appropriate divalent cation could result
in ‘“‘spliced” RNA products being
formed (31). These and other tests can
help to evaluate the validity of the pro-
posed model.

MATHEW MACCUMBER

Rick L. ORNSTEIN

Department of Biochemical Sciences,
Princeton University,
Princeton, New Jersey 08544

References and Notes

1. J. Abelson, Annu. Rev. Biochem. 48, 1035
(1979); S. J. Flint, in CRC Series in the Bio-
chemistry and Molecular Biology of the Cell
Nucleus: Enzymes of Nucleic Acid Synthesis
and Modification, S. T. Jacob, Ed. (CRC Press,
Boca Raton, Fla., 1983), vol. 2, p

2. Xg;\durray and R. Holliday, FEBS Lett 106, 5

. M. R. Lerner, J. A. Boyle, S. M. Mount, S. L.

Wolin, J. A. Steitz, Nature (London) 283, 220
(1980).

w

4. J. Rogers and R. Wall, Proc. Natl. Acad. Sci.
U.S.A. 77, 1877 (1980).

5. Y. Ohshima, M. Itoh, N. Okada, T. Miyata,
ibid. 78, 4471 (1981).

6. L. Burnett, J. Theor. Biol. 97, 351 (1982).

7. ?1.97S2i)gal and B. Alberts, J. Mol, Biol. 71, 789
1 .

8. S. M. Mount, Nucleic Acids Res. 10, 459 (1982).

9. R. Treisman, N. J. Proudfoot, M. Shander, T.

Maniatis, Cell 29, 903 (1982); B. Wieringa ef al.,
Nature (London) 301, 38 (1983).

10. C. Montell, E. F. Fisher, M. H. Caruthers, A. J.
Berk, ibid. 295, 380 (1982).

11. H. Busch, R. Reddy, L. Rothblum, Y, C. Choi,
Annu. Rev. Biochem. 51, 617 (1982).

12. V. W. Yang, M. R. Lermer, J. A. Steitz, S. J.
Fl;rét, Proc. Natl. Acad. Sci. U.S.A. 78, 1371
(1981).

13. S. M. Mount, I. Petterson, M. Hinterberger, A.
Karmas, J. A. Steitz, Cell 33, 509 (1983).

14. S. Arnott, D. W. L. Hukins, S. D. Dover,
Biochem. Biophys. Res. Commun. 48, 1392
(1972); S. Arnott, P. J. Bond, E. Selsing, P.J. C.
Smith, Nucleic Acids Res. 3, 2459 (1976).

15. P. H. Bolton and D. R. Kearns, Biochim,
Biophys. Acta 517, 329 (1978); P. H. Bolton and
D. R. Kearns, Nucleic Acids Res. 5, 1315(1978);
1. Am. Chem. Soc. 101, 479 (1979)

16. R. E. Dickerson, Sci. Am. 249, 94 (1983).

17. A. P. Gul'tyaev, S. A. Samoilenko, N. V.
Zheltovskii, Mol. Biol. (USSR) 15, 1295 (1981);
C. Helene and G. Lancelot, Prog. Bwphys Mol.
Biol. 39, 1 (1982); V. L. ‘Bruskov and V. N.
Bushuyev Biophysics 22, 23 (1977); N. C. See-
man, J. M. Rosenberg, A. Rich, Proc. Natl.
Acad. Sci. U.S.A. 73, 804 (1976).

18. C. W. Carter, Ir., and J. Kraut, Proc. Natl.
Acad. Sci. U.S.A. 71, 283 (1974); G. M. Church,
J. L. Sussman, S-H. Kim, ibid. 74, 1458 (1977);
R. V. Hosur, N. V. Kumar, G. Govil, Int. J.
Quantum Chem. 20, 23 (1981);J. J. Steckert and
T. M. Schuster, Nature (London) 299, 32 (1982);
D. H. Ohlendorf, W. F. Anderson, R. G. Fisher,
Y. Takeda, B. W. Matthews, xb:d 298, 718
(1982); C. O. Pabo, W. Krovatin, A. Jeﬁ'rey,
T. Sauer, ibid., p 441.

19. B. Hingerty, R. S. Brown, A. Jack, J. Mol. Biol.
124, 523 (1978).

20. N. R. Kallenbach, R.-I. Ma, N. C. Seeman,
Nature (London) 305, 829 (1983).

21. N. R. Kallenbach and N. C. Seeman, personal
comimunication. ’

22. T. R. Cech, Cell 34, 713 (1983).

23. R. A. Padgett, 8. F. Hardy, P. A. Sharp, Proc.

* Natl. Acad. Sci. U.S.A. 80, 5230 (1983).

