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ABSTRACT The cytoskeleton of Saccharomyces cerevisiae
is essentially invisible using conventional microscopy tech-
niques. A similar problem was solved for the mammalian cell
cytoskeleton using resinless section electron microscopy, a
technique applied here to yeast. In the resinless image, soluble
proteins are no longer cloaked by embedding medium and
must be removed by selective detergent extraction. In yeast,
this requires breaching the cell wall by digesting with Zymo-
lyase sufficiently to allow detergent extraction of the plasma
membrane lipids. Gel electropherograms show that the ex-
tracted or ‘‘soluble’’ proteins are distinct from the retained or
‘‘structural’’ proteins that presumably comprise the cytoskel-
eton. These putative cytoskeleton proteins include the major
portions of a 43-kDa protein, which is presumably actin, and
of proteins in a band appearing at 55 kDa, as well as numerous
less abundant, nonactin proteins. Resinless section electron
micrographs show a dense, three-dimensional web of anasto-
mosing, polymorphic filaments bounded by the remnant cell
wall. Although the filament network is very heterogenous,
there appear to be two principal classes of filament diame-
ters—5 nm and 15–20 nm—which may correspond to actin
and intermediate filaments, respectively. A large oval region
of lower filament density probably corresponds to the vacuole,
and an electron dense spheroidal body, 300–500 nm in diam-
eter, is likely the nucleus. The techniques detailed in this
report afford new approaches to the study of yeast cytoarchi-
tecture.

The yeast cell cytoskeleton has long been the subject of indirect
experimentation and considerable speculation (1–7). Studies
on yeast cell morphology and cellular dynamics imply an
underlying, active organizing structure. However, this struc-
ture has never been directly imaged, because conventional
microscopy techniques are inadequate. Resinless section elec-
tronmicroscopy, a proven technique for preparing and viewing
samples that allows the elucidation of cytoarchitecture in
mammalian cells, was modified for the study of the yeast
cytoskeleton. This report describes the modifications of the
technique required by the very different internal milieu and
exterior surface of the yeast cell. The results include, to our
knowledge, the first views of the internal yeast cell cytoarchi-
tecture.
Resinless section electron microscopy is a simple, but pow-

erful, extension of conventional electron microscopy tech-
niques. It often is not appreciated that biological material, such
as the protein filaments of the cytoskeleton, can form very
high-contrast images in the electron microscope by phase
interference at the image plane (8). Such images are com-

pletely masked by the embedding resin in the conventional
ultrathin section. Conventional microscopy images only the
heavy-metal atoms adhering to the portion of the sample
accessible at the section’s surface. In contrast, the resinless
section can image the entire sample in three dimensions and
does not require heavy-metal stains. Also, the support of the
sample by the embedding medium has proven unnecessary;
once chemically fixed, cell structures are strong and possessed
of considerable dimensional stability (8, 9).
The first embedment-free micrographs showed a dense

complex of soluble proteins that obscured the structural
elements of the cytoskeleton (10). To see the cytoskeleton,
these soluble proteins—normally cloaked by embedding resin
in conventional electron microscopy section (8)—must be
removed. This is most easily accomplished by extraction with
nonionic detergent in a structure-preserving buffer. The de-
tergent dissolves membrane lipids, thus abolishing the plasma
membrane boundary and allowing soluble protein to diffuse
away. Adapting this procedure to Saccharomyces cerevisiae
requires solving the problem of the impenetrable cell wall and
designing a structure-preserving extraction buffer.

MATERIALS AND METHODS

Materials. Zymolyase 20T was obtained from Seikagaku
Kogyo (Tokyo). All other reagents were obtained from Sigma
or Mallinckrodt.
Yeast Strain and Cell Growth. S. cerevisiae of a protease-

deficient diploid strain having the genotype bar::LEU2 pep4-3
prb1-1122 prc1-407 was grown in standard yeast extract protein
(dextrose 2%) media to mid-log phase by vigorous shaking at
308C. Enough culture (100–150 ml) was harvested by centrif-
ugation at 3,000 rpm for 5 min to obtain 1 ml of cells.
Partial Enzymatic Digestion of the Cell Wall for Micros-

copy. Cells were washed by resuspending them in 6 ml of S
buffer (10 mM Pipes, pH 6.5y1.2 M sorbitoly0.5 mM CaCl2)
and centrifuging. Unless otherwise noted, all centrifugations
were for 5 min at 3,000 rpm at 48C. Cells were resuspended
in 2 ml of S buffer containing 2 ml of 2-mercaptoethanol and
incubated at room temperature for 15 min. They were then
centrifuged and resuspended in 4 ml of S buffer containing
50 units of Zymolyase (0.5 mg of Zymolyase 100T or 2.5 mg
of Zymolyase 20T) and incubated in a shaking bath at 75
rpm, 308C for 35 min. A more thorough cell wall digestion
was used for protein analysis and is described below.
Detergent Extraction of Soluble Proteins. The digested cells

