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Abstract: 200 words 

Protamine 1 (P1) and protamine 2 family (P2) are the most abundant nuclear basic 

sperm-specific proteins, packing 85-95% of the paternal human genome. P1 is 

synthesized as a mature form, whereas P2 components (HP2, HP3 and HP4) arise from 

the proteolysis of the precursor (pre-P2). Due to the particular protamine physical-

chemical properties, its identification by standardized bottom-up mass spectrometry 

(MS) strategies based on trypsin-digestion are not straightforward. Therefore, the aim of 

this study was to identify the sperm protamine proteoforms profile including P1 and P2 

members and their post-translational modifications in normozoospermic individuals 

using two complementary strategies, a top-down MS approach and a proteinase K-

digestion based bottom-up MS approach. For P1 and pre-P2, previously described and 

new truncated proteoforms were identified by the top-down MS approach. Likewise, 

intact naïve P1, pre-P2, and P2 mature forms and their phosphorylation pattern, as well 

as a +61 Da modification in different proteoforms were detected. Additionally, the bottom-

up MS approach revealed other phosphorylated residues for pre-P2 and the P2 isoform 

2, previously classified as a missing protein. Implementing these strategies in 

comparative studies of different infertile phenotypes would permit to determine 

alterations in the protamine proteoforms pattern, especially 

phosphorylation/dephosphorylation dynamics and elucidate its potential role in male 

fertility. 
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Introduction 

During the final phase of spermatogenesis, called spermiogenesis, human sperm 

chromatin undergoes an intricate remodeling, in which histones are sequentially 

replaced by specific histone variants, transition proteins and, finally, by protamines (1). 

This process results in a unique chromatin structure with a 85-95 % of sperm DNA 

packed by protamines and a remaining 5-15 % of the paternal DNA attached to histones 

(1)–(5). Protamines are small and extremely basic sperm-specific proteins rich in 

positively-charged arginine residues (50-70 %). This particular amino acid composition 

promotes the formation of highly-condensed toroidal complexes alongside the 

negatively-charged sperm DNA. In addition, protamines harbor cysteine residues able to 

form disulfide bonds among intra- and inter-protamine molecules that stabilize the 

nucleoprotamine structure (1),(6). It has also been postulated that free thiol groups could 

bind to metals such as zinc, allowing the formation of salt bridges, which could further 

have a role in sperm chromatin dynamics (7). Alltogether, the protamine properties result 

in a highly compact chromatin structure that protects sperm DNA from nucleases and 

contributes in obtaining the required hydrodynamic shape for mature sperm functionality 

(1),(8)–(11).  

In humans, protamines are encoded by a single copy of protamine 1 (PRM1) and 

protamine 2 (PRM2) genes clustered together with transition nuclear protein 2 (TNP2) 

gene in chromosome 16p13.3 (12),(13). Of note, although both protamine genes are 

present in all mammals, PRM2 is only translated in some species, including human and 

mice (1),(14)–(16). Two types of protamines have been described in the human at the 

protein level, the protamine 1 (P1) and the protamine 2 family (P2). Interestingly, while 

P1 is directly synthesized as a mature protein of 51 amino acid residues, P2 derives from 

a precursor (pre-P2) of 102 amino acid residues (17). By proteolysis, pre-P2 gives rise 

to three P2 mature proteoforms (HP2, HP3, and HP4), comprising residues 46-102 

(HP2), 49-102 (HP3), and 45-102 (HP4), differing among them only on the 1-4 amino 



acid residues from the N-terminus end. HP2 is the most abundant proteoform followed 

by HP3, and the minority proteoform is HP4 (1),(15),(18)–(20). Other studies have also 

identified pre-P2 intermediate processed forms namely HPI1, HPI2, HPS1, and HPS2, 

which could give rise to mature HP2, HP3, and HP4 (21).  