24. C. L. Peebles, P. Gegenheimer, J. Abelson, Cell
32, 525 (1983) C. L. Greer, C. L. Pegebles, P.
Gegenheimer, J. Abelson, ibid., p. 537.

25. K. Kruger, P. J. Grabowski, A. J. Zaug, J.
Sands, D. E. Gottschling, T. R. Cech, ibid. 31,
147 (1982); A. J. Zaug, P. J. G]'abOWSkl T. R.
Cech, Nature (London) 301, 578 (1983).

26. D. A. Usher, Proc. Natl. Acad. Sci. U.S.A. 62,
661 (1969); D. A. Usher, D. 1. Richardson, Jr.,
F. Eckstein, Nature (London) 228, 663 (1970);
D. A. Usher, E. S. Erenrich, F. Eckstein, Proc.
Natl. Acad. Sci. U.S.A. 69, 115 (1972).

27. D. E. Green, Proc. Natl. Acad. Sci. U.S.A. 78,
2240 (1981).

28. K. Tyc, Y. Kikuchi, M. Konarska, W. Fi-
lipowicz, H. J. Gross, EMBO J. 2, 605 (1983).

29. K. Nishikura and E. M. De Robertis, J. Mol.
Biol. 145, 405 (1981).

30. (\’;IQ.SF)ilipowicz and A. J. Shatkin, Cell 32, 547

3).

31. R. S. Brown, B. E. Hingerty, J. C. Dewan, A
Klug, Nature (London) 303, 543 (1983).

32. A.S.Mildvanand C. M. Gnsham Struct. Bond.
20 1(1974).

33, Supported by NSF grant PCM-8023706 to J. R.
Fresco. We thank Drs. J. R. Fresco and D. H.
Dressler for advice, encouragement, and sup-
port, and Drs. S. J. Flint, R. A. Pascal, Jr., and
K. Haydock for suggestions.

21 N_ovember 1983; accepted 15 February 1984

Inhibition of Dihydropteridine Reductase by Novel
1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine Analogs

Abstract. Hydroxylated derivatives of I-methyl4-phenyl-1,2,3,6-tetrahydropyri-
dine (MPTP), a nigrostriatal neurotoxin in humans and primates, noncompetitively
inhibited dihydropteridine reductase from human liver and rat striatal synaptosomes
in vitro at micromolar concentrations. In contrast, MPTP and its chloro- and nor-
derivatives did not inhibit this enzyme at lower than millimolar concentrations.
Dihydropteridine reductase converts dihydrobiopterin to tetrahydrobiopterin, the
required cofactor for the hydroxylation of aromatic amino acids during the synthesis

of dopamine and serotonin.

During the summer of 1982, several
individuals with a history of drug addic-
tion intravenously injected a ‘‘synthetic
heroin’’ that was obtained from an illegal
laboratory (/). The drug preparation con-
tained 1-methyl-4-phenyl-4-propionoxy-
piperidine (MPPP) (0.3 percent), a me-
peridine analog that has analgesic prop-
erties, and the neurotoxin 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP)
(3.2 percent) that was formed presum-
ably as a byproduct during the synthesis
of the meperidine analog. Four of these
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individuals developed persistent parkin-
sonian symptoms and were studied ex-
tensively (I).

According to another report (2), one
individual developed parkinsonism after

using MPPP (and presumably MPTP)-

that he had synthesized. This person
died of a drug overdose 2 years after the
onset of his parkinsonism, and histologi-
cal examination of his brain revealed
marked destruction of the cells in the
substantia nigra. In comparison, idio-
pathic parkinsonism in humans is char-

acterized by a similar degeneration of the
nigrostriatal dopaminergic pathway with
specific loss of neurons.in the substantia
nigra accompanied by a marked decrease
in the concentration of dopamine and its
major metabolite, homovanillic acid, in
the caudate nucleus and putamen (3).
Administration of MPTP to rhesus mon-
keys has been shown to produce patho-
logical and neurochemical changes that
resemble closely idiopathic parkinson-
ism in humans (4), but MPTP does not
produce neurotoxicity in the nigrostriatal
dopaminergic system in guinea pigs or
rats (5).