were centrifuged, and the resulting pellet washed twice by
resuspending in 12 ml of S buffer and centrifuging again. Cells
were then resuspended in 3 ml of yeast cytoskeleton buffer
(YCSK) (10 mMMes, pH 6.0y3 mMMgCl2y1 mM EGTAy0.2
M NaCly0.8 M sorbitol) containing 0.5% Triton X-100 and a
protease inhibitor cocktail [3 mg of leupeptin, 6 mg of pepsta-
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tin, 15 mg of aprotinin, and 1.4 mg of AEBSF (Pefabloc,
Boehringer Mannheim)] (11), incubated for 5 min at room
temperature and centrifuged. The pellet now clearly showed
two layers corresponding to distinct populations of cells. The
lighter-color upper layer containing only cytoskeletons was
aspirated, resuspended in 12 ml of YCSK and centrifuged to
wash away remaining soluble proteins.
Preparation of Cells for Resinless Section Electron Micros-

copy. The cytoskeletons were resuspended in 3 ml of YCSK
containing 2% glutaraldehyde, incubated for 5 min at room
temperature, and then centrifuged. The pellet was allowed to
incubate further in the glutaraldehyde solution overnight. It
subsequently was dehydrated, embedded in modified diethyl-
ene glycol distearate (supplied by the EMCorp under the name
‘‘Antibed;’’ the company no longer exists, and an alternative
supplier is being sought) and sectioned to a thickness of 90 nm.
The sections were placed on Formvar-covered, carbon-coated
copper grids, and the embedding material then removed (9).
A JEOL 1200 EXII microscope operated at 80 kV was used to
view the resinless sections.
Electrophoretic Analysis of Soluble and Cytoskeletal Pro-

teins. To obtain proteins for electrophoretic analysis, the cell
walls were more extensively digested. Cells were harvested as
above and washed in 6 ml of S buffer. They were resuspended
in 2 ml of S buffer containing 20 ml of b-mercaptoethanol and
incubated at room temperature for 15 min. The cells then were
centrifuged and resuspended in 4 ml of S buffer containing 400
units of Zymolyase. They were incubated at 75 rpm in a
shaking bath at 308C for 70 min, centrifuged, and then washed
twice in 12 ml of S buffer. Cells were resuspended in 3 ml of
YCSK containing 0.5% Triton X-100 and the protease inhib-
itor cocktail, incubated for 5 min at room temperature and
then centrifuged in an ultracentrifuge for 90 min at 40,000 rpm.
The supernatant had a thin milky-white top layer, probably
composed of lipid- and carbohydrate-rich cell fragments,
which was removed and discarded. The remaining liquid was
made 0.5% SDS. The pellet containing cytoskeletal proteins
was resuspended in 1 ml 0.5% SDS solution. The cytoskeletal
and soluble proteins were analyzed in a polyacrylamide mini-
gel with Rainbow Marker molecular weight standard (Sigma)
and silver-stained.

RESULTS

Detergent Extraction of the Yeast Cell. The first step was to
prepare the yeast cell cytoskeleton by removing the soluble
proteins. In mammalian cells, the nonionic detergent Triton
X-100, in a suitable buffer, is used to dissolve the plasma
membrane lipids and release the soluble proteins. In yeast, the
cell wall prevents detergents from reaching the plasma mem-
brane, but enzymatic digestion of the wall with Zymolyase can
remove this barrier.
To preserve cytostructure best, the extraction buffer

should approximate the normal cell internal ionic milieu. It
was found empirically that yeast extraction required modi-
fying the YCSK buffer used for mammalian cells. The pH
was lowered to 6.0 from 6.8 to match the internal pH of the
S. cerevisiae cell more closely (12). The monovalent salt
concentration was raised to 0.2 M, which appeared to give
the best preservation of filaments with the least amount of
adhering material. To prevent osmotic shock, the solution
was made slightly hypertonic to the yeast cell with the
addition of 0.8 M sorbitol. The resulting YCSK is described
fully in Materials and Methods.
Soluble and Cytoskeletal Proteins. Detergent extraction

should separate cell proteins cleanly into soluble and structure-
bound fractions. In mammalian cells, these fractions are
distinctly different in composition, and these differences in-
dicate the efficacy of separation. To make a similar measure-
ment in yeast cells, the soluble proteins released into the

extraction buffer were compared with the cytoskeletal proteins
that sedimented into the pellet. The SDSyPAGE electrophero-
gram in Fig. 1 shows that the soluble and structural fractions
are quite different, suggesting an effective separation. Two
major bands should be noted at approximately 43 and 55 kDa.
The 43-kDa band appears almost entirely in the cytoskeleton
fraction and very likely corresponds to yeast actin. The band
at approximately 55 kDa, representing one or more of the most
abundant cellular proteins, is enriched in the skeleton fraction.
Its molecular mass and association with the cytoskeleton
suggest that this band includes the yeast tubulins and possibly
a yeast analogue of intermediate filament protein.
Electron Microscopy. The limit digest of cell walls used for

protein analysis transforms the cell into a spheroplast, greatly
changing cell shape and cytoskeletal architecture. Therefore,
to preserve internal architecture better, a partial, nonsphereo-
plasting, digestion was used in preparing cells for electron
microscopy. Not all cell walls were digested sufficiently to allow
detergent extraction, but those cells with sufficiently pene-
trated walls retained enough cell wall fragments to support the
cytoskeleton in its original conformation. Examination was
restricted to cells that were fully extracted. These formed a
lighter-colored layer on the top of the centrifugal pellet and
were harvested by gentle aspiration. The cytoskeletons were
fixed in glutaraldehyde and resinless sections prepared for
microscopy using modified diethylene glycol distearate as a
temporary sectioning medium. The yeast cytoskeleton is much
denser than that of mammalian cells and requires thinner
sections—about 90 nm compared with about 200 nm—to avoid
visual confusion.
Fig. 2A shows a resinless section micrograph of the S.

