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ABSTRACT: Hyperphosphorylation and aggregation of protein tau are typical for neurodegenerative
tauopathies, including Alzheimer’s disease (AD). We demonstrate here that human tau expressed in yeast
acquired pathological phosphoepitopes, assumed a pathological conformation, and formed aggregates.
These processes were modulated by yeast kinases Mds1 and Pho85, orthologues of GSK-3â and cdk5,
respectively. Surprisingly, inactivation of Pho85 increased phosphorylation of tau-4R, concomitant with
increased conformational change defined by antibody MC1 and a 40-fold increase in aggregation. Soluble
protein tau, purified from yeast lackingPHO85, spontaneously and rapidly formed tau filaments in vitro.
Further fractionation of tau by anion-exchange chromatography yielded a hyperphosphorylated monomeric
subfraction, termed hP-tau/MC1, with slow electrophoretic mobility and enriched with all major epitopes,
including MC1. Isolated hP-tau/MC1 vastly accelerated in vitro aggregation of wild-type tau-4R,
demonstrating its functional capacity to initiate aggregation, as well as its structural stability. Combined,
this novel yeast model recapitulates hyperphosphorylation, conformation, and aggregation of protein tau,
provides insight in molecular changes crucial in tauopathies, offers a source for isolation of modified
protein tau, and has potential for identification of modulating compounds and genes.

Protein tau is a microtubule-associated protein (MAP)1

presumed to stabilize microtubules and to regulate axonal
transport in brain. Six isoforms formed by mRNA splicing
differ in N-terminal regions and in either three (3R) or four
(4R) C-terminal microtubule-binding domains. Binding to
microtubules is dynamically regulated by phosphorylation
(1-3), and hyperphosphorylation is thought to contribute to
the pathogenesis in a diverse group of tauopathies including
Alzheimer’s disease (AD) (4-6). Consequently, phospho-
rylation of tau by kinases is intensely studied (1-3).
Although tau is a “naturally unfolded protein”, conforma-
tional changes are detected by specific monoclonal antibodies
and could be essential in the formation of aggregates (7-
9), eventually involving heat-shock proteins as chaperones
(10, 11). Whether binding to microtubules and aggregation
of tau are divergent processes and precisely how they are

modulated by phosphorylation and conformation remains to
be determined.

Prominent tau kinases are proline-directed protein kinases,
e.g., glycogen synthase kinase 3â (GSK-3â) and cyclin-
dependent protein kinases (cdk5, cdc2), mitogen-activated
and stress-activated protein kinases. Important, non-proline-
directed protein kinases are MAP-affinity-regulated kinases,
calcium-calmodulin protein kinase II, and protein kinase
A (1-3). Intensely studied are cdk5 and GSK-3â although
their exact contribution to and relevance for the pathology
is debated, due to their complex regulation in multiple
activities in neurons (7, 12-15). Conflicting views surround
cdk5, a kinase specific for postmitotic neurons and not
directly involved in cell cycle control (13). The cdk5 catalytic
subunit, in association with regulatory subunits p35 (or
truncated p25) or p39, can phosphorylate tau in vitro (16)
and in brain of p25 transgenic mice (17) but not in triple
transgenic mice expressing tau-4R, cdk5, and p35 (18).
Decreased cdk5 activity in p35-/- mice paradoxically
increased tau phosphorylation at epitopes PHF1/AD2 (19).

These considerations incited us to study human protein
tau in yeast as a less complex cellular model, as for other
aspects of neurodegeneration (20-23). The yeast orthologue
of cdk5, i.e., Pho85 (24), is activated by mammalian cyclins
as well as p25, and conversely, yeast cyclins activate cdk5
(25), demonstrating close functional homology. Although
yeast lacks an equivalent of mammalian tau, this was an
advantage for our studies since expression of human tau was
not competed for nor confounded by an endogenous MAP
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as is the case in mammalian cells and in transgenic mice
(14, 26).

We demonstrate here that events from phosphorylation to
aggregation of tau are recapitulated in yeast, i.e., formation
of a tau fraction enriched in phosphoepitopes and in the
conformational epitope MC1. This form is proposed to be
directly involved in tau aggregation, as corroborated after
its isolation, forming aggregates as in the brain of transgenic
mice (26). Mds1, an orthologue of GSK-3â, was the major
yeast proline-directed tau kinase, but unexpectedly, Pho85
exerted negative regulation, corroborating recent observations
in mammalian systems (19). Combined, the recapitulation
of hyperphosphorylation, conformation, and aggregation in
yeast cells as demonstrated allow analysis of fundamental
mechanisms that act on human protein tau in this cellular
model.

