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ABSTRACT
The yolk protein, vitellogenin, is internalized by the developing
oocyte by the process of receptor-mediated endocytosis.
initiated in Xenopus laevis by gonadotropic hormones.

This process is
This study

w~s

designed to characterize the endocytot-ic pathway of vitellogenin in· the
Xenopus oocyte and the influence-of gonadotropins on this pathway.
One of the molecular-mechanisms of this pathway involves the enzyme
transglutaminase which catalyzes E(-y-glutamyl) lysine crosslinks.

These

studies have demonstrated the presence of transglutaminase activity in
Xenopus ovary.

By the use of specific inhibitors of transglutaminase,

dansylcadaverine and methylamine, the activity of this enzyme has been
correlated with vitellogenin uptake by the oocytes.

An increase in the

activities of· the ovarian transglutaminase was also observed subsequent
to in vitro exposure of ovarian fragments to hCG.
The relationship of calmodulin, the calcium regulator protein, to
transglutaminase activity in the ovary and uptake of vitellogenin was investigated because of the calcium requirement for both of these processes.

In this study, the uptake of vitellogenin was shown to be sensitive

to the calmodulin-directed drug, Stelazine.

However, Stelazine failed to

inhibit the transglutaminase activity of the ovary, suggesting that the
functional role for calmodulin in endocytosis of vitellogenin must be at
another site.
The common endocytotic pathway of nutritional protein such as vitellogenin involves clathrin-coated pits and vesicles.

Studies utilizing

SDS-PAGE and immunolabelling techniques have shown that the 180,000 M
r

protein, clathrin, is present in both hCG treated and untreated ovaries.

1
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Extracts of Xenopus ovary containing coated vesicles have additional proteins in common with pig brain coated vesicles, including the two clathrin light chains of 33,000 Mr and· 36,000 Mr •
An RIA for measuring gonadotropin induced alterations in the levels
of clathrin in the ovary was developed.

However, ·the sensitivity of the

assay was very low and proved inadequate to measure small differences in
cilathrin
levels in the ovary •
.-

INTRODUCTION
One major aspect of oogenesis in Xenopus laevis is the cellular
growth of the oocyte which occurs during a short, well-defined period of
time and is characterized by the deposition of proteinaceous "yolk"
(Dumont, 1972).

The biochemical and physiological processes culminating

in the formation of the yolk platelets is generally and classically defined as vitellogenesis, a process which can be divided into the following sequence of events:

(1) the endocrine stimulation of the

synthes~s

of the yolk protein precurso.r, vitellogenin; (2) the transport and uptake
of this protein by the ovary; and (3) the transformation of vitellogenin
into the crystalline components of the yolk platelets (Follett and
Redshaw, 1974).

This vitellogenic process is presented schematically in

Fig. 1.
A.

Vitellogenin Synthesis
The endocrine stimulation of yolk protein synthesis begins at the

level of the hypothalamic-hypophysial axis.

External stimuli such as

light and food supply and possibly other environmental stimuli result in
the secretion of gonadotropic hormones from the pituitary
and Dumont, 1968; Wallace and Bergink, 1974).

gl~nd

(Wallace

These hormones act upon

the follicle cell surrounding the oocyte by stimulating the synthesis and
secretion of estrogenic hormones, primarily estradiol 17-S.

The meta-

bolic pathways and the enzymes involved in the amphibian bear many
similarities to those already documented for mammalian ovarian tissue
(Redshaw, 1972).

The gonadotropins control estrogen biosynthesis not

only by increasing the rate of aromatization of the precursor steriod
but also by increasing the number of steriod synthesizing-follicle cells.

Figure 1.

Schematic Representation-of Vitellogenesis in Xenopus laevis
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When estradiol 17-S is administered to mature
is a dramat'ic change in the plasma components.

fe~ale

Xenopus, there

Of greatest significance

is the increase in protein concentration and in three protein-bound constituents: calcium, phosphorous and phospholipid (Follett and Redshaw,
1968).

Chromatography and electrophoresis of plasma from estrogenized

females reveals the presence of a single high molecular weight protein,
with which the three components mentioned above are associated.

This

protein was termed vitellogenin by Pan et al., (1969) in order to classify the yolk protein precursors of similar molecular structure found in
many oviparous vertebrates. Native vitellogenin, found in the blood of
Xenopus laevis, is a dimer with a molecular weight of about 460,000 as
determined by sedimentation equilibrium experiments (Redshaw and Follett,
1971).

The single subunit has a molecular weight of 200,000, as judged

by polyacrylamide gel electrophoresis using denaturing conditions
(Bergink and Wallace, 1974).

Each vitellogenin subunit contains a lipo-

vitellin moiety and a phosvitin moiety which undergoes molecular rearrangement in the oocyte to form the crystalline yolk platelet proteins.
The components of the monomer of vitellogenin are unevenly distributed
between the two moieties, with the phosvitin portion containing almost
all of the protein bound phosphorous.

Fifty-six percent of·the amino

acid residues of phosvitin are serine and 70% of those are phosphorylated
(Clemens, 1974). In addition, phosvitin contains most of the proteinbound carbohydrate which is present as sialic acid residues and hexoseamines (Ansari, et al., 1971).

Twelve percent of the vitellogenin

monomer is lipid and almost all of it is found in the lipovitellin moiety
(Redshaw and Follett, 1971).

6

The site of vitellogenin synthesis is the liver which contains cytosolic receptors for estrogen.

The hormone receptor complex alters the

gene expression of parenchymal cell nuclei (Tata, 1976).
it was believed that yolk protein production was an

For many years,
proc-

~utosynthetic

ess, in which the oocyte both synthesized and stored the yolk to be used
by the developing embryo.

But several· lines of evidence have established

the synthesis of vitellogenin as occurring outside the oocyte.

In female

Xenopus having previously undergone a subtotal (80%) hepatectomy, estrogen administration failed to induce vitellogenin synthesis while a vitellogenin response was obtained in ovariectomized frogs (Munday et
1968).
14

al~,

In addition, in females injected with gonadotrophins and then

c-leucine, the liver was the first organ to show rapid protein label-

ling (Wallace and Jared, 1969).

Conclusive evidence for the site of

vitellogenin synthesis came when two groups were able ,to induce a full
vitellogenic response in vitro, by the addition of estradiol to liver
cultures (Wangh and Knowland, 1975; Green and Tata, 1976).
In addition to the liver, there are other target organs for estradial.

Estrogen affects the amphibian skeletal system and fat bodies,

which are the sources of calcium and phosphorous, and free fatty acids,
respectively, are required to synthesize vitellogenin (Follett and
Redshaw, 1968).
Once vitellogenin is synthesized and the post-translational modifications completed in the liver, it is secreted into the bloodstream
where it binds 2 moles of biliverdin to every mole of vitellogenin and
calcium in a ratio of 1 mole Ca

+2

to one mole of P0

-2

4

(Clemens, 1974).

This association is thought to aid in the solubility of the protein by
balancing the high phosphate levels.

7

B.

Endocytosis of Vitellogenin
Plasma levels of vitello,genin in gonadotropin-stimulated females

have a half-life of two days (Wallace and Dumont, 1968).

This is due to

the rapid removal of vitellogenin from the circulation by the ovary.

The

uptake of the yolk protein precursor, vitellogenin, is a highly selective
process.

When 14 c-vitellogenin and two other Xenopus serum proteins also

1 a b e 11e d with

14 c

· ·
d 1n
· equ1va
· 1 en t amoun t s 1nto
·
· 11ogen1c
·
were 1nJecte
v1te

females, it was found that the rate at which vitellogenin left the circulation and became associated with the ovary was about 50 times greater
than either of the two serum proteins (Wallace and Jared, 1969).
ments in vitro have confirmed this selectivity.

Experi-

Wallace and his co-

workers have developed a culturing procedure· whereby the parameters of
the sequestering process have been defined (Jared and Wallace 1969;
lvallac'e, et al., 1970).

Individual oocytes were removed manually from

their follicles and maintained in a defined culture media at 20°C.

In-

tegrity of the single cell layer of follicular epithelium does not appear
to be essential for protein uptake.

Under these conditions oocytes in-

corporate radiolabelled vitellogenin as a linear function of time for at
least 48 hrs and in some cases up to 6 days.

Oocytes within a narrow

size range, between 0.8 and 1.1 mm diameter, incorporate vitellogenin
maximally and are capable of rates of uptake of
hour (Wallace and Misulovin, 1978).

800 ng per oocyte per

In addition, cultured oocytes have

the same number of pinocytotic pits and vesicles as compared to vitellogenic oocytes in situ (Wallace!! al., 1973).
logenin uptake in Xenopus oocytes is 1.5 x 10

The reported Km for vitel-6

M, a value several orders

of magnitude lower than that of bovine serum albumin (Wallace and Jared,

1969).

Serum albumin as well as other serum proteins do not compete

8

effectively with vitellogenin for uptake by the oocyte.

These data,

including the susceptibility of uptake to pronase treatment, suggested
that the sequestering process involves a selective membrane mechanism
including a recognition and binding step prior to uptake.

Indeed, the

phosvitin-lipovitellin complex in chickens was shown to bind to membrane
fragments from chicken oocytes with high affinity (Yusko and Roth, 1976).
Solubilization of proteins from these membrane fragments with Triton
X-100 revealed a protein capable of binding phosvitin with a K =1.6 x
D
7
10- M (Woods and Roth, 1979).
It had been suspected from early on in the investigation of vitellogenesis in Xenopus laevis that gonadotropic hormones play a dual role in
this process, by first stimulating estrogen production and then by interaction with the ovary to permit uptake of vitellogenin.

This importance

of gonadotropins in uptake can be seen from the following experiments.
Estrogenized females have the same plasma clearance levels of vitellogenin
as do estrogenized males and ovariectomized females,
and Jared, 1969).

~

~

=40 days (Wallace

Administration of gonadotropins to these estrogenized

females changes the clearance time to the same as that of females primed
with gonadotropins alone, t 1 =2 days.
~

Estrogens or the presence of vitel-

logenin alone cannot stimulate oocyte growth by yolk deposition and
estrogen may in fact inhibit it by suppressing endogeneous gonadotropin
secretion via a feedback mechanism to the hypophysis (Follet and Redshaw,
1974).

The effect of gonadotropins has also been demonstrated with cul-

ture studies in vitro.

Oocytes from unstimulated females show little or

no uptake activity, but oocytes from hCG stimulated·animals show pronounced incorporation of radiolabelled vitellogenin, although this occurs
within a limited size range of oocytes (Wallace et al., 1970).

To date,

9

it has not been possible to stimulate vitellogenin incorporation in manually dissected oocytes incubated with gonadotropic hormone.

Recently,

however, it has been shown that incubation in vitro of ovarian fragments
taken from unstimulated animals with hCG results in oocytes that are
competent to incorporate vitellogenin (Wiley ·and Dumo.nt ~ 1978).

Thus it

appears that the primary target cell for the gonadotropin induced uptake
of vitellogenin may not be the oocyte itself but another ovarian cell
type, but this cell type and the action of the hormone have yet to 'be
defined.
pro~ess

The

by which the oocyt.e

translo~ates

the vitellogenin mole-

cule across the oolemma is endocytosis (Wallace and Dumont; 1968; Dumont;

1972).

This process recently has received considerable attention both in

ultra-structural and biochemical studies (for review see Pastan and
Willingham, 1981; Bloom and Puszkin, 1981).

Oocytes of less than 0.6 mm

diameter, termed pre-vitellogenic, and oocytes from an unstimulated
ovary, or non-vitellogenic, have a smooth cell surface with few if any
microvilli.

