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Abstract
Aquaporin 0 (AQP0), the major integral membrane protein in lens fiber cells, becomes highly
modified with increasing age. The functional consequences of these modifications are being
revealed, and the next step is to determine how these modifications affect the ocular lens, which is
directly related to their abundances and spatial distributions. The aim of this study was to utilize
matrix-assisted laser desorption ionization (MALDI) direct tissue profiling methods, which
produce spatially-resolved protein profiles, to map and quantify AQP0 post-translational
modifications (PTMs). Direct tissue profiling was performed using frozen, equatorial human lens
sections of various ages prepared by conditions optimized for MALDI mass spectrometry
profiling of membrane proteins. Modified forms of AQP0 were identified and further investigated
using liquid chromatography tandem mass spectrometry (LC-MS/MS). The distributions of
unmodified, truncated, and oleoylated forms of AQP0 were examined with a maximum spatial
resolution of 500 μm. Direct tissue profiling of intact human lens sections provided high quality,
spatially-resolved, relative quantitative information of AQP0 and its modified forms indicating
that 50% of AQP0 is truncated at a fiber cell age of 24 +/- 1 year in all lenses examined.
Furthermore, direct tissue profiling also revealed previously unidentified AQP0 modifications
including N-terminal acetylation and carbamylation. N-terminal acetylation appears to provide a
protective effect against N-terminal truncation.
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Introduction
In the ocular lens, lifelong differentiation of epithelial cells into fiber cells produces
concentric layers of fibers, with the oldest fiber cells in the lens center/core and the newest,
youngest fiber cells in the lens periphery/cortex (Kuszak, 1995; Mathias et al., 1997, 2007).
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Thus, the ocular lens is a model tissue for studying age related protein modifications
(Kuszak, 1995; Mathias et al., 1997, 2007; Ball et al., 2004). The major integral membrane
protein in lens fiber cells is aquaporin 0 (AQP0), which composes greater than 50% of the
membrane protein content (Broekhuyse et al., 1976; Varadaraj et al., 1999; Ball et al., 2004)
and is known to be modified with age (Takemoto et al., 1986; Takemoto and Takehana,
1986).

AQP0 functions as a water transport channel (Varadaraj et al., 1999, 2005) and also serves
as an adhesion protein, forming thin junctions between fiber cells (Zampighi et al., 1989;
Gonen et al., 2004b; Kumari et al., 2011). Early studies were carried out on either whole
lenses or lenses dissected into cortex and nucleus regions and, through Western blot
analysis, determined that the C-terminus of AQP0 was truncated with age (Takemoto et al.,
1986; Takemoto and Takehana, 1986). Further characterization of AQP0 in human lenses of
various ages was accomplished by homogenization and digestion of the protein followed by
liquid chromatography tandem mass spectrometry (LC-MS/MS) (Schey et al., 2000; Ball et
al., 2004). These studies revealed specific sites of modification on the C-terminus, including
abundant truncation at asparagine 246 (N246) and N259, less abundant truncations at
multiple residues of the distal C-terminus, deamidation (Schey et al., 2000; Ball et al.,
2004), racemization, isomerization, and phosphorylation at serine residues 229 (S229),
S231, and S235 (Ball et al., 2004). While these studies provided valuable data for specific
sites of modifications, the spatial resolution was limited to either the whole lens (Schey et
al., 2000) or lenses dissected into 3-4 regions (Ball et al., 2004). More recently, AQP0 was
characterized by Western blotting and MALDI-TOF MS (Korlimbinis et al., 2009), where
the extent of C-terminal truncation was quantified in various aged lenses dissected into 4
regions (Korlimbinis et al., 2009).

The functional role of some of these modifications is emerging. AQP0 truncation increases
with fiber cell and lens age (Schey et al., 2000; Ball et al., 2004; Korlimbinis et al., 2009),
and it has been shown that C-terminal truncation of AQP0 leads to the formation of AQP0
junctions (Gonen et al., 2004a) and potential loss of interactions with cytoskeletal proteins
(Lindsey Rose et al., 2006). Furthermore, it has been proposed that AQP0 C-terminal
truncation may eventually permit obstruction of the AQP0 pore, leading to the formation of
a water permeability barrier (Korlimbinis et al., 2009). Phosphorylation at S235 reduces the
binding of AQP0 with Ca2+-calmodulin (Rose et al., 2008; Reichow and Gonen, 2008) and
alters AQP0 water permeability (Kalman et al., 2008). Additionally, phosphorylation may
play a role in AQP0 transport to the membrane (Golestaneh et al., 2008). Determination of
the spatial distributions of these modifications is essential to understand how they affect
fiber cell function in discrete lenticular locations as well as how they affect whole lens
function and transparency.

