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Uptake of endocytic markers into mitotic yeast cells
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{H]x-Factor and Lucifer yellow were used to measure receptor medinled and fluid-phase endoeytous in the yeast Saceharomyeex eérevisiae, arrexted
in mitosis by depolymerization of the microtubules or due to u mutaiion preventing nuclear division (rde/d). Both processes conlinued at roughly
the same level as during interphase. This shows that in yeust endocytosis is not interrupted during mitosix like in mammalian cells,
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1. INTRODUCTION

In animal cells endocytosis and exocytosis are con:-
tinuous processes during interphase, but stop abruptly
at the onset of mitosis with  an as yet unknown
molecular mechanism {I—-3]. Concomitantly, the mor-
phology of intracellular organelles changes dramatical-
ly. The nuclear envelope, the Golgi complex. and
sometimes the endoplasmic reticulum break down to
vesicles [4~6]. Membrane traffic is resumed at
telophase, coinciding with reassembly of the organelles
{1,4]. Though exocytosis occurs in the budding yeast S,
cerevisige similarly as in the mammalian cell [7], it ap-
pears to be regulated differently. We have shown that
in 8. cerevisige the secretion of a number of glycopro-
teins continues during mitosis [8-10]. Golgi functions,
like extension of O- and N-glycans and proteolytic pro-
cessing, occur simifarly during mitosis and interphase,
though ‘the Golgi cisternae appear fenestrated and
vesicularized [8,9]. Here we show that fluid-phase and
receptor mediated endocytosis go on in 8. cerevisiae
cells arrested in mitosis,

2. MATERIALS AND METHODS

The wild-type strain $13 (derivative of S288C), RH448 (Mata, his4,
leu2, ura3, lys2, barl-1), RH449 (Matx, his4, leu2, ura3, lys2,
bari-1) [11}, cdcl6-1 (Mata, adel, ade2, ural, tyrd, his?, lys2, gall)
and its parent strain CDC* [12], were grown in YPD medium con-
taining 1% yeast extract (Oxoid Ltid, Basingstoke, UK), 2% bacto
peptone (Difco, Detroit, MI, USA) and 2% glucose (BDH Phar-
maceuticals Ltd, UK) at 25°C or 30°C in a sheker to densities of
2~4 % 107 cells/ml. Cells were arrested reversibly in mitosis by
methyl[5-(2-thienylcarbonyl)-1 H-benzimidazol-2-yljcarbamate * (no-
codazole) treatment (Sigma Chemical Co., St. Louis, MO, USA) or
by using the temperature-sensitive cel] eycle deficient mutant cdel6,
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at described [8). Binding of [’Hje-factor (Cambridge Rescareh
Biochemicals Limited, Cambridge, England) was ecarried out at &
density of & x 10" barl-l cells/ml in 50 mM KH:PO4, pH 3.5 (pH
3, 5-solution). Free and unspecifically bound ligand was removed with
cold 50 mM KHaPO., pH 6 (pH 6-salution) [13). For internalization
the cells were then suspended in pre-warmed pH 3.5-solution, ¢on-
taining 2% glucose, the necessary amino acids and nucleotides, and
1.5 mg/ml of N,-p-tosyl-L-arginine methyl ester (TAME, Sigma), In
continuous internalization experiments, 2,4 'x 107" M (1 xCi) of
[*H]ar-factor was used. Duplicate samples of 200 41 were washed with
cold 50 mM sodium citrate solution, pH 2 (pH 2-solution), to release
all surface-bound ligand, spheroplasted and measured for radioac-
tivity [13), In fluid phase endocytosis experiments, 2.x 10 ¢ells/ml
were incubated in a shaker in YPD-medium with Lucifer yellow CH
(LY) (Fluka Chemie AG, CH-9470 Buchs, Switzerland). Duplicate
samples of 500 4 were washed and lysed {14]), and measured for
fluorescence. intensity with ‘a Hitachi F-3000 fluorescence spec-
trophotometer, or inspected with an Olympus BF-2 fluorescence
microscope equipped with Nomarski optics. Uniabelled synthetic a-
factor, KF, NaN; and cycloheximide were from Sigma.