The normal ratio between the amounts of P1 and P2 members was established around 

1 (0.8-1.2) through acid-urea polyacrylamide gel electrophoresis (PAGE)-based 

experiments. Alterations in this P1 / P2 ratio have been connected to male infertility, 

sperm DNA damage and/or impairments in fertilization and embryo development 

(reviewed elsewhere (22),(23)). Nevertheless, Nanassy and colleagues established in a 

fertile population a normal P1 / P2 ratio ranging 0.54 – 1.43 (24) and the meta-analysis 

performed by Ni and colleagues concluded that P1 / P2 ratio deregulations seemed to 

be associated only with subfertility (25). The presence of different protamine proteoforms 

including truncated and/or post-translational modifications (PTMs) could explain the 

controversial results about the associations between protamine content and fertility 

outcomes, since a deregulation of the proteoform pattern that could not be detected by 

standard methods might result in male infertility. Despite the fact that only a small part of 

sperm DNA remain packed by histones (1),(3), sperm histone variants and their 

corresponding PTMs have been widely studied and their role as epigenetic marks 

beyond fertilization has been postulated (4),(26)–(33). In contrast, the knowledge about 

protamine proteoforms and their associated potential regulatory activities is scarce. 

It is known that during spermatogenesis, P1 is extensively phosphorylated by SRSF 

Protein Kinase 1 (SRPK1), while P2 is phosphorylated by Calcium / Calmodulin 

Dependent Protein Kinase IV (CAMK4) after its proteolytic cleavage (8),(27),(34)–(37). 

Noteworthy, CAMK4 knockout mice are infertile showing spermatogenesis defects due 

to the specific loss of P2 and TNP2, suggesting that protamine PTMs, such as P2 

phosphorylation, could be crucial for male fertility (37). Once P1 and P2 mature 

proteoforms are tightly bound to the DNA, an extended dephosphorylation occurs before 



spermatozoa enter the epididymis (27),(38). In fact, recently, Itoh and colleagues 

described in an infertile Hspa4l-/- null mice a decreased localization of phosphatase 

Ppp1cc2 in the chromatin fraction, which led to an abnormal increase of the Prm2 

phosphorylation state in epididymal sperm (39). The substitution of Prm2 

phosphorylatable residue S56 (S59 in humans) to a non-phosphorylatable residue A56 

in this infertile model rescued the fertility state and mice were fertile as wild-type animals 

(39). These results suggest the importance of a regulated balance of 

phosphorylation/dephosphorylation dynamics in sperm protamines and their crucial role 

in fertility. However, few studies based on phosphoserine conversion followed by protein 

sequencing, electrospray mass spectrometry and mass spectrometry (MS) have 

provided evidence of remaining protamine phosphorylated residues in human mature 

sperm (40)–(42), which seems to aid the DNA proper binding (8),(27) and might have a 

role beyond oocyte fertilization during maternal histone replacement (7). 

In order to perform a comprehensive proteoform characterization of protamines in human 

sperm, the use of high-throughput proteomic techniques seems to be warranted. 

However, due to the particular physical-chemical properties of protamines (extreme 

basicity, amino acid sequence rich in arginine and cysteine residues, small size and high-

similarity among P2 mature proteoforms (1)), the application of standardized bottom-up 

MS strategies based on trypsin digestion of arginine and lysine residues is not 

straightforward. For that reason, technical modifications such as the use of other 

proteases should be optimized in order to overcome this limitation. Alternatively, a top-

down MS strategy could direct identify protamine proteoforms thanks to their small size 

(43). It has been described that a combination of top-down MS and bottom-up MS 

strategies is optimal to describe PTM patterns in proteins with similar characteristics to 

protamines, as for example histones (44). Remarkably, recent studies have applied 

these MS variations to assess protamine PTMs in mouse and human sperm (42),(45), 



but all these studies were performed in pooled samples, which do not provide information 

about inter-individual variability. 