EXPERIMENTAL PROCEDURES

Strains and Culture Conditions.Yeast strains were isogen-
ic to wild-type strains BY4741 (Mat ahis3D1 leu2D0met15
D0 ura3D0) (27) and W303-1A (Mat aleu2-3 112ura3-1
trp1-1his3-11 15ade2-1can1-100GAL SUC) (28). Deletion
of MDS1andPHO85was by replacement of corresponding
coding regions with PCR-derived KanMX cassettes in
BY4741 strain or withHIS3or TRP1cassettes in W303-1A
strain (29). cDNA coding for human tau isoforms 2N/4R
and 2N/3R (30) were inserted in episomal plasmid pYX212
under control of the strong constitutiveTPI1promoter (R&D
Systems, Minneapolis, MN). Human GSK-3â[S9A] cDNA
(31) was inserted with a KanMX-resistance cassette in a
pUG6-based vector (32). Yeast transformants (33) were
selected for growth on minimal selective medium (34).
Cultures were grown at 30°C in glucose-containing minimal
medium lacking uracil until early exponential phase (OD600

∼ 2). Cells were collected by centrifugation and stored at
-70 °C until further analysis.

Western Blotting and SilVer Staining.Yeast cells were
lysed by boiling for 15 min in SDS sample buffer [50 mM
Tris (pH 8.0), 10 mMâ-mercaptoethanol, 2% SDS, 0.1%
bromophenol blue, 10% glycerol] for SDS-PAGE. For
native PAGE, cells were resuspended in ice-cold TBS,
homogenized, and centrifuged for 2 h at150000g at 4 °C;
the supernatant was mixed with 100 mM Tris (pH 8.6),
0.005% bromophenol blue, and 10% glycerol for analysis.
After separation by SDS-PAGE or by native PAGE on 8%
or 4-20% Tris-glycine gels (Invitrogen, Carlsbad, CA),
proteins were transferred to nitrocellulose membranes (Hy-
bond-C; Amersham, Buckinghamshire, U.K.) for western
blotting (35) or silver staining (Amersham, Buckinghamshire,
U.K.).

Antibodies.Primary antibodies used with their specific-
ity: Tau-5, all tau isoforms (Pharmingen, San Jose, CA);
AD2, P-S396/P-S404 (VCDN, Lille, France); AT8, P-S202/
P-S205; AT100, P-T212/P-S214; AT180, P-T231/P-S235;
AT270, P-T181 (Innogenetics, Gent, Belgium); PG5, P-S409
and MC1, conformational epitope (gifts from P. Davies).
Immunoreactions were quantified after densitometric scan-
ning (Imagemaster1D software; Amersham, Buckingham-
shire, U.K.) and always normalized for the total amount of
tau determined by blotting with the Tau-5 pan-tau antibody.
The relative amount of sarkosyl-insoluble tau was determined
by western blotting with antibody Tau-5 and normalized for
soluble tau.

Isolation of Sarkosyl-Insoluble Tau Aggregates.Pelleted
cells were resuspended in TBS (25 mM Tris, pH 7.7, 150
mM NaCl) containing protease inhibitor cocktail (Roche,
Darmstadt, Germany) and 0.25 mM PMSF, 5µg/mL TLCK,
5 µg/mL TLPCK, 5 mM EDTA, 100 mM NaF, 10µM
okadaic acid, and 0.2 mM sodium vanadate. Cells were
homogenized, the concentrations of NaCl and sucrose of the
supernatant were adjusted to 0.8 M and 10% (w/v), respec-
tively, and after centrifugation (20000g, 30 min; 4 °C)
N-lauroylsarkosine (Sigma, St. Louis, MO) was added to the
supernatant [final concentration 1% (w/v)]. After incubation
for 1 h at 4°C and centrifugation (150000g, 40 min; 4°C)
the pellet and supernatant were stored at-20°C for analysis.

Purification of Tau-4R.Collected yeast cells were frozen
in liquid nitrogen, ground with sterile sand (Sigma, St. Louis,
MO), and resuspended in 100 mM MES (pH 6.8) with 1
mM â-mercaptoethanol, protease inhibitor cocktail (Roche,
Darmstadt, Germany), 2.5 mM PMSF, 5µg/mL TLCK, 5
µg/mL TLPCK, 5 mM EDTA, 100 mM NaF, 10µM okadaic
acid, and 0.2 mM sodium vanadate. After centrifugation
(20000g, 30 min; 4°C), the supernatant was boiled for 10
min and centrifuged (20000g, 30 min; 4°C). The extracted
proteins were resolved by anion-exchange chromatography
(HiTrap Q; Amersham Biotech, Amersham, U.K.) and eluted
with a three-step salt gradient (0-0.2, 0.2-0.3, and 0.3-1
M NaCl). Fractions were analyzed by spot test or western
blotting with Mab tau-5, and fractions containing tau were
pooled and concentrated using 10 kDa centricon devices
(Millipore).