The metabolism and mode of action of
MPTP has not been investigated system-
atically in man or other animals. What is
known of the catabolism of xenobiotics
by microsomal enzymes (6) suggests that
MPTP could first be metabolized, either
by aromatic hydroxylation or by aroma-
tization of the tetrahydropyridine moiety
(7) or both, to yield compounds that
could react subsequently with one or
more components of the nigrostriatal
system. Studies in our laboratories have
revealed that catechol- or hydroxy-con-
taining aromatic compounds are potent,
noncompetitive inhibitors (8-10) of
DHPR [dihydropteridine oxidoreductase
(NADH); E.C. 1.6.99.10]. This enzyme
catalyzes the conversion of dihydrobiop-
terin to tetrahydrobiopterin, the required
cofactor for hydroxylation of tyrosine to
3,4-dihydroxyphenylalanine in the rate-
limiting step of dopamine synthesis. We
tested MPTP and nine of its analogs
against DHPR in vitro to determine
whether or not they inhibit this enzyme.

The 4-phenyl-1,2,3,6-tetrahydropyri-
dine (PTP) compound and its 4'-chloro-
phenyl analog were obtained as hydro-
chloride salts (Aldrich Chemical), and
MPTP was obtained as a free base and
converted to its hydrochloride salt. The
4’-chloropheny! derivative of MPTP was
prepared via the N-methylcarbamate,
which was then reduced with lithium
aluminum hydride. The various hy-
droxy-substituted analogs were obtained
as described (/1). All new compounds
gave correct combustion analyses, and
their structures were confirmed with
spectral data.

Enzyme preparations were obtained
from human liver purified by ammonium
sulfate precipitation and sequential chro-
matography (on DEAE-Sephacel, Ma-
trex Gel Blue A, and hydroxyapatite) (8,
12) and from prepared rat striatal synap-
tosomes (/3). Each compound was test-
ed for its ability to inhibit DHPR. After
preincubation of each inhibitor with
DHPR for 10 minutes at 25°C, the reac-
tion rate of DHPR was determined (/4)
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Table 1. Inhibition of dihydropteridine reductase by 4-phenyl-1,2,3,6-tetrahydropyridines. Human liver enzyme (6 mU or 60 ng of protein) or rat
striatal synaptosomes (6.5 mU or 100 p.g of P, protein) were incubated for 10 minutes with each inhibitor at 25°C. Residual enzyme activity was
assayed at 50 wM of each substrate to obtain /s, values and at different qDMPH, concentrations (20 to SO wM) while the concentration of NADH

was kept constant (50 wM) to obtain K; values.

4 32 Isy (molar)
()X A N1
' 56 Human Rat striatal
Ring B Ring A liver synaptosomes

_ 4-Phenyl-1,2,3,6-tetrahydropyridine (PTP) 1.2 x 1072 6.6 x 1073
_ 1-CH; 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) 3.0 x 1073 4.6 x 1073
4'-Cl 4-(4'-Chlorophenyl)-1,2,3,6-tetrahydropyridine 3.4 x 1073 4.0 x 1073
4'-Cl 1-CH,4 1-Methyl-4-(4’chlorophenyl)-1,2,3,6-tetrahydropyridine 2.7 x 1073 6.4 x 1073
4'-OH 4-(4'-Hydroxyphenyl)-1,2,3,6-tetrahydropyridine 5.9 % 107° 3.4 x 107°
4'-OH 1-CH; 1-Methyl-4-(4'-hydroxyphenyl)-1,2,3,6-tetrahydropyridine* 3.0 x 107¢ 2.6 x 107°
3'-OCH;,4'-OH 4-(3'-Methoxy-4’-hydroxyphenyl)-1,2,3,6-tetrahydropyridine 7.2 X 107 1.0 x 10775
3'-OCH;,4'-OH 1-CH; 1-Methyl-4-(3'-methoxy-4'-hydroxyphenyl)-1,2,3,6-tetrahydropyridine 9.3 x 107 5.8 x 107°
3',4'-(OH), 4-(3',4'-Dihydroxyphenyl)-1,2,3,6-tetrahydropyridine 3.6 x 107® 1.9 x 107°
3'.4'-(OH), 1-CH; 1-Methyl-4-(3’,4'dihydroxyphenyl)-1,2,3,6-tetrahydropyridine 3.4 x 107 2.5 x 107¢

*A noncompetitive inhibitor of human liver enzyme (K; = 2.8 X 107°M).

by recording the decrease in NADH ab-
sorbance at 340 nm for 2 to 3 minutes
on a Gilford 250 spectrophotometer
equipped with a 6051 recorder. The in-
hibitor concentrations that gave 50 per-
cent inhibition (I5y) of the enzyme activi-
ty were determined, and the dissociation
constants (K;) of the enzyme-inhibitor
complexes were calculated from plots of
the reciprocal of the apparent maximum
velocity against the inhibitor concentra-
tion.

