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ABSTRACT

Structure and sequence of the human gene for tyrosine
aminotransferase (TAT) was determined by analysis of
cDNA and genomic clones. The gene extends over 10.9
kbi and consists of 12 exons giving rise to a 2,754
nucleotide long mRNA (excluding the poly(A)tail). The
human TAT gene is predicted to code for a 454 amino
acid protein of molecular weight 50,399 dalton. The
overall sequence identity within the coding region of
the human and the previously characterized rat TAT
genes is 87% at the nucleotide and 92% at the protein
level. A minor human TAT mRNA results from the use

of an alternative polyadenylation signal in the 3' exon
which is present but not used at the corresponding
position in the rat TAT gene. The non-coding region
of the 3' exon contains a complete Alu element which
is absent in the rat TAT gene but present in apes and
old world monkeys. Two functional glucocorticoid
response elements (GREs) reside 2.5 kb upstream of
the rat TAT gene. The DNA sequence of the
corresponding region of the human TAT gene shows
the distal GRE mutated and the proximal GRE replaced
by Alu elements.

INTRODUCTION

Tyrosine aminotransferase (TAT, EC 2.6.1.5) is a liver-specific
enzyme that converts tyrosine to p-hydroxyphenylpyruvate in a

pyridoxal phosphate-dependent transamination reaction.
Regulation of TAT enzyme activity by glucocorticoids, insulin
and glucagon has been studied extensively in the rat (for review
see 1). Induction of the enzyme by glucocorticoid hormones and
cAMP is a consequence of direct transcriptional activation of the
gene (2, 3). Two glucocorticoid response elements (GREs)
activating transcription in a cooperative manner have been

identified 2.5 kb upstream of the transcription initiation site of

the rat TAT gene (4), while an additional regulatory region
essential for full glucocorticoid induction resides at -5.4 kb (5).
TAT genes have been cloned from both rat (6) and mouse (7),
and the complete cDNA sequence for rat TAT is known (8).

EMBL accession nos X52507 X52520 (incl.)

Human TAT enzyme has been purified and shown to be a dimer
of molecular weight 95,500 dalton (9). Induction of human TAT
by glucocorticoids and cAMP has been demonstrated in fetal liver
organ cultures (10, 11).

Deficiency in TAT activity causes tyrosinemia II (Richner-
Hanhart syndrome), a disease showing autosomal recessive
inheritance (for review see 12). From an interest in the molecular
genetics of this disorder, and in the hormonal regulation of the
human TAT gene, we have isolated genomic and cDNA clones
for human TAT. These cloned sequences have been used by us

to assign the TAT locus to the long arm of human chromosome
16 (13), to identify restriction fragment length polymorphisms
for use in linkage analysis and diagnosis in tyrosinemia H (14,
15), and to characterize deletions and point mutations within the
TAT gene in tyrosinemia H patients (16; E. Natt & G. Scherer,
unpublished). In this report, we present the complete exon/intron
structure and exon sequence of the human TAT gene. High
sequence similarity is found when exonic and 5' -flanking regions
of the human and rat TAT genes are compared, but the human
sequence corresponding to the -2.5 kb rat GRE region has highly
diverged. Features unique to the human TAT gene are the
production of two mRNA species and the presence of an Alu
element in the 3' exon.

MATERIAL AND METHODS
Screening of human genomic and cDNA libraries

Two human genomic libraries constructed on Sau3A partial
digests were used, one prepared from placenta DNA (a gift of
N. Blin, Homburg) in the phage vector EMBL3 according to
standard protocols (17), the other made from DNA of a male
Burkitt lymphoma in the vector EMBL3A (library kindly
provided by M. Lipp, Munich). About 8 x iO0 recombinants
from both libraries were screened (18) with pcTAT-3 (19), a rat
TAT cDNA clone covering exons F to K of the rat TAT gene
(6). After three rounds of plaque purification, one clone was

isolated from each library, XhTATI from the EMBL3 library
and XhTAT2 from the EMBL3A library.
The human adult liver cDNA library used (kindly provided

by T. Chandra and S. Woo, Houston; 20) consists of cDNA
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fragments cloned with Eco RI linkers into the EcoRI cloning site
of phage vector Xgtl 1. About 6 x I05 recombinants from this
library were screened sequentially with the following probes: with
pcTAT-3 mentioned above, with pUTAT-EH 0.94, a genomic
clone spanning exons B and C of the rat TAT gene (6), and with
an 0.25 kb EcoRI/PstI fragment from the 5' end of the human
cDNA clone phcTAT2-16.

DNA sequence analysis
Overlapping restriction fragments of the cDNA clones
phcTAT2-16 and phcTAT3a-6 were subcloned into the
sequencing vectors M13mpl8/mpl9 and sequenced from both
strands by the dideoxynucleotide chain termination method (21)
using [a-35S]dATP (Amersham) and a modified T7 DNA
polymerase (Sequenase, United States Biochemical Corp.).
Exon/intron junctions and the 5' and 3' flanking region of the
TAT gene were sequenced accordingly from subclones of the
genomic clone XhTAT1. In addition, some of the DNA fragments
were also sequenced by the chemical method of Maxam and
Gilbert (22). Sequence data were handled by the IBI/Pustell DNA
And Protein Sequence Analysis System purchased from IRL Press
Ltd. (Oxford, England).

Reverse transcriptase-PCR
Total RNA from human liver (3 jAg) was reverse transcribed in
20 p.l using random hexamer primers (Pharmacia) essentially as
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described (23). Of this, 5 yil was added to a 60 Al PCR reaction
containing 10 mM Tris-HCl, pH 8.4, 50 mM KCl, 3 mM
MgCl2, 0.2 mM each dNTP, 0.05% Nonidet P40, 0.05%
Tween 20, 25 ,tg/ml BSA, 10 pmol each primer, and 1 unit Taq
polymerase (Amersham). DNA was amplified by 40 cycles of
94°C for 1 min, 58°C for 1 min, and 72°C for 2 min in a Techne
PHC-1. PCR primers used correspond to nucleotides +36 to +56
in exon A (forward primer), and to the complement of nucleotides
+ 304 to +326 in exon B (reverse primer). The 291 bp PCR
product was cloned into SmaI linearized M13mpl8 and sequenced
from both orientations.

