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Fertilization begins with binding and fusion of a sperm with the oocyte, a process that triggers a high

amplitude calcium transient which propagates through the oocyte and stimulates a series of

preprogrammed signal transduction events critical for zygote development. Identification of the

pathways downstream of this calcium transient remains an important step in understanding the basis

of zygote quality. The present study demonstrates that the calcium-calmodulin sensitive protein

tyrosine kinase PYK2 is a target of the fertilization-induced calcium transient in the zebrafish oocyte

and that it plays an important role in actin-mediated events critical for sperm incorporation.

At fertilization, PYK2 was activated initially at the site of sperm–oocyte interaction and was closely

associated with actin filaments forming the fertilization cone. Later PYK2 activation was evident

throughout the entire oocyte cortex, however activation was most intense over the animal hemisphere.

Fertilization-induced PYK2 activation could be blocked by suppressing calcium transients in the

ooplasm via injection of BAPTA as a calcium chelator. PYK2 activation could be artificially induced in

unfertilized oocytes by injection of IP3 at concentrations sufficient to induce calcium release.

Functionally, suppression of PYK2 activity by chemical inhibition or by injection of a dominant-

negative construct encoding the N-terminal ERM domain of PKY2 inhibited formation of an organized

fertilization cone and reduced the frequency of successful sperm incorporation. Together, the above

findings support a model in which PYK2 responds to the fertilization-induced calcium transient by

promoting reorganization of the cortical actin cytoskeleton to form the fertilization cone.

& 2012 Elsevier Inc. All rights reserved.
Introduction

Fertilization triggers a series of preprogrammed biochemical
steps in the oocyte, which function to establish a block to
polyspermy, activate zygote metabolism, and initiate resumption
of the meiotic cell cycle and zygote development. An early step in
this process is the transient elevation of intracellular free calcium.
This fertilization-induced calcium transient is common to oocytes
of all species examined including organisms as primitive as the
sponge and as complex as mammals (Runft et al., 2002; Whitaker,
2006). While species differences exist in the subcellular distribu-
tion, timing, and biochemical triggers for these calcium transients,
the downstream responses are similar among species. Studies in a
variety of models have demonstrated that members of the
calcium-calmodulin-dependent kinase family play a critical role
in meiosis resumption and metabolic activation (Chang et al.,
2009; Miyazaki and Ito, 2006; Ozil et al., 2005). However other
ll rights reserved.

).
calcium sensitive proteins such as synaptotagmin and calcineurin
are activated at fertilization and play important roles as well
(Leguia et al., 2006;Nishiyama et al., 2007). In addition to path-
ways regulated directly by calcium, multiple downstream protein
kinase-mediated pathways are stimulated indirectly following the
calcium transient. Protein tyrosine kinase-mediated events result
in phosphorylation of cytoskeleton-associated proteins in the
oocyte cortex (McGinnis et al., 2007; Sharma and Kinsey, 2006;
Wright and Schatten, 1995) in species ranging from sea urchins to
mouse. Src-family kinases (SFKs) including Fyn kinase were
recently shown to become localized to the oocyte cortex in marine
invertebrates (Sharma and Kinsey, 2006; Townley et al., 2009),
zebrafish (Sharma and Kinsey, 2006, 2008), frogs (Sakakibara et al.,
2005) and mammals (Levi et al., 2010). Fyn kinase was also found
to function in maintenance of cortical cytoskeleton polarity in
mouse oocytes and to contribute to the process of pronuclear
congression (Luo et al., 2010). In the zebrafish oocyte, SFK
activation and tyrosine phosphorylation of proteins associated
with the cortical actin layer was initiated at the fertilization cone
and propagated through the entire oocyte cortex in a manner
temporally correlating with the calcium transient (McGinnis et al.,
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2011; Sharma and Kinsey, 2006). However, our inhibitor studies
(unpublished) revealed that suppression of SFK activity did not
abolish the fertilization-induced wave of tyrosine kinase signaling
suggesting that other PTKs may be part of the response to
fertilization.

Our analysis of the PTKs that respond during egg activation
revealed the presence of a calcium-calmodulin (Kohno et al.,
2008) dependent protein tyrosine kinase activity in the zebrafish
oocyte plasma membrane which we now have identified as
proline-rich tyrosine kinase-2 (Pyk2), (also referred to as;
cell-associated kinase-beta (CAK-b), calcium-dependent tyrosine
kinase (CADTK), related adhesion focal tyrosine kinase (RAFTK)).
PYK2 is a member of the focal adhesion kinase (FAK) family of
protein kinases. Like FAK, PYK2 is activated initially through a
range of stimuli including growth factors, cytokines, integrin
ligation and G-coupled receptor agonists (Orr and Murphy-
Ullrich, 2004). PYK2 is unique in that full activation requires
participation of calmodulin and elevated intracellular calcium
(Wu et al., 2006) and, in many cases, participation of a Src-family
kinase (Cheng et al., 2002; Sorokin et al., 2001). PYK2 and FAK are
cytoplasmic protein tyrosine kinases that transduce signals from
cell surface receptors to cytoplasmic pathways through their
unique capability as scaffolding proteins as well as through their
kinase activity. The 129 kDA PYK2 protein consists of multiple
protein interaction domains reviewed (Schlaepfer et al.,1999)
such as an N-terminal Ezrin, Radixin, Moesin (ERM) homology
domain that includes a calmodulin binding site. The single
catalytic site is followed by two proline-rich domains that include
SH3 and SH2 binding sites critical to docking functions of the
protein. The C-terminal Focal Adhesion Targeting (FAT) domain
functions during docking interactions with cytoskeletal compo-
nents such as paxillin and talin. These diverse protein interaction
domains enable PYK2 to integrate a wide variety of extracellular
and intracellular signals to regulate Rho activity (Okigaki et al.,
2003) and implement actin cytoskeleton functions relating to
cell–cell junction turnover (Sun et al., 2011), cell process forma-
tion (Gil-Henn et al., 2007) and phagocytosis (Owen et al., 2007).
PYK2 can also function in more complex events such as mechan-
ical and osmotic stress response (Koh et al., 2001; Klemm et al.,
2010; Takahashi et al., 2003), proliferation (Cox et al., 2006), and
survival (Hanks et al., 2003).

