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ABSTRACT: Elevated serum prostate-specific antigen (PSA) levels in body fluids may indicate prostate cancer (PCa), but it is
noted that the clinical performance is rather poor. Specificity and sensitivity values of 20 and 94% at a cutoff value of 4.1 ng/mL,
respectively, result in overdiagnosis and unnecessary interventions. Previous exploratory studies have indicated that the glycosylation
of PSA potentially leads to improved PCa diagnosis based on qualitative analyses. However, the applied methods are not suited for a
quantitative evaluation or implementation in a medical laboratory. Therefore, in this proof-of-principle study, we have evaluated the
use of hydrophilic interaction liquid chromatography (HILIC) in combination with targeted quantitative mass spectrometry for the
sialic acid linkage-specific analysis of PSA glyco-proteoforms based on either trypsin or ArgC peptides. The efficiency of PSA
proteolysis was optimized as well as the glycopeptide separation conditions (buffer type, strength, and pH). The HILIC-based
analysis of PSA glyco-proteoforms presented here has the potential for the clinical validation of patient cohorts. The method shows
the feasibility of the use of a HILIC stationary phase for the separation of isomeric glycopeptides to detect specific glyco-
proteoforms. This is the first step toward the development and evaluation of PSA glyco-proteoforms for use in a clinical chemistry
setting aiming for improved PCa diagnosis or screening.

KEYWORDS: prostate-specific antigen, N-glycosylation, glycopeptide, quantitative bottom-up proteomics, prostate cancer, urine, HILIC,
MRM−MS, clinical chemistry, glyco-proteoforms

■ INTRODUCTION

Prostate cancer (PCa) is one of the most prevalent cancers in
men.1 Since the introduction of serum prostate-specific antigen
(PSA) as a marker for PCa, the number of men diagnosed with
PCa at an early stage has increased substantially.2 Nevertheless,
this growth in (early) diagnoses has not reduced mortality
rates. An elevated PSA level can indicate the presence of a
tumor, but it may also be caused by prostate enlargement,
benign prostate hyperplasia, or inflammation.3 Moreover, an
increased PSA level is not prognostic with regard to disease
severity: Both aggressive and indolent courses of PCa
progression are observed, where the latter may not require
any clinical intervention. The limited clinical performance of
total PSA has led to a worldwide debate concerning the clinical
need for alternative biomarkers for PCa screening.4−6

It is now widely acknowledged that there is a need for better
tests with improved clinical performance specifications that can
distinguish aggressive forms of PCa from clinically less
significant forms of the disease. A promising candidate is
glyco-proteoform analysis of PSA itself. Various studies have
demonstrated aberrant glycosylation profiles in PCa patients,
originating from the N-glycosylation site at Asn-45, which
provides potential leads toward improving the specificity of the
PSA test.7−18 The analysis of glycosyltransferase levels has
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furthermore demonstrated that sialic acids attached to
glycoproteins are involved in cancer progression.19,20 So far,
the best diagnostic potential for PCa was observed for the
specific analysis of α2,3-linked sialic acids on urinary PSA using
(lectin-based) immunoassays (IAs).8,11,14 These assays, how-
ever, summarize multiple glyco-proteoforms into one readout,
whereas the quantification of a single species is preferred for an
anticipated lab-developed test. The routine IA allows
quantification with excellent sensitivity and high robustness,
however, with no differentiation between various glyco-
proteoforms (Figure 1). Because the diversity of PSA glycans

is large, with at least 75 different structures reported from mass
spectrometry (MS)-based glycopeptide analysis,21 the quanti-
fication of a specific glyco-proteoform is not trivial. For further
validation and to demonstrate the clinical utility of PSA glyco-
proteoforms, robust and quantitative analytical platforms are
needed that include the separation of α2,3- and α2,6-linked
sialic acid isomers.22 To this end, translation from biomarker
discovery to a medical test has been subdivided into three tiers,
of which tier 1 tests are suitable for clinical chemistry.23

