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Abstract: Evaluation of the sequence selectivity, noncovalent association, and orientation of the DNA cross-
linking agent azinomycin B on its duplex DNA receptor is described. A strong correlation between sequence
nucleophilicity and cross-linking yield was observed, and steric effects due to the thymine C5-methyl group
were identified. Detailed studies on the role of the azinomycin naphthoate using viscometry, fluorescence

contact energy transfer, and DNA unwinding assays point

to a nonintercalative binding mode for this group.

A kinetic assay for agent regioselectivity was used to determine the orientation of binding and covalent

cross-link formation.

1. Introduction

New prototypes of antitumor agents generate tremendous
scientific interest in the synthetic organic and medicinal
chemistry communities, and the DNA cross-linking agents
azinomycins A 1a) and B (Lb) are typical in this regaré?
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These naturally occurring agents were isolated in 1986 from
cultures ofStreptomyces griseofusc842227 and possess an
intricately functionalized structure containing the unusual aziri-
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dino[1,2-a]pyrrolidine ring system. They exhibit potent in vitro
cytotoxic activity and promising in vivo antitumor activity
against P388 leukemia in mice that is comparable to mitomycin

4

Evaluation of the azinomycins has been hampered by
chemical instability and poor availability from natural sources.
Information on the biological activity of these agents is limited
to the original 1987 repoftWe recently reported the first total
synthesis of a member of this natural product farhignd we
now disclose our studies that begin to clarify the biological
mechanism of action of these agents.

The azinomycins are among a small group of molecules that
interact with duplex DNA in the major groove. Azinomycin B
forms a covalent interstrand cross-Ifnka the N7 positions of
suitably disposed purine bases in the duplex DNA sequence
5'-d(PuNPy)-3, via the electrophilic C10 and C21 carbons, but
the structural origin of the sequence selectivity and binding
affinity have yet to be defined. Early studies by Lown and
Majumdar provided the original demonstration that azinomycin

(3) Nagaoka, K.; Matsumoto, M.; Oono, J.; Yokoi, K.; Ishizeki, S.; Nakashima,
T. J. Antibiot. 1986 39, 1527. Yokoi, K.; Nagaoka, K.; Nakashima, T.
Chem. Pharm. Bull1986 34, 4554.

4) Ishizeki, S.; Ohtsuka, M.; Irinoda, K.; Kukita, K.; Nagaoka, K.; Nakashima,

T. J. Antibiot.1987, 40, 60. In vitro cytotoxicity: 1Go = 0.07ug/mL (1a)

and 0.11ug/mL (1b) against L5178Y cells. In vivo antitumor activity:

193% ILS at 16ug/kg 1b (3/7 survivors) against P388 leukemia; 161%

ILS at 32ug/kg 1b (5/8 survivors) against Erlich carcinoma. In the same

system, mitomycin C exhibited a 204% ILS at 1 mg/kg against P388

leukemia.
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B (nee carzinophilin§ covalently cross-links native DNA Benzyl (25,39)-3,4-Epoxy-2-(3-methoxy-5-methyl-1-naphthoyloxy)-
without prior activation. A more recent, preliminary study on 3-methylbutanoate. A stirred solution of benzyl (839-3,4-epoxy-
azinomycin/DNA interactions by Armstrong and co-worKers ~ 2-hydroxy-3-methylbutanoa®(255.0 mg, 1.15 mmol), B4 (0.25 mL,
demonstrated cross-link formation between the agent and N71:72 mmol), and DMAP (4¥,N-dimethylamino)pyridine) (14.0 mg,

S . 0.11 mmol) in dry CHCI, (15 mL) at 0°C was treated with a solution
of dG and N7 of dG or dA.Wlthm the major groovg of DNA. of 3-methoxy-5-methyl-1-naphthoyl chloride (320.0 mg, 1.38 mmol)
These results were confirmed recently by Saito and co- . CH.CL (10 mL). Th ; . rred at thi
workers in CH.Cl, (10 mL). The reaction mixture was stirred at this temperature

8 _Who pro_pose(_d the orientat_ional binding mode of for 3 h before being quenched by the addition of water (50 mL). The
azinomycin B to its triplet base-pair receptor, which we organic layer was separated and the aqueous layer was extracted with
confirmed in a series of computational studies;® and now dichloromethane (3« 25 mL). The combined organic extracts were

established experimentally. dried (NaSQy), filtered, and concentrated. Purification of the residue
In none of these studies was a clear role for the naphthoic by flash chromatography (2 10 cm silica, 20% ethyl acetate/hexane)
acid defined. Computational work was consistent with either afforded the desired compound (367 mg, 76%) as a colorlesstgil:
an intercalative or nonintercalative binding mo#fe}3 Experi- NMR (400 MHz, CDC}) 6 8.60 (dd,J = 6.2, 3.7 Hz, 1H), 7.90 (d]
mental work on partial structures by Zang and GHtieslicated = 2:6 Hz, 1H), 7.51 (dJ = 2.6 Hz, 1H), 7.38 (m, 2H), 7.35 (m, 5H),
that azinomycin fragments bearing the naphthoate were weak>2? (d,J=12.0 Hz, 1H), 5.21 (d) = 12.0 Hz, 1H), 5.19 (s, 1H),

N - 3.91 (s, 3H), 2.95 (dJ = 4.6 Hz, 1H), 2.65 (dJ = 4.6 Hz, 1H), 2.60
1
DNA blndlng age.nts. (1®M™1), and these workers proposed (s, 3H), 1.42 (s, 3H)C NMR (100 MHz, CDCY) 6 167.3, 166.0,
an intercalative binding mode.

k e _ 134.9, 133.9, 133.5, 131.2, 130.6, 128.4, 128.3, 128.2, 128.1, 127.8,
We now provide our initial results evaluating the covalent 126.2 1255, 125.4, 124.3, 75.2, 67.2, 55.0, 51.7, 17.8; HRMS (ESI),
and noncovalent interactions of both azinomycin B with duplex nvz 443.1471 (calcd for §H240s + Na: 443.1471).