The mouse oocyte expresses certain Src-family and FAK-family
kinases at levels much higher than most other cell types
(McGinnis et al., 2011) suggesting that these two kinase families
play important roles in the function of mammalian oocytes and
possibly oocytes of other species as well. We have previously
detected FAK kinase activity in zebrafish zygotes and early
embryos (Tsai et al., 2005), but that study made use of antibodies
targeting the C-terminal domain of FAK which are unable to
detect the closely related PYK2 kinase. As a result, the potential
role of PYK2 in zebrafish fertilization has remained an unsolved
question. The present study has examined the subcellular
distribution and activation of PYK2 kinase during fertilization of
the zebrafish oocyte with the objective of defining this novel
element of the calcium-regulated pathways that are activated by
the fertilizing sperm. The results demonstrate that PYK2 is a novel
component of the response of the oocyte during fertilization.
It was found to be activated initially at the micropyle and
subsequently throughout the entire oocyte cortex in response to
the fertilization-induced calcium transient. Functional analysis
revealed that PYK2 was involved in cytoskeletal rearrangements
necessary for sperm incorporation. The discovery of this new
component of the oocyte activation pathway provides an impor-
tant link between the fertilization-induced calcium transient and
the changes in the actin cytoskeleton which occur in response to
fertilization.
Materials and methods

Oocytes

Oocytes were collected from mature Danio rerio and main-
tained in filtered (0.2 mM) salmon ovarian fluid (Siripattarapravat
et al., 2009) or Hank’s-BSA (Westerfield, 2007) at 28 1C, while
sperm were maintained on ice in sperm extender solution (Lee
et al., 1999). Fertilization was accomplished by mixing the sperm
(5 ml) with the eggs, then activating the sperm by addition of 1 ml
of aquarium water. After the eight cell stage, embryos were
transferred into Tubingen E3 medium for culture (Brand et al.,
2002). The effect of PYK2 inhibitors AG17 and AG82 (EMD
Millipore, Billerica, MA) and PF04594755 (a generous gift from
Pfizer, Inc. Groton, CT) on the capacity of oocytes to be fertilized
was determined by fertilization assays. The above inhibitors were
added to groups of 20–25 oocytes maintained in 35 mM culture
plates containing Hanks-BSA and incubated for 45 min. Oocytes
were then washed twice with Hanks-BSA, the Hanks-BSA was
removed, and 2.5 ml of a 10% vol/vol sperm suspension was added
followed by 1 ml of aquarium water to activate sperm motility.
Development was allowed to occur to the pronuclear stage
15 min post-insemination (m.p.i.) or to the early cleavage stage
(90 m.p.i) and zygotes were fixed in a solution of 4% paraformal-
dehyde, 0.1% glutaraldehyde, sucrose (4% wt/vol), NaH2PO4

(50 mM) pH 7.2. The animal pole of each zygote was then
dissected free with a scalpel and stained with DAPI in sucrose
(4% wt/vol), NaH2PO4 (50 mM) pH 7.2, glycine (10 mM), and NP40
(0.5%). Successful fertilization was assayed by imaging the animal
caps by fluorescence microscopy at 20� and quantifying the
number of oocytes with 2 pronuclei (indicative of sperm penetra-
tion) or the number of blastomere nuclei (indicative of successful
cleavage).

Membrane preparation and western blot analysis

To overcome the difficulties of analyzing the yolk-rich zebra-
fish oocyte, western blot detection was performed using the
plasma membrane fraction isolated via density gradient centrifu-
gation (Wu and Kinsey, 2004). Samples were prepared from
groups of 500–600 oocytes collected at different times after
fertilization using solutions that contained the phosphatase
inhibitors sodium orthovanadate (100 mM) and phenylarsine
oxide (40 mM) (Sigma Aldrich, St. Louis, MO.). Samples containing
10 mg protein were resolved by electrophoresis on a 10% SDS gel
and transferred to Nytranþmembranes (EMD Millipore, Billerica,
MA) in transfer buffer containing 0.1% SDS. After blocking in 5%
dried milk (BioRad Labs, Hercules, CA) containing the above
phosphatase inhibitors, blots were probed with a rabbit poly-
clonal antibody directed against a region of the C-terminal
domain of human PYK2 ((P3902) Sigma Aldrich, St Louis, MO),
or with phosphorylation site-specific antibodies anti-PYK2-PY402,
or anti-PYK2-PY579 (Biosource, Grand Island, NY) and detected
with peroxidase-coupled anti-rabbit IgG (Sigma Aldrich, St. Louis,
MO) then imaged via chemiluminescence. Band intensity was
quantified by densitometric scanning and analyzed with Meta-
morph 7.1 software (Molecular Devices, Sunnydale, CA).