Northern blot analysis and primer extension analysis
Human liver samples (a gift of G. Kovacs, Hannover) and rat
liver, frozen in liquid nitrogen, were ground in a mortar, and
total RNA was isolated from the resulting powder by the lithium
chloride/urea procedure (24). Poly (A)+RNA was isolated using
Hybond-mAP paper (Amersham). RNAs were transferred to
Gene Screen nylon membranes (NEN) after electrophoretic
separation in 1.2% agarose-formaldehyde gels. Membranes were
hybridized with probes labelled by the random primer technique
(25). For quantitation of bands, autoradiographs were exposed
to be in linear range and scanned with a Shimadzu dual wave
length scanner (model CS-930).
For primer extension, a 5' end-labeled oligonucleotide (0.5

pmol, 1 x 106 cpm 32p) complementary to nucleotides +49 to
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Figure 1: Organization of the human TAT gene and sequencing strategy of TAT cDNA clones. A:Exon/intron structure and restriction map of clone XhTATl.
Size in nucleotides of exons A to L (black bars) as determined by DNA sequence analysis (Fig. 2). Intron sizes are given in Fig. 2. I, II, Ill, Alu elements, their
orientation indicated by arrows. XL and XR denote left and right arms of the EMBL3 vector, respectively. Arrows indicate direction and extent of genomic DNA
sequences determined. B:Exon map and restriction endonuclease map of human TAT cDNA. The area representing the coding sequence is hatched, the Alu element
in exon L is indicated. Sequences covered by cDNA clones phcTAT2-16 and phcTAT3a-6 are indicated by black bars. Direction and extent of cDNA sequences
determined are shown by arrows. Restriction sites in A and B are designated as follows: B, BamHI; Bg, BglII; H, HindIII; Ha, HaeIll; Hp, HpaII; P, PstI (in
A, only the Pstl sites flanking the 1.6 kb Pstl fragment from Fig. 4 are indicated); R, EcoRI; [R], EcoRI linker; S, SstI; Sm, SmaI; Sc, Scal.
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-790
TAAAACTGCACAGGTTTC
-G--G -----G--A-C-TT

-650 71-600
AGCTGCCTTGGACACCCTGTGCTTTTCAGCTA+TTGTTGAATGGAACTTAAGTGCCCAAT7GTTC.7ATTGGAG CAAAACTSTGTGGACTGACAAGGATGGGCGTCCAAGATGT

TTG -------- ---CTT-A-TGA-TA-T--- -TTGTT-G--C------G - -C ----- TC-------C----- TG--C----A-AA--AAATT---GCA-

AGGAAGTTAAAAAAAAAITGTTGCCAAACAAGGTGTAGAGCACGATCCTATCTGTGTTTTGAAATCTATGAAATTATGTATCTATGCACCTATATGTAATGTATCTATCTCTGAATGGA
---GCAAAG---T--T--- ( 247 nucleotides

-400 -350
GGGAAAG AGCCTGACCATTACCACCCTCTACCCCTGGGAGTGAGAATGAAGTGTACAGGGAGCAGGTGCAAGGAAGAATGCTCACTTCTTACTTTATATTTCTGTACTGTTAA
---T-TTC-A--AA--TC---T--TTGCT--TAT-CA-------- C-AG ----C----A--AAG--GTACCA ----G-CC---GT--AA --G---------------- CAC

-300 -250
AATTTTAACTGGCTGTTTTGTAAAAAAAATTATAAAAGCTA TCAACTGTAACCAGAAGTACTTTCTGACAGTAGATGTTCTCAAACCATCTCACCAAGTGCCCAGAAAGAGTTAAC
------C-TAAC- ------ GACC ------ T--A --- ----C---CC--C-G-CC--CAC-- -T-------- ---------- A--A-T------------

-200 -150 -100
ACAGGAGAATTCCAGiTGTTTGAAGTGAGAACAAATTCCTGCTTTGAGGGTGGGAGGTGGGCTTAGGGATGAGAGGCAATGA CGGGGGAGAGGAGGAAAGAAGCTGAGGGGAGAGCT

--G---------AC----T--A--G------C--A-A--G--A-----CCCAG-- -T---G-----AA--GCAGAGT-----GTG--GTATGG-GGTAG-TCC--G GG

+1

GGCTGCTGAGTTGTCATTC CCAT ATGAAAGTTTCkAGCCCAACGCCCAT GTGGAG i T G ATCTGAGTTCiTTGCCCCTGTAACCTGTCA
A-GGA--T----C---C--T A----- -C---G-C---GG ----------G-CT--A -- --C---- C----C -C-----CAT-AGA- G--T--GTG

+84 INTRON 1
AAGAAGAGCTAAGGGAGCTTTCGGGGTTGGCTTCTTGGAGGCTGCTTTCTCCTTTACTTGGAAGgtaaaaat ......................(0.61kb)..............

G -G-A------ATA--T------G--G------------ G---GG-------------tccc

1
Met Asp Pro Tyr Met Ile Gln Met Ser Ser Lys Gly Asn Lou Pro Ser Ile Lou Asp

aacatcacagggaacttctttcccctcgcagGCTTCGCTAGTG ATG GAC CCA TAC ATG ATT CAG ATG AGC AGC AAA GGC AAC CTC CCC TCA ATT CTG GAC
A--TT-- T-T--------AG--GC --- --- T-C --- G-- --- --- -C- GAT GT- G-C -A- -G- T-G T-- --- G-- --- --T

Ser Vol Thr Asp Val Asp Asp Ser Ser Val

Val His Val Asn Val Gly Gly Arg Ser Ser Val Pro Gly Lys Met Lys Gly Arg Lys Ala Arg Trp Ser Vol Arg Pro Ser Asp Met Ala
GTG CAT GTC MC GTT GGT GOG AGA AGC TCT GTG CCG GGA AAA ATG AAA GGC AGA kAG GCC AGG TGG TCT GTG AGG CCC TCA GAC ATG GCC
--- --- --- --T A-- --- --- --- -A- --G --A -AA --- -G--AM- --- --- --G-A --- GAC --- --A --- --T--- --- T--