Keeping these strict requirements in mind, the so-far preferred
analytical strategy for MS-based protein quantitation in the
medical laboratory is targeted MS by liquid chromatography
(LC) coupled to multiple reaction monitoring (MRM) on a
triple quadrupole instrument.24

MS-based protein glycosylation studies generally apply a
variety of separation strategies depending on whether the
target analytes are released glycans or glycopeptides,25 with the
latter being required for clinical chemistry purposes. With
regard to PSA glycopeptide analysis, reversed-phase (RP) LC
has been reported; however, this method does not distinguish
different sialic acid linkages.10 The separation of sialic acid
linkage isomers in PSA glycopeptides has been reported using
capillary electrophoresis (CE), but this approach lacks
robustness with regard to clinical chemistry requirements
(Figure 1).21,26 Hitherto, a quantitative LC method for the
separation of sialic acid linkage glycopeptide isomers of PSA
has not been developed. With regard to glycopeptide analysis,
porous graphitized carbon (PGC) and hydrophilic interaction
liquid chromatography (HILIC) provide an alternative for RP

LC, with both allowing for the separation of glycan linkage
isomers (Figure 1).27−30However, with regard to simultaneous
PSA peptide and glycopeptide analysis, HILIC is the preferred
platform. HILIC material has successfully been applied for the
solid-phase extraction of glycopeptides from complex mix-
tures,25 and recently, HILIC has been applied as a stationary
phase for the analysis of isomeric N-glycopeptides from bovine
fetuin and human IgG, including the separation of sialylated N-
glycan isomers differing in α2,3 and α2,6 linkages.31 However,
the analysis of proteotypic peptides and sialic acid linkage
glycopeptide isomers using HILIC in a single run has not been
described. Here we report the use of HILIC−MRM−MS for
the combined absolute quantitation of PSA using “standard”
proteotypic peptides and the relative quantitation of isomeric
glycopeptides varying in sialic acid linkages.

■ EXPERIMENTAL SECTION

Chemicals, Reagents, and Enzymes

Ammonium acetate, ammonium formate (AF), ethylenedia-
minetetraacetic acid (EDTA), iodoacetamide (IAM), sodium
deoxycholate (DOC), and tris(hydroxymethyl)aminomethane
(TRIS) were obtained from Sigma-Aldrich (Zwijndrecht, The
Netherlands). Ammonia solution 32%, calcium chloride,
hydrochloric acid 37%, and phosphate-buffered saline (PBS)
were purchased from Merck-Millipore (Burlington, MA), and
tris(2-carboxyethyl)phosphine (TCEP) was purchased from
Thermo Scientific (Rockford, IL). Ammonium bicarbonate
(ABC) and formic acid (FA) were obtained from Honeywell
(Morristown, NJ). Milli-Q water (MQ) was generated from a
QGard2 system (at ≥18 MΩ) from Merck-Millipore
(Burlington, MA). Sequencing-grade modified porcine trypsin
and sequencing-grade ArgC were purchased from Promega
(Madison, WI). Neuramidase A and S were obtained from
New England Biolabs (Ipswich, MA). HPLC-grade solvents
methanol (MeOH) and acetonitrile (ACN) were purchased
from Biosolve (Valkenswaard, The Netherlands). In all
experiments a standard PSA sample was used from Lee
Biosolutions (St. Louis, MO) derived from a pool of human
semen. Stable-isotope-labeled (SIL, heavy amino acid is
indicated with an asterisk) and nonlabeled peptide standards
were synthesized in-house, dissolved in 5% MeOH, and stored
at −80 °C until further use.

