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Published: 26 September 2016 The acrosome reaction (AR) is a process of m.eml'arane fusion.and lytic enzyme release, whi.ch enables
sperm to penetrate the egg surroundings. It is widely recognized that specific sperm proteins form an
active network prior to fertilization, and their dynamic relocation is crucial for the sperm-egg fusion.
The unique presence of the membrane cofactor protein CD46 in the sperm acrosomal membrane

was shown, however, its behaviour and connection with other sperm proteins has not been explored
further. Using super resolution microscopy, we demonstrated a dynamic CD46 reorganisation over

the sperm head during the AR, and its interaction with transmembrane protein integrins, which was
confirmed by proximity ligation assay. Furthermore, we propose their joint involvement in actin
network rearrangement. Moreover, CD46 and 31 integrins with subunit a3, but not a6, are localized
into the apical acrosome and are expected to be involved in signal transduction pathways directing the
acrosome stability and essential protein network rearrangements prior to gamete fusion.

A great deal is known about the mammalian fertilization, and all the physiological changes that male gamete
must undergo in order to be able to fertilize the egg. However, the actual sperm protein dynamics that precedes
the interaction with the egg, is still covered in a veil of mystery. So far, many proteins have been selected to be
the sperm-egg binding and/or fusing candidates, some of them (Izumol, CD9, Juno) were proven to be essential,
some of them were discovered to play an unsuspected new role (CD46, tetraspanins)'. These new proteins are
predicted to be also involved in the actual membranes’ fusion, covering not only reproduction but also vesicular
trafficking, immune reaction and neurotransmission. There are several crucial physiological checkpoints before
the sperm fuses with the egg. Determining molecular mechanisms important for sperm-egg membrane interac-
tion is the major challenge to current reproductive biology, with significant importance to human assisted repro-
duction. Furthermore, it would also be of interest for the field of neuro-physiology, immunology, cell biology and
even cancer research, by stretching the understanding of the membrane fusion process in general, beyond the
most well understood virus-cell and intracellular vesicle fusion?.

This study focuses on the final, but the most dramatic mature sperm metamorphosis, called the acrosome
reaction (AR), which is characterized by the controlled exocytosis of the single giant enzyme-rich secretory
vesicle the acrosome. This is a critical Ca?*-dependent event that follows capacitation, enabling sperm to be
fusion-competent. During this event, the plasma membrane of the acrosomal area of the sperm head fuses with
the outer acrosomal membrane, intra-acrosomal proteins are released into the extracellular space and new pro-
tein domains appear on the surface of the sperm head**. The formation of the lipid raft clusters in the plasma
membrane, during sperm maturation called capacitation, present a preferential site of hybrid vesicle formation
during acrosomal secretion. This structural organization resembles the secretory vesicles of neurons and somatic
cells®. Accordingly, acrosomal secretion shows remarkable parallels to the active zone of the presynaptic terminal
in neurons where neurotransmitter vesicle fusion occurs and thus may be termed “acrosomal synapse”. Many of
the proteins present in the plasma membrane and in the outer acrosomal membrane lipid rafts are re-localized
or lost>”-%, along with dramatic changes in the organization of the cytoskeleton, which are an equally important
part in this event!®!,

Although a function of cytoskeletal proteins, mainly actin, is well known during the AR, it remains unclear
which proteins participate in directing the dynamics of its organisation. CD46 (membrane cofactor protein, MCP)

1Group of Reproductive Biology, Institute of Biotechnology CAS, v.v.i., BIOCEV, Prumyslova 595, 252 50, Vestec,
Czech Republic. 2Department of Zoology, Faculty of Science, Charles University, Vinicna 7, Prague 2, 128 44, Czech
Republic. 3Department of Cell Biology, Faculty of Science, Charles University, Vinicna 7, Prague 2, 128 44, Czech
Republic. Correspondence and requests for materials should be addressed to K.D.-H. (email: kathortova@gmail.com)

SCIENTIFICREPORTS | 6:33714| DOI: 10.1038/srep33714 1


mailto:kathortova@gmail.com

www.nature.com/scientificreports/

is expressed broadly on the surface of somatic cells in humans and plays a pivotal role in the cell’s self-protection
against the complement, which is also used by tumour cells'?. However in sperm, CD46 is present on the acro-
somal membranes and it is not surface exposed until the AR is completed, which suggests a new potential role
of this protein. CD46~/~ deficient males show a higher rate of spontaneous acrosome reaction compared to wild
type males’®. This finding led to the theory that CD46, via actin, may play a role in the stabilization of the acro-
somal membrane'*~!* and consequently the whole acrosome region. The cytoplasmic domain of CD46 contains
several phosphorylation and signalling motives'® and this protein is known to play an important part in the sig-
nalling pathway in different types of somatic cells'’~"’. It was also proved that CD46 could induce large cytoskele-
ton reorganization in epithelial cells and the T-cell?’. It may imply that CD46 could also affect actin arrangement
in sperm during the AR and play an active part in the rearrangement process, as it has been shown in somatic
cells, where actin reorganization is affected either through specific protein kinases by CD46'7%! or via its binding
partners such as 31 integrin subunit®>-%. Integrins are transmembrane proteins consisting of o and (3 subunits and
they play an active part in signal transduction pathways and mediate specific cell-cell/cell-extracellular matrix
interactions. Integrins are also present in sperm? and as well as CD46 they possess the ability to influence the
actin reassembly. These heterodimers serve as membrane receptors, which mediate the signal, both into and out
of the cell?®. 3 subunits of integrins directly or indirectly bind to actin and therefore they play a key role in con-
trolling actin remodelling??. It is known that integrins are often associated with other membrane receptors in
multi-molecular complexes that participate in cell activation?®-*.

One of these multi-molecular complexes, where integrins participate, was detected on the egg plasma mem-
brane and it is called - the tetraspanin web. The tetraspanin web is a complicated protein network formed by
the interaction of members of the tetraspanin family and others proteins®-**. It is known that integrins, such as
61, form clusters on the egg plasma membrane at the site of sperm contact®* and they are significantly relo-
calized after fertilization® in a similar way as sperm (31 integrins relocate into the area of fusion during the AR®.
Interaction between egg 631 integrins and egg tetraspanins, mainly CD9 (an egg key player in gamete interac-
tion)***, was reported in the oolema®®. Besides binding to integrins, CD9 is also able to bind to CD46?>%.

The interaction of CD46 and (1 integrins is well known in somatic cells, including humans?, but there is no
information about their interaction in sperm, however, due to the complexity of both proteins, their involvement
in gamete attachment could be suspected. Hereby, we would like to present that in mouse sperm, CD46 and
B1 integrins are binding partners and could play a crucial role in directing the onset of the acrosome reaction via
their interaction with the actin cytoskeleton. Also, we suggest that the tetraspanin web or very similar structures
could exist on sperm, and CD46 and integrins are part of them.

Results

CD46 and 31 integrin relocation. To identify the behaviour of the studied proteins, CD46 and 31 subunit
of integrins, during sperm maturation and acrosome reaction, we firstly examined immunohistochemicaly their
localization in the sperm head in freshly released epididymal sperm. We were interested whether CD46 would
be confined only to the acrosome region of the sperm head, as previously reported's, or would it display a tet-
raspanin-partner like dynamic behaviour over the time of capacitation and/or AR. Similarly, we were interested
in the pattern of 81 integrin and aimed to compare the nature of both proteins under in vitro defined conditions.

Specific monoclonal antibodies (mAbs), see methods, were used to label the individual proteins and follow
their localization over the sperm head. Epifluorescent microscopic observation detected distinct sperm head
regions that showed a profound distribution of both proteins (Fig. 1) during the acrosome reaction, but not
during the capacitation. However, the protein relocation depended on the length of capacitation, whether 60 or
90 minutes. When sperm were left to capacitate for 90 min, the protein relocation during acrosome reaction was
faster compared to the group capacitated for only 60 min (Fig. 2). CD46 displayed five clearly distinct labelled
regions, such as the acrosome cap, residual acrosome cap, apical equatorial segment, equatorial segment and the
whole sperm head (Fig. 1A). For the 31 integrins, only three patterns could be followed, such as the acrosome cap,
equatorial segment and whole sperm head (Fig. 1B, Sla,b).

The CD46 and 31 integrin localization during the 60 or 90 min AR progress was clearly similar. Prior to the
AR, or at its very beginning, both proteins could be detected in the apical acrosome cap (Fig. 1A,B line I) with a
visible membrane location (Fig. 1A arrows). As the AR progressed, the other regions became positive for both
proteins, as shown in Fig. 1A,B lines II-V for CD46 and II-1II for 31 integrin). The acrosome PNA labelling was
only residual or absent when proteins entered the equatorial segment, and always absent when the whole sperm
head was positively labelled. This could be interpreted that the studied protein relocation is triggered by the onset
of the AR, but carries on after the acrosome content release.

