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Recently, considerable effort has been expended on the iden-
tification and characterization of molecules that mediate DNA
strand scission. Of special interest have been natural products
that cleave DNA by novel mechanisms! and synthetic derivatives
of natural product models that incorporate additional structural
elements to facilitate control over some specific aspect of DNA
cleavage, e.g., sequence-selective strand scission.> Because of their
importance in suggesting new mechanistic principles that can be
used to mediate DNA cleavage, we have focused on the identi-
fication of additional natural products that bind or cleave DNA.
Reported herein is a new structural class of DNA cleaving agents
that appear to function in a novel fashion.

A dichloromethane extract of Hakea trifurcata was found to
mediate cleavage of ®X174 DNA in the presence of Cu(II)
(Figure 1); bioassay-guided fractionation® afforded active con-
stituents 1-3. Compound 1 had the empirical formula C,,H3,0,
(m/z 292.2418) and a UV spectrum quite similar to that of
orcinol.* A S-alkylresorcinol structure was further supported by
the IR and '"H NMR spectra, which were strikingly similar to
those of orcinol;’ compound 1 also formed a di-O-acetate under
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the same conditions (Ac,0O, pyridine, 25 °C, 12 h) employed for
known 5-alkylresorcinols.® Consistent with the putative 5-al-
kylresorcinol structure, the !*C NMR spectrum contained reso-
nances (at 100.2, 108.1, 146.2 and 156.4 ppm) corresponding to
the aromatic carbons. Because the 'H NMR spectrum of 1 gave
no indication of branching within the 5-alkyl substituent, the
structure of 1 was assigned as 1,3-dihydroxy-5-tridecylbenzene.’
The assigned structure was verified by direct comparison of the
naturally derived compound with an authentic, synthetic sample.?
Compound 2 had the empirical formula C;H;3,0, (m/z
318.2578). The spectral data for 2 was quite similar to that of
1, with the exception that the IR contained a strong band at 1620
cm™, which suggested the presence of an olefin. The *C NMR
spectrum of 2 also contained two additional low field resonances
(129.36 and 129.49 ppm) assigned to vinylic carbons; the 'H NMR
spectrum contained a two-proton resonance at § 5.35 (brt, J =
7.2 Hz), suggesting the presence of a cis-olefin. The position of
unsaturation was determined by mass spectrometric analysis of
the diacetate.” The assigned structure, 1,3-dihydroxy-5-penta-
dec-cis-8’-enylbenzene, was verified by total synthesis.'
Compound 3 was found to have M, 412 by chemical ionization
mass spectrometry. UV and 'H NMR spectroscopy indicated that
3 was of the same structural type as 1 and 2; however, the absence
of a (methyl group) resonance at 6 0.92 and formation of a tet-
ra-O-acetate (m/z 581, chemical ionization mass spectrometry)
upon treatment with Ac,O/pyridine suggested the presence of two
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S. M., in preparation.

(10) This compound was synthesized in a fashion similar to that of 1.2
Introduction of the double bond was effected by treatment of 5-(7-bromo-
heptyl)-1,3-dimethoxybenzene with the lithium salt of octyne, followed by
hydrogenation of the derived alkyne over 5% Pd/BaSO, in the presence of
quinoline. 1,3-Dihydroxy-5-pentadec-cis-8’-enylbenzene has been isolated
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J. Chromatogr. 1981, 213, 287.
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Figure 1. Strand scission of ®X174 replicative form DNA. DNA sam-
ples (180 ng) in 40 uL of H,O containing 3% dimethoxyethane were
treated with 10 uM Fe(Il) + 0.1% H,0, (lane 2), 10 uM Cu(II) (lane
3), 20 ug of a CH,Cl, extract of Hakea trifurcata + 10 uM Cu(Il) (lane
4), 10 pg of extract + 10 uM Cu(II) (lane 5). Lane 1 contained un-
treated DNA. The reaction mixtures were incubated for 30 min at 25
°C and then analyzed by agarose gel electrophoresis. Form | DNA is
supercoiled covalently closed circular DNA; form Il DNA is relaxed
(nicked) circular DNA; form 111 DNA is linear duplex DNA.

dihydroxybenzene groups linked through an unbranched alkene.
As for 2, a cis-olefin was indicated by '"H NMR (6 5.33,brt, J
= 4.7 Hz); its location was determined by mass spectral analysis
of a sample of 3 that had been acetylated and subjected to ozo-
nolysis.” On this basis, compound 3 was assigned the structure
1,3-dihydroxy-5-(14'-(3”,5"-dihydroxyphenyl)tetradec-cis-6'-
enyl)benzene.!!