Immunofluorescence microscopy

Zebrafish eggs, and zygotes were prepared for immunofluor-
escence as previously described (Sharma and Kinsey, 2006).
Where possible, the chorion was dissected away manually prior
to permeabilization and blocking, however, in cases where the
fertilization cone was to be imaged, the chorion was left in place
to avoid destruction of this fragile structure and instead, the fixed
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chorion was penetrated multiple times with an injection micro-
pipette to facilitate antibody penetration. In cases where pronu-
clei were to be imaged, glutaraldehyde (0.1%) was added to the
fixative. The phosphatase inhibitors sodium orthovanadate
(100 mM) and phenylarsine oxide (40 mM) were included during
the fixation and blocking steps. Primary antibodies used included
the rabbit anti-PYK2 C-terminal antibody as well as the QJ;anti-
PYK2-PY402, anti-PYK2-PY579 antibodies described above. Second-
ary antibodies used include goat-anti-mouse IgG-Alexa-fluor 488
and goat-anti-rabbit IgG-Alexa-fluor 488 (Invitrogen, Carlsbad,
CA). Filamentous actin was labeled with alexa 568-phalloidin
(Invitrogen, Carlsbad, CA). Nuclei were stained with Hoechst
33258 or with ethidium homodimer (Invitrogen, Carlsbad, CA).

Microinjection and calcium imaging

Oocytes were immobilized either with an oocyte injection
chamber (Lee et al., 1999) or with a suction pipette then injected
with 1–5 nl volumes using beveled glass micropipettes as
described (Sharma and Kinsey, 2008) driven by a picospritzer II
(General Valve Co. Brookshire, TX). Fusion proteins or fluorescent
probes were dissolved in injection buffer consisting of KCl,
0.15 M; NaCl, 3 mM; KH2PO4, 10 mM (pH 7.2); glutathione,
1 mM; sucrose, 80 mM; and EGTA, 10 nM. In order to detect
changes in [Ca2þ]i, oocytes were injected with calcium green-
dextran (InVitrogen, Carlsbad, CA) to achieve intracellular
concentrations of approximately 0.5 mM. In some experiments, a
calcium clamping buffer consisting of Tris, 10 mM; BAPTA,
20 mM; and CaCl2, 12 mM was used to block the fertilization-
induced calcium transient (Creton et al., 1998; Sharma et al.,
2005). The oocytes were then monitored by confocal fluorescence
microscopy on a Nikon TE2000U microscope using a 488 nm
Spectra Physics (Mountainview, CA) laser. Emitted fluorescence
images were recorded at 15 s intervals and the fluorescence
intensity of the zygote was quantitated from digital images by
centering an elliptical measurement area over the entire zygote as
described (Sharma and Kinsey, 2008) average pixel density was
calculated by Metamorph 7.1 (Molecular Devices, Sunnydale, CA).

Preparation of GST fusion proteins

A GST fusion protein encoding the N-terminal ERM domain of
human PYK2 (PERM domain) was prepared by PCR amplification
from a kinase inactive human PYK2 plasmid (Origene catalog
#SC323519). This was used since the human PYK2 ERM domain
is over 70% identical to that of zebrafish (Lo et al., 2003).
Fig.1. Detection of PYK2 in the oocyte plasma membrane; effect of fertilization. Plas

western blot and probed with an antibody to the mammalian PYK2 protein, anti-PY402, a

A). To detect changes in PYK2 phosphorylation after fertilization, plasma membrane s

were probed with the anti-PYK2 protein antibody and with the anti-PY579 antibody (pa

the plasma membrane changed in response to fertilization. Band intensity (‘Materials a

PYK2 labeled bands in samples from five membrane preparations and is presented as
The forward primer (50TGAATTCAATGTCTGGGGTGTCCGAG 30)
and the reverse primer (50TGCTCGAGGTTTAGCATGGGGAT 30)
contained EcoR1 and Xho1 sites respectively. After amplification
with PFU polymerase, the product was ligated into pGEX 4T3
(Agilent Technologies, Santa Clara, CA), expressed as a fusion
protein, and purified as previously described (Kinsey and Shen,
2000). Fusion proteins were dialyzed into injection buffer and
adjusted to 15–20 mg/ml protein.
Results

Fertilization triggers activation of PYK2 associated with the oocyte

plasma membrane

Fertilization triggers localized activation of Src-family and
other (as yet not identified) protein tyrosine kinases which are
tightly associated with the egg plasma membrane or underlying
actin cytoskeletal complex (Sharma and Kinsey, 2006). Plasma
membrane fractions from unfertilized oocytes exhibit very little
SFK activity but do contain an activity that can be stimulated by
addition of calcium and calmodulin (Supplemental Fig. 1). The
apparent Mr of this activity based on electrophoretic mobility
(approximately 120 kDA) is similar to the predicted Mr (114 kDA)
of zebrafish PYK2 (Lo et al., 2003) which prompted us to test for
the presence of PYK2 protein expression via western blot. PYK2
was not detectable in oocyte homogenates due to its low abun-
dance in the yolk-rich ooplasm, but it was detected in purified egg
plasma membranes (Wu and Kinsey, 2000, 2004) when probed
with an antibody directed against amino acids 991–1009 of
human PYK2, as well as phosphorylation site specific antibodies
directed against PYK2 phosphorylated on tyrosine 402 (Y402) and
579 (Y579) (Fig. 1A). As mentioned above, PYK2 activation involves
autophosphorylation of Y402 which acts as a docking site for Src or
Fyn which further increase PYK2 activation by phosphorylating
Y579. The phosphorylation state of these tyrosines has often been
used to report the relative activation state of PYK2 in numerous
systems (Dikic et al., 1996), and we used a combination of the
anti-PYK2 protein antibody and anti-PY579 antibody to determine
whether fertilization resulted in a change in amount or activation
state of PYK2 associated with the egg plasma membrane fraction.
The result presented in Fig. 1B provides a typical example
of the effect of fertilization on the PYK2 protein and PYK2 PY579

present in plasma membrane fractions purified at different times
post-insemination. Fertilization resulted in accumulation of PYK2
ma membrane fractions prepared at 7.5 min post-fertilization were analyzed by

nti-PY579, or with control rabbit IgG as described in ‘Materials and Methods’ (panel

amples prepared before (UF) and at 1, 2.5, and 10 min post-insemination (m.p.i.),

nel B) to establish whether the amount or activation state of PYK2 associated with

nd Methods’) of the PYK2 PY579 labeled material in panel B was normalized to the

a bar graph in panel C þ/� S.E.M.
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protein as well as the phosphorylated PYK2 PY579 in plasma
membrane fractions beginning as early as 2.5 m.p.i. When the
PYK2 PY579 band intensities were normalized for the amount of
PYK2 protein per lane, it became obvious that the ratio of PYK2
PY579 to PYK2 protein also increased as a result of fertilization.

