


that progesterone selectively stimulates phosphoryla-
tion of about one of every 5 serines.

Discussion
The results presented here and elsewhere [2,3] indicate
that progesterone binding to the catalytic subunit of
the Na/K-ATPase at the oocyte plasma membrane
initiates a sequence of changes in high energy phos-
phate compounds during the first meiotic division. In
Rana pipiens oocytes, breakdown of the nuclear mem-
brane occurs 8-10 hours after exposure to inducing
levels of progesterone, followed by arrest at second
meiotic metaphase at 15-16 hours (reviewed in [17]).
An 80% increase in PCr precedes nuclear membrane
breakdown accompanied by a marked decrease in
pseudo first order rate constant (kf) for the PCr ®
ATP reaction (Figure 5). This increase in phosphoryl
potential coincides with an increased phosphorylation
of the phosphate-rich yolk protein, phosvitin, begin-
ning at the onset of nuclear membrane breakdown
(Figure 6).

Changes in ATP utilization and plasma membrane surface
area during the meiotic divisions
The decrease in kf shown in Figure 4 indicates a drop in
cytosolic ADP concentration and an increase in the
cytosolic phosphoryl potential of the oocyte prior to
nuclear membrane breakdown (4 - 6 h). The decreased
availability of ADP, normally generated in large part by
hydrolysis of ATP during ion-transport by Na/K-
ATPase, could arise from the observed internalization of
the plasma membrane Na/K-ATPase (Na-pump) over
the same time period [2]. This seems probable, based on
our data showing a simultaneous 50 - 60% decrease in
membrane capacitance (cell surface area), increased
endocytosis [18], and the disappearance of more than
95% of the high affinity [3H]ouabain binding sites in
progesterone-treated denuded Rana pipiens oocytes over
the same time period [2].
[3H]ouabain specifically binds to the a-subunit of the

Na/K-ATPase (reviewed in [2,3]). By 6 h the [3H]oua-
bain is recovered bound to intracellular vesicles of pro-
gesterone-treated oocytes; it does not diffuse out of the

Figure 5 Comparison of changes in the NMR-measured pseudo first order rate constant (kf) for the reaction PCr ® ATP and the time
course of nuclear membrane breakdown during the first 10 h. Values are expressed as a percent of those for untreated follicles from the
same female.
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Figure 6 Comparison of 32PO4 uptake by control and progesterone-treated Rana pipiens ovarian follicles. Upper panel: in-vitro [32PO4]
uptake by control and progesterone-treated denuded oocytes. Oocytes were incubated in Ringers’ solution containing 0.08 mM NaHPO4 and
32PO4 uptake is expressed as μmols/1 cell water. Lower panel: oocytes from the upper panel were homogenized in 7% TCA and protein
isolated as described in Methods. 32PO4 uptake into total protein is expressed as μmols/kg wet weight.
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progesterone-treated denuded oocytes [2]. Both scan-
ning [18] and transmission (Figure 1) electron micro-
graphs indicate that the prophase oocyte is covered with
numerous microvilli. Estimates of the surface area in
control oocytes reveal that the microvilli increase the
oocyte surface area 10-12 times compared with that of a
sphere of the same diameter [18]. Scanning electron
micrographs reveal that the microvilli of progesterone-
treated oocytes disappear coincident with the decrease
in membrane capacitance, leaving only stumps on the
oocyte surface [18].

Phosphorylation of yolk platelet phosvitin
As seen in the 31P-NMR spectrum in Figure 2, phosvitin
is the major phosphoprotein in the amphibian oocyte.
Phosvitin is a glycosylated, serine-rich peptide with
reported masses of 16-19 kDa, 25 kDa, or 31 kDa
(reviewed in [19]). A single resonance (2.59 ppm) domi-
nates the proton-decoupled 31P-NMR spectrum of Xeno-
pus phosvitin [20]. Comparison of the phosvitin spectra
with and without proton decoupling suggests a triplet
splitting pattern for the major resonance, presumably
due to coupling to methylene protons.
Rabinowitz and Lipmann [21] were the first to

demonstrate reversible phosphate transfer between yolk
phosphoprotein and ATP. Attempts were made to
determine the equilibrium constant of the reaction
between ATP and phosphoprotein. Figures varying from
20 to 50 were obtained for the forward reaction. How-
ever, their experiments indicated a non-homogenous
phosphate population. The authors suggested that the
“thermodynamic potential of phosphoryl (groups) in
phosvitin to be not far below that of ATP”. Mano and
Lipmann [22] subsequently found that only more highly
phosphorylated forms of phosvitin were good acceptors
of phosphate from protein kinase and ATP. This sug-
gests that a large fraction of the phosvitin serine phos-
phates do not turn over in situ. Our data indicate
(Table 1) that only a small fraction of the serine phos-
phates in yolk phosvitin may be available for reversible
phosphoryl exchange with ADP/ATP.
Phosvitin also contains firmly bound, non-heme iron

