
Precise transport of the newly synthesized proteins

to different organelles or secretion from the cell is an

essential condition of the normal functioning of any

eucaryotic cell.

A well�established scheme of the transport of secret�

ed proteins in yeast was mainly worked out by Schekman

et al. [1]. The secretory proteins in eucaryotes are trans�

ported by an exocytosis pathway in specialized vesicles. It

was supposed until recently that the secreted proteins in

yeast did not possess any sorting signal and were delivered

to the cytoplasmic membrane towards the forming bud in

a “bulk flow” [2]. In addition, mutant vacuolar proteins

without a specific sorting signal lost the ability to be deliv�

ered precisely to the vacuole and were transported to the

cytoplasmic membrane [3]. During recent years a number

of studies were done where the authors managed to dis�

tinguish between two types of secretory vesicles in the

“bulk flow”; these two types of vesicles differed in densi�

ty and the set of secretory and membrane proteins [4, 5].

However, it was not established in these studies how did

the distribution of different proteins between two types of

vesicles occurs.

The well�known extracellular proteins, acid phos�

phatases, are useful markers for the study of the sorting

and transport of secretory proteins in the yeast

Saccharomyces cerevisiae. Two forms of acid phosphatases

are known in this species, a so�called constitutive form

encoded by the PHO3 gene, and a repressible form

encoded by three genes—PHO5, PHO10, and PHO11.

Both phosphatases are glycoproteins with the carbohy�

drate part of the molecule constituting 50% of the molec�

ular weight [6]. Phosphatases possess quaternary structure

(form tetramers) [7]; the repressible acid phosphatase is a

heteromer in which two minor polypeptides Pho10p and

Pho11p represent 15% of the molecular weight [8]. These

data suggest that not all molecules of the repressible acid

phosphatase contain the minor polypeptides. The organ�

ization of the quaternary structure of these enzymes is not

yet studied, and the role of individual components in the

formation and behavior of the heteromer remains
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Abstract—A method for isolation of secretory vesicles from the yeast Saccharomyces cerevisiae based on the disintegration of

protoplasts by osmotic shock followed by separation of the vesicles by centrifugation in a density gradient of Urografin was

developed in this study. Two populations of the secretory vesicles that differ in density and shape were separated. Acid phos�

phatases (EC 3.1.3.2) were used as markers of the secretory vesicles. It was shown that the constitutive acid phosphatase

(PHO3 gene product) is mainly transported to the cell surface by a lower density population of vesicles, while the repressible

acid phosphatase (a heteromer encoded by PHO5, PHO10, and PHO11 genes) by a vesicle population of higher density. These

data provide evidence that at least two pathways of transport of yeast secretory proteins from the place of their synthesis and

maturation to the cell surface may exist. To reveal the probable reasons for transport of Pho3p and Pho5p/Pho10p/Pho11p

enzymes by two different kinds of vesicles, we isolated vesicles from strains that synthesize the homomeric forms of the

repressible acid phosphatase. It was demonstrated that glycoproteins encoded by the PHO10 and/or PHO11 genes could be

responsible for the choice of one of the alternative transport pathways of the repressible acid phosphatase. A high correlation

coefficient between bud formation and secretion of Pho5p phosphatase and the absence of correlation between bud forma�

tion and secretion of minor phosphatases Pho10p and Pho11p suggests different functional roles of the polypeptides that con�

stitute the native repressible acid phosphatase.
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obscure. The expression of the PHO3 gene occurs at high

concentration of inorganic phosphate in the medium,

while the expression of the repressible acid phosphatase

occurs only during phosphorus starvation. At the same

time in the absence of the inorganic phosphate in the

medium, when the expression of the repressible acid

phosphatase is stimulated, the synthesis of the constitu�

tive acid phosphatase is repressed [9]. Consequently, the

expression of the repressible or the constitutive acid phos�

phatases could be switched on by regulation of the con�

centration of the inorganic phosphate in the medium in

strains that possess corresponding structural genes. It was

demonstrated earlier [10] that a high correlation existed

between bud formation and the secretion of the constitu�

tive acid phosphatase, but there was no correlation

between budding and the secretion of the repressible acid

phosphatase. A suggestion based on these data was that

yeast could possess an alternative secretory transport

pathway for the extracellular proteins. Two transport

pathways for excretory proteins are well known in higher

eucaryotes, constitutive and regulated [11].

