4. J. M, Tredger, F. J. McPherson, J. Chakra-
borty, J. W. Bridges, D. V. Parke, Naunyn-
Schmiedeberg’s Arch. Pharmacol. 292, 267
(1976).

. K. C. Liebman, Mol. Pharmacol. 5, 1 (1969).

. F. J. Wiebel, J. C. Leutz, L.. Diamond, H. V.
Gelboin, Arch. Biochem. Biophys. 144, 78
(1971).

7. J. Kapitulnik, P. J. Poppers, M. K. Buening, J.
G. Fortner, A. H. Conney, Clin. Pharmacol.
Ther. 22, 475 (1977).

8. M. K. Bueiiing, J. G. Fortner, A. Kappas, A. H.
Conney, Biochem. Biophys. Res. Commun. 82,
348 (1978); A. H. Conney et al., in Symposia
Medica Hoechst, vol. 14, The Induction of Drug
Meétabolism, R, W. Estabrook and E. Linden-
laub, Eds. (Schattauer, Stuttgart, 1979), p. 583;
D. R). Thakker et al., Cancer Res. 41, 1389
(1981).

9. M. K. Buening, R. L. Chang, M.-T. Huang, J.
G. Fortner, A. W, Wood, A, H. Conney, Can-
cer Res, 41, 67 (1981).

A

10. K. Kamijo and G. B. Koelle, Proc. Soc. Exp.
Biol. Med. 88, 565 (1955); L. E. Geiger, P.
Cervoni, J. R, Bertino, F. Monteleone, J. Phar-
macol. Exp. Ther, 123, 164 (1958).

11. A, H. Conney, N. Trousof, J. J. Burns, J.
Pharmacol. Exp. Ther. 128, 333 (1960).

12. J. E. Tomaszewski, D. M. Jerina, W. Levin, A.
H. Conney, Arch. Biochem. Biophys. 176, 788
(1976).

13. A. Y. H. Lu and W. Levin, Biochem. Biophys.
Res. Commun. 46, 1334 (1972).

14, M-T. Huang et al., J. Biol. Chem. 2586, 10897
(1981).

15. M-T. Huang, R. L. Chang, J. G. Fortner, A. H.
Conney, ibid., p. 6829.

16. J. B. Harborne, Comparative Biochemistry of
the Flavonoids (Academic Press, London,
1967).

17. We thank A. Popick for help with the equilibri-
um dialysis experiments,

21 September 1981

Nucleotide Sequence of the Transforniing Gene of

Avian Myeloblastosis Virus

Abstract. Avian myeloblastosis virus is defective in reproductive capacity, requir-
ing a helper virus to provide the viral proteins essential for synthesis of new
infectious virus. This virus arose by recombination of the nondefective helper virus
and host cellular sequences present within the normal avian genome. These latter
sequences are essential for leukemogenic activity. The complete nucleotide sequence
of this region is reported. Within the acquired cellular sequences there is an open
reading frame of 795 nucleotides starting with the initiation codon ATG (adenine,
thymine, guanine) and terminating with the triplet TAG. This open reading frame
could code for the putative transforming protein of 265 amino acids with a molecular

weight of approximately 30,000.

We present the complete nucleotide
sequence of the transforming gene of
avian myeloblastosis virus (AMYV). This
retrovirus is distinctive in that it causes
acute myeloblastic leukemia in chickens
(1). In vitro, AMYV transforms a specific
class of hematopoietic cells, but does not
morphologically transform fibroblasts
(2). Thus, it appears that only certain
target cells are responsive to the AMV
onc gene product (2).

The AMYV provirus was isolated from
a library of chicken recombinant A phage
constructed with a partial Eco RI digest
of DNA from leukemic myeloblasts pro-
ducing AMYV (3, 4). The clone (A\11A-1-1)
contains the entire AMV provirus and
adjacent chicken DNA sequences. Por-
tions of the proviral genome were sub-
cloned in the plasmid vector pBR322 and
used for sequencing. One subclone con-
tained AMV sequences located between
the Kpn I site and the 3’ proximal Xba I
site. The other subclone contained AMV
sequences located between the 3’ proxi-
mal Eco RI site and the 3’ viral terminus
as well as the adjoining cellular DNA up
to an Eco Rl site.

