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Introduction

The calcium ion (Ca2+) is a key regulator of numerous cellular 
functions in a myriad of cell types and tissues. These functions 
include cell cycle progression, cell proliferation, fertilization, 
neuronal plasticity, neurotransmission, gene expression, and cell 
death.1,2 The main sensor of Ca2+ is the small calcium-binding 
protein calmodulin (CaM). The Ca2+/CaM complex binds and 
regulates a number of proteins, including ion channels and pro-
tein kinases. Among these Ca2+/CaM-dependent protein kinases 
(CaMKs) are myosin light chain kinase (MLCK), phosphory-
lase kinase, and eEF2-kinase (also known as CaMKIII), which 
are dedicated kinases, i.e., they phosphorylate a single substrate. 
On the other hand, the multifunctional CaMK family, which 
comprises CaMKI, CaMKII, CaMKIV, and CaMK kinase 
(CaMKK), can phosphorylate many different substrates in a 
wide range of cell types.3

CaMKII is a 12-subunit holoenzyme comprised of homo- 
or heteromers of α, β, γ, and δ subunits encoded by 4 differ-
ent genes. CaMKI, CaMIV, and CaMKK, on the other hand, 
are monomeric and form the CaM kinase cascade, in which 
CaMKK phosphorylates and activates CaMKI and CaMKIV.4 
The CaMK family shares considerable sequence homology and 
domain structure. They all have an N-terminal catalytic domain 
and a central auto-inhibitory and Ca2+/CaM-binding domain. 

CaMKII also has a unique C-terminal association domain 
involved in multimerization of the holoenzyme.5 In terms of sub-
strate specificity, the consensus sequences for phosphorylation by 
CaMKI, CaMKII, and CaMKIV are quite similar, and hence 
these kinases sometimes phosphorylate the same substrates (for 
example cAMP-response element-binding protein [CREB]).5

One of the processes regulated by Ca2+ and CaM kinases is 
egg activation, a coordinated series of events that convert a fully 
differentiated egg into a cleavage-stage totipotent embryo.6 Upon 
sperm–egg binding and fusion, a sperm-specific phospholipase C 
(PLCζ) triggers an Ins(1,4,5)P

3
-mediated increase in intracellular 

Ca2+, which activates CaMKII and leads to metaphase II exit.7,8 
In vertebrates, metaphase II arrest is maintained by the activity 
of maturation-promoting factor (MPF), a heterodimer of cyclin 
B1 and cyclin-dependent kinase 1 (CDK1). Meiotic resumption 
requires the degradation of cyclin B by the anaphase-promoting 
complex/cyclosome (APC/C). The endogenous meiotic inhibi-
tor 2 (EMI2) is a protein that binds to and inhibits the APC/C 
activator CDC20. Upon fertilization, EMI2 is degraded, leading 
to APC/C activation, cyclin B degradation, and exit from meta-
phase II.9 The signaling pathway that connects fertilization with 
EMI2 degradation has been elucidated in frog. In Xenopus eggs, 
the calcium rise triggered by sperm activates CaMKII, which 
phosphorylates EMI2 and creates a site for phosphorylation by 
Xenopus Polo-like kinase 1 (Plx1). EMI2 phosphorylation by 
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CaMKIIγ, the predominant CaMKII isoform in mouse eggs, controls egg activation by regulating cell cycle resump-
tion. In this study we further characterize the involvement and specificity of CaMKIIγ in mouse egg activation. Using 
exogenous expression of different cRNAs in Camk2g−/− eggs, we show that the other multifunctional CaM kinases, CaMKI, 
and CaMKIV, are not capable of substituting CaMKIIγ to initiate cell cycle resumption in response to a rise in intracellular 
Ca2+. Exogenous expression of Camk2g or Camk2d results in activation of nearly 80% of Camk2g−/− MII eggs after stimula-
tion with SrCl2, which does not differ from the incidence of activation of wild-type eggs expressing exogenous Egfp. In 
contrast, none of the Camk2g−/− MII eggs expressing Camk1 or Camk4 activate in response to SrCl2 treatment. Expression 
of a constitutively active form of Camk4 (ca-Camk4), but not Camk1, triggers egg activation. EMI2, an APC/C repressor, is 
a key component in regulating egg activation downstream of CaMKII in both Xenopus laevis and mouse. We show that 
exogenous expression of either Camk2g, Camk2d, or ca-Camk4, but not Camk1, Camk4, or a catalytically inactive mutant 
form of CaMKIIγ (kinase-dead) in Camk2g−/− mouse eggs leads to almost complete degradation (~90%) of exogenously 
expressed EMI2 followed by cell cycle resumption. Thus, degradation of EMI2 following its phosphorylation specifically 
by CaMKII is mechanistically linked to and promotes cell cycle resumption in MII eggs.