Trypsin Digestion of PSA

The protocol for trypsin digestion of PSA was based on our in-
house-developed method for serum apolipoproteins,32 with
modifications. In brief, 200 μL of so-called reduction mix was
prepared, containing 10 mM TCEP in 50 mM ABC (pH 8.0)
and the two SIL-peptides FLRPGDDSSHDLMLLR* and
LSEPAELTDAVK*. Then, 20 μg of human PSA was incubated
in 60 μL of this reduction mix at 56 °C for 30 min to allow for
disulfide bond reduction. Carbamidomethylation was per-
formed by adding 20 μL of 10 mM IAM in 50 mM ABC with
subsequent incubation at room temperature in the dark for 30
min. For digestion, 20 μg of trypsin was dissolved in 50 mM
ABC to a volume of 2 mL. Proteolysis was performed at a 1:35
(w/w) trypsin−PSA ratio at 37 °C in a total volume of 200 μL.
Digestion kinetics were followed by sampling after 30 min, 45
min, 60 min, 90 min, 3 h, 6 h, 9 h, 12 h, 18 h, and 24 h of
incubation. Digestion was quenched using 200 μL of 0.6% (v/
v) FA and 5% (v/v) MeOH in MQ. The digested sample was
transferred to an LC−MS vial for analysis.

Figure 1. Overview of the capabilities of different strategies for the
analysis of PSA and its sialylated glycopeptide linkage isomers. Six
strategies typically used for PSA analysis are evaluated for their ability
for absolute quantitation, throughput, robustness, glycoform profiling,
and sialic acid linkage isomer-specific analysis. The gray figure
indicates the capability per strategy. IA, immunoassay; TD-MS, top-
down mass spectrometry; RP-MS, reversed-phase LC−MS; PGC-MS,
porous graphitized carbon LC−MS; CE−MS, capillary electro-
phoresis coupled to MS; HILIC−MS, hydrophilic interaction liquid
chromatography coupled to MS.
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ArgC Digestion of PSA

The ArgC digestion method was based on the previously
mentioned protocol for tryptic digestion, with optimization
experiments performed in different buffers, namely, TRIS,
ABC, sodium bicarbonate, and PBS.33 The use of EDTA and
CaCl2 (recommended by the supplier) was tested (5, 20, and
50 mM) as well as the concentration TRIS (10, 50, and 100
mM). The digestion kinetics were optimized by taking a
sample after 30 min, 45 min, 60 min, 90 min, 3 h, 6 h, 9 h, 12
h, 18 h, and 24 h of incubation. These optimizations resulted
in a 100 mM TRIS-containing reduction mix (pH 7.8) that was
used for S−S reduction and subsequent carbamidomethylation.
For digestion, 10 μg of lyophilized ArgC was dissolved in 50
mM TRIS (pH 7.8) to a volume of 1 mL, and the digestion
was performed at a 1:35 (w/w) ArgC−PSA ratio. The sample
was incubated at 37 °C for 3 h, and the digestion was
subsequently quenched using 200 μL of 0.6% (v/v) FA and 5%
(v/v) MeOH in MQ. The digested sample was transferred to
an LC−MS vial for analysis.

Exoglycosidase Digestion of PSA-Glycopeptides

Neuramidase A (α2,3/6/8/9-linked sialic acid cleavages) and
neuramidase S (α2,3-linked sialic acid cleavages) were used to
identify specific linkages in isomeric glycopeptides. In short, 3
μL of 10× GlycoBuffer 1 (50 mM CaCl2, 0.5 M sodium
acetate, pH 5.5, New England Biolabs) was added to 20 μL of
PSA tryptic digest to increase the pH to 4.0. Two microliters of
neuramidase A or S was added to the PSA samples, and the
mixture was incubated for 1 h at 37 °C. The samples were
transferred to an LC−MS vial for LC−MRM−MS analysis.

