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Purpose. Many proteins in the lens undergo extensive posttranslational modifications (PTMs)
with age, leading to alterations in their function. The extent to which lens gap junction
proteins, Cx46 and Cx50, accumulate PTMs with aging is not known. In this study, we
identified truncations in Cx46 and Cx50 in the human lens using mass spectrometry. We also
examined the effect of truncations on channel function using electrophysiological
measurements.

Mernops. Human lenses were dissected into cortex, outer nucleus, and nucleus regions, and
fiber cell membranes were subjected to trypsin digestion. Tryptic peptides were analyzed by
liquid chromatography (LC)-electrospray tandem mass spectrometry (ESI/MS/MS). Effects of
truncations on channel conductance, permeability, and gating were assessed in transfected
cells.

Resurts. Cleavage sites were identified in the C-terminus, the cytoplasmic loop, and the N-
terminus of Cx46 and Cx50. Levels of C-terminal truncations, which were found at residues
238 to 251 in Cx46 and at residues 238 to 253 and 274 to 284 in Cx50, were similar in
different lens regions. In contrast, levels of truncations in cytoplasmic loop and N-terminal
domains of Cx46 and Cx50 increased dramatically from outer cortex to nucleus. Most of the
C-terminally truncated proteins were functional, whereas truncations in the cytoplasmic loop
did not result in the formation of functional channels.

Concrusions. Accumulation of cytoplasmic loop and N-terminal truncations in the core might
lead to decreases in coupling with age. This reduction is expected to lead to an increase in
intracellular calcium and a decrease in levels of glutathione in the nucleus. These changes
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may ultimately lead to age-related nuclear cataracts.
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Intercellular communication mediated by gap junction (GJ)
channels is required for postnatal lens growth and for the
maintenance of lens transparency. These cell-cell channels
mediate direct signaling between cells and are formed by the
docking of two hemichannels, one from each of two contacting
cells. Each hemichannel is a hexamer of connexin subunits,
with a topology that consists of four transmembrane (TM)
domains (TM1-TM4) and two extracellular loops (EL1 and EL2)
with the amino and carboxyl termini located intracellularly.’
The lens expresses three connexin family members (Cx43,
Cx46, and Cx50) in distinct spatial and overlapping patterns.
Cx43 is exclusively expressed in the epithelium,?3 whereas
Cx46 is present only in fiber cells, where its expression
coincides with fiber cell differentiation. Cx50 is present in
both epithelial cells and fibers.>8

The importance of GJ coupling for lens homeostasis is
highlighted by the association of mutations in Cx46 and Cx50
genes to the development of cataracts,®!? and from studies in
mice lacking connexin proteins.>'"'2 Gap junction channels
are important components of the lens microcirculation system,
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which is critical for the movement of water and solutes through
the lens and, thus, for lens homeostasis.'3'4 Loss of GJ coupling
in central fibers, as observed in lenses from Cx46 knockout
mice,'> disrupts the microcirculation and leads to increases in
intracellular calcium in central fiber cells and a central
cataract.!1:1-18 Lens GJ channels are also permeable to
antioxidant molecules, such as glutathione.!® Therefore, they
can contribute to the delivery of the antioxidant from outer
fiber cells,'”?° where a high concentration is established by
synthesis or uptake,?'"2% to central fiber cells, which have
minimal capacity for glutathione synthesis.

Like other proteins in the lens, Cx46 and Cx50 undergo age-
dependent posttranslation modifications (PTMs). This is due to
the unique pattern of lens growth and development.?®
Differentiation of epithelial cells into fiber cells occurs
throughout life and produces concentric layers of fibers, with
the oldest fiber cells in the lens center and the youngest cells in
the lens periphery. Fiber cells lose their nuclei and other
organelles during the course of differentiation.2® Turnover of
proteins is virtually nonexistent following terminal differentia-
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tion,?” and, thus, many proteins in mature fiber cells
accumulate age-dependent truncations, deamination, oxida-
tion, racemization, and glycation, leading to changes in protein
function.?®-32 Biochemical studies indicate that the C-termini
of Cx46 and Cx50 are cleaved during the course of
differentiation, and in the case of Cx50, these truncations
were attributed to the enzymatic action of calpain or of
caspases.?3-37 Several truncation and phosphorylation sites in
bovine Cx46 and Cx50 were also identified by mass
spectrometry.>8-40 However, the spatial distribution of the
truncated forms of Cx46 and Cx50 has been examined in only
one study, which showed that, in bovine lenses, some cleavage
sites were observed at a higher prevalence in the nucleus than
in the cortex.33-4° No data are available on the specific sites of
truncation in human lenses, their distributions within the lens,
or their relative abundances.