The restriction map of the cloned
AMYV proviral genome and the strategy
employed to determine the nucleotide
sequence of the Kpn I to Bgl II DNA
fragment containing the transforming
gene (amv) and the long terminal repeat
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(LTR) at the 3’ end of the AMV genome
are shown in Fig. 1.

Within the nucleotide sequence of the
3’ end of the integrated AMYV provirus
(Fig. 2) we can identify the following
domains: (i) the terminal portion of the
polymerase gene, identified by an open
reading frame extending from position 1
and terminating with a TAG (thymine,
adenine, guanine) codon at position 162;
(ii) a region of 350 bases without an

apparent open reading frame extending
between positions 165 to 515; (iii) an
open reading frame of 795 bases extend-
ing from positions 516 to 1310; and (iv)
the 3’ LTR adjacent to the host se-
quences.

Earlier studies have revealed that the
AMYV genome has undergone recombina-
tion in which the entire helper virus
“‘env’’ gene have been replaced by cellu-
lar sequences (4, 5). In order to localize
the points of recombination, we have
compared the carboxyl terminal se-
quence of the AMV polymerase gene
with that of the nondefective Prague
strain of Rous sarcoma virus (PR-RSV)
(6). From position 1 to position 78 of the
AMV DNA fragment in the sequence
reported here, the nucleotide sequence is
identical to that of PR-RSV. From posi-
tion 78 to the termination signal, TAG at
position 1313, the sequences of AMV
and PR-RSV are entirely different, thus
localizing the 5’ end of cellular insertion
sequences.

The host-helper virus junction occurs
at a region which constitutes a potential
splice acceptor site. In general, splicing
acceptor sites (at the 3’ end of interven-
ing sequence) contain a pyrimidine-rich
nucleotide tract followed by the se-
quence AGG. The junction point be-
tween the cellular insertion sequence
and the helper viral sequence fits the
consensus acceptor splice sequence (7).

The product of the AMYV transforming
gene has yet to be identified. Examina-
tion of the cellular derived amv se-
quences (Fig. 2) reveals an open reading
frame starting with the initiation codon
ATG at position 516 and terminating
with the triplet TAG at position 1310.
This stretch of 795 nucleotides could
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LTR + } } LR
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- \
s
- \
- \
e
< \
e
- \
s
- \
-
S . \
- - * MRS \
< ~ M . PR—
—rl T -—
230 55 225 3% 235 85, 155 , 295  ,120, 305 , 190
r ™ T L ! T T T !
Kpn!  Avall Avall Eco Rl BstE !l Pvuil Accl Rsal Xbal erI Hind 1l |Bgl i
f 1
5’ LTR 3
} Lol 1 1 { 1 I I ) 1 " 1 1 : 1 1 1 L 1 :
kbp 0 0.5 1.0 1.5 2.0

Fig. 1. Restriction enzyme map and strategy of sequencing. The Kpn I-Bgl II segment was
fragmented and sequenced (72); the restriction sites are indicated. The 5’ ends were labeled with
[y-**P]adenosine triphosphate and T4 polynucleotide kinase. The labeled end of each fragment
is indicated by the closed circle. The numbers give the length of the fragments and the direction
of sequencing is indicated by arrows.
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code for a protein of 265 amino acids
with a molecular weight of approximate-
ty 30,000 which has yet to be identified.
The amino acid sequence predicted from
this region is also shown in Fig. 2. The
putative transforming protein would con-
tain five methionine residues in addition
to starting N-formyl methionine and cy-

anogen bromide cleavage would produce
six peptides.

