Proc. Natl. Acad. Sci. USA
Vol. 89, pp. 1983-1987, March 1992
Neurobiology

Cloning of a big tau microtubule-associated protein characteristic

of the peripheral nervous system

(sensory ganglia/sympathetic ganglia/central nervous system/alternative mRNA splicing)

M. GOEDERT, M. G. SPILLANTINI, AND R. A. CROWTHER

Medical Research Council Laboratory of Molecular Biology, Hills Road, Cambridge CB2 2QH, United Kingdom

Communicated by A. Klug, December 3, 1991 (received for review November 15, 1991)

ABSTRACT Microtubule-associated protein tau consists
in brain of a series of isoforms of 48- to 67-kDa apparent mo-
lecular mass that are encoded by mRNAs of approximately 6
kilobases (kb) and that are generated from a single gene by
alternative splicing. Previously, a tau-like protein of 110-kDa
apparent molecular mass was described in peripheral ganglia
and in peripheral neuronlike cell lines. We now report the
cloning and sequencing of a rat cDNA encoding this big tau.
The corresponding protein contains sequence identical to the
longest of the previously cloned small tau isoforms but with an
additional 254 amino acid insert in the amino-terminal half. Big
tau is produced from an 8-kb mRNA generated by alternative
splicing from the same gene that encodes small tau. Production
of big tau from the cloned sequence gives a protein of 110-kDa
apparent molecular mass that aligns on SDS/PAGE with big
tau protein extracted from peripheral ganglia. RNA blots show
that in peripheral ganglia from adult rats only the 8-kb mRNA
band corresponding to big tau is found, whereas in ganglia
from newborn rats both 6- and 8-kb tau mRNA bands are
found. In tissues from the central nervous system only the 6-kb
mRNA band can be detected. Big tau protein is therefore
produced specifically in the peripheral nervous system, and it
will be interesting to see whether further molecular differences
between the two major divisions of the vertebrate nervous
system will be discovered.

Brain microtubules contain a variety of proteins that copurify
with tubulin during repeated cycles of assembly and disas-
sembly (1). Microtubule-associated proteins promote the as-
sembly and stability of microtubules and play an important
role in the determination of neuronal morphology and plastic-
ity (2-4). Among microtubule-associated proteins tau consti-
tutes a family of neuronal proteins that are largely confined to
axons (for a recent review, see ref. 5). Tau in adult human
brain is found as a set of six related proteins 352 to 441 amino
acids in length with apparent molecular masses of 48—67 kDa
(6, 7) that are generated from a single gene by alternative
mRNA splicing (8-10). They differ by the presence of three or
four tandem repeats located in the carboxyl-terminal half and
by the presence or absence of 29 or 58 amino acid inserts
located in the amino-terminal half. The tandem repeats con-
stitute the microtubule-binding domains of tau (11-14), while
the function of the amino-terminal inserts is unknown. Tau
isoforms with different inserts are expressed in a stage- and
cell type-specific manner. Thus, the three-repeat isoform
without amino-terminal inserts is expressed in fetal human
brain, whereas all six isoforms are expressed in adult human
brain (6, 8). Moreover, in adult human hippocampus, tran-
scripts encoding isoforms with three repeats are present in
granule and pyramidal cells, whereas transcripts encoding
isoforms with four repeats are found only in pyramidal cells
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Traditionally, the vertebrate nervous system has on ana-
tomical grounds been subdivided into central and peripheral
divisions. No corresponding differences at a molecular level
have been established. However, ganglia in the peripheral
nervous system and cell lines with peripheral neuron-like
characteristics have been reported to contain a protein of
apparent molecular mass 110 kDa that reacts with anti-tau
antibodies (15-20). The presence of the 110-kDa protein
correlates with that of an 8-kilobase (kb) mRNA recognized
by probes derived from tau cDNA clones (18-20), whereas
the brain tau isoforms are encoded by mRNAs of about 6 kb.
These observations suggest that the 110-kDa tau-like protein
might be a candidate for a protein produced specifically in the
peripheral nervous system.