There was also about 15% of acrosome reacted sperm during 60 min capacitation in vitro, which is in correla-
tion with previous findings'. In this sperm fraction, the beginning of the protein relocation was detectable, and
progressed as far as the apical equatorial segment in the case of CD46 or even over the whole sperm head for 1
integrins.

To analyse the distribution of individual CD46 and 31 integrin relocation patterns, among groups with differ-
ent times of capacitation followed by the induced AR, the depicted protein patterns were placed beside each other
(Fig. 2). The proteins behaviour was shown to be similar. This was further confirmed by the statistical analysis of
fluorescent intensities, which depicted fluorescent signal differences between protein distribution in intact acro-
some and in acrosome reacted sperm (Fig. 3). Both analyses are described in the following chapter.

Quantitative analysis of the relocation process. The graphical and statistical output of our data is
presented in Figs 2 and 3. In detail, Fig. 2 is represented by a column chart, where individual columns display
the percentage distribution of the individual CD46 and (31 integrin relocation patterns among different times of
capacitation and induced AR. At the onset of in vitro capacitation, the majority of sperm display the acrosome cap
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Figure 1. Progress of CD46 and 31 integrin relocation prior and during AR. (A) CD46 (green), PNA lectin
(red). (B) 1 integrin (green), PNA lectin (red). The first column represents a schematic illustration of (A)
CD46, (B) 31 integrin localization in the acrosome intact sperm (line I) and in sperm during the AR progress.
(A) CD46 detection in intact acrosomal membranes (line I), and the residual outer acrosomal membrane (line
II) (see the green arrow), the inner acrosomal membrane begins to emerge (see the red arrow). CD46 relocation
progress during the AR is seen across the apical equatorial segment towards the whole equatorial segment

and the whole sperm head. (B) 81 integrin is relocated across the apical equatorial segment towards the whole
equatorial segment and the whole sperm head. In contrast to CD46, the residual acrosome cap and the apical
equatorial segments were not detected. Scale bar represents 2 pm.
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Figure 2. Percentage distribution of individual CD46 and 31 integrin relocation patterns among different
times of capacitation and induced AR. Individual bars denote the percentage distribution of CD46 and 1
integrin staining patterns among individual times of capacitation and induced AR. Error bars denote SEM.

AC - Acrosome Cap, rAC - residual Acrosome Cap, aES - apical Equatorial Segment, ES - Equatorial Segment,
WSH - Whole Sperm Head. C - time of the capacitation, AR - time of the induced acrosome reaction.

(AC) pattern for both CD46 and $1 integrin, which reflects the localisation of appropriate molecules in an intact
acrosomal membrane. During the first 60 min of capacitation, the majority of sperm still kept the AC pattern,
but the percentage of patterns related to the relocation of 31 integrins to the equatorial segment, and CD46 to the
residual acrosome cap (rAC) and the apical equatorial segment (aES) slightly increased, which was expected, due
to a well-known spontaneous AR in mice that represents over 10% of the sperm population. The following induc-
tion of AR by calcium ionophore caused a dramatic change in the relocation dynamics for both CD46 and (1 inte-
grin molecules. Only less than 10% of sperm now displayed the AC pattern, and on the other hand, the pattern
related to the relocation of a fluorescent signal to the equatorial segment (ES) was most prominent for the CD46
molecule. B1 integrin showed even more rapid relocation dynamics with a positive pattern detectable over the
whole sperm head (WSH), including the post-acrosome region (PAR) as the prominent one. In subsequent times
of analysis, the percentage of sperm expressing relocation of CD46 and (1 integrins into ES and post-acrosome
region covering the whole sperm head continually increased. 31 integrins still carried on with a slightly more time
dependent rapid progress of its relocation to ES and PAR compared to CD46.

To further support our findings about protein relocation dynamics obtained by subjective microscopic evalu-
ation, we also performed quantitative analysis of the fluorescent intensities (Fig. 3) comparing sperm before the
AR (panel A) and after the AR (panel B). The fluorescent intensity lines for CD46 and 31 integrin involving the
acrosome cap, equatorial segment and the post-acrosome region clearly showed the redistribution of fluorescent
signals from AC to ES and WSH including PAR after the AR induction. We also performed a statistical compari-
son of fluorescent intensity data (panel C). Here, the statistical output comparing intensities of sperm before and
after AR was in the accordance with our subjective analysis showing statistically significant increase of the inten-
sities in ES and PAR after AR with a higher difference in the fluorescent intensity related to 31 integrins compared
to CD46 (not subjected to statistical comparison).

CD46 - 31 integrin interaction. Based on a similar distribution of both the proteins, their parallel time
relocation during the AR and published data from the somatic cells'’, we decided to perform a specific proxim-
ity ligation assay that extends the limits of traditional immunofluorescence assays and enables direct detection
of specific protein - protein interactions with a single molecule resolution. Besides the studied proteins (CD46
and (1 integrin subunit), the positive (o tubulin and 3 tubulin) and negative (81 integrin and « tubulin) control
protein pairs were selected. Using Proximity Ligation Assay Duolink (PLA) the proteins were adequately labelled
(please, see methods for a detailed description) and evaluated under fluorescent microscopy (Fig. 4). Based on
the obtained results, the CD46 - 31 integrin - protein interaction was proven in both freshly released sperm
(Fig. 4A, first column) and sperm after the acrosome reaction (Fig. 4B, first column). The dynamic distribution of
studied proteins over the sperm head was also visible by this assay and it is possible to compare it with standard
fluorescent results in the small picture in the left hand corner of Fig. 4. A positive (Fig. 4A,B second column) and
negative control (Fig. 4A,B third column) gave relevant positive/negative results. The assay was repeated twice
with the same outcome.

Stimulated emission depletion (STED) super-resolution microscopy. Dual immunofluorescent
staining was used for the analysis of the accurate position of CD46 and integrins by STED super-resolution
microscopy. The ability of STED microscopy to distinguish individual membrane structures of the mouse sperm
head was previously published®. Thanks to a high lateral resolution of approximately 60 nm, this method enabled
us to detect individual structures of mouse sperm head, such as plasma membrane, as well as the outer and inner
acrosomal membrane, which helped us to investigate in detail the presence of studied proteins in each of them.
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Figure 3. Statistical analysis of the relocation process. (A) Coloured lines with error bars represent the
relative fluorescent intensities of 31 integrin (red) and CD46 (green) among the individual segments of the
sperm head in 10 sperm with an intact acrosome. Horizontal coloured lines represent the arithmetic means of
the fluorescent intensities for 31 integrin (red) and CD46 (green). (B) Coloured lines with error bars represent
the relative fluorescent intensities of 31 integrin (red) and CD46 (green) among the individual segments of the
sperm head in 10 acrosome reacted sperm. (C) Statistical comparison of the relative fluorescent intensities of 31
integrin (red) and CD46 (green) among individual segments of the sperm head between the acrosome-intact
and acrosome-reacted sperm. Horizontal coloured lines represent the arithmetic means of the fluorescent
intensities for §1 integrin (red) and CD46 (green). Error bars denote SEM. AC - Acrosome Cap, ES — Equatorial
Segment, PAR - Post-Acrosomal Region. p value equal or lower than 0.05 was considered to be significant,

*p <0.05, *p < 0.01, **p < 0.001.
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Figure 4. The study of protein-protein interactions. Interactions of CD46 and 31 integrin in C57BL/6
spermatozoa determined by Duolink proximity ligation assay. (A) freshly released sperm, (B) sperm during
the induced AR. Positive control (o tubulin/ 3 tubulin), negative control (31 integrin/ o tubulin). The small
pictures in the corners represent the immunofluorescent dual staining of CD46 and 31 integrin, CD46 (green),
1 integrin (red). Scale bar represents 4 um.

A detailed mutual localization of CD46 and (1 integrins was visualised on freshly released epididymal sperm
with an intact acrosome (Fig. 5A1, S2 video image). In this case, the presence of CD46 was detected solely in the
acrosomal cap in both the outer and inner acrosomal membranes, but not on the plasma membrane covering
the acrosome region. Contrary to that, the 31 integrin subunit was present in the plasma membrane where it was
detected in the area of acrosome cap (AC) and the hook marking the shape of the apical and dorsal sperm head
(Fig. 5AL 5BI and Fig. 6111, see the arrows). Unlike CD46, 31 integrins are present in an intact sperm head only
in the outer acrosomal membrane, but not in the inner one (Fig. 5AI) and only later during the AR is the protein
relocated over the inner acrosome membrane, equatorial segment and eventually the whole sperm head.