Immunofluorescence localization of PYK2 activity

The zebrafish oocyte is a highly polarized cell and in order to
determine whether fertilization-induced PYK2 activation occurred
uniformly or asymmetrically in the egg plasma membrane,
we used the anti-PYK2 protein and the anti-PY579 antibody to
detect activated and total PYK2 by confocal immunofluorescence.
Oocytes were fixed before and at different times after fertilization
and processed under conditions that prevent phosphatase degra-
dation of phosphoproteins. As seen in Fig. 2, active PYK2-PY579

was virtually undetectable prior to fertilization despite the fact
that PYK2 protein was easily detected concentrated near the
oocyte surface and in punctate foci deeper in the cortical cyto-
plasm (Fig. 2, ‘unfertilized’ panels). Within a short time (2.5 m.p.i.),
phosphorylated PYK2 PY579 was obvious at the site of the devel-
oping fertilization cone and by 4.5 min post-insemination, PYK2
activation had propagated through the cortical cytoplasm to the
Fig. 2. Localization of activated PYK2 in the fertilized oocyte. Oocytes were fixed befor

anti-PYK2-PY579 (upper panels) which would detect the activated form of PYK2 or w

protein. Bound antibody was detected with alexa 488-coupled secondary antibody (gre

antibody diffusion, it was punctured multiple times with a micropipette after fixation o

later). Magnification is indicated by the bar which represents 100 mm.
vegetal pole. Later (10 m.p.i.), active PYK2 PY579 was broadly
distributed throughout the egg cortex but was more concentrated
at the animal pole associated with the developing blastodisc.
The pattern and timing of PYK2-PY579 immunofluorescence was
observed consistently in oocytes recovered from at least 10
different females. Antibodies directed against other tyrosine
phosphorylation sites of PYK2 (PYK2-PY402, PYK2-PY580) exhibited
a similar pattern of immunofluorescence, however the PYK2-PY579

antibody produced the most intense labeling. In contrast to the
localized distribution of activated (phosphorylated) PYK2, the
total pool of PYK2 in the oocyte was distributed fairly evenly
within the oocyte cortex (Fig. 2, lower panels). This result
indicates that fertilization initially triggers activation of only a
small portion of the total PYK2 pool near the site of sperm entry.
While PYK2 and activated PYK2 were fairly uniformly distributed
throughout the oocyte cortex at 4.5 m.p.i., both active and total
PYK2 pools became progressively concentrated over the blastodisc
at 10 m.p.i. The concentration of PYK over the blastodisc is similar
to that reported in our earlier study of Fyn and other Src family
kinase activation (Sharma and Kinsey, 2006, 2008).

Closer examination of the activation of PYK2 during the ear-
liest stages of fertilization revealed that this kinase was initially
activated diffusely in the region of clear cytoplasm that forms
e and 2.5, 4.5, and 10 m.p.i., then processed for immunofluorescence, labeled with

ith anti-PYK2 peptide (lower panels) which would detect the total pool of PYK2

en) as described in ‘‘Materials and Methods’’. Since the chorion formed a barrier to

r removed by dissection in samples fixed after it was fully elevated (10 m.p.i. and
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near the micropyle and will later form the blastodisc (Fig. 3A–C).
The earliest stages of fertilization cone formation appear as a
conical protrusion characterized by the presence of accumula-
tions of bundled actin filaments that likely provide support for
this cytoplasmic protrusion (Fig. 3D). Activated PYK2 became
more concentrated and closely associated with these actin
filament bundles supporting the structural reinforcement of the
fertilization cone (Fig. 3E and F).

The distribution of activated PYK2 during early embryonic
development was also examined by confocal immunofluorescence
(Fig. 4). At the first mitotic cleavage, activated PYK2 remained
associated with the blastomere cortex, however examination of a
number of embryos at multiple focal planes indicated that
activated PYK2 was largely excluded from the base of the cleavage
furrow (Fig. 4, left). Early blastula stage embryos exhibited PYK2
activation at the apical region of the enveloping cell layer (EVL),
(Fig. 4, center) while careful observation detected very little
staining within the deeper cell layers. At epiboly, immunofluor-
escence labeling of activated PYK2 within the EVL was of sub-
stantially higher intensity (Fig. 4, right).
Fig. 3. PYK2 activation co-localized with actin cytoskeletal reorganization. Oocytes w

565—phalloidin (red) and anti-PYK2-PY579 followed by alexa 488-goat anti-rabbit IgG (

phosphorylated PYK2 in the green channel (B and E), or the merged red and green chan

interpretation of the references to color in this figure legend, the reader is referred to

Fig. 4. PYK2 activation during cleavage and epiboly. Developing embryos were collecte

anti-PYK2 PY579 as in Fig. 2. Magnification is indicated by the bar which represents 10
Role of calcium signaling in PYK2 activation at fertilization

