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ABSTRACT Several clones specific for tyrosine hydroxy-
lase [tyrosine 3-monooxygenase, L-tyrosine, tetrahydropteri-
dine:oxygen oxidoreductase (3-hydroxylating), EC 1.14.16.2]
have been identified from a rat PC12 library by using the pre-
viously characterized clone pTH-1. The most complete of
these, pTH-51, is 1758 base pairs long and covers most of the
length of the mRNA, including the entire coding and 3' un-
translated region. The polypeptide has an estimated molecular
weight of 55,903 and some of its characteristic features are
discussed.

Tyrosine hydroxylase [TyrOHase; tyrosine 3-monooxygen-
ase; L-tyrosine, tetrahydropteridine:oxygen oxidoreductase
(3-hydroxylating), EC 1. 14.16.2], the rate-limiting enzyme in
the synthesis of catecholamines, has been intensively inves-
tigated because of its key role in the physiology of adrener-
gic neurones. The regulation of its expression is under devel-
opmental control (1) and its synthesis can be induced in vivo
by nerve stimulation (2, 3) or by treatment with reserpine (4-
6) or steroids (7). Also, multiple kinase activities may be in-
volved in the short-term regulation of catecholamine biosyn-
thesis by afferent activity (8-13).
As an initial step to determine the molecular mechanism

by which the gene is expressed, we have recently reported
the identification of cloned recombinant cDNA encoding
this enzyme (14).

In this paper, we describe the selection of other cDNA
clones specific for rat TyrOHase that cross-hybridize with
the previously isolated pTH-1 clone (14). One clone contains
the entire coding and 3' untranslated region of TyrOHase
mRNA. From the nucleotide sequence of the cDNAs, we
have deduced the entire amino acid sequence of this previ-
ously uncharacterized protein.

MATERIALS AND METHODS
Materials. Enzymes, except stated otherwise, were from

Bethesda Research Laboratories. Reverse transcriptase was
obtained from J. Beard (Life Sciences, St. Petersburg, FL).
DNA polymerase I, terminal deoxynucleotidyltransferase
from calf thymus, oligo(dT)-cellulose (T7), and the 17-base
synthetic M13 primer were from P-L Biochemicals. Nitro-
cellulose filters were purchased from Millipore (HAWP
type). [a-32P]dNTPs (>400 Ci/mmol; 1 Ci = 37 GBq) were
purchased from the Radiochemical Centre.

Construction and Isolation of TyrOHase cDNA Clones.
Polyadenylylated mRNAs were obtained from PC12 cells as
reported (15). Double-stranded cDNA was synthesized as in
ref. 16 and fractionated in a 5-20% sucrose gradient. The
longest molecules [>'600 base pairs (bp)] were inserted into
the Pst I site of pBR322 by oligo(dGdC) tailing (17). The
recombinant plasmids were used to transform Escherichia
coli strain MC1061 (18) by the efficient procedure described
by Hanahan (19). Colonies were plated at high density on 22-

cm-square nitrocellulose filters overlying LB agar containing
15 ,ug of tetracycline per ml according to Grosveld (20). Ap-
proximately 50,000 recombinant clones were obtained from
5 ,g of poly(A)+ mRNA. Colonies on duplicate nitrocellu-
lose filters were lysed as described by Thayer (21) and
screened under stringent conditions by in situ hybridization
with the pTH-1 insert, 32P-labeled by nick-translation (22) (2
x 108 cpm/;.&g). Filters were prehybridized for 2 hr at 65°C
with 0.45 M NaCl/0.045 M sodium citrate (3x NaCl/
Cit)/lOx concentrated Denhardt's solution (Denhardt's so-
lution = 0.02% polyvinylpyrrolidone/Ficoll/bovine serum
albumin)/0.1% NaDodSO4/10% dextran sulfate and contain-
ing denatured sonicated E. coli and salmon sperm DNA at 50
,ug of each per ml. The filters were then placed in a fresh
sample of the same solution and denatured hybridization
probe was added. Hybridization was permitted to take place
at 65°C for 18 hr. The filters were then washed at 65°C five
times for 30 min in 3x NaCl/Cit/lOx Denhardt's solu-
tion/0.1% NaDodSO4 and then four times successively in
2x NaCl/Cit, 0.3 x NaCl/Cit, and 0.1 x NaCl/Cit/0. 1% Na-
DodSO4. The filters were exposed on Fuji RX x-ray film.

