of CTCA in
the cortex leading to abnormalities in refractive index adjustment. During fiber cell
maturation in the inner cortex and outer nucleus, interaction of AQPO with cytoskeletal
proteins, crystallins and other cytosolic proteins which help in the membrane distribution of
AQPO become progressively lost due to the gradual elimination of the N- and C- terminal
ends of AQPO [33]. Loss of AQPO N- and C-terminal ends promotes migration [111] and
aggregation of AQPO into large square arrays [68,76] without the constraint of being
tethered to other proteins and subsequent formation of collective thin junctions (Fig. 9C) due
to possible intermolecular attraction between tetramers and lipids [112]; AQPO reorganizes
in order to minimize the surface energy to become stable in the inner cortex and nucleus by
pushing the connexin gap junction plaques to the edge of the large square arrays as shown
by atomic force microscopy studies [11-13,39-42]. We postulate that, first AQPO N- and C-
terminal end cleavages occur, followed by development of large patches of square arrays
that form thin junctions to reduce the extracellular space and water content.

Gradual reduction in the extracellular space and water content (water has low refractive
index) between the mature fiber cells of the inner cortex and nucleus, and dehydration in the
cytoplasm have been observed [71]. We speculate that this strategy could be to increase the
refractive index of the lens core for proper focusing of objects on to the retina. Korlimbinis
et al. [33] have shown that in human lens, accumulation of N- and C-terminal end cleaved
AQPO is a gradual process and it starts from the fiber cells in the inner cortex; the
percentage of N- and C-terminal end cleaved AQPO increases toward the core of lens
nucleus (gradual reduction in antibody binding, Fig. 9A(c). This increase in N- and C-
terminal end cleaved AQPO coincides with the reduction in the extracellular space and fiber
cell compaction [90]. Posttranslational modifications in the water soluble crystallins might
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have promoted crystallin hydrophobicity and thus might have enabled the fiber cells to lose
water from the cytoplasm in the inner cortex and nucleus to increase the refractive index.
Stratified syncytia formed by the fusion of several central nuclear fibers [113] might have
also facilitated dehydration to adjust the refractive index gradient in the lens. Loss of water
from the cytoplasm might have promoted fiber cell compaction. N- and C-terminal end
cleaved AQPO in the square arrays might have facilitated removal of water from
extracellular space because our in vitro oocyte expression studies showed that the N- and C-
terminal end cleaved forms of AQPO are capable of functioning as water channels (Fig. 2,3;
also, [37]). Low pH and high calcium in the inner cortex and nucleus of the lens also
enhance AQPO water channel efficiency [14,21,22]. The steady increase in N- and C-
terminal end cleaved AQPO as well as the gradual reduction in extracellular space and water
content of the fiber cells may assist in maintaining the most conducive refractive index to
focus objects on to the retina in the constantly growing lens.

Several investigators have reported the presence of a diffusion barrier at the interface of the
inner cortex and nucleus of the lens (Fig. 9D) that does not allow free movement of solutes
(e.g., antioxidant glutathione) and water deep into the nucleus [72,73]. However, the
possible purpose or the mechanism behind this lens barrier development in the inner cortex
[74] remains unknown. Based on our present and previously published data (2,15,47] as well
as inferring from reports on observations by other investigators [70,71,75-77,79,83—
85,106,120], we hypothesize the following: The constantly growing lens has to adjust and
maintain the increasing refractive index gradient, from the cortex to the nucleus, for proper
focusing. To increase the refractive index, a gradual reduction in the extracellular space as
well as removal of water content from both the extracellular space and cytoplasm of the
mature fiber cells occur in the inner cortex and nucleus. N- and/or C-terminal end cleavage
in AQPO, beaded filaments and crystallins [114] aid the process. N- and/or C-terminal
cleavages and the establishment of large patches of square arrays of AQPO that form thin
junctions help to reduce extracellular space between fiber cells; similar cleavages in
crystallins increase the its hydrophobic fraction [114] and could promote fiber cell
dehydration leading to outward flow of free water and solutes towards the inner cortex from
the nucleus (Fig. 9D). The microcirculation model put forth by Mathias et al. [8] which is
based on the distribution of ion pumps, transporters, gap junctions and AQPO states that a
standing circulating current created by the lens enters at both poles and exits at the equator
after passing into and through the fiber cells; a flow of water through aquaporins is
generated by the circulating flux of ions and the flow is from outer cortex toward the inner
cortex. We propose that there could be an outward flow of solutes and water from the
nuclear and inner cortical regions (Fig. 9D). This outward flow of solutes and water due to
fiber cell dehydration and extracellular space reduction possibly meet the exit route of the
solutes and water from the outer cortex proposed in the model by Mathias et al. [8]. This
area of merging could create a resistance zone and most probably, develop into and exist as
a diffusion barrier preventing solutes and water from the outer cortex to move towards the
center of the lens where dehydration takes the priority. As shown in Figure 9D, we postulate
that the water content coming out from the nuclear regions and inner cortex join the outflow
of solutes and water from the cortical region and exit at the equator as shown by Mathias et
al. [8].
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To summarize, our results show that N- and C-termini of AQPO are important for protein
trafficking. Two of the truncation mutants AQP0-1-234 and AQP0-1-238 did not traffic to
the plasma membrane. AQP0-N-del-2-6 and AQPO0-1-243 showed decrease in protein
expression at the plasma membrane. Presence of a specific length of the proximal C-
terminus, containing amino acids as trafficking signal, seems to be necessary for normal
trafficking to the plasma membrane. This could be the reason why in vivo N- and C-terminal
processing takes place after the protein has reached the plasma membrane. Our data also
suggest that loss of N and/or C-terminal ends of AQPO is required for fiber cell compaction
process which is caused by reducing the extracellular space and water to adjust the refractive
index of the constantly growing lens for preventing spherical aberration while focusing.