©
20

14
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

1483	 Cell Cycle	 Volume 13 Issue 9

Plx1 in turn leads to EMI2 degradation, resulting in APC/C 
activation and exit from meiotic arrest.9 Expression of a constitu-
tively active form of CaMKIIα in mouse eggs results in cyclin B1 
and securin degradation,10 but the role of CaMKII in mediating 
EMI2 degradation in mouse oocytes remains unknown.

The only CaMKII isoform present in mouse eggs is 
CaMKIIγ.11,12 Genetic ablation and knockdown experiments 
demonstrate that CaMKIIγ is essential for meiotic resump-
tion in mouse eggs.11,13 Female mice lacking CaMKIIγ are 
infertile, due to their inability to exit the metaphase II arrest. 
Nevertheless, cortical granule exocytosis and the zona pellu-
cida block to polyspermy occur. This function of CaMKII is 
not isoform-specific, because CaMKIIδ can rescue the phe-
notype of CaMKIIγ-null eggs.11

In the present study, we set out to characterize further 
the specificity of CaMKII in triggering egg activation. We 
find that neither CaMKI nor CaMKIV can rescue the egg 
activation defects observed in CaMKIIγ-null eggs, and that 
the reason for this inability is likely that these 2 kinases can-
not phosphorylate EMI2. Interestingly, a constitutively active 
form of CaMKIV, but not CaMKI, can rescue the phenotype 
of CaMKIIγ-null eggs and trigger degradation of EMI2.

Results and Discussion

CaMKII γ and δ, but not CaMKI or CaMKIV, can trig-
ger cell cycle resumption in mouse eggs

We previously showed that Camk2g-null eggs fail to exit 
metaphase II arrest and that meiotic resumption in these eggs 
could be rescued by expression of exogenous Camk2g cRNA.11 
This rescue, however, was not isoform-specific, because it 
could also be achieved by expressing CaMKIIδ, whose tran-
script is present in MII eggs at trace levels (~500-fold less than 
the γ isoform).11 In the present study, we addressed whether 
other multifunctional CaM kinases, namely CaMKI and 
CaMKIV, which are involved in cell cycle regulation in other 
cell types, are capable of mediating cell cycle resumption in 
Camk2g−/− eggs in response to a Ca2+ rise.

The transcript levels of Camk1 and Camk4 were deter-
mined in full-grown mouse oocytes using real-time 
RT-PCR (Fig. S1). Camk4 mRNA levels are comparable to 
Camk2d transcript levels (~1.5% of Camk2g transcript lev-
els). Camk1 mRNA is virtually undetectable. We prepared 
cDNA constructs encoding CaMKI, CaMKIV, CaMKIIγ, 
and CaMKIIδ containing EGFP at their C-terminal end 
(Fig. 1A); cRNAs were made by in vitro transcription, and 
their concentrations were adjusted to produce the same level 
of expression based on quantification of the EGFP signal 
in injected eggs (Fig. 1B and C). As expected, the extent of 
activation of Camk2g−/− eggs in the presence of CaMKIIγ 
or CaMKIIδ following SrCl

2
 treatment (75.6% and 81.5%, 

respectively) was similar to that in wild-type eggs injected 
with Egfp cRNA (79.4%). In contrast, none of the Camk2g−/− 
eggs activated when Camk1 or Camk4 cRNAs were injected 
(Fig. 1B and D). This result demonstrated that CaMKII, but 

not other CaM kinases, is capable of functionally integrating the 
Ca2+ signal during egg activation.

