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ABSTRACT 
Animal reproduction is a heavily studied biological event, however our knowledge 
regarding the molecular basis of the recognition between gametes - egg and sperm - 
still remains very incomplete. In particular, it is currently unclear whether protein 
epitopes important for fertilization have been conserved among different species 
during evolution, and why gamete interaction proteins generally are subjected to 
strong positive Darwinian selection. Furthermore, there has not been a reported X-
ray crystal structure of an egg-sperm protein complex, in any organism, prior to sperm 
penetration. 
The aim of this thesis is to shed light on these important biological questions, by 
applying structural biology techniques to a selection of key reproductive proteins 
ranging from invertebrate to vertebrate. 

In PAPER I, it was hypothesized that, sperm binding region in yeast, invertebrate and 
vertebrate adopts the same three dimensional fold as egg zona pellucida (ZP) protein 
ZP3, which has been suggested to be involved in mediating binding between gametes 
in humans. This also led us to the hypothesis that the N-terminal region of ZP2 might 
contain three ZP-N domains. Based on this theory, despite the lack of sequence 
similarity, we suggest that the 22 tandem repeats observed in the invertebrate egg 
coat protein vitelline envelope receptor for lysin (VERL), as well as a protein domain 
in yeast, essential for mating, also adopts the same ZP-N fold. This suggests that, 
even though being separated by 0.6-1 billion years of evolution, these reproductive 
proteins all share a common structural fold important for egg-sperm recognition.  

In PAPER II, we facilitate protein expression by using an approach to obtain milligram 
recombinant protein transiently expressed in mammalian cells, either as a rigid or 
cleavable fusion with a mammalianized version of bacterial maltose-binding protein 
(mMBP). We show that mMBP can increase protein expression up to 200-fold and 
also assist crystallization of target proteins, which did not crystallize by themselves. 
Furthermore, we show that mMBP can also be used during structure determination as 
a search model for molecular replacement, highlighting the diversity of mMBP, not 
only for increasing protein expressing but also guiding crystallography.  

In PAPER III, we show that invertebrate egg coat protein VERL, consisting of 22 
tandem repeats, previously suggested to be ZP-N domains (paper I), shares a similar 
3D structure as mammalian egg coat protein ZP2. By solving the crystal structures of 
VERL repeats and mammalian egg coat protein ZP2 ZP-N1, we show that these 
reproductive proteins share a common 3D fold, proving that this specific 
immunoglobulin-like fold has been conserved during evolution. Furthermore, we 
identified the binding region between VERL and lysin, while at the same time 
suggesting why VERL repeats are under positive selection. We also solved the crystal 
structure of the VERL/lysin complex. This structure is not only the first structure of an 
egg-sperm protein complex on the egg coat, but also further elucidates the role of 
positive Darwinian selection on these reproductive proteins. Finally, our structures 



also suggest a very simple mechanism of how lysin-VERL binding creates a hole by 
splaying apart the VERL filaments allowing the sperm to enter the egg and fuse with 
the plasma membrane.  

In PAPER IV, the crystal structure of the mammalian egg protein Juno, known 
previously as folate receptor (FR) 4, was solved. Previous data showed that Juno is 
crucial for fertilization, since female mice lacking Juno are infertile. Although our 
structure shows a similar fold as FRα and FRß, Juno is not able to bind vitamin B9/folic 
acid. One of the reasons why Juno is not able to bind vitamin B9 might be due to high 
flexibility within the folate binding region. Even though Juno has lost the ability to bind 
vitamin B9 it has gained the ability to bind sperm, via sperm protein Izumo1. 
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1   INTRODUCTION 
 
1.1   Introduction to fertilization 

The ability to reproduce is vital for the survival of a species. All sexually reproducing 
organisms depend on the process of fertilization, which is the union of egg and sperm, 
resulting in a zygote. There are two main classifications of fertilization: internal 
fertilization and external fertilization. In vertebrates, such as mammals, internal 
fertilization is achieved by copulation, where sperm and egg must interact in a species-
specific manner (Edward C. Metz, 1994; Wassarman et al., 2001). Even though this 
is a crucial stage in life and a popular topic for scientific studies, our knowledge 
regarding this process still remains unclear at the molecular level. For example, we 
still have not been able to identify a key sperm protein being directly involved in binding 
to the extracellular matrix that covers the mammalian egg, called the zona pellucida 
(ZP). Prior to egg interaction the sperm must undergo a process called capacitation 
(Austin, 1952), which involves several biochemical modifications that allow the sperm 
to bind to the ZP (Bailey, 2010). During the maturation of sperm it must also undergo 
acrosome reaction (AR), a process where sperm releases the content in the sperm 
head to be able to penetrate the ZP (Florman and First, 1988). AR occurs after the 
capacitation process (Bailey, 2010). Once AR has occurred sperm comes in contact 
with the ZP. In mouse the ZP is made up of three glycol proteins, ZP1, ZP2 and ZP3 
(Figure 1). While ZP1 has shown to be  involved in supporting the structural integrity 
of the ZP (Rankin et al., 1999; Huang et al., 2014), ZP2 and ZP3 have been purposed 
to act a sperm receptors (Bleil and Wassarman, 1980; Wassarman and Litscher, 2001; 
Wassarman, 2008). Furthermore, ZP2 has also been suggested to be involved in 
block to polyspermy. However, it is still unclear which of ZP2 and ZP3 is the most 
crucial protein for the initial binding process.  

The fertilization process occurs very differently in marine invertebrate species that use 
external fertilisation to reproduce. This event occurs by spawning the gametes into 
open sea water where fertilisation occurs. In the case of the marine invertebrate 
abalone several species reproduce during the same time and at the same location, 
yet cross fertilisation is very rare (Vacquier et al., 1990; Vacquier and Lee, 1993; Shaw 
et al., 1995). Abalone sperm also undergoes the process of AR, once the sperm has 
been released and comes in contact with the vitelline envelope (VE), which 
corresponds to the mammalian ZP. The egg sperm recognition event in both 
vertebrates and invertebrates is believed to be species specific. It is believed that one 
reason why reproductive proteins are amongst the fastest evolving proteins is that 
they have to interact in a species specific way (Swanson and Vacquier, 2002). One 
force which is believed to act upon these proteins is suggested to be adaptive 
evolution (Wolfner, 1997; Hellberg and Vacquier, 1999; Yang and Bielawski, 2000). 
Since reproductive proteins are fast evolving, and the fact that there is roughly  
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Figure 1. Arrangement of the ZP glycoproteins that form the extracellular matrix 
covering the egg. The mammalian egg is covered by either 3 or 4 glycoproteins (ZP1-3/ZP1-
4), depending on the species, which forms the ZP. This figure is a represents mouse ZP, which 
is composed of ZP1, ZP2 and ZP3, while mouse ZP4 gene has shown to be a pseudo gene 
(Goudet et al., 2008). However, human ZP contains ZP1-3 as well as ZP4 (Bauskin et al., 
1999; Wassarman, 2008). After penetrating the ZP, sperm fuses with the plasma membrane 
through Izumo1 (named after a Japanese marriage shrine), which binds to egg protein Juno 
(named after the roman goddess of fertility) (Bianchi et al., 2014; Wassarman, 2014; Han 
et al., 2016). 