In conclusion, our studies show that both intact and N- and/or C-termini posttranslationally
truncated AQPO function as open water channels and promote CTCA under normal
physiological conditions. The reduction in the length of N- and C-termini could be a
consequence of fiber cell maturation and aging, and a strategy for compact packing of the
cytosolic proteins as well as rearranging of the membrane proteins in the fiber cells. This
process helps to reduce light diffraction and facilitates adjustment of the refractive index to
prevent spherical aberration of the continually growing lens for proper focusing.
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Fig. 1.
(A). Schematic (not to scale) representation of the adult mammalian lens. C, capsule; E,

anterior epithelial cells; EQ, equatorial epithelial cells; F, fiber cells; IC, inner cortex; OC,
outer cortex; SJ, fiber cell suture junction. (B) Schematic representation of human AQPO
showing selected natural post-translational deletion/truncations. AQPO monomer structure
shows folds, helix assignment, and location at the membrane. Transmembrane-spanning
alpha helices are shown as H1-H6 and loops as LA-LE. The two aquapore lining helices are
shown as HB and HE. Highly conserved NPA motifs in HB and HE that line the water pore
of aquaporin are denoted as magenta circles. N, amino terminus; C, carboxyl terminus. ‘+’
and ‘=’ represent amino acid charges in the extracellular and cytoplasmic domains.
Truncation sites are marked as green vertical lines with the corresponding number of the
amino acid nearby.
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Fig. 2.
Membrane Pw of Xenopus laevis oocytes injected with distilled water, 25 ng/oocyte cRNA

of intact AQPO or N- or C- terminal truncated AQPO. Initial rate of swelling was estimated
by placing each oocyte in a hypotonic solution. Membrane Pw was calculated as described
in the “Materials and Methods’ section. Average oocyte membrane Pw of five swelling
assays for each sample is shown (each assay with 10 oocytes; (mean + SD)). Asterisk
represents the degree of significance in comparison to dH,0 injected control, P < 0.001.
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Fig. 3.

Efpression of intact AQPO, and N- or C- terminal truncated AQPO tagged with EGFP in
Xenopus laevis oocytes. Immunostaining of cryosections of oocytes injected with distilled
water or cRNA of intact AQPO or N- or C- terminal truncated AQPO visualized by
epifluorescence microscopy. White arrows - protein localization at the plasma membrane;
Yellow arrows - protein localization in the cytoplasm.
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Correlation between protein expression of intact AQPO or N- or C- terminal truncated AQPO
at the oocyte plasma membrane and oocyte plasma membrane Pw.
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Fig. 5.

Lc?calization and colocalization of intact AQPO-EGFP, or N- or C- terminal truncated
AQPO-EGFP with organelle light ER-RFP, in MDCK cells. Coexpressing cells were viewed
under an EGFP fluorescent filter and the same cells were viewed under Texas Red
fluorescent filter; both images were merged by overlaying to see protein localization at ER
and plasma membrane; Yellow color is due to the colocalization of the respective protein
(green) in the ER along with the organelle light (red). The green fluorescence seen at the
periphery of the images indicates plasma membrane localization of AQPO. Nuclei are
stained with DAPI (blue).
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Fig. 6.

