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Polyspermy Blocking Mechanisms in Sperm and Egg
Rachel E. Bainbridge, PhD

University of Pittsburgh, 2022

Fertilization is a tightly regulated process requiring numerous signaling processes. My
dissertation research focused on two: PLC activation in the egg following fertilization, and zinc
effects on gamete fertility.

Fertilization initiates polyspermy blocks that stop fertilization by multiple sperm. Eggs
from most animals use the slow block to polyspermy, which occurs minutes after fertilization and
involves the release of cortical granules to create a barrier that surrounds the nascent zygote. In
external fertilizers, eggs also use the fast block, which occurs seconds after fertilization, and
involves an electrical depolarization of the egg plasma membrane. In eggs of the African clawed
frog, Xenopus laevis, the fast block depolarization is mediated by the calcium-activated chloride
channel TMEM16A following a phospholipase C (PLC)- dependent calcium increase. PLC-y1 is
the most abundant PLC isozyme in the egg, typically activated by phosphorylation of a conserved
tyrosine at the enzyme’s active site. | used tyrosine kinase inhibitors during whole cell recording
to observe the fast block during X. laevis fertilization. I found that blocking tyrosine
phosphorylation did not affect the fast block depolarization, suggesting that another pathway
activates the fast block to polyspermy in X. laevis eggs.

In contrast to the fast block, the slow block is used by eggs from most sexually reproducing
animals. During the slow block, mammalian eggs have been shown to release zinc into the
extracellular milieu. Here we demonstrated that X. laevis eggs also release zinc post-fertilization,

and that at physiologic concentrations, extracellular zinc stopped fertilization in diverse external

iv



fertilizers. By independently treating X. laevis sperm or eggs with zinc prior to fertilization, we
demonstrated that the zinc targets both gametes to stop fertilization.

In addition to high extracellular zinc surrounding already fertilized eggs, mammalian
sperm encounter high zinc concentrations as they are mixed with the seminal fluid at mating. |
established a fluorometry assay using the zinc indicator FluoZin-3 to monitor cytoplasmic zinc in
mammalian sperm. Because mammalian sperm both encounter varying concentrations of
extracellular zinc and must undergo changes post-mating to gain the ability to fertilize an egg, we

believe that zinc may alter sperm physiology.
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1.0 Introduction

Most animals are the product of successful fertilization. Yet, the success of fertilization
does not occur by chance. Fertilization of an egg by multiple sperm, a condition known as
polyspermy, is one of the most prevalent barriers to successful fertilization. To prevent entry of
more than one sperm, eggs can employ processes that protect the nascent zygotes. Despite the
importance of the process of fertilization, there are many aspects we do not yet understand.
Exploring the complex signaling events of fertilization will not only lay the conceptual foundation
for understanding the earliest moments of new life, but also can reveal novel contraceptive targets

and areas for improvement in artificial reproductive technologies.

1.1 Physiology of fertilization

1.1.1 Post-mating preparation of sperm to fertilize

Between the adult male and the site of fertilization, sperm must travel a long distance and
through the harsh conditions of the external environment or the female reproductive tract to
encounter an egg. Once at the site of fertilization, within the female reproductive tract of internal
fertilizers or within the external environment for external fertilizers, sperm must find, penetrate,

and activate the egg, in order to contribute its genetic material to the zygote.



1.1.1.1 Sperm activation

1.1.1.1.1 Mammalian sperm capacitation

Mammalian sperm are distinguished from those of other animals in that they are
unprepared to fertilize at mating, even if placed directly next to an egg (R Yanagimachi, 1988). As
they spend time in the female reproductive tract, or are treated with incubations that simulate it,
mammalian sperm gain the capacity to fertilize by undergoing processes collectively referred to
as capacitation (Visconti et al., 1998). Capacitation comprises several discrete stages during which
sperm change the way they swim, increase their intracellular pH, and release their acrosomal
enzymes (Visconti et al., 1998). In the lab or clinic, sperm can be artificially capacitated using
media that approximates signals from the female reproductive tract before in vitro fertilization
(IVF) for artificial reproductive technologies (ART) or for fertilization research, (Visconti et al.,
1998).

The first event of capacitation is called activation. Occurring at mating, this is when
mammalian sperm start to vigorously beat their tail as they begin their marathon swim to meet the
egg (R Yanagimachi, 1988). Activated sperm swim with a relatively straight path, enabling them
to quickly traverse a long distance (Figure 1). After spending time in the female reproductive tract,
however, sperm slow their swimming stroke and begin to beat their flagellum in a whip-like,
asymmetric manner (R. Yanagimachi, 1970). This latter swimming pattern is called
hyperactivation (Susan S. Suarez, 2008). Hyperactivation is necessary for mammalian fertilization
with its purported role being to help sperm ratchet through the zona pellucida, a tough protective
structure that surrounds the egg (Kay & Robertson, 1998; Stauss, Votta, & Suarez, 1995; Susan S.

Suarez, 2008). Both a Ca?*-permeable channel and high intracellular pH have central roles in



signaling hyperactivation (Babcock, Rufo, & Lardy, 1983; Ho, Granish, & Suarez, 2002;
Lindemann & Goltz, 1988; Polina V. Lishko et al., 2012; S. S. Suarez, Vincenti, & Ceglia, 1987).

The voltage-gated, Ca?*-conducting channel essential for hyperactivation is called Cation
Channel of Sperm (CatSper) (Anne E. Carlson et al., 2003; P. V. Lishko et al., 2012; Qi et al.,
2007). CatSper is activated during capacitation, allowing Ca?* to enter the sperm, which then
controls the way the tail beats (Anne E. Carlson et al., 2003). Ca?* regulation of flagellar waveform
was first demonstrated by experiments wherein detergent was applied to permeabilize the sperm
membrane (Lindemann & Goltz, 1988). This condition equilibrates the intracellular and
extracellular ion concentrations, allowing experimenters control of the Ca?* concentration in the
sperm flagellum. At low intracellular Ca?*, symmetrical flagellar beats are observed, whereas at a
high intracellular Ca?*, the waveform becomes asymmetrical and approaches a whiplash-like form
(Lindemann & Goltz, 1988). For mammalian sperm, an asymmetrical flagellar waveform is a
defining feature of hyperactivation, and the Ca?* that changes beat symmetry is conducted by the
sperm specific CatSper channel (Anne E. Carlson et al., 2003).

Another important factor for sperm function is their intracellular pH. In the male, mature
sperm maintain an acidic intracellular pH (N. L. Cross & Razy-Faulkner, 1997; Santi et al., 2013;
Zeng, Oberdorf, & Florman, 1996). However, in the female reproductive tract, the sperm cytosolic
pH becomes more basic, and this is thought to potentiate CatSper channels, and therefore alter
their flagellar waveform as they progress through the reproductive tract, as well as to undergo the

acrosome reaction (Polina V. Lishko et al., 2012).



 male | Female
_/\*mﬁ@{

Resting Activated Hyperactivated

Epididymus & Vagina & Uterus Ampulla
Vas deferens

® 1

increasing pH, bicarbonate, [Ca*].

Figure 1 Capacitation of mammalian sperm

Following deposition in the female reproductive tract, sperm become activated and
demonstrate forward motility. With increasing pH, bicarbonate, and intracellular calcium, the
sperm continue to change their swimming behavior. As they pass through to the oviduct, they
hyperactivate within the ampulla as they approach the egg. Hyperactivated sperm have a whiplash-

like motility, which is theorized to help the sperm penetrate the egg.



1.1.1.1.2 Frog sperm activation

Sperm from external fertilizers do not spend time in the female reproductive tract. Instead,
sperm from vertebrate animals that mate in aquatic environments are activated as they enter the
dilute aqueous environment (Reinhart, Ridgway, & Chandler, 1998; Tholl et al., 2011). For
example, in Xenopus laevis, osmotic shock activates sperm, which sperm experience when they
are released into pond water with a lower salt content compared to osmolarities within the male or
to that of standard laboratory media (Inoda & Morisawa, 1987; Reinhart et al., 1998). Once X.
laevis sperm reach the egg, the acrosome reaction is activated by a substance derived from the
female oviductal pars recta which accumulates in the jelly as the eggs pass through the oviduct

during ovulation (Ueda, Yoshizaki, & Iwao, 2002).

1.1.2 Egg activation

The transition from a fertilization-competent egg into a developing embryo requires a
series of highly conserved events, collectively known as egg activation. Newly fertilized eggs from
animals and some plants (Denninger et al., 2014; K. Swann & Lai, 2016), display a large elevation
of intracellular Ca?* which activates embryonic development. This elevation can be a singular
wave, or multiple oscillations (Figure 2). The channels and signaling events that give rise to these
Ca?* elevations vary between animals (Figure 2), and these differences are likely are influenced
by the varying environments for embryonic development, within the female reproductive tract or
aquatic environments.

Increased intracellular Ca?* activates embryonic development in the externally fertilizing
frog X. laevis. In contrast to the oscillations in mammalian eggs, eggs from X. laevis have a single,
prolonged elevation of intracellular Ca?*. Notably, eggs from X. laevis are exceptionally large,

5



with diameters of 1.4 um (K. L. Wozniak et al., 2017). Thus, a wave of elevated intracellular Ca?*
must travel a substantial distance. For X. laevis eggs, intracellular Ca?* remains low until
fertilization, when a PLC and IP3 mediated signaling pathway activates Ca?* release from the ER
(Busa, Ferguson, Joseph, Williamson, & Nuccitelli, 1985; Busa & Nuccitelli, 1985). A single Ca®
wave then propagates from the sperm entry site across the entire egg, persisting for several minutes
(Busa & Nuccitelli, 1985; Sato, Tokmakov, lwasaki, & Fukami, 2000). It is not yet understood
how PLC is activated at fertilization. Uncovering how fertilization activates PLC in X. laevis eggs

will reveal important insights into the first moments which lead to new life.



caL |
30 sec

D. melanogaster

— Yk“
o Ca*
oy L

D. rerio X. laevis
@ D
Caz,l_ 5 min
M. musculus 10min A. thaliana

Figure 2 Different Ca?* events in the activation of diverse eggs

Example intracellular Ca* events in eggs from various animals (Stein, Savy, Williams, &
Williams, 2020) and a plant (Denninger et al., 2014), observed over time by changes in
fluorescence of Ca> indicators. Relative changes of intracellular Ca* is represented on the y-axis,

and time on the x-axis.



1.1.2.1 Polyspermy block

In most sexually reproducing animals, only eggs fertilized by one sperm can successfully
initiate embryonic development (Evans, 2020; S. Mizushima & Sasanami, 2017; Wilson, 1925).
Should this golden ratio of one egg fertilized by one sperm be violated, each fertilizing sperm
would bring its own chromosomes, leading to polysomy, excess centrioles, and result in
asymmetric cleavages during embryonic development (Hinkley Jr & Wright, 1986; S. Mizushima
& Sasanami, 2017). Eggs have evolved methods to protect themselves from multiple fertilizations,
termed polyspermy blocks (S. Mizushima & Sasanami, 2017; Runft, Jaffe, & Mehlmann, 2002).

One hundred years ago, Ernest Just reported his observations of polyspermy blocking
mechanisms (Just, 1919). Observing fertilization in starfish using light microscopy, Just observed
the creation of the physical barrier surrounding the egg after fertilization. He deduced, however,
that this physical barrier likely developed too slowly to prevent the entrance of multiple sperm in
this external fertilizing animal. He predicted that a faster block must occur, and in a remarkably
accurate abstraction from his observations, suggested that a “wave of negativity” overtook the
starfish egg following fertilization (although directionally wrong, he correctly predicted that the

fast block was electrochemical in nature) (Just, 1919).

1.1.2.2 Slow block to polyspermy
Nearly all sexually reproducing animals use the slow block to polyspermy, which occurs
minutes after fertilization and involves the exocytosis of cortical granules from the egg and
establishment of a physical barrier around the nascent zygote (Figure 3) (Metz, 2012; J. L. Wong
& Wessel, 2006). These Golgi-derived cortical granules are docked at the plasma membrane
(Austin, 1956; Gulyas, 1980). Following increased cytoplasmic Ca?*, the cortical granules release

their contents (McPherson, McPherson, Mathews, Campbell, & Longo, 1992). Although we have
8



known about the slow block for more than 100 years, the molecular mechanisms that enable the
contents of the cortical granules to stop sperm entry in the fertilized egg is still debated.

Most eggs are surrounded by a glycoprotein matrix, conserved in structure amongst diverse
animals (Swanson & Vacquier, 2002). This extracellular matrix is referred to by various names
such as the vitelline envelope in frogs, chorion in fish, and the zona pellucida in mammals. The
contents of the cortical granules harden this glycoprotein matrix to make it less penetrable to sperm
following fertilization (Bleil & Wassarman, 1980; Wolf, Nishihara, West, Wyrick, & Hedrick,
1976; Yurewicz, Oliphant, & Hedrick, 1975). These contents include several metalloproteases
(Bleil, Beall, & Wassarman, 1981; Burkart, Xiong, Baibakov, Jiménez-Movilla, & Dean, 2012,
Tian, Gong, & Lennarz, 1999) and lectins (Chamow & Hedrick, 1986; Dong, Yang, Yang, Zhang,
& Gui, 2004) which contribute to the hardening of envelope proteins.

Recently it was observed that zinc is released during exocytosis of cortical granules from
the eggs of several mammals (Duncan et al., 2016; Kim et al., 2011; Emily L. Que et al., 2018).
We have now demonstrated that eggs from non-mammalian vertebrates including frogs,
salamanders, and fish also release zinc at fertilization (Katherine L. Wozniak et al., 2020). Eggs
from invertebrates such as the fruit fly Drosophila (Hu et al., 2020), or the round worm
Caenorbadbitis elegans (Mendoza et al., 2022) also release zinc during activation. Because zinc
is released during the slow block to polyspermy, I asked whether this extracellular zinc may stop

sperm from entering fertilized eggs.
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Figure 3 The slow block to polyspermy is conserved in sexually reproducing organisms

Depiction of the slow block to polyspermy in a Xenopus laevis egg. Cortical granules
docked at the plasma membrane release their contents at fertilization, leading to the lifting and
hardening of the vitelline envelope (termed the zona pellucida in mammals). This process and the
envelope, an extracellular glycoprotein matrix, is highly conserved. Sperm cannot penetrate this

hardened fertilization envelope.
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1.1.2.3 Fast block to polyspermy

The fast block is an electrical block observed only in eggs from external fertilizers, possibly
because the higher sperm to egg ratio at the site of fertilization necessitates a more immediate
protection from polyspermic fertilization. Immediately following fertilization, the egg plasma
membrane is depolarized (Figure 4). This membrane potential change allows sperm to bind to, but
not penetrate the egg (L. A. Jaffe, 1976).

In the 1950s and earlier, several research groups working independently observed
fertilization-signaled depolarizations in eggs from diverse external fertilizers, including frogs and
sea urchins (Hiramoto, 1959; Hori, 1958; Maeno, Morita, & Kuwabara, 1956; Peterfi &
Rothschild, 1935; Scheer, Monroy, Santangelo, & Riccobono, 1954; Tyler, Monroy, Kao, &
Grundfest, 1956). Following development of the voltage clamp, scientists demonstrated that this
fertilization signaled depolarization was a polyspermy block (L. A. Jaffe, 1976). Specifically, it
was observed that clamping sea urchin eggs at positive potentials typically reached at fertilization
stopped sperm entry until the clamp was released and the membrane repolarized to the resting
potential. Once the membrane potential returned to rest, these eggs were immediately fertilized,
and the membrane potential quickly depolarized. In contrast, eggs clamped at the resting potential
were fertilized by multiple sperm, while unclamped eggs fertilized at the same time were
monospermic. These data demonstrate that the membrane depolarization that occurs at fertilization
serves as a fast block to polyspermy.

Since its original discovery, the fast block has been observed in eggs from diverse
externally fertilizing animals such as starfish (Miyazaki & Hirai, 1979), sea urchin (Whitaker &
Steinhardt, 1983), frogs (Charbonneau, Moreau, Picheral, Vilain, & Guerrier, 1983; Nicholas L.

Cross & Elinson, 1980), including Xenopus laevis (Iwao, 1985), sea squirt (Goudeau, Depresle,
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Rosa, & Goudeau, 1994), ribbon worm (Kline, Jaffe, & Tucker, 1985) and algae (Brawley, 1991).
Notably, mammalian eggs do not depolarize upon fertilization and clamping these eggs at
depolarized potentials does not prevent sperm entry (Katherine L. Wozniak & Carlson, 2020).

The fast block has been studied in several species of frogs including the American toad
Bufo americanus, the northern leopard frog Rana pipiens (Nicholas L. Cross & Elinson, 1980),
and the African clawed frog Xenopus laevis (Iwao, 1985). These were chosen for their relative
abundance of gametes and amenability of these gametes to electrophysiology recordings. Indeed,
most frog eggs use the fast block, and their fertilizations are monospermic. Here we will focus on
the fast block in X. laevis, the species for which most complete signaling pathway has been
established.

The fast block to polyspermy in X. laevis can be described in three phases (Figure 4A).
First a brief step current is recorded, followed by a steep shift in membrane potential from
approximately -20 mV to +5 mV. Finally, the membrane potential slowly repolarizes (Katherine
L. Wozniak & Carlson, 2020).

The step current observed in the initial phase of the fast block is hypothesized to occur at
the early moments of sperm-egg binding and is observed as a small current. This current could
reflect a change in membrane capacitance resulting from sperm-egg fusion.

The second stage of the fast block involves the fertilization-activated depolarization, which
is caused by an efflux of CI- from the egg. Because frogs fertilize in pond water, which is more
dilute than the intracellular milieu, opening Cl- channels allows the anion to leave the egg and
collapse the membrane potential. Insemination of X. laevis eggs in the presence of varying
concentrations of external ClI- gave rise to differing kinetics and direction of membrane potential

changes. Sufficiently high levels of extracellular Cl- abrogates the fast block, establishing that a
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ClI- efflux mediates the fast block in frog eggs (Grey, Bastiani, Webb, & Schertel, 1982; Webb &
Nuccitelli, 1985).

In addition to a CI- current, an increase of intracellular Ca?* is also needed for the fast
block. The role for Ca?* in the fast block was supported by the observations that X. laevis eggs
injected with the Ca?* chelator BAPTA did not depolarize upon fertilization. Considered alongside
the fertilization-evoked efflux of CI-, these observations gave rise to the hypothesis that a Ca®*-
activated CI- channel mediates the depolarization in X. laevis eggs.