Ribonuclease T1-resistant oligonucle-
otide analysis was carried out (5) on
RNA isolated from the defective AMV
particles. The RNA from these particles
contains 14 distinctive T1 oligonucleo-
tides that are unrelated to sequences

present in nondefective avian retrovirus-
es and to the transformation-specific se-
quences of other avian leukemia and
sarcoma viruses. Duesberg et al. sug-
gested that these RN A sequences belong
to the leukemogenic region of the AMV
genome (5). We have used the computer
program devised by Queen and Korn (8)

-Kpn | . . 50 Spiice 100
GG AL CGA ARA GTT AAA CCG GAC ATC GCC CAA AAG GAT GAG GTG ACT AAD AAA GAT GAG GCG AGC CCT CTT TTT GCA GGC TGG AGG CAC ATA GAT AAG AGA ATT ATC
Ty Ag bs Vol s Po A le s G Ls A Gu Val T Ly Us Aw Gu Ae Ser P lew Pho Ab Gy Tp A Hs e A L A lle e
. . . . 150 . 200
ACT CTA CAT TCA TCT TTC TCA AAG ATT AAT CTA CTT GTG TGT TIT ATA TTT CAT TAG AATCGG ACAGATGTTC AGTGCCAGC;& CCGGTGGCA& AAAGTATTAI'K ACCCAGAAC%
The teu His Ser Ser Phe Ser Llys fle Asn leu lew Val Cys Phe le Phe His **~
L] . 259 L . * . 309 * . . . 359
TAACAAAGGT CCATGUA 'TA AAGAGGAGGA TCAAAGGGTA ATAGAACACG TGCAGAAATA CGGTCCAAAG CGCTGGTCGG ACATTGCTAA GCATTTGAAG GGAAGGATTG GAAAACAGTG CAGGGAGAGG

80 Region 400

. o . L 0 Promoter 450 CAP box
TGGCACAACC ATCTGAATCC AGAAGTGAAG AAAACCTCCT GA

GGAAGATAGA ATTATITAD: AGGCACACAA GAGACTGGEA AACAGATGGS CAGAMATTGE AABGTTGETG CCTRGACGGA

500 Eco R 550 '

CTGATAACGC TGTCAAGAAC CACTGGAATT. CCACL ATG CGC CGG AAG GTC GAG CAG GAG GGT TAC CEG CZ\G GAG TCC TC[.: AAA GCC GGC f}CG CCC TCG G.CA ACC ACC GGE TTc

Ribosomal binding Met Arg Arg Lys Val Glu G Glu Gy Ty Pro Gin Glu Ser Ser Llys Ala Gly Pro Pro Ser MNa Thi Thr Gly Phe

61 : . S B . . : . 0

CAG AAG AGC AGC CAT CTG ATG GCC TIT GCC CAC AAC CCA CCT GCA GGC €CG CTC CCG GGG GCC GGC CAG GCC CCT CTG GGC AGT GAC TAC CCC TAC TAC CAC ATT GCT

G Llys Sér Ser His leu Met Ala Phe Ala His Asn Pro Pro Ala Gly Pro leu Pro Gly Ala Gly Gin Ala Pro leu Gly Ser Asp Tyr Pro Tyr Tyr His fle Al