3. RESULTS AND DISCUSSION

«-Mating type cells secrete a pheromone, a-factor,
into the growth medium. It is bound to specific recep-
tors on the plasma membrane of the opposite mating
type, a-cells, internalized by receptor mediated en-
docytosis, and transported to the vacuole where it is
degraded [11,15,16). A synthetic [*H]a-factor prepara-
tion was used to assay receptor-mediated endocytosis
during mitosis. The specificity of its binding to a-factor
receptors was tested in competition experiments.
1071 M of unlabelled a-factor completely inhibited
binding of 2 x 1078 M of [’H]a-factor to a-cells
(Fig. ‘1). Control cells and nocodazole-treated mitotic
cells internalized similar amounts of [*H]a-factor,
showing that receptor-mediated endocytosis was not in-
terrupted during mitosis (Fig. 2). «-Factor receptors
are subject to .down regulation, which temporarily
reduces «-factor uptake, before newly synthesized
receptors reach the plasma membrane by exocytosis
[17]. Cycloheximide, a protein synthesis inhibitor, was
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used 1o uncouple endocytosis from exocytosis. In the
presence of cycloheximide, [*H]a-factor uptake levell-
ed off, indicating that the initial set of receptors had
been used in 20-30 min (Fig. 2). No uptake occurred
into a-cells lacking a-factor receptors, or into a-cells
under energy depletion conditions (Fig. 2A, B).

To uncouple binding and internalization, [*H]a-
factor was first bound to receptors in the cold. Free and
non-specifically bound ligand was removed, and cells
were transferred to glucose-containing medium 1o start
endocytosis. ['Hla-Factor was efficiently internalized
into mitotic -and = unsynchronized  cells (Fig. 2C).
Mitotic doublet. cells bound, and subsequently inter-
nalized, about 1.2 times more ligand than the unsyn-
chronized cells, By dry weight and protein content,
nocodazole arrested cells were about twice as large as
average unsynchronized cells (3.0 mg and 1.7 mg of
dry weight/10® cells; 1.6 ng and 0.8 ng of protein/10*

o

Fig. 1. Inhibition of Hla-factor binding. a-Cells were incubated in

the cold with 2 x 10°*M of [*H)a-factor with the indicated

concentrations of unlabelled a-factor. Binding was calculated as
percentage of binding in the absence of the unlabelled ligand.
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Fig. 2. Internalization of [*Hla-factor. (A) Mitotic and (B) unsynchronized a-cells were incubated with [*H]a-factor (10900 cpm/sample) at 30°C
in the presence (8) or absence (0) of 100 mM cycloheximide. Uptake into a-cells (#). Uptake into a-cells in the presenice of 10 mM NaN, and
KF (©1). Cell-associated [*H)a-factor at 0 fnin has been subtracted from all samples. (C) Internalization of receptor-bound *Hla-factor. [*H]a-
Factor (68 100 cpm/sample) was bound to cell surface receptors of mitotic (0) and unsynchronized (e) cells in the cold, Internalization of
receptor-bound radioactivity was then followed at 30°C. Radioactivity bound to mitotic cells (%) and to unsynchronized cells (@) prior to

internalization,
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Fig. 4. Kineties of LY uptake. Mitatie (), and unsynchronized (e)
wild type cells were incubated with 4 mg/ml of LY ac 30°C.
Internalized fluorescence was quantitated and ploted in arbitrary
units against incubation time. The amount of LY in contro! samples
incubated for 45 min at 0°C was less than the background
fluorescence of the samples taken immediately after addition of LY
(0 min). The background fluorescence has been subtracied from all
ather samples,

cells, respectively), In both cell populations, more than
90% of pre-bound [*H]a-factor was internalized within
15 min. The number of receptors per cell, calculated
from binding data, was 11550 and 9400 for mitotic and
unsynchronized cells, respectively, which is in agree-
ment with earlier estimations [16].

