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SUMMARY: The complete amino acid sequence of the tryptophan 2,
3-dioxygenase (TO) of rat liver was determined from the nucleotide
sequence of a full length TO cDNA isolated from a rat liver cDNA
library and determined its primary structure. TO was encoded in a
mRNA of about 1.7 kb containing an open reading frame of 1218 bp.
According to the deduced amino acid sequence, the monomeric
polypeptide of TO consisted of 406 amino acid residues with a
calculated molecular weight of 47,796 daltons. It has twelve
histidine residues around its hydrophobic region, which has
homology with some heme proteins and oxygenase, suggesting that
this hydrophobic region might to be the core of TO for the activity.

© 1990 Academic Press, Inc.

Tryptophan-2,3-dioxygenase (EC 1.13.1.12, TO) is a liver
specific enzyme that plays a key role in the L-tryptophan metabolic
pathway, in which TO catalyzes the reaction of L-tryptophan with
molecular oxygen to yield N-formyl-L-kynureninel). The ferrous
enzyme changes into an oxygenated reaction intermediate that binds
oxygen and L-tryptophan2). TO is a tetramer composed of four
identical 40 kD polypeptides3). Because TO contains two protoheme
IV per molecule, the rat liver enzyme is represented as an asfs
structure. However, there is little information about the structure of
TO because it is unstable and difficult to crystalize. Studies by
electron paramagnetic resonance suggested that the ligand of the
heme was a nitrogen atom from a histidine residue®.

TO is induced by substrate L-tryptophan or glucocorticoids56).
Using a primary culture of rat hepatocytes, we showed that glucagon,
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Abbreviations: TO, tryptophan 2,3-dioxygenase; pcTO, partial TO
cDNA clone.
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dibutyryl cAMP, insulin and epinephrine also act as regulators of TO
level in hepatocytes7)8) and regulation of TO level by various
hormones operates through a change in its translatable mRNA
activity9). Recently, we isolated a partial cDNA clone of TO mRNA by
the hybrid-translation method from enriched polysomal mRNA.
Using this ¢DNA, we demonstrated that the changes in TO mRNA
activity were due to changes in the amount of TO mRNA through its
transcription; and moreover, this transcriptional regulation was
apparantly mediated by a short-lived protein!0), To study the
molecular mechanism TO regulation, the gene must be isolated and
the cis- and trans-acting elements must be identified.

In this report, we cloned the full length TO cDNA and
determined the primary structure of TO. From the amino acid
sequence and its hydropathy plot, we predicted the sequence of the
core region of TO.

MATERIALS AND METHODS

Materials —— Enzymes for DNA manipulations were obtained from
Takara Shuzo Co. and Nippon Gene Co. The multiprime DNA
labelling system was from Amersham. Sequenase™ was from Toyobo
Co. Radioisotopes were obtained from Amersham.

Screening of rat liver cDNA library —— The partial TO cDNA clone,
pcTO, was isolated as described previouslyl0). Essentially, TO mRNA
was extracted from enriched polysomes by immunoadsorption and
used for construction of the ¢DNA library. pcTO was obtained from
this cDNA library by the hybrid-translation method. A 570-bp insert
DNA of pcTO was labelled with [¢-32P]dCTP by the multiprime
labelling system and used as a probe for screening. Its specific
activity was about 5.0 X 108 dpm/pg. The Agt10 rat liver cDNA library
was constructed with oligo(dT) as a primer. In situ plaque
hybridization was performed according to standard methodsll).
Positive plaques were isolated, and phage DNAs were prepared.
Inserted DNAs were recloned into the EcoRI site of plasmid pUC119
or pUC118.

Sequence analysis —— To determine the nucleotide sequence, a
positive clone was deleted to various sizes using exonuclease HI and
mung bean nuclease. These plasmid subclones were sequenced by
the dideoxy nucleotide method!2) using SequenaseT™,

RESULTS AND DISCUSSION

To clone the cDNA containing a whole sequence of TO mRNA,
we screened the Agtl0 cDNA library of rat liver with the insert of
pcTO, which was isolated by the hybrid-translation method!0). By
the screening of 2 X 105 clones of the rat liver ¢cDNA library, we
obtained eight positive ones. One of the positive clones, pTO14B,
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Fig. 1. Schematic representation of rat TO mRNA and cDNA.

