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ABSTRACT: The composition of N-linked glycans that are conjugated to
the prostate-specific membrane antigen (PSMA) and their functional
significance in prostate cancer progression have not been fully characterized.
PSMA was isolated from two metastatic prostate cancer cell lines, LNCaP
and MDAPCa2b, which have different tissue tropism and localization.
Isolated PSMA was trypsin-digested, and intact glycopeptides were subjected
to LC-HCD-EThcD-MS/MS analysis on a Tribrid Orbitrap Fusion Lumos
mass spectrometer. Differential qualitative and quantitative analysis of site-
specific N-glycopeptides was performed using Byonic and Byologic software.
Comparative quantitative analysis demonstrates that multiple glycopeptides
at asparagine residues 51, 76, 121, 195, 336, 459, 476, and 638 were in
significantly different abundance in the two cell lines (p < 0.05). Biochemical
analysis using endoglycosidase treatment and lectin capture confirm the MS
and site occupancy data. The data demonstrate the effectiveness of the strategy for comprehensive analysis of PSMA glycopeptides.
This approach will form the basis of ongoing experiments to identify site-specific glycan changes in PSMA isolated from disease-
stratified clinical samples to uncover targets that may be associated with disease progression and metastatic phenotypes.

1. INTRODUCTION
Prostate cancer (PCa) remains a significant public health
problem in the United States and worldwide. In the USA, it is
the third most common form of cancer. In 2022, it is estimated
that there will be more than 268,490 new cases and 34,500
deaths from the disease in the country.1,2 Globally, it is
responsible for 3.8% of all deaths caused by cancer in men.3

The clinical diversity of PCa is dramatic, ranging from
asymptomatic indolent disease to aggressive metastatic and
lethal forms.4,6 There is a limitation in the utility of currently
used clinical risk stratification strategies, as they do not
accurately discriminate aggressive from indolent disease.5 The
consequence is the systemic over- and under-treatment that
continues to occur in the clinical management of the disease.
Therefore, there is a critical need for novel and effective
biomarkers with high sensitivity and specificity for PCa
diagnosis and prognosis.7,8 These markers will be vital in the
emerging area of precision medicine for improved diagnosis,
prognosis, and treatment options in patients. In addition to the
assessment of genomic and proteomic biomarkers using
biochemical approaches, there has been a significant increase
in the application of magnetic resonance imaging for PCa
diagnosis.9 This has been augmented with the availability of
novel positron emission tomography (PET) tracers that target
surface proteins and provide enhanced sensitivity to the

process.9 There are ongoing efforts focusing on the develop-
ment of novel markers for PCa diagnosis and treatment. The
advent of precision medicine has spurred an increase in the
development of theranostics, molecules with dual functions for
diagnosis and treatment based on the conjugated radio-
nuclide.10 Most of these proteins/molecules are cell surface
proteins or small molecules that bind to their corresponding
cell surface receptors that are translocated into targeted cells.
These molecules are at the pinnacle of precision medicine,
where cancer cells are uniquely targeted by imaging and
therapeutics. The ultimate objective is to target cancer cells
with the right therapeutic treatment based on their unique
molecular characteristics, at the appropriate time and with the
optimal dose.

The prostate-specific membrane antigen (PSMA), also
known as folate hydrolase 1 (FOLH1) or glutamate
carboxypeptidase 2, was previously studied as a PCa biomarker
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in tissues and body fluids using conventional biochemical
methods with mixed results.11 The applied methodology has
been significantly improved, and the molecule is a promising
PCa theranostic for image-guided approaches.12,14 PSMA is
not exclusively expressed in prostatic tumors; the protein is
expressed in low abundance in prostate epithelium, in the neo-
vasculature of exclusive solid tumor types, and in some healthy
tissues including proximal renal tubes, duodenum, and ganglia
of the nervous system.15 In PCa, PSMA abundance increases
with disease severity, and up to 100-fold higher abundance has
been observed in advanced aggressive forms of the disease
compared to normal tissue.16,17 The PSMA receptor plays a
critical role in PCa cell growth and proliferation.18 There are
ongoing efforts and clinical trials to evaluate and develop novel
PSMA-based applications for PCa diagnosis, prognosis, and
treatment. Gallium 68 PSMA-11 (Ga 68 PSMA-11) was
recently approved by the US FDA for PET imaging of PSMA
positive PCa lesions in men.19,22

PSMA is a type II transmembrane glycoprotein that is
expressed abundantly on the plasma membrane of PCa
cells.13,20,21 Glycoproteins mediate and modulate multiple
critical cellular processes. These include modulating cell
adhesion, cell signaling, protein structure stabilization, and
trafficking, in addition to processes and mechanisms that
promote tumorigenesis. Aberrant protein glycosylation occurs
in many cancers, where these changes impact progression,
severity, and ultimately disease outcome.23−25 Carbohydrate
domains comprise approximately 30% of the molecular mass of
PSMA, and it is plausible that the high levels of N-linked
glycosylation of the protein affects its structure and functions.
In fact, Ghosh and Heston demonstrated that PSMA protein
displays differences in overall glycosylation across cell lines and
that deglycosylation enzymatically or by mutagenesis com-
pletely abolishes PSMA enzyme activity.26 Although there are
10 predicted N-linked glycosylation sites at asparagine residues
at positions 51, 76, 121, 140, 153, 195, 336, 459, 476, and 638
of its primary amino acid sequence, the composition of N-
linked glycans that are conjugated to PSMA has not been fully
characterized. In addition, the potential role of glycoforms in
disease progression and in the ongoing development of PSMA-
based prognostic and diagnostic markers and therapeutics
against PCa is unknown. We hypothesize that differential
glycosylation of PSMA correlates with disease severity and that
qualitative and quantitative changes in PSMA glycoforms occur
as PCa progress and metastasize to other organs and sites.
Workflows that enable site-specific identification and quanti-
tation of PSMA glycans in disease-stratified PCa cells and
clinical samples are needed to allow for discovery of glyco-
markers that correlate with disease severity.