Recently, a method was developed to profile membrane proteins directly from tissue,
allowing for the analysis of intact AQP0 with improved spatial resolution (Thibault et al.,
2008). Direct tissue profiling from intact tissue sections minimizes sample processing,
reducing the potential loss of modifications (Schwartz et al., 2003) and artifactual
modification of proteins, such as carbamylation which can result from urea washes (Xiang et
al., 1998; Lapko et al., 2001, 2003). Thus, direct tissue profiling allows for the detection of
endogenous modifications that may otherwise not be observed and allows for direct
comparison of intact modified protein to unmodified protein. The advantages of this method
are demonstrated by the discovery of novel PTMs to AQP0, N-linked oleoylation and
palmitoylation, which were first observed by MALDI direct tissue profiling (Schey et al.,
2010). This method also led to a protocol for imaging membrane proteins directly from
tissue (Grey et al., 2009a). Imaging has the advantage of achieving greater spatial resolution,
while profiling provides increased signal and mass resolution.
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The aim of the present study was to spatially resolve PTMs of AQP0 directly from human
lens tissue sections of various ages using this recently developed method for direct tissue
profiling of membrane proteins (Thibault et al., 2008). This analysis revealed regions of
distinct transition in AQP0 modification as a result of lens fiber cell differentiation and/or
age-related changes. Both known and novel modifications were detected and mapped with a
spatial resolution of 500 μm.

Methods
Materials

Lenses were obtained from NDRI (Philadelphia, PA) or as a gift from the Garland
laboratory at University of Pennsylvania. HPLC grade water, acetonitrile (MeCN), and
trifluoroacetic acid (TFA) were all obtained through Thermo Fisher Scientific (Suwanee,
GA). Hexafluoroisopropanol (HFIP), formic acid (FA), and 3,5-dimethoxy-4-
hydroxycinnamic acid matrix (sinapinic acid, SA) were obtained through Sigma Aldrich (St.
Louis, MO). Tissue freezing medium was obtained from Triangle Biomedical Sciences, Inc.
(Durham, NC).

Direct Tissue Profiling
Frozen human lenses of age 7, 25, 32, 43, and 69 years were sectioned as described
previously (Thibault et al., 2008; Grey et al., 2009a). Equatorial lens sections were acquired
at a thickness of 20 μm and a temperature of -20°C and thaw mounted onto conductive glass
slides coated with a thin layer of methanol (Thibault et al., 2008; Grey et al., 2009a).

The mounted lens sections were subjected to a series of water washes to reduce the presence
of soluble crystallin proteins and improve AQP0 signal. Water, ≤ 250 μL, was placed on top
of the thawed lens sections for 1 minute, removed, and the sections were allowed to dry for
4 minutes before the process was repeated a total of two (69 and 43 year lenses) or three
times (7 year lenses). After washing, the sections were allowed to air dry completely and the
cycle was repeated a second time. Alternatively, to promote section adherence to the slide
and minimize tissue delocalization, some lens sections (25 and 32 yr) were washed with
water for 1 minute and then placed in a dessicator until completely dried (Grey et al.,
2009a). This was performed a total of six times.

To solubilize the membrane proteins, ≤ 0.1 μL of 7:3 formic acid:hexafluoroisopropanol
(FA:HFIP) (Schey, 1996) was spotted onto completely dried lens sections. While the tissue
was still wet, approximately 0.1 μL of matrix (saturated SA in 90% MeCN, 0.1% TFA) was
applied (spotted 2-4 times as it dried) (Thibault et al., 2008). FA:HFIP and matrix were
deposited in 5-6 regions from the cortex to the core of the lens.

A Bruker Autoflex III TOF mass spectrometer (Bruker Daltonics, Bremen Germany) in
positive ion, linear mode was used to analyze the lens sections, as described previously
(Thibault et al., 2008). Post-acquisition, the radius of each lens and the approximate radial
distance of each spot (region) were determined using a scanned image of the section. As in
Jacobs et al. (2004), radial distance (r) was normalized to lens radius (a) to determine
normalized lens distance (r/a) and compare regions in lenses of different radii. Normalized
distances of 0 and 1 represent the lens center and periphery, respectively (Jacobs et al.,
2004).

To quantitate the average percent truncation across the lens regions and in lenses of various
ages, the intensity of each truncated product was divided by the summed intensities of
truncated and intact AQP0. Peak intensities were obtained from MALDI spectra (n = 2-18)
acquired from each lens age and region. In some cases modified or unmodified AQP0 peaks
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could not be resolved in all of the spectra. For example, in the embryonic nucleus intact
AQP0 was not always resolved, precluding the relative quantitation of truncated AQP0 in
this region from all collected spectra. For this reason, various numbers of spectra (2-18)
were used to obtain the average percent of modification, with the exception of the
embryonic nucleus from the 43 yr lens, where both intact AQP0 and AQP0 1-246 were
resolved in only one spectrum.