[23]. Grant and Taborsky [24] suggested that at alkaline

pH, autoxidation of iron converts phosvitin-bound ser-
ine phosphate to the corresponding enol phosphate, an
energy-rich structure. However, subsequent studies by
Rosenstein and Taborsky [25] failed to find evidence for
the production of a stable phosphoenol product and a
demonstration of the stability of the C-H bond at the a-
carbon of the oxidized residue further ruled it out.
Their finding that phosphate release occurs by P-O
bond cleavage is consistent with a mechanism by which
an oxidatively generated carbonium ion derivative of
phosphoserine is converted into a stable product by the
direct formation of the free aldehyde and a monomeric
metaphosphate ion, the latter reacting with water to
yield inorganic orthophosphate. Rosenstein and
Taborsky [25] proposed that yolk phosvitin would pro-
vide the developing embryo with a potential phosphory-
lating agent (HPO4

2-) which becomes activated by
oxidation.

Progesterone-induced protein phosphorylation
Phosvitin phosphate turnover is minimal in control
oocytes (Table 1) and the 15-fold increase in 32PO4

incorporation in progesterone-treated oocytes reflects
the increased phosphate turnover in one phosphate per
block of 5 serine phosphates in hormone stimulated
oocytes, indicating that specific serine residues of highly
phosphorylated species of yolk phosvitin are further
phosphorylated in response to progesterone. This is
consistent with the proposal by Williams and Sanger
[26] that structures containing serine-phosphoserine
blocks could serve as active sites in cellular metabolism.
The failure to observe a progesterone-induced increase

in 32P-labelling of phosvitin in Xenopus laevis ovarian
follicles by Maller et al. [27] may be due, in part, to
dephosphorylation by endogenous ferrous/ferric ions
during protein isolation. Additionally, Xenopus laevis
ovaries contain only a small subpopulation of “banded”
oocytes that are selectively released by gonadotropin [4].
Thus, increased phosvitin phosphorylation may only
occur in a small subpopulation of Xenopus laevis
oocytes that are exposed to progesterone. In compari-
son, 100% of the large Rana pipiens oocytes respond to,
and are released from, the follicles by gonadotropin.
The Xenopus phosphorylation studies should be
repeated using the “banded” oocyte population.
Taken in toto, our findings indicate that progesterone

initiates a selective internalization of plasma membrane
rich in Na/K-ATPase (Na-pump sites). This decrease in
Na/K-pump activity coincides with plasma membrane
depolarization and significantly reduces the ATP utilized
for ion transport. Increased phosphorylation of the yolk
protein phosvitin coincides with membrane depolariza-
tion and occurs just prior to the breakdown of the
nuclear membrane. Our previous studies showed [6]

Table 1 Comparison of [32PO4] Incorporation into
Purified Phosvitin from Control and Progesterone-treated
Rana pipiens Folliclesa

Protein Fraction Control Progesterone

Sp. Act. Cpm/ìmole protein phosphateb

Purified Phosvitin 160 ± 36 2368 ± 104
aIsolated ovarian follicles were preincubated in Ringer’s solution with or
without 3.2 jaU progesterone for 5 h at 22°C, [32PO4] added, and then further
incubated for 4 h. bMean ± SD (N = 3) Denuded oocytes and/or isolated
ovarian follicles from 3 hibernating Rana pipiens females.

Morrill et al. BMC Developmental Biology 2011, 11:67
http://www.biomedcentral.com/1471-213X/11/67

Page 9 of 15



Figure 7 Predicted structure of the frog phosvitin component of Vitellogenin-A2 (1807 amino acids; Accession #P18709). The Protein
Structure Prediction Server (PSIPRED) [16] was used to examine the possible conformation of the serine-rich phosvitin sequence (ca. 1126 -
1321). Line 1 indicates the confidence of the prediction, line 2 the relative position of each helix, line 3 whether the residue is part of a helix,
strand or coil (see legend), and line 4 indicates the amino acid. Going from N- to C-terminal end, the sequence contains blocks of 38, 8, 28, 13
and 13 serine residues.
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that intracellular pH rises from 7.37 ± 0.01 (N = 6) in
the prophase-arrested oocyte to 7.82 ± 0.03 (N = 5) dur-
ing the first 3 h after exposure to progesterone, consis-
tent with utilization of H+ during ATP formation via
the creatine kinase reaction.

