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During spermatogenesis, spermatogonia undergo a series of mitotic and meiotic divi-
sions on their path to spermatozoa. To achieve this, a succession of processes requiring
high proteolytic activity are in part orchestrated by the proteasome. The spermatopro-
teasome (s208) is specific to the developing gametes, in which the gamete-specific a4s
subunit replaces the a4 isoform found in the constitutive proteasome (c20S). Although
the 5208 is conserved across species and was shown to be crucial for germ cell develop-
ment, its mechanism, function, and structure remain incompletely characterized. Here,
we used advanced mass spectrometry (MS) methods to map the composition of protea-
some complexes and their interactomes throughout spermatogenesis. We observed that
the s20S becomes highly activated as germ cells enter meiosis, mainly through a particu-
larly extensive 19S activation and, to a lesser extent, PA200 binding. Additionally, the
proteasome population shifts from c20S (98%) to s20S (>82 to 92%) during differen-
tiation, presumably due to the shift from a4 to ot4s expression. We demonstrated that
5208, but not c20S, interacts with components of the meiotic synaptonemal complex,
where it may localize via association with the PI31 adaptor protein. In vitro, s20S pref-
erentially binds to 19S and displays higher trypsin- and chymotrypsin-like activities,
both with and without PA200 activation. Moreover, using MS methods to monitor
protein dynamics, we identified significant differences in domain flexibility between o4
and ads. We propose that these differences induced by a4s incorporation result in sig-
nificant changes in the way the s20S interacts with its partners and dictate its role in
germ cell differentiation.

proteasome | spermatogenesis | mass spectrometry | interactomics | HDX-MS

Spermatogenesis is a process of cell differentiation, whereby a part of the population of
stem cells called spermatogonia (SPG) enter the differentiation pathway and develop
into spermatids, which then enter the spermiation process to become fully developed
spermatozoa. Spermiogenesis is the differentiation of haploid round spermatids into
elongated spermatids. During this maturation, a number of cell remodeling events are
completed, including several critical cell-specific remodeling processes such as DNA
condensation, mitochondrial reorganization, production of the flagellum, and cyto-
plasm removal (1). SPG first divide mitotically and develop into spermatocytes (SPCs),
which enter meiosis. Meiosis requires duplication of the genetic material, its condensa-
tion, recombination between the maternal and paternal homolog chromosomes, and
redistribution of the recombined chromosomes into separate cells. This is immediately
followed by another division resulting in daughter cells called spermatids (SPTs) with
only one recombined copy of each chromosome. This entire process is facilitated by
the Sertoli (SER) cells that serve to support developing gametes (2). Recombination is
a particularly lengthy process requiring the formation of special bridges across paired
chromosomes, called synaptonemal complexes (SCs), which enable the exchange of
parts of chromosomes (3). Overall, spermatogenesis and spermiogenesis are both
proteolysis-intensive processes with high protein turnover that require intense engage-
ment of the primary proteolytic machinery of the cell, the proteasome (4).

The proteasome is a macromolecular proteolytic machine in charge of controlled
degradation of proteins (5). The proteasome core, also known as the 20S proteasome,
is a symmetric, barrel-like structure that consists of a catalytic chamber formed by
f-subunits, which is sealed on both ends by a ring of a-subunits (5-7). The 208 associ-
ates with various proteins and protein complexes, the most notable being the protea-
some activator complex 19S regulatory particles (to form the 26S proteasome),
PA28ap, PA28y, and PA200. These regulators modify the 20S activity and substrate
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The proteasome is responsible for
the homeostasis of intracellular
proteins. Here, we describe
structural and functional aspects
of a poorly characterized
proteasome subtype found
exclusively in germ cells. The
spermatoproteasome was
recently shown to be essential for
spermatogenesis, a process
requiring intense proteolysis. It
differs from the constitutive
proteasome by only one subunit,
a4s, a subunit that replaces its a4
ubiquitous counterpart. In this
work, we show how the shift from
a4 to a4s regulates proteasome
composition, dynamics,
interactome, and activity. We
reveal a regulation process more
complex than previously
suggested, which provides the
basis for structural and functional
studies of the
spermatoproteasome.
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specificity in order to regulate various processes such as cell
division, differentiation, heat shock response, DNA repair,
immune response, apoptosis, and many others (8-15). More-
over, the proteasome complexity is further increased by the
presence of several proteasome subtypes where one or several
subunits of the constitutive complex are replaced by alternative
isoforms. Thus far, in addition to the constitutive 20S protea-
some (c20S), immuno (i20S)-, thymo (t20S)-, and spermato-
proteasomes (s20S) have been identified and described in the
literature (16).

The s20S is a proteasome subtype in which the standard o4
subunit (PSMA7 protein) is replaced by a4s (PSMAS8 protein)
that is expressed exclusively in gamete cells (17). Previous stud-
ies in Psma8~'~ knockout (KO) mouse models have established
that the a4s subunit is essential for spermatogenesis (14, 18).
Functionally, mammalian s20S has been shown to degrade
acetylated histones via association with PA200 and play a role
in DNA damage repair in spermatocytes and the maturation of
spermatids (11, 14, 19). Double strand break (DSB) repair was
shown to be dependent on s20S-mediated degradation of non-
histone substrates (19, 20). Cell cycle-mediating proteins were
also reported as substrates of s20S (21, 22). However, despite
these reports, s20S remains understudied, and there is currently
a lack of basic information on the exact nature and relative stoi-
chiometry of the regulators binding to the s20S during sperma-
togenesis. In this context, revealing the dynamics of the 20S
proteasome composition and partners throughout spermatogen-
esis could help explain how the s20S functions are conveyed
and further elucidate the underlying molecular mechanisms.