The rat TO mRNA is diagrammed below the scale. Restriction
sites are shown on the structure of TO mRNA. Non-coding regions
are represented by a line and the coding region is boxed. cDNA
clones are represented below the mRNA.

has a 1690 bp insert that is almost identical to the length of TO
mRNA detected by Northern blot analysis!O). The insert DNA of
pTO14B was subcloned into plasmid pUC119 and sequenced by the
dideoxy method using a double strand plasmid as a template. Figure
1 shows the structure of TO mRNA and the restriction cleavage map
of TO ¢cDNA. pTO14B contains the open reading frame of 1221 bp
and most, if not all, the 5-untranslated region and the whole 3'-
untranslated region. Polyadenylation signals exist at just upstream of
the poly(A) tail. Figure 2 shows the nucleotide sequence of TO ¢cDNA
and the deduced amino acid sequence. TO is encoded in the open
reading frame of 406 amino acid residues. Alternatively, the open
reading frame may be initiated at either nucleotide 58, 322 or 343.
However, because the CTACC sequence from nucleotide -5 to -1
matches well with Kozak's consensus sequencel3) for translation of
the initiation site, we predict that the ATG at nucleotides 1 to 3 is
the initiation codon of TO. The calculated molecular weight of the
TO monomeric polypeptide is 47,796 daltons.

TO is known to be a heme protein and contains two molecules of
protoheme IV. Moreover, its heme binding ligand has been shown to
be histidine residues?). There are twelve histidine residues in the
deduced amino acid sequence. Marnett et al. determined the heme
binding residue of cyclooxygenase and showed that the His-Tyr-Pro-
Arg sequence of this enzyme was the reaction centerl4). However,
we could not find this sequence in TO. Figure 3 shows a hydropathy
plot of the deduced amino acid sequence of TO. We found that the

178



Vol.

