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by 2.9% and H-12 (6 6.73) by 15.3%. The latter NOE was critical
in confirming that the ring-D methylenedioxy was located at
C-9,10 rather than at the alternate C-11,12 site. Turning now
to the minor compound 3, [«]%p +409° (¢ 0.0007, CHCL,), four
NOE’s were recorded following irradiation of the pseudoaxial
H-14. The stronger two concerned the acidic C-14 alcoholic
hydrogen at 6 3.12 (10.7%) and the N-methyl singlet at § 2.62
(7.1%). Weaker effects were observed for the H-1 singlet at &
6.94 (3.5%) and the H-158 doublet at §4.15 (0.9%).”

The biogenesis of (+)-turkiyenine (1) appears to be radically
different from that of any other isoquinoline-derived alkaloid. The
origin of turkiyenine may hypothetically be traced to the pseu-
dobenzylisoquinoline § which could be obtained biogenetically from
the protoberberinium alkaloid coptisine (4).5 Hydrolysis and

oxidation of § would yield pseudobenzylisoquinoline 6a, struc-
turally related to the known rugosinone (6b). O,N-Dimethylation
of 6a would provide salt 7, whicli through base-catalyzed isom-
erization could lead to pseudobase 8. Reduction of 8 would give
rise to ketone 9. Enolization of this ketone, and oxidation of the
aromatic methoxyl group to an oxonium ion as in 10, would then
set the stage for the formation of the methylenoxy bridge'® and
the alkaloid (+)-turkiyenine (1).

It has been previously suggested that the intermediacy of
pseudobenzylisoquinolines could be one of several possible ways
by which 8,9,10-oxygenated aporphines may be formed in nature.?
It is now apparent that pseudobenzylisoquinolines may also be
implicated in the biogenesis of the unusual base (+)-turkiyenine

(1).
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(7) (-)-Dihydroturkiyenine (2): g (CHCL3) 3350 cm™; A, MeOH 223,
288, 309 sh, 319 nm (log € 4.47, 3.92, 3.83, 3.76); MS, m/z 365 (M - 2)*
(0.4), 364 (0.4), 351 (49), 323 (45), 322 (96), 320 (100), 308 (87). (+)-
Epidihydroturkiyenine (3): vpe, (CHCI,) 3550 cm™; A\ ,., MeOH 226, 286,
313 nm (log € 4.44, 3.86, 3.79); MS, m/z 365 (M — 2)* (0.3), 363 (0.3), 362
(1), 323 (46), 322 (100), 320 (47), 308 (96). NMR spectra for 2 and 3 are
in CD,CN.

(8) Pseudobenzylisoquinolines always incorporate three oxygenated sub-
stituents in the lower pendant aromatic ring and are possibly derived in the
plant from the oxidation of protoberberinium salts. See: Murugesan, N.;
Shamma, M. Tetrahedron Lett. 1979, 4521. Shamma, M.; Guinaudeau, H.
Tetrahedron, in press.

(9) Wu, W.-N,; Beal, J. L.; Doskotch, R, W. J. Nat. Prod. 1980, 43, 143.
See also: Blaskd, G.; Shamma, M. Heterocycles 1982, 19, 257.

(10) Shamma, M.; Moniot, J. L. Heterocycles 1975, 3, 297.
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There is much current interest in the binding of the antitumor
drug cis-diamminedichloroplatinum(II) (cis-DDP) to its putative
target in the cancer cell, DNA.! Both the position and mode of
binding of cis-DDP to DNA can be altered by the presence of
the intercalating dye ethidium bromide in the incubation medium.?
Moreover, prior coordination of cis-DDP or [Pt(en)Cl,] (en =
1,2-diaminoethane) is known to affect the binding of intercalators
to DNA.} We were therefore interested to construct a molecule
in which both an intercalating functionality and a
diamine-coordinated {PtCl,} moiety are connected by an appro-
priate linker chain and to study its DNA binding and cleaving
properties. There is precedence for compounds containing both
intercalator and metal-binding functionalities in the naturally
occurring antitumor antibiotic bleomycin,* in a family of synthetic
molecules designed as footprinting agents,® and in certain me-
tallointercalation reagents such as [Pt(terpy)CI]C1.32 Here we
report the synthesis, characterization, DNA binding, and pho-
toactivated DNA cleaving (nicking) properties of cation 1, in which
acridine orange is linked by a hexamethylene chain to (1,2-di-
aminoethane)dichloroplatinum(II).