Here we report the cloning and sequencing of a rat cDNA
for this big tau.* The encoded protein of 686 amino acids is
expressed from the same gene as the small tau isoforms but
differs from small tau proteins by an insert of 254 amino acids
located in the amino-terminal half. The corresponding 8-kb
mRNA is found in nerve cells in sensory and sympathetic
ganglia but not in brain or spinal cord. The expression pattern
is developmentally regulated in peripheral ganglia, since in
newborn animals both 6- and 8-kb mRNAs are present,
whereas in adults only the 8-kb mRNA can be detected. Tau
mRNA is thus differently spliced in the central and peripheral
divisions of the vertebrate nervous system, and big tau
provides an example of a protein produced specifically in the
peripheral division.

MATERIALS AND METHODS

Isolation of a cDNA Clone Encoding Big tau Protein. A
1029-base-pair (bp) Sac 1/Nhe 1 fragment from the coding
region of the human tau cDN A clone 40 (6) was labeled by the
random primer technique (21) and used to screen a rat PC12
cDNA library in Agtl0 (obtained from Clontech) at high
stringency. Eight positive clones were isolated from 300,000
plaques, and the longest (clone PC12-8) was subcloned in
M13mpl8 and sequenced by using the chain termination
method (22) with synthetic oligonucleotides as primers.

RNA Blot Analysis and in Situ Hybridizativa. Tissues were
dissected from either 2-day-old or adult Sprague-Dawley rats
and immediately frozen on dry ice.

RNA extractions, hybridizations, and washings were per-
formed exactly as described (23). A probe specific for big tau
mRNA was produced from clone PC12-8 (nucleotides 398-
764) by using the polymerase chain reaction, purified by gel
electrophoresis, and labeled with [a-32PJdATP by the random
primer technique (22). A general rat tau probe was produced
by labeling the EcoRlI insert of clone PC12-8 by the random
primer technique. After dehybridization some blots were
rehybridized with a mouse B-actin cDNA clone labeled by the
random primer technique (23). The 0.24- to 9.5-kb RNA

*The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M84156).
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-39  TGTCCTCOGCCTCCTGTOGATTATCAGGCTTTGAAGCAGC
M AEPROQETFDTMETDOQAGDYTMLOQDAO QEGDMDU HGLI KETSTPZPAOQFPFP
ATGGCTGAACCCOGCCAGGAGTTTGACACAATGGAAGACCAGGCOGGAGATTACACTA

ADDGSTEEZPGSETSDAKSTPTAEDVTAPLVETERAPDIKO QATA
GCOGATGATGGATCAGAAGAACCAGGGTOGGAGACCTCTGATGC TAAGAGCAC TCCAACTGCTGAAGACG TGACTGCGCCCCTAGTGGAAGAGAGAGCTCCOGACANGCAGGCGACTGCC

Q S HTETIPEGTTAETEAGTIGDTPNMEDO QAAGHVTOQEPOQKVETI
CAGTCCCACACGGAGATCCCAGAAGGCACCACAGCTGAAGAAGCAGGCA'