The results showed that PTP, MPTP,
and their 4'-chloro derivatives do not
inhibit DHPR at lower than millimolar
concentrations, but all 4'-hydroxy and
3’,4'-dihydroxy derivatives that were
tested showed inhibition (Is, values) at
micromolar concentrations (Table 1).
The inhibition produced by the hydroxy-
lated nor-compounds was approximately
equivalent to or slightly less than that of
their corresponding 1-methyl deriva-
tives, but the Iy values were of the same
order of magnitude. The 1-methyl-4-(4'-
hydroxyphenyl)-1,2,3,6-tetrahydropyri-
dine and 1-methyl-4-(3',4'-dihydroxy-
phenyl)-1,2,3,6-tetrahydropyridine com-
pounds were the most potent inhibitors
among the MPTP compounds. Further
analysis of these mono- and dihydroxy
MPTP compounds at four concentra-
tions revealed noncompetitive inhibition
when quinonoid 2-amino-6,7-dimethyl-4-
hydroxydihydropteridine (@DMPH,)
was used as a variable substrate. The
experimental values of Isy and K; were
essentially identical, a result which, for
theoretical reasons, would be expected
of noncompetitive inhibitors (15). All hy-
droxylated derivatives were approxi-
mately equally active against highly puri-
fied DHPR from human liver and DHPR
in intact striatal synaptosomes from rat
brain.

The relevance of these in vitro studies

to the observed action of MPTP in vivo
must be interpreted with caution. Hy-
droxylated derivatives of MPTP have
not yet been identified in humans or
primates after administration of the par-
ent compound. Our studies suggest that
hydroxylated derivatives of MPTP, if
they occur in vivo, could inhibit DHPR,
an effect that would reduce the availabil-
ity of the biopterin cofactor for tyrosine
and tryptophan hydroxylation during
biogenic amine synthesis. Although the
physiological roles of DHPR and tetra-
hydrobiopterin have not been elucidated
completely, this enzyme is essential for
normal brain function. Variant forms of
hyperphenylalaninemia that are charac-
terized by a deficiency of dihydropteri-
dine reductase (/6) or by a defect in
tetrahydrobiopterin  biosynthesis (17)
lead to severe and eventually fatal neuro-
logical deterioration. Reduced levels of
biopterin in cerebrospinal fluid of pa-
tients with Parkinson’s disease, torsion
dystonia, Alzheimer’s disease, Steel-
Richardson syndrome, and Huntington’s
chorea have also been reported (/8).
The molecular species of the deriva-
tives of mono- and dihydroxylated
MPTP that are directly responsible for
the inhibition of DHPR, and the moieties
within the protein to which they bind,
are unknown. We have proposed that
certain catechols undergo oxidation to
quinones that are then attacked by nu-
cleophiles in DHPR molecules (/0). An
oxidation of a phenolic tetrahydroiso-
quinoline alkaloid to the corresponding
quinone methide has been shown and
may have biological significance (/9).
Other studies (20) suggest that amino-
chromes, the in vitro auto-oxidation
products of catecholamines, are the ac-
tual inhibitors of DHPR. However, the
enzyme inhibition conditions used in our
study differed in that we preincubated

A noncompetitive inhibitor of rat striatal synaptosomal enzyme (K; = 3.3 x 107°M).

inhibitors with DHPR for 10 minutes (8)
before adding peroxidase-H,0, solutions
to measure the residual enzyme activity.
Quinone derivatives of dopamine have
been proposed to form in vivo in increas-
ing concentrations during the process of
aging in mammals (2/). Dopamine has
been found to be cytotoxic in a battery of
test systems, including DNA single-
strand break analysis and mutagenicity
assays; these effects have been attribut-
ed to the oxidation of dopamine to reac-
tive semiquinones and quinones (22).
Further, auto-oxidation products of do-
pamine have been proposed as potential
toxic metabolites in iprindole-treated
rats after amphetamine-induced deple-
tion of striatal dopamine (23). 6-
Hydroxydopamine, which selectively
destroys adrenergic nerve terminals and
is a potent inhibitor of DHPR (9), is
known to oxidize to its corresponding p-
quinone, which is converted into indo-
line and indole-derivatives (24). These
compounds can then bind covalently to
proteins. On the basis of these discover-
ies, we propose that mono- and dihy-
droxy MPTP may undergo oxidation and
subsequent binding to DHPR.