LY was used to study fluid phase endocytosis in
mitotic cells [14}. Fluorescence microscopy showed that
mitotic nocodazole-arrested and: cdel6 cells internal-
ized LY to the vacuole (Fig. 3)., Disruption of the
cytoplasmic microtubules caused fragmentation of
vacuoles (Fig. 3A, B) [18], which in the cdc¢/6 mutants
appeared intact (Fig. 3E, F). Quantitations showed
that in 45 min the mitotic cells internalized about 1.5
times more LY (250 ng/10® cells) than unsynchrom?ed
cells (170 ng/10® cells) (Fig. 4).

Membrane traffic encompasses, in addition to ex-
ocytic and endocytic routes, many circuits where
organelles of both routes are interconnected: by
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vesicular traffie. At least part of these routes ean be un-
coupled from each other. In temperature-sensitive
Chinese hamster ovary mutant cells, secretion is in-
hibited at the restrictive temperature, whereas the
clathrin eoated pit pathway of endocytosis, and recyel-
ing, are nat [19,20]. The simultaneous inhibition of ex-
ocytosis and endacytosis in mitotic animal cells, and
the continuation of secretion and endoeytosis in mitotic
yeast cells, may result from a common regulatory
mechanism for all vesicular traffic,

Acknowledpememis: This work wax financed by the Academy of
Finland, the Nordic Yeast Researeh Program and the Researeh Fund
of the Univensity of Helsinki. The straings RH448, RHA4Y, ede)6 and
CDC were kind gifs fram Dr Howard Riczman and Dr Leland
Hurowell,

REFERENCES

{1) Warren, G., Featherstone, €., Griffiths, G. and Burke, B,
(1983} J. Cell Biol, 97, 1623~1628,

[2] Berlin, R.D., Oliver, J.M, and Walter, R.). (1978) Cell .15,
27341,

{3) Warren, G. (1985) Trends Biochem. S¢i. 10, 439-443,

[4] Robbins, . E. and Gonatas, N.K, (1964): J. Cell Biol. 21,
429~443,

{5] Burke, B, Griffiths, G., Reggio, H., Louvard, D. and Warren,
G, (1982) EMBO I, 12, 1621~1628.

(6) Zeligs, 1.D. and Wallman, S.H, (1979) J. Ultrastruet. Res. 66,
5377,

(7] Schekman, R. (1985) Annu. Rev. Cell Biol, 1, 115-144,

{8) Makarow, M, (1988) EMBO 1.7, 1475~1482.

(9) Nevalainen, L.T., Louhelainen, 1. and Makarow, M. (1989)
Eur, J. Biochem, 184, 165~172,

{10) Nevalainen, L.T. and Makarow, M. (1989) Eur. J. Biochem,
{78, 39~46.

{11} Singer, B, and Rieaman, H, (1990) J. Cell Biol. 110,
1911-1922, .

[12] Hartwell, L.H., Mortimer, R.K., Culotti, ], and Culotti, M.
{1973) Genetics 74, 267-268.

[13] Chvatchko, Y., Howald, 1. and Riezman, H. (1986) Cell 46,
355-364,

(14} Riezman, H. (1985) Cell 40, 1001~1009,

{15] Jenness, D.D., Burkholder,  A.C. and Hartwell, L.H. (1986)
Cell 35, 521529,

[16) Jenness, D.D., Burkholder, A.C. and Hartwell, L.H. (1986)
Mol. Cell. Biol, 6, 318~320.

[17) Jenness, D.D, and Spatrick, P. (1986) Cell 46, 345-353,

{18] Guthrie, B.A. and Wickner, W, (1988) J. Cell Biol. 107,
115-120.

{19] Colbaugh, P.A., Stookey, M, and Draper, R.K. (1989) J. Cell
Biol. 108, 22{1-2219,

[20) Wang, R.-H., Colbaugh, P.A., Kao, C.-Y., Rutledge, E.A.
and Draper, R.K. (1990) J. Bnol Chem. 265, 20179-20187.

—t—

Fig. 3. Fluid phase endocytosis. Mitotic (A, B) and control (C, D) wild type cells were incubated at 30°C with 40 mg/ml of LY and washed prior
to fluorescence microscopy. cdc16 cells, arrested in mitosis (E, F), and their parent cells (G,.H) were incubated at 36°C (the restrictive ternperature)
with LY. Panels B, D, F and H: Nomarski optics. Bar = 10 um.
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