F S QS LLVEPGRREGOQAPDSGTISDWTHOQQVPSMNSGAPLTPTPAQ
TTCTCACAAAGTTTGCTTGTCGAACCAGGGCGTCGTGAMGGCCAGGCCCCAGATTCAGGGATCTCAGACTGGACCCACCAACAGGTGCCTAGCATG TCTGGGGCTCCCCTCCOGCCACAA
G LREATHOQZPLGTRPEDVERSHPASETLTLWOQESTZPOQIKTEAWGTEKSTD
GGCCTCAGAGAGGCTACACACCAACCTTTGGGAACAAGACCTGAGGATG TAGAGAGAAGTCACCOGGCCTCTGAGCTGC TG TGGCAAGAG TCACCTCAGAAGGAAGCCTGGGGCAAAGAC
RLGSETETEVDEDTITMDESTSSQESZPPSQASLAPGTATZPOQARSUV
AGGCTGGGAAGTGAGGAGGAGGTGGACGAAGACATCACCATGGACGAA TCGTCCCAGGAATCCCCTCCCTCCCAAGCCTCCCTGGCCCCTGGCACGGCCACCCCTCAGGCCOGCTCCGTT
S ASGVSGETTUSTI®PGTFZPAEGSTIPLPADTFTFSKVSAETAOQASTPFP
TCTGCTTCCGGGGTCTCTGGGGAGACCACTAGCATCCCTGGATTCCCAGC TGAGGG T TCCATCCCACTTCCTGCTGATTTC TTC TCCAAAG TCTCOGCAGAGACCCAGGCCTCACCGCCA
E GPGTGPSEEGHEAAPETFTTFHVETLIIKASAPRKEGQ QDTLEGATVV
GAAGGGCCTGGCACGGGGCCCTOGGAGGAAGGGCACGAGGCTGCCCCTGAGTTCACATTCCACGTGGAAA TCAAAGCCAGCGCGCCGAAGGAACAGGATTTGGAAGGGGCTACAGTGGTG
G A PAEEQKARGEPSUVGKGTHKTEASTLTLETPTDI KO QPAAGLTPGTR RTEPUV
GGGGCCCCTGCAGAGGAGCAAAAGGCCCGAGGCCCCTCTGTGGGAAAGGGCACGAAAGAGGCTAGCCTTCTGGAACCAACTGACAAGCAACCTGCAGCCGGCCTGCCAGGAAGGCCAGTC

S RVPQLEKRMRVAGVSKDRTGNTDETKTKATKGADGTEKTGATEKTIEIATEPR
TGACGAGAAGAAAGCCAAGGGCGCOGATGGCAMACGGGGGOGAAGATCGCCACACCTCGG
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GAATPGOQKGTSNATRTIPAKTTPSPKTZPPGSGETPZPIKSGETRS
GGAGCAGCCACTCCGGGCCAGAAAGGCACATCCAATGCCACCAGGATCCCAGCCAAGACCACACCCAGCCCAAAGACTCCTCCAGGATCAGGTGAACCACCAAAATCOGGAGAACGAAGC !

G YSSPGSPGT®PGSRSRTPSLPTPPTRETPIKIKVAVVRTZPFPIKS
GGCTACAGCAGCCCOGGCTCGCCOGGAACCCCTGGCAGTCGCTCCOGTACCCCATCCCTACCAACGCOGCCCACCCGAGAGCCCAAAAAGGTGGCAGTGGTTCGCACTCCCCCTAAGTCA

P S ASKSRLOQTAPVPMPDLIKNVRSIKIGSTENLTZEKHAOQPGGGI KUV
CCGTCTGCCAGTAAGAGCCGCCTACAGACTGCCCCTGTGCCCATGCCAGACCTAAAGAACG TCAGGTCCAAGATTGGCTCCACTGAGAACCTGAAGCACCAGCOGGGAGGOGGCAAGGTG

Q I
CAGATAATTAX'

S KVTSKCGSULGNTIHHKPGGGO QVEVKSEIKTLUDTFIKDRVQOSKTIG
AGCAAGGTGACCTCCAAGTGTGGTTCCTTAGGGAACATCCATCACAAGCCAGGAGGTGGCCAGGTAGAAGTAMATCAGAGAMNGCTGGACTTCAAGGATAGAGTCCAGTOGAAGATTGGC

S LDNITHUVPGGGNIKTIKTIETHIKLTTFRENAKAKTDHGAETIUVYK
TCCTTGGATAACATCACCCA

S PVVSGDTSPRHELSNVSSTGSTIDMVDSPQLATLADEVSAS
TCACCTGTGGTGTCTGGGGACACATCTCCACGGCACCTCAGCAACGTCTCCTCCACGGGCAGCATOGACATGG TGGAC TCTCCACAGC TTGCCACGTTAGCCGATGAAGTGTCOGCCTCT

I NKKLDLSNVQSKCGSI KDNIKHVPGGGSVHTIVYZ KTPVDIL
\TAAGAAGCTGGATCTTAGCAACGTCCAGTCCAAGTGTGGCTCAAAGGACAATATCAAACACG TCCOGGGOGGAGGCAGTGTGCATATAGTCTACAAGCCAGTGGACCTG

681 L AKOQGTL *
2041  TTGGCCAAGCAGGGTTTGTGA'

FiG. 1.