The goal of this study was to clarify the existence of

two pathways for secretory proteins in yeast. For this a new

method of the isolation of transport vesicles is proposed

because existing methods [12�14] have severe drawbacks.

In fact, mechanical disintegration of protoplasts leads to

their partial destruction, and sucrose medium favors the

destruction of the vesicles [15]. The native repressible and

constitutive forms of acid phosphatase, as well as homo�

meric forms of acid phosphatase were used as the markers

of the secretory vesicles. The strains synthesizing homo�

meric phosphatase forms were constructed earlier [8].

The correlation between the formation of buds and

the secretion of the homomeric forms of acid phosphatase

was determined simultaneously [16].

MATERIALS AND METHODS

Strains and plasmids. The strains used in this study

are presented in Table 1. Plasmid pDP34�GAPFEL�

PHO5 was kindly provided by Dr. Hinnen (Hans�Knoll

Institute of Natural Substances Research, Jena,

Germany).

Conditions of cell cultivation and phosphatase synthe�
sis. The cells were grown in medium containing 2% (w/v)

bactopeptone, 1% (w/v) yeast extract (Difco, USA), 6%

(w/v) glucose (Merck, Germany), 10 mM KH2PO4 in

0.02 M succinate buffer (Reanal, Hungary), pH 5.0

(medium rich in inorganic phosphate).

To obtain medium free of phosphate, inorganic

phosphate was eliminated using CaCl2 [17].

The abbreviations of acid phosphatases together with

corresponding genes used in this article are given in Table 2.

To obtain the homomeric phosphatase A, yeast cells

of YMR4 strain were transformed with the plasmid

pDP34�GAPFEL�PHO5; the transformed cells provided

the expression of the PHO5 gene that was independent of

the concentration of inorganic phosphate. The cells were

grown in the medium with phosphate.

For expression of the homomeric phosphatases B

and C the cells of YMR44 and YMR46 strains were grown

in the medium without phosphate.

To express the native repressible acid phosphatase,

yeast cells of S288C strain were grown in the medium

without phosphate, while the native constitutive acid

phosphatase was expressed during growth of cells of the

same strain in the medium with phosphate.

Isolation of secretory vesicles. The cells were grown

until the early exponential phase (A1 cm
600 = 0.7�1.0) at 30°C

in medium with or without inorganic phosphate, sedi�

mented by centrifugation at 2000g for 10 min and washed

with buffer containing 0.8 M sorbitol (Serva, Germany)

and 30 mM dithiothreitol (DTT) (Reanal) in 0.15 M

solution of sodium citrate, pH 6.0 (buffer A). The cells

were suspended in the same buffer and incubated 15 min

at room temperature.

The cells were washed with buffer A without DTT

and incubated with the enzyme cytohelicase (IBF

Biotechnics, France) using 6 ml of buffer A for 1 g of wet

cells at final enzyme concentration 8 mg/ml at 30°C for

30 min. The resulting protoplasts were pelleted at 1000g

for 10 min and were washed twice with buffer A. The

washed protoplasts were subjected to osmotic shock in

hypotonic solution containing 8% Ficoll 400 (Pharmacia,

Sweden) in 0.1 M sorbitol solution in 0.025 M Tris�HCl

buffer, pH 7.2 (Trizma Base, Sigma, USA).

The resulting material was incubated 2 h on ice, then

centrifuged at 10,000g for 20 min to eliminate heavy

organelles, cytoplasmic membrane, and Golgi mem�

branes. The supernatant containing microsomal fraction,

vacuoles, and soluble proteins was subjected to centrifu�

gation in a density gradient.