In order not to ignore a subunits of integrin proteins we decided to characterize the localization of a3 and
a6 subunits, which were previously detected in sperm**’. As shown in Fig. 5B, their localization was remark-
ably different. Based on these results, we can conclude that the a631 and/or a634 pair could be localized in the
plasma membrane covering an intact apical sperm head including the hook. Due to an absence of 31 in the equa-
torial segment of intact sperm, it is probable that only the a634 pair would be localized in the equatorial region
(Fig. 5BI, see the arrows), entirely excluding the acrosome vesicle. On the other hand, the a331 pair is confined
to the plasma and outer acrosome membrane (Fig. 5BILIIL, S3a—c left), however, the sperm hook is not labelled
by a3 integrins (Fig. 5BILIII), which gives us a clear difference between the a3 and a6 subunit of 31 integrins.
The co-staining of the .3 integrin subunit with CD46 supports this observation and confirms that the a3 integrin
localizes into the outer, but not inner acrosome membrane in intact sperm. This is clearly visible in Fig. 5BIII,
as the CD46 labels the entire acrosome vesicle and its signal outspreads the one given by the o3 integrin subunit
(Fig. 5BIII, see the arrow). The Estrogen receptor 3 (ERQ) labelling, which is excusive to the plasma membrane
was used to double confirm the expression of o3 integrin (Fig. S3C right). A positive colocalization of ER( with
3 integrin and a negative one with CD46, supports the identified 3 integrin plasma membrane localization. All
the results addressing localisation of various forms of integrins and CD46 among individual membrane structures
in the sperm head are then graphically summarised (Fig. 7).

Dramatic membrane reorganization starts in the acrosome cap region after the initiation of the acrosome
reaction®!. However, the membrane changes have not been studied in the area of the rodent specific apical hook
yet. Using the STED super-resolution microscopy, we focused on the hook part of the falciform sperm head,
which plays an important role in sperm-sperm assembly*2. Our results show that the a6, 31 integrin subunits
(Fig. 5ALBI and Fig. 611I), localized in the plasma membrane of the apical hook, remain in their localization
during the following membrane rearrangements during the AR (Fig. 5AII). However, after the AR is completed
and the acrosome vesicle is lost, even the CD46 protein relocates to the apical hook as well as into the equatorial
segment (Fig. 5AIILIV). So in the end, both CD46 and 31 integrin subunit fill the entire sperm head including the
hook (Fig. 5AIV and Fig. 61,IV) where their mutual position is visible.
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Figure 5. Dynamics of CD46 and 31/c6/0.3 integrin captured by STED. (A) (line I) CD46 (green) is
locked over the acrosome vesicle and (31 integrin (red) is confined to both the plasma and the outer acrosomal
membrane with prominent labelling of the perforatorium (see the red arrow); (line II) the onset of AR with
the membrane vesiculation is visible, as well as the visibility of CD46 and 31 integrin within the acrosome and
plasma membranes (see green and red arrows); (line III) the loss of the acrosome including the CD46 and 3

1 integrin signal is visible. Relocation of CD46 and 31 integrin over the equatorial segment in patchy clusters
can be recognised; (line IV) CD46 is localized through the inner acrosome membrane (see the green arrow),
the equatorial segment and over the post-acrosome region. 31 integrin shows a similar pattern to CD46 and
also remains localized in the perforatorium (see the red arrow). (B) (line I) a6 (green) and 31 (red) integrins
occupy different regions of the intact sperm head, except the same localization in the plasma membrane over
the acrosome and the hook. a6 integrin is continues to be spread over the equatorial segment, even prior to AR
(see the green arrows). 31 integrin is further present in the outer acrosomal membrane (when compared with
the CD46 dual staining in AI) and perforatorium (see the red arrows). (line IT) The a3 (red) integrin pattern is
clearly different to the a6 (green) subunit, but remarkably similar to the one of 31 (red, line I) in the acrosome
region. a3 is expressed on in the outer acrosomal membrane and the plasma membrane over the acrosome.
(line IIT) The differences in the localization of the a3 (red) integrin and CD46 (green) are visible. The a3
integrin subunit is detectable on the plasma (see also Fig. S3b for detail) and the outer acrosomal membrane,
when CD46 is defined strictly to the acrosomal membranes only. DAPI (blue); Scale bar represents 1 pm.
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Figure 6. Dynamics of CD46, 31 integrin and actin captured by STED super-resolution microscopy. (line
Iand III) Actin (red) fills the apical acrosome and equatorial segment of an intact sperm head, it copies the
plasma membrane and overlays the CD46 (green, line I) labelled acrosome in a thin line pattern (see red arrow).
(line IIT) 31 integrin and actin display a similar localization in the apical acrosome cap region (plasma and
acrosomal membrane). The perforatorium is filled with actin, but clearly marked with the 31 integrin. (line II
and IV) Actin (red) is confined to the equatorial and postacrosomal segment in the acrosome reacted sperm.
CD46 (green, line IT) and 31 (green, line IV) relocation progress during the AR is visible. DAPI (blue); Scale bar
represents 1 pm.
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Figure 7. 3D cartoon summarizing the localization of CD46 and .3, o6 and 31 integrins among different
membrane structures of the intact sperm head. (A) Apical acrosomal area, (B) Equatorial segment, (C) Sperm
hook. PM - plasma membrane, OAM - outer acrosomal membrane, IAM - inner acrosomal membrane, NM -
nuclear membrane. Using our experimental techniques, we are not able to determine, if integrins o3 and 31 are
present on both PM and OAM or exclusively on PM in the equatorial segment (panel B).

Regarding the apical hook, we also show in intact sperm the presence of 1 integrin in a “bridge” like three
point structure (Fig. S4, see also 3D structure in S2) connecting the very tip of the hook with its ventral part and
supporting the apical end of the nucleus. The presence of CD46 was completely absent though. This structure was
previously described as a hook rim*?, but its protein content or function remains unclear.

The important part of acrosome reaction is the relocation process of proteins involved in sperm-egg bind-
ing and fusion. The key role of actin cytoskeleton has already been described during this process®, which sup-
ports our findings of possible actin cytoskeleton participation in the relocation process of the studied proteins
(Fig. 6). In the presented STED micrographs, actin cortical cytoskeleton (Fig. 6I) is visibly changing its pattern
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Figure 8. SIM super-resolution microscopy and visualization of mutual position of CD46 and 31 integrin.
(A) SIM data show the localization of CD46 (green) on the inner and outer acrosomal membrane and (31
integrin (red) on the plasma and outer acrosomal and plasma membrane of the acrosomal area. Scale bar
represents 1 pum. (B) SIM super-resolution image analysed by Huygens software, showing the colocalization area
(yellow) of selected proteins in the outer acrosomal membrane. The colocalization map is based on Pearson’s
correlation coeflicient. Scale bar represents 1 pum. DAPI (blue).

and localization according to the status of the acrosome cap and corresponds with the described dynamics of
CD46 and {31 integrin (Fig. 6II) during AR.

Super-resolution 3D Structured Illumination Microscopy (SIM) and colocalization analysis.
Data collected by 3D super-resolution SIM was used for colocalization analysis of the mutual position of the
CD46 and (31 integrin subunit. 3D-SIM was chosen to collect data for colocalization analysis due to its higher
resolution in z-axis (in our case approximately 350 nm). The mutual position of the CD46 and (31 integrin subunit
was visualised with dual immunofluorescence staining in freshly released epididymal sperm with an intact acro-
some (Fig. 8A) and microscopy images were captured with a 3D SIM equipped microscope. Pearson’s correlation
coefficient was used for the evaluation of the colocalization of the studied proteins*:. Fluorescent images were
analysed with Huygens software and the resulting values were statistically evaluated. The value of the average
Pearson’s correlation coeflicient of CD46 and 31 integrin was 0.784 & 0.037. The result shows a high rate of colo-
calization of the studied proteins and it confirms the results obtained with the Duolink Proximity ligation assays
(Fig. 4). The colocalization map by Huygens software, representing a visualization of Pearson coefficient, is shown
in Fig. 8B and Fig. S9.

CD46 and 31 integrin relocation affected by Latrunculin A.  Latrunculin A, a toxin that binds to actin
monomers and prevents them from polymerizing, significantly affected the ability of sperm to relocate both the
CD46 and (1 integrin subunit when the acrosome reaction was induced (Fig. 9). The co-incubation of sperm
with Latrunculin A followed by an induced AR led to a decrease of protein relocation of about 60% for CD46
and 40% for 31 integrin (Fig. 9). This compares to 90% positively relocated proteins in the control. There is also a
significant difference in the percentages of sperm with a relocation pattern between CD46 and 31 integrin, where
CD46 expresses a higher inhibition rate of the protein relocation compared to 31 integrin (significance indicators
not shown in Fig. 9). Relevant control samples of sperm incubated with Latrunculin A and induced AR were run.
The acrosome status was monitored by PNA lectin and there was near to zero blocking of the acrosome exocytosis
caused by Latrunculin A (Fig. S5).

