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Abstract: Yeast cells represent a powerful model system in cell biology mainly due to their amenability to

genetic manipulations. Increasingly, studies focus on mutant genes resulting in alterations of cellular structures

and organelles. To ascertain the phenotypic changes involved, it is often desirable to use the resolving power

of electron microscopy. In contrast to higher eukaryotic cells, yeast cells are particularly difficult to preserve

mainly due to the presence of a thick cell wall that acts as a barrier against diffusion of fixatives. Although

several procedures are targeted to overcome these difficulties, none of them have become established as a

standard procedure. As a consequence, electron microscopy is still not used routinely as a tool in yeast cell

biology. This prompted us to develop an easy-to-follow protocol for yeast transmission electron microscopy

that should be useful in all cases where membrane integrity and organelle morphology is emphasized. One

means of making the yeast cytoplasm more attainable to fixation and staining solutions is by enzymatic

digestion of the cell wall. Following this approach, we were able to reliably preserve yeast cells and their cellular

organelles. Enzymatic treatment with zymolyase 20T to partially remove the yeast cell wall allowed the fixation,

preservation, and visualization of the yeast cytoplasm revealing detailed ultrastructure. The advancement of this

technique is demonstrated with mitochondria as a model organelle. Our studies on various yeast mutants

clearly show the power of the enzymatic digestion technique in visualizing subtle changes of membrane

structure and organelle morphology.
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INTRODUCTION

The detailed understanding and characterization of muta-

tions affecting cell structure and function most often re-

quires analysis by electron microscopy. Limiting analysis to

light microscopy is often too broad in resolution to dis-

criminate between intimate subcellular structures. In par-

ticular, studies of biomembranes and membranous organ-

elles require electron microscopy, as the resolving power of

light microscopes is often insufficient to analyze subtle

changes in topological and structural details (Geuze, 1999).

The experimental significance of yeast cells as a model
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system in cell biology is mainly based on the availability of

a rapidly increasing number of mutants with implications

on many fundamental cellular processes. In recent years, a

number of yeast genes have been associated with the struc-

ture and function of various intracellular organelles. Of par-

ticular interest was the formation of mitochondria, as two

independent genomes contribute to their characteristic

functions, and to their double-membrane structure. During

the biogenesis of mitochondria, which occurs by growth

and division, newly synthesized components are inserted

into the outer and inner membranes of preexisting organ-

elles (Neupert, 1997).

Mitochondrial biogenetic pathways are most inten-

sively studied using Saccharomyces cerevisiae as an experi-

mental cell system. However, analysis of subcellular alter-

ations in this system is strongly hampered by a prominent

cell wall that acts as a barrier against the diffusion of fixa-

tives, thus making it difficult to obtain electron microscopic

images with sufficient structural preservation.

In general, reports on yeast ultrastructure are rare, and

only a few attempts have been made to improve current

techniques (Byers and Goetsch, 1991; Wright, 2000). An

important means for improvement lies with the introduc-

tion of new enzymes targeted for efficient removal of the

yeast cell wall. As we demonstrate in this report, the appli-

cation of such enzymes allows fixatives and staining chemi-

cals to reach their intracellular targets resulting in satisfac-

tory preservation of yeast cells and their cellular organelles.

MATERIALS AND METHODS

Yeast cells (wild type strain W334 and W334-Tim23delta50)

grown on selective media plates were carefully removed and

pelleted in cold phosphate-buffered saline (PBS) (pH 7.2).

The cells were fixed for 30 min with 2% glutaraldehyde in

100 mM sodium cacodylate buffer (pH 7.2) with 1 mM

CaCl2 at 4°C. After washing by resuspension and centrifu-

gation three times in cold sodium cacodylate buffer, the

cells were incubated in digestion buffer: 50 mM TrisHCl,

pH 7.5; 5 mM MgCl2; 1.4 M sorbitol; 0.5% (v/v) 2-mer-

captoethanol. Enzymatic digestion was performed for 10

min at room temperature with zymolyase 20T (Seikagaku

Corporation, Tokyo, Japan) at 0.15 mg/ml in digestion

buffer.

After several washes with sodium cacodylate buffer, the

cells were postfixed at 4°C in two successive incubation

steps: 5 min each in freshly prepared osmium tetroxide

(0.5%) which was reduced by the addition of potassium

ferrocyanide (0.8%). After washing with sodium cacodylate

buffer, the cell pellets were warmed to 37°C and mixed with

a 2.5% solution of agarose Type VII (Sigma, Deisenhofen,

Germany). The solidified mixture was cut into pieces of

about 1 × 1 mm to ease further handling. The pieces were

washed several times in distilled water followed by en bloc

staining with 1% uranyl acetate in distilled water for 90 min

at room temperature. After dehydration in a graded series

of ethanol and infiltration with propylene oxide, the speci-

mens were embedded in Epon. Ultrathin sections were

stained with lead citrate and analyzed with a Philips CM 120

electron microscope (Philips Inc., Eindhoven, Netherlands).