Strain

S 288C

YMR4

YMR44

YMR46

Genotype

a MAL, GAL2

α his 3–11,3�15 leu 2–3,
2–112 canR

pho5�pho3::ura3∆1

α his 11, 3–15 leu 2–3, 
2–112 canR

pho5�pho3::ura3∆1, ura3∆5
pho11::URA3

α his 11, 3–15 leu 2–3, 2–112
canR pho5�pho3::ura3∆1
ura3 pho10::URA3

Source

P. V. Venkov 
(Bulgaria)

A. Hinnen 
(Germany)

M. G. Shnyreva
(USA)

M. G. Shnyreva
(USA)

Table 1. Saccharomyces cerevisiae strains that were used

in this study
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The solution of 76% Urografin (Scherring, Germany)

diluted to the specific density 1.06 and 1.18 g/cm3 with 0.1 M

sorbitol solution in 0.025 M Tris�HCl buffer, pH 7.2, was

used for the linear density gradient. Equal volumes (3 ml)

of these solutions were put in the gradient mixer (LKB,

Sweden), and a linear gradient was formed in ultra trans�

parent centrifuge tubes for Beckman SW�41 rotor. A 4�ml

sample of the studied supernatant, then successively 1 ml of

8% Ficoll 400 in 0.1 M sorbitol solution in 0.025 M Tris�

HCl buffer, pH 7.2, and 1 ml of 6% Ficoll 400 in 0.1 M sor�

bitol solution in 0.025 M Tris�HCl buffer, pH 7.2, were

overlaid on the formed gradient. The tubes with samples

were centrifuged in a Beckman L7�55 ultracentrifuge

(USA) in a Beckman SW�41 rotor at 110,000g for 2 h. Two

fractions of vesicles obtained after centrifugation (with

lower specific density, L�vesicles, and with higher specific

density, H�vesicles) were collected using a syringe with

curved needle, diluted with 0.3 M sorbitol solution in

0.025 M Tris�HCl, pH 7.2, and were sedimented in a

Beckman SW�41 rotor at 150,000g for 30 min. The result�

ing vesicles were used for subsequent studies.

Other methods. The enzymatic activity of acid phos�

phatases was measured using 4�nitrophenylphosphate

(Sigma) as the substrate [18]. Before the measurement of

the activity the solution of Triton X�100 (LKB) was added

to the suspension of vesicles to the final concentration

1%.

To obtain the electron microphotographs, the vesi�

cles were negatively stained with phosphotungstic acid

[19]. The samples were examined using a JEM�100B

electron microscope (JEOL, Japan) at 80 kV.

Protein was measured according to the method of

Lowry [20], and orthophosphate by the method of Panusz

[21].

RESULTS AND DISCUSSION

A high correlation between bud formation and the

secretion of the constitutive acid phosphatase and the

absence of such correlation in the case of the repressible

acid phosphatase was demonstrated in the study of

Shnyreva and Egorov [10]. They suggested that in yeast,

like in higher eucaryotes, there are two secretion path�

ways—constitutive and regulated.

Two approaches were applied in this study to test this

suggestion. First, the correlation was established between

bud formation and secretion of the marker enzymes in the

medium. Secondly, the distribution of the enzymatic

activity between fractions of secretory vesicles was stud�

ied.

The secretion of homomeric forms of phosphatases

was studied to elucidate the possible role of individual

subunits of the native repressible acid phosphatase in the

choice of the secretion pathway of the mature enzyme.

The correlation between two series of data, bud quantity

in 1 ml and corresponding growth of the total extracellu�

lar activity of each of three homomeric enzymes (total

activity both associated with the cells and in the medium

for 1 ml of suspension) was analyzed [16]. A high correla�

tion coefficient indicates that the total growth of the

enzymatic activity is in proportion with the bud quantity

in the culture, i.e., the enzyme secretion occurs through

the constitutive transport pathway through buds. It was

suggested earlier [22] that all extracellular yeast enzymes

are secreted only through this pathway. As can be seen

from Table 3, the secretion of the homomeric acid phos�

phatase A has a high level of correlation with budding,

i.e., the enzyme is secreted through the constitutive path�

way. The secretion of the homomeric acid phosphatases B

and C did not correlate with bud formation. Since the

secretion of the repressible acid phosphatase also does not

correlate with budding, it can be suggested that just the

presence in this homomeric enzyme of the minor compo�

nents B and C determines the alternative pathway of

secretion.

To determine the causes of different delivery of the

acid phosphatases to the cell surface, it seemed useful to

analyze their content in different types of secretory vesi�

cles that mediate their transport.