Therefore, the aim of this study is to set up the methodology to identify P1 and P2 family 

members’ proteoforms and their associated PTMs in independent normozoospermic 

samples in order to establish the normal protamine proteoforms profile. Two 

complementary approaches have been used to accomplish our objective: 1) a top-down 

MS approach with novel proteomic workflows and data analysis pipelines, and 2) a 

bottom-up MS approach based on proteinase K-digestion of protamines, rather than 

trypsin digestion. The implementation of these complementary techniques in future 

comparative studies including different subtypes of infertile patients could resolve the 

impact of dysregulations in the protamine proteoforms profile and the importance of its 

balance on male fertility.  

 

Experimental Procedures 

Sample collection  

Human semen samples (n=7) were obtained from patients undergoing routine semen 

analysis at the Assisted Reproduction Unit from the Clinic Institute of Gynecology, 

Obstetrics and Neonatology, at the Hospital Clínic of Barcelona (Spain). All patients gave 

signed informed consent in accordance with the Declaration of Helsinki. The ejaculates 

were collected by masturbation into sterile containers after 3-5 days of sexual 

abstinence. The evaluation of the seminal parameters was performed using the 

automatic semen analysis system CASA (Proiser, Paterna, Spain). After seminal 

analysis, all samples were classified as normozoospermic according to World of Health 

Organization guidelines (46). Three semen samples were pooled for the initial bottom-

up MS experiments and four semen samples were used as individual samples for the 

top-down approach (2 samples), the bottom-up MS strategy (1 sample) and the RNA 

experiments (1 sample). Sperm from individual samples was purified through 50 % 



Puresperm® density gradient separation (NidaCon International AB, Gothenburg, 

Sweden), following the manufacturer’s instructions.  

 

Human sperm protamine purification  

Protamine enriched fraction from spermatozoa was purified as previously described in 

Soler-Ventura et al. 2018 (23) except that histones and other basic proteins weakly 

associated to DNA were removed from the sperm by 0.5 M HCl extraction prior to 

disulfide bond reduction. This was accomplished by adding 0.5 M HCl to the purified 

sperm cells, followed by vortexing and incubation for 10 min at 37 ºC and centrifuged at 

2000 g for 20 min at 4 ºC (three times) prior to suspending the sperm pellet with 0.5 % 

Triton X-100, 20 mM (pH8) Trizma® base HCl, and 2 mM MgCl2. Then, samples were 

processed as described in Soler-Ventura et al. 2018 (23). For the top-down MS 

approach, protamine-enriched fraction equivalent to 15 million spermatozoa was dried 

at room temperature and kept at -20 ºC until the MS/MS procedure. For the bottom-up 

approach, the protamine-enriched fraction was dried at room temperature and 

suspended with 20 µl of a solution containing 50 mM Tris-HCl pH 7.5, 5 mM CaCl2. 

Subsequently, protamines were digested with proteinase K (Promega, Madison, 

Wisconsin, US) during 4 h at 37 ºC and the reaction was stopped with 5 mM PMSF. For 

both the top-down and the bottom-up MS approaches, successful protamine purification 

was monitored in an acid-urea PAGE (23). 

 

Protamine quantification  

Purified extracts of protamines were quantified as described in Soler-Ventura et al. 2018 

(23). Briefly, an aliquot of protamines for each sample was separated in an acid-urea 

PAGE together with increasing amounts of a protamine standard obtained as described 

elsewhere (47). P1 and P2 approximate amounts were calculated from the protamine 

optical densities measurements and the quantification obtained with the protamine 



standard through Quantity One 1-D Analysis Software (Bio-rad, Hercules, California, 

US).  

 

Protamine identification by mass spectrometry 

The overall procedure used to characterize protamine PTMs is schematized in figure 1. 