Met
ATG

Glu
Ile
ATC

Ile
ATC

Leu
CTT

His
CAT

Ile
ATC

Asn
AAT

Leu
CTA

Arg
CGT

Leu
CTA

Asn
AAT

Ile
ATT

Lys
AAA

Glu
GAA

Glu
GAG

Met
ATG

Gly
GGC

Val
GTG

Met
ATG

Ser
AGC

170, No. 1,

Ser
AGT

Asp
GAC

Tyr
TAT

Lys
Trp
TGG

Val
GTC

Phe
TTC

Asp
GAC

Glu
GAA

Asp
GAT

Leu
TTG

Phe
TTC

Gln
CAG

Glu
GAG

Arg
CGA

Pro
CCT

Thr
ACC

Thr
ACT

Phe
TTC

Asn
AAT

Ser
AGC

Gly
GGG

Asn
AAT

Gly
GGG

Gly
GGG

Phe
TTT

Arg
AGG

Lys
AAG

Phe
TTC

Asn
AAT

Asn
AAC
Gln
CAG

Tep
TGG

Ala
GCG

Val
GTG

Arg
CGA

Arg
CGA

Lys
AAR

Gly
GGG

Val
GTG

Pro
cCG

Asp
GAT

Cys
TGC

Glu
GAA

Asp
GAC

Asn
Lys
Asp

GAT

Leu
CTIC

Arg
AGA

Lys
AAG

Phe
TTT

Leu
CTG

Gly
GGA

Lys
AAA

Leu
CTG

Leu
CTG

Phe
TTC

Trp
TGG

Gly
GGA

Asp
GAT

Ile
ATC

Glu
GAA

1990

Pro
CCA

Glu
GAA

Tyr
TAC

Lys
AAA

Gln
CARA

Glu
GAG

Leu
CTG

Glu
GAG

Ile
ATA

Glu
GAA

Val
GTG

Lys
ARG

Lys
AAG

Leu
CTC

Ser
TCA

Gln
CAG

Arg
AGA

Ser
TCC

Leu
TTA

Ile
ATT

Ser
TCA

Phe
TTT

Asp
GAC

Leu
TTG

Ile
ATC

Ile
ATT

Arg
AGG

Val
GTA

Tyr
TAC

Gly
GGT

Gly
GGA

Glu
GAG

Phe
TTT

Asp
GAC

Cys
TGC

Tyx
TAC

Val
GTC

Tyr
TAT

Ser
TCA

Phe
TTT

Ser
TCA

Gly
GGA

Gln
CAG

His
CAC

His
CAC

Asp
GAT

Leu
CTC

Asn
AAC

Gln
CAG

Leu
CTG

Val
GTT

Asp
GAC

Ala
GCA

Glu
GAA

Ser
TCT

Leu
TTG

Arg
CGT

Pro
CCT

Asn
AAT

Gly
GGC

Asn
AAC

Lys
AAG

* X %

TGA

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Gly
GGA

Ala
GCT

Leu
TTG

Asp
GAC

Trp
TGG

Met
ATG

Gln
CAG

Ser
TCT

Leu
CTT

Tyr
TAC

Trp
TGG

Lys
AAA

Glu
GAA

Phe
TTC

Ala
GCA

Phe
TTC

His
CAT

Tyr
TAT

Leu
CTC

Phe
TTC

Asn
AAC

Gln
CAA

Glu
GAG

Glu
GAG

Glu
GAA

Leu
CcTC

Phe
TTC

Pro
CCA

Gln
CAG

Asn
AAT

Leu
CTG

Asn
AAT

Glu
GAA

Asp
GAT

Leu
CTC

Gln
CAG

Val
GTG

Tyr
TAT

Ser
TCA

Leu
CTT

Ser
AGT

Thr
ACT

Lys
AAG

His
CAC

Leu
CTT

Lys
ARG

Ser
TCG

Ala
GCA

Ser
AGC

Glu
GAG

Glu
GAA

Ile
ATC

Lys
AAA

Glu
GAG

Gln
CAG

Leu
TTG

Cys
TGC

Tyr
TAT

Ser
TCG

Tyr
TAC

Val
GTA

Gly
GGT

Ile
ATT

Leu
CTC

Asp
GAT

Val
GTG

Val
GTT

Ser
TCA

Leu
TTG

Leu
CTG

Arg
cGe

Leu
TTG

Glu
GAG

Lys
AAG

Gly
GGA

Leu
CTG

Met
ATG

Leu
CIG

Tyr
TAC

Thr
ACA

Gly
GGA

Val
GTA

Leu
TTG

Phe
TTT

Ser
TCT

Met
ATG

Leu
CTG

Gly
GGC

Arg
AGA

Leu
CTG

Thr
ACA

Lys
AAG

Glu
GAA

Arg
CGT

Ala
GCA

Thr
ACC

Val
GTG

Arg
CGC

Leu
CTG

Ala
GCT

Tyr
TAT

Asn
AAC

Asn
AAT

Ile
ATT

Val
GTT

Thr
ACT

Glu
GAA

Phe
TTC

Val
GTIC

Leu
CTG

Pro
CCT

Gly
GGT

Gln
CAG

His
CAT

Leu
CTG

Ser
TCA

His
CAC

Ser
TCA

Val
GTT

Glu
GAG

Thr
ACT

Arg
AGA

Ala
GCA

Ile
ATA

Arg
CGT

Arg
CGG

Thr
ACA

Gln
CAG

Pro
CCT

Lys
AAA

Glu
GGC

Leu
CTG

Met
ATG

Asp
GAC

Met
ATG

Leu
CTT

Arg
AGG

Thr
ACT

Pro
ccc

Tyr
TAC

Leu
TTG

Ala
GCC

Gln
CAA

Thr
ACT

Glu
GAG

Met
ATG

Met
ATG

Ser
AGT

Tyr
TAC

Ser
TCG

Leu
TTA

Glu
GAA

Ala
GCA

Tyr
TAC

Ile
ATA

Met
ATG

Met
ATG

Val
GTG

Arg
CGA

Ser
AGC

Lys
AAA

Ser
AGC

Glu
GAA

His
CAC

Ile
ATT

His
CAC

Thr
ACT

Leu
CTT

Asn
AAC

Glu
GAG

Glu
GAG

Glu
GAG

Glu
GAG

Leu
CTT

Tyr
TAT

Asp
GAC

Leu
CTA

Ser
AGC

His
CAC

Asp
GAC

Asn
AAC

Lys
AAA

Leu
CTT

Gln
CAA

Phe
TTT

Arg
CGT

Ala
GCC

Gln
CAG

Arg
AGG

Gln
CAG

Pro
cca

Glu
GAG

Phe
TTC

Leu
CTG

Phe
TTT

Ile
ATT

Gly
GGC

Asp
GAC

Trp
TGG

Ser
AGC

Leu
TTA

Gly
GGA

Gln
CAA

Ala