RESULTS AND DISCUSSION

In higher eukaryotic cells, improved methods for fixation,

embedding, and sectioning have allowed a detailed descrip-

tion of mitochondrial morphology (for reviews, see Tza-

Table 1. Fixation and Embedding Procedure for Yeast

Electron Microscopya

First fixation

Wash yeast cells in PBS at 4°Cl;

fix in 2% glutaraldehyde, 1 mM CaCl2, 0.1 sodium cacodylate

buffer pH 7.2, for 30 min at 4°C;

wash in 0.1 M sodium cacodylate buffer

Enzymatic digestion of cell walls

Resuspend cells in 50 mM TrisHCl, pH 7.5, 5 mM MgCl2, 1.4 M

sorbitol, 0.5% (v/v) 2-mercaptoethanol with 0.15 mg/ml Zymoly-

ase 20T for 10 min at RT;

wash four times for 5 min in 0.1 M sodium cacodylate buffer

Second fixation

Fix in 0.5% osmium teroxide and 0.8% potassium ferrocyanide in

distilled water, two times for 5 min at 4°C;

wash in 0.1 M sodium cacoyldate buffer

Embedding in agarose

Mix cells with a 2.5% solution of agarose (Type VII) at 37°C;

cut solidified pellet; wash in distilled water

En bloc staining

Incubate specimen with 1% uranyl acetate for 90 min at RT;

dehydrate specimen and embed in Epon

PBS, phosphate-buffered saline; RT, room temperature.
aFlow diagram outlining the fixation and staining procedures, including

the enzymatic digestion step that partially removes the yeast cell wall (see

also Fig. 1).
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goloff, 1982, and Frey and Mannella, 2000). Although there

is considerable interest in the fine structural analysis of

intracellular membranes in yeast, current fixation and stain-

ing techniques have failed to achieve the structural resolu-

tion available in higher eukaryotic cells. Previous attempts

to improve the preservation of yeast membranes have in-

volved growing cells in copper-containing culture medium

(Lindgren and Barnard, 1972), the use of permanganate

(Baharaeen and Vishniac, 1982), the application of ribo-

nuclease digestion (Moulin-Traffort et al., 1986) and the

sectioning of solidified cell pellets in the presence of glu-

taraldehyde (De Nollin et al., 1975). Using freeze substitu-

tion techniques, membrane structure of the nuclear enve-

lope (Kanbe et al., 1990) and autophagic vacuoles (Baba et

al., 1994) have been analyzed. Using a different approach, it

was shown that the partial removal of the yeast cell wall

allows a much better access of solutions to their intracellular

targets during fixation, staining, and embedding (Byers and

Figure 1. Enzymatic treatment

of yeast cells loosened (a) or

removed (b) from part of the

cell wall (CW) of Saccharomyces

cerevisiae cells, thereby enabling

the fixative to penetrate the

cytoplasm. The plasma

membrane (PM) and

mitochondria (MI) are well

preserved. As demonstrated in

the overview micrograph (c),

ultrastructural preservation of

organelles is not restricted to the

cell periphery but encompasses

the entire cytoplasm exhibiting

mitochondria of various sizes,

the nucleus (Nu), and a vacuole

(VA). Bars: 200 nm.
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Goetsch, 1991; Wright, 2000). The efficiency of cell wall

removal depends primarily on the enzymatic conditions,

e.g., the nature of the enzymes, their concentration, and the

time and temperature of digestion. Depending on the con-

ditions, it is even possible to entirely remove the yeast cell

wall, thereby rupturing the cells and visualizing the cyto-

skeleton (Penman and Penman, 1997).

Here we report on the use of zymolyase 20T that, in our

hands, resulted in the reliable preservation of cytological

details. The technique is outlined in the flow chart (Table

1). Zymolyase 20T, purified from Arthrobacter sp., is an

enzyme complex with an endo-(1–>3)-beta-D-glucan hy-

drolase activity. It has been shown to remove the outer layer

of the yeast cell wall by digestion of mannoproteins.

The enzyme did not entirely remove the yeast cell wall,

but apparently loosened its structure as shown by the loss of

electron density (Fig. 1a,b). The best ultrastructural preser-

vation was normally observed in cells where the cell wall

was loosened but not entirely removed. We noted that, in

those cases, the plasma membrane and the membranes of

cellular organelles were usually best preserved (Fig. 1c). If

the cell wall was still largely intact, it was difficult to observe

fine structural details, as the cytoplasm appeared very elec-

tron-dense. The entire removal of the cell wall, in contrast,

resulted most often in poor overall structural integrity of

the cytoplasm (data not shown).

The membranes of the endoplasmic reticulum and of

the perinuclear cisternae, including the nuclear pores of

yeast cells, are usually difficult to observe. However, using

the technique described here, these structures were rou-

tinely visualized and appeared morphologically intact (Fig.

2a,b).