PYK2 is unique among protein tyrosine kinases in that, in the
presence of calmodulin, it can be activated by elevated cytoplas-
mic calcium (Kohno et al., 2008; Wu et al., 2006; Xie et al.,
2008;Yamamoto et al., 2008) leading to phosphorylation of
tyrosines Y579 and Y580. This property raised the possibility that
PYK2 could respond to the fertilization-induced calcium wave
triggered by fertilization. Zebrafish oocytes parthenogenically
activated by hypotonic shock induced by exposure to aquarium
water without sperm also exhibit a high amplitude calcium
transient, and we observed that PYK2 was also activated in the
cortex of these oocytes as well (not shown), suggesting that the
calcium transient alone might activate PYK2. In order to test
whether an artificially induced calcium transient was sufficient to
trigger activation of PYK2 in the absence of sperm, unfertilized
oocytes were injected with IP3 to induce a calcium transient
(Lee et al., 2003), then the effect on PYK2 activation was assessed
by immunofluorescence. IP3 was added to injection buffer at
25 mM then injected into oocytes to produce a final intracellular
ere fixed at 1.0 (panels A–C) and 2.5 m.p.i.(panels D–F), then labeled with alexa

green). Confocal images are displayed showing actin in the red channel (A and D),

nels (C and F). Magnification is indicated by the bar which represents 100 mm. (For

the web version of this article.)

d at 55, 120, and 240 m.p.i., then processed for confocal immunofluorescence with

0 mm.



D. Sharma, W.H. Kinsey / Developmental Biology 373 (2013) 130–140 135
concentration of 0.25 mM. The injected oocytes were maintained
in Hank’s-BSA, so they did not experience hypotonic shock. After
IP3 injection, oocytes were fixed and processed for confocal
immunofluorescence with the anti-PY579 antibody to determine
the extent to which PYK2 was activated. The effectiveness of the
IP3 and other treatments was assessed in a separate group of
oocytes pre-loaded with calcium green-dextran and used to
record calcium-induced fluorescence after each treatment
(Fig. 5, lower panels). As seen in Fig. 5A, injection buffer alone
did not stimulate PYK2 and had little effect on calcium-induced
fluorescence. However, IP3 induced an immediate and intense
activation of calcium-induced fluorescence and activated PYK2
throughout the entire oocyte cortex within 2.5 min of injection
(Fig. 5B). In order to test whether the fertilization-induced
calcium transient was required to induce PYK2 activation at
fertilization, a BAPTA-containing calcium clamping buffer
designed to hold intracellular calcium at basal levels (Creton
et al., 1998) was used to block the calcium transient during
in vitro fertilization. As seen in Fig. 5C, the clamping buffer
suppressed most but not all of the fertilization-induced activation
of PYK2 in the oocyte cortex as detected by anti-PYK PY579

labeling. As indicated by the arrow, many BAPTA-injected oocytes
exhibited some localized PYK2 activation even though the global
cortical increase in PYK2 PY579 labeling was blocked. This could
Fig. 5. Effect of changes in intracellular calcium on PYK2 activation state in the zebrafish

increasing intracellular calcium levels Oocytes were injected with injection buffer only as

increase in intracellular free calcium levels. The control and IP3-injected oocytes were mai

of the fertilization-induced calcium transient would block PYK2 activation in response to fe

mixture of sperm and aquarium water, followed by fixation at 4.5 m.p.i. Oocytes were then

and images representative of three experiments performed with five oocytes in each grou

labeling. Arrows in panel C point out the position of the micropyle. In separate experiments

calcium signaling (bottom panels), oocytes were first preloaded with 50 mM calcium-green

induced fluorescence recording was begun, and a second injection with injection buffer (

clamping buffer followed by in vitro fertilization (panel C, bottom) was performed after a ba

depicted graphically in the bottom panels which show patterns representative of the five

color in this figure legend, the reader is referred to the web version of this article.)
be explained by the fact that the calcium transient was not
completely suppressed by BAPTA as seen by calcium green
fluorescence in the bottom panel. In addition, the fact that most
BAPTA-injected oocytes exhibited partial elevation of the chorion
suggests that some calcium release and cortical granule exocy-
tosis did occur during fertilization in vitro. Nonetheless, the fact
that IP3-mediated calcium release in the oocyte can stimulate
PYK2 activation, together with the observation that suppression
of the fertilization-induced calcium transient blocked PYK2 acti-
vation almost completely, suggests that PYK2 is normally acti-
vated in the oocyte as a direct response to the calcium transient.

Effect of PYK2 suppression on fertilization and cleavage

In order to establish whether PYK2 played a significant role in
fertilization, chemical inhibitors reasonably selective for PYK2, as
well as a dominant-negative GST fusion protein encoding the
N-terminal ERM domain of PYK2 (GST-PERM), were used to sup-
press this kinase in unfertilized oocytes. The impact of PYK2
suppression on fertilization was tested by inseminating the treated
oocytes and quantifying the success of sperm incorporation and
cleavage. The tyrphostin compound AG17 ((3,5-di-t-butyl-4-hydro-
xybenzylidene)-malononitrile; alpha-cyano-(3,5-di-tertbutyl-4-
hydroxy) cinnamonitrile), also referred to as tyrphostin A9, has
oocyte. In order to establish whether oocyte PYK2 could be activated by artificially

a control (A) or with injection buffer containing 25 mM IP3 (B) to artificially drive an

ntained in Hanks-BSA for 4.5 min then fixed. In order to establish whether prevention

rtilization, oocytes were injected with calcium clamping buffer (C) then fertilized by a

prepared for immunofluorescence detection of activated PYK2 with anti-PYK2-PY579

p are presented with green fluorescence representing the distribution of PYK2-PY579

designed to confirm that the above treatments had the desired effect on intracellular

dextran, and allowed to recover for 30 min. The injection pipet was replaced, calcium