The purpose of this study was to identify sites of truncation
and to determine whether truncations to Cx46 and Cx50
increase in human lenses with fiber cell age. Human lenses
were concentrically dissected into regions of varying fiber cell
age and the sites of backbone cleavage were determined by
mass spectrometry. Use of more sensitive technologies allowed
us to map the relative incidence of each modification in
different regions of the lens. An additional purpose of our study
was to characterize the effects of truncations on channel
properties. There are a large number of studies detailing the
functional properties of truncated connexin channels; howev-
er, these functional studies thus far have focused on the
consequences of cleavage of the Cx50 C-terminal domain by
calpains or caspases.®l-%¢ The functional consequences of
endogenous Cx46 truncations have not been examined in
previous studies. Here, we determined whether Cx46 and
Cx50 truncations identified in the human lens affect functional
properties of the resulting GJ channels using electrophysiolog-
ical techniques.

MATERIALS AND METHODS

Membrane Preparation and Trypsin Digestion

Human lenses were obtained from NDRI (Philadelphia, PA,
USA). All lenses were isolated from the donor no later than 8
hours post mortem, shipped frozen and stored at —80°C before
dissection. Fifty-five and 62-year-old human lenses were
decapsulated and dissected into cortex (outer 0.5 mm of
tissue), outer nucleus (approximately 1 mm wide ring inside of
cortex containing adult nucleus and juvenile nucleus), and
nucleus regions (remaining core tissue containing fetal nucleus
and embryonic nucleus)?” by pulling away each layer of tissue
with tweezers. A second set of lenses was dissected using
Acupunch surgical trephines (Acuderm, Inc., Ft. Lauderdale,
FL, USA), as described in the Supplementary Information. All
dissected tissue was processed identically. Each sample was
homogenized in homogenizing buffer (25 mM Tris, 150 mM
NaCl, 5 mM EDTA, 1 mM dithiothreitol (DTT), and 1 mM
phenylmethylsulfonyl fluoride (PMSF), pH 7.5). After homog-
enization, the sample was centrifuged at 100,000g for 30
minutes and the supernatant was discarded. The pellets were
washed twice with the above homogenizing buffer followed by
three washes with homogenizing buffer containing 8 M urea to
obtain the urea-insoluble fraction (UIF). The UIF was further
washed with 0.1 M NaOH followed by one water wash.
Centrifugation at 100,000g was performed to separate the
supernatant and pellets for each wash. The final pellets were
suspended in 100 pL water; 5 pL was saved for protein assay.
For protein assay, a 5 pL aliquot of sample was mixed with 5 pL
5% SDS and protein concentration was measured by bicincho-
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ninic acid assay (Thermo Scientific, Rockford, IL, USA). An
aliquot of 1 pL. 1 M DTT was added to the remaining sample
and incubated at 56°C for 1 hour to reduce disulfide bonds. An
aliquot of 10 pL of 500 mM jodoacetic acid (IAA) was then
added and the sample was incubated at room temperature for
45 minutes in the dark to alkylate free cysteines. The sample
was then centrifuged at 100,000g for 30 minutes and the
pellets were saved. The pellets were suspended in 50 mM Tris
(pH 8.0) containing 10% acetonitrile and digested by trypsin
for 18 hours at 37°C. After digestion, the sample was dried in a
SpeedVac (model SPD131DDA, ThermoScientific, Milford, MA,
USA). Peptides were reconstituted in 0.1% formic acid (0.5 ng/
pL) for mass spectrometry analysis.

Liquid Chromatography-Electrospray Ionization-
Tandem MS (LC-ESI/MS/MS)

Tryptic peptides corresponding to 1 pg total protein were
separated on a one-dimensional fused silica capillary column
(200 mm X 100 pm) packed with Phenomenex (Torrance, CA,
USA) Jupiter resin (3 um mean particle size, 300 A pore size)
coupled with an Eksigent nanoHPLC system (Eksigent Tech-
nologies, Dublin, CA, USA). A 145-minute gradient elution was
performed, consisting of the following gradient: 0 to 12
minutes, 2% B; 12 to 127 minutes, 2% to 40% B; 127 to 132
minutes, 40% to 95% B; 132 to 133 minutes, 95% to 2% B; 133
to 145 minutes, 2% B. The eluate was directly infused into a Q
Exactive instrument (ThermoScientific, San Jose, CA, USA)
equipped with a nanoelectrospray source. The instrument
method consisted of MS1 acquisition (R = 70,000) followed by
up to 18 MS/MS scans (R = 17,500) of the most abundant ions
detected in the preceding MS1 scan. The MS2 automatic gain
control target value was set to 5e4 ions, with a maximum ion
time of 120 ms and an 8% underfill ratio. The higher energy
collisional dissociation collision energy was set to 26, dynamic
exclusion was set to 20 seconds, and peptide match and
isotope exclusion were enabled.

