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Chapter 1: Introduction

The aim of this dissertation was to establish the methodology to study the interaction of the
spermadhesin carbohydrate-binding protein AWN (AWN) — a protein of the porcine seminal fluid
named after its first three amino acids — with domestic pig sperm membranes, thereby improving
the knowledge about the biological role of this protein in porcine reproduction. | focused on the
domestic pig (Sus scrofa domestica) as model species because of good accessibility of tissue and
ejaculates and the large number of studies on its reproduction. The gained information will provide
insight into the general role of spermadhesins which may also be applicable to other porcine species
and ungulates. In this respect, several endangered Asian species such as the babirusa (Babyrousa
babyrussa), the pygmy hog (Porcula salvania) or the visayan warty pig (Sus cebifrons) are to be

mentioned.

Two prerequisites have to be fulfilled to carry out studies on the interaction of AWN with sperm
membranes, which | have pursued with the work documented in this thesis. Firstly, AWN has to be
generated by recombinant technologies and characterized. Previously, this was only done for the
spermadhesins bodhesin-2 obtained from the domestic goat (Capra aegagrus hircus, Nascimento et
al. 2012, Cajazeiras et al. 2009) and the bovine spermadhesin-1 (also referred to as aSFP, Ekhlasi-
Hundrieser et al. 2008a), originally obtained from domestic cattle (Bos primigenius taurus). Special
interest concerns the identification of a putative phospholipid ligand of AWN in the sperm
membrane to apply this knowledge for further studies.

Secondly, methods with a high resolution are needed for the examination of said interactions. For
this purpose | focused on the adaption of fluorescence microscopic methods using fluorescence
labeled lipid analogs incorporated into the sperm cell to acquire information on membrane
compartments in the gamete. This adaption is necessary since male gametes differ greatly from
other cells because of their small size, low cytoplasmic content, highly structured membrane and

intense membrane curvature in some regions.

Taken together this will lead to a better understanding of the role of seminal proteins of the
spermadhesin family in the porcine reproductive system and provide references for similar

examinations in other ungulates.
1.1 AWN as a member of the spermadhesin protein family
1.1.1 The seminal fluid

Even after their differentiation in the testis, mammalian spermatozoa need to undergo a series of
maturation processes in order to acquire their full fertilization competence. The seminal fluid, when
coming into contact with the male gametes during ejaculation, plays a crucial role in mediating

these processes whose final stage is referred to as capacitation. It is commonly assumed that
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spermatozoa are not transcriptionally active (Mackie et al. 2001) and do not express proteins in their
cytosol (Miller and Ostermeier 2006). Yet at least a limited amount of protein synthesis from
MRNA seems to be retained, by using mitochondrial ribosomes during capacitation (Gur and
Breitbart 2008, Kwon et al. 2014, Gur and Breitbart 2006). Nonetheless, the necessary changes of
the sperm cells to endure the changing environmental challenges during their passage through both
genital tracts are predominantly processed by reorganization of existing components and

interactions with external molecules.

The seminal plasma is a mixture of secretions from epididymis and male accessory glands
consisting of a broad variety of proteins, peptides, carbohydrates, lipids and other components. It
comes into contact with spermatozoa during ejaculation and mediates fertilization-relevant
processes in the sperm cells as well as the female genital tract. The main protein families of
mammalian seminal plasma are fibronectin type-Il proteins (Fn-2 proteins), cysteine-rich secretory
proteins (CRISP) and spermadhesins (see Rodriguez-Martinez et al. 2011, Ekhlasi-Hundrieser et al.
2008b, Topfer-Petersen et al. 1995, Topfer-Petersen 1999b, Topfer-Petersen et al. 1998) who have
been linked to functions including but not limited to interactions with the sperm membrane,
modulation of sperm properties, mediation of sperm-oviduct binding and gamete recognition
(Topfer-Petersen et al. 1998). The incidence of these protein families differs between species.
CRISP proteins appear to be present in all mammalian species, whereas Fn-2 proteins were only
identified in primates, carnivores and ungulates so far but not in rodents and spermadhesins are

exclusively found in ungulates (Ekhlasi-Hundrieser et al. 2008b).

It is a common expectation that proteins of different families will perform homologous functions
throughout but this is still somewhat speculative, because the role of the seminal plasma is not
limited to simply aid fertilization as it may assume additional roles. These include a possible
function to minimize sperm competition (Ramm et al. 2015, for general information on sperm
competition see Parker 1982, Parker and Pizzari 2010 and references therein) and influencing the
offspring phenotype, likely through influencing protein expression in the female genital tract
(Bromfield et al. 2014).

1.1.2 Spermadhesins

The proteins of the spermadhesin family are mainly present in ungulates with members being found
in the males of domestic horses, (Equus ferus caballus, Reinert et al. 1996), domestic cattle
(Einspanier et al. 1993, Tedeschi et al. 2000), domestic goat (Melo et al. 2008), domestic sheep
(Ovis gmelini aries, Bergeron et al. 2005, International Sheep Genomics et al. 2010, Soleilhavoup et
al. 2014) and domestic pig (Topfer-Petersen et al. 2008 and references therein). On the other hand
only inactive copies of spermadhesin genes were discovered in the genomes of humans (Homo

sapies sapiens), chimpanzees (Pan troglodytes) and domestic dogs (Canis lupus familiaris) whereas
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the entire corresponding region has been deleted in the genomes of mice (Mus musculus) and rats
(Rattus norvegicus, Topfer-Petersen et al. 2008, Leeb 2007, Haase et al. 2005). Correspondingly, no

expressed proteins were detected in the seminal fluid of these species so far.

Structurally spermadhesins are 12-16 kDa proteins consisting of 105-133 amino acids forming a
complement C1r/C1s, Uegf, Bmpl domain (CUB domain), a structural module consisting of a p-
sandwich structure with two highly conserved disulphide bridges (Bork and Beckmann 1993). This
module is present in several combinations in functionally diverse proteins, often involved in
developmental processes. Spermadhesins express multiple binding affinities e.g. to heparin,
carbohydrates, phospholipids and the inhibitors for the serine proteinases acrosin and trypsin (Sanz
et al. 1992a, Dostalova et al. 1995a, see also Topfer-Petersen et al. 1998, Topfer-Petersen et al.
2008 and references therein).

For spermadhesins of different species, similar but also diverse functions and properties were
revealed and/or discussed so far. Equine carbohydrate-binding protein AWN (HSP-7) is a member
of the spermadhesin protein family identified in male domestic horses seminal fluid (Reinert et al.
1996). It has 98 % sequence identity with porcine AWN and possesses a binding affinity to zona
pellucida proteins. It is therefore probably involved in sperm-egg-interaction. Labeling of ejaculated
domestic horse spermatozoa with antibodies against AWN revealed a distribution over the
equatorial segment of the sperm head membrane (Topfer-Petersen et al. 1995), supposedly caused
by HSP-7. This is in contrast to ejaculated domestic pig spermatozoa where AWN is predominantly

localized over the acrosomal region.

In seminal plasma of male domestic cattle, two spermadhesins, spermadhesin-1 (also referred to as
aSFP, Einspanier et al. 1993) and spermadhesin Z13 (Tedeschi et al. 2000) were identified. In
contrast to other spermadhesins, spermadhesin-1 has neither heparin nor zona pellucida binding
potential (Calvete et al. 1996b) and does not bind to capacitated spermatozoa (Dostalova et al.
19944). It has therefore been implied to function as a decapacitation factor for bovine sperm. It also
appears to function as a growth factor, affects ovarian granulosa cells and may protect spermatozoa
against oxidative stress (see Einspanier et al. 1994 and references therein). The lack of heparin
binding affinity is shared by spermadhesin Z13. In male domestic cattle, a high concentration of
spermadhesin Z13 is associated with low fertility (Moura et al. 2006). Both proteins have also been

isolated from seminal plasma in the wild yak (Bos mutus).

In male domestic goats, four spermadhesins named bodhesin-1 to bodhesin-4 (referred to as Bdh-1
to Bdh-4) have been identified (Teixeira et al. 2002, Melo et al. 2008). However, to my knowledge
the functional similarity of bodhesins to the other members of the spermadhesin family has not yet

been examined.
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A spermadhesin designated as RSP-15.5kDa was detected in the male domestic sheep (Bergeron et
al. 2005) accounting for 45% of the seminal plasma’s protein content by mass. The first 25 N-
terminal amino acids identified in this study showed high sequence similiarities to several
spermadhesins including porcine AQN-1 and the four bodhesins of domestic goats. Another study
identified Bdh-2, spermadhesin-1 and spermadhesin Z13 in male domestic sheep’s seminal plasma
(Soleilhavoup et al. 2014). To my knowledge no functional roles for the spermadhesins in the

sheeps’s seminal plasma have been proposed.

The highest number of spemadhesins can be found in the domestic pig. There, five different
spermadhesins, carbohydrate-binding protein AQN-1 (AQN-1, Sanz et al. 1992c), carbohydrate-
binding protein AQN-3 (AQN-3, Sanz et al. 1991), AWN (Sanz et al. 1992b) and major seminal
plasma glycoproteins PSP-1 and PSP-Il1 (PSP-1 and PSP-II, Rutherfurd et al. 1992) are present in
glycosylated and unglycosylated isoforms, comprising about 75 % of the protein content of the
seminal fluid (Ekhlasi-Hundrieser et al. 2002). They share 40-60 % amino acid identity (Topfer-
Petersen et al. 1995) and are able to bind heparin. However, since PSP-1 and PSP-II only express
affinity for heparin as monomers while normally forming heterodimers in the seminal fluid, they
cannot become purified by heparin columns (Calvete et al. 1995). AWN, AQN-1 and AQN-3 bind
to the sperm surface during ejaculation and can bind to the zona pellucida. These spermadhesins
seem to prevent a premature acrosome reaction (TOpfer-Petersen et al. 1998), participate in the
formation of a sperm reservoir in the oviduct (Ekhlasi-Hundrieser et al. 2005, Wagner et al. 2002,
Topfer-Petersen 1999a) and during subsequent sperm egg recognition (Topfer-Petersen et al. 1998,
Rodriguez-Martinez et al. 1998). The PSP-I1/PSP-II heterodimer might modulate immune responses

in the porcine uterine environment (Assreuy et al. 2002)
1.1.3 AWN

AWN, the focus of this work, was named after the first three amino acids of its sequence. It is a
secretion product of the epididymis as well as the seminal vesicles (glandula vesiculosae) of male
domestic pigs (Rutherfurd et al. 1992). The latter seem to be the exclusive source of the
glycosylated form of AWN (Calvete et al. 1994). There is some evidence that these glycosylated
molecules have a truncated C-terminus and lack 8 amino acids, even though this does not seem to
influence binding characteristics (Calvete et al. 1993). AWN is also expressed in the uterus,
uterotubal junction and oviduct of sows (Ekhlasi-Hundrieser et al. 2002) as well as in the oviductal
fluid of sheep (Soleilhavoup et al. 2016).

Two isoforms of AWN were detected, with AWN-2 differing from AWN-1 by the acetylation of the
N-terminus (Sanz et al. 1992b). It is noteworthy that the equine spermadhesin HSP-7 only differs
from porcine AWN in 3 amino acids, thus being identical by 98 % (Reinert et al. 1996) and

therefore surpassing sequence similarity amongst porcine spermadhesins AWN, AQN-1, AQN-3,
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PSP-1 and PSP-II by far. With the last common ancestor of domestic pigs and horses living over 50
million years ago (Carroll 1988), this implies a high structural and functional conservation of AWN
and HSP-7 in both species.

The porcine protein is already present in large numbers on epididymal spermatozoa (7 x 10°
molecules per cell) before they become covered by a further 12 - 60 x 106 AWN, AQN-1 and AQN-
3 molecules per cell during ejaculation. It was proposed that this large number of bound protein
molecules forms a multilayer hull above the acrosomal cap, thus implicating protein-protein as well
as protein-membrane interactions (Dostalova et al. 1994b). During in vitro capacitation, most
spermadhesins are released from the sperm surface (Topfer-Petersen et al. 1998). Since this process
also occurs in vivo in the oviduct, the function of this coating of sperm is presumed to be transient
for the transit of sperm through the female genital tract. A recent study on protein expression which
continues in ejaculated spermatozoa reported a significant increase in AWN expression of the sperm
cells themselves after capacitation (Kwon et al. 2014). Since capacitation was performed after
removal of the seminal plasma this implies an intracellular expression of the protein through

mitochondrial ribosomes of sperm cells (see also Gur and Breitbart 2008).

The heparin and phospholipid binding sites overlap in AWN (Calvete et al. 1996a) and are localized
opposite to the glycoprotein binding domain (Dostalova et al. 1995b). AWN also contains an
arginine positioned at the 50" position of its amino acid sequence acting as glycosylation site that is
highly conserved between the members of the spermadhesin family. Its glycosylation diminished
the binding affinity to carbohydrates, zona pellucida glycoproteins and trypsin inhibitors but not to
heparin (Calvete et al. 1993, Calvete et al. 1994, Topfer-Petersen et al. 1995). Owing to the
localization of the corresponding binding site, it is likely that the phospholipid affinity is not
influenced by glycosylation. Regarding interactions between the different ligands, the interaction of
AWN with the acrosin inhibitor did not seem to diminish the zona pellucida binding of the protein.
However, its interaction with the zona pellucida appears to release the acrosin inhibitor from AWN
and implies a competitive binding of both ligands with a preference for the zona pellucida (Sanz et
al. 1992a).

Since phospholipids are the main component of biological membranes, it is likely that the
membrane association of AWN is mediated by its phospholipid binding site, yet AWN’s
phospholipid ligand has been controversially discussed so far. No aggregated forms and only 20 %
of non-aggregated AWN bound to phosphorylethanolamine (POE) containing matrices (Dostalova
et al. 1995b). On the other hand, an affinity between AWN and phosphorylcholine (POC), which
was not detected by these authors, was proposed after application of an enzyme-linked binding
assay (ELBA, Jonakova et al. 2000). The phospholipid composition of sperm cells can also differ
laterally (see Flesch and Gadella 2000 and references therein), thereby providing a target for

localized binding. Immunohistological localization of AWN with mouse and chicken derived
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antibodies showed such selective binding to the acrosomal region of the domestic pig sperm head
(Sanz et al. 1992b, Dostalova et al. 1995a, Rodriguez-Martinez et al. 1998), which, for some

antibodies, was even reduced to the apical ridge of this substructure (Calvete et al. 1997).
1.2 Methods for membrane studies

For the examination of membrane interactions of AWN and its functional role, the application of
different fluorescence microscopic methods promise great potential. These methods provide a high
resolution for studies of fluorescent labels incorporated in membranes. Examples are fluorescence
lifetime microscopy (FLIM, Marriott et al. 1991), fluorescence recovery after photobleaching
(FRAP, Meyvis et al. 1999, Axelrod et al. 1976 and references therein) and fluorescence correlation
spectroscopy (FCS, Elson and Magde 1974, Magde et al. 1974, Elson 2011). Previous studies have
used FRAP to investigate sperm membranes (e.g. Wolfe et al. 1998, Mackie et al. 2001, Christova
et al. 2004, Jones et al. 2007) but not yet used FLIM and FCS to examine the sperm plasma

membrane.

FLIM measures the lifetime of fluorescent molecules, which is influenced by the presence of
possible quencher molecules, polarity and other physical properties in its immediate vicinity
(Figure 1). The lifetime values can be calculated for each detected pixel separately, thereby
allowing for the differentiation of lateral subdomains. Even though fluorescence lifetimes lay in the
range of nanoseconds, it has to be kept in mind that fluorescence counts have to be accumulated

over seconds, thereby limiting the resolution of events with short temporal stability.

.
.

Fluorescence counts

v

I time
Ta1 T2 Tas

higher €&=——> [ower
mobility, exposure, quencher presence
Figure 1: Principle of FLIM measurements. Excited fluorophores emit photons in a stochastic manner over a
characteristic time range. The average timespan between excitation and emission is called fluorescence
lifetime (z,). This value is influenced by the environment of the fluorescent molecule, especially by the
probability to interact with quencher molecules. This interaction leads to an emission free energy loss
competing with the fluorescence emission in a time dependent manner thereby decreasing the fluorescence

lifetime.
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FCS and FRAP on the other hand both focus on the mobility of molecules. In the FRAP approach,
all molecules in a predefined region are irreversibly photobleached by an intense laser beam.
Afterwards the redistribution kinetics of the fluorophore is monitored either through the
fluorescence intensity recovery inside the bleaching region (Figure 2) or the decrease outside. This
permits the calculation of diffusion constants, the localization of diffusion barriers and the

identification of immobile or less mobile fractions.

Figure 2: Principle of FRAP measurements.
The fluorescence intensity of a fluorophore is
measured in a predefined area. A: The

fluorophores within the area are bleached by

a laser. B: Intact fluorophores from outside

the area and permanently bleached molecules

from within exchange by brownian motion. 4
The recovery of fluorescence caused by this
exchange can be monitored to calculate

physical parameters as for example diffusion

fluorescence
intensity

coefficients or gain knowledge of diffusion

v

barriers.
time

FCS monitors the fluctuation of fluorescence intensity in a very small volume, which is caused by
brownian motion of single molecules (Figure 3). This permits, for instance, the calculation of
diffusion constants and hydrodynamic radii. Interestingly, in other cells and vesicles diffusion
coefficients derived by FCS sometimes differ greatly from those measured by FRAP (Adkins et al.
2007, Guo et al. 2008).

=

N

Figure 3: Principle of FCS measurements.

fluorescence
intensity

If the observed volume is sufficiently small

and the concentration of the fluorescent time

[ws)

molecule sufficiently low, fluctuations of the
fluorescence intensity (A) can be directly
correlated to separate molecules (B, green
circles) diffusing through the confocal volume
(B, black circle).
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To correctly correlate fluctuations of fluorescence intensity to the movement of single molecules,
FCS measurements require a preferably small detection volume and concentration of fluorophore.
In contrast, FLIM and FRAP benefit from a high number of fluorescence counts. All three
techniques have varying spatial and temporal resolutions, thereby being of complementary

suitability for addressing different biological questions.

A prerequisite for all aforementioned applications is the presence of fluorescent molecules in the
membrane which is the subject of the study. The membrane lipids as potential targets can be labeled
in several ways, including direct labeling at the head group or one of the acyl chains and indirect
labeling using antibodies or toxin domains (for a general overview see Maekawa and Fairn 2014).
Several fluorescent lipid analogs and artificial lipid reporters have been incorporated into sperm
cells of different species. Some of them are incorporated almost exclusively into one half (also
referred to as cytoplasmatic and exoplasmatic leaflet) of the membrane bilayer in proportion to the
asymmetric distribution of endogenous lipids (Miiller et al. 1994). Size, polarity and positioning on
the lipid molecule are important considerations when choosing the fluorescence label. Labeling of
the hydrophobic acyl-chains with polar groups might lead to a loop back to the membrane surface
(Chattopadhyay and London 1987, Kaiser and London 1998). Head group positioned labels might
alter the interaction between the labeled lipid and other membrane components because of their
size, charge or polarity. This might also have an impact on the membrane properties like lipid

packing, fluidity and formation of bilayers or other lipid arrangements.

Measurements of diffusion coefficients of several probes via FRAP revealed differences between
sperm regions and changes upon sperm maturation in the epididymis, after removal of cholesterol or

after addition of hydroperoxides (reviewed by Jones et al. 2010, Jones et al. 2007).
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Chapter 2: “Recombinant expression of porcine spermadhesin AWN and
its phospholipid interaction: indication for a novel lipid binding
property*

2.1 Summary

The paper focussed on the recombinant expression of the porcine spermadhesine AWN for further
studies on spermadhesine membrane interaction. It contains a purification regime for the

recombinant AWN (recAWN) comprising three steps:

1. affinity chromatography using binding of a recombinant His-tag to immobilized Ni-ions
2. affinity chromatography using recAWN?’s heparin binding affinity
3. size exclusion chromatography.

The protein was further characterized by controlling the presence of the two disulphide bridges
highly conserved in spermadhesin structure and experiments to identify the lipid binding partner of
recCAWN. Interestingly these experiments showed high affinity of the protein to phosphatidic acid
(PA) as well as cardiolipin, whereas no significant binding to phosphatidylethanolamine (PE) or
phosphatidylcholine (PC) as surmised in the literature could be reproduced. The biological
relevance of the cardiolipin binding was discussed and discouraged because of its localization in the
mitochondrial membrane and the possibility of a His-tag mediated interaction.