Identification and spatial distribution of AQP0 N-terminal acetylation
Fresh eyes were obtained from the NDRI within 36 hours of removal from the donor.
Human lenses of various ages were dissected into 5-7 regions based on developmental fiber
cell age as described previously (Garland et al., 1996). To establish the radial position of
each dissected lens region, the diameters of the intact lenses and of the undissected lens
sections were measured as shells of fiber cells were removed during the dissection.
Dissected fiber cell regions were stored at -80 °C until analysis (Garland et al., 1996). The
dissected lens regions were shipped on dry ice overnight and stored at -80 °C. To compare
dissected regions from different lenses, the midpoint distance of each shell (based on the
above measured diameters) was determined and normalized as a function of the intact lens
size, in a similar manner to Jacobs et al. (2004).

For identification and semi-quantitative LC-MS analysis of acetylation, lenses were
processed in pairs, aged and young, in a manner similar to that previously described (Ball et
al., 2004). Membrane protein pellets were suspended in 180 μL of 50 mM NH4HCO3, and
after sonication for 2 minutes, 20 μL of MeCN was added. Trypsin (1-2 μg) was added and
the samples were digested for 24 hours at 37°C. After digestion, samples were spun at
16,000 × g at 4°C for 10 minutes. Protein assays of the digested samples were carried out
using the bicinchoninic acid (BCA) assay (Pierce) with digested, bovine serum albumin
(BSA) as a standard.

All samples were analyzed on a Thermo Scientific LTQ XL Orbitrap mass spectrometer
interfaced via a nanospray ionization source to an Eksigent nano LC 2D uPLC pump.
Samples were queued in a Thermo Scientific Micro autosampler, chilled to 4°C, and 1.5
pmol of sample were injected. Peptides were loaded onto a C18, 100 μm id, 6 cm trap
column in 98% mobile phase A (100% H2O, 0.1% formic acid) and 2% mobile phase B
(100% MeCN, 0.1% formic acid) for 10 minutes. Peptides were separated on a 100 μm id,
20 cm C18 analytical column with a 23 minute gradient from 2-25% mobile phase B. Mass
spectrometry analysis occurred in two stages – identification and quantitation. For
identification, MS scans (m/z 250-1200) were performed in the Orbitrap followed by
collision induced dissociation of selected ions and MSMS acquisition in the LTQ linear ion
trap. For quantitation, MS scans were carried out in the LTQ XL ion trap, and ions of m/z
350-800 were detected. Triplicate samples were injected. Areas under the curve (AUC) were
determined for acetylated and unmodified AQP0 1-5 from their respective selected ion
chromatograms (SIC). Percent acetylation was calculated as

Eq. 1

where AUCacet is the AUC for the acetylated form of the peptide and AUCunmod is the AUC
for the unmodified form of the peptide. To determine the amount of acetylated or
unmodified AQP0 1-5 independent of each other, the AUC for the acetylated or unmodified
AQP0 N-terminal peptide was divided by the AUC for an unrelated internal peptide standard
(AUCIS), which was spiked into the sample after tryptic digestion. This ratio was multiplied
by the absolute amount of the internal standard (AQIS) injected in each sample, to normalize
the AUC for the peptides of interest in each sample to the amount of sample injected.
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Eq. 2

Eq. 3

Results
MALDI direct tissue profiling

Human lenses of age 7, 25, 32, 43, and 69 years were analyzed by MALDI direct tissue
profiling and modifications to intact AQP0 were mapped from the cortex to the core of lens
equatorial sections to determine changes to AQP0 with lens and fiber cell age. The average
diameter for all aged lenses was 9.3 ± 0.84 mm, and lens sections were profiled with a
spatial resolution of 0.5-1 mm, allowing for 5-6 regions to be profiled from the lens
periphery to the lens center.

Figure 1 shows scanned images of human lens sections after washing (Figure 1A) and after
matrix deposition (Figure 1B). The region profiled at each matrix spot was determined by
measuring the radial distance of each spot from the lens center. To compare regions from
lenses of different radii, radial distances (r) were normalized by dividing by the lens radius
(a), as done previously (Jacobs et al., 2004). Normalized distances of 0 and 1 represent the
lens center and the outer edge of the tissue section, respectively (Figure 1B). The regions
sampled were correlated with developmental age (Taylor et al., 1996), as shown in Table 1.
Different modified forms of AQP0 detected in MALDI profiles are discussed in separate
sections below.

