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Hirano bodies are paracrystalline actin filament-containing structures reported to be associated with a
variety of neurodegenerative diseases. However, the biological function of Hirano bodies remains poorly
understood, since nearly all prior studies of these structures were done with postmortem samples of tissue. In
the present study, we generated a full-length form of a Dictyostelium 34-kDa actin cross-linking protein with
point mutations in the first putative EF hand, termed 34-kDa AEF1. The 34-kDa AEF1 protein binds calcium
normally but has activated actin binding that is unregulated by calcium. The expression of the 34-kDa AEF1
protein in Dictyostelium induces the formation of Hirano bodies, as assessed by both fluorescence microscopy
and transmission electron microscopy. Dictyostelium cells bearing Hirano bodies grow normally, indicating that
Hirano bodies are not associated with cell death and are not deleterious to cell growth. Moreover, the
expression of the 34-kDa AEF1 protein rescues the phenotypes of cells lacking the 34-kDa protein and cells
lacking both the 34-kDa protein and «-actinin. Finally, the expression of the 34-kDa AEF1 protein also
initiates the formation of Hirano bodies in cultured mouse fibroblasts. These results show that the failure to
regulate the activity and/or affinity of an actin cross-linking protein can provide a signal for the formation of
Hirano bodies. More generally, the formation of Hirano bodies is a cellular response to or a consequence of

aberrant function of the actin cytoskeleton.

Abnormal protein aggregation results in the formation of
distinct types of protein assemblies frequently associated with
disease. For example, neurodegenerative diseases are associ-
ated with the deposition of peptides derived from B-amyloid
precursor protein in senile plaques (54, 63), tau protein in
neurofibrillary tangles (33), a-synuclein in Lewy bodies (13,
66), and proteins with polyglutamine repeats in insoluble ag-
gregates (26, 51). Insoluble aggregates containing misfolded
proteins in beta-sheet structures underlie a variety of diseases,
classified as amyloidoses, that are not specific to the nervous
system (2, 4, 29). Furthermore, misfolded proteins collect in
structures, termed aggresomes, that can be induced by either
the expression of misfolded proteins or inhibition of the pro-
teasome (28, 30).

During the past three decades, Hirano bodies have been
reported to be associated with a broad array of conditions,
including Alzheimer’s disease (21, 44, 45, 60), Parkinson’s dis-
ease (25), Pick’s disease (61), amyotrophic lateral sclerosis
(25), ataxic Creutzfeldt-Jakob disease (3), kuru (9), scrapie
(10), leukoencephalopathy (23), chronic alcoholism (32), dia-
betes (64), cancer (12, 20), muscle degeneration (11), and
neuronal degeneration associated with abnormal copper ho-
meostasis (1, 46, 53, 71). Hirano bodies are paracrystalline
cytoplasmic inclusions that contain actin filaments and actin-
associated proteins (19, 22, 39). Hirano bodies have been
termed a “non-specific manifestation of neuronal degenera-
tion,” since they have been noted in autopsy examinations of
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brains from patients with a variety of conditions (62). However,
their mechanism of formation, composition, and relationship
to disease remain poorly understood.

Maselli et al. recently reported the development of a cul-
tured cell model for studies of Hirano bodies in the cellular
slime mold Dictyostelium discoideum (42). Dictyostelium is a
lower eucaryote with a well-characterized cytoskeleton and
facile methods for protein expression and the creation of mu-
tant strains (41, 48). The 34-kDa protein is one of 11 actin
cross-linking proteins present in Dictyostelium (17). In vitro
studies have revealed that actin bundling by the purified 34-
kDa protein is calcium regulated (5, 6, 8, 34). Experiments with
defined segments of recombinant proteins have revealed three
actin binding sites located at amino acids 1 to 123, 193 to 254,
and 279 to 295 (35). The most active of these sites, located at
amino acids 193 to 254, is necessary and sufficient for cosedi-
mentation with F-actin in vitro (35). The carboxy-terminal
(CT) fragment, comprising amino acids 124 to 295, lacks the
inhibitory domain that is located in the amino terminus and
that modulates the activity of the most active actin binding site
through an intramolecular interaction (36). The absence of this
inhibitory region in the CT fragment results in enhanced bind-
ing and cross-linking of actin filaments that are calcium insen-
sitive (36). Maselli et al. found that the expression of low levels
of the truncated CT protein in Dictyostelium induces the for-
mation of paracrystalline actin inclusions that resemble Hirano
bodies in both ultrastructure and composition, as assessed by
immunocytochemistry (42).