A dramatic change takes place in oocytes of 0.6-1.2 mm di-

ameter taken from a vitellogenic female.
irregula_r surface.
envelope.

Activated oocytes have a highly

Microvilli arise and project toward the vitelline

At the base of these microvilli, large invaginations or crypts

can be seen that greatly increase the surface area of the oocyte.

The

walls of these crypts develop small inpocketings or pinocytotic pits.
These pits, having a typical filamentous coat on their cytoplasmic face,
invaginate and pinch off to form vesicles measuring up to 200 A0 in diameter.

With the use of electron microscopic autoradiography it has been

demonstrated that these vesicles are the vehicle for intracellular
transport of vitellogenin (Brummett and Dumont, 1977).

Following vesicle
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formation, the vesicles move centripetally in the ooplasm and fuse with
one another, forming organelles intermediate between the vesicles and
mature yolk platelets, called transitional yolk bodies (Opresko
1980b).

~

al8,

It is in these organelles that the cleavage of vitellogenin to

lipovitellin and phosvitin takes place, a process which occurs before
crystallization in the yolk platelets.

Microtubular profiles can be seen

in the ooplasm attached to enlarging yolk platelets and in the vicinity
of the pinocytotic vesicles.

Indeed, both colchicine and vinblastine

have an inhibitory effect on the uptake of vitellogenin (Wallace and Ho,
1972) and dramatically alter the cytology of the vitellogenic oocyte
(Dumont and Wallace, 1972), resulting in a general disorganization of
the ooplasm.

Thus, the microtubular system is thought to aid in the

movement of these vesicles from the cell surface to the yolk platelets.
Biochemical studies of oocytes cultured in radiolabelled vitellogenin and
subjected to density gradient centrifugation have demonstrated the association of vitellogenin with a membrane containing fraction and that this
vitellogenin could be

followed into the yolk platelets with time (Jared

et al., 1973).
C.

Coated Vesicles and Clathrin
The macromolecular transport across the cell membrane via pinocyto-

sis has been the focus of recent investigation.

The organelle of trans-

port, the coated vesicle, was first observed and described in detail in
the mosquito oocyte in 1964 (Roth and Porter, 1964).

The coated vesicle

originates at the cell membrane where pinocytotic pits characterized by a
bristle-like coat on the cytoplasmic face, invaginate to form the vesicle,
thus the term coated pit-coated vesicle system.

These structures have

been seen in the electron microscope in virtually all nucleated animal

11

cells and they are associated with different cell functions (Goldstein
et al., 1979).

Coated vesicles have been purified from a variety of

sources (Pearse, 1976; Woods

~

~

al., 1978; Blitz

al., 1977).

Electron

micrographs of these vesicles reveal a common, highly ordered geometric
structure.

Using negative staining techniques, these structures have

been shown to consist of a lipid vesicle surrounded by a "basket" of protein.

The protein is organized in such a way as to form a polyhedral

lattice constructed from 12 pentagons and a variable number of hexagons,
depending on the size of the vesicle, which can range in size from 50 to
250 nm (Kanaseki and Kadota, 1969; Pearse, 1980).

The most striking bio-

chemical feature of the coated· vesicle preparations is the protein,
termed clathrin, of 180,000 M , which is the major constituent of the
r
cytoplasmic "basket" protein coat (Pearse, 1976).
This protein coat can be solubilized by 2 M urea, high pH, Tris ion
and protonated amines (Woodward and Roth, 1978).

The solubilized coat

proteins sediment at 88 (Ungewickell and Branton, 1981) and can be repolymerized into basket-like structures at pH 6

(S~hook ~

al., 1979).

When solubilized protein coats are purifed by three successive chromatographic filtrations, clathrin is separated from several high molecular weight components but remains associated with 2 light chains of
33,000 M and 36,000 M (Ungewickell and Branton, 1981).
r

r

Chemical cross-

linking experiments indicate that their association with clathrin on a
molar ratio of clathrin to total light chains is 1:1 and the ratio of
light chains is one large light chain (a) to 2 small light chains (S)
(Kirchhausen and Harrison, 1981).
Rotary shadowing of the purified clathrin and light chains with
heavy metals and observation of them in the electron microscope revealed

12

a 3-legged structure termed "triskelions" (Fig. 2) (Ungewickell and
Branton, 1981).

The triskelions display a handedness and have been ob-

served in preparations from several species.

Each leg of the triskelion

is 44 nm in length with a sharp bend at 16 nm from the center point.
Molecular weight of the triskelion is 630,000, a value consistent with a
complex comprised of three 180,000 molecules and three light chains.

It

is not known whether the triskelion contains all a or S light chains or
both and in what proportions.
When reconstituted empty cages are subjected to proteolysis with
elastase, the heavy chain, clathrin, is resistant to degradation whereas
the light chains are easily digested (Kirchhausen and Harrison, 1981).
The length of each leg of the triskelion appears the same as in undigested cages, however the elastase treated triskelions lack the ability
to reform cages.

In addition, results from experiments using elastase

treated cages and ferritin labelled purifed light chains have shown the
light chains to be located at or near the vertex of each triskelion.
When trypsin is substituted in the proteolysis experiments, clathrin
is almost completely digested, the products being a 110,000 Mr fragment
and two smaller soluble fragments of 50,000 M and 40,000 M (Schmid
r
r
~

al., 1982).

The 110,000 M fragment is still organized in a trimeric
r

structure but the legs are shorter and the bend is missing.

It is sur-

prising that these truncated triskelions can still reassemble into cages
since the light chains are also comptetely digested.
These experiments appear to indicate that the legs of the triskelions are composed entirely or almost so of clathrin and that the 110,000
Mr fragment of clathrin contains the domain necessary for the formation

of cages.

Further experiments with elastase treated -cages have raised

Figure 2.

Schematic Representation of Clathrin Triskelion
Clathrin triskelion is the 88 subunit of coated vesicles. It
·contains clathrin, 180,000 M and the two light chains of
33,000 M and 36,000 M • Th~ light chains are located at the
vertex o¥ the triskeli6n, with clathrin comprising most of
the legs.

13

"CLATHRIN TRISKELION, 8.6s species
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the possibility that the function of light chains in aiding of assembly
of triskelions into cages is that of fixing the geometry and handedness
of the triskelions arms and this may provide a possible point of regulating the formation of coated vesicles ..
In order to form the pentagons and hexagons that make up the larger
structure of the coated vesicles, a triskelion must be placed at the
vertex of each pentagon and hexagon with the vertex of

th~

triskelion

forming the vertex of pentagon or hexagon and each leg of the triskelion
spanning along two sides of each polyhedron.

Therefore, it is the

triskelion rather than clathrin alone which is the assembly unit of
coated vesicles.
D.

Receptor-Mediated Endocytosis:· General Overview
Although coated vesicles are involved in such varied cellular

functions as: cell membrane ·retrieval and its converse, membrane biogenesis; exocytosis and down-regulation of hormone receptors; their role in
the endocytic process has received the greatest attention.

This process,

now called receptor-mediated endocytosis, is the general mechanism by
which cells sequester nutritional and regulatory proteins from the extracellular environment.

In the cell systems where receptor mediated endo-

cytosis has been shown to take place, the following common properties
have

b~en

used to define the phenomena:

(1)

There is a binding component, or receptor, on the cell surface

that binds an endogenous ligand with high affinity at low concentrations.
However, the cell is capable of transporting the ligand against a concentration gradient.
binding.

(2)

Once bound, the

Internalization of the ligand is coupled to
~

~

for internalization of the ligand is less

than 10 min. (3) The receptor-bound ligand enters the cell through the
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coated pits either because the receptors are specifically localized in
these regions or because binding induces migration of the receptors to
the coated pits.

(4)

The internalized proteins contained within the

vesicles are delivered to intracellular organelles, usually lysosomes.
Of those cell systems in which receptor-mediated endocytosis has
been shown to occur in coated pits, the low density lipoprotein (LDL)
receptor system in cultured human fibroblasts is the most well-documented
and elegantly demonstrated.

Cells requiring cholesterol for membrane

biogenesis synthesize a cell surface receptor that binds the protein
component of LDL with high affinity (Goldstein and Brown, 1976).

The LDL

particle is internalized and delivered to lysosomes where it is hydrolyzed to amino acids and cholesterol. The cholesterol is utilized for
membrane synthesis and it also maintains homeostasis within the cell by
regulating some key enzymes involved in cholesterol metabolism.

In addi-

tion, the cholesterol controls the synthesis of the LDL receptor.
Using immunocytochemical techniques at the light and electron microscope level and electron microscopy of ferritin-conjugated LDL binding to
cells, the distribution of LDL receptors has been localized (Anderson et
al., 1978;

Anderson~

al., 1977a).

Between 50 and 80% of the LDL recep-

tors are clustered within 2% of the cell surface, the area represented by
the coated pits.

It is believed that migration to these specialized re-

gions of the cell surface takes place before binding because the receptorbound LDL can be detected in coated pits even when the cells are fixed
with formaldehyde prior to incubation with LDL.

The LDL can also be

detected in the vesicles and secondary lysosomes within the endocytotic
pathway.

16

Several naturally occurring human mutations responsible for the
disease known as familial hypocholesterolemia (FH) have been useful in
elucidating the function of the LDL receptor within. the coated pit.
rare allele, designated Rb+, i 0

,

One

binds LDL but does not internalize the

lipoprotein (Goldstein et al., 1977; Anderson et al., 1977a).

The fibro-

blasts from these FH patients have coated pits of normal morphology_and
:number.

The receptors do not lie within the coated pits but are scat-

tered over the non-coated regions of the membrane.

This observation has

led to the hypothesis that the LDL receptor has a sec·ond binding site in
addition to the LDL recognition site.

This internalization site would be

necessary for the receptor to be recognized by the coated pit and possibly interact with one of the proteins that constitute the cytoplasmic
coat of the pit.
In contrast to the LDL system, the endocytosis of several small
regulatory proteins requires the binding of the ligand prior to migration
to the coated pit.

Using fluorescently-labelled insulin and epidermal

growth factor (EGF) and video intensification microscopy, it has been
shown that prior to the addition of ligand to the media, the receptors
are diffusely distributed over the cell surface
1978; Haigler et al., 1978).

(Schlessinger~

al.,

Following incubation with hormone at 37°C,

the mobile receptors cluster to form patches which become localized over
clathrin-coated regions of the membrane (Willingham and Pastan, 1978).
In addition, the ligand receptor complexes of insulin, EGF and a -macro2
globulin can collect within the same coated pit, indicating selectivity
at the level of the receptor but a common internalization pathway
(Maxfield et al., 1978).

17

This

e~rly

step of clustering prior to internalization requires

extracellular calcium and is sensitive to alkylamines, such as dansylcadaverine, and ammonia (Maxfield et al, 1979).
~ering

The mechanism for clus-

of ligand receptor complexes is not clear but there is a strong

correlation between aggregation and transglutaminase activity (Davies et
al., 1980).

This enzyme catalyzes the formation of E-(y-glutamyl) lysine-

crosslinks between proteins and has the same requirements as does the
clusteri~g

process (Folk and Finlayson, 1977).

Dansylcadaverine, the

most potent transglutaminase inhibitor, has been shown to inhibit the
internalization of

125

1-EGF by 3T3 cells without altering EGF binding

(Haigler et al. , 1980) •
These observations have led to a hypothetical model for the involvement of transg1utaminase in receptor-mediated endocytosis.

Following

binding of the ligand to diffusely distributed receptors, the complexes
migrate to coated pits.

The clusters promote a local change in the flux

of calcium ions which activate transglutaminase.