Discussion
Protein relocation during the sperm acrosome reaction plays a crucial role for the ability of sperm to fuse with
the egg as shown for the primary fusion protein IZUMO1*. Such a process is also true for spontaneous AR,
in selected rodents, where IZUMOL1 relocation speed correlates with the species-specific level of promiscuity?,
stressing the importance of protein dynamics in the classical environment of sperm competition. Similarly,
CD46 has been shown to play an important role in fertilization and in maintaining the acrosome integrity'*-1°.
The mechanism by which the presence of CD46 in the acrosomal membrane stabilizes this organelle has so far
remained unknown. In this study, we present proteins CD46 and 31 integrin subunit as a binding pair with their
subsequent associations with the actin cytoskeleton. We bring evidence of the interaction between CD46 and (3
1 integrin, demonstrated by Proximity ligation assay and STED/SIM super-resolution microscopy. We present a
dynamic relocation of CD46 and (31 integrins into the sperm fusogenic domain during the AR, and discuss their
involvement in sperm-egg fusion. Moreover, we present that integrins a3 and a6 subunits are possibly pairing
with 31, but occupying different compartments of the intact sperm head.

CD46 is a key membrane regulator of complement activation, which protects mammalian host cells from
complement-mediated damage. Beside this role, CD46 is expressed in sperm solely as an unusual lower Mr
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Figure 9. The differences in the percentage distribution of sperm with intact acrosome, sperm with absent
relocation and sperm with protein relocation patterns of CD46 and 31 integrin after the AR induction
between the control samples and samples incubated with Latrunculin A. Error bars represent standard
deviations. ***p < 0.001.

hypoglycosylated isoform localized to the acrosomal cap and it only becomes surface exposed on the inner
acrosomal membrane after sperm had acrosome-reacted®. Its role in fertilization was already noticed by using
monoclonal antibodies to the first short consensus repeat (SCR1) ectodomain of CD46 which resulted in block-
ing the complement-independent interaction of human sperm with zona-free oocytes in vitro*”*8. The recent
discovery of a CD46 new physiological ligand Jagged-1*°, which is highly expressed by the oocytes*™ calls for
readdressing the role of CD46 as a mediator of the initial steps of the sperm interaction with oolema. Implying
the above and the fact that the acrosome reaction results in a morphological change and remodelling of the ante-
rior sperm head, including the onset of protein network remodelling as a preparation for the gamete fusion, the
presented relocation of CD46 during the AR further supports its possible interaction with an egg receptor, such
as Jagged-1, inducing key signalling events for the initial steps of membrane fusions®'. Delivering the evidence
that CD46 was newly detected in the equatorial segment, by which mammalian sperm first touches the egg,
would explain a previously made connection between CD46 reduced expression and an idiopathic infertility in
humans®. Furthermore, we show that during later stages of the AR, when the acrosome vesicle is no longer pres-
ent, CD46 location spreads over the whole sperm head (Figs 1A and 5A). This also suggests CD46 involvement in
the later stages of sperm-egg fusion when sperm is being fully surrounded by the oolema and integrated within
the ooplasma. The sperm specific CD46 isoform carries the cytoplasmic end 2%, which is responsible for signal
transduction to the cytosol and IL-10 production in T- lymphocytes®. Giving a closer understanding of the CD46
sperm dynamics, its involvement in intracellular sperm signalling is very likely, however, its solitary behaviour is
highly improbable. Despite the on-going research on CD46 in sperm, there has so far been no information on its
binding partners or its suspected interaction with the cytoskeleton.

Here we demonstrated that one of the binding partners of CD46 on sperm is the 31 integrin subunit, which
share the same acrosomal membrane localization and relocation behaviour. In intact sperm, we also identified,
thanks to STED and SIM super-resolution microscopy, the localization of each protein across the individual
apical head membranes and showed that the key integrin pair interacting with CD46 at the beginning of AR is v
381 and not a631, which however could later play an important role in CD46’s protein organization. A previous
interaction of CD46 and (1 integrins was detected in different somatic cell types*>-%, as well as the presence of
specific types of integrins in sperm?>*%. Although the role of integrins in the fertilization process has been studied
for a long time, it is mostly described in terms of the oocyte than in sperm. Interestingly, 81 integrin shows a
patchy pattern nature in germ cells, as it was previously described both on the ooloema during oocyte matura-
tion® and in sperm?. Following our STED micrographs, the patchy localization is increasingly visible during
relocation, especially into the ES (Fig. 5III) and may be relevant to the lipid raft dynamics. This is in correlation
with previously shown «631 integrin clustering at the surface of the sperm head, which suggests its activation®.
The fusing sperm could be expected to present this pattern, especially in the fusogenic region of the equatorial
segment, and as this seems to be true for both CD46 and (1 integrins it just supports our findings of their inter-
action, and therefore a possible joint movement. Integrins as transmembrane receptors mediate not only static
binding, but also dynamic adhesion processes between cells®’. They are capable of transducing a signal in both
directions, inside and outside of the cell?®. Due to the integrin characteristics and the ability to bind to the actin
cytoskeleton®, it was interesting to look into integrin distribution across the sperm head when actin was blocked.
Giving the integrin nature, it did not come as a big surprise that the dynamic pattern changes considerably, which
strongly supports the idea of integrin association with actin filaments in sperm, even though not necessarily all
the integrins may possess the dynamic relocation nature, which may also differ based on the membrane location.
It is puzzling so far whether the parallel change in CD46 dynamics (Fig. 9) is due to integrins or whether there can
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be an integrin independent CD46-actin binding in sperm. The report of an induction of a calcium flux on CD46
signalling®” may be particularly relevant to the involvement of CD46 in maintaining acrosome integrity and play-
ing an active part in the onset of the acrosome reaction. This process is known to involve actin reorganization fol-
lowing protein kinase signalling and could be triggered, like in somatic cell, directly upon CD46 stimulation'”!
or by specific CD46 binding to 81 integrins and subsequent indirect associations through the integrin tail anchor
to the surrounding cortical cytoskeleton®-4,

To present, 18c and 6f3 integrin subunits and 24 of their heterodimers have been described in mammals®®.
P1 integrin is one part of 12 and so it is the most represented integrin subunit of all*. Trying to concretely charac-
terize 31 heterodimers interacting with CD46, we described the localization of a3 and a6 subunits that is known
to form a heterodimer with 31, which was previously detected on sperm*>*. Up to now it has been described that
the a3 subunit forms only part of the 331 heterodimer instead of the a6 subunit, which forms two heterodimers
a6P1 and a634%8. 34 was also detected on sperm where it forms a heterodimer with only a6*°. We demonstrate
the same localization of the a3 and 31 subunit on the plasma membrane surrounding the acrosomal cap and on
the outer acrosomal membrane of acrosomal intact sperm probably forming the o331 heterodimer. In relation
to its localization, it is probable that o331 is re-localized during the acrosome reaction and so it could play a
role in sperm - egg binding. It is supported by the fact that in somatic cells, ®331 associates with CD151 and
CD81. These proteins are also present on the egg®. Moreover, it was suggested that the a331 integrin is neces-
sary for neuronal-glial recognition®!. Thus o331 might participate in gamete recognition too. In the case of a6,
we detected the same localization for a6 and 31 integrins in the plasma membrane of the acrosomal cap and the
apical hook. At the same time we detected a localization exclusive for a6 without the presence of 81 in the plasma
membrane of the equatorial segment. Thus it seems very probable that both a631 and a6(34 are present on mouse
sperm. It was published® that in the epithelial cell, a634, activates the signalling molecules of IP3 kinase and
Rho kinase and affects the actin cytoskeleton, which can lead to the stimulation of other integrins such as a3p1.
In sperm, IP3 kinase and Rho kinase are key signalling molecules that participate in the control of the acrosome
reaction and actin cytoskeleton remodelling®*-%°.

