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Abstract
The membrane glycoprotein component of the cellular proteome represents a promising source for
potential disease biomarkers and therapeutic targets. Here we describe the development of a method
that facilitates the analysis of membrane glycoproteins and apply it to the differential analysis of
breast tumor cells with distinct malignant phenotypes. The approach combines two membrane
extraction procedures, and enrichment using ConA and WGA lectin affinity columns, prior to
digestion and analysis by LC–MS/MS. The glycoproteins are identified and quantified by spectral
counting. Although the distribution of glycoprotein expression as a function of MW and pI was very
similar between the two related cell lines tested, the approach enabled the identification of several
distinct membrane glycoproteins with an expression index correlated with either a precancerous
(MCF10AT1), or a malignant, metastatic cellular phenotype (MCF10CA1a). Among the proteins
associated with the malignant phenotype, Gamma-glutamyl hydrolase, CD44, Galectin-3-binding
protein, and Syndecan-1 protein have been reported as potential biomarkers of breast cancer.

Keywords
glycoproteins; membrane proteins; malignancy associated proteins; spectral count

*To whom correspondence should be addressed. David M. Lubman, Department of Surgery, The University of Michigan Medical Center,
1150 West Medical Center Dr., Building MSRB1 Rm A510B, Ann Arbor, MI 48109-0656. Tel:734-647-8834. Fax:734-615-2088. E-
mail: dmlubman@umich.edu.
Supporting Information Available: Table S1 summarizing all of the protein IDs obtained from analysis of all of the samples. This
material is available free of charge via the Internet at http://pubs.acs.org.

NIH Public Access
Author Manuscript
J Proteome Res. Author manuscript; available in PMC 2009 October 1.

Published in final edited form as:
J Proteome Res. 2008 October ; 7(10): 4313–4325. doi:10.1021/pr8002547.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://pubs.acs.org


1. Introduction
The attachment of specific carbohydrate structures plays a major role in determining
glycoprotein function. Alterations in glycosylation patterns have been associated with the
development and progression of specific diseases, including cancer.1-5 Examples of
glycoproteins as clinical biomarkers and therapeutic targets in cancer include CA125 in ovarian
cancer,6,7 Her2/neu in breast cancer, and prostate-specific antigen (PSA) in prostate cancer.
8,9 Monitoring glycoproteins could play an important role in detecting and evaluating tumor
progression in addition to assessing tumor load and therapy. Due to the important role that
glycoproteins play in cellular processes and disease progression there has been an increased
interest in developing methodologies that can be used to specifically study this class of proteins.
10-12

Membrane proteins play critical roles in many biological functions and are often the molecular
targets for drug discovery. Membrane proteins are often extensively glycosylated, especially
those that are part of the extracellular membrane.13,14 Unfortunately, the recovery of
membrane proteins from cellular or tissue sources is particularly difficult. The hydrophobic
nature, and hence poor solubility, of membrane proteins has severely limited the proteomic
profiling of this class of proteins from complex biological mixtures. Two-dimensional
polyacrylamide gel electrophoresis (2-D PAGE) coupled with a variety of solubilizing reagents
has previously been the most employed technique for the identification of membrane proteins.
However, due to the hydrophobic nature and their tendency to precipitate at their isoelectric
point, this approach is limited by low recovery and low sequence coverage rates.
Chromatophoresis, a hybrid liquid phase/gel phase method, circumvents some of the issues of
membrane protein precipitation, but an all liquid-phase approach would seem to be more
promising.13,15

In this study, we demonstrate the use of combining membrane extraction and lectin affinity
methods as a simple, effective method for the detailed analysis of human cellular membrane
glycoproteins. To evaluate the method we applied it to the differential analysis of membrane
glycoproteins in a model of breast cancer progression. The model tested here consists of two
related human breast cell lines, MCF10AT1 which is representative of a normal, premalignant
phenotype (MCF10AT1), and MCF10CAla, a malignant and metastatic phenotype.16,17 To
optimize the extraction of membrane glycoproteins from the cell lines, we compared two
different cell lysis methods for membrane protein solubilization and extraction and linked these
to affinity column enrichment using ConA and WGA lectins. Enriched glycoprotein samples
were then analyzed by LC–MS/MS, and a label-free, spectral count method was applied for
the quantitation of specific membrane glycoproteins.

The approach enabled us to identify and confirm 55 unique glycoproteins, and to identify
several that were differentially expressed with respect to the cellular phenotype. The findings
demonstrate the utility of the membrane glycoprotein extraction and enrichment technique for
the global screening of complex biological samples. The initial results also highlight potential
roles for specific glycoproteins in an aggressive breast tumor cell phenotype.

2. Experimental Section
2.1. Cell Culture

Human breast cancer cells, MCF10CA1a cells and MCF10AT1 cells were grown as
monolayers on plastic in DMEM/F12 medium (1:1 mixture of DMEM and Ham’s F-12
medium) supplemented with 5% horse serum, 10 mg/mL of insulin, 20 ng/mL epidermal
growth factor, and 0.5 mg/mL of hydrocortisone. The cells were then collected by scraping
and washed twice with PBS buffer before being stored at −80 °C.
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2.2. Lysis
2.2.1. Lysis Method 1—The packed cell pellets (0.15–0.2 mL containing ~25 million cells)
were suspended in 1.5 mL of lysis buffer. The lysis buffer contains 10 mM Tris-HCl, pH-7.5,
150 mM NaCl. 1% Nonidet P-40 and protease inhibitor cocktail (Roche) with a ratio of 1:100
were added at the moment just before the pellets were lysed. The pellets were suspended for
30 min at room temperature, after which a tissue tearor (Biospec Products, Inc.) was used for
15 s pulses each for a total of 1 min. For each 15 s pulse, the sample was placed on ice for 30
s cooling periods. The lysate was then centrifuged at 16 100× g for 30 min at 4 °C, and the
supernatant was collected. Cell lysates were prefiltered, using a 0.45 μm filter (Millipore) prior
to analysis. If not used immediately, the lysate was stored at −80 °C.