Truncation
Qualitative examination of the outer cortex region of the profiles shows a strong signal for
the [M+H]+ ion of intact AQP0 1-263 (expected m/z 28,123), which was observed at m/z
28,126; 28,110; and 28,123 for lenses of age 7, 32, and 69 years as shown in Figures 2A,
3A, and Supplementary Figure 1A, respectively. A list of expected masses of [M+H]+ ions
for profiled AQP0 truncation products is presented in Table 2. Further examination of each
lens region at a specific age shows that signal intensities of AQP0 truncation products
increase with fiber cell age, from the cortex of the lens to the core (Figures 2, 3, and
Supplementary Figure 1), with the most abundant truncation occurring at residues N246
(expected m/z 26,359), N259 (expected m/z 27,710), and N243 (expected m/z 26,059). This
is in agreement with previous studies (Schey et al., 2000; Ball et al., 2004) that indicate
truncation at the C-terminal side of these asparagine residues is non-enzymatic and occurs
with increasing age as a result of succinimide ring formation and spontaneous backbone
cleavage (Ball et al., 2004).

To quantitate these findings, the percent of truncated AQP0 1-246 was determined as a
function of lens age, as shown in Figure 4. At any particular age, the highest percent of
truncated AQP0 1-246 is concentrated in the central regions of the lens (juvenile nucleus,
fetal nucleus, and embryonic nucleus), with very little truncated product in the cortex. This
is in agreement with a recent MALDI imaging study (Grey et al., 2009a). These data also
show that within a particular region, truncation increases slowly with increasing lens age.
For example, in the embryonic nucleus of a 7 year lens truncated AQP0 1-246 constitutes
approximately 40% of total AQP0, which increases to 50% by 25 years of age and nearly
80% by 70 years of age. Note that the change in slope at approximately 30 years could be

Gutierrez et al. Page 5

Exp Eye Res. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



due to a change in lens environment increasing the susceptibility of AQP0 to truncation,
perhaps due to a structural change.

The percent of truncated AQP0 was also plotted as a function of normalized lens distance, as
shown in Figure 5 for two major truncation sites, AQP0 1-259 (Figure 5A) and AQP0 1-246
(Figure 5B). These curves show that in 7, 25, 32, and 43 year lenses truncation increases
steadily from a normalized lens distance of 1 to approximately 0.5, at which point the
increase in truncation plateaus in the older lenses. In the 69 year lens, truncation increases
most rapidly from a normalized lens distance of 1 to approximately 0.8 (see also
Supplementary Figure 1) most likely due to the steeper age gradient in older lenses.

In order to estimate the amount of time it takes for 50% of AQP0 to become truncated to
AQP0 1-246, it is necessary to know the radial distance at which this amount of truncation
occurs and the age of the fiber cells at this radial distance. Since the percent of AQP0
truncation was determined as a function of radial distance (Figure 5), fiber cell age was
estimated using the following equation,

Eq. 4

where r/a = the normalized lens distance and 0.52 is the normalized distance remaining from
the lens periphery in an adult lens (r/a = 1) to the embryonic nucleus (r/a = 0.48). These
values are based on measurements by Taylor et al. (1996) and the linear rate of lens growth
from ages 10-60 (Sakabe et al., 1998; Schachar, 2005). Figure 5B shows that the amount of
AQP0 1-246 reaches 50% at normalized lens distances of 0.82, 0.73, and 0.62 in 69, 43, and
32 year lenses, respectively. Using the equation above, these radial distances represent fiber
cells that are approximately 24, 22, and 23 years of age, in 69, 43, and 32 year lenses,
respectively. Additionally, Figure 4 shows that the amount of AQP0 1-246 reaches 50% in
the embryonic nucleus (r/a = 0) of a 25 year lens, in agreement with the number of years
determined for 50% AQP0 truncation in the inner core of manually dissected, homogenized
lenses (Korlimbinis et al., 2009). This suggests that truncation of AQP0 to AQP0 1-246
reaches 50% in 24 ± 1 years. The direct tissue profiling data show that most of this
truncation is occurring prior to a normalized lens distance of 0.5, after which point, the rate
of truncation slows.

