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Abstract: An altered total seminal plasma glycosylation has been associated with 
male infertility, and the highly abundant seminal plasma glycoprotein prostate-
specific antigen (PSA) plays an important role in fertilization. However, the 
exact role of PSA glycosylation in male fertility is not clear. To understand the 
involvement of PSA glycosylation in the fertilization process, analytical methods 
are required to study the glycosylation of PSA from seminal plasma with a high 
glycoform resolution and in a protein-specific manner. In this study, we developed 
a novel, high-throughput PSA glycopeptide workflow, based on matrix-assisted 
laser desorption/ionization-mass spectrometry, allowing the discrimination of 
sialic acid linkage isomers via the derivatization of glycopeptides. The method 
was successfully applied on a cohort consisting of seminal plasma from infertile 
and fertile men (N=102). Forty-four glycopeptides were quantified in all 
samples, showing mainly complex-type glycans with high levels of fucosylation 
and sialylation. In addition, N,N-diacetyllactosamine (LacdiNAc) motives were 
found as well as hybrid-type and high mannose-type structures. Our method 
showed a high intra- and interday repeatability and revealed no difference in 
PSA glycosylation between fertile and infertile men. Next to seminal plasma, the 
method is also expected to be of use for studying PSA glycopeptides derived 
from other biofluids and/or in other disease contexts. 

Keywords: Prostate-specific antigen, glycosylation, sialic acids, mass 
spectrometry, infertility, seminal plasma.
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3.1. Introduction

Glycosylation is a highly complex post-translational modification that influences 
protein folding, solubility and protein-protein interactions240. Recently, 
associations were found between total seminal plasma (SP) glycosylation and 
an impaired fertility in men22, 23, 241. For example, α2,6-linked sialylation was 
found to be positively associated with sperm motility, while low α2,3-linked 
sialylation was associated with a reduced sperm count241. Furthermore, an 
increased fucosylation (α1,6-linked to N-acetylglucosamine or α1,3-linked to 
N-acetyllactosamine) was associated with infertility22. The higher degree of 
fucosylation was attributed to, amongst others, the glycoprotein prostate-
specific antigen (PSA)22. This glycoprotein is highly abundant in SP, where it plays 
an essential role in increasing sperm motility by liquefying coagulated semen242, 

243. Furthermore, the elevated presence of PSA in male blood plasma is an 
important biomarker for the diagnosis of prostate cancer244, making the analysis 
of this glycoprotein in different body fluids of high interest. 
PSA contains one conserved N-linked glycosylation site at Asn69

245, 246 and an 
additional site was reported for the naturally occurring polymorphism D102→N102 
of the KLK3 gene247. In healthy individuals, PSA from SP carries mainly sialylated, 
diantennary complex-type glycans with a high degree of core fucosylation (α1,6-
linked) and both LacNAc (galactose-β1,4-N-acetylglucosamine) and LacdiNAc 
(N-acetylgalactosamine-β1,4-N-acetylglucosamine) motives on the antennae203, 

248. Furthermore, the presence of high mannose- and hybrid-type N-glycans as 
well as multiantennary complex-type structures and low degrees of sulfation 
have been reported249, 250 251.
Mass spectrometry (MS) is a core technology in the field of glycopeptide-based 
glycosylation profiling, however, identification and accurate quantification 
of isomeric glycoforms remains a challenging task. For the separation of 
sialic acid (SA) linkage isomers (α2,3- or α2,6-linked to the subterminal 
monosaccharide) on PSA, a high-performance PSA glycomics assay based on 
capillary electrophoresis (CE)-electro spray ionization (ESI)-MS was described 
recently 251. Alternative separation techniques for SA isomers include reversed-
phase liquid chromatography (LC) and porous graphitized carbon LC, optionally 
in combination with exoglycosidase treatment252, 253. While these techniques 
provide high SA isomer resolution and high sensitivity (especially in the case of CE-
ESI-MS), they are limited in throughput and ease of use. An attractive alternative 
for glycopeptide profiling is matrix-assisted laser desorption/ionization (MALDI)-
MS, offering an accessible and high-throughput platform. However, the analysis 
of sialylated glycoconjugates by MALDI-MS is challenged by a biased ionization 
and salt adduct formation. Moreover, MS on itself is unable to differentiate 
between SA linkage isomers. 
Recent efforts in optimizing derivatization strategies for both released glycans 
and glycopeptides have successfully addressed the challenges posed for MALDI-
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MS of sialylated analytes. At the released glycan level, SAs were differentially 
stabilized by ethyl or methyl esterification of the α2,6-linked SAs, while the α2,3-
linked SAs lactonized, resulting in different masses for the isomeric species138, 