Data Analysis

To obtain the relative abundance of truncation at each site, the
selected ion chromatograms for truncated peptides and
corresponding untruncated tryptic peptides were generated
using 5 ppm mass accuracy. Peak areas were calculated using
the Genesis peak algorithm within the Xcalibur software 2.2 SP
1.48 (ThermoFisher, San Jose, CA, USA). The relative abun-
dance of truncation was expressed as the ratio of peak area of
truncated peptide relative to the peak area of the correspond-
ing untruncated tryptic peptide.

Transient Transfection

Human Cx50 and human Cx46 were cloned into the pCS2*
and piRES2-GFP expression vectors, respectively. Truncations
were generated by inserting a stop codon after the indicated
amino acid residues in the connexin cDNA. The truncations
that were tested for functionality included H253tr and G110tr
in Cx50 and D251tr and N129tr in Cx46. All truncations were
constructed using the QuikChange mutagenesis kit (Stratagene,
La Jolla, CA, USA) in accordance with manufacturer’s protocol
using the full-length connexin expression constructs as
templates. All constructs were verified by sequencing. HeLa
cells were transiently cotransfected with 400 ng full-length and
truncated cDNA in combination along with mCherry plasmid
(Clontech Laboratories, Inc., Mountain View, CA, USA) using
Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA).
Cells were plated at low density onto glass coverslips; DNA
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Ficure 1.

Separation of tryptic peptides of Cx50 from different regions of a 55-year-old lens. The selected ion chromatograms for tryptic peptide

110 to 130 (blue) and nontryptic peptide 110 to 119 (red) in samples from different regions of the lens. Multiple peaks for 110 to 130 were due to
isomerization of aspartic acids in the peptides, which are not in the truncated peptides. The relative level of peptide 110 to 119 (truncated) with
respect to 110 to 130 (full length) dramatically increases from cortex to nucleus. In the lens nucleus, Cx50 was significantly truncated in this region

and the full-length peptide was barely detected.

concentrations were measured using Nanodrop 2000 (Ther-
moScientific).

Electrophysiology

Junctional conductance was measured between Hela cell pairs
by using the dual whole-cell voltage clamp technique with
Axopatch 1D patch-clamp amplifiers (Axon Instruments,
Foster City, CA, USA). The solution bathing the cells contained
(in mM) 140 NaCl, 5 KCl, 2 CsCl, 2 CaCl,, 1 MgCl,, 5 HEPES, 5
dextrose, 2 pyruvate, and 1 BaCl,, pH 7.4. Patch electrodes had
resistances of 3 to 5 MQ when filled with internal solution
containing (in mM) 130 CsCl, 10 EGTA, 0.5 CaCl,, and 10
HEPES, pH 7.2. Macroscopic and single-channel recordings
were filtered at 0.2 to 0.5 kHz and sampled at 1 to 2 kHz. Each
cell of a pair was initially held at a common holding potential of
0 mV. To evaluate junctional coupling, 200-ms hyperpolarizing
pulses from the holding potential of 0 mV to —20 mV were
applied to one cell to establish a transjunctional voltage
gradient (Vj), and junctional current was measured in the
second cell (held at 0 mV). Single-channel currents were
investigated in weakly coupled cell pairs (one or two channels)
by applying —20-mV pulses to one cell of a pair. Data were
acquired by using pCLAMP9.2 software (Molecular Devices,
Sunnyvale, CA, USA); analysis was performed with pCLAMP9.2
and ORIGIN 6.0 software (Microcal Software, Northampton,
MA, USA).

RESULTS

LC-MS/MS Analysis of Cx46 and Cx50 Truncation
in Human Lens Regions

Truncation sites of Cx46 and Cx50 were identified by
automated searching for nontryptic peptides in the LC-MS/MS
datasets. Both Cx46 and Cx50 were found to be truncated at
Gly 2 as previously reported in bovine lens.>®-4° Truncation at

Gly 2 has been confirmed by an N-terminal dimethylation
experiment before trypsin digestion to rule out nonspecific
trypsin cleavage (data not shown). No further experiments
were done to rule out nonspecific trypsin cleavage for other
truncation sites identified; however, truncation sites identified
either showed a clear difference among samples from different
regions of the lens or were clustered in specific regions of the
protein, suggesting protein truncation. In all four human lenses
analyzed, cleavage of Cx46 was repeatedly found in the
cytoplasmic loop (Q127, D128, N129) and the cytoplasmic
tail adjacent to the last transmembrane domain (D241, A242,
A250, D251) (see Figs. 2A, 3A for a connexin topology diagram
showing the location of sites). Truncation of Cx50 was also
repeatedly detected in the cytoplasmic loop (Q117, G119,
N121, G122, G123, D125, Q126, and G127) and the
cytoplasmic tail (E246, S251, H253, V275, S276, H277, E283,
and V284) (see Figs. 2A, 3A). Figure 1 shows an example of
extracted ion chromatograms of truncated and full-length Cx50
peptides corresponding to the cytoplasmic loop highlighting
the changes in truncated Cx50 with age.

