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Tau protein is a family of microtubule binding proteins, heterogeneous in molécular
weight, that are induced during neurite outgrowth and are found prothinently in
neurofibrillary tangles in Alzheimer’s disease. The predicted amino acid sequences of
two forms of tau protein from mouse brain were determined from complementary
DNA clones. These forms are identical in their amino-terminal sequences but differ in
their carboxyl-terminal domains. Both proteins contain repeated sequences that may
be tubulin binding sites. The sequence suggests that tau is an elongated molecule with
no extensive a-helical or B-sheet domains. These complementdry DNAs should enable
the study of various functional domains of tau and the study of tau expression in

localizes with microtubules in cells.(5) and is .

induced along with MAP1: during neurite
outgrowth from rat phcochrdrnocytomé
cells (6): Microinjected taii protein increase$
tubulin polymerization and decreases the
rate of microtubule depolyrncrlzatlon sug-
gesting that tau protein can regulate micro-
tubule assembly in vivo (7). '
A striking feature of tau protein is its
extensive heterogeneity. In- adult portine
brain, it is comprised of at least four related
phosphoprotcms 55,000 to 62,000 daltons
in size (8). Tau proteids were initially
thought to be the result of artifactual prote:
olysis of a common précursor protein; how-

normal and pathological states.

ICROTUBULES ARE ASSEMBLED
from tubulin, which is a dimer of
two polypeptides that are mem-
bers of distinct multigene families (I). A
high degree of conservation exists within
these families and the various polypeptides
form copolymers in vivo and in vitro (2).

Despite this similarity of tubulin polypep-

tides, microtubules exhibit much diversity
in structure’ and function, suggesting that
other proteins must be present that deter-
mine the properties of different microtu-
bules. Among the factors thought to regu-
fate microtubule structure - and function
are the microtubule-associated proteins
(MAPs) that copurify with microtubules
(3). Two major classes of MAPs have been
identified from vertebrate brain: high mo-
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ever, translation of messenger RNA
(mRNA) in vitro shows that this is not the
lecular weight MAPs and tau protein. Tau case (9). Other proteins reacting with tau
protein promotes microtibule assembly i antibodies have been detected in brain, neu-
vitro and limits the growing and shrinking roblastoma cells, spinal ganglia, and coated
phases of dynamic microtubules (4). Tauco-  vesicles (6, 9, 10). In addition, tau protein

8 s p : Fig. 1. Schematic represen-
man PTAZ tation of cDNA clongs used

B S : : oTA2E O determine tau protein se-

i - : quence. Heavy line indicates

B s P pTa2gr  Open reading frame regions,
- _ thinner line and dotted line

indicate noncoding regions

T e PTAS  of pTA2 and pTA%, re%pco

B spP prase  tvely. The pTA2 and

‘ - : - PTA2E are pBR322 clones,
— o1 kb pTA3 is a Agtll clone, and

strerch of 18 to 19 bases. Arrows indicate the location of specific oligonucleotide primers used to
ihitiate cDNA. synthesis for library construction. The isolation of pTA2 was as described (9). The
PTA2E was isolated from a pBR322 primer extension library constructed with cDNA primed by a 22-
base oligonucleotide (5'-GACATTCTTTAGGTCTGGCATG-3') (20). The pTA3 was isolated as
described (21); antibody employed was affinity-purified anri-tau (10). The pTA3E was isolated from a
pUCS primer extension library (22) with size-selected cDNA primed by a 21-base oligonucleotide (5'-
TTGACTGCCCTGGGAGCCTGA-3"). Two additional libraries were constructed in the manner
described for the pTABE library: one primed with a 21-base oligonucleotide from the 3’ untranslated
regioni of pTA2 (5'-GGCAGAGGTCCCCCAAGAGGC-3'), from which pTA2E’ clones were isolated,
and the other primed with the 22-base oligonucleotide used for the pBR322 library above. In cDNA
synthesis, primers were preincubated with mRINA prior to reverse transcriptase reaction. The cDNAs
were dC-tailed for insertion into dG-tailed plasmid vectors.
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. pTA3E and pTA2E' are &
- pUC clones. Restriction sites aré Bam HI (B), Sma I (S), and Pst I (P). AAAAA indicates a poly(A)
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CCGCCGL "CTCCAGAACGCGGTT