2.2.2. Lysis Method 2—In lysis method 2, we used the MEM-PER Eukaryotic membrane
protein extraction reagent kit (Pierce, Rockford, IL). Following the procedure specified in the
manual, 300 μL of Reagent A was added to the cell pellet and the solution was pipetted up and
down to obtain a homogeneous cell suspension. The mixture was incubated 10 min at room
temperature with occasional vortexing. The lysed cells were maintained on ice. Two parts
Reagent C with a volume of 600 μL was diluted with 1 part Reagent B with a volume of 300
μL; 900 μL of diluted Reagent C were then added to each tube of lysed cells and vortexed. The
tubes were inclubated on ice for 30 min with vortexing every 5 min. The tubes were centrifuged
at 10 000× g for 3 min at 4 °C. The supernatant was then transferred to new tubes and the
supernatant incubated for 20 min at 37 °C to separate the membrane protein fraction. The tubes
were centrifuged at room temperature for 2 min at 10 000× g to isolate the hydrophobic fraction
from the hydrophilic fraction. The hydrophilic phase (top layer) was removed from the
hydrophobic protein phase (bottom layer) and saved in a new tube. The phase separations were
performed as quickly as possible because the interface between the layers slowly disappeared
at room temperature. The separated fractions were stored at −80 °C.

2.3. Lectin Affinity Glycoprotein Extraction
Agarose-bound wheat germ agglutinin (WGA) and agarose-bound Concanavalin A (ConA)
were purchased from Vector Laboratories (Burlingame, CA). Agarose-bound WGA (1 mL)
and 1 mL of agarose-bound ConA were packed into a disposable screw endcap spin column
with filters at both ends. The column was first washed with 3 mL of binding buffer (20 mM
Tris, 0.15 M NaCl, pH 7.4). Protease inhibitor stock solution was prepared by dissolving one
complete EDTA-free protease inhibitor cocktail tablet (Roche, Indianapolis, IN) in 1 mL of
H2O. The stock solution was added to binding buffer and elution buffer at a ratio of (v/v) 1:50.
A 500 μL sample diluted with 5 mL of binding buffer was loaded onto the column and incubated
for 15 min. The first sample passed through the binding buffer was collected and then passed
through the lectin affinity column and resuspended. The column was washed with 6 mL of
binding buffer twice to wash off the nonspecific binding proteins. Finally, the captured
glycoproteins were released with 2 mL of elution buffer (0.3 M N-acetylglucosamine and 0.3
M methyl-R-D-mannopyroside in 20 mM Tris and 0.5 M NaCl, pH 7.0). This step was repeated
twice, and the eluted fractions were pooled. The sample was concentrated using Microcon
YM-10 (Millipore Corp., Bradford, MA) according to the manufacturer’s protocol to 400 μL.
The final eluted samples were subjected to quantitation by Bradford assay (Bio-Rad, Hercules,
CA).

2.4. Protein Digestion by Trypsin
Ten microliters of 50 mM ammonium bicarbonate (Sigma) was mixed with each concentrated
10 uL sample to obtain pH 7.8. A 2 μL portion of 150 mM DTT (Sigma) was added and the
resulting mixture incubated at 60 °C for 60 min. Another 180 μL ammonium bicarbonate was
added. TPCK modified sequencing grade porcine trypsin (1:50) (Promega, Madison, WI) was
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added and briefly vortexed prior to a 12–16 h incubation at 37 °C on an agitator. The digestion
and reduction reaction was terminated by adding 1 μL of TFA to the digest.

2.5. Mass Spectrometry-Protein Identification by LC–MS/MS
A Paradigm MG4 micropump (Michrom Biosciences Inc., Auburn, CA) was used for
chromatographic separation of peptide mixtures. For nanoLC–ESI–MS/MS experiments, a
nanotrap platform (Michrom) was set up prior to the electrospray source. It included a peptide
nanotrap (0.2 × 50 mm2, Michrom) and a separation column (0.1 mm × 150 mm, C18,
Michrom). The peptide sample was injected and first desalted on the trap column packed with
C4 (300 μm i.d. × 50 mm) (Michrom Biosciences Inc.) with 3% solvent B (0.3% formic acid
in ACN) at 50 μL/min for 5 min. The peptides were then eluted onto an analytical C18 column
(100 μm i.d. × 150 mm) (Michrom Biosciences Inc.) using a 60 min gradient at a flow rate of
0.3 μL/min where solvent A was 0.3% formic acid in HPLC grade. The 60 min gradient was
3–11% in 2 min, 11–30% B in 33 min, 30–40% B in 5 min, then 40–95% in 2 min, and hold
at 95% B for 1 min then back to 3% B in 2 min, it stabilizes in 3% B for 10 min. A Finnigan
LTQ mass spectrometer (Thermo) was used to acquire spectra. A 75 μm metal spray tip
(Michrom) was used, and spray voltage was set at 2.5 kV. The instrument was operated in data-
dependent mode with dynamic exclusion enabled. For each cycle of one full mass scan (range
of m/z 400–2000), the five most intense ions in the spectrum were selected for tandem MS
analysis, unless they appeared in the dynamic or mass exclusion lists. The data acquisition and
generation of peak list files were automatically performed by Xcaliber. Multiple analyses (at
least 10 LC/MS/MS runs) were performed for each of the ConA extracted samples. Dynamic
exclusion was employed in the LC/MS/MS analysis to increase the number of identified
proteins.

