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ABSTRACT

Protamines are considered among the most relevant sperm proteins because of their
functional implications on paternal genome packaging and protection. Although the proteomic
evaluation of protamines is technically challenging, mass spectrometry-based studies have shown
a complex population of protamine proteoforms in the human sperm. This included intact,
truncated and modified forms for protamine 1 (P1) and mature and immature components of
protamine 2 family (P2). However, it is still unknown whether global or specific protamine
proteoforms levels may be unbalanced under conditions that may impair paternal chromatin
maturity and epigenetic information. In this study, protamines from normozoospermic men
stratified according to body mass index, age and chromatin maturity (assessed through the P1/P2
ratio derived from acid-urea electrophoresis) were evaluated using a refined top-down mass
spectrometry protocol for protamine proteoform quantification and comparative analysis.
Accumulation of the P2 immature forms HPS1 and HPI2 was significantly associated with
abnormally high P1/P2 ratios, suggesting either impaired eviction of P2 immature forms or
defective P2 processing during spermatogenesis in these men clinically classified as
normozoospermic. When considering weight and age as factors, P1 was the only affected
protamine. Sperm from obese men, which were found to be exposed to high levels of oxidative
damage derived from lipid peroxidation, showed mass shift(s) of +61 Da from the unmodified P1
protein sequence. Men of advanced age showed a specific loss of diphosphorylated P1, mainly on
Ser 11 and 22. Our results allow the hypothesis that protamine proteoforms in the male gamete
act as additional layers of epigenetic information, the alteration of which might be related to some

cases of impaired sperm function.

http://molehr.oxfordjournals.org/
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INTRODUCTION

Protamines are considered among the most relevant mature sperm nuclear proteins due to
their highly specific function of chromatin compaction into semi-crystalline structures. This enables
paternal genome protection from external damage and nuclear streamlining for a proper sperm
functionality (Oliva, 2006; Balhorn, 2007; Oliva and Castillo, 2011; Barrachina et al., 2018).
Protamines have short and characteristic amino acid sequences, which are extremely arginine-rich
and contain cysteine residues, resulting in highly basic (positively charged) proteins with the
potential to form inter- and intra-molecular disulfide bonds. These unique physicochemical
properties lead to an extremely tight genome packaging into structural units that can wrap ~250-
fold more DNA than nucleosomes (Oliva and Dixon, 1991; Oliva, 2006; Balhorn, 2007; Castillo et al.,
2014).

Although protamines have a highly specific function in sperm genome packaging that is well
conserved, their protein sequence and isoform diversity are quite variable among mammals
(Queralt et al., 1995; Oliva, 2006; Kasinsky et al., 2011; Jodar and Oliva, 2014; Luke et al., 2016; de
la Iglesia et al., 2023). In fact, a complex protamine proteoforms landscape has been described in
human and mouse sperm by our group and others (Brunner et al., 2014; Castillo et al., 2015; Soler-

Ventura et al., 2020; Arauz-Garofalo et al., 2021; Schon et al., 2023). In humans, sperm contain two

http://molehr.oxfordjournals.org/
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types of protamines: protamine 1 (P1), translated as mature protein from a single gene (PRM1),
and protamine 2 family (P2), translated from PRM2 gene as a precursor (pre-P2) that is then
proteolyzed into three mature components: HP2, HP3 and HP4, with HP2 being the most abundant.
Additionally, truncated forms of P1 and pre-P2, as well as additional P2 immature proteoforms
(HPI1, HPI2, HPS1, HPS2), with still unknown function in the mature sperm, have been identified
(deYebraetal.,, 1998; de Mateo et al., 2011; Soler-Ventura et al., 2020; Arauz-Garofalo et al., 2021).
This highly diverse profile of protamine proteoforms raises the question of whether they have a
redundant function in chromatin compaction, or whether there are some proteoform-specific
functional implications, the deregulation of which would impact the information delivered to the
oocyte.

Moreover, an additional level of complexity in human protamine proteoform profile is
incorporated, considering that protamines also bear post-translational modifications (PTMs), such
as phosphorylation (Pruslin et al., 1987; Chirat et al., 1993; Pirhonen et al., 1994; Brunner et al.,
2014; Castillo et al., 2015; Soler-Ventura et al., 2020; Arauz-Garofalo et al., 2021; Moritz et al.,
2023; Schon et al., 2023). By adapting mass spectrometry (MS) approaches and proteoform
identification algorithms to the challenging characteristics of protamines, our group has described
a complete protamine phosphorylation profile in the normal and mature human sperm (Soler-
Ventura et al., 2020). Besides the well-established need of phosphate groups for the correct
incorporation of protamines into the chromatin of testicular spermatids during spermiogenesis
(Willmitzer et al., 1977; Papoutsopoulou et al., 1999; Wu et al., 2000; Gou et al., 2020), the
presence of residual phosphorylated amino acids in the ejaculated mature sperm suggest

implications towards sperm function, oocyte fertilization and beyond (de la Iglesia et al., 2023).

http://molehr.oxfordjournals.org/
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Indeed, a role for protamine phosphorylation has been demonstrated in paternal nuclear
reprogramming in the zygote (Gou et al., 2020). Although it must be noted that residue-specific
identification of protamine phosphorylation is a challenging task, some studies have managed to
characterize phosphorylation sites in human sperm protamines, such as S9 and S11 in P1, and S37
and S59in P2 (Chirat et al., 1993; Hornbeck et al., 2015; Soler-Ventura et al., 2020). P1S9 and P2S59
have been also identified in mouse homolog sequences, which raises interest in deciphering a
functional role in male gamete (Brunner et al., 2014).