TCTCGGGCCGCGCGCGCTCTCAGTCTCCGCCACCCACCAGCTCCAGCACCAGCAGL. . TGCCGCCACC
GCCCACCTTCTGCCGCCGCCGCCACAACCACCTTCTCCTCCGCTGTCCTCTTCTGTLUTCGCCTTCTGTCG

ATT ATC AGG CTT TGA ACC AGT ATG GCT GAC CCT CGC CAG GAG TTT GAC ACA ATG
MET Ala Asp Pro Arg Gln Glu Phe Asp Thr MET
10

GAA GAC CAT GCT GGA GAT TAC ACT CTG CTC CAA GAC CAA GAA GGA GAC ATG GAC
Glu Asp His Ala Gly Asp Tycr Thr Leu Leu Gln Asp Gln Glu Gly Asp MET Asp
20

CAT GGC TTA AAA GCC GAA GAA GCA GGC ATC GGA GAC ACC CCG AAC CAG GAG GAC
His Gly Leu Lys Ala Glu Glu Ala Gly Ile Gly Asp Thr Pro Asn Gln Glu Asp
30 40

CAA GCC GCT GGG CAT GTG ACT CAA GCT CGT GTG GCC AGC AAA GAC AGG ACA GGA
Gln Ala Ala Gly His Val Thr Gln Ala Arg Val Ala Ser Lys Asp Arg Thr Gly
S0 60

AAT GAC GAG AAG AAA GCC AAG GGC GCT GAT GGC AAA ACC GGG GCG AAG ATC GCC
Asn Asp Glu Lys Lys Ala Lys'Gly Ala Asp Gly Lys Thr Gly Ala Lys Ile Ala
70 80

ACA CCT CGG GGA GCA GCC TCT CCG GCC CAG AAG GGC ACG TCC AAC GCC ACC AGG

Thr Pro Arg Gly Ala Ala Ser Pro Ala Gln Lys Gly Thr Ser Asn Ala Thr Arg
90 100

ATC CCG GCC AAG ACC ACG CCC AGC CCT AAG ACT CCT.CCA GGG TCA GGT GAA CCA
Ile Pro Ala Lys Thr Thc Pro Ser Pto Lys Thr Pro Pro Gly Ser Gly Glu Pro
110

CCA AAA TCC GGA GAA CGA AGC GGC TAC'AGC‘AGC €CC GGC TCT CCC GGA ACG CCT
Pro Lys Ser Gly Glu Arg Ser Gly Tyr Ser Ser Pro Gly Ser Pro Gly Thr Pro
120 130

GGC AGT CGC TCG CGC ACC CCA TCC CTA CCA ACA CCG CCC ACC CGG GAG CCC AAG

Gly Ser Arg Ser Arg Thr Pro Ser Leu Pro Thr Pro Pro Thr Arg Glu Pro Lys.

140 150

AAG GTG GCA GTG GTC CGC ACT CCC CCT AAG TCA CCA TCA GCT AGT AAG AGC CGC

Lys Val Ala val val Arg Thr Pro Pro Lys Ser Pro Ser Ala Ser Lys Ser Arg
160 170

CTG CAG ACT GCC CCT GTG éCC ATG_CCA_GAC CTA AAG _AAT GTC AGG TCG AAG ATT

Leu Gln Thr Ala Pro Val Pro MET Pro Asp Leu Lys Asn Val Arg Ser Lys Ile
180 190

GGC TCT ACT GAG AAC CTG AAG CAC CAG CCA GGA GGT GGC AAG GTG CAA ATA GTC
Gly Ser Thr Glu Asn Leu Lys His Gln Pro Gly Gly Gly Lys Val Gln Ile Val
700