In Vitro Aggregation of Tau-4R.Protein tau, isolated from
different yeast strains as specified, was incubated (0.3µM)
at 37°C for 2 h inbuffer containing 50 mM MES (pH 6.8)
and 150 mM NaCl. After centrifugation (150000g, 1 h; 30
°C) pellets were resuspended in 50 mM MES (pH 6.8) and
either fixed with 2% glutaraldehyde for electron microscopy
or, for atomic force microscopy, deposited on silanized
silicon supports (26). Low-power images were taken with
Point probes type FM cantilevers (Nanoworld, Neuchatel,
Switzerland) while high-power images were obtained with
Data probe type cantilevers (DP18/HI′RES/AIBS) (Mikro-
Masch, Madrid, Spain). Tau aggregates were quantified by
SDS-PAGE and western blotting with Mab Tau-5 (26).

Statistical Analysis.Statistical analysis was performed by
one-way or two-way ANOVA on logarithmically trans-
formed data, followed by the multiple comparison test of
Tukey.

RESULTS

Human Protein Tau-4R Becomes Hyperphosphorylated in
Yeast.Human tau-4R and tau-3R isoforms, which were
expressed in wild-type yeast strains BY4741 (Figure 1A,
lanes 1) and W303-1A (data not shown), did not affect
growth rate of any yeast strains used in this study (results
not shown). Western blot analysis with the pan-tau antibody
Tau-5 of total protein extracts demonstrated that tau-4R
migrates as a set of proteins of apparentMr 64-72 kDa
(Figure 1A, upper panels, lanes 1) and tau-3R as 60-68 kDa
proteins (Figure 1A, lower panels, lanes 1). Alkaline phos-
phatase treatment reduced the tau-3R and tau-4R subspecies
to single proteins of 60 and 64 kDa, respectively (results
not shown).
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Epitope mapping defined three to four distinctly migrating
phosphorylated subspecies, differentially reacting with an-
tibodies AD2, AT8, AT180, AT270, AT100, and PG5
(Figure 1A), some reacting strongly with a slow migrating
subspecies of tau-4R (Figure 1A, upper panels, arrowhead).
Significantly, Mab AD2 reacted nearly exclusively and Mab
PG5 predominantly with this slow-migrating tau-4R species,
further referred to as hyperphosphorylated tau (hP-tau).
Importantly, the relatively weak reaction of pan-tau antibody
Tau-5 with this hP-tau species indicated its lower abundance
in mass as opposed to its strong reaction with Mabs that
define pathological epitopes (AD2, AT8, AT270, AT100,
PG5).

The clear demonstration of hyperphosphorylation of tau-
4R encouraged us to develop yeast further as a cellular
model. Although the combined phosphorylation could explain
the slow electrophoretic migration of hP-tau, the distinct and
abrupt change to slow mobility was most conspicuously
marked by the AD2 epitope, i.e., phosphorylation at serine
residues S396/S404. Since this is a typical GSK-3â substrate
site, we examined the yeast kinases that are equivalent to
GSK-3â, besides the orthologue of cdk5, as these were the
first demonstrated mammalian tau kinases.

Opposite Effects of Yeast Kinases Mds1 and Pho85 on
Tau Phosphorylation and MC1 Conformation.To define the
observed phosphoepitopes, particularly AD2, we expressed
human protein tau in yeast cells deficient in Mds1, an
orthologue of mammalian GSK-3â. As expected, the AD2
epitope on tau-3R and tau-4R was reduced when quantified
over all phosphorylated subforms in BY4741 yeast strain

(Figure 1) and in W303 yeast strain (results not shown).
Significantly, absence of Mds1p also significantly reduced
the PG5 epitope, as well as the amount of slow, hyperphos-
phorylated hP-tau (Figures 1 and 2). That Mds1 is the yeast
kinase responsible for formation of AD2 and PG5 epitopes
was further substantiated by complementation ofmds1-
deficient cells with human, constitutively active GSK-3â-
[S9A] (35) (Figure 3). Moreover, expression in yeast strains
deficient in other GSK-3â orthologues, i.e., Mck1, Mrk1,

FIGURE 1: Phosphoepitope mapping of human protein tau-3R and tau-4R expressed in yeast. (A) Western blotting with Mabs indicated of
total extracts of tau-4R (upper panel) and tau-3R (lower panel) expressed in wild-type (lanes 1),mds1∆ (lanes 2), andpho85∆ (lanes 3)
yeast strains. The arrowhead on the right denotes slow-mobility hyperphosphorylated tau (hP-tau). (B, C) Relative levels of different epitopes
on tau-4R (B) and tau-3R (C) in wild-type (gray bars),mds1∆ (black bars), andpho85∆ (open bars) yeast strains. Apparent molecular mass
in kDa is indicated on the left. Data are the mean with SEM of three independent experiments. Asterisks denote statistically significant
differences (*,p < 0.05; **, p < 0.01; ***, p < 0.001).