Relative protein amounts of P1 and P2 (expressed as P1/P2 ratio calculated from the optical
density of stained bands obtained by acid-urea polyacrylamide gel electrophoresis, PAGE) have
been traditionally used as marker of chromatin maturity. While similar abundances of P1 and P2 at
protein level (P1/P2 ~1, range 0.8-1.2) are related to normality, an altered P1/P2 ratio has been
associated with impaired sperm count, motility and morphology, as well as compromised
chromatin integrity and lower assisted reproduction technologies (ART) success rate (Balhorn et
al., 1988; de Yebra et al., 1993; Mengual et al., 2003; Hammoud et al., 2009; Nanassy et al., 2011).
Detailed implications of protamine content in human male fertility have been reviewed elsewhere
(Jodar and Oliva, 2014; Ni et al., 2016; Soler-Ventura et al., 2018; de la Iglesia et al., 2023). Apart
from chromatin maturity defects, other potential factors that may affect the male gamete
chromatin content and, thus, sperm contribution to embryo development, are under investigation.
This is the case for sociodemographic factors, including increased obesity rates measured through
the body mass index (BMI) or advanced paternal age at the time of conception (Mascarenhas et
al., 2012; Tiegs et al., 2018; Agarwal et al., 2021). Obesity has been described to affect

spermatogenesis at many levels, with impacts on the sperm epigenome that can be transmitted to

http://molehr.oxfordjournals.org/
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subsequent generations and affect newborn’s health (Fullston et al., 2012, 2013; Soubry et al.,
2013, 2016; McPherson et al., 2014; Craig et al., 2017; Pepin et al., 2022). Despite presenting
normal seminal parameters, sperm from obese men carry altered DNA methylation and small-
noncoding RNAs (Donkin et al., 2016; Soubry et al., 2016). Also, obese mice show impaired histone
marks, histone-modifying enzymes, and histone positioning within the genome (Palmer et al.,
2011; Terashima et al., 2015; Deshpande et al., 2021). In turn, advanced paternal age is associated
with rise in de novo mutations, telomeric elongation, increased DNA fragmentation, and an altered
methylation pattern (Jenkins et al., 2014, 2018; Laurentino et al., 2020; Pohl et al., 2021; Wood
and Goriely, 2022). Transgenerational effects of age-associated DNA methylation impairments
have been also described in mouse (Milekic et al., 2015).

Despite all the above knowledge, there is a current lack of quantitative data of protamine
proteoforms levels using mass spectrometry in males with normal semen parameters
(normozoospermic) and differing characteristics regarding protamine content, weight and age. This
information would provide insights on the sperm contribution to the oocyte and propose specific
chromatin defects to be validated as potential causes of unexplained infertility. For that reason, in
this study, we have refined the top-down MS and the density-based spatial clustering of
applications with noise (DBSCAN) algorithm developed by our group (Arauz-Garofalo et al., 2021),
to identify quantitative alterations in the protamine proteoform profile of normozoospermic men
from different cohorts. Furthermore, we used the derived proteomic data to assign phosphorylated
residues. With the aim of overcoming potential bias from associated co-morbidities, a strict
inclusion criterion was followed resulting in highly homogeneous groups of men differing in a) acid-

urea PAGE-based P1/P2 ratio, b) BMI and c) male age, from the control group. Therefore, we report

http://molehr.oxfordjournals.org/
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herein altered levels of specific protamine proteoforms essentially attributed to impaired
chromatin status, obesity and advanced paternal age. These hypothesis-generating results open a
window to the evaluation of changes in sperm protamine proteoforms abundance in men with
unknown infertility, as epigenetic alterations with potential impacts on oocyte fertilization and

beyond.

MATERIALS AND METHODS

Biological materials and groups of study

A schematic summary of the study workflow is shown in Figure 1. Human semen samples
from men undergoing routine semen analysis were obtained at the Assisted Reproduction Unit
from the Clinic Institute of Gynecology, Obstetrics and Neonatology, at the hospital Clinic
Barcelona, Spain. The ejaculates were collected by masturbation into sterile containers after 3-5
days of sexual abstinence. Patients reporting a known infertility factor and associated diseases or
toxic habits, such as smoking, were excluded. After evaluation of seminal parameters using the
automatic semen analysis system CASA (Proiser, Paterna, Spain), only samples classified as
normozoospermic according to the latest update of World Health Organization guidelines (World
Health Organization, 2021) were selected for the study (n = 28). Samples were classified according
to chromatin quality (in terms of P1/P2 ratio calculated by acid-urea PAGE), BMI and age to
establish the following groups of study: a “Control” group formed by males with sperm showing a
normal P1/P2 ratio <1.2, no obesity nor overweight (BMI < 25), and less than 45 years old (n = 11);

an “Altered P1/P2” group formed by males whose spermatozoa show a P1/P2 ratio > 1.2, and with

http://molehr.oxfordjournals.org/
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BMI < 25 and age < 45 years old (n = 3); an “Obesity” group formed by males whose spermatozoa
show normal P1/P2 ratio <1.2 and with BMI > 30 and age < 45 years old (n = 10); and an “Advanced
age” group formed by males whose spermatozoa show normal P1/P2 ratio <1.2, and with BMI < 25
and age > 45 years old (n = 4). The males included in the “Control” group have fathered at least one
child either by natural conception or through ART after sample collection. Using a one-way ANOVA
test and Tukey’s multiple comparison correction, it was ensured that the groups of study
significantly differed from each other in the single parameter that characterized the cohort.
Sperm samples were purified from any contaminating round cell through 50% density
gradient using Puresperm® (NidaCon International AB, Gothenburg, Sweden), according to

manufacturer’s recommendations.

Ethical approval for the use of human samples

All individuals included in this study signed informed consent in accordance with the
Declaration of Helsinki. Demographic and clinical data were collected, cleaned and de-identified
under the frame of the hospital Clinic Barcelona. Subsequently, a codified study identification
number was assigned to each sample for research purposes. Samples were used following the
appropriate ethical guidelines and Internal Review Board, and the Clinical Research Ethics
Committee of the hospital Clinic Barcelona approved the biological material storing and processing
(Spain; International Review Board study number R121031-096-2012/7942, granted on 22nd

November 2012).

Purification of protamines from human semen samples and quantification

http://molehr.oxfordjournals.org/

Page 8 of 65



Page 9 of 65

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

Draft Manuscript Submitted to MHR for Peer Review

The protamine-rich fraction of sperm nuclear proteins was extracted as previously
described by our group (Soler-Ventura et al., 2018, 2020). Briefly, histones and other basic proteins

loosely attached to DNA were removed from sperm nuclei incubating the cells in 0.5 M HCl at 37°C
and centrifuged three times at 2000 g for 20 min at 4°C. The histone-enriched supernatant was
kept as quality control of the protocol and the pellet was washed in 0.5 % Triton X-100, 20 mM Tris-
HCI (pH 8), and 2 mM MgCl, and centrifuged at 8940 g for 5 min at 4°C_Cells were subsequently
resuspended in miliQ H,0 with 1 mM PMSF and centrifuged at 8940 g for 5 min at 4°C. Chromatin
was then denatured with 575 mM DTT in 6 M GuHCI and precipitated by incubation with cold
ethanol at —20°C and centrifuged at 12880 g for 15 min at 4°C. Basic nuclear proteins were
extracted from DNA incubating with 0.5 M HCl at 37°C and centrifuged at 17530 g for 10 min at
4°C. Protamine precipitation was carried out with 20 % TCA on ice and centrifuged at 17530 g for
10 min at 4°C. Protamines were washed twice with 1 % B-mercaptoethanol in acetone, and

centrifuged at 17530 g for 5 min at 4°C, then dried out at room temperature.