Here, we have utilized a liquid chromatography (LC)/mass
spectrometry (MS)/MS strategy incorporating different, but
complementary fragmentation methods [higher energy colli-
sion dissociation (HCD) and electron transfer dissociation
higher energy collision dissociation (EThcD)] on a Tribrid
Orbitrap Fusion Lumos instrument for site-specific N-linked
glycan characterization of PSMA in two PCa cell lines with
different metastatic-site localizations. We have taken the
advantage of recent MS technological advancements27−37 and
the development of integrated post-acquisition data processing
algorithms, combined peptide, glycan search engines, and
algorithms that allow for the detection and characterization of
non-redundant intact N-glycopeptides.38−55 We hereby report
the site-specific glycosylation profiles at eight out of ten

predicted N-linked glycosylation sites of PSMA. We identified
N-linked glycans conjugated to asparagine residues 51, 76, 121,
195, 336, 459, 476, and 638 of the eight glycopeptides with
site-specific microheterogeneity in the glycoforms that are
amenable to a global analysis strategy. PSMA from these PCa
cells contain high-mannose, hybrid, and complex types of N-
linked glycans. Some of the glycopeptides show significant
qualitative and quantitative changes between the lymph node
metastatic LNCaP cells and the bone metastatic MDAPCa2b
cells. These glycoforms may form the basis for the develop-
ment of prognostic markers for PCa disease stratification.

2. EXPERIMENTAL PROCEDURES
2.1. Materials. Reagents were obtained from Thermo

Fisher Scientific, unless otherwise stated. Trypsin was
purchased from Promega (Madison, WI). Anti-human PSMA
antibodies waere purchased from Cell Signaling Technologies
Inc. [Danvers, MA (Catalogue #D4S1F, cs-12702)]. PNGase-
F was from N-Zyme Scientifics (Doylestown, PA). Endo-H
glycosidase and the lectins, Aleuria aurantia lectin (AAL),
concanavalin A (ConA), wheat germ agglutinin (WGA), and
Ulex europaeus agglutinin (UEA), were from Vector Labo-
ratories Inc. (Burlingame, CA). Maackia amurensis lectin
(MAA/MAL II) was from bioWorld (Dublin, OH).
2.2. PCa Cell Lines. Two PCa cell lines, LNCaP cells,

clone FGC (CRL-1740) and MDAPCa2b (ATCC CRL-2422)
were obtained from ATCC and used in the study. These two
cell lines were selected because they expressed substantial
amounts of PSMA whereas the other commonly used PCa cell
lines, for example, PC3, DU145, and RWPE1, do not express
the protein. In addition, other cell lines that express the
proteins such as C4-2 and C4−2B were produced after
orthotopic injection into castrated male mice and could
possess phenotypic changes associated with their development
in mice. LNCaP and MDAPCa2b cells are both androgen-
dependent and undergo metastasis to different niches. LNCaP
was isolated from a supraclavicular lymph node of a 50-year
patient with metastatic PCa.56 MDAPCa2b was isolated from a
bone metastasis site of a 63 year old man with androgen-
independent PCa.57 The molecular characterization, expres-
sion, and mutation profiles of oncogenes and PCa progression
markers of these cell lines have been previously comprehen-
sively described.58 The cells were authenticated and confirmed
to be devoid of mycoplasma contamination prior to culturing.
The cells have similar doubling time (∼34 h), and they are
routinely used in studying many aspects of prostate tumori-
genesis. Cells with passage numbers below 20 were used in all
the experiments. The origins and malignant tumorigenic
characteristics of the lines that have been used in the study
are summarized in Table S1. For each cell line, three
independent sets of cell cultures were grown under standard
conditions as we have previously described.59

2.3. PSMA Purification. Cultured cells were scrapped and
lysed in RIPA buffer fortified with protease and phosphatase
inhibitors. The concentrations of the lysates were determined
using bicinchoninic acid assay. The lysates were stored at −80
°C until required for PSMA immunoprecipitation. To
minimize non-specific binding to protein A/G beads and
IgG, 500 μg of protein lysates were precleared by incubation
with 35 μL of packed protein A/G agarose beads (Thermo
Scientific) mixed with 2 μg of normal rabbit IgG for 12 h at 4
°C with gentle mixing. Protein A/G and antibody complex
non-specific binding proteins were removed after pelleting by
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centrifugation. The soluble supernatant fractions were
collected and used for PSMA immunoprecipitation. A total
of 6 μg of anti-PSMA antibodies (cs-12702, Cell Signaling
Technologies, Inc) was added per 500 μg of precleared protein
lysates before incubation for a minimum of 12 h at 4 °C with
gentle agitation. A total of 2 μg of non-specific normal rabbit
IgG was mixed with 500 μg of lysates and incubated under
similar conditions for negative control experiments. After 12 h,
each sample was incubated with 35 μL of packed protein A/G
agarose beads for 12 h on a rotatory platform at 4 °C. The
beads were washed using RIPA buffer before eluting by heating
the beads at 95 °C in 140 μL of Laemmli sample buffer for 10
min. We also used the same set of antibodies conjugated to
cyanogen bromide sepharose beads and conformational
epitope-specific antibody-affinity chromatography.60 The
eluted proteins were fractionated in sodium dodecyl sulfate−
polyacrylamide gel electrophoresis (SDS−PAGE) gels that
were used for western blot, colloidal Coomassie, and silver
staining to visualize the proteins. These experiments were
performed using lysates from three independent biological
experiments as described in Section 2.2.
2.4. Trypsin Digestion. Coomassie-stained PSMA bands

were processed for trypsin digestion as previously described.61

Protein bands were excised into small pieces <1 mm2. Gel
pieces were destained in 50 mM ammonium bicarbonate in
50% acetonitrile before dehydration of the gel pieces in 100%
acetonitrile. Reduction was performed by incubating the gels in
10 mM dithiothreitol in 50 mM ammonium bicarbonate at 56
°C for 60 min. The proteins were alkylated using 55 mM
iodoacetamide in 50 mM ammonium bicarbonate for 45 min
in the dark at room temperature. The reduced and alkylated
protein were digested with trypsin at 37 °C for 18 h. Trypsin
digestion generates eight glycopeptides with single N-linked
glycan sites and a single peptide that contains two N-linked
glycosylation sites. Peptides extraction was performed as
described previously.58 The eluted peptides were dried using
SpeedVac before enrichment of glycopeptides by affinity
purification with hydrophilic interaction liquid chromatog-
raphy (HILIC) TopTips (Glygen, Columbia, MD). Briefly, tip
activation was achieved by washing three times with water.
Activated tips were equilibrated using the binding buffer
comprising 15 mM ammonium acetate, pH 3.5 in 85%
acetonitrile. The peptide mixtures were dissolved in binding
buffer, applied, and reloaded onto the tips three times to
maximize binding. The bound peptides were washed three
times with the binding buffer to remove non-glycopeptides.
Elution of bound glycopeptides was carried out with 10 μL of
water twice before drying them under vacuum. The dried
peptides were resuspended in normalized volumes of buffer A
comprising 5% acetonitrile and 0.1% formic acid (FA). The
peptide concentrations were determined by spectrophotometry
on a NanoDrop system before storage at −80 °C until ready
for further analysis.
2.5. LC−MS/MS Analysis. PSMA glycopeptides were