C-Terminal Truncations and Their Prevalence in
the Different Regions of the Lens

The level of truncation in the C-terminus of Cx46 and Cx50 in
the cortex, outer nucleus, and nucleus from a 55-year-old
human lens was quantified and the results are shown in Figure
2. Multiple sites of truncation in the C-terminus, adjacent to the
last transmembrane domain, were detected for both Cx46 and
Cx50. Tandem mass spectra of the abundant truncated Cx46
and Cx50 peptides are shown in Supplementary Materials
(Supplementary Figs. S3-S5). In Cx46, the main backbone
cleavage site in this region is at aspartic acid 251. Truncation at
D251 was observed in membrane fractions obtained from the
cortex, indicating that the posttranslational modification of
Cx46 occurs in younger differentiating fibers in the lens (Fig.
2B), consistent with previous immunocytochemical studies.??
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Figure 2. Cleavage sites in the C-termini of Cx46 and Cx50 in a 55-year-old human lens. (A) Schematic drawing of the connexin membrane
topology indicating the sites of truncation in Cx46 (red) and Cx50 (blue) in the C-terminus. CL, cytoplasmic loop; ELI, EL2, extracellular domains;
TM1-TM4, transmembrane domains. Truncation of the C-termini was found in samples obtained from the cortex (C), outer nucleus (ON), and the
nucleus (N). Cleavage sites adjacent to the fourth transmembrane domain were found in Cx46 (B) and Cx50 (C). Peak areas of nontryptic Cx46
peptides (B) were normalized to peak area of Cx46 peptide 10 to 23 because the full-length tryptic peptide was too long to show good signal in MS.
Peak areas for Cx50 peptides (C) were normalized to peak area of Cx50 peptide 238 to 250. Truncation at H253 and S251 results in very short,
undetectable tryptic peptides due to a lysine at position 250; therefore, only the miscleaved tryptic peptides (238-251 and 238-253) were detected
as truncation products. Because the normalized peak areas shown in (C) were calculated by comparing the miscleaved truncated peptides to the
fully tryptic peptide (251-262), differences in ionization efficiencies could occur and, therefore, the low normalized peak areas do not necessarily
indicate a low prevalence of truncation at these sites. The Cx50 C-terminus was also cleaved at multiple locations between residues 274 and 284
(D), and the signal was normalized to peak area of Cx50 265 to 273. The major truncated products are indicated in bold. The relative abundance of

Cx46 and Cx50 truncations did not change in the different regions of the lens.

The levels of the D251 truncation remained relatively constant
in the cortex, outer nucleus, and nucleus. In Cx50, truncations
in the carboxyl tail were found at two different regions of the
protein. Backbone cleavage at H253 and S251, adjacent to
TM4, was observed (Fig. 2C). In addition, a number of
truncation sites were located in the region between residues
270 and 290 (Fig. 2D), a highly conserved region of Cx50 that
is also the site of enzymatic action of calpain.’*3> Previous
studies in ovine and bovine Cx50 have identified residue 290 as
a major cleavage site.>%35383% In the human lens, the
predominant truncation sites were identified at V284 and
E283 (the conserved site for E290 in bovine and sheep Cx50).
As observed with Cx46, truncations at the two sites in the
carboxyl tail of Cx50 occurs at an early age and showed no
significant age-dependent alterations in their levels (Figs. 2C,
2D). Similar results were obtained from 19-, 22-, and 62-year
old lenses (see Supplementary Figs. S1, S2 for data obtained
from relatively younger lenses).