* * * * 759 L * Bﬂn
GAG CCA CAA AAT GTC CCT GGT CAG ATC CCA TAT CCA GTA GCA CTG CAT ATA AAT ATT ATC AAT GTT CCT CAG CCA GCT GCT GCA GCT Al.'T CAG AGA CAC TAT ACT GAT
Glu Pro Gin Asn Val Pro Gly Gln lle Pro Tyr Pro Val Ala Leu His lle Asn le e Asn Val Pro Gin Pro Ala Ala Ala Ala lle Gin Arg His Tyr The Asp
B850 900
GAA GAC CCT GAG AAA GAA B8AA CGA ATA AAG GAA TTA GAG TTG CTA CTT ATG TCG ACT GAG AAT GAA CTG AdA GGG CAG CA[.S GCA TTA CCA /.lCA CAG AAC CZ\C ACA GCA
Glu Asp Pra Glu Llys Glu Lys Arg lle Llys Gl Leu Glu leu Lleu lew Met Ser Thr Gli Asn Giu leu Lys Gly Gn Gin Ala Lew Pro Thr Gin Asn His Thr Ala
) 950 1000
Aal TAC CCC GGC TGG CAC AGC ACC ACG GTT GCT GAC- AAT ACC AGG ACC AGT GBT GAC AAT GCG CCT GIT TCC TGT TTG GGG GAA CAT CAC CAC TGT ACT CCA fCT CCA
Asn Tyr Pra Gly Trp His Ser Tht The Val Ala Asp Asn Thr Arg Thr Ser Gly Asp Asn Ala Pro Val Ser Cys leu Gly Glu His His His Cys Thr Pro Ser Pro
1050 1100

CCA GTG GAT CAT GGT TGC TTA CCT GAG GAA AGT GCG TCC CCC GCA CGG TGC ATG ATT GTT CAC CAG AGC AAC ATC CTG GAT AAT GTT AAG AAT CC TTA Gaa TTT GCA

Pro Val Asp His Gly Cys leu Pro Glu Glu Ser Ala Ser Pro Ala Aig Cys Met lle Val His Gin Ser Asn lle Lleu Asp Asn Val lys Asn leu leu Giu Phe Ala
150 1200

GAA ACA CTC CAG TTA ATA GAC TCC TIC TTA AAC ACA TCG TCC AAT CAC GAG AAT T AAC CTG GAC AAC CCT GCA. CTA ACC TCC ACG CCA GTG.TGT. BGC CAC AAG ATG

Glu Thr leu Gin leu MNe Asp Ser Phe leu Asn Thr Ser Ser Asn His Glu Asn leu Asn leu Asp Asn Pro-Ala leu Thr Ser Thr Pro Val Cys Gly His Lys Met

1259 . . . . 13[][_1 - Xba | . . . 135g .

TCT GTT ACC ACC CCA TTC CAC AAG GAC CAG ACT TTC ACT GAA TAC AGG AAG ATG CAC GGC GGA GCA GTC TAG AGCTCAA TTATAATAAT CTTGCGAATC GGGCTGTAAC GGGGCAAGGC
Ser Val Thr Thr Pro Phe His Lys Asp Gin Th Phe Thr Glu Tyr Arg Lys Met His Gy Gy Ala Val

. . . 1400 ) . . . 1450 , Plus strang, stop Start of LTR-Inverted repeat

TTGACCGAGG GGACTATAAC ATGTATAGGC GAAAAGCGGG GTCICGGTTG TAACGCGCTT AGGAAGTCCC CTCGAGGTAT GGCAGATATG CTTTTGCATA [GGGAGGGGGA AATGTAGICT TAATCGTAGG

@

CAT box 1600

1500 1850
TCECATIGET GGTGAAGGAG CGACCTGAGE GCATATGGGE GTTAACAGAR CTGTCTGTCC TTGCGTCATT

TTAACATGTA TATTACCAAA TAAGGGAATC GCCTGATGCA CLAAATAAGG TATTATATGA

1650 CAT box 1700 Promater 1750
CCTCATCGG;\ TCATGTACGE GGLAGAGTAT GATTGGATAA CAGGATGGCA ATCG  TGGCGCATGC TGATTGGTGC ACTAAGGAGT TGTGTAACCC ACGAATGTAC YTAAGCTTGT AGTTGCTAAC

Polyadenylation signal Poly A acceptor . .
@AAQS@EWCTACCT CTCACEI\ICQ TGGTGTGCAC CTGGGTTGAT CGCCGGACCG
CAP accepter

1800 . . . 1850 End. of LTR-lnverteq repeat .
TCGATTCCCT GACGACTGCG AACACCTGAA TGAAGCTGAA GGCTTC@TA GTTGCATCAG TGCAGGTTAG
— Chicken sequences

