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Abstract
MALDI tissue profiling and imaging have become valuable tools for rapid, direct analysis of tissues
to investigate spatial distributions of proteins, potentially leading to an enhanced understanding of
the molecular basis of disease. Sample preparation methods developed to date for these techniques
produce protein expression profiles from predominantly hydrophilic, soluble proteins. The ability to
obtain information about the spatial distribution of integral membrane proteins is critical to more
fully understand their role in physiological processes, including transport, adhesion, and signaling.
In this communication, a sample preparation method for direct tissue profiling of integral membrane
proteins is presented. Spatially resolved profiles for the abundant lens membrane proteins aquaporin
0 (AQP0) and MP20, and the retinal membrane protein opsin, were obtained using this method.
MALDI tissue profiling results were validated by analysis of dissected tissue prepared by traditional
membrane protein processing methods. Furthermore, direct tissue profiling of lens membrane
proteins revealed aged related post-translational modifications, as well as a novel modification that
had not been detected using conventional tissue homogenization methods.

INTRODUCTION
Matrix-assisted laser desorption ionization (MALDI) mass spectrometry (MS) has become an
important tool for proteomic analysis because it offers a rapid method for examining proteins
and peptides with high sensitivity over a large mass range [1–4]. Recently, methods have been
developed to use MALDI MS in the analysis of proteins and peptides directly from tissue
sections [4–7]. These methods include both profiling - analysis of the spatial distribution of
proteins and peptides from discrete locations on a tissue surface, and imaging - analysis of the
spatial distribution of proteins and peptides throughout an entire tissue surface [7,8]. Both
tissue profiling and imaging have provided a way to examine proteins not only in their native
location but also unaffected by traditional processing methods such as extraction,
homogenization, and separation [8].

MALDI tissue profiling and imaging have been increasingly used to compare disease with non-
disease tissue in order to determine potential disease biomarker proteins [4,6,7,9,10].
Yanagisawa et al. (2003) profiled resected non-small-cell lung tumors and were able to
accurately distinguish histological tumor groups based on protein patterns, as well as to predict
survival [10]. Additionally, a study that utilized MALDI tissue profiling to analyze human
brain tissue and gliomas, demonstrated the ability of this technique to distinguish healthy tissue
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from tumor tissue and to accurately classify different grades of tumors [11]. Mouse brain
sections have also been imaged using MALDI MS, and the results showed that protein
distributions change among three anatomical regions: the corpus callosum, the striatum, and
the cerebral cortex [6]. Moreover, when GL261 brain cancer cells were injected into mouse
brain and allowed to grow, images of subsequently sectioned brain tissues revealed differences
in tumor versus non-tumor areas, with histones distinctly marking tumor location [6].

MALDI tissue profiling and imaging have also been employed to study the molecular basis of
physiological changes [5,12] and the localization of drugs [4–8]. One study profiled and imaged
regional protein changes throughout the mouse epididymus to advance the understanding of
the processes involved in spermatozoa development [12]. Furthermore, MALDI MS tissue
profiling and MALDI MS/MS tissue imaging were used to detect erlotinib in liver, spleen, and
muscle tissue, and its distribution throughout liver and spleen sections [13]. MALDI imaging
mass spectrometry (IMS) was also used to map the distribution of the lens soluble α-crystallins,
revealing differential distributions of two α-crystallin subunits and their modified forms [14].

Although the use of MALDI tissue profiling and imaging of proteins has been and continues
to be highly valuable, these techniques have been limited to the analysis of hydrophilic, soluble
proteins [5,8,12] and thus, they omit a key part of the proteome, i.e. the hydrophobic integral
membrane and membrane-associated proteins. Although sample preparation methods have
been developed for the analysis of hydrophobic proteins [15–18], these methods have not been
applied in imaging or profiling experiments. In this communication, a method is presented for
the profiling of integral membrane proteins directly from thin tissue sections.