FIGURE 2: Relative levels of hyperphosphorylated tau (hP-tau).
Relative levels of hyperphosphorylated tau-4R expressed in wild-
type (wt),mds1∆, andpho85∆ yeast strain by western blotting with
Mab Tau-5 (see Figure 1).
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and Yol128c, affected much less or not at all the phospho-
rylation of human protein tau at these epitopes (results not
shown). The restoration of both AD2 and PG5 epitopes to
levels approaching or even superseding those in wild-type
yeast by complementation with GSK-3â[S9A] (Figure 3)
complied fully with our observations in brain of double
transgenic mice, coexpressing human tau-4R and GSK-3â,
in which the AD2 epitope was also most affected (35).

We went on to similarly express human tau-3R and tau-
4R in yeast cells lacking Pho85p, the orthologue of cdk5,
and another major mammalian tau kinase. Unexpectedly,
phosphorylation of tau was dramatically increased for epitope
PG5 and, to a lesser extent, epitope AD2 (Figure 1A, lanes
3). Moreover, the amount of hP-tau was significantly
increased to reach nearly 20% of all cellular tau present
(Figure 2). Concomitantly, increased reaction with the
conformation-dependent antibody MC1 was demonstrated by
western blotting after native gel electrophoresis, which was
most evident for tau-4R in yeast cells lacking Pho85 (Figure
4; see also further below).

The data demonstrated that, in contrast to Mds1, Pho85
contributed negatively to the phosphorylation of human tau
mainly at epitopes PG5 and AD2, which are typical substrate
sites for protein kinase A and GSK-3â, respectively (7, 12,
36, 37). Moreover, hyperphosphorylation in the absence of
Pho85p favored induction of the conformation recognized
by antibody MC1, a marker for pathological tau filaments
and their precursors (9, 38).

InactiVation of Yeast Kinase Pho85 Increased Sarkosyl-
Insoluble Tau Aggregates.The occurrence of the MC1

epitope in addition to the other pathological epitopes, PG5,
AD2, and AT100, prompted us to comparatively measure
the amount of sarkosyl-insoluble tau in wild-type,mds1∆,
andpho85∆ strains.

In wild-type yeast, human tau-3R and tau-4R consistently
formed sarkosyl-insoluble tau as a small but reproducible
fraction of total tau present (Figure 5A,B). Inactivation of
Mds1p did not significantly affect aggregation of either tau
isoform (Figure 5A,B). In contrast, deficiency ofpho85
dramatically increased sarkosyl-insoluble tau levels by about
40-fold for tau-4R, denouncing an outspoken isoform
contribution since only about a 3-fold increase was observed
for tau-3R (Figure 5C,D). These quantitative observations
were consistent in independent transformations and inde-
pendent experiments, resulting in highly significant statistical
differences for tau-4R expressed in thepho85-deficient yeast,
for these and other parameters analyzed (Figures 1-5).

Western blotting of isolated sarkosyl-insoluble aggregates
with different Mabs revealed that phosphoepitopes were
present but differentially distributed on soluble and insoluble
protein tau. Most notable were epitopes AT100 and PG5,
present highly enriched in the sarkosyl-insoluble tau-fractions
isolated frompho85-deficient yeast cells (Figure 5E). Since
both epitopes were also present on hP-tau, the slow migrating
hyperphosphorylated form of tau-4R (Figures 1 and 5E), this
molecular form of tau is hereby identified as intricately linked

FIGURE 3: Decrease of epitopes AD2 and PG5 inmds1∆ yeast is
restored by human GSK-3â[S9A]. Western blots (A) and relative
levels (B) of AD2 (black bars) and PG5 (gray bars) on tau-4R in
wild type (wt) (lanes 1),mds1∆ yeast cells (lanes 2), andmds1∆
cells expressing human GSK-3â[S9A] (lanes 3). Data are normal-
ized for total tau-4R present determined with pan-tau Mab Tau-5
(A, left panel). Depending on the exposure to film, hP-tau bands
that react strongly with AD2 and PG5 are faint on western blots
with Tau-5 (compare with Figure 1). Data are the mean with SEM
of three independent experiments. Asterisks denote statistically
significant differences (*,p < 0.05; **, p < 0.01).

FIGURE 4: Conformation defined by Mab MC1 is increased in
pho85∆ cells. (A) Soluble tau-4R and tau-3R in wild-type (lanes
1), mds1∆ (lanes 2), andpho85∆ (lanes 3) yeast strains blotted
after SDS-PAGE with Mab Tau-5 (left panel) or native PAGE
with Mab MC1 (right panel). (B) Relative levels of epitope MC1
on tau-4R (gray bars) and tau-3R (black bars) in wild-type,mds1∆,
andpho85∆ yeast strains. All data are normalized for total amount
of tau determined with Tau-5 and are the mean with SEM of three
independent experiments. The asterisk denotes statistically signifi-
cant difference (p < 0.05).
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to, or even responsible for, the accumulation of sarkosyl-
insoluble tau aggregates. Western blotting with Tau-5
demonstrated, on the other hand, that hP-tau did not make
up the bulk of the aggregates (Figure 5E), an apparent
contradiction that was further explored and clarified by
analysis of the isolated tau fractions (see below).

