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Abstract Mutations in the gene for the microtubule associated
protein, tau have been identified for fronto-temporal dementia
with Parkinsonism linked to chromosome 17 (FTDP-17). In vitro
data have shown that FTDP-17 mutant tau proteins have a
reduced ability to bind microtubules and to promote microtubule
assembly. Using the baculovirus system we have examined the
effect of the V337M mutation on the organization of the
microtubules at the ultrastructural level. Our results show that
the organization of the microtubules is disrupted in the presence
of V337M tau with greater distances between the microtubules
and fewer microtubules per process.
z 1999 Federation of European Biochemical Societies.
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1. Introduction

The microtubule-associated protein tau is highly expressed
in neurons, especially in axons, although it is also present in
astrocytes and oligodendrocytes [1]. Tau promotes microtu-
bule assembly and stability through a binding domain com-
posed of either three or four imperfect repeats located near its
C-terminus [2,3]. Accumulations of hyperphosphorylated tau
are seen in Alzheimer's disease, where tau is the major com-
ponent of the characteristic paired helical ¢laments (PHF), as
well as in a variety of other dementing conditions including
the fronto-temporal dementias with Parkinsonism (FTDP-17),
progressive supranuclear palsy (PSP) [4^7] and familial sub-
cortical gliosis [8].

Linkage analysis of kindreds with fronto-temporal demen-
tias revealed that the gene responsible was located at or near
the tau locus [9,10]. Further studies have identi¢ed a number
of di¡erent dominant tau mutations in these families [9,11^
14]. Some of these mutations are intronic and appear to a¡ect
the relative abundance of tau with four repeats versus tau
with three repeats at its microtubule binding domain, while
others are missense mutations in exons both within the micro-
tubule binding domain coding region and outside of it. While
these mutant forms of tau are all associated with FTDP-17,
the manner in which tau contributes to the pathogenesis of
the disease is not known. At present there is no evidence for
any e¡ect of these mutations on brain development and dis-
ease symptoms usually occur only after three or more decades
of life. It is possible that this delayed expression is the end

result of accumulated damage from years of modest function-
al impairment of the neuronal cytoskeleton. Alternatively, it
could be the direct result of the accumulation of abnormal tau
aggregates in the cytoplasm.

In order to determine the properties of the tau proteins with
FTDP-17 mutations, several recent in vitro studies have ex-
amined their ability to promote microtubule assembly [15,16],
to bind to microtubules [15], to form ¢brillar structures [17,18]
and to induce alterations in physical and structural character-
istics [19]. Although these studies di¡er in their details, in
general the mutant tau proteins have altered the ability to
promote microtubule assembly and to bind to microtubules,
as well as altered conformations, and show a longer initial lag
phase in microtubule polymerization. Furthermore, both a tau
peptide containing one of the mutations, as well as recombi-
nant proteins carrying any of a number of these mutations are
more rapidly able to form ¢brils than wild-type tau. Trans-
fection studies have shown that tau with and without muta-
tions binds to microtubules, but that the mutations reduced
the length of microtubule extension in transfected cells [20]. In
another report, the V337M mutation was found to disrupt the
microtubule network in COS-7 cells [17]. The lack of ultra-
structural data in these studies has obscured the nature of the
disorganization and failed to suggest the mechanism(s) by
which it occurs.

To determine how mutant tau a¡ects microtubule organi-
zation, we have utilized the baculovirus expression system in
the Sf9 insect cell line [21] and examined the processes result-
ing from the expression of these tau proteins at the EM level.
The baculovirus inhibits host protein synthesis ; viral proteins
and `foreign' genes under the control of the viral polyhedrin
promoter are strongly expressed. When tau is expressed in
these cells, there is formation of asymmetric microtubule-
rich [22,23] processes. The organization of the microtubules
in these processes is a¡ected by the isoform of tau expressed.
For example, low molecular weight (CNS) tau expression re-
sults in tighter microtubule packing than high molecular
weight tau (PNS) and expression of tau without a projection
domain results in even closer spacing [23].

In the studies reported here, we have prepared baculovirus
constructs containing wild-type human tau and the V337M
tau mutant to compare their expression and their e¡ect on
cytoskeletal organization in Sf9 cells.

2. Materials and methods

2.1. Preparation of tau cDNAs
Wild-type human tau cDNA was synthesized by PCR on adult

human brain QUICK-Clone cDNA (Clontech, Palo Alto, CA,
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USA) using sense primer 5P-GGGACGTACGGGTTGGGGGACA-
GG-3P and antisense primer 5P-GGGCCTGATCACAAACCC-
TGCTTG-3P. The resulting 1 kb PCR product was cloned into
pCR2.1-TOPO (Invitrogen, Carlsbad, CA, USA) and sequenced in
its entirety. The PCR product was found to correspond to the 412 ami-
no acid four repeat isoform of human tau and was used as the tem-
plate for creating the V337M mutation.

