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Abstract Mutations in the tau gene cause familial fronto-
temporal dementia and parkinsonism linked to chromo-
some 17. Here we describe a novel missense mutation in
exon 12 of the tau gene, G335V, in a German family with
frontotemporal dementia of early age at onset, in the third
decade of life. Functional analysis of recombinant tau pro-
tein with the G335V mutation showed a dramatically re-
duced ability to promote microtubule assembly and a more
rapid and accelerated tau filament formation, suggesting
that the primary effect of the mutation might be the pro-
vision of a pool of unbound tau making it available for
aberrant tau aggregation.
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Introduction

The identification of mutations in the tau gene in familial
frontotemporal dementia and parkinsonism linked to chro-
mosome 17 (FTDP-17) has established the important role
of the tau protein as a cause of neurodegeneration [1–3].
The neuropathological hallmarks of FTDP-17 with tau
gene mutations are prominent filamentous deposits con-
sisting of the microtubule-associated protein tau in neuronal
and glial cells. So far, 34 different pathogenic tau gene

mutations have been described. These include missense,
deletion or silent mutations in the coding region, or intronic
mutations located close to the splice-donor site of the in-
tron following exon 10 [4]. Functionally, the mutations fall
into two categories. All intronic and some exon 10 muta-
tions influence the alternative splicing of tau pre-mRNA,
thereby disturbing the normal splicing balance of exon 10
[2, 3, 5]. By contrast, most missense mutations reduce the
ability of tau to interact with microtubules (MTs) [6–8],
except for the S305N and the recently identified Q336R
mutation, which lead to an increased ability of tau to
promote MT assembly [9, 10]. Moreover, several missense
mutations also stimulate the in vitro assembly of tau into
filaments [8, 11–13].

Here we report a novel missensemutation (G335V) in the
tau gene in aGerman familywith early onset frontotemporal
dementia. In contrast to the effect of the adjacent Q336R
mutation [10], the G335Vmutation results in a dramatically
reduced ability of tau to promote MTassembly. In addition,
the G335V mutation leads to an increased heparin-induced
assembly of recombinant tau into filaments.

Materials and methods

Genetic analysis

Genomic DNA was extracted from whole blood using the
Wizard Genomic DNA Purification Kit (Promega, Mann-
heim, Germany). All exons of the tau gene were amplified
by polymerase chain reaction (PCR) using primers from the
intronic sequences surrounding the exons [1]. The PCR
products were checked for size by agarose gel electropho-
resis and purified using QIAquick spin columns (Qiagen).
DNA sequencing was carried out using the SequiTherm
EXCEL long-read kit LC (Epicenture Technologies, Mad-
ison, Wis.) and 5′ 41-IRD labelled oligonucleotides. The
labelled products were separated by denaturing gel electro-
phoresis on a 4.3% Long-Ranger gel (AT Biochem, Mal-
vern, Wis.) and monitored using an automated DNA
sequencing system (Model 4000L, LI-COR, Lincoln, N.
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E.). TheG335Vmutationwas confirmed by PCR restriction
fragment length polymorphism (RFLP) analysis by MscI
digestion of the exon 12 PCR products; the mutation elim-
inates an MscI site.

Informed consent for genetic testing of the tau gene was
obtained from either the subjects or their next of kin.

Microtubule assembly

Site-directed mutagenesis was used to change glycine 335
to valine (using the numbering of the 441-amino acid
isoform of human tau) in the three-repeat 381 amino acid
isoform and the four-repeat 412 amino acid isoform of
human tau, expressed from cDNA clones htau37 and
htau46, respectively. Wild-type and mutant tau proteins
were expressed in Escherichia coli BL21(DE3) as de-
scribed previously [14]. Tau proteins were purified and their
concentration determined by densitometry and Coomassie
staining.

Purified wild-type and mutant htau37 (0.3 mg/ml) and
htau46 (0.2 mg/ml) were incubated with bovine tubulin
(1 mg/ml; Cytoskeleton, Denver, Colo.) in assembly buffer
(80 mM PIPES, 0.2 mMMgCl2, 1 mM EGTA, 1 mMDTT,
1 mM GTP) at 37°C as described [7]. Assembly of tu-
bulin into microtubules was monitored over time by the
change in turbidity at 350 nm using a Specord S100 pho-
tometer (Analytic Jena, Jena, Germany). Estimates of the
initial rate of MTassembly and of the extent of assembly for
each tau protein sample were based on results from four
separate assembly reactions.