Colocalization of the a6 and B1 subunit in the plasma membrane of the acrosomal cap area and apical hook
indicate the possible presence of the 631 heterodimer in these structures. Moreover, the presence of a631in
mouse sperm has been previously described?. Identification of the a631 integrin pair localization at the very
end of sperm hook of the mouse sperm head may be of further importance. An unusual rodent sperm-sperm
assembly into fast swimming sperm trains was previously described*>%, but the molecular basis of the assembly
has not been discovered so far, apart from identifying a presence of actin cytoskeleton in the hook. Using a STED
resolution, we show that a6031 integrins are in the plasma membrane of the hook and therefore they are over-
laying the previously documented position of actin*?. Therefore, it seems likely that «6(31 integrins could also be
involved in the formation of sperm trains. Moreover, we show a 31 integrin presence (Fig. S2,4) in a three point
“bridge” like structure in the apical tip of the sperm hook, described as the hook rim*. This “bridge” is supporting
the tip of the nucleus, anchoring it to the very tip of the hook. Supposedly, it has a resemblance of a sperm tail®’,
but this has not been further characterised with regards to a protein composition. We would expect there to be
a membrane-surrounded structure based on the specific presence of 31 integrin, but due to a complete absence
of CD46, it is unlikely to be formed by acrosome vesicle membranes. It could be, together with actin, actively
involved in sperm hook deployment and the attachment to the sperm head or tail of another sperm, however, it
still remains to be clarified.

To visually represent our new findings about the CD46 and 31 integrin localization and put them into the
context of the known sperm membrane transformation processes occurring during AR, we have drawn 3D mod-
els and visualizations combining our own data with the data from other relevant publications. The topological
localization of CD46 and (31 integrin molecules among individual sperm membranes is depicted in Fig. S6. In the
intact sperm cells, 31 integrin occupied both the cytoplasmic and outer acrosomal membrane, but it is not present
in the inner acrosomal membrane. On the other hand, CD46 molecules occupied both acrosomal membranes,
but they are not present in the cytoplasmic membrane. During the fusion of the cytoplasmic and outer acrosomal
membrane, both CD46 and (31 integrin are present in the newly formed structures called hybrid vesicles®’. After
the release of these vesicles, the surface of the sperm in the acrosomal area is newly formed by the intra-acrosomal
part of the retaining inner acrosomal membrane, with the intra-vesicular domains of CD46 molecules exposed
to the outer environment.

In Fig. S7, the potential mechanisms enabling the relocation of CD46 and 81 integrin molecules are addressed.
Contrary to the acrosomal cap area, there is no fusion of the outer acrosomal membrane and the plasma mem-
brane in the equatorial segment of the sperm head. The fusion takes place only at the interface between the acro-
somal cap area and the equatorial segment (here we suggest naming it the ‘hybrid area’). In this specific location
on the sperm head, the proteins from the outer acrosomal membrane are supposed to be able to relocate to the
plasma membrane of the hybrid area and then to more distal parts of the equatorial segment. Furthermore, the
hybrid vesicles resulting from the fusion of plasma and the outer acrosomal membrane are supposed to be able to
re-fuse with the intact plasma membrane of other segments of the sperm head and thus relocate the material from
the outer acrosomal membrane to the plasma membrane (both relocation mechanisms were suggested previously
for the equatorin protein®. Finally, to also graphically address the temporal aspect of the relocation process, we
generated a 3D simulation of the AR (Fig. S8), where the formation of hybrid vesicles, their release, together with
the acrosomal matrix and the relocation of the CD46 and 31 integrin, are visualized. The simulation of the differ-
ential relocation speed of CD46 and 31 integrin is based on quantitative data sets from the population of sperm
presented in Figs 2 and 3. This simulation thus enables one to visually approximate the most likely scenario of the
relocation process in the average sperm cell.

In conclusion, we have shown that: 1) CD46 relocates from the acrosome into the equatorial segment and over
the whole sperm head during the acrosome reaction, which is an important protein behaviour prior to sperm-egg
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fusion; 2) CD46 associates with the 31 integrin subunit and shares the same relocation pattern, which is disrupted
when actin cytoskeleton is blocked, stressing their involvement in specific signalling pathways; 3) a331, but not
the a6B31or a6B34 integrin pair, is confined to the intact acrosome vesicle and is consequently responsible, together
with CD46, for maintaining its stability; 4) a6031 integrins are localized to the apical hook of the intact mouse
sperm head, which plays a role in the sperm train assembly.

Materials and Methods

Animals. Inbred C57BL/6 mice were obtained from a breeding colony of the Laboratory of Reproduction,
Faculty of Science, Charles University. Mice were housed in the animal facilities of the Faculty of Science, Charles
University, and food and water were supplied ad libitum. The male mice used for all experiments were a reproduc-
tive age of 10-12 weeks. All animal procedures and all the experimental protocols were approved by Local Ethics
Committee of Faculty of Science, Charles University, carried out in strict accordance with the Animal Scientific
Procedure, Art 2010, and subjected to review by this Local Ethics Committee of the Faculty or Science, Charles
University, Czech Republic (accreditation no. 247732008-10001).

Capacitation. Sperm from the distal regions of cauda epididymis were released into a 200 ul droplet of
M2-fertilising medium (Sigma Aldrich, M7167) under paraffin oil (P-Lab, Czech Republic, P14501) in a Petri
dish and pre-tempered at 37 °C in the presence of 5% CO,. Released sperm were assessed for motility and viabil-
ity under a light inverted microscope with a thermostatically controlled stage at 37 °C. Sperm stock was diluted
to the required concentration (5 x 10%/ml) in 100 ul of M2 medium under paraffin oil. Sperm were left freely to
capacitate. Sperm samples were collected at both 60 and 90 min experimental times or the incubation was contin-
ued by an induction of the acrosome reaction. The freshly released epididymal sperm, which had not undergone
capacitation, were used for protein detection to monitor protein status prior to capacitation.

Acrosome reaction induction.  Spermatozoa from the distal regions of the cauda epididymis were capac-
itated as described above. AR was induced by Calcium Ionophore (A23187 (Cal), Sigma Aldrich) at a final con-
centration of 5uM. At both experimental capacitating times of 60 and 90 min Cal was left in the M2 medium for
60 or 90 min. All the sperm samples were incubated at 37 °C under 5% CO,.

Monitoring of sperm quality and acrosome status. All the sperm samples were incubated at 37 °C
under 5% CO,. Sperm motility and viability were assessed at every experimental time point, when a drop of sper-
matozoa was placed onto a glass slide and 2.5 mM PNA lectin (Molecular Probes, L-32458) was added. The status
of the acrosome was examined immediately under a fluorescent microscope.

Immunofluorescent detection of CD46 and 31 integrin subunit. Sperm smears were prepared for
every in vitro incubation time stated above. Sperm were washed twice in PBS, smeared onto glass slides and
air-dried. Sperm smears were fixed with 3.7% formaldehyde in PBS (pH 7.34) at room temperature for 10 min,
followed by washing in PBS. Sperm were blocked with 10% BSA in PBS for 1 h and incubated with: primary
antibody anti $1 integrin (sc-8978, Santa Cruz Biotechnology, Inc) diluted 1:10 in PBS and/or primary antibody
anti-CD46 MM10 (HM-1118, Hycult Biotech) diluted 1:50 in PBS over night at 4°C, followed by Alexa Fluor 488
goat anti-rabbit IgG or Alexa Fluor 568 donkey anti-rabbit IgG (Molecular Probes, Prague, Czech Republic) and/or
Alexa Fluor 488 donkey anti-rat IgG (Molecular Probes, Prague, Czech Republic) secondary antibodies 1:300
in PBS for 1h at room temperature. In case of dual staining, both secondary antibodies were applied together.
Furthermore, PNA lectin (Molecular Probes, L-32458) was added at a concentration of 2.5mM in PBS. After
washing, the slides were mounted into a Vectashield mounting medium with DAPI (Vector Lab., Burlingame,
CA, USA). The samples were examined with an Olympus IX81 fluorescent microscope and photographed with
Hamamatsu ORCA C4742-80-12AG, using Olympus Soft Imaging Solutions software (Laboratory Imaging Ltd.,
Prague, Czech Republic). Representative results are shown.

For every experiment, we collected sperm data from eight mice. The positive or negative signal was evaluated
from a total of 200 spermatozoa on every slide. In each group, at least two samples were analysed. Data were
analysed statistically.