Panel A, bottom), injection buffer with 25 mM IP3 (Panel B, bottom), or with calcium

seline was established. The relative change in calcium green fluorescence over time is

oocytes from each group that were recorded. (For interpretation of the references to
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been shown to inhibit PYK2 activation in cultured cells. However,
because AG17 also inhibits other kinases (see discussion), it has
been used in combination with the structurally similar AG82
(tyrphostin A25) which preferentially inhibits FAK kinase (Liu
Fig. 6. Effect of PYK2 inhibitors on fertilization. Oocytes were treated with AG17, PF04594

BSA. Other groups were injected with different concentrations of GST-PERM or GST fusion

assess sperm incorporation by the presence of male and female pronuclei, and at 90 m.p.i
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were pretreated with the inhibitors, then washed prior to fertiliza-
tion to avoid possible effects on sperm motility. Successful fertiliza-
tion was assayed by quantifying sperm penetration (2 or more
pronuclei) and by quantifying successful cleavage (2 or more
blastomeres with visible nuclei). The results (Fig. 6) revealed that
AG17 and PF04594755 blocked fertilization as determined by the
absence of two pronuclei assessed at 15 m.p.i. and by the reduction
in cleavage frequency assessed at 90 m.p.i. In order to provide an
alternative method of suppressing PYK2 activity without the possi-
ble side effects of chemical inhibitors, dominant-negative PYK2
constructs have been used in a number of systems. For example,
GST-fusion proteins encoding protein domains with dominant-
negative action in vivo have proven useful in fertilization studies
(Calliau and Browaeys-Poly, 2009) where knockdown experiments
are less effective because oocytes often express and store signal
transduction proteins before oocyte maturation. The GST-PERM
fusion protein has been shown to block PYK2 oligomerization
needed for full kinase activation (Riggs et al., 2011). When delivered
by microinjection of unfertilized oocytes, the GST-PERM protein had
an effect on fertilization similar to that of AG17 and PF04594755
although complete inhibition of fertilization and cleavage could not
be achieved with this reagent. Morphological examination of
oocytes in which development was suppressed following injection
of the GST-PERM revealed a failure to develop the normal pyrami-
dal-shaped, actin-rich fertilization cone after fertilization (Fig. 7).
Cytoplasmic clearing and accumulation of filamentous actin (phal-
loidin positive material) occurred near the micropyle (arrow),
however the well defined pyramidal fertilization cone structure
(as shown in Figs. 2 and 3) did not occur. None of the treatments
disrupted the pre-existing filamentous actin layer extending in the
oocyte cortex from animal pole to vegetal pole, so it appears likely
that PYK2 suppression blocked reorganization of the actin cytoske-
leton needed during fertilization cone formation.
Discussion

Fertilization involves a series of signaling events a key com-
ponent of which involves IP3-mediated release of intracellular
calcium from internal stores (Runft et al., 2002; Whitaker, 2006).
The calcium transient delivers a global signal for egg activation
acting through the calcium-calmodulin dependent kinase to
trigger the cortical reaction as well as cell cycle control events
needed to release the oocyte from meiotic arrest and initiate
zygote development (Ducibella and Fissore, 2008). The findings
presented here identify PYK2 as a novel component of the
calcium-induced responses to fertilization. PYK2 is activated early
in the response of the oocyte to the fertilizing sperm and becomes
associated with the oocyte plasma membrane and with cytoske-
letal elements within the fertilization cone. PYK2 activity plays a
significant role in events leading upto incorporation of the sperm
nucleus and subsequent development.

PYK2 was initially detected in zebrafish as a cDNA (AJ490510)
and later confirmed (Lo et al., 2003) to encode a 1004 amino acid
polypeptide that is 67% homologous to the human protein. The
predicted zebrafish sequence contains all of the major functional
domains (ERM, catalytic, proline-rich and FAT) of PYK2 with 70%–
100% homology to the human sequence. PYK2 expression in
zebrafish oocytes was initially detected in the present study by
analysis of a calcium-sensitive protein tyrosine kinase activity in
purified plasma membrane fractions and confirmed by western
blot analysis using an antibody directed against the C-terminal
domain of human PYK2 which is 79% identical to the zebrafish
sequence (Lo et al., 2003). Western blots prepared from whole egg
homogenates were inconclusive since high molecular weight yolk
proteins obscured any signal from PYK2, however the kinase was
easily detected in a plasma membrane fraction purified by
sucrose gradient which also contains a large amount of
membrane associated actin. Fertilization was accompanied by
rapid accumulation of PYK2 protein in the membrane fraction as
detected by western blots. Furthermore the ratio of phosphory-
lated (PYK2 PY579) increased as well indicating that PYK2 was
recruited to the plasma membrane and further phosphorylated in
response to fertilization. The results derived from western blots
were consistent with those obtained by immunofluorescence
which appeared to show a fertilization-dependent increase in
the amount of PYK2 protein and PYK2 PY579 concentrated in the
oocyte cortex or plasma membrane. Phosphorylation of tyrosine
579 as well as tyrosines 402 and 580 is indicative of PYK2
activation as the initial autophosphorylation of tyrosine 402
occurs in response to cell surface stimuli, and the subsequent
protein dimerization and transphosphorylation of tyrosines 579
and 580 occurs during full kinase activation (Orr and Murphy-
Ullrich, 2004). The role of calcium/calmodulin and Src family
kinases such as Src, Fyn, and Yes in phosphorylation of these sites
seems to vary by cell type to cell type(Keogh et al., 2002; Chen
et al., 2011), although it is clear that phosphorylation of these
sites correlates well with kinase activation.

