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pathway, the MAPK ltinase and MAPK are 
Pbs2 and Hogl,  respectively (18, 19). We 
found that, like STE 1 1 : MEKKl responds to 
different stinluli for the selective regulation 
of at least two MAPK pathways. 

Nocodazole treabnent of cells did not sig- 
nificantly activate ERK (13). TIILIS, MEKKl 
activation in response to microtubule dissnption 
selectively stimulates JNK. Nocodazole, cold 
stress, and mild hyperosmolality all require 
MEKKl for JNK activation. The comnn~on fea- 
ture of each of these stresses is a cell shape 
change, suggesting that MEKKl activates JNK 
in response to sensors that detect shape chang- 
es. M E K K I P '  cells have a diminished capac- 
ity to s u ~ ~ i v e  stresses including mild hyperos- 
molasity and nocodazole-induced dismption of 
nlicrotubules (Fig. 5). Thus. MEKKl is re- 
quired for sun.iva1 during enviromnental chal- 
lenges that stress cells. In normal mediunl, the 
gram-th of LlEKK1- '  and wild-vpe ES cells 
is similar. Treamlent of ES cells with sorbitol 
inhibited the growth of MEKKl- cells rela- 
tive to wild-type ES cells (Fig. 5A). In addition 
to sorbitol-induced gro\vtlth aalest, the nunlber of 
apoptotic cells was substantially greater for 
MEKK1 compared with wild-type ES cells 
(Fig. 5B). MEKK1- - cells were also substan- 
tially nlore sensitive to nocodazole-induced ap- 
optosis (Fig. 5 ,  C and D). MEKKl expression 
in transfected M E K K 1 - '  clones restored the 
sun-ival response to that of wild-type ES cells 
just as it reco~lstihited JNK activation in re- 
sponse to nocodazole treabnent. 

The antiapoptotic function of MEKKl ac- 
tivation has been defined by its targeted dis- 
ruption. The findings define the ability of 
MEKKl to enhance the survival of cells after 
a stress response. MEKKl pronlotion of cell 
survival is opposite to its described proapo- 
ptotic function initiated when it is cleaved by 
caspases (11). Caspase cleavage of MEKKl 
releases a 91 -kD activated kinase domain that 
filrtller anlplifies caspase activity cornnlitting 
cells to apoptosis; activated full-length 196- 
liD MEKKl activates neither caspases nor 
apoptosis (20). Thus, there is a dual role for 
LlEKKl controlled by its cleavage. Caspases 
act as switches to convert the LlEKKl sur- 
vival signal to a proapoptotic response. 
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Mutation-Specific Functional 
Impairments in Distinct Tau 

lsoforms of Hereditary FTDP-17 
Ming Hong, Victoria Zhukareva, Vanessa Vogelsberg-Ragaglia, 

Zbigniew Wszolek, Lee Reed, Bruce I. Miller, Dan H. Ceschwind, 
Thomas D. Bird, Daniel McKeel, Alison Coate, John C. Morris, 

Kirk C. Wilhelmsen, Gerard D. Schellenberg, 
John Q. Trojanowski, Virginia M.-Y. Lee* 

Tau proteins aggregate as cytoplasmic inclusions in a number of neurodegen- 
erative diseases, including Alzheimer's disease and hereditary frontotemporal 
dementia and parkinsonism linked to chromosome 17 (FTDP-17). Over 10 
exonic and intronic mutations in the tau gene have been identified in about 20 
FTDP-17 families. Analyses of soluble and insoluble tau proteins from brains of 
FTDP-17 patients indicated that different pathogenic mutations differentially 
altered distinct biochemical properties and stoichiometry of brain tau isoforms. 
Functional assays of recombinant tau proteins with different FTDP-17 missense 
mutations implicated all but one of these mutations in disease pathogenesis by 
reducing the ability of tau to bind microtubules and promote microtubule 
assembly. 

FTDP-17 comprises a group of hereditary cal features (I, 2). The signature lesions of 
neurodegenerative syndromes with diverse FTDP-17 brains are insoluble filanlentous ag- 
but overlapping clinical and neuropathologi- gregates of hyperphosphorylated tau proteins 

Table 1. Summary of MT binding and MT assembly promoting properties of WT and mutant tau. AU, 
absorbance unit. 