Possible mechanism of progesterone-mediated increases
in high energy phosphate compounds
The surface of the prophase amphibian oocyte [28], as
well as that of most other cells [29], is studded with
microscopic, flask-shaped invaginations called caveolae
(~70 nm average outer diameter) that can either open
for receiving and/or releasing material or close for pro-
cessing and/or delivery to intracellular sites. Coinciding
with the internalization of ouabain bound to the a-sub-
unit of Na/K-ATPase, there is a net internalization of
Rana oocyte plasma membrane and a disappearance of
ouabain-sensitive K+-current [18]. Dersch et al. [30]
report a similar progesterone-induced increase in corti-
cal membrane trafficking in Xenopus laevis oocytes. By
completion of the first meiotic division the cytoplasm of
the progesterone-stimulated prophase oocyte becomes
isopotential with the extracellular environment [31]. Xie
and Askari [32] concluded from studies with cardiac
cells that there are two pools of Na/K-ATPase with dis-
tinct but coupled functions. One is the classical pool in
which the enzyme acts as an energy transducing ion
pump and is localized in non-caveolar membranes. The
other is the steroid -modulated, signal-transducing pool
of the enzyme, which, through helix-helix interaction
with membrane proteins called caveolins [33], is loca-
lized within the lipid rafts associated with the caveolae
(reviewed in [34]). Our results suggest that progesterone
acts to shift a-subunits from non-caveolar plasma mem-
brane regions to the lipid rafts associated with caveolar
membranes, followed by increased endocytosis of the
caveolar vesicles. This is consistent with evidence indi-
cating that the membrane regions containing >95% of
the Na/K-ATPase are selectively internalized over a 2-3
h period prior to nuclear membrane breakdown [2].
The a-subunit of Na/K-ATPase may thus cycle between

the non-caveolar regions of the plasma membrane and the
caveolar membranes. Our experiments indicate that
decrease in the rate constant kf for the PCr ® ATP reac-
tion (Figure 6) coincides with internalization of the Na-
pump. The decrease in rate constant must arise from
reduced ADP availability and would result in an increased
cytosolic phosphoryl potential. This increased phosphoryl
potential would, in turn, contribute to enhanced phos-
phorylation of yolk phosvitin (Figure 7, Table 1).

Cation binding to yolk platelet phosvitin
In addition to non-heme iron [23], yolk phosvitin also
contains Ca2+, Mg2+, Na+ and K+ [11]. Partially relaxed

23Na Fourier transform NMR spectra revealed the exis-
tence of at least two major intracellular compartments
of NMR-visible Na+ [35]. A large fraction of the Rana
oocyte Na+ was NMR-invisible and could be recovered
in the yolk platelets [35]. During the first meiotic divi-
sion there is a net increase in NMR-visible Na+; by com-
pletion of the second meiotic division (following
fertilization), about 70% of the total Na+ becomes NMR-
visible. Thus, phosvitin not only serves as a site for
energy storage, but also as a storage site for iron and
other ions essential for embryonic development in
ponds and streams that contain little dissolved salts and
minerals.

Conclusions
The pattern emerging from these and related studies
indicates that progesterone binding to the N-terminal
external loop of the a1-subunit of Na/K-ATPase initi-
ates a cascade of events, facilitated by the internalization
of Na/K-ATPase [2] and sequential changes in plasma
membrane phospholipids (e.g. [36]). As shown here,
progesterone binding initiates a marked rise in phospho-
creatine and phosphoryl potential within the first few
hours, followed by an accumulation of the highly phos-
phorylated protein phosvitin by the onset of second
metaphase arrest. Continued binding of progesterone to
the catalytic-subunit of the Na-pump is essential during
the first 4-5 h [37] and leads to a net internalization of
50-60% of the total oocyte plasma membrane [18,38],
which contains more than 95% of both bound progester-
one and the ouabain-sensitive Na/K-ATPase [2]. We
propose that progesterone binding to the catalytic-subu-
nit of the Na/K-ATPase leads to a shift of Na/K-ATPase
to lipid rafts. These rafts contain Na/K-ATPase-proges-
terone-caveolin-lipid microdomains [34] and undergo
selective internalization prior to nuclear membrane
breakdown. The resulting diversion of oxidative energy
from cation regulation at the plasma membrane to sto-
rage as high energy phosphates in yolk phosvitin is
essential for the subsequent fertilization and early
cleavage.