The most striking observation resulting from the immuno-
fluorescence analysis was that within minutes after insemination,
PYK2 activation occurred specifically in the newly forming ferti-
lization cone and later spread throughout the entire oocyte
cortex. The fact that activated PYK2 was so clearly associated
with the actin pyramidal structures forming the body of the
fertilization cone suggested that PYK2 might be involved in
regulating cytoskeletal remodeling needed to produce this struc-
ture which physically tethers and later draws the fertilizing
sperm into the egg cytoplasm. As the cortical reaction progressed
laterally through the egg cortex, PYK2 activation also was propa-
gated through the cortex toward the vegetal pole although not in
association with any large cell processes. The pattern of localiza-
tion and activation exhibited by PYK2 resembles that of SFKs
which were previously shown to become activated in the fertili-
zation cone and later in the oocyte cortex (Sharma and Kinsey,
2006, 2008). Once the blastodisc formed, the total pool of both
active and inactive PYK2, as well as the Src-family kinases was
concentrated in the cortical region of the blastodisc, likely a result
of cytoplasmic streaming.

PYK2 association with cell processes has been observed in
several cell types including podosomes of osteoclasts (Gil-Henn
et al., 2007), laemellipodia of macrophages (Okigaki et al., 2003),
uropod processes as well as target-cell contact regions of NK cells
(Sancho et al., 2002), and focal adhesions and stress fibers of
vascular endothelial cells (Tang et al., 2000). PYK2 associates with
a variety of cytoskeletal associated proteins including p130cas, Src,
Cbl, integrins, gelsolin, and paxillin (Ivankovic-Dikic et al.,2000), but
the specific functions in modifying actin-based cell processes is not
well understood. Suppression of PYK2 pharmacologically (Block
et al., 2011) or by gene knockout has resulted in decreased motility
and process formation (Gil-Henn et al., 2007). SFKs such as Src and
Fyn have been shown in other model systems to be involved in
docking interactions with PYK2 and FAK and participate in the
activation of these kinases (Park et al., 2004), so it is not surprising
that they are activated at the same time and in the same place. The
simultaneous activation of PYK2 and SFKs in the fertilization cone
and oocyte cortex may reflect a multistep co-activation pathway
(Orr and Murphy- Ullrich, 2004) in which PYK2 activation stimulates
SFK activation which phosphorylates PYK2 docking sites involved in
cytoskeletal interactions that enable PYK2 to promote assembly of
actin filament bundles in this highly motile, cell process.

As the fertilized oocyte began to accumulate clear cytoplasm
at the blastodisc, activated PYK2 was concentrated in the cortex
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and plasma membrane over one side of the blastodisc. This
asymmetry was retained at the two cell stage and may simply
represent persistence of fertilization cone cytoskeletal elements
in this region or it may reflect a functional polarity of the zygote
cortex. The pre-compaction blastula exhibited only modest PYK2
activation, however as epiboly began, PYK2 was intensely
activated in the outermost cell layer (epiblast) in a manner
similar to that reported for FAK (Crawford et al., 2003). The early
morphogenetic movements of the zebrafish blastula have been
shown to involve intense calcium signaling events (Creton et al.,
1998; Freisinger et al., 2008; Reinhard et al., 1995; Sharma et al.,
2005; Slusarski and Corces, 2000; Webb and Miller, 2000), and it
is likely that PYK2 is responding to calcium signals that are part of
that important mechanism. Activation of PYK2 in the cortex of the
oocyte and in the EVL of the blastula provides a potential
mechanism by which calcium signals may be transduced in the
cytoskeleton of these developmentally important structures.

The timing and pattern of PYK2 activation in the zebrafish
oocyte suggested that this kinase may respond to the
fertilization-induced calcium transient. PYK2 is unique among
protein tyrosine kinases in that its activation requires calcium and
calmodulin (Kohno et al., 2008). In other systems, the source of
calcium for PYK2 activation is usually considered to be plasma
membrane cation channels such as the L-type voltage gated
calcium channel in gonadotropes (Xie et al., 2008), or the TRPM2
channel in monocytes (Yamamoto et al., 2008). The fact that PYK2
was artificially activated following parthenogenic activation by
hypotonic shock in the absence of sperm (known to induce a
calcium transient) supported the possibility that the calcium
transient might be a trigger for PYK2 activation in the oocyte.
Injection of IP3 into quiescent oocytes lacking stimulation by
either sperm of hypotonic shock demonstrated that PYK2
can respond to IP3-mediated calcium release. The fertilization-
induced activation of PYK2 could be almost completely
suppressed by calcium chelation, suggesting that the calcium
transient is the primary trigger for PYK2 activation at fertilization.
However, the frequent detection of small regions of activated
PYK2 closely associated with the micropyle raises the possibility
that sperm–egg contact could also induce partial activation of
PYK2 in the egg even in the presence of BAPTA. For example, PYK2
has been shown to become activated in response to cell contact in
somatic cell models (Hashido et al., 2006). In the present series of
experiments, the rapidity of sperm–oocyte interactions in the
zebrafish system made it difficult to define whether PYK2 began
to respond to bound sperm prior to sperm–oocyte fusion or after
cytoplasmic continuity was established between the two
gametes. Identification of conditions that block gamete fusion in
this species will be required before this question can be fully
resolved.