The binding affinity to PA is here proposed for the first time for a spermadhesin, thereby yielding
new insights into the possible mechanism of sperm coating and its functional relevance, since PA
may represent a key molecule for fusion events in the membrane. We proposed a role for AWN for
masking the charge of this phospholipid, thereby preventing the membrane from calcium-induced
formation of non-bilayer structures which would lead to membrane destabilization.
Immunolocalization of the recAWN showed a distribution across the acrosomal region of ejaculated

domestic pig spermatozoa similar to earlier results with porcine AWN.
Author contributions

Filip Schroter: project design, all steps from the insertion of recombinant AWN sequence into the
used transfection vector, generation of the E.coli expression cell line to the establishment of the
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Abstract

AWN is a porcine (Sus scrofa domestica) seminal plasma protein and has been linked to a variety of
processes related to fertilization. To acquire the protein in sufficient amount and purity for
functional studies, we established its recombinant expression in E. coli and a three step purification
protocol based on different chromatographies. The test for AWN-phospholipid interaction revealed
phosphatidic acid and cardiolipin as potential binding partners. Since phosphatidic acid is surmised
to play a role in cation induced membrane destabilization and fusion events, we propose a
membrane protective function of the presented binding affinity. Further studies with recombinant
AWN will allow new insights in the mechanism of sperm-spermadhesin interaction and might

provide new approaches for artificial reproduction techniques.
2.2 Introduction

Ejaculate consists of sperm cells and seminal plasma. The latter is a mixture of secretions from
epididymis and male accessory sex glands providing a variety of fertilization-relevant components
to sperm cells and to the female genital tract. Representatives of the main protein families found in
mammalian seminal plasma, Fn type 2 proteins, CRISP proteins and spermadhesins, have been
proposed to interact with the sperm membrane, modulate sperm properties, and mediate processes
like sperm-oviduct binding and gamete recognition (Ekhlasi-Hundrieser et al. 2008b).
Spermadhesins are a family of seminal plasma proteins mainly found in ungulates with particularly
high abundance in pigs, where they represent about 75% of the seminal plasma proteins (Ekhlasi-
Hundrieser et al. 2002). Five different members are described for the pig: carbohydrate-binding
protein AWN, AQN-1, and AQN-3 as well as major seminal plasma glycoprotein PSP-1, and PSP-

Il. AWN and AQN were named for their first three amino acids, while PSP is an abbreviation for
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porcine seminal protein. Spermadhesins consist of 109-133 amino acids, show 40-60% amino acid
identity and possess two conserved disulphide bridges (reviewed by Topfer-Petersen et al. 1995,
Topfer-Petersen et al. 1998).

AWN is not only secreted in the epididymis and by the seminal vesicles (glandula vesiculosae) of
boars but even in the uterus, uterotubal junction and oviduct of sows (Ekhlasi-Hundrieser et al.
2002). It was also found in the oviductal fluid of sheep (Soleilhavoup et al. 2016). Notably, the
glycosylated form of AWN seems to originate exclusively from the seminal vesicles (Calvete et al.
1994). The first isolation of the protein was performed from boar ejaculates. Freshly collected boar
spermatozoa were washed and extracted using a buffer containing acetic acid. After centrifugation
the supernatant was separated by size exclusion chromatography. Fractions were tested for their
affinity to zona pellucida and positive fractions were pooled and further fractionated by gel
chromatography and reverse phase HPLC (Sanz et al. 1992d). AWN possesses a glycoprotein (Sanz
et al. 1992d, Dostalova et al. 1995a) as well as a phospholipid binding site and displays an affinity
to heparin (Sanz et al. 1993, Calvete et al. 1996a). The heparin and phospholipid binding sites
overlap (Calvete et al. 1996a) and are both localized opposite to the glycoprotein binding domain
(Dostalova et al. 1995b). Regarding the phospholipid ligand, an affinity between AWN and
phosphorylcholine (POC) (Jonakova et al. 2000) as well as affinity of non-aggregated

spermadhesins to phosphorylethanolamine (POE) (Dostalova et al. 1995b) were observed.

AWN is present in large amounts already on epididymal spermatozoa (7 x 10° molecules per cell)
while the membrane over the acrosome — a substructure in the anterior region of the sperm head —
becomes covered by further 12-60 x 10° AWN, AQN-1 and AQN-3 molecules per cell upon
gjaculation. This amount of bound protein molecules is sufficient to form a multilayer envelope
above the acrosomal region and suggests that spermadhesins may interact with components of the
sperm membrane as well as with the spermadhesins themselves (Dostalova et al. 1994b). Since the
majority of the spermadhesin molecules are released from the sperm surface during in vitro
capacitation (Topfer-Petersen et al. 1998), a process which occurs in vivo in the oviduct, the
spermadhesin coating is assumed to have transient functions in favor of sperm transit through the

female genital tract.

Since the isolation of single spermadhesins e.g. from seminal plasma with high purity has been
proven difficult, their recombinant expression could alternatively provide sufficient quantities for
functional studies. Therefore, in the present study, we have expressed AWN recombinantly in E.
coli, and successfully purified the protein from the cellular lysate. The isolated protein was
characterized by several biochemical methods. First experiments on the interaction of recombinant
AWN with lipids point to a specific affinity of the protein to phosphatidic acid (PA). The
availability of pure AWN at sufficiently large amounts will allow in the future investigating the

modulation of sperm functions by AWN in the female genital tract in detail.
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2.3 Materials and Methods
2.3.1 Cloning, transformation, and expression of porcine AWN in E. coli

The methods applied were approved by the Internal Committee for Ethics and Animal Welfare of
the Leibniz Institute for Zoo and Wildlife Research in Berlin, Germany (Permit number: 2010-10-
03). The tissue from porcine genital tract was obtained from slaughterhouse. Total RNA was
isolated from porcine epididymis with Precellys Tissue RNA kit (Peglab, Erlangen, Germany) and
single stranded cDNA was synthesized, both likewise as described before (Braun et al. 2012). AWN
cDNA was amplified for the cloning process in a PCR using specific primers. Beside gene specific
sequences, the primers comprised restriction enzyme specific binding sites as well as the reverse
primer a sequence coding for a factor Xa cleavage site (AWN-fw: TCG GGA TCC GGC ATG
GAA CAG AAG GTC TC, AWN-rv: AGT GCG GCC GCCCTT CCC TCG ATAGGG ATGTTT
TTC TCT GTA G). PCR reaction was performed using cDNA and 2 U High FidelityPlus
polymerase (Roche, Mannheim, Germany) in a 50 pl reaction volume (1x Expand HiFiPLUS
Reaction Buffer with 1.5 mM MgCl;, 200 uM nucleotides, 0.5 uM of each primer; PCR conditions:
2 min denaturation at 94°C, 30 cycles of 45 sec/94°C, 45 sec/51°C, 45 sec/72°C, 7 min final
elongation at 72°C). The amplified product was purified, restricted by BamHI and Notl (both
Thermo Scientific, St. Leon-Rot, Germany), purified again and then ligated into pET-21b vector
(Novagen, Darmstadt, Germany), which carries a sequence coding for a C-terminal His-tag
sequence. The ligation approach was transformed into chemically competent E. coli JM109 cells
according to the manufacture’s protocol (Promega, Mannheim, Germany). After identification of
positive clones and control sequencing, the vector of one positive clone was extracted, purified and
transformed into the expression host strain. Since AWN contains two highly conserved disulphide
bridges, the SHuffle® T7 Express strain (New England Biolabs GmbH, Frankfurt am Main,

Germany) was selected, this strain is designed to possess a non-reducing cytoplasm.

The cultivation of AWN-producing cells took place in lysogeny broth (LB) medium containing 100
pg/ml ampicillin. The medium was incubated at 30°C at 130 rpm and inoculated with an overnight
culture of SHuffle® T7/pET21b-AWN. After reaching an ODggonm Of 0.5 the incubator was cooled
down to 16°C and after one hour of acclimatization, the spermadhesin expression was induced by
adding isopropyl-p-D-thiogalactopyranoside (IPTG, final concentration 0.6 mM) to the growing
medium. The cells were incubated four hours while shaking with 130 rpm at 16°C and,
subsequently, harvested by centrifuging the culture at 4,000 x g for 5 min. The supernatant was
discarded and the cell pellets were stored at -80°C. The effectiveness of recombinant protein
expression was controlled via SDS-PAGE, coomassie blue staining and western blot. The isotope-
averaged molecular mass of the recombinantly expressed, His-tagged protein precursor was

calculated to 17.953 kDa from the given primary sequence, assuming two disulfide bridges.
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2.3.2 Purification of recombinant AWN

To purify the recombinantly expressed AWN, 64 ml lysis buffer (50 mM Tris-HCI, pH 7.5, 1 mM
EDTA, 2 mg/ml lysozyme, 20% glycerol) was added to a thawed cell pellet corresponding to 1.5 |

culture volume. This suspension was treated as described in Hachen et al. 2012.

Purification of AWN from the lysate was performed using a three step approach with a His-affinity
column followed by a heparin-affinity column and finally a size exclusion chromatography using an
Akta Pure system (GE Healthcare, Munich, Germany). After each step, elution fractions were
analyzed by SDS-PAGE and western blotting and the fractions containing the recombinant protein

were pooled for further experiments.

First, the lysate was rebuffered into His-affinity binding buffer (20 mM Imidazole, 0.5 M NaCl, 20
mM NaHPO4/NaH.PO4, pH 7.0) and concentrated using Amicon 10K centrifugal filter tubes
(Merck Millipore, Darmstadt, Germany). For the His-affinity chromatography, a Tricorn 10/20
High Performance Column packed with Ni-loaded Chelating Sepharose Fast Flow was used (GE
Healthcare, Munich, Germany). After applying the concentrated lysate, the column was washed
with 10 ml 3% elution buffer (100% = 0.5 M Imidazole, 0.5 M NaCl, 20 mM Na;HPO4/NaH:POy4,
pH 7.0) in binding buffer. Afterwards, the bound proteins were eluted with 9 ml 100% elution

buffer before the column was washed with another 10 ml of each, elution and binding buffer.

After buffer exchange of selected elution fractions of up to two His-affinity chromatographies into
heparin-affinity-binding-buffer (0.15 M NaCl, 20 mM Na;HPO./NaH,PO., pH 7.3), the protein
suspension was applied on a Tricorn 10/20 High Performance Column packed Heparin Sepharose 6
Fast Flow (GE Healthcare, Munich, Germany). The column was washed with 10 ml binding buffer
and bound proteins were eluted with 9 ml elution buffer (3 M NaCl, 20 MM Na;HPO4/NaH;PO.,

pH 7.3) before washing the column with another 10 ml of each, elution and binding buffer.

As third purification step and to check for putative multimers, size exclusion chromatographies
were performed with neutral sodium phosphate buffer (0.15 M NaCl, 50 mM Na;HPO./NaH,POs,,
pH 7.0) on a HiLoad™ 26/600 Superdex 200 prep grade (GE Healthcare, Munich, Germany) size
exclusion column, having a separation range of 10-600 kDa. A gel filtration standard containing
globular proteins in the range between 1.35 and 670 kDa (BioRad, Hercules, USA) was used for

calibration.
2.3.3 Analysis of protein fractions and pools by SDS-PAGE and western blotting

The protein fractions/pools were analyzed by SDS-PAGE using 20% polyacrylamide gels (Laemmli
1970). For this, the samples were mixed with 4x concentrated sample buffer (0.2 M Tris-Cl, 4%
SDS, 0.5 M DTT, 50% glycerol, 0.04% bromphenolblue, pH 6.8) and heated for 5 min at 95°C
before being applied onto the gel. After running, the gels were stained with coomassie blue

according to Dyballa and Metzger 2009 or transferred to nitrocellulose membrane (0.2 um, Protran
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BA83, GE Healthcare, Munich, Germany) for western blot analysis. The immunological detection

of poly-His-residues was performed as described by Hachen et al. 2012.

In some cases, a sodium desoxycholate/trichloroacetic acid precipitation of the proteins was used
prior to SDS-PAGE and western blot. For precipitation, 800 pl of the fraction to be analyzed was
mixed with 100 pl 0.15% (w/v) sodium desoxycholate (Roth, Karlsruhe, Germany) in H.O and 100
Ml 72% trichloroacetic acid (Roth, Karlsruhe, Germany) in H,O, incubated for 20 min at room
temperature and centrifuged (20 min, 20,000 x g, 4°C). The pellet was washed with 500 il acetone
and resuspended in 20 pl 2x sample buffer.

2.3.4 Protein identification by LC-MS/MS and protein analysis by ESI-MS

Protein bands were excised from the gel and in-gel tryptic digestion was performed as described
before (Lange et al. 2010). Briefly, gel bands were incubated with 50 ng trypsin (Promega,
Mannheim, Germany) in 20 ul 50 mM ammonium bicarbonate buffer overnight at 37 °C. The
enzymatic reaction was terminated by addition of 20 ul of 0.5% (v/v) trifluoroacetic acid (TFA) in
acetonitrile. The liquid was separated, evaporated to dryness under vacuum, and the tryptic peptides
were re-dissolved in 6 ul 0.1% (v/v) TFA and 5% (v/v) acetonitrile in water. Peptides were analyzed
by a reversed-phase capillary liquid chromatography system (Ultimate 3000 nanoLC system,
Thermo Scientific, St. Leon-Rot, Germany) connected to an Orbitrap Elite mass spectrometer
(Thermo Scientific, St. Leon-Rot, Germany). LC separations were performed on a capillary column
(Acclaim PepMap100, C18, 3 um, 100 A, 75 um i.d. x 25 cm, Thermo Scientific, St. Leon-Rot,
Germany) at an eluent flow rate of 300 nl/min using a linear gradient of 3-50% of phase B in 60
min. Mobile phase A contained 0.1% formic acid in water, and mobile phase B contained 0.1%
formic acid in acetonitrile. Mass spectra were acquired in a data-dependent mode with one MS
survey scan with a resolution of 60,000 (Orbitrap Elite) and MS/MS scans of the 15 most intense

precursor ions in the linear trap quadrupole.

The processed MS data were analyzed on a MASCOT server (version 2.2.2, Matrix Science Ltd,
London) and searched in-house against a self-made database which contains the SwissProt database
(version 2014 12; 547,085 sequences) and the recombinant  AWN-sequence
(MASMTGGQQMGRDPAWNRRSRSCGGVLRDPPGKIFNSDGPQKDCVWTIKVKPHFHVVL

AIPPLNLSCGKEYVELLDGPPGSEIIGKICGGISLVFRSSSNIATIKYLRTSGQRASPFHIYYYA

DPEGPLPFPYFERQTIATEKNIPIEGRAAALEHHHHHH).

The mass tolerance of precursor and sequence ions was set to 10 ppm and 0.35 Da, respectively. A
maximum of two missed cleavages was allowed. Methionine oxidation and the acrylamide
modification of cysteine were used as variable modifications. Peptides were used for identification
if their Mascot score was greater than the homology threshold. Protein identifications were accepted

if they based at least on two identified peptides.
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ESI-MS analysis was performed on an Orbitrap Fusion mass spectrometer equipped with a Dionex
Ultimate 3000 NCS-3500RS capillary liquid chromatography system (Thermo Scientific). The
protein (33 pmol/ul) was dissolved in 20mM ammonium acetate with 3% formic acid and LC
separation was performed on a capillary column (Vydac C18, 300 A, 5mm x 300 um i.d., Dionex)
at an eluent flow rate of 300 nl/min using a gradient of 10-40% B in 15 min. Mobile phase A was
0.1% formic acid in water and mobile phase B was 0.1% formic acid in acetonitrile. Mass spectra
from m/z 700-1900 were acquired with a nominal resolution of 240,000 and an AGC target value of
2°. Scans were averaged and deconvoluted using Xtract method of the Protein Deconvolution 3.0
software (Thermo Scientific).

2.3.5 Analysis of thiol groups

AWN was checked for the presence of free thiol groups by using fluorescein-5-maleimide (Thermo
Fisher Scientific, St. Leon-Rot, Germany). The substance was incubated with the protein according
to the manufacturer’s protocol. In brief, recombinant protein purified by the first two purification
steps (see above) was transferred into pH-neutral buffer (0.15 M NaCl, 50 mM NaPO., pH 7.0) and
treated with a tenfold molar excess of fluorescein-5-maleimide for 2 hours at room temperature. The
solution was then applied on a HiLoad™ 26/500 Superdex 200 prep grade (GE Healthcare, Munich,
Germany) size exclusion column installed in a FPLC device (Akta Pure, GE Healthcare, Munich,
Germany) using the same neutral buffer to separate unbound fluorescein-5-maleimide from the
proteins. Absorbance of the eluate was detected continuously at 280 nm (total protein
concentration) and 485 nm (fluorescein absorbance), the latter corresponding to proteins with bound

fluorescein-5-maleimide.
2.3.6 Analysis of interaction with lipids

To characterize the interaction of recombinant AWN with lipids, the monomeric (P3, see Figure 5)
protein fraction obtained after the three purification steps (see above) were applied on membrane
lipid strips (P6002, Echelon, Salt Lake City, USA). All experimental steps were carried out at room
temperature. The strips were incubated in blocking buffer (phosphate buffered saline (PBS) with
0.1% (v/v) Tween and 0.1% (w/v) Ovalbumin) for 1 h, washed three times for 5 min in 0.1%
Tween-PBS and incubated with 1.5 pg/ml AWN in blocking buffer for 1 h. To detect bound
protein, the strip was washed three times with 0.1% Tween-PBS and incubated for 1 h with mouse
monoclonal IgG anti-penta-His antibody (Qiagen, Hilden, Germany) diluted 1:2,000 in blocking
buffer. This was followed by another three washing steps in 0.1% Tween-PBS and 1 h incubation
with goat anti-mouse POD antibody (Sigma-Aldrich GmbH, Taufkirchen, Germany) diluted
1:10,000 in blocking buffer. Immune reaction was detected using ECL Prime western blotting
detection reagent (GE Healthcare, Munich, Germany). Spot intensities were quantified by using

Quantity One software (Bio-Rad, Munich, Germany) and normalized to the spot intensity of the
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blank spot. A respective control in the presence of antibodies but without AWN was performed on a

separate strip.

To exclude a putative influence of the His-tag on the results, recombinant His-tagged AWN was
labeled according to the manufacturer’s protocol with fluorescent DyLight™ 594 NHS Ester
(Thermo Fisher Scientific, St. Leon-Rot, Germany) which specifically binds to primary amines. The
labeled protein was then incubated with membrane lipid strips as described before and the
fluorescence was recorded using a green LED (500-570 nm) for excitation and a BP605 band pass
filter for fluorescence detection. Labeling success was controlled via SDS-PAGE and fluorescence
imaging.

2.3.7 Immunolocalization of recombinant AWN on washed ejaculated boar spermatozoa

Spermatozoa-rich ejaculate fractions were collected from boars (Sus scrofa domestica) in
accordance with the rules on the care and use of domestic animals at boar stations in Brandenburg
(Germany). The ejaculates were diluted to a final concentration of ~2 x 108 spermatozoa/ml with
Beltsville Thawing Solution (BTS, Minitib®, Tiefenbach, Germany), gradually cooled, stored and
transferred to the lab at 17°C.

After 48 h of storage, 3 ml-aliquots of diluted ejaculates from three boars were warmed-up for 10
min at 38°C and washed three times by centrifugation (6 min, 1,200 x g, 23°C) to replace seminal
fluid and BTS by PBS. Pellets were pooled and sperm concentration was determined. A 100 pl
aliquot of His-AWN (~9 puM) was added to ~9 x 108 sperm in 200 pl resulting in a ratio of ~100
nmol protein per 10° sperm. As a control, sperm were mixed with PBS without protein. After an
incubation of 1 h at 38°C, unbound protein was removed by three repetitive washing-steps in PBS

(1 min, 6,000 x g, 23°C) and air-dried smears of the cells were prepared on microscopy slides.

A volume of 500 pl blocking buffer was spread over the slide which was incubated in a wet
chamber for 1 h at 23°C. The solution was removed and 500 pl anti-His-antibody in blocking buffer
(1:200) was added for 1 h. After rinsing (3 x 1 ml), the second antibody (1:100, rabbit anti-mouse,
FITC, sc-358916, Santa Cruz Biotechnology, Inc.) was added for another hour. Slides were rinsed
by PBS (4 x 1 ml) and, finally, 8 ul of 50 % (v/v) glycerol in PBS were added before covering.

Respective controls were performed with only one or without an antibody.

Immunostained sperm were observed by wide-field inverted microscope (1X81, Olympus, Tokyo,
Japan) with an objective (40%) under differential interference contrast or fluorescence optics for
FITC (excitation band pass 485/20 nm, emission band pass 525/30).
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2.4 Results
2.4.1 Expression and purification of recombinant AWN

A successful transfection of competent SHuffle® T7 E. coli cells with a pET-21b vector containing
the AWN-coding sequence was achieved. The resulting cell line (SHuffle® T7/pET21b-AWN)
produces recombinant His-tagged AWN (Figure 4a and b, compare lanes 1 and 2). To isolate the

recombinant spermadhesin, three purification steps were performed.
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Figure 4: SDS PAGE verifying the progress of protein expression and purification.