The enzyme then cross-

links the protein in the ligand-receptor complex or in the coated pit,
making aggregation irreversible and permitting internalization to take
place.

To date, no glutamyl-lysine crosslinks between ligand and recep-

tor have been identified but the results have been presented in such a
way as to demonstrate a clear correlation between transglutaminase activity and receptor-mediated endocytosis.
The calcium requirement for receptor-mediated endocytosis has focused attention on the potential role that the calcium-activator protein,
calmodulin, may play in the process.

Calmodulin is a protein of 17,000

M that acts as a mediator of calcium regulation in a number of enzymatic
r

18

systems such as cyclic nucleotide phosphodiesterase, Ca

+2

-Mg

+2

-ATPase,

and myosin light chain kinase (Means and Dedman, 1980).
Recently, it was demonstrated that coated vesicles isolated from
the pig brain are enriched 7-fold in calmodulin content when purified in
the presence of calcium (Linden et al., 1981).
cifically to coated vesicles in vitro.

The calmodulin binds spe-

Calmodulin was also isolated from

a coated vesicle preparation from.the human lymphoblastoid cell line,
WiL2, which endocytoses IgM molecules (Salisbury et ·al., 1980).

In this

system the calmodulin-inhibiting drug, Trifluoperazine, a phenothiazine
derivative, was able to decrease the amount of IgM entering the endocytotic pathway by

50% of the control valuese

The affect seemed to be at

the level of clathrin recruitment to the cell surface at the point of the
clustered receptors for the IgM.

These authors

h~ve

also demonstrated

the localization of calmodulin in this cell line (Salisbury et al.,
1981).

Using the technique of indirect immunofluorescence, calmodulin

was shown to be diffusely distributed over the cell surface prior to
challenge of the cell with a ligand such as IgM or ConA.

After exposure

of the cells to ligand, calmodulin became concentrated in regions of the
cell just below the clustered ligand-receptor complexes or cap,
docytosis eventually took place.

wh~re

en-

Through the use of two different drugs,

cytochalasin B, that inhibited capping and the other, Stelazine, that inhibited endocytosis, the authors were able to show that the calmodulin
redistribution was independent of the capping event.
The biological function of the calmodulin-coated vesicle association
is unknown at this time although several possibilities have been suggested.

Calmodulin might: (1) regulate the Ca+ 2 -ATPase reported in

coated vesicles (Blitz et al., 1977); (2) mediate interactions between
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the coat structure; (3) assist 'in the assembly of the coat structure;
(4) modulate interaction between coated vesicles and cytoskeletal elements such as actin; or (5) regulate the clustering of .receptor-ligand
complexes into coated vesicles (Linden et al., 1981).
The process of receptor mediated endocytosis occurs widely and has
been characterized both ultrastructurally _and biochemically in a number
of cell systems.

However, the endocytosis of vitellogenin in the Xenopus

ovary has yet to be characterized.

The cell machinery for endocytosis,

namely coated pits and vesicles, has been observed with the electron
microscope but has not been investigated as to its content with regard to
clathrin.

In addition, the

~echanisms

by which vitellogenin uptake is

regulated during a specific time of development and the possible influence of gonadotropic hormones on these mechanisms are entirely unknown.
This study was designed to investigate in the ovary of the frog,
·Xenopus laevis, the molecular mechanisms of receptor-mediated endocytosis
that have been reported elsewhere.

These mechanisms included the pres-

ence of transglutaminase activity and calmodulin activity in the ovary
and their relationship to endocytosis of vitellogenin by the oocyte. ' To
elucidate the role of gonadotropins on the regulation of yolk deposition
in the oocyte, the influence of gonadotropins on transglutaminase activity in the ovary was determined.

In addition, this study confirmed the

presence of clathrin in the oocyte and an attempt was made to determine
alterations in the levels of clathrin in response to hormonal stimulation.

MATERIALS AND METHODS
A.

Treatment of Animals
Mature female Xenopus laevis, weighing 130-170 g were maintained at

20° C in dechlorinated tap water and fed once a 'tveek on a diet of beef
liver.

To stimulate vitellogenin synthesis, frogs were injected with

2 mg estradiol-17S in 0.2 ml propylene glycol for 3 consecutive days and
bled by heart puncture on the tenth day.
Vitellogenic ovaries were obtained from frogs previously injected
with 1000 units of human chorionic gonadotropin in 0.2 ml saline on days
1 and 7 followed by laparotomy on day 8.
New Zealand white rabbits, weighing 5 lbs., were used to produce
antibodies to clathrin.

They were injected with 0.2-0.5 mg of antigen on

a biweekly basis for 4-6 weeks.

The first injection was in Freund's com-

plete adjuvant and all other injections were made in incomplete adjuvant.
Rabbits were

bled from the ear to test titer of antibody.

When antibody

titers were sufficiently high, the rabbits were bled by heart puncture.
B.

Isolation and Radioiodination of Vitellogenin
Vitellogenin was separated from other Xenopus serum proteins by mol-

ecular sieve chromatography.

A column (45 em x 1.7 em) was packed with

Sephacryl-200 (Pharmacia) and

~quilibrated

NaCl, 25 mM

~Cl,

with solution 0-R2 (82.5 mM

1.0 mM CaC1 , 1.0 mM MgC1 , 1.0
2
2

Hepes, 3.8 mM NaOH, pH 7.8)

(Wallace~

~1

al., 1973).

Na HP0 , 5.0 mM
2
4
The column was oper-

ated at a flow rate of 1.2 ml/min. using a peristaltic pump (Pharmacia).
1.2 ml fractions were collected.

The position of the vitellogenin peak

was monitored by absorbance at 280 nm using a Zeiss spectrophorometer.
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Vitellogenin was labelled' in vitro with

125

1 using the 10DOGEN tech-

nique, essentially as described by Fraker and Speck (1978).

3-4 mg of

vitellogenin were placed in a test tube previously plated with 400 .118 of
10DOGEN (1,3,4,6-tetrachloro-3,6-diphenylglycouril) (Pierce).
Na

125

500 gCi

1 (Amersham Searle) was added and the reaction was allowed to proc-

. on 1ce.
.
eed f or 20 m1n

125 1-v1te.
. 11 ogen1n
. was separate d f rom f ree Na 125 1

on a Sephadex G-25 column (1 em x 10 em) (Pharmacia), equilibrated with
O-R2.
C.

Radioiodination of Protein A
Protein A binds specifically to the Fe portion of 1gG and was used

to detect the binding of antisera to clathrin on DBM paper (see Methods)
by autoradiography.

Protein A (Sigma) was radioiodinated by the 10DOGEN

technique (Fraker and Speck, 1978).

Ten pg of Protein A was placed in a

test tube previously plated with 100 pg of 10DOGEN (Pierce).

Five hun-

dred ~Ci of Na 125 1 (Amersham Searle) was added and the reaction allowed
to proceed for 20 min on ice.

Free and Protein A bound

125

1 were sepa-

rated on a Sephadex G-25 column (1 em x 10 em) (Pharmacia) equilibrated
and eluted with phosphate buffered saline.
D.

'Transglutaminase Assay in Rat- Liver and Xenopus Ovary
Frozen rat livers were homogenized in 50

a 10% homogenate (Lorand et al., 1972).

~1

The homogenate was centrifuged

at 2,500 x g for 30 min in a Sorvall centrifuge.
as the source of enzyme in the assay.

TR1S-Cl, pH 7.5 to yield

The supernate was used

The cocktail mixture contained

2.2 mg/ml casein, 2.8 mM dithiothreitol (DTT), 1.2 mM putrescine, 28
[

3

H]-putrescine (NEN) and 50 mM TR1S, pH 7.5.

The reaction mixture

~Ci
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contained 90 pi of cocktail, 10 to 20 111 of 100 mM CaC1

2

or 200 mM EGTA

and 90 pl of enzyme, which was added last, for a total volume of 200 pl.
In the inhibitor studies, dansylcadaverine, methylamine, bactracin
or poly L-lysine (Sigma), all made up in 50 mM TRIS-Cl, pH 7.5, were
added to the reaction mixture at the concentrations indicated in Fig. 3.
The concentrations of the inhibitor Stelazine (Smith, Kline and French)
are given in Table IV.

The reaction was carried out at 37°C for 20 min.

At the end of the incubation period, 25 111 samples (in triplicate) were
spotted on filter paper (Whatman No. 1), placed in cold 10% TCA, washed
in 5% TCA, and dried in ethanol:acetone (1:1).

The filters were placed

in 5 ml of TT-21 (Yorktown Research) and counted in a Beckman LS-2000
scintillation counter.

Under these conditions, all assays were linear

with time and protein concentration.
For the ovarian transglutaminase assay, the same protocol was followed except that the supernate from a 50% ovarian homogenate was used
as the enzyme source and the incubation was run at 20°C.

The ovary was

removed from a Xenopus laevis previously injected with 1000 units of hCG
on days 1 and 7 and the ovary removed on day 8.
E.

Uptake of

125

I..:..vitellogenin by~us laevis ·oocytes

Female Xenopus laevis were given injections of 1000 units of human
chorionic gonadotropin on days 1 and 7 and on day 8 a laparotomy was performed.

Stage IV oocytes ·(1.0 mm diameter) were manually dissected from

their follicles with watchmakers forceps.

Groups of 30-40 oocytes were

125 I . 11
. .
. ( 2 x 10 6 cpm)
. ce 11. cu 1 ture p 1ates conta1n1ng
-v1te ogen1n
p1 aced 1n
in solution O-R2 (82.5 mM NaCl, 2.5 mM KCl, 1.0 mM CaC1 , 1.0 mM MgC1 ,
2
2
1.0 mM Na HP0 , 5.0 mM Hepes, pH 7.8, 3.8 mM NaOH) (Wallace!! al., 1973)
2
4
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for 15 hrs at 20°C.

In the inhibitor studies, oocytes were preincubated

in the presence of dansylcadaverine or methylamine (see Table I for concentrations) or Stelazine (see Table ·III for concentrations) for 1 hr
without the isotope and then transferred to a media containing the same
125 I -v1te
. 11 ogen1n.
1
..
. h"b"
1n
1 1tor p_us
At the end of the incubation period, oocytes were washed three times
with O-R2 containing 1 mg/ml vitell9.genin and then homogenized in 15%
sucrose (w/w) containing a Hepes-PVP buffered solution (12.5 mM Hepes,
pH 7.5, 2.5 mM EDTA, 6.25% polyvinylpyrrolidone (PVP)) (15 g sucrose,
45 ml Hepes solution, 45 ml distilled water) (Jared et al., 1973).

The

homogenate was layered onto an 11 ml 19-50% sucrose gradient containing ·
the same buffer (19% 19 g sucrose, 45 ml Hepes solution, 10 ml distilled
water; 50%: 50 g sucrose, 45 ml Hepes solution, 10 ml distilled water)
(Opresko et al., 1980b).

The gradients were centrifuged for 12 hr at

40,000 rpm in a Beckman SW41 rotor.
at 4°C.

These operations were carried out

The gradients were fractionated, the absorbance monitored at

280 nm and 0.2 ml fractions were collected.

Fifty

~1

samples were

spotted on filter paper, washed with cold 10% TCA overnight, followed by
2 rinses with 10% TCA and 2 rinses with ethanol:acetone (1:1).

After

drying, the papers were placed in biovials and counted in a Beckman Biogamma counter.
F.

In Vitro·Treatmertt ·of Xenopus ·avarian Fragments .. with.Chorioriic

, Gonadotropin
Females, with no prior treatment with hormones, were anesthesized by
hypothermia and a major portion of the ovary was surgically removed.
Generally, this was done with 2-3 animals per.experiment so as to provide
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a sufficient amount of tissue.