DNA cleavage by these 5-alk(en)ylresorcinols was found to be
remarkable in a few different ways. First, the compounds exhibited
Cu(II)-dependent DNA strand scission in spite of the absence of
useful metal ion ligands. Second, although high concentrations
of these compounds bound plasmid DNA sufficiently to alter its
mobility on agarose gels (Figure 1), none has any functionality
capable of mediating association with DNA by a well charac-
terized mechanism (e.g., intercalation, groove binding, or elec-
trostatic interaction'?).

As regards DNA cleavage, preliminary mechanistic investi-
gations provide some insight. During purification of the 5-al-
kylresorcinols, it was noted that after some fractionation steps
the newly isolated material actually exhibited a diminished ability
to mediate DNA strand scission. Interestingly, this activity in-
creased upon storage of the sample or by incubation in aerated
aqueous solution, especially where the solution was alkaline. It
seems possible that DNA cleavage by such compounds may involve
initial oxygenation of the benzene nucleus at C-4.'3 1,3,4-Tri-
hydroxybenzene derivatives produced in this fashion could then
chelate Cu(Il), providing a complex capable of initiating DNA
degradation in the presence of O,.'*!*  Of possible pertinence
to the issue of DNA binding is the observation that DNA cleavage
efficiency by 5-alkylresorcinol derivatives was found to be directly
proportional to the length of the alkyl substituent. It seems
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74,937, 1021, 1070, 1100, 1107. (b) Musso, H. Angew. Chem., Int. Ed. Engl.
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(14) Although presently unproven experimentally, reductive activation of
O, by the binary complex could lead to DNA strand scission.'® Consistent
with this scheme, DNA cleavage by 5-alkylresorcinols has been shown to be
O, dependent (Singh, S., unpublished results).

(15) In fact synthetic 5-alkyl-1,3,4-trihydroxybenzene derivatives were
found to cleave DNA at ~ 100-fold lower concentration than the respective
S-alkylresorcinols.

conceivable that upon dissolution in an aqueous solution containing
a DNA duplex, the lipophilic moiety of the 5-alkylresorcinols seeks
to associate with the least polar component of the duplex, i.e., with
the interior.!”
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The initial steps in the biosynthesis of riboflavin lead from GTP
to the pyrimidine 3 which reacts with a four-carbon moiety under
formation of 6,7-dimethyl-8-ribityllumazine (4).' In vivo studies
have shown that the four-carbon moiety originates from the
pentose pool by the loss of C-4.2 In vitro studies became feasible
on the basis of the seminal observation by Shavlovsky and his
co-workers that cell extracts of the yeast Candida guilliermondii
catalyze the formation of 4 from 3 in the presence of ribose
phosphate.’  We could show that an intermediary carbohydrate
phosphate designated as compound X can be formed from pentose
phosphate by the yeast cell extract.*

We have purified the enzyme catalyzing the formation of
compound X about 1000-fold from the cell extract of C. guil-
liermondii. Whereas crude cell extracts can use several pentose
and pentulose phosphates as substrates for the production of
compound X, the purified enzyme is limited to ribulose 5-phos-
phate (1) as substrate.

In light of the limited stability of compound X, it was advan-
tageous to study its formation by NMR spectroscopy in the en-
zyme assay mixture without purification. Five *C NMR signals
designated as a—e were observed after treatment of 1 with the
purified enzyme from C. guilliermondii (Figure 1, Table I). The
proton multiplicities of these signals were determined by DEPT
spectroscopy. The '*C NMR signal b at 173 ppm showed evidence
for the presence of one proton and was clearly identified as formate
by internal standardization with authentic formate. The pro-
duction of formate by the enzyme-catalyzed reaction was also
confirmed by '"H NMR spectroscopy.

Treatment of the reaction mixture with alkaline phosphatase
affects predominantly the chemical shifts of signals ¢ and d and
is accompanied by the loss of the fine structure of these signals.
The dephosphorylated compound was identified as 3,4-di-
hydroxy-2-butanone on the basis of 'H and *C NMR spectro-
scopic comparison with an authentic sample.® In experiments
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