Combined, the data extend the negative contribution of
the yeast kinase Pho85 from the increase in phosphorylation
at epitopes PG5 and AD2 to the increased conformational
change defined by MC1 and further to the increased
formation of intracellular aggregates. Since this sequence of
events covers the pathogenic spectrum proposed in tauopa-
thies, the yeast model was further characterized with
emphasis on Pho85.

Purification of Total Tau and Hyperphosphorylated Tau.
For further structural and functional characterization of the
aggregation process, we developed a method to isolate tau
from wild-type and deficient yeast strains to obtain specified
pre- and posttranslationally modified human protein tau.
Yeast appears well suited for this goal, which cannot be
attained by bacterial expression systems. The resulting
isolation method was essentially based on heat treatment of
total extracts, prepared in the presence of high concentrations
of proteinase and phosphatase inhibitors, followed by anion-
exchange chromatography (Figure 6A). The procedure
enabled rapid purification of human protein tau from yeast
strains in relatively high yields (20µg of tau from 1 L

cultures) and with a relatively high recovery (10-15%).
Quality control by western blotting and silver staining
demonstrated the final preparations to contain predominantly
human tau (between 90% and 97%) with only minor amounts
of degradation products (Figure 6B,C).

Human protein tau-4R expressed in and isolated from wild-
type,mds1-deficient andpho85-deficient yeast cells showed
very similar patterns of epitopes as the respective total
homogenates (Figure 6C, compare to Figure 1A). Signifi-
cantly, the isolates contained also the slow-migrating hP-
tau species in a very similar relative abundance as in the
original total yeast extracts (Figure 6C). The overall isolation
procedure was thereby validated to yield purified protein tau-
4R that was indistinguishable from, and representative for,
the yeast intracellular tau-4R protein. By alterations in the
anion-exchange elution gradient profile, further separation
into subfractions with different electrophoretic mobility was
achieved. Particularly, the fractions of tau-4R eluting at
higher salt concentrations (Figure 6A, dashed bar) migrated
electrophoretically identical to the slow-mobility hP-tau
species described above and retained the pathological phos-
phoepitopes when examined by western blotting after
denaturing PAGE (Figure 6D). Moreover, analysis by native
PAGE and western blotting further and directly demonstrated
the presence of the MC1 conformational epitope on the
purified hP-tau fraction (Figure 6D, right panel).

FIGURE 5: Isolation and quantification of sarkosyl-insoluble tau. (A) Aggregates of protein tau-3R and tau-4R, insoluble in sarkosyl (1%),
in wild-type (gray bars) ormds1∆ (black bars) yeast. (B) Western blot with Tau-5 of soluble (lanes 1 and 2) and sarkosyl-insoluble (lanes
3 and 4) extracts from wild-type (lanes 1 and 3) andmds1∆ yeast (lanes 2 and 4) expressing either tau-4R (left panel) or tau-3R (right
panel). (C) Insoluble aggregates of protein tau-3R and tau-4R in wild-type (gray bars) orpho85∆ (black bars) yeast. Note the difference
in ordinate. (D) Western blot with Tau-5 of soluble (lanes 1 and 2) and sarkosyl-insoluble (lanes 3 and 4) extracts from wild-type (lanes
1 and 3) andpho85∆ yeast (lanes 2 and 4) expressing either tau-4R (left panel) or tau-3R (right panel). Note that more sarkosyl-insoluble
than soluble tau was loaded (see Experimental Procedures section) while western blots with tau-3R were longer exposed than tau-4R to
visualize sarkosyl-insoluble tau aggregates. (E) Western blotting of soluble (lanes 1) and sarkosyl-insoluble tau (lanes 2) from tau-4R in
pho85∆ yeast. Note the difference in mobility that is extra highlighted due to differential reaction with the antibodies and to the loading
of higher amounts of sarkosyl-insoluble aggregates (see Experimental Procedures section and legend to Figure 4). All data are the mean
with SEM of thtree independent experiments. Asterisks denote significant differences (**,p < 0.05; ***, p < 0.001).
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The combined data demonstrate the very close relation of
hyperphosphorylation of tau, the slow electrophoretic mobil-
ity, and the induction of conformational changes. This
subspecies of hyperphosphorylated protein tau is presumed
to represent the pathological predecessor of tau fibrils, and
its physical isolation will allow further characterization in
structural and functional detail.

Promotion of Aggregation by Hyperphosphorylated Tau
in Vitro. Different preparations of protein tau, isolated as
total fractions from different transformed yeast strains, were
tested for aggregation in vitro by measuring the amounts of
aggregated tau by western blotting of high-speed centrifuga-
tion pellets, in combination with morphological analysis by
electron microscopy and atomic force microscopy.