GCT

Gln
CAA

Val
GTG

Leu
TTG

Phe
TTC

Lys

Glu
GAG

Ser
TCT

Gly
GGA

Ser
AGT

Tyr
TAT

Asn
AAT

Val
GTG

Asp
GAC

Arg
CGG

His
CAC

His
CAT

Phe
TTC

Arg
CGG

Ser
AGT

Tyr
TAC

Asp
GAC

Ser
AGC

Arg
AGG

Ile
ATA

Ser
TCC

Gln
CAG

Gly
GGA

Leu
CTA

Lys
AAG

Lys
AAA

Arg
AGG

Thr
ACA

Lys
ARG

Tyr
TAC

Pro
CCA

Tyr
TAC

TCCTAGCAAACCTGTGTGCTCCTGGGACGCATCACTACC

Met
ATG

Leu
CTT

Glu
GAA

Glu
GAA

Gly
GGC

Val
GTC

Phe
TTC

Leu
CTG

Tyr
TAT

Thr
ACG

Phe
TTC

Lys
AAG

Gln
CAG

Gly
GGT

Glu
GAG

Leu
CTC

Ala
GCT

Lys
AAG

Lys
AAG

Phe
TTC

GTTCTTCTGAACATCAGTCCAGGCTACAGGATTCCCAGTCAACTTTTATTT

TATAAATTTTTACAAATATGTGATTGGTGTAACATATTTATATTTGTAGTTCAGAGACGTGATGTTGTGGTCCAATCCT
GGAAAAAATTATGATTTCGCATATCATGATGATGTATGATTAAGCAGATTAAGCATTATGATARAAATAACTTGGTAAA
ATGTTAGCATCATCATACATATGATGTATTCTGGTTATAACTCAATTTACCCTGACACTTACCTCCATAGAAACACTTT
AAGTAATTAGTTCCTTATTGCTTCATACTT TATAAAGCTTGGTGAGCAGTTCTTTTATACTATAGATGCAATAAATACT
ATTCTTCTGTACAAAATTTATTCAAATGAATCTTTAATTAATAAATTTAGTTTTTGTCTGCGAAAAAARAARRRRAAA

Fig. 2.

AN —EX

Nucleotide sequence of rat TO ¢cDNA and the deduced amino
acid sequence.
Nucleotide and amino acid numbers are at the right.
Polyadenylation signals are double underlined. Histidine residues are
boxed.
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Fig. 3. Hydropathy plot of deduced amino acid sequence of TO.

The hydropathy plot was constructed using the algorithm of
Kyte and Doolittle24) and a window size of five residues. Values above
the baseline are hydrophobic, while those below are hydrophilic.
The bar above the hydropathy profile indicates the position of the
histidine residues.

amino acid sequence from residues 110-170 was markedly
hydrophobic. Although TO has no significant sequence homology to
any other protein, the hydrophobic region contents a sequence that
is partially homologous to the hydrophobic region of other
oxygenasel®) and heme proteins such as a family of cytochrome
P45016) (data not shown). Moreover, histidine residues exist around
this region. Therefore, this region might correspond to the core
center of this enzyme and might be essential for its activity.

Genomic cloning experiments indicated that TO is encoded in a
single gene (data not shown). The analysis of cis-acting elements on
the TO gene promoter for induction of TO expression by hormones
has shown that two glucocorticoid responsive elements are present
upstream of the TO genel7)18), In addition to the regulation by
hormones, TO expression is also regulated in the liver during the
development of rats19)-21). It first appears in the liver at 2 weeks
after birth so that TO expression is a suitable marker for terminal
differentiation of the liver. Previously, using TO c¢DNA, we found that
the increased expression of TO during the postnatal development of
rats results from an increase in the amount of TO mRNA through
activation of TO gene transcription22)23), However, the molecular
mechanism for the activation of the dormant TO gene is still
unknown. Identification of cis- and trans-acting elements
controlling TO gene activation during differentiation of immature
hepatocytes should be helpful for solving this problem.
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