Ile Asn Gln Arg Lys Asp Ser

+331
Lys Lys Thr Phe Asn Pro Ile Arg Ala Ile Val Asp Asn Met Lys Val Lys Pro Asn Pro Asn Lys Thr Met Ile Ser Lou Ser Ile G
MAG AMA ACT TTC AAC CCC ATC CGA GCC ATT GTG GAC AAC ATG AAG GTG AAa CCA MAT CCA AAC AAA ACC ATG ATT TCC CTG TCC ATT Ggt
--T --G --C --- --T --- --- --- --- --C --- --- --- --- --- --- C-G --C --- --G --- --G ---G - T-A----
Asn L2-. Gln Val

79
INTROI 2 ly Asp Pro Thr Val Phe Gly Asn Leu Pro Thr Asp Pro Glu Val Thr Gln Ala Met Lys Asp

gagttg....(0.175kb)....cctcccataaaaagGG GAC CCT ACT GTG TTT GGA AAC CTG CCT ACA GAC CCT GAA GTT ACC CAG GCA ATG AAA GAT
-- --- --- --- --- ------G--- --- --- --- --- --- --- --- --- --A--C --- --- ---

+436 114

Ala Leu Asp Ser Gly Lys Tyr Asn Gly Tyr Ala Pro Ser Ile G INTRON 3 ly Phe Leu Ser Ser Arg

GCC CTG GAC TCG GGC AAA TAT AAT GGC TAT GCC CCA TCC ATC Ggtaagctc.... (2.60kb) ....cactcttttctttcagGC TTC CTA TCC AGT CGG
--- --- --- --- --G --G --C --- --- --- --- --G--- --- - -A- --- --- --- ---

Tyr

+504 137

Glu Glu Ile Ala Ser Tyr Tyr His Cys Pro Glu Ala Pro Leu Glu Ala Lys INTRON 4 Asp Val Ile

GAG GAG ATT GCT TCT TAT TAC CAC TGT CCT GAG GCA CCC CTA GAA GCT AAGgtgagcct.... (1.00kb) ....ttttatttccttcacagGAC GTC ATT
--- --- G-C --- --- --C --- --- --- -A- --- --T --T --G --- --- --- --T --- ---

Val His

Leu Thr Ser Gly Cys Ser Gln Ala Ile Asp Leu Cys Leu Ala Val Leu Ala Asn Pro Gly Gln Asn Ile Leu Val Pro Arg Pro Gly Phe
CTG ACA AGT GGC TGC AGC CAA GCT ATT GAC CTT TGT TTA GCT GTG TTG GCC AAC CCA GGG CAG AAC ATC CTG GTT CCA AGA CCT GGT TTC
------ --C --- --- --T --G --C --- --G --A --- C-- --- --- --- --- --T --T --A --A --- --- --C A-- --- --G --C --G --T

Glu Ile

+663

Ser Leu Tyr Lys Thr Leu Ala Glu Ser Met Gly Ile Glu Val Lys Leu Tyr Asn Leu Leu INTRON 5
TCT CTC TAC AAG ACT CTG GCT GAG TCT ATG GGA ATT GAG GTC AAA CTC TAC AAT TTG TTGgtaaatga.... (0.21kb).... catcctttctctCcag
--C --- --T -G- --- T-- --- --- --- --- --- --- --- --- --G --- --- --- C-C C--

Arg

190
Pro Glu Lys Ser Trp Glu Ile Asp Leu Lys Gln Leu Glu Tyr Leu Ile Asp Glu Lys Thr Ala Cys Leu Ile Val Asn Asn Pro Ser Asn

CCA GAG AAA TCT TGG GAA ATT GAC CTG MAA CAA CTG GAA TAT CTA ATT GAT GAA AAG ACA GCT TGT CTC ATT GTC AAT AAT CCA TCA AAC

--T --- G ------------A---------C -G --C ------A ----G__-_T G--- -C--C--- C --?
ISor Vol

+802 236

Pro Cys Gly Ser Val Phe Ser Lys Arg His Leu Gln Lys Ile Leu Ala V INTRON 6 al Ala Ala Arg

CCC TGT GGG TCA GTG TTC AGC AAA CGT CAT CTT CAG AAG ATT CTG GCA Ggtacgtcc.... (0.55kb) ....catgttttattttcagTG GCT GCA CGG

--- --- --C --C --- --- --T --G --A --C --- --- --- --- T-- --- - -- --- -A- k--
Glu
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+855 254
Gln Cys Val Pro Ile Leu Ala Asp Glu Ile Tyr Gly Asp Met INTRON 7 Val Phe Ser Asp Cys Lys Tyr
CAG TGT GTC CCC ATC TTA GCT GAT GAG ATC TAT GGA GAC ATGgtgagtc.... (0.85kb) ...agtccctcttctcagGTG TTT TCG GA' TGC AAA TAT
--- --- --- --- --- --- --- --C--- --- --- --T --- --- --A --- --- --- --C

Glu Pro Lou Ala Thr Leu Ser Thr Asp Val Pro Ile Leu Ser Cys Gly Gly Leu Ala Lys Arg Trp Leu Val Pro Gly Trp Arg Leu Gly
GAA CCA CTG GCC ACC CTC AGC ACC GAT GTC CCC ATC CTG TCC TGT GGA GGG CTG GCC AAG CGC TGG CTG GTT CCT GGC TGG AGG TTG GGC
--- --- --- --- -A- --- --- --- A-- --T --- --- --- --- --- --T--- --- --- --- --- --- --- --- --- --- --- --- --- ---

Asn Asn

+1008 305
Trp Ile Leu Ile His Asp Arg Arg Asp Ile Phe Gly Asn Giu INTRON 8 Ile Arg Asp Gly Leu Val Lys
TGG ATC CTC ATT CAT GAC CGA AGA GAC ATT TTT GGC AAT GAGgtgataa.... (0.30kb) ...ctgtggtgtctttagATC CGA GAT GGG CTG GTG AAG

- --- --- --- --- --T --- --- --- --- --- --- --- --- --T --- --C --- --- --- --A

Leu Ser Gln Arg Ile Leu Gly Pro Cys Thr Ile Val Gln Gly Ala Leu Lys Ser Ile Leu Cys Arg Thr Pro Gly Glu Phe Tyr His Asn
CTG AGT CAG CGC ATT TTG GGA CCC TGT ACC ATT GTC CAG GGA GCT CTG AAA AGC ATC CTA TGT CGC ACC CCG GGA GAG TTT TAC CAC AAC
--- --- --- --G --C C-- --- --A--C --- --A --- --- --T--- --- --G --- --- --T CAG --A --- --T CAG --- --C --T --- G--