The V337M mutation was engineered by site directed mutagenesis
using the primers 5P-GGGACGTACGGGTTGGGGGACAGG-3P
and 5P-AAGCTTCTCAGATTTTACTTCCATCTGGCC-3P. After
PCR using wild-type human tau as a template, the PCR product
was cloned in pCR2.1-TOPO (Invitrogen). The insert containing the
mutant sequence was excised by SacII and HindIII and inserted in
place of the wild-type human tau.

2.2. Generation of baculovirus constructs and baculovirus expression
Baculovirus constructs were made using the Bac-to-Bac baculovirus

expression system (Life Technologies, Gaithersburg, MD, USA). In
brief, human wild-type tau and the V337M tau mutation cDNAs were
digested from the PCR2.1-TOPO vector by EcoRI and cloned in the
EcoRI site of the pFASTBac1 shuttle vector. After ampli¢cation,
DH10Bac bacteria were transformed with the recombinant vectors.
After selection, recombinant viral DNAs were puri¢ed as described
in the Bac-to-Bac protocol. Sf9 cells were transfected, according to the
manufacturer's recommendations, with the recombinant viral DNA
using the superfect transfection reagent (Qiagen, Valencia, CA,
USA). Virus titers were determined both with end-point dilution
and plaque assays.

2.3. Electron microscopy
Cells were ¢xed in 35 mm tissue culture dishes with 2.5% glutaral-

dehyde in 0.1 M Sorensen's bu¡er (pH 7.2) for 1 h. Cells were then
rinsed and post-¢xed with 1% OsO4 in Sorensen's bu¡er for 30 min.
After dehydration, cells were embedded in tissue culture dishes with a
mixture of LX-112 (Ladd Research Industries Inc., Burlington, VT,
USA) and EM-bed 812 (E.M.S., Fort Washington, PA, USA). The
cells were removed from dishes and re-embedded on edge to ensure
cross-section of processes. Thin Sections were cut on MT-700 RMC
microtome, stained with uranyl acetate and lead citrate and examined
using a JEM-1200 EXII JEOL microscope.

2.4. Protein puri¢cation and Western blot analysis
Three days after infection, Sf9 cells were collected by centrifugation

for 10 min at 2000Ug, washed twice with PBS, and then resuspended
in reassembly bu¡er (0.1 M MES, 0.75 M NaCl, 0.5 mM MgSO4,
1 mM EGTA, 2 mM dithiothreitol, pH 6.8). After sonication and
clari¢cation, tau proteins were puri¢ed by boiling for 5 min followed
by centrifugation and collection of the tau-containing soluble fraction.
The puri¢ed proteins were separated by SDS-PAGE, transferred to
nitrocellulose and the blots were incubated with anti-tau antibody
(polyclonal, Sigma, St. Louis, MO, USA). The tau reactive bands

were visualized using ECL reagents (Amersham, Arlington Heights,
IL, USA).

3. Results

3.1. Protein puri¢cation and Western blot analysis
Both wild-type and V337M mutant tau were expressed at

detectable levels 48 h post-infection (p.i.), and were maximal
at 80 h p.i. Puri¢cation of wild-type and V337M mutant tau
infected cells yielded 10 pg of protein per cell with no consis-
tent di¡erences between wild-type and mutant cells. SDS-
PAGE gel followed by Western blot analysis of the protein
showed similar banding patterns for tau in each case. Three
major bands were observed, corresponding to di¡erent phos-
phorylation states of the tau proteins.

3.2. Phase contrast appearance of Sf9 cells
Cells were infected with wild-type and the V337M tau

containing viruses at identical titers. In both cases, formation
of processes started 50^52 h p.i. Initially, a higher percentage
of wild-type expressing cells showed processes when compared
to those expressing the V337M tau mutation (data not
shown), but at 72 h after infection the percentage of process
bearing cells was equal in both cases (Fig. 1). There were no
di¡erences observed in the average number of processes per
cell.

3.3. Ultrastructural analysis of microtubule organization
Electron micrographs of cross-sections of the processes re-

vealed a highly ordered packing of microtubules in the wild-
type tau-infected cells (Fig. 2A,B). The average distance be-
tween adjacent microtubules was 13 þ 3.9 nm (Fig. 3A). In
contrast, cells infected with the V337M tau mutation showed
a much less organized cytoskeleton (Fig. 2C^E). In these cells,
microtubule spacing varied widely. The microtubules were
sometimes in close contact with each other. In other cases,
they were separated by normal wild-type cross-bridge lengths,
or by distances far larger than the average wild-type spacing.
The mean intermicrotubular distance for the cells infected
with V337M tau was 17 þ 7.9 nm with a wider range of dis-
tributions than observed for wild-type tau (Fig. 3A). The dif-
ference between the two mean intermicrotubular distances is