Expression of Camk2g and Camk2d, but not Camk1 or 
Camk4, in Camk2g−/− eggs leads to degradation of exogenously 
expressed EMI2

The signaling pathway that connects fertilization with EMI2 
degradation has been elucidated in the frog, but whether this 

Figure  1. CaMKIIγ and δ, but not CaMKI or CaMKIV, can trigger MII exit in 
mouse eggs. (A) Schematic representation of the experimental procedure. 
cRNAs encoding EGFP or EGFP fused to different CaM kinases were micro-
injected into Camk2g−/− (KO) GV oocytes. As a control, Egfp cRNA was also 
injected into wild-type (WT) oocytes. Indicated are the catalytic and Ca2+/
CaM-binding (CaM) domains, as well as the catalytic site (K43, K49, or K75) of 
each CaM kinase. Injected oocytes were matured in vitro, parthenogenetically 
activated with 10 mM SrCl2 (Sr2+) for 3 h, and scored for activation by pronu-
cleus formation. (B) Paired EGFP fluorescence (top) and DIC images following 
injection of the cRNAs depicted in (A) into Camk2g−/− (KO) or Camk2g+/+ (WT) 
GV oocytes. The concentration of the different CaMK constructs was adjusted 
to yield similar levels of GFP fluorescence 4 h after injection (upper panel). 
The lower panel shows the presence of pronuclei in the control and Camk2g- 
and Camk2d-injected eggs 16 h after activation. A representative image of 4 
experiments is shown. Magnification: 200×. (C) Comparable expression lev-
els of the different constructs. The concentration of the different CaMK con-
structs was adjusted to yield similar levels of GFP fluorescence upon injection. 
The fluorescence was quantified using ImageJ software. The experiment was 
conducted 4 times, and the data are expressed as the mean ± SEM; at least 6 
oocytes were analyzed in each group. (D) Egg activation, as measured by pro-
nuclear formation, in the different groups 16 h after exposure to 10 mM SrCl2. 
The data are expressed as the mean ± SEM. Statistical analysis was performed 
using ANOVA. *P < 0.0001 vs. KO eggs injected with Egfp cRNA.
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degradation pathway is conserved in mouse is not fully estab-
lished. Although EMI2 degradation during mouse egg activation 
precedes cyclin B destruction,14,15 the role of EMI2 phosphoryla-
tion in targeting EMI2 degradation in mouse remains unknown. 
The phosphodegron responsible for xEmi2 degradation is poorly 
conserved in mouse,16 but mutations in a different region of 
mouse EMI2 that resembles a phosphodegron block EMI2 deg-
radation.12 In fact, mouse EMI2 contains a putative CaMKII 
phosphorylation site (T176), whose mutation to alanine prevents 

EMI2 degradation in response to SrCl
2
.12 EMI2, however, is 

not phosphorylated by CaMKII in vitro.12 Thus, either mouse 
EMI2 is not a substrate of CaMKII or interaction of CaMKII 
with other proteins may be required for EMI2 phosphorylation 
by CaMKII.

To ascertain whether the unique capacity of CaMKII to ini-
tiate cell cycle resumption in mouse eggs is due to its ability to 
trigger EMI2 degradation, we co-injected mCherry-tagged Emi2 
cRNA with different CaM kinase cRNAs into Camk2g−/− eggs 
(Fig. 2A). Exogenous expression of either Camk2g or Camk2d in 
Camk2g−/− eggs led to almost complete degradation of exogenous 
EMI2 (13.0% and 8.9% of EMI2 remained in those groups, 
respectively, compared with the EMI2 amount remaining in 
the control Egfp group) within an hour following SrCl

2
 activa-

tion. In contrast, EMI2 loss did not occur when either Camk1 
or Camk4 cRNAs were injected (Fig.  2B and D). This result 
suggested that the inability of CaMKI and CaMKIV to trigger 
cell cycle resumption is due to their inability to phosphorylate 
EMI2, and thereby target EMI2 for degradation. This finding 
also suggested that EMI2 degradation is a key component of 
the egg activation machinery in mouse oocytes, and a unique 
function of CaMKIIγ (and potentially CaMKIIδ) is to promote 
EMI2 degradation in a short time window during egg activation.