resuspended in 0.1% FA at a normalized concentration of
0.5 μg/μL and analyzed on an Orbitrap Fusion Lumos Tribrid
mass spectrometer (Thermo Fisher) connected to an EASY-
nLC 1200 system. Peptides were injected into an Easy-Spray
PepMap C18 pre-column (cat. # 164946 Thermo Fisher
Scientific). The LC was coupled to a Thermo Scientific
PepMap C18 analytic column (cat. # 164570 Thermo Fisher
Scientific). Two micrograms of each sample was injected, and
separation of peptides was performed using a binary-gradient

solvent system consisting of buffer A [0.1% (v/v) FA in water]
and buffer B [0.1% (v/v) FA in 80% acetonitrile]. The LC
running conditions were as follows: flow rate 250 nL/min,
isocratic 8% solvent B over 8 min, 8−12% solvent B over 5
min, 12−30% solvent B over 100 min, 30−60% solvent B over
20 min, 60−98% solvent B over 5 min, and isocratic 98%
solvent B over 10 min. Every sample injection was followed by
two column washes in the sequence runs. For intact
glycopeptide analysis, we have utilized a high-resolution,
high-sensitivity glycopeptide-specific method that incorporates
the two scanning fragmentation methods HCD and
EThcD.31−36 The instrument methods and scan parameters
are summarized in Figure S1. In this method, the oxonium ions
such as HexNAc, HexHexNAc, NeuAc, NeuAc-H2O, and
HexNAcHexNeuAc with m/z 204.09, 366.13, 292.10 274.09,
and 657.23, respectively) trigger the acquisition of ETD
spectra. This retains the N-linked glycan on the asparagine
peptide backbone whereas HCD provides peptide backbone
sequence data. Differences between observed and theoretical
precursors and product-ion masses for Orbitrap Fusion Lumos
analyses were generally better than 2 ppm. The MS instrument
was run automatically in an automatic data-dependent
acquisition (DDA) acquisition mode switching between MS1
and MS2 scans. MS1 acquisitions with the m/z range 375−
2000 were measured in the Orbitrap under the following
conditions: resolution, 60,000; 4 × 105 automatic gain control
(AGC); and 75 ms injection time. This was followed by
oxonium-ion triggered MS2 EThcD MS/MS scans of
glycopeptide precursor ions prioritized by the highest-charge
states and intensity. The peptides were detected in the
Orbitrap under the following conditions: 30,000 resolution, 3
× 105 AGC, and 200 ms injection time. EThcD scans were
acquired under optimized conditions as reported previously.37

The three biological samples from the two cells were analyzed
in triplicate technical replicate injections, generating a sum
nine spectral data files for each cell line. The files have been
deposited in the ProteomeXchange Consortium through the
PRIDE repository (http://www.ebi.ac.uk/pride/archive/) with
the identifier PXD033028.
2.6. LC−MS/MS Data Analysis. The MS raw data were

used for integrated post-acquisition data processing using
algorithms that combine peptide and glycan search engines for
glycopeptide identification and characterization.38−46 The
searches were performed against the UniProt human FOLH1
(PSMA) database (Q04609) using Byonic (Protein Metrics,
San Carlos, CA). The human 132 N-glycan database from the
Byonic human N-glycan database was included in the search.
The searches were performed using the following parameters:
(i) enzyme, trypsin with a maximum of two missed cleavages,
(ii) static modification, carbamidomethylation of cysteine (C),
and (iii) dynamic modifications, methionine (M) oxidation,
asparagine deamidation of (N) and glutamine (Q), and N-
linked glycan residues were used as variable modifications of
asparagine (N) residues. The mass tolerance for the searches
was set at 20 ppm for precursors and 20 ppm for product ions.
The precursor peak picking was offset by 1 or 2 to allow for
incorrect precursor monoisotopic selection in the analyses.
The “normal” multicore option was enabled for the Byonic
searches. The database search results were filtered at 1% FDR
and confidence thresholds of the Byonic score >100. The
spectra were inspected manually to confirm retention time
consistency and for the presence of oxonium ions, for HexNAc,
NeuAc, NeuAc-H2O, HexHexNAc, HexHexNAcFuc, and
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HexNAcHexNeuAc with m/z of 204.09, 292.10, 274.09,
366.13, 512.20, and 657.23, respectively. In the case of
fucosylated and sialylated glycopeptides, monoisotopic peaks
and corresponding diagnostic oxonium ions were closely
inspected in the case of 2Fuc-1.02 = 1NeuAc to eliminate the
false assignment of a sialic acid to the presence of two fucoses
(NeuAc to 2Fuc). The peptides that contain the 10 PSMA N-
linked glycosylation sites including eight that are within the m/
z range for detection under these experimental conditions are
shown in Table 1 below.

Comparative analysis to determine quantitative differences
in expression of PSMA glycopeptides in the two PCa cells was
performed using MS1 raw data and Byonic search results using
Byologic (Protein Metrics Inc). All the MS raw files and their
corresponding Byonic search results from the three independ-
ent cultures for the two cell lines and their triplicate technical
experiments were uploaded into one project for comparative
analysis. In these analyses, the peak area of the extracted ion
chromatogram (XIC) of any glycopeptide was integrated and
normalized against the sum of XICs of all the PSMA
glycopeptides that are identified in each MS run. Site-specific
abundance of glycoforms was determined by obtaining the sum
of all glycopeptides containing the same glycan at the
asparagine residue, where the peptide sequences may be
different due to trypsin miscleavage or variable modifications.
The relative quantitation for each of the eight site-specific
glycopeptides was determined at the total glycopeptide and
glycosite levels. Each sample was analyzed with triplicate
injections, and the average normalized abundance of a given N-
glycopeptide from the three replicates was used to determine
its relative abundance between the two cell lines.
2.7. Lectin Affinity Purification and PSMA Detection.