Measurement of PSA Glycosylation from a Native Urine
Matrix

PSA standard (Lee Biosolutions) was spiked into a PSA-
deficient human urine pool at concentrations of 50, 250, and
1000 μg/L to prepare urine matrix samples. Biotinylated
antihuman PSA antibodies were kindly provided by Roche
(Penzberg, Germany) and were coupled to streptavidin-coated
magnetic beads (Thermo Fisher Scientific, Waltham, MA)
according to the manufacturer’s instructions at a concentration
of 0.1 mg/mL for 10 min. 60 μL of beads was washed five
times using PBS and subsequently incubated with 1 mL of
urine matrix sample for 1 h. The beads were washed three
times, followed by overnight on-bead trypsin digestion. Here
24 μL of 10 mM TCEP in 25 mM NH4HCO3 containing the
two SIL peptides FLRPGDDSSHDLMLLR* and LSEPAE-
LTDAVK* was added to the PSA-bound beads. Upon
incubation at 56 °C for 30 min, carbamidomethylation was
performed by adding 4 μL of 10 mM IAM in 25 mM
NH4HCO3 with subsequent incubation at room temperature
in the dark for 30 min. Proteolysis was performed using 0.1 μg
of trypsin in 3 μL of 25 mM NH4HCO3 at 37 °C in a total
volume of 30 μL. Digestion was quenched using 10 μL of 4.0%
(v/v) FA and 10% (v/v) MeOH in MQ. The digested sample
was transferred to an LC−MS vial for analysis.

HILIC−MRM−MS Analysis

An Agilent 1290 ultra-high-performance LC system equipped
with a 20 μL sampling loop was used in combination with an
Agilent 6495 triple quadrupole mass spectrometer (QQQ-MS,
Agilent Technologies, Santa Clara, CA) operating in positive
ionization mode. Three different HILIC columns were
evaluated, namely, an Acquity UPLC glycan BEH amide
column (130 Å 2.1 × 100 mm, 1.7 μm particle size from

Waters), a TSKgel amide 80 column (100 Å, 5 μm, 4.6 × 250
mm from Tosoh Bioscience), and an InfinityLab Poroshell 120
HILIC narrow-bore LC column (2.1 × 150 mm, 1.9 μm from
Agilent). The Acquity UPLC glycan BEH amide column was
selected for further analysis at a column oven temperature of
40 °C. Eluent A consisted of 10 mM AF in MQ, whereas
eluent B consisted of 10 mM AF in 10% MQ and 90% ACN.
The pH was set at 4.2 for both the tryptic and ArgC digest.
Upon the injection of 2 μL of sample, peptides were separated
using the following gradient: plateau of 1 min at 80% eluent B,
followed by a linear gradient to 20% eluent B at 10 min,
followed by a plateau of 2 min at 80% eluent B, all at a flow of
0.3 mL/min. For peptide identification, the system was first
operated in full-scan mode with m/z values ranging from 300
to 1500 to generate a full MS1 scan of the digested peptides.
Then, the QQQ-MS was operated in product-ion scan mode
to obtain reference fragmentation spectra of the PSA peptides.
Peptides were measured in dynamic MRM mode with a 1 min
window. The cycle time was set at 500 ms. Doubly or triply
charged precursor ions were selected for peptides, and one
quantifier and two qualifier ion transitions were monitored in
unit resolution. For glycopeptides, triply and quadruply
charged precursor ions were selected, together with one
quantifying and one qualifying transition. For each transition,
the collision energy was optimized (detailed in the Supporting
Information). To ensure that the LC−MS instrumentation is
performing accurately during the sample analysis, a system
suitability testing (SST) procedure was designed and run in
association with all digestion optimization experiments. For
this purpose, a system suitability sample consisting of three
nonlabeled and three labeled synthetic peptides, each at 0.15
μmol/L in 5% (vol/vol) MeOH and 0.6% (vol/vol) FA in
MQ, was prepared. Five microliters of this sample was then
analyzed five times prior to a test run as well as five times
afterward. A blank sample followed every five samples to assess
the carryover. Criteria for accurate performance were defined.