The catalytic activity of CaMKIIγ is necessary for EMI2 
degradation

Our results suggested that mouse EMI2 is likely a CaMKIIγ 
substrate. To address this possibility, we utilized a catalytically 
inactive form of CaMKIIγ, in which K43 was replaced by methi-
onine (K43M; Fig. 3A).2 Expression of K43M in Camk2g−/− eggs 
to the same level as wild-type Camk2g (adjusted by GFP sig-
nal; Fig. 3B and C) did not result in EMI2 degradation (Fig. 3B 
and D). Thus, the catalytic activity of CaMKIIγ is essential for 
EMI2 degradation, i.e., EMI2 is likely a substrate for CaMKII.

Expression of a constitutively active form of CaMKIV, but 
not CaMKI, in Camk2g−/− eggs leads to cell cycle resumption 
and degradation of exogenously expressed EMI2

Considering that CaMKIIγ shares some sequence homol-
ogy with CaMKI and CaMKIV, particularly within the cata-
lytic domain, and that these 3 kinases share several substrates, 
we wondered whether the failure of Camk2g−/− eggs to degrade 
EMI2 in the presence of CaMKI or CaMKIV was due to an 
insufficient activity of these kinases in the egg. Because CaMKI 
and CaMKIV require the upstream activator CaMKK for full 
activity, and based on publically available microarray data that 
this kinase seems to be absent in mouse oocytes, exogenously 
expressed CaMKI and IV may not be able to efficiently phos-
phorylate EMI2.

To investigate the last scenario we expressed constitutively 
active mutated forms of Camk1 (ca-Camk1) and Camk4 (ca-
Camk4) that do not require activation by CaMKK17,18 (Fig. 4A). 
Expression of ca-Camk4 in Camk2g−/− eggs led to a substantial 
reduction (>90%) of exogenous EMI2, similar to the extent of 
EMI2 reduction observed in eggs injected with Camk2g cRNA 
(Fig.  4B–D). No EMI2 degradation, however, was observed 
in Camk2g−/− eggs expressing ca-Camk1 cRNA. Although it is 
formally possible that the expressed enzyme was inactive, this 

Figure  2. CaMKIIγ or δ, but not CaMKI or CaMKIV, can trigger EMI2 
degradation in mouse eggs. (A) Schematic representation of the exper-
imental procedure. Camk2g−/− MII eggs were co-injected with mCherry-
tagged Emi2 cRNA and a cRNA encoding either EGFP or EGFP fused 
to different CaM kinases. After culture for 3 h, the injected eggs were 
activated with 10 mM SrCl2 for 1 h, and examined for fluorescence. (B) 
Paired images show DIC (top panel) microscopy of MII eggs, as well as 
EGFP (green) and mCherry (red) epifluorescence. Magnification: 200×. 
Representative images of 4 experiments are shown. (C) Quantitative 
adjustment of expression of different constructs by GFP signal. (D) The 
histogram shows retention of EMI2 after expression of different forms of 
CaM kinase, and the data are expressed as the amount of EMI2 in CaM 
kinase-injected groups relative to its amount in EGFP-injected control. 
The experiment was performed 3 times, and the data are expressed as 
mean ± SEM; at least 7 oocytes were analyzed in each group. Statistical 
analysis was performed using ANOVA. *P < 0.0001 vs. eggs injected with 
Egfp cRNA.
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possibility is minimized because the cRNA was translated in a 
natural environment that should support proper protein fold-
ing. Further analysis of egg activation following SrCl

2
 treatment 

showed that essentially all (95%) Camk2g−/− eggs expressing 
ca-Camk4 formed pronuclei (Fig.  4E–G), which was similar 
to the incidence of pronuclear formation among eggs injected 
with Camk2g (97.5%). This result suggested that CaMKIV, 
but not CaMKI, could potentially phosphorylate EMI2 to trig-
ger its degradation. Although we cannot exclude the possibility 
that exogenous expression of ca-CaMKIV can result in off-target 
phosphorylation of EMI2 due to a loss of substrate specificity, 
this possibility is minimized, because similar levels of ca-Camk1 
cRNA did not trigger degradation of EMI2 in mouse eggs. In 
a similar vein, because CaMKI overexpression does not trig-
ger EMI2 degradation, and all of the different CaMK isoforms 
were expressed to similar levels (based on fluorescence intensity), 
the likelihood that their overexpression led to egg activation is 
minimized.