\TCAGCCCCTGGGGCCGTCACTGATCATGGAGAGAAGAGAGAGTGAGAGTGTGGAAAAAAAMAMAAGAATGACCTGGCCC

2142

Nucleotide and predicted amino acid sequences of rat big tau. The sequences differ from known tau sequences by the bracketed 762

nucleotides, which encode a 254 amino acid insert. Nucleotides are numbered in the 5’-to-3' direction, starting with the first nucleotide of the
initiating codon; the nucleotides 5’ to residue 1 are indicated by negative numbers.

ladder (Bethesda Research Laboratories) served as size
marker.

In situ hybridization was performed by using a 45-mer
oligonucleotide specific for big tau (corresponding to nucle-
otides 887-931 of clone PC12-8) in the anti-mRNA sense
orientation. A sense oligonucleotide served as a control.
Probe labelings with deoxyadenosine 5’'-[a-[*2Sthio]triphos-
phate and hybridizations were performed as described (8).
The final wash was done in 1x SSC (150 mM NaCl/15 mM
sodium citrate, pH 7) at 42°C overnight, followed by dipping
in emulsion and developing after 2 weeks.

Expression of Big tau Protein in Escherichia coli and Ex-
traction from Rat Tissues. For the expression of big tau
protein, site-directed mutagenesis was used to introduce a
Nde 1 site in the context of the initiator codon of cDNA clone
PC12-8. The resulting Nde 1/EcoRI fragment was subcloned
in the expression plasmid pRK172 (24) under control of the
phage T7 RNA polymerase promoter. Transformation of E.
coli BL21(DE3) cells (25), induction of expression, and
harvesting of the expressed protein were done as described
(7). The equivalent of 5 ul of bacterial culture was electro-
phoresed on an SDS/10% polyacrylamide gel.

Big tau protein was extracted from adult rat trigeminal
ganglia by using a modification of the method described for
cultured cells (18). Individual ganglia were sonicated in 200 ul
of 25 mM sodium phosphate buffer, pH 7.4, containing 0.4 M
NaCl, 0.5% SDS, and phenylmethylsulfonyl fluoride at 1
mg/ml, and the solution was boiled for 3 min and centrifuged.
Forty microliters of the supernatant was electrophoresed on
an SDS/10% polyacrylamide gel.

Proteins were electrophoretically transferred to nitrocel-
lulose (BA83, Schleicher & Schuell) and immunoblotted,
using the anti-tau antiserum 135 (6) and the ABC Vectastain
system (Vector Laboratories).

RESULTS

In a search for cDNA clones encoding big tau, a library
prepared from the rat pheochromocytoma cell line PC12 was

1234567891011
A
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Fi1G. 2. Blot analysis of RNA from central and peripheral rat
nervous system tissues, with big tau-specific DNA (A) or B-actin
DNA (B) used as a probe. Lanes 1-3, 9, and 10 contained 3 ug of
poly(A)* RNA, whereas lanes 4-8 and 11 contained 30 ug of total
RNA. Lanes: 1, adult cerebral cortex; 2, adult cerebellum; 3, adult
spinal cord; 4, adult dorsal root ganglion; 5, newborn trigeminal
ganglion; 6, adult trigeminal ganglion; 7, newborn superior cervical
ganglion; 8, adult superior cervical ganglion; 9, whole newborn brain;
10, whole adult brain; 11, PC12 cells. An 8-kb big tau band is detected
in lanes 4-8 and 11 but not in lanes 1-3, 9, and 10, whereas the 2-kb
actin control band is present in all lanes. The smear below the 8-kb
band in A probably represents partial degradation of the poly(A)*
RNA.
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FiG. 3. Blot analysis of RNA from central and peripheral rat
nervous system tissues, with clone PC12-8 used as a general tau
probe. All lanes contained 3 ug of poly(A)* RNA. Lanes: 1, whole
adult brain; 2, newborn trigeminal ganglion; 3, adult trigeminal
ganglion; 4, adult dorsal root ganglion; and S, adult spinal cord.