TAC AAG CCG GTG GAC CTG AGC AAA GTG ACé TCC AAG TGT GGC TCG TTA GGG AAC
Tyt Lys Pro Val Asp Leu Ser Lys Val Thr Ser Lys Cvys Gly Ser Leu Gly Asn
210 220

ATC CAT CAC AAG CCA GOA GGT GGC CAG GTG GAA GTA AAA TCA GAG AAG CTG GAC
Ile His His Lys Pro Gly Gly Gly Gln Vval Glu val Lys Ser Glu Lys Leu Asp
230 240

TTC AAG GAC AGA GTC CAG TdG AAG ATT GGC TCC TTG GAT AAT ATC ACC CAC GTC
Phe Lys Asp Arg Val Gln Ser Lys Ile Gly Ser Leu Asp Asn Ile Thr His Val
250 260

CCT GGA GGA GGG AAT AAG AAG ATT GAA ACC CAC AAG éTG ACC TTC AGG GAG AAT

Pro Gly Gly Gly Asn Lys Lys Ile Glu Thr His Lys Leu Thr Phe Arg Glu Asn
270 - 280

GCC AAA GCC AAG ACA GAC CAT GGA GCA GAA ATT GTG TAT AAG TCA CCC GTG GTG
Ala Lys Ala Lys Thr Asp His Gly Ala Glu Ile Val Tyr Lys Ser Pro val val
290

TCT GGG GAC ACA TCT CCA CGO CAC CTC AGC AAT GTG TCT TCC ACG GGC AGC ATC
Ser Gly Asp Thr Sar Pro Arg His Leu Ser Asn Val Ser Ser Thr Gly Ser Ile
oo 310

GAC ATG GTG GAC TCA CCA CAG CTT GCC ACA CTA GCC GAT GAA GTG TCT GCT TCC
Asp MET Val Asp Ser Pro Gln Leu Ala Thr Leu Ala Asp Glu Val Ser Ala Ser
320 ’ ' 330

TTG GCC AAG CAG GGA AAA GCT GCT TTA CTG AGT TCT CAA GTT TGG AAC TAC AGC

Leu Ala Lys Gln Gly Lys Ala Ala Leu Leu Ser Ser Gln Val Trp Asn Tyr Ser
340 350

CAT GAT TTG GCC ACC ATT ACA GAC CTG GGA CTT TAG GGC TAA CCA GAT CTT TGT
His Asp Leu Ala Thr Ile Thr Asp Leu Gly Leu
360 B

AAGGACTTGTQQQI_IEGGGGGACCTCTGCCTGTTCTCATGCTTGGCCCTCTGGCACTTCTGTAGTGGGAG
GGATGGGGGGTGGTATTCTGGGATGTGGGTCCCAGGCCTCCCATCCCTCACACAGCCACTGTATCCCCTCT
CTCTGTCCTATCATGCCCACGTCTGCCACGAGAGCTAGTCACTGCCGTCCGTACATCACGTCTCACTGTCC
TGAGTGCCATGCCTCTCCCAGCCCCCATCCCTGGCCCCTGGGTAGATATGGGCAATATCTGCTCTACACTA
GGGGTTGGAGTCCAGGGAAGGCAAAGATTTGGGCCTCAGTCTCTAGTCCTACGTTCCACGAATCCAACCAG
TGTGCCTCCACCAAGGAACCTTACGACCTTGTTTGGTTCACTCCATTACTTCCTATCCTGGATGGGAACTG
GTGTGTGCCTGCCTGGGGATGACTTGGACTCTGCCTTTTCTTTTATCTAAGTGGATGCCTCTAGGCCTGAC
TCCTTGTGTTGAGCTGGAGGCAGCCAAGTCAGGTGCCAATGTCTTGGCATCAGTAAGAACAGTCAAGAGTC
CCAGGGCAGGGCCACACTTCTCCCATCTTTCGCTTCCACCCCAGETTGTGATCGCTAGCCYCCCAGAGCTC