Methods
Gravid Rana pipiens females from the northeastern Uni-
ted States were purchased from Connecticut Valley Bio-
logicals, Southhampton, MA, and maintained in
hibernation at 5-8°C. Steroids were obtained from Stera-
loids Inc. (Newport, RI). 32PO4 (Disodium phosphate in
water, 900-1100 mCi/mmol) was obtained from New
England Nuclear (now Perkin Elmer Inc). Modified
Ringer’s solution contained 111 NaCl, 1.9 mM KCl, 1.1
mM CaCl2, 0.8 mM MgSO4, 2.3 mM NaHCO3, and 0.08
mM NaHPO4. The ionic composition of this amphibian
Ringer’s solution is based on that of frog plasma [39]
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and differs from “Barth’s” or various Ringer’s solutions
used in Xenopus laevis experiments. (For example, the
Ringer’s solution used with Xenopus follicles is phos-
phate-free and is adjusted to pH 7.8 with Tris-HCl
[27]). Progesterone and 17-b-estradiol were dissolved in
95% ethanol; 1.0 μl was added per ml of Ringer’s solu-
tion with shaking for 30 sec, followed by 1:10 serial dilu-
tions. The final ethanol content was 0.01%. Electron
micrographs were prepared from oocytes as described
by Weinstein et al. [18].

Use of Rana pipiens oocytes
The Rana pipiens oocyte is particularly appropriate for
studies of steroid action at the plasma membrane.
Unlike Xenopus laevis ovaries, which contain several
stages of growing oocytes [4], the mature Rana pipiens
ovary contains 1-3 thousand fully grown oocytes in
meiotic prophase arrest, that undergo synchronous
meiotic divisions in response to progesterone. Rana
pipiens oocytes grow and store yolk during the summer
prior to the frog’s entry into hibernation in the late fall.
Oocytes and/or follicles were obtained from hibernating
gravid females from December through April. Each
oocyte is a giant cell, 2 - 2.3 mm in diameter. Intact
plasma-vitelline membranes can be isolated and used to
study ligand binding (e.g. [2]). Several hundred oocytes
collected from one female are sufficient to characterize
protein phosphorylation, ligand binding, sequential
changes in plasma membrane potential and surface area
(capacitance). Follicles or denuded oocytes can be super-
fused with a modified Ringer’s solution in NMR tubes to
monitor changes in phosphorylation state, reaction
kinetics, etc. during the time course of meiosis [6].

Induction of meiosis
Fully grown Rana pipiens oocytes, arrested in first meio-
tic prophase, are obtained by dissecting out intact ovar-
ian follicles (oocytes enclosed in follicle cell envelopes).
Oocytes are then manually stripped of their follicular
envelopes and freed from adhering thecal cells [40]. The
latter are herein referred to as “denuded oocytes”.
Denuded oocytes, follicles and ovulated eggs were
handled with glass pipettes having a bore slightly larger
than the oocyte, and bent about 30 degrees near the
pipette tip.
Isolated follicles and/or denuded oocytes were induced

to undergo meiosis by incubation in modified Ringer’s
solution containing progesterone at 20-22°C. Follicles
were superfused in aerated NMR tubes (Figure 8) or in
scintillation counting vials (20 oocytes/10 ml). The
responsiveness of oocytes from each Rana female was
determined by incubating groups of 20 oocytes or folli-
cles in modified Ringer’s solution and with or without
progesterone for 12 h. Oocytes or follicles were then

heat-fixed and dissected under a 10-power stereo-micro-
scope. Completion of meiosis was determined by the
disappearance of the large (0.5 mm diameter) nucleus.
All data presented here were obtained from follicles/
oocytes in which >95% of steroid-treated oocytes dis-
played nuclear membrane breakdown.

32PO4 Uptake and phosphorylation of total oocyte
protein.
Untreated (control) and progesterone-stimulated (3.2
μM) denuded oocytes were incubated in 4.0 ml of Ring-
er’s solution containing 80 μM [32PO4] at 20°C. Groups
of six denuded oocytes were removed at the times indi-
cated, rinsed with Ringer’s solution, and homogenized in
2.0 ml 7% TCA at ice bath temperatures. The homoge-
nate was allowed to stand for 5 min, then centrifuged
and both washed precipitate and aliquots of the superna-
tant were counted. Uptake was corrected for estimated
cell water content (50 ± 2%) and the specific activity of
the medium expressed as μmoles/liter of cytoplasm.