Truncations in the Cytoplasmic Loop and N-
terminus Show an Increase With Fiber Cell Age

Several cleavage sites in the cytoplasmic loop region adjacent
to TM2 were found in Cx46 and Cx50 (Fig. 3). These cleavage
sites were located in the region between residues 118 and 129

in Cx46 (Fig. 3B) and between residues 110 to 127 in Cx50
(Fig. 30). In both Cx46 and Cx50, levels of the truncations in
the cytoplasmic loop increased dramatically with fiber cell age.
The signal for N129, the most abundant truncation in Cx46,
was weak in the outer cortex, but increased significantly in the
inner cortex and even further in the nucleus (Fig. 3B).
Similarly, the major site of truncation at G119 in the
cytoplasmic loop of Cx50 was found to be much higher in
the inner cortex and the nucleus than in the outer cortex (Fig.
3C). In the 55-year-old lens, the levels of N129 and G119
truncations were 20- to 200-fold higher in the samples from the
lens core compared with those found from the outer cortex.
Tandem mass spectra of the Cx50 and Cx46 peptides
truncated in the cytoplasmic loop domains are shown in the
Supplementary Materials. Similar results were obtained from a
62-year-old lens (data not shown). In younger lenses, the levels
of these truncations also showed a large increase in the
nucleus compared with the cortex (Supplementary Figs. S1,
§2). However, the levels of the cytoplasmic loop truncations
are substantially lower than in the older lenses, suggesting that
accumulation of these cleavage events increases progressively
with the age of the lens.

In addition, mass spectrometric studies revealed a cleavage
site at the N-terminal glycine at residue 2 in Cx46 (Fig. 3D).
The levels of this truncation showed a strong increase in older
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Ficure 3. Cleavage sites in the cytoplasmic loop and the N-terminal domains of Cx46 and Cx50. (A) Schematic drawing of the connexin membrane
topology indicating the sites of truncation in Cx46 (red) and Cx50 (blue) in the cytoplasmic loop and N-terminus. Truncations in the cytoplasmic
loop were found in several sites between residues 118 and 129 in Cx46 (B) and the signal was normalized to peak area of Cx46 118 to 133.
Truncations in the cytoplasmic loop of Cx50 were found in region 110 to 125 (C) and the signal was normalized to peak area of Cx50 110 to 130. In
addition, a cleavage site at the N-terminal glycine was detected in the lens (D) and the signal was normalized to peak area of Cx46 peptide 2 to 9.
The major truncated products are indicated in bold. Levels of cytoplasmic loop and N-terminal truncations in Cx50 and Cx46 were low in
abundance in samples obtained from the cortex (C) but increased significantly in the ON and N.

fiber cells compared with newly formed cells (see Supplemen-
tary Materials for tandem mass spectra).

Effect of Truncations on Junctional Conductance

The electrophysiological properties of channels formed by C-
terminal truncations were examined in transiently transfected
Hela cells. Only those truncations that were detected at a
relatively high prevalence in the human lens were character-
ized. These included C-terminal truncations at D251 in Cx46
and at H253 and V284 in Cx50. The effects of cytoplasmic loop
truncations at N129 in Cx46 and at G119 in Cx50 were also
studied. Junctional conductances in cells expressing truncated
subunits and full-length Cx46 and Cx50 are shown in Figure 4.
Junctional conductance was measured by applying brief
voltage pulses to —20 mV from a holding potential of 0 mV
to one cell of a pair. Fulllength Cx46 formed functional
intercellular channels with a mean conductance of 6.2 nS (Fig.
4A). In comparison, cells transfected with Cx46_D251
exhibited a mean conductance value of 4.5 nS (n = 21),
indicating a modest, but not statistically significant reduction
compared with full-length Cx46 (P > 0.05). The effect of the
H253 and V284 truncations in Cx50 on junctional conductance
is illustrated in Figure 4B. Expression of H253 truncation
resulted in cells that were robustly coupled with values similar
to those expressing fulllength Cx50 (G; ~16.5 * 5.3 nS; n =
35 for H253 truncation and ~24.2 *+ 5.6 nS; n =39 for Cx50 [P
> 0.05]). In contrast, cell pairs expressing the shorter V284
truncation were not coupled (n = 18), confirming previous
results in N2A cells. These results indicate that domains
between residues 253 and 284 in human Cx50 modulate
trafficking and/or channel functionality, as reported previously

for rodent Cx50.%% Additional studies to identify the specific
amino acids involved in this effect were not pursued because
of the absence of anti-Cx50 antibodies that target other
domains of the protein.

A B
8- Cx46 Cx50
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—~ 20
0 [ @ [
£ 4 =
& o
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Cx46fl D251tr N129tr Cx50fl H253tr V284tr G119tr