Gln Gln Asp

+1137 348
Thr Leu Ser Phe Leu Lys INTRON 9 Ser Asn Ala Asp Lou Cys Tyr Gly Ala Leu Ala Ala Ile Pro Gly
ACT CTG AGC TTC CTC AAGgtaggc... (0.32kb)....tgcctcttcttgtagTCC MAT GCT GAT CTC TGT TAT GGG GCG TTG GCT GCC ATC CCT GGA
--G T-A --- --- --- --- -- --G --C --- --C --- --- --A C-- --- --- --- --- ---

+1221 376
Lou Arg Pro Va1 Arg Pro Ser Gly Ala Met Tyr Lou Nei INTRON 10 Val Gly Ile Glu Met Glu His Phe
CTC CGG CCA GTC CGC CCT TCT GGG GCT ATG TAC CTC AtGqtgagta.... (1.10kb) ...ctcctottggtatagGTT GGA ATT GAG ATG GMA CAT TTC

-A- --G --- --- --- --- --A--C --- --- --T - --G --- --- --- --- --G --- ---

Gln

+1320
Pro Glu Phe Glu Asn Asp Val Glu Phe Thr Glu Arg Lou Val Ala Glu Gin Ser Val His Cys Lou Pro Ala Thr IHTROH 11
CCA GAA TTT GAG AAC GAT GTG GAG TTC ACG GAG CGG TTA GTT GCT GAG CAG TCT GTC CAC TGC CTC CCA GCA ACGqtgggtgc.... (0.44kb)
--G --- --C- C --- --- --- --A --- --- --G A-- --G --- --- G-- --- --- --T --- --- --- ---

Ile Ali

409
Cys Phe Glu Tyr Pro Asn Phe Ile Arg Val Val Ile Thr Vai Pro Glu Val Hot Met Leu Glu Ala Cys Ser Arg

acagactcttctttttgcagTGC TTT GAG TAC CCG AAT TTC ATC CGA GTG GTC ATC ACA GTC CCC GAG GTG ATG ATG CTG GAG GCG TGC ACC CGG
C--- --- --A --- --- T-- --- --- --- --- --- --- --- --- --- --- --- --- --- --T --T --- ---

Phe

454
Ile Gin Glu Phe Cys Glu Gin His Tyr His Cys Ala Glu Gly Ser Gin Glu Glu Cys Asp Lys Ter
ATC CAG GAG TTC TGT GAG CAG CAC TAC CAT TGT GCT GAA GGC AGC CAG GAG GAG TGT GAT AAA TAG GCCTGCATCCATTCTCCTGAGGATGTGTCCCA
------ --- --- --- --A --- --- --- --C --- --- --- --- --- --- --- --- --- --C --- --A ---CT--C--G-C-------A--CA-------

TCTAGGGAAGGCTGGACTAGGCCTTGCGGCTCCTCAGGGACTCAGGTGGCCCTACTGGGAGAGCCCCTCAAATGCACCATGTCAAGGGTTCkAGATTGTTCCTGCTTTTCCCCAAGTAC
CGC-A---C--T-----G-A--GCT- ----------- GC--MA--T-T--GA-M-------AA ----T--A-GCA-G---AC--G---- CA--T--C---CC ---- TT

AACCACACCCACACTCAGATCCTCCTCATTCACATCGCAGATTACTCCCTTGCTCTGCGCTGCTAGAGTGACTCACTAATTCATTkATCTGCCTCCCTCTCGTkAGATTCCTTCTTTTT
------ --G--CGC-T GCA-A-C----CCC------ A---A-TT-----G---CC-TGAG--C- -----C---A-C-C --ACT-CC--

TTCTTGAAGTACCAGGTGAACAAAGTTTACCAGkAAGCAGTTGAGACMGAMATA AGAGCTCAGGATGAGGGAAMAGAAAAAGATTGAGAGATTTGTGCCCCCAACCATTTCCTCA
A--C---CGG---T--- --C-- ------------ A--C--G-C ------- G-G ---------------A---GCAG--G-CGGA-GA -GCCT-T ----C----------G

GACTCTAAMAAAGMACACGCTCTCTCCAGGCAGGTCTGAAGCTCMACTCTCTTATTGCCTCACTTCAGGTATACCTCACTTTACACAATAGAATT ATAACTG
TG--G --ATC----T---T------G---- -CA-----G-- GC-G--------C-GG--- -CC-CACTCCTCGTGGTACAGCTAC--CA

G GAAGMGTTGGCGACACAT GTATTTGGTGATTACATTTTAAACACATTAGGAAAAGTTGCTATTTGMA CTTTTTATTGATTTTTGGGCGGAGTAAAGAaTTATTTTGT
--C------C-A----TTG-GAAT-CA-T-A---GT---C---------C------ C---A-G---A--GGATCCCTGA-AGAA-T--T------ATTTTTT-----G----------C

GATCCAGAACATATC CAMTAATTACTCGACTTGCCAGA ATT TCACTTTGTCATGCATA TCA T TATT ACTTTTTAGAGAAGTTCAATATAACTTTATTAT
-C-G---G------T-C-AGCTT-C-A-C-C-----A---- --TC--T-AGAC--- C-ACT--TC--G-A--A- C----C-

TCTTTGTTCTTCTTTTTATTTTGAGATGGAGTCTTGCTCTGTCGCCCATGCTGGAGTGCAGTGGCGCGATCTCGGCTCACTGCAACCTCCACCTCCTGGGTTCAAGCGATTCTCTT

GCCTCAACCTCCCAAGCAGTTGGGACTACAGCGCTGAGCCACCATGCCCGGCTAATTTTTGTATTTTTAGTAGAGACACGGGTTCACCATGTTAGCCAGGCTGGTCTCAAACTCCTGACCI

TCAGGCAATCTGCCCGCCTSGGGTCTCCTAAAGTACTGGGATTACAGCGTGSAGCCACCTC GCCCAGCC GCATCAGGCTTCCm8SLAAGTGAGAGCCACGCCTGTACTA GAGCAAGCAG
-T------T----C----A-AG---G--A--- C---GAAG---A---A--