Two hundred micrograms of protein lysates was solubilized in
lectin-binding buffer [20 mM TBS (pH 7.0), 1 mM CaCl2
chloride, 1 mM MgCl2, and 1 mM MnCl2] and incubated for
18 h at 4 °C with 100 μL of agarose beads conjugated with the
lectins: AAL, ConA, WGA, MAA/MAL II, and UEA as we
have described previously.62 The agarose beads were pelleted
and washed three times with lectin-binding buffer. The bound
proteins were released by solubilization in 100 μL of Laemmli
buffer boiled for 10 min at 95 °C. The released proteins were
fractionated in 4−12% Tris/bis SDS−PAGE gels followed by
western blot detection of membranes with anti-PSMA rabbit
monoclonal antibodies (D4S1F, Cell Signaling Technologies).
PSMA bands were visualized using donkey anti-rabbit
secondary IR-dye conjugated antibodies using an Odyssey
CLx scanner (LI-COR Biosciences).

2.8. Endoglycosidase Treatment of PSMA. To validate
site occupancy of PSMA N-linked glycans, immunoaffinity
purified PSMA was digested with trypsin as described in
Section 2.4 to generate peptides. Twenty micrograms of
peptides was incubated with 2 μL of PNGase-F [N-Zyme
Scientifics, concentration 106 Units/mL (2.0 mg/mL)] in the
presence of 18O heavy water (H2

18O) and incubated for 18 h at
37 °C. This endoglycosidase cleaves the amide bond between
the innermost N-acetylglucosamine (GlcNAc) and asparagine
residues of all N-linked glycans including high-mannose,
hybrid, and complex-type glycan glycoproteins and glycopep-
tides. The cleavage products are a deamidated protein or
peptide and a free glycan. This reaction converts asparagines
into aspartates. Since 18O heavy water is included, deamidation
increases the mass of aspartic acid by 2.98 Da. Specific
deamidation events and mass changes can be identified by
high-resolution MS. In additional experiments, PSMA tryptic
peptides were treated with endoglycosidase H (Endo H). Endo
H cleaves the bond between the two N-acetylglucosamine
subunits in N-linked glycans directly proximal to the
asparagine residue of high-mannose and hybrid glycan chains.
This results in the formation of a truncated sugar molecule
with one N-acetylglucosamine residue being retained on the
asparagine residue of the glycopeptide. The mass of the
remaining N-acetylglucosamine residue (m/z 204.1) can be
used for the identification of the modified asparagine residue in
the glycopeptide.62,63

3. RESULTS AND DISCUSSION
We have performed differential qualitative and quantitative
characterization of intact N-glycopeptides of PSMA isolated
from prostate cell lines with different distant metastatic
localization sites. The objective was to identify differences in
site-specific glycoforms of PSMA between LNCaP cells that
were originally isolated from a supraclavicular lymph node
metastatic site and MDAPCa2b cell lines that are bone-
metastatic. The experimental workflow used to characterize
PSMA glycoforms in this study is summarized in Figure 1.The
origins and malignant characteristics of the two cell lines are
summarized in Table S1. As demonstrated by western blot, the
expression of PSMA varies across PCa cell lines representing
different malignancy phenotypes (Figure 2). GAPDH was used
as controls for the experiments. Our data demonstrate that
some of the cell lines that are commonly used in PCa research
including RWPE-1 and PC3 do not express significant amounts
of PSMA and were therefore not included in the PSMA
glycosylation characterization experiments. Our results reveal
variability in glycosylation abundance that highlights the

Table 1. Predicted PSMA N-Linked Glycopeptides after Complete Trypsin Digestiona

mass (MH2+) position peptide sequence ASN-position

581.2909 45−55 SSNEATN*ITPK 51
1290.6659 73−94 FLYN*FTQIPHLAGTEQNFQLAK 76
1205.1022 102−122 EFGLDSVELAHYDVLLSYPN*K 121
3278.0575 123−181 THPNYISIINEDGNEIFN*TSLFEPPPPGYEN*VSDIVPPFSAFSPQGMPEGDLVYVNYAR 140, 153
339.6656 194−199 IN*C#SGK 195
906.9494 325−341 VPYNVGPGFTGN*FSTQK 336
971.9789 446−463 GVAYINADSSIEGN*YTLR 459
945.9762 464−479 VDC#TPLMYSLVHN*LTK 476
455.2374 638−645 N*FTEIASK 638

aThe N-linked glycosylated asparagine residues are in bold and marked with asterisks (*) and carbamidomethylated cysteines with a number sign
(#).
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potential for glycoform expression differences between cell
types.

PSMA has 10 potential N-glycosylation sites at asparagine
residues at positions 51, 76, 121, 140, 153, 195, 336, 459, 476,
and 638 of its primary amino acid sequence. Digestion with
trypsin generates nine PSMA glycopeptides. The identification
and characterization of the peptides and glycan occupancy of
PSMA has been previously carried out by using mutation
analysis of transfected systems or using insect cells that allow
for glycan analysis.63,64 The m/z and sequences are shown in
Table 1. Eight peptides possess single glycosites; however, two
sites ASN-140 and ASN-153 are contained in a single peptide
with sequence THPNYISIINEDGNEIFN140TS LFEPPPP-

GYEN153VSDIVPPFSAFSPQGMPEGDLVYVNYAR. The
mass of the peptide should be significantly higher with
carbohydrates being conjugated to the two sites compromising
the interpretation of the glycan composition in the chosen
workflow. The option was to use chymotrypsin to generate
peptides which are amenable to MS/MS glycopeptide
characterization using standard conditions. This approach
would allow for the determination of glycans at all the 10 sites
independently. Chymotrypsin digestion should result in the
generation of a short peptide with the sequence NTSLF
(position 140−144) with ASN-140 with an MH2+ m/z of
291.1501 (without conjugating glycans) and the peptide
containing ASN-153 with the sequence ENVSDIVPPF
(position 152−161) and a MH2+ m/z of 558.7822 (without
conjugating glycans). However, these peptides are not detected
in our analyses using intact glycopeptides with and without
HILIC purification and even after PNGase-F cleavage. In the
case of the NTSLF peptide, the lack of detection could be due
to its low m/z, which is below the scan range for the
acquisition method (375−2000). In the case of the
ENVSDIVPPF peptide, the presence of two prolines at y2
and y3 positions may have an effect on its fragmentation
efficiency. Cleavage at proline residues frequently occurs from
the N terminal to the residue; this results in the proline effect,
with the generation of abundant b or y fragment ions from
cleavage at the bond, with low-intensity ions at the rest of the
residues. In additional experiments using Glu-C protease in
bicarbonate buffer, theoretically, a short peptide with sequence
IFNTSLFE (position 138−145) should be generated. This
peptide was not detected in our analyses. Instead, the peptide
with sequence LAHYDVLLSYPNKTHPNYISIINED
GNEIFNTSLFE with two missed cleavage sites at Glu 133
and Glu 138 is detected at a very low frequency and with very
poor fragmentation and identification scores. The ASN-140-
containing site IFNTSLFE peptide is not identified in these
analyses. The peptide with sequence PPPPGYENVSDIVPPF-
SAFSPQGMPE with the ASN-153 glycosylation site is also not
identified in our analysis using intact glycopeptides with and
without HILIC purification. These peptides are not detected
even after PNGase-F cleavage to release their N-linked glycans.
Therefore, the characterization of these two sites is not
included in the current study.
3.1. PSMA N-Glycosylation Site Occupancy. The site