Protamine extracts were quantified according to published procedures of our group (Soler-
Ventura et al., 2018). Dried purified extracts were resuspended in loading buffer (5.5 M urea, 20%
B-mercaptoethanol, 5% acetic acid) and separated using acid-urea PAGE together with increasing
amounts of protamine standard (Mengual et al., 2003). Gels were stained with EZBlue™ Gel
Staining Reagent (Sigma-Aldrich) and intensity of the two main bands, corresponding to P1 and P2,
was quantified using Quantity One 1-D analysis software (BioRad, Hercules, CA, USA). A regression
curve, obtained from protein standard intensity determination, allowed calculating the quantity of

P1 and P2 for each sample. Final quantification of each protamine sample was obtained by

http://molehr.oxfordjournals.org/
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calculating the mean of at least three technical replicates conducted in different acid-urea PAGE.
Acid-urea PAGE P1/P2 ratios were calculated with the purpose of classifying samples in the
different groups of study.

Protein extracts corresponding to histones and other basic proteins loosely attached to DNA
that were removed during the protamine purification protocol were visualized in an acid-urea
PAGE. Global optical density of histone bands was quantified using Quantity One 1-D analysis

software and related to global optical density of main protamine bands (histone/protamine ratio).

Characterisation of protamine proteoforms by top-down MS-based proteomics

Purified protamine extracts from 16 samples were evaluated by top-down MS (5 “Control”,
3 “Altered P1/P2”, 4 “Obesity” and 4 “Advance age”). Protamine-enriched fractions were
reconstituted in 50 mM NH;HCO;3, reduced with 2 mM DTT for 1h at room temperature (RT) and
carbamidomethylated for 30 min in the dark at RT with 5 mM iodoacetamide. DTT was added to a
final concentration of 2mM to consume any unreacted iodoacetamide. Protamines were further
desalted using PolyLC C18 filter tips (PolyLC Inc., Columbia, MD, USA), eluted with 80% acetonitrile
and 1% trifluoroacetic acid, evaporated to dryness, and reconstituted in aqueous solution of 3 %
acetonitrile and 1 % formic acid for nanoLC-MS/MS system injection. Samples were loaded to a 300
UM x 5 mm PepMap100, 5 pm, 100 A, C18 p-precolumn (Thermo Scientific) at a flow rate of 15
ul/min using a Dionex Ultimate 3000 chromatographic system (Thermo Scientific). Proteins were
separated using a C18 analytical column Acclaim PepMap® RSLC (75 pum x 50 cm, nanoViper, C18,
2um, 100 A) (Thermo Scientific) with a 60 min run, comprising two consecutive steps with linear

gradients from 3 to 15% B in 30 min and from 15 to 85% B in 5 min, followed by isocratic elution at

http://molehr.oxfordjournals.org/
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85% B in 5 min and stabilization to initial conditions (A = 0.1% FA in water, B = 0.1% FA in CH5CN).
The column outlet was directly connected to an Advion TriVersa NanoMate (Advion) fitted on an
Orbitrap Fusion Lumos™ Tribrid (Thermo Scientific). The mass spectrometer was operated in a
data-dependent acquisition (DDA) mode. Survey MS scans were acquired in the Orbitrap with the
resolution (defined at 200 m/z) set to 120,000. The lock mass was user-defined at 445.12 m/z in
each Orbitrap scan. The top speed (most intense) ions per scan were fragmented by ETD and
detected in the orbitrap. The ion count target value was 400,000 and 1,000,000 for the survey scan
and for the MS/MS scan respectively. Target ions already selected for MS/MS were dynamically
excluded for 30s. Spray voltage in the NanoMate source was set to 1.60 kV. The RF Lenses were
tuned to 30%. The minimal signal required to trigger MS to MS/MS switch was set to 50,000. The
spectrometer was working in positive polarity mode and singly charge state precursors were
rejected for fragmentation. Between two and six technical replicates were analyzed per biological

sample.

Protamine proteoform search, data analysis, and proteoform annotation

Top-down proteomics workflow was based on a twin search strategy, encompassing the
bioinformatics tools ProSight PD (LeDuc et al., 2004) (PS; Thermo Scientific) and TopPIC suite (Kou et
al., 2016) (TP; Indianapolis, IN, USA), to identify proteoform spectrum matches (PrSMs). Proteome
Discoverer v2.5.0.400 (Thermo Fisher Scientific) with PS v4.0 and TP v1.4.8 was used for protamine
identification and PTM assignment. Database preparation for PS searches began from an xml-
annotated database from SwissProt containing P1 and P2, P2-2 and P2-3 entries. This xm| database

was then translated to psdb format, through the PS database tool included in Proteome Discoverer,

http://molehr.oxfordjournals.org/



249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

Draft Manuscript Submitted to MHR for Peer Review

12

to finally enable the PS search. The annotated database was modified to include phosphorylation
modification to all STY residues, and oxidation in M. A 3-tier search (Absolute, Biomarker and
Absolute) was performed with precursor mass tolerances of 2.2 Da/ 10 ppm / 500 Da, respectively,
and fragment mass tolerances of 10 ppm. Searches in TP were done using TopFD tool for top-down
spectral deconvolution and a FASTA format database, which contained P1 and P2 sequences.
Common modifications were included (oxidations in M, phosphorylation in STY, acetylation in K,
methylation in KR, dimethylation in KR and trimethylation in K). Precursor and fragment mass
tolerances were set to 15 ppm and maximum mass shift was set to 500 Da. Proteoform spectrum
matches with FDR < 1% were considered for further data integration and clustering analysis. PS and
TP top-down search outputs were combined into a single harmonized dataset. Identified PrSMs
were filtered by defining a 0 to 48 minutes retention time window to get rid of these identifications
coming from the column wash. The remaining PrSMs were subsequently processed by clustering
deconvoluted masses values with the DBSCAN algorithm previously developed by our group
(Arauz-Garofalo et al., 2021) with € = 0.0012 and nmin = 9 as DBSCAN clustering hyperparameters

(Ester et al., 1996).