GAATCAGAGACCT TCCAGAAATACTACTGTGTkAGGGCCAGkAATATCTTCAC TTGTCATTGTTATATAATCAT TATT ACTTTTGCTGTAATGTTAATATTGATTTATTAATA
-G-C-G---CG---C--T---CG-CTT-GC-------CA--A--- C------CTCC-----T-CTC G--G------A---AGCC-------- -A-C----G-G------------- G---
TA TATTATCTTTTCATACATTTTC TAAGAkACATTTATATTGATAAGATCTTTTATTTTG CAAGGGCATAkATTATTGTTTTTCTTTTTTTTTTTTTAATAAATTT CACCAA
-TTGTAA----A--------T-----C----------------- -----GC-----------T-----------------T--- ----A----- GA------AA-TT-T---

3-61
+2754
GTATGGCTCTTCTGTGATGTGTTTTTTTCTC
A. (A) n
+2362

Figure 2: Sequence of the 5' flanking region and of exons A to L of the human TAT gene and comparison with the rat TAT sequence. Human TAT sequences
are given in the upper lane, rat TAT sequences (6, 8, 28) in the lower lane. Sequences are aligned to maximize for identities, indicated by dashes in the rat sequence,
while empty spaces denote gaps. Nucleotide position +1 corresponds to the transcription start site and position +2754 to the 3' end of the rat TAT cDNA at position
+2362 (8). Nucleotides 5' to position +1 are given negative numbers. Sequences at the end of introns are in lower case, and the intron lengths determined by
heteroduplex analysis and restriction mapping are given. The 5' end in exon B of phcTAT2-16 and the 3' end in exon L of phcTAT3a-6 are indicated. The predicted
amino acid sequence for human TAT is shown above the nucleotide sequences, while amino acid differences in rat TAT are written below. The lysine residue at
codon 280 that binds the cofactor pyridoxal phosphate in rat TAT (30) is marked by an asterisk. Ter, stop codon. Numbering at end of exons is for nucleotides
and at beginning of exons C to L for amino acids. TATA- and CAAT-like sequences are boxed, as is the TGTTCT motif of the GRE V element. Two AATAAA
signal sequences in the 3' non-coding region are overlined, and the polyadenylation site of cDNA clone phcTAT2-33 is indicated by an arrowhead (see Fig. 3).
The Alu element in exon L is boxed, the flanking direct repeats are marked by arrows.
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+65 in exon A was hybridized to 50 tig human liver total RNA
at 50 °C for 2 h, followed by incubation with reverse transcriptase
at 42 °C for 1 h, exactly as described (26). A 600 bp genomic
EcoRI/HindiI fragment spanning exon A was cloned in
Ml3mpl8 and served as template for dideoxynucleotide
sequencing (21) using unlabeled dNTPs and the same 5' end-
labeled oligonucleotide primer. The sequence reaction products
were run in parallel with the primer-extended fragments on a

12% polyacrylamide, 7 M urea sequencing gel.

RESULTS AND DISCUSSION
Structure and sequence of the human TAT gene and
comparison with the rat TAT gene sequence

Using the partial rat cDNA clone pcTAT-3 (19) as probe, we

isolated two phage clones from two different human genomic

libraries. The restriction map of one of the clones, XhTATI,
which contains the entire human TAT gene, is shown in Fig.
IA. This clone carries a 15.2 kb insert with 3.5 kb of 5' flanking
DNA, 10.9 kb of gene sequences, and 0.8 kb of 3' flanking
DNA. The second clone, XhTAT2, carries an insert of 15.3 kb
and extends a further 2.5 kb in the 3' direction (not shown). From
a human adult liver cDNA library, a total of 15 cDNA clones
were isolated and characterized in detail. Analysis of heteroduplex
molecules formed between cDNA and genomic clones (not
shown; 27) and comparison with the exon/intron maps of rat and
mouse TAT genes (6, 7) revealed that cDNA clones phcTAT2-16
and phcTAT 3a-6 represent most of the human TAT cDNA. To
obtain the complete sequence of the human TAT gene exons,

appropriate fragments from these cDNA clones were sequenced
according to the sequencing strategy shown in Fig. 1 B. In
addition, genomic sequences from clone XhTAT1 were obtained
(Fig. 1 A) from 700 bp of 5' flanking sequence, from 3' flanking
sequences, and from restriction fragments spanning the
exon/intron boundaries.
The resulting human TAT sequences are presented in Fig. 2

and compared with sequences from the promoter region of the
rat TAT gene (6, 28) and from a complete rat TAT cDNA clone
(8). A sequence of 84 nucleotides about 600 bp from exon B
was identified as the first exon of the human TAT gene by its
sequence similarity to the 73 nucleotide exon A of rat TAT. To
identify the exon/intron boundaries for intron 1, a cDNA clone
obtained by reverse transcriptase-PCR using primers from exons

A and B was sequenced (see Material and Methods). All
exon/intron boundaries could thus be identified unequivocally by
comparison of human TAT cDNA with genomic sequences, all
conforming to the GT/AG splice junction rule (29).
The transcription start site of the human TAT gene was

determined by primer extension analysis using an oligonucleotide
complementary to nucleotides +49 to +65 in exon A as primer.
A single transcription start site at nucleotide +1 was observed
(not shown), which coincides with the major start site in the rat
TAT gene (6, 8). The sequence of cDNA clone phcTAT3a-6
spans almost the entire exon L, but terminates 82 nucleotides
5' to a polyadenylation signal sequence AATAAA found in the
genomic sequence. As this polyadenylation sequence is conserved
and functional in the rat, and as the surrounding sequences are

highly conserved in the two species, we expect the 3' end of exon
L to be at position +2754, as indicated in Fig. 2. The human
TAT gene thus spans about 10.9 kb. This compares with a size
of 11 kb and 9.2 kb for the rat (6) and mouse (7) TAT genes,

