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Summary 

The yolk protein, vitellogenin, is sequestered by the developing o&yte 
by receptor-mediated endocytosis, the process by which cells bind and inter- 
nalize extracellular proteins. Endocytosis of a variety of proteins follows 
a similar pathway, whereby internalization of receptor-bound ligand takes 
place over clathrin-coated regions of the cell membrane. The protein cross- 
linking enzyme, transglutaminase, has been reported to be essential for the 
receptor-mediated endocytosis of insulin and @-macroglobulin. In tnis study, 
the presence of transglutaminase activity was demonstrated in the Xenopus 
laevis ovary and was effectively inhibited by poly L-lysine, an inhibitor of 
mogenin uptake, and dansylcadaverine, a known inhibitor of transglutaminase 
activity. Two other less potent inhibitors of transglutaminase, methylamine 
and bacitracin produced partial inhibition of the ovarian enzyme. Furthermore, 
dansylcadaverine and methylamine were found to inhibit the appearance of vitel- 
logenin in the yolk platelets of the o&yte. 

Introduction 

Selective sequestratfon of the yolk protein, vitellogenin, is accom- 

plished in the Xenopus laevis o&yte via the process of pinocytosis (1). ~~ 

This phenomenon manifests many of the characteristics associated with recep- 

tor-mediated endocytosis which has been described as a mechanism for the 

internalization of many proteins (for review, see Ref. 2). During the peak 

of greatest endocytotic activity (3), the cell membrane of the o&yte is 

studded with coated pits, the site of internalization. These coated pits 

pinch off to form coated vesicles, an intermediary organelle in the trans- 

port of vitellogenin to the yolk platelets (4). 

The mechanisms involved in receptor-mediated endocytosis are the subject 

of much investigation. It appears that there is a step prior to internali- 
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zation that involves the clustering of receptor-bound ligands to the coated 

pit regions of the membrane. This has been observed with epidennal growth 

factor and insulin in human fibroblasts (5). This clustering process is 

believed to be catalyzed by transglutaminase, an enzyme that forms E-(y- 

glutamyl)lysine crosslinks between protein molecules. This proposal is 

based upon the observation that alkylamines and certain lysine-containing 

peptides that inhibit transglutaminase activity also inhibit migration of 

receptor-bound ligands to the coated pits and thereby inhibit internaliza- 

tion (6). In addition, both the endocytotic process and the transglut- 

aminse enzyme require the presence of extracellular Ca +2 
ions. 

We report here the ability of dansylcadaverine, methylamine and 

bacitracin, inhibitors of transglutaminase (6), and poly L-lysine, an inhib- 

tor of vitellogenin uptake (71, to inhibit transglutaminase activity in 

the Xenopus ovary as well as the rat liver. In addition, dansylcadaverine 

and methylamine were found to inhibit the uptake of vitellogenin by o&ytes. 

Materials and Methods 
The care, maintenance and bleeding of animals was performed as pre- 

viously described (8). Synthesis of vitellogenin was induced in female 
Xenopus laevis by the injection of 2 mg of estradiol-17g on days 1 and 4. ~- 
On day 8, the toads were bled and vitellogenin was isolated from the serum 
by molecular sieve chromatography. Vitellogenin eluted in the void volume 
of a Sephacryl-200 column previously equilibrated with solution O-R2 (9). 
Vitellogenin was labelledaty one of the following 2 ways: either in vivo -- 
prior to isolation with [ PI-orthophosphoric acid or in vitro by radio- -- 
iodination using IODC-GEN technique (10). This latter procedure regularly 
yielded preparations of approximately 70 x lo6 cpm/mg. 