 

600 million years of evolution between invertebrates and vertebrates, it is difficult to 
predict if these reproductive systems share any related features during fertilisation. 
We wanted to focus on well characterised key reproductive proteins involved in 
abalone fertilisation to be able to better understand some of these essential biological 
questions, and to determine if there is a bridge which would connect invertebrate and 
vertebrate fertilisation.  

 

1.1.1   Evolution of reproductive proteins  

Why are some genes evolving faster than others? What are the selective forces 
behind this phenomenon? These are some interesting questions which are not only of 
interest for evolution biologist but for the entire filed of biology. It has been suggested 
that there are several forces involved in the rapid evolution of reproductive proteins 
such as sexual selection, sperm competition and sexual conflict, either as an individual 
event or in combination (Swanson and Vacquier, 2002). Rapid evolution is not only 
limited to genes involved in reproduction, but also genes that have a role in the 
immune system (Swanson and Vacquier, 2002). For instance, the genes that encode 
for human leukocyte antigens are among the fastest evolving genes in the human 
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genome (Hertz et al., 2011). The authors suggest that one reason behind this might 
be because these genes constantly must adapt to rapidly evolving pathogens (Hertz 
et al., 2011).  

One of the forces that is involved in driving rapid evolution of reproductive proteins is 
adaptive evolution, which is a change that occurs in the gene, allowing the organism 
to better adapt to the existing environment (Hawks et al., 2007). In Drosophila it has 
been shown that adaptive evolution is the driving force contributing to pushing 
reproductive tissues to diverge twice as fast as non-reproductive tissues (Swanson 
and Vacquier, 2002). It has been shown, by analyzing 750 protein-protein interactions, 
that interface regions of proteins involved in different biological functions are mostly 
conserved in comparison to exposed areas (Von Eichborn et al., 2010). Since 
reproductive proteins are driven by positive selection (Swanson and Vacquier, 2002), 
a selective force that is beneficial for the fitness of the organism (Morgan et al., 2010),it 
makes them very interesting targets for studying evolution.   

 

1.1.2   Why abalone as a model organism? 

The main reason why abalone has been used as a model organism for studying the 
process of fertilization is that abalones produce large amount of gametes, which are 
easy to harvest in the laboratory by using hydrogen peroxide to induce the release of 
the gametes (Morse et al., 1977). Understandably, the study of mammalian fertilization 
is much more attractive, but there are much more obstacles for researchers when 
using a mammalian model organism, such as cost, availability of gametes and ethical 
restraints. Since we use recombinant proteins in our studies we would not have the 
above mentioned complications. Even though we also studied proteins in the 
mammalian system (performed by PhD student Elisa Dioguardi) for our structural 
studies there was some uncertainties regarding egg-sperm protein complex in the 
mammalian system. Therefore, we choose to study the proteins involved in egg-sperm 
recognition in abalone too, which will also reveal if there is an evolutionary link 
between invertebrate and vertebrate reproductive protein. 

At the start of this project, there were several mammalian sperm protein candidates 
displaying egg coat binding capabilities during fertilization (Tanphaichitr et al., 2007). 
One of these proteins was sp56 (Cheng et al., 1994; Foster et al., 1997; Buffone et 
al., 2008), which was initially suggested to bind to the egg coat protein ZP3 
(Bookbinder et al., 1995; Buffone et al., 2008). Although extensive binding trials, 
between sp56 and ZP3, were performed in our lab, no evidence of a protein complex 
between these proteins was detected in vitro (Elisa Dioguardi personal 
communication). Furthermore, in 2012 it was shown that sp56 knockout mice still were 
able to fertilize the egg, suggesting that the role of sp56 is not essential (Muro et al., 
2012). This is just one example of a sperm protein candidate that was thought to be 
directly involved in binding to the ZP glycoproteins located on the egg, but was proven 
not to be crucial during this event. This highlights the complexity and difficulty to 
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identify a putative binding partner during this step of fertilization in vertebrates. One of 
the very few systems where such a complex, at this stage of fertilization, has been 
well characterized is the abalone (genus Haliotis) system, which is the main reason 
that we chose to use abalone as a model organism for structure determination of a 
gamete recognition complex. Upon reaching the egg, the abalone sperm undergoes 
AR, a process which will be described more in detail later, which causes sperm to 
release protein lysin, one of the two major acrosomal proteins in abalone sperm (Lewis 
et al., 1982). Lysin is responsible for dissolving the VE, the extracellular matrix that 
covers the egg. Abalone VE (Lewis et al., 1982) is composed of roughly 30 different 
subunits (Aagaard et al., 2010). One of these subunits have been identified as vitelline 
envelope receptor for lysin (VERL), a glycoprotein with a molecular weight of two 
million Dalton (Shaw et al., 1993).  

 

1.2 Chicken or the egg?  

Chicken or the egg dilemma questions what actually came first, the chicken or the 
egg? Aristotle stated the following: “If there has been a first man he must have been 
born without father or mother – which is a repugnant to nature. For there could not 
have been a first egg to give a beginning to birds, or there would have been a first bird 
which gave a beginning to eggs; for a bird comes from an egg” (Fénelon, 1825). So 
what does this more than 2000-year-old question have to do in relationship with 
abalone reproductive proteins VERL and lysin?         

Sequence alignment of lysin between 25 different abalone species revealed a 
hypervariable region at the N-terminus that is significantly different among the various 
species. Furthermore, it was also determined that lysin contains 23 residues that are 
under positive selection (Yang et al., 2000). It has been suggested that the N-terminal 
region (NTR) (residues 1-12) as well as the positively selected residues play a crucial 
role during the species-specific binding to VERL (Lee et al., 1995; Kresge et al., 2001a; 
Mintseris and Weng, 2005). To better understand the involvement of lysin regions 
during VE dissolution, so called dissolution assay experiments were performed using 
lysin from different abalone species (Lyon and Vacquier, 1999). It was shown that by 
adding purified recombinant lysin from pink abalone to isolated egg VE from red 
abalone the dissolution of the red VE is not completed, compared to the control, which 
was red lysin. Furthermore, the dissolution of red VE was decreased by half when 
replacing the NTR of red lysin to pink lysin. This data suggested that the hypervariable 
region of lysin has some implication during the VE dissolution process (Lyon and 
Vacquier, 1999).  

It is not only lysin that is under positive selection, also VERL has been suggested to 
be under positive selection (Swanson and Vacquier, 1998; Aagaard et al., 2010). The 
identification of positive selection in VERL was more difficult to detect since there are 
not as many sequences of VERL from different abalone species available, in 
comparison to lysin. By using maximum likelihood analysis it was shown that VERL 
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repeats 1 and 2 are under positive selection, while repeats 3-22 were suggested to be 
under concerted evolution (Swanson and Vacquier, 1998; Galindo et al., 2003). It has 
been suggested that VERL repeat 1 and 2 are under positive selection since they are 
involved in the species specific binding to lysin, while repeat 3-22 are involved in the 
non-specific interaction (Galindo et al., 2002).                                
If we would link VERL and lysin to the chicken and the egg question, the question here 
would be, which of these reproductive proteins are adapting to each other? Is sperm 
protein lysin adapting to the egg protein VERL or is VERL adapting to lysin? Or are 
they both adapting to each other at the same time? There are some data suggesting 
that in fact these reproductive proteins co-evolve, meaning that when one molecule 
changes the other one also changes at a comparable rate (Clark et al., 2009). 