The total size of the human TAT exons of 2754 bp as given
in Fig. 2 is in good agreement with the size of the major TAT
mRNA species of about 3000 nucleotides obtained from Northern
blots (Fig. 3) considering the poly A tail. An open reading frame
starting with the ATG codon at position +97 in exon B and
terminating with the TAG stop codon at position + 1459 in exon
L codes for a 454 amino acid protein of molecular weight 50,399
dalton which is in reasonable agreement with the value of 95,500
dalton reported for the purified human TAT dimer (9). The
sequence identity between the human and rat TAT mRNAs
(counting deletions and insertions like single nucleotide
substitutions) is 58.7% in the noncoding regions and 87.1% in
the coding region. The sequence identity between the two TAT
proteins is 91.6 %. This identity goes up to 95.2%, if one
excludes the first 78 amino acid residues coded for in exon B,
where 20 of the 38 amino acid substitutions are found. The
clustering of amino acid changes in the amino terminal segment
of the TAT protein is in keeping with the fact that the first 64
amino acid residues of rat TAT can be released by trypsin
treatment without any loss of enzyme activity (30).
The 5' flanking regions of the human and rat TAT genes show

large stretches of sequence conservation (Fig. 2). In footprinting
experiments, multiple protein binding sites have been identified
in the rat TAT gene, covering most of the first 200 bp upstream
of the cap site (31). This region shows about 64% conservation
in the human sequence. A 41 nucleotide stretch from -595 to
-635 showing 83% sequence identity includes the conserved
hexanucleotide TGTTCT, the highly conserved 'right half'
sequence of the 15 nucleotide GRE consensus (4). Five such
sequences are found within the first 2900 bp in the 5' flanking
region of the rat TAT gene (U. Strahle, personal communication;
28). However, only GRE II and IH at position -2500 are
functional, while the other three, including GRE V, are not (4;
see also below).
The human TAT gene is the second gene coding for a

transaminase the exon/intron structure of which is known at the
DNA sequence level, the first being the mouse gene for
mitochondrial aspartate aminotransferase (AAT) (32). Marginally
significant alignments of rat TAT with the cytosolic and
mitochondrial isoenzymes of vertebrate AAT have been described
yielding about 13% amino acid identity (30, 33). However, these
alignments are not reflected in a conservation of exon/intron
junctions in the genes for human TAT and mouse mitochondrial
AAT.

Alternative poly A addition sites in the human TAT gene
In the 3' untranslated region, there are two polyadenylation signal
sequences AATAAA, at positions +2070 and +2738 (overlined
in Fig. 2). Both are conserved in the rat, but only the 3' signal
is used in this species, giving rise to a mRNA of about 2400
bases (19; Fig. 3 C). Two mRNA species with sizes of about
3000 and 2300 bases are found, however, in human liver RNA
hybridized with a TAT cDNA probe 5' to position +2070 (probe
A, Fig. 3 B, C). If a probe 3' to position +2070 (and 3' to the
Alu element in exon L) is used, only the larger mRNA species
is seen (probe B, Fig. 3 B, C). This indicates that the smaller
transcript, which by densitometry of the Northern blot
autoradiograph makes up about 10% of the amount of the larger
transcript, could in fact result from use of the polyadenylation
signal at +2070. This interpretation is corroborated by sequence
analysis of cDNA clones (Fig. 3 A). While clone phcTAT2-16respectively.



3858 Nucleic Acids Research, Vol. 18, No. 13

A~~~~~~. ,. I.; %.
A hTAI 2 1t; Il:Al 1 I TGCGG:;I;[;Ar;A I AAAGAA !AlhI Il; A1" LA;CAAATAhX 2 lK A A,A

ph(-TAt: :a f, ;-h I GE Tr .A; AAGA I IAI.l' A IfCCAAATAAAAAAI i AA A7 sA i, -AAr -Ah;A i

B p hclt I A 'Pt f;B . "flcAl 3

ph(-:TIA ? -3X.
B hr TAT 7 II'

F XON

CA HA hi T IA;l AGAAG i TA 1'1, TL*!TirrAA A AA AhA I Li .1 AA lA `- .
: .; :' ",;,.;

---/F----- -.=___=- = - . - (A)1

[7X(717-7717 ;.; i,,'_.... ;

AA , r *l

PilOB f- S

A
R ANSJ:FI 11F' F

Bt
2.3

t
3.0

A
r~~~~
HL RA A B

I r-- I

HL HL
tot tot

w ~~-Q 3.Q

..a.- s- 2.3

Figure 3: Two mRNA species from the human TAT gene. A:The 3' sequences of cDNA clones phcTAT2-16 and phcTAT2-33 in comparison with the sequence
of clone phcTAT3a-6. The polyadenylation signal at +2070 is overlined and the EcoRI cloning linkers are boxed. The poly A addition site at +2090 in clone phcTAT2-33
is indicated; the poly A stretch is underlined. B:Alignment of the 3' ends of the cDNA clones shown in A with exon L. Restriction sites are designated as in legend
to Fig. 1. The position of the two polyadenylation signals in exon L are indicated (see Fig. 2). Arrows indicate the poly A addition sites of the 2.3 kb and 3.0
kb transcripts. Probe A, 660 bp BamHI/EcoRI fragment from phcTAT2-16. Probe B, 300 bp ScaI/EcoRI fragment from phcTAT3a-6. C: Northern blot analysis
of poly(A)+ RNA (A+) and total RNA (tot) from human (HL) and rat liver (RL). 5 ug of poly (A)+ RNA and 50 ptg of total RNA were separated on 1.2%
agarose/formaldehyde gels, transferred to nylon filters and hybridized to probes A or B (shown in B). The size in kb of the rat TAT mRNA (19) and of the two
human TAT transcripts are indicated, deduced from 28 S and 18 S ribosomal RNA run in parallel (not shown). Note that the two left and the two right lanes are
from different experiments.

terminates at position +2073 within the polyadenylation signal
sequence, another cDNA clone, phcTAT2-33, extends for some
nucleotides downstream up to position +2090 and then terminates
in a run of 16 A residues, not found in the cDNA sequence of
phcTAT3a-6.
We note two sequences with significant homologies to sequence

motifs frequently found 20 to 50 nucleotides 3' to functional poly
A signals. The sequence TTGCCAAATTTA, 20 nucleotides 3'
to the poly A signal at + 2070, resembling the 12bp motif
TTG/ANNNTTTTTT (34), and the sequence TGTGTGCA at
position + 2111, with similarity to the 8 bp consensus motif
YGTGTTYY (35). Only very weak homologies to these motifs
are found in the corresponding region 3' of the non-functional
poly A signal in the rat. Grange et al. (8) mention a weak
Northern blot signal compatible with a rat TAT mRNA
polyadenylated in relation to this poly A signal, but no data are

shown. We, and others (3, 19) have not observed such a rat
mRNA species. If it exists, it must amount to less then 1% of
the 2.4 kb mRNA species.