2.6. Database Searching and Quantitation by Label-Free Spectral Counting
All MS/MS spectra were searched against the human protein database from Swiss-Prot release
version 53.0 of 03-Jul-07 which contains 269 293 sequence entries and comprises 98 902 758
amino acids. The search was performed using SEQUEST algorithm, Version 27 incorporated
in Bioworks software, version 3.1 SR1 (Thermo Finnigan). Peptide fragment lists were
generated and submitted to Swiss-Prot database searching. The search parameters were as
follows: (1) database species, Homo sapiens; (2) allowing two missed cleavages; (3) possible
modifications, oxidation of M; (4) peptide ion mass tolerance 1.50 Da; (5) fragment ion mass
tolerance 0.0 Da; (6) peptide charges +1, +2, and +3. The filter function in Bioworks browser
was used to set a single threshold to consider fully tryptic peptides assigned with Xcorr values
as follows: 1.9 for singly charged ions, 2.5 for doubly charged ions, and 3.5 for triply charged
ions, while no ions at higher charged states were considered. All SEQUEST search parameters
and data filtering were the same in all digest fractions. Protein IDs were accepted if, and only
if, the ID was positively identified by at least 2 peptides detected. If the protein was identified
by a single matching peptide, the spectrum was manually validated. Positive protein
identification was validated by the Trans-Proteomics pipeline.18 This software includes both
the PeptideProphet and ProteinProphet programs that were developed by Keller et al.18
(http://peptideprophet.sourceforge.net/). All the reported proteins have an identification
probability higher than 90%.

Spectral count is an isotope label free quantitation method to measure relative abundance
between proteins in a complex protein mixture. We performed a comparative analysis between
two samples using the spectral count method. The spectral count of individual proteins in both
samples is acquired using DTASelect v2.0. Confident protein IDs are confirmed with Trans-
Proteomics pipeline analysis. For ConA extracted samples, proteins were considered positive
if either at least two peptides matched or there were 5 out of a total of 20 runs positive for
MCF10AT1 and MCF10CA1a. For WGA extracted samples, proteins were considered positive
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if either more than two peptides matched or a total spectral count of more than 5 was evident.
Spectral count fold-change was calculated as the ratio of the count for the target protein and
the average spectral count for each sample. A 2-fold change was considered as differentially
expressed between the two samples.

3. Results and Discussion
3.1. Cell Lines

The MCF10AT1 cell line was derived from MCF10A by T-24 c-Ha-ras gene transfection. It
is a preneoplastic human breast cell line and represents early breast cancer progression since
the human cell line MCF10A originated from spontaneous immortalization of breast epithelial
cells obtained from a single patient with fibrocystic disease. This cell line forms preneoplastic
lesions in immune-compromised mice that represent a premalignant stage but with the potential
for neoplastic progression.17 MCF10CA1a is a fully malignant human breast cancer cell line
which rapidly forms invasive carcinomas with metastatic potential and displays histologic
variations ranging from undifferentiated carcinomas to well differentiated adenocarcinomas.
16 The identification of proteins that are associated with the respective phenotypes of
MCF10CA1a and MCF10AT1 may reveal key functions that are involved in breast cancer
progression.

3.2. Comparison of Two Lysis Methods for Membrane Glycoprotein Extraction
The aim of using different membrane lysis methods here was to determine which lysis method
is more appropriate to combine with a glycoprotein capture strategy using lectin affinity
columns which enable the enrichment of subsets of glycoproteins. We compared two different
membrane lysis methods. Lysis method 1 uses a lysis buffer containing Tris-HCl, NaCl,
Nonidet P-40 and protease inhibitor cocktail. NP-40 is a nonionic surfactant used in the
isolation of membrane complexes. It has a polar polyethylenglycol chain and a nonpolar tail
to interact with membranes, leading to the formation of lipids trapped in water-soluble micelles.
We used a high quality Nonidet P40 that has been purified to reduce levels of unwanted
peroxides or carbonyl compounds or salts which can shift the pI of proteins and /or interfere
with extraction from the membrane. After solubilization, the use of high-speed centrifugation
in the lysis procedure eliminates a significant proportion of the total cellular proteins and serves
to concentrate the membrane fraction.

Lysis method 2 used a commercially available extraction kit. The Mem-PER Eukaryotic
Membrane Protein Extraction Reagent Kit is designed for the enrichment of integral membrane
proteins from cultured mammalian or yeast cells, or from mammalian tissue, using a mild
detergent-based protocol. Cell membrane proteins are solubilized with two proprietary
detergents provided in the kit. The cocktail is incubated at 37 °C to separate the hydrophobic
proteins from the hydrophilic proteins through phase partitioning. Extraction efficiencies will
vary depending on the number of times the integral membrane protein(s) of interest spans the
lipid bilayer.