occupancy of PSMA N-linked glycans was confirmed after
proteolytic digestion of affinity purified PSMA and treatment
with PNGase-F in the presence of 18O heavy water (H2

18O). In
this reaction, asparagines are deamidated into aspartic acid
with an increase in mass of the aspartic acid by 2.98 Da. The
mass shift is specific, reliable, and not subject to false positive
misidentification due to overlap with artefactual deamidation
events leading to a 0.98 Da mass shift that is commonly
observed in asparagine residues in peptides due to hydrolysis
during routine proteomics sample processing. Figure 3 shows a
representative MS/MS fragmentation spectrum and fragmen-
tation tables for the ASN-336 PSMA glycopeptide
VPYNVGPGFTGN336FSTQK deamidation in normal 16O
water (lower panel) and 18O water, confirming the N-linked
glycosylation status of the asparagine residue (upper panel).
Similar data were obtained for the other seven glycosylation
sites.
3.2. Identification of Intact N-Glycopeptides. Affinity

purified site-specific PSMA N-linked glycopeptides of PSMA
from the two cell lines were analyzed HCD and HCD-

Figure 1. Schematic diagram of the experimental workflow. Summary
of the workflow for qualitative and quantitative analysis of intact
PSMA N-linked glycopeptides in PCa cells with different malignant
phenotypes.

Figure 2. Western blot detection of PSMA expression in four PCa cell
lines with different malignancy phenotypes. (A) PSMA was detected
in LNCaP and MDAPCa2b but not in the RWPE-1 control lines and
PC3-ML2 cell lines.
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triggered EThcD MS/MS scans with triplicate sample
injections. Examples of XICs MS/MS spectra with the
HexNAc oxonium ion (HexNAc+) with the m/z range
204.08−204.09 and HexHexNAc with the m/z range
366.139−366.143 for MDAPCa2b are shown in Figure S2
f o r an ASN-336 g l y copep t i d e w i t h s equence
VPYNVGPGFTGNFSTQK conjugated with the glycan
FA4G4S2 (m/z 1224.7557 4+). To identify N-glycopeptides,
Byonic and Byologic software (Versions 3.5; Protein Metrics
Inc.) were used to extract tandem MS fragmentation data from
HCD and EThCD scans from the raw files.64,65 The following
search parameters were used for the identification and

assignment of glycopeptides: precursor and product ions
mass tolerance 20 ppm, with an FDR <1% and Byonic scores
>100. The N-glycopeptide identifications were verified as true
positives by manual inspection of the spectra to verify
retention times and confirm the presence of the correct
tandem mass spectrum ions (b/y and c/z) fragment ions,
together with oxonium ions corresponding to the identified
glycan including those for fucose and sialic acid to differentiate
the assignments between NeuAc and 2Fuc.54,64,65 Positive
glycan identifications were only included for further analysis
upon identification in at least two of the three biological
culture replicates. A recent study reported that glycopeptide

Figure 3. MS/MS Fragmentation spectrum for ASN-336 PSMA glycopeptides after PNGase-F cleavage of the glycans in the presence of light and
heavy water. Spectrum showing b and y ions from the PSMA glycopeptide with sequence VPYNVGPGFTGN*FSTQK in the presence of 18O
heavy water; the deamidation results in an increase in mass of the aspartic acid by 2.98 Da in the upper panel. A similar spectrum showing b and y
ions after ASN-336 deamidation in the presence of normal 16O water with a mass increase of 0.98 Da of the aspartic acid is shown in the lower
panel.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c02265
ACS Omega 2022, 7, 29714−29727

29719

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c02265/suppl_file/ao2c02265_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02265?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02265?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02265?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02265?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02265?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


assignments from Byonic includes spurious and more false
positives than true positives.66 Most of the reported
deficiencies were attributed to searches using MS data
containing only CID spectra. In this study, all the MS data
have been derived from HCD and EThcD fragmentation, and
the filtering criteria that were used for Byonic searches that are
described above include recommendations from Go et al.,66

and we are confident with the assignments and identifications
that have been used for qualitative and quantitative analyses.

We utilized multiple fragmentation techniques including
HCD and EThcD-MS/MS to generate composite glycan and
peptide fragment ions in the same MS/MS spectra. The
spectra comprise oxonium ions derived from the glycans, b/y
and c/z ions from amino acid peptide backbones, and

glycosidic fragments that include sequential monosaccharides
residue losses from the intact precursor glycopeptide. HexNAc,
HexHexNAc, NeuAc, NeuAc-H2O, and HexNAcHexNeuAc
diagnostic oxonium ions with m/z 204.09, 366.13, m/z 292.10,
m/z 274.09, and m/z 657.23, respectively, are identified at high
intensities in the spectra. In addition, peptide backbone-
derived b and y fragments are identified albeit at low
intensities. For some of the glycopeptides, the glycosidic
fragments conjugated with the peptide are also identified and
annotated in the spectra (Figure 4). Taken together, these
fragments were sufficient to identify the glycopeptides with
detailed spectral characterization and annotation for both
glycans and peptide. Further information is useful in the
characterization of glycosidic linkages including core- and