Female Xenopus laevis were given injections of 1000 units of human 
chorionic gonadotropin on days 1 and 7. On day 8, the ovaries were removed 
by laparotomy and stave IV oocytes (1.0 mm diameter) were manually dissected 
from their follicles with watchmakers forceps. Groups of 30-40 o&ytes 
were placed in cell culture plates containing '251-vitellogenin in O-R2 for 
15 hrs at 20°C. In the inhibitor studies ogcytes were preincubated for 1 hr 
in the presence of dansylcadaverine or methylamine and then transferred to 
labelled media containing the same inhibitor. O&ytes were washed with O-R2 
containing 1 mg/ml vitellogenin and then homogenized in 15% sucrose containing 
a HEPES-PVP buffered solution (11). The homogenate was layered over a 19-50% 
sucrose gradient containing HEPES-PVP buffered solution and centrifuged for 
12 hr at 40,000 rpm in an SW41 rotor. The gradients were fractionated, the 
absorbance monitored and 0.2 ml fraction were collected. Fifty 1-11 samples 
were assayed for radioactivity by spotting the sample on filter paper, placed 
in cold 10% TCA, washing and drying in ethanol: acetone (1:l) before counting 

The 2,500O x g supernate from 10% rat liver homogenate was used as the 
source of enzyme in the transglutaminase assay (12). The reaction mixture 
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contained 2.2 mg/ml casein, 2.8 mM DTT, 1.2 mM putrescine, 28 lJCi [3H]-putre- 
seine (NEN) and 50 mM TRIS, pH 7.5. The reaction was carried out at 37'C 
in a volume of 200 ul. The Caf2 dependent activity was measured by the 
addition of 5 ti CaC12 to one tube and 14 mM EGTA to another tube. For the 
inhibitor studies the appropriate concentration of dansylcadaverine, methyl- 
amine, bacitracin or poly L-lysine were added to the reaction mixture. After 
a 20 min incubation, 25 1.11 samples (in triplicate) were spotted on filter 
paper and processed as described above. 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 2500 x g supernatant from a 50% ovarian homogenate was used 
as the soucre of enzyme and the assay was run at 2O“C. The ovary was removed 
from a Xenopus laevis stimulated with hCG as described above. ~___ 

Results 

The enzymatic activity of transglutaminase (TGase), the formation of G 

(Y-glutamylj-lysine bonds between casein and [3H]-putrescine, was measured in 

the rat liver and an hCG-stimulated ovary in the presence and absence of the 

inhibitors of TGase and an inhibitor of endocytosis of vitellogenin, poly L- 

lysine. The results of these experiments are shown in Fig. 1. They demonstrate 

that dansylcadaverine, the most potent inhibitor of liver transglutaminase, is 

an effective inhibitor of the ovarian enzyme. Methylamine and bacitracin were 

only able to partially inhibit ovarian TGase activity, with bacitracin being 

the least effective of the two. Poly L-lysine also proved to be an effective 

inhibitor of both rat liver and ovarian transglutaminase. In each case, the 

effects of the inhibitor on the ovarian transglutaminase closely parallels 

their effect on the rat liver enzyme, a common source of TGase. 

To determine if transglutaminase activity is involved in the endocytosis 

of vitellogenin, o'ocytes, pretreated for one hour with either dansylcadaverine 

or methylamine, were incubated with radioiodinated-vitellogenin and either 

dansylcadaverine or methylamine. In these experiments, we used lL51 vitello- 

genin iodinated in vitro by the IODO-GEN method, a procedure that is very -- 

mild and yields preparations with high specific activities. To demonstrate 

the suitability of this iodinated vitellogenin as a biological probe for 

sequestration, the uptake of iodinated vitellogenin was compared to that of 

vitellogenin labelled in vivo with -___ 32P on a sucrose gradients that shows the 

flow of labelled vitellogenin from the pinocytotic vesicles to the yolk plate- 
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FIGURE 1. Inhibition of TGase activity. TGase activity was assayed by 
the incorporation of C3Hl putrescine into casein. Rat liver 
extracts (u) or ovary extracts (O---O) were incubated in 
the presence of the indicated concentrations of inhibitors for 
20' before applying to paper filters for processing. 100% TGase 
activity represents [3Hl putrescine incorporated in absence of 
any inhibitors. 

lets. The labelling pattern of the o&yte subcellular organelles is shown 

in Fig. 2, in which '251-vitellogenin was used as the substrate. The pattern 

is identical when [32P]-vitellogenin is used as the substrate (data not shown). 