A.gCoIocaIization of intact AQPO-EGFP or AQP0-1-243-EGFP and plasma membrane organ
light. Coexpressing cells were viewed under an EGFP fluorescent filter and the same cells
were viewed under Texas Red fluorescent filter; both images were merged by overlaying to
see protein localization at the plasma membrane. B. Protein colocalization using FRET
signal intensity. (a—x) Forster Resonance Energy Transfer studies in MDCK cells
cotransfected with intact AQPO-EGFP and intact AQPO-mCherry (a—c) or N-, or C- terminal
truncated AQPO-EGFP and intact AQPO-mCherry (d—x). (a, d, g, j, m, p, S, V) cells excited
at 488 nm and emission recorded at 507 nm; (b, e, h, k, n, g, t, w) cells excited at 587 nm
and emission recorded at 610 nm; (c, f, i, I, 0, r, u, X) cells excited at 470 nm and emission
recorded at 640 nm fluorescence due to FRET; (c, f, i, I, o, r, u, X) fluorescence indicating
colocalization of intact AQPO-EGFP and intact AQPO-mCherry or N-, and C- terminal
truncated AQPO-EGFP and intact AQPO-mCherry proteins in the same oligomer or within
100A. Nuclei are stained with DAPI (blue).
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Fig. 7.
Cell aggregation assay using rotary gyratory shaker. Cell aggregation exhibited by adhesion-

deficient L-cells expressing untagged empty vector, AQP1, E-cadherin, intact AQPO, and N-
or C- terminal truncated AQPO in relation to incubation time. (N - total number of particles
at time ‘t” of incubation; Ng - initial number of particles).
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Fig. 8.
(A). Cell-to-cell adhesion (CTCA) assay using an epifluorescent microscope. Over a

monolayer of L-cells expressing untagged empty vector (a), AQP1 (b), E-cadherin (c), intact
AQPO (d) or N- and C- terminal truncated AQPO (AQPO0-N-del-2-6 (e), AQP0-1-243 (f),
AQPO0-1-246 (g), AQP0-1-249 (h), AQP0-1-259 (i)), corresponding cells loaded with
CellTracker Red were plated. At the end of the procedure described in the 'Materials and
methods' section, the cells were imaged under an epifluorescent microscope. Cells/
aggregates were counted and plotted. (B). Bar graph showing the extent of CTCA exhibited
after 60 min of incubation by the samples tested using the fluorescence assay. *AQPO-N-
del-2-6 and AQP0-1-243 exhibited significantly low (P < 0.001) CTCA compared to intact
AQPO. (C). Correlation between protein expression at the oocyte plasma membrane by
intact AQPO or N-, and C- terminal truncated AQPO and the extent of CTCA exerted by
each sample.
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Fig. 9.