Statistical analysis for comparisons of protamine proteoform abundance

For the statistical analysis of comparisons of protamine proteoform abundance among
sample groups, data from both biological and technical replicates were considered. Proteoforms
were grouped according to the native protein (P1, mature P2 and immature P2) and the type of
modification (unmodified, phosphorylated and +61Da) to evaluate the relative abundance of

proteoforms groups. In this phase, we treated proteoforms that share the same mass (such as

http://molehr.oxfordjournals.org/
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those with a single phosphorylation occurring at distinct residues) as identical, to simplify the
analysis. Ratios were computed with linear intensity values of the involved PrSMs at the Node pair
level and compared among groups with pairwise t-test using R statistical software R 4.0.1 with
rstatix library (R Core Team, 2020). Differential analysis of protamine proteoforms abundance was
conducted with Ime4 package using R 4. PS and TP intensities were log,-transformed and fitted to
a linear model according to Imer function from Ime4 package or Im from stats. “Altered P1/P2”,
“Obesity” and “Advanced age” groups were compared against the “Control” group, and multiple
comparisons were corrected by Benjamini & Hochberg. The significant protein established

threshold was |FC| > 1.5 and p-value < 0.05.

Assignment of phosphorylated residues in P1+2ph proteoform

Hands-on verification of the phosphorylation site locations (p-sites) across all PrSMs of the
P1+2Ph proteoform using ProSight Lite was conducted in the “Control” and “Advance age” groups
(Fellers et al., 2015). To assess the impact of each phosphorylated proteoform within the overall
P1+2ph proteoforms landscape, we counted the PrSMs that were confirmed in both groups of

study.

Separation of protamine 1- and protamine 2-enriched fractions by liquid chromatography
Liquid chromatography separation of total protamine extracts was performed on the

Scientific and Technological Centres (CCiTUB), Universitat de Barcelona. Purified protamine

extracts from a pool of normozoospermic semen samples were dissolved in 1% formic acid at a

concentration of 2 ug/uL for subsequent liquid chromatography separation. A total of 80 ug

http://molehr.oxfordjournals.org/
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protamine were injected into a Waters Symmetry (3,9 x 150 mm, 5um) C18 analytic column,
coupled to a Waters 2795 Separations Module and a Waters 2996 Photodiode Array Detector
(Waters, Milford, MA, USA). Separation was achieved using a mobile phase consisting of 0.1% FA
in water (solvent A) and 0.1% FA in acetonitrile (solvent B), applying the following program with a
flow rate of 0.8 mL/min: linear gradient from 97%A/3%B to 68%A/32%B in 10 min, followed by an
increase to 10%A/90%B in 1 min, which was kept for additional 6 min. The column was then re-
stabilized by decreasing to initial 97%A/3%B in 1 min, keeping this condition for another 6 min.
Afterwards, a total of 400 pg protamine were injected in five consecutive purification cycles.
Collected fractions were dried using speed-vacuum. The equivalent to 5% of each fraction was
visualized by acid-urea PAGE to identify the most relevant P1- and P2-enriched fractions for

subsequent top-down MS proteoform identification.

Determination of oxidative stress levels produced by lipid peroxidation

Sperm intracellular state of lipid peroxidation, as indicative of oxidative stress, was
measured in purified spermatozoa from obese patients (n=6) in comparison to controls (n=6).
Malondialdehyde (MDA) levels were quantified using the OxiSelect™ TBARS Assay Kit (Cell Biolabs,
Inc, CA, USA) and following the manufacturer’s instructions. Briefly, between 20 and 50 million
purified sperm of each sample and increasing amounts of an MDA standard were lysed and
incubated with TBA reagent at 95 °C for 1 hour. Subsequently, samples were centrifuged at 825 g
for 15 min at room temperature, and the supernatants were transferred to a 96-well microplate.
Up to three technical replicates were included per sample and standard. The MDA levels were

guantified by reading absorbance at 532 nm with the Infinite® MNANO+ 200 PRO microplate reader

http://molehr.oxfordjournals.org/
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(Tecan, Switzerland). Values were normalized per number of cells and expressed as ng MDA/million
sperm. Differences in oxidative stress levels between obese patients and controls were determined
by applying a Shapiro Wilk/Kolmogorov Smirnov test, to evaluate data normal distribution,

followed by a Student’s t test. A p-value < 0.05 was considered significant.

RESULTS

Acid-urea PAGE-based ratios and classification of study groups

P1/P2 ratios, determined from quantification of the optical densities of main P1 and P2
bands detected by acid-urea PAGE, and histone/protamine ratios, relating the optical densities of
main histone and protamine bands in the acid-urea PAGE, are shown in Supplementary Table S1
and Supplementary Table S2, respectively.

Sperm quality parameters, acid-urea PAGE-derived P1/P2 values, BMI and male age were
considered to classify samples among groups of study before Top-Down MS analysis (Figure 1,
Table 1 and Supplementary Table S1). Samples with a P1/P2 ratio above the literature-based
normality threshold of 1.2 were classified as “Altered P1/P2” (Figure 1 and Supplementary Table
S1). The rest of the samples included in this study showed acid-urea PAGE-based P1/P2 ratios below
1.2 (Supplementary Table S1).

As observed in Table 1, the “Altered P1/P2” group only differed from the “Control” group
by a higher P1/P2 ratio (1.4 + 0.1 vs 1.0 * 0.2, respectively, p-value < 0.05), the “Obesity” group

only differed from the “Control” group by a higher BMI (37.6 + 4.4 vs 24.2 + 1.8, respectively, p-
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value < 0.05), and the “Advance age” group only differed from the “Control” group by a higher age

at the moment of sample collection (50.3 £ 3.2 y.0. vs 35.2 £ 0.4 y.0., respectively, p-value < 0.05).

Global protamine proteoform profiles among study groups

Protamine proteoform identification was performed using the DBSCAN-based approach
and the two identifying nodes Prosight PD (PS) and TopPIC suite (TP), as previously described by
our group (Arauz-Garofalo et al., 2021) (Figure 1). Proteoform intensities from both software
evidenced a good Pearson correlation (R = 0.91, Figure 2A) and results from both PS and TP were
considered for further analyses. From the total 36,554 proteoform spectrum matches (PrSMs)
identified by top-down MS, 95% passed quality filters, 88% were successfully clustered, and 84%
were successfully classified (Table 2). The resulting 30,689 classified PrSMs yielded 28 protamine
proteoforms after collapsing artifact PTMs (carbamidomethylation, oxidation, mesityloxidation,
and pyroglutamic acid from glutamine). From those, 13 proteoforms were identified for P1, 6 for
P2 mature forms (HP2, HP3 and HP4) and 9 for P2 immature forms (Pre-P2, HPS1, HPS2 and HPI2)
(Figure 2B). Identified proteoforms included unmodified molecules as well as proteoforms bearing
phosphate groups and a +61Da modification, either as a single modification in one molecule or in
combination in the same protamine sequence (Figure 2B). P1 proteoforms were detected with
higher intensity than P2 proteoforms due to their more favourable ionization, as shown in

Supplementary Figure S1.