After the samples were lysed, cell lysates of MCF10CA1a and MCF10AT1 cells were passed
through a Con A lectin column to capture oligomannosyl saccharides found in N-glycans.19,
20 The bound materials were eluted with corresponding sugars in an effort to reduce possible
contamination with nonspecifically adsorbed proteins. After ConA lectin extraction, the
Bradford assay method was used for the quantitation of membrane glycoproteins (Table 1).
For lysis method 1, the average extracted protein yields were 16.7 and 45.4 μg, respectively,
for MCF10AT1 and MCF10CA1a samples. For lysis method 2, the average protein yields were
11.4 and 11.6 μg, respectively. Thus, the extracted protein yields from method 2 were 31.7 and
74.4% less efficient than achieved with method 1 for MCF10AT1 and MCF10CA1a,
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respectively. The recovery range of glycoproteins from the ConA lectin affinity columns was
0.58% to 2.2% relative to the total protein content from the original cell lysate. WGA lectin
extraction was only applied to samples extracted with lysis method 1. The procedure was the
same as Con A lectin column enrichment. The yield of extracted proteins was 57.8 and 52.0
μg, respectively, for MCF10AT1 and MCF10CA1a samples which corresponds to a recovery
rate from total protein sample of 0.38–0.58%.

The major advantage of the approach described herein includes the use of an all liquid phase
procedure to extract and isolate membrane glycoproteins. However, there are some drawbacks
to be noted. The data analysis shows that proteins isolated for each procedure and lectin used
is different. Especially in the case of lysis method 2, the two replicate isolations are quite
different. This may be in part due to the difficulty of isolating the separated phases where the
interface between the layers slowly disappears at room temperature. Another concern for the
method described is that lysis method 1 may potentially incorporate many cytoplasmic proteins
in the generated lysate. Although the first lysis method included many other cellular
components, after the second dimension lectin enrichment, those proteins are eliminated
because they do not bind to the column. In the current study, we only focused on the protein
yield after lectin enrichment, and in this context, protein assay lysis method 1 provided better
recovery. Thus, we have concluded that membrane lysis method 1 is more appropriate to
combine with a glycoprotein capture strategy using the lectin affinity column. In the remainder
of the work we therefore only focused on samples from lysis method 1.

3.3. Protein Identification
The proteins extracted by Con A and WGA lectin affinity columns were analyzed by mass
spectrometry. The bound fractions from the lectin column were enzymatically digested and
analyzed by nano-LC–MS/MS. For each cycle of one full mass scan (range of m/z 400 – 2000),
the five most abundant peptides in the spectrum were selected and sequenced. Figure 1A is a
representative nano-LC/MS/MS base peak chromatogram, showing the detection of the more
abundant ions across a 60 min gradient separation. Figure 1B shows a representative MS/MS
spectrum of a peptide sequence from endoplasmin precursor, an N-linked glycoprotein as
annotated in the Swiss-Prot database. It was one of the most abundant proteins identified in
the eluted fraction of both MCF10AT1 and MCF10CA1a cell lines. Eighteen other ion peaks
were also detected and assigned to this protein.

To evaluate the reproducibility of nano-LC–MS/MS analysis alone, five standard glycoproteins
were mixed together to run nano-LC–MS/MS to detect the retention time of peptides. Five
standard glycoproteins, Alpha-1-acid glycoprotein precursor, Alpha-2-HS-glycoprotein
precursor, Fetuin-B precursor, 164 kDa protein and Thyroglobulin precursor were digested by
trypsin and combined together. A dilution series of the combined glycopeptide mixture was
performed to obtain 1, 5, 20, and 100 ng of each protein and then analyzed using LC–MS/MS.
Figure 2 shows representative MS spectra of the +2 precursor mass of K.HTLNQIDSVK.V
from the protein Alpha-2-HS-glycoprotein precursor in four independent runs. The retention
times of this peptide in these runs were 19.56, 19.60, 19.59, and 19.63 min, which are not
significantly different. On the basis of the results, the standard deviation of the elution time of
a peptide was estimated to be less than 7 s in our experimental system employing a capillary
C18 column.

Data acquisition using tandem mass spectrometry is generally triggered by ion abundance
levels. In the separation of complex peptide mixtures, coelution is prevalent, where the
selection of ions for MS/MS is dependent on the width of the chromatographic peaks or the
concentration of peptides delivered to the mass spectrometer. Although the chromatographic
separation process has been shown to be reproducible, in very complex peptide mixtures, the
number of ions coeluting can significantly exceed the number of ions for which tandem mass
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spectra can be acquired. Data acquisition can thus be biased against the low abundance ion
signals thus making the protein identification process less reproducible. Analysis therefore
needs to be repeated several times to cover a typical mass range and potentially improve the
dynamic range of the analysis and the acquisition of low-abundance peptide ion signals. In a
recent study by Yates and co-worker,21 it has been shown that a repetition of 10 times is
required to reach a reasonable level of completeness in an analysis. In this study, we applied
ten separate runs of the same lectin purified sample on the LC–MS/MS for each cell line to
compensate for the mass spectral bias.