The arrows indicate the position of recombinant AWN. Proteins of cell lysate before induction (1), cell lysate
after induction (2), pooled fractions after His-affinity chromatography (first purification step) (3), pooled
fractions after heparin-affinity chromatography (second purification step) (4), monomer fractions (5), and
multimer fractions (6) obtained after size-exclusion chromatography on a Superdex200 column (third
purification step) were analyzed by sensitive coomassie staining (a) and western blot (b). Molecular masses

are denoted in kDa according to the different used molecular mass standards.

The first step was aimed to select for the His-tagged recombinant protein. However, the purification
was not satisfactory since a number of proteins of bacterial origin also bound to the affinity column
loaded with nickel ions (Figure 4a, lane 3). Therefore, AWN-containing elution fractions were
pooled and loaded on a heparin-affinity column employing the described affinity of AWN to this
substrate (Sanz et al. 1993). This resulted in improved protein purity but some bacterial proteins still
remained in the eluate probably because of their heparin-affinity (Figure 4a, lane 4). Therefore,
AWN-containing elution fractions were pooled again and applied to a size exclusion column. This
method also allows to separate AWN monomers from multimers. The chromatogram of a
representative run on a Superdex 200 column is shown in Figure 5a and revealed three peaks (P1,
P2 and P3). Peaks P1 and P3 obviously contained recombinant AWN inferred from SDS-PAGE
(Figure 5b) and western blot results (not shown). According to the molecular mass calibration with
the protein standard, peaks P2 and P3 correspond to molecular masses of about 34 and 23 kDa,

respectively. Peak P1, which eluted above the 600 kDa separation range of the Superdex 200
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column, is probably caused by protein aggregates. It has to be noted that the use of a calibration
standard containing globular proteins only allows an approximation of non-globular protein’s

masses because of the different migration behavior.
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Figure 5: Purification of recombinant AWN by size exclusion chromatography.

The pooled eluates after second purification step (heparin-affinity chromatography) were run on a Superdex
200 column and checked for the presence of proteins by detecting the absorbance at 280 nm in arbitrary milli
absorption units (mAu). Three peaks (P) were evident eluting at ~100 ml (P1, corresponding mass >600
kDa), ~ 200 ml (P2, corresponding mass ~34 kDa), and ~220 ml (P3, corresponding mass ~23 kDa) (a). The
respective fractions (F) were further analyzed by SDS-PAGE and coomassie staining (b) revealing two
protein bands (1 and 2) in the range of interest. F11 corresponds to elution volume 100-110 ml and F21-F23
to the three fractions eluting from 200-230 ml respectively. Note that F11, F21 and F23 contain P1, P2 and
P3 respectively while F22 is intermediate between P2 and P3. Molecular masses are denoted in kDa

according to the used molecular mass standard.

To analyze the protein composition of the two protein bands found between 15 and 25 kDa in the
SDS-PAGE gel of some analyzed fractions (Figure 5b) three representative bands were excised and
analyzed by mass spectrometry after trypsin digestion. All bands contained AWN, however, also

some E. coli proteins were detected (Table 1).

According to the MASCOT score, AWN is more abundant in band 2 which is only prominent in
fractions comprising the peaks P1 and P3 but not P2. This indicates that peak P3 primarily contains
AWN monomers whereas P1 mainly consists of AWN aggregates. The proteins of the pronounced
band in the fraction corresponding to peak P2 (Figure 5b, F21 band 1) were identified as the E. coli
proteins cCAMP-activated global transcriptional regulator CRP (CRP, molecular mass 23.6 kDa) and

FKBP-type peptidyl-prolyl cis-trans isomerase SlyD (SlyD, molecular mass 20.9 kDa).
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Table 1: Mass spectrometric analysis of the protein bands shown in Figure 5b.

The bands were excised and analyzed by mass spectrometry after trypsin digestion. Processed MS data were
analyzed on a MASCOT server (version 2.2.2, Matrix Science Ltd, London) and searched in-house against a

self-made database which contains the SwissProt database (version 2014_12; 547,085 sequences) and the

recombinant AWN-sequence. Only AWN and proteins of E.coli origin are listed.

querries matched: number of found peptides of the corresponding protein

sequence coverage: detected amino acids/total sequence length

band protein MASCOT | querries | sequence
score matched | coverage
F11, AWN 606 33 124/162
band 2 . .
Alkyl hydroperoxide reductase subunit C 253 13 106/187
F21, cAMP-activated global transcriptional regulator CRP | 1979 123 165/210
band 1 . . .
FKBP-type peptidyl-prolyl cis-trans isomerase SlyD | 409 12 91/190
AWN 87 4 65/162
F23, AWN 976 60 130/162
band 2
an Ferric uptake regulation protein 179 4 60/148

ESI-MS was performed to further characterize the protein solution (Figure 6). A protein with an
averaged mass of 17.820 kDa was detected. The difference to the calculated recombinant protein
mass of 17.953 kDa can be explained by the activity of methionine aminopeptidase from E.coli,
cleaving the N-terminal methionine from the protein (Xiao et al. 2010) and resulting in a calculated

averaged mass of 17.821 kDa. This is in agreement with the LC-MS/MS results, were the protein

fragments also lacked the first methionine.

Figure 6: ESI-MS spectrum of

three step purified recombinant

AWN.
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2.4.2 Determination of free thiol groups in recombinant AWN

According to the proposed tertiary structure, AWN should have two disulphide bridges but no free
thiol groups (Sanz et al. 1992d). Here, AWN containing protein pools purified with the first two
(His- and heparin-affinity) purification step were incubated with fluorescein-5-maleimide to detect
free thiol groups. The protein-bound label was separated from unbound maleimide by size exclusion
chromatography on a Superdex 200 column (Figure 7a). The absorbance of the eluate was recorded
at 280 nm (for protein) and at 485 nm (for fluorescein). Based on the extinction coefficients for
AWN (e280 Of about 20,000 M*cm™) and for fluorescein-5-maleimide (g5 of about 80,000 M-tcm
1), the amount of protein-bound maleimide was determined and gives an estimate of free cysteine

residues in one AWN molecule.

Figure 7: Test for free thiol groups.
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Peaks corresponding to P2 and P3 (see Figure 5) appeared in the size exclusion chromatography of
the protein incubated with fluorescein-5-maleimide and were named respectively. The fluorescein
absorbance in the range of P3 containing the monomeric AWN was lower than the absorbance at
280 nm (molar ratio fluorescein : AWN about 0.18) indicating that the majority of the AWN
molecules in this fraction does not contain free thiol groups, but possesses formed disulphide
bridges (Figure 7a). The region of peak P2 showed a relatively higher level of fluorescein
absorption compared to the protein absorption, indicating a stronger presence of free thiol groups
which probably originate from E. coli proteins in this peak (see above). Peak P1 containing
multimeric AWN was absent in the size exclusion chromatogram of the protein incubated with
maleimide. The presence of AWN in the respective fractions was verified by western blot analysis
(Figure 7b).
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The peaks P4 and P5 shown in Figure 7a correspond to molecular masses of unbound fluorescein-
5-maleimide and fluorescein, respectively. The absorbance detected at 280 nm for both signals is
probably caused by the broad absorption spectrum of fluorescein interfering with this wavelength

range.
2.4.3 Interaction of recombinant AWN with lipids

To search whether recombinant AWN interacts with lipids, monomeric AWN obtained after three
purification steps (see above) was incubated with membrane lipid strips. Figure 8 shows that the
protein selectively interacts with phosphatidic acid (PA) and at a lower level with cardiolipin. No
staining caused by the used antibodies was observed in the absence of AWN (Figure 8b). After
labeling the recombinant AWN with fluorescent DyLight 594 NHS Ester, the protein still showed
an interaction with cardiolipin, but no affinity to PA could be observed (Figure 9)
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2.4.4 Immunolocalization of recombinant AWN on ejaculated boar spermatozoa

Immunolocalization of His-tagged AWN incubated with thoroughly washed ejaculated boar
spermatozoa revealed a punctual distribution over the acrosomal head region of single spermatozoa
(Figure 10, white arrows). Labeling was only detected in spermatozoa with membrane remnants
visible under differential interference contrast optics, however, not all of those cells were labeled.
AWN immunostaining could not be detected on spermatozoa with completely removed acrosome

(characterized by an eggcup shape of the head).

Figure 10: Immunolocalization of recombinant AWN on washed ejaculated boar spermatozoa

Ejaculated boar spermatozoa were washed and incubated with his-tagged recombinant AWN before
immunostaining by anti-His-antibody and a FITC-labeled second antibody. A differential interference
contrast image (a) as well as the corresponding green fluorescence (FITC) (b) are presented. Fluorescence
was found to be distributed over the acrosomal head region of single sperm with adhering membrane

remnants (white arrows).
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2.5 Discussion

Here, we generated a transfected E. coli strain and produced for the first time recombinantly
expressed porcine spermadhesin AWN. This expands the range of recombinant spermadhesins
already including Bodhesin-2 from goat (Cajazeiras et al. 2009) porcine AQN-1 and bovine
spermadhesin-1 (referred to as aSFP, Ekhlasi-Hundrieser et al. 2008a). A three step protocol was
successfully developed to purify this His-tagged AWN in sufficient purity for functional studies.

2.5.1 Recombinant protein expression and purification

To select AWN from the mixture of proteins harvested from cultured transfected bacteria three
purification steps were successfully applied. The first step employs the binding of the accessible
His-tag to the matrix loaded with nickel ions. The second purification step is based on the affinity of
the heparin binding site of AWN to the used heparin-matrix (Sanz et al. 1993, Calvete et al. 1996a).
The analysis of His- and heparin-purified protein fractions revealed that not only recombinant
AWN, but also E.coli proteins were present in the eluate after these purification steps (see Table 1
and Figure 5b, F21 band 1). The mascot score of these bacterial proteins after LC-MS/MS (Table
1) imply that these proteins are minor contaminations of the purified protein solution. SlyD, CRP
and Ferric uptake regulator (Fur, Table 1, F23, band 2) are all known to be co-purified during
immobilized metal affinity chromatography (IMAC) (Bolanos-Garcia and Davies 2006) that we
used for the first purification step. Notably, these proteins are still present after the second
purification step on a Heparin-column as observed from the analysis of the proteins in these
fractions. This could be caused by their sequences/structures that not only contain His-rich motifs
but also similarities to heparin-binding domain consensus sequences (Bolanos-Garcia and Davies
2006, Cardin and Weintraub 1989, Fromm et al. 1997). Another reason might be an association
between the recombinant AWN and the aforementioned proteins of the prokaryotic host.

The size exclusion chromatography of prepurified AWN allowed a partial separation of these
contaminating E.coli proteins as well as partitioning of a monomeric (P3) and a multimeric (P1)
AWN form for further studies. The absence of a multimeric peak after fluorescein-5-maleimid
reaction of AWN indicates that cystein residues not involved in disulphide bridges might have a
role in the formation of this multimer. An equilibrium between aggregated and monomeric AWN

extracted from the seminal plasma was already reported (Dostalova et al. 1995b).

Whether glycosylation of AWN is essential for its multimer formation in vivo cannot be answered
as the used recombinant expression system (prokaryotic cells) is unable to add this posttranslational
modification. Even though glycosylation influences the binding affinity of AWN to zona pellucida
proteins and a trypsin inhibitor (Calvete et al. 1994) as well as to other carbohydrates, it does not
influence heparin- or phospholipid-binding (Topfer-Petersen et al. 2008) and occurs at positions

offside the potential phospholipid binding domain (Calvete et al. 1994, Ekhlasi-Hundrieser et al.
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2008a). We therefore conclude that our lipid binding study was not influenced by the lack of this
posttranslational modification. While the glycosylated isoforms of AWN have been shown to
originate from the seminal vesicles (Calvete et al. 1994) in vivo, the majority of AWN is non-
glycosylated, particularly AWN of epididymal origin (Calvete et al. 1994). Therefore, our non-

glycosylated recombinant protein should be useful to enlighten many potential functions.

We used fluorescein-5-maleimide to target and detect free thiol residues in the recombinant AWN
after the second purification step. The majority of the cysteine residues of monomeric AWN did not
react. Therefore, the utilized special E.coli strain, providing non-reductive conditions in the
cytoplasm, seems to be indeed appropriate to express the recombinant protein with intact disulphide
bridges.

2.5.2 Phospholipid binding of AWN

One main open question so far addresses the interaction of AWN with the sperm membrane, most
likely being mediated by its phospholipid binding site. Therefore the first functional study we did
with our recombinantly expressed protein was the search for a lipid binding partner using lipid
strips.

We clearly detected a strong affinity of the monomeric recombinant AWN for PA and on a lower
level for cardiolipin. Since cardiolipin seems to be exclusively synthesized in mitochondria of
mammals (Schlame et al. 2000) and seems to be almost exclusively present in the inner and outer
membrane of this organelle in eukaryotic cells (Schlame 2008) we suggest PA as the potential
AWN ligand in the cell membrane of sperm. Our recombinant AWN did neither bind to
phosphatidylcholine (PC) nor phosphatidylethanolamine (PE). This is in contrast to results of other
groups (EnBlin et al. 1995, Jonakova et al. 2000, Dostalova et al. 1995b), but since the lipid strip
assay presents the whole lipids instead of the head group and the other groups did not test PA, our

findings do not really contradict but expand those of others observed with AWN.

The sequence of recAWN differs from naturally occurring AWN by N- and C-terminal extensions,
which are spatially close in the proposed 3D-structure of the protein. However, these extensions
lack stretches rich in arginine or lysine which are proposed as consensus characteristic for PA
binding motives. We therefore conclude that they are not likely to form an epitope interacting with
this lipid.

Our recombinant protein furthermore differs from native AWN by possessing a His-tag. After being
labeled with DyLight™ 594 NHS Ester, His-AWN lost its affinity to PA while retaining cardiolipin
binding. This indicates that the His-tag is not responsible for the observed PA binding. Rather, the
PA binding site of the protein is obviously blocked by labeling with the fluorophore. NHS ester
covalently binds primary amines, especially at the N-terminus, as well as lysine residues.

Furthermore it was shown, that NHS esters can also react with unprotonated arginine (McGee et al.
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2012), as well as serine, threonine and tyrosine in the vicinity of histidine (Madler et al. 2009,
Miller et al. 1997). From these studies, it can be concluded that the His-Tag should not react with
the fluorophore. However, we cannot exclude that the observed cardiolipin binding of His-AWN is

an artifact caused by the His-tag.

It was reported that aggregated AWN and AQN-3 isolated from porcine seminal plasma did neither
bind to POC agarose nor to POE agarose columns while only a fraction of non-aggregated
spermadhesins were eluted from the POE matrix (Dostalova et al. 1995b). To identify the
localization of the phospholipid binding site, overlapping synthetic AWN fragments were applied
on POE affinity columns where peptides consisting of the amino acids 1-12 and 104-108 showed a
delayed elution (EnRlin et al. 1995). On the other hand, an interaction of AWN with a biotinylated
polyacrylamide derivative of POC in an enzyme linked binding assay (ELBA) was reported
(Jonakova et al. 2000). Regarding these controversial results it might be possible that a fraction of
the presented phospholipid head groups were degraded thus only presenting their phosphate groups
and mimicking PA. Focusing on the mechanism for AWN-PA binding it is noteworthy that the
aforementioned AWN fragment 1-12 contains a loop with three arginines at position 4, 5 and 7
providing positive charges as well as hydrogen bonding donor groups able to interact with the
phosphate group of PA. A further implication for the position of the binding site is the possibility to
elute AWN bound to a heparin matrix by the use of POC (Jonakova et al. 1998), since the sequence
3-8 (NRRSRS) also resembles the heparin binding consensus sequence (Cardin and Weintraub
1989, Fromm et al. 1997). Note that this unbound form of the POC head group presents its
phosphate at a terminal position quite similar to PA. Notably cardiolipin consists of two
phosphatidic acids connected by a glycerol backbone and forms a bicyclic structure presenting the
phosphate groups in a way resembling that of PA. Both lipids have been shown to be present in total
lipid content of ejaculated boar spermatozoa without significantly changing their concentration after

capacitation in vitro or in utero (Evans et al. 1980).

The fact that the recombinant protein does not express a comparable affinity to other negatively
charged phospholipids like phosphatidylserine (PS) or phosphatidylinositol (PI) and its
phosphorylated variants (phosphatidylylinositol-4-phosphate (PtdIns(4)P), phosphatidylinositol-4,5-
bisphosphate (PtdIns(4,5)P,) and phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3,4,5)P3)) implies
that this interaction is indeed specific and not exclusively based on the head group charge. A reason
for this selectivity towards PA might be the terminal position of its phosphate group and its

pronounced ability to form intermolecular hydrogen bonds (Boggs 1987).

It has been shown that addition of PA to mouse sperm cells led to rapid actin polymerization
causing hyper-activated motility, a movement pattern observed at the site and time of fertilization
(Itach et al. 2012). Furthermore it is an important precursor in de novo phospholipid synthesis,

which is still active in sperm cells (Vazquez and Roldan 1997). PA also seems to play an important
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role in membrane fusion events. Vesicle membranes containing anionic lipids fused upon contact to
divalent cations (Papahadjopoulos et al. 1978) which was also shown in vitro for vesicles consisting
of PC and PA (Simmonds and Halsey 1985, Koter et al. 1978). The initiation of fusion is
hypothetically triggered by calcium induced phase transitions of acidic lipids creating disorganized
lipid arrays (Papahadjopoulos et al. 1978). PA as well as cardiolipin are known to form the
hexagonal Il phase in dependence of pH and the presence of divalent cations (Verkleij 1984). This
kind of lipid organization has been linked to membrane fusion and acrosome reaction of sperm cells
(Martinez and Morros 1996). Notably the immunolocalization of recombinant AWN in the anterior
region of the head (Figure 10) showed similarity to the localization of natural AWN on sperm cells
(Topfer-Petersen et al. 1995). The rare labeling pattern indicates that the respective membrane
binding partners were either inaccessible, lost by the immunostaining procedure and/or natural

AWN molecules were not sufficiently removed from ejaculated spermatozoa by washing.

According to its affinity for PA, AWN could mask the anionic charge of these lipid molecules to
prevent calcium induced phase transitions and creation of disorganized lipid arrays which would
result in premature membrane destabilization. Since AWN is able to bind zona pellucida
glycoproteins by a binding site not overlapping with the proposed phospholipid binding site
(Calvete et al. 1994, Ekhlasi-Hundrieser et al. 2008a) the contact with the zona pellucida could
trigger the release of AWN from the sperm. This would then lead to the uncovering of the anionic
phospholipids and initiate their phase transition which precedes the acrosome reaction. Notably a
study of Rodriguez et al. (Rodriguez-Martinez et al. 1998) reported the presence of AWN on
plasmalemma remnants of spermatozoa bound to the zona pellucida of naturally mated sows in vivo.
Further studies on spermatozoa and artificial membranes would be useful as well to elucidate the

functional sequence of AWN-membrane interaction.
2.6 Conclusions

For the first time, the porcine spermadhesin AWN was recombinantly expressed in E. coli. A three
step protocol was developed to purify His-tagged AWN for functional studies. A high and selective
affinity of the monomeric protein for PA on lipid strips was observed and the recombinant AWN
interacted with sperm cells. The recombinant expression offers a broad range of potential
applications of AWN not only in functional studies but also in assisted reproduction. This is
particularly important in the field of species conservation breeding where predominantly epididymal
sperm deficient in seminal plasma are available from dead or euthanatized males for gamete

banking and artificial insemination.
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Chapter 3: Lipid dynamics in boar sperm studied by advanced

fluorescence imaging techniques

3.1 Summary

The studied combination of different microscopic methods provided a comprehensive picture of
lipid dynamics in the cell membrane of vital sperm even if conclusions from each individual method

are limited within each temporal and spatial window.

It was the first time that fluorescence lifetimes of lipid analogs were measured in spermatozoa and
determined in a range characteristic for the liquid-disordered phase in artificial lipid membranes.
Severe differences in the diffusion coefficients measured by FCS and FRAP were encountered and
discussed. It had to be concluded that FRAP leads to a severe underestimation of lipid mobility

caused by aberrations resulting from the small size of the used bleach spot.