32PO4 Incorporation into yolk phosvitin.
In the phosvitin labeling studies, groups of 400 follicles
were labeled with 10 μCi [32PO4] in 20 ml Ringer’s solu-
tion (with and without 3.2 μM progesterone) for the
times indicated at 20-22°C. Follicles were also pulse
labeled for 4 h, beginning 5 h after exposure to 3.2 μM
progesterone. At the end of the exposure to 32PO4 con-
taining media, the follicles were rinsed with Ringer’s solu-
tion, homogenized in 5 volumes of 7% TCA at ice bath
temperatures and allowed to stand at 4-5°C for 5 min.
The suspension was centrifuged, the precipitate washed
2× with 3 volumes of 7% cold TCA, and extracted
sequentially with 2 volumes of CHCl3:CH3OH (2:1) and
CHCl3:CH3OH:HCl (2:1:0.01). Nucleic acid was extracted
with 7% TCA at 90°C for 15 min, and the final precipitate
treated with 0.05 N NaOH at 100°C for 10 min to recover
the alkali-labile phosphate from the remaining phospho-
protein. Aliquots were counted by liquid scintillation
spectrophotometry and analyzed for phosphate as
described elsewhere [5]. Protein was measured by the
Bicinchoninic acid method of Smith et al. [41].
Phosvitin was prepared from Rana ovarian follicles

using a method adapted from Mano and Lipmann [42].
A more recent isolation method by McCollum et al.
[43] utilized ferric ion precipitation of “specific” phosvi-
tins. However, Taborsky has reported [44] that ferric
ions caused dephosphorylation of egg yolk proteins at
alkaline pH. It should be noted that non-heme iron is
recovered with purified phosvitin [23] and is present as
a contaminant in laboratory grade salts used in protein
isolation. To reduce possible protein dephosphorylation
during purifcation, 10 mM EDTA was added to all solu-
tions used to isolate oocyte phosvitin.
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The highest yields of phosvitin were obtained from
Rana follicles as follows: 400 follicles (~900 mg wet
weight) were homogenized in 1/2 volume of a solution of
0.15 M KCl, 0.025 M NaHCO3, 0.02 M NaF and 0.01 M
EDTA (disodium salt) in a Potter-Elvehjem homogenizer
at ice-bath temperatures. The homogenate was diluted
with 1.5 volumes of the extraction solution and centri-
fuged at 13,000 × g for 60 min. 1/10 volume of 1M bar-
ium acetate was added to the supernatant and the pH
adjusted to about 7.0 with dilute NH4OH. After standing
for 30 min at ice-bath temperatures, the precipitate was
collected by centrifugation and resuspended in 0.5
volumes of 0.2 M ammonium sulfate containing 0.05 M
Tris buffer, pH 7.6. The resulting barium sulfate ppt was
removed by centrifugation, and the opalescent solution
dialyzed against distilled water for 48 h at 5°C. In an ice-
bath, 1.5 volumes of 95% ethanol were added to precipi-
tate the protein, which was washed with CHCl3:CH3OH
(2:1), then dried and ground in a mortar. The powder
contained 0.75 ± 0.04% alkali-labile phosphorous (N = 3),
and represented 59 ± 4% (N = 3) recovery.

Nuclear magnetic resonance procedures
Follicular oocytes were prepared as described above and
continuously superfused (1 ml/min) with aerated Ringer’s
solution at 20°C in a 10 mm NMR tube as illustrated in

Figure 8. 31P NMR experiments were carried out using a
Varian VXR 500 spectrometer operating at 202 MHz with
a spectral width of 20 KHz. Assignment of 31P-peaks were
determined as described by Nuccitelli et al. [45]. Saturation
transfer experiments were performed by application of a
low power radio frequency (RF) pulse for a time >3T1 to
either the gATP or PCr resonance [12,46]. Control spectra
were obtained by positioning the saturating pulse off-reso-
nance on the other side of PCr or gATP, respectively, at the
same distance from the observed resonance. Both control
and appropriately saturated spectra were accumulated in
alternate blocks of 100 scans for a total of 1000 scans each.
Pseudo first order rate constants were calculated from the
extent of the saturation transfer effect measured in the dif-
ference spectrum. NMR measures the pseudo first order
rate constant kf = k1[ADP], where k1 is the true second
order rate constant for the creatine kinase reaction. Quanti-
tation of phosphometabolites was accomplished from 31P
NMR of oocytes by comparing the areas of the various
fully relaxed resonances with that of a standard phosphate
sample, taking into account the fraction of the NMR-sensi-
tive window occupied by intracellular H20 [6].
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