The goal of the present work was to investigate the factors
leading to Hirano body formation. A form of the 34-kDa pro-
tein with a point mutation in the first putative calcium binding
EF hand was produced by site-directed mutagenesis. Studies of
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FIG. 1. Wild-type and calcium-insensitive forms of the 34-kDa protein. (A) Nucleotide and amino acid sequences of the wild-type (WT) 34-kDa
and 34-kDa AEF1 (modified EF hand) proteins. The altered nucleotides and amino acids are shown in bold type. (B) Expression and purification
of the 34-kDa and 34-kDa AEF1 proteins. The SDS-polyacrylamide gel was stained with Coomassie brilliant blue. Lanes 1 and 3 were loaded with
100 pg of BL21(DE3) expressing the 34-kDa and 34-kDa AEF1 proteins, respectively. Lanes 2 and 4 were loaded with 25 wg of purified 34-kDa
and 34-kDa AEF]1 proteins, respectively. Numbers on the left are in kilodaltons. (C) Western blot showing Dictyostelium AX2 and 34-kDa
protein-null (34 kDa—) cells expressing the wild-type 34-kDa protein and the 34-kDa AEF1 protein. Proteins from cell lysates were resolved by
SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose, and probed with monoclonal antibody B2C, reactive to the 34-kDa protein.

r34kD, recombinant 34-kDa protein.

the calcium binding and actin binding activities of this protein,
termed 34-kDa AEF1, revealed normal calcium binding but
activated actin binding that is calcium insensitive. The 34-kDa
AEF1 protein induces the formation of Hirano bodies follow-
ing expression in Dictyostelium and in mammalian cells. Dic-
tyostelium cells with Hirano bodies induced by expression of
the 34-kDa AEF1 protein grow normally. Moreover, the 34-
kDa AEF1 protein supplies the function of the 34-kDa protein
to null mutants lacking the 34-kDa protein. The results reveal
that both loss of calcium sensitivity and activation of actin
binding are required to induce the formation of Hirano bodies
in cell cultures. Further, Hirano bodies are not necessarily
linked to cell death and are not overtly deleterious to cell
function.

MATERIALS AND METHODS

Preparation of wild-type and mutant forms of the 34-kDa protein in Esche-
richia coli. The wild-type 34-kDa protein was expressed from plasmid pET15b-
F18 in E. coli as described previously (34). Mutations in the first putative EF
hand of the 34-kDa protein were produced in plasmid pET15b-F18 by using a
Chameleon site-directed mutagenesis kit (Stratagene, La Jolla, Calif.) according

to the manufacturer’s instructions. The notation 34-kDa AEF1 designates the
protein containing mutations in the first EF hand, as shown in Fig. 1A. Mu-
tagenesis primers were on the basis of the antisense strand of the 34-kDa protein
nucleotide sequence with nucleotides numbered as described previously (7).
Primer 34kDaAEF1 has the sequence 5'GAAATAGAGAGCAATAGCGAAA
GCCAAAGCGTTACCTTCATC3', spans nucleotides 306 to 265 in the cDNA
sequence, and was used to create the mutations in the first EF hand. Selection
primer AccIpET15 has the sequence 5’CGATAGCGGAGTGGTACCTGGCT
TAACTATGCG3' and was used to convert the Accl site in pET15b-F18 to a
Kpnl site for the selection of mutated plasmids. All primers were synthesized and
5" phosphorylated at the Molecular Genetics Instrumentation Facility at the
University of Georgia. All plasmids were sequenced to confirm that changes in
the coding region were restricted to those intentionally introduced by the mu-
tagenesis procedure. Automated sequencing was performed at the Molecular
Genetics Instrumentation Facility at the University of Georgia. The wild-type
34-kDa protein was purified from E. coli as described previously (34), and the
modified 34-kDa AEF1 protein was purified essentially by the same procedure
with minor modifications.

Analytical methods and antibodies. Protein concentrations were determined
by the bicinchoninic acid (Pierce Chemical Co., St. Louis, Mo.) method (65) with
bovine serum albumin (Sigma Chemical Co., St. Louis, Mo.) as a protein stan-
dard. Monoclonal anti-34-kDa protein antibody B2C (15) and alkaline phos-
phatase-conjugated goat anti-mouse antibodies (Promega Corp., Madison, Wis.)
were used for Western blot analysis as described previously (70).
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Measurement of calcium binding by equilibrium dialysis. Ultrapure water
(Continental Water Systems Corp., San Antonio, Tex.) and buffers were passed
over a Chelex 100 (2 by 30 cm; Bio-Rad, Hercules, Calif.) resin to remove any
traces of Ca®*. All plasticware was rinsed in Ca®"-free water before use. The
proteins were first dialyzed against storage buffer (10 mM Tris [pH 7.0], 50 mM
KCl, 0.2 mM dithiothreitol, 0.1 mM EDTA) for 24 h at 4°C. To remove EDTA,
the proteins were dialyzed in storage buffer as described above but without the
EDTA for 24 h at 4°C with one buffer change. For Ca?* binding measurements,
the proteins were dialyzed in 40 ml of storage buffer without EDTA but con-
taining different concentrations of [**Ca]CaCl, for 48 h at 25°C. To achieve
different concentrations of calcium in the buffer, calcium was added from a 200
uM Ca®* stock solution that contained approximately 10 p.Ci of *Ca (DuPont
NEN, Boston, Mass.)/umol. Protein concentrations in samples were determined
after dialysis; 100 wl of buffer from outside the dialysis bag and 100 pl of sample
from inside the dialysis bag were sampled in triplicate, and radioactivity was
determined by liquid scintillation counting. To determine the amount of calcium
bound, the numbers of counts outside were averaged and subtracted from the
averaged numbers of counts inside and divided by the specific activity of **Ca.