MT binding MT assembly promotion 

Lag time Initiation rate 
K d  (mi n) (AUimin) A,,, maxt 

WT 1.238 = 0.042 0.039 = 0.006 2 0.15 0.533 2 0.003 
N279K 1.265 2 0.055 0.056 = 0.012 2 0.16 0.538 i 0.005 
P301 L 0.883 ? 0.047** 0.079 -C 0.016* 5 0.14 0.522 ? 0.005 
V337M 0.909 -t 0.037"" 0.048 ? 0.009 3 0.13 0.482 = 0.005* 
R406W 0.628 x 0.033** 0.089 -t 0.021" 5 0.04 0.406 = 0.012** 

+Mean i SEM. " P  < 0.05, " " P  < 0.01. 
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similar to brains o f  patients with Alzheimer's 
disease (AD) (3). The absence o f  senile 
plaques and Lewy bodies indicates that neu- 
ronal loss could be a consequence o f  the tau 
pathology. Genetic linkage analysis demon- 
strated association o f  the tau gene with 
FTDP-17 (4 -6) .  Missense mutations in ex- 
ons 9 to Val (G272V)], 10 to 
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Lys, Pro3'' to Leu] (N279K, P301L), 12 the longest tau isoform (8)] as well as three 
to Met] (V337M), and 13 [Arg406 to intronic mutations close to the 5' splice site 

Trp] (R406W) (7) [numbered according to o f  exon 10 have been reported. Here we 

Fig. 2. Biochemical pro- A Insoluble tau in frontal cortex 
f i c  of tau in FTDP-17 AD PPWO ODPAC mntral S a i t l e B K F m W 4  

brains. (A) Insoluble tau (11279Kj RxIO.i4) (P30lL) (VJ37M) (R406Wl -- -- -- 
in FTDP-17 brains con- ocohor . + . + rtc . + . + w, - + - + a * ~  - - tains either 4Rtau or all 
six tau isoforms. Sarko- I .nm 

l R 2 N  

syl-insoluble tau was i 5 5 "I: 
extracted as described - .RON 

lROM 

(70) from autopsy-de- 
B Dephosphorylated soluble tau in C 4R13R ratio of soluble tau in rived frontal gray matter frontal frontal cortex 

of AD, PPND (N279K), 2 - - 
DDPAC (exon 10 splice 
+14 mutation), Mon- 
treal (P301L). Seattle BK , &' 
(V337M), or FTW04 - 
(R406W) patients. A 
portion of each sample 
was dephosphorylated 0 0 

bv incubation with E. '"* ,-F,!?plF.--~o?mY 
alkaline phospha- D Dtphosphorylated soluble tau in E 4R13R ratio of soluble tau in tase (78). The dephos- cerebellum cerebellum 

phowlated and nonde- 
pho$horylated sam- 
ples plus a mixture of 
six recombinant human 
brain tau isoforms were 
resolved on 7.5% SDS 
polyacrylamide gels 
and transferred to a ni- 1ROH 

0 0 

trocellulose membrane Cmnu "O , ? ! P , ~ ? 2 ~ , ~ ~ ~ ~ r M  
for immunoblot analy- 
sis with T14, a phosphorylation-independent monoclonal antibody to tau (17). (B to  E) Soluble tau from 
FTDP brains with different 4W3R tau ratios. To determine the isoform composition of soluble tau in 
affected frontal cortex (B and C) and unaffected cerebellum (D and E), the frontal gray or cerebellar 
white matter was extracted in high-salt RA buffer. The heat-stable supernatant was then dephospho- 
rylated with E. coli alkaline phosphatase and resolved on SDS polyacrylamide gels. A polyclonal rabbit 
antiserum to tau was used for 1251-Labeled quantitative immunoblot analysis shown on the left (B and 
D). The 4R and 3R tau isoforms were quantified (C and E). *, P < 0.05; **, P < 0.01. 

A Tau mutations identified in  FTDP-17 $;, 
Fig. 1. (A) The tau mutations in FTDP-17 studied here are illustrated on 

* 2 9. a schematic of the longest central nervous system tau isofonn (7). The 
V337M mutation is located in the interrepeat region between repeat 3 

1 1 1 4 441 and 4, R406W near the COOH-terminus, and N279K and P301L within 

m4 JmmF!!! exon 10. The proposed RNA stem-loop structure at the exon 10 splice 
1 2  3 4  site is also shown. The C-to-U intronic mutation is located within the 

