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Intermediate Filament Formation by a Yeast
Protein Essential for Organelle Inheritance

Stephen J. McConnell and Michael P. Yaffe*

Intermediate filaments are abundant cytoskeletal components whose specific cellular
functions are poorly understood. The Saccharomyces cerevisiae protein MDM1 displays
structure and solubility properties that are similar to those of intermediate filament proteins
of animal cells. Yeast cells that have a mutant form of MDM1 exhibit temperature-sensitive
growth and defective transfer of nuclei and mitochondria to daughter cells during incubation
at the nonpermissive temperature of 37°C. The purified, wild-type MDM1 protein readily
forms 10-nanometer-wide filaments at either 4°C or 37°C. In contrast, the purified, mutant
protein forms filaments at 4°C but fails to form such structures at 37°C. These results
suggest that intermediate filament proteins are universal components of eukaryotic cells.

Intermediate filaments have been charac-
terized extensively in higher eukaryotic
cells and constitute a prominent system of
filaments, 10 nm in diameter, that extend
in arrays and networks throughout the cy-
toplasm (I, 2). The proteins that form
these networks share certain conserved
structural features and physical properties
(3-5). In addition, purified intermediate
filament proteins from a number of sources
are able to self-assemble into 10-nm-diam-
eter filaments in vitro in a process indepen-
dent of energy requirements or cofactors
(5). Cytoplasmic intermediate filaments
have been implicated in a number of roles,
including maintaining cellular mechanical
stability (6) and mediating intracellular
communication (2), although many details
of their dynamics and specific cellular func-
tions are obscure (I, 2, 5).

The yeast MDM1 protein shares several
properties with intermediate filament pro-
teins of animal cells, including a similar
solubility profile and similarities of amino
acid sequence (7). MDM1 was identified
through the analysis of a Saccharomyces
cerevisiae mutant, mdml, that displays tem-
perature-sensitive growth and a failure to
transfer nuclei and mitochondria into de-
veloping daughter buds during incubation
at 37°C (8). The wild-type MDMI gene
was cloned, and its product (MDM1) was
shown to be an essential, 51-kD polypep-
tide (7). Antibodies raised against MDM1
recognized a pattern of spots and punctate
arrays distributed throughout the yeast cell
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cytoplasm. In mdml mutant cells, these
structures were apparent at 4°C and 23°C
but disappeared after mdml mutant cells
were shifted to the nonpermissive tempera-
ture (7). Affinity-purified antibodies against
MDMI1 also recognized intermediate fila-
ments in indirect immunofluorescence of a
variety of animal cells (7).

To compare wild-type and mutant forms
of MDM1, we cloned and analyzed the
mutant gene (9). The mdml gene was
isolated from mutant yeast by the allelic-
marker rescue approach (10). The identity
of the recovered gene was confirmed by
nucleotide sequence analysis (11), which
revealed a single difference from the wild-
type gene: a transition of G to A at nucle-
otide 770, resulting in a change of Ser?*” to
Asn. When a wild-type copy of MDM1 was
replaced by the recovered mutant mdml
gene in intact cells, the original mutant
phenotype was generated (12).

Both wild-type and mutant MDM1 pro-
teins were produced for further analysis by
expression of the genes in bacterial cells
(13) (Fig. 1A). Purification of wild-type
and mutant proteins from bacterial inclu-
sion bodies by differential extraction (14)
yielded essentially homogeneous prepara-
tions (Fig. 1B).

To test the ability of MDMI1 to self-
assemble into filaments, we dialyzed the
purified protein solubilized in 9 M urea
against buffers of physiological or low ionic
strength (15). Protein samples then were
examined by electron microscopy on grids
after negative staining. Wild-type MDM1
protein readily formed filaments during di-
alysis against a physiological salt solution
(Fig. 2, A through C). Filaments displayed
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a generally curvilinear, “smooth” appear-
ance (Fig. 2, A through C), with an aver-
age diameter of 10.12 *+ 0.45 nm (n = 50).
Tangled or aggregrated filamentous struc-
tures were also apparent on the grids (Fig.
2B). Under the conditions used for filament
assembly, 20 to 40% of the purified MDM1
appeared competent for incorporation into
filaments or filamentous structures (16).
Filaments recovered by centrifugation after
dialysis or generated by several cycles of
solubilization in 9 M urea, reformation by
dialysis, and recovery by centrifugation had
the same appearance (12). Dialysis of urea-
solubilized samples at various protein con-
centrations indicated that MDM1 displays a
critical concentration for filament assembly
of approximately 50 pg/ml. Individual fila-_
ments or filamentous aggregrates failed tp
form upon dialysis of MDMI1 against./a
buffer of low ionic strength (Fig. 2D).
These results demonstrate that the MDM1
protein can self-assemble into 10-nm-wide
filaments in the absence of high-energy
compounds or other cofactors.