Actin isolation. G-actin was isolated from rabbit skeletal muscle acetone
powder and gel filtered as described previously (40, 67). The actin was stored in
G-actin buffer (40, 67 ) for not more than 1 week, with fresh buffer changes every
day.

Measurement of binding by cosedimentation with actin. High-speed actin
cosedimentation assays were performed as outlined previously (5, 8, 34). G-actin
(3 nM) was mixed with 3 uM wild-type 34-kDa protein or 34-kDa AEF1 protein
in 20 mM piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES) (pH 7.0)-50 mM
KCI-50 uM MgCl,-1 mM ATP-0.2 mM dithiothreitol-5 mM EGTA with or
without 4.5 mM CaCl, in a final volume of 130 wl. Supernatant and pellet
fractions were analyzed by polyacrylamide gel electrophoresis in the presence of
sodium dodecyl sulfate (SDS) (31) and visualized with Coomassie brilliant blue.
The intensity of the bands was quantified by scanning densitometry (Molecular
Dynamics, Sunnyvale, Calif.) and used to determine the amounts of proteins in
the supernatant and pellet fractions. Control experiments verified that none of
the 34-kDa proteins showed any significant sedimentation in the absence of actin
in either the presence or absence of calcium (data not shown).

Expression of mutant 34-kDa proteins in Dictyostelium. Wild-type or mutant
34-kDa proteins were expressed in Dictyostelium after subcloning into the
BamHI site of vector pBORP (52). The coding sequences were taken from
plasmids encoding the full-length 34-kDa protein (pET15b-F18) (34) and the
34-kDa AEF1 protein (p34-kDa AEF1) by PCR with primers that added terminal
BamHI restriction enzyme sites for the purpose of subcloning. The wild-type
34-kDa, 34-kDa AEF1, and 34-kDa CT proteins were expressed in previously
described Dictyostelium strains lacking the 34-kDa protein and strains lacking
both the 34-kDa protein and a-actinin (56, 57). Electroporation and growth of
cells were performed as described previously (42). Cells deficient for the 34-kDa
protein and «a-actinin were cotransformed with pBSK-BSR to impart blasticidin
resistance for selection purposes, as the parental cells and pBORP both have
G418 resistance cassettes. At 24 h after transformation, the media were removed
and replaced with media containing antibiotics required for selection. pBSK-
BSR was constructed by subcloning the blasticidin resistance cassette from
pBsR479 (55) into the BamHI site of pBluescript SK(—) (Stratagene).

Growth. Dictyostelium AX2 and the derivatives described below were routinely
maintained in axenic cultures with shaking at 150 rpm in HL-5 medium (37) at
20°C. To assess growth rates, cells were inoculated at a starting concentration of
4 % 10* cells/ml into axenic HL-5 culture medium with shaking at 150 or 120 rpm
at 20 or 15°C, respectively. Each datum point represents the average for samples
obtained daily in duplicate from three flasks and counted on a standard hemo-
cytometer. Growth rates were expressed as doubling times in hours and were
calculated from the daily counts from inoculation until the first day on which the
stationary phase was approached.

Cell size. The cells were induced to assume a spherical shape as described
previously (56). The cells were then allowed to settle in a Bionique Laboratories
(Saranac Lake, N.Y.) chamber, and images were recorded by using a Nikon
inverted microscope equipped with a Mighty Max cooled charge-coupled device
camera (Princeton, Trenton, N.J.). The major and minor axes of each cell were
measured by using IP Lab image analysis software (Scanalytics, Fairfax, Va.).
The diameter of each cell was determined by averaging the major and minor
axes. Images were recorded by using a Zeiss IM35 microscope equipped with an
MTI RC300 cooled charge-coupled device camera (Scion Corp., Frederick,
Md.). The perimeter of each cell was determined by using DIAS software
(Solltech, Iowa City, Iowa).

Immunofluorescence. Dictyostelium cells were fixed for 20 min in 3.7% form-
aldehyde in 17 mM phosphate buffer containing 1 mM CaCl, (pH 6.1) and
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permeabilized in acetone at —20°C for 2 min as described previously (5). Cells
were stained as described previously (5). Rhodamine-labeled or Oregon green-
labeled phalloidin (Molecular Probes, Eugene, Oreg.) was used to localize F-
actin, and monoclonal antibody B2C (15) followed by a rhodamine-labeled or a
fluorescein-labeled secondary antibody (Sigma) was used to localize the 34-kDa
protein.

Electron microscopy. Dictyostelium cells were fixed for transmission electron
microscopy as described previously (49). Cells were embedded in Epon 812 and
sectioned by using an RMC 5000 ultramicrotome (RMC Products, Boeckeler
Instruments, Inc., Tucson, Ariz.) with a diamond knife. Micrographs were ob-
tained with a Philips 400 transmission electron microscope.