Looking at mitochondria, we compared wild type yeast

cells with cells of the Tim23delta50 mutant strain that was

suspected to have defects in mitochondrial membrane mor-

phology (Donzeau et al., 2000). It was shown that Tim23, a

key component of the mitochondrial preprotein translo-

case, is anchored in the mitochondrial inner membrane by

its C-terminal domain while its N-terminal domain is ex-

posed on the surface of the outer membrane (Donzeau et

al., 2000). This novel two-membrane-spanning topology of

Tim23 has implications on the formation of contacts be-

tween the outer and inner mitochondrial membranes.

As shown in Figure 2c, mutant cells did exhibit a

Figure 2. At higher

magnification, structural details

of the perinuclear cisternae

including the nuclear pore

complex (NPC) are visible

(arrows in a and inset).

Cisternae of the endoplasmic

reticulum (ER) were singular (a)

or loosely stacked (b) but always

well preserved. Yeast

mitochondria of wild type cells

(wt) (d) and of the mutant

strain Tim23delta50 (c) exhibit

major morphological differences

of their respective inner

mitochondrial membranes (IM).

Whereas wt inner membranes

show the normal folding into

cristae, these are almost entirely

absent in the mutant strain. L,

lysosome; V, vesicles; OM, outer

mitochondrial membrane. Bars:

a,b, 200 nm; c,d, 100 nm.
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strongly reduced number of mitochondrial cristae pointing

to an overall reduction of inner membrane surface. In com-

parison, wild type yeast cells had well-defined inner mem-

branes with cristae appearing normal in size and structure

(Fig. 2d). Other membrane-bound organelles did not differ

between mutant and wild type cells (data not shown).

CONCLUSIONS

Although yeast cell mutants are widely used to study an

increasing number of key questions in cell biology, electron

microscopy is rarely added as a tool in those studies. With

this report, we offer an easy-to-follow protocol that pro-

vides new perspectives for studies on cytological details in

wild type and mutant yeast cells by electron microscopy.

The technique will be particularly useful for studies focus-

ing on morphological changes of cellular compartments

and organelles where preservation of membranes is critical.

ACKNOWLEDGMENTS

We are grateful to Ms. Babette Baumann for technical as-

sistance and to Ms. Andrea Roth for typing the manuscript.

We also thank Dr. Wolfgang Neumüller for helpful discus-

sions during the preparation of the manuscript. This study

was supported by Deutsche Forschungsgemeinschaft, SFB

284 (V.H.) and Ba 1438/3 (M.F.B.) and by Fonds der Che-

mischen Industrie, Wilhelm Sander Stiftung (97.061.1),

Friedrich-Baur Stiftung, and Münchener Medizinische

Wochenschrift (to M.F.B.).

REFERENCES

Baba M, Takeshige K, Baba N, Ohsumi Y (1994) Ultrastructural

analysis of the autophagic process in yeast: detection of autopha-

gosomes and their characterization. J Cell Biol 124:903–913

Baharaeen S, Vishniac HS (1982) A fixation method for visualiza-

tion of yeast ultrastructure in the electron microscope. Mycopatho-

logia 77:19–22

Byers B, Goetsch L (1991) Preparation of yeast cells for thin-

section electron microscopy. Methods Enzymol 194:602–608

De Nollin S, Thone F, Borgers M (1975) Enzyme cytochemistry of

Candida albicans. J Histochem Cytochem 23:758–765

Donzeau M, Kaldi K, Adam A, Wanner G, Guiard B, Bauer MF,

Neupert W, Brunner M (2000) Tim23 links the inner and outer

mitochondrial membranes. Cell 101:401–412

Frey TG, Mannella CA (2000) The internal structure of mitochon-

dria. Trends Biochem Sci 7:319–324

Geuze HJ (1999) A future for electron microscopy in cell biology?

Trends Cell Biol 9:92–93

Kanbe T, Hiraoka Y, Tanaka K, Yanagida M (1990) The transition

of cells of the fission yeast beta-tubulin mutant nda3-311 as seen

by freeze-substitution electron microscopy. J Cell Sci 96:275–282

Lindgren G, Barnard T (1972) Changes in interscapular brown

adipose tissue of rat during perinatal and early postnatal develop-

ment and after cold acclimation. IV. Morphometric investigation

of mitochondrial membrane alterations. Exp Cell Res 70:81–90

Moulin-Traffort J, Venot C, Regli P (1986) Ultrastructural study

of Candida albicans yeast after application of a ribonuclease. My-

copathologia 93:121–126

Neupert W (1997) Protein import into mitochondria. Annu Rev

Biochem 66:863–917

Penman J, Penman S (1997) Resinless section electron microscopy

reveals the yeast cytoskeleton. Proc Natl Acad Sci USA 94:3732–

3735

Tzagoloff A (1982) Mitochondria. In: Cellular Organelles, Siekevitz

P (ed). New York: Plenum Press, pp 15–38

Wright R (2000) Transmission electron microscopy of yeast. Mi-

crosc Res Tech 51:496–510

534 Christoph Bauer et al.