 

1.2.1 Sperm acrosome reaction 

A vital process during sperm maturation is the AR, which takes place during gamete 
interaction, which allows sperm to penetrate the egg coat and fuse to the plasma 
membrane (Bleil and Wassarman, 1983; Wassarman, 1990; Yanagimachi, 1994) 
(Figure 2).  

 

 

 

 

 

 

 

 

Figure 2. The process of AR. During 
this process, sperm releases different 
proteases, which allows sperm to 
penetrate the ZP by creating a hole. 
The location where AR event is 
initiated is still under debate. It is not 
clear if AR occurs prior to sperm 
contact with the ZP or if it occurs upon 
ZP contact.  
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In mouse, it was shown that egg coat protein ZP3 is responsible for initiation of this 
event (Bleil and Wassarman, 1983; Beebe et al., 1992), which is Ca2+-dependent 
(Brucker and Lipford, 1995; Yanagimachi, 2011), and only acrosome reacted sperm 
is able to penetrate the ZP. During AR the inner acrosomal membrane is exposed and 
the inner content of the acrosome in the sperm head is released. In humans one of 
the major hydrolytic enzymes that is released during AR is acrosin. While some 
studies suggest that acrosin has a key role in the process of sperm penetration of the 
ZP (Jones and Brown, 1987; Tranter et al., 2000; Adham et al., 1997), others suggest 
that acrosin acts as a molecule that accelerates the  distribution of acrosomal proteins 
during AR (Yamagata et al., 1998). Contrary to the above mentioned studies, it was 
shown that knock out mouse-sperm lacking ß-acrosin, which is the active form of 
acrosin, is still able to penetrate the ZP, although with a delay (Baba et al., 1994). This 
suggests that the role of acrosin is not crucial during egg penetration. In abalones, 
when sperm comes in contact with the VE two main acrosomal proteins are released, 
lysin and sp18 (Lewis et al., 1982; Shaw et al., 1993; Kresge et al., 2001b). It has been 
suggested that lysin and sp18 have different functions during fertilization. 

 

1.2.2   Sperm protein lysin 

Since gamete interaction in abalones is achieved externally they have developed a 
way to ensure a high rate of fertilization, which is by releasing a large amount of 
gametes during spawning, roughly 109 sperm ml-1 (Riffell et al., 2002). In 1982 Lewis 
et al identified a 13 kDa, later determined to 16 kDa,  sperm protein named lysin (Lewis 
et al., 1982) to be one of the two major proteins in the acrosome. When abalone sperm 
comes in contact with the VE (Lewis et al., 1982; Sakai YT, 1982), AR takes place and 
lysin is released (Sakai YT, 1982), resulting in the dissolution of the VE. By isolating 
VE fragments in seawater and then adding the isolated VE to a cuvette containing 
lysin, turbidometric analysis was performed. This showed that lysin is active for roughly 
15-30 seconds and then the activity stops. To establish if the activity of lysin in 
dissolving the VE is enzymatic or not, different enzyme inhibitors was added during 
VE dissolution to inhibit lysins effect. This showed that the enzyme inhibitors had no 
effect on lysin ability to dissolve the VE, which was was completely dissolved 4 to 6 
minutes after adding lysin, suggesting that lysin acts in a non-enzymatic approach to 
dissolve the VE (Lewis et al., 1982). 

It was also shown that by boiling isolated lysin prior to VE dissolution, lysin was no 
longer able to dissolve the VE, suggesting that its ability to dissolve the VE is 
dependent on the native structure (Lewis et al., 1982). When the complete amino acid 
sequence of red abalone lysin was reported it revealed a very positively charged 
protein, with many hydrophobic residues (Fridberger et al., 1985). Roughly more than 
2 decades ago, when the X-ray crystal structure of red lysin was solved, it was the first 
structure of a reproductive protein (Shaw et al., 1993). The monomer structure 
revealed some specific features, such as a five α-helical bundle, two positively 
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charged tracks running along the sides of the molecule as well as a hydrophobic patch 
(Shaw et al., 1993; Kresge et al., 2001a) (Figure 3). Even though the first crystal 
structure of lysin was solved in a monomeric state, a different crystal structure 
revealed that it may also exist as a dimer (Diller et al., 1994; Shaw et al., 1995; Kresge 
et al., 2000b). This was further confirmed by light-scattering, which revealed a 
molecular weight of 38,2 kDa (Diller et al., 1994). Lysins monomeric and dimeric state 
was also determined by using fluorescence microscopy, which showed a loss of 
energy transfer when probed lysin dimer was exposed to VE, suggesting that lysin 
dimer dissociates when lysin is exposed to the VE (Shaw et al., 1995).   All the above 
mentioned data supports the idea that the initial state of lysin is dimeric but upon 
contact with the VE the lysin dimer becomes monomer, which is the active form of the 
protein (Shaw et al., 1995). 

 

a                            b                   c 

 

 

 

 

 

 

 

 

Figure 3. Crystal structure of red abalone lysin. (a) Cartoon representation showing the 
overall structure of red lysin. (b) Surface representation displaying the hydrophobic patch in 
yellow. (c) Surface representation highlighting the basic track region in blue running along the 
side of lysin.  

 

1.2.3   ZP domain 

The ZP domain was first identified in 1992 by sequence analysis of proteins ZP2, ZP3, 
uromodulin, transforming growth factor receptor III and zymogen granule membrane 
protein 2 (Bork and Sander, 1992). These proteins are involved in egg-sperm 
interaction, kidney function and TGF-β signaling (Bokhove et al., 2016a; Bork and 
Sander, 1992), highlighting the diverse role and function of the ZP domain. Since the 
first rapport of such a domain many more ZP domain containing proteins have been 
identified in different tissues and organisms (Jovine et al., 2005; Jovine et al., 2002). 
The proteins involved in egg coat formation all have a ZP domain composed of a  
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Figure 4. ZP domain architecture of ZP1-4. All ZP proteins share a common ZP domain 
composed of ZP-N (blue) and ZP-C (green). ZP1 and ZP4 also have a trefoil domain (yellow). 
In addition to the ZP domain, ZP1 contains an additional ZP-N repeat believed to be involved 
in filament formation (Okumura et al., 2004; Okumura et al., 2015), while ZP2 contains 3 
additional ZP-N repeats. The importance of the first ZP-N1 repeat of ZP2 was reported by 
using humanized ZP in transgenic mice, where human sperm binds to ZP-N1 (Baibakov et 
al., 2012). Although the role of the additional ZP-N repeat of ZP4 is not clear, it has been 
suggested that human ZP4 is involved in binding to capacitated sperm (Gupta, 2015). 