254. In addition, selective amidation strategies have been developed, which 
resulted in an increased stability of the α2,3-linked SAs. Similar methods have 
been applied for the derivatization of sialylated glycopeptides132, 255. However, as 
of yet, no generally applicable protocol has been established for this purpose, 
mainly because the wide variety of different peptide portions result in different 
byproducts during the SA derivatization132, 255, 256.
Here, a novel high-throughput protocol was developed for the characterization 
of SP PSA derived glycopeptides by MALDI-MS (Figure 1). The workflow includes 
a bead-based affinity purification of PSA from SP, followed by reduction, 
alkylation and proteolytic digestion with trypsin. The PSA glycopeptides 
are subjected to a two-step amidation reaction (3 h total), which allows for 
stabilization and differentiation between α2,6- and α2,3-sialylated isomers257. All 
sample preparation steps can be performed in 96-well plate format and the final 
derivatization protocol results in minimal byproduct formation on the peptide 
portion.
The applicability and robustness of the developed assay was demonstrated in 
an intra- and interday repeatability assessment as well as by characterizing the 
SP PSA glycosylation profiles of men in a clinical setting (N=102). The sample set 
consisted of fertile as well as infertile men with both known and unknown causes 
of infertility. The cohort was used to evaluate whether previous observed SP 
glycosylation changes with fertility were related to PSA. The developed assay has 
the potential to be further applied for different clinical questions, for example in 
prostate cancer studies, as well as to be extended to study the glycosylation of 
PSA from different body fluids (e.g. urine and serum).
3.2. Materials and methods
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3.2.1 Materials 
3.2.1.1 Chemicals and standards (see Supplementary Information S-1.1)
3.2.1.2 Clinical samples 
SP samples were collected from infertile men (24-49 years old) who participated 
in an intrauterine insemination procedure with their partners at the 2nd Clinic 
of Gynaecology and Obstetrics, Wrocław Medical University (N=85). The control 
group consisted of SP samples from fertile volunteers (N=17), who had fathered a 
child within recent years. Semen samples were obtained through masturbation, 
after 2–3 days of sexual abstinence, and were liquefied for 1 h at 37 oC. Standard 
semen examination (volume, pH, morphology, sperm concentration, motility 
and viability) was performed for all individuals according to World Health 
Organization (WHO) directives258 (Table 1). Based on this, samples from infertile 
men were subdivided into the following four groups: asthenozoospermic (A; 
total sperm motility < 40%), oligozoospermic (O; sperm count < 15 x 106 /mL), 
oligoasthenozoospermic (OA; sperm count < 15 x 106 /mL and total sperm 
motility < 40%) and normozoospermic (N; semen parameters within WHO 
normal range). After the standard semen examination, spermatozoa were gently 
centrifuged (400xg, 10 min at RT). The obtained SP was aliquoted and stored 
at -80 oC. Male infertility was diagnosed after at least one year of unprotected 
intercourse without achieving pregnancy. Couples were excluded from the study 
when female factors played a role in the infertility. These were defined as an 
abnormal structure of the reproductive tract (examined by ultrasound), abnormal 
ovulation and the occurrence of endometriosis. All participants provided written 
informed consent and the study was approved by Wrocław Medical University 
Bioethics Council (approval number KB-451/2016). For assessment of the intra- 
and interday variation of the assay, a pool of all individual samples was used 
(TPool). As positive controls for the cohort analysis, five pools of individual 
samples per group (N, O, A, OA and C) were used (GPools), which were each 
included randomly throughout the cohort 7 to 10 times. The concentration of 
PSA in the TPool of SP was determined via standard addition (Supplementary 
Information S-1.2 and 1.3).
3.2.2 Anti-PSA beads
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To prepare the anti-PSA beads, 6.4 mg biotinylated VHH anti-PSA antibodies 
(bVHH-aPSA) was added to 3500 µL drained high-capacity streptavidin agarose 
resins and the mixture was incubated overnight (ON) at 4 oC on a tube roller. 
The beads were spun down by centrifugation (100xg, 2 min), the supernatant 
was removed and beads were washed twice with 5 mL freshly prepared PBS. 
Next, beads were re-suspended in 15 mL of 100 mM formic acid (FA, freshly 
prepared) and shaken for 5 min. Again, beads were spun down, the supernatant 
was removed and beads were washed with 15 mL PBS to restore the pH. Beads 