We measured the effect of dansylcadaverine and methylamine on the uptake 

of 
12 5 

I-vitellogenin by determining the amount of incorporation of '251-vitello- 

genin into the yolk platelets by measuring the area under the curve. After the 

oocytes were incubated for 15 hrs, in the presence of '251-vitellogenin alone, 

the majority of the acid-insoluble radioactivity was found associated with the 

light and heavy yolk platelets (Fig. 2, fractions 47-52 and 53-58, respectively) 

In addition there is a small peak of radioactivity, representing 9.5% of the 
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Sucrose gradient analysis of the uptake of '251-vitellogenin 
by the o6cyte. o&ytes, incubated for 15 hrs in the presence 
of 'ZSI-vitellogenin, were rinsed, homogenized, and layered 
over 19-50% sucrose gradients, and centrifuged at 196,000 x g 
for 12 hrs. 

total radioactivity incorporated, that is found associated with the membrane 

vesicle-containing fraction of the gradient (Fig. 2, fractions l-8). Incu- 

bation of the o&ytes with 1251-vitellogenin plus dansylcadaverine or methyl- 

amine, led to a decrease of acid-insoluble radioactivity associated with the 

yolk platelets peaks at the bottom of the gradient. These results are given 

in Table I. At a concentration of 100 UM dansylcadaverine, there was a 17% 

decrease in the amount of radioactivity associated with the yolk platelets. At 

Table I 

Effect of dansylcadaverine and methylamine on vitellogenin 
incorporation into subcellular fractions of Xenopus laevis oijcytes ___- 

% of control 

Inhibitor Fractions 47-58 

100 )IM dansylcadaverine 83 

200 PM dansylcadaverine 43 

15 mM methylamine 71 

cocytes were incubated with '251-vitellogenin in the presence of the inhibitor 
for 15 hr. following preincubation with the inhibitory alone. Cells were 
washed, homogenized and centrifuged on 19-50% sucrose gradients. Gradients 
were fractionated and 50 LJl samples were precipitated with TCA on paper 
filters and counted. Controls represent uptake into oocytes incubated with 
'251-vitellogenin in absence of any inhibitor. 
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200 W dansylcadaverine, there was a 54% decrease in incorporation. Incubation 

with 15 mM methylamine led to a diminution of 28% in the yolk platelets. 

Discussion 

These results demonstrate that there is present in the gonadotropin 

stimulated ovary an enzymatic activity that has the properties of trans- 

glutaminase, namely Ca +2 -dependent activity, a sensitivity to alkylamines, 

bacitracin and, as we have demonstrated, poly L-lysine. The following 

characteristics of transglutaminase have also been observed: 1) L-lysine 

containing peptides inhibit TGase activity in NRK cells (12); and 2) the 

amine binding site of TGase preferentially accommodates peptide bound 

L-lysine residues (14). These data together with the finding that poly 

L-lysine markedly inhibits vitellogenin uptake (7) suggests that a trans- 

glutaminase activity may be involved in the specific sequestration of 

vitellogenin by o&ytes. Indeed, we have shown that dansylcadaverine and 

methylamine have the effect of decreasing the incorporation of radio-labelled 

vitellogenin into the yolk platelets. In addition, we observed that incu- 

bation with dansylcadaverine also results in a decrease in radioactivity 

associated with the vesicle containing fraction of the o&ytes. Since the 

pinocytotic vesicles are the organelles of intracellular transport to the 

yolk platelets, having derived from the cell surface, we have concluded that 

dansylcadaverine is inhibiting the uptake of vitellogenin. 

These observations closely parallel those seen in the case of receptor- 

mediated endocytosis of az-macroglobulin and certain polypeptide hormones 

(4,ll). Dansylcadaverine has been shown to inhibit the internalization of 

12"1-epidermal growth factor in 3T3 cells (15). Inhibition of transglut- 

aminase activity appears to interfere with internalization by inhibiting 

a step prior to uptake. This step involves the migration of receptor-bound 

ligands into the coated pit regions of the cell membrane. The authors have 

proposed a model whereby the presence of a Caf2 -activated transglutaminase 

would lead to a crosslinking of proteins in the ligand-receptor complexes 
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clustered in the coated pit, the result of which would be to make this 

aggregation irreversible. Therefore, it is possible that a similar step 

of clustering of receptor-bound vitellogenin is occurring in the o&yte 

prior to its internalization. 
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