For the top-down MS approach, we employed a total of 2 biological replicates, from 

those, 6 experimental replicates and 10 technical replicates were analyzed and the data 

was integrated. After the LC, we conducted the MS analysis, in which the deconvoluted 

MS1 permitted assign PTMs to the intact naïve protamines according to the difference 

between the exact mass of the modification and the intact proteoform, and MS2 

fragmentation allowed the localization of modified residues (Figure 2). Finally, we 

employed three different engines to characterize protamine proteoforms and their 

associated PTMs (Supporting Figure 1). For the bottom-up MS approach, an individual 

sample and the pooled samples were treated as biological replicates, and the data was 

integrated. After proteinase K digestion, protamine peptides were subjected to LC-

MS/MS and the MS1&MS2 analysis conducted identified protamine peptides and their 

associated PTMs (Figure 1). 

 

Mass Spectrometry analysis 

The MS proteomics data have been deposited to the PRIDE Archive (XXXXXX) via the 

PRIDE partner repository with the data set identifier PXDxxxx and 10.6019/PXDxxxx. 

 

Confirmation of P2 isoform 2 at the RNA level. 

Purified spermatozoa from an ejaculate were prepared and stored at -80 ºC in RLT buffer 

(Qiagen, Hilden, Germany) and 1.5 % β-mercaptoethanol until further processing. Sperm 

long RNA fraction was extracted following the RNeasy Mini Kit protocol (Qiagen) with 

some modifications previously established in Goodrich et al. 2013 and Jodar et al. 2015 

(48),(49). High-quality sperm RNA free of DNA and somatic RNA contamination (48),(49) 



was employed for further analysis (Primers used for quality controls are shown in 

Supporting Table 1). To validate the presence of P2 isoform 2 at RNA level, 50 ng of 

sperm RNA was reverse transcribed using Maxima RT (Thermo Fisher Scientific) and 

random primers (Applied Biosystems), followed by a real-time PCR using PowerUp™ 

SYBR™ Green PCR (Applied Biosystems) targeting an specific region of the P2 isoform 

2 transcript (Supporting Table 1 and Supporting Figure 2). PCR products were visualized 

in a 3 % agarose gel at 90 V. After that, 2 bands were obtained, one showing the P2 

isoform 2 predicted size and another one corresponding to a product shorter in length 

(Supporting Figure 2). Both bands were excised and eluted using the QIAEX II Gel 

Extraction Kit (Invitrogen) according to the manufacturer’s instructions. Whereas the new 

product was directly analyzed by direct sequencing (Supporting Figure 2), P2 isoform 2 

required a semi-nested PCR using PowerUp™ SYBR™ Green real-time PCR (Thermo 

Fisher Scientific) with specific primers (Supporting Table 1) before direct sequencing 

(Supporting Figure 2).  

 

Results and Discussion 

Top-down and bottom-up mass spectrometry approaches technical issues  

The LC for the top-down MS strategy has been able to separate in different elution times 

P2 from P1 (Figure 2). Subsequent MS analysis has identified up to 5.263 counts, 

comprising 32 different proteoforms. Specifically, we identified intact naïve P1, pre-P2 

and P2 mature forms; previously described truncated proteoforms for pre-P2 and two 

novel truncated proteoforms for both P1 and pre-P2; and different combinations of PTMs 

for P1, pre-P2, HP2 and HP3 (Table 1; Figure 3; Supporting Figure 3). Additionally, we 

have detected a total of 47 peptide spectrum matches (PSMs) comprising 35 different 

peptides for the bottom-up MS workflow (Table 2; Figure 4; Supporting Figure 1). 

Particularly, those peptides correspond to the intact naïve and mono- or di- 

phosphorylated pre-P2 and the naïve or monophosphorylated P2 isoform 2. It is 

interesting to note that P1 and P2 mature forms were not identified by bottom-up MS 



approach most probably due to the more distinct physical-chemical properties of P1 and 

the high similarity among the P2 mature components. 