Super-resolution microscopy. Freshly released, capacitated and acrosome reacted sperm were used for
STED and SIM super-resolution microscopy. Sperm were collected, as described previously, with the follow-
ing differences. Sperm samples were always prepared onto high precision cover glasses (thickness No. 1,5H,
170 pm = 5 um, Marienfeld). Moreover, after the application of the primary and secondary antibodies, sperm
were incubated for 5 minutes with DAPI (0.85 pg/ml, Thermo Scientific) and washed 3x in PBS. At the end,
sperm were washed 1x in distilled water and air-dried. Dry samples were covered with 90% glycerol with 5%
anti-fade N-propyl gallate (Sigma Aldrich). In the case of anti-actin labelling the sperm were fixed for 10 min-
utes in 3.7% formaldehyde at room temperature, centrifuged and immediately incubated with NH,CI v PBS for
15 minutes. After washing 3x in PBS, sperm were smeared onto a glass slide and air-dried. Fixed sperm were
permeabilized with acetone for 7 minutes in —20 °C. Further steps were the same as those described previously.
For STED and SIM visualization, the following antibodies were used: primary antibodies anti- 31 integrin (sc-
8978, Santa Cruz Biotechnology, Inc) 1:10 in PBS, anti-CD46 MM10 (HM-1118, Hycult Biotech) 1:50, anti-actin
clone Ac-40 (A4700, Sigma Aldrich) 1:100, anti-a3 integrin (N19) (sc-6588, Santa Cruz Biotechnology, Inc)
1:10, anti-a3 (H-43) (sc-28665 Santa Cruz Biotechnology, Inc) 1:10, anti a6 integrin (F6) (sc-374057, Santa Cruz
Biotechnology, Inc) 1:10, anti-estrogen receptor (3 H-150 (sc-8974, Santa Cruz Biotechnology, Inc) 1:50; second-
ary antibodies Alexa Fluor 568 donkey anti-rabbit IgG, Alexa Fluor 488 donkey anti-rat IgG, Alexa Fluor 568
goat anti-mouse IgG, Alexa Fluor 488 goat anti-mouse IgG, Alexa Fluor donkey anti-goat 568 IgG (Molecular
Probes, Prague, Czech Republic) 1:300 in PBS. Fluorescent images were collected with a Leica TCS SP8 STED
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3X microscope and DeltaVision OMX™ with the Blaze SIM Module microscope (Microscopy Centre, IMG AS,
Prague, Czech Republic). Huygens Professional version 16.05 (Scientific Volume Imaging, The Netherlands,
http://svi.nl) software was used for deconvolution of STED images and 3D visualization. An open source software
Fiji was used for other image processing.

Monitoring of Latrunculin A effect on CD46 and 31 integrin relocation. Sperm were left freely to
capacitate for 60 min with the subsequent induction of the acrosome reaction (described above). Latrunculin A ata
final concentration of 10 uM was added into the capacitating medium at the beginning of the 60 min sperm capac-
itation. AR was induced by 5pM Cal, and sperm were incubated for another 60 min. Control sperm samples were
prepared in the same way but without the addition of Latrunculin A. To detect the possible influence of the ongo-
ing acrosome reaction by Latrunculin A, control samples were prepared; sperm were incubated with Latrunculin
A both during capacitation and induction of AR. The status of the acrosome was detected using PNA lectin.

Protein — protein interactions. To detect the interaction of proteins CD46 and (31 integrin, Proximity
Ligation Assay Duolink (PLA) was used. Proteins « tubulin (DM1A, Sigma, 1:20) and (3 tubulin (sc-9104, Santa
Cruz Biotechnology, Inc, 1:10) were selected as a positive control (DU092101 Duolink® In Situ Red Starter Kit
Mouse/Rabbit, Olink Bioscience), 31 integrin (sc-8978, Santa Cruz Biotechnology, Inc) and o tubulin (DMIA,
Sigma) as a negative control (DU092101 Duolink® In Situ Red Starter Kit Mouse/Rabbit, Olink Bioscience).
The interaction of experimental proteins CD46 and (31 integrin was studied using a specially prepared starter
kit, which was (inter alia) comprised of one PLA probe (DU092005 Duolink® In Situ PLA® Probe Anti-Rabbit
MINUS, Olink Bioscience) and one Probemarker kit (DU092009 Duolink® In Situ Probemaker PLUS, Olink
Bioscience) was used to prepare the PLA probe anti-rat, using an unconjugated secondary antibody (A18741
donkey anti rat IgG, Thermo Fisher Scientific) which was conjugated with a short DNA strand.

Freshly released sperm and sperm after Cal induced AR (see above) were washed twice in PBS, smeared onto
glass slides and air-dried. Sperm smears were fixed with 3.7% formaldehyde in PBS (pH 7.34) at room tempera-
ture for 10 min, followed by washing in PBS. Sperm were blocked with 10% BSA in PBS for 1 h and incubated with
primary antibodies. In each experiment, two primary antibodies were used, each directed against one of the target
proteins. These antibodies were raised in different species. Species-specific secondary antibodies (PLA probes)
bind to primary antibodies, and each of them has a unique short DNA strand attached to it. Both DNA strands
interacted through a subsequent addition of two other circle-forming DNA oligonucleotides, forming a DNA
circle, which was closed by DNA Ligation. DNA circles were amplified using a DNA polymerase. The amplified
DNA was detected by hybridization with labelled oligonucleotides, which produced a visible fluorescent spot.
These spots were detected with an Olympus IX81 fluorescent microscope and photographed with Hamamatsu
ORCA C4742-80-12AG, using Olympus Soft Imaging Solutions software (Laboratory Imaging Ltd., Prague,
Czech Republic). Representative results are shown.

SDS-PAGE immunoblotting. SDS electrophoresis and immunoblotting technique were used for the
B1, a3 and a6 integrin and CD46 protein detection was performed by protocols based on standard methods®”.
A suspension of noncapacitated sperm from a sperm stock released from cauda epididymis was used. The
sperm solution was diluted with PBS and a sperm pellet was re-suspended in an equal volume of SDS-PAGE
non-reduced sample buffer and heated at 97 °C for 3 min. Samples were run on 5% stacking and 10% running
SDS-polyacrylamide gel using Precision Plus Protein Dual colour Standards (Bio-Rad) as MW markers. Proteins
were then transferred onto a nitrocellulose membrane (BioRad,). Non-specific sites on the membrane were
blocked with PBS-blocking solution for 1h (5% skimmed milk and 0.05% Tween 20 in PBS). The nitrocellulose
membranes were incubated with the primary antibody for 1.5h, washed six times for 5 min with a wash solution
(0.05% Tween-20 in PBS) and incubated with a peroxidase-conjugated secondary antibody for 1 h. Proteins were
identified as follows; CD46: rat monoclonal antibody (MM10, Hycult Biotech), 1:100 followed by donkey anti rat
IgG antibody conjugated to HRP (170 5046, Bio-Rad), 1:10000; 31 integrin: rabbit polyclonal antibody (M-106:
sc-8978 Santa Cruz Biotechnology) 1:20, followed by a peroxidase goat anti rabbit IgG (170-6515 BioRad),
1:3000; o3 integrin: primary rabbit polyclonal antibody (H-43): sc-28665 Santa Cruz Biotechnology diluted 1:20
and peroxidase goat anti rabbit IgG secondary antibody conjugated to HRP (170-6515 BioRad), 1:3000; o6 inte-
grin: mouse monoclonal antibody (F-6): sc-374057 Santa Cruz Biotechnology 1:20, followed by a goat anti mouse
IgG conjugated to HRP (170-6516 BioRad) 1:5000. Protein staining was visualized by chemiluminescence (Super
Signal West Dura Extended Duration Substrate, Thermo Fisher Scientific). These experiments were performed at
least three times with similar results. Representative results are shown.

Statistical analysis. Experimental data were visualized and analyzed using STATISTICA 6.0. (Statsoft, Prague,
Czech Republic) and GraphPad Prism 5.04 (GraphPad Software Inc., La Jolla, CA, USA). The differences in the
relative fluorescent intensities between the acrosome-intact and acrosome-reacted sperm among individual relocation
segments in Fig. 3C were analyzed by One-way analysis of variance (ANOVA) and Bonferroni’s Multiple Comparison
Test. The differences in the percentage distribution of sperm with intact acrosome and sperm with protein
relocation patterns for CD46 and 31 integrin between the control samples and samples incubated with Latrunculin A
in Fig. 9 were analysed by the Mann-Whitney test. p value equal or lower than 0.05 was considered to be significant,
*p<0.05,*p <0.01, ***p <0.001. Huygens Professional version 16.05 (Scientific Volume Imaging, The Netherlands,
http://svinl) was used for the colocalization analysis and its visualisation. A colocalization analyser computed a
Pearson’s correlation coefficient and created a colocalization map. The Pearson's correlation coefficient expresses the
rate of correlation of colocalizing channels in a dual-colour image and gives a value between minus 1 to plus 1. In
this case, 1 means an absolutely positive correlation, 0 means no correlation and -1 means a perfect anti-correlation.
The value between 0.5 and 1 is interpreted as colocalization. Costes method was used for a background estimation.

SCIENTIFICREPORTS | 6:33714 | DOI: 10.1038/srep33714 13


http://svi.nl
http://svi.nl

www.nature.com/scientificreports/

References

1.

10.
11.
12.
13.
14.
15.