Camk2a and Camk2b are not expressed in oocytes, consistent 
with Camk2a being neuron-specific19 and Camk2b being pri-
marily neuronal.20 Camk2d and Camk2g are expressed in many 
tissues,20 and hence the virtual absence of Camk2d expression 
in oocytes is striking in light of the ability of CaMKIIδ to acti-
vate Camk2g−/− eggs to a similar extent as CaMKIIγ under the 
experimental conditions used here. CaMKIIγ has a lower 
K

d
 for CaM than CaMKIIδ, and is activated by lower con-

centrations of CaM than CaMKIIδ,21 and therefore is pre-
dicted to be more sensitive to changes in intracellular Ca2+ 
concentration. These properties, coupled with CaMKIIγ 
possessing a lower intrinsic autophosphorylating activity, 
which would render the enzyme insensitive to changes in 
intracellular Ca2+, may enable CaMKIIγ’s activity to oscil-
late better with the transient increases in intracellular Ca2+ 
that ensue following fertilization22 and drive the events of 
egg activation.23

It is perplexing, however, why oocytes express only the γ 
isoform, given the centrality of exit from metaphase II arrest 
following fertilization to reproduction, and do not express 
another form, e.g., CaMKIIδ, that could, in principle, pro-
vide sufficient compensatory function to support develop-
ment in the absence of sufficient amounts of CaMKIIγ. 
Preservation of duplicated genes has been proposed to occur 
only by either neo-functionalization or sub-functionalization 
(i.e., purely redundant copies must be lost).24 Maintenance 
of Camk2d would therefore reflect that it functions simi-
larly but not identically to Camk2g. Thus, there is no appar-
ent a priori reason that Camk2d should not be expressed 
in oocytes and available to serve in a compensatory fashion 
should an egg possess an insufficient amount of CaMKIIγ. 
It is also unlikely that expressing both Camk2d and 
Camk2g would be deleterious for egg activation, because the 
incidence of SrCl

2
-induced activation following injection of 

Camk2g−/− eggs with cRNAs encoding both Camk2d and 
Camk2g was 86% (12/14). Lastly, although CaMKIIδ can 
activate Camk2g−/− eggs, the developmental competence of 
these activated eggs beyond pronuclear formation could be 

compromised due to differences in substrate specificity of the dif-
ferent CaMKII isoforms.

As noted above, although Camk2g−/− female mice are infertile, 
they appear morphologically normal (although their behavior has 
not been assessed). This observation raises the intriguing ques-
tion whether CaMKIIγ is only required for metaphase II exit, 
i.e., only necessary for about 30–60 min post-insemination, in 
the life history of a female mouse. This proposal could be tested, 
in principle, by inseminating Camk2g−/− eggs with Camk2g−/− 
sperm and promoting metaphase II exit and egg activation by 
treating the inseminated eggs with TPEN, a Zn2+-chelating 
agent,25 which leads to EMI2 degradation, and assessing whether 
an offspring is born following embryo transfer.

Materials and Methods

Animals
Generation of CaMKIIγ-null mice has been described previ-

ously.11 All mouse experiments were performed in strict accor-
dance with the National Institutes of Health (NIH) guidelines 
and were approved by the Institutional Animal Use and Care 
Committee of the University of Pennsylvania (protocol number 
803766).