 

ZP-N and a ZP-C domain (Figure 4). One role of the ZP domain on the egg coat is to 
form filaments, by polymerization, that covers the egg coat (Galindo et al., 2002; 
Jovine et al., 2006).                    
In 2008 our group solved the crystal structure of the ZP-N domain of ZP3, the subunit 
that is believed to be involved in mediating the initial binding between gametes in 
mammals (Monne et al., 2008). The structure revealed that it belongs to a distinct 
subtype of the immunoglobulin (Ig) superfamily of proteins. Two years later our group 
also solved the crystal structure of full-length ZP3 (Monne et al., 2008; Han et al., 
2010). While it has been suggested that the ZP3 is the primary sperm receptor, the 
NTR of ZP2 has been suggested to act as a secondary binding site for acrosome 
reacted sperm (Tsubamoto et al., 1999; Gahlay et al., 2010), making these 
reproductive proteins very attractive for structural studies. Analysis of the crystal 
structure of ZP3 showed some specific structural features which characterizes a ZP-
N domain, such as a β-sandwich fold, two disulfide bonds with invariant 1-4, 2-3 
connectivity, a conserved tyrosine and a unique E´strand (Monne et al., 2008; Han et 
al., 2010). The ZP domain is not only conserved in vertebrates but it has also been 
identified in invertebrates, such as previously mentioned VERL (Jovine et al., 2005; 
Monné et al., 2006). 
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1.2.4  Egg coat protein VERL 

VERL is one of the major proteins found in the VE of abalone. It is a glycoprotein with 
a molecular mass of two million dalton, with half of the mass being carbohydrates 
(Swanson and Vacquier, 1997). The identification of VERL was done by coupling lysin 
to beads and passing dissolved purified VE over the lysin-coupled beads. The sample 
was further investigated by gel electrophoresis, which identified VERL. Isolated VERL 
was shown to be able to inhibit lysin’s ability to dissolve the VE (Swanson and 
Vacquier, 1997), it was also proposed that recombinant VERL can inhibit lysin’s ability 
to dissolve the VE (Galindo et al., 2002). Furthermore, VERL binding to lysin was 
detected by sucrose density gradient ultracentrifugation, which showed that lysin co-
sediment with VERL. Electron microscopy images of VERL shows that it is a long rod 
shaped molecule with a size of roughly 13 nm in diameter (Swanson and Vacquier, 
1997). When the full-length sequence of VERL was identified, it revealed that the long 
rod shaped molecule is composed of 22 tandem repeats, with each repeat being 
connected by a linker (Galindo et al., 2002). It was also revealed that the C-terminal 
region of VERL contains a ZP domain, (Galindo et al., 2002), composed of a ZP-N 
and a ZP-C domain (Jovine et al., 2005; Monné et al., 2006; Wassarman and Litscher, 
2008) (Figure 5). 

 

 

 

Figure 5. Domain organization of VERL. VERL repeats 1-22 (VR1-VR22) (highlighted in 
magenta). Open circle and lines correspond to signal peptide and N-linked glycosylation sites, 
respectively. Sequence identity between VR1-VR2 and VR2-VR3 is 43% and 84%, 
respectively. Repeats 3-22 are ~ 99% identical. 

 

1.3 VERL-lysin binding and dissolution of the VE 

Even though there are many different models suggesting how the binding between 
lysin and VERL contributes to the dissolution of the VE, there are no data showing a 
clear mechanism behind this process. Also, it is still not clear, regarding the 
stoichiometry between lysin and VERL, how many lysin molecules is binding to each 
VERL repeat (Swanson and Vacquier, 1998; Kresge et al., 2001a; Galindo et al., 
2003). A brief summary regarding the stoichiometry and the different hypothesis, 
suggesting how lysin binding to VERL contributes to the dissolution of the VE, is 
highlighted below as well as a general model for the opening of the VERL filaments 
(Figure 6):        

1) The discovery of the hydrophobic regions in lysin suggested that these regions 
may be involved in binding to the hydrophobic region of glycoproteins on the VE. It 
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was also suggested that since VE filaments are polymers the insertion of lysin into 
these polymers would break the polymer configuration (Lewis et al., 1982). 

2) When solving the X-ray crystal structure of lysin, the structure gave raise to the idea 
that the positively charged basic tracks would assist the binding to the VE, which then 
would allow the unfolding of the VE proteins via the hydrophobic patch. As an 
alternative mechanisms, it was also suggested that the hydrogen bonding between 
VE glycoproteins would disrupt when lysin binds to the VE or that lysin binding induced 
a conformational change in the VE proteins (Shaw et al., 1993; Messier and Stewart, 
1994). 

3) By using fluorescently labeled lysin, stoichiometric binding assay was performed 
suggesting that for each VERL molecule there are 7 lysin molecules bound (Swanson 
and Vacquier, 1997).    

4) As previously mentioned, the hypervariable region of lysin have been shown not 
only to be important for species specific binding but also for dissolving the VE. 
Furthermore, it was also suggested that roughly 60 lysin molecules bind to each VERL 
molecule (Swanson and Vacquier, 1998; Lyon and Vacquier, 1999), suggesting that 
roughly 3 molecules of lysin bind to each VERL repeat. 

5) The dimer structure of red lysin suggested an alternative mode of action for species 
specific binding between lysin and VERL (Kresge et al., 2000a). It has been purposed 
that the dimer formation of lysin creates a cleft, which might have an important role in 
species specificity. This idea was further supported when the crystal structure of green 
abalone lysin was solved (Kresge et al., 2000b), which showed that this specific region 
differs between the crystal structures between red and green lysin, further suggesting 
that this region is important in species specific recognition. 

6) It has been suggested that the 23 positively selected residues in lysin is important 
during species specific recognition to the egg coat (Yang et al., 2000). 

7) When the full length sequence of VERL revealed that repeat 1 and 2 are under 
positive selection it was suggested that these regions are involved in the species 
specific recognition to lysin (Galindo et al., 2002). 

8) In 2013 Aagaard et al suggested that a ZP-N motif alone is sufficient to bind lysin, 
such as VERL repeat 1 (Aagaard et al., 2013). Furthermore, they also suggested that 
2 lysin molecules binds to each VERL repeat (Galindo et al., 2003; Aagaard et al., 
2013). 
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Figure 6. Lysin binding triggers filament dissociation.  A general model Illustrating how 
lysin binding to VERL opens the VERL filaments.1) Sperm is released and comes in contact 
with the egg VE. 2) AR reaction takes place and lysin is released. 3) Upon contact with VERL, 
lysin dimers dissociate, allowing the monomer to bind VERL repeats. This forces the VERL 
filaments to open and allow the sperm to enter and interact with the egg plasma membrane. 

 

There are many different hypotheses on where the interacting region on lysin and 
VERL are located, how many lysin molecules are bound per VERL repeat and how 
the binding contributes to dissolving the VE. All these suggestions have been 
proposed based on the sequence of lysin and VERL, as well as the crystal structure 
of red and green abalone lysin. However, we wanted to better understand this 
interaction and the mechanism, therefore we solved crystal structure of VERL as well 
as the VERL-lysin complex. 