EXPERIMENTAL
Materials

Bovine lenses, and rabbit and pig eyes were obtained from Pel-Freeze Biologicals (Rogers,
AR). Rat lenses were obtained from a Sprague Dawley rat (disease and treatment free,
sacrificed with isofluorane) courtesy of Dr. Haujie Zhu, Laboratory of Drug Disposition and
Pharmacogenetics, Medical University of South Carolina. TBS Tissue Freezing Medium was
obtained through Triangle Biomedical Sciences (Durham, NC). HPLC grade water and
acetonitrile, trifluoroacetic acid, urea, and ammonium citrate were all purchased through Fisher
Scientific (Suwanne, GA); hexafluoroisopropanol, formic acid, 2,5-dihydroxybenzoic acid
(DHB), and 3,5-dimethoxy-4-hydroxycinnamic acid matrix (sinapinic acid, SA) were
purchased from Sigma-Aldrich (St. Louis, MO).

Tissue Sectioning
Bovine lenses (1–2 yrs) were received frozen. Rabbit (1–3 yrs), pig (2+ years), and rat eyes (7
months) were received fresh on wet ice; lenses, and regions of pig posterior ocular globe with
attached retinal tissue were dissected from the eyes and frozen at −80 °C prior to sectioning.
During lens sectioning, the posterior pole of each lens was bound to a chuck using TBS Tissue
Freezing Medium. Lenses were sectioned equatorially starting from the anterior pole moving
inward toward the equator at a temperature of −20 °C to −21 °C and at a thickness of 20 µm,
using a Microm HM 550 cryostat (Walldorf, Germany). Sections used for analysis were taken
from the equator region of the lens and transferred to conductive glass slides (Bruker Daltonics,
Bremen Germany) covered with a thin layer of anhydrous ethanol. The anhydrous ethanol was
used to fix the tissue and to prevent lens sections from cracking when landing on the slide
[14]. Lens sections were prepared and analyzed immediately after sectioning or placed in a
container, wrapped in parafilm, and frozen at −20 °C until used. For retinal preparations, tissue
was mounted in the cryostat such that the outer surface of the retina faced up, and 12 µm thick
sections were collected and stored as above.
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MALDI Tissue Profiling
Tissue sections were thawed in a parafilm sealed dish at room temperature and then submerged
in a water bath for 6 minutes (bovine, rabbit, pig lens, and pig retina) or 7.5 minutes (rat lens).
Once removed from the bath, sections were allowed to completely dry at room temperature.
For lens profiling, a gel loading tip was used to manually spot less than 0.25 µl of 7:3 formic
acid:hexafluoroisopropanol (FA:HFIP), followed by 4–6 drops of less than 0.15 µl of saturated
sinapinic acid (SA) matrix in 90% MeCN, 0.1% TFA. For retina profiling, 0.5 µl of FA:HFIP
solution was applied manually, immediately followed by 2 drops of 0.5 µl 2,5-
dihydroxybenzoic acid (DHB) matrix in 70% MeCN, 0.1% TFA. To investigate the effect of
washing and of the 7:3 FA:HFIP treatment, some sections were washed but not treated with
7:3 FA:HFIP, while some were not washed and spotted with 7:3 FA:HFIP, and some received
no treatment before application of the above matrix.

Lens Dissection and Homogenization
Whole, frozen bovine lenses were removed from −80 °C and placed on dry ice. The lenses
were decapsulated by briefly running them under cold dI water. Lenses were kept on dry ice
and manually dissected into four regions: outer cortex, inner cortex, outer core, and core. Each
lens region was placed in a separate tube and covered with 500 µl of cold homogenization
buffer: 500 mM NH4HCO3 (pH 8), 5 mM EDTA, 10 mM NaF. (Note that the large core region
was divided into two tubes to obtain better homogenization). Tissue was homogenized
manually with a Teflon pestel and covered with another 500 µl of homogenization buffer. Each
tube was centrifuged at 109,000 × g for twenty minutes at 4 °C, and the supernatant was
removed. The pellets were washed in 1 mL of 4M urea, 7M urea (x2), 10% formic acid in water
(x2), and water (x2) for twenty minutes at the above conditions. After the final wash, the pellets
were suspended in 1 mL of ethanol for delipidation and stored at −20 °C overnight. Each sample
was centrifuged at 109,000 × g for twenty minutes at 4 °C. Finally, pellets were washed three
times with water, and an amount equal to one twelfth of lens material was removed from each
region. The aliquot was spun at 16,100 × g for 2 minutes and the supernatant was removed.