Expression of the 34-kDa AEF1 protein in murine L cells. The sequences
encoding the 34-kDa AEF1 protein were subcloned into the BamHI site of vector
pEGFPNI (Clontech, Palo Alto, Calif.) following amplification by PCR with
custom oligonucleotides. The vector was designed to express the 34-kDa AEF1
protein fused to the enhanced green fluorescent protein (EGFP) at the carboxyl
terminus. The coding sequence was confirmed by automated DNA sequencing.
L-cell fibroblasts were maintained in RPMI 1640 supplemented with 15% bovine
serum, 100 U of penicillin-streptomycin/ml, and 2 mM L-glutamine at 37°C in 5%
CO,. The cells were plated at 10° cells/22-mm? coverslip (50 to 60% confluence)
and transfected with Lipofectamine Plus (Life Technologies, Rockville, Md.)
according to the manufacturer’s protocol. The cells were transfected with no
DNA (mock) or plasmid p34-kDa AEF1-EGFP. The cells were fixed 24 h fol-
lowing replacement of the medium in the transfected cell culture. Coverslips
were rinsed in phosphate-buffered saline (PBS), transferred to 3.7% formalde-
hyde in PBS for 25 min, washed briefly three times in PBS, permeabilized in 0.1%
Triton X-100 in PBS for 5 min, washed briefly three times in PBS, blocked in 1%
bovine serum albumin in PBS for 1 h, stained with rhodamine-labeled phalloidin
for 1 h, washed briefly three times in PBS, and mounted.

RESULTS

Production of a 34-kDa protein with mutations in the first
EF hand. The sequence of the Dictyostelium 34-kDa protein
(7) contains two putative calcium binding EF hands, structural
motifs involved in the coordination of calcium in a number of
calcium binding proteins (68). We produced an altered form of
the protein by converting the aspartate residues at the X, Y,
and Z positions of the first EF hand (68) to alanines (Fig. 1A)
and termed this protein 34-kDa AEF1. The wild-type 34-kDa
protein and the 34-kDa AEF1 protein were expressed and
purified from E. coli (Fig. 1B) and then used for studies of
calcium binding and actin binding in vitro.

Prior studies of calcium binding to the 34-kDa protein with
[**Ca]CaCl, and equilibrium dialysis to determine the number
and affinity of calcium binding sites in the 34-kDa protein
revealed that calcium binds saturably to a single site on the
34-kDa protein with an affinity of 2.4 uM (18). Calcium bind-
ing to the wild-type 34-kDa protein and that to the 34-kDa
AEF1 protein were indistinguishable, showing that the first EF
hand does not participate in calcium binding to the 34-kDa
protein (Fig. 2).

The actin binding and cross-linking activities of the purified
34-kDa AEF1 protein were compared to those of the wild-type
34-kDa protein by using F-actin cosedimentation assays to
assess actin binding. All assays were performed in the presence
or absence of micromolar free calcium to investigate calcium
regulation of actin binding. The wild-type 34-kDa protein
bound to F-actin substoichiometrically and with a moderate
affinity in a cosedimentation assay at low calcium ion concen-
trations (Fig. 3A). In the presence of micromolar calcium, the
amount of wild-type 34-kDa protein bound to F-actin was
reduced by 70% (Fig. 3B). The wild-type protein formed tight
bundles with F-actin in the absence but not in the presence of
micromolar calcium (data not shown), in agreement with pre-
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FIG. 2. Calcium binding to the wild-type 34-kDa and 34-kDa AEF1
proteins, as measured by equilibrium dialysis. Approximately 10 uM
concentrations of the wild-type 34-kDa and 34-kDa AEF1 proteins
were dialyzed as a function of the [**Ca]CaCl, concentration in the
buffer as described in Materials and Methods. The radioactive calcium
bound is plotted against the free calcium concentration for each pro-
tein. Symbols: O, wild-type 34-kDa protein; [, 34-kDa AEF1 protein.
The 34-kDa protein is reported to bind 1 mol of calcium with a K, of
2.4 uM (18). The binding of calcium to the wild-type 34-kDa protein
and that to the 34-kDa AEF1 protein were indistinguishable. The
results are representative of independent experiments with two differ-
ent preparations of the 34-kDa AEF1 protein.

vious reports of calcium-regulated actin binding by native and
recombinant 34-kDa proteins (5, 8, 16, 34).

The actin binding activity of the 34-kDa AEF1 protein was
stronger than that of the wild-type 34-kDa protein at low
calcium ion concentrations (Fig. 3A). However, the 34-kDa
AEF1 protein failed to show calcium-sensitive actin binding,
since virtually identical amounts of this protein bound to F-
actin in the presence and in the absence of micromolar calcium
(Fig. 3B). Thus, this protein shows normal calcium binding, but
the calcium binding is no longer coupled to the inhibition of
actin binding. Similarly, the 34-kDa AEF1 protein induced the
formation of large tangled actin bundles in both the presence
and the absence of micromolar calcium (data not shown).
Thus, actin binding by the 34-kDa AEF1 protein was stronger
than that of the wild-type 34-kDa protein and was calcium
insensitive.

Expression and localization of wild-type and mutant forms
of the 34-kDa protein in Dictyostelium. The wild-type 34-kDa
protein and the 34-kDa AEF1 protein were expressed in Dic-
tyostelium cells lacking the 34-kDa protein and cells lacking
both the 34-kDa protein and a-actinin, and the levels of ex-
pression of these proteins were examined by Western blotting
with mouse monoclonal antibody B2C to the 34-kDa protein.
Expression levels were similar to those observed for the wild-
type protein in AX2 cells (Fig. 1C).