Figure 4. MS/MS spectra of an intact PSMA N-glycopeptide with sequence VPNYVGPGFTGN*FSTQK and conjugated with the glycan FA4G4F
[depicted as HexNAc(6)Hex(7)Fuc(2)] at ASN-336. Both b and y peptide fragment ions and oxonium ions include outer-arm terminal fucose
fragment ions HexNAc(1)Hex(1)Fuc(1) with m/z 512.20 and composite fragment ions comprise the intact peptide and core fucosylated
[HexNAc(2)Fuc(1) sugar moiety with m/z 1183.0577 (+2) and peptide + HexNAc + Fuc m/z 2162.0288 (+1)].
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outer-arm fucosylation. Specific fragment ions were used to
confirm the presence and type of fucosylation in some of the
identified PSMA glycans. Outer-arm fucose was confirmed by
the presence of the HexHexNAcFuc (m/z 512.20) oxonium
fragment ion. The presence of core fucosylated residue was
confirmed by the presence of the diagnostic ions of the 2 +
charged peptide+2HexNAc + Fuc (m/z 1183.0577) and 1 +
charged peptide + HexNAc + Fuc (m/z 2162.0288) for the
ASN-336 peptide VPYNVGPGFTGN(2HexNAcFuc)FSTQK.
Figure 4 shows an MS−MS spectrum for the 4 + charged
glycopeptide from LNCaP cells with m/z 1115.2188
conjugated with a complex glycan with the following
composition FA4G4F depicted as HexNAc(6)Hex(7)Fuc(2).
The glycan contains both outer-arm (terminal) fucose and
core fucose, and these ions are annotated in the spectrum. The
high concordance in the accuracy of the experimental and
reference masses showed by error plots of the spectra
confirmed the accuracy and robustness of the assignments.
3.3. Site-Specific N-Glycosylation Microheterogeneity

and Intact N-Glycopeptide Relative Quantitation.
Relative abundance of specific PSMA glycopeptides in the
two cell lines was quantitated using Byologic (Protein
Metrics). In this automated process, the XIC peak area of a
unique glycopeptide was integrated and normalized against the
sum of abundance of all the identified PSMA glycopeptides to
provide relative quantitation of the glycoform within each
sample. The relative abundance of each glycan at each site was
obtained by comparing XIC peak areas for the different glycans
for peptides with identical amino acid sequences. For specific
glycopeptides detected with multiple charge states, the XIC
areas of these different glycans were summed according to the
detected glycan composition. This information was used to
calculate the relative abundance of each glycopeptide at each of
the eight glycosites and the total glycopeptides at the
respective sites.

The mean relative abundance of unique N-glycopeptides at a
specific glycosylation site in the two cell lines was determined
by normalizing the abundance of the glycopeptide against the
sum of all glycopeptides of PSMA at the same site. The top five
most abundant glycopeptides across the two cell lines were
used for comparative analysis. The top five glycopeptides of
each cell line were grouped to make a profile list for each
glycosite. For these specific comparisons, the glycans that are
used for comparisons were identified in at least two of the
three biological replicates. For most of the glycosites, the sum
of the relative abundances of the top five identified glycans
comprise >90% of the total abundance of all the glycans that
are identified for the site. These results are summarized for
each of the targeted eight N-glycosylation sites, and individual
comparisons for ASN-76 are shown in Figure 5. Similar data
for the other seven N-linked glycosylation sites are shown in
Figures S3A−G. These glycans and their structures are listed in
Table S2. The compositions have been simplified using a four-
abbreviation nomenclature to represent them in the following
order HexNAc-Hex-Fuc-NeuAc (HexNAc representing N-
acetylhexosamine, Hex for hexose, Fuc for fucose, and
NeuAc for sialic acid) in column 2 of the table. The Oxford
nomenclature for the glycans is provided in the third column,
and the consortium for functional glycomics styled structures is
provided in column 4. In the text, glycans are described as
AxGxFxSx according to the Oxford glycan nomenclature,
where x represents the number of the following structures that
are present in the glycan, that is, A, antenna; G, galactose on

antenna; F, fucose; S, sialic acid; and N,N-acetylglucosamine
and with FA corresponding to core fucosylation. For example,
FA3G3S2 represents a core-fucosylated triantennary trigalac-
tosylated bisialylated glycan.

For ASN-51, there was a significant reduction in
glycosylation levels in both cell lines. This is consistent with
the PNGase-F cleavage experiments that show the presence of
both deamidated and non-deamidated asparagine residues for
ASN-51. This could also provide the explanation for the low
Byonic score that is observed for the site. In contrast, only
deamidated asparagine residues are detected for the other
seven sites. MS/MS spectra are shown for ASN-51, ASN-76,
and ASN-336 in Figure S4A−D.

For ASN 76, the predominant glycopeptides that are
identified in the two cell lines contain high-mannose structures.
In the case of LNCaP cells, 84% of the top five identified
peptides possess high-mannose glycans. In MDAPCa2b cells,
54% of the top five identified glycopeptides are conjugated
with high-mannose structures. For the two cell lines, Man7,
Man6, and Man5 structures are predominantly identified, and
tandem mass spectra for ASN-76 glycopeptides are provided in
Figure S5A−C. The MS/MS spectra for the ASN-76 sialylated
M5G1S1 glycopeptide is shown in Figure S6. There are
significantly different expression abundance levels at some of
the sites between the two cells, and these are provided in the
figure captions. ASN-121 contains a mixture of complex
carbohydrate structures with sialylated and fucosylated glycans
in addition to Man8 structures. The ASN-195 site is
predominantly composed of fucosylated and sialylated
structures. Importantly, among the most abundant glycans,
fucosylated structures are exclusively detected in LNCaP cells,
whereas in MDAPCa2b cells, the complex glycans possess both
fucosylated and sialylated glycans. The ASN-336 site has the
most significant heterogeneity and diversity in detected
glycans. The detected glycans are mainly complex structures,
and high mannoses are detected at extremely low abundance.
The top five glycoforms comprising about 75% of the
glycoforms at the site for LNCaP cells are composed of four
main glycans that are found predominantly in the cell line.
These include FA4G4F, FA4G4, FA2G4F2, and FA4G4F2S1.

Figure 5. Site-specific comparative quantitative glycan analysis for the
relative abundance of the five most abundant glycopeptides at the
ASN-76 glycosylation site in LNCaP (red bars) and MAPCa2b cells
(blue bars). Error bars show the standard deviations of the means
across triplicate analyses from each cell line. Multiple unpaired t-tests
were used to determine differences in abundance. There are glycans
that are differentially expressed between the different cell lines. Man7:
LNCaP versus MDAPCa2b, P = 0.0053**. M5G1: LNCaP versus
MDAPCa2b, P = 0.034593*; Man5: LNCaP versus MDAPCa2b, P =
0.032044*; FM5G1 was exclusively detected in LNCaP cells whereas
M5G1S1 was exclusively detected in MDAPCa2b cells.
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Core fucosylation was detected among the top five in both cell
lines whereas the following sialylated complex glycans are the
most abundant in MDAPCa2b cells: FA4G4S2, FA4G4S3,
FA4G4F2S1, and FA4G4F2S2.