 

1.3.1 Fusion to the plasma membrane  

Once the initial binding event between gametes has taken place on the egg coat, 
sperm is able to penetrate and fuse to the egg plasma membrane. Although no 
convincing mammalian egg-sperm recognition complex has been identified on the egg 
coat, the identification of egg protein Izumo1 and sperm protein Juno reveals the first 
egg-sperm protein complex in mammals at the plasma membrane, crucial for 
fertilization. Mouse sperm protein Izumo1 was first identified in 2005 by Inoue et al 
where they showed that Izumo-/- mice, even though they were healthy, were infertile. 
They also observed that even though sperm was able to bind to the ZP and penetrate, 
sperm had lost the capability to fuse with the egg (Inoue et al., 2005). It was not until 
roughly a decade later that the binding partner of Izumo1 was identified. In 2014 
Bianchi et al identified mouse egg protein folate receptor 4 (Folr4), which they 
renamed to Juno, as the binding partner for Izumo1 (Figure 7) (Bianchi et al., 2014). 
By using avidity-based extracellular interaction screen (AVEXIS) Bianchi et al could 
detect low affinity binding (Kd ~ 12 µM) between mouse Izumo1 and Juno. The 
importance of Juno during fertilization was further investigated by blocking the binding 
between Juno and Izumo1 in vitro, resulting in inhibition of fertilization. Moreover, the 
role of Juno was highlighted  

ZP-Domain Core

VERL repeat Lysin

Egg

1 2 3
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Figure 7. Gamete interaction at the plasma membrane.  Once sperm has penetrated the 
egg ZP (shown in yellow) it binds to the underlying membrane, where egg protein Juno, the 
receptor for sperm protein Izumo1, is located. It has been shown that approximately 40 
minutes, post fertilization, Juno is almost completely lost and by using electron microscopy, 
Juno has been detected in extracellular vesicles (Bianchi et al., 2014). 

by generating Juno-deficient mice. Even though female Juno-/- mice exhibited normal 
mating behavior they did not produce any pups. This is the first egg-sperm protein 
complex that have been identified in mammals, which is crucial for triggering gamete 
membrane fusion. One important note is that Juno is only conserved among mammals 
(Grayson, 2015). 

Roughly 1 year after the reported Juno-Izumo1 complex, our group solved the crystal 
structure of mouse Juno (paper IV). The crystal structure revealed a similar fold as 
folate receptors (FR), FRα and FRß (Han et al., 2016). The structure also showed a 
highly flexible region at the binding site, where vitamin B9/folic acid is binding to the 
folate receptors. We conclude that even though Juno has lost the ability to bind vitamin 
B9 it obtained the ability to interact with Izumo1. And as previously mentioned, Juno is 
only conserved in mammals, while FR homologues are discovered in all vertebrates, 
suggesting that they must have evolved form an ancestral FR. To better understand 
the basic mechanism behind the interaction between Juno and Izumo1, two 
independent groups solved the X-ray crystal structure of human Juno and Izumo1 as 
well as the complex (Ohto et al., 2016; Aydin et al., 2016).  The structure of unbound 
human Izumo1 revealed an elongated structure that is assembled by two separate 
domains, the Izumo1 domain and the Ig-like-domain, which is connected via a ß-
hairpin region that also acts as the binding region for Juno (Aydin et al., 2016; Ohto et 
al., 2016). At the same time, our group solved the crystal structure of mouse Izumo1 
(Nishimura et al., 2016). By comparing the structures, we can see that mouse and 
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human Izumo1 are almost structurally identical, with a difference in the hook region of 
mouse Izumo1 (Aydin et al., 2016; Ohto et al., 2016; Nishimura et al., 2016). Nishimura 
et al also discovered that Izumo1 is structurally similar to Plasmodium parasites 
proteins SPECT1 and TRAP, which are involved in host cell traversal and hepatocyte 
attack as well as gliding motility and penetration, respectively (Nishimura et al., 2016). 
The complex structure of human Juno and Izumo1 do not show any structural 
differences between bound and unbound state, although in one article the authors 
suggest that there is a conformational change in Izumo1 upon binding to Juno (Aydin 
et al., 2016).  

The counterpart of Izumo1 in abalone might be sperm protein Sp18. As previously 
mentioned, the two major acrosomal proteins in abalone, lysin and sp18 (Lewis et al., 
1982), are believed to have two separate roles during fertilization (Kresge et al., 
2001b). It has been shown that sp18 must have a different role in comparison to lysin 
during fertilization, due to its inability to dissolve the VE (Kresge et al., 2001b). By 
solving the crystal structure of green abalone sp18 (Kresge et al., 2001b) it was clear 
that sp18 and green abalone lysin share very similar structural features, suggesting 
that the two proteins arose by gene duplication (Kresge et al., 2000b; Kresge et al., 
2001b; Swanson and Vacquier, 2002). This suggest that the dissolution of the VE by 
lysin is not dependent on the structural conformation of lysin, rather the surface 
properties of the protein. Sp18 has suggested to be involved in membrane fusion 
rather than the initial recognition event (Swanson and Vacquier, 1995). 
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2   AIM AND SIGNIFICANCE  
The majority of the studies presented in this thesis has aimed at further understanding 
the process of fertilization using crystallography as a tool. We sought to better 
understand if there is structural fold that has been conserved between invertebrate 
and vertebrate recognition proteins during evolution. 

Finally, by isolating a recombinant egg-sperm protein complex in vitro we also wanted 
to determine the X-ray crystal structure of such a complex. This will help us to better 
understand the mechanism behind sperm penetration during fertilization and increase 
our knowledge regarding the role of positive selection in egg-sperm recognition 
proteins.  

Specific aims:  

1.   Determine, by bioinformatics, if evolutionary distant reproductice proteins share 
a ZP-N fold, such as ZP3.  
 

2.   Structurally confirming our hypothesis by solving the crystal structure of VERL 
and ZP2 ZP-N1. 
 

3.   Reconstitute egg-sperm protein complex in vitro by using recombinant VERL 
and lysin.  
 

4.   Determine the crystal struture of VERL-lysin complex. 
 

5.   To better understand the role of positive selection in VERL and lysin. 
 

6.   Obtain a more specific model on how VERL-lysin complex formation 
contributes to the opening of the egg coat during sperm entry.  
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3   METHODOLOGY 
3.1 Protein expression  

Recombinant protein can be used in many aspects of science such as structural 
determination and biological function characterization. This information can later be 
used in the industry for drug development and therapeutic purposes. But the process 
of obtaining properly folded purified protein is time consuming and challenging, which 
requires careful planning, even before beginning the purification process. Prior to 
protein expression trials there are many different factors to be considered, such as 
choosing a suitable expression vector, designing the genes of interest for either 
expressing the full-length protein or just a domain of interest, selection of an 
appropriate detection tag as well as the location of the tag. Once the gene of interest 
is designed one needs to select the expression system of choice. The main expression 
systems are yeast, bacteria, insect cells and mammalian cells, all with their own 
advantages and disadvantages. Also during this step there are many different factors 
to be considered such as, time, handling and cost, before choosing the desired 
expression system .The most classical expression system is the bacterial expression 
system due to easy handling, time saving, low cost and high yields of protein 
expression (Makrides, 1996; Baneyx, 1999). However, this system does have some 
disadvantages such as the inability to perform several post-translational modifications 
in comparison with eukaryotic systems (Makrides, 1996), as well as difficulty obtaining 
properly folded protein. Another widely used expression system is insect cells, such 
as Spodoptera frugiperda Sf9 cells. This was the expression system of choice at the 
initial stages of the VERL/lysin project. Due to several reasons we decided to choose 
this expression system: the ability of developing baculovirus strains for large scale 
protein expression, correct posttranslational modifications and the formation of 
disulfide bonds (Unger and Peleg, 2012). Even though crystallization trials were 
performed using protein produced from this system, we were unable to obtain well 
diffracting crystals. We therefore decided to move to a mammalian expression system 
by using human embryonic kidney (HEK) 293 cells (Graham et al., 1977), a system 
which was more well established in our lab. Despite being very time consuming the 
use of mammalian stable cell lines is still common, mainly for large scale protein 
production in pharmaceutical companies, due to the ability of mammalian cells to 
express properly folded protein that is post-translational modified (Wurm, 2004; 
Jenkins et al., 2008). Furthermore, even though stable cell line development is still 
used for structural studies (Chaudhary et al., 2012) the screening process and time 
consumption is not efficient enough. In some cases, one need to screen several 
(sometimes hundreds) different constructs, to be able to obtain a well behaving protein 
sample that is able to produce good diffracting crystals.  