Total tau-4R fractions isolated frompho85∆ yeast cells
aggregated about 4 times faster than similar isolates from
wild-type or mds1∆ yeast cells, tested at the same initial
concentrations (Figure 7A,B), thereby corroborating the in
vivo observation of increased sarkosyl-insoluble tau ag-
gregation in thepho85-deficient yeast cells (Figure 5B,C).
The inherent hypothesis that the soluble MC1-reactive hP-
tau species was essential for seeding and/or propagation of
the polymerization of tau was then tested directly. Aggrega-
tion of wild-type tau-4R isolated from wild-type yeast was

indeed increased considerably by seeding with very low
concentrations (8 nM) of the isolated MC1-reactive hP-tau
form (Figure 7A,B).

The tau aggregates present in the high-speed pellets were
examined morphologically by electron and atomic force
microscopy and were demonstrated to consist of structured
tau filaments with a twisted, somewhat irregular appearance
of all filaments that differed mainly in length (Figure 7C,D).
Sarkosyl-insoluble fractions obtained from total yeast cell
extracts were not pure enough for detailed morphologic
analysis by electron or atomic force microscopy.

Combined, the experiments demonstrated the ability of
yeast cells to hyperphosphorylate human protein tau, confer-
ring conformational alterations that drive aggregation of tau
in the yeast cells and after biochemical isolation. Besides
these different yeast strains that can be further exploited as
informative cellular models, the rapid isolation of hyper-
phosphorylated tau species will eventually allow elucidation
of its salient structural and functional details.

DISCUSSION

Phosphorylation of protein tau controls its normal interac-
tion with microtubules, while hyperphosphorylation is thought
to cause or contribute to the aggregation of tau into filaments
and tangles in the brain of patients with AD and other
tauopathies. As yet, we do not understand the fundamental
control mechanisms involved, mainly because tau can be
phosphorylated at more than 30 different sites by a wide
variety of kinases. Moreover, active mammalian tau kinases,
such as GSK-3â and cdk5, are subject to complex regulation
by different subunits and interacting proteins, which in turn
are regulated by phosphorylation in response to divergent
and often opposite signals. Finally, the inherent complexity
of neurons hinders the direct definition of the role of kinases
in the dynamic functional regulation of tau and its interaction
with microtubules. Studying these problems in brain in vivo
is an even more daunting task (18, 19, 23, 26, 35). For all
of these reasons we examined yeast cells as a less complex
model to study the phosphorylation of human protein tau
by endogenous yeast kinases.

Phosphorylation of Tau in Yeast.In yeast, human tau-3R
or tau-4R isoforms were demonstrated here for the first time
to acquire phosphoepitopes that are considered pathological
markers in mammalian brain and cells (7, 39, 40). AT100 is
a marker for PHF (1-3) and can be reconstituted in vitro
by isolated GSK-3â and PKA (7), while AD2 is a typical
GSK-3â epitope marker in tauopathies (2). The nonlinear
epitope defined by antibody MC1 is highly dependent on
the conformation of protein tau (9, 41) and is an excellent
marker for PHF and their pathogenic precursors in human
brain, as well as in transgenic mouse brain (9, 26, 37, 38,
41, 42). These observations of specific phosphorylations
prompted us to develop yeast as a model system, as reported
here.

The deletion ofmds1and complementation by GSK-3â
demonstrated directly that Mds1 is the closest relative to
human GSK-3â among its four orthologues in yeast (43).
Particularly, phosphorylation at S396/S404 (AD2 epitope)
corroborates it as the most typical GSK-3â target also in
yeast, as in mouse brain (30, 35, 39). Tau-S409 (PG5 epitope)
is not a typical substrate of GSK-3â but of PKA (7, 12, 36,

FIGURE 6: Characterization of purified tau-4R and hP-tau. (A)
Anion-exchange chromatography of tau-4R expressed inpho85∆
yeast, using a three-step salt gradient (tracing from 0 to 1 M NaCl;
see also Experimental Procedures section). Elution profile of total
proteins as indicated by tracing of OD at 280 nm. Tau-4R eluted
between 0.2 and 0.3 M NaCl (indicated by solid bar) and hP-tau/
MC1 between 0.24 and 0.3 M NaCl (indicated by dashed bar). (B)
Pooled fractions of tau-4R isolated from wild-type (lane 1),mds1∆
(lane 2), orpho85∆ yeast (lane 3) separated on 4-20% Tris-
glycine SDS-PAGE to show purity by silver staining. (C) Pooled
fractions of tau-4R isolated from wild-type (lanes 1),mds1∆ (lanes
2), andpho85∆ yeast (lanes 3) blotted after SDS-PAGE with Mabs
indicated. (D) Anion-exchange chromatography fractions eluting
at lower salt concentrations (lanes 1) and at higher salt concentra-
tions (lanes 2) (dashed line in panel A) analyzed by SDS-PAGE
and western blotting with Mabs indicated and by native PAGE and
blotting with Mab MC1 (utmost right panel). Note that native PAGE
was subject to some interference by salt present in the sample.Mr
markers of SDS-PAGE (shown on the left) do not apply for the
native gel.
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37), and Mds1 must therefore affect its phosphorylation
indirectly. Prephosphorylation by Mds1 could be a requisite
for the action of PKA and perhaps also a change in
conformation, as suggested by the fact that the PG5 and AD2
epitopes are mainly carried by slow-migrating hP-tau.