 

Novel protamine proteoforms 

Using the top-down MS approach we have fully identified canonical protamines, namely 

P1 (P04553), pre-P2 (P04554) and P2 mature forms HP2, HP3 and HP4 (Table 1; Figure 

3). Moreover, we have identified pre-P2 truncated proteoforms, specifically spanning 

residues 22-102 (HPI2), 34-102 (HPS1) and 37-102 (HPS2), all of them previously 

described (50)–(52). Interestingly, we detected two novel truncated proteoforms, P1 

truncated proteoform spanning residues 8-51 and pre-P2 truncated proteoform spanning 

residues 8-102 (Table 1; Figure 3; Supporting Figure 4). Although pre-P2 has been 

proposed as highly proteolytically processed in a regulated manner (53),(54), the 

mechanisms and the specific team-players implicated in this processing have not yet 

been described (21). In accordance with pre-P2 processing, the same post-translational 

cleavage could proteolyze the truncated form of P1. In both cases, the functions and 

roles of these truncated forms remain to be clarified. 

With the bottom-up MS approach, we were able to identify peptides corresponding to 

pre-P2 and P2 isoform 2 (P04454-2), which has been classified as a missing protein and 

it was only validated at the RNA level according to the UniProtKB database 

(https://www.uniprot.org/). It is important to highlight that a missing protein should be 

identified by two or more unique peptides with > 9 amino acid residues and an FDR < 1 

% to be considered experimentally validated at the protein level (55). In our study, we 

have identified with clearly spectra in both the pool of three samples and in the individual 

sample (Table 2; Figure 4) two unique peptides of P2 isoform 2 with 9 and 10 amino acid 

residues, respectively, after proteinase K digestion (Figure 4A). Although Vanderbrouck 

and colleagues reported in 2016 one unique peptide of P2 isoform 2, the strict criteria 

required to fully characterize a missing protein, it was not accomplished (56). Therefore, 

https://www.uniprot.org/


the findings showed in the present study confirm for the first time the presence of this 

new P2 isoform 2 in human sperm at the protein level.  

P2 isoform 2 arise from the splice site variant ENST00000435245.2 and results in a 140 

amino acid length protein differing from pre-P2 from residue 91 (57),(58). The presence 

of P2 isoform 2 was also validated at the RNA level in an independent sperm sample. 

Surprisingly, two different products were amplified using a specific set of primers for P2 

isoform 2, (Figure 5). Direct sequencing of each product revealed two splice variants of 

P2, the already known P2 isoform 2 and a novel splice variant that we named it P2 

isoform 3 (Figure 5 and Supporting figure 2). However, P2 isoform 3 was not detected at 

the protein level using neither top-down nor bottom-up MS approaches, suggesting that 

either this product is not translated or the employed techniques have been unable to 

identify it at the protein level. Looking in detail the intron nucleotide sequence of PRM2, 

the splice sites corresponding to P2 isoform 2 and isoform 3 are solely conserved among 

different higher primate species, but not in other mammals such as Mus Musculus and 

Rattus Norvegicus, suggesting that there is no specific evolutionary conservation in 

mammals (Supporting Figure 6). However, the possible function of P2 isoform 2 and the 

putative translation of P2 isoform 3 are unrevealed yet, being necessary further studies 

to elucidate the potential role of these novel protamine isoforms. 

 

Protamines contain multiple post-translational modifications 

A phosphorylated pattern has been established for P1 through the top-down MS 

approach, MS1 identified, in decrease count number, naïve P1 and P1 mono-, di-, and 

tri-phosphorylated (Table 1; Figure 3A; Supporting figure 3). The automated validation 

of phosphorylated residues is summarized in supporting figure 5 and to ascertain and 

confirm modified residues, MS2 deconvoluted fragmentation spectra were manually 

validated. Following this pipeline, MS2 analysis was able to confirm P1 mono-

phosphorylated at S11 or S13 and di-phosphorylated at S11-S22 or S11-S29 (Figure 3B) 

but MS2 could not detect tri-phosphorylated specific amino acid residues. Moreover, we 



identified a phosphorylation in S11 in the truncated P1 proteoform (Figure 3B; Supporting 

Figure 4). Additionally, pre-P2 was detected in its native form as well as containing 

several PTMs. Specifically, MS2 deconvolution showed a phosphorylation pattern for 

pre-P2 including mono-phosphorylation at residue S8, di-phosphorylation at residues S8 

and S10, tri-phosphorylation at residues S8, S10 and S59 and tetra-phosphorylation at 

residues S8, S10, S13 and S59 (Figure 3B). For P2 mature forms, S59 was detected 

phosphorylated for both HP2 and HP3, but no PTMs were identified in HP4 (Figure 3B). 