The ovaries were cut into small fragments

containing about 200 Stage IV oocytes.
each ovary was placed in a group.

An equal number of fragments from

The fragments were then placed in

60 mrn x 15 mm petri dishes containing 7 ml of glutamine supplemented 50%
L-15 media (Gibco) containing 100

~g/ml

Gentamycin (Sigma) with or with-

out 100 units/ml hCG (Wallace and Misulovin 1978).
cubated for 24 hrs at 20°C.

The ovaries were in-

Under these conditions virtually all mature

oocytes, those exhibiting a white spot (Merriam, 1972), had ovulated,
indicating a response to the hCG in the media.
For the assay of transglutaminase activity, following incubation,
ovarian fragments were washed several times in 50% L-15 media and a 50%
homogenate in 50 mM Tris-Cl, pH 7.5 buffer was prepared as described
above.

For the 0 hr time point in the assay, ·the fragments were di-

rectly processed for the transglutaminase assay following excision.
G.

Isolation of Coated Vesicles and Clathrin
Coated vesicles were isolated from frozen pig brains according to

the procedure of Keen et al. (1979).

a

One kg of brain was homogenized in

Waring blender for 45 sec with an equal volume of MES buffer (0.1 M

MES, pH 6.5, 1 mM EGTA, 0.5 mM MgC1 , 0.02% NaN ).
2
3
performed at 4 0 C.

All operations were

The homogenate was centrifuged at 20,000 x g for

30 min in a Sorvall GSA rotor.

The supernate was centrifuged at

100,000 x g for 60 min in a Beckman 50.2 Ti rotor.

The pellets were

resuspended in 42 ml of MES buffer and divided equally among 6 discontinuous sucrose gradients containing 4.5 ml of 60% and 50% sucrose, 9 ml
of 40% and 10% sucrose and 4.5 ml of 50% sucrose. ·All sucrose solutions
were w/v in MES buffer.

Gradients were centrifuged at 50,000 x g for
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2 hr in a Beckman SW 27 rotor.

Coated vesicles were obtained by pooling

the middle section of each gradient found below the reddish soluble fraction and above the dense white material at 60% sucrose.

The fractions

were diluted 3-fold with MES buffer and centrifuged at 100,000 x g for
60 min.

The pellets were resuspended in 6 ml of MES buffer with a loose-

fitting Dounce homogenizer and divided among 6 gradients containing
0.5 ml of 60% sucrose, 1 ml of 30% sucrose and 9 ml of 5% sucrose.

The

gradients were centrifuged at 55,000 x g for 45 min in a SW41 rotor.
Coated vesicles were enriched in the 5% sucrose solution.

This fraction

was diluted 2-fold and the coated vesicles were centrifuged at 100,000 x
g for 60 min.

Vesicles were stored as pellets at -80°C until needed.

Coated vesicles from Xenopus ovaries were isolated by a modification
of the above procedure.
volume of

~1ES

Whole ovarian tissue was homogenized in an equal

buffer in a Dounce homogenizer using a Teflon pestle.

The

homogenate was centrifuged at 20,000 x g for 30 min to remove yolk platelets and tissue fragments.

The supernate was layered over the SW27 gra-

dients and centrifuged at 50,000 x g for 2 hrs.

The coated vesicles were

pooled, diluted 3-fold and centrifuged at 100,000 x g for 60 min.

The

pelleted vesicles were then stored at -80°C until needed.
Clathrin was isolated from the pig brain coated vesicles by resuspending the pellet in MES buffer and adding 8M urea in MES buffer to a
final concentration of 2M urea.

The suspension was incubated for 16 hrs·

at 4°C and centrifuged at 100,000 x g for 30 min. The supernate contained
the clathrin.
Clathrin was prepared from crude

coa~ed

to the procedure of Bloom et al., 1981.

vesicle fractions according

Two frozen pig brains were homo-

genized in 600 ml of Buffer B (0.1 M Tris-Cl, pH 7.0, 1 mM EGTA, 0.5 mM
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MgC1 , 1 mM 2-mercaptoethanol and 0.02% NaN ). The homogenate was cen2
3
trifuged at 30,000 x g for 30 min. in a Sorvall GSA rotor. The supernate
was further centrifuged at 100,000 x g for 1 hr in a Beckman 50.2 Ti
rotor.

The resulting crude coated vesicle pellet was extracted with

100 ml of Buffer C (0.02 M Tris-Cl, pH 7.5, 1 mM 2-mercaptoethanol, 1 mM
EDTA, 0.02% NaN ) by 10-12 strokes of a Teflon-glass homogenizer.
3
extract was centrifuged at 100,000 x

The

g for 1 hr and the supernate re-

moved and made 30% saturated in ammonium sulfate by the addition of solid
crystals.

The pellet obtained by centrifugaion at 15,000 x g for 5 min

was resuspended in Buffer D (20 mM Tris-Cl, pH 7.5, 1 mM 2-mercaptoethanol, 1 rnM EDTA, 0.02% NaN , 2M urea). Following diaylsis against Buffer
3
D. to remove salts the crude clathrin was loaded on top of a Sepharose 4B
column (2.5 x 85 em) previously equilibrated with the same buffer.

Five

ml fractions were collected and monitored by absorbance at 280 nm in a
Zeiss spectrophtometer.

The second peak, containing clathrin, was made

50% saturated in ammonium sulfate, resuspended in a small volume of Buffer D and rechromatographed on the same Sepharose 4B column.

The mate-

rial eluting in peak II was -concentrated by vacuum ultrafiltration
(Arnicon, YM-10 filters) and dialyzed against the same buffer lacking 2 M
urea and chromatographed on another Sepharose 4B column equilibrated with
this buffer.
H.

Pure clathrin was in peak II at a volume of 235 ml (Fig. 9).

sns.:...Po.lyacrylamide.Gel Electrophoresis
Proteins from pig brain and Xenopus ovaries were analyzed by SDS-

polyacrylamide electrophoresis according to the procedure of Maizel
(1971).

The slab gel (1.5 mm x 13 em x 15 em) contained 6-20% acryl-

amide, 0.1% SDS, 0.375 M Tris-Cl, pH 8.8.
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A 3% polyacrylamide stacking gel containing 0.1% SDS, 0.375 M TrisCl, pH 6.8, was overlayed on the gradient gel after polymerization and a
well forming comb inserted into the gel.

Before application to the gel,

protein samples were boiled for 2 min in a buffer containing 10% glycerol
(v/v), 5% 13-mercaptoethanol, 3% SDS and 0.0625 M Tris-Cl, pH 6.8.
running buffer consisted of 0.033 M Tris, 0.2 M glycine 1% SDS.
was electrophoresed at 150V for 6.5 hr.

The
The gel

Gels were fixed in 25% isopropyl

alcohol, 10% acetic acid overnight, stained for 3 hrs in 0.05% Coomassie
Blue R-250 in 25% isopropyl alcohol, 10% acetic acid and then destained
for 2-16 hrs in 10% acetic acid.
I.

Transfer of Proteins from Gels to DBM Paper- arid Detection of Cla-

thrin with Antisera
Antisera to pig brain clathrin was confirmed using a sensitive
method involving the transfer of proteins to diazobenzyloxymethyl (DBM)
paper (Renart et al., 1979).
detect

th~

In addition, this technique was used to

presence of clathrin in Xenopus ovaries.

DBM paper was prepared from ABM (azobenzyloxymethyl) paper, according to the method of Alwine et al. (1979).

ABM paper was prepared by

placing a sheet (15 x 25 em) of Whatman 540 paper in a glass tray, wetting it with 70% ethanol at room temperature and allowing it to partially
dry.

Eight hundred mg of 1-[(m-nitrobenzyloxy)methyl]pyridinium chloride

(NBPC) (Pierce) 8 ml of 70% ethanol was spread onto the paper with a
gloved hand and the paper was suspended in a frame and blown dry for
15 min.
A solution of 800 mg NBPC, 250 mg sodium acetate in 8 ml of 70%
ethanol was then spread onto the paper, blown dry and baked in oven at

28

65°C for 20 min.

The paper was then transferred to an oven at 135°C and

baked for another 30 min.

The paper was then washed twice in deionized

water for 15 min each, dried at 65°C, washed twice in acetone and dried.
The paper was stored at 4°C in an air-tight bag until needed.
Activation of ABM paper to DBM paper was achieved by incubating ABM
paper in fresh 20% (w/v) sodium dithionite and incubated at 60°C for
30 min with gentle shaking.

The paper was then washed 4 times with de-

ionized water for 10 min each, once with 30% acetic acid for 10. min,
and 3 times with deionized water for 10 min each.

The paper was cooled

in a glass tray to 4°C and incubated in 200 ml of 1.2 N HCl (4°C) containing 49 mg of sodium nitrite for 30 min.

The paper was rinsed twice

with ice cold deionized water and twice with ice cold transfer buffer
(25 mM sodium phosphate, pH 6.5).

The paper turned a pale yellow and

transfer of proteins from polyacrylamide gel was begun immediately.
Coated vesicle proteins, pure clathrin and oocyte proteins were
electrophoresed on 6-20% polyacrylamide-SDS slab gels (see Methods
above).

Following electrophoresis

~nd

one hour prior to the completion

of DBM-paper, the gel was washed in transfer buffer for 1 hr with frequent changes and gentle shaking.

When the DBM paper was ready, the gel

.was immediately placed on the paper, and the proteins were transferred
to the paper by electrophoresis in transfer buffer at 4°C for 3 hr at 27V
in a BioRad Trans-Blot apparatus.

Following electroelution of proteins from gel onto the DBM paper,
the remaining active sites on the paper were blocked by incubating the
paper in post-transfer buffer (100 mM Tris-HCl, pH 9.0, 10% ethanolamine,
0.25% gelatin) overnight.

The paper was then rinsed with water and
I

placed in a plastic boiling bag (Seal-N-Save, Sears).

To the bag was
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added 20-50 ml of a 1:50 dilution of c.lathrin antisera from rabbits (see
Method below for production of antisera). The antisera was diluted in incubation buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.25%
gelatin, 0.05% Nonidet P-40) and incubated in a shaking water bath at
37°C for 6-24 hrs.

The paper was washed in the bag for 6 hrs with 100 ml

of incubation buffer, then incubated with

125

I-protein A (0.25 pCi/well)

in the bag for 1-2 hrs at 37°C, and washed for the same length of time in
wash buffer (50 mM Tris-HCl, pH 7.4, 1M NaCl, 5 mM EDTA, 0.25% gelatin,
0.4% Sarkosyl).

The wash procedure consisted of 3 changes of 100 ml each.

The paper was rinsed with water, blotted dry and autoradiographed for
24 hrs using Kodak XRP-1 film and a DuPont Cronex Lightning-plus screen.
In some cases, the DBM paper was stripped of antibody and protein A
by incubating it in 50 mM sodium phosphate, pH 7.5, 10M urea, 0.1 M 2mercaptoethanol-for 30 min at 60°C, followed by rinse with water and
incubated a second time with antisera and the above procedure repeated.

J.

Radioimmunoassay for the Detection of Clathrin
Antibodies to clathrin were produced in New Zealand white rabbits by

a modification of the procedure of

Bloom~

al., (1980).

Clathrin iso-

lated by column chromatography was dialyzed overnight against MES buffer
(0.1 M MES, pH 6.5, 1 rnM EGTA, 0.5 mM MgC1 , 0.02% NaN ) to reform
2
3
baskets.