. AGCTGCCATTAAGTCCCCATGCACGTAATCAGTCTCCACACCCCAGTTTGGGAACATACCCCCTTGATTGA

AGTGTTTTTTTCCTCCGGTCCCATGGAAACCATGCTGCCTGCCCTGCTGGAGCAGACGGCCACCTCCATAG
ATGCAGCCCTTTCTTTCCCGTCTTCGCCCTGTTAGCTTGTAGTTGGATTITGTCTGTTTGTCTGGGCTTCAC
CAGAGTGACTATGATAGTGAAAAGAAAAGAAAGAAAAAGAAANAARAANANARAARA

TTG GCC AAG CAG GGT TTG TGA TCA GGC TCC CAG GGC_AGT CAA TAA TCA TGG AGA
Leu Ala Lys Gln Gly Leu .
340

CAAGAGAGAGTGAGAGTGTGGAAAAAAANAAAAMAAAAAAG

has been identified -as a major antigenic
determinant in the characteristic neurofibril-
lary tangles of Alzheimer’s disease (11). In
addition to the immunological cross-reactiv-
ity detected between tau protein and the
paired helical filaments that comprise the
tangles, at least two peptides common to the
filaments and human tau protein have been
found (12).

In this report we examine the complete
primary sequence of two tau proteins from
mouse for information about the structure
of tau, the possible mode of interaction
between tau and tubulin, and the source of
tau heterogeneity. We also describe special
difficulties encountered when determining
the structures of members of a closely relat-
ed class of mRNAs.

Earlier studies had identified two comple-
mentary DNA (cDNA) clones for tau pro-
tein in mouse, pTAl arid pTA2. Both hy-
bridized to a 6-kb mRNA and selected
mRNA that gave tau protein on translation,
but did not hybridize to each other -(9).
From the nucleotide sequence, we found
that pTAl (1376 bp) contains a poly(A)
tail and a polyadenylation signal, AATAAA,
15 bp upstream of the poly(A) tail, but
contains no open reading frame. On the
other hand, pTA2 (1840 bp) also contains a
poly(A) tail but no polyadenylation signal,
and has an open reading frame of 900 bases
at one end of the clone. We conclude that
pTAl corresponds to the 3’ end of the
mRNA while pTA2 originated from the
interior of the mRNA, primed from an
internal poly(A) sequence, and encodes the
COOH-terminal end of a protein. To comi-
plete the tau sequence, we constructed addi-
tional libraries using a specific primer from
the 5 end of pTA2 sequence. A 600-bp
clone, pTA2E (Fig. 1), contained 288 bases
5' to pTA2, an ATG start codon, and an

Fig. 2. Nucleotide sequence determined from tau cDNA
clones. Numbers at left designate nucleotide base number,
with the first base of the initiation codon as reference point
(base 1). The predicted amino acid sequence is numbered
with-position 1 being the NHj-terminal methionine. The
pTA2 sequence, shown in (A), is determined from pTA2,
PTA2E, and pTA2E’ clones. The pTA3 sequence is deter-
mined from pTA3 and pTA3E clones and is identical to
PTA2 up through base 1020; only bases 1007 to 1101 are
shown in (B). The 21- to 22 base oligonucleotides used to
specifically prime ¢cDNA library constructions are under-
lined. The underlined 18-—amino acid stretches indicate
repeats. The pTA2 open reading frame is 364 residues with a
calculated pI of 6.24; pTA3 is 341 residues with a calculated
P1 of 6.27. Nucleotide sequences were determined by di-
deoxy chain termination (23). Problematical stretches were
further analyzed by cither the use of 7-deaza-2'dGTP (Boeh-
ringer Mannheim) or by the substitution of AMV reverse
transcriptase (Bio-Rad) for Klenow DNA polymerase frag-
ment in dideoxy sequencing, with appropriate adjustments
of nucleotide concentrations (24). Coding region sequences
were confirmed by sequencing the opposite strand.
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Fig. 3. Three 18-amino acid repeats
identified in the predicted tau protein
sequence. Repeat (1) corresponds to
amino acid residues 187 to 204 as
numbered in Fig. 2; repeat (2) corre-
sponds to residues 21810 235; repeat