Compound 1 was synthesized in overall 18% yield by the fol-
lowing nine-step procedure. The hydroxyl group of 6-chloro-1-

Me,N#” : :N : ‘NMeZ

+

Cl NH
~ Pf/ ]
S "
1
hydroxyhexane was protected with dihydropyran,® following which
the chloro group was converted to an iodo group by a Finkelstein

reaction.” Alkylation of acridine orange free base® by refluxing
in xylene with a trace of NaHCO,, deprotection of the alcohol,’

* To whom correspondence should be addressed at MIT.

(1) (a) Lippard, S. J., Ed. “Platinum, Gold, and Other Metal Chemo-
therapeutic Agents”; American Chemical Society: Washington, DC, 1983;
ACS Symp. Ser. No. 209. (b) Hacker, M. P., Doyle, E. B., Krakoff, I. H,,
Eds. “Platinum Coordination Complexes in Cancer Chemotherepy”; Martinus
Nijhoff: Boston, 1984,

(2) (a) Tullius, T. D,; Lippard, S. J. Proc. Natl. Acad. Sci. U.S.A. 1982,
79, 3489. (b) Merkel, C. M; Lippard, S. J. Cold Spring Harbor Symp.
Quant. Biol. 1982, 47, 355.

(3) (a) Lippard, S. J. Acc. Chem. Res. 1978, 11, 211. (b) Roos, I. A. G;
Arnold, M. C. J. Clin. Hematol. Oncol. 1977, 7, 374. (c) Richardson, C. L.;
Verna, J.; Schulman, G. E.; Shipp, K.; Grant, A. D. Environ. Mutagen. 1981,
3, 545.

(4) Dabrowiak, J. C. Adv. Inorg. Biochem. 1982, 4, 69.

(5) (a) Hertzberg, R. P.; Dervan, P. B. J. Am. Chem. Soc. 1982, 104, 313.
(b) Schultz, P, G.; Dervan, P. B. J. Biomol. Struct. Dyn. 1984, I, 1133.

(6) Miyashita, M.; Yoshikoshi, A.; Grieco, P. A. J. Org. Chem. 1977, 42,
3772.

(7) Buehler, C. A.; Pearson, D. E. “Survey of Organic Synthesis”; Wi-
ley-Interscience: New York, 1970; p 339.

(8) Gupta, V. S; Kraft, S. C.; Samuelson, J. 8. J. Chromatogr. 1967, 26,

158.

© 1984 American Chemical Society



Communications to the Editor

and recrystallization from isopropyl alcohol/methanol gave dark
red needle crystals of intermediate 2, 3,6-bis(dimethylamino)-
10-(6-hydroxyhexyl)acridinium iodide. By treatment of 2 with
48% HBr at 95 °C, the hydroxyl group was replaced with a bromo
group.'® Addition of 1,2-diaminoethane in dry methanol under
nitrogen'! introduced the chelating chain into the cation. Re-
crystallization from HCl-saturated dry ethanol yielded interme-
diate 3, 3,6-bis(dimethylamino)-10-[6-((2-aminoethyl)amino)-
hexyl]acridinium chloride-tetrahydrochloride, as a bright red
microcrystalline solid.!? Platinum was next introduced into the
chelate ring by a modification of Dhara’s procedure (K,Ptl,/
DMF/H,0)" followed by methathesis (AgNO;/dilute HCI) to
produce the chloride salt of 1.'* Solubility tests revealed this salt
to be highly water soluble, >20 mg/mL.

Examination of CPK models of 1 and the DNA double helix
indicated that, with platinum bound to the bases, the acridine ring
is capable of intercalating at a distance of one to two base pairs
from the platinum binding site. Superhelical DNA was used to
study the DNA binding properties of 1 since this assay is known
to be a sensitive monitor of alterations in the double helix produced
both by intercalators'® and by covalent binding platinum com-
plexes.’®'¢  Figure la,b displays the results of standard gel
electrophoretic analyses'®® of the binding of 1 and [Pt(en)Cl,],
respectively, to a mixture of supercoiled (form I) and nicked (form
I1) closed circular pBR322 DNAs.!” Both platinum complexes
unwind and rewind form I DNA by binding covalently to the bases
in a manner similar to that observed for cis- and trans-DDP.¢
The coalescence point, where the nicked and superhelical DNAs
comigrate in the electrophoresis gel, corresponds to a drug/nu-
cleotide (D/N) ratio of 0.052 (9) for 1, nearly half the D/N value
of 0.11 (3) for [Pt(en)Cl,]. This result clearly establishes that
covalent binding of platinum to DNA does not interfere with the
ability of the tethered acridine orange moiety to interact with the
DNA and cause additional duplex unwinding. This interaction
is probably intercalative, but since acridine orange stacks with
single-stranded polynucleotides,'® further experiments are required
to establish the binding mode.