Here we use advanced mass spectrometry (MS)-based
approaches to map interactomes of mammalian s20S during
male germ differentiation and compare them with those of
c20S. Our analyses in whole testes and in isolated male germ
cells revealed specific s20S partners and profound changes in
the dominant 20S proteasome subtypes present throughout dif-
ferentiation. Incorporation of a4s into s20S was strikingly
correlated with an increased association with 19S, PA200, and
PI31 regulators, and with an overall proteasome activation,
especially regarding its trypsin- and chymotrypsin-like activities.
Moreover, using hydrogen-deuterium exchange (HDX)-MS
and molecular dynamics (MD) simulations we identified
conformational differences between a4 and a4s, providing a
molecular rationale for the observed differences between c20S
and s20S.

Results

Spermatoproteasome Represents a Major Fraction of Total
20S Proteasome in Mammalian Testes. To examine differential
expression patterns of s20S and c20S, as well as other
proteasome-associated factors, we analyzed tissue-specific human
proteome maps (17) and observed that the expression pattern of
the PA200 and 19S regulators closely follows that of ads (57
Appendix, Fig. S1A). We noted that both male and female gonads
express s20S (S Appendix, Fig. S1A), but given that the only
reported role for s20S is in male germ cells, we decided to focus
our analysis on whole testes and purified male germ cells. This
does not exclude that the s20S may still play an unknown role
in females.

To map the relative abundance of s20S, we used freshly fro-
zen bovine testis lysate where the s20S is highly expressed. We
immunopurified (IP-ed) 20S proteasome using the MCP21
antibody that recognizes the a2 proteasome subunit (present in
all 20S proteasome subtypes), as described previously (23). The
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20S proteasome was then further separated from its regulators
by an additional size exclusion chromatography (SEC) step
(24). After IP and SEC, the purified 20S proteasomes were ana-
lyzed on a liquid chromatography (LC)-MS system, using a
previously optimized method (25). We were able to identify
not only the proteasome subunits that are conserved among the
different 20S subtypes, but also the specific catalytic subunits
of the c20S (B1, P2, and B5) and the i20S (B1i, P2i, and P5i),
as well as the testes-specific a4s subunit of the s20S (Fig. 14
and S/ Appendix, Table S1). Taking the 5 subunit abundance
as reference, the results show that most of the 20S proteasomes
in testis contain exclusively the three constitutive catalytic subu-
nits (64% =+ 1%), while some complexes with different combi-
nations of constitutive and immune subunits are also present
(26, 27) (81 Appendix, Table S1). Additionally, we could quan-
tify the proportion of s20S using the MS signals of o4 vs. a4s
subunits, by assuming that they have similar ionization yields
based on their high sequence identities (S Appendix, Fig. S1B).
In this way we established that the s20S constitutes 48 + 1%
of the total testis immunopurified proteasomes, which will
hereafter be called “testes 20S pool.”

In addition to quantifying different proteasome species, we
were able to observe various posttranslational modifications
(PTMs) (SI Appendix, Table S2), that were in accordance with
published data (25, 29, 30). Interestingly, we noticed that a4s
harbors the same PTMs as the a4 proteoform, i.e., loss of the
initial methionine and N-terminal acetylation. Additionally, we
observed that repeated freeze/thaw cycles led to formation of
truncated versions of a4 and a4s subunits that lack the last two
amino acid residues (Fig. 1 B and C), which were later con-
firmed by LC-MS/MS top-down (TD) sequencing (Fig. 1D). A
similar loss in mass, corresponding to a truncated version of
a4, was recently described in rat and rabbit (30). Given that
our results indicate that these lighter a4/a4s isoforms are pro-
duced upon storage, most likely via proteolytic cleavage of their
solvent accessible C termini, we consider them unlikely to be
biologically relevant. We also noted +73-Da and —13-Da mass
differences observed for B6 and P2, respectively (SI Appendix,
Fig. §2). TD sequencing confirmed that in our sample these
subunits differ from the official (curated) Swiss-Prot entries by
one amino acid (G233E for f6 and N252T for 2) but are in
agreement with predicted TrEMBL entries. These mutations
are barely visible using bottom-up proteomics where proteins
are commonly identified with only a few peptides, illustrating
the benefits of TD-MS for proper proteoform characterization
and database curation. Taken together, our TD-MS analysis of
the immunopurified proteasome pool from bovine testes
revealed that s20S represents a major fraction of the total pro-
teasome, suggesting a key functional role.

The s20S Has Its Specific Set of Interactors in Bovine Testes.
To further characterize the s20S in gamete cells, we mapped its
interactome using an IP strategy. We performed two IPs from
bovine testes lysates using either an anti-a4s—specific antibody
generated according to ref. 31 and validated as shown in S/
Appendix, Fig. S3), which targets only the s20S, or an anti-a2
antibody, which recognizes all proteasome types, and compared
the relative abundances of coimmunopurified proteins. In a first
set of experiments, lists of proteasome interacting proteins
(PIPs) specific to a2 and o4s were obtained by comparing the
anti-o2 or anti-a4s IPs against a control IP (antibody directed
against rac CD8 (OX8), as used previously) (32). A total of
3,867 proteins were validated and quantified in the anti-a2 and
anti-o4s IPs, with a total of 1,177 proteins exhibiting over a
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Fig. 1. (A) Three-dimensional (3D) proteoform footprint of the LC-MS trace of 20S subunits immunopurified from bovine testis, generated with VisioProt-MS
(28). The names of the c20S subunits are indicated next to the corresponding signal. (B) Closeup view of the 3D proteoform footprint of 20S subunits immuno-
purified from bovine testes after repeated freeze/thaw cycles, resulting in truncated proteoforms of a4 and a4s. (C) The truncated a4 and a4s to the full-length
proteins ratio increase with repeated freeze/thaw cycles. (D) Top-down LC-MS/MS of a4 identifies the degradation as the loss of the last two amino acids.

twofold change (FC) enrichment (significance threshold at P <
0.05) compared to the control (S Appendix, Figs. S4 and S5).
To highlight putative-specific or -enriched components in c20S
and s20S interactomes, we compared the relative abundances of
each of these proteins in the anti-a2 IP (total 20S) vs. anti-a4s
IP (s20S). To do so, protein abundances were normalized based
on the 20S content in each IP (estimated as the average of the
abundances of the noncatalytic 20S subunits), then the fold
changes (anti-o4s IP/anti-o2 IP) and their significance (P value)
were calculated and represented as a volcano plot (Fig. 24). Here
an unequal distribution of enriched proteins is observed, skewed
toward the anti-a4s IP. One possible explanation for this obser-
vation is that the anti-o4s antibody might fetch 20S interactors
that appear below the detection threshold when analyzing the
whole 20S interactome (i.e., with the anti-a2 antibody only).
However, we also acknowledge that the anti-a4s polyclonal anti-
bodies used may display more nonspecific bindings, compared to
monoclonal antibodies used in the anti-a2 IP. We therefore
looked specifically at proteins that might be of interest, namely
proteasome- and ubiquitin-related proteins.