The clathrin baskets were then crosslinked by the addition of

50% glutaraldehyde (TOUSIMIS) to the dialysate to a final concentration
of 2%.

The preparation was then dialyzed overnight against PBS.
Injections were given biweekly, intradermally and subcutaneously.

Each injection contained 200-5.00 pg of clathrin.

The first injection was

given in Freund's complete adjuvant and all subsequent injections were in
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incomplete adjuvant.

When clathrin antibody titers were sufficiently

high as determined by the DBM transfer technique and RIA, the animals
were bled by heart puncture.
A 1:100 dilution of antisera in PBS containing 0.1% bovine serum
125 I 1 h. ·
. (PBS/BSA) pro duce d a 30%o prec1.p1.tat1.on
~ .
·
a lb um1.n
of
c at r1n.
dilution was used in all subsequent RIA's for clathrin.

This

The RIA was

performed under equilibrium conditions whereby both unlabelled antigen
and

125

.
I-clathrin were present in the reaction before the addition of

antisera.

A standard dilution curve was generated by adding 100

~J

of serially diluted purified brain coated vesicles to the assay mixture
containing

20,000 cpm of 125 I-clathrin in 100

of clathrin antisera.

~1 and then adding 100 ~1

Each assay contained a tube for non-specific

binding and total binding (no competing antigen) and the assay was performed in triplicate.

200 ~1

Samples were incubated for 1 hr at 250°C.

of 5% normal rabbit serum was added followed by the addition of 25
10% IgG sorb (Enzyme Center) and incubated for 20 min at 25°C.

~1

of

Samples

were centrifuged at 3,000 rpm for 2 min in a Beckman model TJ-6 centrifuge.

The supernate was removed, the pellets washed once in 300

~1

PBS/BSA, centrifuged and the pellets counted in a Beckman Bio-gamma
counter.
K.

Protein·netermination
The concentration of all proteins was measured by the method of

Bradford (1976).

RESULTS
A.

Transglutaminase Activity in the Ovary
Gonadotropic hormones initiate the uptake of vitellogenin in Xenopus

laevis oocytes.

The hormones may mediate the effect by altering the

molecular mechanisms involved in receptor-mediated endocytosis.
the

mol~cular

One of

mechanisms implicated in this process involves the enzyme

transglutaminase.

In order to determine if there were any hormonally

induced alterations in the ovary, the activity of transglutaminase in the
ovary had first to be determined because there have been no previous
reports of such enzymatic activity in ovarian tissue.
The enzymatic activity of transglutaminase was monitored by the formation of crosslinks between casein and [ 3 H]-putrescine.

Transglutamin-

ase in the supernate of a 10% rat liver homogenate was used as a standard.
Transglutaminase activity was also measured in the supernate of a 50%
homogenate of Xenopus ovary from an hCG treated female. The enzymatic
activities of both sources were also measured in the presence of known
inhibitors of transglutaminase to confirm the specifity of crosslinking
due to transglutaminase.

These results are presented in Fig. 3.

Dansyl-

cadaverine, the most potent inhibitor of rat liver transglutaminase was
also an effective inhibitor of ovarian transglutaminase activity.
Methylamine· was only able to partially inhibit both the rat liver and
ovarian enzymatic activity.
tion of

Bacitracin demonstrated virtually no inhibi-

either enzyme.

Poly-1-lysine was used in these experiments because of the observation that lysine-containing peptides inhibit transglutaminase activity
(Folk and Finlayson, 1977).

Poly-1-lysine has been reported to be a
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Figure 3.

Inhibition of Transglutaminase Activity in Rat Liver and
Xenopus OVary
Transglutamina.se activity· was assayed by the incorporation of
3
[ H]-putrescine ipto casein in the extracts of a 10% rat liver
homogenate (e---e) or 50% homogenate of hCG-treated ovary
(•---•). The extracts were incubated in the presence of the
indicated concentrations of the inhibitors for 20 min before
application to paper filters for processing in 10% TCA. 100%
transglutaminase activity represents the 3 H-putrescine incorporated into casein in the absence of any inhibitors. 100%
transglutaminase activity in the rat liver was 170 nmoles
3
[ H]-putrescine incorporated/mg protein/20 min; in the rat
ovary the activity was 40 nmoles [ 3 H]-putrescine incorporated/mg protein/20 min.
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potent inhibitor of vitellogenin uptake (Wallace and Ho, 1972).

Fig. 3

shows that poly-1-lysine inhibited both rat liver and ovarian transglutaminase activity almost as well as dansylcadaverine.
The results of experiments using poly-L~lysine suggested that there
might be a correlation between transglutaminase activity and endocytosis
of vitellogenin.

The specific uptake of vitellogenin has been shown to
(Op~esko

involve the deposition of the protein into the yolk platelets

et

al., 1980,b).

Other proteins, such as bovine serum albumin never

reach the yolk platelets and are rapidly degraded.

Therefore, the uptake.

of vitellogenin was monitored by analysis of the subcellular distribution
of vitellogenin in the oocyte.
The vitellogenin used in these experiments was isolated from the
serum of estradiol-17S treated frogs ·by molecular sieve chromatography.
Fig. 4 shows a representative elution profile of the serum containing
vitellogenin on a Sephacryl-200 column.
void volume of the column (at 35 ml),
absorbance at 280 nm.

a~d

Vitellogenin was found in the
no other proteins were found by

This was not unusual as it has been reported that

the vitellogenin comprises

~95%

of the serum proteins from estrogenized

frogs (Follett and Redshaw, 1968).

In order to monitor the homogeneity

of this vitellogenin preparation a sample of the column eluate of the
vitellogenin peak was analyzed by SDS-PAGE.
seen-in Fig. 5, lane 4.

A picture of this gel is

The monomeric form of vitellogenin migrates at

a position of 200,000 M •
r

Only two other very faint bands were detect-

able, accounting for less than 3% of the total protein,-as judged by
staining with Coomassie Blue R-250.
The vitellogenin isolated by column chromatography was radioiodinated by the IODOGEN method to a specific activity of 7.0 x 10

7

cpm/mg of

Figure 4.

Chromatography of Vitellogenin on Sephacryl-200
Serum from frogs injected with estradiol-17S was applied to a
Sephacryl-200 column (45 em x 1.5 em) equilibrated with solution O-R2 (see Methods). The column was operated at a flow
rate of 1.2 ml/min and fractions of 1.1 ml were collected.
The position of protein in each fraction was determined by
absorbance at 280 nm and measurement of acid insoluble radioactivity.
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SDS-PAGE of Coated Vesicle Proteins and Vitellogenin
Proteins from coated vesicles of pig brain and Xenopus ovary
and Xenopus vitellogenin were electrophoresed in a 6-20% gradient polyacrylamide gel containing 0.1% SDS. as described in
Methods. Lane 1 contains clathrin (2 ~g) extracted with urea
from.brain coated vesicles; lane 2, coated vesicle proteins
(50 pg) from Xenopus ovary treated with hCG; lane 3, coated
vesicle proteins (50 ~g) from untreated Xenopus ovary; lane
4, vitellogenin (20 ~g); lane 5, coated vesicle proteins from
pig brain. The position of molecular weight standards are
indicated by arrows.
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. 11_ogen1n.
.
v1te.

Th"1s 125 I-vlte
. was t h en use d as a su b strate f or
. 11. ogen1n

uptake by Xenopus oocytes.

Stage IV oocytes (1.0 mm. diameter) from the

.
b a t e d f or 15 h rs
same hcG- t rea t e d ovary were 1ncu

Wl. th

125 I

. 11_ogen1n.
.
-v1te

Following the incubation, the oocyte homogenates were centrifuged in
sucrose gradients and fractionated. The absorbance at 280 nm was measured
as well as the acid insoluble radioactivity of each fraction.
shows the results of these experiments.

Fig. 6

The absorbance profile was char-

acteristic of Xenopus oocytes (Opresko et al., 1980b).

Radioactivity was

found in the vesicle containing region of the gradient, fractions 1-8,
and the yolk platelet region, fractions 53-58.

The peak at· fractions

47-52 contained the transitional yolk bodies, the organelles in which
cleavage of vitellogenin into phosvitin and lipovitellin takes place.
The presence of radioactivity in the transitional yolk bodies was evidence for specific uptake of vitellogenin (Opresko et al., 1980b). In
over 25 gradients, little or no variation in the pattern of labelling
with

125 I

. ..
11 ogen1n
. was d etecte d •
-v1te

This·su~rose

gradient system proved

to be a suitable method for_analysis of the specific endocytosis of
vitellogenin.
With this method, it was possible to investigate the relationship
between transglutaminase activity and endocytosis of vitellogenin.
.
ba t e d 1n
. t h e presence of 125 I -v1te
. ..
11ogen1n
. an d e1t
. h er
0 ocy t es were 1ncu
dansylcadeverine or methylamine, inhibitors of transglutaminase, for
15 h rs an d

125 I . 11
. 1n
. t h e su b ce.11u.1ar f ract1ons
.
. -v1te. ogen1n
o f t h e oocytes

was determined by sucrose gradient analysis as in Fig. 6.

The effect of

the inhibitor was assessed by measuring the area under the curve representing the acid insoluble radioactivity in the transitional yolk bodies ·
and yolk platelets, fractions 47-58.

These results are given in Table I.

Figure 6.

Sucrose Gradient Analysis of Incorporation of
genin by the-xeriopus ·oocyte

125

.
I-Vltello-

Oocytes from hCG-treated ovary were incubated with 125 rvitellogenin for 15 hrs, homogenized and centrifuged in 1950% sucrose gradients at 196,000 x g for 12 hrs (see Methods).
The gradients were fractionated and 0.2 ml fractions were
collected. The location of protein in each fraction was
determined by absorbance at 280 nm
and acid insoluble
radioactivity (•---•).
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TABLE I
Effect of Transglutaminase Inhibitors on Vitellogenin
Incorporation into Yolk Platelets-of Oocytes
Groups of 30-40 oocytes from an hCG-treated ovary were _preincubated
with inhf2~tors for 1 hr before transfer to media containing the inhibitor and
I-vitellogenin for 15 hrs. The oocytes were homogenized.,
centrifuged on sucrose gradients and the gradients fractionated. The
TeA-precipitable radioactivity of each fraction was measured. The values
given represent the radioactivity present in the yolk platelets of the
oocytes. This was determined by measuring-the area unde5 the cury2 of
5 I~
fractions 47-58, Fig. 6. The control value was 1.4 x 10 cpm of
vitellogenin. The values given are the average of results from 2 separate experiments.

Inhibitor

% of control
fractions 47-58

% Inhibition

100,]JM dansylcadaverine

83

17

200 ]JM dansylcadaverine

43

57

71

29

15 mM methylamine

39

Incubation of oocytes with dansylcadaverine or methylamine led to a decrease in the radioactivity associated with the yolk platelets.

At a

concentration of 100 l.lM dansylcadaverine, there was a 17% decrease in
radioactivity in the yolk platelets.
decrease rose to 57%.

At 200 11M dansylcadaverine, the

Incubation with 15 mM methylamine led to decrease

of 29% of vitellogenin incorporated into the yolk platelets as.compared
with the control values.

These results indicated a correlation between

transglutaminase activity in the ovary and specific uptake of vitellogenin.
A small peak of radioactivity was associated with the membrane and
vesicle containing fractions of the gradient (see fig. 6, fractions 1-8).
This peak represented 9.5% of the total radioactivity incorporated in
the control group (no inhibitor used).

When 200 VM dansylcadaverine was

present in the incubation, there was a small decrease, to 5%, in the
radioactivity associated with the vesicle containing fractions of of the
oocyte.