MS Parameter Optimization

The initial parameter settings on the QQQ-MS were: gas flow,
15 L/min; gas temperature, 250 °C; sheath gas temperature,
250 °C; nozzle voltage, 650 V; high-pressure ion funnel RF
voltage, 150 V; fragmentor voltage, 380 V; cell accelerator
voltage, 5 V; capillary voltage, 3500 V; and nebulizer pressure,
30 psi. During the optimization of the MS parameters, the
following conditions were tested: gas flow, 10, 13, and 15 L/
min; gas temperature, 100, 150, 200, and 250 °C; sheath gas
temperature, 100, 150, 200, and 250 °C; nozzle voltage, 300,
500, 650, 800, and 1000 V; high-pressure ion funnel RF
voltage, 80, 100, 125, and 150 V; fragmentor voltage, 250, 300,
350, and 380 V; cell accelerator voltage, 4, 5, and 6 V; capillary
voltage, 3000, 3500, and 4000 V; and nebulizer pressure, 25,
30, and 35 psi. The optimized MS conditions were: gas flow,
15 L/min; gas temperature, 250 °C; sheath gas temperature,
250 °C; nozzle voltage, 1000 V; high-pressure ion funnel RF
voltage, 125 V; fragmentor voltage, 350 V; cell accelerator
voltage, 4 V; capillary voltage, 4000 V; and nebulizer pressure,
25 psi.

Data Analysis

LC−MS/MS data were processed using Mass Hunter
workstation software, version B.06.00 (Agilent Technologies).
Signal intensities were obtained from the peak areas, and all
transitions (both quantifying and qualifying) were individually
evaluated. Initial data quality control was performed by
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assessing the ion ratios between quantifying and qualifying

transitions, which were required to be within 15% accuracy.

The SST was passed for all analyses performed in this study.

■ RESULTS AND DISCUSSION

Both trypsin and ArgC were considered for the proteolysis of

PSA because of the common usage and specific peptide length

of the glycopeptide, respectively. Methods were developed for

Table 1. Optimization of HILIC LC−MS Separation of PSA Peptides and Glycopeptidesa

protease level % AcN (50−95%) pH (3.6−5.2) [AF] (5−50 mM)

trypsin peptides increased retention with increased
% AcN, minimum 90%

higher pH gives better peptide separation no effects on retention, lower signals intensity with
higher AF concentration

glycopeptides increased retention with increased
% AcN, minimum 80%

higher pH gives less retention, but
slightly better signal intensity

no effects on retention, lower signals intensity with
higher AF concentration

optimal 90% can 4.4 10 mM

ArgC peptides increased retention with increased
% AcN, minimum 90%

lower pH gives better peptide separation variable effects on retention, lower signal intensity
with higher AF concentration

glycopeptides increased retention with increased
% AcN, minimum 80%

higher pH gives less retention, but
slightly better signal intensity

no effects on retention, lower signals intensity with
higher AF concentration

optimal 90% can 4.2 10 mM
aEffects of changes in solvent composition are indicated together with the eventual optimal solvent conditions.

Figure 2. Optimization of the HILIC LC−MS separation of PSA glycopeptides. HILIC−MRM−MS chromatograms obtained for peptide and
glycopeptide separation of the tryptic PSA digest (left) and the similar analysis of tryptic PSA digest after immunocapture of PSA from the urinary
sample (right). MRM ion intensities are depicted on the y axis in arbitrary units.

Journal of Proteome Research pubs.acs.org/jpr Article

https://dx.doi.org/10.1021/acs.jproteome.0c00050
J. Proteome Res. 2020, 19, 2708−2716

2711

https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00050?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00050?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00050?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00050?fig=fig2&ref=pdf
pubs.acs.org/jpr?ref=pdf
https://dx.doi.org/10.1021/acs.jproteome.0c00050?ref=pdf


the simultaneous analysis of peptides and glycopeptides
obtained with both proteases. Trypsin is the most widely
used and best characterized protease for quantitative
purposes,34,35 but in the case of PSA, the resulting
glycopeptides have a rather short peptide backbone of only
two amino acids that limits peptide chromatographic retention.
Larger tryptic PSA glycopeptides have previously been
reported that contain a missed cleavage (e.g., ref 10); however,
we did not observe such glycopeptides (with backbone
NKSVILLGR) in our study.