Lens Homogenate Profiling
Immediately prior to spotting, aliquotted pellets were resuspended in 3 µl of 7:3 FA:HFIP
Sample, 0.5 µl, was mixed with 1.5 µl of saturated sinapinic acid matrix in 70% MeCN, 0.1%
TFA. The sample/matrix mixture (0.5 µl) was spotted onto a MALDI plate

Mass Spectrometry
Lens sections and homogenates were analyzed using a Bruker Autoflex III TOF mass
spectrometer (Bruker Daltonics), whereas retinal sections were analyzed using a Bruker
Autoflex III TOF/TOF mass spectrometer (Bruker Daltonics). The instruments were operated
in positive ion, linear mode and the data were manually acquired with either 350 shots/spectrum
for lens sections and homogenates, or 2000 shots/spectrum for retina using the Autoflex Control
III software. Autoflex Analysis III software was used to process the data for peak detection;
however, post-acquisition smoothing and baseline subtraction were not performed. Samples
were calibrated using Bruker protein calibration standard 1 (bovine insulin, equine cytochrome
C, bovine ubiquitin I, equine myoglobin, Bruker Daltonics) or calibration mixture 3 (bovine
insulin, E. coli thioredoxin, equine apomyoglobin) of the Applied Biosystems Sequazyme
Peptide Mass Standards Kit (Applied Biosystems, Foster City, CA).

RESULTS AND DISSCUSSION
Much of the MALDI MS tissue profiling accomplished to date has been selective for abundant,
soluble proteins [6,7]. Many studies use a concentrated sinapinic acid matrix in 50% MeCN,
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50% H2O, 0.1% TFA solution [4,6–8]. This matrix and solvent composition has been found
to produce the best crystallization and highest quality spectra [8] as it promotes co-
crystrallization of soluble proteins with the matrix, leading to their detection by the mass
spectrometer [6,7]. Yet, the ability to also profile membrane proteins will provide a more
complete knowledge of the spectrum of protein expression in a given tissue.

Therefore, to develop a sample preparation protocol for direct tissue profiling of membrane
proteins, washing conditions were optimized for the removal of hydrophilic proteins and matrix
solvent was selected for solubilization of hydrophobic proteins. Lens tissue sections of 20 µm
thickness were submerged in a water bath to remove abundant lens crystallin proteins which,
under standard MALDI conditions, produce large signals between 19 and 24 kDa. It was found
that washing the tissue surface was essential for the removal of these abundant soluble proteins,
which otherwise suppressed ion signals from the most abundant lens membrane protein,
aquaporin 0 (AQP0, 28 kDa). Several washing solutions, composed of varying concentrations
of formic acid, were tested, but HPLC grade water was found to produce the best results in
terms of signal and resolution of the integral membrane proteins. After washing, the tissue was
allowed to dry completely and then spotted with 7:3 FA:HFIP to improve solubilization of the
membrane proteins and to aid their co-crystallization with the matrix [7,15]. Figure 1 illustrates
the optimization of profiling conditions from the outer cortical region of bovine lens sections.
Note that prior to washing the dominant signal is the cytosolic protein αA crystallin at a mass
to charge ratio (m/z) of 19,828 (Fig 1a). Application of 7:3 FA:HFIP to an unwashed lens
section improves the signal for AQP0 at m/z 28,211 (Fig 1b), most likely by enabling its
solubilization and therefore, co-crystallization with the matrix [6,7]. However, the dominant
signal in this spectrum is still αA crystallin. Following a water wash, much of the crystallin
signal has been eliminated, and the signal for the membrane protein AQP0 at m/z 28,226
dominates the spectrum (Fig 1c). The combination of the water wash and application of 7:3
FA:HFIP reduces the crystallin signal and promotes solubilization of AQP0, yielding
optimized signal for this membrane protein at m/z 28,226 (Fig 1d). Supplementary figure 1
illustrates the optimized effect of the water wash with the application of 7:3 FA:HFIP by
comparing washed bovine sections profiled with or without applicaton of 7:3 FA:HFIP in six
regions from the outer cortex to the core. See Table 1 for a list of the expected masses of the
[M+H]+ ions of the proteins profiled. During method development, six matrix solutions were
tested, including either saturated DHB in a solution of 50, 70, 80, or 90% MeCN, 0.1% TFA,
or saturated SA in 70 or 90% MeCN, 0.1% TFA, with or without ammonium citrate. Saturated
SA matrix in 90% MeCN, 0.1% TFA produced the best spectra with respect to high signal to
noise ratio, low baseline, and resolved ion signals.