These results indicated that dansylcadaverine was inhibiting the

uptake of vitellogenin since there was a decrease of radiolabelled vitellogenin associated with the vesicle containing fractions of the gradient.
These results are consistent with the conclusion that transglutaminase
is involved in the uptake of vitellogenin.
Once it was established that there was transglutaminase activity
present in the ovary and that the activity of this enzyme could be correlated to the endocytosis of vitellogenin, the gonadotropin induced alterations in transglutaminase activity,of the ovary were investigated.
Transglutaminase activity was measured in ovarian fragments that had been
preincubated with or without 100 units/ml of hCG.

This concentration

of hCG was chosen because it has been reported to produce the maximum

4Q
increase in vitellogenin uptake by oocytes from ovarian fragments treated
with the hormone in vitro (Wiley and Dumont, 1978).
The results from these experiments are presented in Table II.

There

was no difference in the level of tranglutaminase activity in the ovarian
fragments incubated for 0 and 24 hr without hCG.

After 24 hrs. of incu-

bation of ovarian fragments in the presence of hCG, the transglutaminase
activity increased to more than 2-fold.

The conclusion is that there is

a strong correlation between transglutaminase activity in the ovary and
the uptake of vitellogenin and that hCG was able to significantly increase the activity of transglutaminase in ovarian fragments.
B.

Calmodulin Activity in :the Ovary
Both the endocytosis of vitellogenin by the oocyte and the activity

of transglutaminase have a requirement for calcium (Wallace and Ho, 1972;
Folk and Finlayson, 1977).

Calmodulin is a calcium binding protein in-

volved in the activation of numerous biochemical systems including receptor-mediated endocytosis (Linden et al., 1981; Salisbury et al., 1980).
Therefore, calmodulin is a likely candidate to mediate vitellogenin uptake, possibly through its effect on transglutaminase activity of the
ovary.
The activity of calmodulin can be monitored by the use of Stelazine,
a phenothiazine derivative (Weiss and Levin, 1978). It was necessary to
first investigate the relationship of calmodulin activity to vitellogenin
uptake.

Oocytes removed from an hCG-treated ovary were preincubated for

1 hr with or without Stelazine.

Oocytes were then transferred to the

same media containing 125 I-vitellogenin and incubated for 15 hrs.

The

sucrose gradient system for analysis of vitellogenin uptake as seen in

41

TABLE II
Effect of hCG on Transglutaminase Activity in Xenopus Ovary
Ovarian fragments from untreated female frogs were incubated in the presence and absence of 100 units/ml of hCG for
the indicated period of time. The fragments were homogenized
and the extracts were used in a transglutaminase assay as described in Methods. The assay was performed in triplicate and
the values given represent the average of 2 separate experiments •.

Incubation time

hCG (100 u/ml)

nmoles [3H] putrescine
incorporated/mg
ovarian protein

0 hr

17.5

24 hr

18.7

24 hr

+

40.7
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Fig. 6 was used to determine the ability of Stelazine to inhibit vitellogenin uptake.

The effect of Stelazine on uptake was assessed by mea-

suring the -area under the curve that represented the TCA precipitable
radioactivity in the yolk platelets, see Fig. 6, fractions 47-58.
results are presented in Table III.

These

As the concentration Stelazine was

increased, the amount of vitellogenin in the yolk platelets decreased.
The presence of radioactivity in the transitional yolk bodies (Fig. 6,
fractions 47-52) and the fact that the ratio of radioactivity in the yolk
bodies relative to the yolk platelets (Fig. 6, fractions 53-58) remained
constant indicated that the incorporation was specific.

Stelazine,

therefore, appeared to be inhibiting the process of receptor mediated
endocytosis of vitellogenin.
Since calmodulin activity was shown to be necessary for vitellogenin
uptake, it was decided to investigate the relationship of calmodulin activity to transglutaminase activity in the ovary, using the inhibitor
Stelazine.

Stelazine in varying concentrations was added to the trans-

glutaminase assay of rat liver and ovary.

The effect of Stelazine on rat

liver transglutaminase was measured to determine if the effect was a
general one or peculiar to the ovary.

The results are given in Table IV.

In every case, Stelazine proved to be ineffective in inhibiting transglutaminase activity in both liver and ovarian extracts.

Therefore,

transglutamine activity does not appear to be regulated by calmodulin.
C.

Coated Vesicles from Brain and Ovary
The most striking feature of receptor-mediated endocytosis is the

common pathway by which exogenous proteins are taken into the cell, the
coated pit and coated vesicle.
/

These organelles are surrounded by a

TABLE III
Effect of Stelazine on

125

I-Vitellogenin Incorporation into Oocytes

Groups of 30-40 oocytes from an hCG-treated ovary were preincubated with the indicated concentrations of _5telazine before
2
transfer to media containing Stelazine and
I-vitellogenin. The
oocytes were homogenized, centrifuged on sucrose gradients and the
gradients were fractionated. The TeA-precipitable radioactivity of
each fraction was measured. The values given represent the radioactivity present in the yolk platelets of_ the oocytes. This was
determined by measuring the area under the %urve of f23ctions 4758, fig. 6. The control value was 1.4 x 10 cpm of
I-vitellogenin. The values given are the average of results from 2 separate
experiments.

Stelazine concentration

125
% Inhibition of
rvitellogenin incorporation
into fractions 47-58

50 ]1M

4

100 ijM

32

200 J:-!M

63

44

TABLE IV
Transglutaminase Activity
(nmoles [ 3 H] putrescine incorporated/mg protein/20 min)
Transglutaminase activity was measured in the
200,000 x g supernate of a 10% rat liver homogenated·and
50% Xenopus hGG-treated ovary homogenate. Th~ assay was
performed in triplicate and the values represent the average of these triplicate tubes.

Stelazine concentration

Rat liver

Ovary

none\

169.3

38.5

25

]JM

166.1

37.5

50 11M

165.4

36.9

100 11M

161.2

37.1

200 llM

35.2

45
bristle coat comprised mostly of clathrin.

Coated pits are formed within

the cell by the assembly of clathrin triskelions into basket shapes at
predetermined sites on the membrane (Pearse, 1980).

Coated pits and

vesicles have been seen in the electron micrographs of oocytes that have
been removed from an ovary primed with gonadotropic hormones (Wallace and
Dumont, 1968).

Oocytes from an untreated ovary have few coated vesicles

and a smoother cell surface.

Gonadotropic hormones, therefore, may be

mediating their effect on endocytosis of vitellogenin by increasing the
levels of clathrin.

In order to investigate this possibility, the pres-

ence of clathrin in the Xenopus ovary had to be demonstrated.
Coated vesicles were isolated from pig brain.

These vesicles were

to be used for comparison to coated vesicles that were extracted from the
ovary.

The procedure for isolation of vesicles consisted of homogeniza-

tion of pig brain followed by the centrifugation of 100,000 x g supernate
of the homogenate on a series of sucrose gradients and pelleting of material from portions of the gradient between each step (see Methods).

A

SDS-PAGE profile of denatured and reduced coated vesicle proteins from
the brain isolated in this manner is shown in Fig. 7, lane 5.

There are

greater than 50 proteins from these vesicles present as judged by Coomassie blue staining, but clathrin, as expected was the dominant band.

This

method regularly yielded 200-400 mg of coated vesicles from the original
material.
A crude preparation of coated vesicles was isolated from the ovaries
of two groups of frogs, one group treated in vivo with hCG (see Methods)
and the other group untreated by the same method as used with pig brains.
The final sucrose gradient step (see Methods) was eliminated due to the
small amount of starting material, which was less than 20 g.

The coated

Figure 7.

SDS-PAGE of Coated Vesicle Proteins and Vitellogenin
Proteins from coated vesicles of pig brain and Xenopus ovary
and Xenopus vitellogenin were electrophoresed in a 6-20% gradient polyacrylamide gel containing 0 .1.% SDS as described in
Methods. I~ne 1 contains clathrin (2 ~g) extracted with urea
from brain coated vesicles; lane 2, coated vesicle proteins
(50 l-lg) from Xenopus ovary treated with hCG; lane 3, coated
vesicle proteins (50 ~g) from untreated Xenopus ovary; lane
4, vitellogenin (20 ~g); lane 5, coated vesicle proteins from
pig brain. The position of molecular weight standards are
indicated by arrows.
·
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vesicle proteins from the pig brain and Xenopus ovary were separated by
SDS-PAGE and are seen in Fig. 7.

Lane 2 contains the coated vesicle

proteins from the hormonally treated ovary and, lane 3 contains the
coated vesicle proteins from the untreated ovaries.

The amount of pro-

tein in each lane was the same and there appeared to be no qualitative
differences in proteins from each group.

Of major interest was the pro-

tein that migrated to the same position as that of brain clathrin, which
was 180,000 M •
r

By inspection, there did not seem to be a quantitative

difference in the concentration of this protein between the proteins from
the hCG treated and untreated ovaries.

It appeared that the ovarian

vesicles had other proteins in common with the- brain vesicles based upon
their similar electrophoretic mobilities.
One way of confirming that clathrin is.present in the ovary is by
immunological identification.

An antisera to coated vesicle proteins was

prepared from rabbits that had been immunized with pig brain coated vesicles followed by clathrin that had been extracted from vesicles with 2 M
urea (see Fig. 7, lane 1).

The antiserum was used to detect clathrin and

other coated vesicle proteins that had been electroeluted from polyacrylamide gels onto DBM-paper (see Methods).

The DBM-paper containing the

proteins was incubated with a 1:50 dilution of antisera for 6-24 hrs at
37°C, washed and then incubated with

125

r-Protein A for 1-2 hrs.

Protein A binds specifically to the Fe portion of IgG.
was h e d to remove excess

125

The

The paper was

· A an d t h e paper was t h en autora d.10I-Proteln

graphed for 24 hrs at -80°C.

Fig. 8 shows a picture of the autoradiogram

of DBM-paper containing brain coated vesicle proteins and urea-extracted
clathrin, the 2 protein preparations used to immunize the rabbits.

The

use of this antisera and this immunological technique revealed many lower

Figure 8.

Autoradiogram of DBM-Paper Containing Radioimmunolabelled
Coated Vesicle Proteins
Urea extracted brain clathrin, lane 1, and brain coated vesicles, lane 2, were separated by SDS-PAGE then transfered to
DBM-paper as described in Methods. DBM-papr2swas incubated
with clathrin antisera, 1:50 dilution, and
!-protein A
(0.25 mCi/lane). Autoradiography was carried out for 24 hrs
at -80°C. The-position of molecular weight markers are indicated by arrows on the right.
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molecular weight prot.eins that were present in brain coated vesicles
(Fig. 8, lane 1) that were not detectable by Coomassie blue staining of
the coated vesicle proteins on a polyacrylamide gel.

Fig. 8, lane 2 con-

tains the proteins that were extracted by urea from brain vesicles.
autoradiogram indicated that antibody did bind to clathrin.

The

It also

shows that many other proteins in addition to clathrin are removed from
the coated vesicle, including 2 proteins in 30-40,000 M range, which is
r
the molecular weight range of the clathrin light chains. When DBM-paper
containing the same proteins was incubated with a 1:50 dilution of normal
rabbit serum and

125

I-Protein A, the autoradiogram of this DBM-paper

revealed no binding of IgG to any of the proteins, indicating that the
bands seen on the autoradiogram in Fig. 8 represent specific binding of
IgG to the coated vesicle proteins.
Another feature of the autoradiogram in Fig. 8 was the low intensity
of the exposure of the clathrin band even though clathrin was the major
protein of the coated vesicle (see Fig. 7, lane 5).
of

125

Assuming the binding

I-protein A to IgG was proportional and constant, the low intensity

of IgG binding was most likely due to a low avidity of the antibody to
clathrin.
Since the antisera contained an antibody to brain clathrin, the
antisera was used to de terming if the 180,000 .M · protein in the ovary
r

(see Fig. 7, lane 2) was indeed clathrin.