Nucleotide Sequence Analysis. The cDNA inserts were ex-
cised from the plasmids by restriction endonuclease diges-
tion using Pst I. The inserts or their fragments were separat-
ed on 1.2% agarose gels, electroeluted from the gel on
DEAE NA 45 membranes (Schleicher & Schull), extracted
with phenol, and precipitated with ethanol. DNA sequences
were determined by the chain-termination method of Sanger
et al. (23) after subcloning the restriction endonuclease frag-
ments into M13 mp8 or mp9 phage vectors (24). A commer-
cially prepared oligonucleotide complementary to M13 mp8
and mp9 was used as a primer for the Klenow fragment of E.
coli DNA polymerase I.

RESULTS
Construction, Identification, and Sequence of the TH cDNA

Clones. The longest cDNA insert of the previously isolated
clones contained only 742 bp (pTH-1) and could not include
the complete coding sequence of TyrOHase mRNA. Its re-
striction map is shown in Fig. 1. The nucleotide sequence
was determined by the chain-termination method of Sanger
et al. (23) following a strategy illustrated in Fig. 1. pTH-1
contained only one open reading frame and its orientation
could be established. However, its position relative to either
the 5' or the 3' end could not be determined.
To obtain longer clones, another cDNA library containing

=50,000 bacterial transformants was constructed. Recombi-
nant plasmids were then tested by in situ hybridization for
their ability to hybridize with the nick-translated pTH-1
DNA insert under the stringent conditions described in Ma-
terials and Methods. A total of 160 colonies gave a positive
signal. First, 15 of them were chosen at random and the re-
striction pattern of these clones were examined. One clone,
named pTH-10, was further analyzed because its restriction

Abbreviations: TyrOHase, tyrosine hydroxylase; bp, base pair(s).
*To whom reprint requests should be addressed.
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FIG. 1. Sequence analysis strategy for pTH-1, -10, and -51. Relative positions of restriction endonuclease sites used to generate fragments
for analysis are shown at the top. The coding sequence is indicated by the thicker line. Nucleotide numbers are as in Fig. 2. Horizontal arrows
indicate the extent and direction of sequence determination. The entire sequence of the coding region was determined on both strands.

pattern indicated that its insert had little overlap with pTH-1
and had sequences corresponding to the 3' end. Its restric-
tion map is shown on Fig. 1 and the corresponding sequence
revealed that it contained 575 bp including a poly(A) tail
composed of 15 residues. The overlapping sequences be-
tween pTH-1 and pTH-10 showed perfect homology. To
identify clones containing the 5' sequences, the 145 other
positive TH cDNA clones were hybridized with a single-
stranded probe transcribed from a recombinant M13 phage
DNA template containing the Pst I/Sma fragment located at
the 5' end of pTH-1. Only two clones responded positively.
The longest one, named pTH-51, had an insert of 1786 bp. It
also contained a poly(A) tail and its sequence was estab-
lished from the Sma site also present in pTH-1 to the 5' end.
Allowing for -100 3' deoxyadenosine residues and consider-
ing that the TyrOHase mRNA has an estimated size of 1900
nucleotides (14), this clone must be almost full length.
The sequence of pTH-51 showed that an ATG codon is

located 12 nucleotides from the oligo(dGdC) tail at the 5'
end (Fig. 2). This ATG is preceded by the nucleotides C-A-C
at positions -4, -3, and -2, respectively, which represent
consensus sequences present in most eukaryotic genes (25,
26). This evidence and comparison with the 5' sequences of a
beef TyrOHase cDNA clone presented below indicate that
this ATG is the initiation codon.