Figure la,b also reveals that the mobility of the nicked DNA
band increases with increased platinum binding for DN A-con-

(9) Van Boom, J. H_; Hershied, J. D. M.; Reese, C. B. Synthesis 1973, 169.

(10) Cortese, F. In “Organic Syntheses”; Blatt, A. H., Ed.; Wiley: New
York, 1943; Collect. Vol. 2, pp 91-93.

(11) Gaugin, B.; Barbet, J.; Oberlin, R.; Roques, B. P.; Le Pecq, J.-B.
Biochemistry 1978, 17, 5071.

(12) Analytical and spectroscopic data. Anal. Caled for C,sH4,NCls (3):
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132.23,115.49, 113.36, 90.68 (br), 47.96, 46.96, 44.07, 39.77, 35.52, 25.63,
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by raising the NaCl concentration to 0.3 M. Unreacted 1 was removed by
extensive dialysis against 10 mM Tris, 0.5 mM Na,EDTA, and 0.3 M NaCl
buffer, pH 8.0, and then against 10 mM Tris and 0.5 mM Na,EDTA pH 8.0
buffer to remove the salt. Unreacted [Pt(en)Cl,] was removed by dialysis
against the latter buffer only. All manipulations involving 1 were performed
under safe lights in a darkroom to avoid light-induced DNA degradation.
Bound platinum was measured by atomic absorption spectroscopy, and DNA
was quantitated by a fluorescence assay (Thomas, P. S.; Farquhar, M. N.
Anal. Biochem. 1978, 89, 35) to give the D/N ratios quoted in the text.

(18) Kapuscinski, J.; Darzynkiewicz, Z.; Melamed, M. R. Biochem.
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Figure 1. (a) Titration of a mixture of nicked (II) and closed (1) circular
pBR322 DNAs with 1. D/N levels for lanes 1-15: 0.0, 0.0026, 0.0054,
0.0061, 0.014, 0.019, 0.019, 0.023, 0.027, 0.035, 0.043, 0.061, 0.087,
0.190, and 0.0, respectively. Gel electrophoresis was performed in the
dark using 50 mM Tris, 50 mM boric acid, and 2.5 mM EDTA pH 8.0
as the buffer and 1% agarose gels at 8 °C and at 60 V for 22 h; 0.25 ug
of DNA was loaded in each lane. Gels were stained with a 0.5 ug/mL
solution of ethidium bromide before photographing. (b) Titration of
forms I and II pBR322 DNAs with [Pt(en)Cl,]. D/N levels for lanes
1-15: 0.0, 0.0085, 0.018, 0.023, 0.030, 0.036, 0.043, 0.051, 0.064, 0.062,
0.080, 0.092, 0.141, 0.198, and 0.0, respectively. Gel electrophoresis
conditions are the same as in (a) except that light was not excluded. (c)
Demonstration of DNA nicking by 1 following visible-light irradiation.
Lane identification: 1, 2, 15, control DNAs [ and I1; 3,4, 1 at D/N =
0.023; 5, 6, [Pt(en)Cl;] at D/N = 0.016; 7, 8, 1 at D/N = 0.091; 9, 10,
[Pt(en)Cl;] at D/N = 0.045; 11, 12, 1 at D/N = 0.228; 13, 14, [Pt-
(en)Cl,] at D/N = 0.121; 16 linear (form I1T) pBR322 DNA, produced
by EcoRI digestion. Gel conditions are as in (a) except 0.3 yg/mL of
ethidium bromide were added to both the gel and the running buffer.
Samples in the lanes marked by an arrowhead were illuminated as de-
scribed in the text.

taining bound [Pt(en)Cl,] but not 1. This increased mobility of
form II DNA in the presence of [Pt(en)Cl,] is indicative of
shortening of the DNA helix.'® The failure of 1 to shorten the
DNA is consistent with the previous observation?® that addition
of ethidium bromide to the incubation mixture during platination
of DNAs with cis-DDP diminishes the shortening effect. The
presence of a nearby, tethered intercalator in 1 prevents the
platinum binding mode responsible for the shortening.
Acridine orange is known to nick DNA in the presence of light.!”
As shown in Figure lc, compound 1 is also capable of nicking
DNA upon irradiation. Using a focused 300-W visible-light
source?® we found that a 45-s exposure was sufficient to convert
most of the supercoiled to nicked DNA and to produce some linear
DNA at the relatively low D/N ratio of 0.023 (lane 4). More
extensive cleavage occurs upon irradiation of samples with higher
D/N ratios (lanes 8 and 12). Controls (Figure 1¢) indicate that,
under identical conditions, no nicking occurs upon irradiation of
platinum-free DNA or DNA containing bound [Pt(en)Cl,]. Given
the efficiency of the nicking reaction, it should be possible to use