Ficure 4. Effect of Cx46 and Cx50 truncations on coupling levels in
Hela cells. Bar graphs show the G; values in Hela cells transfected
with ¢cDNA corresponding to full-length Cx46 and Cx50 (light bars) as
well as C-terminal truncations (gray bars) and cytoplasmic loop
truncations (dark bars) in Cx46 and Cx50. Junctional conductance
values in cells expressing the C-terminal truncations of Cx46 (A) and
Cx50 (B) at residues 251 and 253, respectively, were comparable to
those expressing their full-length counterparts. In contrast, the V284
truncation in Cx50 did not form functional intercellular channels.
Junctional conductance (Gj) values in cells transfected with cDNA
transfected with cytoplasmic loop truncations had very low levels of
coupling, and not higher than those found in untransfected parental
cells (data not shown). Each bar represents the mean = SEM from
multiple cells pairs, as described in the text.
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Ficure 5. C-terminal truncations do not affect single-channel conduc-
tance or open probability. (A, B) Single-channel current-voltage
relationships from cell pairs expressing fulllength (f1) and truncated
Cx46 (A) and Cx50 channels (B). I-V relations were obtained in
response to 8-second voltage ramps from —100 to +80 mV applied to
one cell of a pair. Single channels from cells expressing D251
truncation in Cx46 had a similar slope conductance of approximately
195 pS in comparison with full-length Cx46, which formed channels
with a unitary conductance of 190 pS. Slope conductances of cells
expressing full-length Cx50 and H253_Cx50 truncation are 272 pS and
279 pS, respectively. (C) Recordings of single D251 truncated channel
currents at transjunctional voltages of —20, —40, and —60 mV are shown
(left). Channels of Cx46_D251tr were primarily open at —20 mV but
transitioned to lower conductance states at —40 mV and —60 mV. The
closed state in current traces is indicated by a dotted line. The voltage-
dependent changes in channel P, of D251tr and full-length Cx46
channels were similar in magnitude (right). Each bar represents the
mean * SEM from three to four cell pairs.

As shown in Figure 4, truncations in the cytoplasmic loop at
N129 in Cx46 (n=21) and at G119 in Cx50 (n = 24) impaired
intercellular coupling in transfected cells. This result is not
particularly surprising because subunits missing nearly two-
thirds of the protein are unlikely to traffic to the plasma
membrane and if trafficking does occur, full oligomerization to
form functional channels is unlikely. This is a limitation of
studies in transfected cells; it is unlikely that altered trafficking
plays a role in the lens because cleavage is a postmembrane
insertion event in the lens.

Effect of the Backbone Cleavage of Cx46 and Cx50
on Single-Channel Properties
We determined whether Cx46 and Cx50 truncations affected

single-channel conductance, ionic permeability, and channel
open probability (P,). To examine whether the carboxyl tail of
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Cx46 and Cx50 affected these parameters, current traces were
recorded from poorly coupled cell pairs expressing full-length
or truncated connexin subunits. Representative single-channel
current traces in cells expressing full-length and truncated
Cx46 in response to voltage ramps from —100 mV and +100 mV
are illustrated in Figure 5A. The unitary conductances of
channels formed by fulllength Cx46 and D251 truncation,
measured as the slope conductance at 0 mV, were 190 pS and
195 pS, respectively. Analysis of unitary current amplitudes
from multiple cell pairs yielded a mean single-channel
conductance of 189 * 5 pS (n = 5) for fulllength Cx46
channels and 192 = 4 pS (n = 8) for truncated D251 channels,
indicating no significant differences (P > 0.05). Similarly,
truncation at H253 in Cx50 did not affect the single-channel
conductance of Cx50 GJ channels (Fig. 5B). Slope conduc-
tances of cells expressing fulllength Cx50 and H253_Cx50
truncation are 272 pS and 279 pS, respectively. We also
determined whether C-terminal truncation altered permeabil-
ity. Measurements of reversal potentials using NaCl gradients
indicated that the removal of the C-termini of Cx46 and Cx50
did not affect the relative permeabilities of channels to Na™ and
Cl~ (data not shown). These results are consistent with
previous studies that localize the pore-lining elements in the
N-terminus, TM1, and EL1 domains of the connexin pro-
teins. 49,50

The effect of C-terminal truncations on voltage gating was
examined by measuring P, of junctional currents in response
to a series of voltage pulses to one cell of a pair. Figure 5C
shows recordings of single homotypic GJ channels in cells
expressing D251 truncation at V; of —20 mV, —40 mV, and —60
mV. Truncated Cx46 channels are predominantly open at low
transjunctional voltage gradients, but exhibited closures to
subconductance states or fully closed states with increasing
voltage gradients (Fig. 5C). In this particular example, the
channel P, declined from approximately 0.87 at —20 mV to 0.4
and 0.21 at —40 and —60 mV, respectively. The mean P, values
of D251 truncated channels at the three different voltages
were comparable to those obtained from cells expressing full-
length Cx46 (Fig. 5C, right). These results indicate that
truncation of the carboxyl tail at residue 251 did not affect
the voltage gating of Cx46. Similarly, truncation at H253 in
Cx50 did not affect the P, of Cx50 GJ channels (data not
shown).