For ASN 459, the predominant glycopeptides that are
identified in the two cell lines contain high-mannose structures.
In the case of LNCaP cells, 83% of the top five identified
peptides possess high-mannose glycans. In MDAPCa2b cells,
81% of the top five identified glycopeptides are conjugated
with high-mannose structures. For the two cell lines, Man8,
Man7, Man6, and Man5 structures are the predominant
glycoforms. A similar situation is observed for ASN-476, where
96% of the top five identified peptides possess high-mannose
glycans. In MDAPCa2b cells, 88% of the top five identified
glycopeptides are conjugated with high-mannose structures
that include Man9, Man8, Man7, and Man6. Finally, for ASN-
638, the top five identified glycopeptides in LNCaP and
MDAPCa2b cells exclusively possess high-mannose structures
including Man8, Man7, Man6, Man5, and Man4.

A summary of the five most abundant glycans that are
identified in the eight PSMA N-linked glycosylation sites that
we have characterized is provided in Table S2. Among these
glycans, in total 24 unique glycans are identified in LNCaP
cells and 29 are identified in MDAPCa2b cells. Thirteen
glycans are shared between the two cells, whereas 11 glycans
are identified exclusively in LNCaP cells and 16 are identified
exclusively in MDAPCa2b cells (Figure S7). In LNCaP cells,
10 out of the 11 glycans (91%) are fucosylated and only 2
(18%) possess sialic acid. In contrast, in MDAPCa2b cells, 11
out of 16 glycans (69%) are fucosylated and 13 out of 16
glycans (81%) possess sialic acid structures.

Previous studies to characterize the glycosylation pathways
and identify PSMA glycans in PCa cell lines and in human-
derived tissue samples have produced inconsistent results.
Using exoglycosidase and endoglycosidase treatments, Holmes
et al. concluded that in vivo-derived PSMA from tumor tissue
or serum was primarily the N-linked complex-type, whereas,

only high-mannose-type N-linked glycans are present on the
PSMA from LNCaP cells.67 In subsequent studies, the
recombinant baculovirus/insect cell system-expressed PSMA
was determined to possess primarily N-linked high-mannose-
type glycans.68 Barinka et al. confirmed that all predicted N-
glycosylation sites are occupied with an oligosaccharide
moiety, but the authors did not perform extensive character-
ization of the glycans even though the studies performed using
S2 cells transfected with PSMA cDNA showed the presence of
both complex and high-mannose-type glycans.69 In other
studies using endoglycosidases with different specificities,
PSMA was shown to be N-glycosylated with a mixture of
high-mannose, hybrid, and complex types of oligosaccharides
in LNCaP cells and a HEK293 human cell line transfected with
a plasmid encoding full-length PSMA.70 Walczak and
Danishefsky have demonstrated the synthesis of a fully
sialylated triantennary N-linked glycan that is relevant to
PSMA.71 Our current study provides the first comprehensive
qualitative and quantitative characterization of N-linked
glycosylation of PSMA in two PCa cell lines and provides
greater detail of diverse glycan structural modification. It is
important to note that the data that we report for PMSA
glycosylation in LNCaP cells are similar but more
comprehensive when compared to those in a recent article
by Yuan et al.,72 where PSMA glycosylation in these cells was
compared against insect S2 Schneiders’ cells and human
HEK293T17 cells. The site-specific glycoforms that are found
in LNCaP cells PSMA are generally concordant between our
study and this study. Briefly, high-mannose glycans are highly
abundant and are the dominant glycoforms at ASN-459, ASN-
476, and ASN-638. The same situation is observed in
MDAPCa2b cells. These asparagine residues are located on
the PSMA surface facing the plasma membrane in X-ray
structures of the physiological PSMA homodimer.73 In our
studies, ASN-76 possesses mainly high-mannose and hybrid
glycans but no complex structures. We also detected
glycoforms conjugated to ASN-51 but in significantly low

Figure 6. (A,B) Detection of the PSMA total protein lysates from LNCaP and MDAPCa2b cells treated with endoglycosidases. (A). Western blot
analysis of PSMA in LNCaP and MDAPCa2b cells after treatment with PNGase-F and Endo-H. (B). MS/MS analysis of PSMA glycopeptides after
cleavage with Endo-H glycosidase identifies HexNAc-modified ASN-336 in the VPYNVGPGFTGN*FSTQK glycopeptide.
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levels compared to the other seven glycosites. The other three
sites ASN-121, ASN-195, and ASN-336 are predominantly
conjugated with complex glycans with biantennary, trianten-
nary, and tetraantennary structures. These asparagine residues
are located in the exposed apical domain of the protein that
faces away from the plasma membrane.73 These results are
consistent with the recently published data.72 However, our
study demonstrates significant differences in the fucosylation
and sialylation levels of PSMA glycans in the two cell lines at
these three sites. The bone metastatic MDAPCa2b cells
possess significantly higher levels of sialylation compared to
lymph node metastatic LNCaP cells, where sialylation is
observed on a single glycan. This is consistent with previous
reports of extremely low or lack of sialylation of PSA secreted
by LNCaP cells.74,75 and also the recent observations of lack of
PSMA sialylation in LNCaP cells.72 The upregulation of
sialylated glycans on the plasma membrane cancer cells
contribute to increased aggressiveness, metastasis, and
resistance to cell death.76−80 Increased sialylation of PSA,
another molecule that is used in PCa screening and prognosis,
has been recently demonstrated to be associated with high-
grade PCa.81,82

3.4. Qualitative Analysis of Endoglycosidase-Treated
PSMA Glycopeptides. In complementary experiments, cell
lysates from the two cell lines were treated with the
glucosidases, PNGase-F and Endo H. Figure 6A shows western
blot detection of the PSMA and GAPDH using total protein
lysates from LNCaP cells and MDAPCa2b cells without
glycosidase treatment, with PNGase-F cleavage and with Endo-
H cleavage. In the case of PNGase-F treatment, a single band is
detected at the expected molecular mass of completely
deglycosylated PSMA. In the case of Endo-H, two bands
were detected at higher mass compared to the PNGase-F-
generated band. Since Endo-H cleaves the bond in the
diacetylchitobiose core of the oligosaccharide between the two
GlcNAcs directly proximal to the ASN residues of high-
mannose and hybrid glycan chains, the western blot results are
consistent with PSMA possessing both high-mannose, hybrid,
and complex N-linked glycans. Figure 6