The 34-kDa protein-null cells expressing the full-length 34-
kDa protein exhibited localization of F-actin and the 34-kDa
protein at the leading edge and the cell cortex of vegetative
amoebae (Fig. 4). The actin localization pattern in cells ex-
pressing the 34-kDa protein was the same as that in wild-type
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FIG. 3. F-actin binding to the wild-type 34-kDa and 34-kDa AEF1
proteins, as measured by cosedimentation. (A) Moles of 34-kDa pro-
tein bound per mole of actin subunits in filaments plotted as a function
of the total amount of 34-kDa protein added at a low calcium concen-
tration. Symbols: O, wild-type 34-kDa protein; 0, 34-kDa AEF1 pro-
tein. The 34-kDa AEF1 protein binds F-actin more strongly than the
wild-type 34-kDa protein. (B) Supernatant and pellet fractions of mix-
tures of actin and either the wild-type 34-kDa protein or the 34-kDa
AEF1 protein at high and low calcium concentrations. The binding of
the 34-kDa AEF1 protein was not inhibited by the presence of micro-
molar calcium concentrations.

AX2 cells and largely overlapped the pattern of localization of
the 34-kDa protein.

Cells expressing the 34-kDa AEF1 protein produced large
ellipsoidal inclusions that were labeled strongly with rhodam-
ine-labeled phalloidin and with anti-34-kDa protein monoclo-
nal antibody B2C (Fig. 4). Under optimal conditions, up to
90% of the cells in the cultures expressing the 34-kDa AEF1
protein showed the presence of a large actin aggregate, the
Hirano body. Examination of these cells by transmission elec-
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F-actin
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FIG. 4. Hirano bodies in 34-kDa AEF1 protein-expressing cells
observed by fluorescence microscopy. Actin and the 34-kDa protein
were localized in 34-kDa protein-null cells and in 34-kDa protein-null
cells expressing recombinant 34-kDa and 34-kDa AEF]1 proteins. Cells
were observed by differential interference contrast (DIC) microscopy
(left column), stained for F-actin with rhodamine-labeled phalloidin
(middle column), or stained for the localization of the 34-kDa protein
with monoclonal antibody B2C (right column). Cells expressing the
34-kDa AEF1 protein exhibited ellipsoidal regions with high concen-
trations of F-actin and the 34-kDa AEF1 protein. WT, wild type. Bar,
10 pM.

tron microscopy revealed the presence of inclusions not ob-
served in normal Dictyostelium cells. These structures had
stacked layers of strata and juxtaposition of ordered and dis-
ordered regions, were spatially continuous with the cytosol,
lacked a limiting membrane, and excluded membrane-bound
organelles (Fig. 5). These features are characteristic of Hirano
bodies described previously in studies of autopsy samples of
tissue from human and animal disease models (24).

Effect of Hirano bodies on the growth and size of Dictyoste-
lium cells. Growth and division are the result of the culmina-
tion of a number of processes involving the actin cytoskeleton.
To assess directly the significance of the formation of Hirano
bodies for cell function, the rates of growth of cells expressing
the wild-type 34-kDa protein or the 34-kDa AEF1 protein were
examined (Fig. 6A). Under standard laboratory growth condi-
tions at 20°C, 34-kDa protein-null cells grew at rates similar to
those of wild-type AX2 cells (12.1 h per division), as reported
previously (56, 57). The 34-kDa protein-null cells expressing
the wild-type and 34-kDa AEF1 proteins grew at similar rates
(13.3 and 12.6 h per division, respectively). Thus, the presence
of Hirano bodies in up to 90% of the cells had no apparent
effect on growth rates.

Cells lacking both the 34-kDa protein and a-actinin grew
slowly at 20°C compared to AX2 cells (16.5 versus 12.7 h per

EUKARYOT. CELL

FIG. 5. Hirano bodies in 34-kDa AEF1 protein-expressing cells
observed by transmission electron microscopy. The 34-kDa AEF1 pro-
tein-expressing cells were prepared for electron microscopy as de-
scribed in Materials and Methods. Note the ordered regions with
alternating layers of stacked strata and the presence of disordered
regions adjacent to the ordered regions. Bar, 0.5 pm.

division), as reported previously (56). The expression of the
wild-type 34-kDa protein or the 34-kDa AEF1 protein in these
cells restored the wild-type growth rate (12.3 or 12.1 h per
division, respectively). Thus, the 34-kDa AEF1 protein could
supply the function of the 34-kDa protein to cells lacking both
the 34-kDa protein and «-actinin, even though its expression
induced the formation of Hirano bodies in these cells (Fig.
7A).