The LC/tandem mass spectrometry technique requires strict attention to data interpretation and
handling to ensure accurate identification of components in a complex biological material.
Multiple analyses of samples and manual data validation with stringent criteria are particularly
important for correct identification. In this study, all the proteins listed are calculated by
peptideprophet and proteinprophet and with at least 90% confidence for both the protein and
peptide identification. The Xcorr for each ion charge was set at the accepted values for a high
confidence of protein identification. For each ConA lectin extracted protein sample, at least
ten replicates were run and the results were combined to increase the confidence of the IDs.
Protein IDs were accepted if, and only if, the ID was positively identified in at least 2 peptides
detected. If the protein was identified by a single matching peptide, the spectrum was manually
validated. The protein was considered present in the sample if its corresponding peptides passed
all the stringent criteria (described in the Experimental Procedures) and the protein was
observed in at least five MS/MS analyses out of a total of 20 runs for both MCF10AT1 and
MCF10CA1a. For ConA extracted proteins, a total of 171 proteins were positively identified
in our study, with around 80 proteins being detected in MCF10AT1 samples and around 150
proteins in MCF10CA1a samples for each run respectively. A table (Table S1) summarizing
all of the protein IDs obtained from analysis of all of the samples is available in the Supporting
Information. For WGA extracted samples, proteins were considered positive if either there
were more than two peptides matched, or the total spectral count was more than 5. A total of
167 proteins were positively identified from the WGA extraction; 87 and 146 proteins
respectively for MCF10AT1 and MCF10CA1a.

3.4. Analysis of Isolated Proteins from ConA and WGA for CA1a and AT1
We examined two lectin affinity columns (ConA and WGA) for selective enrichment of
complementary subsets of glycoproteins. ConA recognizes α-linked mannose, including high
mannose-type and mannose core structures which are common to N-linked glycosylated
proteins. WGA can interact with some glycoproteins via sialic acid residues and it also binds
oligosaccharides containing terminal N-acetylglucosamine.22 For ConA extractions, we only
considered proteins detected in more than 5 out of 20 total runs in MCF10AT1 and
MCF10CA1a samples. In this manner, a total of 88 unique proteins were identified in
MCF10AT1 samples and 152 proteins in MCF10CA1a samples. For WGA extractions, we
only considered proteins with a confidence of 90% for both peptide and proteins. We also
calculated the spectral count of the samples where a spectral count over 5 was considered as a
true identification. A total of 87 unique proteins in AT1 samples and 146 proteins in CA1a
samples were considered as confident IDs. The distribution of proteins between the two
different lectin extraction methods was compared (Figure 3). There was an overlap of 72
proteins between the two groups of proteins isolated with the two lectin columns. Among them,
24 proteins were common for both MCF10AT1 and MCF10CA1a samples. More proteins were
identified in the MCF10CA1a samples compared with the MCF10AT1 samples, 237 and 134
proteins, respectively. However, with our strict identification criteria, the total number of
proteins identified in the ConA and WGA purified mixture were almost the same, 171 and 167
proteins, respectively.
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The distributions of the molecular weights and pI range of the isolated proteins are shown in
Figure 4. With the ConA lectin enrichment, the distributions of the molecular weights of the
isolated proteins ranged from ~11 to ~300 kDa for MCF10AT1 samples (Figure 4A), which
is very similar to that of MCF10CA1a (Figure 4C). Similarly, analysis of the pI values of these
proteins for MCF10AT1 (Figure 4B) and for MCF10CA1a (Figure 4D) indicated the capacity
to capture proteins with a wide range of values, ranging from pH 4 to pH 12. Considering both
the molecular weight and pI ranges of the proteins selected by ConA, there did not appear to
be any major overall differences between MCF10AT1 and MCF10CA1a samples. In the case
of the WGA enrichment, a total of 167 unique identifications were obtained. The distributions
of the molecular weights and pI range of the isolated proteins are shown in Figure 4E–H. The
distributions of the molecular weights of the isolated proteins ranged from ~11 to ~460 kDa
for both MCF10AT1 and MCF10CA1a samples (Figure 4E and G), a wider range than observed
in ConA extracted samples. The pI ranges of the proteins selected by WGA were very similar
for both MCF10CA1a and MCF10AT1 samples. No major difference in the pI range of the
proteins selected by ConA or WGA was observed.

3.6. Comparison of Isolation of Two Cellular Glycoproteins
The Swiss-Prot database provides direct access to the protein description from the Website
(http://ca.expasy.org/sprot/). On the basis of descriptions provided by this site, 25 proteins
(28.4% of the total proteins) within the ConA extraction fraction of the MCF10AT1 samples
were predicted to be glycoproteins. In the case of the MCF10CA1a samples, the ConA fraction
contained 34 proteins that were predicted to be glycoproteins. This represented approximately
22.3% of the identified proteins bound by the lectin column. Among the glycoproteins enriched
by ConA, 17 were isolated in both samples. Interestingly, of the nonglycoproteins, 62.6%
proteins were phosphoproteins. Within the WGA fractions there were 23 and 27 predicted
glycoproteins identified in MCF10AT1 and MCF10CA1a samples respectively.

The analysis of protein identifications based on the use of two different lectin column
enrichments indicates that although the distribution of glycoprotein expression as a function
of MW and pI was very similar between the two related cell lines tested, WGA enriched proteins
provided a wider range of MW compared with ConA enrichment. Also, both cell line samples
have their own specific glycoprotein expression patterns for ConA and WGA enrichment
separately.