Relative abundance of protamine proteoforms groups in stratified normozoospermic males
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The relative abundance of proteoform groups was evaluated to detect global deregulations
of the protamine proteoform profile according to native protein and modification status.
Intensities for all proteoforms identified for P1 and P2 mature (HP2, HP3 and HP4) and immature
(pre-P2, HPS1, HPS2 and HPI2) components were used to establish the MS-based ratios P2-
immature/P2 mature (relating the global amounts of P2 immature and mature forms), P1-ph/P1
(relating the global amount of P1 phosphorylated forms over total P1 amount), and P2-mature-
ph/P2 mature (relating the global amount of mature P2 phosphorylated forms over total P2
amount; Figure 3). No significant differences were found on the relative levels of global P2
immature forms over P2 mature forms (P2-immature/P2-mature) among groups (Figure 3). Also,
stable levels of global protamine phosphorylation were detected in “Altered P1/P2”, “Obesity”, and

“Advanced age” groups in comparison with the control group (p-value > 0.05; Figure 3).

Normozoospermic men with abnormally high P1/P2 ratio calculated by acid-urea PAGE
accumulate specific P2 immature proteoforms

Quantitative proteoform analysis revealed a specific increase in the levels of the P2
immature form HPS1 in “Altered P1/P2” samples compared to “Control” group (FCps = 82.69, p-
valueps = 0.008; FCrp = 434.93, p-valuerp = 0.022) (Figure 4, Supplementary Table S3). Moreover,
the P2 immature form HPI2 was exclusively identified in “Altered P1/P2” patients and was not
observed in any other group of study (Figure 2 and 4). These results suggest an accumulation of P2
immature forms in men with an abnormally high acid-urea PAGE-based P1/P2 ratio. The
proteoform P1+2(61)+2ph was found to be significantly less abundant in the “Altered P1/P2”

group, but only when the PS node is considered (Figure 4, Supplementary Table S3).
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Obesity and advance age are associated with reduced abundance of specific modified P1
proteoforms

The evaluation of the “Obesity” group revealed a remarkable reduction of P1 proteoforms
bearing a +61 Da mass shift, either coupled or not to a monophosphorylation (Figure 5A,
Supplementary Table S3). In particular, the levels of the P1+1(61)+1ph proteoform were
significantly lower compared to controls (FCps = 0.35, p-valueps = 0.021; FCrp = 0.40, p-valueyp =
0.033). Quantitative levels of P1+3(61) were also found to be significantly reduced, although only
according to TopPIC (FCyp = 0.003, p-valuerp = 0.024). The MS data obtained for the +61Da
modification did not allow the assignment to any described modification. Of note, sperm from
obese men showed a significant increase in intracellular levels of MDA in comparison to controls
(Figure 5B), which is related to higher levels of oxidative damage derived from lipid peroxidation
that may affect the chromatin state and integrity of the male gametes.

In turn, diphosphorylated P1 (P1+2ph), was found with significant lower abundance in
“Advanced age” group, compared to controls, according to TP (FCyp = 0.01, p-valuer, = 0.012)
(Figure 6A, Supplementary Table S3). The alteration on this P1 proteoform, not bearing any other
modification but phosphorylation, lead us to look for the potential residues contributing to a
reduction on P1+2ph abundance. We validated phospho-site localization of 42 out of 64 PrSMs.
The remaining 22 PrSMs were ambiguous. From all possible combinations, Ser 11 and 22 showed
the most pronounced phosphorylation loss (13 counts in “Control” group vs 3 counts in “Advanced
age” group), being likely responsible to the observed alteration (Figure 6B). Diphosphorylation in

Ser 11 and 29 were reduced to half counts in the “Advance age” group (4 vs 2 counts in “Control”
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and “Advanced age” groups, respectively) which, despite not being a relevant decrease, highlights

III

Ser 11 as the main contributor of this change (17 vs 5 counts in “Control” and “Advanced age”

groups, respectively; Figure 6B).

Assignment of protamine proteoforms to acid urea-PAGE electrophoretic bands

The proteomic evaluation of P1- and P2-enriched protein extracts fractions obtained by
liquid chromatography purification confirmed the accumulation of P1 and mature P2 (HP2, HP3
and HP4) proteoforms in the main electrophoretic bands observed in the acid-urea PAGE
(Supplementary Figure S2). Specifically, MS evaluation demonstrated the identification of
unmodified forms of P1 and mature P2, and some modified forms of P1 and HP2. The immature P2
forms Pre-P2 and HPS1 have been assigned to upper bands in the electrophoretic gel
(Supplementary Figure S2). However, the specific assignment of low abundant modified forms to

specific electrophoretic bands was challenging with the current approach.

DISCUSSION

The present work reports the presence of protamine proteoform quantitative alterations in
human spermatozoa from normozoospermic men under different biological- and
sociodemographic-associated conditions related with impaired chromatin status. Here, we show a
refined MS approach comprising top-down proteomics and data analysis with the clustering
algorithm DBSCAN for the quantitative comparison of protamine proteoforms, which cannot be

detected nor quantified using standard MS strategies. This design has increased the reliability and

http://molehr.oxfordjournals.org/



423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

Draft Manuscript Submitted to MHR for Peer Review

20

robustness of the identification of proteoforms, leading to the identification of a smaller number
of proteoforms than that reported in our previous descriptive work (Soler-Ventura et al., 2020).
The detection of protamine proteoforms presenting differential abundance among the different
study groups suggests the presence of additional layers of sperm chromatin epigenetic alterations
so far unexplored in the male gamete.