Heparin-induced tau assembly

Purified wild-type and mutant htau37 and htau46 (0.2 mg/
ml) were incubated in 30 mMMOPS buffer at pH 7.4 in the
presence of 0.02 mg/ml heparin (Sigma, St. Louis, Mo.) at
37°C as described previously [15]. Assembly was mon-
itored quantitatively at intervals from 0–48 h by thioflavin
S fluorescence as previously described [16] using the LS55
Luminescence Spectrometer (Perkin-Elmer Instruments,
Shelton, Conn.) with excitation at 440 nm and emission at
490 nm. Measurements were carried out at room temper-
ature in the presence of 10 μM thioflavin S (Sigma). Values
were analyzed for significance by a two-tailed Student’s
t test.

Results

Clinical description and family history

The pedigree of the kindred is shown in Fig. 1. To main-
tain patient confidentiality, their sexes are not shown and
birth orders have been modified. Both sexes were affected
with female to male and male to female transmission of the
disorder.

In the index patient (IV:2), family members noticed early
personality changes including lack of interest, unsocial be-
haviour and personal neglect at age 25 years. About 1 year
later the patient was suspected of being schizophrenic and
was admitted to a psychiatric hospital. The patient had no
past medical or psychiatric history and no history of ille-
gal drug abuse; developmental milestones had been nor-
mal. The patient had worked successfully until the onset
of the disease. Neuropsychological examination revealed
obvious deficits in attention and in executive functions,
such as abstraction, planning and mental set-shifting. Ori-
entation and memory functions were relatively preserved.
Reduced speech output was observed with a tendency to
answer “don’t know”. No neurologic abnormalities, espe-
cially no signs of parkinsonism have been noted to date. A
wide range of serum and cerebrospinal fluid investigations
including metabolic studies as well as an EEGwere normal.
MRI and CCT revealed marked bilateral fronto-temporal
atrophy.

There was a history of a similar dementing disorder in
several other family members IV:1 (onset at 26 years),
III:10 (onset not known), III:2 (onset at 26 years), III:12
(onset at 22 years), II:3 (onset at 28 years); I:1 (onset not
known) with a mean age at onset of 25.4±2.1 years.

No autopsies had been performed on the deceased fam-
ily members.

Genetic analysis

Sequence analysis of genomic DNA from the index patient
(IV:2) and the affected second cousin (IV:1) identified a
G→T transition at the second base position in codon 335 in
exon 12 of the tau gene (Fig. 2), resulting in a glycine to
valine substitution in the repeat-binding domain of tau. The

Fig. 1 Pedigree of the family. Blackened symbols denote affected
individuals. Slashes indicate deceased individuals. Age at death is
indicated below symbols. The index patient is marked by an arrow.
The question mark indicates uncertainty as to whether the individual
was affected or not
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presence of the mutation was confirmed by PCR-RFLP.
The mutation was absent in the tested healthy family mem-
bers (III:3, III:13) and in 100 controls, checked by PCR-
RFLP.

Microtubule assembly

Recombinant three-repeat and four-repeat human tau iso-
forms with the G335V mutation showed a markedly re-
duced ability to promote MT assembly when compared
with the corresponding wild-type proteins (Fig. 3a, b). The
rate of MT assembly was reduced to ∼5% for the three-
repeat isoform and ∼30% for the four-repeat isoform when
expressed as the optical density at 2 min (Fig. 3c).