* -

*

(1) val Arg Ser Lys Ile Gly Ser Thr Glu Asn Leu Lys His Gln Pro Gly Gly Gly
(2) val Thr Ser Lys Cys Gly Ser Leu Gly Asn Ile His His Lys Pro Gly Gly Gly

(3) Val Gln Ser Lys Ile Gly Ser Leu Asp Asn Ile Thr His Val Pro Gly Gly Gly ’

L T e e I .

(3) corresponds to residues 250 to 267. The asterisks indicate positions with identical residues in all
three repeats; the pluses, conservative replacements; and the dashes, nonconservative replacements.

upstream in-frame stop codon. The se-
quence of pTA2 and pTA2E in Fig. 2A
predicts a size for the encoded protein of
38,204 daltons.

To isolate additional clones for tau pro-
tein, we screened a Agtll mouse brain li-
brary with affinity-purified antibody to tau
protein and obtained an immunoreactive
clone, pT'A3, that contained an insert of 500
bp. The sequence of pTA3 contained a 19-
base-long poly(A) stretch and an open read-
ing frame of 400 bases that was identical to
bases 621 to 1020 of pTA2 (Fig. 1). This
clone, therefore, provided independent con-
firmation of pTA2 as a tau cDNA clone.
However, the remaining sequences in pTA3
did not correspond to pTA2 sequences. The
encoded protein differs from pTA2 in that it

. lacks 23 amino acid residues at the COOH-
terminus; the 3’ untranslated regions also
differ. To determine whether these differ-
ences resulted from a cloning artifact where
pTA2 sequences had become joined to unre-
lated sequences and, also, whether addition-
al regions of heterogeneity were present, an
oligonucleotide specific for the 3’ untrans-
lated region of pTA3 (Fig. 2B) was used to
prime a cDNA library from which addition-
al tau clones were isolated.

Out of a pUC9 primer extension library
of approximately 1500 transformants, 54
colonies hybridized to pTA3. Since the
abundance of tau mRNA has been estimated
at 0.1% (9), this argued that the 3’ untrans-
lated region in pTA3 used to prime the
library was indeed part of tau mRNA and
not a cloning artifact. Over half of the clones
were longer than 1 kb and all had restriction
maps similar to pTA2 (Fig. 1). The nucleo-
tide sequence for the longest clone corre-
sponded exactly to pTA2-pTA2E sequences,
apart from the divergent COOH-terminus.
Since this clone, pTA3E, included the start
point of translation, the only difference in
the two predicted tau protein sequences is
the COOH-terminal end. The pTA3 se-
quence is shown in Fig. 2B; the encoded
protein has a predicted size of 35,718 dal-
tons.

At this point, it was important to show
that the pTA2 COOH-terminus was in fact
associated with the NH,-terminal sequence
identified by pTA2E. Because the synthesis
of pTA2E cDNA had been specifically
primed from the NH,-terminal half of the
protein sequence, there was the possibility
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that the pTA2 COOH-terminus was associ- .

ated with another NH,-terminus whose
coding sequence diverged from the pTA2E
sequence upstream of (or 5’ to) the oligonu-
cleotide - sequence used to prime pTA2E.
The fact that the sequence of pTA3E coin-
cided with pTA2E made it possible for the
pTA2E clone to have been synthesized from
pTA3-pTA3E mRNA. To resolve this issue,
two additonal primer extension libraries
were constructed. One was specifically
primed with an oligonucleotide copied from
the pTA2 3’ untranslated region (Fig. 2A)
while the other was specifically primed with
the same oligonucleotide used to construct
the library from which pTA2E was isolated.
From these libraries, six clones containing
the most 5' sequences were analyzed by
sequencing. These clones revealed no addi-

* tional heterogeneity in the NH,-terminal

sequences.