The crude coated vesicle pro-

tein preparations (see Methods) from pig brain and Xenopus ovary of an
hCG-treated frog were separated by SDS-PAGE, electroeluted onto DBM
paper, stained with antisera and 125 I-protein A, and autoradiographed.
Fig. 9 is the picture of the autoradiogram.
proteins and lane 2 the ovarian proteins.

Lane 1 contains the brain
In the ovary, there was a band

Figure 9.

Autoradiogram of DBM Paper Containing Radioimmunolabelled
Proteins from Pig Brain and Xenopus Ovary
Xenopus ovary from hCG treated frogs and pig brain ovary were
homogenized and centrifuged at 20,000 x g for 30 min. The
supernate was removed, centrifuged at 100,000 x g for 60 min
and the pellet resuspended in MES buffer (see Methods). The
proteins were electrophoresed in SDS-PAGE and the proteins
electroeluted onto DMB-paper (see Methods)
The paper was
125
incubated with clathrin antisera and then
!-protein A and
autoradiographed for 24 hrs at -80°C. Lane 1 contains the
proteins from pig brain (65 ~); lane 2, proteins from the
Xenopus ovary (65 ~g). Molecular weight standards are shown
on right.
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at the 180,000 M position of brain clathrin that bound the clathrin
r
antibody in the serum.

There were also two bands present in the ovary in

the region of the clathrin light chains at 30-40,000 M •
r

These results

also show that clathrin from the ovary was able to cross-react with
rabbit antibody to brain clathrin.
D.

Radioiriununoassay (RIA)· for Clathrin
With an antisera capable of detecting clathrin in the Xenopus ovary,

an RIA for clathrin was developed in order to measure levels of clathrin
in the ovary and any alterations in the levels of clathrin induced by
gonadotropins.

The source of antigen used in the RIA was pig brain cla-

thrin, isolated by column chromatography.

This involved the extraction

of crude vesicle material with a TRIS buffer and chromatography of the
extracted material twice over a Sepharose 4B Column containing TRIS and
2M urea and once over a Sepharose 4B column containing the same TRIS
buffer but no urea (see Methods).

Fig. 10 shows a representative absorb-

ance profile of the first chromatographic separation on Sepharose 4B with
urea of the TRIS extracted material.

When the material in peak II was

rechromatographed on the same column, the absorbance profile (not shown)
showed that the material eluting before and after the peak was significantly diminished.

In the final chromatographic step without urea, the

only material detectable by absorbance at 280 nm. was the material eluting in fractions 52-67.
Fig. 11 shows the· picture of SDS polyacrylamide gel containing samples of the clathrin isolated by column chromatography.

Although it

cannot be seen in the picture, there were 2 lower molecular weight proteins that co-isolated with clathrin by chromatography.

These 2 proteins

Figure 10.

Chromatography of Crude Coated Vesicle 'Extract ori Sepharose
4B
60 mg of crude coated vesicles from the pig brain extracted
with TRIS buffer as described in Methods was applied to a
Sepharose 4B column (2.5 em x 90 em). The column was equilibrated with 20 mM TRIS-CI, pH 7.5, 1 mM 2-mercaptoethanol,
1 mM EDTA, 0.02% NaN , 2 M urea. The column was operated at
a flow rate of 14 mlfhr and 4 ml fractions were collected.
The positions of proteins in each fraction were determined
by absorbance at 280 nm. The first chromatographic step is
indicated by ( - - ) ; the second by (---). The final chromatographic step on a Sepharose 4B column with the same buffer without urea is indicated by (~:-•-).

52.

II

0.4

0.3
0-

CD
~

<t

0.2

0.1

0

10

20

30

40

60
50
FRACTION NO.

70

80

90
i
I
I

Figure 11.

SDS~PAGE

of Clathriri Isolated by Column Chromatography

Clathrin was isolated from crude coated vesicle extracts of
pig brain by chromatography on Sepharose 4B. The protein in
peak II (see Fig. 10) from the final chromatographic step
was analyzed by SDS-PAGE. Lane 1 contains 2 ~g of ctathrin
isolated in this manner.
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migrated .between 30-40,000 M •
r
chains, a and

S,

These are most likely the clathrin light

that have been reported to co-isolate with clathrin

(Ungewickell and Branton, 1981).
The clathrin isolated by column chromatography was radioiodinated by
t h e IODOGEN met hd
o to a specific activity of 3 x 10

Twenty t h ousand cpm o f

125

5

- 5 x 10

5

,.
cpm pg.

. were use d in each tu b e, representing
I-c 1at h r1n

about 50-100 ng of clathrin.

Coated vesicles from brain were used as the

unlabelled -competitive antigen in order to generate a standard curve to
be used in determining levels of clathrin and coated vesicles in the
ovary.

The representative standard curve is given in Fig. 12.

The

interassay control, which is the variation among assays, was ± 5%.

The

variation among triplicate tubes was ± 200 cpm and the sensitivity range
of the assay was 1.0 to 60
the range of_ 2.0-16.0

~g

~g,

with the linear portion of the curve in

of coated vesicle protein.

It is probable that clathrin is present in the cell as both free or
unassembled protein and as part of the coated vesicle.

Therefore, a

standard RIA curve was generated using the column purified clathrin as
competitiv~

antigen.

These results were the same as the RIA curve seen

in Fig. 12 where coated vesicle protein was used as competitor.
To determine that the binding of

125

I-clathrin and competitive

antigen presented in Fig. 12 was specific, vitellogenin was used as a
competing antigen in a similar RIA.

In Fig. 13 the results show that

vitellogenin was unable to compete with the

125

I-clathrin for binding to

the antibody.
It can be seen from the RIA standard curve in Fig. 12 that the sensitivity of the assay was low.

The

poss~bility

of the low specific

activity of 125 I-clathrin used in the assay was considered to be the

Figure 12.

Radioimmunoassay for Clathrin
125
200,000 cpm of
r-clathrin labelled by IODOGEN method were
placed in Eppendorf tubes along with a 1:100 dilution of
clathrin antisera and increasing concentrations of coated
vesicles from the brain and incubated for 90 min at room
temperature. 20 ~1 of 10% IgG sorb, a suspension of fixed
Staphylococcus aureus, was added and the incubation continued for 20 min. A non-specific binding tube which contained
no antisera and a total binding tube containing no competitive antigen were included in the assay. The tubes were
centrifuged at 12,000 x g for 2 min, the pellets washed once
with PBS/BSA and then counted. The assays were performed in
triplicate.
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Figure 13.

Competition by Vitellogenin for Binding of
Antisera

125

I-Clathrin to

Vitellogenin, (e---e), replaced the unlabelled coated vesicle, (e-e), as competitive antigen as shown in Fig. 11.
Assay conditions remained same as described in Methods.
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cause of the low sensitivity.

Therefore, the chloramine-T method of

radioiodination was employed to increase the specific activity. This
6
'
yielded samples with an activity of 1.2 x 10 · cpm/~g clathrin. When this
labelled antigen was-used in the RIA, there was only a slight increase in
sensitivity, with the linear portion of the curve in the range of 0.5 p:g
to 30.0 ')Jg of coated vesicle protein.
Despite the low sensitivity of the RIA, an attempt was made to measure levels of clathrin in ovarian fragments using this RIA.

Ovaries were

removed from hCG-treated and untreated animals, weighed, homogenized and
centrifuged at 20,000 x g for 30 min.

The protein·concentration of each

supernate was determined, the supernate serially diluted with the RIA
buffer and then used in the RIA as the competitive unlabelled antigen.
The results are presented in Table V.

The volume of ovarian supernate

did not allow for a wide range of dilutions of the supernate and therefore only a few (less than 6 in most cases) could be tested.

In addi-

tion, not all of the dilutions used in the assay resulted in values that
were inside the linear range of the RIA standard curve (see Fig. 12).
The results appear to indicate that the levels of clathrin are
higher in the untreated ovary.

These values, however, are not reliable

because the number of samples tested was low and there was a great deal
of variation among experiments.

Therefore, it was concluded that this

RIA was unsuitable for determining clathrin levels in the ovary because
of the low sensitivity of the RIA and the inability to obtain a wide
range of ovarian samples to be tested due to the low volume of original
material.
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Table V
Levels of Clathrin in Xenopus Ovary
as Determined by.RIA for Clathrin
Ovaries were removed from untreated and hCG-treated frogs.
The 20,000 x g supernate from the ovarian homogenate was serially
diluted in with RIA buffer (see Methods) and used as the unlabelled
competitive antigen in the RIA for clathrin. The initial volume
of the supernate was between 1 and 2 ml. The values given represent the average of duplicate assays of the 1:2, 1:4 and 1:8 dilutions of the ovarian supernate.

llg c.lathrin/mg ovarian protein
Exp. 1

Exp. 2

Untreated ovary

5.3

5.6

hCG treated ovary

4.5

4.3

Exp. 3

Exp. 4
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2.3

DISCUSSION
Lipoproteins have been shown to enter the cell by binding to receptors in the region of coated pits, followed by invagination to form
coated vesicles (Goldstein et al., 1979).

In the case of vitellogenin,

this internalization is restricted to a specific period of time within
the development of the ovary and is initiated by gonadotropic hormones
(Wallace et al., 1970; Wiley and Dumont, 1978).
Other than the observation of coated pits and vesicle in the oocyte
(Roth and Porter, 1964), the identification of radiolabelled vitellogenin
within coated vesicles (Brummett and Dumont, 1977) and the report of a
receptor for vitellogenin binding in chicken oocytes (Yusko et al.,
1981), little is known about the process.of specific endocytosis in the
oocyte.

The literature available on the possible mode of action of

gonadotropins on this process is scant.

This study has focused on vari-

ous aspects of receptor-mediated endocytosis of vitellogenin and the
molecular mechanisms of this process upon which gonadotropins may be
exerting their effect.
A.

Transglutaminase in the Xenopus Ovary
The immunocytochemical techniques have shown that there is a pre-

requisite step to receptor-mediated endocytosis in certain cell systems
which involves the clustering of receptor-bound ligands to coated-pit
regions ·af the membrane (Maxfield !:.!_ al. , 197 8) •

It has been proposed

that the enzyme transglutaminase is involved in the clustering process.
This proposal is based on the observation that certain compounds that
might inhibit transglutaminase are also able to inhibit the clustering of
the receptor-ligand complex and· therefore the uptake of ligands such as

6Q

epidermal growth factor (Haigler et al., 1980).

In addition, both

receptor-mediated endocytosis and transglutaminase require calcium ·for
activity (Maxfield et al., 1979; Folk and Finlayson, 1977).
It is not known if clustering of vitellogenin is a prerequisite for
its internalization, but calcium is required for uptake.

The results in

this study show that the potent inhibitors of rat liver transglutaminase,
dansylcadaverine and methylamine, are also able to inhibit the crosslinking of [ 3 H]-putrescine to casein by ovarian extracts.

In the trans-

glutaminase assay used in this study, the activities of both the rat
liver and ovarian enzymes were not very sensitive to bacitracin.

In

studies using CHO cell extracts and BALB/c cell extracts as sources of
transglutaminase, bacitracin also proved to be a mildly effective inhibitor of transglutaminase activity at the concentration used in these
experiments

(Maxfield~

al., 1979).