screened. A full-length cDNA sequence was isolated; it
encodes a predicted 686 amino acid protein with a molecular
weight of 71,783. This protein contains sequence identical to
that of the longest of the small tau isoforms from rat brain (26,
27) but with an additional 254 amino acid insertion in the
amino-terminal half (Fig. 1). The identity in sequence at the
DNA level indicates that big tau is encoded by the same gene
as the small tau isoforms and, like them, is generated by
alternative mRNA splicing.

The expression pattern of big tau mRNA was studied in the
central nervous system and in neuronal and nonneuronal
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peripheral rat tissues by RNA blotting using a probe specific
for the inserted sequence (Fig. 2). An 8-kb mRNA band was
observed in dorsal root ganglia, trigeminal ganglia, and
sympathetic ganglia from both newborn and adult rats. No
transcripts could be detected in brain or spinal cord (Fig. 2)
or in any of the nonneuronal peripheral tissues examined
(data not shown). In PC12 cells a band of 8-kb mRNA was
observed. When a general tau probe was used, only a 6-kb
mRNA band was observed throughout the central nervous
system of newborn and adult rats, while only the 8-kb mRNA
band was seen in adult sensory and sympathetic ganglia (Fig.
3). By contrast, in peripheral ganglia from newborn animals,
both the 6- and 8-kb mRNA bands were present (Fig. 3). Both
6- and 8-kb bands were also seen in PC12 cells (data not
shown). By in situ hybridization, using a probe specific for
the sequence encoding the big tau insert, big tau mRNA was
localized in nerve cells in adult sensory and sympathetic
ganglia (Fig. 4). All nerve cell bodies appeared to be hybrid-
ization-positive. When in situ hybridization with the big tau
probe was performed on sections taken throughout the adult
rat brain, spinal cord, and small intestine, no specific signal
was observed (data not shown). It thus seems likely that the
big tau protein detected in spinal cord (20) is produced in
dorsal root ganglia.

Big tau was produced from the cloned sequence in E. coli by
using an expression plasmid under the control of the T7 RNA
polymerase promoter. It was detected by SDS/PAGE and
identified by immunoblotting. Recombinant big tau ran with an
apparent molecular mass of 110 kDa and aligned on gels with
big tau protein extracted from adult rat trigeminal ganglia (Fig.

5).

FiG. 4. Cellular localization of big tau mRNA in adult rat sensory and sympathetic ganglia. (A4 and B) Dark-field photomicrographs of dorsal
root ganglion (A) and superior cervical ganglion (B) sections. (C and D) Bright-field photomicrographs of dorsal root ganglion (C) and trigeminal
ganglion (D) sections. The tissue sections were hybridized with a big tau-specific probe in the anti-mRNA sense orientation. There is specific
labeling of the large cell bodies corresponding to neurons but not of the smaller glial cells. Only background labeling was observed with a probe
in the mRNA sense orientation (data not shown). (Scale bars, 105 um for A agd B, 25 um for C and D.)
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FiG. 5. Comparison of native and recombinant big tau proteins.
Following electrophoresis on an SDS/10% polyacrylamide gel, tau
proteins were visualized by immunoblotting. Lane 1, big tau protein
extracted from an adult rat trigeminal ganglion. Lane 2, recombinant
big tau protein. The numbers on the right indicate positions of the
molecular mass markers.

DISCUSSION

The big tau protein we have characterized in sequence,
apparent molecular weight, and other properties is probably
identical with the high molecular weight protein reactive with
anti-tau antibodies whose existence was previously reported
in sensory ganglia, sympathetic ganglia, and PC12 cells
(15-20). It differs from all previously cloned tau isoforms by
a 254 amino acid insert located in the amino-terminal half.
The position of the insert corresponds to a splice junction in
bovine (10), human, and rat small tau mRNAs (unpublished
observation), indicating that it results through alternative
mRNA splicing from the tau gene. Moreover, sequencing of
rat genomic clones has shown that the 254 amino acid insert
is encoded by a single exon (unpublished observation).
Comparison of the inserted sequence with known protein
sequences failed to reveal any significant homology. The
inserted sequence contains three tryptophan residues, in
contrast with small tau (6), which contains none, and also six
phenylalanine residues, suggesting that part of the insert may
fold to form a compact domain. As in small tau (6) the overall
pattern of distribution of charged residues shows a predom-
inance of acidic residues towards the amino terminus and
basic residues towards the carboxyl terminus.