The wild-type MDM1 protein was found
to form filaments during dialysis at either
4°C (Fig. 3A) or 37°C (Fig. 3B). Filaments
assembled at either temperature appeared
equivalent and formed with approximately
the same critical concentration for assem-
bly. The purified, mutant MDM]1 protein,
encoded by the mdml gene, also formed
10-nm-wide filaments at 4°C (Fig. 3C).
These filaments were essentially identical to
those formed by the wild-type protein. The

Fig. 1. Expression and purification of MDM1.
(A) Immunoblot of MDM1 in protein extracts of
bacterial cells that had a control vector,
pET11-a (lanes 1 and 2), or a vector encoding
MDM1, pET11-a-MDM1 (lanes 3 and 4). Cells
were uninduced (lanes 1 and 3) or induced with
isopropyl-1-thio-B-p-galactoside (lanes 2 and
4). (B) Analysis of purified MDM1. Lane 1,
wild-type MDM1 protein (5 pg) stained with
Coomassie blue; lane 2, wild-type MDM1 pro-
tein (30 pg) stained with Coomassie blue; lane
3, mutant MDM1 protein (7 pg) stained with
Coomassie blue; lane 4, immunoblot analysis of
wild-type MDM1 (100 ng). Molecular size mark-
ers are indicated to the left of (A) and (B) in
kilodaltons.
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critical concentration of assembly for the
mutant protein was approximately 75 pg/
ml, and the apparent efficiency of assembly
was approximately the same as that found
for the wild-type protein. However, the
mutant protein failed to form filaments
during dialysis at 37°C (Fig. 3D). Filaments
formed of the mutant (or wild-type) protein
at 4°C were stable when incubated at 37°C
(12). These results indicate that assembly
of filaments by the mutant protein in vitro
is temperature-sensitive although the main-
tenance of filament structure is not.

Qur results demonstrate that MDM1 is
an intermediate filament—forming protein
of yeast. MDM1 assembles into intermedi-

Fig. 2. Filament formation by purified MDM1
protein in vitro. (A and B) Electron micrographs
of negatively stained (uranyl acetate) filaments
formed by dialysis against PBS. (C) Enlarged
electron micrograph of filament formed by dial-
ysis against PBS and stained with phospho-
tungstic acid. (D) Electron micrograph of
MDM1 sample dialyzed against low ionic
strength buffer. The protein concentration for all
samples before dialysis was 0.2 mg/ml. Bars
represent 100 nm.
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ate filaments in vitro under conditions very
similar to those used for filament formation
by the mammalian proteins vimentin and
desmin (17). Although yeast and all eu-
karyotic cells have well-characterized mi-
crofilament (actin-based) and microtubule
(tubulin-based) cytoskeletons (18-20) as
well as nuclear lamins (21), cytoplasmic
intermediate filament networks have not
been readily apparent in yeast (4). A ring of
10-nm filaments in the mother-bud neck of
yeast cells has been described previously
(22, 23); however, evidence for a relation
between these structures and intermediate
filament networks of animal cells is lacking.
The MDMI-containing structures, which
extend throughout the cytoplasm (7), are
likely to represent a cytoskeletal network
related to the intermediate filament systems
of higher eukaryotic cells. The punctate
structures observed by indirect immunofluo-
rescence (7) may coincide with junctions or
organizing centers connected by individual
MDMI1 filaments (which are undetectable
by currently available methods), or addition-
al, distinct proteins may constitute filamen-
tous connections along the punctate arrays.
Although the structural details of this net-
work remain to be clarified, the presence of
an intermediate filament-like protein in
yeast suggests that such polypeptides are
universal constituents of all eukaryotic cells.

The mdmI mutation prevents the assem-
bly of intermediate filaments at 37°C in
vitro. The behavior of the purified protein
parallels the in vivo phenotype of the mdml
mutant cells in which the punctate, MDM1-
containing structures disappear 30 to 60 min
after the cells are shifted to 37°C (7, 12).
This time lag suggests that filaments readily
turn over and that there is a block in new
assembly rather than the temperature lability
of preexisting structures.