Gating of Truncated Channels by Intracellular
Acidification

The intracellular pH in inner lens fibers is more acidic than
that in the cortex. Impedance studies in intact lenses have
shown that GJ conductance between the fiber cells in the core
is poorly sensitive to intracellular acidification by 100% CO,. In
addition, studies in lenses from connexin knockout mice or in
the presence of Cx50-selective inhibitors indicated that gating
by low pH requires Cx50.3!-53 Cx46 channels in the lens
lacked intrinsic pH sensitivity, an effect that was attributed to
posttranslational processing of Cx46.5'-53 Therefore, we
examined whether C-terminal truncation of Cx46 renders
channels incapable of responding to low pH. Figure 6 shows
the effect of perfusion of 100% CO,-saturated external solution
to cell pairs expressing truncated connexin subunits on
junctional conductance. Cell pairs expressing full-length and
truncated channels exhibited a rapid decline in GJ conduc-
tance on perfusion with 100% CO,. The effect of intracellular
pH was completely reversible on exposure of cell pairs to CO,-
free solutions. Similar results were obtained in other cell pairs,
with CO, producing a reduction of 98% to 100% on average in
the GJ conductance in cells expressing full-length (z = 5) and
truncated Cx46 subunits (77 = 6). These results indicate that C-
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Ficure 6. pH gating of fulllength and truncated Cx46 channels. Effect of 100% CO, on the G; in cell pairs expressing full-length Cx46 (A) or
Cx46_D251tr (B) subunits. Channels of Cx46_D251tr rapidly closed during cytoplasmic acidification with similar-onset kinetics as full-length Cx46,
indicating that C-terminal truncation did not eliminate pH gating. Junctional conductance recovered to control values on washout of CO,. Similar

results were obtained in four to five other cell pairs.

terminal truncation of human Cx46 or Cx50 does not affect
the pH gating properties of GJ channels in HeLa cells.

DISCUSSION

In this study, we identified the PTMs to human lens Cx46 and
Cx50 that accrue with age. Using LC-MS/MS, sites of backbone
truncation were mapped for the first time in human Cx46 and
Cx50 as a function of fiber cell age. Analysis of peptides
generated by trypsin cleavage in two different human lenses
revealed that truncations of Cx46 and Cx50 occur due to
cleavage at specific sites within the C-terminal, cytoplasmic
loop, and the N-terminal domains. Cleavage in the C-terminal
region in both Cx46 and Cx50 occurred in differentiating fiber
cells, consistent with previous reports in the rodent lens.??
Both Cx46 and Cx50 underwent additional truncations in the
cytoplasmic loop and the N-terminus. The relative abundance
of these truncations showed a marked change with fiber cell
age, with the highest level of truncation products occurring in
the oldest fibers of the nucleus and the lowest levels occurring
in the younger differentiating fiber cells in the outer cortex.
The pattern and spatial distribution of Cx46 and Cx50
truncation products were similar in the lenses studied,
implying that these modifications are normal consequences
of aging and not due to random events.

Our results suggest that intercellular communication in the
lens core is mediated by channels that are composed of a
mixture of connexin subunits cleaved at the C-terminus and at
the other cytoplasmic domains. It is likely that the ratio of the
different truncations in individual connexin hemichannels is
dependent on the age of the lens. At early developmental time
points, coupling might be provided by channels that are
predominantly composed of connexin subunits cleaved at the
C-terminus. With increasing age, Cx46 and Cx50 undergo
gradual accrual of truncations in the cytoplasmic loop and N-
terminal domains. Our experiments, which were conducted in
lenses obtained from relatively young and older lenses, provide
some information about the aging of Cx46 and Cx50 over time.
In younger lenses, the levels of the age-related truncations
were lower than those found in older lenses. Additional studies
in even younger lenses will help determine whether levels of
cytoplasmic loop and N-terminal truncations show a gradual
age-dependent increase in the lens core.

Previous studies in the rodent lens indicated that cleavage
of the C-termini of Cx46 and Cx50 coincides with the loss of
organelles and nuclei, and correlates with a 50% reduction in
GJ channel conductance in the lens at the differentiating-to-
mature fiber transition.37-52 Cleavage of the Cx50 C-terminus

appears to cause a reduction in the contribution of this
connexin isoform to lenticular coupling, leaving truncated
Cx46 channels to provide GJ-mediated communication in fully
differentiated fiber cells.'>>1-54 Previous studies in expression
systems indicate that calpain cleavage of Cx50 at the two
closely spaced sites in the C-terminus results in either a loss of
function or a large reduction in GJ conductance.*'-4> The large
reduction in coupling levels found in these studies suggests
that calpain cleavage of Cx50 could reduce the number of
functional channel subunits, and lead to the observed decrease
in junctional coupling provided by Cx50 during lens fiber
maturation. In our studies, we found that the endogenous
Cx50 truncations found in the human lens had different effects
on GJ conductance. Although C-terminal truncation at the end
of TM4 caused no changes in functional properties, truncation
at V284 caused channels to be nonfunctional. The impact of
the C-terminal cleavage of Cx50 on GJ coupling in the human
lens is thus likely dependent on the relative abundances of the
two Cx50 cleavage sites.