Determination of the 5' Sequences of a Beef TyrOHase
cDNA Clone. For comparative studies, a TyrOHase cDNA
probe was obtained by screening a cDNA library construct-
ed from beef adrenal glands with pTH-51 (results not
shown). One clone, which contained an 1800-bp insert, was
analyzed. It contains an ATG codon 18 bp from the oligo-
(dG-dC) tail and its sequence can easily be aligned with that
of rat (Fig. 3). Nucleotides -12 to -18 in rat were deter-
mined from a genomic clone for comparison (results not
shown). The ATG in beef is also preceded by the consensus
sequence C-A-C at positions -4, -3 and -2, respectively.
The cytidine that precedes the beef ATG initiation site is
more frequently observed than the corresponding thymidine
in rat (25). Strikingly, 13 out of 15 nucleotides are common to

beef and rat sequences downstream from the ATG compared
with only 7 out of 18 when going upstream.
The cDNA and Deduced Protein Sequences. The cDNA se-

quences obtained from clones pTH-1, -10, and -51 are shown
in Fig. 2. Only the 5' part of clone pTH-51 was sequenced
but restriction site analysis showed that the rest is identical
to either pTH-1 or pTH-10. pTH-51 contains a 1786-bp insert
that includes 11 bp of 5' untranslated mRNA followed by an
open reading frame of 1494 bp including the initiation codon.
The last 281 bp correspond to 3' untranslated sequences in-
cluding 16 adenosine residues. A possible polyadenylylation
signal A-A-T-A-A-A occurs at nucleotide 1746. Including
methionine, the TyrOHase enzyme thus contains 498 amino
acids and has an estimated molecular weight of 55,903.
To assign secondary structural properties to regions of the

protein sequence, we developed a computer program based
on the algorithm of Chou and Fasman (27) (Fig. 4). Of 498
amino acids ofTyrOHase enzyme, 89 were predicted to be in
a-helical regions (asterisks in Fig. 4). Only 16 were assigned
to j-sheet regions ("b" in Fig. 4).

DISCUSSION
The present study has led to the isolation of a cDNA clone
pTH-51-that contains the complete coding and down-
stream 3' sequences of TyrOHase mRNA.
TyrOHase is present in low concentration in mammalian

tissue and no protein sequence data have been reported.
Only one open reading frame is present in pTH-51 and we
have ascertained that the ATG codon located at nucleotide
12 corresponds to the initiation codon on the two following
arguments. First, the CAC nucleotides preceding the ATG in
positions 8, 9, and 10, respectively, and especially the highly
conserved purine three nucleotides upstream from the initia-
tion codon correspond to a consensus sequence that contrib-
ute to recognition of the initiation site in most eukaryotic
mRNA (25, 26). This consensus sequence is not associated
with the other ATG codons present in pTH-51. Second, we

have compared the 5' nucleotide sequences of pTH-51 with
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MetProThrProSerA laFroSvrProG l1rjroLysGlyFheArgArgA laValSerGluG InAspA laL ,sC nA laG lu
5 - CAGCTIGCACTATGCCCACCCCCAGCGCCCCCTCGCCACAGCVCAAGGGCTTCAGAAGGGCCGTCTCAGAGCAGGATGCCAAGCACGCCG

* * * * * * * * 0090
A laVa lThrSerProArgPheI leG lyAr9gA gt: InSerLeu I leG 3uAk.PA laArgLysG luArgG luA laA iaA laA laA laA laA la

AGG(CTGTCACGTCCCCAAGGTTCATCGCAC. GCGACAGTCTC.,TCGAGGATGCCCGCAACGAGCGGGAGGCGGCGGCAGCTGCAGCAG
* * * * * * *t * 0180

A laA laValA laSerSerG luProG l AsnProLeuG luA laValValPheG lG luArgAspG lyAsnA laValLeuAsnLeuLeuPhe
CACCAGCGGTAGCCTCCTCGGAACCTGGG;ACCCACTTGGAGGfCTGTGGTATI TGAGGAGAGGGATGGGAATGCTGTTCTCAACCTGCTCT

* * * * * * * * 0270
SerLeuArgG lyThrLysProSerSerLeuSerArgA laValLysValF heG luThrPheG luA laLysl leHisHisLeuG luThrArg