Recently, the depolarizing channel has been identified as TMEM16A (or anoctamin-1,
encoded by the ANO1 gene). TMEM16A is a Ca?* activated CI- channel abundantly expressed in
X. laevis eggs (Katherine L. Wozniak, Wesley A. Phelps, Maiwase Tembo, Miler T. Lee, & Anne
E. Carlson, 2018). Fertilization activates this channel by inducing the release of Ca?* from the
endoplasmic reticulum (ER) (Figure 4B). Fertilization no longer depolarized X. laevis eggs treated
with inhibitors of the enzyme phospholipase C (PLC) or the inositol triphosphate receptor (IPsR),
revealing that fertilization signals the fast block in a pathway that requires PLC and an IPs-evoked
Ca?* release from the ER (Katherine L. Wozniak, Maiwase Tembo, Wesley A. Phelps, Miler T.
Lee, & Anne E. Carlson, 2018). At the time of this writing, the identity of the responsible PLC,

and how it is activated by fertilization is unknown.
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Figure 4 The fast block to polyspermy in frogs

Schematics of typical electrophysiology recordings made from Xenopus laevis during
fertilization. In the Xenopus laevis egg (B), sperm can bind to, but not enter an egg which has
depolarized. Within the egg (inset schematic), fertilization activates a PLC, freeing IP; from the
plasma membrane. This IPs then binds its cognate receptor (IPsR) on the ER to increasing

intracellular Ca>* which activates TMEM16A channels. The efflux of CI- depolarizes the egg.
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1.2 Zinc plays a commanding role in the regulation of fertilization

Zinc is an essential mineral. Several conserved processes important for gametogenesis, egg
activation, and embryonic development such as cell cycle regulation, and RNA and protein
synthesis depend on proper regulation of zinc availability ("Zinc Fact Sheet,"” 2022). The average
total zinc in the human circulatory system is 12-14 uM (Hennigar, Lieberman, Fulgoni, &
McClung, 2018; Saaranen, Suistomaa, Kantola, Saarikoski, & Vanha-Perttula, 1987).
Dysregulation or deficiency leads to a number of health problems, including male and female

infertility.

1.2.1 Mammalian sperm encounter elevated extracellular zinc at multiple points between

mating and fertilization

Between mating and fertilization, mammalian sperm encounter high concentrations of zinc
at two discrete stages: when mixed with the seminal fluids at mating (Milosti¢-Srb et al., 2020;
Riffo, Leiva, & Astudillo, 1992; Sgrensen et al., 1999; Stankovi¢ & Mikac-Devi¢, 1976), and when
encountering an already fertilized egg (Duncan et al., 2016; Kim et al., 2011; Emily L. Que etal.,
2018). Seminal fluid has the highest relative zinc content in the body, with measurement of total
zinc in human semen ranging from 1-3 mM (Milosti¢-Srb et al., 2020; Riffo et al., 1992; Sgrensen
et al., 1999; Stankovi¢ & Mikac-Devié, 1976). By contrast, the average concentration of total zinc
in the human circulatory system is 12-14 uM (Hennigar et al., 2018; Saaranen et al., 1987). Though
much of the zinc in seminal fluid is likely bound, sperm still likely come in to contact with a
significant level of labile zinc. Understanding the interaction of zinc and sperm may resolve the
generally conflicting reports of the effects of zinc level on male fertility. It is also worth noting
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that serum or plasma zinc levels used clinically to assess overall zinc levels can vary greatly by
collection method, time, and health and lifestyle factors such as hormone level and muscle
catabolism ("Zinc Fact Sheet,” 2022) and may contribute to the difficulty correlating zinc status
and sperm health. Direct manipulation in the lab will therefore provide a more controlled picture

of the interaction between free zinc and sperm function.

1.2.2 Zinc release at activation

Recently, zinc release has been observed from mammalian eggs during cortical granule
exocytosis in mouse (Kim et al., 2011), cow (Suzuki, Ju, & Yang, 2000), and human (Duncan et
al., 2016) eggs. It has been hypothesized that this metal may contribute to the mechanisms by
which the slow polyspermy block stops additional sperm from entering already fertilized eggs (E.
L. Que, Duncan, Bayer, Philips, & Roth, 2017). For example, data suggest that zinc contributes to
hardening of the zona pellucida, the highly conserved extracellular glycoprotein matrix that
surrounds egg cells, leading to the hypothesis that this modification is sufficient to block sperm
binding to the egg (E. L. Que et al., 2017). However, previous studies have not yet directly tested
whether the zinc released at fertilization can prevent sperm entry into the egg, a feature required

of a true polyspermy blocking mechanism.
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1.3 Model organisms

During my dissertation research, | leveraged the strengths of diverse animals to
characterize the polyspermy blocks that ensure successful monospermic fertilizations in species

millions of years diverged from one another.

1.3.1 Egg and oocyte models

Most research on the role of zinc released by eggs following fertilization has focused on
mammalian eggs. However, similarities between mammalian and non-mammalian gametes may
suggest conserved mechanisms of zinc action, while differences may give hints to specialized
mechanisms. Further, eggs and oocytes from external fertilizers such as frogs and sea urchins are
readily accessible, substantially larger than their mammalian counterparts, and can be easily used
in the lab to perform in vitro fertilization under biologically relevant conditions (Lee-Liu, Méndez-
Olivos, Mufioz, & Larrain, 2017; McClay, 2011). Finally, eggs from external fertilizers utilize the
fast block to polyspermy, which is observed within seconds of fertilization. This provides a

fantastic model for studying early moments of fertilization and embryonic development.

1.3.1.1 The African clawed frog Xenopus laevis
The African clawed frog Xenopus laevis is one of the most well-established models for the
study of fertilization and utilizes both the fast and slow blocks to polyspermy (J. L. Wong &
Wessel, 2006). Established protocols, a deep foundation of existing knowledge, and easy access
to gametes are several of the advantages of this system (S. L. Green, 2009). Induction of ovulation

is so reliable in this species that they were used as a method to detect human chorionic
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gonadotropin (hCG) in pregnant people prior to popularity of the at-home pregnancy test (S. L.
Green, 2009). External fertilization of X. laevis eggs make them ideal for in vitro fertilization
experiments. Despite being tetraploid, X. laevis has a fully sequenced genome (Benson et al., 2017;

Session et al., 2016).

1.3.1.2 The purple sea urchin Strongylocentrotus purpuratus

The purple sea urchin, Strongylocentrotus purpuratus is an echinoderm native to the west
coast of the US (McClay, 2011). Sea urchins are a traditional model organism in developmental
biology, and utilize both the fast and slow blocks to polyspermy (Santella, Vasilev, & Chun, 2012).
During the gravid season (mid November — March for S. purpuratus), large amounts of gametes
can be obtained with shaking or injection of KCI, with individuals spawning its entire store of
gametes (Foltz, Adams, & Runft, 2004). This provides thousands of gametes for use in in vitro
fertilization experiments. Techniques for in vitro fertilization are so well established and
technically straightforward that they are often used in teaching settings in developmental biology

labs.

1.3.1.3 The cnidarian Hydractinia symbiolongicarpus

The clonal cnidarian Hydractinia symbiolongicarpus grows on the shells of hermit crabs
in the wild, and on glass slides in the lab (Frank, Nicotra, & Schnitzler, 2020). The polyps of the
colony spawn in response to light cues, which allows for experimenter control (Frank et al., 2020).
The gametes are mixed in a petri dish for in vitro fertilization, and have become a popular tool for
studying embryonic development, allorecognition (Karadge, Gosto, & Nicotra, 2015), and
regeneration (Frank et al., 2020). This provides a useful system to study fertilization in an ancient
species.
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1.3.2 Sperm models

| used both mouse, Mus musculus, and human sperm samples to start characterizing how
zinc targets mammalian sperm. Mammalian sperm undergo dramatic changes in preparation to
fertilize the egg (R Yanagimachi, 1988) (Figure 1). They are a useful model to understand how

zinc can interfere with capacity to fertilize.

1.3.2.1 The house mouse Mus musculus
M. musculus is a classic system for developmental biology, due to their small size, ability
to be genetically modified, and fast generation time. We utilize commercially available Swiss
Webster retired breeders as males who have proven fertility. These provide easily obtained
samples from a homogenous population. Mature sperm are obtained from the epididymis of mice,
and never encounter seminal fluid. This may present both strengths and weaknesses as a model for

fertilizing sperm.

1.3.2.2 Human surplus sperm samples
I used human semen for various studies. These samples were surplus from fertility testing
by consenting donors. These samples would have otherwise been discarded. No patient
information is provided to us including all information protected under the HIPAA. Therefore, we
had no information regarding patient fertility, health status, age, or other factors which can impact
sperm quality. However, these samples provide powerful models for understanding how human

sperm may be affected by extracellular zinc.
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1.4 Clinical importance and significance

1.4.1 Infertility worldwide

With more than 48.5 million couples struggling with infertility worldwide (CDC), it is
important to continue to develop assisted reproductive technologies (ARTS) such as in vitro
fertilization (IVF). Better understanding of the role of zinc in fertilization has already improved
fertility treatments. For example, the amount of zinc released during IVF can predict embryo

quality before implantation (Duncan et al., 2016; Kong et al., 2015).

1.4.1.1 Artificial reproductive technologies

The average current success rate of IVF is less than 35% (CDC). Major improvements in
ART are likely hampered due to a lack of understanding of early development (Combelles &
Racowsky, 2005), such as the factors important for proper protection from polyspermy. It was
estimated that 7% of embryos fertilized in IVF would become polyspermic (Feng & Gordon,
1996). Extrapolating from the 284,385 ART cycles performed in 2016 (CDC), then nearly 20,000
embryos would become polyspermic. This is based on the major underestimation that only one
egg is fertilized in each cycle. When multiple sperm fertilize an egg, these embryos are not viable
and therefore are not transferred into the uterus following IVF (Hummel & Kettel, 1997). With a
more complete understanding of the slow polyspermy block, we can optimize the conditions and
procedures used for IVF to decrease the incidence of polyspermy, and thereby reduce the number
of eggs wasted. Zinc has been proposed as a supplement for IVF conditions to prevent DNA

damage in frozen sperm samples (Kotdawala & Kumar, 2012) and to predict egg quality (Duncan
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et al., 2016). However, | propose that we must first seek to understand the effects of zinc at the

first moments of fertilization in order to design the most effective protocols for IVF.

1.4.2 Significance of understanding egg signaling

Phospholipase C (PLC) isozymes vital for signaling the fertilization evoked depolarization
in X. laevis are highly conserved. Data in this dissertation will demonstrate that PLCs in the X.
laevis egg do not activate during fertilization via a canonical activation pathway. This allows us

an opportunity to study noncanonical activation of PLC in a fully endogenous system.

1.4.3 Environmental concerns due to zinc pollution

Zinc pollution provides little risk for human health (Bodar, Pronk, & Sijm, 2005). In fact,
there are a number of uses for zinc in controlling and maintaining healthy aquatic environments
which would result in an increase in environmental zinc levels. Zinc has been proposed as an
algaecide (P. T. S. Wong & Chau, 1990), as well as a supplement to improve the fertility of
endangered fish species (Kazemi, Sourinejad, Ghaedi, Johari, & Ghasemi, 2020) (Kocabas &
Kutluyer, 2017). However, with these contradictory uses, we must understand how zinc affects
gametes and early embryos, so that we can carefully plan to protect the entire ecosystem we’d be

affecting.
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2.0 Tyrosine phosphorylation of PLC-y is not necessary for activation of the fast block to

polyspermy

2.1 Introduction

The ratio of one sperm to one egg is important for maintaining proper ploidy and for
successful initiation of the delicate cascade of developmental processes that will take the nascent
zygote to a new life. The egg is largely responsible for maintaining this ratio, using processes
known as polyspermy blocks to prevent subsequent fertilization by multiple sperm. The slow block
to polyspermy is ubiquitous in animals (discussed in Chapter 3). In external fertilizers, there is an
additional polyspermy block, the fast block which activates within seconds following fertilization.
The fast block is an electrical depolarization at the egg plasma membrane, which allows sperm to
bind to, but not penetrate the egg (L. A. Jaffe, 1976). It is not yet understood how the fast block is
initiated in any species, nor has the signaling pathway been completely mapped in any species.

We best understand the molecular mechanisms of the fast block in the African clawed frog,
Xenopus laevis (Figure 4B). In all frogs, a Ca?*-activated CI- current depolarizes the egg shortly
after fertilization (Nicholas L. Cross & Elinson, 1980; David Glahn & Nuccitelli, 2003; Grey et
al., 1982; Kline, 1988; Runft et al., 2002; Webb & Nuccitelli, 1985). Previous work from our lab
identified that the Ca?*-activated CI- channel TMEM16A mediates this depolarization (Katherine
L. Wozniak, Wesley A. Phelps, et al., 2018). The Ca?* which activates TMEM16A is released via
a phospholipase C (PLC)-dependent increase in IP3 (Katherine L. Wozniak, Maiwase Tembo, et
al., 2018). We do not know how fertilization turns on PLC activity to signal the fast block. I sought

to identify the pathway by which fertilization activates PLC. Different PLC isozymes are activated
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by different signaling pathways. By querying published proteomics datasets acquired from the
fertilization competent eggs, and RNA-sequencing datasets from developing oocytes and egg, we
have found three PLC isozymes in X. laevis eggs present at different concentrations: PLC-y1
(85.21 nM), PLC-B1 (3.91 nM), and PLC-B3 (4.30 nM) (Session et al., 2016; Wiihr et al., 2014).
We can distinguish the activity of different PLC isozymes by targeting their specific
method of activation (Figure 5). PLC-y is typically activated by phosphorylation of a tyrosine
residue in the active site (Nishibe et al., 1990). Therefore, we can use tyrosine kinase inhibitors to
stop these pathways from activating PLC-y and determine whether this interferes with the fast
block to polyspermy. We utilized the general tyrosine kinase inhibitors genistein (Akiyama et al.,
1987; Akiyama & Ogawara, 1991) and lavendustin A and B (Hsu et al., 1991; Onoda et al., 1989).
These inhibitors have been used in X. laevis eggs to examine the role of PLC-y in Ca?* release
following egg activation. It has been observed that injection of these inhibitors into X. laevis eggs
led to a decrease in sperm induced egg activation, assessed by cortical contraction (Sato et al.,
1998). In another study, it was observed that injection of lavendustin A into X. laevis eggs led to
a decrease in the incidence of cortical contraction, fertilization envelope lifting, and Ca?* wave
generation, all events associated with egg activation (D. Glahn, Mark, Behr, & Nuccitelli, 1999).
The authors of these two studies concluded that tyrosine phosphorylation of PLC-y is essential for
X. laevis egg activation. However, this conclusion is controversial. For example, another group
inhibited PLC-y activation via tyrosine phosphorylation by injecting Src-homology 2 (SH2)
domain into the eggs, which has been shown to outcompete PLC-yl as substrate for tyrosine
phosphorylation. This domain was able to outcompete the native PLC-y for activation via
exogenously expressed receptor tyrosine kinase for the platelet derived growth factor. It was

observed that the Ca®* release at fertilization was not altered (Runft, Watras, & Jaffe, 1999). Our
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study will examine whether tyrosine phosphorylation of PLC- y is needed for the fast block to

polyspermy in X. laevis eggs.
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Figure 5 PLC isozymes are differentiated by their activation, tied to their structure

Different PLC isozymes are differentiated by their mechanism of activation. This is tied to
their structure. Though many of the subunits are the same, such as the catalytic X-Y linker, the
membrane-associating PH domain, and the Ca?*-sensitive EF hand, others such as the SH2/3

domains of PLC-y are tied to their activation (Bill & Vines, 2020; Kadamur & Ross, 2013).
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To do so, we made whole cell recordings of X. laevis eggs inseminated in the presence of
these general tyrosine kinase inhibitors which suggest that tyrosine phosphorylation of PLC-y is
not required to activate the fast block. We observed no change in Kkinetics of the fast block
depolarization in the presence of these inhibitors, or on the incidence of polyspermy. We also did
not observe any effects on the incidence of fertilization in the presence of these inhibitors. This
suggests that tyrosine phosphorylation of PLC-y1 is not essential for the fast block or for egg
activation. It is possible that the pathways shown to be necessary for egg activation and those

necessary for initiation of the fast block have novel features.

2.2 Materials and methods

2.2.1 Reagents

Genistein was obtained from Alfa Aesar (Thermo Fisher Scientific; Tewksbury, MA) and
Lavendustin A/B obtained from Santa Cruz Biotechnology (Dallas, TX). Leibovitz's-15 (L-15)
medium (without L-glutamine) was purchased from Sigma-Aldrich. All other materials, unless

noted, were purchased from Thermo Fisher Scientific.

2.2.2 Solutions

Modified Ringer’s (MR) solution was used as the base for all fertilization and recording
assays in this study (100 mM NaCl, 1.8 mM KCI, 2.0 mM CaClz, 1.0 mM MgClz, 5.0 MM HEPES,

pH 7.8). The MR solution was filtered using a sterile, 0.2-um polystyrene filter (Heasman et al.,
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1991). Development assays were performed in 33% MR solution (MR/3) with or without

inhibitors. Fertilization recordings were performed in 20% MR (MR/5) with or without inhibitors.

Following fertilization recordings, eggs were incubated in MR/3 without inhibitors for 2 hours.
MR solutions containing inhibitors were prepared from concentrated stock solutions, kept

in DMSO. Final DMSO content was maintained below 2% of total volume of solution.

2.2.3 Animals

All animal procedures were conducted using acceptable standards of human animal care
and approved by the Animal Care and Use Committee at the University of Pittsburgh. X. laevis
adults were obtained commercially (Research Resource Identifier NXR_0.0031; NASCO) and

housed at 20°C with a 12-h/12-h light/dark cycle.

2.2.4 Collection of gametes

To obtain mature, fertilization-competent eggs, sexually mature X. laevis females were
induced to ovulate via injection of 1,000 U human chorionic gonadotropin into the dorsal lymph
sac and overnight incubation at 14-16°C for 12-16 hours (K. L. Wozniak et al., 2017). Females
typically began to lay eggs within 2 hours after being moved to room temperature. Eggs were
collected on dry Petri dishes and used within 10 minutes of laying.