Oleoylation
Recently, a novel fatty acyl modification, N-linked oleoylation (+ 264 Da), was discovered
on AQP0 at the N-terminal Met and Lys238 residues (Schey et al., 2010). This modification
was first observed by MALDI direct tissue profiling as a shoulder on the AQP0 peak and
subsequently identified by LC-MS/MS. MALDI direct tissue profiling and imaging revealed
that this modification is most abundant in the inner cortical region of human lenses, of 11
and 29 years (Schey et al., 2010). In the present study, oleoylated AQP0 was mapped in
lenses 7 to 69 years of age. A qualitative assessment of the data, suggested that this acylated
form of AQP0 was absent from the cortex and became apparent around a normalized lens
distance of 0.8 in all aged lenses (diamond labeled peaks in Figures 2, 3, and Supplementary
Figure 1). Determination of percent oleoylation on intact AQP0 (1-263) from profiles of 11
and 32 year lenses, revealed that oleoylated AQP0 was most abundant at a radial lens
distance of 0.6, or the inner edge of the adult nucleus, where it reached 50% of the total
amount of AQP0 (Supplementary Figure 2). Although percent oleoylation was not
determined for truncated AQP0, the profiling results show that it is also oleoylated in a
similar ratio to intact AQP0 (Figures 2, 3, and Supplementary Figure 1).
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Acetylation and Carbamylation
The AQP0 signals observed by MALDI profiling of lens tissue also revealed a mass shift of
approximately 42 Da that became more apparent with increasing lens and fiber cell age (star
labeled peaks in Figures 2, 3, and Supplemental Figure 1). Due to the mass resolution
limitations in the MALDI profiling instrumentation, it is difficult to determine an exact mass
shift from these data and to quantitate the extent of acetylation; therefore, LC-MS/MS of
digested lens membrane preparations was used to determine accurate masses and to
determine the extent of acetylation with lens fiber cell age. Distinct, reproducible retention
times of two modified AQP0 peptides were observed, revealing that the N-terminal
methionine of AQP0 is carbamylated, with a mass shift of 43 Da (data not shown), and
acetylated, with a mass shift of 42 Da (Figure 6). In vivo carbamylation has been reported
for lens proteins (Lapko et al., 2001, 2003), but carbamylation of proteins can also occur
during urea washing (Xiang et al., 1998; Lapko et al., 2001, 2003). Typically, lens
membrane proteins are prepared with urea washes to remove extrinsic membrane proteins.
In the present study, carbamylation at the AQP0 N-terminus was detected in the core region
of a 47 year lens prepared without urea washing (data not shown), suggesting that
carbamylation occurs endogenously.

To investigate the distribution of acetylated AQP0, manually dissected lens regions from
various aged lenses were analyzed by LC-MS. Relative quantitation indicated that the
percent of acetylation increased with fiber cell and lens age, and that after a normalized lens
distance of 0.85, the percent of acetylation increased rapidly in older lenses compared to
younger lenses (Figure 7A). To determine if this increase was due to truncation of the AQP0
N-terminus with age (Schey et al., 2000), the relative amounts of unmodified and acetylated
AQP0 N-terminal peptides were determined and plotted as a function of normalized lens
distance (Figure 7B). It is evident that signal for the unmodified AQP0 N-terminus
decreases rapidly at a normalized lens distance of 0.85 in the older lenses, while the relative
amount of acetylated N-terminal peptide decreases at a slower rate. This suggests that the
increase in percent acetylation is due to truncation of the unnmodified N-terminus, that N-
terminal truncation increases more rapidly in older lenses compared to younger lenses, and
that acetylation of the N-terminus might slow its truncation.

Discussion
AQP0, the major integral membrane protein of the lens fiber cells, is a highly modified
protein. PTMs to this protein include truncation, deamidation, isomerization, racemization,
and phosphorylation (Ball et al., 2004). Many of these modifications were determined by
digestion of membrane proteins prepared from whole lens homogenates or manually
dissected lenses (Schey et al., 2000; Ball et al., 2004). This approach allows for sequence
analysis of the peptide mixture, measurement of the exact mass shift of the modified
peptides, and determination of the specific sites of modification. In this way, all of the
known specific sites of modification have been located on the C-terminus of AQP0. As the
major sites of AQP0 modification have been identified, determining their distributions
throughout the lens is important, since their regional presence may indicate functional
relevance in differentiation or aging.

In this study, a recently developed direct tissue profiling method designed for membrane
protein analysis (Thibault et al., 2008) has been used to spatially resolve AQP0
modifications. MALDI tissue profiling facilitates analysis of the intact protein directly from
tissue, preventing the loss of modifications due to sample enrichment and chromatographic
separation (Schwartz et al., 2003), and it has provided relative quantitative information
regarding endogenous modifications to AQP0. Our assumption is that the relative amounts
of intact and modified AQP0 extracted from the tissue are the same across the tissue; not
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that the extraction is complete. If this assumption holds, then the relative quantitation
method presented is valid. Our results are in agreement with previous gel analyses of AQP0
truncation and previous LC/MS analyses of digested AQP0; therefore, we are confident in
the observed changes in AQP0 modification measured by direct tissue analysis.
Furthermore, the spatial localization of AQP0 within the lens measured by direct tissue
profiling can be used to correlate findings with regions of physiological interest, such as
organelle loss (Jacobs et al., 2004) or the lens permeability barrier, which is 6-8 mm in
diameter (Korlimbinis et al., 2009). The distance of barrier formation has been equated to
the interface of the cortex and nucleus (Sweeney and Truscott, 1998; Moffat et al., 1999).
Using an average human lens diameter of 9 mm (Garland et al., 1996), barrier formation
occurs at a normalized lens distance of 0.78 (7 mm/9 mm), within the adult nucleus region.