Acidic electrophoresis-based estimation of the P1/P2 ratio has been applied in this work to
classify samples among the study groups, since up to now it has been considered the most reliable
strategy to evaluate protamine levels in sperm (Lescoat et al., 1988; Bach et al., 1990; Khara, 1997;
Carrell and Liu, 2001; Nasr-Esfahani et al., 2004; Aoki et al., 2005, 2006; Torregrosa et al., 2006; de
Mateo et al., 2009; Hammadeh et al., 2010; Castillo et al., 2011; Simon et al., 2014; Soler-Ventura
et al., 2018). However, the detection of specific protamine proteoforms with significantly different
abundance in all study groups, compared to the control, shows that our top-down proteomics
pipeline precisely identifies and quantifies proteoforms that are undetectable by the
electrophoretic approach. Furthermore, we have shown that in-gel protamine intensity
guantification of the main P1 and P2 electrophoretic bands mainly relies on unmodified forms of
P1 and mature P2 (HP2, HP3 and HP4) and some modified forms. However, the contribution of
other protamine proteoforms to the density of these main electrophoretic bands is still unknown.
The limitation of the acid-urea PAGE strategy evidenced herein might be overcome by using MS
data. However, this might need to be taken carefully since P1 shows a more favourable ionization
than P2, which results in a predominant MS identification of P1 proteoforms over P2 proteoforms
and biased derived P1/P2 ratios. Furthermore, some low abundant protamine proteoforms could

have not pass the quality cut-offs set herein for MS identification and were, thus, not included in
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the present report. It is therefore required to develop further studies similar and complementary
to this one in independent patient cohorts, to increase the number of samples evaluated by MS
and to collect enough evidence to determine the normal range for MS-derived P1/P2 ratios.

A slightly higher relative proportion of the total of immature P2 forms over mature P2 forms
has been observed in the “Altered P1/P2” group compared to the “Control” group, although no
statistically significant. Only when individual abundance of protamine proteoforms was evaluated,
an accumulation of two specific P2 immature proteoforms, HPS1 and HPI2, was revealed. Recent
findings have shown that mice with impaired pre-P2 processing were infertile (Schneider et al.,
2016, 2020; Arévalo et al., 2022). In fact, the loss of the characteristic pre-P2 N-terminal domain in
mice (named as “cleaved PRM2” or “cP2”) results in a remarkable impairment of chromatin
remodeling during spermiogenesis. In particular, it was reported that there is an abnormal
retention of transition proteins, and an incorrect accumulation of unprocessed P2 in the nucleus
and of mature P2 in spermatid cytoplasm and residual bodies (Arévalo et al., 2022). All these data
suggest that the accumulation of HPS1 and HPI2 in the “Altered P1/P2” group might be the result
of either failed transport of immature P2 outside the nucleus during chromatin condensation, as
observed in mice, or a compensatory mechanism through which Pre-P2 expression and processing
is increased to achieve normal P2 levels in these men, generating an excess of immature forms as
subproducts. Relative levels of histone and protamines, quantified from the acid-urea PAGE,
suggest an accumulation of histones in the altered P1/P2 compared to control. However, this
accumulation was not exclusive for this cohort, being observed also in the other groups. Further
studies evaluating the cellular location of HPS1 and HPI2 as well as transition protein retention will

allow deciphering of the mechanism behind immature P2 accumulation in these patients.
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Interestingly, the detrimental impact on proteoform content observed in this study was
different depending on the presence of either molecular (P1/P2 levels) or non-molecular (obesity
and advance age) alterations in the normozoospermic men. While a direct protamine-related
impairment, potentially caused during testicular male germ cells development, suggests P2
cleavage or eviction defects, life-style conditions, such as weight and male age at conception, are
preferentially related with alterations in P1 PTMs. Two main mass shifts have been detected in P1,
one corresponding to incorporation of 80 Da (or 80 mass units), assigned to phosphorylation, and
another corresponding to incorporation of 61 Da, which showed MS characteristics that did not
match with any described PTM. A recent study evaluating sperm from men with altered
seminogram using MS have also reported the presence of methylated amino acids in protamines
(Schon et al., 2023). However, this modification has not been identified with our top-down strategy
and the cut-offs established in our study, and neither matches a +61Da mass shift.

Despite the unknown correspondence of the +61-mass shift to a specific modification, it is
worth mentioning that it was detected with a significantly different abundance in all P1
proteoforms described in obese men, either alone or coupled to a monophosphorylation. Our
initial hypothesis for this modification was that it may correspond to a Zn?>* molecule, which is
known to be crucial to stabilize the nucleoprotamine structure (Bjérndahl and Kvist, 2011; Soler-
Ventura et al., 2020). However, the PrSM isotopic pattern of the +61 Da modification detected
herein does not match with that of Zn?*. We then conducted a deeper evaluation of the ejaculated
sperm from the obese normozoospermic men, which revealed the presence of significantly higher
intracellular levels of MDA, in comparison to controls. MDA is a cytotoxic product derived from cell

membrane lipid peroxidation due to the degradation and reaction of polyunsaturated fatty acids
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and radical species (Jové et al., 2020). Therefore, our results agree with the relation observed
between high fat dietary patterns and increased sperm membrane lipid peroxidation (McPherson
et al., 2014; McPherson and Lane, 2015; Akbarian et al., 2021). In the cell, MDA may react with
DNA, amine headgroups of phospholipids, and proteins (Ishii et al., 2006; Weisser et al., 2017
Kompella and Vasquez, 2019). Of note, the mass of a N-(2-propenal)-lysine modification derived
from the lipid peroxidation product MDA might coincide with that increment observed in
protamines in our study (~60 Da). However, before establishing this relationship, it should be
considered that under physiological conditions MDA mainly modifies lysines (Uchida et al., 1997;
Voitkun and Zhitkovich, 1999; Weisser et al., 2017; Jové et al., 2020), which are not part of the
sequence of human P1. Under in vitro conditions, in contrast, additional reactions with histidine,
tyrosine and arginine were observed (Jové et al., 2020). Another critical point is the fact that obese
men show significant lower levels of P1 (+61) than controls, which, in principle, would be opposite
to the higher levels of lipid peroxidation in the cells. In any case, the MDA-DNA reaction has
mutagenic effects and produces endogenous DNA-protein crosslinks that may impede the ability
of the cells to turnover chromatin damage (Voitkun and Zhitkovich, 1999; Galligan and Marnett,
2017; Kompella and Vasquez, 2019). Therefore, sperm from obese normozoospermic men are
under intracellular stress conditions affecting chromatin stability, which makes it essential to
develop specific studies focused on deciphering the unknown effect observed in this study on P1
proteoforms related to obesity.