Total counts confirmed that naïve HP2 was the most identified mature P2 form followed 

by HP2 mono-phosphorylated, naïve HP3, HP3 mono-phosphorylated and finally naïve 

HP4. From the truncated P2 proteoforms, only HPS1 was detected harboring modified 

residues (Table 1; Figure 3). In particular, HPS1 proteoforms included mono-

phosphorylation at S59 and the modification of N-terminus Q34 to pyroglutamic acid 

(Table 1; Figure 3B). The PTM of N-terminus glutamine residue modified to pyroglutamic 

acid is a reaction commonly found in plants and animals, including humans, and it has 

been proposed to be involved in stabilizing proteins and peptides structures (59). 

Complementary to these results, the bottom-up MS approach allowed the identification 

modifications in the sequence of pre-P2. Specifically, mono-phosphorylated peptides at 

S37 or Y44 residues corresponding to the pre-P2 were detected. In addition, P2 isoform 

2 was found phosphorylated at T124 residue (Table 2; Figure 4A).  

Our results are supported by previous publications describing retained phosphorylated 

residues in mature sperm through phosphoserine conversion followed by protein 

sequencing, electrospray mass spectrometry or by similarity from other species. For 

instance, P1 has been described by others as phosphorylated in S9, S11 and S29 

residues and pre-P2 in S8, S10, S37, Y47, S50, S59 and S73 (41),(60)–(62). A 

phosphorylation pattern for P1, including mono- di- and tri- phosphorylation and 

methylations and acetylations in HP3 were described through a top-down MS approach 

in human sperm but they were unable to specifically localize the modified residues (42). 

In mice, Brunner et al. 2016 described different combinations of protamine PTMs using 



a combination of top-down and bottom-up MS approaches. Specifically, they identified 

phosphorylated, methylated and acetylated residues for both protamines (45). 

The conventional analysis of the P1 / P2 ratio based on their quantity derived from urea-

PAGE experiments is not suitable to identify alterations in the protamine proteoform 

profile and proteomic strategies are adequate to detect them. Recently, it has been 

described the crucial role of P2 dephosphorylation in an infertile mouse model to rescue 

the fertility state (39), pointing out the existence of a tightly regulated balance of 

phosphorylation/dephosphorylation state, which could compromise fertility. Impairment 

in this dynamic network could be the underlying cause of different types of infertile 

patients, being necessary to be addressed in future protamine proteoforms comparative 

studies to elucidate its role. Likewise, our results show that naïve proteoforms are more 

abundant than proteoforms with phosphorylated residues, supporting the hypothesis that 

a high dephosphorylation wave occurs during sperm maturation (1),(8),(27). Remaining 

phosphorylated residues in mature human sperm could be simple spermatogenesis 

remnants find randomly across some protamine molecules or in contrast could act as 

specific epigenetic marks during early embryo development. Since the attachment of 

phosphorylated protamines to the DNA is not stronger as for naïve protamines, due to 

the reduction of positive charge, the phosphorylated protamines could mark the 

preferential paternal protamine replacement by maternal histones during early embryo 

development (7). However, the function of these retained phosphorylated protamines 

beyond fertilization, if any, remains to be elucidated. 