Like small tau isoforms (5), big tau is anomalously retarded
on SDS/PAGE, indicating that it also may have an extended
conformation. Tau is composed of a microtubule-binding
domain located in the carboxyl-terminal half and a projection
domain consisting of the amino-terminal half (5). Big tau,
which contains the entire tubulin-binding domain, should
bind to microtubules with the same affinity as other tau
isoforms with four tandem repeats. It would thus occupy tau
binding sites on microtubules but provide a projection do-
main double the size that found in brain tau. This is likely to
change the function of tau protein and lead to unique inter-
actions with other axonal components.

Big tau is encoded by an 8-kb mRNA that is derived from
the same gene as the set of 6-kb mRNAs that encodes small
tau isoforms. The 8-kb and 6-kb mRNAs must therefore have
different lengths of untranslated RNA, approximately 6 kb
for big tau mRNA and approximately 4.7 kb for the mRNAs
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of other tau isoforms; this implies the existence of 5’ and (or)
3’ untranslated sequences unique to the mRNA encoding big
tau, possibly related to differences in transcriptional control.
In sensory and sympathetic ganglia big tau mRNA is local-
ized to nerve cell bodies, as is small tau mRNA in the central
nervous system (8). The identification of the 254 amino acid
insert in big tau extends the number of known tau isoforms
and implies that the published (10) exon/intron organization
of the tau gene is incomplete. The exon reported here is
spliced in after exon 4 of the bovine (10) and human (unpub-
lished observation) tau genes; this ‘‘exon 5’ is by far the
largest of the known exons that make up the coding region of
the tau gene. Previously, six isoforms had been identified
through cDNA cloning and expression as the major adult
human brain tau proteins (6, 7). They differ by the number of
tandemly repeated microtubule-binding domains (3 or 4) and
the presence or absence of an insert (29 or 58 amino acids) in
the amino-terminal half. If the same exon combinations occur
in presence of the 254 amino acid insert this will double the
number of known tau isoforms. Further studies are needed to
provide a detailed description of the tau isoform composition
in sensory and sympathetic ganglia and in particular to show
whether the big tau insert occurs with combinations of small
tau exons other than that cloned in this study.

As shown here, 8-kb big tau mRNA is found in sensory and
sympathetic ganglia in newborn and adult rats but not in brain
or spinal cord of either newborn or adult rats. By contrast,
6-kb small tau mRNA is found in brain and spinal cord in
newborn and adult rats. However, the 6-kb mRNA is also
present in sensory and sympathetic ganglia in newborn but
not adult rats. It follows that in developing sensory and
sympathetic ganglia small tau isoforms are expressed in
conjunction with big tau-containing isoform(s), whereas in
adult ganglia only big tau-containing isoform(s) are present.
These results thus add a further level of complexity to the
developmental expression of tau isoforms in the nervous
system. PC12 cells, derived from a tumor of the adrenal
medulla, also contain the 6-kb small tau mRNA and the 8-kb
big tau mRNA. However, as shown before (23, 28), tau
mRNAs could not be detected in the adrenal gland or in a
variety of other nonneuronal peripheral tissues.

Thus, big tau is an isoform that is specifically expressed in
the peripheral nervous system, implying the existence of
alternative splicing between peripheral and central nervous
systems. The topographical division into peripheral and
central nervous systems is thus paralleled by molecular
differences that may result in a distinct organization of the
cytoskeleton in the two major divisions of the vertebrate
nervous system. It will be interesting to see whether further
examples of molecular differences between the central and
peripheral nervous systems emerge.
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