were stored as 50% suspension in PBS containing 0.02% NaN3 at 4 oC. Coupling 
efficiency was determined to be 88% by means of SDS-PAGE (Supplementary 
Information Figure S-1; Supplementary Information S-1.4).
3.2.3 PSA capturing 
The optimal volume of SP for PSA capturing was determined in a 96-well filter 
plate format. For this purpose 3, 5, 10 or 20 µL TPool SP was incubated with 4 
µL of 50% beads suspension and 20 µL PBS on the filter. For all conditions, the 
plate was sealed and incubated ON at 4 oC on a plate shaker (1300 rpm, Heidolph 
Tiramax 100 platform shaker, Heidolph, Schwabach, Germany). Afterwards, the 
liquid was removed from the beads using a vacuum manifold followed by washes 
with 600 µL PBS and two times with 600 µL of 50 mM ammonium bicarbonate 
(ABC). Captured PSA was eluted into a low protein binding flat bottom plate 
(polypropylene plate, Greiner Bio-One, Kremsmünster, Austria) by centrifugation 
(100xg, 2 min), after incubation (5 min, with agitation) with 200 µL of 100 mM 
FA. The samples were dried by vacuum concentration at 45 oC for 2 h. The same 
procedure was performed to find the optimal volume of beads. Here, 4, 6, 8 
or 10 µL 50% bead suspension was added to 10 µL TPool SP and 20 µL PBS. 
In all cases, capturing efficiency was evaluated by SDS-PAGE (Supplementary 
Information S-1.5). All experiments were performed in duplicate.
The final protocol for the high-throughput capturing of PSA from SP used 10 µL 
SP in combination with 20 µL PBS and 6 µL 50% aPSA bead suspension. After 
capturing, the PSA samples were reduced and alkylated, followed by a tryptic 
digestion as described before251 (Supplementary Information S-1.6).
3.2.4 Sialic acid derivatization 
Two previously described types of SA derivatization were initially applied on the 
PSA glycopeptide samples, namely dimethylamine amidation of α2,6-linked SAs 
in combination with ammonia amidation of α2,3-linked SAs (DA)132, and ethyl 
esterification of α2,6-linked SAs in combination with ammonia amidation of α2,3-
linked SAs (EEA)254. To minimize the degree of byproducts formed and to retain 
maximum linkage-specificity, a set of optimization experiments was performed 
(Supplementary Information Table S-1 and 2). All conditions were tested in 
either 3 or 4 replicates. For the DA strategy132, variations were evaluated for 
the first step of the reaction regarding the concentration of the dimethylamine 
(100, 150, 200 and 250 mM) as well as the reaction temperature (37 and 60 oC) 
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and time (0.25, 0.5 and 1 h). For the EEA strategy the volume of ammonium 
hydroxide (4, 6 and 8 µL of a 28% solution) used in the second step of the reaction 
was evaluated, as well as the overall reaction temperature (37, 45 and 60 oC). 
The final protocol was based on the DA strategy132. Briefly, 2.4 µL of the tryptic 
PSA digest was incubated together with 20 µL dimethylamidation reagent (250 
mM 1-ethyl-3-(3-(dimethylamino)propyl)-carbodiimide hydrochloride (EDC), 
500 mM 1-hydroxybenzotriazole hydrate (HOBt) and 250 mM dimethylamine in 
DMSO) at 60 oC for 1 h in a 96-well plate. Subsequently, 8 µL of 28% ammonium 
hydroxide solution was added and the samples were incubated for another 2 h at 
60 oC. Immediately after SA derivatization, the PSA glycopeptides were enriched 
from the reaction mixture using cotton HILIC SPE, as described previously259 
(Supplementary Information S-1.7). 
3.2.5 MALDI-FTICR-MS
To prepare the samples for MALDI-Fourier-transform ion cyclotron resonance 
(FTICR)-MS analysis, 3 µL of the HILIC-SPE eluates were spotted on a MTP 
Anchorchip 800/384 MALDI target (Bruker Daltonics, Bremen, Germany), 
together with 1 µL matrix (5 mg/mL super-DHB in 50% acetonitrile containing 
1 mM sodium hydroxide). The spots were left to dry at RT. MALDI-FTICR-MS 
analysis of the clinical cohort sample was performed on a 15 T solariX XR FTICR 
MS (Bruker Daltonics) equipped with a CombiSource and a ParaCell (Bruker 
Daltonics) under ftmsControl (version 2.1.0). All spectra were generated from 
200 laser shots with a laser frequency of 500 Hz. Each spectrum was acquired 
at m/z 1011 to 5000 with 1 M data points (i.e., transient length of 2.307 s) and 
consisted of ten acquired scans. The excitation power and sweep step time were 
at 57% and 15 μs, respectively260.
3.2.6 Repeatability assessment 
To demonstrate the robustness of the method, the complete protocol including 
PSA capturing, digestion, derivatization, cleanup and MS analysis was performed 
on three separate days, with 12 replicates of the TPool each day. All samples 
spotted on the MALDI target were measured with MALDI-time-of-flight (TOF)-
MS (Supplementary Information S-1.8) first, followed by MALDI-FTICR-MS.
3.2.7 CE-ESI-MS/MS 