Surprisingly, through the top-down MS approach a +61 Da modification has been widely 

identified solely or in combination with other PTMs across P1, HP2, HP3 and HPS1 

(Table 1; Figure 3A; Supporting Figure 3). In particular, MS2 fragmentation showed the 

localization of this modification in residues C30 and/or C51 of P1 as mono-modified or in 

conjunction with mono-, di- and tri-phosphorylation, and in residue C58 of HP2, HP3 and 

HPS1 (Figure 3B). In HPS1, this modification was detected solely or in combination with 

Q34 modification to pyroglutamic acid (Figure 3B). The incorporation of 61 Da to the 



molecular weight of protamines might correspond to the presence of Zn2+ ion attached 

to protamine molecules. It has been demonstrated that low levels of Zn2+ in seminal 

plasma negatively correlates with sperm quality and fertility (63),(64). Moreover, it has 

also been proposed that Zn2+ could also aid to stabilize sperm chromatin (7). The 

attachment of Zn2+ to P2 has been previously demonstrated (65), and a stoichiometric 

binding of one P2 molecule to one Zn2+ ion has been proposed (66). In addition, it has 

been described as a zinc-finger motif in P2 (Cys2-His2) that could allow P2 proteins to 

act as zinc-finger proteins (67). In the present study, we have also been able to detect 

the +61 Da modification in P1, although the attachment of Zn2+ to P1 has not been 

previously described. Further studies are required in order to clarify if this modification in 

both P1 and P2 corresponds to Zn2+ ion and the potentially related function. 

 

Conclusions 

In this study, we have demonstrated that the combination of top-down and bottom-up 

MS approaches is suitable to study the protein sequence and the associated proteoforms 

of sperm-specific protamines, giving complementary information. These approaches 

have permitted, for the first time, to establish the normal phosphorylation pattern for 

human protamines, identifying known and novel phosphorylated residues for P1, pre-P2, 

HP2, and HP3. Remarkably, our top-down MS results suggest that the normal protamine 

proteoform profile comprises naïve P1 as the most widely identified proteoform, followed 

descending by mono- and di-phosphorylated P1, naïve mature HP2, mono-

phosphorylated HP2, naïve HP3, mono-phosphorylated HP3 and finally naïve HP4. 

Moreover, in both P1 and pre-P2 previously detected and novel truncated proteoforms 

have been identified, possibly because of post-translational proteolytic cleavage, some 

of them containing modified residues. Interestingly, in addition to phosphorylation, both 

protamines harbor a +61 Da modification that might correspond to Zn2+ ion. Furthermore, 

the proteinase K-based bottom-up MS approach unequivocally identified the P2 isoform 

2, considered until now as a missing protein. Since the utility of conventional P1 / P2 



ratio based on their quantity is limited and cannot identify alterations in the protamine 

proteoform profile, our results have established the normal profile of protamine 

proteoforms in human individual sperm samples. The study of proteoform dysregulations 

in different types of patients, particularly phosphorylation/dephosphorylation dynamics 

open a window to determine their potential role on male fertility, along with its potential 

function as epigenetic mark beyond fertilization.  
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Tables and Figures legend 

Table 1. Protamine proteoforms identified through the top-down MS approach.  

Table 2. Protamine peptides identified with the bottom-up MS approach. 

Figure 1. Overall strategy used for the identification of protamines and associated post-

translational modifications (PTMs) in human sperm. After removing histones from semen 

samples, chromatin was decondensed and disulfide bonds reduced. Afterwards, 

chromatin was precipitated and purified protamines were obtained. For the top-down MS 

approach, disulfide bonds in intact protamines were re-reduced, protected with 

iodoacetamide and subjected to LC-MS after sample clean-up. MS1 and MS2 were 

deconvoluted, leading to the proteoform identification. For the bottom-up approach, 

purified protamines were digested with proteinase K and protamine peptides were 

subjected to LC-MS, which allowed the identification of protamine peptides and their 

associated PTMs. See supporting figure 1 for more details. 

Figure 2. Overall top-down MS workflow. A) Chromatogram resolving P2 and P1 in 

different elution times. B) Full MS1 spectra of P2 and P1. C) Deconvolution of P2 with its 

mature forms HP3 with one phosphorylation, HP2 with one phosphorylation and naïve 

HP4, and P1 with the phosphorylation pattern. D) Deconvolution of MS2 for P1. 