16.
. Wong, T. C. et al. The cytoplasmic domains of complement regulatory protein CD46 interact with multiple kinases in macrophages.

18.
19.
20.
21.
22.
23.

24.

44.
45.
46.
47.
48.

49.

Klinovska, K., Sebkova, N. & Dvorakova-Hortova, K. Sperm-Egg Fusion: A Molecular Enigma of Mammalian Reproduction. Int. J.
Mol. Sci. 15, 10652-10668 (2014).

. Jahn, R,, Lang, T. & Stiidhof, T. C. Membrane fusion. Cell. 112, 519-533 (2003).
. Satouh, Y., Inoue, N., Ikawa, M. & Okabe, M. Visualization of the moment of mouse sperm-egg fusion and dynamic localization of

IZUMOL. J. Cell Sci. 125, 4985-4990 (2012).

. Frolikova, M. et al. Role of complement regulatory proteins CD46, CD55 and CD59 in reproduction. Folia Zool. 61, 84-94 (2012).
. Florman, H. M., Jungnickel, M. K. & Sutton, K. A. Regulating the acrosome reaction. Int ] Dev Biol. 52, 503-10 (2008).
. Zitranski, N. et al. The “acrosomal synapse” Subcellular organization by lipid rafts and scaffolding proteins exhibits high similarities

in neurons and mammalian spermatozoa. Commun. Integr. Biol. 3(6), 513-521 (2010).

. Miranda, P. V., Allaire, A. & Sosnik, J. & Visconti, P. E. Localization of low-density detergent-resistant membrane proteins in intact

and acrosome-reacted mouse sperm. Biol. of Reprod. 80, 897-904 (2009).

. Sosnik, J. et al. Tsské is required for Izumo relocalization and gamete fusion in the mouse. J. Cell. Sci. 122, 2741-2749 (2009).
. Sebkova, N., Ded, L., Vesela, K. & Dvorakova-Hortova, K. Progress of sperm IZUMOI relocation during spontaneous acrosome

reaction. Reproduction. 147, 231-240 (2014).

Brener, E. et al. Remodeling of the actin cytoskeleton during mammalian sperm capacitation and acrosome reaction. Biol. Reprod.
68, 837-845 (2003).

Dvorakova, K., Moore, H. D., Sebkova, N. & Palecek, J. Cytoskeleton localization in the sperm head prior to fertilization.
Reproduction. 130, 61-69 (2005).

Wojnicz, D., Bar, J. & Jankowski, S. The role of membrane glycoproteins CD46, CD55 and CD59 in protection of tumor cells against
complement lysis. Postepy Hig. Med. Dosw. 56(5), 603-16 (2002).

Inoue, N. et al. Disruption of mouse CD46 causes an accelerated spontaneous acrosome reaction in sperm. Mol. Cell. Biol. 23,
2614-2622 (2003).

Johnson, P. M. et al. Rapid sperm acrosome reaction in the absence of acrosomal CD46 expression in promiscuous field mice
(Apodemus). Reproduction. 134, 739-747 (2007).

Clift, L. E. et al. Absence of spermatozoal CD46 protein expression and associated rapid acrosome reaction rate in striped field mice
(Apodemus agrarius). Reprod. Biol. Endocrinol. 7, 29 (2009).

Riley-Vargas, R. C. et al. CD46: expanding beyond complement regulation. Trends Immunol. 25, 496-503 (2004).

J. Leukoc. Biol. 62, 892-900 (1997).

Wang, G., Liszewski, M. K., Chan, A. C. & Atkinson, J. P. Membrane cofactor protein (MCP; CD46): isoform-specific tyrosine
phosphorylation. J. Immunol. 164, 1839-1846 (2000).

Liszewski, M. K., Kemper, C., Price, J. D. & Atkinson, J. P. Emerging roles and new functions of CD46. Springer Semin. Immun. 27,
345-358 (2005).

Yamamoto, H., Fara, A. E, Dasgupta, P. & Kemper, C. CD46: the ‘multitasker’ of complement proteins. Int. J. Biochem. Cell Biol. 45,
2808-2820 (2013).

Zaffran, Y. et al. CD46/CD3 costimulation induces morphological changes of human T cells and activation of Vav, Rac, and
extracellular signal-regulated kinase mitogen-activated protein kinase. J. Immunol. 167, 6780-6785 (2001).

Lozahic, S. et al. CD46 (membrane cofactor protein) associates with multiple betal integrins and tetraspans. Eur. ] Immunol. 30,
900-97 (2000).

Kurita-Taniguchi, M. et al. Molecular assembly of CD46 with CD9, alpha3-betal integrin and protein tyrosine phosphatase SHP-1
in human macrophages through differentiation by GM-CSE. Mol. Immunol. 38, 689-700 (2002).

Rezcallah, M. S. et al. Engagement of CD46 and alpha5betal integrin by group A streptococci is required for efficient invasion of
epithelial cells. Cell Microbiol. 7, 645653 (2005).

. Barraud-Lange, V. et al. Alpha6betal integrin expressed by sperm is determinant in mouse fertilization. BMC Dev. Biol. 7, 102

(2007).

. Liu, S., Calderwood, D. A. & Ginsberg, M. H. Integrin cytoplasmic domain-binding proteins. J. Cell. Sci. 113, 3563-3571 (2000).

. Critchley, D. R. Focal adhesions - the cytoskeletal connection. Curr. Opin. Cell. Biol. 12, 133-139 (2000).

. Fénichel, P. & Durand-Clément, M. Role of integrins during fertilization in mammals. Hum. Reprod. 13, 31-46 (1998).

. Hynes, R. O. Integrins: versatility, modulation, and signaling in cell adhesion. Cell. 69, 11-25 (1992).

. Schwartz, M. A., Schaller, M. D. & Ginsberg, M. H. Integrins: emerging paradigms of signal transduction. Annu. Rev. Cell Dev. Biol.

11, 549-599 (1995).

. Boucheix, C. & Rubinstein, E. Tetraspanins. Cell. Mol. Life. Sci. 58, 1189-1205 (2001).
. Berditchevski, F. Complexes of tetraspanins with integrins: more than meets the eye. J. Cell. Sci. 114, 4143-4151 (2001).
. Hemler, M. E. Tetraspanin proteins mediate cellular penetration, invasion, and fusion events and define a novel type of membrane

microdomain. Annu. Rev. Cell. Dev. Biol. 19, 397-422 (2003).

. Takahashi, Y. et al. Analysis of the role of egg integrins in sperm-egg binding and fusion. Mol. Reprod. 56, 412-423 (2000).
. Ziyyat, A. et al. CD9 controls the formation of clusters that contain tetraspanins and the integrin alpha 6 beta 1, which are involved

in human and mouse gamete fusion. J. Cell Sci. 119, 416-24 (2006).

. Le Naour, E et al. Severely reduced female fertility in CD9-deficient mice. Science. 287, 319-321 (2000).

. Kaji, K. et al. The gamete fusion process is defective in eggs of Cd9-deficient mice. Nat. Genet. 24, 279-282 (2000).

. Miyado, K. et al. Requirement of CD9 on the egg plasma membrane for fertilization. Science. 287, 321-324 (2000).

. Ito, C., Yamatoya, K. & Toshimori, K. Analysis of the complexity of the sperm acrosomal membrane by super-resolution stimulated

emission depletion microscopy compared with transmission electron microscopy. Microscopy (Oxf). 64, 279-287 (2015).

. Glander, H. J., Schaller, J., Rohwedder, A. & Henkel, R. Adhesion molecules and matrix proteins on human spermatozoa. Andrologia.

30, 289-296 (1998).

. Yanagimachi, R. Fertility of mammalian spermatozoa: its development and relativity. Zygote. 2, 371-372 (1994).
. Moore, H., Dvorakovd, K., Jenkins, N. & Breed, W. Exceptional sperm cooperation in the wood mouse. Nature. 418, 174-177 (2002).
. Lin, Y. W,, Hsu, T. H. & Yen, P. H. Mouse sperm acquire a new structure on the apical hook during epididymal maturation. Asian J.

Androl. 15, 523-528 (2013).

Bolte, S. & Cordelieres, E. P. A guided tour into subcellular colocalization analysis in light microscopy. ] Microsc. 224 (Pt 3), 213-32
(2006).

Inoue, N., Ikawa, M., Ayako, I. & Okabe, M. The imunoglobulin superfamily protein Izumo is required for sperm to fuse with eggs.
Nature. 434, 234-238 (2005).

Riley, R. C., Kemper, C., Leung, M. & Atkinson, J. P. Characterization of human membrane cofactor protein (MCP; CD46) on
spermatozoa. Mol. Reprod. Dev. 62, 534-546 (2002).