The distribution displayed on Fig. 24 highlights the specific
composition features of ¢20S and s20S complexes. Only pro-
teins that were enriched (FC > 2, P value <0.05) in anti-a2 or
in anti-a4s IPs compared to the control IPs are displayed in
this comparison. We observed that the noncatalytic 20S subu-
nits (except a4 and a4s: PSMA7 and PSMAS8 proteins, respec-
tively) are found tightly centered around the y axis (mean FC =
1.0 + 0.2), showing that the normalization of the dataset is
well done and that there are no major variations in their relative
abundance. As expected, the bait of the anti-a4s IP is found on
the right (a4s protein: PSMAS8, FC = 6.4, P value = 0.016),
whereas the subunit replacing it in the ¢20S is found on the
left (a4 protein: PSMA7, FC = 0.16, P value = 12.E-4). We
then used the relative abundances of the a4 (PSMA7) and a4s

PNAS 2022 Vol.119 No.15 2116826119

proteins (PSMAS8) in the anti-a2 IP to estimate the part of
s20S in the total pool of 20S proteasome in bovine testis (42 +
7%; Fig. 2B), which is in good agreement with the results
obtained by the TD approach. On the other hand, the anti-o4s
IP contains 95 + 9% of s20S (Fig. 2B), confirming the exclu-
sive nature of the a4s subunit incorporation into the s20S (14,
18). Taken together, our data provide evidence that the a4s
and a4 subunits do not coexist within a hybrid 20S protea-
some. This subunit exclusivity is in agreement with what has
been previously observed for some i20S catalytic subunits (33,
34) and could result from exclusive expression of either the o4
or the a4s or from chaperone-mediated preferential incorpora-
tion of a4s in 20S proteasome.

We observed that the three i20S-specific catalytic subunits
(PSMB8-10 proteins, Fig. 24) were more abundant in the anti-
a2 IP and were practically absent from the anti-a4s IP, imply-
ing that little or no immunosubunits constitute the s20S (FC
of immunosubunits in anti-o4s IP = 0.006, P value = 7.E-5,
Fig. 20), as previously observed using an orthogonal immuno-
detection approach (18). This interesting result is also in agree-
ment with the 6.1-fold decrease, in the anti-a4s IP, of PA28af
(P value = 0.01), known to interact preferentially with the i20S
(23). Moreover, while the four 20S proteasome assembly chap-
erones (PACs) are equally distributed in the o4- and a4s-
containing 20S (Fig. 24 and SI Appendix, Table S3), the
POMP maturation protein is 5.3-fold increased in the a4-
containing 20S (P value = 0.02, Fig. 2C and SI Appendix,
Table S3). POMP is known to preferentially promote the
assembly of 1208 catalytic subunits over ¢20S ones (33, 35, 36),
which agrees with our observation that immunocatalytic subu-
nits are not abundant in the anti-o4s IP.

Our analysis of main 20S interactors revealed that all subu-
nits of the 19S particle could be quantified and their very tight
distribution in the volcano plot (i.e., very close FCs and P
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Fig. 2. (A) Analysis of proteasome composition and interacting proteins in bovine testes. Distribution of enriched proteins between two IPs against anti-a2
(Left) and anti-ads (Right). Only proteins that were enriched (FC > 2, P value <0.05) in the anti-a2 or anti-a4s IPs compared to the control IPs are displayed
here. For clarity, gene names are used as protein identifiers. 20S noncatalytic and 19S subunits are circled in red and blue, respectively. (B) Estimated per-

centages of a4 and a4s in the different IPs. The protein intensities were norm
estimated for the different IPs. (C) FCs of 20S-associated regulators in the s20S
tive quantities of a4 and a4s in the anti-a4s and anti-a2 IPs enables the estima

alized based on the 20S content and the relative abundances of a4 and a4s
(eds-containing proteasome) relative to a4-containing proteasomes. The rela-
tion of the fraction of 20S-associated regulator in the a4s- and a4-containing

proteasomes. Finally, FCs in a4s- vs. ad4-containing proteasomes were calculated, as detailed in Experimental Procedures. Graphics represent mean and SDs.
All values are the means of three independent experiments. Asterisks indicate significance. *P < 0.05; **P < 0.01; ***P < 0.001.

values, Fig. 24) emphasizes the quality of this dataset. Interest-
ingly, we could measure an average increase of 2.13 & 0.15 of
19S subunits in the anti-a4s IP compared to the anti-a2 IP.
Since the anti-o4s antibody purifies almost exclusively o4s-
containing 20S (95 + 9%) and the anti-a2 IP contains a mix
of proteasomes (42% of a4s-containing 20S), we can estimate
that in whole testes, the abundance of the 19S bound to the
$20S is ~15 times higher than the one associated with the c20S
(P value = 0.02) (Fig. 2C and SI Appendix, Table S3). Interest-
ingly, other known 19S interactors were also found to be
increased in the anti-a4s IP compared to the anti-a2 IP. This is
the case for the two main 19S-associated deubiquitinases
USP14 and UCHL5 (FC = 3.2 and 3.9, P values = 0.02 and
0.05, respectively), ADRM1 protein, a known 19S receptor of
polyubiquitin chains (FC = 1.8, P value = 0.01), as well as
RPS27, the main cellular precursor of ubiquitin (FC = 1.9,
P value = 0.03). The K48 polyubiquitin chains identified by
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the LIFAGK(GG)QLEDGR peptide (37) were increased by a
factor of 3.0 (P value = 0.001) in the anti-ods IP compared to
the anti-a2 IP. Altogether this dataset suggests a higher loading
of polyubiquitinated substrates onto s20S compared to total
proteasome complexes. Accordingly, among the 40 ubiquitin-
related enzymes (conjugating enzymes, ligases, and deubiquiti-
nylases) that are found significantly regulated between the two
IPs, all were increased in the s20S interactome except
TRIM21, an E3 ligase that is mainly involved in immune
response (SI Appendix, Table S4).