 

16 

To perform large scale transient transfection in mammalian cells using commercial 
transfection reagents would be extremely expensive. One way of reducing cost is to 
use polyethyleneimine (PEI) as a transfection reagent, which was first described 
roughly 20 years ago (Boussif et al., 1995). Since then, large scale transient 
transfections, using PEI as a transfection reagent, have become more widely used, 
mainly due to low cost (Schlaeger and Christensen, 1999; Geisse and Henke, 2005; 
Aricescu et al., 2006). 

By taking advantage of the protocol described by Aricescu et al, combined with our 
mMBP fusion system we are able to produce large amount of correctly folded, post-
translational modified recombinant protein, in a fast, low cost and effective approach 
for our structural and functional studies (Aricescu et al., 2006; Bokhove et al., 2016b). 

 

3.2   Protein purification  

Depending on the requirements, protein purification may be achieved in one step, for 
a semi pure sample, or in several steps to obtain as pure material as possible. The 
degree of sample purity depends on what purpose the protein is prepared for. In 
general, a rule of thumb for X-ray crystallographic studies is that it is better to have 
less quantity of protein which is very pure than to have higher quantity of semi pure 
material. The purification process can be achieved in different ways by using the 
characteristic features of the target protein such as, charge, size, and specific binding 
regions. One of the most common purification techniques, which is also applied in our 
laboratory, is immobilized metal affinity chromatography (IMAC). By adding a stretch 
of poly-histidine, at either the N- or C-terminus of the protein, one can use them as a 
purification tag, due to their ability to bind metal ions such as nickel (E. Hochuli, 1988). 
This will separate the histidine-labeled protein from the non-labeled proteins. At this 
stage the protein purity is not sufficient enough for crystallization trials, due to 
unspecific binding of other proteins to the nickel resin. As previously mentioned one 
can take advantage of the protein size as a purification approach by applying it to a 
method termed size-exclusion chromatography (SEC). This is a technique that was 
first used 60 years ago (Ruthven, 1956) when starch columns was used for separation 
of molecules based on their size (Ruthven, 1956). The principle of this 
chromatographic technique is that the concentrated protein sample is inject on to a 
column containing a resin (stationary phase), while the large molecules will pass 
through the column fast the smaller molecules gets trapped in the pores of the resin 
resulting in a slower separation. This allows an efficient separation between large and 
small molecules and provides a purer sample (Figure 8). We routinely take advantage 
of the above mentioned techniques to obtain pure samples for crystallisation trials.  
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Figure 8. Protein purification procedure. Once the histidine-tagged target protein has been 
expressed, the first step (shown as number 1) is to separate it from impurities by binding to 
nickel beads. 2) The second purification step is to further separate the target protein, from 
unspecific bound proteins to the nickel beads, by using SEC, which separates proteins based 
on molecular weight and shape. 3) Finally, if the purity of the target protein is suitable, 
crystallization trials can be performed.   
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3.3 Protein crystallization  

Protein crystallization has been known for roughly 180 years when Friedrich Ludwig 
Hünefeld accidentally crystallized hemoglobin from earthworm blood (Hünefeld, 
1840). The process of obtaining protein crystals is a trial and error process, even 
though we have gained more knowledge on how to place our sample in the most 
optimal conditions for crystallization (Chayen, 1998; Luft et al., 2007; Thakur et al., 
2008), this does not mean that we will obtain crystals every time we put our sample in 
that particular condition. The process of finding the precise condition for crystallization 
of different proteins is still impossible to predict. Some important factors that can have 
a determining role in crystal formation are, protein purity, protein solubility, protein 
folding, temperature and crystal nuclei formation (Delucas et al., 2005; Galkin and 
Vekilov, 2000). Even if the conditions are favorable for crystal formation, the crystals 
still might not be good enough in terms of diffraction, size or form, which can hinder 
structure determination. One way to tackle this problem is to optimize the 
crystallization conditions to overcome the above mentioned problems. Optimization 
can be achieved by changing different factors such as protein concentration, 
precipitant or precipitant concentration, temperature and pH (Messick and 
Marmorstein, 2004; Gosavi et al., 2008). X-ray protein crystallography is a very 
powerful technique for solving the structure of macro-molecules to better understand 
their biological function as well as developing drugs for pharmaceutical purposes. In 
recent years the process of protein crystallization screening has become more and 
more automated (Zhu et al., 2014) with the use of machines such as the mosquito 
crystallization robot, which we routinely use in our lab (Bokhove et al., 2016b). Even 
though major advances have been done during recent years in the field of X-ray 
protein crystallography we still do not know why some proteins crystallize very easily 
and why some proteins do not. I truly believe that protein crystallography is as much 
of an art as it is science.  
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4   RESULTS AND CONCLUSIONS 
4.1    Paper I 

Rapid adaptive evolution, driven by positive selection, occurs when there is an 
advantageous mutation in a gene, resulting in a change in the encoded protein 
sequence. If there are repeated rounds of positive selection, this will eventually lead 
to the rapid evolution of the amino-acid sequence (Vacquier and Swanson, 2011; Lou 
et al., 2014). This phenomenon is acting in reproductive proteins in both invertebrates 
and vertebrates (Swanson et al., 2001; Swanson and Vacquier, 2002). There are 
several hypotheses that have been presented on why reproductive proteins are some 
of the fastest evolving proteins. One reason, which has been suggested to be a driving 
force behind adaptive evolution is co-evolution, where change in one species affects 
another species. Also sperm competition and sexual conflict are believed to play a role 
in evolution of reproductive proteins (Parker and Partridge, 1998; Swanson and 
Vacquier, 2002). Due to the rapid change in sequence in these proteins it is difficult to 
find structural similarities between proteins from different organisms.  

In this project we took advantage of the specific structural hallmarks of the ZP-N 
domain of ZP3, which we used as a template to find structural similarities amongst 
remote evolutionary proteins involved in reproduction. 