Taylor, C. T., Biljan, M. M., Kingsland, C. R. & Johnson, P. M. Inhibition of human spermatozoon-oocyte interaction in vitro by
monoclonal antibodies to CD46 (membrane cofactor protein). Hum. Reprod. 9, 907-911 (1994).

D’Cruz, O.]., Lambert, H. & Haas, G. G. Jr. Expression of CD15 (Lewisx) antigen on human sperm and its role in sperm-egg
interaction. Am. J. Reprod. Immunol. 37, 172-183 (1997).

Le Friec, G. et al. The CD46-Jagged1 interaction is critical for human TH1 immunity. Nat. Immunol. 13, 213-221 (2012).

SCIENTIFICREPORTS | 6:33714 | DOI: 10.1038/srep33714 14



www.nature.com/scientificreports/

50. Johnson, J. et al. Notch pathway genes are expressed in mammalian ovarian follicles. Mech. Dev. 109, 355-361 (2001).

51. Yamamoto, H., Fara, A. E, Dasgupta, P. & Kemper, C. CD46: the ‘multitasker’ of complement proteins. Int. J. Biochem. Cell Biol. 45,
28082820 (2013).

52. Nomura, M. et al. Genomic analysis of idiopathic infertile patients with sperm-specific depletion of CD46. Exp. Clin. Immunogenet.
18, 42-50 (2001).

53. Astier, A. L. T-cell regulation by CD46 and its relevance in multiple sclerosis. Immunology. 124, 149-154 (2008).

54. Sabetian, S., Shamsir, M. S. & Abu, Naser. M. Functional features and protein network of human sperm-egg interaction. Syst. Biol.
Reprod. Med. 60, 329-337 (2014).

55. Zuccotti, M. et al. Timing of gene expression and oolemma localization of mouse alpha6 and betal integrin subunits during
oogenesis. Dev Biol. 200, 27-34 (1998).

56. Calderwood, D. A., Shattil, S. J. & Ginsberg, M. H. Integrins and actin filaments: reciprocal regulation of cell adhesion and signaling.
J. Biol. Chem. 275, 22607-22610 (2000).

57. Kallstrom, H., Islam, M. D., Berggren, P. O. & Jonsson, A. B. Cell signalling by the type IV pili of pathogenic Neisseria. J. Biol. Chem.
273,21777-21782 (1998).

58. Hynes, R. O. Integrins: bidirectional, allosteric signaling machines. Cell. 110, 673-687 (2002).

59. Johnson, M. S. et al. Integrins during evolution: evolutionary trees and model organisms. Biochim. Biophys. Acta. 1788, 779-789
(2009).

60. Stipp, C. S. & Hemler, M. E. Transmembrane-4-superfamily proteins CD151 and CD81 associate with alpha 3 beta 1 integrin, and
selectively contribute to alpha 3 beta 1-dependent neurite outgrowth. J. Cell Sci. 113, 1871-1882 (2000).

61. Anton, E. S, Kreidberg, J. A. & Rakic, P. Distinct functions of alpha3 and alpha(v) integrin receptors in neuronal migration and
laminar organization of the cerebral cortex. Neuron. 22, 277-289 (1999).

62. Mercurio, A. M., Rabinovitz, I. & Shaw, L. M. The alpha 6 beta 4 integrin and epithelial cell migration. Curr. Opin. Cell. Biol. 13,
541-545 (2001).

63. Romarowski, A. et al. PKA-dependent phosphorylation of LIMK1 and Cofilin is essential for mouse sperm acrosomal exocytosis.
Dev Biol. 405, 237-49 (2015).

64. Fiedler, S. E., Bajpai, M. & Carr, D. W. Identification and characterization of RHOA-interacting proteins in bovine spermatozoa. Biol
Reprod. 78, 184-92 (2008).

65. Ducummon, C. C. & Berger, T. Localization of the Rho GTPases and some Rho effector proteins in the sperm of several mammalian
species. Zygote. 14, 249-57 (2006).

66. Immler, S., Moore, H. D., Breed, W. G. & Birkhead, T. R. By hook or by crook? Morphometry, competition and cooperation in
rodent sperm. PLoS One. 2, €170 (2007).

67. Zanetti, N. & Mayorga, L. S. Acrosomal swelling and membrane docking are required for hybrid vesicle formation during the human
sperm acrosome reaction. Biol. Reprod. 81, 396-405 (2009).

68. Yoshida, K. et al. A model of the acrosome reaction progression via the acrosomal membrane-anchored protein equatorin.
Reproduction. 139, 533-44 (2010).

69. Laemmli, U. K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 227, 680-685 (1970).

70. Towbin, H., Staehelin, T. & Gordon, J. Electrophoretic transfer of proteins from polyacrylamide gels to nitrocellulose sheets:
procedure and some applications. Proc. Natl. Acad. Sci. USA 76, 4350-4354 (1979).

Acknowledgements

This work was supported by the project “BIOCEV - Biotechnology and Biomedicine Centre of the Academy
of Sciences and Charles University” (CZ.1.05/1.1.00/02.0109), from the European Regional Development Fund
(www.biocev.eu), by the Grant Agency of the Czech Republic No. P502-14-055478S, and by the Institutional
support of the Institute of Biotechnology RVO: 86652036. We acknowledge the Microscopy Centre, Light
Microscopy/Electron Microscopy CF, IMG AS, Prague, Czech Republic supported by the Czech- Biolmaging
large RI project (LM2015062 funded by MEYS CR) for their support with obtaining STED and SIM super-
resolution microscopy data presented in this paper.

Author Contributions

M.E. covered the STED and SIM Super resolution microscopy, prepared Figures 5, 6, 8, S2, S3b,c, S4 and S9
and contributed to writing the relevant parts of the text. N.S. worked on epifluorescent protein monitoring,
duolink proximity assay and prepared Figures 1, 2, 4, 9, S1, S3a, S5 and S10 and data for Figures 2 and 3. L.D.
prepared Figures 2, 3, 7, S6, S7 and S9 and contributed to writing the relevant parts of the text. K.D.-H. design
and supervised the project, analysed data and wrote the manuscript. All the authors’ reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Frolikova, M. et al. Characterization of CD46 and (31 integrin dynamics during sperm
acrosome reaction. Sci. Rep. 6, 33714; doi: 10.1038/srep33714 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
o o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:33714 | DOI: 10.1038/srep33714 15


http://www.biocev.eu
http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Characterization of CD46 and β1 integrin dynamics during sperm acrosome reaction

	Results

	CD46 and β1 integrin relocation. 
	Quantitative analysis of the relocation process. 
	CD46 – β1 integrin interaction. 
	Stimulated emission depletion (STED) super–resolution microscopy. 
	Super–resolution 3D Structured Illumination Microscopy (SIM) and colocalization analysis. 
	CD46 and β1 integrin relocation affected by Latrunculin A. 

	Discussion

	Materials and Methods

	Animals. 
	Capacitation. 
	Acrosome reaction induction. 
	Monitoring of sperm quality and acrosome status. 
	Immunofluorescent detection of CD46 and β1 integrin subunit. 
	Super-resolution microscopy. 
	Monitoring of Latrunculin A effect on CD46 and β1 integrin relocation. 
	Protein – protein interactions. 
	SDS–PAGE immunoblotting. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Progress of CD46 and β1 integrin relocation prior and during AR.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Percentage distribution of individual CD46 and β1 integrin relocation patterns among different times of capacitation and induced AR.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Statistical analysis of the relocation process.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ The study of protein-protein interactions.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Dynamics of CD46 and β1/α6/α3 integrin captured by STED.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Dynamics of CD46, β1 integrin and actin captured by STED super-resolution microscopy.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ 3D cartoon summarizing the localization of CD46 and α3, α6 and β1 integrins among different membrane structures of the intact sperm head.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ SIM super-resolution microscopy and visualization of mutual position of CD46 and β1 integrin.
	﻿Figure 9﻿﻿.﻿﻿ ﻿ The differences in the percentage distribution of sperm with intact acrosome, sperm with absent relocation and sperm with protein relocation patterns of CD46 and β1 integrin after the AR induction between the control samples and samples i



 
    
       
          application/pdf
          
             
                Characterization of CD46 and β1 integrin dynamics during sperm acrosome reaction
            
         
          
             
                srep ,  (2016). doi:10.1038/srep33714
            
         
          
             
                Michaela Frolikova
                Natasa Sebkova
                Lukas Ded
                Katerina Dvorakova-Hortova
            
         
          doi:10.1038/srep33714
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep33714
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep33714
            
         
      
       
          
          
          
             
                doi:10.1038/srep33714
            
         
          
             
                srep ,  (2016). doi:10.1038/srep33714
            
         
          
          
      
       
       
          True
      
   