Alu element insertion in the TAT 3' exons in humans, apes
and old world monkeys

Within the 3' untranslated region of the human TAT gene, a
complete Alu element is found at position +2131 to +2481
(boxed in Fig. 2), which shows 90% sequence identity to the
Alu consensus sequence of Kariya et al. (36). It is inserted in
opposite transcriptional orientation relative to the TAT gene and
carries a typical A rich stretch at its 3' end, which is interrupted
by an unusual sequence of 18 nucleotides (CTTATATTGAA-
CTTCTCT, written from the Alu 'sense' strand). None of the
41 Alu elements analyzed by Karya et al. (36) show such a long
and atypical sequence within the 3' A rich region. The Alu
element is flanked by a 15 bp perfect direct repeat (indicated by
arrows in Fig. 2). This repeat corresponds to a sequence found
only once in the rat TAT cDNA, at position 2080 to 2094 (8),
and deviates from this sequence at 3 positions. Therefore, the
flanking direct repeats are the consequence of the Alu element
insertion into human TAT exon L.

C.
3.0

2.4 -..
2.3 --
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ALU I ALU II

- 4 100 bp

Be -3520 GACCTGCAGG TCAACGGATC CAGTTTTAGC AAAGAACCCT GAGTCATTTT GGCAAGATTT CCCACCCTGC ATATCTGACC AGGTTCCTCA TTCTTTGCCG

-3420 TCCCCCAGGG AATGTTTGGT CACCATGGCC TGTCTTCAAG CAGGATGACA CTGACACTGG CCTTCTAGTT CAGTTTAGCA GAATCCCCTT ACTCCTGATG

-3320 ATTCCTCTTA CTTTTTCCAT CCTTGGCTAT AUTCCACAC TTGCCATCAC CATATTTGGA GTTGkATCCA ATTTCTCTTC CCCACTGGAA UATCCATTGC

-3220 AGTGGGCCGT CTAGCTATTG GAATGGTCCT GAATAAAGTC TGCCTTACCA TGCTTTAACA AGTGTTATTG AATAATTTTT TTTAACACCT CTGAGTCTCT

-3120 GTCCACCTGA GAACCACTAC AGTAACACTC AGTGAGGTAC CTGTGTCATC TCTCAAGCAC AGTATATTGT CATGACAGGT AGTCTGAACT CCAAGAGGTT

-3020 GTTCAkATTA kACATATTTG CATTGCTTTC GTCTTTGTAT AGTCCGTAAT TGAAACTATC CCTCAkATkA CAGGATATGC ATAkkAGTTC TCTATCkATC

-2920 ATGAATGTAC kAGGAGATTC GATAT ATTTTTTATT TTATTTATTT ATTTATTGAG ACAGAGTCTG GCTCTGTCGC CCAGGCTGGA GTGCAGTGGC

-2820 GCGACCTCAG TTCACTGCkU GCTCCGCCTC CCGGATTCAT GCCATTCTCC TCCCTCAGCC TCCCGAGTAG CTGGGACTAC AGGCACCCGC CACCAGGCTG

-2720 GGCTkACTTT TGTATTTTTA GCGGAGATGG GGTTTCACGG TGTTAGCCAG GATGGTCTCC ATCTCCTGAC CTCGTGATCC GCCTGCCTCA GCACCCCAkA
ALU I--rALU 11

-2620 GTGCTGGGAT TATAGGCGTG AGCCACCACA CCAGGCTATT TATTTTTATT TTTTATTTTT TGAGACGGAG TCTCACTCTG TCGCCCAGAC TGGAGTGCAG

-2520 TGGCACGATC TCGGCTCACC ACkACCTCCA CCTCCTGGGT TCkAGCGATT CTCCTCCCTC AGCCTCCTGA GTTGCTGGGA TTACAGGTGT GCACCACTGT

-2420 GCCTGGCTAA TTGTTGTATT TTTAGTAGAG ATGGGGTTTT GCCATGTTGG CCAGGTTGGT CTTGAACTCC TGATCTCAGA TGATCTGCCT GCCTTGGCCT

-2320 CCkkUGTGCT GGGGTTACAG GCATGAGCTG CCACGCCCAG C ACACATT ATTAAGATTT TAAkkkAGC kAGCTAC~CCCTGT CCAATAGACA

-2220 GAATGCAAGC CACATAGTGA CCTCAkATTT CCTAATAGUA ATATTTTkAG ATATAAkkAC AUTAGGTGA AATTAATTTA AGAATGTATT TTATTTTACT

-2120 CAGCACACCA TGTATTTTAT TATCATATAT TTTATTATAT ATATTTTATT ATATATATAC CGGTGTACTG AGGAAAATAC ATTTTTATAT ATATATACAT

-2020 ATATATATAT ATATATATAT ACATATATAT ATATATATAT ATATATATAT TTTTTTTTTT TTTTTTTTTT TTTCTGAGGC kAGGTCTCAT TCTGTCACCC

-2970

HUMAN TGAAACTATCCCTCAAATAACAGGATATGCATAAAAGTTCTCTA
RAT GAAAACTATCCCATAAATAACAGGAA GCCCAAGG mA

-2894 -2558

HUMAN TCAATC ATGAATGTACAAGGAGATTCGATATGOTTATTTTTAT ALU I

RAT CCAATCTCTG CTGTACA i I T TACMAGC AATCTGAAAfGT CCMCAT ACAGC A ATCCTGCGTA GTCGCCTGTCGGYTT

-2489|GE1i
87 134

61 -2404 AGAGTGAGTTCCAGGACAGCCAGGGCTACACAGAGAAACCCTGTCTNN A

RAT CTGGGTGTGGTGGTATAGCCCTGTAATCCCAGCATMTGGGAAGCTGAGGTGGGAGGATCGG GAGrTCAAGGTCAGCTTGGGCTACTTAGAAAGACCTrGTCTCAAAAGAAGTGGAGG