3.7. Spectral Count Method and Differentially Expressed Glycoprotein Analysis
The spectral count method is a mass spectrometry (MS)-based label-free approach. It counts
the total number of MS/MS spectra of peptides from a given protein in an LC/LC–MS/MS
analysis, and this can be used to measure relative abundance between proteins in a complex
protein mixture. A number of studies have demonstrated a high correlation between spectral
count and protein abundance with an R square value around 0.99.21,23 It is linearly correlated
with the protein abundance over a dynamic range of 2 orders of magnitude. In addition, among
three sampling statistics that are correlated with protein abundance (i.e., spectral count, peptide
count, sequence coverage), the spectral count method has the highest reproducibility and is the
best performer in relative protein quantitation.23

We performed a comparative analysis between the two cell line samples using spectral count
analysis. The spectral count of individual proteins in both samples was acquired using
DTASelect v2.0. For ConA extracted proteins, the average spectral count was calculated by
dividing the total spectral count by the number of the independent analyses. For WGA extracted
proteins, all proteins with a total spectral count less than 5 were considered absent and thus
eliminated. Confident proteins IDs were confirmed with Trans-Proteomics pipeline analysis.
For differentially expressed glycoproteins, the fold change based on spectral count was
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calculated as the ratio of the target protein count and the average spectral count for each sample.
Fold changes >2-fold were considered as relative differential expression within the two
samples. The differentially expressed glycoproteins with their fold change are shown in Table
2 for ConA extraction and Table 3 shows data from WGA extracted differentially expressed
glycoproteins. ConA extraction identified 27 differentially expressed glycoproteins, and WGA
extraction identified 22 differentially expressed glycoproteins.

Differentially expressed proteins with large changes in expression were further evaluated as
possible candidate biomarkers to distinguish MCF10CA1a and MCF10AT1 cells. We focused
on several proteins previously associated with cancer that displayed the largest-fold change.
Gamma-glutamyl hydrolase (GGH) is a lysosomal enzyme involved in the metabolism of
folates and antifolates.24-26 There have been reports suggesting that GGH may be useful as
a tumor marker in breast and lung cancer.27 In studies by Baggott et al., it was shown that in
patients with metastatic breast cancer, mean plasma conjugase (GGH) activity was
significantly higher than observed in control subjects without disease, and also in women whose
cancer was in remission.28 Furthermore, the specific activity of the enzyme was higher in
infiltrating carcinoma tissue than in normal adjacent tissue. Thus, it is possible that the amount
of GGH in the plasma quantitatively reflects the tumor burden. He et. al also reported that
expression of GGH in cells of pulmonary neuroendocrine tumors are correlated with poor
prognosis.29 Only 28% of patients with GGH-positive tumors, as determined by
immunohistochemistry, survived for nine years, whereas those whose tumor was GGH-
negative had an 83% survival probability at 9 years; this difference was statistically significant
at p < 0.01. In our studies, we found that this protein shows up in eight out of 10 runs of the
aggressive MCF10CA1a cell sample, with an average spectral count of 25. While in
MCF10AT1 samples, only 3 out of 10 runs identified this protein, with an average spectral
count of 1. These data show that this protein is more highly expressed in MCF10CA1a relative
to MCF10AT1, a finding which is consistent with previous studies.29,30 The LC/MS/MS
spectrum of several peptides identified as Gamma-glutamyl hydrolase is shown in Figure 5.

Galectin-3-binding Protein (LG3BP_HUMAN) is a large oligomeric glycoprotein first
identified by Iacobelli et al. as a tumor-associated antigen in breast cancer.31 Although its
functions are not well clarified, it was recently demonstrated to induce promatrilysin (matrix
metalloproteinase 7) expression in prostate32 cancers. In studies by Mbeunkui et al.,33
Galectin-3-binding protein was found to be strongly expressed in the aggressive cell lines
MCF10DCIS.COM and MCF10CA cl. D, but undetected in the MCF10A and MCF10AT cell
lines. This protein is one of the most significant markers of metastasis in the MCF10 cell line
series. In our studies for the ConA extracted proteins, we found that this protein was absent in
MCF10AT1 samples but present in 6 out of 10 runs of the MCF10CA1a samples, with an
average spectral count of 24. Similar results were observed in the WGA extracted proteins, the
spectral count in MCF10AT1 and MCF10CA1a were 0 and 18 respectively. The high
expression of Galectin-3-binding protein in the aggressive MCF10CA1a cell line is consistent
with previous studies. The LC–MS/MS spectra of several Galectin-3-binding protein peptides
identified are shown in Figure 6.

CD44 is a transmembrane glycoprotein that is widely expressed in virtually all cell types. It
functions as an extracellular matrix receptor involved in cell-cell and cell-matrix interactions
and may also participate in growth regulation by presenting growth factors to their cell surface
receptors.34 The interaction of CD44 with the cytoskeleton and various signaling molecules
plays a pivotal role in promoting invasive and metastatic specific tumor phenotypes such as
MMP-mediated matrix degradation, tumor cell growth, migration, and invasion.35-38 We and
others have shown that the expression of certain CD44 variant (CD44v) isoforms is closely
associated with breast cancer progression.39-43 In our analysis of ConA extracted proteins,
there was only one peptide detected for each run, but in 10 out of 20 runs CD44 protein was
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detected with an average spectral count of 2–5 in MCF10AT1 and MCF10CA1a samples.
However, a much larger ratio was found in the WGA extracted protein samples, where the
spectral count in MCF10AT1 and MCF10CA1a was 8 and 91 respectively. The relatively high
expression of CD44 in MCF10CA1a cells is consistent with a role for CD44 in breast cancer
progression. The LC–MS/MS spectrum of several CD44 peptides identified is shown in Figure
7.