Fig. 1. Phase contrast of Sf9 cells. Phase microscope images of uninfected Sf9 cells (left panel), wild-type tau infected Sf9 cells (72 h p.i.) (mid-
dle panel), V337M tau infected cells (72 h p.i.) (right panel). Both wild-type tau and V337M tau infected cells grow processes, but no morpho-
logical di¡erences can be seen between them at the light microscopy level. The bar is 50 Wm long.
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signi¢cant (P6 0.02). We also determined the number of mi-
crotubules within 20 nm of an adjacent microtubule. In the
wild-type tau-infected cells each individual microtubule was
surrounded by an average of 5.36 þ 0.78 microtubules, while
in the V337M tau-infected cells each microtubule was sur-
rounded by 3.02 þ 1.59 microtubules (Fig. 3B). The di¡erence
is signi¢cant (P6 0.005). The average number of microtubules
per process was 81 for wild-type tau and 49 for the V337M
tau mutation. Accordingly, the average density of microtu-
bules was higher in processes induced by wild-type tau (0.07
MT/100 nm2) than by the V337M tau mutation (0.026 MT/
100 nm2).

4. Discussion

When wild-type or V337M tau are expressed in Sf9 cells,
similar amounts of protein are synthesized in each case. How-
ever, mutant tau induces processes that form later, have fewer
microtubules, have larger and more irregular intermicrotubule
distances and have less regular microtubule packing than
processes formed with wild-type tau. The relative lag in the
formation of processes in the Sf9 cells expressing V337M tau
could be related to the decreased e¤ciency of the V337M tau
mutation in nucleating and/or stabilizing microtubule assem-
bly which has been observed in vitro [15]. In particular, the

Fig. 2. EM analysis of wild-type and V337 M tau processes. Cross sectional views of processes induced by either wild-type tau recombinant vi-
ruses (A,B) or V337M tau recombinant viruses (C^E). Microtubules are well organized when the processes are induced by wild-type tau, where-
as their organization is disrupted when they are induced by V337M tau. The di¡erences in process diameter are due to variations in the dis-
tance of the sections from the cell body. The plain arrowheads show normal cross-bridges between microtubules, the barbed arrowheads point
to extra long bridges. The bar is 100 nm long.
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V337M tau mutant shows an initial lag phase in microtubule
polymerization which is twice as long as that induced by wild-
type tau [15,16]. It could also be related to a mechanism in
which coordinated polymerization of groups of microtubules
favors process formation. The disorganization of the cyto-
plasm of the cellular processes in cells expressing the
V337M tau when compared to wild-type tau could also be
due to the lower a¤nity of V337M tau for microtubules [15].

Intermicrotubular spacing in the processes is regulated by
the projection domain of tau [23]. The bridges between micro-
tubules could be formed either by the interactions of the tau
projection domains with adjacent microtubules, or by the
binding of the tau projection domains to one another in an
antiparallel manner. Studies in our laboratory have failed to
¢nd evidence for speci¢c interactions of the projection do-
mains with microtubules, while the antiparallel aggregation
of tau results in paired helical ¢lament formation in vitro
[24]. In the antiparallel model, each cross-bridge would be
dependent on a pair of tau molecules, one on each of the
microtubules in the pair being in register with each other.
Lowering the binding a¤nity of tau would result in more
frequent failure of a tau molecule on one microtubule to
¢nd a tau molecule on an adjacent microtubule with which
to pair. Since pairing must occur multiple times along the
length of the tubule to maintain spacing, a decrease in the
pairing of microtubules would lead to disorganization of the
microtubule cytoskeleton. It is also possible that the disorga-

nization could re£ect structural changes in tau itself [19]. The
V337M mutation is just after the third repeat of the micro-
tubule binding and distant from the projection fragment that
regulates intermicrotubular spacing [23]. However, the muta-
tion could alter the angle of tau attachment to tubulin leading
to a change in the angle at which the projection fragment
projects from the tubule. Such an alteration, though likely
to be small in amplitude, could result in the microtubules
being out of register with one another decreasing the proba-
bility of forming cross bridges.

It is di¤cult to know how closely the changes in the Sf9 cell
model parallel those in the human brain. With the exception
of the appearance of PHF and other tau aggregates, little is
known about cytoskeletal organization in human brains car-
rying tau mutations. This is partially due to the poor preser-
vation of microtubules in postmortem formalin ¢xed speci-
mens. Even if preservation were not a problem, alterations
in human tissue are likely to be subtle, since both wild-type
and mutant tau are expressed.

The data presented here suggest that cytoskeletal disorga-
nization and less than optimal cytoskeletal function can result
from the V337M tau mutation. Over time this disorganization
could result in one or more of the following: a greater ener-
getic burden on the cell, the accumulation of oxidation prod-
ucts, a failure of retrograde transport of neurotrophic factors
or problems in support of the synapse. Studies on each of
these parameters will be required in both cell culture and
animal models expressing mutant tau molecules to determine
which, if any, of these mechanisms is involved.
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