TCTCCCTCAC;GGGTACAAAACCCTCCTCCTTGTCTCGGGCTGTAAAAGTATTTGAGACATTTGAACCCAAAATTCACCACTTAGAGACCC
* * * * * * * * 0360

ProAlaGlnArgProLeuAlaGlySerFProHisLeuGlll'yrPheVJ:]4rgPheCGluValProSerGlyAspLeuAlaAlal euLeuSer
GGCCCTGCCCAGAGGCCACTGGCAGGAACCCCCCACCTGGACTATTTTGTGCGCTTCGAGGTGCCCAGTGGAGACCTGGCTGCCCTCCTCA
****** 0450

SerValArgArgValSerAspAspValArgSerAlaArgGluAspLysValFroTrpPheProArgLysValSerGluLeuAspLysCys
GCTCTGTGCGTCGGGTGTCTGACGACGTGCGCAGTGCCAGAGACGACAAGGTCCCCTGGTTCCCAAGAAAAGTGTCGGAATTGGACAAGT

* * * * * * *t * 0540
HisHisLeuValThrLysPheAspProAspLeuAspLeuAspHisFroGlyPtheSerAspGlnValTyrArgGlnArgArgLysLeuIle

GTCACCACCTGGTCACCAAGTTTGACCCTGATCTGGACCITGGACCACCCGGGCTTCTCTGACCAGGTGTATCGCCAGCGTCGGAAGCTGA
*t *t *t *t *t ft ft *t 0630

A laG luI leA laPheG lnTyrLysHisG lyG luProI leProHisValG luTyrThrA laG ljG luI leA laThrTrpLysG luValTyr
TTGCAGAGATTGCCTTCCAGTACAAGCACGGTGAACCAATTCCCCATGTGGAATACACAGCGGAAGAGATTGCTACCTGGAAGGAGGTAT

ft *t *t *t ft *t *t *t 0720
ValThrLeuLysC lyLeuTyrA laThrHisA laCysArgG luHisLeuG luG lyPheG lnLeuLeuG luArgTyrCysG lyTyrArgG lu

ATGTCACGCTGAAGGGCCTCTATGCTACCCATGCCTGCCGGGAGCACCTGGAGGGTTTCCAGCTTCTGGAACGGTACTGTGGCTACCGAG
*t *t *t *t *t ft ft *t 0810

AspSerIleProGlnLeuGluAspValSerArgPheLeuLysGluArgThrGlyPheGlnLeuArgProValAlaGlyLeuLeuSerAla
AGGACAGCATCCCACAGCTGGAGGACGTGTCCCGCTTCTTGAAGGAGCGGACTGGCTTCCAGCTGCGACCCGTGGCCGGTCTACTGTCCG

*t *t *t *t *t *t *t *t 0900
ArgAspPheLeuA laSerLeuA laPheArgVa!PheG lnCysThrG lnTyrI leArgHisA laSerSerProMetHisSerProG luPro

CCCGTGATTrTCTGGCCAGTCTGGCCTTCCGCGTGTTTCAATGCACCCAGTATATCCGCCATGCCTCCTCACCTATGCATTCACCTGAGC
*t *t *t * * * ** 0990

AspCysCysHisGluLeuLeuGlyHisValProMetLeuAlaAspArgThrPheAlaGlnPhteSerGlnAspIleGlyLeuAlaSerLeu
CGGACTGCTGCCATGAGCTGTTGGGACATGTACCCATGTTGGCTGACCGCACATTTGCCCAGTTCTCCCAGGACATTGGACTTGCATCTC

*t *t *t *t ft *t * * 1080
G lyA laSerAspG luG lu 1leG luLysL euSerThrVa lTyrTrpPheThr ValG luPheG lyLeuCysLysGlnAsnGlyGluLeuLys

TGGGGGCCTCAGATGAAGAAATTGAAAAACTCTCCACGGTGTACTGGTTCACTGTGGAATTCGGGCTATGTAAACAGAATGGGGAGCTGA
*t *t *t * * * ** 1170

A laTyrG lyA laG lyLeuLeuSerSerTyrG lyG luL.euLeuHisSerLeuSerG luG luProG lLValArgA laPheAspProAspThr
AGGCTTATGGTGCAGGGCTGCTGTCTTCCTACGGAGAGCTCCTGCACTCCCTGTCAGAGGAGCCCTGAGGTCCGAGCCCTTTGACCCAGACA
******1260