Syndecan is a four-membered cell membrane proteoglycan that carries various modifications
of its ectodomain with heparan sulfate (HS) glucosaminoglycan chains. The protein is involved
in both normal and pathological events as a cell surface receptor. Among the family of
syndecans, syndecan-1 has most extensively been studied and its expression has been
correlated with many types of cancers. Previous research has suggested that loss of syndecan-1
has a strong association with aggressive phenotypes of cancers and poor prognosis44,45
Mukunyadzi et al.46 demonstrated diminished levels of syndecan-1 expression in 100% of
specimens of invasive SCCA (squamous cell carcinoma.) of the head and neck and observed
that expression of syndecan-1 was higher in well-differentiated tumors compared with poorly
differentiated specimens. A correlation between reduced syndecan-1 expression and
histological dedifferentiation has been described by other authors.47 These data suggest that
loss of syndecan-1 occurs during the process of cellular transformation to dysplasia and
carcinoma. Consistent with these studies, we found that the expression of syndecan-1 was
significantly decreased in the metastatic MCF10CA1a cell line relative to the nonmetastatic
MCF10AT1 cell line. The LC–MS/MS spectrum of syndecan-1 protein peptide identified is
shown in Figure 8.

Membrane proteins have important roles in many cellular processes. They are essential for
cells to maintain the integrity of their infrastructure, and to segregate processes within
intracellular compartments. Around 70% of all known pharmaceutical drug targets are
membrane proteins. Study of the membrane proteome is important for both the understanding
of the biology of diseases and for biomarker discovery, but also for enhancement of the drug
discovery process. Two-dimensional polyacrylamide gel electrophoresis (2-D PAGE) coupled
with highly solubilizing reagents has previously been the most employed technique for the
identification of membrane proteins. However, the first separation dimension of 2D PAGE,
isoelectric focusing is inherently difficult with membrane proteins because of their
hydrophobic nature and their tendency to precipitate at their isoelectric point. In addition,
extraction of tryptic peptides resulting from in-gel digestion of a membrane protein from a 2D
gel for MS-based identification is difficult due to the hydrophobic nature of the resulting
peptides, resulting in low recovery and low sequence coverage. In recent work by O’Neill48
intact membrane proteins were separated by hydrophobicity in the first dimension using
nonporous reversed phase high-performance liquid chromatography (RP-HPLC) to generate
unique chromatographic profiles. The subsequent fractions of eluent were separated using
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to create distinct
banding patterns. This hybrid liquid phase/gel phase method also known as chromatophoresis
circumvents issues of membrane protein precipitation and provides a simple strategy aimed at
isolating and characterizing a traditionally underrepresented protein class. Other studies have
involved surface biotinylation prior to membrane isolation.49 Three methods, including the
use of detergents,50,51 organic solvents,15,52,53 and organic acids,54 have been used to
solubilize enriched membrane fractions. These solubilization methods are compatible with
subsequent proteolytic digestion and chemical cleavage, chromatography separation, and MS
analysis, but these procedures often have low yields and proteins from specific membrane
compartments cannot be isolated.

Many studies have been applied to improve protein characterization and quantitation. Stable
isotope labeling of amino acids in cell culture (SILAC) is a common strategy for protein
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quantification. Although this method can provide accurate quantitative results, it suffers from
an experimental dynamic range limitation of 20:1 and also can be applied to growing cells in
culture thus limiting its application. The Click-It glycoprotein labeling method55 is a useful
quantitation technique for glycoprotein studies. In this technique, azide-modified sugars can
be incorporated into protein glycan structures metabolically or enzymatically. During nascent
protein synthesis the azide-modified amino acid (L-AHA) can be incorporated into the peptide,
and a “click” reaction between the azide and an alkyne1 can be utilized to sensitively detect
such labeled glycoproteins. In comparison, the label-free approaches to quantitative proteomics
have gained prominence in recent years since no additional chemistry or sample preparation
steps are required. Quantitation of protein levels from different samples based on the number
of MS/MS spectra that identify the protein of interest (spectral counting) was used in this work.

In this study, we have developed an approach that extracts membrane proteins using a nonionic
detergent then enriches glycoproteins by passage through lectin affinity columns. The protein
recovery method is followed by digestion of proteins into peptides for analysis by mass
spectrometry. A spectral counting, label-free technique was used for quantitiative comparisons.
This strategy, which is based on the intrinsic properties of membrane proteins, enables the
bypassing of inefficient steps normally employed for membrane protein characterization. The
approach avoids many of the difficulties associated with the hydrophobic nature, and hence
poor solubility, of membrane glycoproteins and also the limited amount of such proteins that
may be available in a complex biological mixture. The use of an all liquid phase procedure
makes the detailed analyses of membrane glycoproteins compatible with mass spectrometry
analysis and the application of a label-free spectral count technique facilitates the identification
of potential biomarkers by revealing differential expression profiles that correlate with the
distinct phenotype of cancer cells.