MRM Transition Development and MS Source
Optimization

Transitions were developed for PSA peptides and glycopep-
tides, both from the digestion with trypsin and with ArgC. For
both proteases, two peptides were selected for protein
quantitation, namely, FLRPGDDSHDLMLLR and LSEPAE-
LTDAVK for trypsin and FLRPGDDSHDLMLLR and
KWIKDTIVANP for ArgC. Fragmentation spectra were
generated to identify proteotypic peptides and develop
transitions. For peptides, three major fragments were selected,
whereas for glycopeptides, two of the oxonium ions m/z 274
(sialic acid−H2O), m/z 366 (HexNAcHex), and m/z 204
(HexNAc) were selected, depending on the glycopeptide
identity. Collision energies were optimized for each of the
transitions; see Tables S1 and S2 for the final lists of
transitions. The MS source and ion-transfer parameters

required optimization for glycopeptide analysis because triple
quadrupole instruments are generally tuned for small
molecules and peptides, whereas glycopeptides are larger
structures that exhibit an inherently lower signal intensity.36

Specifically, the optimal source parameters for our system were
gas flow, 15 L/min; gas temperature, 250 °C; nozzle voltage,
1000 V; nebulizer pressure, 25 psi; and capillary voltage, 4000
V. The optimal fragmentor voltage was 350 V, and the best cell
accelerator voltage was 4 V. Using these parameters, the signal
intensity of the glycopeptides roughly doubled, with a slight
increase in the signal intensity of the peptides.

HILIC Separation Optimization

The HILIC retention mechanism largely relies on the
partitioning of analytes to the water-rich layer that surrounds
the hydrophilic stationary phase.37 The major characteristics
that influence HILIC separation are the stationary phase,38,39

the type40 and concentration of salt,41 and the organic
solvent.42,43 We aimed to optimize each of these parameters
for the separation of peptides and glycopeptides from PSA
(Table 1, Figure 2). Amide-based HILIC stationary phases44

or sulfobetaine-based zwitterionic (ZIC) HILIC stationary
phases28 are most commonly used for glycan separation,
typically using solvent systems containing ACN in AF solution.
Three columns using these conditions were evaluated: a
neutral glycan BEH amide column (Waters), a neutral TSKgel
amide 80 column (Tosoh Bioscience), and a zwitterionic

Figure 3. Separation of isomeric glycopeptides by HILIC LC−MS and confirmation of sialic acid linkage type. (A) Structural representation of PSA
glycopeptides with glycan composition H5N4F1S2 and identification of sialic acid linkage isomers by sialidase treatment. HILIC LC−MS
chromatograms of (B) original, (C) sialidase-A-treated, and (D) sialidase-A-treated argC glycopeptides from PSA. Ion intensities from MRM are
depicted on the y axis in arbitrary units.
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Poroshell 120 HILIC column (Agilent). The most suitable
results for both tryptic and ArgC glycopeptides were obtained
using the Waters BEH amide column, and further optimization
was performed using this column. Subsequently, two types of
buffer were tested: ACN/water with 10 mM ammonium
acetate (at pH 4.0) and ACN/water with 10 mM AF (at pH
4.0); the best separation was obtained using AF, which was
used for further optimization. Next, the solvent pH was
optimized using a 10 mM AF buffer at different pH values
ranging from 3.6 to 5.2. The performance with regard to
glycopeptide separation was not altered within this pH range;
however, the retention time decreased slightly with increasing
pH. The retention time of peptides, on the contrary, was more
affected, with the retention of some peptides increasing and
that of some peptides decreasing, irrespective of the pKi of the
peptide. The optimal pH for peptide and glycopeptide isomer
separation was 4.2 for the ArgC digests, whereas pH 4.4
performed slightly better for tryptic glycopeptides. Further-
more, the buffer concentration is known to affect the HILIC
retention, albeit not as much as the pH. Therefore, various AF
concentrations were evaluated (between 5 and 50 mM).
Interestingly, limited effects of the buffer concentration on
(glyco)peptide retention were observed. However, there was
an inverse relation between the concentration of AF and the
signal intensity in the MS, which is in line with the reported
ion suppression by AF in MS.45 A 10 mM concentration of AF
was shown to provide stable retention times and peak shape
and was therefore chosen for further method optimization.
Lastly, the starting ACN concentration was optimized.
Whereas higher concentrations of ACN typically result in
better retention of hydrophilic compounds, we also aimed to
separate less hydrophilic peptides, which could precipitate at
high acetonitrile concentrations. 90% ACN provided optimal
glycopeptides and peptide separation; a further increase in
ACN content resulted in the increased retention of
glycopeptides but not most peptides, thus decreasing the
separation efficiency. Overall, the optimal conditions for the
separation of the tryptic PSA digest were solvent A, 10 mM
AF, pH 4.4 in water and solvent B, 90% ACN in 10 mM AF,
pH 4.4, whereas the optimal conditions for the ArgC digest
were solvent A, 10 mM AF, pH 4.2 in water and solvent B,
90% ACN in 10 mM AF, pH 4.2, as outlined in Table 1. A
typical chromatogram of the trypsin digest is also shown in
Figure 2.