Using the approach of Shabalin and Kulaev [23], we

elaborated a method of mild isolation of secretory vesicles

based on protoplast destruction by osmotic shock fol�

lowed by separation of vesicles in a density gradient of

Urografin. All isolation steps were carried out at 4°C

except in specially indicated cases.

This method was applied to obtain vesicles from

strain S288C that was grown in the medium rich in inor�

ganic phosphate and in the medium without phosphate.

After separation in the density gradient of Urografin of

the microsomal fraction that did not pellet at 10,000g, we

obtained two fractions of vesicles (Fig. 1, a and b). During

the cell growth in the medium without phosphate the

fraction with higher density (H�vesicles, density 1.13 g/

cm3) contained 65% of the total protein of the vesicles,

while the fraction with lower density (L�vesicles, density

Acid phosphatase

A

B

C

Repressible acid phosphatase

Constitutive acid phosphatase

Expressed genes

PHO5

PHO10

PHO11

PHO5, PHO10,
PHO11

PHO3

Table 2. Designation of acid phosphatases
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1.09 g/cm3) constituted 35%. During the growth in the

medium rich in inorganic phosphate the inverse distribu�

tion was observed: about 70% of protein was in the L�vesi�

cle fraction and about 30% in the H�vesicle fraction.

Electron microphotographs demonstrate (Fig. 2, a

and b) that the two types of vesicles differ in electron den�

sity and in the shape of the surface and have average

diameter 100�150 nm. The surface of H�vesicles is granu�

lar, while the surface of L�vesicles is smooth. The diame�

ter of isolated vesicles is slightly higher than those

observed in thin layers of intact yeast cells (80�100 nm

[24]).

The vesicles isolated from the cells grown both in the

medium with inorganic phosphate and without it were

Strain

S288C

S288C

YMR4
pDP34�PHO5

YMR44

YMR46

heavy vesicles

34

72

23

64

72

Table 3. Relationship between budding and secretion of extracellular acid phosphatases

light vesicles

66

28

77

36

28

Correlation
coefficient

0.72

0.21

0.90

0.08

0.16

Inorganic phos�
phate in the

medium

+

—

+

—

—

Acid phosphatase

Native constitutive
acid phosphatase

Native repressible
acid phosphatase

Phosphatase A

Phosphatase B

Phosphatase C

% of phosphatase activity 
in the secretory vesicles

Fig. 1. Centrifuge tubes with secretory vesicles after separation in the density gradient of Urografin: a) vesicles from the cells of S288C strain

after cultivation in the medium rich in inorganic phosphate; b) vesicles of the same strain after cultivation in the medium without phos�

phate. The upper layer, vacuoles; the middle layer, L�vesicles; lower layer, H�vesicles.

а b
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used for the measurement of the phosphatase activity. In

the first case the major part of the activity was concen�

trated in the L�vesicles (constitutive acid phosphatase), in

the second case in the H�vesicles (repressible acid phos�

phatase) (Table 3).

These data suggest the existence of the system of pro�

tein sorting in the secretory pathway: some proteins are

delivered to the cell surface through the constitutive path�

way, while others are transported by a different pathway.

To elucidate what factors may determine the sorting,

the vesicles from the strains that synthesize homomeric

acid phosphatases A, B, and C were isolated. The results

of this study demonstrated that the homomeric acid phos�

phatase A was transported to the cell surface mainly in the

L�vesicles (Table 3). This means that the PHO5 gene

product is not able to select the alternative pathway of

secretion and does not differ in this property from the

PHO3 gene product (constitutive acid phosphatase). The

phosphatases B and C are mainly transported in the H�

vesicles (Table 3). Since the repressible acid phosphatase

consists of the expression products of three genes and is

transported in the H�vesicles, it can be suggested that

notably minor components of the repressible acid phos�

phatase (PHO10 and/or PHO11 gene products) are

responsible for the transport of the native enzyme in the

vesicles of high density through the alternative pathway.

Thus, the data obtained in this study provide evi�

dence that yeast possesses two secretion pathways, like

higher eucaryotes. The new method for isolation of trans�

port vesicles may serve as a useful tool for further studies

of the mechanisms of sorting and transport of secretory

proteins.
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