The results underlined the potential to extract information about different membrane environments

by the usage of the aforementioned labeled lipids.
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Abstract

The (re)organisation of membrane components is of special importance to prepare mammalian
sperm to fertilization. Establishing suitable methods to examine physico-chemical membrane
parameters is of high interest. We characterized the behavior of fluorescent (NBD) analogs of
sphingomyelin (SM), phosphatidylserine (PS) and cholesterol (Ch) in the acrosomal and
postacrosomal macrodomain of boar sperm. Due to their specific transverse membrane distribution,
a leaflet specific investigation of membrane properties is possible. The behavior of lipid analogs in
boar sperm was investigated by fluorescence lifetime imaging microscopy (FLIM), fluorescence
recovery after photobleaching (FRAP), and fluorescence correlation spectroscopy (FCS). The
results were compared with regard to the different temporal and spatial resolution of the methods.
For the first time, fluorescence lifetimes of lipid analogs were determined in sperm cell membrane
and found to be in a range characteristic for the liquid disordered phase in artificial lipid
membranes. FLIM analyses further indicate a more fluid microenvironment of NBD-Ch and NBD-
PS in the postacrosomal compared to the acrosomal region. The concept of a more fluid
cytoplasmic leaflet is supported by lower fluorescence lifetime and higher average D values (FCS)
for NBD-PS in both head compartments. Whereas FLIM analyses did not indicate coexisting
distinct liquid ordered and disordered domains in any of the head regions, comparisons between
FRAP and FCS measurements suggest the incorporation of NBD-SM as well as NBD-PS in
postacrosomal subpopulations with different diffusion velocity. The analog-specific results indicate
that the lipid analogs used are suitable to report on the various physicochemical properties of

different micro-environments.

Keywords: boar sperm, acrosome, postacrosome, fluorescence lifetime imaging microscopy,

fluorescence recovery after photobleaching, fluorescence correlation spectroscopy
3.2 Introduction

Mammalian sperm undergo a multitude of complex processes during their maturation which finally
prepare them to fertilize the oocyte. After formation in the testis and passing through the
epididymis, sperm still have an inchoate competence for fertilization. Upon ejaculation they are

decorated with proteins priming them for transit through the female genital tract where they have to
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adapt to changing environmental conditions. At these final steps of maturation, while becoming
prepared for the fertilization event, sperm are not able to express proteins on their own (Mackie et
al. 2001). Therefore, all necessary adaptations must occur via incorporation of external components
or reorganisation of existing cellular molecules and structures. As the (re)organisation of membrane
components of the sperm membrane is of special importance to understand the processes which are
prerequisite to fertilization, the establishment of suitable methods to examine physico-chemical

membrane parameters is of high interest.

Although mammalian sperm of different species perform similar functions, the membrane lipid
composition is highly heterogenic (Lessig et al. 2004a, Fuchs et al. 2009). Therefore, it is a
challenge for any measurement to apply probes that mimic ubiquitous membrane components and
have a minimal influence on the membrane itself. Studies on sperm have mainly used fluorescently
labeled lipids and lipid analogs. Fluorescent  phosphatidylcholine  (NBD-PC),
phosphatidylethanolamine (NBD-PE) and cholesterol (NBD-Ch) as well as artificial lipid reporters
like 5-(N-octa-decanoyl) aminofluorescein (ODAF), 1,1’-didodecyl-3,3,3°3’-
tetramethylindocarbocyanine (DilC12) and 1,1°-dihexadecyl-3,3,3°3’-tetramethylindocarbocyanine
(DilCi6) have been applied to analyze diffusion coefficients in sperm of several species by
fluorescence recovery after photobleaching (FRAP). Dependent on the species, diffusion of these
probes may differ between sperm regions and change upon sperm maturation in the epididymis,
after removal of cholesterol or after addition of hydroperoxides (for review see Jones et al. 2007,
Jones et al. 2010).
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Figure 11: Schematic image of the lateral organization of mammalian sperm.

Ac: acrosomal region, PA: postacrosomal region, MP: midpiece, T: tail.

Mammalian sperm are strongly laterally organized cells (Figure 11). Especially the properties of
the acrosomal and postacrosomal region during cell maturation have been characterized. In
ejaculated boar sperm it has been shown by fluorescence recovery after photobleaching (FRAP),
fluorescence loss in photobleaching (FLIP), atomic force microscopy (AFM) and single particle
fluorescence imaging (SPFI) that a “molecular filter” separates the postacrosomal from the
acrosomal macrodomain of the sperm head (Jones et al. 2010, James et al. 2004): Whereas DilCy,
was freely diffusible between the anterior and posterior head membrane, DilCys formed aggregates

of 0.3-1.0 pm in diameter which only rarely crossed the equatorial segment. The lateral

39



heterogeneity of plasma membrane components by formation of microdomains and its relevance for
physiological processes has been investigated intensively in mammalian cells, and is currently also
under investigation for mammalian sperm (Kawano et al. 2011). Diffusion characteristics and their
local variation in response to external stimuli, may play a crucial role in the formation of this lateral

membrane structures and can be studied amongst others by FRAP.

Whereas SPFI is mainly restricted to proteins and lipid aggregates, there are further fluorescence
methods besides FRAP which allow gathering information on parameters of membrane inherent
lipid markers as for example fluorescence correlation spectroscopy (FCS) and fluorescence lifetime
imaging microscopy (FLIM). Each of these methods has a different temporal and spatial resolution
so that the information gained can be interpreted as snapshot of the conditions over a defined time
period and area (see below).

Experiments with FRAP are carried out by irreversibly bleaching the fluorophores in a defined
bleaching spot and detecting the recovery rate of fluorescence. Thereby a diffusion coefficient of
the fluorophore can be calculated. The size of bleaching spots has a dimension of micrometers in
diameter and bleaching times of 5-50 milliseconds are used. Measurements with this technique are
usually performed within seconds with the data points most relevant for fitting the recovery curve

being collected within the first two seconds.

FCS measures fluorescence fluctuation in a very small volume thus detecting the changes in
fluorescence intensity caused by Brownian motion of the fluorophores. These data allow amongst
others the calculation of diffusion coefficients of the fluorescent molecules. The detected diffusion

times in the confocal volume (®1(488 nm) = 230 nm) are in the dimensions of milliseconds.

The measurement of fluorescence lifetime mainly provides information on the immediate vicinity of
the examined fluorophore and depends particularly on mobility and polarity of its surroundings. If
the fluorophore possesses a dipole moment in the ground state that changes upon excitation, as
NBD does, a red shift of the emission spectrum in polar solvents can be detected. This is caused by
the reorientation of the surrounding polar solvent molecules to realign the dipole moments. While
this reorientation/relaxation process does not significantly affect the fluorescence lifetime in fluid
environments, it does when the viscosity of the surroundings is high. Since the speed of the
relaxation crucially depends on the movement of the involved molecules, an increased
environmental fluidity decreases the fluorescence lifetime by shortening the relaxation process.
Along the vertical axe and horizontal plane of a membrane, different micro-environments varying in

mobility and polarity exist (de Almeida et al. 2009, Amaro et al. 2014).

Since the abundance and distance of possible interaction partners like said polar solvent molecules

or quencher molecules also affects the fluorescent lifetime, FLIM enables the investigation of
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domain formation by tracing interactions between reporter molecules and their surroundings

whereas FRAP and FCS mainly address the diffusion properties of reporter molecules.

Fluorescence lifetime measurements reflect the environmental conditions of labels in a very short
time frame (nanoseconds). However, it is important to note that the fluorescence lifetimes of all
fluorophores in a given membrane area are recorded over a longer period (microseconds per pixel).
Only if substantial structural inhomogeneities lead to explicit lifetime differences for embedded
label molecules and are stable over a time period of about three times their fluorescence lifetime,
they might be detected down to a size of about 10 nm? (Stockl et al. 2008).

Here, we have characterized the behavior of fluorescent (NBD) analogs of SM, PS, and Ch in the
acrosomal and postacrosomal macrodomain of boar sperm. Although these analogs have a short
fatty acyl chain and an artificial NBD moiety, they have been successfully employed to investigate
the role of lipids for various biological processes, such as transhilayer movement of lipids, lipid-
protein interactions, lipid-bile salt interactions and intracellular transport processes of lipids
(Wistner et al. 1998, Pomorski et al. 1994, Wustner et al. 2001, Eckford and Sharom 2005, Kol et
al. 2003, Im et al. 2004, Tannert et al. 2007a). It has been shown that these analogs - albeit with
certain limitations (Haldar and Chattopadhyay 2013, Wustner 2007) - reflect properties of the
respective endogenous lipids. E.g. they have been used for characterizing the transbilayer
distribution and mobility in plasma membranes of numerous cells. Those measurements have shown
that NBD-SM s exclusively localized in the outer membrane leaflet. In contrast NBD-PS is rapidly
transported to the inner membrane leaflet accumulating in this layer (Zachowski 1993). This
behavior of NBD-SM and NBD-PS has also been shown in the plasma membrane of sperm cells
including those of the boar (Miiller et al. 1994, Gadella et al. 1999, Kurz et al. 2005, Nolan et al.
1995). Notably, these transhilayer characteristics of phospholipid species has been found by other
approaches also using differently labeled analogs (Daleke 2003, Pomorski et al. 2001, Zachowski
1993). For NBD-Ch, a very rapid, protein-independent transhilayer movement and a symmetrical
transverse distribution can be assumed (Miller et al. 2011). Moreover, NBD-labeled lipid analogs
have also been successfully applied especially for FLIM (Ostasov et al. 2013, Stockl et al. 2008,
Klein et al. 2012) and FRAP analysis (Pucadyil et al. 2007, Christova et al. 2004).

Membrane fluidity and domain formation in the acrosomal and postacrosomal part of the
mammalian sperm cell membrane are key elements for membrane stabilization before and creation
of fusion competence after capacitation. Therefore, the behavior of the NBD-labeled lipid analogs
in boar sperm was investigated by performing FLIM, FRAP, and FCS measurements. An advantage
of using these reporter molecules is that due to their specific transverse distribution in the
membrane, a leaflet specific investigation of membrane properties is possible. The results obtained
by the various methods were critically compared with regard to their different temporal and spatial

resolution reflecting different organizational membrane structures or properties in vital cells. The
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outcome of the presented approaches in ejaculated sperm is prerequisite to their further application
examining the diverse sperm membrane interactions with molecules in seminal fluid, female genital

tract as well as changes during capacitation and further stages of the fertilization process.
3.3 Material and Methods
3.3.1 Material

All chemicals and solvents were obtained in the highest commercially available purity. NBD-
labeled lipids were purchased from Avanti Polar Lipids (Birmingham, AL, USA): N-[6-[(7-nitro-2-
1,3-benzoxadiazol-4-yl)amino]caproyl]-sphingosylphosphocholine  (NBD-SM), 1-Acyl-2-[6-[(7-
nitro-2-1,3-benzoxadiazol-4-yl)amino]caproyl]-sn-glycero-3-phosphatidylserine (NBD-PS), 25-[N-
[(7-nitro-2-1,3-benzoxadiazol-4-yl)methyl]amino]-27-norcholesterol (NBD-Ch). Beltsville thawing
solution with (BTS+) and without antibiotics (BTS) was obtained from Minitiilb GmbH (Tiefenbach,
Germany). Propidium iodide (PI) was purchased from Invitrogen Life Technologies GmbH
(Darmstadt, Germany). Agarose with a gelling temperature of 36 + 1.5°C for immobilization of the

sperm was obtained from Carl Roth GmbH + Co. KG (Karlsruhe, Germany).
3.3.2 Labeling of sperm

Sperm-rich ejaculate fractions were collected from fertile boars (Sus scrofa domestica, race Piétrain
or Duroc) in accordance with the rules on the care and use of domestic animals at commercial boar
stations in Brandenburg (Germany). The ejaculates were diluted to a final concentration of 2.2 x 108
sperm / ml with BTS+ composed of 10 mM KCI, 20.4 mM trisodium citrate, 15 mM NaHCOs, 3.36
mM EDTA, 205 mM glucose, and antibiotics, pre-warmed to 38°C. The prepared sperm were then
gradually cooled, transported and stored at 17°C until use within 24 h after collection. 12.5 ml of
diluted boar ejaculate were transferred into falcon tubes and incubated for 10 minutes at 38°C
followed by 6 minutes centrifugation at 750 x g at room temperature with reduced acceleration and
deceleration (accel/decel 4/4, Biofuge Stratos, Heraeus). The pellet was carefully resuspended in
1 ml BTS, transferred into a 1.5 ml Eppendorf tube and centrifuged at 500 x g at room temperature
(Biofuge fresco, Heraeus). The pellet was resuspended in 100 ul BTS containing approximately
2.4 x 108 sperm. All subsequent measurements were performed within 3 hours to preserve a high

viability of the sperm.

NBD-labeled lipids were stored as chloroform solutions at -20°C. For usage, the chloroform was
evaporated in a nitrogen flow and the NBD-labeled lipids were dissolved in BTS as stock solutions
by mixing with a vortex. In case of NBD-PS and NBD-SM the stock solutions had a concentration
of 400 puM. Labeling of cells with NBD-Ch was performed by using methyl-B-cyclodextrin. The
NBD-Ch stock solution consisted of 36 pM NBD-Ch, 1 mM methyl-B-cyclodextrin and 500 pM
cholesterol in order not to modify the cholesterol content of the cells during labeling. Cells were
labeled by mixing 50 pl sperm suspension with 10 pl (NBD-SM, NBD-PS) or 50 pl (NBD-Ch) of

42



the stock solutions followed by an incubation in the dark at room temperature for 5 minutes (NBD-
SM) or 15 minutes (NBD-PS, NBD-Ch). Subsequently, 1 ml of BTS was added and cells were
washed by centrifugation (6 minutes, 500 x g, room temperature). The resulting pellet was

resuspended in 50 pl BTS.

Ten pl of the labeled sperm were mixed with 500 pl BTS solution and, for FLIM measurements,
2.5 ul PI. PI served as a marker for non-vital cells. Agarose solution (0.5% in BTS) was melted by
cooking, cooled down to 38°C and mixed with the prewarmed (38°C) NBD- and Pl-labeled sperm.
7.5 pl of the mixture were applied on an object slide for the measurements. Cooling the slide to
room temperature triggered gelation of the agarose and therefore, an immobilization of embedded
sperm which allowed to perform the fluorescence measurements. Even at 38°C the sperm were
sufficiently immobilized due to the high viscosity of the fluid agarose. Because of the potential
cytotoxicity of PI, sperm were used for a maximum of 30 minutes after Pl staining.

The FLIM, FRAP, and FCS measurements were carried out at ambient room temperature (RT, 26.3
+ 1.5°C). FLIM measurements were additionally performed in a tempered acrylic glass box at 38°C
to examine the extent of temperature-related changes of fluorescence lifetime upon cooling to RT.
Chromatographic analyses of organic sperm extracts revealed that the enzymatic degradation of

NBD-PS as well as NBD-SM was negligible in the time frame of the experiments (not shown).
3.3.3 Analysis of transversal membrane distribution of NBD-cholesterol

Sperm were labeled by NBD-Ch as described above (15 minutes incubation with NBD-Ch followed
by centrifugation and resolution of the cell pellet). Twenty, 45, and 65 minutes after start of the
labeling procedure, an aliquot of the resolved pellet (10 ul) was transferred into 240 pl BTS at 38°C
and after addition of 2.5 pl PI incubated for 5 minutes. An aliquot of stained sperm suspension
(~0.25 x 10° sperm) was diluted in 2 mL BTS at 38°C for measurement in a flow cytometer
(CyFlow space and Flowmax software, Partec, Germany) equipped with a 50 mW solid-state laser
(Ex 488 nm), a 515-560 nm band-pass for NBD (green), and a 620 nm long-pass filter for PI (red).
The system was triggered on the forward light scatter, and 15,000 cells per sample were
characterized for their fluorescence at a flow rate of about 250 cells per second. After gating sperm
signals by forward and sideward light scatter, mean intensity of NBD fluorescence was determined
for vital and non-vital (PI-positive) cells. The measurement was repeated in the presence of 25 mM
sodium dithionite added from a cold stock solution (1 M in 100 mM Tris-buffer, pH 10). The initial
guenching of accessible NBD-Ch molecules i.e. decrease of fluorescence intensity was recorded
after 0.5 minutes co-incubation with dithionite and the progressive quenching of NBD fluorescence
with time was followed. A previous experiment revealed that the extent of initial quenching was not
increased by using higher dithionite concentrations up to 50 mM (see Supplementary Figure 1,

insert).
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3.3.4 FLIM measurements

To determine the fluorescence lifetimes of NBD-analogs in the sperm membrane, time-correlated
single photon counting was performed using an inverse Fluoview 1000 microscope (Olympus,
Tokyo, Japan) with an oil objective (60x/1.35) for confocal laser scanning microscopy
supplemented with a commercial FLIM upgrade kit from PicoQuant (Berlin, Germany). The
excitation laser was a pulsed diode laser with a wavelength of 468 nm (pulse length 60 ps, pulse
frequency 10 MHz, 4 ps/pixel). The emission was detected by an avalanche photo diode (APD)
after passing a 540/40 band pass filter. Pictures were collected with a frame size of 512 x 512
pixels. 60 frames were collected for every data set. The photon count rate varied between 1 x 103
and 1 x 10° counted photons/s. Pseudocolored pictures were created with the average lifetime per
pixel (2x2 binning). The summed up number of photons per pixel (2x2 binning) revealed the picture
of fluorescence intensity.

The recorded pictures were analyzed using the Olympus FluoView FV1000 software to document
sperm morphological integrity and vitality by Pl staining. Acrosomal and postacrosomal head
regions were manually selected as regions of interest (ROIs). For each ROI, an overall fluorescence
decay curve was generated by summing up the photons registered for that region. The width of the
bins of the decay histogram was chosen to 30.5 ps. To determine the fluorescence lifetimes by a
non-linear least squares iterative fitting procedure, FLIM data sets were loaded into the software
SymphoTime (Analysis) 4.7.2 according to Stockl et al. (Stockl et al. 2008).

The decay curves could be principally fitted by two components giving two lifetimes. The shorter
lifetime of approximately 2 ns was not considered (Stockl et al. 2008, Klein et al. 2012). This
component represents a comparatively small amount of fluorophores and we assume that these
fluorophores, due to a back-loop of their NBD-labeled fatty acyl chains (Chattopadhyay 1990), have
access to extra- or intracellular aqueous surroundings. Therefore, the very short lifetime does
probably not reflect the properties of the respective membrane leaflet under investigation. This
assumption is supported by the fact, that the fluorescence lifetime of NBD is reduced to 0.9 ns in
water, while being in the range of 7-10 ns in aprotic solvents (Lin and Struve 1991). A typical
lifetime histogram and fitted data for the two head regions of a NBD-SM labeled sperm cell are

shown in Supplementary Figure 2.
3.3.5 FRAP-measurements

FRAP was used to evaluate the diffusion coefficient (D) of NBD-SM, NBD-PS, and NBD-Ch in the
sperm head membrane by selecting circular ROIs in its acrosomal and postacrosomal region. We
note that the fluorescence intensity in the postacrosomal region of the sperm head was remarkably
low for NBD-Ch.
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The measurements were performed using a LSM710ConforCor3 system (Carl Zeiss Microscopy,
Jena, Germany) equipped with an argon laser (488 nm), a main beam splitter MBS 488, an emission
META detector (34 PMTs,505 - 650 nm), and an oil immersion objective (100x/1.4). The data were
recorded by ZEN2010 software (Carl Zeiss Microlmaging, Jena, Germany) using a time series
consisting of 400 images, time interval of 25 ms, bleaching after the 10th image (25 iterations 300

ms, laser power 100 times stronger than the imaging performance).

The attained FRAP data were processed with Prism (Version 5.01, 2007, GraphPad) by fitting to a
biexponential decay curve (see formula (1)) to evaluate the half-time of fluorescence recovery (t,).

@ 10=A+B-A)k " +A+(B-A) "

To obtain D, the formula (2) was used with w representing the radius of the ROI in case of an
uniform disc bleaching profile (Axelrod et al. 1976):

W2

D=

@ 7o 47}/2

Due to the fact, that the region of interest was stimulated by a series of laser spots, with a diameter
of 7 pixels, w was calculated to a value of 0.343 um. yp is a factor corresponding to the beam shape,
type of transport and bleaching parameter. For uniform bleaching of a circular disc and a
fluorescence recovery dominated by lateral diffusion this parameter can be estimated as 0.88
(Axelrod et al. 1976). Since in our case the ROI was bleached by a series of laser spots instead a
uniform disc bleaching profile, the true bleaching profile resembles more an uniform disc with
Gaussian edges (Braga et al. 2004) and therefore, the assumption for yp might be suboptimal, but

deviations in this factor should have only a minor influence on the resulting D.