In addition to the known inhibitors of transglutaminase mentioned
above, poly-1-lysine, a known inhibitor of vitellogenin uptake (Wallace
and Ho, 1972), was found to be an inhibitor of rat liver and ovarian
transglutaminase activity.

This observation is consistent with other

reports showing the inhibitory effect of lysine containing peptides on
transglutaminase activity (Davies et al., 1980).

Therefore, poly-1-

lysine may be mediating its inhibitory effect on vitellogenin uptake
through inhibition of transglutaminase activity.
This study has also shown a correlation between transglutaminase
activity and endocytosis of vitellogenin.

Both dansylcadaverine and

methylamine had the effect of decreasing the incorporation of radiolabelled vitellogenin into the yolk platelets.

There was also an observ-

. 11. ogen1n
. assoc1ate
.
d w1t
. h t'h e
. t h e assoc1a
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vesicle containing fraction of the oocyte when dansylcadaverine was used
as the inhibitor.

Since the pinocytotic vesicles are the organelles of

intracellular transport to the yolk platelets, it can be concluded tha_t
dansylcadaverine was inhibiting the uptake of vitellogenin.
These observations closely parallel those seen in receptor-mediated
endocytosis of
(Maxfield~

a2-macroglobulin,

and certain polypeptide hormones

al., 1978; Levitzki et al., 1980).

Therefore, the cluster-

ing of receptor-bound vitellogenin to the coated pit may be a mandatory
step occurring prior to internalization.
The data also show that the level of transglutaminase activity in
the ovary increased with administration of hCG in vitro to ovarian fragments.

These results suggest a possible control point for the

of gonadotropins on endocytosis of vitellogenin.

influ~nce

The fact that this in-

crease in transglutaminase activity was seen with in vitro hormone treatment indicates that the effect of hCG on transglutaminase is

direc~

rather than involving an intermediate step as might be the case with an
in vivo effect of hCG on transglutaminase.

Also, this increase in en-

zymatic activity does not appear to be dependent on vitellogenin as this
protein was absent from the incubation media.
Transglutaminase activity in the cell has been shown to vary with
cell density, changes in intracellular cyclic AMP, and in response to
viral transformation (Davies et al., 1980).

Therefore, gonadotropic

hormones in the frog may be altering the activity of transglutaminase by
either translational or

po~t-translational

control of transglutaminase.

The calcium bound to vitellogenin may provide the local change in calcium
ion flux necessary to activate the enzyme and initiate clustering of
receptor-bound vitellogenin to the coated pit.

The observations recorded in this study lay the foundation for
future investigation of transglutaminase activity and its relationship to
the endocytosis of vitellogenin.

The size of the oocyte does not permit

the use of cell microscopic techniques to view the clustering of vitellogenin-receptor complexes to the coated pits.

However, it is possible

to determine if vitellogenin is a suitable substrate for transglutaminase
by substituting the yolk protein for casein in the assay.

The identifi-

cation of E(y-glutamyl)-lysine crosslinks_between vitellogenin and its
receptor would confirm the necessity for transglutaminase in the endocytotic process.

However, such experiments would have to be delayed until

the identification and isolation of .the vitellogenin receptor.
The model for the functional role of transglutaminase in receptormediated endocytosis as suggested by Davies et al. (1980) has placed the
enzyme inside the plasma membrane.
firmed~

This localization has yet to be con-

Subcellular fractions of the oocyte including coated vesicles

could be assayed for transglutaminase activity to identify its location.
B.

Calmodulin Activity in the ·avary
Calmodulin is the calcium

bindi~g

protein that activates a diverse

group of biochemical systems of which receptor-mediated endocytosis is
one (Linden et al., 1981).

The functional role of calmodulin in endocyt-

osis has not been elucidated.
In this study, the relationship of calmodulin to vitellogenin uptake
was investigated by utilizing a calmodulin-directed drug, Stelazine.
This drug is an antipsychotic agent that has been shown to bind directly
to calmodulin and to inhibit calmodulin dependent phosphodiesterase activity (Weiss and Levin, 1978).

In the presence of Stelazine, oocytes
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exhibited a decreased ability to sequester
platelets.

125

r-vitellogenin into.yolk

It is also significant that the ratio of vitellogenin present

in the transitional yolk bodies relative to the crystalline yolk platelets remained constant in the control and in every concentration of Stelazine used in these experiments.

These results indicated that Stelazine

inhibition was not affecting the condensation of yolk bodies.

In addi-

tion, no accumulation of radiolabelled vitellogenin in the pinosome fraction of the oocyte was observed in the presence of Stelazine.

This would

have been expected if the drug was interfering with the microtubular
movement of vesicles ·toward the yolk platelets.

These results lend no

support to the suggestion that calmodulin might be modulating the interaction between coated vesicles and cytoskeletal elements (Linden et al,
1981).

Therefore, it seems most likely that Stelazine is inhibiting a

step in the endocytosis of vitellogenin occurring at the oolemma.
The relationship of calmodulin to transglutaminase activity in the
ovary was investigated.
the

cal~odulin-directed

concentration.

Transglutaminase was found to be insensitive to
drug Stelazine over a large range of inhibitor

Several other functional roles for calmodulin in

receptor-mediated endocytosis have been proposed by

Linden~

al. (1981).

One of these include the regulation of clustering of receptor-ligand complexes into coated pits.

If the clustering process involves transgluta-

minase, then these results suggest that calmodulin is not regulating this
activity.

·In another study using the cell line Wil2, the clustering and

capping of receptor-bound IgM was shown to be insensitive to Stelazine
(Salisbury et al., 1981), although endocytosis of IgM

~as

significantly

decreased in. the presence of Stelazine (Salisbury et al., 1980).

These
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observations serve to confirm the conclusion that calmodulin is not involved in regulating transglutaminase activity.
The observations reported here offer several possibilities for
future study.

It would be of interest to measure the calmodulin activity

in the ovary using the calmodulin-deficient phosphodiesterase assay developed by Beale et al. (1977).

The availability of calmodulin antibody

would make the quantitation of calmodulin by RIA possible.

With these

techniques available, both the levels and activity of calmodulin could be
measured following the in vitro treatment of ovarian fragments with hCG.
It has already been shown that follicle stimulating hormone does not
alter calmodulin levels in rat Sertoli cells (Beale et al., 1977).

Sim-

larly, in the chick oviduct calmodulin levels are independent of ste.roid
hormones.

It would be of interest to determine if the situation were

similar in the Xenopus ovary with gonadotropic hormones.
C.

Coated Vesicles and Clathrin
The predominant protein species of the coated vesicle, the organelle

of transport in receptor-mediated endocytosis, is clathrin.

SDS-PAGE

revealed a protein of 180,000 M ,. the molecular weight of clathrin, in
r

the crude coated vesicle preparation of both hCG-treated and untreated
ovary.
~rom

This protein had the ·same electrophoretic mobility of clathrin

coated vesicles of pig brain.

The coated vesicle preparation of the

ovary was not enriched for the coat protein clathrin as was the case in
the brain coated vesicles.
Antisera to brain coated vesicles was used to confirm that this
180,000 M protein in the ovary was clathrin.
r

The antisera contained

antibodies to multiple coated vesicle proteins from the brain including

6~

two proteins of 30..;.40,000 M •
r

This is the molecular weight range of the

clathrin light chains (Ungewickell and Branton, 1981).

The antisera

demonstrated a cross reaction to many of the antibodies to coated vesicle
proteins, including clathrin and the two smaller molecular weight species, believed to be the clathrin light chains.

It has been reported

that guinea pig antibodies to pig brain clathrin did not cross react with
clathrin of Xenopus fibroblast cells (Kartenbeck

~

al., 1981).

These

results COD:tradict that observation, and constitute the first immunological identification of clathrin and characterization of coated vesicles
. by SDS-PAGE in the Xenopus ovary.

Morever, they indicate that Xenopus

has several other coated vesicle proteins in common with brain vesicles,
the most interesting ones being the two light chains.
D.

Radioimmunoassay for Clathrin
An RIA \vas developed for clathrin in order to measure gonadotropin

induced alterations in the levels of clat-hrin in the ovary.

The antisera

to coated vesicle proteins used in the assay showed a low avidity for
clathrin and therefore the assay proved not to be very sensitive, with a
range of 0.5-60

~g

of clathrin or coated vesicles able to be detected.

Attempts to increase the sensitivity by improving the specific activity
of the

125

I-clathrin were ineffective.

It has been reported previously

that when clathrin or coated vesicles are used as unlabelled competitive
antigen, both yield the same results as was the case here (Fine!..!_ al.,
1978).

It was expected that there would be significant differences in

the competition curves for clathrin and coated vesicles because of the
steric arrangement of clathrin in baskets that would prevent many clathrin molecules in the coated vesicles from binding to the antibody.

6§

However, the conditions of the RIA probably led to a significant dissociation of the baskets.

It is known that incubation with buffers at pH 7.5

and large dilutions of coated vesicles lead to a dissociation of baskets
into clathrin subunits or triskelions (Woodward and Roth, 1978).

So, in

the RIA, when the coated vesicles were used as unlabelled competitive
antigen, free clathrin was most likely being measured.
The low sensitivity of the RIA did not allow this assay to be a
suitable method for determining the levels of clathrin in the Xenopus
oocyte.

In addition, a small volume of ovarian material did not allow

for a sufficient number of samples to be tested that would fall with the
linear range of the RIA.
There have been two reports of RIA's for clathrin (Fine et al.,
1978; Garbern and Wu, 1981).

In both cases, the sensitivity range of the

assay is not very high, 0.1-5

~g

and 0.05-1

~g

clathrin, respectively.

An increase in the sensitivity of the RIA would be necessary in order to
detect small hormonally induced changes in the levels of clathrin.

One

explanation for the low sensitivity of the assay is the low avidity of
the antibody for clathrin, this is most likely due to the fact that
coated vesicles, and therefore clathrin, are ubiquitous, having been described in organisms ranging from algae and protozoa to higher plants and
animals (for review, see Goldstein et al. (1979).

SUMMARY
1.

The activity of transglutaminase was measured in Xenopus ovary.
Transglutaminase inhibitors were shown to be effective'with the
ovarian enzymes.

A known inhibitor of vitellogenin uptake, poly-L-

lysine, was shown to be- as effective an inhibitor of transglutaminase as dansylcadaverine.
2.

Levels of transglutaminase in the ovary increased in ovarian fragments subsequent to in vitro exposure to hCG.

3.

Transglutaminase activity could be correlated with vitellogenin uptake in the oocyte.

Transglutaminase inhibitors dansylcadaverine

and methylamine decreased the amount of vitellogenin entering the
yolk platelet fraction of the oocyte.
4.

Calmodulin activity could be correlated with vitellogenin uptake in
the oocyte.

The calmodulin directed drug Stelazine was shown to

inhibit the deposition of vitellogenin into the yolk platelets.
5.

Calmodulin is apparently not involved in the activation of transglutaminase in the ovary of liver, as Stelazine failed to inhibit
the activity of this enzyme.

6.

Coated vesicles extracted from ovaries of hCG treated and treated
Xenopus were isolated.

The vesicles share many proteins in common

with pig brain coated vesicles as judged by SDS-PAGE, including the
180,000 M protein clathrin, and the two clathrin light chains of
r

7.

30-40,000 M •
r
Immunological techniques using coated vesicle antisera to pig brain
vesicles confirm the presence of clathrin in the ovary.
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B.

An RIA for clathrin was developed.

The sensitivity of the assay was

not high enough to prove useful in detecting levels of clathrin in
oocytes.
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