The ability of the 34-kDa AEF1 protein to function in vivo
was also tested by measurements of cell diameters. Cells lack-
ing both the 34-kDa protein and a-actinin grew to reduced
sizes in shaking cultures, attaining an average size (mean and
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FIG. 6. Growth curves for 34-kDa protein-null amoebae expressing
the wild-type 34-kDa and 34-kDa AEF1 proteins. Cells were grown
axenically in shaking cultures, and cell density was measured as a
function of time after inoculation. Symbols: [J, AX2; A, 34-kDa pro-
tein-null cells; O, recombinant 34-kDa protein-expressing cells; [,
recombinant 34-kDa AEF1 protein-expressing cells. Error bars indi-
cate standard deviations. (A) The 34-kDa protein-null cells grew as
well as the wild-type cells (AX2) at 20°C. The expression of recombi-
nant wild-type 34-kDa or 34-kDa AEF1 protein had no effect on
growth under these conditions. (B) The 34-kDa protein-null cells grew
more slowly than the wild-type cells at 15°C. The expression of recom-
binant wild-type 34-kDa or 34-kDa AEF1 protein restored the normal
growth rate to 34-kDa protein-null cells at 15°C.

standard deviation) of 9.3 * 1.9 pm, compared to 12.8 = 1.9
pm for AX2 cells (significantly different at an o value of 0.01,
as determined by the Mann-Whitney-Wilcoxon test) (57). The
expression of the wild-type 34-kDa protein restored the cell
size to the wild-type level (11.2 = 2.6 pm; significantly differ-
ent, at an a level of 0.01, from the value for cells lacking both
the 34-kDa protein and «-actinin, but not significantly differ-
ent, at an « level of 0.05, from the value for AX2 cells). Cells
expressing the 34-kDa AEF1 protein had an average size of
10.4 = 2.3 wm (significantly different, at an « level of 0.01,
from the value for cells lacking both the 34-kDa protein and
a-actinin but not significantly different from that for AX2
cells). Thus, the 34-kDa AEF1 protein supplied function to
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FIG. 7. Growth curves for amobae lacking both the 34-kDa protein
and a-actinin and rescued with the wild-type 34-kDa and 34-kDa AEF1
proteins. Cells were grown axenically in shaking cultures, and cell
density was measured as a function of time after inoculation. Symbols:
0, AX2; A, cells lacking both the 34-kDa protein and a-actinin; O,
recombinant 34-kDa protein-expressing cells; [, recombinant 34-kDa
AEF1 protein-expressing cells. Error bars indicate standard deviations.
The cells lacking both the 34-kDa protein and a-actinin grew more
slowly than the wild-type cells at both 20°C (A) and 15°C (B). The
expression of the wild-type 34-kDa or 34-kDa AEF1 protein restored
wild-type growth at both 20 and 15°C.

cells lacking both the 34-kDa protein and a-actinin and par-
tially restored wild-type cell size.

Previous studies demonstrated that the CT fragment of the
34-kDa protein also induces the formation of Hirano bodies in
either wild-type or 34-kDa protein-null Dictyostelium cells (42).
The ability of the CT fragment to provide 34-kDa protein
function was tested by expression of the CT fragment in cells
lacking both the 34-kDa protein and a-actinin. These cells did
exhibit Hirano bodies, as revealed by staining with rhodamine-
labeled phalloidin or monoclonal antibody B2C, reactive with
the 34-kDa protein (data not shown). Further, expression of
the CT fragment did restore normal cell size (13.6 = 2.0 um)
to cells lacking both the 34-kDa protein and «-actinin.

In its natural environment, Dictyostelium must grow under
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FIG. 8. Formation of Hirano bodies in murine L cells expressing the 34-kDa AEF1 protein. The distribution of F-actin was determined by
staining with rhodamine-labeled phalloidin (A and C) as described in Materials and Methods. The distribution of the 34-kDa AEF1 protein was
determined by fluorescence from enhanced green fluorescent protein (EGFP) (B and D). (A) Mock-transfected control cells displayed cortical
actin, stress fibers, and a few punctate foci of actin. (B) Mock-transfected cells showed no fluorescence from GFP, as expected. (C) Cells
transfected with 34-kDa AEF1- EGFP exhibited a loss of stress fibers and an accumulation of punctate foci and large aggregates of F-actin.
(D) Cells transfected with 34-kDa AEF1- EGFP exhibited punctate foci and large ellipsoidal inclusions that resembled Hirano bodies. Many of
the foci and aggregates of 34-kDa AEF1- EGFP were also enriched for actin filaments (arrowheads). Scale bar, 10 pwm.

conditions of various temperatures, osmolarities, and nutrient
supplies that are not obtained in standard laboratory culture
conditions. To provide an environmental challenge, we grew
the cells in shaking cultures at 15°C. The 34-kDa protein-null
cells grew slowly (23.2 h per division) (57) compared to wild-
type AX2 cells (20.1 h per division) at 15°C. When the wild-
type 34-kDa protein was expressed, the wild-type growth rate
was nearly restored (21.5 h per division) under these condi-
tions. The expression of the 34-kDa AEF1 protein stimulated
the rate of growth of the 34-kDa protein-null cells to 22.5 h per
division. The cells expressing the 34-kDa AEF1 protein grew
slightly more slowly than the 34-kDa protein-null cells rescued
with the wild-type 34-kDa protein but showed a partial recov-
ery of the function of the 34-kDa protein (Fig. 6B).