To obtain sperm, testes were harvested from sexually mature X. laevis males (K. L.
Wozniak et al., 2017). Males were first euthanized by a 30-minute immersion in 3.6 g/L tricane-
S, pH 7.4, testes were then harvested and cleaned. Testes were then stored at 4°C in MR for use

on the day of the dissection, or in L-15 medium for use up to 1 week later.
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2.2.5 Sperm preparation and in vitro fertilization

For in vitro fertilizations during whole cell recordings, sperm suspensions were made by
macerating 1/10 of the X. laevis testis in MR/5. This solution was kept at 4°C for up to 1 hour for
use. Up to three sperm additions were added to each egg during whole cell recording, with 10
minutes between additions. To monitor for embryonic development after recording, inseminated
eggs were transferred to MR/3 and incubated at room temperature for 2 hours. Development was
assessed based on the appearance of cleavage furrows (K. L. Wozniak et al., 2017).

To assess the incidence of polyspermy with or without inhibitors, cleavage furrows were
observed 90-120 minutes following sperm addition (Grey et al., 1982). Approximately 11-70 eggs
were inseminated in MR/3 with or without inhibitors and incubated for 10 minutes at room
temperature. To inseminate, sperm suspension was added to eggs in each experimental condition,
pipetting the suspension directly on top of the eggs. Symmetrical cleavage furrows were scored as
successful monospermic fertilization, while polyspermic fertilization was defined by asymmetric

patterns of cleavage furrows (Elinson, 1975; Grey et al., 1982).

2.2.6 Electrophysiology

Electrophysiological recordings were made using TEV-200A voltage clamps (Dagan Co.)
and digitized by Axon Digidata 1550A (Molecular Devices). Data were acquired with pClamp
Software (Molecular Devices) at a rate of 5SkHz.

Pipettes used to impale the X. laevis eggs for recordings were pulled from borosilicate glass
for a resistance of 5-15 MQ and filled with 1 M KCI. Resting and fertilization potentials were

quantified ~10s before and after the depolarization, respectively. Depolarization rates of each
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recording were quantified by determining the maximum velocity of the quickest 1-mV shift in the

membrane potential.

2.2.7 Exogenous protein expression in X. laevis oocytes

The cDNAs encoding the platelet derived growth factor receptor (PDGF-R) (Gagoski et
al., 2016) were purchased from Addgene (plasmid 67130) and were engineered into the GEMHE
vector using overlapping extension PCR. The sequences for all constructs were verified by
automated sequencing (Gene Wiz or Plasmidsaurus). The cRNAs were transcribed using the T7
mMessage mMachine (Ambion). Defolliculated oocytes were injected with cRNA and used 3 days

following injection.

2.2.8 Removal of egg jelly

For procedures requiring the removal of jelly, eggs were incubated at room temperature for
5 minutes before insemination with sperm suspension prepared as described previously (Katherine
L. Wozniak & Carlson, 2020). Activated eggs, identified by their tendency to roll so the animal
pole faced up and displaying a contracted animal pole, were used for western blot preparations. To
remove the jelly, eggs were placed on agar in a 35 mm petri dish, in MR/3 with 45 mM f-
mercaptoethanol (BME), pH 8.5. During the BME incubation, eggs were gently agitated for 1-2
minutes, until their external jelly visibly dissolved, as indicated by close nestling of the eggs and
loss of visible jelly. To remove the BME solution, de-jellied eggs were then moved with a plastic

transfer pipette to a petri dish coated with 1% agar in MR/3 pH 6.5 and agitated for an additional
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minute. Eggs were then transferred three times to additional agar coated dishes with MR/3 pH 7.8,

swirling gently and briefly in each.

2.2.9 Protein sample preparation and western blot

Fertilization incompetent, developmentally immature oocytes, and mature eggs were lysed
using a Dounce homogenizer and ice-cold oocyte homogenization buffer (OHB) (10 mM HEPES,
250 mM sucrose, 5 mM MgCl2, 5% glycerol supplemented with protease and phosphatase
inhibitors in a 1:100 dilution) (Hill et al., 2005). 100 uL of OHB was used per 10 eggs or oocytes.
Cellular debris was removed by centrifugation at 500 RCF for 5 mins at 4 °C and the resulting
pellet was then resuspended in 100 uL OHB. The sample was again sedimented and the
supernatant from both the successive sedimentations was pooled and again centrifuged at 18,213
RCF for 15 mins at 4 °C. The supernatant was then sedimented at 18,213 RCF for 15 mins at 4
°C. 30 pL of this supernatant was combined with 10 uL sample buffer (50 mM Tris pH 6.8, 2%
SDS, 10% glycerol, 1% B-mercaptoethanol, 12.5 mM EDTA, 0.02% bromophenol blue) before
incubating at 95 °C for 1 min.

Samples were resolved by electrophoresis on precast 4-12% BIS-TRIS PAGE gels
(Invitrogen) run in TRIS-MOPS (50 mM MOPS, 50 mM Tris, 1 mM EDTA, 0.1% SDS) running
buffer, followed by wet transfer to a nitrocellulose membrane at 10 V for 1 hour in Bolt
(Invitrogen) transfer buffer. Loading was evaluated by Ponceau S. Blocking was performed for 1
hour at room temperature using Superblock (Thermo) buffer. Primary antibody incubation was
performed overnight at 4 °C with anti-PLCy [pY783] (Abcam) (1:1000) and secondary antibody

was performed for 1 hour at room temperature using goat anti-rabbit HRP (Invitrogen) (1:10000).
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All washes were performed using TBST (20 mM Tris, 150 mM NaCl, 0.1% Tween-20, pH 8).
Blots were resolved using Supersignal Pico (Pierce) on a GE/Amersham 600RGB imager using
chemiluminescence settings. Gel was stained with SYPRO Ruby Protein Gel Stain (Lonza) to

demonstrate equal protein loading.

2.2.10 Quantification and statistical analyses

All electrophysiology recordings were analyzed with Igor (Wave-Metrics), Excel
(Microsoft), and Prism9 (GraphPad, Dotmatics). Data for each experimental condition are
displayed in Tukey box plot distributions, where the box contains the data between 25% and 75%
and the whiskers span 10-90%. All conditions contain trials conducted on multiple days with
gametes from multiple females. Unpaired T tests were used to determine differences between

inhibitor treatments. Depolarization rates were logio transformed before statistical analyses.

2.3 Results

2.3.1 Inhibition of PLC-y by tyrosine kinase inhibitors did not alter the fast block

X. laevis eggs inseminated during whole cell recording depolarize several minutes after
sperm addition (Figure 6A, 13 eggs). Before the depolarization, the eggs exhibited a stable resting
potential with an average of -13.8 mV (x 0.9; Figure 6C). Following insemination in control
conditions, the plasma membrane reached an average potential of 12.67 mV (x 0.87; Figure 6D)

at 3.78 minutes following insemination on average (+ 3.00). We quantified the rate of the
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depolarization by calculating the rate of the fastest 1 mV increment during depolarization
(Katherine L. Wozniak, Wesley A. Phelps, et al., 2018; Katherine L. Wozniak, Maiwase Tembo,
et al., 2018). Eggs inseminated in control conditions had an average depolarization rate of 2.45
mV/s (x 0.87; Figure 6E, 7E). Importantly, these average potentials and depolarization rate agree
with data published in our lab previously (Katherine L. Wozniak, Wesley A. Phelps, et al., 2018;
Katherine L. Wozniak, Maiwase Tembo, et al., 2018). The depolarization rate is directly
proportional to the TMEM16A channels open during the depolarization (Katherine L. Wozniak,
Wesley A. Phelps, et al., 2018). Therefore, if the signaling pathway that precedes the fast block
depolarization is inhibited, fewer channels will open, and the depolarization rate will be slowed.
Thus, we will use depolarization rate as a readout for inhibition of the fast block signaling pathway.
Following whole cell recordings, these eggs were monitored for development, and all develop the
symmetric cleavage furrows that indicate monospermic fertilization. These data highlight our
ability to record the depolarization that follows fertilization and establishes a standard to which
our below experiments can be compared.

Due to the higher relative abundance of PLC-y1, present at 80 nM, 20-fold higher than
either PLCB1 or PLCP3 (Session et al., 2016; Whr et al., 2014), we hypothesized that this isoform
initiates the fast block. PLC-y enzymes are typically activated by tyrosine phosphorylation.
Therefore, I utilized cell permeant tyrosine kinase inhibitors genistein and lavendustin A and B to
prevent tyrosine phosphorylation of PLC-yl during fertilization and, determine whether this
interfered with the fast block depolarization.

To establish efficacy of tyrosine kinase inhibitors in Xenopus laevis eggs, Kayla Komondor
and Joel Rosenbaum assayed for their ability to reduce tyrosine phosphorylation. As positive

control, the receptor tyrosine kinase for platelet derived growth factor (PDGF-R) was expressed
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in X. laevis oocytes. Application of platelet derived growth factor to PDGF-R expressing oocytes
increased tyrosine phosphorylation of PLC-yl on position Y776 of PLC-yl (homologous to
position Y783 of mouse PLC-y1) (Kadamur & Ross, 2013) as observed with Western blot (Figure
8A). Oocytes treated with 100 uM genistein did not experience increased tyrosine phosphorylation
of PLC-y1 with application of PDGF (Figure 8A, Lane G). Treatment of 100 nM lavendustin B
was less effective in reducing PDGF-signaled tyrosine phosphorylation (Figure 8A, Lane LB), but
more effective than the analog lavendustin A (Hsu et al., 1991; Onoda et al., 1989) which had no
effect (Figure 8A, Lane LA). We also determined that tyrosine phosphorylation of PLC-y1 on
position Y776 did not occur at fertilization in X. laevis eggs (Figure 8 B-C). However, with the
possibility that PLC-y1 tyrosine phosphorylation at fertilization is below threshold of detection in
Western blot, | still interrogated the ability of tyrosine kinase inhibitors to interrupt PLC-y1
signaling in the fast block depolarization.

To test the hypothesis that PLC-y1 signals the fast block, I performed whole cell recordings
of eggs inseminated in the presence of cell-permeant tyrosine kinase inhibitors genistein (Akiyama
et al., 1987; Akiyama & Ogawara, 1991) as well as lavendustin B and analog lavendustin A (Hsu
etal., 1991; Onoda et al., 1989). Because our Western blot data demonstrated that these inhibitors
effectively stopped PDGF-signaled tyrosine phosphorylation of PLC-yl (Figure 8A). | was
confident that application of these inhibitors in the bath solution, without injection into the eggs,
would be sufficient to stop any fertilization activated tyrosine phosphorylation of Y776 of PLC-
v1.

Freshly laid eggs were placed in either 100 uM genistein, 100 nM lavendustin A, or 100
nM lavendustin B for whole cell recording (Figs 6A, 7A). Eggs were incubated for 5 minutes in
the solution after impalement with the electrodes to ensure steady resting potential. Sperm from X.

32



laevis testis minced with the same inhibitor solution, to prevent inhibitor dilution, were then added
to the egg. The membrane potential of the egg before depolarization (resting potential), following
fertilzation evoked depolarization (fertilization potential), and rate of depolarization (fertilization
rate) were all quantified from each whole cell recording (Figs 6 C-E, 7 C-H). Temperature was
variable in the lab at time of experimentation, so controls were date matched to treatment. Eggs
inseminated in control solution at the same time as genistein recording displayed average resting
potential of -15.1 + 1.7 mV, fertilization potential of 3.8 + 2.9 mV, and depolarization rate of 1.0
+ 0.46 mV/ms. Eggs inseminated in genistein displayed average resting potential of -17.6 + 1.9
mV, fertilization potential of 2.4 + 2.6 mV, and depolarization rate of 8.9 + 3.1 mV/ms. There was
no statistical difference between any examined metric with or without genistein (resting potential
P = 0.36, fertilization potential P = 0.76, log depolarization rate P = 0.08). For eggs inseminated
in control solution at the same time as lavendustin A, average resting potential was —10.7 + 3.1
mV, fertilization potential was 16.0 + 4.9 mV, and depolarization rate was 0.29 + 0.18 mV/ms.
Eggs inseminated in lavdendustin A had an average resting potential of —7.9 + 2.4 mV, fertilization
potential of 19.7 = 3.9 mV, and depolarization rate of 0.66 + 0.49 mV/ms. There was no statistical
difference between any metric of recording with or without lavendustin A (resting potential P =
0.50, fertilization potential P = 0.58, log depolarization rate P = 0.74). For eggs inseminated in
control solution at the same time as lavendustin B, average resting potential was -7.7 + 2.1 mV,
fertilization potential was 23.7 + 1.4 mV, and depolarization rate of 0.03 + 0.01 mV/ms. Eggs
inseminated in lavdendustin B had an average resting potential of -8.1 + 2.5 mV, fertilization
potential of 19.8 + 3.8 mV, and depolarization rate of 0.26 + 0.2 mV//ms. There was no statistical
difference between any metric of recording with or without lavendustin B (resting potential P =
0.91, fertilization potential P = 0.27, log depolarization rate P = 0.37). These data demonstrate that
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stopping tyrosine phosphorylation- mediated activation of PLC-y did not interfere with the fast
block to polyspermy in X. laevis eggs. This is also supported by the observation that tyrosine
phosphorylation of Y776 of PLC-yl was not observed following fertilization in X. laevis eggs

(Figure 8B).
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Figure 6 Genistein does not alter the kinetics of the fast block depolarization or the development rate of

embryos

A-B) Representative whole cell electrophysiology recordings of X. laevis eggs made during
in vitro fertilization. Fertilization evoked depolarizations are observed with or without genistein.
C-E) Box plots showing the resting potential, the membrane potential prior to the depolarization,

D) fertilization potential, the membrane potential following the depolarization, E) depolarization
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rate (mV/mS) of fertilization evoked depolarization (calculated from the fastest 1 mV increment
of the depolarization) in recordings made with or without genistein. F) Representative images of
an undivided, unfertilized egg and a symmetrically divided fertilized egg. G) Percent of embryos
that present with symmetrical cleavage furrows following in vitro fertilization in the presence of

increasing concentrations of genistein.
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Figure 7 Lavendustin A did not alter the kinetics of the fast block depolarization or the development rate of

embryos

A-B) Representative whole cell electrophysiology recordings of X. laevis eggs made during
in vitro fertilization. Fertilization evoked depolarizations are observed with or without lavendustin
A. C-E) Box plots showing (C) the resting potential, the membrane potential prior to the
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depolarization, (D) fertilization potential, the membrane potential following the depolarization,
and (E) depolarization rate (mV/mS) of fertilization evoked depolarization (calculated from the
fastest 1 mV increment of the depolarization) in recordings made with or without lavendustin B.
F-H) Box plots showing (F) the resting potential, the membrane potential prior to the
depolarization, (G) fertilization potential, the membrane potential following the depolarization,
and (H) depolarization rate (mV/mS) of fertilization evoked depolarization (calculated from the
fastest 1 mV increment of the depolarization) in recordings made with or without the inactive

analog lavendustin A.
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Figure 8 Genistein and Lavendustin B inhibit phosphorylation of PLC-y
(A) Western blot probing for tyrosine phosphorylation of PLCy1-Y776 in X. laevis oocytes
expressing platelet-derived growth factor receptors (PDGFR). Blot probed for PLCyl-Y776
phosphorylation in the presence of tyrosine kinase inhibitors (G: Genistein, LA: Lavendustin A,
LB: Lavendustin B). (B) X. laevis eggs were fertilized and processed for western blot revealed that

PLCy1-Y776 was not phosphorylated following fertilization. C) Loading control for (B).
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2.3.2 Inhibition of PLC-y by tyrosine kinase inhibitors did not affect embryonic

development

It has been observed that injection of genistein inhibits egg activation (measured by cortical
contraction and Ca?* wave generation) which precedes embryonic development after fertilization
(D. Glahn et al., 1999; Sato et al., 1998). It would also be expected that if inhibition of PLC-y
affects the fast polyspermy block, then inhibitors should lead to an increase in the incidence of
polyspermic fertilization. | performed in vitro fertilization to assess embryonic development in the
presence of genistein. In these assays, the ratio of normal development, assessed by the appearance
of symmetrical cleavage furrows is used to determine if fertilization occurred (Figure 6 F). Despite
the previous findings that genistein interrupts egg activation, there was no difference in rate of
normal development between eggs inseminated in concentrations up to 1 mM genistein, and
control conditions (Figure 6 G). These data suggest that this inhibitor does not affect polyspermy

blocking, egg activation, or embryonic development.

2.3.3 Assessment of possible sperm PLC-C in X. laevis testis

Next, | considered the possibility that a sperm-derived PLC may increase intracellular Ca?*
in the egg. In mammals, PLC-( is a sperm-derived soluble enzyme that signals egg activation by
increasing IP3, and in turn, intracellular Ca?* (Karl Swann, 2020). The gene encoding PLC-,
PLCZ1, has not been annotated in X. laevis, thereby suggesting that these frogs may lack PLC-{
altogether. | considered the possibility that X. laevis have PLCZ1 that has not been annotated yet.

We sought to understand how PLC isozymes evolved and are related across varying classes

of vertebrates. We surveyed representative species from diverse animals, including mammals,
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birds, reptiles, amphibians, and used a lungfish species as our outgroup (Appendix Table 1). This
spectrum covers evolutionary time between our X. laevis and mammals, where PLC-{ was
discovered and is best understood. It also represents several species with known PLC-{ function
(mammals and some birds) (Coward et al., 2005; Shusei Mizushima et al., 2007; Nomikos, Swann,
& Lai, 2012) as well as species with annotated PLC- genes with unknown function (reptiles and
amphibians), and a species with no annotated PLC-C (lungfish). In a phylogenetic tree of all PLC
isozymes from these representative species, it is observed that with one exception, each PLC
isozyme groups together, regardless of species (Figure 9A). A cladogram of this same data
demonstrates that within each grouping of PLC isoforms, PLCs from a species in the same class
tend to group together (Figure 9B). It is from these alignments we understand how and why PLCZ1
genes in amphibians were annotated as PLC-(s, despite the fact that they lack functional features.
It is very likely that even though they do look like PLC-C genes overall, they are possibly
fractionated PLC genes that occur within the genome and have no known, and possibly no real,
function. This may account for the fact that not all amphibians have an annotated PLC-C gene
(Xenopus species vs Bufo bufo and Rana temporaria).