By applying bioinformatics analysis, we detected the sequence of vitelline envelope 
zona pellucida protein 14 (VEZP14), a cell adhesion protein in yeast Saccharomyces 
cerevisiae Sag1p and VERL repeat 10 as potential ZP-N domains, despite having an 
overall sequence that is very different. Based on these findings, a homology model of 
Sag1p and VERL repeat 10 was created. In the case of VERL, this suggests that 
VERL repeat 10, as well as other VERL repeats, might adopt a ZP-N like fold. In 
addition to the cysteine connectivity of C1-C4 and C2-C3 that is seen in VERL, Sag1p 
and ZP-N of ZP3, VERL repeat 2 has an additional disulfide bond (C201-C294). We 
hypothesized that the additional disulfide bond may be involved in intermolecular 
disulfides, resulting in homo-dimerization of VERL (Swanson and Vacquier, 1997). To 
confirm our hypothesis, we designed expression constructs of the first 4 repeats of 
VERL and a mutated version where the two additional cysteines were mutated. The 
two constructs were expressed in insect cells and the proteins were analyzed by 
immunoblotting in reducing and non-reducing conditions. As suggested, the wild type 
protein forms a disulfide-linked homodimer in non-reducing condition whereas the 
double cysteine mutant mostly forms a monomer.                                

In conclusion, this paper reveals a common structural domain, important for gamete 
recognition, is shared among these reproductive proteins suggesting that the ZP-N 
fold has been conserved during evolution, despite 0.6-1 billion years of evolution.  
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4.2   Paper II 

Overexpression of target proteins may in many cases be a rate limiting factor for 
crystallographic studies, due to degradation, aggregation, size of the protein of interest 
and low amount of target protein. One way to solve some of these problems is by 
expressing a fragment of the protein which is of interest, even then, gaining large 
amount of properly folded protein may be difficult. Also it is important to choose the 
correct expression system for protein production because of post-translational 
modifications, which are required for the correct function of the protein.  

The malE gene in Escherichia coli (E. coli) encodes for MBP, which is involved in the 
uptake and transfer of maltose and maltodextrins (Duplay et al., 1984; Nikaido, 1994). 
MBP can also be used as a fusion partner for target proteins expressed in E. coli to 
increase protein solubility and prevent aggregation. In this study we took advantage 
of the above mentioned features of MBP, which we applied in a mammalian 
expression system using HEK293 cells. Since many proteins of interest are of human 
origin, this system allows the target proteins to acquire the correct post-translational 
modifications, which would not have been possible using a bacterial expression 
system. The fusion to MBP also significantly increased the protein expression of our 
target proteins. By introducing specific mutations in MBP, which benefits affinity 
purification as well as crystallization of MBP fused target proteins (Center et al., 1998; 
Walker et al., 2010), we designed a mammalianized version of MBP (mMBP). We 
fused several target proteins to mMBP, either with signal peptide (SP) for secretion or 
without SP for intracellular expression. We also designed a vector which includes a 
TEV protease cleavage site to be able to remove mMBP after protein expression. By 
doing so, the unfused target protein may be used for functional assays, where mMBP 
would not interfere. Furthermore, mMBP can also be used as an additional purification 
tag by binding to amylose beads. Finally, the major advantage of a mMBP fused target 
proteins for structural determination is the use of mMBP for phasing during MR. 

In this paper we have taken all the advantages of MBP and applied them in a 
mammalian expression system, which is the system of choice when expressing 
human proteins, which are dependent on different post-translational modifications. We 
were able to solve the crystal structure of several target proteins that did not crystallize 
when unfused.  

 

4.3   Paper III 

There is no clear structural evidence showing if the repetitive domains of VERL are 
ZP-N domains, which would be a direct link between invertebrate and vertebrate 
fertilization. We also have not yet been able to determine a crystal structure of a single 
gamete recognition complex taking place on the egg coat. Finally, we still lack a 
detailed picture of how a sperm is able to unravel the extracellular matrix surrounding 
the egg. We wanted to experimentally demonstrate if there is a link between 
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invertebrate and vertebrate reproduction by solving the crystal structure of VERL 
repeats and mammalian ZP2 ZP-N1. We also wanted to better understand the 
mechanism of how sperm binds to the egg coat and splays apart the VERL filaments 
to create a hole. This was achieved by solving the crystal structure of a complex 
between VERL and lysin.  

In this paper we solved the crystal structure of mouse ZP2 ZP-N1, mMBP fused single 
domain of VERL, as well as the complex between VERL and lysin. For mMBP fused 
proteins we used mMBP as a search model for structure determination (paper II). The 
structures revealed that these reproductive proteins in fact share a common ZP-N fold, 
with some structural differences. The complex structure determination between VERL 
and lysin was achieved by co-expressing mMBP fused VERL together with lysin. 
Despite extensive crystallization trials this protein complex did not yield well diffracting 
crystals, we decided to remove mMBP by limited proteolysis using elastase, which 
yielded well diffracting crystals. Also by co-expressing unfused VERL with lysin we 
were able to obtain crystals in different conditions and space group. The complex 
crystal structure reveals a very accurate model of how lysin is breaking apart VERL 
filaments on the egg coat, creating a hole for sperm to enter and interact with the egg 
plasma membrane. 

 

4.4   Paper IV 

Until just 2 years ago no convincing egg-sperm recognition pair had been identified in 
mammals during gamete fusion. Earlier in vivo studies show that both sperm protein 
Izumo1 and egg protein CD9 have an important role during gamete fusion (Chen et 
al., 1999; Miyado et al., 2000; Kaji et al., 2000; Kaji et al., 2002). It was shown that 
Izumo1 deficient mice were completely infertile while CD9-/- females showed severe 
reduction of fertility. It was also later shown that recombinant Izumo1 still binds to CD9-
/- deficient eggs equally well as to the wild type eggs. This does not diminish the 
significance of CD9 but it suggests that the binding partner of Izumo1 is a different 
protein (Inoue et al., 2013; Bianchi et al., 2014). In 2014 this was confirmed when egg 
protein Juno was identified as the binding partner to Izumo1, and the importance of 
Juno was highlighted when Juno deficient female mice were shown to be infertile 
(Bianchi et al., 2014).  

In this paper we solved the crystal structure of the binding partner of Izumo1, Juno, 
previously known as folate receptor 4 (Bianchi et al., 2014). The crystal structure 
reveals a similar fold as FRα and FRß, with major flexibility within the area involved in 
binding folate in these two receptors. Furthermore, while the loop regions of FRs are 
ordered, the corresponding loop area in Juno is either disordered (loop 1 and 3) or 
adopts a different confirmation (loop 2), suggesting that this might be one reason why 
Juno is incapable of binding vitamin B9/folic acid. Even though, the interaction between 
Juno-Izumo1 is conserved in mammals, yet mouse Juno does not bind human 
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Izumo1, despite sharing a sequence identity of 70%, indicating some degree of 
species specificity. When looking at the sequence, corresponding to loop 1, 2 and 3, 
it is clear that these regions are relatively different between human and mouse, 
suggesting that these might be regions that are important for determining species 
specificity. To test our observations, we designed several mouse Juno expression 
constructs where the loop region 1-3 were replaced with the corresponding human 
sequence. By using AVEXIS it was shown that when loop 1 of mouse was replaced 
with human no more binding was observed. Also by changing mouse Juno loop 3 to 
human we could detect binding to human Izumo1, suggesting that these areas are 
involved in binding. 