A typical decay curve and fitted data for the two head regions of a NBD-SM labeled sperm cell are

shown in Supplementary Figure 3.
3.3.6 FCS- measurements

FCS measurements were performed at room temperature on a LSM710-ConfoCor3 system (Carl
Zeiss Microscopy GmbH, Jena Germany). NBD fluorescence signals were recorded after excitation
by an argon laser (488 nm) using a water objective (40x/1.2) and a main beam splitter MBS488,
through a 505-nm longpass filter. Membranes were located by z-scans. Intensity fluctuations were
recorded for 4 s and 25 repetitions and further data analysis was carried out using the ZEN 2010
software (Carl Zeiss Microscopy GmbH, Jena, Germany) which also calibrated the PSF. An auto-

correlation curve was derived for each raw data set by applying the following formula:
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where () denotes averaging over time and ¢ (x) is an abbreviation of x-<x>. The correlation curves

were fitted using a two component model of free diffusion in two dimensions with triplet fraction

and an offset for membrane-associated proteins (Teichmann et al. 2014) analytically given by
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where G, is the offset from 1. N and T represent the total number of particles and the triplet fraction
respectively. The free diffusion times are represented by tp1 andtp, (the subscripts indicate the
different molecule species). tr is the triplet time, f and 1 - f are the fractions of species 1 and 2 and t
is the correlation time. The first component was too fast to reflect membrane diffusion and likely
reflects a protonation kinetic of the fluorescent molecules leading to blinking (Haupts et al. 1998).
Thus the diffusion time of the second component was considered to be significant (Elson 2001).

Finally, all data sets with convergent fit results, out of the 25 recorded, were averaged.

Diffusion coefficients were calculated from the obtained diffusion times by the formula

2
w

D=
(5) 4*

where o represents the radius of the confocal volume and 7 is the characteristic diffusion time.

A typical autocorrelation curve and fitted data for the two head regions of a NBD-SM labeled sperm

cell are shown in Supplementary Figure 4.
3.3.7 Statistics

Significances were tested using the open software R 2.15. Acrosome and postacrosome were
compared using a paired Wilcoxon signed rank test while a Mann-Whitney-U-test was applied to

compare different temperatures, vitalities, and analogs in the same sperm region.
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3.4 Results
3.4.1 Analysis of transversal membrane distribution of NBD-cholesterol

Although there are many data supporting an even distribution of cholesterol and its analogs between
both membrane leaflets in several plasma membranes (Muller et al. 2011), such a distribution has
not been shown for sperm cells so far. Therefore, a dithionite based assay was applied to analyze the
transversal distribution of fluorescent cholesterol analogs at different times after their incorporation
in the boar sperm membrane. Immediately after addition of 25 mM dithionite to labeled sperm,
about 50% of the NBD fluorescence in vital and about 97% in non-vital (Pl-positive) cells was
quenched without influence on the proportion of vital sperm (Table 2). This implies that 50% of the
NBD-Ch in vital cells are accessible for the extracellular quencher and, obviously, located in the
outer membrane half. This transversal distribution of NBD-Ch was observed for the whole time
period in which labeled sperm were used for analysis by FLIM, FRAP, and FCS (25-70 minutes
after start of labeling, Table 2).

Table 2 Quenching of NBD-labeled lipid analogs for cholesterol (Ch) in the boar sperm membrane by sodium
dithionite. Vital and non-vital boar sperm cells were discriminated by propidium iodide and analyzed by flow
cytometry for their NBD fluorescence at different times after labeling with NBD-Ch. The amount of label
accessible towards dithionite was determined 0.5 minutes after addition of 25 mM dithionite to the sperm

cells. Means and standard deviations are given (n=3).

time after non- vital vital

start of + dithionite + dithionite

NBD-Ch

labeling % % % % % %
[minutes] of sperm of sperm quenching  of sperm of sperm quenching
25 65.3+65 66.3+40 96.8+0.7 347+56 33.7+40 550%14
50 433+152 429+180 96.2+13 56.7+152 57.1+18.0 50.0+5.2
70 546+14.0 49.1+128 96.6+05 454+140 509+128 51.7+58

Upon extended incubation in the presence of dithionite (up to 20 minutes), the NBD-Ch
fluorescence in vital sperm was progressively quenched to values comparable to those in non-vital
cells (Supplementary Figure 1) while the amount of vital sperm was reduced by 10% at most. A
progressive permeation of dithionite through the membrane of Pl-negative cells would inevitably
result in a loss of sperm vitality and concomitant incorporation of PI. The latter was observed after

addition of 0.5% Triton X-100 (data not shown). Therefore, the reason for the progressive
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guenching might rather be a flipping of NBD-Ch between both membrane leaflets, exposing

initially inaccessible molecules to the quencher outside the cell.
3.4.2 FLIM measurements

Fluorescence lifetime imaging was applied to visualize the distribution of fluorescence lifetimes for
the different NBD-labeled lipid analogs in single vital sperm after co-staining the cells with PI.

FLIM was performed at room temperature (RT) and at 38°C.

Fluorescence intensities of the cells recorded during FLIM measurements were used to verify the
incorporation of the lipid analogs into sperm. Summarized intensity values for pixels in defined
ROIs were normalized to the respective areas. The fluorescence intensity should correlate to the
amount of analog incorporated into the membrane assuming that no bleaching occurs at the given
label concentrations. All analogs incorporated to a higher extent into the acrosomal compared to the
postacrosomal region (Figure 12). Sperm labeled with NBD-SM and NBD-Ch were only weakly
fluorescent compared to sperm labeled with NBD-PS. NBD-SM incorporation increased in non-
vital compared to vital cells which was also found for DilCi, (James et al. 1999). These authors
assume that in non-vital cells also underlying organelles become stained because of cell membrane
ruptures. This seems, however, not to be the case for NBD-Ch and NBD-PS, whose intensities are
similar or even lower in non-vital sperm, respectively. In case of NBD-PS, non-vital cells do not
actively translocate the analogs to the cytoplasmic membrane half during the labeling procedure.
They are obviously not spontaneously included in the exposed leaflet of underlying membranes.
The latter also applies to NBD-Ch and was confirmed by the intensity data revealed by flow

cytometry for vital and non-vital sperm in the dithionite assay (not shown).
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Figure 12: Fluorescence intensities of NBD-labeled lipid analogs for sphingomyelin (SM),
phosphatidylserine (PS), and cholesterol (Ch) incorporated in the acrosomal (dark grey) and postacrosomal
(light grey) membrane regions of vital and non-vital boar sperm cells derived from FLIM measurements at
38°C. Data are displayed by means of boxplots (R 2.15). Medians and the 10th, 25th, 75th, 90th percentiles
are shown as vertical boxes with error bars, outliers are denoted by open circles and means are shown as
small squares. Values were corrected for the different size of both regions (see Materials and Methods).
Significant differences between regions (paired Mann-Whitney U-test) are indicated (#P<0.05, ##P<0.01,
###P<0.001). Different fluorescence intensities were observed between vital and non-vital sperm by Mann-
Whitney U-test (NBD-SM, acrosomal region: P<0.01, postacrosomal region: P<0.05; NBD-PS, acrosomal
region: P<0.05, postacrosomal region: P<0.01). Significant differences between NBD-SM and NBD-PS as
well as between NBD-PS and NBD-Ch (Mann-Whitney U-test) in vital cells were found in both regions
(P<0.001).

Representative pseudocolored images as well as fluorescence lifetime data of vital (PI-negative)
cells are shown in Figures 13 and 14. Differences of fluorescence lifetimes between sperm head
and tail regions are obvious in Figure 13. However, the number of photon counts per area was
insufficient in the sperm tail. Therefore, only data from both head regions were determined and
presented in Figure 14. For all following considerations it is important to note that the fluorescence
intensity in the postacrosomal region of NBD-Ch labeled cells was rather low and that the data

obtained for this label and region should be regarded with caution.
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Figure 13: Fluorescence lifetime images and histograms of NBD-labeled lipid analogs for sphingomyelin
(SM), phosphatidylserine (PS), and cholesterol (Ch) incorporated in the membranes of vital domestic boar
sperm. FLIM measurements were performed at 38°C. Average lifetime is shown as pseudocolor image (see

scale). Pink colored lines in the histograms mark the borders of color coding of the FLIM images.

All fluorescence lifetimes measured at 38°C were lower compared with the respective data for
analog and sperm region at RT which is in agreement with a previously published dependence of
NBD fluorescence lifetime on temperature (Fery-Forgues et al. 2003). This temperature effect was -

with a difference of about 2 ns - most pronounced for NBD-SM.

When compared to NBD-PS, fluorescence lifetimes at 38°C were significantly higher for NBD-Ch
and in the acrosomal region also for NBD-SM. At RT, NBD-PS showed the lowest fluorescence
lifetimes, highest values were measured for NBD-SM followed by NBD-Ch. The most pronounced

lifetime variability between both temperatures was detected for NBD-SM.

Comparing the results between both sperm head regions, significantly higher fluorescence lifetimes
were determined in the acrosomal region with the exception of NBD-SM showing no differences
between both sperm head regions. The largest differences of fluorescence lifetimes between
acrosomal and postacosomal region were observed for NBD-Ch (Figure 14). Note, that data
evaluation by exponential fitting procedures (see Material and Methods) revealed, besides a
component with a very low lifetime (which was neglected, see Materials and Methods), no

indication for the co-existence of clearly distinct label populations with different lifetimes within
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one region. However, the lifetime distributions in each head region were relatively broad,
particularly for NBD-SM (A about 3-4 ns, Figure 13).
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Figure 14: Fluorescence lifetimes of NBD-labeled lipid analogs for sphingomyelin (SM), phosphatidylserine
(PS), and cholesterol (Ch) incorporated in the acrosomal (dark grey) and postacrosomal (light grey)
membrane regions of vital domestic boar sperm cells. FLIM measurements were performed at room
temperature (RT; NBD-SM: n=8, NBD-PS: n=9, NBD-Ch: n=32) and at 38°C (NBD-SM: n=11, NBD-PS:
n=13, NBD-Ch: n=9). Data are displayed by means of boxplots (R 2.15). Medians and the 10th, 25th, 75th,
90th percentiles are shown as vertical boxes with error bars, outliers are denoted by open circles and means
are shown as small squares. Significant differences between regions (paired Mann-Whitney U-test) are
indicated (#P<0.05, ##P<0.01, ###P<0.001). For each distinct region and analog, fluorescence lifetimes
were lower at 38°C compared to RT (Mann-Whitney U-test, P<0.01). Significant differences between analogs

(Mann-Whitney U-test) are presented in the table below:

temperature RT 38°C
region acrosomal postacrosomal acrosomal postacrosomal
NBD-SM versus NBD-PS Hk Hkk *x e

NBD-SM versus NBD-Ch faie **

NBD-PS versus NBD-Ch Fokk falaid *okk ek
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3.4.3 FRAP measurements

FRAP measurements were performed in the acrosomal and postacrosomal region of sperm and
diffusion coefficients (D) for the NBD-labeled lipid analogs were determined from the recovery
curves. In the acrosomal region, diffusion coefficients of all three analogs were similar with values
of around 1.5 x 10° cm?/s (Figure 15). Comparing the two sperm head regions, D values of NBD-
SM as well as NBD-PS were significantly lower (by about 50%) in the postacrosomal compared to
the acrosomal region. No difference between these regions was found for NBD-Ch. Therefore,
diffusion of NBD-Ch in the postacrosomal region was faster compared to NBD-SM and NBD-PS.
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Figure 15: Diffusion coefficients (D) of NBD-labeled lipid analogs for sphingomyelin (SM),

phosphatidylserine (PS), and cholesterol (Ch) localized in the acrosomal (dark grey) and postacrosomal
(light grey) membrane regions of domestic boar sperm heads calculated from FRAP measurements (NBD-
SM: n=37/34, NBD-PS: n=15/11, NBD-Ch: n=7/8). Data are displayed by means of boxplots (R 2.15).
Medians and the 10th, 25th, 75th, 90th percentiles are shown as vertical boxes with error bars, outliers are
denoted by open circles and means are shown as small squares. Significant differences either between regions
or analogs (Mann-Whitney U-test) are indicated (*P<0.05, **P<0.01, ***P<0.001).

3.4.4 FCS measurements

Diffusion coefficients of NBD-labeled lipids were also determined from FCS measurements
revealing a different picture (Figure 16). Generally, much higher (by a mean factor of 45) D values
were found in FCS compared to FRAP measurements. No differences were observed between

acrosomal and postacrosomal region for all three lipid analogs, contradictory to the results obtained
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by FRAP using NBD-SM or NBD-PS. The postacrosomal D values of NBD-Ch were significantly
lower than those of NBD-PS. A conspicuously large inter-cellular variability of D was found for

NBD-PS in both regions.
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Figure 16: Diffusion coefficients (D) of NBD-labeled lipid analogs for sphingomyelin (SM),
phosphatidylserine (PS), and cholesterol (Ch) localized in the acrosomal (dark grey) and postacrosomal
(light grey) membrane regions of domestic boar sperm heads calculated from FCS measurements (NBD-SM:
n=12/14, NBD-PS: n=17/17, NBD-Ch: n=13/13). Data are displayed by means of boxplots (R 2.15). Medians
and the 10th, 25th, 75th, 90th percentiles are shown as vertical boxes with error bars, outliers are denoted by
open circles and means are shown as small squares. Significant differences either between regions or analogs
(Mann-Whitney U-test) are indicated (*P<0.05, **P<0.01, ***P<0.001).

3.5 Discussion

In the present study, the behavior of different fluorescent lipid analogs in the acrosomal and in the
postacrosomal region of ejaculated boar sperm was characterized by various approaches of
fluorescence microscopy. During transit of sperm through the female genital tract, the acrosomal
region interacts with the epithelial cells from the oviduct e.g. forming a sperm reservoir and
supporting sperm capacitation as a prerequisite to fertilization. Moreover, the acrosomal region
provides the structures and components which mediate the first contact to the zona pellucida which
is the main stimulus for the acrosome reaction enabling the sperm penetration through the oocyte
surrounding layer. While the anterior part of the sperm head is destroyed during acrosome reaction,

the postacrosomal region is important for maintaining cell stability via connections to underlying
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cytoskeletal components (Jamil 1984), but is also the region of initial contact and subsequent fusion

with the oocyte membrane (Ikawa et al. 2010).
3.5.1 FLIM measurements

With the raising knowledge on comparably stable substructures within membranes, so-called rafts,
constituted by certain lipids (essentially Ch and SM) and proteins with a high affinity for interaction
in liquid ordered domains (Simons and Gerl 2010), the analysis of these temporally and spatially
organized units came increasingly into the focus of cellular investigations. With regard to the
physico-chemical properties within the domains, it is assumed that lipid subpopulations captured in
those structures exhibit a restricted diffusion compared to freely fast diffusing lipids outside the
structures. They could also be limited in their interaction with surrounding molecules which would

affect the fluorescence lifetime of incorporated fluorescent markers.

The NBD fluorophore is a very subtle sensor of environmental changes since various spectral
properties including its fluorescence lifetime are strongly dependent on solvent polarity and the
presence of hydrogen donors (Fery-Forgues et al. 2003). While the fluorescence lifetime of NBD is
in the range of 7-10 ns in non-polar aprotic solvents, its fluorescence lifetime is reduced to 1 ns in
the polar, strongly protic solvent water. The reason for this behavior was attributed to a strongly
increased rate of non-radiative deactivation in more polar and protic solvents (Fery-Forgues et al.
2003, Lin and Struve 1991). NBD-labeled lipid analogs have been successfully applied to analyze
the membrane properties both in model membranes (Stockl et al. 2008) and living cells (Klein et al.
2012, Ostasov et al. 2013, Mukherjee et al. 2006). Even though NBD-labeled lipids, like any anlog,
may reflect physical properties of endogenous lipids in some cases only to a certain extent
(Chattopadhyay 1990), they have been proven to faithfully reflect the transversal distribution of
endogenous lipids in sperm (Gadella et al. 1999, Kurz et al. 2005, Mller et al. 1994, Nolan et al.
1995) and were succesfully applied to analyse membrane environments using their longer
fluorescence lifetime (Stockl et al. 2008, Klein et al. 2012). Since it has been shown in model
membranes that the fluorescence lifetime of markers like NBD-labeled lipids is not the same in
different lipid domains (Stockl et al. 2008), FLIM analyses of NBD-analogs were performed in the

discrete (acrosomal and postacrosomal) sperm head regions.

FLIM allows a fast high-resolution measurement of the complete areas of both head regions in vital
sperm. Decay curves of fluorescence intensity could be properly fitted with two lifetime
components for each analog in both membrane compartments. We solely used the higher lifetime
which characterizes the motional freedom of the NBD-label of the respective lipid analog and
surrounding solvent molecules (see Material and Methods). Since we observed no further
pronounced analog population having a different lifetime, we assume that the analogs in the

acrosomal as well as in the postacrosomal region are not organized in substructures clearly
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distinguishable by their influence on fluorescence lifetimes. FLIM analyses of NBD-PC and NBD-
PS in cell membranes of HepG2- and HelLa-cells could also not resolve distinct domain specific
lifetimes (Stockl et al. 2008). An overlapping broad lifetime histogram centered on lifetimes
corresponding to values detected for liquid ordered domains in artificial membranes was revealed
(11.5 ns for NBD-PC, 10.9 ns for NBD-PS at 25°C). If domains exist in these cell types, the cell
membrane seems to consist of several lipid domains differing in properties like composition, size
and stability (Stockl et al. 2008). Moreover, it is assumed that native cell membranes create a rather
continuous liquid ordered phase with embedded small disordered domains (Mukherjee and
Maxfield 2004, Almeida et al. 2005). Also in boar sperm, broad lifetime histograms were revealed
per region, however, even at room temperature (26°C) values never exceed 10 ns. In giant
unilamellar vesicles (GUVs) of lipid mixtures known to form ordered and disordered domains as
well, lifetimes of 12 and 7 ns were resolved for NBD-PC at 25°C, respectively (Stockl et al. 2008).
We conclude that lifetimes of all NBD-analogs in the boar sperm head rather correspond to those in
disordered domains and are much lower when compared to HepG2- and HeLa-cells. This has
important implications for the functionality of mammalian sperm which need to sustain their
fusogeneity for the exocytotic acrosome reaction (acrosomal region) and fusion with the oocyte
(postacrosomal region). This suggests a strong need for stabilization of sperm membranes before

fertilization by proteins or binding to oviduct.

As outlined in the introduction, the NBD-analogs used here allow to selectively sense the leaflets of
the sperm membrane. The localization of more than 95% NBD-PS on the inner membrane leaflet as
well as of more than 95% NBD-SM on the outer membrane leaflet is well documented in the
literature (Muller et al. 1994, Gadella et al. 1999, Kurz et al. 2005, Nolan et al. 1995) and can be
presumed in both large head regions. For NBD-Ch, we could confirm here for sperm that it is
indeed symmetrically distributed across both membrane leaflets and shows a rapid flip-flop across
the bilayer (Mdaller et al. 2011). However, we cannot exclude that the transversal distribution and
mobility of NBD-Ch differs between the macrodomains of the head. Furthermore the fluorescence
of the NBD group is amongst others sensitive to the polarity and hydrogen-bonding donor strength
of its surroundings, therefore being able to sense even small differences between different

membrane substructures.

Comparing the lifetimes of the three different analogs, NBD-PS showed the shortest lifetimes at
body as well as at room temperature. This is in agreement with the assumption of a more fluid
cytoplasmic membrane leaflet in eukaryotic cells (Seigneuret et al. 1984, Julien et al. 1993).
Because NBD-PS as well as endogenous PS is rapidly transported to the cytoplasmic leaflet in vital
boar sperm it is nearly exclusively located on that membrane half under our experimental conditions
(Kurz et al. 2005, Miiller et al. 1994). Similar to the lifetime measurements, NBD-PS also tends to

have a larger diffusion mobility reflected by highest average diffusion coefficients deduced from
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FCS in both head compartments. When the temperature was reduced from 38°C to room
temperature, the lifetime of all analogs increased. However, this increase varied for the analogs
suggesting a different behavior/reorganization of each analog within the membrane. The largest
increase was observed for NBD-SM in the outer leaflet and comes nearest to values in liquid
ordered domains in GUVs (see above). It remains open whether the smaller response to temperature
change of NBD-Ch is explained by its particular arrangement in the membrane or by a reduced
temperature sensitivity of the particular type of NBD bonding compared to chain-labeled analogs
(Fery-Forgues et al. 2003). Notably, the variation of lifetimes between single sperm was remarkably
high for NBD-SM compared to NBD-Ch or NBD-PS. The induced changes upon cooling could be
relevant for stabilizing reorganization processes during sperm storage at slightly lower temperature
in the epididymis. This would additionally have implications for low-temperature sperm storage
before artificial insemination which could in future be investigated by NBD-analogs in similar
approaches.

The existence of liquid ordered membrane (raft) domains has been postulated for boar sperm after
analyzing functional protein complexes like for instance GM1 related domains (typical raft marker)
in detergent resistant membrane fractions by several authors (Peterson et al. 1987, Bou Khalil et al.
2006, Tanphaichitr et al. 2007, Boerke et al. 2008, Jones et al. 2010, van Gestel et al. 2005).
However, for no type of NBD-analog, FLIM analyzes revealed clearly distinguishable coexisting
lipid populations, comparable to liquid ordered and disordered domains, within one head region. At
least for NBD-Ch it is not sure that the analog locates to liquid ordered and disordered domains as
well, since it has been shown for artificial membranes that NBD-PC and NBD-Ch, like most
fluorescent lipid analogs, accumulate predominantly into the liquid disordered phase. For NBD-SM,
conflicting data have been published (Ramstedt and Slotte 2006, Sengupta et al. 2008, Sezgin et al.
2012, Wang and Silvius 2000, Wang and Silvius 2003). Therefore, we have characterized the lateral
arrangement of NBD-SM in phase-separated GUVs finding that about 75% of this analog are

localized in the liquid ordered domain (see supplementary information).