Another PIP found to be highly regulated in this dataset is
PI31, a 20S interactor of controversial function (38). PI31 dis-
played a 20-fold enrichment in the anti-a4s IP compared to
the anti-a2 IP (Fig. 24, P value = 0.01) and seems to be a pre-
ferred partner of the s20S (Fig. 2C and SI Appendix, Table S3).
Strikingly, a known heterodimerization partner of PI31, Fbxo7
(39), is also significantly more abundant in the s20S IP (FC
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72; P value = 0.007). Recent KO studies of Fbxo7 and Nut-
cracker, its heterolog in Drosophila, indicate important roles of
both proteins during spermatogenesis (40, 41). Due to the
established role of PA200 in spermatogenesis (11), a comple-
mentary IP directed against PA200 was conducted and also
showed that PI31 and Fbxo7 proteins were highly enriched in
the anti-o4s IP compared to the PA200 IP (FCs = 12.2 and
4.1, P values = 1E-04 and 0.05, respectively, SI Appendix,
Figs. S6 and S7), suggesting that these proteins are not bound
to the s20S through an interaction with PA200.

We found that the synaptonemal proteins SYCP3 and
SYCEL are specifically enriched in the anti-a2 and anti-a4s
IPs, compared to their respective control IP (87 Appendix, Figs.
S4 and S5), and significantly more abundant in the s20S inter-
actome compared to the other o4-containing 20S isoforms
(ECs = 294 and 3.8, respectively; P values = 8E-03 and 0.05,
respectively) (Fig. 2 Aand Cand S/ Appendix, Table S3). Previ-
ous imaging studies have suggested that these proteins interact
directly with the s20S (18), and our dataset further demon-
strates such specific interactions of the s20S with the SC.

Despite their proposed role in spermatogenesis (42), the
nuclear PA28y and PA200 regulators of the 20S core were
either not (FC = 0.8; P value = 0.4) or only slightly, but still
significantly (FC = 2.0; P value = 0.03), enriched in the s20S
compared to the a4-containing 20S subtype (Fig. 2C and S/
Appendix, Table S3). Moreover, when comparing the relative
abundances of a4 and a4s copurified in the anti-a2 and in
the anti-PA200 IPs, we observed similar values (Fig. 2B).
Altogether, these results suggest that PA200 may not interact
preferentially with the s20S, contrary to what was previously
speculated (16). However, if the o4 and o4s isoforms are expressed
in different cell types, as previously reported (14), they would not
have to compete for PA200 association. Thus, higher association
observed between PA200 and the s20S could be due to a higher
PSMAS gene expression in these cells.

Taken together, our IP strategy revealed that the s20S has an
interactome distinct from that of the ¢20S. The s20S interac-
tome we mapped here is enriched for the 19S particle, as well
as different components of the UPS and synaptonemal pro-
teins. The differences between the c20S and s20S interactomes
suggest distinct functions of these proteasome variants.

Proteasome Dynamics Analysis Shows Profound Rearrangements
throughout Spermatogenesis. An important limitation of our
whole testis analysis is the lack of information on the dynamic
interactions that are frequently lost and/or rearranged upon
tissue lysis (43) and on proteasome dynamics throughout sper-
matogenesis. To provide a detailed map of the proteasome
interactome during spermatogenesis, we initiated a study of
individual germ cell populations. We harvested testes from
young adult or prepubescent rats and immediately dissected
and digested them into individual cells. Rat germ cells were
purified and separated either by sedimentation at unit gravity
(SPG) or centrifugal elutriation (SPC and SPT), in order to
obtain highly enriched cell populations. SER cells were also
purified, since they are support cells of the germ cell lineage
and might carry relevant information. Proteasome complexes
from these purified fractions of cells were in vivo cross-linked
to maintain protein-to-protein interactions (44) and then coim-
munopurified using the antibody directed against the a2 pro-
teasome subunit (23). Purified complexes were digested with
trypsin and the resulting peptides analyzed on a nano LC-MS/
MS system, followed by protein identification and relative
quantification. In parallel, lysates of individual groups of cells
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were directly analyzed without the IP step to obtain comple-
mentary information on protein expression and to validate the
cell purification protocol. Among the 5,750 proteins validated
and quantified in the lysates using label-free MS, a pool of 12
proteins was unambiguously identified as specific markers of
each cell type (87 Appendix, Fig. S8 and Table S5). Proteasome
complexes immunopurified from the different groups of cells
were then analyzed using the same approach to observe changes
in 20S proteasome composition throughout spermatogenesis
(Fig. 3). None of the three i20S catalytic subunits could be
detected in the four different cell types studied, suggesting that
the i20S subunits previously detected in the whole bovine testis
sample are likely derived from infiltrated immune cells.
Another striking observation was that the o4s isoform almost
completely replaced a4 at the SPC and remained the main iso-
form throughout spermatogenesis (Fig. 34). This trend was also
observed in cell lysates (Fig. 3B), and may be driven by changes in
the protein expression or stability of the two isoforms.