Figure 3. P1 and P2 proteoforms identified by the top-down MS approach. A) Graphical 

representation of the different protamine proteoforms identified with the ProSight engine, 

in which native proteoforms are located at point 0 and modifications are represented as 

a mass increase in the difference between the modification and the intact proteoform 

(Δm). B) Representation of P1 and P2 proteoforms identified and their associated PTMs 

with high confidence. Phosphorylated residues, +61 Da modified residues and 

pyroglutamic acid modified residues are indicated in green, light purple and orange, 

respectively. Scissors indicate the proteolytic site for mature forms (HP2 in yellow, HP3 

in orange, and HP4 in blue).  



Figure 4. Protamine peptides identified by the bottom-up MS approach. A) No peptides 

have been identified in the P1 amino acid sequence (upper box). The lower box shows 

the Identified peptides located into the amino acid sequence of pre-P2 and P2 isoform 2 

including their associated PTMs represented in green squares. In light orange, the 

difference between the peptide sequence between P2 and P2 isoform 2 is highlighted. 

Scissors indicate the proteolytic site for mature forms (HP2 in yellow, HP3 in orange, and 

HP4 in blue). B) P2 isoform 2 spectra corresponding to the two unique peptides 

identified. 

Figure 5. P2 isoform 2 (ENST00000435245.2) validated at the RNA level by direct 

sequencing. A) Graphical representation of the two exons comprising PRM2 gene with 

the two different transcripts derived from splice variants. The red letters indicate the 

splice sites. B) P2 isoforms 2 and 3 separated by a 3 % agarose gel were excised and 

while direct sequencing directly sequenced P2 isoform 3, a semi-nested PCR followed 

by direct sequencing was necessary to obtain P2 isoform 2 sequence. The yellow box 

and brown letters indicate the final part of exon 1 common in all transcripts and the P2 

isoform 3 and isoform 2 splice sites are shown in the green and grey boxes, respectively. 

Supporting information 

Supporting Table 1. Specific primers used for the validation of the P2 isoform 2 at the 

RNA level. 

Supporting Figure 1. Workflow applied for the top-down MS and the bottom-up MS 

approaches. A) Top-down liquid chromatography, MS&MS/MS parameters and software 

used. B) Bottom-up liquid chromatography, MS&MS/MS parameters, database searches 

and software used.  

Supporting Figure 2. Overall Strategy employed to identify PRM2 isoform 2 at the RNA 

level. A) Schematic representation of canonical PRM2 (in orange), PRM2 isoform 2 (in 

grey) and PRM2 isoform 3 (in green) genes and the primer sets used. B) Graphical 



representation of the methodology performed to validate PRM2 isoform 2, in which PCR 

product was run in an agarose gel and the two products were excised. For PRM2 isoform 

2 a semi-nested PCR was necessary prior to direct sequencing. 

Supporting Figure 3. Fragmentation of the identified proteoforms.  

Supporting Figure 4. Spectra corresponding to the truncated forms of P1 and P2. A) 

On the top, MS/MS spectrum of the naïve truncated form of P1 spanning residues 8-51 

and the lower spectrum shows the truncated P1 form with S11 residue phosphorylated. 

B) MS/MS spectrum of the truncated pre-P2 spanning residues 8-102  

Supporting Figure 5.  Specific modified residues in P1 employing two different engines. 

A) Automated localization of phosphorylated sites using Prosight software. B) Automated 

localization of phosphorylated residues using TopPic software. 

Supporting Figure 6. “CLUSTAL O” (http://www.ebi.ac.uk/Tools/msa/clustalo/) 

alignment corresponding to the intron sequences of the PRM2 gene among different 

primate species. The Homo Sapiens sequence is shown in green and the splice site 

resulting in the splice variant of the P2 isoform 2 in bold.  

* fully conserved residue, : conservation of strongly similar properties, . conservation of 

weakly similar properties. 

  



 



 

 



 



 



 



 

 



 



 



 



 



 