Figure 3. The catalytic activity of CaMKIIγ is necessary for EMI2 degradation. 
(A) Schematic representation of the mutation strategy to produce a catalyti-
cally inactive form (kinase dead) of CaMKIIγ. Lysine 43 was mutated to methio-
nine (K43M). (B) Representative images for the assessment of EMI2 stability 
in different groups based on mCherry signal. Experimental procedures were 
the same as described in Figure  2. (C) Quantitative adjustment of expres-
sion of different constructs by GFP signal. (D) Quantification of the amount 
of EMI2 retained in eggs. The data are expressed as the amount of EMI2 in 
Camk2-injected groups relative to its amount in Camk1-injected control. The 
experiment was performed 3 times, and the data are expressed as mean ± 
SEM; at least 4 oocytes were analyzed in each group. Statistical analysis was 
performed using ANOVA (*P < 0.0001).
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Collection and culture of oocytes and eggs
Collection of germinal vesicle (GV)-intact, full-grown 

oocytes and metaphase II (MII) eggs was performed as previously 
described.11 All cell cultures were done in 5% CO

2
 in humidi-

fied air at 37 °C. cRNA-injected GV oocytes were cultured in 
CZB medium26 supplemented with 2.5 µM milrinone (to inhibit 
germinal vesicle breakdown) for 2 h, washed, and then cultured 
in milrinone-free CZB for 16 h to allow meiotic maturation. 
The resulting MII eggs were briefly examined for GFP fluores-
cence and activated using 10 mM SrCl

2
 in Ca2+/Mg2+-free CZB 

supplemented with 5 µg/ml cytochalasin B (to obtain diploid 

parthenogenotes and prevent fragmentation) for 3 h followed by 
another 3 h of culture in CZB supplemented with cytochalasin 
B only. The eggs were then washed and transferred to KSOM27 
for further culture. Activation was scored by pronucleus forma-
tion and/or cleavage. cRNA-injected in vivo-derived MII eggs 
were cultured in CZB for 3 h and activated with 10 mM SrCl

2
 

in Ca2+/Mg2+-free CZB for 1 h. The eggs were then used for live 
fluorescence imaging.

cDNA constructs, cRNA preparation, and microinjection
Plasmids encoding full-length CaMKIIγ (the isoform 

containing a 21-amino acid insert in the variable domain, 
which is between the CaM-
binding domain and associa-
tion domain28) and CaMKIIδ 
in pT7TS were described in ref-
erence 11. Full-length human 
Camk1 and Camk4 in pSG5 vec-
tor with an N-terminal FLAG tag 
were kindly provided by Anthony 
Means, Duke University School of 
Medicine. Full-length Camk2g, 
Camk2d, Camk1, and Camk4 
were excised from their original 
plasmids and subcloned into a 
pIVT plasmid29 containing Egfp 
to generate fusion proteins that 
express EGFP at their C-terminal 
end. Sequence errors in the origi-
nal cDNAs were corrected by 
site-directed mutagenesis using 
the QuikChange Lightning 
Multi Site-Directed Mutagenesis 
Kit (Agilent Technologies, 
210515; http://www.genomics.
agilent.com/en/Site-Directed-
Mut a gene s i s / Qu i k Cha nge -
L i g h t n i n g / ? c i d = A G - P T-
175&tabId=AG-PR-1162).

Full-length mouse Emi2 
cDNA was generated by RT-PCR 
of MII egg total RNA using 
primers described in reference 
14. An SmaI-XhoI Emi2 frag-
ment was inserted into a pIVT-
mCherry plasmid to produce 
Emi2 with a C-terminal mCherry 
fusion. A catalytically inac-
tive form of CaMKIIγ, K43M, 
constitutively active CaMKI 
(ca-CaMKI [IHQS286EDDD, 
F307A]) and constitutively 
active CaMKIV (ca-CaMKIV 
[R139A, HMDT309DEDD, 
FN320DD]) were produced by 
site-directed mutagenesis using 
the QuikChange Lightning Multi 