In order to determine whether a not-yet annotated PLC-C or PLC-C-like isozyme might be
present in X. laevis sperm, we performed RNAseq on X. laevis testis. Mature sperm are
transcriptionally quiescent, and we reason that any protein that would be present in the mature
sperm would be present as a transcript in the testis, as the spermatids develop.

| performed RNAseq on RNA isolated from the testes of 3 individual male frogs. Overall,
of 34,694 genes annotated in the X. laevis genome, 33,377 genes showed >1 transcript in at least
1 frog. Transcripts from PLC-$3, PLC-8, and PLC-y isoforms were present (Table 1). The most
abundant was the PLC-84 isoform, encoded by the gene PLCD4. PLC-6 most resembles PLC-C in
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structure, and with the high abundance of PLCDA4, it is a good candidate to act as a PLC-C-like
isozyme.

To identify a PLC isoform with possible PLC-C-like activity, we identified unique PLC-C
characteristics from the literature. Typically, PLC enzymes are comprised of a pleckstrin
homology (PH) domain, four EF-hand motifs, the catalytic X&Y domains, and a single C2 domain
at the C-terminus (Nomikos, Kashir, & Lai, 2017) (Figure 5). Uniquely, PLC- lacks a PH domain.
Typically, the PH domain of PLC anchors the enzyme at the membrane. Instead, PLC- includes
a longer stretch of positively charged residues between the X-Y domain relative to that in other
PLC isoforms; these basic residues have been proposed to target PLC-C to the membrane (Nomikos
etal., 2011). We reasoned that a PLC-C- like isozyme would have a basic stretch in the X-Y linker
(Nomikos et al., 2011), no PH domain, and a highly Ca?*-sensitive EF hand (Nomikos et al., 2017).
Therefore, we performed alignments of the protein sequence of all PLC isozymes present in the X.
laevis testis with previously annotated PLCZ1 from the toad Bufo bufo, which is of the closest
relatives to X. laevis with an annotated PLC-C, as well as PLCZ1 from the mouse M. musculus, as
the gold standard PLC-C. In our alignment, we observed no basic stretch in the X-Y linker of any
PLC isozyme in X. laevis, nor the PLCZ1 of B. bufo. This X-Y linker has been shown to be
necessary for binding the negative charges of PIP2 needed for hydrolytic activity (Nomikos et al.,
2011). This suggests that no functional PLC- exists in X. laevis and that the PLCZ1 annotated in
B. bufo is not a functional PLC-C.

The search for the PLC contributing to the fast block depolarization therefore likely should

remain in the egg.
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Figure 9 Radial and linear phylogenetic trees of PLC isoforms from selected representative species

A) Radial phylogenetic tree representing alignment of protein sequence of PLC proteins
from representative mammalian, bird, reptile, amphibian, and lungfish species. PLC proteins group
together primarily based on isoform. B) Section of linear cladogram made from the same alignment

of PLC proteins in A, which demonstrates grouping of PLC isozyme sequences by organism class.
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Table 1 PLC transcripts present in RNAseq of X. laevis testis

PLC Average

Isozyme TPM

plcd4.L 107.84
plcdl.L 8.65
plch3.L 7.47

plcxd2.L 4.90

plcgl.S 4.80
plcd3.L 4.29
plcbl.S 3.36
plcgl.L 3.25
plcb2.L 3.20
plcg2.L 3.00

plexdl.L 2.98

plcb4.S 1.81
plcdl.S 1.33
plcd3.S 1.25
plcb4.L 0.95
plcd4.S 0.42
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2.4 Discussion

In the first moments following fertilization from eggs of several externally fertilizing
species such as X. laevis, the egg undergoes a rapid depolarization. This prevents the entry of
supernumerary sperm into the fertilized egg. It was previously established in the Carlson lab that
in X. laevis, this depolarization depends on the action of Ca?*-activated Cl-channel, TMEM16A
(K. L. Wozniak, W. A. Phelps, M. Tembo, M. T. Lee, & A. E. Carlson, 2018) and that activation
of this channels is a result of a PLC-dependent IPs-mediated release of Ca?* from the endoplasmic
reticulum (K. L. Wozniak, M. Tembo, W. A. Phelps, M. T. Lee, & A. E. Carlson, 2018). However,
which PLC isozyme was responsible for activation of this pathway was disputed (Runft et al.,
1999; Sato et al., 1998). Here | showed that inhibition of the canonical activation of the most
abundant PLC in the X. laevis egg is not sufficient to abrogate or diminish the fast block
depolarization, in agreement with the work of Runft et al. This conflicts with other studies which
suggest that inhibition of PLC-y activation was sufficient to inhibit Ca?*-driven activation of X.
laevis eggs. However, this study introduced inhibitors via injection into the egg (Sato et al., 1998),
which could result in activation via a different pathway than activation via fertilization. In fact, we
never observed the tyrosine phosphorylation on residue Y776 of PLCy1l after fertilization that
previous studies sought to disrupt. Instead, we argue that either the activating PLC comes from
another source, as occurs in mammalian species, or non-canonical activation of PLC occurs,
perhaps by a bolus of calcium introduced at fertilization.

Though data suggest there is not a PLC-&, or PLC-C-like isozyme in X. laevis testis, there
is still possibility that another sperm contributed factor could signal the fast block. Another

mammalian sperm factor, PAWP (postacrosomal sheath WW domain binding protein) can also
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induce egg activation when injected into mouse eggs (Aarabi et al., 2014; Aarabi, Qin, Xu,
Mewburn, & Oko, 2010). Though no PLC- has been observed in the sperm of nonmammalian
species such as X. laevis, it is possible that a similar, so far unidentified, sperm factor could also
trigger the fast block depolarization. It is debated whether a sperm factor could be fast enough to
produce the nearly immediate response of the fertilization-evoked depolarization.

It is also possible that non-canonical activation of egg PLCs function within the fast block
pathway. In other systems, elevated Ca?* is sufficient to activate PLCs (Hwang, Jhon, Bae, Kim,
& Rhee, 1996; Ryu, Cho, Lee, Suh, & Rhee, 1987; Wahl, Jones, Nishibe, Rhee, & Carpenter,
1992). Our own lab has demonstrated Ca?*-concentration dependent activation of PLCs in excised
X. laevis oocyte membrane patches (Tembo, Lara-Santos, Rosenbaum, & Carlson, 2022).
Introduction of a bolus of cytoplasmic Ca?* at fertilization may also be sufficient to activate the
egg PLC and the downstream pathway that results in the fertilization-dependent depolarization, a
hypothesis previously termed the “Calcium bomb” by Lionel Jaffe (L. F. Jaffe, 1983)

Though it may feel like a step back, the confirmation that tyrosine phosphorylation of PLC-
vy does not activate the fast block depolarization is an important clue to understanding the signaling
processes that immediately follow fertilization. We do not understand what property of the sperm-
egg interaction at fertilization leads to the signaling cascade or cascades that result in the fast block
or egg activation. Now knowing that PLC-y1 tyrosine phosphorylation is not necessary for the
fertilization-evoked depolarization allows us to explore other candidates, namely other PLCs,
possible sperm factors, or alternative activation of PLC-y that can, once identified, guide us

through the signaling events to the exact moment where fertilization occurs.
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3.0 Zinc inhibition of gamete fertility is an ancient feature of sexual reproduction in

animals

3.1 Introduction

Fertilization of an egg by more than one sperm, a condition known as polyspermy, is lethal
for most animals. To prevent these catastrophic consequences, eggs use several strategies to shield
already-fertilized eggs from penetration by additional sperm (J. L. Wong & Wessel, 2006); the
two most common are referred to as the fast and slow blocks to polyspermy. Most sexual
reproducers use the slow block (L. A. Jaffe & Gould, 1985; J. L. Wong & Wessel, 2006). During
the slow block to polyspermy, eggs release materials that transform them into an impenetrable
fortress minutes after fertilization (Bianchi, Doe, Goulding, & Wright, 2014; Burkart et al., 2012).

Recently, zinc release upon fertilization has been shown in eggs from various mammals
including humans (Duncan et al., 2016), mice (Kim et al., 2011), and cows (Emily L. Que et al.,
2018). This extracellular zinc has been proposed to participate in the slow block to polyspermy (E.
L. Queetal., 2017; Tokuhiro & Dean, 2018). Using experimentation on fertilization and activation
of eggs from five non-mammalian species, we now demonstrate that the zinc release from fertilized

eggs is an ancient phenomenon and that this extracellular zinc protects fertilized eggs from

polyspermy.
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3.2 Materials and methods

3.2.1 Ethics

All vertebrate animal procedures were conducted using accepted standards of humane
animal care and were approved by the Animal Care and Use Committee at the University of

Pittsburgh.

3.2.2 Animals

Xenopus laevis (frog) adults were obtained commercially (NASCO, Fort Atkinson, WI),
and housed separately at 18°C with a 12/12-hour light/dark cycle.

Strongylocentrotus purpuratus (purple sea urchin) gametes were obtained from
commercially purchased adults (Marinus Scientific, Long Beach CA). Hydractinia
symbiolongicarpus (cnidaria) were sexually mature, lab bred colonies (MN291-10 and MN295-8,
male and female, respectively) grown on glass microscope slides and housed at 22-23°C with an

8/16-hour light/dark cycle.

3.2.3 Reagents

1 M MgSOq solution and 0.1 M ZnCl2 stock solution in water were purchased from Sigma-
Aldrich (St. Louis, MO). TPEN was purchased from Tocris (Bristol, United Kingdom) and human
chorionic gonadotropin (hCG) was purchased from Covestrus (Melville, NY). Unless noted

otherwise, all materials were purchased from Thermo Fisher Scientific (Waltham, MA).

48



3.2.4 Solutions

Modified Ringers (MR) solution was used for X. laevis fertilization experiments. MR
contains (inmM): 100 NaCl, 1.8 KCl, 2.0 CaClz, 1.0 MgClz, and 5.0 HEPES, pH 7.8, and is filtered
using a sterile, 0.2 um polystyrene filter (Heasman, Holwill, & Wylie, 1991). Embryonic
development assays were performed in 33% MR diluted in DDH20 (MR/3). Various chemicals
were added to MR or MR/3, which contained final concentrations of <0.5% DMSO or ethanol.

Oocyte Ringers 2 (OR2) solution was used to rinse X. laevis oocytes after collagenase
treatment. OR2 is comprised of (in mM): 82.5 NaCl, 2.5 KCI, 1 MgClz, and 5 mM HEPES, pH
7.6, and is filtered using a sterile, 0.2 um polystyrene filter (Wallace, Jared, Dumont, & Sega,
1973).

ND96 was used to store X. laevis oocytes. ND96 is comprised of (in mM): 96 NaCl, 2 KClI,
1 MgClz, 10 HEPES, pyruvic acid, and 10 mg/L gentamycin at pH 7.6 and is filtered with a sterile
0.2 um polystyrene filter (Schroeder, Cheng, Jan, & Jan, 2008).

Lab-made artificial sea water (SpASW) was used for S. purpuratus development assays.
The spASW is comprised of (in mM): 470 NaCl, 10 KCl, 11 CaClz, 29 MgS0s4, 27 MgClz, and 2.5
NaHCOs, pH 8, and is filtered using a sterile, 0.2 pm polystyrene filter (Shen & Buck, 1993).

Commercial artificial sea water (hsASW) was used for H. symbiolongicarpus development
assays. The hsASW is comprised of solubilized Instant Ocean Reef Crystals (Instant Ocean

Spectrum Brands) at 28 parts per thousand.

49



3.2.5 Collection of gametes

3.2.5.1 X. laevis oocytes
Oocytes were collected from ovarian sacs obtained from X. laevis females anesthetized
with a 30-min immersion in 1.0 g/liter tricaine-S (MS-222), pH 7.4. Following excision, ovarian
sacs were manually pulled apart, then dispersed by a 90-minute incubation in ND96 supplemented
with 1 mg/ml collagenase. Collagenase was removed by repeated washes with OR2, and healthy
oocytes were sorted and stored at 14°C in ND96 with sodium pyruvate and gentamycin (Tembo et

al., 2022).

3.2.5.2 X. laevis sperm and eggs

Eggs were collected from sexually mature females. Egg laying was stimulated by injection
with 1,000 IU of hCG into their dorsal lymph sac. Following injection, females were housed
overnight for 12-16 hours at 14-16°C. Typically, egg-laying began within 2 hours of moving to
room temperature. Eggs were collected on dry petri dishes and used within 10 minutes of being
laid.

Sperm were obtained from testes harvested from sexually mature X. laevis males (K. L.
Wozniak et al., 2017). Following euthanasia by a 30-minute immersion in 3.6 g/L tricaine-S (pH
7.4), testes were dissected and cleaned by manual removal of residual fat and vasculature. Cleaned
testes were stored at 4°C in MR for use on the day of dissection or in L-15 medium for use up to
one week later. Sperm were extracted by mincing 1/10 of a testis in 200-500 puL of MR and were
used within 1 hour of collection (K. L. Wozniak et al., 2017).

For experiments sequentially treating eggs with different conditions, eggs were incubated
in an initial experimental solution, washed three times by moving between petri dishes containing
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the final treatment using a plastic transfer pipette, and then placed in the final treatment solution.
Two types of these sequential treatment assays are reported here: transfer before insemination (e.g.
Fig 10 D) and transfer after insemination (e.g. Fig 12 B). When transferred before fertilization,
eggs were incubated in the starting solution for 15 minutes and inseminated in the transfer solution.
When transferred after insemination, eggs and sperm were incubated together in the starting

solution for 30 minutes, then transferred.

3.2.5.3 S. purpuratus sperm and eggs
Gametes were collected from spawning S. purpuratus adults. Spawning was induced by
manual agitation or injection with 100-500 pL of 0.5 M KClI followed by agitation (Shen & Buck,
1993). Sperm were collected directly from the animal using a 10 pL pipette and then transferred
into a 1.7 mL capped tube. Eggs were collected following release into a beaker containing SpASW,

then filtered through a 100 um filter.

3.2.5.4 H. symbiolongicarpus sperm and eggs
H. symbiolongicarpus gametes were collected from spawning adults. Upon the first light
exposure for the day, spawning was induced following separation of male and female colonies
(Sanders et al., 2018). Gametes were released within 60-90 minutes of light exposure. Eggs were
collected from the water surrounding spawning females, filtered through a 20 pm strainer, and
maintained in hsASW. Sperm were collected from the water surrounding spawning males using a

1 mL pipette and maintained in hsASW.
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3.2.6 Confocal microscopy of extracellular zinc during fertilization or activation

Zinc release from X. laevis gametes was imaged using FluoZin-3 and a TCS SP5 confocal
microscope (Leica Microsystems, Wetzlar, Germany) equipped with a Leica 506224 5X objective.
FluoZin-3 was excited with a 488 nm visible laser, and the emission between 500-600 nm was
collected. Using a galvo scanner with unidirectional (600 Hz) scanning, FluoZin-3 and bright-field
images were taken every 3-5 seconds for up to 25 minutes. Images were analyzed using LAS AF

(version 3.0.0 build 834) and ImageJ (Schneider, Rasband, & Eliceiri, 2012) software packages.

3.2.6.1 X. laevis egg imaging
To image extracellular zinc during X. laevis fertilization, sperm were added to dejellied
eggs bathed in MR/3 with 50 uM FluoZin-3. Sperm prepared in MR/3, was pipetted near the eggs
1 minute after image acquisition had begun. Control experiments used the same experimental
design with 1.5 mM TPEN. A similar experimental design was employed to image extracellular
zinc during activation where X. laevis eggs or oocytes were activated with 10 or 200 UM ionomycin

treatment respectively in MR/3 with no sperm addition.

3.2.7 Bright-field microscopy

3.2.7.1 X. laevis egg and embryo imaging
A stereoscope (Leica Microsystems, Wetzlar, Germany) equipped with a Leica 10447157
1X objective and DFC310 FX camera was used to image X. laevis eggs and embryos. Images were
analyzed using LAS (version 3.6.0 build 488) software and Photoshop (Adobe) or Imagel

(Schneider et al., 2012). For the jelly removal assay, X. laevis eggs were imaged using an Edmund
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Optics stereomicroscope with a 10X objective, fitted with a pixiLINK digital camera and the
puScope Essential 64x software pixiLINK, Canada). The diameter of the egg and the surrounding

jelly coat were determined in Adobe Illustrator (San Jose, CA).

3.2.7.2 S. purpuratus egg and embryo imaging
Eggs and embryos from S. purpuratus were imaged on an inverted Olympus IX73
stereoscope equipped with an Olympus UPlanFL N 10X objective, Olympus TL4 light source, and

Olympus U-LS30-3 camera. Images were analyzed using Photoshop (Adobe).

3.2.7.3 H. symbiolongicarpus egg and embryo imaging
Eggs and embryos were imaged using Zeiss Discovery.VV20 stereoscope equipped with a
Lumenera Infinity3s camera and Zeiss KL1500 LCD light source. Images were analyzed using

Photoshop (Adobe).

3.2.8 Fertilization and embryonic development assays

3.2.8.1 Assessment of X. laevis embryonic development
For each experimental trial, development of X. laevis embryos was assessed from
approximately 20-40 eggs in each experimental condition. 20-90 pL of the sperm suspension was
used to fertilize eggs depending on the volume of the dish. Approximately 90-120 minutes after
insemination, the appearance of cleavage furrows was used to assess the initiation of embryonic
development (K. L. Wozniak et al., 2017). For some experiments assaying for the timing of

cleavage furrow appearance, eggs were imaged every 10 minutes beginning at 60 minutes post
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insemination to assess for development to the 2-cell stage. Each assay was repeated at least three

times with gametes from different males and females and on different experiment days.

3.2.8.2 Assessment of S. purpuratus embryonic development
S. purpuratus sperm were activated by 5:1,000 dilution into spASW. 30 pL of activated
sperm were added to a 4 mL suspension of eggs in spASW supplemented with varying
concentration of ZnSO4. Successful fertilization was visually confirmed 2 minutes after sperm
addition by the raising of the fertilization envelope. Development was assayed 90-120 minutes

post-fertilization based on the appearance of cleavage furrows.

3.2.8.3 Assessment of H. symbiolongicarpus embryonic development
For development assays, equal volumes of H. symbiolongicarpus sperm and egg solutions
were mixed in varying concentrations of ZnSO4. Development was assayed at 60 minutes post-

fertilization based on the appearance of cleavage furrows.