Using optimized conditions, regional profiles of the most abundant lens membrane protein
AQP0 [19–21] were obtained by MALDI MS profiling. Signal for MP20 (20 kDa), the second
most abundant membrane protein [22], was also seen in rabbit lens sections. The highest spatial
resolution achieved was approximately 0.1 cm, which permitted profiling of five distinct lens
regions from the outer cortex to the core in rabbit and pig lens sections (diameter = 1.1 cm).
Spatial resolution in the bovine lens was approximately 0.13 cm. The spotting procedure was
also applied to a smaller lens, the rat lens (diameter = 0.5 cm), and in this case 4–5 lens regions
were profiled across the diameter of the tissue section. However, when matrix was applied to
the outer core, it spread throughout the entire core due to the dryness of the tissue in this region.
Thus, resolution of the outer core and core was not possible.

Direct tissue profiling of AQP0 from rabbit (Fig 2) and rat (Fig 3) lens sections revealed distinct
age-related differences between the cortical regions and the core. Full length AQP0 (1-263) is
the dominant signal in the outer cortex (Fig 2a, Fig 3a) and inner cortex (Fig 2b, Fig 3b), while
profiles from the outer core (Fig 2c), inner core (Fig 2d), and core (Fig 2e, Fig 3c) regions
display several AQP0 truncation products. In the rabbit, full length AQP0 is only detected from
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the outer cortex to the outer core (Fig 2a–c) and is absent in the very center of the lens (Fig 2d,
e). The major truncation products observed in the rabbit core were AQP0 1-260, 1-253, and
1-238. Truncation after amino acid 234 is seen in the very center of the lens (Fig 2e). The major
truncation products seen in the rat core (Fig 3c) were AQP0 1-253 and 1-238. AQP0 1-260,
1-250 and 1-234 were also detected at lower abundance. Direct tissue profiling of AQP0 from
rabbit and rat lens sections demonstrates the change in abundance of intact AQP0 from the
outer cortex to the core of the lens. This variation is not due to treatment of the tissue, as the
entire section was treated in the same way and truncation is only seen in the core regions.
Furthermore, the profiles from bovine lens sections (Fig 4), treated in the same manner as rabbit
and rat lens sections, do not indicate a significant increase in truncation. The dramatic decrease
in intact AQP0 and concurrent increase in AQP0 truncation products seen in the core profiles
is likely due to calpain activity, as active m-calpain (calpain 2) has been observed in rat [23]
and rabbit [24] lenses. Schey et al. determined that AQP0 1-238 resulted from in vitro
proteolysis of AQP0 with m-calpain, suggesting that m-calpain may be responsible for the
formation of this truncation product in vivo [25]. Furthermore, mRNA for lens specific calpain,
Lp82, has also been observed in rat [26–28] and rabbit [26,28] lenses, while Lp85 is a lens
specific calpain found exclusively in rodents [28].

MP20 1-173 was also detected from rabbit lens sections in the inner cortex and outer core
regions (Fig 2b, c), but not in the inner core and core regions (Fig 2d, e). Interestingly, the
phosphorylated form of MP20 localized to the inner cortex (Fig 2b).

Profiling of AQP0 from bovine (Fig 4) and pig (data not shown) lens sections revealed species
differences when compared to rabbit and rat profiles. Unlike the profiles from the core regions
of rabbit and rat lens sections, profiles from these regions of bovine (Fig 4 d–f) and pig lens
sections did not display prominent signals for AQP0 truncation products. Interestingly, m-
calpain and Lp82 were observed in fetal calf lenses, but their activity was found to be much
lower than the activity of these proteases in rat lenses [29].