1300 Bg h

R ¢ . " g Fig. 2. Nucleotide sequence of the 3’ half of AMYV including the transforming gene. The
AACAGTGAAG AGACTTAGAT TCTGAATTGL TACGTAGGGC TGGAGATC

upper line shows the nucleotide sequence proceeding in the 5 to 3’ direction and has
the same polarity as AMV genomic RNA. The amino acid sequence deduced from the
open reading frame is given on the lower line. The major structural features of the genome are indicated. Alignment of T1 oligonucleotide is taken
from (5) with the nucleotide sequence of the cellular insertion of the AMV genome. The AMV-specific Tt oligonucleotides and their position in
the sequence [where D-101 (and so forth) indicates the number for the nucleotide chromatographic patterns in (9)]: D-101, ATTAATCTACTTG,
132 to 144; D-102, AATTATCACTCTACATTCATCTTTCTCAAAG, 101 to 131; D-104, AATTATTTACCAG, 410 to 422; D-105, TTTTA-
TATTTCATTAG, 149 to 164; D-106, ACTACCCCTACTACCACATTG, 679 to 699; D-107, CCCACAACCCACCTG, 622 to 636; D-108,
CATATAAATATTATCAATG, 747 to 766; D-113, CATTACCAACACAG, 892 to 905; D-110, CAAACTACCCCG, 916 to 927; D-111,
ACTCCTTCTTAAACACATCG, 1153 to 1172; D-112, TACTCCATCTCCACCAG, 1013 to 1029; D-103, CACTAACCTCCACG, 1207 to 1220;
and D-114, TTACCACCCCATTCCACAAG, 1246 to 1265. Common C region: D-51, CTCAATTATAATAATCTTG, 1316 to 1334. LTR (U,
untranslated regions at 3'): D-52, TATATTACCAAATAAG, 1499 to 1514; D-53, CACCAAATAAG, 1529 to 1539; D-54, CTAACAATAAAG,
1746 to 1757; D-56, TCATTCCTCATCG, 1616 to 1628; and D-57, CACCATTCATCG, 1669 to 1688. LTR (R, repeated region at both ends of the
molecule): D-1, CCATTCTACCTCTCACCACATTG, 1760 to 1782. Abbreviations: A, adenine; T, thymine; G, guanine; C, cytosine; Ala,
alanine; Asn, asparagine; Asp, aspartic acid; Arg, arginine; Cys, cysteine; Glu, glutamic acid; Gln, glutamine; Gly, glycine; His, histidine; lle,
isoleucine; Leu, leucine; Lys, lysine; Met, methionine; Phe, phenylalanine; Pro, proline; Ser, serine; Thr, threonine; Trp, tryptophan; Tyr,
tyrosine; and Val, valine.
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and have positively identified 13 of the
14 oligonucleotides in the sequence pre-
sented in Fig. 2. The legend to Fig. 2 lists
the T1 oligonucleotides identified by
Duesberg et al. (5) and their position
within our sequence. All but one of the
AMYV transformation-specific oligonu-
cleotides fall within the cellular sequence
inserted in AMV. Also, all but one of the
helper-related oligonucleotides are found
beyond the terminator signal TAG of the
large open reading frame in the region
shared with its helper virus. T1 oligonu-
cleotide D-31, as in (5), located between
positions 1316 and 1334 is present in both
AMYV and its helper virus. Comparison
of our sequence with that of the RSV
envelope region (6) reveals that the last
11 amino acids at the carboxyl terminus
are shared by the two proteins, suggest-
ing that the AMYV gene is incomplete and
utilizes the envelope terminator codon.
This positions the 3’ terminus of the
recombination event at position 1277,

A message generated from the AMV
transforming region should direct the
synthesis of the transforming protein
with the predicted amino acid sequence
(Fig. 2). This messenger RNA (mRNA)
could be generated either by splicing
with the leader sequence derived from
the 5’ terminus of genomic RNA or by
independent promotion. Splicing is gen-
erally used in the synthesis of viral sub-
genomic messages. Leader sequences
identified in MC29 (9) and RSV (6)
cloned proviruses contain the 5' L'TR, a
noncoding region, and 18 nucleotides
coding for six amino acids of the amino-
terminal portion of the viral protein p19
6, 9). The splice donor portion of these
sequences agrees with the consensus
splice sequence of eukaryotic genes (7).