Em 10-A-6-U C-U-C-A 

,C-A-C-A-C-U 

C I U-C 

lsoform composition o f  normal adult brain tau 
B ==-* C. 
D.ph**. - + - + 

stem-loop at exon 10 splice site +14. (0 and C) Cortical biopsy samples 
were immediately extracted in high-salt (0.75 M NaCl) reasiembly (RA) 
buffer 10.1 M MES. 0.5 mM MeSO.. 1 mM ECTA. 2 mM dithiothreitol IDH 
6.8), and a mixture of prote&e Ghibitors (2 &M phenylmethysulf~~yl 
fluoride and N-tosyl-L-phenylalanylchloromethyl ketone, N-tosyl-L- 
leucylchloromethyl ketone, leupeptin, pepstatin, and soybean trypsin 
inhibitor, each at 1 p,g/ml)] as described (7 7). The heat-stable fractions 
were dephosphorylated with E. coli alkaline phosphatase overnight at 
37°C (10). The nondephosphorylated (-) and dephosphorylated (+) 
samples along with a mixture of six isoforms of recombinant tau proteins 
were resolved on 7.5% SDS-polyacrylamide gel and transferred to nitro- 
cellulose replica for immunoblotting with a rabbit polyclonal antiserum 
to recombinant tau (17026). 1251-labeled protein A was used for immu- 
noblot quantitation (8). After dephosphorylation, each of the biopsy- 
derived tau isoforms aligned exactly with the corresponding recombinant 
human brain tau isoform. Quantitative data are shown in (C) where 
columns represent mean + SEM values of biopsies (n = 4). The 2N, IN, 
and ON tau isofonns compose 9.5% 2 0.4%, 53.7% 2 0.4%, and 36.8% 
+ 0.8% of total tau. 
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describe how fi1.e different FTDP-17 muta- 
tions differentially impair specific properties 
of tau (Fig. 1A). 

I11 the adult human brain: six different tau 
isofol~lls are generated by a1tenlatia.e mRNA 
splicing of 11 exoils in the r n ~ l  gene (8, 9). 
These isoforms differ by the presence or ab- 
sence of one or two (29 or 58 amino acids 
long. respectirely) NH, inserts and by a 
COOH region n.it11 three (3Rtau) or four 
(4Rtau) i~nperfect 1 8-anlino acid microtu- 

bule (1IT)-bindiag repeats. each of ~vhich is 
separated by an interrepeat donlain of 13 or 
14 amino acids (8). LVe first determined the 
relati! e abullda~lce of the six tau isoforms in 
brain by analyzing dephosphorylated tau ( 1  0) 
from biopsy samples of nornlal human cortex 
(11) (Fig. 1B). Quantitation of dephospho~-yl- 
ated 3Rtau isofor~ns &-it11 two, one, or no 
NH,-terminal inserts and the correspolldillg 
LiRtau isofor~ns from four different brain bi- 
opsies showed that the ratio of LiRtau to 

Fig. 3. Microtubule-binding prop- s WIT 
erties of tau are differentially al- A N2791< 
tered by tau mutations. MTs were m 

n 
assembled from phosphocellulose 
purified bovine tubulin (Cytoskel- 
eton, Inc.) as described (77). Taxol- 
stabilized MT dimer (3 yM) was 
incubated with 0 to 2 pM recom- 
binant tau at 37'C for 20 min. A 
sucrose cushion was underlaid and 
the bound and free tau were sep- 
arated by centrifugation (50,000g) 
at 25OC for 20 rnin 1251-labeled 

I. 
quantitative immunoblot analysis 
with the polyclonal antiserum to /--- S /  rn 
tau (17026) was performed to de- 
termine bound and free tau. Each 
experiment was repeated at least 
three times with at least two re- 

C ? combinant tau preparations. Bind- 
ing cunles were generated by plot- 
ting bound versus free tau and 
fitting data by nonlinear regres- C 0 

0 0 C 1 0 2 0 3 0 4 0 5 sion with the standard binding 
equation (bound tau) = B,,, X Free tau ( pM) 
(free tau)l[K, - (free tau)]. 

Fig. 4. Missense mutations 
reduce the ability of tau to 
promote MT assembly. To 
assess the abilities of WT 
and mutant tau proteins to 
promote MT assembly, light- 
scattering assays were per- 
formed (13, 14) with some 
modifications. Briefly, 35 11.M 
bovine tubulin monomer 
was mixed at 4OC with 15 
11.M WT or mutant tau in RA 
buffer supplemented with 1 
mM guanosine triphosphate. 
Turbidity was measured in 
quartz cuvettes by reading 
the absorbance at 350 nm 
(A,,,) with a Beckman 
DU640 spectrophotometer. 
Samples were gradually 
warmed to 37°C with a de- 
fined rate and turbidity con- 
tinuously measured at I-min 
intervals. Duplicate samples 
were examined in each ex- 

3Rtau isoforms (4R.3R) xvas about 1 (Fig. 
1C). 