Truncation
The C-terminus of AQP0 is the site of protein-protein interactions and mediates AQP0
function both as an adhesion protein and as a water channel (Gonen et al., 2004b; Varadaraj
et al., 2005; Lindsey Rose et al., 2006; Rose et al., 2008; Reichow and Gonen, 2008). AQP0
interacts with filensin and CP49 via its C-terminus, and it has been proposed that these
interactions maintain hexagonal fiber cell shape (Lindsey Rose et al., 2006). Additionally in
the rat lens, it has been suggested that AQP0-filensin interaction leads to the redistribution
of AQP0 into aggregates on the broad side of fiber cells in the region just before nuclei
degradation (Grey et al., 2009b). The C-terminus also modulates fiber cell adhesion, as its
truncation leads to junction formation between AQP0 tetramers, strengthening fiber-to-fiber
adhesion (Gonen et al., 2004b). Lastly, AQP0 C-terminal truncation may contribute to the
water permeability barrier that is observed in middle aged human lenses. It has been
suggested that 50% truncation of AQP0 may allow adequate levels of insoluble components/
protein complexes to bind to AQP0 and block the pore, creating a water permeability barrier
(Korlimbinis et al., 2009). These examples highlight the importance of the AQP0 C-
terminus, and illustrate how its truncation may alter protein-protein interactions (Lindsey
Rose et al., 2006) and protein function – a mechanism that has been demonstrated for pH
regulation of connexin 50 (Lin et al., 1998) – especially in older fibers where protein
turnover does not occur (Grey et al., 2009b).

Truncated AQP0 has been extensively examined by a variety of methods ranging from gel
electrophoresis to LC-MS/MS to MALDI analysis of extracted protein (Takemoto et al.,
1986; Takemoto and Takehana, 1986; Schey et al., 2000; Ball et al., 2004; Korlimbinis et
al., 2009). The present work provides relative quantitation of distinct C-terminal truncation
products, AQP0 1-246 and 1-259, measured directly from the tissue and correlated with lens
and fiber cell age (Figure 4, Figure 5).

As expected, truncation was minimal in the cortical region (Takemoto and Takehana, 1986;
Schey et al., 2000; Ball et al., 2004), at less than 10% for both AQP0 1-246 and 1-259.
Previous studies have observed truncation in lenses as young as seven years (Schey et al.,
2000; Korlimbinis et al., 2009). The present results show that at age seven, approximately
35% of AQP0 is truncated to AQP0 1-246 in the embryonic nucleus (Figure 2E, Figure 4,
Figure 5). This corroborates a study of membrane-enriched lens homogenates that showed
one-third of AQP0 was truncated by age five in the inner core (Korlimbinis et al., 2009).

In middle aged lenses a permeability barrier is observed (Sweeney and Truscott, 1998;
Moffat et al., 1999; Korlimbinis et al., 2009) at a distance equivalent to a normalized lens
distance of 0.78. Western blotting and densitometry analysis of intact and truncated AQP0
from manually dissected, homogenized lenses showed that 50% of AQP0 was truncated in
the barrier region by approximately 47 years (Korlimbinis et al., 2009). The direct tissue
profiling data support these findings, showing that 50% of AQP0 is truncated to AQP0
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1-246 at a normalized lens distance of approximately 0.8 for a lens age of 55 years (Figure
4).

The high spatial resolution achieved by direct tissue profiling facilitated determination of the
rate of AQP0 truncation, by correlating radial distance with estimated fiber cell age. The
data suggest that 50% of AQP0 is truncated to AQP0 1-246 in 24 ± 1 years and that most of
this truncation is occurring prior to a normalized lens distance of 0.5, after which point the
rate of truncation slows. This slow rate of truncation supports a non-enzymatic mechanism,
as truncation at asparagine residues and previous data suggest (Ball et al., 2004). In contrast,
an enzymatic process would occur faster, and may be localized to a small region. For
example, rat AQP0 undergoes rapid truncation over a short distance in the lens core
(Thibault et al., 2008; Grey et al., 2009b) that is thought to be achieved, at least in part, by
calpain (Schey et al., 1999; Grey et al., 2009b).

Oleoylation
Analysis of intact AQP0 from tissue revealed the distribution of oleoylated AQP0, which
appears suddenly at a normalized lens distance of approximately 0.9-0.8 (Figure 2, Figure 3,
Supplementary Figure 1) and reaches nearly 50% of the level of unmodified AQP0 at a
normalized lens distance of 0.6 (Supplemental Figure 2). Oleoylated AQP0 partitions to the
detergent-resistant membranes, while unmodified AQP0 is found in both detergent-soluble
and detergent resistant membranes (Schey et al., 2010). The targeting of oleoylated AQP0 to
detergent-resistant membranes specifically in the nuclear regions of all lenses examined
suggests a significant role in regulating lens function, perhaps through organizing fiber cell
membrane domains. Interestingly, fetal lenses do not contain oleoylated AQP0 (Korlimbinis
et al., 2009). The exact effect of oleoylated AQP0 in this region remains to be determined,
but it could alter protein-protein interactions of the AQP0 C-terminus with calmodulin and/
or filensin, subsequently effecting the regulation of lens water permeability and/or fiber-
fiber adhesion (Schey et al., 2010).