3.2.9 Parthenogenic egg activation

3.2.9.1 Sperm-free activation of X. laevis eggs
To activate eggs parthenogenically, eggs were placed in 10 uM ionomycin for 7 minutes,
washed in MR/3 three times, and incubated in MR/3 for 120-150 minutes before assessment of

appearance of cleavage furrows.
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3.2.10 FluoZin-3 fluorometry

3.2.10.1 Quantification of zinc release from X. laevis eggs
To quantify extracellular zinc released during fertilization or parthenogenic activation, jelly
was removed from batches of 30-100 freshly ovulated eggs. Jelly-free eggs were then inseminated
with sperm or activated with 10 uM ionomycin. The solution (MR/3) surrounding the eggs was
collected 45 minutes after sperm addition or 30 minutes after ionomycin addition. The fertilization
solutions were then sedimented at 3000 rpm for 5 minutes to pellet sperm, and the supernatant was

transferred to a new tube.

3.2.10.2 Quantification of zinc content of egg exudate with spectofluorometry

FluoZin-3 tetrapotassium salt was dispensed from a 1 mM stock in water for a final
experimental concentration of 60 nM. Fluorescence intensity measurements were recorded in a 1
mm quartz cuvette, in a Fluorolog3 spectrophotometer with FluoEssence software (both from
HORIBA, Jobin Yovon). FluoZin-3 containing samples were excited with 492 nm light, and
emission was recorded at 514 nm with 3 nm slit widths. The raw photometric signals were
corrected for by subtracting the FluoZin-3 free background, collected prior to adding FluoZin-3 to
each sample. The zinc was quantified using a standard curve (A. E. Carlson et al., 2005; K. L.

Wozniak et al., 2017) calculated with the following equation:
[Zn?%] = K* x —2
where the constants Rmin (1 M), Rmax (100 nM), and K* were obtained from MR/3 supplemented

with known amounts of ZnSO4 ranging from 100 pM to 1 uM fitted to a Hill equation (A. E.

Carlson et al., 2005; K. L. Wozniak et al., 2017). Although there was little variability between
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experiments, standard curves were generated for each experimental trial using the exact solution
used for fertilization or activation.

To determine the number of zinc ions released with fertilization or parthenogenic
activation, the total zinc concentration measured by FluoZin-3 photometry was multiplied by the
dilution factor for that sample and Avogadro’s number and divided by the total volume of solution
in which eggs were inseminated from each trial and the number of eggs per trial.

X. laevis eggs reportedly contain 65.8 + 4 ng/egg of zinc per egg (Nomizu, Falchuk, &
Vallee, 1993). The number of zinc ions contained by each X. laevis egg was calculated by dividing

the zinc mass by the atomic mass of zinc (65.38), then multiplying by Avogadro’s number.

3.2.11 Quantification of zinc content of egg exudate with ICP-MS

Eggs were dejellied and transferred to a clean 35 mm dish containing MR/3. All transfers
were performed with disposable glass transfer pipettes. Eggs were activated with 100 nM to 10
uM ionomycin (free acid) application and incubated at room temperature for 30 minutes. Solution
was then transferred to 15-mL conical tubes for storage at -20°C with up to 2.5% nitric acid prior
to analysis by ICP-MS. Eggs were transferred to fresh MR/3 to assess activation 60-90 minutes
after ionomycin. Biological controls included eggs in MR/3 (no ionomycin), MR/3 alone, and
MR/3 with 100 nM ionomycin.

Released zinc was quantified with a PerkinElImer NexION 300X ICP-MS. On each
experimental day, the instrument was calibrated with a five-point calibration curve. A blank
consisting of 2% sub-boil-distilled trace metal-grade nitric acid was run every 7-10 samples to rule

out signal memory effects. Reported values reflect the zinc concentration from the number of
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activated eggs, following subtraction of the solution background (obtained from the egg-free MR/3

with ionomycin control).

3.2.12 Electrophysiology

Electrophysiological recordings were made using TEV-200A amplifiers (Dagan Co.) and
digitized by Axon Digidata 1550A (Molecular Devices). Data were acquired with pClamp
Software (Molecular Devices) at a rate of S5kHz.

Pipettes used to impale the X. laevis eggs for recordings were pulled from borosilicate glass
for a resistance of 5-15 MQ and filled with 1 M KCI.

In the case of whole cell recording, resting and fertilization potentials were quantified ~10s
before and after the depolarization, respectively. Depolarization rates of each recording were
quantified by determining the maximum velocity of the quickest 1-mV shift in the membrane
potential.

In the case of two-electrode voltage clamp recording, eggs were clamped at -80 mV to
record IP3-evoked currents. Each oocyte was injected with a 200 uM caged IP3 stock made in
DDH:20 to reach a final concentration of 5 uM within the oocyte, and incubated for at least 30
minutes away from light at 18°C before recording (Schroeder et al., 2008). IP3 was released from
nitrophenyl cage by flash photolysis via 250 ms UV light exposure (Ultra High Power White LED
[lluminator, 380-603 nm; Prizmatix). The bath solution in our recording chamber (RC-26G;
Warner Instruments) was changed with the gravity-fed, pinch valve VC-8 solution changer

(Warner Instruments).
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3.2.13 Proteomic and RNA-sequencing (RNA-seq) analysis

Zinc-transporters expressed in X. laevis eggs were identified by interrogating proteomic

(Wuhr etal., 2014) and RNA-seq (Session et al., 2016) datasets for SLC30 or SLC39 gene names.

3.3 Results

3.3.1 Zinc is released from Xenopus laevis eggs at activation

To determine whether eggs from an external fertilizer release zinc, Dr. Katherine Wozniak
and | monitored extracellular zinc before and after fertilization of eggs from the African clawed
frog, Xenopus laevis. To do so, we used confocal microscopy with the cell-impermeant, fluorescent
zinc indicator FluoZin-3, before and after sperm addition. Within minutes of sperm addition, X.
laevis eggs released zinc as a single wave that slowly wrapped around the eggs (Figure 10 A-B)
(Katherine L. Wozniak et al., 2020). In mammalian eggs, zinc is released from cortical granules
during the slow block to polyspermy (Kong et al., 2015; Emily L. Que et al., 2018). If zinc release
also occurred during the slow block in X. laevis eggs, we predicted that the appearance of
extracellular zinc would coincide with lifting of the envelope, a marker of the slow block.
Following sperm entry, the envelope lifts from the egg as exocytosed proteases cleave contacts
between this extracellular matrix and the egg’s plasma membrane (Runft et al., 2002; J. L. Wong
& Wessel, 2006). Appearance and localization of extracellular zinc was in sync with the lifting of

the envelope (Figure 10 A red arrows). All imaged eggs underwent cortical contraction (Figure 10
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C), indicating successful fertilization (Elinson, 1975). These data reveal that, as in mammals, X.
laevis eggs release zinc upon fertilization.

We explored whether signaling the slow block without fertilization would similarly
increase extracellular zinc around X. laevis eggs. To do so, we imaged extracellular zinc before
and after application of the calcium ionophore ionomycin (Snow, Yim, Leibow, Saini, &
Nuccitelli, 1996), which increases cytosolic calcium to initiate cortical granule release. In both
eggs and in vitro matured oocytes, a zinc release quickly appeared with ionomycin application
(Figure 10 D-G) and coincided with lifting of the envelope (Katherine L. Wozniak et al., 2020).
Envelope lifting and cortical contraction verified successful activation (Figure 10 C).

To confirm that the change in FluoZin-3 fluorescence was due to zinc release, we fertilized
X. laevis eggs in the zinc chelator TPEN (Arslan, Virgilio, Beltrame, Tsien, & Pozzan, 1985).
Under these conditions, the fluorescence was quenched (Figure 10 H) (Katherine L. Wozniak et
al., 2020). Finally, we queried proteomic (Wihr et al., 2014) and RNA-sequencing (Session et al.,
2016) datasets to verify that X. laevis eggs express zinc transporters needed to acquire and regulate
the metal (Figure 10 1). Indeed, both ZnTs and ZIPs are present in X. laevis eggs. All together,
these results reveal that X. laevis eggs release zinc at fertilization during the slow polyspermy

block.
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Figure 10 X. laevis eggs release zinc at fertilizator activation

(A) Representative fluorescence and bright-field images of X. laevis eggs in FluoZin-3,
before and after sperm application (0s indicating time of sperm addition). Zinc release coincided
with lifting and hardening of the envelope (red arrowheads and insert). (B) Integrated fluorescence,
relative to time of sperm addition, detected by region of interest analysis, indicated by colored

boxes in panel A demonstrates the single wave of zinc release around the egg. (C) Representative
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images of X. laevis eggs and embryos. An unfertilized egg is marked by an equal animal
(pigmented) pole and vegetal (unpigmented) pole, while a contracted egg, an early phenotype of
egg activation, presents with a shrunken animal pole, which tends to orient upward. An egg which
has been parthenogenetically activated demonstrates terminal asymmetric cleavage, while a
dividing embryo cleaves symmetrically. (D-F) Parthenogenetic activation in FluoZin-3 via the
calcium ionophore ionomycin leads to zinc release in both the mature, fertilization competent,
Xenopus laevis egg (D, E) as well as the immature oocyte (F, G). (H) Fertilization in the presence
of FluoZin-3 and zinc chelator TPEN abolished fluorescence. (I) Heatmaps of the expression levels
of the two known families of zinc transporters ZnTs (encoded by the SLC30 gene family) and ZIPs
(encoded by the SLC39 gene family) at the developmental stages indicated. Transcript levels (from
(Session et al., 2016)) as determined by RNA-seq-based transcriptomics study, depicted in log2
transcripts per million (TPM) (upper). Protein concentrations (from (Wihr et al., 2014)) as
determined by mass spectrometry-based proteomics study, depicted in log2 nanomolar (lower).
Arrowheads highlight the six zinc transporters with both RNA and protein present in X. laevis
eggs: ZnT5, ZnT6, ZnT9, ZIP7, ZIP10, and ZIP11. (J) Box plot distribution of zinc ions released
per X. laevis egg upon fertilization or activation with 10 uM ionomycin as detected by FluoZin-3

fluorometry.
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3.3.2 Quantification of zinc release from X. laevis

The zinc released from X. laevis eggs was quantified by collecting the solution surrounding
fertilized or activated eggs and subjecting it to FluoZin-3 fluorometry. Fertilization and activation
with ionomycin induced an average release of 5.5 + 2.7 x 10'3 and 1.9 + 1.0 x 10*2 zinc ions/egg,
respectively (Figure 10 J, Table 2). Using ICP-MS, eggs activated with ionomycin release an
average of 8.7 + 5.2 x 102 zinc ions/egg (Table 2) (Katherine L. Wozniak et al., 2020). This
substantiates our findings with fluorometry. Based on atomic absorption microscopy, X. laevis
eggs reportedly have an average of 6 x 104 zinc ions (Nomizu et al., 1993), thereby revealing that
each egg loses less then 10% of their total zinc during the slow block. Together, these results
demonstrate that an abundance of zinc ions are released from X. laevis eggs following fertilization

and artificial activation.

3.3.3 Zinc inhibition of fertilization is concentration dependent

We next explored whether zinc contributes to the slow polyspermy block by inseminating
X. laevis eggs in varying concentrations of extracellular zinc and monitoring the appearance of
cleavage furrows. If extracellular zinc protects eggs from sperm entry, we predicted that signs of
successful fertilization and embryonic development including the appearance of cleavage furrows

would only appear in eggs inseminated in minimal zinc solution.
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Table 2 Average zinc ions released from X. laevis eggs

Method

Average ions

released/egg

SEM

Activation

(fluorometry)

1.9 x 10%

(21-59 eggs in 5 trials)

9.7 x 1012
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Figure 11 Extracellular zinc protects eggs from fertilization

(A-C) Proportion of inseminated eggs that developed cleavage furrows in indicated
concentrations of ZnSO4, ZnCl2, or MgSOa. Plots in A and B were fit with sigmoidal functions.
(D) Proportion of development of jelly-free eggs subjected to a 15 min pre-treatment with 0 or 300
MM ZnSO4 (solution 1) then washed and moved to solution (2) with 0 or 300 uM TPEN for sperm

addition (N=68 - 259 eggs, 5 trials).
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Table 3 Average ICsos of transition metals on proportion of development

Xenopus X. laevis X. laevis | Strongylocentrotus Hydractinia

laevis (egg) (sperm) purpuratus symbiolongicarpus

ZnClz = 30+8uM
(157-326
eggs in

8 trials)

CuClz  9.1+3.0uM

(230-321
eggs in

5 trials)
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NiCl2 | 224 +23 uM
(136 — 283
eggs in

5 trials)
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3.3.3.1 Zinc stopped X. laevis fertilization

We found that ZnSO4 inhibited the appearance of cleavage furrows in a concentration-
dependent manner (Figure 11 A, Table 3), with no development evident from eggs inseminated in
>300 UM ZnSOa. A sigmoidal fit of the incidence of development versus ZnSO4 concentration
showed that half the eggs developed cleavage furrows at a zinc concentration (half-maximal
inhibitory concentration, 1Cso) of 31 + 10 uM (Figure 11 A). To confirm that zinc (Zn?*), and not
sulfate (S04?), was responsible for disrupting fertilization and embryonic development, X. laevis
eggs were fertilized in varying concentrations of ZnClz (30 £ 8 pM) or MgSOa (Figure 11 B-C).
Whereas ZnClz inhibited development with a nearly identical concentration response to ZnSOa4,
MgSO4 had no effect (Table 3) (Katherine L. Wozniak et al., 2020). To further demonstrate that
zinc is responsible for the inhibition of development, eggs were incubated in zinc, then transferred
to and inseminated in a solution with the cell-permeant zinc chelator TPEN (Arslan et al., 1985)
(N =68 — 259 eqggs, 5 trials; Figure 11 D). Nearly all eggs pretreated with zinc and subsequently
inseminated in TPEN underwent cleavage, thereby revealing that extracellular zinc effects on X.

laevis eggs are reversible (Katherine L. Wozniak et al., 2020).

3.3.3.2 Insemination in zinc inhibited embryonic development sea urchin and a
cnidarian
Until this point, our study of zinc and fertilization had been performed on vertebrate eggs.
To determine the conservation of zinc-inhibition of fertilization and early embryonic development
in invertebrates, we fertilized eggs from the sea urchin Strongylocentrotus purpuratus, and the
cnidarian Hydractinia symbiolongicarpus, in varying concentration of ZnSOa4. For both animals,
embryonic development was blocked in a concentration-dependent manner, as assessed by the

appearance of cleavage furrows. ZnSOg inhibited development in S. pupuratus with an ICso 0of 9 +
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1 uM (Figure 12 A-B, Table 3). Inhibition of H. symbiolongicarpus gametes occurred with an ICso
of 4 + 2 uM. (Figure 12 C-D, Table 3) (Katherine L. Wozniak et al., 2020). Together, these results
reveal that zinc can inhibit fertilization and development in vertebrates and invertebrates alike.
Notably, these species, though also external fertilizers, are highly diverged from X. laevis, and

demonstrate the diversity of species where inhibition of fertilization by extracellular zinc occurs.

68



A unfertilized Activated

1.0 =
0.8

0.6 =

0.4 -

0.2

Proportion Divided

0.0 =

0.1 1 10 100
[ZnSO,] (M)

1.0

0.8—}

0.6

C Unfertilized D

4-cell
0.2

250 pm
0.0 *
Ll ] I T J 1
N N
QBQ QQ o ® N \QQ

[ZnSO,] (UM

0.4

Proportion Divided

Figure 12 Zinc protection of eggs is conserved in invertebrate external fertilizers

A) Representative images of S. purpuratus eggs and embryos. B) Development was
blocked in a concentration-dependent manner for S. purpuratus eggs in ZnSO4 (N=120-684 eggs,
5 trials). C) Representative images of H. symbiolongicarpus unfertilized eggs and dividing
embryos. (D) Development was blocked in a concentration-dependent manner for H.
symbiolongicarpus eggs inseminated in extracellular ZnSO4 (N=143-1463 eggs, 5-6 trials). Plots

are fit with sigmoidal functions. Errors are s.e.m.
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3.3.4 Zinc inhibition of fertilization is reversible

To understand the reversibility of the zinc effect on fertilization, | used the cell-permeant
zinc chelator TPEN (Arslan et al., 1985). Determining whether TPEN reverses the zinc block of
fertilization will uncover whether zinc regulates the gametes via non-covalent or covalent
interactions. The cell-impermeant zinc chelator ZX1 (Pan et al., 2011) is utilized to examine the

impacts of extracellular zinc on fertilization.

3.3.4.1 Inhibition of embryonic development in X. laevis eggs was reversible with zinc
chelators

To demonstrate that zinc pretreatment can inhibit fertilization, | incubated X. laevis eggs
in solution with 300 uM ZnSOa, before transferring to a solution without zinc for insemination. |
assayed for the appearance of cleavage furrows to indicate the occurrence of fertilization. Zinc
pre-treated eggs did not develop cleavage furrows (0 + 0%; Figure 13 A). As controls, eggs
pretreated in zinc-free solution and inseminated without zinc developed at a high rate 96.5 + 2%,
while eggs inseminated in the presence of zinc, regardless of pretreatment did not (2.5 + 2.5% -
2.4 £+ 2.4%) (Katherine L. Wozniak et al., 2020).

To demonstrate that dilution is not sufficient to reverse zinc inhibition of fertilization, we
inseminated eggs in 1 mM ZnSO4 and then moved them to a zinc-free solution. These do not
develop cleavage furrows (2.0 + 1.3%; N = 52 — 258 eggs, 6 trials; Figure 13 B), unlike the controls
which were inseminated in a solution with no added zinc (85.5 + 8.2%) (Katherine L. Wozniak et

al., 2020).
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To test the ability of a zinc chelator to reverse zinc inhibition of fertilization, | incubated
eggs in 1 mM ZnSO4 for 15 minutes before transfer to a solution containing 1 mM TPEN for
insemination. In this condition, I observed the successful development of cleavage furrows (96.4
+ 1.2%, Figure 11 D). This treatment with TPEN results in a rate of development similar to those
of eggs which were never in the presence of zinc (97.1 + 1.3%). This indicates that zinc modifies
the egg in a non-covalent manner, reversible with a chelator. We never observed TPEN-induced
activation of eggs, and insemination of eggs pre-treated in zinc-free solution before insemination
in TPEN did not alter incidence of fertilization (98.5 £ 1.1%) (Katherine L. Wozniak et al., 2020).