Identification of Sialic Acid Linkages

To identify the origin of the three signals retained by HILIC−
LC−MS, exosialidases were used. The results of the
neuraminidase treatments for ArgC glycopeptides are shown
in Figure 3, and the same retention order was observed for
tryptic glycopeptides. Sialidase A has a broad specificity and
cleaves both α2,3- and α2,6-linked terminal sialic acids.
Treatment of PSA glycopeptides results in the complete
removal of both α2,3- and α2,6-linked sialic acids; see Figure
3C. Sialidase S specifically catalyzes the hydrolysis of α2,3-
linked sialic acids but leaves α2,6-linked sialic acids unaffected.
Figure 3D shows PSA glycopeptides with α2,6-linked sialic
acids upon treatment with Sialidase S, indicating that glycans
with α2,3-linked sialic acids elute slightly earlier with HILIC
than α2,6-linked sialic acids.
The results indicate that HILIC provides sufficient

separating power to distinguish 2,3- and 2,6-linked sialic
acids at the glycopeptide level and may be suitable for
application in a HILIC−MRM−MS-based test in the medical
laboratory. Whereas it was previously reported that isomer
separations may be achieved using CE−MS, this approach
lacks robustness with regard to clinical chemistry requirements
(Figure 1). The HILIC-based method allows the absolute
quantitation of PSA through proteotypic peptides as well as
glycopeptide separation in the same run, whereas PGC cannot
deliver both aspects within the same analysis (Figure 1).
Peptide-based quantitation can be achieved with RP-MRM-MS
with similar performance as routine immunoassays but does
not provide information on glycopeptide isomers (Figure 1).
To demonstrate the feasibility of HILIC−MRM−MS-based
PSA glycopeptide measurements from clinical material, a
proof-of-principle PSA immunocapture experiment was
performed from a urinary matrix (Figure 2).
System Suitability Testing

An SST was developed to ensure the accurate performance of
the LC−MRM−MS system during experiments using a
mixture of both nonlabeled and labeled synthetic peptides.
All peptides consistently performed within the predefined
acceptance criteria, with absolute abundances deviating <10%,
relative abundances deviating <15%, and carryover <1% for all
peptides.
Optimization of Digestion

To ensure the accurate quantitation of PSA using isotope
dilution mass spectrometry, in which the peptide signal
intensity is quantified relative to an SIL peptide, consistent
digestion results are necessary.22 Whereas the protease trypsin

Figure 4. PSA digestion curves. After the optimization of digestion conditions with regard to buffer and additives, digestion curves were generated
to evaluate the progress of digestion and the stability of the digest. An optimum was reached within 1 h for trypsin (left) and within 6 h for ArgC
(right).

Journal of Proteome Research pubs.acs.org/jpr Article

https://dx.doi.org/10.1021/acs.jproteome.0c00050
J. Proteome Res. 2020, 19, 2708−2716