CE-ESI-MS(/MS)251 was used to confirm the PSA glycoforms identified by MALDI-
FTICR-MS in the SP PSA standard and to compare glycosylation profiles of the SP 
PSA standard to the ones obtained by MALDI-MS (Supplementary Information 
S-1.9).
3.2.8 Data processing 
MALDI -MS spectra were manually screened for glycopeptides based on 
accurate mass, using DataAnalysis 5.0 (Build 203.2.3586, for FTICR-MS data) 
and flexAnalysis 3.4 (Build 76, for TOF-MS data). Spectrum calibration, targeted 
data extraction and analyte and spectra quality control were performed with 
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MassyTools (version 1.0.0). The quality of analytes was evaluated per spectrum 
and individual glycoforms were included for further data analysis when present 
in over half of all samples. An analyte was considered present in one sample 
when it had a signal-to-noise (S/N) ratio above 9, an isotopic pattern quality 
score below 0.5 and the ppm error between -5 and 5 (FTICR-MS) or between -20 
and 20 (TOF-MS). Spectra curation was performed based on the total intensity 
of all analytes in one spectrum and the number of analytes identified in the 
spectrum. Spectra were excluded if the total intensity of all analytes was below 
the mean minus 3 times standard deviation (SD) and/or the number of analytes 
identified was lower than 31 (half of the highest number of analytes detected 
in the individual spectra). Finally, the absolute areas of the included analytes 
were normalized to the summed absolute area of all analytes in one spectrum 
(total area normalization). Derived traits were calculated based on specific 
glycosylation features, including the degree of fucosylation, differently linked 
sialyation, (sialylated) LacdiNAc on the antennae and N-glycan types (Table 2; 
Supplementary Information Table S-3). 
3.2.9 Statistical analysis 
Further data analysis of the clinical samples was carried out using R (version 
3.4.3, R Foundation for Statistical Computing) together with RStudio (version 
1.2.1335). Strip charts of the normalized glycopeptide values as well as the 
derived traits of individual samples and pooled samples were plotted per 96-
well plate to reveal potential batch effects (no batch effects observed). Biological 
outliers were defined as a relative intensity that exceeded the range of the 
mean ± 5 SD per sample group (no biological outliers observed). The data was 
visualized by principle component analysis (PCA; R, pcaMethods261) and box 
plots (R, boxplot) of the five biological groups. Statistical differences among the 
five sample groups were analyzed using the Kruskal Wallis test (R, kruskal.test). 
The reported cut-off values for statistical testing were corrected by Benjamini-
Hochberg Correction.
3.3. Results and discussion
Here, a method was developed for the high-throughput profiling of SP PSA 
glycosylation using MALDI-MS. The analysis was performed at the glycopeptide 
level, providing protein-specific information, and enabled the discrimination 
between α2,3- and α2,6-sialylated isomers with MS via linkage-specific 
derivatization.
3.3.1 PSA capturing from SP
The concentration PSA in the TPool of SP was determined to be approx. 0.8 µg/
µL (Supplementary Information Figure S-2). The volumes of beads and SP used 
for the filter-plate-based capturing were optimized by first increasing the volume 
of SP while keeping the amount of beads constant (2 µL). A plateau was reached 
using 10 µL of SP and the recovery was further improved by increasing the 
volume of aPSA beads to 3 µL in the final protocol (Supplementary Information 
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Figure S-3). This approach resulted in a capturing efficiency of about 21% ± 2%. 