The effect of reduced temperature on growth was more
pronounced in cells lacking both the 34-kDa protein and a-ac-
tinin, which grew extremely slowly at 15°C (28.7 h per division).
The expression of the wild-type 34-kDa protein restored the
wild-type growth rate (21.4 h per division). The expression of
the 34-kDa AEF1 protein increased the rate of growth of the
mutant lacking both the 34-kDa protein and «-actinin at 15°C
to the wild-type level (21.1 h per division) (Fig. 7B).

Formation of Hirano bodies in murine L-cell fibroblasts.
The actin distribution in murine L cells expressing the 34-kDa
AEF1 protein was investigated to determine whether the re-
sults obtained for Dictyostelium might be extended to a mam-
malian cell culture system. Control (mock-transfected) fibro-
blasts had a typical F-actin distribution characterized by
cortical filaments, filament bundles, and a few punctate foci
(Fig. 8A) and no fluorescence from 34-kDa AEF1-EGFP (Fig.
8B). Cells expressing 34-kDa AEF1-EGFP exhibited a loss of
stress fibers and cortical F-actin (Fig. 8C) and accumulated
multiple punctate foci and large aggregates of 34-kDa AEF1-
EGFP (Fig. 8D). Some of the foci and aggregates of 34-kDa
AEF1-EGFP showed clear enrichment for actin filaments.

DISCUSSION

Hirano bodies have been described in postmortem exami-
nation of tissue from patients with a variety of neurodegenera-
tive diseases and other conditions producing persistent injury
or stress, including diabetes and chronic alcoholism (24). Since
nearly all prior studies of Hirano bodies were performed with
fixed tissue and/or autopsy material, cell culture and transgenic
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TABLE 1. Properties of wild-type and altered forms of the 34-kDa protein in vitro and in vivo®

Form of 34-kDa protein

(amino acids) Actin binding affinity

Calcium binding

Ca®*-regulated
actin binding

Supplies 34-kDa protein

. Induces Hirano bodies
function to mutants

Wild type (1-295)
CT fragment (124-295)
34-kDa AEF1 (1-295)

0.1 uM (35)
Activated (36)
Activated (Fig. 3)

None (36)
Wild type (Fig. 2)
34-kDa AEF2 (1-295)

Wild type (18) None (18)

1 mol/mol; Kd, 2.4 pM (18)

Yes (36) Yes (56, 57) No (42)

No (36) Yes (see text) Yes (42)

No (Fig. 3) Yes (Fig. 6 and 7; Yes (Fig. 4 and 5)
see text)

No (18) No (18) No

“ Unless otherwise indicated, items in parentheses indicate reference or sources of the data reported.

models are required for studies of the effects of Hirano bodies
on living cells. A truncated form of the Dictyostelium 34-kDa
actin bundling protein termed the CT fragment (amino acids
124 to 295) induces the formation of Hirano bodies in Dictyo-
stelium (42). We have used this cell culture model for studies of
the formation of Hirano bodies and their effects on cell phys-
iology. Mutations in both of the putative EF hands of the
34-kDa protein were produced to investigate the basis of cal-
cium binding, the nature of the regulation of the activity of the
34-kDa protein, and the requirements for the initiation of the
formation of Hirano bodies.

The biochemical properties of the 34-kDa AEF1 protein are
novel and unexpected compared to those of the wild-type 34-
kDa protein, CT fragment, and the 34-kDa AEF2 protein (Ta-
ble 1). Point mutations in the first EF hand do not affect
calcium binding (Fig. 2), while the 34-kDa AEF?2 protein, with
point mutations in the second EF hand, exhibits reduced cal-
cium binding (18), consistent with the interpretation that the
second EF hand is the site of high-affinity calcium binding to
the 34-kDa protein. It is surprising that the 34-kDa AEF1
protein shows activated actin binding, even though it is a full-
length protein containing the amino-terminal inhibitory do-
main and a functional calcium binding EF hand (Fig. 3). The
truncated CT protein exhibited activated actin binding that was
calcium insensitive, an effect that was attributed to the pres-
ence of the strong actin binding site at amino acids 193 to 254
and the absence of the amino-terminal inhibitory domain at
amino acids 1 to 77 (35, 36). We conjecture that the mutations
introduced in the 34-kDa AEF1 protein to probe the calcium
binding function of the first EF hand actually disrupted the
function of the first intramolecular interaction zone (IZ-1),
which was mapped to the same region of the protein (36).
Thus, it seems most likely that disruption of the intramolecular
interaction zone by the mutations in the first EF hand may
have activated actin binding, since the inhibitory region is no
longer in juxtaposition with the strong actin binding site. A
concomitant change is that actin binding is no longer subject to
regulation by calcium binding to the intact second EF hand in
the 34-kDa AEF1 protein (Fig. 3), even though this protein
exhibits perfectly normal calcium binding (Fig. 2). Thus, cal-
cium binding is no longer coupled to the inhibition of actin
binding in the 34-kDa AEF1 protein. This result suggests
strongly that calcium regulation of the wild-type 34-kDa pro-
tein involves a change in the proximity and/or orientation of
the inhibitory region with respect to the strong binding site that
is induced by the binding of calcium to the second EF hand.
Thus, disruption of the intramolecular interaction zone in the
34-kDa AEF1 protein not only activates actin binding but also
impedes the regulation of actin binding by calcium.