Studies in our laboratory have shown
that DHPR can be inhibited by a wide
variety of compounds containing pheno-
lic or catecholic substitutions, including
catecholamines and their metabolites (9),
tetrahydroisoquinolines (8), catechol es-
trogens (/0), and aporphines (25). Many
of these compounds can also inhibit tyro-
sine hydroxylase (26) and, in the case of
apomorphine and its analogs, act as do-
paminergic agonists (27). Moreover, 1-n-
propyl-3-(3'-hydroxyphenyl)-piperidine,
which has some structural similarities to
monohydroxy MPTP, is reported to be a
potent dopaminergic presynaptic agonist
(28). These results suggest that hydroxy-
lated derivatives of MPTP may also in-
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hibit tyrosine hydroxylase, the rate-lim-
iting enzyme in dopamine synthesis, or
bind to dopaminergic receptors.
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Cultured Cells of White Pine Show Genetic Resistance to

Axenic Blister Rust Hyphae

Abstract. Hypersensitive resistance to dxenically cultured Cronartium ribicola was
displayed by subcultured callus of Pinus lambertiana. Cellular resistance to a
destructive rust disease can now be studied at the macromolecular level through use
of cloned cells of both host and pathogen in a system amenable to emerging

recombinant DNA technology

White pine blister rust, caused by
Cronartium ribicola J. C. Fisch ex Ra-
benh, is responsible for annual losses of
millions of cubic feet of timber from the
several five-needle pine species in the
United States dlone. Selective breeding
for genetic resistance is the ‘‘most feasi-
ble and promising approach’’ (1) to initi-
ate recovery of five-needle pines from
this pandemic. A single dominant gene in
sugar pine (Pinus lambertiana Dougl.)
affects the only qualitative and well-de-
fined genetic resistance to this disease
(2). Macroscopic expression of this
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resistance mechanism is the appearance
of a brown fleck on the needle at the site
of rust basidiospore inoculation, indica-
tive of a hypersensitive reaction in the
cells beneath.

Traditional field breeding programs for
disease resistance, both in forest trees
and agronomic crops, are labor-inten-
sive, long-term, and usually dictated by
generation times of both host and patho-
gen. Greenhouse and laboratory whole-
plant assays for resistance are support-
ive but commonly involve natural modes
of spore inoculation followed in weeks or

months by appraisals of relative resist-
ance in some organ-specific reaction. We
now report the development of a rapid in
vitro assay for a characteristic rust-
resistance reaction displayed at the cel-
lular level; the assay employed monocul-
tures of both host and pathogen to chal-
lenge cell cultures (callus) with the vege-
tative pathogen.

Many blister rust-resistance mecha-
nisms have been described in various
host species (3) and characterized for
breeding programs (4). In most cases,
modes of inheritance of these resistance
mechanisms (typically expressed only
after secondary needle development in
the 3-year seedling) have remained unre-
solved. However, the hypersensitive
rust-resistance mechanism reported in
sugar pine is expressed not only in spore-
inoculated cotyledons and primary and
secondary needles (5) but also in young
embryos inoculated with vegetative hy-
phae of the rust fungus grown in axenic
culture (6). Characteristic resistance ex-
pressed within 2 weeks by these embry-
os was similar histologically to that seen
in the spore-inoculated needle. This sug-
gested the possibility that resistance was
being expressed independent of the de-
gree of host tissue organization and thus
on the cellular level.

Six callus linés were established from
minced germinated embryos of sugar
pine seeds (7) to test this hypothesis.
Three seeds were heterozygous for hy-
persensitive resistance to blister rust;
three were homozygous recessive for
resistance and thus susceptible to rust.
Callus cultures were maintained on a
modified Brown and Lawrence agar-so-
lidified medium (8) containing 2.2 pM
benzylaminopurine (BAP) and 2.7 pM
naphthalene acetic acid in petri plates at
20° = 1°C under continuous cool white
fluorescent light (2000 lux). Cultures
were subcultured to fresh medium bi-
weekly for 10 months before use. Axenic
rust cultures were established (8) from
basidiospores produced on the alternate
host Ribes hudsonianum var. petiolare
that had been inoculated with rust aecio-
spores collected in Idaho. Axenic cul-
tures were maintained by subculture of
segments excised from established colo-
nies onto freshly prepared medium of the
same composition (8).

For the infection assay, callus from
each line was arranged in three pads (1
cm in diameter, 1.5 mm thick) on fresh
pine callus medium. After 6 days of
incubation, a smooth, fresh callus sur-
face had formed. At this time two of the
pads were inoculated at three sites each
with axenic rust hyphae, and the third
pad served as an uninoculated control.
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