Heparin-induced tau assembly

The effect of the G335V mutation on the heparin-induced
assembly of recombinant three-repeat and four-repeat tau
isoforms was quantified with the thioflavin-S assay (Fig. 4).
Both G335V mutants showed an increased extent of ag-
gregation when compared with the corresponding wild-
type proteins, leading to an ∼1.5-fold higher thioflavin-S
fluorescence after a 48 h incubation time (htau37-G335V

Fig. 2 Sequence analysis of
exon 12 of the tau gene in the
index patient. The position of
the heterozygous G→T substi-
tution leading to an amino acid
change from glycine to valine at
codon 335 is marked by an
arrow

Fig. 3 Effects of the G335V
mutation on the ability of three-
repeat tau (htau37) and four-
repeat tau (htau46) to promote
microtubule assembly. Polymer-
ization of tubulin induced by
wild-type htau37 and htau37-
G335V (a) and wild-type htau46
and htau46-G335V (b) as mon-
itored over time by turbidity at
350 nm. c Optical densities for
wild-type and mutant three-
repeat and four-repeat tau pro-
teins at 2 min (expressed as
percentage of wild-type three-
repeat and four-repeat tau, taken
as 100%). Each result is ex-
pressed as the mean±SEM (n=4)
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1.48-fold,P=0.0019; htau46-G335V1.51-fold,P=0.00002).
Particularly remarkable was the more rapid and accelerated
aggregation rate of the G335Vmutants, as demonstrated by
a ∼6.5-fold higher thioflavin-S fluorescence after a 6-h
incubation period (htau37-G335V 6.49-fold, P=0.0002;
htau46-G335V 6.41-fold, P=0.00002).

Discussion

This study describes a novel mutation, G335V, in exon 12
of the tau gene in a family with frontotemporal dementia.
It is highly likely that this mutation is pathogenic since it
segregates with the clinical phenotype in the family and
this genetic variation has not been found in 100 unaffected
individuals.

The clinical features in the G335V family with early
signs of personality changes and frontotemporal dementia
are consistent with other clinical phenotypes described in
FTDP-17 families. Interestingly, the initial diagnosis in the
proband with the G335V mutation that we studied was
schizophrenia, which has also been described in patients
with the V337M mutation [17]. The age at onset in this
family, with a mean of 25.4 years, differs from the later
onset in most other FTDP-17 families, with an average age
at onset of 49 years [18, 19]. So far, a similar early onset of
disease has only been reported in families with the P301S
mutation [20, 21]. Because no autopsies have been per-
formed on deceased family members, no neuropathological
data are available for the G335V mutation.

In the adult human brain, six tau isoforms are generated
by alternative mRNA splicing, which differ by having ei-
ther no, one or two 29-amino acid inserts in the amino-
terminal half and either three or four carboxy-terminal
repeat motifs in the MT-binding domain [22]. These motifs
are composed of highly conserved 18-amino acid long
binding elements with an invariant PGGG motif separated
by flexible, but less conserved, 13–14 amino acids inter-
repeat sequences [23, 24]. The G335V mutation is the fifth

identified mutation in exon 12 (Q336R, V337M, E342V,
K369I) [1, 10, 25, 26]. It affects a highly conserved residue
within the repeat sequence by changing the invariant PGGG
motif in the third MT-binding repeat (numbering according
to the longest tau isoform) to PGGV. A glycine is found in
all known tau species [27, 28]. So far, three other mutations
(P301L, P301S and G272V) located in the PGGG motif
have been described, affecting adjacent positions. Thus, for
G272V the PGGG motif in the first repeat becomes PGVG
and for P301L and P301S in the second repeat it becomes
LGGG and SGGG, respectively [2, 21]. Functionally, the
G335V mutation leads to a dramatic decrease in the ability
of recombinant tau to promote MT assembly, consistent
with results obtained with other mutations in the PGGG
motif and most other missense mutations in theMT-binding
domains [2, 7, 21]. Remarkably, this is in contrast to the
inverse effect of the Q336R mutation affecting the adjacent
amino acid residue, where an increased ability to interact
with MT has been reported [10]. In addition, the G335V
mutation leads to a highly significant increase in the hep-
arin-induced tau filament formation for both the three-
repeat and the four-repeat tau isoforms, as described for
several other missense tau mutations including the Q336R
mutation [8, 10–13].

In summary, the description of the novel G335V muta-
tion in a family with early onset of FTDP-17 extends the
spectrum of tau gene mutations whose primary pathologi-
cal effect might be the reduced MT binding affinity. Con-
sequently, this might increase the cytosolic concentration
of unbound mutant tau making it available for aberrant tau
aggregation and inclusion body formation.
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