(A?). Immunocytochemistry of 4-month-old wild type mouse lens to show patterns of anti-
AQPO antibody binding. The antibody was raised against a 17 amino acid (AA247-263)
synthetic peptide from the cytoplasmic carboxyl terminal domain of human AQPO
(Chemicon, Temecula, CA). (a, b) Lens cross sections close to the equatorial region at low
magnification; (c,d) Magnified portions from the lens cross-sectional image (a). The C-
terminal specific anti-AQPO antibody bound (green) to lens outer and inner cortical fiber
cells which contain the differentiating and differentiated secondary fiber cells, respectively.
Low levels of antibody binding occurred to the outermost layers of lens nuclear fiber cells;
the antibody did not bind to much of the lens nuclear fiber cells suggesting most of the C-
terminal AQPO epitopes had been lost due to the natural post-translational truncation which
had been reported by mass spectrometry studies [32, 33,37], probably for fiber cell
compaction [89,90]. During fiber cell maturation, cellular organelles like nucleus
disintegrate (shown in red arrows) to reduce light scattering and to enable cell compaction
for adjusting the lens refractive index. The blue spots represent cell nuclei stained with
DAPI. E-Epithelial cells; F- fiber cells; DF- Differentiating fiber cells; DN- denucleation
zone; IC- Inner cortex; MF- Mature fiber cells; N-Nucleus; OC- Outer cortex. (B).
Schematic model showing the morphology of the differentiating and differentiated fiber
cells in the lens and the changes with reference to post-translational N- and C-terminal end
truncations of AQPO. In the outer cortex (OC), fiber cells maintain a flattened hexagonal
shape (Fig.9A) with nearly uniform distribution of small plaques of regular square arrays of
AQPO tetramers whose N- and C-terminal ends interact with cytoplasmic proteins like lens-
specific beaded filaments (shown in the model), actins, crystallins and plasma membrane
proteins. Lens fiber cell-specific beaded filament cytoskeleton formed by filensin and CP49
may influence cortical fiber cell shape and uniform distribution of AQPO. In the inner cortex
(IC), fiber cell rearrangements occur through remodeling in order to reduce light scattering
and to adjust the refractive index of the constantly growing lens. Fiber cell nuclei and other
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cellular organelles disintegrate and disappear at the end of remodeling. The mature fiber
cells at the inner cortex and nucleus (N) become undulated, losing the hexagonal shape.
Loss of the N- and C-terminal ends of AQPO and the consequent loss of tethering with other
proteins probably frees AQPO and leads to tetramer aggregation at the plasma membrane in
the inner cortex and nucleus (in red) forming large patches of AQPO square arrays which
possibly pair with the protein-free lipid membrane bilayers to develop new thin junctions
which are asymmetric. This event probably increases the fiber cell-to-fiber cell adhesion and
reduces extracellular space and water gradually to increase the refractive index in the mature
fiber cells. The fiber cells with undulated membranes in the inner cortex and nuclear regions
undergo compaction process and become terminally differentiated mature nuclear fiber cells.
During compaction, redistribution of plasma membrane proteins as well as removal of
cytosolic water content (dehydration) takes place. The beaded filament proteins and other
cytoskeletal proteins are degraded gradually from inner cortex to nucleus during fiber cell
maturation, remodeling and compaction. (C) Diagram detailing the formation of large
patches of square array thin junctions of AQPO between the plasma membranes of two
adjacent fiber cells for CTCA. In the outer cortex (OC) intact AQPO (in light blue) interact
with fiber cell-specific cytoskeletal beaded filament proteins (shown in the diagram), actins
and crystallins with its N- and C-terminal ends and get nearly uniformly distributed
throughout the plasma membrane. Plasma membranes of adjacent fiber cells form thin
junctions with small patches of AQPO square arrays, adhesion junctions with N-cadherin and
gap junctions with connexins resulting in a mixture of large and small extracellular space
which retains more water and probably helps to maintain the characteristic low refractive
index of the outer cortex. In the mature fiber cells of inner cortex (IC) and Nucleus (N), N-
cadherin is lost gradually resulting in the loss of adhesion junctions altogether in the
nucleus. In the mature fiber cells of inner cortex (IC) and Nucleus (N) a gradual loss of N-
and C-terminal ends of AQPO which interacts with the cytoskeletal and other proteins lead
to the loss of its uniform distribution. This enables AQPO to migrate and form tetramer
aggregates (in red) to form large square array patches with asymmetric thin junctions which
help to gradually reduce extracellular space and water to increase the refractive index
characteristic of lens interior to aid in focusing of objects on to the retina. N-cadherin is
absent in the nucleus. The large patches of square arrays with thin junctions push the gap
junctions to their periphery as shown in atomic microscopy images [11-13]. E-epithelium.
(D) Schematic diagram to show the development of the diffusion barrier in the inner cortex
(gray circle around the nucleus) and solute and water removal fluxes from the interior of the
lens. During fiber cell compaction, reduction in extracellular space and removal of water
takes place probably creating a solute and water flux from the lens nucleus to the inner
cortex (green arrows) to adjust the lens refractive index in mammalian lens. In the outer
cortex, the solute and water enter the lens fiber cells by passive diffusion (red arrows) at the
poles and exit at the equator [8]. We postulate that the water and solutes coming out of the
nucleus (green arrows) meet the exit flow [8] of solutes and water at the inner cortex and
this region which restricts solutes and water entry into the nuclear region could be the area
generally recognized as the diffusion barrier (DB). Delivery of solutes and water to the lens
core may be very minimal through sutures because the lens inner cortex and nucleus
eliminate free water along with solutes by dehydration process to adjust the refractive index.
We hypothesize that the outflow of water (green arrows) from the inner cortex and nuclear
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region joins the water flow from the outer cortex ([8] red arrows) and exit at the equator.
AP, anterior pole; E, anterior epithelial cells; EQ, equator, OC, outer cortex; IC inner cortex;
DB, diffusion barrier; N, nucleus. PP, posterior pole.
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Plasma membrane water permeability of Xenopus laevis oocytes injected with the cRNA of intact or N- or C-

terminal truncated AQPO

cRNA-injected

Membrane water permeability (um/s)

Distilled water injected (control) 11.0+£ 3.2
Intact AQPO 435+43
AQPO0-N-del-2-6 218+34
AQP0-1-234 11.5+33
AQP0-1-238 12.0+26
AQP0-1-243 28.0+3.7
AQPO0-1-246 41247
AQP0-1-249 428 +4.7
AQP0-1-259 432+39
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