cerevisiae cytoskeleton at low magnification. It partially resem-
bles the cytoskeleton of mammalian cells in consisting of a
complex meshwork of filaments andmany other structures that
constitute the cytoarchitecture. However, yeast cytoskeletal
filaments are much more densely packed than in most mam-
malian cells and the high magnification micrograph in Fig. 2B
shows they are generally much shorter. Fig. 3 compares yeast
(A) andmammalian whole-mount (B) cytoskeleton at the same
intermediate magnification.
Characteristics of the S. cerevisiae Cytoskeleton. There are

two principal classes of filaments, categorized by diameter,
that are visible in the S. cerevisiae cytoskeleton. These can be
seen in the high-magnification images of Figs. 2B and 3A.
The 5-nm filaments probably are composed of actin and

FIG. 1. SDSyPAGE electropherogram of structural (Left) and
soluble (Right) protein fractions of S. cerevisiae after detergent ex-
traction. Molecular mass markers are on the right.
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correspond to the 43-kDa protein seen in the cytoskeleton
lane in Fig. 1. We tentatively have designated these as
‘‘microfilaments.’’ The 15- to 20-nm filaments may be a yeast
analogue of the mammalian intermediate filaments and
possibly are composed of proteins found in the 55-kDa
protein band. Microtubules, which have a diameter of about
28 nm, were not stabilized during extraction and apparently
are absent from these preparations.
Filament junctions in the mammalian cell cytoskeleton (Fig.

3B) show no obvious specialization. In contrast, such junctions
in yeast cells often show gussets or brackets. These structures
are especially pronounced when the angle between the fila-
ments is acute. Their electron density is the same as that of the
filaments themselves. Whether these junctions are present in
the cell or are artifacts of extraction remains to be determined.
Also, in contrast to many mammalian cytoskeleton filaments,
which are relatively smooth and long, the filaments of the S.
cerevisiae cytoskeleton are short, polymorphic along their

length, and studded with knob-like bodies about 40 nm in
diameter. These knob-like structures are often more electron
dense than the filaments with which they are associated,
suggesting they may contain cytoplasmic RNA.
The cytoskeleton of S. cerevisiae revealed here has some

gross morphological features worth noting. It is bounded by the
undigested wall fragments. It is markedly inhomogeneous, with
regions of varying density throughout the cell. Many sections
contain an oval area of much lower filament density, such as
that seen in Fig. 2A, that probably corresponds to the cell
vacuole. It is significant that these large, low-density areas are
never completely empty, but always contain some filaments,
suggesting that some class of cytoskeleton fibers extends into
the vacuolar space. This finding is consistent with a previous
report of cytoskeleton-bound proteins associated with the S.
cerevisiae vacuole (6). Often the sections show a roughly
spherical region, 300 to 500 nm in diameter, of high electron
density (Fig. 2A). The contained material is so electron dense

FIG. 2. Resinless section electron micrographs of detergent-extracted S. cerevisiae cells. (A) Whole cytoskeleton showing location of putative
nucleus (n), the region likely corresponding to the vacuole (vac), and the area shown at high magnification in B. (Bar 5 200 nm.) (B) Detailed
view of a portion of the cytoskeleton in A showing fibers resembling the intermediate filaments of mammalian cells (f), thin filaments designated
tentatively as microfilaments (m), knob-like bodies (k), and cytoskeletal gussets (g). (Bar 5 50 nm.)
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as to appear completely opaque. This region is most probably
the nucleus; the dense material, chromatin.

DISCUSSION

This report shows the feasibility of adapting the resinless
section technique, developed for mammalian cells, to the study
of yeast cytoarchitecture. The procedures are straightforward,
require no special skills, and afford high-contrast, three-
dimensional images of unequaled resolution. Many informa-
tive applications of this technique are apparent. These include
immunogold staining to localize antigens bound to the cy-
toskeleton and observation of cytoskeletal effects of morphol-
ogy-altering treatments. Through resinless section electron
microscopy, morphological studies finally can be added to the
tools necessary for understanding the cytoskeleton and cyto-
architecture of S. cerevisiae.
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FIG. 3. (A) Intermediate-magnification image of a S. cerevisiae cytoskeleton using resinless section electron microscopy. m, thin filaments. (B)
Rat aortic smooth muscle cells at similar magnification. (Bar 5 100 nm.)
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