Acetylation and Carbamylation
Previously unreported modifications to AQP0 were detected, which have been identified as
carbamylation, and acetylation at the N-terminus. The modified peptides were not initially
observed by the conventional shotgun proteomics techniques of digestion and analysis of the
soluble peptides. This finding demonstrates the importance of direct tissue profiling for the
detection of novel modifications.

Based on MALDI profiling results, subsequent LC-MS/MS analysis allowed identification
of carbamylation (data not shown) and acetylation (Figure 6) on the N-terminus of AQP0.
The distribution and relative quantitation of AQP0 N-terminal acetylation were determined
for various aged lenses by LC-MS analysis of manually dissected lens regions. These data
revealed that the relative extent of acetylation increases with fiber cell and lens age (Figure
7). Furthermore, at normalized lens distances of less than 0.85 the signal for the unmodified
N-terminal peptide rapidly decreases in the nucleus of older lenses, while the signal for the
acetylated peptide decreases more gradually (Figure 7). This suggests that acetylation of the
N-terminus may protect it from age-related truncation. The effect of N-terminal acetylation
on AQP0 function and/or its protein-protein/protein-membrane interactions remains to be
determined.

N-terminal acetylation is a common protein modification (Polevoda and Sherman, 2000,
2002) that occurs co-translationally to confer resistance to degradative processes in the cell.
Although many lens proteins are acetylated, no alternative functions have been
demonstrated. It has been suggested that N-terminal acetylation of connexins may have a
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regulatory function (Shearer et al., 2008), since the N-terminus of connexins are important
to channel permeability and gating.

The timing of acetylation (co- or post-translational) of the AQP0 N-terminus is intriguing.
Presumably, co-translational acetylation would modify the entire pool of protein; since this
is not the case, acetylation is likely a post-translational event (Shearer et al., 2008),
occurring substoichiometrically and presumably prior to the loss of nuclei and organelles.
For human AQP0, the increase in percent acetylation after the nuclei and organelles degrade
is attributed to the loss of the unmodified N-terminus. Post-translational N-terminal
acetylation has been detected on some hormones (Polevoda and Sherman, 2002), for
example, on α-melanocyte-stimulating hormone, where acetylation increases its activity
(O’Donohye et al., 1982; Polevoda and Sherman, 2002). N-terminal acetylation is also a
PTM of β-endorphin, for which it reduces the activity (Smyth et al., 1979; O’Donohye et al.,
1982; Polevoda and Sherman, 2002).

The distribution of carbamylated AQP0 was not determined from the direct tissue profiling
data because it cannot be resolved from acetylated AQP0. Furthermore, the distribution of
AQP0 carbamylation was not mapped via LC-MS/MS analysis of manually dissected lenses,
as the lenses were washed with urea that can cause artifactual carbamylation. Carbamylation
as a PTM has precedence in the lens, where γB-, γC-, and γD-crystallins are carbamylated at
their N-termini (Lapko et al., 2003), and in vivo carbamylation in the lens has been
correlated with cataractogenesis (Beswick and Harding, 1984). Carbamylation can occur
non-enzymatically (Beswick and Harding, 1984) and irreversibly (Beswick and Harding,
1984; Van Driessche et al., 2002), so that it is possible for this modification to increase in
the lens core. At physiological pH, carbamylation (Lapko et al., 2001; Van Driessche et al.,
2002) and acetylation (Lapko et al., 2001) of lysine remove the charge on this residue,
leaving it as neutral, and potentially modifying protein-protein interactions (Beswick and
Harding, 1984; Lapko et al., 2001). It is possible that these modifications to AQP0 alter
protein-protein interactions involving its N-terminus. However, since these modifications
are found in non-cataractous lenses it is unlikely that they negatively affect the function of
AQP0, as suggested for N-terminal carbamylation of γ-crystallins detected in young, clear
lenses (Lapko et al., 2003).