Our analysis of proteasome activators (19S, PA28af, PA28y,
and PA200) indicated that 19S is the predominant regulator
associated with the 20S particles, whatever the cell type ana-
lyzed, and was bound from around 30% (in SER cells and
SPG) up to 60% (in SPCs and SPTs) of the total 20S pool
(Fig. 30). The fraction of 20S-19S complexes thus significantly
increases 1.7-fold (P value = 0.01) when SPG proceeds into
the SPC stage (Fig. 3D), and, as previously seen in bovine tes-
tes, the K48 polyubiquitin chains identified by the
LIFAGK(GG)QLEDGR peptide were increased by a factor of
2.9 (P value = 1E-03), highlighting a high demand for cellular
ubiquitin-dependent proteolysis. While the nuclear PA28y acti-
vator levels do not significantly change through spermatogene-
sis, its cytoplasmic counterpart PA28af significantly decreased
(7.2-fold) from the SPG to SPC stages (P value = 0.005) (Fig.
3D). The abundance of PA200 bound to the 20S core particle
increases 7.5-fold in SPC (P value = 0.002) and 6.6-fold in
SPTs (P value = 0.01) compared to SPG, in agreement with
the proposed role of PA200 in spermatogenesis (11, 45).

We also noted that PI31 has a dramatic increase (11-fold) in
20S core particle association in both SPC and SPT stages, com-
pared to nondifferentiated SPG cells (P values of 2E-03 and
8E-04, respectively) (Fig. 3D). Accordingly, its known interac-
tor Fbxo7 was only detected in proteasome complexes purified
from SPCs and SPTs.

We then selected the proteins specific to the spermatoprotea-
some interactome in bovine testes and clustered them based on
their relative abundances in the three germ cell types (SPG,
SPC, and SPT) (87 Appendix, Table S6 and Fig. S9). The pro-
teins that were found increased in meiotic and postmeiotic cells
(cluster #2) correspond to important proteasome regulators
(19S subunits, PA200, PA28y, 20S assembly chaperones, and
PI31/Fbxo7) but are also important cellular components of
synaptonemal complexes or microtubule networks, among
others (cluster #2, SI Appendix, Fig. S9 and Table S6).

Given that 20S-associated regulators display different sub-
strate specificities and subcellular localization (46), the observed
variations in the panel of proteasome interactors suggest pro-
found changes in the biological function and/or subcellular
localization of proteasomes throughout spermatogenesis.

Opverall, a large proportion of the 20S proteasome pool was
bound to activators, reaching almost 75% in SPC cells, which
represents a specific feature of testis cells as the proportion of
activated 20S core is usually around 20 to 60% in other tissues
(27). Moreover, all three germ cell types contain slightly but
significantly higher amounts of total 20S compared to SER cells
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Fig. 3. Composition and proteolytic activity of proteasome complexes purified from rat SER, SPG, SPC, and SPT cells. Cells obtained from rat testes were
separated and then analyzed using label-free proteomics. (A and B) Proportions of a4 and a4s proteins in (A) immunopurified proteasome complexes and
(B) cell lysates. (C) The distribution of the different proteasome complexes was estimated for each cell type by label-free MS (27). We considered the free
20S complexes and the ones associated with 19S, PA28af, PA28y, and PA200 regulators. Error bars indicate SD across three biological replicates. (D) Major
changes in the composition of proteasome complexes throughout spermatogenesis. The variations of major 20S-associated regulators were measured
throughout spermatogenesis using label-free quantitative proteomics. The SPG stage was used as a reference and asterisks indicate significance between
SPC vs. SPG or SPT vs. SPG. (E) Changes in the amount of total 20S proteasomes throughout spermatogenesis. The variations of 20S proteasome subunits
(all noncatalytic subunits except a4 and a4s) were measured throughout spermatogenesis using label-free quantitative proteomics and normalized with the
MS signal of total protein. Asterisks indicate significance between SPG vs. SER or SPC vs. SER or SPT vs. SER. (F) Proteasome chymotrypsin-like (ChT), trypsin-
like, and caspase-like specific activities, expressed in pmol AMC released per minute and per milligram of total protein, have been measured in the four cell
type lysates throughout spermatogenesis. Asterisks indicate significance between SPC vs. SPG or SPT vs. SPG. Graphics represent mean and SDs. All values
are the means of three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001.

(Fig. 3E). Chymotrypsin, trypsin, and caspase-like proteolytic =~ appears to be mainly the consequence of increased expression
activities were significantly higher in meiotic and postmeiotic (S Appendix, Fig. S10), which is in accordance with the exist-
germ cells (SPC and SPT) compared to undifferentiated SPG ing literature (19). However, given that we did not observe
(Fig. 3F), which is most probably the consequence of two increased binding of PA200 to s20S in the whole testis interac-
major events, i.e., the complete replacement of a4 by o4s iso- tome analysis, it remains difficult to draw conclusions about
form and the increase in activator-associated 20S, in particular specific PA200 interactions at this stage. Finally, the increase in
the higher loading of 19S and PA200 particles. No significant  the association of 19S and PI31 with 20S proteasomes from

variation of 20S-associated regulators can be observed from SPG to SPCs is, to a certain extent, but not completely,
SER to SPG cells, which also display similar 20S proteasome  explained by higher cellular abundances, since their increase in
composition, in particular their high content of a4. The  the immunopurified proteasomes are significantly higher than

observed variations in proteasome proteolytic activities and  in full lysates (FC = 1.4 and 2.7; P value = 0.03 and 0.006,
20S-associated regulators in premeiotic (SPG) vs. meiotic and respectively, SI Appendix, Fig. S10).

postmeiotic cell types (SPC and SPT) thus suggest either a pos- Altogether this dataset indicates that changes in the composi-
sible increased ability of the s20S to interact with its activators,  tion and activation of 20S proteasomes from the SPC stage
compared to the C2OS, or a transcriptionaﬂy driven increase in onwards may, at least partly, [CSUlt from transcriptional regula_
the quantities of these regulators in postmeiotic stages. To tion; however, at this stage we can’t exclude the possibility that
answer this crucial question, we analyzed variations of expres-  other mechanisms and factors may be involved.

sion of these different proteins in the different cell lysates.
Changes from SPG (containing exclusively ¢20S) to SPCs and Pulldown Assays Show a Preferential Binding of the s20S to

SPTs (containing 85 to 90% s20S, Fig. 34) were thus com-  the 195 In Vitro. In order to examine preferential interactions
pared both in the immunopurified proteasome samples and in between ods and PI31, 19S, and PA200 (compared to 04), we
the lysates (S7 Appendix, Fig. S10). took advantage of the testes 20S pool immunopurified in milli-