The expression of the 34-kDa AEF1 protein in Dictyostelium
induces formation of Hirano bodies (Fig. 4 and 5). The Hirano
bodies induced by the expression of the 34-kDa AEF1 protein
are similar to the Hirano bodies seen in autopsy samples of
brain tissue on the basis of the following criteria: (i) the Hirano
bodies are enriched for actin and actin binding proteins (19, 22,
25, 27, 39, 61); (ii) the structures are highly ordered and
present elliptical cross-sections that are rod or disk shaped,
depending on the overall length (24, 25); (iii) the appearance
varies with the plane of section or tilt of the stage due to the
paracrystalline order of the structure (62, 69); (iv) the inclu-
sions frequently reveal juxtaposition of ordered and disordered
regions (53, 62); and (v) the structures contain strata of inter-
secting or interwoven parallel filament arrays (62). Hirano
bodies are distinct from actin-cofilin rods, which are needle-
like structures composed of a single large bundle of longitudi-
nally oriented actin filaments that can form either in the nu-
cleus or in the cytoplasm. These rods have been observed both
in Dictyostelium (14, 58, 59) and in mammalian cells (14, 43, 47,
50) but lack the hallmark ultrastructural features of Hirano
bodies enumerated above.

Our studies of the effects of the expression of the 34-kDa
AEF1 protein in cells were also quite informative regarding the
signal required to induce the formation of Hirano bodies. First,
the 34-kDa AEF1 protein induced the formation of Hirano
bodies both in Dictyostelium (Fig. 4 and 5) and in mammalian
cells (Fig. 8). The 34-kDa AEF1 protein and CT fragment,
which induce the formation of Hirano bodies, both exhibit
activated actin binding that is calcium insensitive. Thus, this
combination of properties can perturb the dynamics of the
actin cytoskeleton to induce the formation of Hirano bodies.
Interestingly, the 34-kDa AEF2 protein, which shows normal,
albeit calcium-insensitive, actin binding, did not induce the
formation of Hirano bodies (Table 1). Thus, loss of calcium
regulation alone does not provide a signal for the formation of
Hirano bodies.

Finally, our studies of cells expressing the 34-kDa AEF1
protein reveal clearly that cells with Hirano bodies are not
dying and are quite healthy. The 34-kDa AEF1 protein-ex-
pressing cells, up to 90% of which contained Hirano bodies,
grew identically to wild-type cells in shaking cultures at 20°C.
Further, the expression of the 34-kDa AEF1 protein or the CT
protein, with the concomitant formation of Hirano bodies, did
supply function to cells lacking the 34-kDa protein (Fig. 6) and
to cells lacking both the 34-kDa protein and a-actinin (Fig. 7
and Table 1; see also Results). In contrast, the 34-kDa AEF2
protein did not supply function to cells lacking both the 34-kDa
protein and a-actinin and was inhibitory to the growth of cells
lacking the 34-kDa protein (18).
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The abilities of the 34-kDa AEF1 and CT proteins to simul-
taneously induce the formation of Hirano bodies in which they
are highly enriched and provide the function of the 34-kDa
protein to mutant cells pose an apparent paradox. The results
can be explained by proposing that the formation of Hirano
bodies effectively removes the mutant form of the 34-kDa
protein from the dynamic cortical cytoskeleton. Thus, the 34-
kDa AEF2 protein, which remains dispersed throughout the
actin cytoskeleton, is inhibitory, revealing that calcium regula-
tion of actin filament cross-linking is required in vivo (18).
Moreover, the expression of high levels of the CT fragment of
the 34-kDa protein is apparently toxic to Dictyostelium (42).
Thus, the levels of 34-kDa proteins that have activated actin
binding and that are not sequestered in Hirano bodies must be
carefully regulated. The 34-kDa AEF1 protein is largely se-
questered in Hirano bodies (Fig. 4) and so is not inhibitory to
the function of the cytoskeleton. However, since the 34-kDa
AEF1 protein has activated actin binding, a small amount of
this protein may rescue the phenotypes of 34-kDa protein-null
cells.

In summary, our results show that the failure to regulate the
activity and/or affinity of an actin cross-linking protein can
provide a signal for the formation of Hirano bodies. More
generally, the formation of Hirano bodies is a general response
of eucaryotic cells to or a consequence of aberrant function of
the actin cytoskeleton. Hirano bodies cannot be regarded as
“non-specific manifestations of neuronal degeneration” (62) or
a “non-specific finding largely devoid of cytopathologic signif-
icance” (20). The formation of Hirano bodies may sequester
actin, actin-associated proteins, and other components that
contribute to morphogenesis and to the plasticity of synaptic
connections essential to neuronal function (38). In addition,
Hirano bodies may modulate the formation of actin-cofilin
rods, which may contribute to the loss of synapses in Alzhei-
mer’s disease by impeding axonal transport (43). Assessing the
potential role of Hirano body formation as either an adaptive
response or a step in the progression of disease presents an
exciting challenge for future investigations.
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