The alternative model for controlling
the expression of the transforming gene
would use the transcriptional signals
found within the cellular insertion se-
quences in the region which lies between
the polymerase gene and the open read-
ing frame. This type of independent pro-
motion would not utilize the transcrip-
tion controls of the viral 5' LTR. Within
the regions containing 350 base pairs (bp)
in front of the putative leukemogenic
sequence we have identified transcrip-
tional signals similar to those present in
other eukaryotic genes (o, 1), A six-
base AT-rich sequence characteristic of
eukaryotic promoters was identified at
position 413 to 417, — 36 bp from the cap-
ping site. Similarly, signals such as the
—80 bp region and ribosomal binding
sites have also been identified within this
region (Fig. 2). The presence of these
regulatory signals for transcription im-
plies that the amv insert was generated
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by recombination directly with host
DNA and not with a reverse transcript
(complementary DNA) of the mRNA
coded by chicken sequences homolo-
gous to amv.
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Schizophrenia: Dopamine -Hydroxylase Activity and

Treatment Response

Abstract. Cerebrospinal fluid levels of dopamine B-hydroxylase, found to be
relatively constant over time in individual patients, were significantly lower in
schizophrenic patients who became nonpsychotic during neuroleptic treatment than
in those who remained psychotic. Dopamine B-hydroxylase activity may delineate a
subgroup of patients who have a dopamine-sensitive brain disorder.

Many hypotheses about the etiology of
schizophrenia have focused on changes
in central catecholamine and indole-
amine metabolism, and most evidence
has indicated a role for dopamine (/).
Evidence supporting the dopamine hy-
pothesis of schizophrenia, which sug-
gests that there is an increase in dopa-
mine activity in specific central nervous
system sites in schizophrenic patients,
includes the -pharmacological observa-
tions that the ability of neuroleptic drugs
to block dopamine receptors correlates
significantly with their antlpsychotlc po-
tency (2) and that drugs that increase
central dopamine function exacerbate
schizophrenia (3). Many investigators
have concluded from such data that the
neuroleptic medications act by decreas-
ing the central transmission of dopa-
mine. .

Alterations in brain dopamine in
schizophrenia could derive from varia-
tions in its enzymes of synthesis or deg-
radation. Dopamine B-hydroxylase
(DBH), the enzyme that catalyzes the
synthesis of norepinephrine from dopa-
mine, has been localized in brain norad-
renergic neurons, peripheral sympathet-
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ic nerves, and chromaffin granules of the
adrenal medulla (4). Studies of the adre-
nal medulla and sympathetic nerve end-
ings show that the enzyme is bound to
storage vesicles and is released along
with catecholamines by exocytosis (5).
The serum of humans and other mam-
mals contains DBH activity that arises
from the DBH of sympathetic nerve end-
ings (6) The DBH activity in cerebrospl—
nal fluid (CSF) may originate from DBH
released from brain noradrenérgic neu-
rons (7). A significant correlation- be-
tween levels of DBH activity in the CSF
and brain has been found in animals (8).
In any individual, serum DBH activity is
extremely constant over time (9), and it
is likely that DBH activity is under sig-
nificant genetic control (/0).

" Dopamine B-hydroxylase activity has
been studied in serum (/1), CSF (12, 13),
and postmortem brain tissue (I4) of
schizophrenic patients and controls, but
differences between these two groups
have not been consistently found. The
heterogeneity of the clinical syndrome of
schizophrenia itself may be the source of
such discrepant results, since schizo-
phrenia probably represents a variety of
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