4. Conclusion
In this work, an aggressively malignant human breast cancer cell line, MCF10CA1a, and a
preneoplastic human breast cell line MCF10AT1 were examined for differential expression of
membrane glycoproteins using a newly optimized combination of protein extraction and
enrichment approaches. Such methods have not been previously reported for the comparison
of premalignant versus malignant breast cells. A total of 171 proteins were positively identified
in ConA lectin enriched protein samples and 167 proteins in WGA enriched samples. It was
found that a lysis method that used a nonionic detergent and protease inhibitor cocktail provided
better results than a commercial membrane extraction kit. The application of multiple
downstream lectins in affinity columns will enable maximal glycoprotein yields. While no
overall differences in the pI or molecular weight ranges of the glycoproteins were revealed by
comparison of the malignant and nonmalignant cell lines, a label free spectral counting
technique identified as many as 27 differentially expressed specific membrane glycoproteins.
Among the proteins associated with the malignant phenotype, Gamma-glutamyl hydrolase,
CD44, Galectin-3-binding protein and Syndecan-1 protein have been reported as potential
biomarkers of breast cancer. The findings demonstrate the utility of the membrane glycoprotein
extraction and enrichment technique for the global screening of complex biological samples.
This work expands our tissue proteome capabilities from the analysis of soluble proteins in
previous studies56,57 to the examination of membrane proteins. Although this work was
performed in cell lines, it is feasible that the described nonlabel strategy can be otpimized for
small amounts of tissue sample. The ability to enhance analysis of differentially expressed
membrane glycoproteins in human tumor cells and tissues will facilitate biomarker and
therapeutic target discovery.
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Figure 1.
LC–MS/MS analysis. (A) Representative nano-LC–MS/MS base peak chromatogram,
showing the detection of the peptide ions across the 60 min gradient separation (45 min shown
here). (B) MS/MS sequencing data of a peptide from Endoplasmin precursor identified in the
eluted fraction of MCF10CA1a and MCF10AT1 cell lines.
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Figure 2.
Reproducibility of nano-LC–MS/MS of standard glycoproteins. The retention times of a +2
charged precursor mass of K.HTLNQIDSVK.V from the protein Alpha-2-HS-glycoprotein
precursor from four independent runs were measured to be 19.56, 19.60, 19.59, and 19.63 min.
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Figure 3.
Distribution of proteins isolated by WGA and ConA for MCF10AT1 and MCF10CA1a. All
the protein IDs are calculated by peptideprophet and proteinprophet with a confidence above
90%. The graph indicates the number of proteins observed in different samples. Shared proteins
are those that were observed in both or all isolates.
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Figure 4.
Distribution of detected molecular weights and pI values of proteins identified in the
MCF10AT1 (A, B) and MCF10CA1a (C, D) using ConA column and MCF10AT1 (E, F) and
MCF10CA1a (G, H) using a WGA column.
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Figure 5.
LTQ analysis of several peptides identified as Gamma-glutamyl hydrolase. MS/MS sequencing
data of peptides identified in the eluted fraction in 8 out of 10 runs of the aggressive
MCF10CA1a cell sample and 3 out of 10 runs in MCF10AT1 samples, with an average spectral
count of 25 and 1, respectively.
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Figure 6.
LTQ analysis of several peptides identified as Galectin-3-binding Protein. MS/MS sequencing
data of peptides identified in the eluted fraction in 6 out of 10 runs of the aggressive
MCF10CA1a cell sample with an average spectral count of 24 but absent in MCF10AT1
samples for Con A extracted proteins. In the WGA extracted proteins, the spectral count in
MCF10AT1 and MCF10CA1a were 0 and 18 respectively.
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Figure 7.
LTQ analysis of peptide identified as CD44 antigen. In the analysis of ConA extracted proteins,
MS/MS sequencing data of peptide identified in the eluted fraction was in 10 out of 20 runs
with an average spectral count of 2–5 in MCF10AT1 and MCF10CA1a samples. In the WGA
extracted protein samples, the spectral count in MCF10AT1 and MCF10CA1a was 8 and 91,
respectively.
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Figure 8.
LTQ analysis of peptide identified as Syndecan-1 Protein. MS/MS sequencing data of peptide
identified in the eluted fraction in 7 out of 10 runs of MCF10AT1 cell sample with an average
spectral count of 55 and in 3 out of 10 runs in MCF10CA1a samples for Con A extracted
proteins. In the WGA extracted proteins, the spectral count in MCF10AT1 and MCF10CA1a
were 17 and 9, respectively.
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Table 1
Comparison between Two Different Lysis Methodsa

method 1 after lectin (μg) method 2 after lectin (μg)

MCF10AT1 15.9 MCF10AT1 11.8
MCF10AT1–2 16.8 MCF10AT1–2 10.5
MCF10AT1–3 18.4 MCF10AT1–3 12.0
MCF10AT1–4 15.5
Average 16.7 11.4
MCF10CA1a 42.3 MCF10CA1a 29.0
MCF10CA1a-2 41.2 MCF10CA1a-2 5.8
MCF10CA1a-3 52.8
Average 45.4 11.6

a
After samples were lysed by different methods and using the same amount of starting material, 5 cell lysates of MCF10CA1a (three replicates for method

one and two replicates for method 2) and 7 cell lysates of MCF10AT1 cells (four replicates for method one and three replicates for method two) were
passed through Con A lectin columns respectively. The bound materials were eluted with corresponding sugars. The final eluted samples were subjected
to quantitation using the Bradford assay. The table shows total protein yields after ConA lectin affinity column enrichment. The average protein yields
were calculated based on the different methods for each sample.
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