A laA laValG lnProTyrG lnAspG lnThrTyrG lnProVa lTyrPheVa lSerG luSerPheAsnAspA laLysAspLysLeuArgAsn
CAGCAGCTGTGCAGCCCTACCAAGATCAAACCTACCAGCCTGTGTACTTTGTGTCCGAGAGCTTCAATGACGCCAAGGACAAGCTCAGGA

*t *t * * * * * 1350
TyrA laSerArg IleG lnArgProPheSerVa lLysPheAspProTyrThrLeuA la' leAspVa lLeuAspSerProHisThr I leG ln

ACTATGCCTCTCGTATCCAGCGCCCATTCTCTGTGAAGTTTGACCCGTACACACTGGCCATTGACGTACTGGACAGCCC1CACACCATCC
* 498 * * 1440

ArgSerLeuG luG lyValGlnAspGluLeL'HisThrLeuAlaHisAlaLeuSerAlalleSer...
AGCGCTCCTTGGAGGGGGTCCAGGATGAGCTGCACAi^CCTGGCCCACGCACTGAGTGCCATTAGCTAAATGCATAGGGTACCACCCACAG

*t *t *t * * '*** 1530

GTGCCAGGGCCTTTCCCAAAGTCTCCATCCCCTTCTCCAACCTTTCCTGGCCCAGAGGCTTTCCCATGTGTGTGGCTGGGCCCTTTGATG
****** 1620

GGCTCCTCTTGGACCCCCATCCTCCCAACACTGCTTCTCAACCATGTCTTACTACTGCATGCACTCCAGGGTGGTCCTGCATTCCTCCTG
*t * t* * * * ** 1710

CCC TCCATGC TCTA TACTACCC TGATTA TTCTCTCAA TAAAGGAAGGAAAGAA TC TAACCAAAAAAAAAAAAAAAA --- - 3
ftftftftftftft1800

FIG. 2. Combined nucleotide sequence from pTH-1, -10, and -51 with the predicted amino acid sequence for ray TyrOHase. Nucleotides are
numbered in the 5' to 3' direction starting with the first residue after the oligo(dG-dC) tail. The poly(A) addition signal (A-A-T-A-A-A) is
indicated. The methionine corresponding to the translation initiation site is numbered 1 and the serine at the COOH terminus is numbered 498.

those of a beef TyrOHase cDNA clone. This clone also con- contains 1770 nucleotides excluding the poly(A) tail and is
tains near its 5' end an ATG codon that is also preceded by thus nearly full length. No homologies were detected be-
an initiation site consensus sequence. Strikingly, the two tween its sequence and the sequences of other nucleic acids
consensus sequences constitute the only homologous se- in the European Molecular Biology Laboratory Nucleic Acid
quences upstream from the ATG codon whereas the down- Sequence data bank.
stream sequences bear strong homology. That untranslated The mRNA sequence provides the predicted amino acid
sequences diverge much more rapidly than coding sequences sequence for TyrOHase. The deduced molecular weight, as-
is well established (28-30). These findings confirm that the suming the use of the first AUG codon, is 55,903, significant-
ATG at position 12 is the initiation codon. Clone pTH-51 ly lower than the apparent molecular weight of 62,000 esti-
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-1 0 1 0
Beef CCG GAC CTC GCC GGC ACC ATG CCT ACC CCC AAC

MET Pro Thr Pro Asn

Rat GGA CCA CCA GCT TGC ACT ATG CCC ACC CCC AGC
MET Pro Thr Pro Ser

FIG. 3. Comparison between rat and beef nucleotide sequences in the region of the ATG codons located at the 5' end of the corresponding
mRNAs. In the coding region, the deduced amino acids are indicated. Nucleotides determined from a rat genomic clone are indicated by
asterisks. Other nucleotides from the rat sequence could also be deduced from the genomic clone and the sequence was in perfect agreement
with that deduced from pTH-51 (results not shown).