Concerning s, its increase in lysates from the SPG to SPC~ gram quantities from bovine testes, whose purity was >95%
stages is approximately twofold higher than its increase in  according to both bottom-up and top-down proteomics (S7

immunopurified proteasomes (P value = 0.007, SI Appendix,  Appendix, Fig. S11). After incubation of these three partners of
Fig. S10). This may be due to a chaperone-mediated resistance ~ the 20S with either pure c20S (purified from bovine muscle) or

to a4s incorporation into functional 20S proteasomes or to the  the testes 20S pool (purified from bovine testes), we pulled
lag time between synthesis of a4s and its incorporation in  down complexes using anti-PI31, anti-19S, or anti-PA200 anti-
newly assembled s20S. Increase in proteasome bound PA200  body-grafted beads and estimated the relative amounts of a4
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and o4s in the eluates using LC-MS/MS label-free quantifica-
tion. A control pulldlown was run concurrently with the
MCP21 antibody that equally recognizes the c20S and s20S.
After normalization of the signal with the MCP21 IP, we
found that PI31 was interacting more with proteasomes with
a4 than with a4s (Fig. 44) (P value = 0.018). However, the
19S pulldown (anti-PSMC2) was much more efficient in cop-
urifying a4s than a4 (P value = 0.0002) (Fig. 4B). Finally, the
anti-PA200 IP showed no significant difference between o4
and a4s pulldowns (Fig. 4C). Altogether, these in vitro binary
interaction experiments suggest that the ¢20S and s20S prefer-
entially interact with PI31 and the 19S, respectively, while
there is no clear evidence that PA200 interacts preferentially for
any of these 20S subtypes.

Testis and Muscle Proteasomes Show Distinct Peptidase
Activities. We tested whether a4s incorporation into the 20S
core induces any change in proteasome activity on its own or in
complex with a regulator. We compared the testes 20S pool
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Fig. 4. In vitro assays. Bovine c20S or testes 20S pool were incubated with
(A) PI31, (B) the 19S, or (C) PA200, and complexes were purified with
Sepharose beads grafted with their corresponding antibodies. After washes
and elution, a4 and a4ds subunits were identified and quantified by LC MS/
MS label-free quantification and their abundances in anti-PI31 IP, anti-
PSMC2 IP, and anti-PA200 IP were normalized with their abundances in the
corresponding control IPs. Anti-a2 subunit control IP (for total 20S) was per-
formed on the same reaction mix for each experiment. Graphics represent
mean and SDs. All values are the means of three independent experi-
ments. Asterisks indicate significance *P < 0.05; ***P < 0.001. The vertical
axis represents the intensity of a protein in a pulldown experiment relative
to its intensity in a control IP (in the case of 19S: Average intensity of a set
of 19S base proteins), when normalized for 20S abundance. (D) Compari-
son of three peptidase activities in proteasomes purified from bovine testis
(s20S) or muscle (c20S). Activation of the proteasomes by PA200 was
assayed at a PA200:20S molar ratio of 8:1. The bars are grouped by the
peptide used to probe each activity: boc-LRR-AMC, suc-LLVY-AMC, and z-
LLE-AMC, which probe the trypsin-, chymotrypsin- and caspase-like activi-
ties, respectively. Different complexes are represented by different colors.
PA200 alone was tested as a control, and showed no intrinsic activity. 20S
proteasome was used at a final concentration of 7.4 nM. All values are the
means of three independent experiments. Asterisks indicate significance.
*P < 0.05; ***P < 0.001.
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purified from bovine testes, which contains ~50% of s20S, and
the ¢20S purified from bovine muscle in their ability to degrade
fluorogenic substrates. The substrates assayed were boc-leu-arg-
arg-7-amino-4-methylcoumarin (boc-LRR-AMC), succinyl-leu-
leu-val-tyr-7-amino-4-methylcoumarin (suc-LLVY-AMC), and
z-leu-leu-glu-7-amino-4-methylcoumarin (z-LLE-AMC), which
probe the trypsin-like, chymotrypsin-like, and caspase-like
activity, respectively. The two proteasome samples were also
activated with a PA200:20S molar ratio of 8:1. When compar-
ing the basal activity of the proteasome, the s20S mix showed
greater trypsin- and chymotrypsin-like activity, while the
caspase-like activity was more or less the same (Fig. 4D). The
addition of PA200 did activate the three protease activities of
both 20S proteasomes. Although trypsin-like activity change
upon PA200 binding is greater in c20S, the overall tryptic acti-
vation of the complex remains significantly greater in the s20S.
The activated complex’s chymotrypsin-like activity is also
greater in the s20S. The activation of the caspase-like activity is
somewhat more pronounced in the c20S compared to the
$20S. Overall, these results show that s20S seems to have higher
trypsin and chymotrypsin-like activities than ¢20S, both at
basal state and when activated with PA200.

HDX-MS Rationalizes the Spermatoproteasome Structural
Singularity. We recently implemented HDX-MS, a technique
that reports on solvent accessibility and/or flexibility of the
backbone amide protons, on the c20S and i20S proteasome
complexes, in order to decipher their structural rearrangements
upon replacement of their catalytic subunits and binding to
PA28 regulators (47). Building on this expertise, we investi-
gated the conformational differences due to the replacement of
a4 by ods. The relatively large amount (~180 pg per condi-
tion) of pure 20S required to perform such structural studies
led us to use the testes 20S pool purified from bovine testes.
This prevented us from comparing the deuteration of any pep-
tides common to the c20S and s20S. However, 33 and 27 of
the 53 and 47 peptides obtained upon pepsin digestion of o4
and ad4s, respectively, were proteospecific (S Appendix, Fig.
S12). We manually compared the deuteration heatmaps
obtained for both a4 and a4s after alignment (Fig. 54) and
clearly identified two regions, encompassing residues 180 to
189 and 225 to 250 that were more readily deuterated in a4s
compared to o4 (Fig. 5 A-C). Interestingly, these two regions
face each other on the outer surface of the a-ring, based on the
c20S structure (Fig. 5B). To explore possible impacts of these
differences on structure and dynamics of a4 and ods, we
employed 1 ps all-atom molecular dynamics simulations. We
could detect ~64% more hydrogen bonds (H bonds) between
the NH groups of the backbone and water molecules for a4s
than for a4 (SI Appendix, Fig. S13A4) in line with our HDX-
MS results. Furthermore, the distribution of the crossing angle
between the two last a-helices was broader in a4s compared to
a4 (SI Appendix, Fig. S13B, SD = 8.3° and 6.2° for a4s and
a4, respectively), indicating that the motion between these two
helices is more important in a4s.