To further explore the chelator rescue of zinc inhibition of fertilization, | also utilized a
cell-impermeant zinc chelator, ZX1. When zinc pre-treated eggs were inseminated in a solution
containing 300 uM ZX1, cleavage furrows developed in 100 + 2% of eggs, similar to those who
had no contact with zinc or chelators (95 + 3%) or those which were inseminated in the presence
of TPEN (95 + 5%; Figure 13 C). No effect on development was seen in eggs which had no contact
with zinc but were inseminated in ZX1 (98 + 2%; Figure 13 C). The extracellular chelator ZX1
either buffered extracellular zinc important for the zinc block of fertilization or altered the zinc

gradient in such a way that intracellular zinc important for the block leaves the egg.
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Figure 13 Zinc inhibits embryonic development by binding to proteins sunrrounding the egg

A) Incidence of development of eggs pre-treated in ZnSQOa4 prior to insemination (N=34-
150 eggs, 5 trials). B) Incidence of cleavage furrow development from eggs inseminated in 0 or 1
mM ZnSQOa4 then transferred, 30 min after sperm addition, to a new solution with 0 or 1 mM ZnSO4
(N=52 - 256 eggs, 6 trials). C) Inhibition of development from pre-treatment of eggs with 300 uM
ZnS0a4can be reversed with 300 uM ZX1, a cell-impermeant chelator, or 300 uM TPEN, a cell-

permeant chelator (N=106 - 200 eggs, 6 trials).
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3.3.5 Zinc inhibits fertilization, not development or activation

We have used early embryonic development as an indicator of successful fertilization.
Though it is true that an X. laevis egg which has not been fertilized will not develop symmetric
cleavage furrows, a lack of cleavage furrow development is not necessarily indicative of a lack of
fertilization. To determine whether zinc prevents fertilization, rather than blocking activation or
developmental processes, | utilized three approaches: electrophysiology, IVF, and chemical

activation.

3.3.5.1 Fast block depolarizations are not present in eggs fertilized in extracellular
zinc
To test whether zinc inhibits fertilization, | determined whether eggs inseminated in zinc
undergo one of the earliest signs of X. laevis fertilization, the fast block to polyspermy. As an
external fertilizer, X. laevis utilizes an additional polyspermy block immediately after fertilization
(Katherine L. Wozniak & Carlson, 2020). During the fast block to polyspermy, sperm can bind,
but not enter a depolarized egg (Figure 14 A). The fast block can be observed through whole cell
recordings of X. laevis eggs during fertilization. |1 performed whole cell electrophysiology
recordings on eggs inseminated in the presence or absence of extracellular zinc to test whether X.

laevis eggs depolarize after insemination in zinc.
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Figure 14 Eggs inseminated in extracellular zinc do no not display fertilization evoked depolarizations

A) In some external fertilizers such as X. laevis, the plasma membrane depolarizes
following fertilization. This depolarization allows sperm to bind but not enter the egg. B) A typical
membrane depolarization following fertilization recorded via whole cell recording in X. laevis (10
trials). C) When a X. laevis egg is inseminated in 300 uM extracellular ZnSO4, no rapid membrane
depolarization is observed (7 trials). D) Amount of current observed in control or zinc solutions

following uncaging of IP3 (6 trials). E) Current of subsequent IP3 uncaging normalized to control

recording (reflecting data in D).
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In eggs inseminated in a control solution with no added zinc, | observed a rapid
depolarization of the plasma membrane (Figure 14 B), consistent with known fast block
depolarizations. In these 10 eggs, average resting potential was -9.52 + 2.20 mV, and average
fertilization potential was 21.81 + 4.75 mV. Average time from sperm addition to membrane
depolarization was 6.79 + 0.80 minutes. Average rate of depolarization was 1.01 + 0.45 mV/ms.
In 7 independent trials, 1 never observed a depolarization of X. laevis eggs inseminated in the
presence of 300 uM ZnSO4, even with three subsequent sperm additions over 30-minutes (Figure
14 C). Average resting potential in these trials was -2.53 + 2.36. This lack of membrane
depolarization suggests that fertilization is never occurring in the presence of excess extracellular
zinc.

One possible explanation for the absence of the fertilization evoked depolarization may be
that zinc enters X. laevis eggs, and inhibits the calcium activated chloride channel that mediates
the depolarization. The Ca?* binding site of TMEM16A can bind various transition metals
including Zn?* (Yuan et al., 2013). Therefore, it is possible that Zn?* could bind the Ca?* binding
site to act as a competitive inhibitor. To test whether extracellular zinc can enter the gamete and
inhibit TMEM16A, | performed two electrode voltage clamp experiments on X. laevis oocytes
loaded with a photo labile IPs. In this technique, the size of currents observed during uncaging is
directly related to the number of TMEM16A channels open and can therefore be used to determine
whether extracellular Zn?* application alters the number of IP3 channels activated by uncaging IPs.
Water injected oocytes were used as a negative control and never displayed current with UV
exposure (N=2). In 6 oocytes clamped at -80 mV, | observed average currents of 417 + 98 nA in
control solution, 384 + 148 nA in 300 uM ZnS0O4, and 450 + 71.7 pA control following wash-off.

The relative size of TMEM16A currents induced by uncaging of IP3 in the presence of 300 uM
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ZnSO4 were not outside the range of those uncaged in control solution (Figure 14 D). One-way
ANOVA comparing the currents induced in control, 300 uM ZnSOa, and wash-off are not
significantly different (P = 0.9298). Further, comparison of relative current in subsequent uncaging
of IP3 demonstrates the lack of effect by ZnSOa in the bath solution (Figure 14 E). Average relative
current of oocytes uncaged in the presence of 300 uM ZnSO4 normalized to previous uncaging in
zinc-free solution is 1.06 + 0.08. Together, this suggests that zinc did not inhibit TMEM16A
channel activity and would not be preventing the appearance of the fertilization evoked
depolarization by preventing proper channel activity. Together with the absence of the fast block

to polyspermy, an early indicator or fertilization, these data suggest that zinc stops fertilization.

3.3.5.2 Delayed chelator-dependent rescue of fertility demonstrates a zinc interruption
of fertilization

To ensure that extracellular zinc blocked fertilization, we examined how rapidly TPEN
application recovered cleavage furrow appearance from the zinc-induced block of embryonic
development. Eggs were fertilized with or without zinc, then 30 minutes following sperm addition
transferred to different solutions with or without TPEN. We predicted that if zinc blocked
fertilization, the appearance of cleavage furrows in eggs inseminated in zinc would be shifted by
the time of TPEN addition, 30 minutes for these experiments. If zinc blocked another event in
early embryonic development, the appearance of cleavage furrows would appear by an
intermediate time. We found that under control conditions, approximately half of the eggs
developed cleavage furrows 79 minutes after sperm addition (+ 0.3 min, 5 trials, 26 - 58 eggs
Figure 15 A). By contrast, half of the eggs inseminated in zinc, then transferred to TPEN developed

cleavage furrows 111 min after sperm addition (£ 0.9 min), or 81 minutes following transfer to
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TPEN (Katherine L. Wozniak et al., 2020). These results reveal that in the presence of zinc, sperm
are unable to penetrate the egg. Sperm embedded in the jelly coat and transferred to the TPEN
solution fertilize upon zinc chelation. These results indicate that X. laevis eggs release zinc upon

fertilization to protect the zygote from fertilization by additional sperm.

3.3.5.3 Eggs can still be activated chemically in the presence of zinc

To further explore whether zinc inhibits fertilization, rather than initiation and completion
of early embryonic developmental processes, | tested whether eggs could be parthenogenically
activated in the presence of zinc using the calcium ionophore ionomycin. | incubated X. laevis
eggs in solution with or without 300 uM ZnSO4 for 30 minutes prior to addition of 10 uM
ionomycin. Eggs were assessed for cortical contraction and terminal division after 120 minutes. In
the presence of zinc, the increased intracellular calcium caused by ionomycin is sufficient to
activate eggs (100 + 0%) at a rate comparable to that of eggs in a zinc-free solution (100 + 0%, 4
trials, 92 - 186 eggs; Figure 15 B). Egg activation was assessed by cortical contraction of eggs and
development of abortive cleavages. This demonstrates that zinc is not able to disrupt calcium-
dependent activation or division in the early embryo.

We also tested whether sperm-dependent activation of eggs occurred in the presence of
zinc by transferring fertilized eggs to a zinc-containing solution. Eggs were inseminated in solution
with or without 1 mM ZnSO4 and incubated for 30 minutes before being transferred to solution
with or without 1 mM ZnSOa4. Eggs inseminated in zinc-free solution, before being transferred to
solution with zinc divided 89.8 + 5.2% of the time, while those never in zinc divided at a similar
rate (85.5 + 8.2%; Figure 13 B). This also suggests that zinc does not affect sperm-dependent

activation.
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Figure 15 Extracellular zinc inhibits fertilization, not just development

A) Proportion of cleavage furrow development from eggs inseminated in and transferred
to control conditions (dashed black), inseminated in 300 UM ZnSO4 and transferred to 600 puM
TPEN 30 min following sperm addition (dashed purple), or eggs inseminated in and transferred to
1 mM ZnSOq4 (solid red; N = 26 — 58 eggs, 7 trials). Plots are fit with sigmoidal functions. B) Eggs
pathogenetically activated with calcium ionophore ionomycin undergo activation, marked by
cortical contraction and eventual asymmetric terminal cleavage (N = 92 — 186, 4 trials). Errors are

s.e.m.

78



3.3.6 Zinc targets both sperm and egg to stop fertilization

Fertilization represents the union of two gametes. Therefore, inhibition of fertilization may
occur via the disruption of the ability of either gamete to fertilize. To uncover the mechanisms by
which zinc disrupts fertilization, we sought to discriminate whether zinc targets eggs or sperm. To
do so, we determined whether pretreating each gamete with zinc, then mixing the sperm and eggs

together without added zinc, stopped the appearance of cleavage furrows.

3.3.6.1 Zinc inhibition of eggs is concentration dependent

As previously discussed, eggs pre-treated with 1 mM ZnSO4 before insemination in zinc-
free solution do not develop cleavage furrows (see Section 3.3.4.1; Figure 13 A). By contrast, eggs
never exposed to zinc, developed normally. Further, eggs pre-treated in increasing concentrations
of zinc demonstrated inhibition of embryonic development in a concentration-dependent manner.
Fit of the proportion of developed eggs vs zinc concentration with a sigmoidal function result in
an 1Csp of 73.5 = 8.3 uM (Figure 16 A, Table 3, 6 trials, 93 — 255 eggs). This concentration is
similar to the 1Cso when insemination is performed in zinc (30 uM; Figure 11 A-B, Table 3). No
embryos develop in 300 uM or higher concentrations of ZnSQO4. This data suggests that the zinc

block of fertilization is driven by zinc effects on the egg.
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Figure 16 Zinc inhibits fertilization by interferring with both eggs and sperm.

A) Eggs pretreated in increasing concentrations of zinc demonstrate a lower proportion of
development when used for in vitro fertilization (N = 93 - 255 eggs, 6 trials). B) Number of eggs
divided decreases with increase in zinc concentration used for sperm pretreatment prior to
insemination (N =121 — 181 eggs, 5 trials). Plots A-B are fit with sigmoidal functions. C-D) Sperm
pretreated with 1 mM ZnSQq prior to insemination do not lead to developing embryos unless eggs
are inseminated in a solution containing 300 uM TPEN (C; N = 156 - 283 eggs, 5 trials) or ZX1

(D; N =182 - 328 eggs, 4 trials).
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3.3.6.2 Zinc inhibition of sperm is concentration dependent

To determine whether zinc targets sperm to disrupt fertilization, we pretreated X. laevis
sperm by mincing testes in increasing concentrations of zinc approximately 15 min prior to
insemination. The embryos were assayed for the development of cleavage furrows 90-120 minutes
following sperm addition. Indeed, we observed that fewer eggs developed cleavage furrows when
inseminated with sperm pretreated with increasing concentrations of zinc. Fitting incidence of
cleavage furrow development against zinc concentration with a sigmoidal function, we determined
that the zinc interference of fertilization had a half maximal concentration of ICso = 524 + 102 uM
(Figure 16 B, Table 3, 5-21 trials, 152 — 355 eggs). No embryos develop following insemination
in sperm minced in 3 mM zinc. Compared to the concentration dependence of fertilizations
performed with both gametes in the presence of zinc (Figure 11 A-B), sperm demonstrate a less
sensitive concentration response, suggesting that sperm does not drive the zinc block to
polyspermy. However, sperm is still responsive to zinc at physiological levels, and therefore

should be further explored.

3.3.7 Zinc fertilization of X. laevis sperm was reversible with zinc chelators

Having observed that zinc pretreatment was sufficient to stop sperm for fertilizing, we next
questioned whether this interaction was reversible using the zinc chelator TPEN. Sperm were
pretreated with 1mM ZnSO4, which almost completely stopped fertilization (1.40 + 0.78%
division, 5 trials, 156 — 283 eggs; Figure 16 C). Insemination in 300 uM TPEN did not interfere
with fertilization or embryonic development when sperm pretreated in a zinc-free solution were

used to inseminate eggs (97.4 + 0.88% division). When zinc pretreated sperm were used to
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inseminate eggs in 300 uM TPEN, we observed that TPEN was sufficient to completely reverse
the fertility deficit (mean 90.8 + 5.36% division; Figure 16 C). This demonstrates that a non-
covalent interaction with sperm components drives the inhibition of fertilization, much like we’ve
seen when eggs alone are treated with zinc and rescued with a chelator (Figure 11 D).

To understand whether intracellular or extracellular zinc in sperm causes a decrease in
fertility, we sought to determine whether loss of extracellular zinc rescued the zinc-induced
infertility phenotype. The cell impermeant zinc chelator ZX1 was used for this purpose. In 4
independent trials (184 — 334 eggs), sperm pretreated with 1 mM zinc, which is demonstrated to
result in a nearly complete loss of fertility (3.86 = 2.32% division; Figure 16 D) were used to
inseminate eggs in solution with or without the cell-impermeant chelator ZX1. When sperm were
pretreated in a solution with no added zinc and used to inseminate eggs in 300 uM ZX1, no defect
of division was observed (86.0 + 3.9%). When zinc pretreated sperm were used to inseminate eggs
in the presence of 300 uM ZX1, we observed a rescue of fertility (mean 76 + 8% of eggs) compared
to zinc untreated sperm used to inseminate eggs in control solution (94 + 3% of eggs; Figure 16
D). This suggests that the chelation of extracellular zinc is sufficient to fully reverse the loss of
fertility and suggests that, like in the egg, ZX1 either buffered extracellular zinc important for the
block of fertilization or altered the zinc gradient in such a way that intracellular zinc important for

the block leaves the cell.

3.3.8 Zinc’s identity as a divalent transition metal is key for its ability to block fertilization

The zinc disruption of X. laevis fertilization is reversible by chelation (Figure 11 D). This

finding thereby suggests zinc acts by binding to a protein or receptor and not by mediating a
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chemical reaction (e.g., redox reaction). If extracellular zinc disrupted fertilization through protein
coordination, we would expect other transition metals would act similarly. Metal-protein
interactions become more potent in a predictable pattern called the Irving-Williams series, which
depicts the strength of divalent transition metal-protein complexes: Co < Ni < Cu > Zn (R. J. P.
Williams, 1987). To uncover how other transition metals in this series altered X. laevis fertilization,
we inseminated in varying concentrations of extracellular copper, cobalt, or nickel. Development
was blocked in a concentration-dependent manner in the presence of all transition metals tested
(Figure 17 A-B). Using the half-maximal concentration of each metal that blocks embryonic
development, we determined that the potency of the transition metals indeed followed the Irving-
Williams series (R. J. P. Williams, 1987): copper acted with the highest affinity and cobalt with
the lowest (Figure 17 A-B, Table 3) (Katherine L. Wozniak et al., 2020). This further supports that
zinc inhibits fertilization by coordination with extracellular proteins. We propose that release of
zinc from the cortical granules upon fertilization modifies the extracellular proteins to block entry

by additional sperm.

3.3.9 Copper targets both gametes to stop fertilization

Having demonstrated that zinc’s inhibition of fertilization is dependent on its identity as a
divalent transition metal, and that zinc can inhibit the fertility of both eggs and sperm, we sought

to understand how other divalent transition metals would affect the fertility of individual gametes.
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Figure 17 Divalent transition metals such as copper also effect eggs and sperm

A) Box plot distributions of the ICses of inhibition of appearance of cleavage furrows in X.
laevis eggs inseminated in cobalt (blue), nickel (green), copper (orange), or zinc (red). B)
Proportion of division of X. laevis eggs inseminated in varying concentrations of extracellular
cobalt (N=148-295 eggs, 5 trials), nickel (N=136-283 eggs, 5 trials), or copper (N=230-321 eggs,
5 trials). C-D) Proportion of eggs that develop cleavage furrows following pretreatment of eggs
(C) or sperm (D) in increasing concentrations of copper prior to insemination. Plots are fit with

sigmoidal functions.
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3.3.9.1 Copper block of eggs is concentration dependent
To characterize the concentration dependence of the copper block on egg fertility, eggs
were pretreated in increasing concentrations of extracellular copper. Following 2 washes, pre-
treated eggs were inseminated in copper-free solution. We observed a decrease in proportion of
dividing embryos with increasing concentrations of copper (5 trials, 198 — 336 eggs). Fitting
proportion of development against copper concentration with a sigmoidal curve, we calculated an
ICs0 = 121.7 £ 23.2 uM (Figure 17 C, Table 3). At 300 uM CuSO4 and higher concentrations, we

don’t observe any embryonic development. Like zinc, copper blocks fertilization in pre-treated

eggs.

3.3.9.2 Copper block of sperm is concentration dependent
To discriminate whether copper can target sperm to interfere with fertilization, we pretreated
sperm with varying concentrations of extracellular copper 15 minutes before addition to eggs and
observed the rate of cleavage furrow development. We observe that when sperm were pretreated
with higher concentrations of coper, fewer eggs develop. By fitting plots of incidence of cleavage
furrow development versus copper concentration with sigmoidal functions, we found a half
maximal concentration of 517.9 + 516.3 uM (4 trials, 121 — 254 eggs; Figure 17 D, Table 3). This

indicates, that like zinc, copper also affects the ability of sperm to fertilize the egg.

3.4 Discussion

Like mammals, fertilization initiates a zinc release from eggs of amphibians and teleost

fish (Katherine L. Wozniak et al., 2020). As demonstrated in X. laevis, this zinc likely acts to
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protect the fertilized egg from polyspermy. Additionally, extracellular zinc inhibits embryonic
development in diverse phyla (Figure 18). Although the details on how zinc modifies an egg to
prevent sperm entry are yet to be determined, our data suggests that a process that protects
fertilized egg from multiple fertilizations is shared between humans and the polyps (H.
symbiologicarpus) that live on hermit crabs.