There are no studies on the effects of endogenous Cx46
truncations in the lens. Our results indicate that C-terminal
cleavage of Cx46 does not cause a reduction in macroscopic
conductance. In addition, both the unitary conductance and
ionic permeability of channels formed by truncated Cx46 was
similar to the full-length isoform. These results indicate that
properties of intercellular communication provided by full-
length Cx46 are maintained after fiber cell maturation.

The insensitivity of fiber cell GJs to cytoplasmic acidification
has been attributed to C-terminal cleavage of Cx46 and
Cx50.51-33 Although initial studies indicated that cleavage of
the C-terminus abolishes pH gating 4143 other studies have
found that truncated lens connexins remained sensitive to
acidification,*> consistent with our studies. The discrepancy
between the different studies could be due to different
methodologies used to lower the intracellular pH. However,
the fact that 100% CO, markedly reduces GJ coupling in
transfected mammalian cells expressing truncated channels but
not in the lens core>'~33 suggests that pH gating in the lens
might involve other PTMs, in addition to C-terminal cleavage.
Both Cx46 and Cx50 undergo other PTMs, including phosphor-
ylation and acetylation.?3-4° Identification of other PTMs might
help clarify the mechanism underlying the absence of pH gating
in the lens. Alternately, the unique microenvironment in the
lens, for example, the association of connexins with specialized
structures, might affect channel gating differently in the lens.

A limitation of our studies in expression systems is that they
do not reproduce the changes that occur to connexin subunits
in the lens. In the lens, cleavage of connexin subunits occurs to
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preformed channels already present in the membrane, whereas
in our studies, expression of cleaved subunits is required to
oligomerize and traffic to the membrane. The consequences of
age-related increases in the cytoplasmic and N-terminal
truncations to GJ coupling in the lens remain to be determined.
Previous studies indicate that GJ conductance exhibits a large
age-dependent reduction.>> Thus, one possibility is that these
age-related modifications to Cx46 and Cx50, which remove
more than 65% of connexin protein, might underlie this
decrease in coupling levels in the lens. However, additional
studies are necessary to test this hypothesis.

The age-dependent decrease in coupling conductance in
the lens causes changes in transport of ions and important
metabolites in the lens. Increases in intracellular calcium in
fiber cells of the core occur with age.>> With advancing age,
there is also a decrease in the levels of reduced glutathione
(GSH) and an increase in oxidized glutathione (GSSG) in the
lens core.202456 The resulting change in the glutathione
redox state in the core has been identified as a key factor in
the initiation of age-related nuclear cataract. The decrease in
GSH has been attributed to the development of a barrier to
the diffusion of the antioxidant from the outer cortex to the
fiber cells in the lens core.?® Because GJ channels are
permeable to GSH,'? it is possible that the impediment to
diffusion is due to an age-dependent decrease in GJ coupling
in mature fiber cells in the aging human lens caused by
accumulation of Cx46 subunits truncated at cytoplasmic loop
and N-terminal domains. Spatially correlating the age-depen-
dent accumulation of these truncations with decreases in
coupling in cells interior to the barrier region with the
glutathione redox state and calcium accumulation is a goal of
our future studies.

The mechanisms responsible for truncations in Cx46 and
Cx50 remain to be determined. Backbone cleavage of Cx50 by
the enzymatic action of calpain and other proteases is known
to occur in ovine and chick lens.3¥-37 Although calpain activity
is much lower in the human lens, similar processes might
underlie C-terminal truncations in the human lens because of
the high enzymatic activity in the outer cortex. However,
cleavage in the cytoplasmic loop, which is primarily seen in
inner fiber cells, is less likely to be a result of proteases or other
enzymes. Cleavage in the cytoplasmic loop occurred at N130
and G119 in Cx46 and Cx50, respectively. Truncation at
asparagine residue in Cx46 might occur nonenzymatically via
the spontaneous formation of a cyclic succinimide intermedi-
ate, as described previously for crystallins®” and AQP0.2® The
mechanism of truncation at G119 is less clear, but may be due
to spontaneous cleavage of the Gly-Thr bond, a process
recently described for lens crystallins.>®
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