Comparing both large sperm head regions, fluorescence lifetimes of NBD-PS and NBD-Ch are
higher in the acrosomal than in the postacrosomal part. This means that the probability of molecular
interactions of NBD-groups (as possible consequence of their motional freedom in a suggested
more fluid or aqueous environment) is higher in the postacrosomal region and concerns particularly
analogs with partition into the cytoplasmic leaflet. Whereas close membrane contact as prerequisite
for fusion (acrosome reaction) might restrict mobility in the acrosomal part of the head, different
conditions in the posterior head region might be required for later reorganization of postacrosomal
proteins upon capacitation/acrosome reaction as demonstrated for bovine and human sperm (Luconi
et al. 1998, Howes et al. 2001).
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3.5.2 Discrepancies between FRAP and FCS measurements

Comparing our data on analog diffusion obtained from FRAP and FCS measurements, the diffusion
coefficients as well as the ratio of diffusion coefficients between the two sperm head regions
strongly differ in dependence of the detection method used. This indicates that the apparent value of

diffusion coefficients (D) depends on the temporal and spatial scale of the measurement.

Similar discrepancies have been described elsewhere recently. Similar to our data on lipids, Adkins
et al. (Adkins et al. 2007) detected a 10fold difference in diffusion coefficients calculated from
FRAP and FCS measurements for a membrane protein (tagged with yellow fluorescent protein) in
HEK?293 cells. The authors assumed an overestimation of D values by FCS measurements. Guo et
al. (Guo et al. 2008) compared different fluorescence techniques to analyze fluorescent lipid analogs
in supported lipid bilayers and GUVs. Again, diffusion coefficients calculated from FRAP were
significantly lower than those calculated with FCS. Since their FCS data were in better agreement
with diffusion coefficients obtained from single particle tracking (SPT) in supported lipid bilayers
where D values are determined from real diffusion pathways of multiple discrete molecules, the
authors rather assumed an underestimation of D values by FRAP.

In accordance with the latter authors, we hypothesize that the FRAP measurements in our study also
caused a significant underestimation of diffusion velocity compared to FCS derived data. Already in
the past, some groups challenged the applicability of conventional FRAP formulas (that were
derived for static bleaching lasers) in confocal laser scanning microscopy (CLSM) as presented by
Axelrod et al. (Axelrod et al. 1976), and found that the diffusion of molecules between bleach spot
and surrounding membrane during the bleaching interval leads to a significant increase in the
effective bleach spot size (bleach spot broadening) and cannot be neglected when using CLSM in
FRAP experiments (Braga et al. 2004, Kang et al. 2009, Kang et al. 2012). This increase in effective
bleach spot size finally causes an underestimation of the diffusion coefficient when conventional
data analysis is performed on the recovery data collected. The effect is more pronounced for longer
bleaching times, small bleach spots and high diffusion coefficients. Note that due to the scanning
nature of the bleaching laser beam in CLSM, an increase in bleach spot size is accompanied by an
increase in bleaching time and vice versa, which makes it difficult to avoid this aberration. If the
labeled marker species consists of subspecies that diffuse with different velocities, these subspecies
are differentially influenced by the increase in effective bleach spot size. The kinetics of the

recovery curve may then be dominated by slower moving molecules.

Previous FRAP measurements on boar sperm used static lasers with Gaussian profile to create a
bleach spot with a diameter of 1.2 or 2.5 um after 5 ms bleaching time. For the artificial lipid
reporter ODAF, D values of about 30 x 10° cm?s* were reported for both boar sperm head regions
at 23 or 25°C (Wolfe et al. 1998, James et al. 1999). James et al. found D values of about 70 and 50
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x 10° cm?st for another lipid-like reporter (DilCi2) in the acrosomal and postacrosomal region,
respectively (James et al. 2004). Note that the mentioned underestimation of D is negligible in these
FRAP protocols. Yet the size of these bleach spots seems inadequate to the size and geometry of the
sperm head, particularly of the postacrosomal part leading to a point where the FRAP
approximation for circular bleach spots in an unbleached region of unlimited size and uniformity in
all directions is highly questionable. This is illustrated in Figure 17. Therefore we used CLSM to
create a smaller bleach spot of 0.686 um diameter with, due to the scanning nature of the laser
beam, a bleaching time of about 300 ms. We detected rather low diffusion coefficients of about 0.5-
3 x 10° cm?s* which are in the typical range for membrane proteins being much larger in size and,
therefore, diffuse slower. The diffusion coefficients calculated from our study by FCS for NBD-
analogs are around 60 x 10° cm?stand are more consistent with expected motion characteristics of
lipid molecules in a membrane (Stockl et al. 2008). We are aware that due to the described
aberrations of D when applying conventional FRAP analysis on confocal FRAP data, the D values
revealed by FCS are more representative for the diffusional behavior of the applied lipid analogs.

4 um

8 um

FLIM FRAP FCS

Figure 17: Visualization of membrane dimensions and measurement parameters of the different methods
characterizing the behaviour of fluorescently labeled lipid analogs localized in membrane regions of domestic
boar sperm heads. For further explanation on the applied methods (FLIM, FRAP with different bleach spot
sizes, FCS) see the introduction. Colors indicate the measured share of the acrosomal (dark grey) and

postacrosomal (light grey) region.

Whereas no difference of NBD-analog diffusion velocity between acrosomal and postacrosomal

region was resolved by FCS, FRAP revealed significantly lower D values in the postacrosomal
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compared to the acrosomal part of the head for NBD-SM and NBD-PS. Lower D values in the
postacrosomal compared to the acrosomal region were also found by FRAP for DilCy, in boar
sperm (James et al. 2004) as well as for ODAF in bull, goat, monkey, mouse, and rat but not in
boar, dog, and guinea pig sperm (Ladha et al. 1997, Wolfe et al. 1998, Christova et al. 2004). In the
case of lower FRAP derived D values in the postacrosome, these were concordantly interpreted by

the authors in terms of a less fluid membrane in the posterior head.

Our FCS data matched quite well with the former examinations of ODAF in boar sperm membranes
showing relatively homogenous diffusion coefficients over the whole sperm head in the dimension
of 10 cm?/s. While the different dimension of our FRAP derived D values can be explained by the
effect of bleach spot broadening as outlined above, this does not explain the inhomogeneity between
both sperm head membrane regions seen with this technique. We hypothesize that our lower FRAP
derived D values of NBD-PS and NBD-SM in the postacrosome are not necessarily indicative for
an overall slower diffusion or membrane fluidity in this part of the head but, on the contrary, for the
existence of subpopulations with heterogeneous diffusion coefficients. According to this hypothesis,
the lower D values in the posterior region could be caused by a mixture of slowly as well as rapidly
diffusing molecules. As a result of the mentioned effect of bleach spot broadening, the latter became
unintentionally bleached to a higher extent. When analyzed by FCS, the same average D value as in
the acrosomal region was detected without any information about the existence of putative lipid
populations with different diffusion velocities. Compared to NBD-SM and NBD-PS, NBD-Ch does
obviously not incorporate into different posterior membrane lipid populations with different
diffusion behavior or can circumvent limitations in lateral diffusion by flip-flop. Mean D values as

calculated from FRAP as well as FCS were similar in the acrosomal and postacrosomal region.

As concluded from comparing FRAP and FCS results (see above), the coexistence of
subpopulations with different diffusion velocity is assumed for NBD-SM as well as NBD-PS in the
postacrosomal region. The higher fluorescence lifetimes of NBD-PS and NBD-Ch in the acrosomal
compared to the postacrosomal part (as possible consequence of decreased motional freedom in a
suggested less fluid environment) would throughout be consistent with the assumption that rapidly
and slowly diffusing label populations of NBD-SM and NBD-PS co-exist in the postacrosomal
region. Fluorescence lifetimes of those differently diffusing analog subpopulations must not
necessarily differ since the lifetime of NBD-molecules in the order of several nanoseconds might
rather be affected by immediate molecular surroundings. The fluorescence lifetimes can be similar
in a continuous lipid phase as well as within molecular platforms/domains which, as a whole, show

restricted diffusion in a much larger spatial and temporal scale as detected with FRAP and FCS.
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3.6 Conclusions

In conclusion we could show that a combination of different microscopic methods provides a
comprehensive picture of lipid dynamics in the cell membrane of vital sperm even if conclusions
from each single method are limited and fragmentary in the respective temporal and spatial window.
The presented lipid-analog-specific results indicate that the lipid analogs used are suitable to report
on the conditions of surrounding membrane domains with different properties. Whereas FLIM
analyses did not indicate coexisting distinct liquid ordered and disordered domains in any of the
head regions, particularly FRAP in comparison to FCS measurements suggest the incorporation of
NBD-SM as well as NBD-PS in postacrosomal subpopulations with different diffusion velocity.
FLIM analyses further indicate a more fluid microenvironment of NBD-Ch and NBD-PS in the
postacrosomal compared to the acrosomal region indicating a more fluid cytoplasmic leaflet
compared to the exoplasmic one. This conclusion is supported by lower fluorescence lifetime and
higher D values (FCS) for NBD-PS in both head compartments.

For the first time, fluorescence lifetimes of lipid analogs were determined in the sperm cell
membrane and found to be in a range characteristic for the liquid disordered phase in artificial lipid
membranes (GUV). Sperm require a fragile membrane with fusion competence for acrosome
reaction and fertilization which for instance becomes apparent in the high amount of
polyunsaturated fatty acyl residues in sperm lipids. Moreover, boar sperm contain less cholesterol
e.g. compared to bull sperm (Parks and Lynch 1992), a lipid which rigidifies membranes. The
binding of components, e.g. seminal plasma proteins to sperm could modify their physico-chemical
membrane properties. As we have shown recently, bull sperm membranes are stabilized - a
requirement for the transit through the female genital tract - by seminal fluid proteins, which
directly interact with the lipid phase (Tannert et al. 2007b, Greube et al. 2001). It remains to be
investigated whether boar seminal proteins are also able to affect membrane properties e.g. to

stabilize the comparatively fluid sperm membrane.
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3.7 Supplementary Material
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Supplementary Figure 1

Quenching of NBD-cholesterol in the boar sperm membrane by sodium dithionite. NBD-cholesterol labeled
sperm cells were incubated with propidium iodide (5 min, 38°C) and analyzed by using flow cytometry to
determine the NBD-fluorescence intensity in vital and non-vital cells. Subsequently, cells were treated with
dithionite and the fluorescence was measured at different times. The figure shows the increased quenching of
NBD-fluorescence, i.e. decrease of fluorescence intensity of vital (i.e. PI-negative) cells in the presence of 25
mM dithionite at room temperature (n=6). The insert shows that the percentage of initially quenched NBD-
cholesterol (0.5 min after dithionite addition) is independent of the dithionite concentration in the range from
5to 50 mM.
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acrosome postacrosome
11 [ng] 7.064 6
amplitude: [counts] 341.38 95.26
71 [ns] 2.647 1.563
amplitudez [counts] 193.78 14.92
11 [NS] 5.46 5.4
X2 0.797 0.73
background 0.48 0.29
fit range [ns] 29.05-80.5 29.05-63

Supplementary Figure 2: Typical fluorescence histogram and fit for a FLIM measurement in the acrosomal
(top) and postacrosomal (bottom) region of a sperm cell labelled with NBD-SM. Obtained parameters are

shown in the table.
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FIT: 1(t) = Ao + (Ao = A ) €™ + By + (B,
acrosome postacrosome

best-fit values

Anmax 56.98 41.05

Anmin (constant) 14.28 13.45

T1 0.115 0.1399

Brmax 28.69 43.04

Bmin (constant) 14.28 13.45

T 1.372 1.584
std. error

Amax 1.78E+00 2.17E+00

T 1.16E-02 2.50E-02

Bmax 1.633 1.924

T, 2.34E-01 1.71E-01
95% confidence intervals

Anmax 53.49 t0 60.48 36.79 to 45.30

T1 0.09228 to 0.1378 0.09082 to 0.1889

Brmax 25.49 t0 31.89 39.27 t0 46.81

T, 0.9126 to 1.831 1.250 to 1.918
goodness of fit

degrees of freedom 286 286

R2 0.8581 0.8795

absolute sum of squares 2691 3864

Sy.X 3.067 3.676
data

number of X values 290 290

number of Y replicates 3 3

total number of values 290 290

number of missing values 580 580

Supplementary Figure 3: Typical recovery curve and fit for a FRAP measurement in the acrosomal (top) and

postacrosomal (bottom) region of a sperm cell labelled with NBD-SM. Obtained parameters are shown in the

table.
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acrosome postacrosome
repetition average average
count rate [kHz] 23.221 29.953
correlation 1.148 1.106
counts per molecule [kHz] 3.447 3.184
amplitude number particles 6.737 9.406
triplet state fraction [%] 22.906 26.145
triplet state relaxation time [us] 1.13 1.516
component 1 fraction [%] 16.448 20.668
component 2 fraction [%] 83.552 79.332
component 1 diffusion time [us] 54.044 40.765
component 2 diffusion time [ps] 1714.579 2409.39
2 1.18E-05 4.19E-06

Supplementary Figure 4: Normalized autocorrelation and fit of a typical FCS measurement in the acrosomal
(top) and postacrosomal (bottom) region of a NBD-SM labelled sperm cell. Obtained parameters are shown
in the table.
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Supplementary Information
Preparation of giant unilamellar vesicles (GUVs)

All lipids were purchased from Avanti Polar Lipids (Alabaster, AL) and used without further
purification. GUVs were produced by the electroswelling method (Angelova et al. 1992). Lipid
mixtures were prepared from stock solutions in chloroform. Finally, 100 nmol of the lateral
membrane domain forming lipid mixture DOPC and, either N-stearoyl-D-erythro-
sphingosylphosphorylcholine (SSM) or porcine brain sphingomyelin (bSM), and cholesterol (in a
molar ratio of 1:1:1) including 0.5 mol% of the liquid disordered (Id) domain marker 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (N-Rh-DOPE) and 0.5
mol% of N-[6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl]-sphingosine-1-phosphocholine
(C6-NBD-SM) were dissolved in 50 ul of chloroform and deposits of 2 pl were spotted onto
custom-built titan chambers. The mixture was placed on a heat plate at 50°C to facilitate solvent
evaporation, and subsequently given into a high vacuum field for at least 1 h to evaporate remaining
traces of solvent. The lipid-coated slides were assembled using Parafilm® (Bemis, Soignies,
Belgium) as a spacer for insulation. The electroswelling chamber was filled with 1 ml of sucrose
buffer (250 mM sucrose, 15 mM NaNs;, osmolarity of 280 mOsm/kg) and sealed with plasticine. An
alternating electrical field of 10 Hz rising from 0.02 V to 1.1 V in the first 56 min was applied for
2.5 h at 55°C, followed by 30 min of 4 Hz and 1.3 V to detach the formed liposomes.

Confocal laser scanning microscopy

For microscopy, GUVs were mixed 1:1 (v/v) with 250 mM glucose buffer (5.8 mM NaH;PO, , 5.8
mM NazHPQO,4, osmolality of 300 mOsm/kg, pH 7.2) onto a poly-d-lysine coated glass bottom dish
(MatTek Coorporation, Ashland, Massachusetts, USA) and were then allowed to settle down for
observation. Confocal images of the equatorial plane of the GUVs were taken using an inverted
confocal laser scanning microscope (FV1000, Olympus, Hamburg, Germany) using a 60x (N.A.
1.2) water-immersion objective at 25°C. NBD was excited using a 488 nm argon laser (Olympus,
Hamburg, Germany) and its fluorescence was detected between 500 and 540 nm. Rhodamine was
excited with a 561 nm diode laser (Olympus, Hamburg, Germany) and the emission was recorded
between 570 and 670 nm.

Results

The lateral distribution of C6-NBD-SM was investigated in GUVs consisting of DOPC, cholesterol
and SSM or bSM. These vesicles are characterized by liquid ordered (lo) and disordered (Id)
domains at room temperature. To identify the Id phase, the GUVs additionally contained the
fluorescent lipid N-Rh-DOPE which is a well-established marker for this phase. Therefore, this
domain shows an intense red fluorescence, while the lo phase, which is depleted of N-Rh-DOPE,

appears with low fluorescence (Supplementary Figure 5). Notably, the fluorescence of C6-NBD-SM
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was larger in the regions of low Rhodamine fluorescence indicating that this analog is concentrated
in the liquid ordered domain (Supplementary Figure 5). To quantify the distribution of C6-NBD-
SM between the lo and the Id region, fluorescence intensities in both domains were quantified and
the intensity in the lo domain was related to the sum of intensities (Johnson et al. 2010). According
to that, 74.5 +/- 7.2 % (mean +/- SD, 2 independent preparations, 27 GUVs) of the C6-NBD-SM
was localized in the ordered domain of GUVs containing SSM. A similar enrichment of the analog
was found in GUVs containing bSM, 78.6 +/- 4.1 % (1 preparation, 7 vesicles). In GUVs consisting
solely of DOPC, both fluorescent lipids, N-Rh-DOPE and C6-NBD-SM showed a homogenous

fluorescence of the vesicle membrane (not shown).

Supplementary Figure 5: Confocal fluorescence image of GUVs consisting of the canonical raft mixture of
DOPC/SSM/cholesterol (1:1:1 molar ratio) and the fluorescent lipids N-Rh-DOPE and C6-NBD-PC (both at
0.5 mol%). The vesicles were observed in the green channel (NBD fluorescence, left image) or in the red
channel (Rhodamine fluorescence, mid column) at 25°C. The right image shows the merging of NBD and

Rhodamine emission
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Chapter 4: General discussion

The recombinant expression of the porcine spermadhesin AWN and its purification using three
chromatography steps was presented in chapter 2. Characterization of the recombinant protein
validated the formation of disulphide bridges and a so far unreported affinity for phosphatidic acid
(PA) and cardiolipin. Furthermore an interaction between recombinant AWN and male domestic pig
sperm cells was observed, showing a distribution over the acrosomal region similar to earlier results
with porcine AWN. An arginine-rich stretch near the N-terminus of the recombinant protein was

discussed as potential binding site for PA.

In chapter 3, three fluorescence microscopic techniques — FLIM, FRAP and FCS — were applied to
examine fluorescence labeled lipid analogs incorporated in domestic pig sperm membranes. While
conclusions from each single method are limited and fragmentary in the respective temporal and
spatial window, their combination provided a comprehensive picture of lipid dynamics in vital
sperm membranes. The presented results were specific for the three different fluorescent
phospholipid analogs and indicated that they are suitable to report on the conditions of surrounding

membrane domains with different properties.
4.1 AWN
4.1.1 Recombinant expression of AWN (recAWN)

Proteins recombinantly expressed in prokaryotes such as E.coli usually lack posttranslational
modifications such as glycosylation. Although E.coli strains can be created which have the ability to
express glycosylated proteins (Wacker et al. 2002), the type of glycosylation might not reflect the
situation in vivo. Even eukaryotic cell expression systems are not expected to deliver native
glycosylation patterns (see Jenkins and Curling 1994 and references therein). Following this
reasoning, we expressed unglycosylated AWN in the presented study even though AWN, like other
spermadhesins, shows a conserved glycosylation site at N50 with severe impact on its ligand
binding potential (Calvete et al. 1993). A further essential argument was the fact that
unglycosylated AWN is the isoform that comes into contact with the sperm membrane already in
the epididymis (Calvete et al. 1994). Also, this isoform expresses glycoprotein binding behavior
which could even be blocked by glycosylation (Calvete et al. 1993). Therefore the unglycosylated
isoform of AWN is — in addition to interaction studies with membranes and sperm cells — suitable

for future binding studies with zona pellucida and oviductal (epithelia) proteins as well.

A His-tag was chosen to improve the purification potential and detectability of the recombinant
protein. This is a small tag at the C-terminus of recAWN that includes 6 successive histidines,
additionally a cleavage site for factor Xa was introduced after the AWN sequence and before the

His-tag. Therefore it is also possible to remove the tag, if necessary. Since antibodies for poly-His-
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tags are commonly in use, this tag opens up several possibilities for immunodetection and antibody

based experiments.