Of particular interest, is the localization of a shoulder to the full length AQP0 signal in the deep
cortical and core regions of the bovine (Fig 4 c–f) and the core regions of pig lens. The shoulder
is resolved from the sinapinic acid adduct and corresponds to a mass shift of ~265 Da. Based
on preliminary data, this signal appears to be due to an as yet unidentified modification to
AQP0, which has not been observed previously using conventional proteomics methods.
Although the value for the doubly charged bovine AQP0 ion varies slightly from the expected
signal of 14, 113, an average signal of 14, 112 ± 4 was calculated from 49 spectra. The average
signal for the [M+H]+ ion was found to be 28, 227 ± 7; this difference in value from the expected
signal of 28, 224 may be because the signal is outside of the calibration range (5–17 kDa).

The use of this optimized sample preparation protocol for selectively profiling membrane
proteins directly from tissue was validated by comparing mass spectra obtained directly from
tissue to mass spectra obtained from dissected, homogenized regions of bovine lenses (Fig 5).
Comparison of MALDI mass spectra from tissue homogenates of dissected bovine lenses with
those obtained via direct profiling from tissue sections confirms that the latter method provides
an accurate profile of the membrane proteins within the tissue sample. Furthermore, the
regional differences in modification to AQP0 displayed here, which indicate that truncation
increases with fiber cell age (towards the center of the lens), concur with past findings [19,
30–34]. Profiles obtained from both methods show a dominant signal for intact AQP0 from
the cortex to the core, with truncation products just beginning to appear in the core regions
(compare Fig 4 and Fig 5). The profiles also show that phosphorylation of AQP0 occurs from
the periphery to the core. The signal for phosphorylated AQP0 profiled from lens sections
appears to increase from the outer cortex to the core, while this is not the case in profiles from
lens homogenates. This is most likely due to the increase in spatial resolution achieved by
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directly profiling from the tissue, which allows for more discrete regions to be profiled than
does manual dissection of lens tissue. Dissection and homogenization of the lens tissue does
allow for more rigorous washing, increasing the removal of the soluble crystallin proteins, as
evidenced by the resolution of MP20 in the homogenate profiles.

In this study, MALDI tissue profiling was accomplished by manual spotting. An automated
spotting technique will permit a more highly resolved profiling of the distribution of AQP0
modifications across the lens tissue. Methods for this technique must overcome capillary
clogging and matrix spreading, which are observed with the higher organic solvents [35] used
for membrane proteins. Furthermore, high matrix concentrations require multiple spots to be
placed, and the exact location must be reproducible. The use of an acoustic reagent
microspotter, which eliminates problems due to clogging and permits reproducible, repetitive
spotting [35], may enable high resolution profiling of lens tissue sections. Analysis of the lens
tissue via direct tissue profiling enabled the detection of a new modification to AQP0 in bovine
and pig lenses that was previously unseen with traditional analysis methods. This affirms the
importance of directly profiling membrane proteins from their native environment, as
modifications may be lost with extractions and purifications [8].