Consistent ~ ~ r i t h  the findings of Clark er 01. 
(a, depllospllorplated illsoluble tau from 
frontal cortex of affected family members 
with N279K or P301L nlutations or with an 
intro~lic mutation close to the 5' exon 10 
splice site conligrated exclusir ely with 4Rtau 
isoforms (Fig. 2A). I11 contrast, dephospho- 
rylated insoluble tau fro111 affected members 
of families with a \'3371\,1 or a R406\q7 mu- 
tation conliprated ~vi th  all six tau isoforms 
(Fig. 2A). We also compared tlle 4R:3R tau 
ratio in the soluble fractions of the same 
FTDP- 17 samples with the ratios obserr ed in 
similar samples from AD patients and age- 
matched controls (Flg. 2. B and C). A t\izofold 
increase was observed in the disinhibition- 
dement ia-~)ar l<inso~l is~~~-a~~~ytropl~y complex 
(DDPAC) sample (exon 10 5' splice muta- 
tioa). A similar twofold increase also xvas 
observed in samples from pallido-ponto-ni- 
gral degeneration (PPND) subjects n-it11 the 
N279K mutation I11 sharp contrast. tlle brain 
ftom an affected member of the Montreal 
l<indred bvith the exon 10 P301L mutation 
shonred a 2594 reduction in 4R:3R of soluble 
tau that may reflect the selective incorpora- 
tion of 4Rtau isoforms into insoluble aggre- 
gates. These data suggest that the N279K and 
P301L mutations result in selective aggrega- 
tion of LiRtau ~ n t o  insoluble filamelltous le- 
sions by different nlechanisnls and that the 
N279K  nuta at ion may increase 4RBR by en- 
hanced splicing of exon 10. 

x-x 

-- 

periment and each experl- 
ment was repeated at least - 0 0 5  I I 1 1  1 I I I I ~ ~ I  

three tlmes with at least two 0 1 2 3 4 5 6 7 8 9 10 1 1  12 13 I4 15 16 I7 IS '9 20 
different recombinant tau 
preparations. A representa- 

Time (rnin) 
tive assay result is shown. In the absence of tau, turbidity remains at after a lag time of about 2 min, and plateaus within about 7 min when 
baseline, indicating minimal MT assembly. In the presence of WT tau, maximal MT assembly is reached. 
turbidity increased at an initiation rate of 0.15 absorbance unit per minute 
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Because the cerebellunl is nearly devoid 
of tau pathology in FTDP-17 patients (3). 
4W3R in soluble fractions of cerebelluln 
should not be perturbed by an insoluble pool 
of aggregated tau. The finding of a 1.5- to 
2-fold increase in 4R/3R in the PPND and 
DDPAC cerebellum but a 4W3R of about 1 
in the Montreal cerebellum (Fig. 2; D and E) 
is consisteilt with the idea that the N279K but 
not the P301L inutation increases splicing of 
exon 10. Analysis of affected brains from 
both Seattle BK (V337M) and FTD004 
(R406W) lcindreds showed no change in the 
4R13R ratio compared with the ratios in the 
soluble frontal cortex and cerebellum frac- 
tions of AD patients and controls. 

To determine how different mutations in 
the tau gene alter specific tau functions, we 
compared the MT-binding properties of wild 
type (h7T) and mutant recombinant tau pro- 
teins (12) with a fixed amount of taxol-stabi- 
lized MTs by measuring the amounts of 
bound and unbound tau (Fig. 3). Both WT 
and N279K mutant tau proteins bound equal- 
ly well to MTs, with maximurn binding 
(B ,,,a x) of about 1.2 p.M, whereas P301L. 
V337M. and R406W mutant tau proteins ex- 
hibited much lower Bmax values of 0.88,0.9 1, 
and 0.63 yM, respectively (Fig. 3 and Table 
1). Surprisingly, the tau isofoim with the 
R406W mutation had the lowest MT-binding 
capacity (about half that of WT tau) despite 
the fact that it is not near the MT binding 
domains. None of the mutant tau proteins was 
able to bind MTs as avidly as WT tau (Fig. 3 
and Table 1); and the affinity of the R406W 
tau mutant was the lowest. Thus, our data 
suggest that one of the dysfunctional conse- 
quences of the FTDP-17 missense mutations 
(except for N279K) in tau is a reduction in 
their binding capacity as well as their binding 
affinity for MTs. 