B1 CCGGGCGTGGTGGCGCACGCCTTTAATCCCAGCACTCGGGAGGCAGAGGCAGGCGGATTTCTGAGTTCGAGGCCAGCCTGGTCTAC
9 9

-2278 86
HUMAN ALU II ACGCCCAGCACACATTATTAAGATTTTAAAAAAAG CAAGCT CCTGTCCAATAGAC*^ **-~~~~~~CA-*-*AT ;A*G*A*-**C**G*C*AT**CC*A * T*T*TTCATAAARAT GGGGGTGGTGGTGGTGGTGGTGGTGGTGTAAAATTGATCTCTTTGTATGATAATGTCCATACAATATATTATATTGAAACAGTCATGCCA AA TTTTGTTCAGTAAT

-2174 -2230

HUMAN AGGATGCAAGCCACATA GTGACCTCAATTTCTAATAGAAATAT

RAT GT*ACATCACATAAG*TAA*CTCAAATMTAGAAGGGATA ATIT

-2130

Figure 4: Sequence of the -3.5 kb to -1.9 kb region of the human TAT gene and comparison with sequences from the -2.5 kb rat GRE region. A:Restriction
map of the 1.6 kb PstI fragment from the left end of the XhTATI insert (see Fig. 1). The righthand PstI site at positon -1900 is defined by restriction mapping,
not by sequencing. Alu elements I and II are represented by hatched boxes, the position of the GRE IV motif is indicated. Arrows indicate direction and extent
of DNA sequences determined. B:DNA sequence from position -3520 to -1921. The two Alu elements are boxed, as is the conserved GRE IV motif. C:The
rat TAT sequence from position -2558 to -2130 (4, 28; U. Strahle, personal communication) in comparison with the human TAT sequence (position -2970 to
-2174), and with the B1 mouse consensus sequence (38). Sequences are aligned to maximize for identities, indicated by asterisks, while empty spaces denote gaps.
Only the beginning and end of the human Alu sequences are shown, while the rat sequence is given uninterrupted. The highly conserved hexanucleotide motifTGTTCT
or AGAACA of the GRE consensus present in the rat GRE elements II, III and IV are boxed.

The fact that the sequences of the Alu flanking repeats are still experiments were performed with different primate DNAs, using
identical, but differ in 3 out of 15 nucleotides from the rat a probe 5' to the Alu element (probe A from Fig. 3) and
sequence, could point to the Alu insertion as a more recent event appropriate restriction enzyme cuts. These experiments
in primate evolution. To address this question, Southern blot demonstrated presence of the Alu element in DNA from human,
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apes and gibbon, all hominoids, and also in the African green
monkey, a cercopithecoid (data not shown; 27). Therefore, the
Alu insertion into the TAT 3' exon must have occured before
the split of the cercopithecoid and hominoid lineages 25-34
mlltion years ago (37). Results obtained for a new world monkey
and a lemur were not conclusive.

Alu insertions interrupt 5' flankin sequences with similarities
to the -2.5 kb rat GRE region
Part of the glucocorticoid induction of the rat TAT gene is
mediated by two GREs, GREII and GRE IH, located about 2500
bp from the start site of transcription (4). To search for conserved
sequences, a 1.6 kb PstI fragment from the left end of the insert
in XhTAT1 (Fig. 1) was subcloned, and its sequence determined
according to the strategy shown in Fig. 4 A. A prominent feature
in the resulting sequence, which spans positions -1921 to -3520
(Fig. 4 B), are two complete Alu elements arranged as a head
to tail dimer, labelled Alu I and Alu II in Fig. 4. Their orientation
relative to the TAT gene is the same as for the Alu element in
exon L (Fig. 1 A). Both elements show the typical A rich
sequence at their 3' ends and have sequence indentities to the
Alu consensus (36) of 86% (Alu I) and 88% (Alu II), but are
not flanked by direct repeats.
A comparison of the sequence from Fig. 4 B with the sequences

from positon -2100 to -2900 of the rat TAT gene in a dot
matrix analysis (not shown) revealed only two short stretches
of sequence identity just at the sequences flanking the Alu
elements. A detailed analysis of the respective human and rat
sequences is shown in Fig. 4 C. Beyond the sequence stretches
shown, the sequence similarities break off completely. The region
5' to Alu I shows similarities to rat GRE II and adjacent
sequences, while the sequences 3' to Alu II are clearly related
to rat sequences around the non-functional GRE IV element, with
complete conservation of the highly conserved hexanucleotide
AGAACA of the 15 nucleotide GRE consensus sequence (4).
The corresponding sequence TGTTCT of the functional rat GRE
II is mutated to GATTCG in the human sequence, while the motif
TGTACA, the less conserved 'left half' hexanucleotide of the
GRE consensus, is unchanged. However, the two hexanucleotide
motifs are separated by four instead of three nucleotides by an
additional A residue (human position -2909). Due to these
sequence changes, it is highly unlikely that GRE II can still
function in the human. The GRE IH element is completely
missing from the human sequence and is replaced by the Alu
elements. As might be expected, the 1.6 kb Pst I fragment does
not confer glucocorticoid inducibility on a reporter gene in gene
transfer experiments (C. Reinhard and G. Scherer, unpublished
data). The conserved GRE V element at position -620 (Fig.
2) is likewise inactive. The regulatory elements responsible for
the observed steroid induction ofhuman TAT (10, 11) must reside
elsewhere, possibly further upstream as recently demonstrated
for an additional regulatory region at -5.4 kb in the rat TAT
gene (5).
The presence of Alu elements within this region of the human

TAT gene lead us to search for the Alu related Bl element in
the corresponding region of the rat TAT gene. Such an element,
not noticed previously, is found 3' to rat GRE III, starting at
position -2404. The B1element is not complete, and can best
be aligned with the 134 nucleotide B 1 mouse consensus sequence
(38) in the way shown in Fig. 4 C. It terminates in a very short
A stretch, and is not flanked by tandem repeats. The finding of
a rat Bl element at a position corresponding to the two human

Alu elements is intriguing; however, as these elements are

inserted in opposite orientation in their respective host sequences,
a causal evolutionary relationship between them is not easily
envisaged.
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