In conclusion this paper suggests that Juno and FR evolved from an ancestral gene 
and that Juno is no longer able to bind to Vitamin B9 but instead is able to interact with 
the sperm via Izumo1.   
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5   FINAL CONCLUSIONS AND FUTURE PROSPECTIVE 
We have yet to identify a gamete recognition protein complex on the mammalian egg 
coat, which is essential for fertilization. By identifying and solving the structure of such 
a complex it would help us to better understand the initial egg-sperm binding at the 
molecular level. To be able to confront this important biological question we chose a 
model organism where egg-sperm recognition proteins have been well identified. This 
not only helped us to better understand if there is a structural link, which has been 
conserved during evolution, between invertebrate and vertebrate reproductive 
proteins, it also allowed us to study the process of gamete interaction at the molecular 
level.  

In 2014 the binding partner for mammalian sperm protein Izumo1 was identified as 
egg protein Juno. Juno-Izumo1 complex has shown to be essential for fertilization in 
mammals. Roughly 2 years after the discovery of Juno the individual crystal structures 
of Izumo1 and Juno was solved, both from human and mouse, as well as the human 
complex structure.         
However, Juno-Izumo1 would never interact, if the initial recognition event did not take 
place on the mammalian egg coat. The importance of identifying an egg-sperm protein 
complex, taking place on egg coat, would be of great value. This would not only help 
us to better understand the mechanism behind the initial egg-sperm interaction, but 
would also be a major step forward towards developing a target specific contraceptive.   

In paper I we hypothesized that there might be a common domain important for 
gamete recognition during fertilization ranging from yeast to human. This hypothesis 
was possible due to the crystal structure of ZP3 ZP-N, which our group previously 
solved. Based on this structure we could perform bioinformatics analysis suggesting 
that ZP2, VERL, VEZP14 and Sag1p all contain ZP-N domains. To investigate 3D 
structure of some of these proteins, we used an expression system based on MBP as 
described in paper II. As previously mentioned, one of the rate limiting steps in protein 
crystallography is the amount of properly folded protein needed for structural studies. 
Also another difficulty during structure determination is the phase problem. In this 
paper we show that not only we can increase protein expression but we can also use 
MBP as a purification tag. Moreover, we could solve the crystal structure of mMBP 
fused target proteins, which did not crystallize as unfused. And finally we can solve 
the phase problem by using mMBP for MR during structural determination. In paper 
III we took advantage of our mMBP developed protein expression system to solve the 
crystal structure of mMBP fused VERL domains, which revealed that they adopt a ZP-
N fold. To further confirm the link between vertebrate and invertebrate fertilization Ling 
Han and Elisa Dioguardi solved the crystal structure of ZP-N1 of ZP2, which also 
showed a similar fold. Furthermore, we solved the crystal structure of VERL/lysin 
complex. The complex structure helped us to predict a more precise model for the 
mechanism of how lysin contributes to unravelling the VERL filaments on the VE, 
allowing sperm entry. In paper IV Han et al solved the crystal structure of egg plasma 
membrane protein Juno. The structure revealed a FR fold similar to that of FRα and 
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FRβ. The structure also revealed that the binding region, corresponding to the region 
involved in binding vitamin B9 in FRα and FRβ, was either not ordered due to high 
flexibility or adopted a different arrangement in the structure. This allowed us to 
hypothesize that this might be one reason why Juno is not able to bind vitamin B9 but 
instead has evolved to bind sperm protein Izumo1.  

 

5.1   MBP in protein expression and crystallography    

In protein crystallography it is not always easy to obtain sufficient quantity of well-
behaved protein that can be purified and used for crystallization studies. Although 
MBP has been used as a fusion partner since the beginning of the 90’s (Szmelcman 
et al., 1990; Blondel and Bedouelle, 1990), it had previously not been used in a 
mammalian expression system as a fusion partner for structural studies. We show the 
efficiency of MBP by fusing it to several human target proteins in a mammalian 
expression system. By using this established expression system, we can easily grow 
several liters of mammalian expressed mMBP fused target proteins for either 
crystallization trials or functional assays. This system does also have its limitations, 
such as the difficulty to use mMBP for MR when the target protein is much bigger than 
mMBP. Or as in the case of mMBP fused VERL-lysin complex crystallization trials, 
were we did not get any complex crystals, suggesting that mMBP was interfering with 
crystal formation.                  
This system will prove to be an even more powerful tool in the future if the fusion of 
mMBP to target molecules can be implemented in other expression systems for 
crystallographic studies. Furthermore, one can also implement the mMBP fusion 
system for structural studies using other techniques different from crystallography.  

 

5.2 Bridge between invertebrate and vertebrate fertilization  

Over 95% of all animal species are invertebrates (Van Wettere and Lewbart, 2007), 
however until recently it was not known whether there were specific protein epitopes 
that had remained conserved during evolution between invertebrates and vertebrates.   

In this thesis we show a clear structural connection between invertebrate and 
vertebrate fertilization by solving the crystal structure of ZP-N1 of ZP2 as well as single 
VERL domains. Furthermore, by solving the crystal structure of VERL/lysin complex, 
we managed to show detailed information at the molecular level between gamete 
recognition proteins. This clearly show that although invertebrates, such as abalone, 
and vertebrate’s, such as humans, are separated by roughly 600 million years of 
evolution, they still share a common structural feature, which is important during  
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Figure 9. Key and lock mechanism 
during fertilization. It was suggested 
that only the correct gamete 
recognition proteins are able to bind in 
a species specific manner to enable 
fertilization.  

 

 

 

 

fertilization. The mechanism behind this process is a very interesting scientific event, 
yet we still have not been able to obtain clear picture at the molecular level in 
mammals.  

In abalone, the mechanism of dissolving the VE is dependent on lysin and we have 
highlighted this mechanism at the molecular level by solving the above mentioned 
crystal structures. However, the equivalent molecule, corresponding to lysin, does not 
seem to exist in vertebrates, or has not yet been identified. Even though the general 
idea in mammals is that sperm undergoes AR and binds to the ZP (Florman and 
Storey, 1982; Bleil and Wassarman, 1983), perhaps this event is different than 
previously proposed, suggesting that there might be a triggering event that initiates 
sperm penetration rather than a direct binding to the ZP. If we identified a sperm 
protein which is involved in complex formation with a ZP glycoprotein, the crystal 
structure of such a complex would be of interest for the whole biological field. It would 
not only help us to better understand the mechanism behind egg-sperm interaction on 
the egg coat but it would also open new possibilities for developing new 
contraceptives. 

The study of sex in a scientific way started already in the Renaissance (Chianchi, 
1998). It was not until 1914 that Frank R. Lillie suggested that the process of egg-
sperm interaction during fertilization is dependent on a key and lock mechanism 
(Figure 9) (Lillie, 1914). This metaphor was addressed in this thesis by applying 
structural biology on central reproductive proteins during abalone fertilization. 
Although VERL/lysin complex structure does not completely answer this hypothesis, 
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it does shed some light in the key and lock metaphor suggested more than a century 
ago. Most importantly, we have gained a very first detailed picture of the initial egg 
and sperm interaction taking place on the egg coat.   
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