Looking in more detail, we observed that these two helices
were stabilized by H bonds between three pairs of side chain
residues (E235/K193, E231/K189, and Y228/D185 for a4 and
E235/R193, E231/K189, and Q228/N185 for a4s) (SI Appendix;
Fig. S130). Interestingly, the frequency of these H bonds was
found much higher in a4 than in o4s, especially between residues
235 and 189 (SI Appendix, Figs. S13 and S14A), explaining the
higher motion of these helices, the larger number of H bonds
between its backbone and water molecules, and the overall faster
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Fig. 5. HDX-MS of the s20S vs. c20S. (A) Heatmap showing the relative deuterium uptake (RDU) from 0% (blue) to 60% (red) of a4 and o4s at 0.5 min, 1 min,
5 min, 10 min, and 30 min. (B) Cartoon representation of a homology model of o4s (Left) and the structure of a4 (Right) within the 20S bovine proteasome
(Protein Data Bank: 1IRU), viewed from the top of the a-ring. Residues of a4s and o4 are color coded with the relative deuterium uptake at 15 min. (C) Kinet-
ics of deuteration obtained for seven peptides of ads or a4 encompassing residues 180 to 189 (Left) and 225 to 250 (Right), all showing a more limited deu-

teration of a4 compared to o4s.

deuteration in ai4s. In line with these results, the average accessible
surface area (ASA) of residues 184 to 198 and 225 to 241 was
higher in a4s than in o4 (S7 Appendix, Fig. S14B). Altogether, our
results indicate more dynamic movements of both 180 to 189 and
225 to 250 regions in the s20S compared to the c20S, potentially
creating a different binding interface and resulting in the differ-
ences in the interactomes we mapped above.

Discussion

Despite being recognized as important for mammalian male
germ cell differentiation and spermatogenesis, the testis-specific
proteasome isoform s20S remains incompletely characterized.
Here, we combined state-of-the-art MS-based proteomic analy-
ses with in vitro studies to conduct a comparison between s20S

https://doi.org/10.1073/pnas.2116826119

and c20S, using ods and o4 as markers for each proteasome
variant, respectively. We found that a4s represents ~42 to 45%
of all a4 variants found in whole bovine testis, suggesting that
the s20S is a major proteasome form in testicular tissue. We
also showed that a4 and o4s do not coexist within assembled
proteasomes, in line with immunofluorescence imaging experi-
ments (14). This exclusive incorporation of o4 or a4s subunits
into proteasomes may be either due to a selective subunit incor-
poration or to a sudden change in protein expression levels. To
address this question, as well as map dynamic proteasome
changes that accompany spermatogenesis, we analyzed isolated
populations of rat germ cells at different differentiation stages
(SPG, SPC, and SPT) and their supportive cells (SER). This
demonstrated that SPG 20S proteasomes contained almost
exclusively a4 (>989%), whereas pachytene SPCs and SPTs
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predominantly had a4s-containing proteasomes (>82 to 92%
a4s). This sudden change in the abundance of a4s vs. a4 may
be driven by rapid changes in transcription or in protein turn-
over resulting in major differences in protein levels. The failure
in spermatogenesis progression resulting from the loss of a4s
(14, 18) would thus reflect the essentiality of the proteasome in
the degradation of key meiotic proteins.

The shift of ¢20S to s20S observed from premeiotic SPG to
meiotic SPCs was accompanied by profound changes in the
major 20S-associated regulators, in particular an increase in
PA200 and 19S activators, concomitantly with a decrease in
PA28ap. Surprisingly, no change in PA28y could be observed,
although this 20S activator was previously shown to be relevant
to male fertility (22, 42). It has been recently proposed that
PA200 constitutes a major component of the s20S complex
(11, 19) and that a4s may help the formation of PA200-
capped complexes containing only standard catalytic subunits
(19). Accordingly, our results indicate that PA200 is an impor-
tant player in s20S function, as its level of incorporation into
assembled proteasomes in SPCs and SPTs (around 8 to 10%)
is at least 10-fold higher than in SPG and previously measured
for several other cell types (27). However, our results also dem-
onstrate that the 19S is the major activator of 20S core particles
in germ cells, and in particular in meiotic SPCs where a4s
completely replaces a4. Indeed, the 19S is bound to around 30
to 40% of the total 20S pool in SER and undifferentiated germ
cells and, strikingly, this proportion increases up to 60% in
SPC and SPT cells, making meiotic and postmeiotic protea-
somes the most activated proteasome complexes we have ana-
lyzed so far. This agrees with the increased proteolytic activities
in SPCs and SPTs, compared to SPG and SER cells, in line
with previous observations using whole testis lysate compared
to muscle tissue (11). Another study also showed high levels of
19S-containing species in postmeiotic germ cells (18) and in
whole testes (11, 19). Thus, contrary to what we expected from
previous studies (11, 19), we clearly demonstrated that PA200
is far from being the sole activator of s20S during germ cell dif-
ferentiation. The increased association between s20S and its 19S
activator is probably aligned with high ubiquitin-dependent pro-
teolytic requirements at the SPC stage, as suggested by increased
polyubiquitin chains at the s20S complex in meiotic SPCs com-
pared to premeiotic SPG. In particular, meiosis I progression
would require above all the ubiquitin—proteasome system (41, 48,
49), and, to a lesser extent, PA200 (14), which was shown to be
rather involved in later acetylated histone turnover events (19).