These results confirm our observations in the preceding
sections that PSMA is modified by complex glycans in addition

to high-mannose and hybrid structures. To validate the
biochemical data, immunoaffinity purified PSMA from the
two PCa cell lines were trypsin-digested before treatment with
PNGase-F and Endo-H, respectively, before LC/MS/MS
analyses. Figure 6B shows MS/MS spectra with the remaining
N-acetylglucosamine residue (m/z 204.1) after Endo-H
glycosidase treatment (neutral loss of HexNAc is annotated
in the spectrum).
3.5. Differential Lectin Capture of PSMA. Total protein

lysates from the two cell lines were used for lectin affinity
capture and profiling for five lectins, ConA (D-mannosyl
general specificity, branched N-linked hexasaccharide), AAL
(preferentially binds to Fucα1-6/3GlcNAc), WGA (preferen-
tially binds to (GlcNAcβ1-4)2−5, Neu5Ac Manβ1-
4GlcNAcβ1-4GlacNAc), MAA/MAL II (Neu5Ac/Gcα2-
3Galβ1-4GlcNAc), and UEA 1 (Fucα1-2Galβ).83 Following
lectin binding, bound glycosylated proteins were eluted and
separated by SDS−PAGE before western blot and detection of
PSMA. As shown in Figure 7, the five lectins affinity purify
PSMA from the two cells with different abundance, and the
results are consistent with our MS data. These results support
the MS detection of the different categories of N-linked
glycans in PSMA in LNCaP and MDAPca2b cells. These
include high mannosylated, fucosylated, and sialylated
carbohydrates in addition to H-type and Lewis antigen
structures.

The main weakness of our analysis is the comparison of two
metastatic PCa cell lines and the analysis of clinical disease
stratification will be required for further validation of the
observations. These studies will be necessary to determine
whether unique glycoforms have the ability to discriminate
different stages of PCa and disease progression and their
potential utility in diagnosis and prognosis. We were also not
able to identify the glycoforms that are conjugated to the ASN-
140 and ASN-153 glycosylation sites of the protein (Figure
S8). In addition, complementary orthogonal experiments that
evaluate the expression profiles of specific glycosyltransferases
that may be associated with differential fucosylation, and
sialylation of PSMA glycans that is observed in the two cell
lines would uncover the molecular mechanisms and targets
that mediate them. In our study, we have combined two

Figure 7. PSMA detection after lectin affinity purification. Total protein lysates from the two cell lines were incubated with agarose beads
conjugated with ConA, AAL, WGA, MAA/MAL II, and UAE1 lectins overnight. Proteins bound to the lectins were eluted and separated by SDS-
gel and used for western blot to detect PSMA.
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complementary MS fragmentation methods HCD and EThcD
for intact N-linked glycan analyses using DDA methods. In a
recent study, a comprehensive comparison of EThcD, stepped
collision energy HCD (sceHCD), EThcD-sceHCD, higher-
energy collisional dissociation product-dependent electron-
transfer dissociation (HCD-pd-ETD), and sceHCD-pd-ETD
of intact N-glycopeptide analyses of clinical samples concluded
that EThcD-sceHCD is more suitable for analyzing clinical
samples compared to the other methods.84 In addition, efforts
toward using data-independent acquisition (DIA) methods for
intact N-glycopeptide analysis are ongoing, and HCD MS/MS
is the method of choice for fragmentation since ETD MS/MS
has not been directly integrated for DIA.85 The disadvantage of
HCD fragmentation in intact glycopeptide analyses is the loss
of conjugated glycans and poor yield of peptide backbone
fragments. On the other hand, ETD fragmentation technique is
capable of unambiguous mapping of glycosites. Further
development of the technology could lead to promising
applications and utility of DIA in analyzing intact N-
glycopeptide in the future. However, overall this study provides
novel comparative glycosylation data for PSMA in PCa cell
lines with different tissue tropisms and metastatic niches.

4. CONCLUSIONS
In this study, we performed comparative qualitative and
quantitative analysis of site-specific intact N-glycopeptides
between two phenotype stratified PCa cell lines. We employed
complementary MS-based fragmentation methods including
HCD and EThcD and qualitative and quantitative glyco-
proteomics data analysis to characterize site-specific N-
glycopeptides of PSMA. Our workflow is enabled by the
multiscan capabilities of Tribrid Orbitrap Lumos Fusion MS to
yield a robust glycopeptide and glycan structural elucidation.
This approach allows simultaneous identification of glycans
and glycopeptides in the same acquisition/analysis scheme
using multiple algorithms provided in commercially available
software (Byonic and Byologic).

We have mapped and characterized the N-linked glycosite
occupancy and provided the glycosylation profile of PSMA
directly from PCa cells using stable isotope labeling after
glycosidase treatment for identification and validation of N-
linked glycosylation sites. Our results demonstrate significant
differences in the expression of several glycans in two cell lines
LNCaP and MDAPCa2b, which have different phenotypes.
There are significantly more glycans identified in MDAPCa2b
compared to LNCaP cells at each of the eight N-linked
glycosylation sites that were studied. We demonstrate the
expression profiles and distribution of specific glycan groups at
different asparagine residues in PSMA from different cell lines
based on the quaternary structure of the protein. We further
demonstrate differential expression of specific classes of glycans
that possess glycans with different levels of fucosylation and
sialylation and are potentially associated with specific disease
phenotypes.

Since these cell lines represent distinct disease phenotypes,
their differential glycan PSMA expression profiles may be
associated with modulating progression and tissue- or organ-
specific metastasis in PCa. A major clinical challenge is the
inability of current diagnostic tests to distinguish between
aggressive and indolent forms of PCa. Uncovering potential
prognostic biomarkers in the form of assayable glycan
modification in functionally relevant proteins such as PSMA
may provide opportunity to develop tools to assist in precision

treatment efforts. As PSMA protein is shed at detectable
amounts in post-digital rectal examination (DRE) urines,86,87

our next focus is to characterize the glycan expression profiles
of PSMA in this prostate proximal fluid that is obtained from
men by minimally invasive methods. The objective these
experiments is to identify site-specific glycan changes in PSMA
from post-DRE urines from disease-stratified patients that
correlate with disease severity as demonstrated in this study
using PCa cell lines. These studies will form the basis of
developing site-specific PSMA glycoform-based prognostic
markers for PCa disease stratification in the future.
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