Regarding protamine proteoform alterations related to aging, a reduction of
diphosphorylated forms of P1 was observed, likely happening due to loss of phosphate groups in

Ser11 in combination with Ser22. Previous results in mouse models evidenced that, while loss of a
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single protamine phosphorylation site has no effect on fertilization potential, likely due to a
redundancy of monophosphorylated protamine proteoforms in the sperm cell, the simultaneous
depletion of two phosphorylation sites in P1 ends up in drastically impaired fertility (Gou et al.,
2020). This evidence reinforces the relevance of the decrease of this specific proteoform in men
with advance age found in the present study. Besides, protamine phosphorylation status may have
a role on zygotic male pronuclear reprogramming, knowing that protamine phosphorylation is an
essential mechanism to unwrap paternal DNA after fertilization (Gou et al., 2020). Studies in men
alongside ageing would be useful to unravel whether alterations on protamine proteoforms
worsen over time.

Altogether, the evaluation of the protamine proteoform profile in normozoospemic men
has suggested that alterations of protein modifying mechanisms, rather than protein expression,
are critical factors for the proper maturity of the sperm chromatin. In addition, the refined method
and the results reported herein open a window to functionally validate the role of protamine
proteoforms as an additional layer of epigenetic information critical for sperm function,

preimplantation embryo development, and offspring health with animal studies.
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FIGURE LEGENDS

Figure 1. Schematic summary of the study workflow. From top to bottom, semen samples from
normozoospermic men were collected and spermatozoa were purified by density gradient
centrifugation prior acidic protamine extraction. Protamine levels and P1/P2 ratios were calculated
per individual subjects by determination of optical densities of the main electrophoretic bands
corresponding to P1 and P2. Individual samples were sorted per group of study (Control, Altered

P1/P2, Obesity, and Advanced age). A set of samples from the Control and the Obesity groups were
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subjected to the evaluation of oxidative stress produced by lipid peroxidation by quantifying
malondialdehyde (MDA) levels. Protamine proteoform identification and quantification were
conducted by top-down mass spectrometry, applying the density-based spatial clustering of
applications with noise (DBSCAN) algorithm and two search nodes, Prosight PD and TopPIC suite.
Mass shifts from the unmodified protamine proteoforms masses were identified and correlated to
post-translational modifications. In the bottom section, an example of incorporation of phosphate
groups (mass shifts of 80 mass units) to protamine 1 is shown. Quantitative differences among

groups were considered significant when a p-value <0.05 and FC >1.5 were obtained.

Figure 2. Human protamine proteoform identification by top-down proteomics using DBSCAN
algorithm. (A) Scatter plot showing the correlation between proteoform log, Intensity according
to the nodes ProSight PD (PS; y-axis) and TopPIC suite (TP; x-axis). Each datapoint represents a
protamine proteoform identification at the technical replicate level. Missing values were imputed
at 10 only for visualization purposes. Pearson correlation coefficient without considering missing
values was R = 0.91. (B) Proteoform landscape of the different groups of study after collapsing
artifact modifications. “ph” stands for Phosphorylation, “(61)” represents a not assigned +61 Da

mass shift, “PrSMs” are proteoform spectrum matches.

Figure 3. Global MS-based relative abundances of protamines among the different groups.
Relation of the abundance of P2 immature forms to P2 mature forms, P1 phosphorylated forms to
total P1, and P2 phosphorylated forms to total P2, calculated by ratios. The facet grid breaks down

the ratios defined (columns) and the searching nodes Prosight PD and TopPIC suite (rows). When
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considering global abundances, no significant differences were detected among study groups (p-
value >0.05). P2-immature, all proteoforms corresponding to the P2 immature forms Pre-P2, HPS1,
HPS2 and HPI2; P2-mature, all proteoforms corresponding to the P2 mature forms HP2, HP3 and
HP4; P1-ph, phosphorylated P1 proteoforms; P1, all P1 proteoforms; P2-mature-ph,

phosphorylated proteoforms corresponding to the P2 mature forms HP2, HP3 and HP4.

Figure 4. Individual abundance of protamine proteoforms identified in the “Altered P1/P2” group
in comparison with “Control” males. Plot showing the comparison of the log, Fold Change (FC)
values for “Altered P1/P2” (y-axis) and “Control” (x-axis) groups, using data obtained with ProSight
PD (PS, left) and TopPIC suite (TP, right). Dot size represents —log(p). Red and blue dots indicate
individual proteoforms with significant higher and lower abundance, respectively (|FC| > 1.5, p <
0.05). The proteoform identified in all the biological and technical replicates of only one of the

compared groups (b/w identification) is shown in orange.

Figure 5. Differential abundance of individual protamine proteoforms in normozoospermic males
with obesity. (A) Plots showing the comparison of log, Fold Change (FC) values for “Obesity” (y-
axis) versus “Control” (x-axis) groups obtained with ProSight PD (PS, left) and TopPIC Suite (TP,
right). Dot size represents -log(p). Blue dots indicate individual proteoforms with significant lower
abundance in obese males (|FC| > 1.5, p < 0.05). (B) Intracellular levels of malondialdehyde (MDA),
as marker of oxidative stress produced by lipid peroxidation, in purified sperm from “Control” and
“Obesity” samples. The results are expressed in ng MDA/ million of sperm. The asterisk indicates

differences with p-value < 0.05.
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Figure 6. Individual protamine proteoforms with significant differential abundance in males with
advanced age. (A) Plots showing the comparison of log, Fold Change (FC) values between
“Advanced age” (y-axis) and “Control” (x-axis) groups obtained with ProSight PD (PS, left) and
TopPIC Suite (TP, right). Dot size represents -log(p). Blue dots indicate significant lower abundance
in the “Advanced age” group (|FC| > 1.5, p < 0.05). (B) Quantitative prediction of simultaneously
phosphorylated P1 residues in “Advance age” and “Control” males to identify the sites most likely
contributing to the significant reduced abundance of diphosphorylated P1 detected in males with

advanced age.