The complete predicted amino ac1d se-
quence for the two mouse tau proteins is
shown in Fig. 2. A distincrive feature is the
presence of an 18-residue stretch that is
repeated three times. The repeats are located
in the COOH-terminal half of the molecule
and are separated by 13- and 14-residue
stretches (Figs. 2 and 3). The significance of
the repeat is unclear, though it is tempting
to speculate that since tau protein induces
the rubulin monomer to assemble, it may
interact with repeating sites in the microtu-
bule lattice. We found no significant se-
quence homology to any other protein (13),
although the primary structure of other
MAPs is not available.

The tau sequence supports the biophysical
data suggesting an elongated shape for tau
protein. The amino acid composition, which
agrees well with that reported for porcine
brain tau protein (8), shows that tau protein
has much higher proportions of lysine, gly-

cine, proline, and serine and Jower propor-

tions of phenylalanine and leucine than the
average vertebrate globular protein. This
suggests that tau protein has less buried or
interior volume, is more extended and hy-
drophilic, and might maintain this shape
because of the rigidity introduced by the
prolines. Lastly, no extensive a-helix or B-
sheet structures are detected by secondary
structure prediction programs (13), which is
consistent with circular dichroism measure-
ments (8). Two other facts about tau protein
are consistent with its being an extended

molecule with a large surface to volume
ratio: (i) the protein is heat-stable (I4),
implying that, in its native form, many of
the residues are on the surface interacting
with solvent, and (ii) the protein migrates in
SDS gel electrophoresis as a much larger
protein. [The size of tau protein as predicted
from the c¢cDNA clones is 35,718 and
38,204 daltons; as derermined by gel elec-
trophoresis, mouse tau protein is 47,000 to
50,000 daltons (9).] While it is known that
phosphorylation affects the mobility of tau
protein (I5), it is more likely that protein
structure and SDS binding make the larger
contributions to the anomalous electropho-
retic mobility.

The identification of two distinct tau
cDNA clones suggests that tau heterogene-
ity is already present, at least in part, at the
mRNA level; this is an expected result since
mRNA from mouse and rat brain has been
shown to yield multiple tau proteins by in
vitro translation experiments (9, 16). The
predicted amino acid sequences from the
two clones have revealed the COOH-termi-
nal end of the protein as a site for heteroge-
neity in the protein; the function of this
heterogeneity remains unknown. It is also
not known whether the two mRNAs are
transcribed from the same gene, but South-
ern hybridization with pTA2 has revealed
only one copy of the tau gene in the mouse
genome (9). It seems likely that the two
mRNAs result from alternative splicing
since the point at which pTA2 sequence
diverges from pTA3 contains the consensus
sequence for splicing junctions (5'CAG G)
(17). Additional heterogeneity may also
result from translation initiation at alterna-
tive sites (I8); the tau sequence has two
other methionines close to the NH,-termi-
nal end.

It is curious that both pTA2 and pTA3
mRNAs should be approximately 6 kb long
when it is clear that much of the 3' untrans-
lated regions differ. However, an examina-
tion of 3’ untranslated sequences from actin
cDNAs has revealed that mRNAs coding
for isotypic proteins can have 3’ untranslat-
ed regions ‘of similar size, though differing
in sequence; this may suggest a functional
importance for 3’ noncoding sequences in
mRNA (19). Furthermore, both mRNAs
have internal poly(A) sequences in the 3’
untranslated region, though each is located
at different distances downstream of the
stop codon.

Studies of tau protein at the primary
sequence level could provide an explanation
for the heterogeneity of microtubules and
provide important probes for studying the
function of various domains on the mole-
cule. It will be interesting to test directly
whether the 18—amino acid repeats are in
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fact tubulin binding domains and whether

th

ere are any common structural motifs in

microtubule-associated proteins. Studies of

th

in

e expression and structure of tau proteins
Alzheimer’s disease should also provide

important clues to the etiology of the neuro-
fibrillary tangles.
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