(19) Freifelder, D.; Davison, P. F.; Geiduschek, E. P. Biophys. J. 1961, I,
389.
(20) The light was filtered through water to remove infrared radiation.
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the acridine orange moiety of 1 as an internal, photoactivated
“molecular scissors” to map platinum binding sites on *2P-end-
labeled DNA restriction fragments, in a manner complementary
to our previous mapping of cis-DDP binding to DNA using ex-
onuclease I11.%82!

In summary, the intercalator-linked platinum complex 1 has
been synthesized in good yield. From its DNA binding and
light-activated nicking properties, 1 should prove to be a useful
probe of the regioselectivity and stereospecificity of diaminedi-
chloroplatinum(II) binding to DNA. The similarity of 1 to the
antitumor drug cis-DDP makes it potentially useful for probing
aspects of the biological mechanism of action of anticancer
platinum compounds.
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The severe sensitivity limitations associated with the observation
of >N NMR signals, especially at natural abundance, make any
improvement in sensitivity of considerable importance.>* The
potential advantages of using indirect detection via protons for
nuclei like 1N and '3C over conventional direct detection methods
have been recognized,*® but the enhancement has not been ex-
plicitly measured.® It is important to know if the theoretical
enhancement over simple direct detection (yiy/yisn)?, about
1000-fold, can be achieved, and if so, whether this can be done
routinely on samples of interest at natural abundance.

We report here the quantitative determination of the en-
hancement under typical conditions for biological macromolecules
using a 50 mM solution of 2-pyrrolidinone (I) in water and also
demonstrate the application of this method to an experimentally
demanding case, showing chemical shift correlation of amide
protons and nitrogen resonances in the 28-residue peptide thymosin
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Figure 1. Comparison® of direct !N and indirect proton-detected spectra
of pyrrolidinone (I} (50 mM, 95%H,0/5%D,0). (A) Directly detected
INEPT?? spectrum of 20-mm o.d. sample, active volume 10 mL, 2180
scans in 28 min, S/N = 9. (B) 'H-detected '*N spectrum of I taken in
a 12-mm tube in a modified 12-mm 'H probe, active volume 1 mL, 128
scans in 0.8 min, §/N = 11. The signals are at the position of the '°N
satellites. (C) '*N projection of a complete two-dimensional data set for
I, as in B. Total accumulation time 13 min (16 blocks), S/N = 70. (D)
'H spectrum of I using Redfield pulse acqusition.
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Figure 2. Two-dimensional 'H /N chemical shift correlation for thy-
mosin a, via proton-detected double-quantum (nonconservative) coher-
ence. Sample was 30 mM in 95% H,0/5%D,0, at pH 5.4. Total
accumulation time about 12 h. The zero-frequency points are the in-
strumental synthesizer frequencies and correspond to 8.04 ppm (from
Me,Si, 'H) and 125.3 ppm (from NH,, N). Chemical shifts in the N
direction are given by (Ayz — Ay), cf. ref 8, for this cycling scheme, and
the negative value of yn. Each amide proton gives a set of four peaks
in the contour plot arising from the large 'H-'*N coupling and the
smaller coupling of amide to H® One such set is connected by a line in
the upper left. (A) Redfield pulse 'H spectrum of the amide region. (B)
H (f,) projection of the two-dimensional data set and a contour plot of
the data set. Each amide appears as four lines from couplings to 'H* and
to 5N.

a, at 30 mM in water. Both samples were at natural abundance
for ¥N.°

The spectra of I with 1N detection using INEPT? and with
indirect 'H detection of '*N satellites using multiquantum co-

(9) The spectra were obtained on an NT-300W spectrometer, with a top-
entry probe stack system. For indirect detection experiments, an additional
synthesizer-based radiofrequency generator was used. A 'H 12-mm probe was
modified by inclusion of a second coil matched for !’N. The separate coil
eliminates lock interference previously observed by others in single-coil designs®
(Live, D. H.; Cowburn, D., unpublished results). Sequences used were gen-
erally those described previously® (Minoretti, A.; Aue, W. P.; Reinhold, M,;
Ernst, R. R. J. Magn. Reson. 1979, 40, 175-186) with proton excitation
generated by a selective pulse (Redfield, A.; Kunz, J.; Ralph, E. K. J. Magn.
Reson. 1975, 19, 114-119).
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