Graphical abstract. Alterations in the abundance of specific protamine proteoforms were

identified in normozoospermic men with altered P1/P2 ratios, obesity and advanced age, using

an optimized proteomics strategy.
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Figure 1. Schematic summary of the study workflow. From top to bottom, semen samples from
normozoospermic men were collected and spermatozoa were purified by density gradient centrifugation
prior acidic protamine extraction. Protamine levels and P1/P2 ratios were calculated per individual subjects
by determination of optical densities of the main electrophoretic bands corresponding to P1 and P2.
Individual samples were sorted per group of study (Control, Altered P1/P2, Obesity, and Advanced age). A
set of samples from the Control and the Obesity groups were subjected to the evaluation of oxidative stress
produced by lipid peroxidation by quantifying malondialdehyde (MDA) levels. Protamine proteoform
identification and quantification were conducted by Top-Down Mass Spectrometry, applying the Density-
Based Spatial Clustering of Applications with Noise (DBSCAN) algorithm and two search nodes, Prosight PD
and TopPIC suite. Mass shifts from the unmodified protamine proteoforms masses were identified and
correlated to post-translational modifications. At the bottom part, an example of incorporation of phosphate
groups (mass shifts of 80 mass units) to protamine 1 is shown. Quantitative differences among groups were
considered significant when p-value <0.05 and FC >1.5 were obtained.
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Figure 2. Human protamine proteoform identification by Top-Down proteomics using DBSCAN algorithm. (A)
Scatter plot showing the correlation between proteoform log2 Intensity according to the nodes ProSight PD
(PS; y-axis) and TopPIC suite (TP; x-axis). Each datapoint represents a protamine proteoform identification
at the technical replicate level. Missing values were imputed at 10 only for visualization purposes. Pearson
correlation coefficient without considering missing values was R = 0.91. (B) Proteoform landscape of the
different groups of study after collapsing artifact modifications. “ph” stands for Phosphorylation, “(61)”
represents a not assigned +61 Da mass shift, "PrSMs” are proteoform spectrum matches.
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Figure 3. Global MS-based protamine relative abundances among the experimental groups. Relation of the
abundances of P2 immature forms over P2 mature forms, P1 phosphorylated forms over total P1, and P2
phosphorylated forms over total P2, calculated by ratios. The facet grid breaks down the ratios defined
(columns) and the searching nodes Prosight PD and TopPIC suite (rows). When considering global
abundances, no significant differences were detected among study groups (p-value > 0.05). P2-immature:
all proteoforms corresponding to the P2 immature forms Pre-P2, HPS1, HPS2 and HPI2; P2-mature: all
proteoforms corresponding to the P2 mature forms HP2, HP3 and HP4; P1-ph: phosphorylated P1
proteoforms; P1: all P1 proteoforms; P2-mature-ph: phosphorylated proteoforms corresponding to the P2
mature forms HP2, HP3 and HP4.
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Figure 4. Individual abundance of protamine proteoforms identified in the “Altered P1/P2” group in
comparison with “Control” males. Plot showing the comparison of the log2 Fold Change (FC) values for
“Altered P1/P2" (y-axis) and “Control” (x-axis) groups, using data obtained with ProSight PD (PS, left) and
TopPIC suite (TP, right). Dot size represents -log(p). Red and blue dots indicate individual proteoforms with
significant higher and lower abundance, respectively (|FC| > 1.5, p < 0.05). Proteoform identified in all the
biological and technical replicates of only one of the compared groups (b/w identification) is shown in
orange.
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Figure 5. Differential abundance of individual protamine proteoforms in normozoospermic males with
obesity. (A) Plots showing the comparison of log2 Fold Change (FC) values for “Obesity” (y-axis) vs
“Control” (x-axis) groups obtained with ProSight PD (PS, left) and TopPIC Suite (TP, right). Dot size
represents -log(p). Blue dots indicate individual proteoforms with significant lower abundance in obese
males (|FC| > 1.5, p < 0.05). (B) Intracellular levels of malondialdehyde (MDA), as marker of oxidative
stress produced by lipid peroxidation, in purified sperm from “Control” and “Obesity” samples. The results
are expressed in ng MDA/ million of sperm. The asterisk indicates differences with p-value < 0.05.
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Figure 6. Individual protamine proteoforms with significant differential abundance in males with advanced
age. (A) Plots showing the comparison of log2 Fold Change (FC) values between “Advanced age” (y-axis)
and “Control” (x-axis) groups obtained with ProSight PD (PS, left) and TopPIC Suite (TP, right). Dot size
represents -log(p). Blue dots indicate significant lower abundance in the “Advanced age” group (|FC| > 1.5,
p < 0.05). (B) Quantitative prediction of simultaneously phosphorylated P1 residues in “Advance age” and
“Control” males, to identify the sites most likely contributing to the significant reduced abundance of
diphosphorylated P1 detected in males with advanced age.
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Table 1. Characteristics of the study groups included in the protamine

proteoform Top-Down Mass Spectrometry-based quantitative comparison.

Conc. A+B Vol NF__ P1/P2

Samplegroup 1 iml) (%) (ml) (%) ratic °M' Aee

Control 1554+ 593+ 24+ 168+ 10+ 242+ 352+

(n=5) 117.6 16.8 1.2 43 0.1 1.8 0.4

‘:'1"7:21 1) 748t 483t 26% 150% 14r 260: 337x
: 5.7 6.9 1.2 53 0.12 1.7 21

(n=3)

g:;f':yw) 1255+ 548+ 3.0+ 245+ 10+ 37.6% 358+

50.3 19.7 1.1 105 0.0 4.4 44

(n=4)

éd;’;ms‘; 38 1793+ 514+ 22+ 163+ 10+ 250+ 503+

- y-0. 38.3 18.9 11 106 0.1 1.1 3.2¢

Values corresponding to relevant seminal parameters indicating normality (Conc.: sperm
concentration; A + B: sperm with progressive motility; Vol.: semen volume; NF: sperm
with normal forms), acid-urea PAGE-based P1/P2 ratio, body mass index (BMI) and age
are shown as mean value * standard deviation. Differential values used to classify the
samples among groups of study are highlighted in bold. a: “Control” vs “Altered P1/P2”,

p-value < 0.05; b: “Control” vs “Obesity”, p-value < 0.0001; c: “Control”

age”, p-value < 0.01.
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Table 2. Proteoform spectrum matches (PrSMs) identified by Top-Down
proteomics of purified human protamine extracts.

Node PrSMs (before PrSIYIs (after PrSMs PrSMs Classified
filters) filters) Clustered

PS 19 235 18 358 17 965 17 461

PS (%) 100.0 95.4 93.4 90.8

TP 17 319 16 505 14 268 13228

TP (%) 100.0 95.3 82.4 76.4
Total 36 554 34 863 32233 30689
Total (%) 100.0 95.4 88.2 84.0

PS: ProSight PD, TP: TopPIC suite

http://molehr.oxfordjournals.org/



	Castillo et al 2025 protamine PTM in patients MHR
	Castillo et al 2025 free aceess link