Using experiments described here, we were the first to directly test the ability of zinc to
prevent fertilization. Though early zygotic developmental milestones are used as a readout for
fertilization in most assays, electrophysiological, and developmental data support that no
fertilization occurs in the presence of excess extracellular zinc. No fertilization-evoked
depolarization, characteristic of the fast block to polyspermy, was observed in X. laevis eggs
inseminated in extracellular zinc. I also confirmed that TMEMZ16A, the ion channel that mediates
the depolarization, is not inhibited by extracellular zinc which enters the cell. In addition, rescue
of the fertility of X. laevis eggs inseminated in the presence of zinc was delayed by the time it took
to add the zinc chelator TPEN. This suggests that until chelator addition, sperm were unable to
enter the egg. Further, extracellular zinc was not able to disrupt activation or division of X. laevis
eggs either parthenogenetically or following fertilization. These data strongly support that zinc
inhibits fertilization altogether.

Though specific mechanisms of zinc inhibition of fertilization are still not clear, data
presented gives key insight. We have demonstrated that the zinc interacts with both egg and sperm,
with egg driving the inhibition. This reflects the typical view of polyspermy blocks, whereby the
egg is largely responsible for keeping sperm out of the egg. Other data from our lab suggests that
the extracellular matrix of the egg is modified and maintains a high zinc concentration (Katherine

L. Wozniak et al., 2020). This is in some way particular to X. laevis and other external fertilizers
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with a jelly coat surrounding the egg. However, the jelly coat surrounding the egg is comprised of
glycoproteins (Wyrick, Nishihara, & Hedrick, 1974), similar to the composition of the highly
conserved vitelline envelope (termed the zona pellucida in mammals) (Bleil & Wassarman, 1980;
Wolf et al., 1976; Yurewicz et al., 1975). It was previously found that in mouse eggs, zinc content
of the zona pellucida increases by 300% and contributes to hardening of the zona pellucida, which
is believed to keep sperm out of the egg (E. L. Que et al., 2017). This further demonstrates the
conservation of the slow block to polyspermy, wherein evidence exists for the conservation of the
zinc release, the composition of the egg extracellular matrix, the effect of zinc on the hardening of
the extracellular matrix, and the importance of the hardening in keeping sperm out of the egg.
Our data also demonstrate that the sperm is affected by zinc. This is a paradigm shifting
result suggesting that during the slow block to polyspermy, sperm are not only thwarted by the
impenetrable extracellular matrix of the egg, hardened by the released zinc, but also are also
themselves made less able to fertilize an unmodified egg. Further exploration of the interaction of

extracellular zinc and sperm is covered in Chapter 4.
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Figure 18 Zinc protection of eggs is an ancient phenomenon

Phylogenetic tree of species which demonstrate zinc release at fertilization or egg
activation (D. rerio, X. laevis, A. mexicanum, Homo sapien, M. musculus, B. taurus) (Duncan et
al., 2016; Kim et al., 2011; Emily L. Que et al., 2018; Katherine L. Wozniak et al., 2020) or zinc

protection of eggs from fertilization (H. symbiolongicarpus, S. purpuratus, X. laevis).
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4.0 Mammalian sperm import extracellular zinc

4.1 Introduction

Between mating and fertilization, mammalian sperm encounter high concentrations of zinc
at two discrete stages: when mixed with the seminal fluids at mating, and when encountering an
already fertilized egg (Figure 19). Seminal fluid has the highest relative zinc content in the body,
with measurement of total zinc in human semen ranging from 1-3 mM (Saaranen et al., 1987),
compared to serum concentrations of 12-14 uM (Hennigar et al., 2018). Despite this large
enrichment of zinc, how this zinc targets sperm and regulates the processes that sperm undergo
between mating and fertilization is not yet understood.

Mammalian sperm are distinguished from other animal sperm in that they are unprepared
to fertilize at mating, even if placed directly next to an egg (R Yanagimachi, 1988). By mixing
with the seminal fluids and spending time in the female reproductive tract, mammalian sperm gain
the capacity to fertilize by undergoing processes collectively referred to as “capacitation” (Figure
19, upper track) (R Yanagimachi, 1988). Although sperm encounter high concentrations of zinc
between mating and fertilization, capacitation has been studied largely in the absence of zinc. |
seek to understand how zinc targets sperm and alters capacitation.

To uncover how zinc regulates mammalian sperm, | am studying mouse and human sperm,

as well as porcine and human seminal fluid.
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Figure 19 Mammalian sperm encounter changing conditions throughout fertilization

Throughout their journey from the male reproductive system, through the female
reproductive system towards the egg, sperm encounter changing environments. These cells are
mixed into a high zinc environment in the seminal fluid prior to ejaculation into the female
reproductive tract. Within the female reproductive tract, zinc levels are unknown. However, it is
expected that as sperm move away from the site of deposition, zinc levels will drop, unless the
sperm reach a fertilized egg undergoing its zinc spark. It is also known that increasing pH,
bicarbonate, and calcium levels induce physiologic changes termed capacitation, which alter sperm

behavior, preparing them to fertilize an egg.
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4.2 Materials and methods

4.2.1 Sperm and seminal fluid sources

Mouse (Mus musculus) sperm are obtained from the vas deferens and epididymides of
retired Swiss Webster breeders. Human semen is donated from patients at the Andrology and
Fertility Preservation Laboratory at the UPMC Magee Center for Reproduction and
Transplantation. Human samples were surplus from fertility testing which would otherwise be

discarded. Porcine semen is obtained commercially (S&S Farms, Ramona, CA).

4.2.2 Quantification of labile zinc in seminal fluid

To quantify the labile zinc in human and porcine semen, sperm and other cells were
removed by sedimentation and proteins were removed by passage through a 3 kDa centrifugal
filter unit. Samples were diluted in a HEPES-buffered saline (HS) solution (135 mM NaCl, 5 mM
KCI, 2 mM CaClz, 1 mM MgSOs, 20 mM HEPES, 10 mM lactic acid, 5 mM dextrose, 1 mM
sodium pyruvate, pH = 7.4) (Anne E. Carlson et al., 2003) with 30 nM of the fluorescent Zn?*
indicator FluoZin-1. FluoZin-1 fluorescence intensity measurements were recorded using a
BioTek Cytation 5 plate reader. Samples were excited with 494 nm light and emission was
recorded at 515 nm, with 10-nm slit widths. We corrected for the raw photometric signals by
subtracting the background and calculated the labile Zn?* by comparing the fluorescent readings

against a standard curve fit with a single-site binding model.
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4.2.3 Quantification of sperm cytoplasmic zinc

Sperm were loaded with cytoplasmic fluorescent Zn?* indicator FluoZin-3-AM with a final
concentration of 5 puM. Approximately 0.2% Pluoronic (Invitrogen) was used to increase
permeability of sperm to FluoZin-3-AM. Sperm were added in HS buffer. For zinc pre-loaded
sperm, ZnSO4 was added for a final concentration of 30 uM. Sperm were incubated at room
temperature away from light for 30-40 minutes. To wash, sperm suspension was sedimented by
centrifugation at 2000 RPM for 5 minutes. This was repeated for 2-3 washes.

FluoZin-3 fluorescence was assayed using BioTek Cytation 5 plate reader, with 492 nm
excitation, 514 nm emission light, and 10 nm slit width. Data were corrected for raw photometric
signals by subtracting the fluorescence obtained from samples with the Zn?* chelator TPEN
(Arslan et al., 1985) and normalized to the signal of sperm treated with 1 mM of the Zn?* ionophore
pyrithione (Barnett, Kretschmar, & Hartman, 1977) and 1 mM Zn?*. Normalization allowed us to
compare results between independent trials, despite variability between sperm numbers. Technical
replicates within each experimental trial, as well as collection of raw FluoZin-3 signal prior to
treatment application, allowed us to verify that each sample had roughly the same number of

sperm.
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4.3 Results

4.3.1 Quantification of labile zinc in semen

Although the total zinc content of seminal fluids has been reported to be 1-3 mM, most of
this zinc is likely bound to various proteins. We therefore sought to quantify the labile zinc present
in pig and human seminal fluid. FluoZin-1, rather than FluoZin-3, was chosen for these
extracellular measurements as it is suited for measuring labile Zn?* in solutions with uM
concentrations (Gee, Zhou, Qian, & Kennedy, 2002).We found that pig semen contains 9.6 uM
Zn?* (x 0.4 uM; N=8), while human contains 5.0 uM (+ 0.7 uM; N=3). This represents a

biologically relevant concentration of labile Zn?* that we will utilize in our experiments.

4.3.2 Mammalian sperm readily take up zinc

To probe whether mammalian sperm can import physiologic concentrations of zinc, | used
FluoZin-3 to monitor intracellular zinc before and after zinc application. To do so, | loaded mouse
sperm with FluoZin-3. | observed zinc-induced fluorescence immediately after treatment with 10
uM ZnSOq (Figure 20, upper, 4 trials), which approximates the physiological concentration of
labile zinc in mammalian seminal fluid (Section 4.3.1). At 60 minutes, sperm treated with 10 uM
ZnSO4 reached a relative FluoZin-3 fluorescence level of 0.60 + 0.17 (where relative O is
fluorescence of sperm treated with 1 mM TPEN, and relative 1 is fluorescence of sperm treated
with 1 mM zinc ionophore pyrithione and 1 mM ZnSQa4). Treatment with 30 uM ZnSO4 resulted
in relative fluorescence of 0.91 + 0.11, similar to the fluorescence of sperm treated with pyrithione

(Figure 20, upper). Human sperm behaved similarly (5 trials). Treatment of FluoZin-3-AM loaded
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human sperm demonstrated an increase in fluorescence within minutes of treatment with 10 uM
ZnSO4 and continued to rise over 60 minutes (0.41 + 0.11 relative fluorescent units; Figure 20,
lower). In sperm from both species, this increase of cytoplasmic zinc continued to increase and
stayed stably high for 3 hours in treatment (data not shown). Interestingly, in both mouse and
human sperm, addition of the zinc chelator TPEN lowered the FluoZin-3 fluorescence for both
mouse and human sperm, with a more dramatic effect observed in human sperm. This
demonstrates elevated basal zinc within our sperm samples, with human sperm carrying a larger
basal concentration of zinc. This is notable, as our mouse sperm samples are isolated from the
epididymis, while human samples are isolated from ejaculate, and have therefore been in contact

with zinc-containing seminal fluid.
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Figure 20 Mammalian sperm import extracellular zinc

Measurement of cytoplasmic zinc content of both mouse and human sperm as reported by
relative FluoZin-3 fluorescence over time reveals that treatment with 10 uM or 30 uM Zn?* leads
to uptake of zinc into the sperm cytoplasm. Relative O level of fluorescence is established by
fluorescence of sperm treated with the zinc chelator TPEN, while the relative 1 is established by

fluorescence of sperm treated with the zinc ionophore pyrithione and 1mM Zn?*,
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4.3.3 Cytoplasmic zinc decreases in the presence of zinc chelators and capacitating signals

To determine whether sperm maintain elevated cytoplasmic zinc following removal of
excess extracellular zinc, | loaded sperm with FluoZin-3 AM and 30 uM Zn?* for 30 minutes
before sedimentation and resuspension in zinc-free control solution (6 independent trials). These
sperm retained high cytoplasmic zinc, as indicated by FluoZin-3 fluorescence (average 0.93 +0.10
Fluozin-3 fluorescence relative to initial reading). | next explored whether sperm retained elevated
cytoplasmic zinc during in vitro capacitating incubations. To test this, | loaded sperm with
FluoZin-3 AM and 30 uM Zn?* and then treated these sperm with capacitating incubations,
including 15 mM HCOgs  and 5 mg/mL bovine serum albumin (BSA) (A. E. Carlson et al., 2005).
This resulted in a loss of cytoplasmic zinc (average 0.19 + 0.03 relative FluoZin-3 fluorescence)
similar to sperm treated with 1 mM TPEN (average 0.14 + 0.51 relative FluoZin-3 fluorescence;
Figure 21) in both mouse and human sperm. This suggests that capacitation stimulates a reduction
of cytoplasmic zinc in mammalian sperm.

Following this result, 1 sought to determine if either of the active ingredients in in vitro
capacitating buffer, BSA or HCOsz,, were sufficient to deplete the cytoplasmic zinc. After
incubating sperm with FluoZin-3 AM and 30 uM zinc, | treated with either 15 mM HCOs™ or 5
mg/mL BSA. | observed that HCO3™ had no effect on cytoplasmic zinc levels (1.0 + 0.3 relative
FluoZin-3 fluorescence, 5 trials), compared to sperm treated with control solution (1.0 = 0.02
relative FluoZin-3 fluorescence, 4 trials). BSA led to immediate depletion of cytoplasmic zinc
(0.12 + 0.02 relative FluoZin-3 fluorescence, 5 trials; Figure 22). BSA can chelate zinc, making it

difficult to separate direct and indirect effects of the capacitating agent on zinc dynamics.
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Figure 21 Chelation and capacitation lead to cytoplasmic zinc loss

In both mouse and human sperm preloaded with zinc, treatment with either the zinc
chelator TPEN or commonly used in vitro capacitating conditions (A. E. Carlson et al., 2005) lead

to loss of cytoplasmic zinc reported as Fluozin-3 fluorescence relative to levels before treatment.
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Figure 22 BSA, but not bicarbonate leads to cytoplasmic zinc depletion

Individual components of commonly used in vitro capacitation conditions, BSA and
sodium bicarbonate were tested for their ability to induce loss of cytoplasmic zinc in mouse sperm.
Treatment with BSA, not HCOs", lead to reduced cytoplasmic zinc, reported as Fluozin-3

fluorescence relative to levels before treatment.
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4.3.4 Transcripts for zinc transporters are expressed in the developing sperm

To identify candidate zinc transporters present in mouse and human sperm, we interrogated
RNAseq datasets for mouse and human elongating spermatids (Figure 23) (C. D. Green et al.,
2018; Shami et al., 2020). Mature sperm are transcriptionally quiescent, so we predicted that
protein present in a mature sperm will be present as RNA transcript in the developing spermatid.
From these datasets, we identified all known zinc transporters. RNAseq data suggests the
expression of zinc transporters known to localize to the plasma membrane (ZIP1 and ZIP10; Figure

24) (Baltaci & Yuce, 2018; Kambe, Suzuki, & Komori, 2019) in mouse elongating spermatids.

99



3 Qo
8 T Zm § T oo RNA-seq
EEEE EESE g
L 852 2 258
BN o
NMDA-R1
B R NVDA-R23
Baa BRE
NMDA-R2¢c
B ==- NMDA-R2d
NMDA-R3a
BN NvDA-R3D
ZIP1
2 ZziP10
SO RPM7
~ | CACNAIS
B cACNATC
BN cACNA1D
I CACNATF
B CATSPERT
CATSPER2
B CATSPER3
B CATSPER3
|| | elaiaEE
- ACROSIN

Mouse Human

Figure 23 Transcripts of known or suspected zinc importers in mammalian developing sperm

Several proteins with known or suspected zinc transporting ability are expressed in the
human and mouse developing sperm (C. D. Green et al., 2018; Shami et al., 2020). Candidate

proteins to lead to cytoplasmic zinc increase are in red. Acrosin is listed as a known sperm protein.

100



Plasma membrane

Vesicles %

Golgi apparatus

Mitochondria

Endoplasmic
reticulum

Lysosome/
endosome

Nucleus

Figure 24 Known cellular localization of zinc transporters in mammalian sperm

Several zinc transporters are likely present in mammalian sperm with the ability to shuttle
zinc out of the cytoplasm (Baltaci & Yuce, 2018; Kambe et al., 2019) out of the cell, or into

subcellular organelles.
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4.4 Discussion

| have demonstrated that extracellular zinc enters sperm and is depleted upon treatment
with chelators or capacitating incubations. It is not yet clear which transporters or channels move
this zinc, or where the zinc goes. It is possible that zinc is transported out of sperm and into the
extracellular space during capacitation, or may be shuttled to intracellular organelles.

Continuing work will explore how zinc import effects important sperm functions necessary
for fertilization, such as motility, hyperactivation, and the acrosome reaction. Seminal zinc has
been explored as a method of predicting male fertility and sperm quality. A large study of fertile
and infertile men reported seminal, but not blood zinc levels as significantly lower in their infertile
population than in the fertile population, correlating with sperm density, motility, and viability
(Chia, Ong, Chua, Ho, & Tay, 2000). It is known that zinc is vital for proper spermatogenesis.
However, this supports that zinc is important for maintaining the health of mature sperm.

| believe that it is in reason that capacitating behaviors would be suppressed in increased
extracellular zinc, as this mimics the environment where sperm should still be quiescent, before
activating within the female reproductive tract (Figure 19). | expect all behaviors important for
fertilization to be impeded following increase of cytoplasmic zinc. Zinc inhibition of motility and
acrosome reaction have been demonstrated before, though the mechanism was not explored (Riffo
et al., 1992). A study using image-based flow cytometry using boar, bull, and human sperm
demonstrate that sperm placed in high extracellular zinc (1 mM ZnCl2) tend to retain zinc
throughout the entire sperm body (Kerns, Zigo, Drobnis, Sutovsky, & Sutovsky, 2018). However,
boar sperm which retained this signature of zinc enrichment through the entire sperm body did not
tend to undergo the acrosome reaction, supporting that high cytoplasmic zinc and capacitation are

not compatible (Kerns et al., 2018). Further understanding of how sperm import extracellular zinc
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will reveal which effects are the result of disruption of intracellular mechanisms. Previous work
demonstrated that while the zinc effect on motility was reversible, acrosome reaction was never
recovered (Riffo et al., 1992). This suggests independent mechanisms of action. In fact, it was
suggested that the inhibition of the acrosome reaction may be through disruption of membrane
permeability to potassium (Riffo et al., 1992). Any effect of extracellular zinc on sperm fertility
may be leveraged naturally by the zinc spark, and can be leveraged artificially in contraceptives.
Mammalian sperm are exposed to high extracellular zinc at mating, when they are mixed
with seminal fluid, which includes the highest concentration of zinc relative to the rest of the body
in humans, with free zinc in the uM range. Therefore, | also examined whether extracellular zinc
was capable of entering mammalian sperm. Using both mouse and human sperm, | demonstrated
that sperm uptake extracellular zinc into their cytoplasm minutes upon introduction and continue
to stably increase for hours. This cytoplasmic zinc was reduced with application of a zinc chelator
or by incubation under capacitating conditions. Continuing work will explore how zinc enters and
leaves the cytoplasm, and how increased cytoplasmic zinc affects sperm functions such as motility,

hyperactivation, and acrosome reaction.
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5.0 Discussion

5.1 Summary

This dissertation builds on the foundation of knowledge of Xenopus laevis fertilization,
expanding our understanding of the molecular mechanisms by which the fast block to polyspermy
occurs in the fertilized egg, as well as utilizing this classical developmental model to demonstrate
that the extracellular zinc surrounding newly fertilized eggs, modifies eggs and sperm to prevent
entry of additional sperm. This dissertation also studied fertilization in diverse species to
demonstrate that the zinc protection of eggs from sperm penetration is conserved from Cnidaria to
amphibians. Zinc targets both X. laevis egg and sperm to stop fertilization. Finally, 1 also
demonstrated that extracellular zinc readily enters mouse and human sperm, where it may regulate

sperm physiology.