We next assessed the ability of WT and 
mutant tau proteins to promote MT assembly 
by the light-scattering technique (13, 14). 
This assay (Table 1) measures the lag time 
required to nucleate MTs, the ability of tau to 
initiate MT assembly, and the maxiinuin 
amount of MT polymers that form in the 
presence of tau. The N279K mutation did not 
affect the ability of tau to promote MT as- 
sembly. However, P301L. R406W, and 
V337M mutant tau proteins nucleated MTs 
less efficiently than WT tau. The R406W tau 
mutant had the slowest initiation rate of MT 
assembly followed by P301L and V337M tau 
mutants (Fig. 4 and Table 1). The R406W tau 
mutant was the most defective in promoting 
MT assembly because the maximuin polymer 
mass folllled in the presence of this mutant 
was only about 75% that formed by \\'T tau. 
Despite a longer lag time for MT nucleation, 
the P301L tau nlutant pronloted MT assem- 
bly to the same extent as WT tau and N279K 
tau mutants. 

This study demonstrates that some 
FTDP- 17 mutations alter the MT-binding 
properties of tau. and others alter the ratio 
of 4W3R tau isoforins. Intronic illutations 
(for example, in the DDPAC kindred) pre- 
sunlably alter 4R.'3R tau ratios by wealcen- 
ing a stein-loop structure at the 5 '  splice 
site of exon 10, which normally inhibits the 
inclusioll of exon 10 into tau mRNA (5). 
How the N279K mutatioll increases 4Rtau 
production is less clear. Because the 
N279K mutation does not alter the binding 
of tau to MTs or decrease the ability of tau 
to promote MT assembly, the selective ag- 
gregation of 4Rtau into filamentous lesions 
probably results froin o\rerproduction of 
4Rtau proteins by increasing the inclusion 
of exon 10 into more tau mRNAs. Presum- 
ably, this mutation could act by altering an 
exon-splicing enhancer (ESE) sequence in 
exoil 10 (15). At the nucleotide level, the 
N279K mutation changes the normal se- 
quence of TAAGAA to GAAGAA, a po- 
tential GAR (where R is a purine) ESE 
motif (6). These ESE sequences have been 
shown to bind to the SR family of proteins 
(16); which are essential factors for splice 
site selection in the alternative splicing of 
cellular and viral mRNAs. 

In contrast, the missense mutations 
P301L, V337M, and R406W alter the bio- 
chemical properties of tau. The P301L muta- 
tion in exon 10 reduces the MT-binding af- 
finity of 4Rtau and diminishes the number of 
4Rtau proteins that could bind to MTs. As 
P301 is part of a highly evolutionarily con- 
sexed PGGG motif in all MT-binding re- 
peats and is located in the MT-binding repeat 
specific for 4Rtau. it is not surprising that this 
missense mutation affects only 4Rtau. Simi- 
larly, the V337M mutation also interfered 
with the interaction of tau with MTs, but all 
six tau isofoims were affected because the 
V337M mutation is located in exon 12, which 
is included in all tau splice variants. Finally. 
despite the fact that R406\V is not located in 
or near a MT-binding repeat. it had the most 
profound effects on the ability of tau to in- 
teract with MTs, and it is possible that a R to 
L\' substitution alters the conformation of tau, 
thereby reducing its biildiilg to MTs. as is 
thought to occur after phosphoi-ylation at 
Ser3" and Ser"'" (17). The P301L. V337M. 
and R406h7 misseilse illutatioils may cause 
FTDP-17 by a partial loss of function mech- 
anism. A slight decrease in the binding of 
mutant tau to MTs could destabilize MTs 
over time and have deleterious effects. in- 
cluding a disruption of axonal transport. 
However. these nlutatiolls also could result in 
a toxic gain of function because reduced 
binding of mutant tau leads to increased free 
cytoplaslnic tau and an increased propensity 
to foim insoluble aggregates. Similarly, the 
overproduction of 4Rtau due to an intronic 

mutation close to the exon 10 5' splice site 
and to the N279K mutation also could result 
in a partial loss of fi~~lctioil and a toxic gain of 
fi~nction. There are no data cui-rently on the 
toxicity of 4R versus 3R tau protein in vitro. 
Indeed, tauopathies contaiiliilg either 4R ag- 
gregates (some of the FTDP- 17 lcindreds de- 
scribed here), 3R aggregates (as observed in 
Pick's disease), or both 4R and 3R aggregates 
(as in AD and other FTDP-17) delnonstrate 
that aggregatioll of both or either variety can 
cause disease. 
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