The glycosylation profiles obtained using the different capturing conditions were 
highly comparable, indicating no glycoform-specific biases in the procedure. This 
is in agreement with a previous study which used the same capturing antibody 
for urine samples251.
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3.3.2 Linkage-specific SA derivatization at the glycopeptide level 
After the tryptic digestion of PSA, the resulting glycopeptides carry a two-amino 
acid peptide moiety, namely, Asn-Lys. To both stabilize the sialylated species and 
allow the differentiation between SA linkage isomers in MS, two derivatization 
strategies were evaluated254, 257. These strategies were previously established for 
the modification of released N-glycans on tissue (DA)257 or in solution (EEA)254. 
However, SA derivatization at the glycopeptide level comes with additional 
challenges, as the peptide moieties carry groups that are prone to react with the 
added reagents in a variable manner132, 255. For example, peptide carboxylic acids 
may react with the added nucleophile to form an ester or amide. Alternatively, 
internal reactions may be induced, resulting in lactam or lactone formation. 
The EEA approach resulted for the most abundant PSA glycopeptide 
[H5N4F1S2,62]-Asn-Lys (H: hexose, N: N-acetylhexosamine, F: fucose, S: sialic 
acid) in two ethyl esters on the α2,6-SAs. Furthermore, the most abundant 
product (88.3% ± 4.9% SD) showed the loss of water from the peptide portion 
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(2672.020 Da). However, the interpretation of the spectra and integration of the 
peaks was complicated by the formation of byproducts. These included ethyl 
esterification of the C-terminus (2718.062 Da; 2.0% ± 0.3 SD) instead of the loss 
of water and an unidentified byproduct (+171.112 Da) for each glycopeptide 
(9.7% ± 4.7% SD). Moreover, the EEA procedure resulted in under-amidation 
of α2,3-SAs, exemplified by the lactone on the α2,3-SA of the glycopeptide 
[H5N4F1S2,31S2,61]-Asn-Lys (2625.978 Da). 
The optimized DA approach resulted for the PSA glycopeptides in considerably 
less byproducts. The most abundant glycoform (H5N4F1S2,62) was two times 
dimethylamine amidated at the α2,6-SAs, while the main reaction on the Asn-
Lys peptide (93.9% ± 1.7% SD) was the loss of water (2670.052 Da; Figure 2; 
Supplementary Information Figure S-4). The remaining 6.1% (± 1.7% SD) 
was C-terminally amidated with dimethylamine (2715.110 Da; Figure 2; 
Supplementary Information Figure S-4). The minor amount of byproduct had 
limited effect on the data interpretation as the S/N of the resulting peaks was 
below 9 for all glycoforms except the most abundant one (H5N4F1S2,62). Hence, 
the DA approach was used for further method evaluation. 
3.3.3 Method robustness 
Intra- and interday repeatability of the complete workflow, including bead-
based PSA isolation from SP, tryptic digestion, SA derivatization by DA, HILIC-SPE 
cleanup, sample spotting on a MALDI target and MALDI-FTICR-MS or MALDI-TOF-
MS analysis, were evaluated using the TPool. In total, 44 glycoforms, including 
SA linkage isomers, were detected by MALDI-FTICR-MS (Figure 3). The obtained 
glycosylation profiles were highly comparable over different days, showing a 
relative standard deviation (RSD) of 11.0%, 8.9%, 8.9% (intraday 1, 2, 3) and 
11.2% (interday) for the main glycoform (H5N4F1S2,62; Figure 3) and a median 
RSD of the 20 most abundant glycoforms of 10.4%, 10.0%, 13.9% and 13.5%, 
respectively. By using MALDI-TOF-MS, 22 glycoforms could be reliably quantified 
in the same sample (Supplementary Information Figure S-6). The higher number 
of glycoforms in the MALDI-FTICR-MS analyses was attributed to the higher 
resolution and sensitivity of the FTICR instrument as compared to the TOF-MS262, 