To demonstrate the applicability of this method to other tissues, pig retinal tissue was profiled
according to the method presented here. Figure 6 shows that after a water wash and application
of 7:3 FA:HFIP, the dominant signal can be assigned to opsin (OPSD), a signal which is not
visible prior to the application of 7:3 FA:HFIP. Opsin, when combined with 11-cis retinal,
forms the photopigment rhodopsin that is found in retinal photoreceptor disk membranes.
Rhodopsin is a G-protein coupled receptor that spans the intradiscal membrane seven times
[36]. Due to sample preparations in ambient light and treatment with strong organic solvents,
we predict the loss of the retinal moiety during sample preparation. The calculated mass of the
[M+H]+ ion for opsin, including normal carbohydrate modifications [37], is 41,689. This is in
good agreement with the observed mass, considering the high mass of opsin and the mass range
over which instrumentation was calibrated (5–17 kDa). The above results indicate that the
method presented here can be applied to other tissues and proteins for successful profiling of
membrane proteins.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
MALDI tissue profiles of the outer cortex from bovine lens sections that were: a) unwashed
and spotted without 7:3 FA:HFIP, b) unwashed and spotted with 7:3 FA:HFIP, c) washed with
water and spotted without 7:3 FA:HFIP, or d) washed with water and spotted with 7:3 FA:HFIP.
Application of 7:3 FA:HFIP prior to matrix deposition promotes solubilization of the
membrane protein AQP0, and washing the tissue with water removes the signals due to soluble
crystallin proteins (19–24 kDa), which would otherwise suppress the signal of AQP0. “αA”
represents αA crystallin 1-173; AQP0 represents AQP0 1-263.
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Figure 2.
MALDI tissue profiles of rabbit lens sections (diameter = 1.1 cm) from a) the outer cortex, b)
inner cortex, c) outer core, d) inner core, and e) core regions. Truncation of AQP0 increases
with fiber cell age. A profile of the outer cortical region after washing and 7:3 FA:HFIP
treatment (a) can be compared to a profile from the outer cortical region before washing and
7:3 FA:HFIP treatment (f). “αA” represents αA crystallin 1-173; AQP0 represents AQP0
1-263; MP20 represents MP20 1-173. “P” indicates the phosphorylated forms of AQP0 and
MP20. The asterisks mark sinapinic acid adducts (Δm = 206 Da) to the full length AQP0
protein.
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Figure 3.
MALDI tissue profiles of rat lens sections (diameter = 0.5 cm) from a) the outer cortex, b)
inner cortex, and c) core regions. Truncation of AQP0 increases with fiber cell age. A profile
of the outer cortical region after washing and 7:3 FA:HFIP treatment (a) can be compared to
a profile from the outer cortical region before washing and 7:3 FA:HFIP treatment (d). AQP0
represents AQP0 1-263; MP20 represents MP20 1-173. “P” indicates the phosphorylated form
of MP20. The asterisks mark sinapinic acid adducts (Δm = 206 Da) to the full length AQP0
protein.
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Figure 4.
MALDI tissue profiles of bovine lens sections (diameter = 1.5 cm) from the a) outer cortex,
b) inner cortex, c) deep cortex, d) outer core, e) inner core, and f) core regions. A novel
modification to AQP0 localizes to deep cortical and core regions of the lens. “αA” represents
αA crystallin 1-173; AQP0 represents AQP0 1-263; MP20 represents MP20 1-173. “P”
indicates the phosphorylated forms of αA crystallin and AQP0. The asterisks mark sinapinic
acid adducts (Δm = 206 Da) to the full length AQP0 protein. Also shown are scanned images
of 20 µm bovine lens sections unwashed (g) or water washed and spotted with 7:3 FA:HFIP
and saturated sinapinic acid matrix (h). A circle has been included in panel “h” to show the
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approximate outer edge of the lens section. The average spot size in panel “h” is 0.09 ± 0.01
mm.
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Figure 5.
MALDI profiles of bovine lens homogenates from the a) outer cortex, b) inner cortex, c) outer
core, and d) core regions. AQP0 represents AQP0 1-263; MP20 represents MP20 1-173. “P”
indicates the phosphorylated forms of MP20 and AQP0. The asterisks mark sinapinic acid
adducts (Δm = 206 Da) to the full length AQP0 protein.
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Figure 6.
MALDI tissue profiles of pig retina from a) a water washed section not treated with FA:HFIP,
and b) a water washed section treated with 7:3 FA:HFIP. OPSD represents full length opsin,
OPSD 1-348.
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Table 1
Expected masses of [M+H]+ ions of proteins observed in MALDI tissue profiling. Molecular weights of the proteins
were obtained from Swiss-Prot/TrEMBL database (ExPASy Proteomics server) or the amino acid sequence was
obtained from the NCBI protein database and entered into Peptide Mass (ExPASy Proteomics server) to determine the
molecular weight. The accession numbers used for AQP0 were: ABO41863 (rabbit), NP_001099189 (rat), and P06624
(bovine). The accession numbers used for MP20 were: NP_001093432 (rabbit), and P20274 (bovine). Those used for
αA crystallin were: P02493 (rabbit), NP_036666 (rat), and P02470 (bovine). A solid line indicates that the protein was
not observed experimentally.

Expected [M+H]+ of Profiled Lens Proteins
Rabbit Rat Bovine

AQP0
1-263 28172 28210 28224

1-263P 28252 — 28304
1-260 27859 27897 —
1-253 27063 27101 —
1-250 26847 26885 —
1-238 25651 25689 —
1-234 25210 25248 —
MP20
1-173 19597 — 19685

1-173P 19677 — 19765
αA

1-173 19880 19835 19833
1-173P — — 19913
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