Deficiency of yeastpho85 resulted in three effects that
thereby are demonstrated to be intimately related: (i)
increased phosphorylation at PG5 and AD2 epitopes, (ii)
more tau converted into the MC1 conformation, and (iii)
vastly increased sarkosyl-insoluble tau aggregates. Combined,
the data support the hypothesis that cdk5 in mammalian
neurons (19) and Pho85 in yeast (this study) do not
phosphorylate tau directly but act indirectly as negative
regulators of phosphorylation and, thereby, of conformation
and aggregation. Yeast Pho85 is involved in many physi-
ological processes, e.g., nutrient sensing, stress adaptation,
cell wall integrity, and glycogen storage (44, 45). Therefore,
deletion of pho85 results in multiple phenotypic effects (46,
47), making it difficult to define a specific cause of the
observed modifications on protein tau in this study. Despite
the vast and obvious differences between yeast cells and

neurons, remarkable similar mechanisms appear to regulate
cdk5 in neurons and Pho85 in yeast. As an example,
inhibition of cdk5 in cultured neurons affected phosphop-
roteins involved in related processes as inhibition of Pho85
in yeast (48). In addition, deletion of Pho85 in yeast cells
(this study) and inhibition of cdk5 by p35 inactivation in
mice (19) both affect phosphorylation of protein tau.

Mds1 is proposed as a prime candidate for negative
regulation by Pho85, since essentially the same phospho-
epitopes, i.e., PG5 and AD2, were affected by deletion of
either Mds1 or Pho85, although in opposite directions.
However, Pho85 can phosphorylate Glc8, the orthologue of
mammalian inhibitor 2, which controls the activity of Glc7,
the orthologue of mammalian protein phosphatase 1 (49).
Phosphatase 1 dephosphorylates GSK-3â at serine-9, well-
known to regulate its activity (50), but no comparable
regulation of Mds1 in yeast has been observed. On the other
hand, deletion of Pho85 alters the expression of several
proteins, e.g., mitogen-activated protein kinases Bck1 and
Slt2/Mpk1, the PAK kinase Cla4 involved in budding (51),
and Bem2, a Rho-GTPase-activating protein involved in cell

FIGURE 7: In vitro assembly of isolated tau-4R and analysis by EM and AFM. (A) Tau-4R aggregates isolated by centrifugation (right
panel) after in vitro formation at 37°C for 2 h of total tau-4R (left panel) isolated from wild-type (lanes 1),mds1∆ (lanes 2), orpho85∆
(lanes 3) yeast. In addition, tau-4R isolated from wild-type yeast was spiked with isolated hP-tau (lanes 4), and the aggregates formed were
analyzed by western blotting with pan-tau antibody Tau-5. (B) Relative levels of tau aggregates formed in vitro as shown in panel A. Data
are the mean with SEM of three independent experiments (asterisks denote statistically significant difference atp < 0.05). (C, D) Filaments
assembled in vitro from tau-4R frompho85∆ yeast visualized by transmission electron microscopy (C) (left panel, scale bar 250 nm; right
panel, scale bar 50 nm) and by atomic force microscopy (D) (see Experimental Procedures section).

11472 Biochemistry, Vol. 44, No. 34, 2005 Vandebroek et al.



polarity (52). Some of these could also operate as effectors
of tau phosphorylation. Fortunately, these and other types
or mechanisms of control can be much more easily addressed
in the yeast model than in mammalian cell models.

Conformational Change and Aggregation of Tau in Yeast.
Aggregation of tau-4R was greatly promoted by low
concentrations of the conformationally altered hyperphos-
phorylated tau fraction without any further additions. Ag-
gregation of underphosphorylated unfolded protein tau in
vitro is slow and requires the addition of cofactors that appear
to be necessary to induce aggregation, probably by promoting
the induction of an intermediate folded tau species (53-
55). We propose that hP-tau/MC1 is the biochemically stable
form of tau that is the actual seed or nucleation factor that
initiates and promotes the aggregation of tau. This hypothesis
will need further substantiation by more extensive studies
aiming (i) to unravel the structure of the conformationally
altered hP-tau/MC1 or at least the structure of the MC1
epitope, (ii) to understand kinetically the contribution of the
conformationally altered hP-tau/MC1 in promoting in vitro
filament formation of underphosphorylated tau-4R, and (iii)
to define the mechanism by which hP-tau/MC1 promotes
aggregation, either by nucleation only or also by imposing,
in a prion-like fashion, its structure onto other tau molecules.
This latter highly hypothetical capacity of hP-tau/MC1 could
be reflected in the composition of the sarkosyl-insoluble
fractions that consist of less phosphorylated tau species
besides the hyperphosphorylated tau, but in a distorted ratio.
This will need careful qualitative and quantitative analysis
by other methods.