263. Comparing the intra- and interday repeatability of the two MS instruments, 
the FTICR-MS slightly outperformed the TOF-MS (Figure 3; Supplementary 
Information Figure S-6). Despite its inferior performance in resolving power and 
mass accuracy as compared to MALDI-FTICR-MS, MALDI-TOF-MS is a powerful 
method for the analysis of derivatized PSA glycopeptides due to its broad 
availability and ease of operation. In addition, less in-source decay was observed 
using the TOF instrument. This shows that robust results can be obtained with 
the developed workflow using different MALDI-MS instruments.
3.3.4 Seminal PSA glycosylation 
The optimized workflow with MALDI-FTICR-MS detection was applied to the 
clinical samples, resulting in 44 glycoforms that could be reliably quantified for 



- 54 -

3



- 55 -

3

glycosylation site Asn69 in all samples (Figure 3; Supplementary Information Table 
S-4). The previously reported glycosylation site of the PSA isoform D102→N102 
were undetectable using the current MALDI-MS methods, as the expected larger 
tryptic glycopeptides would be out of reach in the used m/z range247. However, 
in the CE-ESI-MS analysis of the TPool sample, this site was also not found. SP 
PSA glycosylation revealed to be highly heterogeneous, with a high level of 
fucosylation (ranging from 49.1% to 77.8% in fertile controls) and sialylation 
(95.3% to 98.8%) on mono- and di-antennary complex-type glycans. In addition, 
both hybrid-type and high mannose-type glycans were observed, ranging from 
1.9% to 3.8% and 0.2% to 1.9%, respectively. Interestingly, these results are 
similar to what was previously described for urinary PSA glycosylation in men 
with elevated PSA concentrations in serum, showing a fucosylation between 
55% and 82% and a sialylation between 84% and 99%251. Additionally, tri- and 
tetra-antennary glycans were reported with high fucosylation and sialylation for 
serum PSA in men with elevated PSA levels60. With the current method, we were 
able to quantify the relative levels of α2,3- and α2,6-linked sialylation, showing 
that α2,6-sialylation was the most abundant linkage variant on SP PSA (76.1% 
to 93.7%), which is in accordance with other studies on SP PSA264 or PSA from 
different biofluids265. The profiles obtained for the PSA standard with the current 
MALDI-FTICR-MS method were comparable to the profiles obtained using an 
established CE-ESI-MS approach264 (Supplementary Information Figure S-7; Table 
S-5). This indicates that the results obtained in the current study can be well 
compared to other studies into PSA glycosylation, performed by CE-ESI-MS251. 
The majority of all glycoforms detected by MALDI-FTICR-MS were confirmed by 
complementary CE-ESI-MS of the SP PSA standard.
Using CE-ESI-MS/MS, the PSA glycopeptides with glycan compositions 
H4N5F1S2,61 and H4N5F1S2,31, were assigned to diantennary structures carrying 
a LacdiNAc motive on one of the antennae, via the detection of the diagnostic 
oxonium ion at m/z 407.166 ([N2+proton]+; Supplementary Information Figure 
S-8). The absence of a signal at m/z 772.293 ([N3H1+proton]+) indicated that no 
species were present carrying a bisecting GlcNAc. Furthermore, the LacdiNAc 
motive was found to carry exclusively α2,6-SAs as described previously266, 267. 
The diagnostic oxonium ion of the sialylated LacdiNAc (m/z 698.261) was only 
found for the H4N5F1S2,61 isomer (first migrating analyte in the CE separation251; 
Supplementary Information Figure S-8). The LacNAc arm, on the other hand, can 
carry both types of SA linkages (m/z 657.235: [H1N1S1+proton]+ was found for 
both H4N5S1 isomers; Supplementary Information Figure S-8).
3.3.5 PSA glycosylation and fertility 
For the 44 glycoforms relatively quantified in the 102 individual samples, 
derived glycosylation traits were calculated. These traits summarized important 
glycosylation features of PSA22, 23, 241, such as the levels of fucosylation, α2,3-
sialylation, α2,6-sialylation and (sialylated) LacdiNAc antennae60, 268 on di-
antennary glycans as well as the abundance of mono-antennary, hybrid- and 
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high mannose-type glycans (Table 2; Supplementary Information Table S-3). 
By comparing the derived traits between the different biological groups (A, 
C, N, O, OA), no differences were observed between fertile and infertile men 
(Figure 4; Supplementary Information Figure S-9; Table S-6 and 7). In addition, 
no glycosylation differences could be attributed to the different known causes 
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of infertility (Figure 4; Supplementary Information Figure S-9). Finally, no 
correlations were found between PSA glycosylation and age, sperm count or 
sperm motility in any of the groups (Supplementary Information Table S-8). The 
fact that the technical replicates of the GPool samples clustered together during 
the PCA analysis (Supplementary Information Figure S-9), while a large variation 
was observed in the PSA glycosylation of the individual samples, provided us 
with the confidence that the current method would have been able to pick-up 
relevant biological variations between the groups, if these would have been 
present. Total SP fucosylation and sialylation were previously reported as the 
main drivers behind the glycosylation effects found in infertility studies22, 23, 241. 
For example, Sambucus nigra agglutinin (SNA)-reactivity, indicating the presence 
of α2,6-SA, was reported to be lower in the SP of asthenozoospermic infertile 
men as compared to normozoospermic infertile and fertile men, while N-glycan 
β1,6-branching as assessed by Phaseolus vulgaris leucoagglutinin (PHA-L)-
reactivity was associated with a higher sperm count241. Furthermore, a MALDI-
TOF-MS study of released N-glycans from total SP showed that highly fucosylated 
N-glycans were more abundant in asthenozoospermic, oligozoospermic and 
oligoasthenozoospermic infertile men as compared to normozoospermic 
infertile and fertile men23. Moreover, sialylation was found to be higher in 
normozoospermic infertile subjects as compared to asthenozoospermic. While 
the high level of fucosylation, that was associated with infertility, was previously 
suggested to be (partly) derived from PSA22, we could not confirm this with 
the current cohort (Figure 4). This suggests that the SP fucosylation is rather 
influenced by one or more of the other suggested SP proteins, like prostatic acid 
phosphatase or fibronectin 3. Moreover, while LacdiNAc and sialylated LacdiNAc 
signatures on serum PSA were previously associated with prostate cancer60, 268, 