The functional significance of PYK activation at fertilization
was studied by suppressing this kinase via chemical and
dominant-negative reagents and observing the impact on fertili-
zation. The close similarity between the catalytic domain of PYK2
and FAK (60% identity) has complicated development of an
inhibitor capable of discriminating between PYK2 and FAK.
However, compounds that exhibit preferential inhibition of
PYK2 over FAK have been used with some success. Tyrphostin
AG17 has been used in combination with the structurally similar
inhibitor AG82 to selectively block PYK2 function in cultured cells
(Fuortes et al., 1999). The recently developed PF04594755 com-
pound (Bonnette et al., 2010), a DFG (activation loop)-out inhi-
bitor exerts more specificity by interacting with allosteric sites
outside of the ATP binding pocket which are less well conserved
between PYK2 and FAK. When administered to 3T3 cells at a
concentration of 1 mM, PF04594755 inhibits PYK by 96% while
suppressing FAK by 42%. However, even this inhibitor has cross
specificity since it can inhibit TEK and FLT3 at levels similar to
PYK2. In order to control for the unavoidable non-specific effects
of the above inhibitors, a dominant-negative approach was also
used to block PYK2 function in vivo. The N-terminal ezrin, radixin,
moesin interaction domain (ERM) of PYK2 is approximately 58%
conserved between PYK2 and FAK and can bind to the catalytic
domain causing autoinhibition (Kohno et al., 2008). Despite
significant homology, the ERM domains of PYK2 and FAK are
functionally distinct, providing specificity of function unique to
each protein (Reiske et al., 2000). GST and GFP fusion proteins
encoding the ERM domain of FAK have been shown to exert a
dominant-negative effect in intact cells (Cooper et al., 2003;
Lipinski et al., 2005; Riggs et al., 2011) and we chose to inject
bacterially expressed GST-PERM protein in our study in order to
have more direct control of the intracellular concentration of
protein than can be obtained by mRNA injection. The results of
the inhibitor studies revealed that suppression of PYK2 in oocytes
by AG17 and PF04594755 treatment as well as by injection of the
GST-PERM protein significantly reduced the frequency of fertili-
zation. The GST-PERM protein was not as effective as the chemical
inhibitors in that it could not suppress fertilization by over 70%.
This difference may reflect the different mechanisms of inhibition
since the PERM domain involves protein–protein interaction
outside of the catalytic domain while the chemical inhibitors
bind directly to the ATP binding site or to the activation loop.
Structural differences between the human PERM sequence fused
to GST used here and the native zebrafish protein may also be a
factor. In any case, we carefully examined the morphology of
oocytes that failed to fertilize in order to determine which stage
of fertilization was disrupted. This examination revealed a high
frequency of abnormal or absent fertilization cones suggesting
that PYK2 was required for assembly or function of the fertiliza-
tion cone. Sperm incorporation in zebrafish eggs requires a robust
mechanism since the process occurs coincident with massive
surface disruptions resulting from the cortical reaction and
chorion elevation. As a consequence, the zebrafish fertilization
cone is relatively large and mobile with a core pyramidal
structure reinforced by a large array of bundled actin filaments
(Hart et al., 1992). The above results suggest that PYK2 is involved
in the assembly or bundling of these actin filaments forming the
fertilization cone without which sperm–egg contact might be
disrupted before the sperm head is sufficiently stabilized.

The present study of mature oocytes and zygotes does not rule
out other potential functions for PYK2 in oocyte development. For
example, a recent investigation of PYK2 in maturing mouse
oocytes revealed that active PYK2 was localized to the cortical
cytoskeleton and concentrated in the cleavage furrow during first
polar body emission. PYK2 was also detected in association with
perinuclear actin at the germinal vesicle stage (Meng et al., 2006).
We did not detect association of activated PYK2 with the
pronuclei of zebrafish zygotes or with mitotic nuclei in embryos
suggesting that this kinase may have functions unique to oocyte
maturation. Also, we were unable to detect activated PYK2 at the
base of the mitotic cleavage furrow however the close association
between PYK2 and the cortical actin cytoskeleton appear to be
conserved between zebrafish and mammals.

The initial activation of PYK2 at the fertilization cone as well as
the progressive activation of PYK2 in the fertilized oocyte cortex
correlates well with the activation pattern exhibited by SFKs
(Sharma and Kinsey, 2006, 2008) suggesting that they may be
activated in response to the same stimulus. The calcium-induced
activation of PYK2 has the potential to act as a signal leading to
activation of SFKs including FYN due to the docking interaction
between Y402 and the SH2 domain of Src or Fyn (Dikic et al., 1996).
In this model, stimulation of PYK2 by the calcium transient would
lead to partial activation and autophosphorylation at tyrosine 402
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which would interact with the SH2 domain of SFKs promoting
their ‘open’ configuration through an SH2 displacement mechan-
ism (Andreev et al., 2001; Schlaepfer et al., 1999; Park et al., 2004;
Wang and Reiser, 2003). Such a pathway may accelerate SFK
activation in the oocyte cortex, possibly in conjunction with
phosphatases such as rPTPa (Wu and Kinsey, 2002) which can
activate SFKs but are not calcium sensitive. Once activated, PYK2
would be expected to phosphorylate paxillin, p130CAS (Bonnette
et al., 2010) and ArfGTPase activating protein such as ASAP1
(Kruljac-Letunic et al., 2003), which have important functions in
cytoskeletal and membrane remodeling events.

PYK2 represents a novel component of the egg activation path-
ways triggered by fertilization. The fact that PYK2 is activated in the
immediate vicinity of sperm–oocyte interaction and its requirement
for fertilization cone formation and sperm incorporation place it
among the earliest responses of the oocyte to the fertilizing sperm.
The fact that PYK2 suppression blocks an early step of successful
fertilization will likely complicate analysis of other potential roles in
cytoskeletal remodeling later during zygote development, however
future studies involving intracytoplasmic sperm injection or artifi-
cial activation might be able to more precisely define the down-
stream actions of this calcium activated kinase and reveal additional
roles in zygote development.
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