The effect of the single mdml lesion
(Asn for Ser) suggests that this amino acid
change occurs in a domain essential for
assembly. The residues of vimentin and
cytokeratin that correspond by sequence
alignment (7) to the mutated amino acid lie
in a conserved “linking” domain (termed
L12) that joins the two halves of the central
a-helical rod domain, a conserved structur-
al feature of intermediate filament proteins
(4). Our results may suggest a role for this
domain in facilitating intermediate filament
formation.

The temperature-sensitive defects in nu-
clear and mitochondrial inheritance and
the positioning of the mitotic spindle in the
mdm] mutant (8) indicate the cellular func-
tions of the MDM1 protein. The MDMI1-
containing structures in the cell may con-
stitute a network or matrix that serves both
to mediate organelle transfer into develop-

Fig. 3. Effect of temperature on filament assembly by wild-type or mutant MDM1 proteins. Samples
(protein concentration of 0.2 mg/ml) were dialyzed against PBS at 4°C or 37°C, placed on
carbon-coated specimen grids, and stained with uranyl acetate. Shown are two representative
samples for each dialysis condition. (A) Electron micrographs of wild-type protein dialyzed at 4°C.
(B) Electron micrographs of wild-type protein dialyzed at 37°C. (C) Electron micrographs of mutant
protein dialyzed at 4°C. (D) Electron micrographs of mutant protein dialyzed at 37°C. All samples
are shown at the same magnification. Bar represents 100 nm.

SCIENCE ¢ VOL. 260 * 30 APRIL 1993



ing buds and to orient the mitotic spindle.
These functions are consistent with earlier
proposals that intermediate filaments orga-
nize cytoplasmic space (I) and mediate
organelle distribution (24).
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Rapid Loss of CD4* T Cells in Human-PBL-SCID
Mice by Noncytopathic HIV Isolates

Donald E. Mosier, Richard J. Gulizia, Paul D. Maclsaac,
Bruce E. Torbett, Jay A. Levy

Human immunodeficiency virus (HIV) isolates differ in cell tropism, replication, pathoge-
nicity, and syncytial induction in vitro. CD4* T cells were enumerated in severe combined
immunodeficient mice transplanted with human peripheral blood leukocytes (hu-PBL-SCID
mice) and infected with HIV isolates with different in vitro cytopathicity. Two noncytopathic,
macrophage-tropic strains, HIV-15c,4, and HIV-2,.,, induced extensive CD4* T cell
depletion, whereas HIV-14.,,, which is highly cytopathic for T cells in vitro, caused little
CD4™* T cell depletion at equivalent virus burden. In vitro cytopathicity assays therefore do
not predict CD4 depletion in the hu-PBL-SCID model.

The central immunologic defect after in-
fection with HIV-1 is the decline in CD4*
T lymphocytes, which precedes the progres-
sion from asymptomatic infection to the
acquired immunodeficiency  syndrome
(AIDS). The duration of this process is
usually greater than a decade, and an ani-
mal model with accelerated CD4* T cell
depletion would be useful for investigating
the mechanism of pathogenesis in vivo (I).
The simplest model for CD4* T cell loss
would be a direct, cytopathic infection of
cells by HIV. However, some isolates of
HIV-1 show no cytopathic effect on cul-
tured human T cells and yet have been
recovered from patients with CD4*+ T cell
depletion (2). These observations have sug-
gested that HIV-1 infection leads to dys-
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function and eventual loss of CD4* T cells
by indirect mechanisms that do not require
virus infection of the target cell. Under-
standing such mechanisms of pathogenesis
is also made difficult by the extensive bio-
logic and genetic diversity of HIV-1 or
HIV-2 isolates (2—4). HIV isolates differ in
their cell tropism, cytopathicity, ability to
induce syncytia, and rate of replication
(4-11). Several of these properties are re-
lated to changes in the env gene encoding
the gp120 envelope glycoprotein (12-20).
It would aid our understanding of AIDS
pathogenesis if these changes in the behav-
ior of HIV in vitro could be related to the
process of CD4™ T cell depletion in vivo.

To address these issues, we have studied
the fate of human CD4* T cells in severe
combined immunodeficient mice reconsti-
tuted with adult human peripheral blood
mononuclear leukocytes (hu-PBL-SCID
mice) and infected with several well-char-
acterized HIV-1 viruses and one HIV-2
strain. The human T cells (including both
CD4" and CD8* T cells and CD45RO*
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