269, no effects of this feature were found for infertility in the current study.
Of note, previous infertility studies assessing SP glycosylation focused on 
total SP22, 23, 241 and to our knowledge, no reports were made on individual 
SP proteins. Furthermore, some studies only assessed the differences in SP 
glycosylation between pools of SP samples22, 23, 241, which caused the biological 
differences between individuals to be lost, likely resulting in an overestimation 
of glycosylation effects in the population. Finally, the reported increase of highly 
branched241 and multi-fucosylated N-glycans with infertility23, 241 is unlikely to be 
derived from SP PSA, as only mono- and di-antennary glycans with one fucose 
were found. 
3.4. Conclusion

A novel, high-throughput SP PSA glycopeptide analysis workflow has been 
established using MALDI-FTICR-MS. The method shows an excellent repeatability 
over the analysis of more than 100 biological samples and was able to relatively 
quantify 44 glycoforms of PSA from SP. The implemented SA derivatization allows 
SA linkage discrimination by MS and results in minimal byproduct formation 
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on the peptide portion of the PSA glycopeptides. Performing the analysis at 
glycopeptides level provides glycosylation site- and protein-specific information. 
The sample preparation is also compatible with MALDI-TOF-MS analysis, albeit 
with a lower number of glycoform identifications. This makes the method 
attractive for a broader range of glyco-analytical laboratories. Here, SP PSA was 
analyzed in the context of male infertility. We showed that the SP glycosylation 
changes previously associated with male infertility are likely not caused by SP 
PSA glycosylation. Our method is well applicable to profile the glycosylation of 
PSA from SP and may be applied in different disease contexts in the future, for 
example focusing on prostate cancer. Furthermore, the high-throughput analysis 
of PSA glycopeptides may be combined with the capturing of PSA from different 
body fluids, such as urine or serum.
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