Figure  4. Expression of ca-CaMKIV in CaMKIIγ−/− eggs triggers degradation of exogenous EMI2 and cell 
cycle resumption. (A) Schematic representation of the mutation strategy to produce constitutively active 
forms of CaMKI (ca-CaMKI) and IV (ca-CaMKIV). (B) Representative images for the assessment of EMI2 stabil-
ity in different groups based on mCherry signal. Experimental procedures were the same as described in 
Figure 2. (C) Quantitative adjustment of expression of different constructs by GFP signal. (D) Quantification 
of the amount of EMI2 retained in Camk2g−/− eggs. Camk1 group was used as a control, since the experi-
ments depicted in Figure 2 had established that exogenous EMI2 remains essentially intact in the presence 
of CaMKI. The data are expressed as the amount of EMI2 in Camk4, ca-Camk1, ca-Camk4, and Camk2g groups 
relative to the amount in Camk1 group. (E–G) Activation of Camk2g−/− eggs expressing different CaMK con-
structs. Experimental procedures were the same as described in Figure 1. *P < 0.0001 vs. KO eggs injected 
with Camk1 cRNA. (E) The expression of Camk4, ca-Camk4, and Camk2g was adjusted to similar level by the 
intensity of GFP signal. Activation of eggs was assessed by PN formation 8 h after the onset of SrCl2 treatment. 
Magnification: 200×. (F) Quantitative adjustment of expression of different constructs by GFP signal. The 
data are expressed as the mean ± SEM (G) Egg activation, as measured by pronuclear formation, in the differ-
ent groups 8 h after exposure to 10 mM SrCl2. The data are expressed as the mean ± SEM. Statistical analysis 
was performed using ANOVA. *P < 0.0001.
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Site-Directed Mutagenesis Kit. The cDNAs of all kinase mutants 
were sequenced and were confirmed to be free of errors.

All constructs were linearized and in vitro transcribed using 
the mMESSAGE mMACHINE T7 kit (Life Technologies, 
AM1344; http://www.lifetechnologies.com/order/catalog/prod-
uct/AM1344), according to the manufacturer’s protocol. All 
Camk and Egfp cRNAs were re-suspended at a concentration of 
1.5 mg/mL (the actual concentration was adjusted by titration 
to provide similar amount of expression of different cRNAs esti-
mated by the intensity of GFP fluorescence), and Emi2 cRNA 
was re-suspended at a concentration of 0.5 mg/mL in TE buffer 
and stored at  -80 °C prior to use for microinjection. GV oocytes 
or MII eggs were injected with ~5 pl of the corresponding cRNA 
solution. In the EMI2 decay experiments, MII eggs were micro-
injected with ~5 pl of a mixture (1/1) of Emi2 cRNA and either 
Camk2g, Camk2d, Camk1, Camk4, K43M, ca-Camk1, ca-
Camk4, or Egfp cRNA; the injections were performed as previ-
ously described.29

Protein fluorescence imaging
For quantitative adjustment of expression of injected cRNAs, 

GFP fluorescence was briefly examined in live eggs using epiflu-
orescence microscopy; images were captured with a MicroMAX 
camera (Roper Scientific) driven by MetaMorph image analysis 
software (Molecular Devices). When appropriate, the eggs were 
transferred to KSOM for further culture.

The amount of EMI2 in cRNA-injected eggs following SrCl
2
 

activation was quantified by the intensity of mCherry signal 
on a Leica DMI4000B confocal scanning microscope (Leica 
Microsystems) equipped with a 20 × 1.4 NA objective and dif-
ferential interference contrast (DIC) optics. Excitation at 540/25 
nm was used for mCherry fluorescence detection and at 480/30 
nm for GFP fluorescence. IPLab software (BD Biosciences) was 

used for image acquisition. NIH ImageJ software (National 
Institutes of Health) was used to quantify the intensity of fluo-
rescence. The data were analyzed using Prism 4 software (Graph 
Pad Software).

RNA Isolation and quantitative real-time RT-PCR
Total RNA was extracted from 20 full-grown oocytes using 

the Picopure RNA Isolation Kit (Life Technologies, KIT0204; 
http://www.lifetechnologies.com/order/catalog/product/
KIT0204), according to the manufacturer’s instructions. Reverse 
transcription and real-time PCR were performed as described.30 
The TaqMan gene expression assays used (Life Technologies) were 
as follows: Mm00437967_m1 (CaMKIIα), Mm00432296_m1 
(CaMKIIβ), Mm00618054_m1 (CaMKIIγ), Mm00499266_
m1 (CaMKIIδ), Mm00519436_m1 (CaMKI), and 
Mm01135329_m1 (CaMKIV).

Statistical analysis
All experiments were independently replicated at least 3 

times. Data were analyzed by ANOVA using Prism software in 
which a post-hoc Dunnett test was employed. Images presented 
are representative of the outcomes obtained in the replicate 
experiments.
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