In summary, direct tissue profiling of human lenses has been used to spatially map the
distribution of AQP0 and its modified forms directly from lens sections providing high
quality spatial information and resolution of modifications. Direct tissue analysis led to the
detection of new AQP0 modifications including carbamylation, acetylation, and oleoylation.
Furthermore, the application of this technique to various aged lenses has produced a
spatially-resolved semi-quantitative assessment of age-related changes in the distributions of
truncated, oleoylated, and acetylated AQP0.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

>Human AQP0 modifications were localized by direct tissue profiling mass spectrometry
>Truncated and lipidated AQP0 forms were correlated with fiber cell age >50% of AQP0
is truncated by fiber cell age of 24 years >N-terminal acetylation was discovered and
seems to protect against AQP0 degradation
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Figure 1.
Scanned images of A) a 32 yr lens section after washing and B) a 25 yr lens section after
washing and matrix deposition. The distance of each matrix spot from the lens center (a)
was normalized to lens radius (r), yielding normalized lens distances of 0 to 1 for central to
peripheral spots, respectively. The scale bars are 10 mm and 1mm in panels A and B,
respectively.
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Figure 2.
MALDI tissue profiles of 7 year human lens sections acquired at normalized lens distances
of A) 1.0, B) 0.7, C) 0.5, D) 0.3, and E) 0.0. The diamonds (◆) indicate oleoylation of
AQPO (+ 264 Da), which appears beginning at a normalized lens distance of 0.7. The stars
( ) indicate acetylation (+ 42 Da), which appears as small shoulder peaks to AQP0 1-246
peaks (indicated by m/z labels) beginning at a normalized lens distance of 0.5. The AQP0
label represents full length AQP0 (AQP0 1-263). AQP0 truncation products are represented
by 1-x, where x is the C-terminal residue. The asterisk represents a sinapinic acid adduct.
Boxed numbers represent the normalized lens distance from which the spectrum was
obtained.
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Figure 3.
MALDI tissue profiles of 32 year human lens sections acquired at normalized lens distances
of A) 1.0, B) 0.8, C) 0.6, D) 0.3, and E) 0.0. The diamonds (◆) indicate oleoylation of
AQPO (+ 264 Da), which appears beginning at a normalized lens distance of 0.8. The stars
( ) indicate acetylation (+ 42 Da), which appears as small shoulder peaks to the main
truncated and intact AQP0 peaks (indicated by m/z labels) beginning at a normalized lens
distance of 0.6. In panels D and E, the acetylated peaks have a higher intensity than the main
AQP0 peaks (indicated by m/z labels). The AQP0 label represents full length AQP0 (AQP0
1-263). AQP0 truncation products are represented by 1-x, where x is the C-terminal residue.
The asterisk represents a sinapinic acid adduct. Boxed numbers represent the normalized
lens distance from which the spectrum was obtained.
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Figure 4.
The distribution of truncated AQP0 1-246 as a function of lens age. For each age, the
percent of truncation was determined in five regions across the lens, defined by the
estimated radial distance (normalized to the lens radius) spanned by each region. The
percent of truncation was calculated using the peak intensity (peak height) of truncated
AQP0 compared to the total intensity for truncated AQP0 1-246 and intact AQP0.
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Figure 5.
The distribution of truncated AQP0 as a function of normalized lens distance for A) AQP0
1-259 and B) AQP0 1-246. Truncation was calculated using the peak intensity (peak height)
of truncated AQP0 compared to the total intensity of the truncated and intact AQP0.
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Figure 6.
Identification of acetylated AQP0 1-5. MS/MS spectra from the center of a 60 year lens
confirmed the identity of A) unmodified AQP0 1-5 and B) N-terminally acetylated (Ac)
AQP0 1-5. Asterisks indicate acetylated b-ions. The peptide fragmentation patterns for
unmodified and acetylated AQP0 are shown at the top of each panel.
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Figure 7.
The distribution of acetylated AQP0 N-terminus as a function of normalized lens distance.
A) The percent of AQP0 N-terminal acetylation in young and aged lenses. B) The relative
amount of unmodified (left, gray axis) and acetylated (Ac, right, black axis) AQP0 N-
terminus in aged lenses.
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Table 1

Lens regions

Lens Regions

Region Normalized Lens Distance Avg. Normalized Lens Distance

cortex 1.00-0.84 0.99 ± 0.1

AN 0.84-0.60 0.75 ±0.1

JN 0.60 - 0.48 0.49 ± 0.1

FN 0.48 - 0.03 0.25 ± 0.03

EN 0.03 - 0.0 0.0

A description of the lens regions profiled directly from tissue. Regions are defined using developmental age and lens distance, as described by
Taylor et al., (1996) – left and center columns – and by normalized lens distance, averaged over all aged lenses, as sampled in these experiments –
right column. Abbreviations: AN – adult nucleus; JN – juvenile nucleus; FN – fetal nucleus; EN – embryonic nucleus.
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Table 2

Expected [M+H]+ ions of observed AQP0 products.

Expected [M+H]+ of AQP0 Products

Sequence Unmodified [M+H]+ Acetylated [M+H]+ Oleoylated [M+H]+

1-263 28123 28165 28387

1-259 27710 27752 27974

1-246 26359 26401 26623

1-243 26059 26101 26323
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