5.2 Future directions

The impacts of studies on the fast block to polyspermy or the role of zinc in regulating
fertilization can have far reaching consequence for the fields of health and conservation, in addition

to understanding basic science of fertilization.
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5.2.1 Further experiments

5.2.1.1 Zinc protection of fertilized eggs

Our data is the first to directly demonstrate that insemination in extracellular zinc stopped
any indication of successful fertilization, such as the development of cleavage furrows. Moving
forward, visualization of sperm within the fertilized egg, following in vitro fertilization with and
without extracellular zinc would be the gold-standard to demonstrate that zinc prohibits sperm
entry into the egg. Due to the vast differences in size between the X. laevis sperm and the egg, in
combination with the strong autofluorescence of the egg cytoplasm, it has been difficult to perform
this microscopy. Clearing of the egg cytoplasm following fertilization and fixation, as well as use

of flattened, de-jellied eggs should improve visibility and possibility of viewing the sperm.

5.2.1.2 Mammalian sperm uptake of extracellular zinc

| have demonstrated that zinc is enriched in the cytoplasm of both mouse and human sperm
when these cells encounter extracellular zinc at levels at or above that measured in the mammalian
seminal fluid. Next, we will need to identify the transporters or ion channels that move this zinc
and determine whether this zinc ends up in intracellular organelles or remains in the cytoplasm.
My data suggests that during capacitation, the zinc imported into the sperm when mixed with the
seminal fluid is transported out of sperm and into the extracellular space. In future experiments,
inhibition of ZIP1, the zinc transporter predicted to be expressed in the plasma membrane of the
sperm cell, could be used to inhibit sperm entry through these transporters. However, ZIP
transporters have no pharmacologic inhibitors, so one would need to be developed, or a testis
specific KO model created. This will uncover whether ZIP1 mediates zinc entry into mammalian

sperm. The cell impermeant zinc chelator ZX1 as well as antibodies against ZIP1 and ZIP10 can
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also be used to explore the role of intracellular zinc in fertilization and acrosome reaction. Mouse
sperm incubated in ZX1 can be utilized to understand the role of intracellular zinc in
hyperactivation. ZX1 will chelate all extracellular zinc, so that any remaining phenotype following
zinc treatment can be linked to the action of intracellular zinc. Though there is no antibody shown
to work against ZIP1 in X. laevis, an antibody against the N-terminal region can be used which is
conserved between M. musculus and X. laevis (Invitrogen PA5-77766). One will need to verify
the specificity of these antibodies in both species using Western blots and verify ability to block

zinc transport using cells overexpressing ZIP1 or ZIP10.

5.2.2 Wider impacts

5.2.2.1 Contraceptives

About 10% of women worldwide have an unmet need for contraception (United Nations
Department of Economic and Social Affairs, 2020). Hormonal birth control has significant side
effects that make it a suboptimal choice for many women (Le Guen, Schantz, Régnier-Loilier, &
de La Rochebrochard, 2021). Even more significantly, many women have medical conditions that
make them unable to tolerate hormonal birth control. Only one long-acting reversible contraceptive
is available: the copper IUD. For this reason, development of non-hormonal birth controls is still
needed. The copper IUD provides up to 10 years of protection ("ParaGard T 380A (prescribing
information),") against pregnancy but has an early removal rate of 25% (Hubacher, Chen, & Park,
2009). This is likely due to the fact that 38% of women report that the copper IUD leads to more
painful periods with increased menstrual and intermenstrual pain and bleeding, a side effect unique
to this device (Hubacher et al., 2009). Review of studies performed in humans has provided insight
into the mechanism of action of copper IUDs, and in turn, their side effects (Ortiz & Croxatto,
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2007). This study revealed that the common belief that copper 1UDs function by preventing
implantation of the embryo via an inflammatory reaction is not supported by the data. Instead, it
appears that in almost all cases, fertilization does not occur in the presence of a copper IUD (Ortiz
& Croxatto, 2007).

In response to the high rate of pain associated with copper IUDs and the prevalence of early
removal, a recent study examined the option of a zinc IUD (Shankie-Williams, Lindsay, Murphy,
& Dowland, 2022). In an early study in the rabbit cervix, the zinc IUD underperformed compared
to the copper IUD, resulting in a single implantation (Zipper, Medel, & Prager, 1969), resulting in
a loss of interest in zinc as a contraceptive option. This imperfect block of fertilization, however,
is likely due to the long length of the uterine horn in rabbit, leading to an insufficiently low
concentration to prevent fertilization (Shankie-Williams et al., 2022). In fact, the recent study in
mouse reported that zinc IUDs are 100% effective, an equal protection from implantation to copper
IUDs. The zinc IUD was safe and effective for 16 weeks, and reversible after 12 weeks use with
reduced inflammatory damage to the uterine epithelium compared to the copper IUD (Shankie-
Williams et al., 2022). This represents a bright future for zinc as a contraceptive.

Due to the high bioavailability of zinc, the body is well prepared to handle excess zinc
without causing long-term damage. In both cats (Fagundes et al., 2014) and dogs (Oliveira et al.,
2007), zinc gluconate has been tested as an irreversible chemical castration agent. Zinc is also
emerging as a useful and safe component for biodegradable bone implants (Yang et al., 2020). In
all cases, the noncarcinogenic characteristics and low toxicity of zinc (Bodar et al., 2005) make it
a great candidate for long-term medical interventions such as contraceptives.

With continuing examination of the effect of zinc on eggs and sperm, we can uncover other

mechanisms to exploit to inhibit fertilization or toxify zygotes and early embryos.
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5.2.2.2 Environmental concerns due to zinc and copper pollution

A recent assessment by the European Union has found that zinc and zinc compounds lead
to no direct health effects to man (Bodar et al., 2005). However, though zinc toxicity may be low,
additive zinc in the environment may lead to issues for non-human species, with freshwater species
particularly at risk. US EPA criteria for protection of freshwater aquatic organisms is below 1.84
uM for both short- and long-term protection, while humans can safely consume up to 110-400 uM
zinc (EPA, 2009).

As it has been reported, the concentrations of zinc required to suppress fish sperm function
exceed those observed in the environment (Hatef, Alavi, Golshan, & Linhart, 2013). Conversely,
it was also shown that supplementary dietary zinc improved seminal quality and embryonic
survival in rainbow trout (Cite Kazemi) with supplement concentrations up to 1ImM (Kocabas &
Kutluyer, 2017). This demonstrates that effects in fish species may be variable by species or
delivery type.

Early embryos and larvae have been reported as being particularly sensitive to zinc toxicity.
For example, the common active ingredient in commercial antidandruff shampoos is a zinc
ionophore, such as zinc pyrithione, a compound with teratogenic effects in zebrafish and Medaka
larvae (Goka, 1999). Australian Crimson Spotted Rainbow fish embryos were sensitive to zinc,
with deformities occurring in 27% of 3 hour old embryos when treated with 509 uM zinc (N. D.
Williams & Holdway, 2000).

The European Union risk assessment modeled crustaceans and algae as the most sensitive
of freshwater organisms to zinc toxicity (Bodar et al., 2005). Interestingly, microalgae have been
demonstrated to be capable of removing up to 100% of zinc and copper from the freshwater

environment (Zhou, Peng, Zhang, & Ying, 2012), demonstrating a possibility for use in metal
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bioremediation. However, not all algae demonstrate this tolerance for zinc. A study of algae from
Lake Ontario demonstrated that zinc levels of 300 nM were toxic to native species (P. T. S. Wong
& Chau, 1990), introducing the possibility of using zinc as an algaecide, which may have limited
consequences for other aquatic species. Indeed, environmental zinc levels would need to rise
dramatically to endanger freshwater species.

My own data suggests that copper, more so than zinc, may present higher risk in preventing
fertilization in externally fertilizing species such as fish, algae, and coral. Agricultural and
industrial wastes are common sources of environmental copper (Oliveira-Filho, Lopes, &
Paumgartten, 2004). In species of stony coral, Goniastrea aspera, fertilization rates dropped in a
concentration dependent manner with exposure to extracellular copper (ICso ranging 230-630 nM),
but not in any concentrations of zinc tested (Reichelt-Brushett & Harrison, 1999). For the soft
coral, Lobophytum compactum, fertilization rate was found to decrease in response to copper in a
dose dependent manner, with an 1Cso of 4 uM, noted to be higher than reported in other marine
organisms (Reichelt-Brushett & Michalek-Wagner, 2005). In a tropical freshwater fish species,
Colossoma macropomum, 12 uM copper was sufficient to decrease sperm motility, and to impair
fertilization and rate of embryo hatching (Pinto, Castro, & Val, 2021). In the blue mussel, 1.5 uM
copper led to dramatically decreased sperm swimming speed and 0.15 uM led to abnormal
development of nearly all embryos (Fitzpatrick, Nadella, Bucking, Balshine, & Wood, 2008).

As we continue to find uses for metals such as zinc and copper in industry, health,
agriculture, and animal husbandry, we must continue to understand the specific tolerance of native
species. Sensitivity of gametes and embryos can be drastically different between species in the
same ecosystem. Copper and zinc have gathered some interest as a potential aquatic herbicides or

algaecides (Oliveira-Filho et al., 2004), and as supplements to improve fertility in endangered
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species (Kocabas & Kutluyer, 2017). However, as demonstrated by these reports of contradicting
effects, we still need to understand how use will affect the larger ecosystem and other species that

share the environment.
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Appendix A Additional Tables

Appendix Table 1 Representative species used for PLC alignment

Class Infraclass Order

Species

Common Name

Mammalia Afrosoricida

Tubulidentata

Hyracoidae

Sirenia

Dermoptera

Manis pentadactyla

Perissodactyla

Artiodactyla

Chiroptera

111

Echinops telfairi
Orycteropus afer
afer
Hyracoidae
hyraxes
Trichechus
manatus
latirostris
Galeopterus
variegatus
Manis
pentadactyla
Equus caballus
Sus scrofa
Rousettus

aegyptiacus

Lesser hedgehog tenrec

Aardvark

Hyrax

West Indian manatee

Sunda flying lemur

Chinese pangolin

Horse

Wild boar

Egyptian fruit bat


https://animaldiversity.org/accounts/Afrosoricida/classification/#Afrosoricida
https://animaldiversity.org/accounts/Dermoptera/
https://animaldiversity.org/accounts/Perissodactyla/
https://animaldiversity.org/accounts/Artiodactyla/
https://animaldiversity.org/accounts/Chiroptera/

Aves Galloanserae Anseriformes
Galliformes
Neoaves Aegotheliformes

Apodiformes

Balaenicipitiformes

Caprimulgiformes

112

Branta
canadensis
Anas
platyrhynchos
Cygnus atratus
Callipepla
squamata
Centrocercus
minimus
Numida
meleagris
Aegotheles
bennettii
Chaetura
pelagica
Calypte anna
Hemiprocne
comata
Balaeniceps rex
Caprimulgus
europaeus
Nyctibius

grandis

Canada goose

Mallard

Black swan

Scaled quail

Gunnison grouse

Helmeted guineafowl

Barred owlet-nightjar

Chimney swift

Anna's hummingbird

Whiskered treeswift

Shoebhill

European nightjar

Great potoo


https://animaldiversity.org/accounts/Aegotheliformes/classification/#Aegotheliformes
https://animaldiversity.org/accounts/Caprimulgiformes/classification/#Caprimulgiformes

Podargus Tawny frogmouth

strigoides

Steatornis Oilbird

caripensis

Charadriiformes Aptenodytes Emperor penguin
forsteri
Arenaria Ruddy turnstone
interpres
Larus American herring gull

smithsonianus

Ciconiiformes Egretta garzetta Little egret
Ciconia Oriental stork
boyciana

Nipponia nippon Crested ibis
Coliiformes Colius striatus Speckled mousebird
Urocolius Red-faced mousebird
indicus

Columbiformes Caloenas Nicobar pigeon
nicobarica

Columba livia Rock dove
Neoaves Coraciiformes Chloroceryle American pygmy
aenea kingfisher
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https://animaldiversity.org/accounts/Charadriiformes/classification/#Charadriiformes
https://animaldiversity.org/accounts/Ciconiiformes/classification/#Ciconiiformes
https://animaldiversity.org/accounts/Coliiformes/classification/#Coliiformes
https://animaldiversity.org/accounts/Coraciiformes/classification/#Coraciiformes

Neoaves

Neoaves

Neoaves

Neoaves

Neoaves

Leptosomus
discolor
Rhinopomastus
cyanomelas
Cuculiformes Geococcyx
californianus
Centropus
bengalensis
Crotophaga
sulcirostris
Falconiformes Pandion
haliaetus
Cathartes aura
Falco
peregrinus
Galbuliformes Bucco capensis
Galbula dea
Gaviiformes Gavia stellata
Gruiformes Aramus
guarauna
Psophia

crepitans

114

Cockoo-roller

Common Scimitarbill

Greater roadrunner

Lesser coucal

Groove-billed ani

Osprey

Turkey vulture

Peregrine falcon

Collared puffbird
Paradise jacamar
Red-throated loon

Limpkin

Grey-winged trumpeter


https://animaldiversity.org/accounts/Cuculiformes/classification/#Cuculiformes
https://animaldiversity.org/accounts/Falconiformes/classification/#Falconiformes
https://animaldiversity.org/accounts/Galbuliformes/classification/#Galbuliformes
https://animaldiversity.org/accounts/Gaviiformes/classification/#Gaviiformes
https://animaldiversity.org/accounts/Gruiformes/classification/#Gruiformes

Neoaves

Neoaves

Neoaves

Neoaves

Neoaves

Neoaves

Mesitornithiformes

Musophagiformes

Opisthocomiformes

Passeriformes

Pelecaniformes

Phoenicopteriformes

115

Mesitornis
unicolor
Corythaeola
cristata
Corythaixoides
concolor
Tauraco
erythrolophus
Opisthocomus
hoazin
Callaeas wilsoni
Eopsaltria
australis
Menura
novaehollandiae
Pelecanus
crispus
Sula dactylatra
Phalacrocorax
brasilianus
Phoenicopterus

ruber

Brown mesite

Great blue turaco

Grey go-away-bird

Red-crested turaco

Hoatzin

North Island kokako

Eastern yellow robin

Superb lyrebird

Dalmatian pelican

Masked booby

Neotropic comorant

American flamingo


https://animaldiversity.org/accounts/Mesitornithiformes/classification/#Mesitornithiformes
https://animaldiversity.org/accounts/Musophagiformes/classification/#Musophagiformes
https://animaldiversity.org/accounts/Opisthocomiformes/classification/#Opisthocomiformes
https://animaldiversity.org/accounts/Passeriformes/classification/#Passeriformes
https://animaldiversity.org/accounts/Pelecaniformes/classification/#Pelecaniformes
https://animaldiversity.org/accounts/Phoenicopteriformes/classification/#Phoenicopteriformes

Neoaves

Neoaves

Neoaves

Neoaves

Neoaves

Neoaves

Piciformes Indicator
maculatus
Melanerpes
aurifrons
Pogoniulus
pusillus
Podicipediformes Podiceps
cristatus
Procellariiformes Phoebastria
albatrus
Oceanodroma
tethys
Pelecanoides
urinatrix
Psittaciformes Eolophus
roseicapilla
Lorius garrulus
Strigops
habroptila
Sphenisciformes Aptenodytes
forsteri
Strigiformes Bubo bubo

Tyto alba

116

Spotted honeyguide

Golden-fronted

woodpecker

Red-fronted tinkerbird

Great crested grebe

Short-tailed albatross

Wedge-rumped storm

petrel

Common diving petrel

Galah

Chattering lory

Kakapo

Emperor penguin

Eurasian eagle-owl

Barn owl


https://animaldiversity.org/accounts/Piciformes/classification/#Piciformes
https://animaldiversity.org/accounts/Podicipediformes/classification/#Podicipediformes
https://animaldiversity.org/accounts/Procellariiformes/classification/#Procellariiformes
https://animaldiversity.org/accounts/Psittaciformes/classification/#Psittaciformes
https://animaldiversity.org/accounts/Sphenisciformes/classification/#Sphenisciformes
https://animaldiversity.org/accounts/Strigiformes/classification/#Strigiformes

Neoaves Trogoniformes

Neoaves Turniciformes

Struthioniformes

Reptilia Crocodylia
Rhynchocephalia
Squamata
Testudines
Amphibia Gymnophiona

Salientia
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Apaloderma
vittatum
Turnix velox
Dromaius
novaehollandiae
Alligator

sinensis

Lacerta agilis
Chelonia mydas
Geotrypetes
seraphini
Rana temporaria

Bufo bufo

Bar-tailed trogon

Little buttonquail

Emu

Chinese aligator

Sand lizard

Green sea turtle

Gaboon caecilian

Common frog

Common toad


https://animaldiversity.org/accounts/Trogoniformes/classification/#Trogoniformes
https://animaldiversity.org/accounts/Turniciformes/classification/#Turniciformes
https://animaldiversity.org/accounts/Crocodylia/classification/#Crocodylia
/genome/22419
/genome/22419
https://animaldiversity.org/accounts/Rhynchocephalia/classification/#Rhynchocephalia
https://animaldiversity.org/accounts/Squamata/classification/#Squamata
/genome/18390
https://animaldiversity.org/accounts/Testudines/classification/#Testudines
/genome/13308
https://animaldiversity.org/accounts/Gymnophiona/classification/#Gymnophiona
/genome/16255
/genome/16255
https://animaldiversity.org/accounts/Salientia/classification/#Salientia
/genome/81559
/genome/98192
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