As native AWN is a secretory protein which contains two disulphide-bridges, a classical expression
in cytoplasma of E.coli strains is not possible. Therefore we selected a modified strain that is able to
form proteins containing disulfide bonds in the cytoplasm (SHuffle® T7 Express). As an
alternative, we also tested the periplasmic expression but this did not yield a higher expression of
native soluble protein (not shown). The formation of disulphide bridges was successfully
demonstrated by checking the presence of undesired free SH-groups. The molar ratio between the
marker for free thiol groups and recAWN was 0.18, implying most of the disulphide bridges to be
intact.

Size exclusion chromatography indicated the existence of a multimeric as well as a monomeric
form of recAWN with the latter being the dominant form. It was possible to reduce the proportion
of the multimeric form after introduction of a prolonged elution gradient in the His-affinity
chromatography which also reduced the contamination with proteins originating from the
prokaryotic expression organism (unpublished results, Dommaschke 2016).

4.2 Phosphatidic acid

Phosphatidic acid and cardiolipin presented on nitrocellulose-lipid stripes were identified as binding
partner for recombinant AWN. Cardiolipin consists of two phosphatidic acids connected by a
glycerol backbone and forms a bicyclic structure, presenting the phosphate groups in a way

resembling that of PA and explaining the affinity of AWN.

Since cardiolipins are synthesized in mitochondria of mammals (Schlame et al. 2000) and are
almost exclusively present in the inner and outer membrane of this organelle in eukaryotic cells

(Schlame 2008) , the further discussion focuses on PA as interaction partner for AWN.
4.2.1 Phosphatidic acid — synthesis and distribution in domestic pig sperm membranes

PA can be synthesized by the acetylation of lyso phosphatidic acid (lysoPA), hydrolysis of
phosphatidylcholine (PC) or phosphorylation of diacylglycerol (DAG, see Figure 18). PA is an
important substrate in the phospholipid metabolism of cells where it functions as a precursor for the
synthesis of many other lipids. PA’s acyl chain saturation can severely differ depending on its
origin either from the hydrolysis of PC through phospholipase D or the phosphorylation of
phosphatidylinositol-derived DAG through diacylglycerokinase (Hodgkin et al. 1998). PC in
domestic pig sperm cells mainly carries one saturated and one polyunsaturated acyl chain (Lessig et
al. 2004b) whereas most DAG in domestic pig sperm cells under resting conditions carries two

saturated acyl chains (Vazquez and Roldan 1997). PA and cardiolipin with saturated palmitoyl
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chains were used on the lipid strips to detect AWN’s potential specificity in terms of phospholipid

affinity.
choline
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Figure 18: Schematic view of the different synthesis pathways leading to the synthesis of phosphatidic acid

(PA). lysoPA: lyso phosphatidic acid, DAG: diacylglycerol, PC: phosphatidylcholine.

The PA pool is constantly renewed because of its central position in several synthesis pathways.
Even though spermatozoa do not synthesize new proteins (Bedford and Hoskins 1990), they
perform de novo phospholipid and explicit PA synthesis (Vazquez and Roldan 1997). To elucidate
the potential biological function of the detected recCAWN interaction with PA, it is important that
PA is present in total membrane extracts of ejaculated domestic pig spermatozoa without
significantly changing its concentration after capacitation in vitro or in utero (Evans et al. 1980). It
accounts for approximately 1.5 % of the phospholipid content in the membranes of this gamete. In
other cells, the PA content can rapidly increase in response to external stimuli (Shukla and Hanahan
1982).

The lateral distribution of PA on domestic pig spermatozoa is unknown. For domestic guinea pig
(Cavia porcellus) sperm, tests with polymyxin B (PXB) were carried out, showing a distribution of
this antibiotic over the fusogenic regions of the acrosomal cap (Bearer and Friend 1980). These
authors proposed PA and cardiolipin as anionic binding partners of PXB, suggesting that this was
the basis for this localization, and reported an increased binding after proteolysis or capacitation
(Bearer and Friend 1982). AWN (Sanz et al. 1992b, Dostalova et al. 1995a) as well as recAWN (see

Chapter 2, Figure 10) were localized in similar regions on ejaculated domestic pig sperm.

The transversal distribution of PA in sperm membranes is unknown as well. PA seems to lack
leaflet preference at physiological pH (Koter et al. 1978). It is possible to induce an asymmetric

distribution of PA on either leaflet of large unilamellar vesicles (LUVs) through a pH gradient
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(Eastman et al. 1992). Therefore it can be assumed that the transversal distribution of PA maybe
controlled by its protonation state in vivo (see also Figure 20). However, the protonation state of
PA is not only influenced by local pH but also by membrane curvature and lipid packing in artificial

membrane vesicles (Swairjo et al. 1994).
4.2.2 Functional role of PA

Beside its role as substrate in the phospholipid metabolism of cells, PA can also act as a signaling
lipid, for example for the incorporation of cytosolic proteins into the membrane (Delon et al. 2004).
An ionophoric function of PA has also been implied (Putney et al. 1980, Cullis et al. 1980). An
extensive review on the signaling functions of PA in plants, animals and microorganisms was

presented by Wang et al. 2006.

Phospholipids are characterized by so called phase behavior. This term refers to their mode of
supramolecular organisation for example in micelles, bilayers or complex structures like the tubular
hexagonal or cubic phase (Figure 19, see also Frolov et al. 2011, Jouhet 2013 and references
therein) and implies transitions between different phases and the formation of phase separations.
The characteristics of these phases are determined by the phospholipid structure (fatty acyl chains,
e.g. number, length, saturation, and head group structure) and by the environmental conditions (e.g.
temperature, pH, ionic strength, presence of divalent cations). The existence of lipid mixtures (e.g.
presence of cholesterol) and/or proteins makes the phase behavior of membranes more complex.
Therefore, the occurence of phases in biological membranes has been a matter of debate for a long
time since these membranes are composed of hundreds of different lipid and protein species.
Currently, it is in general accepted that particular lipids can also trigger distinct lipid phases in
biological membranes modulating various physiological processes. Some examples are, (i) the
formation of lateral domains (so called rafts), and (ii) the segregation of charged phospholipids in
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PA can have a high impact on membrane curvature and stability (see Kooijman et al. 2003 and
references therein) and can therefore play a role in membrane fusion. Its small head group with
potentially high charge and hydrogen bonding potential causes a remarkably pH sensitive phase
behavior. An extensive overview regarding the physical properties, phase behavior and
intermolecular interactions of PA was given by Boggs 1987. Its behavior in membranes may match
cone shaped, inverse cone shaped or cylindrical lipids (see Figure 19) depending on its protonation
which influences the repulsive (charge) and attractive (hydrogen bonding) forces between
neighbouring PA molecules (see Figure 20 B). The latter seems to be the case at physiological pH
(Lu and Benning 2009, Koter et al. 1978, Verkleij et al. 1982, Eibl and Blume 1979).

Figure 20: Influence of pH on hydrogen bonding potential and occupied membrane area.

A: Different protonation states of PA depending on pH.

Green: hydrogen bonding donor groups, red: hydrogen A pK; =3.5 pK; = 8-9
bonding acceptor groups. Note that PA’s charge
increases with pH. .

B: Lipid shape and repulsive electrostatic forces. Even
though the volume of the phosphate head group

decreases with deprotonation, the repulsive forces of the

negative charges (red) increase the surface area

occupied by each phospholipid. Fully protonated PA B &
(left) behaves like a cone shaped lipid inducing negative Q

membrane curvature. At neutral pH, PA forms bilayers &D mm

like a cylinder shaped lipid, while fully deprotonated PA
induces positive membrane curvature through its C

repulsive head group charges. %g

C: If PA’s head group charges are neutralized, for

example by divalent cations, the curvature can be

reversed.

The addition of divalent cations to membrane vesicles containing anionic lipids (Papahadjopoulos et
al. 1978) and specifically PA (Simmonds and Halsey 1985, Koter et al. 1978) induced phase
transition and fusion of said vesicles, which is detectable by an increase of their size. Depending on
pH and presence of divalent cations, PA explicitly expresses phase transitions from a bilayer
forming liquid phase to the non-bilayer hexagonal 1l (Hy) phase (Figure 19 A, Verkleij 1984). This
kind of transition has also been linked to membrane fusion and acrosome reaction of sperm cells
(Martinez and Morros 1996). Furthermore, studies with murine and human spermatozoa revealed a

PA induced rapid actin polymerisation, leading to hyperactivated movement (Itach et al. 2012). This
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movement pattern is also observed without artificial PA addition at the site and time of fertilization
and has been linked to functions including, but not limited to, the penetration of the oocyte’s zona
pellucida and sharp turns during chemotaxis (see Armon and Eisenbach 2011 and references

therein).
4.3 AWN-PA binding and its possible functional role
4.3.1 Location and binding mechanism of AWN’s PA binding site

The distinctive feature which separates PA from other phospholipids is its exceptionally small head
group with one phosphate group at a terminal position, presenting one negative charge at
physiological pH. It was stated that the phospholipid is prone to the formation of intermolecular
hydrogen bonds while not being able to form intramolecular bonds like other membrane lipids
(Boggs 1987).

Several proteins express an affinity to PA without sharing a common sequence but being enriched
in basic amino acids, especially lysine and arginine (Kooijman et al. 2007, Wang et al. 2006,
Andresen et al. 2002). It was proposed by Kooijman et al. 2007 that these are first attracted by PA’s
single negative charge at physiological pH prior to hydrogen bonding to the phospholipid. It was
further proposed that the positive charge of the amino acid residues then increases the local pH,
leading to a second deprotonation of PA and a further rise in binding strength to the protein
(Kooijman et al. 2007, visualized in Figure 22 C). The effect was stronger with lysine, but also
detected for arginine. Contact with poly-lysine peptides also lead to local accumulation of PA and
phase separation (Galla and Sackmann 1975a, Galla and Sackmann 1975b), underlining the

interactive behavior of this amino acid.

Following this reasoning | propose that the section of amino acids around the three basic arginines
3NRRSRS?® (amino acid numbering according to native AWN sequence without signal peptide)
within the proposed phospholipid binding site of AWN (Enfilin et al. 1995) is responsible for the
interaction of recAWN with PA. It was reported that each arginine has the potential to provide five
hydrogen bond donor groups (Shimoni and Glusker 1995). Considering the results about hydrogen
bond patterns made by Shimoni and Glusker | propose that each arginine is capable of binding two
PA molecules through hydrogen bonds (Figure 21, fully deprotonated PA can interact similarly).
Since during this process only one positive charge per arginine is brought in the vicinity of the
membrane, the repulsive forces between the PAs would be reduced but not eliminated (Figure 21
C). Moreover this could lead to the close accumulation of six PAs per AWN molecule bound to the

membrane.
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Figure 21: Vizualisation of hydrogen
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4.3.2 Potential functional role of AWN — PA binding

As AWN has been proposed to form a layer around the acrosomal region of domestic pig sperm
cells, it can be assumed that the PA binding will result in its accumulation in this membrane region.
By interacting with PA in the membrane, AWN might prevent interactions of this lipid with
divalent cations which induce membrane destabilization and fusion in artificial PA containing
membrane vesicles (Koter et al. 1978, Simmonds and Halsey 1985). The AWN layer associated
with the sperm membrane might therefore serve as a protectant against premature acrosome
reaction. In this context it is intriguing that the primal AWN layer originating from the epididymis
consists of unglycosylated proteins (Calvete et al. 1994). Unglycosylated AWN expresses binding
affinity to carbohydrates of the oocyte’s zona pellucida (Dostalova et al. 1995a) through a binding
site which does not overlap with the phospholipid binding domain (Calvete et al. 1994, Ekhlasi-
Hundrieser et al. 2008a). Interestingly, this primal AWN layer might become exposed at the sperm
surface just after the secondary spermadhesin hull is released prior to the contact with the gamete.
In turn, the contact with the zona pellucida could trigger the release of any AWN from the sperm to
uncover the anionic phospholipids and initiate their phase transition to precede the acrosome

reaction.
4.3.3 Similarities in other species

PXB-binding (see 4.2.1) to epididymal domestic guinea pig sperm increased after proteolysis. This
might suggest that epididymal proteins similar to AWN are present in this species and mask the
charges of PA. Following proteolysis of these proteins, PA is exposed, causing the reported increase
in PXB-binding. Recalling that equine HSP-7 differs from AWN in only 3 amino acid substitutions
offside the proposed phospholipid binding region, an affinity and function similar to AWN is likely

for the equine protein.
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4.4 Functional model of AWN’s membrane interaction
4.4.1 Potential role of AWN’s serine proteinase inhibitor binding potential

A further aspect of the physiological importance of AWN relates to its binding site for serine
proteinase inhibitors (SPI), including acrosin inhibitors present in the seminal fluid and even soy
bean trypsin inhibitor (Sanz et al. 1992a, Dostalova et al. 1995a). This gives me the opportunity to
undertake some hypothetical considerations.

Acrosin is an enzyme whose precursor form is found in the sperm acrosome. It is released during
the acrosome reaction and is believed to aid in the binding and penetration of the zona pellucida.
The enzyme has an endoproteinase activity, cleaving behind basic amino acids. Its inhibitors can be
found in the seminal fluid of pigs and comprise three sperm associated acrosin inhibitor (SAAI)
isoforms (Jonakova et al. 1992). These inhibitors have been linked to the protection of the male
gametes against enzymes released prematurely from damaged spermatozoa. Studies on domestic
cattle (Cesari et al. 2004b), golden hamster (Mesocricetus auratus, Cesari et al. 2005), mouse
(Honda et al. 2002) rat and human (Cesari et al. 2004a) spermatozoa showed that other serine
proteases might also be present on the plasma membrane. In the domestic pig, a membrane bound
trypsin like protease was identified in the membrane of porcine cauda epididymal sperm flagella
(Okamura et al. 1990). Furthermore acrosin is also present on the plasma membrane of acrosome
intact human spermatozoa (Tesarik et al. 1990). Taken together these studies highlight the

importance of protease protection even for acrosome intact sperm cells.

The sperm associated acrosin inhibitor form is already present in the domestic pig’s epididymis
(Jonakova and Cechova 1985, Manaskova-Postlerova et al. 2016, Davidova et al. 2009). Its
immunolocalization revealed a distribution over the acrosomal head region similar to AWN
(Davidova et al. 2009). Indeed, acrosin inhibitors bind to AWN and this did not hinder AWN to
successively contact the zona pellucida which in turn caused the displacement of the inhibitor from
the spermadhesin in vitro (Sanz et al. 1992a). Therefore it can be argued that the interaction with the
zona pellucida glycoproteins releases the SAAI from the membrane in vivo, thus enabling acrosin

function.

In this context it is interesting to note that EnRlin et al. identified in a zona pellucida binding assay a
sperm derived AWN form truncated of the first five amino acids, a stretch which contains a part of
the proposed PA binding domain (EnRlin et al. 1995). This was unexpected because several studies
were able to collect full length AWN from sperm cells (Sanz et al. 1992d, Sanz et al. 1992b, Sanz et
al. 1993, Calvete et al. 1994, Jonakova et al. 1998). These seemingly controversial results might be
a consequence of differences in methods, since EnRlin et al. performed a nitrogen cavitation which
releases the cell membrane and related proteins from sperm. Since this also damages a part of the

acrosome, the serine protease acrosin might become released. When coming into contact with
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AWN, the spermadhesin is likely to be enzymatically digested within the sequence AWNRRSRS®

thereby creating the reported truncated form.
4.4.2 Hypotheses on the functional role of AWN ’s different binding sites

The variety of binding affinities of AWN, including heparin, zona pelludica glycoproteins, SPI and
according to this study PA, lead to the following considerations regarding the functional role of the
different ligands. The PA binding most likely mediates the sperm membrane association of the
protein, together with some additional effects discussed in Figure 22 and the corresponding
paragraphs. Through competition with PA over the overlapping binding sites, heparin like
molecules might be used to regulate AWN’s association with sperm and potentially release it from
the membrane prior to acrosome reaction. Heparin belongs to the polysaccharide family of
glycosaminoglycans (GAGs) which are secreted by the epithelium of the female genital tract, for
instance with hyaluronan being localized at the epithelium of the sperm reservoir (Tienthai et al.
2000). Other studies also implied a role for heparin or heparin-like GAGs in sperm-zona pellucida
interactions (Coy et al. 2008). GAGs were furthermore linked to the induction of sperm capacitation
(Varner et al. 1993) which seems to be mediated by their interaction with heparin binding proteins
from the seminal fluid (Miller et al. 1990, Calvete et al. 1996a). Therefore, AWN?’s heparin binding
site might also play a role during the formation of the oviductal sperm reservoir, an idea also
proposed by Liberda et al. 2006. This would be consistent with the fact that this interaction is most
likely mediated by spermadhesins constituting the multilayer hull around the sperm acrosomal
region (Dostalova et al. 1994b) and which therefore lack any immediate membrane contact.

Therefore, the overlapping PA/heparin binding site would not be blocked by the phospholipid.

Regarding the other affinity site for SPI and glycoproteins, it seems likely that AWN recruits SPIs
during the sperm differentiation in the epididymis (Jonakova and Cechova 1985). It is assumed that
the AWN-mediated presence of the inhibitors protects the male gametes from premature
degradation through acrosin released from dying spermatozoa as well as from potential plasma
membrane associated serine proteases. It is noteworthy that the premier AWN layer around the
acrosome is unglycosylated (Calvete et al. 1994), therefore expressing SPI affinity (Calvete et al.
1993) and consequently being successively covered by the protective hull of further spermadhesins
during ejaculation. This hull should then protect the SPI carrying binding site from contact to the
environment and potential SPI displacement by glycoprotein binding (Sanz et al. 1992a). After
capacitation and exit from the oviductal sperm reservoir, the outer spermadhesin layers are released
(Topfer-Petersen et al. 1998). Shortly after that, the spermatozoa reach the oocyte and penetrate the
cumulus cells, reaching the zona pellucida. It can be assumed that SPIs bound to the premier AWN
layer are then displaced by interaction with zona pellucida glycoproteins competing for the binding
site (see Figure 22 D and Sanz et al. 1992a). Following this, acrosin activity is enabled at the exact

locality needed for successful fertilization.
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I furthermore hypothesize that the displacement of SPIs after contact to the zona pellucida leads to
the cleavage of AWN by potentially membrane associated serine proteases (Figure 22 E). After its
subsequent displacement from the sperm membrane, negatively charged PA is presented and can act
as a Ca?* ionophore (Cullis et al. 1980, Putney et al. 1980). Ca?" is known to induce the acrosome
reaction (Talbot et al. 1976). It was also linked to the attachment of overlaying bilayers by water
displacement (Papahadjopoulos et al. 1978). The membrane fusion events during the acrosome
reaction will most likely be enhanced through the destabilizing effect on the membrane of
deprotonated PA especially if it is locally accumulated.
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Figure 22: Graphical presentation of an extended hypothesis
on the functional role of AWN and its binding characteristics

during fertilization.

A: PA in the outer leaflet (grey) of the sperm plasma membrane
before interaction with AWN is singly charged, presenting a
hydrogen bonding donor (green) as well as acceptor group
(red). Temporary associations are mediated by hydrogen bonds
(dotted line).

B: AWN’s arginine rich phospholipid binding domain binds
through electrostatic attraction and hydrogen bonding to
epididymal spermatozoa. This epididymal AWN fraction is
unglycosylated, therefore expressing potential binding affinity
to zona pellucida glycoproteins and serine protease inhibitors
(SPI). The latter are recruited to the sperm membrane already

in the epididymis.

C: The presence of the positively charged arginine residues
increases the local pH thereby further deprotonating PA. The
repulsive forces of the negative charges are dampened by the
attractive hydrogen bonds and AWN’s positive charges. A
multilayer spermadhesin hull including glycosylated AWN is
recruited during ejaculation. The outer layers mediate the
binding to the oviductal sperm reservoir and are released after

capacitation.

D: Reaching the oocyte, the remaining AWN layer gets into
contact with the zona pellucida. Protease inhibitors are
released through competitive binding with zona pellucida

glycoproteins.

E: Acrosin or plasma membrane localized serine proteases
cleave the phospholipid binding domain from AWN. The
cleaved short PA-bound peptide is easier accessible to

competitive heparin-like ligands and begins to detach.

F: The accumulated, deprotonated and negatively charged PA
presents a potent interaction site for Ca2*, which leads to local
destabilization/disruption of the membrane. These patches can
further function as Ca?* ionophores or take part in membrane

fusion events. Ca?* subsequently induces the acrosome reaction.
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4.5 Biophysical methods for the experimental validation of AWN?’s role in fertilization
The ideas and discussions in the previous sections lead to some general hypotheses:

1. AWN originates from the epididymis, directly interacts with the lipid matrix of domestic
pig sperm cells and serves as an anchor, attaching further ligands by its variety of binding
sites.

2. Physico-chemical sperm membrane properties are influenced by AWN.

3. AWN’s binding characteristics themselves are modulated by the interaction with its
different ligands.

4. AWN release from the sperm membrane might be triggered by serine protease cleavage.
This induces potentially heparin mediated loss of the PA-binding sequence on the sperm

membrane followed by membrane destabilization.