We observed that PI31, previously described as an in vitro 20S
proteasome inhibitor (38), but also a physiological 26S protea-
some activator (41, 50) or assembly factor (51), together with its
binding and stabilizing partner Fbxo7 (39), were both enriched in
s20S interactomes compared to ¢20S and PA200 IPs. Strikingly,
both PI31 and Fbxo7 are essential for proper spermatogenesis in
Drosophila (41) and mice (40), respectively. Our work establishes
a direct link between the a4s-specific subunit of the s20S and the
PI31/Fbxo7 axis. PI31 was shown to mediate proteasome trans-
port in axons and dendrites in mice, by regulating the loading of
proteasomes onto microtubule-dependent molecular motors (52).
Accordingly, here we identified several microtubule-related pro-
teins interacting with the s20S, which could facilitate such trans-
port of s20S complexes. On the other hand, as a part of its E3
ligase activity, Fbxo7 targets proteins involved in cell cycle regula-
tion (53). Thus, we speculate that PI31 and Fbxo7 might act as
shuttle proteins for the s20S, targeting cyclins and other
spermatogenesis-specific substrates; however, mechanistic details
of s20S-PI31-Fbxo7 remain to be established.

PNAS 2022 Vol.119 No.15 2116826119

Another class of s20S-specific interaction partners we identi-
fied is SYCE1 and SYCP3, components of synaptonemal com-
plexes. These findings further support the proposed mechanism
whereby s20S binds to the synapses along the axes of the
meiotic chromosomes, to regulate this process through the deg-
radation of specific proteins (18, 48). Although previous work
suggested that SYCP3 could be a substrate of the s20S (18,
48), our data indicate high sequence coverages of SYCP3 and
SYCE! in our interactome study (25% and 34%, with four
and nine peptides, respectively), which is typical of true interac-
tors. Moreover, recent work on s20S KO mouse models did
not replicate the SYCP3 accumulation (14), further strengthen-
ing the argument for SYCP3 as a s20S interactor. Taken
together, our quantitative interactome data indicate extensive
differences between ¢20S and s20S and show that spermatogen-
esis is accompanied by a major shift from ¢20S as the major
proteolytic machinery toward s20S.

Given that the only difference between c20S and s20S is the
presence of a4 or a4s isoforms, we employed HDX-MS to
examine whether they display any differences in structure and
dynamics. Our analysis revealed pronounced differences in
flexibility of the C-terminal regions of the two isoforms, corre-
sponding to the two last a-helices located on the outer, solvent-
exposed side of both a4 and a4s structures. Our HDX-MS
data showed that these two helices are more rigid (or stabilized)
in a4 than in a4s. Molecular dynamics simulations provide a
rationale for these observations, by predicting more stable
hydrogen bonds between the two C-terminal helices in a4.
In order to understand functional consequences of these differ-
ences, we performed pulldown assays with a4- and a4s-
containing proteasome and immobilized proteasome regulators,
PI31, PA200, and 19S. We observed differences in pulldown
efficiency for PI31, which showed significantly greater affinity
toward the a4-containing proteasome (c20S), and 19S, which
had a higher affinity toward the s20S. However, we did not
observe any differences in affinity of PA200. Finally, we also
tested proteolytic activity of proteasomes purified from bovine
testes (~50% s20S) and from the muscle (100% c20S) in two
different conditions: Alone and when activated by PA200.
We measured that s20S has higher basal trypsin- and
chymotrypsin-like activity, and this trend held upon PA200
activation. On the other hand, caspase-like activity for 20S
alone was either the same or very similar, while the
c20S-PA200 complex was more active than the s20S-PA200.
Interestingly, upon PA200 binding, the fold change in caspase-
like activity is the most pronounced, confirming previous
observations (54). Increased basal level of tryptic activity can
lead to improved degradation of substrates that are highly posi-
tively charged, such as histones, in agreement with the report
that showed histones to be the targets of the PA200-20S
complex in the context of spermatogenesis (11). Overall, these
activity measurements indicate a significant difference in behav-
ior of the a4s-containing proteasome compared to the a4-
containing proteasome.

Taken together, the large amount of data analyzed and
presented in the context of this study highlights some key dif-
ferences between c20S and s20S. Our results imply a more
complex process of s20S regulation than previously suggested.
Based on these, we can speculate that the structural differences
between the s20S and c20S proteasome variants trigger the
recruitment of specific partners and ubiquitin-related enzymatic
modulators that are key for proteasome cellular relocalization
to the SC and for the degradation of important meiotic
players, respectively. Investigating the 20S interactome in later
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developmental stages, such as elongated spermatids and sperma-
tozoa (both containing o4s) (31), would be interesting in the
future.

Experimental Procedures

Proteome Repository Search. For data on relative expression at
the protein level of the proteasome and proteasome-related
genes we searched The Human Proteome Map portal (17) by
querying the list of relevant genes.

Reagents. Unless stated otherwise, all reagents were purchased
from Euromedex. The c20S, i20S, PA28y, and PA28af} were
purchased from Enzo Life Science. The mouse IgGl anti-a2
antibody was produced from the hybridoma cell line MCP21
(European Collection of Cell Cultures).

Antibody Development. Anti-a4s antibodies were produced by
Biotem using procedures described in S/ Appendix, SI
Experimental Procedures.

Preparation of Separated Germ Cells. Cells were obtained
from rats using procedures described in SI Appendix, SI
Experimental Procedures.

LC-MS/MS Analysis. Bottom-up and top-down proteomics
experiments were performed on an Orbitrap Fusion instrument
coupled to an Ultimate 3000 chromatography system. Acquisi-
tion parameters and data analysis are detailed in SI Appendix,
SI Experimental Procedures.
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tific) via a NanoAcquity system with HDX technology (Waters
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MD simulation workflow, can be found in SI Appendix, SI

Experimental Procedures.

In Vitro Assays. The activity assay, based on fluorogenic pep-
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in ST Appendix, SI Experimental Procedures.
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