2713

https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00050?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00050?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00050?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.0c00050?fig=fig4&ref=pdf
pubs.acs.org/jpr?ref=pdf
https://dx.doi.org/10.1021/acs.jproteome.0c00050?ref=pdf


has already been widely characterized46 and has been
consistently used for quantitative purposes,32,35,47,48 the
protease ArgC has not. Therefore, the digestion conditions
were optimized, starting from the manufacturer’s recommen-
dations of a 50 mM TRIS buffer containing 50 mM CaCl2 and
2 mM EDTA at a protein−ArgC ratio of 1:35 (w/w)
(Supplementary Figure S1). Increasing the protein−ArgC
ratio did not increase the peptide recovery (Supplementary
Figure S1, conditions 1−4), but the omission of EDTA and
CaCl2 substantially increased the digestion efficiency (con-
dition 7). The buffer type and concentration were then also
evaluated. Increasing the TRIS concentration to 100 mM
(condition 11) did not affect the peptide generation but
increased the glycopeptide generation. Interestingly, the
exchange of the TRIS buffer for 50 mM ABC (condition 12)
performed equally well for most peptides but was not
successful in the generation of glycopeptides. Therefore, the
optimal digestion conditions selected were 100 mM TRIS
without EDTA or CaCl2.

Evaluation of Digestion Efficiency

For quantitative clinical chemistry purposes, optimized
digestion conditions do not necessarily result in a reproducible
protein digestion. In this context, it is emphasized that the
large majority of MS-based proteomics studies have focused on
optimizing the number of protein identities rather than
quantities. A prerequisite for true quantitative results is that
the digestion reaches a plateau, which is preferable to even
completeness.34,49 To this end, digestion time courses were
made using the optimized digestion conditions for both trypsin
and ArgC digestion. The results for peptides are shown in
Figure 4 and are representative for the glycopeptides. Plateaus
are reached within 30 min for trypsin and within 3 h for ArgC
without major signal loss for the SIL peptides, indicating that
stable digestion can be reached and most likely allowing for
repeatable quantitative results.
So far, further evaluation and proof of equimolarity are

required to make a decision between the use of trypsin and
ArgC for the development of a medical test, as both proteases
have positives and negatives. The longer peptide backbone
generated using ArgC (NKSVILLGR vs NK with trypsin) will
likely provide better analytical specificity without a loss of
separation power on the HILIC stationary phase. Trypsin, on
the contrary, is preferred for clinical chemistry applications
because it is well-characterized, widely used, and widely
available. Therefore, both proteases should be evaluated during
further test development.

■ CONCLUSIONS

In this study, a HILIC-based LC−MRM−MS method for the
quantitation of PSA was established, including the measure-
ment of specific glycopeptide linkage isomers. The results
indicate that HILIC provides sufficient separating power to
distinguish 2,3- and 2,6-linked sialic acids at the glycopeptide
level and may be suitable for application in a HILIC−MRM−
MS-based test in the medical laboratory. With suitable external
calibrators, this HILIC-based method allows the absolute
quantitation of PSA through proteotypic peptides as well as
glycopeptide separation in the same run. Peptide-based
quantitation has been achieved with RP−MRM−MS with
similar performance compared with routine IAs; however, it
does not provide information on glycopeptide isomers, which
is essential for precision oncology and refined PCa diagnosis. It

is emphasized that the stable digestion of PSA is an essential
prerequisite for an accurate test, and absolute quantitation may
be achieved using either trypsin or ArgC. The inherently low
abundance of PSA in serum, plasma, and urine will pose a
challenge for translating these results into an improved PCa
test, specifically due to the 100-fold signal intensity difference
between the peptides and the glycopeptides (Figure 1).
Therefore, the sensitivity of the HILIC−MRM−MS method
warrants additional developments.
Notwithstanding the benefits of proteomics approaches, it is

widely acknowledged that most (if not all) of the biomarker
candidates do not find their way into clinical diagnostics
applications. The careful evaluation of promising biomarkers
with appropriate techniques, study designs, and samples is
essential for successful translation.50,51 The HILIC-based LC−
MS method that was developed in this study for the separation
of PSA glycopeptide linkage isomers, specifically the attach-
ment of 2,3- and 2,6-linked sialic acids, demonstrates the
feasibility of quantifying individual glycopeptide isomers.
Moreover, the focus on specific glyco-proteoforms using a
targeted MS approach as outlined here provides the granularity
that is necessary for the development of molecular tests for the
detection and monitoring of PCa in this era of precision
medicine.
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