mated from migration on NaDodSO4/polyacrylamide gels
(14, 31). A particular conformation of the polypeptide chain
that might resist the usual denaturation conditions could ex-
plain such discrepancies.
We did not detect any homology between TyrOHase and

the amino acid sequences of any other protein in the Dayhoff
et al. database.* Comparison of the present sequence with
those of other enzymes that share catalytic activity, sub-
strate, cofactor binding, and so forth will be most informa-
tive when such sequences become available. More partic-
ularly, it has been suggested (32) that all catecholamines
synthesizing enzyme genes-TyrOHase, dopamine-
,B-hydroxylase, and phenylethanolamine-N-methyltrans-
ferase-originate from a common ancestral gene and se-
quence analysis should help resolve this question.
Also, comparison of TyrOHase amino acid sequences be-

tween different species should allow conclusions concerning
the mechanism of catalysis by TyrOHase. Those amino acid
residues that seem essential for TyrOHase activity can then
be fully identified by mutagenesis studies. In this respect,
the availability of a cDNA containing the full coding se-
quence, which can be engineered to express TyrOHase in
particular host cells using well-defined expression vectors,
will be of great value.
The amino acid sequence of TyrQHase indicates that a-

helical regions are scattered throughout the polypeptide. The
protein contains only seven cysteine residues. Its stability
cannot then depend solely on disulfide bridges. Four major
hydrophobic domains (nucleotides 12-45, 161-200, 246-279,
and 1253-1283) are apparent. They may play a role in the
interaction of the protein with phospholipids such as phos-

*Dayhoff, M. O., Barker, W. C., Orcutt, B. C., Yeh, L. S.,
George, D. G., Blomquist, M. C., Fredrickson, J. A. & Johnson,
G. C. (1981) Protein Sequence Database (Natl. Biomed. Res.
Found., Washington, DC).

phatidylinositol (33). Interestingly, the first hydrophobic do-
main at the NH2 terminus is reminiscent of a signal peptide
sequence (34) and could be responsible for interaction of the
protein with secretory vesicles (35). The most striking obser-
vation concerns the charge repartition and two domains are
clearly distinguishable. The NH2-terminal part, until about
amino acid 300, is positively charged whereas the COOH-
terminal part has a high density of negative charge. An iso-
electric point of 6.4 has been calculated from the sequence in
Fig. 2. This value agrees closely with that reported for beef
TyrOHase (36). When this enzyme is treated with chymo-
trypsin, the resulting protein that possesses TyrOHase activ-
ity has a molecular weight of 34,000 and an isoelectric point
of 4.9 (36). Interestingly, the calculated isoelectric point cor-
responding to the last 258 amino acids is 5.48. Clearly then,
this fragment should include the COOH terminus. Partial se-
quence data obtained in our laboratory from a beef cDNA
clone show that beef and rat TyrOHase are very homologous
(unpublished data) and we may then infer from this discus-
sion on charge distribution and proteolytic cleavage that the
enzymatic site is located on the COOH-terminal part of the
molecule.

Inspection of possible sites of cAMP-dependent protein
kinase phosphorylation sites leads to the same conclusion. It
is generally found that serine residues, which are good candi-
dates for such phosphorylation, are preceded in positions
-2, -3 or -3, -4 by the positively charged amino acids
Arg-Arg or Lys-Arg, respectively (37, 38). Such serine resi-
dues are present at positions 40 and 153. After treatment
with chymotrypsin, the enzyme can no longer be phosphory-
lated (39), which confirms that the enzymatic site is located
in the COOH-terminal domain.
TyrOHase cDNA clones have been used to study the regu-

lation of expression of the TyrOHase gene in various brain
tissues (40). The availability of the nearly complete sequence
of the corresponding mRNA reported here will provide a ba-
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FIG. 4. Secondary structure of TyrOHase. Computer implementation of the algorithm of Chou and Fasman (27) produced the secondary

structure prediction shown above. a-Helical regions are indicated by asterisks and (-sheet regions, by "b."
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sis to analyze the structure of the TyrOHase nuclear gene
and to identify the sequences essential for its expression.
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