Since epididymal AWN and recAWN share a lack of glycosylation, the recombinant protein seems

to be suitable to test these hypotheses.

Several biophysical methods are available which provide the means to analyze protein-membrane
(lipid) interactions in order to gain further knowledge about this protein and its role in fertilization
but come with different advantages and disadvantages each. They mostly require the presence of
suitable labels to localize molecules and detect dynamic changes. These labels can be added to
recAWN as well as membrane lipids or other binding partners and should ideally not influence the
examined processes through their presence. The experiments performed to exclude His-tag induced
PA binding of recAWN (see section 2.4 and Figure 9) underlined the potential difficulties of
labeling a protein with multiple binding sites which might be blocked by the used label. Methods of
protein labeling include the expression of fusion proteins with for example GFP (Snapp 2005),

usage of antibodies or labeling at primary amines, cysteines or introduced specific tags.

Maekawa and Fairn 2014 provided a general overview on the advantages and disadvantages of
different methods for lipid labeling. Acyl chain labeled PA would be a suitable analog for studies on
artificial membranes. When applied on cell membranes, a challenge is the fact that PA is a key
player in the phospholipid metabolism continuously being processed and synthesized. It therefore
has to be checked to what extent the PA analog was processed during such measurements to
validate the significance of the results. Labeling the head group of PA would disturb — if not even
eliminate — its distinctive ability to form hydrogen bonds and limit AWN’s binding affinity to the
analog and is therefore not considered any further in the following paragraphs. Another approach
would be to use labeled analogs of other membrane lipids to examine the effect of AWN on the

physico-chemical properties of sperm membranes.

Other AWN ligands such as heparin are commercially obtainable in fluorophore conjugated

versions (amongst other from Thermo Fisher Scientific, Darmstadt, Germany), whereas antibodies
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against acrosin inhibitors present in porcine seminal fluid and on domestic pig sperm cells are also
in use (Davidova et al. 2009). The arguments about the labeling of recAWN also apply to acrosin

inhibitors as well as to zona pellucida proteins (Burkin and Miller 2000).

In the following paragraphs 4.5.1 to 4.5.5 | will discuss several biophysical methods, which were
not used in this study, regarding their suitability for studies on interactions between AWN and the

sperm membrane.
4.5.1 Electron paramagnetic resonance spectroscopy (EPR)

Electron Paramagnetic Resonance Spectroscopy (EPR) can be used to investigate interactions
between proteins and lipids (Marsh 1990). This technique uses the measurement of energy
absorption of unpaired electrons in an external magnetic field. These unpaired electrons can be
found in transition metals, free radicals and specifically designed spin labels. An advantage of these
labels is their relatively small size compared to common fluorescence labels. When the molecular
mobility of labels is altered, a change in their EPR spectra is induced and can be detected. This
might be caused e.g. when a labeled lipid interacts with a protein when it is immobilized or
extracted from the micellar phase (for an example see Miiller et al. 1998). Therefore, the interaction
between recAWN and artificial membranes containing spin labeled PA could be monitored using

EPR as well as its dependence on pH and membrane curvature.

Furthermore, spin labeled lipid analogs can be incorporated in viable spermatozoa similarly to the
fluorescent analogs used in Chapter 3 (Miller et al. 1994). The usage of PA analogs would request
validation of the amount of PA processing as mentioned before. Analogs of other membrane lipids
can be applied to indirectly examine physico-chemical changes in the sperm membrane induced by
recCAWN-PA interaction.

4.5.2 Nuclear magnetic resonance spectroscopy (NMR)

Quite similar to EPR, nuclear magnetic resonance spectroscopy (NMR) is based on the
measurement of energy absorption by atomic nuclei with a spin different from zero as for example
the naturally occurring isotopes *H, *C or 3!P (for an extensive review see Marion 2013). NMR is
commonly used to obtain the three-dimensional structure of proteins. The phase of PA can be
detected by its distinctive NMR signal even without labeling (Farren et al. 1983), since its spectrum
differs significantly from other phospholipids. Similar experiments can be performed to evaluate
lateral membrane compression (Traikia et al. 2002). This might be used to detect possible changes
in the phase behavior of PA and phospholipid packing in the membrane in response to the

interaction with or loss of contact to AWN (see Figure 22).
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4.5.3 Surface plasmon resonance (SPR)

Surface plasmon resonance monitors changes in the refraction index of a material, e. g. a
membrane, which influences the reflection behavior of a laser beam (for a review see Homola
2008). With such a refraction-based approach, there is no need for probe labeling, but the studied
molecules have to be located in a thin layer. The method can be used for interaction studies between
molecules and ligands and to determine the binding kinetics of this interaction. Therefore,
experiments similar to previous studies on the interaction of the bovine seminal plasma protein
PDC-109 with artificial membranes (Thomas et al. 2003) would be suitable to gain further
knowledge on the interplay between AWN and PA and the role of phospholipid composition of the
membrane. Another approach could include the immobilization of recAWN on a sensor chip and
successive binding studies of sperm cells (see Quinn et al. 1997 for a similar application on red
blood cells). This could be used to validate the presence and accessibility of PA on the membrane of
sperm cells from different stages of the fertilization process. A further application might arise from
the presented lack of recAWN binding to spermatozoa with lost acrosome (see Chapter 2, Figure
10) which could be used for sperm sorting prior to artificial insemination.

4.5.4 Circular dichroism (CD) spectroscopy

Circular dichroism (CD) spectroscopy is a technigue based on the absorption of polarized light by
biological molecules (Woody 1995). Amongst other applications it can be used to investigate the
secondary structure of proteins, conformational changes and binding of ligands. This could be used
to study conformational changes of AWN induced by interaction with sperm or artificial

membranes.
4.5.5 Fluorescence spectroscopy

Fluorescence spectroscopy is another technique suitable to examine interactions of proteins with
membranes (see Greube et al. 2004). Besides the measurement of fluorescence labeled molecules,
the autofluorescence spectrum of an unlabeled protein caused by its tryptophan, tyrosine and
phenylalanine residues can also be recorded to examine interactions of proteins with artificial
membrane vesicles. If the protein gets into close contact or even integrates into the vesicle, the
immediate environment of the fluorescent amino acids can change which leads to a shift in the
fluorescence spectrum or quantum yield. Similar effects can be caused by conformational changes
induced by interactions between molecules. Yet autofluorescence measurements in whole cells with
their broad variety of proteins are not reasonable. In these cases like in most fluorescence based
approaches the molecule in question — either AWN or its potential interaction partner — has to be
labeled with a fluorophore. Another approach used for protein-lipid-interaction studies is Forster
Resonance Transfer (FRET, Loura et al. 2010). Here the potential interaction partners are labeled

with different fluorophores with overlapping excitation and emission spectra. If both molecules are
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in close proximity, excitation of the fluorophore with the lower excitation wavelength leads to
energy transfer and fluorescence emission from the other fluorescence label which can be detected
by fluorescence spectroscopy. As mentioned before it has to be considered that these dyes might

influence the in vivo behavior of the studied molecules by their size, mass or polarity.

Summing up, EPR and NMR are more suitable for studies on membranes and their lipids, SPR for
examination of interaction kinetics, CD spectroscopy for the evaluation of protein structure and its
changes and fluorescence spectroscopy for the validation of interactions between labeled molecules
and potential interaction partners.

4.5.6 Applicability and advantages of FLIM, FRAP and FCS for AWN studies

All the methods discussed in paragraph 4.5.1 to 4.5.5 are used to study the cells, membranes or
molecules of interest and their interactions in solutions without the possibility to discriminate
individual cells and their properties. In contrast, the methods presented in Chapter 3 (FLIM, FRAP,
FCS, Schroter et al. 2016) are all based on the use of a confocal laser scanning microscope (CLSM)
which permits the examination of single cells and their subdomains. This is of special importance in
highly structured cells such as spermatozoa, where functionally important differences between the
tail, midpiece as well as the acrosomal and postacrosomal head region are expected. Furthermore,
the high resolution of the CLSM and the option of applying dyes for viability control permit the
discrimination of damaged, malformed and dead spermatozoa, thereby substantially improving the
value of the data gained. Last but not least the measurements can be performed under conditions

mimicking the in vivo situation regarding temperature and buffer presence.

Fluorescence labeled PA can be incorporated in artificial membranes and vesicles. If several
fluorescence labeled PA molecules interact with recAWN as proposed in Figure 22 B, their close
proximity would lead to an increase of non-emitting energy transfer between the fluorophores, a
process called self-quenching. Since these energy transfer processes compete with fluorescent
energy loss in a time dependent manner, they lead to a detectable decrease of fluorescence lifetimes.
If a similar experiment is performed in sperm cells, it has to be checked whether the metabolization

of the PA analog is low enough to gain significant results as mentioned above.

Fluorescence labeled analogs of other membrane lipids can be used to indirectly study PA’s
interaction with AWN and its local accumulation also in sperm cells. PA is assumed to interact
tightly with other potentially labeled phospholipids in membranes via its pronounced intermolecular
hydrogen bonding potential (Boggs 1987). If this bonding potential is instead involved in the
interaction with AWN this might lead to a separation of PA from other membrane incorporated lipid
analogs. This might result in an increased mobility and accessibility of these analogs to external
guenchers, decreasing their fluorescence lifetime. Furthermore, an interaction between PA and

AWN will likely induce changes in lipid packing, membrane thickness and accessibility of
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phospholipid head groups to surrounding water molecules. All three effects might effectively
influence the fluorescence lifetime of other labeled lipid analogs which can be monitored in all
areas of the cell by FLIM.

Regarding the hypotheses presented in Figure 22 and the corresponding paragraphs above it would
be of special interest to perform further studies including fluorescence labeled acrosin inhibitors,
which are commercially available from Thermo Fisher Scientific (Darmstadt, Germany), amongst
others. Fluorescence techniques as well as classical fluorescence microscopy could be used to
determine the presence of the inhibitors on the spermatozoa and their interaction with AWN. The
use of epididymal sperm would be of great value, since the unglycosylated recAWN is likely to
mimic the first AWN fraction which comes into contact with the spermatozoa in the epididymis.

As elaborated before, FRAP is commonly used to study molecular movements and calculate
diffusion coefficients. Unfortunately, the evidence in this work demonstrates that this technique is
not ideally suited for studies of lipid analogs in the membrane of sperm. One reason is the very
small size of the area of the sperm membrane and its subdomains in particular. This is inconsistent
with one of FRAP’s basic assumptions, an approximately infinite size of the unbleached region
compared to the size of the bleach spot. Another problem arises from the usage of a laser scanning
mode to achieve sufficiently small bleaching spots. This led to a relatively long bleaching time,
inconsistent with the FRAP assumption that this event is fast enough to neglect diffusion during
bleaching. However, FRAP allows for other interesting studies regarding the interaction between
AWN and sperm membranes. The possibility to create bleaching areas with variable size and form
permits the examination of diffusion barriers as source for the possible accumulation of PA in the
acrosomal head region. This might be tested by incorporating a fluorescent PA analog in sperm
cells and eliminating fluorescence in the postacrosomal region to monitor the ability of the label to

cross the equatorial segment.

Since FCS provides more trustworthy results for diffusion coefficients in sperm membranes and
therefore membrane fluidity, this technique might be suitable to examine multiple effects on phase
behavior implied for PA. The formation of a hydrogen bonding system of PA, either homogenous or
under the participation of other phospholipids, will greatly influence its diffusive behavior. This
might also be examined indirectly using NBD-SM, -PS or -Ch, to avoid the aforementioned
problems regarding labeled PA analogs. Furthermore, the interaction with Ca?* or AWN leading to
local accumulation of several PA molecules, phase separation or even transition to a non-bilayer
phase could be examined with FCS. For example, the association of AWN to PA proposed in
Figure 22 B could be detected since fluorescence caused by the transit of these interacting
molecules through the confocal volume would differ significantly from freely diffusing molecules.
Self-quenching of AWN-bound fluorescence labeled PA-analogs in close proximity could be

avoided either by careful adjusting its concentration in the examined membrane or by fluorescence
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labeling of AWN. This local accumulation of PA molecules and interaction with AWN might also
influence the membrane fluidity and therefore might be examined indirectly using NBD-SM, -PS or
-Ch.

4.6 Advantages of recombinant expression of AWN for interaction studies

Recombinant expression provides several advantages and possibilities for further studies including
the creation of fluorescent fusion proteins (Snapp 2005). Yet this option is not suitable for our
recCAWN due to its small size compared to fluorescent groups like GFP (26.9 kDa) which might

therefore have a severe influence on the proteins function.

As mentioned before, our recAWN is likely to mimic the properties of AWN of epididymal origin
because of its lack of glycosylation. The phospholipid ligand identified here could be used to
separate glycosylated AWN from seminal plasma by using a PA-based affinity chromatography.
This would encourage comparative studies on AWN which originates from different source tissues,
thereby providing a way to shed some light into the mechanism of spermadhesin multi-layer
formation around domestic pig sperm cells. Both protein variants (native and recombinant) can be
fluorescence labeled through the linkage of fluorophores to primary amines, for example by NHS
esters, as used in Chapter 2 (Schroter et al. 2016). Such a reaction might block functional sites and
motives of the studied protein, as seems to be the case in recAWN, where PA affinity was abolished
after labeling. A shift of the pH of the reaction buffer to lower values can be used to preferentially
label the N-terminal amines instead of other groups (Selo et al. 1996), even though this seems to
depend on protein properties (Modesti 2011). It remains to be tested whether this would preserve
AWN function in the labeled protein. Another common approach is the labeling of thiol groups.
Even though AWN possesses 4 cysteines, all of them are involved in structural disulfide bridges,

therefore discouraging this approach.

Besides its role in protein purification and as target for antibodies, the His-tag of recAWN can also
be used for reversible labeling of the protein using the tag affinity to nickel ions (Krishnan et al.
2007). This approach has the advantage that the fluorophore would be added offside the amino
acids corresponding to the natural occurring AWN sequence at the artificial C-terminal His-tag of
recCAWN. The label would also be positioned far distant from the proposed phospholipid binding

site.

Labeling the C-terminal His-tag and the N-terminus of the protein would provide the opportunity to
validate a potential serine protease cleavage site at the N-terminus of AWN since both cleavage
products would be fluorescent. If the protein is cleaved to induce its release from the sperm
membrane (see Figure 22 E) the loss of the C-terminal fluorescence signal could be monitored
while still retaining the N-terminal fluorescence of the binding peptide (Figure 22 E) on the

membrane.

85



Other possibilities arising from the recombinant expression of proteins are distinct site directed
mutations which can be especially valuable to determine the importance of amino acids for binding
characteristics (for an example see Ekhlasi-Hundrieser et al. 2008a). Given the importance of the
PA binding domain as revealed by my work, it would be of high interest to perform mutagenesis
studies where arginine residues in the proposed binding domain 3NRRSRS?® are replaced by other
amino acids, or where this sequence is even excluded in order to confirm its role for heparin and PA

specific binding.
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Zusammenfassung

Spermadhesine sind Seminalplasmaproteine von Huftieren mit vielfaltigen Funktionen wéhrend der
Fortpflanzung. Von besonderem Interesse ist dabei das porcine (Sus scrofa domestica)
Spermadhesin  AWN, welches bereits in der Epididymis direkt mit der Spermienmembran
interagiert. Im Zuge dieser Arbeit wurde es daher, versehen mit einem C-terminalen His-tag,
rekombinant in E.coli exprimiert. Die Aufreinigung aus dem Zelllysat erfolgte durch
Affinitatschromatographien, welche den His-tag sowie eine bereits postulierte Heparin-Affinitat
nutzten, sowie durch eine anschliefende GrélRenausschlusschromatographie. Die Ausbildung der fir
natives AWN postulierten Disulfidbricken konnte durch einen Fluorescein-Maleimid-Assay

nachgewiesen werden.

Mittels Immuncytochemie konnte nachgewiesen werden, dass das rekombinante AWN an
Eberspermien bindet. Um kiinftig die Interaktion des AWN sowie weiterer Spermadhesine mit
Eberspermien genauer untersuchen zu kénnen, wurden fluoreszenzmikroskopische Methoden —
Fluorescence Lifetime Imaging Microscopy (FLIM), Fluorescence Recovery after Photobleaching
(FRAP) und Fluorescence Correlation Spectroscopy (FCS) — flr die Messung an porcinen Spermien
etabliert und zur Membrancharakterisierung genutzt. Alle drei Methoden erlauben selektive
Messungen an einzelnen Zellen und Regionen der Spermienmembran bei gleichzeitiger
Unterscheidung der Zellen beziiglich Vitalitdt und Entwicklungszustand. Sie unterscheiden sich
dabei in ihrer zeitlichen und raumlichen Auflosung und damit in ihrer Eignung fiir verschiedene

biologische Fragestellungen.

Das Screening der Bindung von rekombinantem AWN an Lipidstreifen ergab eine bisher nicht
beschriebene selektive Affinitdt zu Phosphatidsaure (PA). Dies ertffnet unter Anderem neue
Perspektiven fir die Nutzung von PA-Matrizen zur Aufreinigung von AWN auch in seiner

glykosylierten Isoform aus dem Seminalplasma.

Die Ergebnisse der Lipidstreifenassays legen nahe, dass die Interaktion des AWN mit der
Spermienmembran auf seiner Affinitdt zu PA basieren kdnnte und fiihrten zu einer umfassenden
Hypothese beziglich seiner Rolle wahrend der Spermienpassage durch den Genitaltrakt. Die
Bindung von AWN wirde zun&chst einen potenziellen Schutz bzw. die Stabilisierung von
Ansammlungen geladener PA Molekdle in der Spermienmembran bewirken. Erst bei Erreichen der
Zona Pellucida der Eizelle konnte die Ablosung von AWN induziert und die ionophore und
membrandestabilisierende Eigenschaft der PA genau dann aktiviert werden, wenn diese Reaktivitét

fiir die Akrosomreaktion notig ist.

Die vorliegende Arbeit bereitet die Grundlage fir ein Verstdndnis der funktionellen Rolle der
Spermadhesine im Befruchtungsprozess. Die postulierte duale Funktion von AWN sowohl bei der

Stabilisierung der Spermienmembran als auch ihrer Vorbereitung auf Fusionsereignisse kann
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perspektivisch auch artlibergreifend zur Optimierung der assistierten Reproduktion genutzt werden,

inshesondere wenn zur Arterhaltung nur epididymale Spermien zur Verfligung stehen.
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Summary

Spermadhesins are seminal plasma proteins of ungulates with multiple functions during
reproduction. The porcine (Sus scrofa domestica) spermadhesin AWN is of special interest as it
begins to interact with the sperm membrane already in the epididymis. Therefore, AWN together
with an additional C-terminal His-tag was recombinantly expressed in E.coli. The purification of
recombinant protein from the cell lysate was performed by affinity chromatographies exploiting the
His-tag as well as an already postulated heparin affinity followed by size exclusion
chromatography. The formation of disulfide bridges postulated for native AWN could be verified
by a fluorescein-maleimide-assay.

Next, using immunocytochemistry, the binding of recombinant AWN to domestic pig sperm cells
was demonstrated. Several methods were then established to facilitate the examination of the
interaction of AWN and other spermadhesins with domestic pig sperm in future. Three types of
fluorescence microscopic measurements, fluorescence lifetime imaging microscopy (FLIM),
fluorescence recovery after photobleaching (FRAP) and fluorescence correlation spectroscopy
(FCS), were successfully established to investigate porcine sperm cells and characterise its
membrane. All three methods allowed selective measurements of single cells and sperm membrane
subregions after discrimination of individual cells by their viability and functional stages. The three
methods differ in their temporal and spatial resolution and therefore their suitability to address

diverse biological questions.

The screening for the binding of recombinant AWN to lipid stripes revealed a so far unreported
selective binding to phosphatidic acid (PA). This opens up new perspectives for the usage of PA-
matrices for the purification of AWN also in its glycosylated isoform from the seminal plasma. It

resolves also some longstanding methodological controversies in the literature.

The results of the lipid-stripe-assays imply that the interaction of AWN with the sperm membrane
could be mediated by the proteins affinity to PA. This led to an integrated hypothesis regarding its
role during the sperm passage through the genital tract. Initially, the binding of AWN might
potentially protect or respectively stabilize accumulations of several charged PA molecules in the
sperm membrane. Later, only after the arrival at the oocyte’s zona pellucida, AWN’s displacement
would be induced and the ionophoric and membrane destabilizing properties of the PA would be

activated exactly when their reactivity is needed for the acrosome reaction.

This work sets the stage for understanding the functional role of spermadhesins during the
fertilization process. Especially the proposed dual function of AWN in the stabilization of the
membrane as well as in its preparation for fusion processes might be used to optimize assisted
reproduction in endangered wildlife porcine species, particularly if only epididymal sperm cells are

available for species conservation.
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