The close combination of hyperphosphorylation, confor-
mation, and aggregation and their consistent similar modula-
tion intrinsically by the kinases Mds1 and Pho85 underline
their close connection in the proposed sequence of events,
schematically represented in Figure 8. The major rate-
determining step appears to be the conversion of hyperphos-
phorylated tau to the MC1 configuration. This step is likely
controlled by cytosolic or membrane-associated proteins
including chaperones, while also the binding of tau to
microtubules would slow the aggregation process by de-
creasing the concentration of free tau. Factors that accelerate
(X-type) or inhibit (Y-type) the conformational conversion
will need to be identified, for which this yeast model is well

suited. We have identified DMSO as a powerful negative
effector of the conformational conversion of tau in vivo,
when added at low concentrations during culture (less than
1%). Since DMSO affects the expression of many cytosolic
components (56), the preliminary results of this observation
are not included in this study.

It is tempting to relate or extrapolate the findings in yeast
to our observations in parallel studies of different tau
transgenic mouse models (26). The rate-limiting step defined
above, i.e., formation of hP-Tau(MC1) (Figure 8), apparently
cannot be overcome in tau-4R transgenic mice, since these
do not develop tau filaments, not even when tau is extra-
phosphorylated in tau-4R× GSK-3â double transgenic mice
(35). Only FTD-mutant tau transgenic mice develop tauopa-
thy as in FTD patients (26), demonstrating that mutations
confer another negative characteristic on tau-4R in this
respect, e.g., decreasing binding to microtubules, an aspect
being studied in the yeast model. The high nucleation
capacity of hP-tau/MC1 would explain the spatial and
temporal colocalization of markers of hyperphosphorylation,
conformation, and filaments in brain of tau[P301L] transgenic
mice during the entire disease process (26).

Differences in Tau-3R and Tau-4R Isoforms Are Reca-
pitulated in Yeast.The major contribution of Mds1, i.e.,
formation of the slow-migrating hyperphosphorylated tau,
acted mainly on the tau-4R isoform, on which our efforts
were concentrated since it is most important in normal adult
brain and in tauopathies (1-3). Nevertheless, although tau-
4R and tau-3R appeared to be phosphorylated to a similar
overall extent in yeast, neither pronounced conformational
change nor extensive aggregation was detected for tau-3R.
This supports in vitro evidence for the second microtubule-
binding domain inâ-pleated sheet formation and aggregation
of tau-4R (57) and corroborates the finding mainly of tau-
4R in tauopathies (1-3). The data implicate the second
microtubule-binding domain as an essential parameter for
tau aggregation, also in yeast cells, although binding of tau
to yeast microtubules has, to our knowledge, not been
reported.

In conclusion, for the first time yeast is presented as a
new cellular model for the analysis of physiological and
pathological aspects of human protein tau and as a source
for isolation of modified tau, particularly the conformation-

FIGURE 8: Scheme of modifications of human protein tau-4R expressed in yeast. The reversible phosphorylation of tau by different kinases,
mammalian as indicated for clarity or their yeast counterparts, causes hyperphosphorylation of tau (hP-tau) at several pathological epitopes
(AT100, AD2, PG5). The form “locked” into the conformation defined by MC1 is proposed to be essential in seeding or nucleating the
aggregation of tau. Other tau isoforms that are present, or truncated tau or even unrelated proteins, can become incorporated in the filaments.
The central step from hyperphosphorylated (hP-tau) to conformationally changed tau (hP-tau/MC1) is subject to positive and negative
control (indicated by X and Y). Microtubules (MT) are included for the sake of completeness although yeast MT are not known to bind
human protein tau.
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ally stable intermediate form. We identify Mds1 and Pho85
as the yeast kinases that govern in opposite directions the
hyperphosphorylation, conformational alterations, and ag-
gregation of tau. The different yeast strains will be further
exploited as informative cellular models, while the rapid
isolation procedure and the analysis of the isolated hyper-
phosphorylated tau species will allow the elucidation of their
structural and functional details. The mechanisms controlling
tau filament formation can now be studied in yeast cells, in
addition to allowing definition and testing of compounds and
genes that inhibit or promote the process, while reducing
the complexity of mammalian models for tauopathies, as for
other disorders (20-23, 58).
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