DNA. Herein, we provide evidence that more clearly defines
the regioselectivity of the agent in the cross-linked lesion,
delineates the sequence selectivity of cross-link formation, and CH50
demonstrates a lack of effective intercalation by the naphthoate O
benzyl (28, 3S)-3,4-epoxy-2-(3-methoxy-
5-methyl-1-naphthoyloxy)-3-methylbutanoate

group of the agents.

2. Materials and Methods CHg

Azinomycin B was obtained from fermentation brothsSifepto-
mycessp. (NRRL 15902) using growth and isolation conditions similar
to those originally published. Samples were stored y®OHir toluene
solution at —80 °C to prevent decomposition; samples degraded  (2539)-3,4-Epoxy-2-(3-methoxy-5-methyl-1-naphthoyloxy)-3-me-
significantly after several months, and best results were obtained with thylbutanoic Acid. A solution of the above benzyl ester (368 mg, 0.88
freshly isolated samples. mmol) in dry methanol (50 mL) was treated with 10% palladium on

Methyl 3-Methoxy-5-methyl-1-naphthoate (4). A solution of carbon (54 mg) and the resulting suspension was sti_rred under hydrogen
diazomethane in ether was prepared by the addition of 1-methyl-3- (L atm)fa2h atroom temperature_. The reaction mixture was filtered
nitro-1-nitrosoguanidine (201.5 mg, 1.157 mmol) to a mixture of 40% through a pad of Celltg, and the fllt_rate was concentratgd in vacuo to
aqueous NaOH (20 mL) and ether (10 mL). A stirred solutio@ (50 afford the correspondm_g_ crL_Jde acid as a colorless solid, which was
mg, 0.23 mmol) in THF (5 mL) at room temperature was treated with used without further purification*H NMR (400 MHz, CDC}) 6 8.61
the diazomethane solution. The reaction mixture was quenched by the(dd,J = 6.2, 3.7 Hz, 1H), 7.89 (d] = 2.5 Hz, 1H), 7.49 (d) = 2.5
addition d 1 N aqueous HCI (2 mL), and the mixture was washed HZ; 1H), 7.38 (m, 2H), 5.32 (s, 1H), 3.91 (s, 3H), 2.951¢; 4.6 Hz,
with saturated aqueous NaCl €22 mL). The organic layer was dried ~ 1H). 2.65 (d.J = 4.6 Hz, 1H), 2.67 (s, 3H), 1.42 (s, 3H).

(NaeSQy), the solvent was removed, and the residue was purified by
flash chromatography (& 5 cm silica, 15% ethyl acetate/hexane) to

afford pure4 (52.3 mg, 99%) as a crystalline solidH NMR (500
MHz, CDCl) 6 8.58 (dd,J = 6.2, 3.7 Hz, 1H), 7.78 (d] = 2.6 Hz,
1H), 7.42 (d,J = 2.6 Hz, 1H), 7.32 (m, 2H), 4.00 (s, 3H), 3.94 (s,
3H), 2.64 (s, 3H)3C NMR (125 MHz, CDC}) ¢ 168.3, 156.4, 134.8,

133.5,129.9,128.0, 127.2,125.3, 124.3, 121.8, 108.4, 56.0, 52.7, 20.5;

UV (MeOH/H,0, 1:1) Amax 240 € 34 000), 298 ¢ 6300), 338 nm

N
OI OH

o

CH30. I

(2S,35)-3,4-epoxy-2-(3-methoxy-5-methyl-1-

CH;

(e 7400); HRMS (ESI),m/z 253.0822 (calcd for GH140; + Na:

hthoyl -3-methyl i i
253.0841). naphthoyloxy )-3-methylbutanoic acid

(2S,39)-3,4-Epoxy-2-(3-methoxy-5-methyl-1-naphthoyloxy)-3-me-
thylbutanamide (3). A solution of the above crude acid (43 mg, 0.13
mmol) in tetrahydrofuran (THF) (5 mL) at 6C was treated with
triethylamine (0.05 mL, 0.33 mmol) and ethyl chloroformate (31 mg,
0.26umol). After 15 min at °C, aqueous 30% ammonium hydroxide

OCH3

CH,0 O

CHy (0.05 mL, 0.35 mmol) was added, and the reaction mixture was stirred
4 for 30 min at 0°C before being diluted with EtOAc and filtered through
(10) Fujiwara, T.; Saito, |.; Sugiyama, Hetrahedron Lett1999 40, 315.

(7) Lown, J. W.; Majumdar, K. CCan. J. Biochem1977, 55, 630. (11) Alcaro, S.; Coleman, R. S. Org. Chem1998 63, 4620.
(8) Hata, T.; Koga, F.; Sano, Y.; Kanamori, K.; Matsumae, A.; Sugawara, R.; (12) Alcaro, S.; Coleman. R. S. Med. Chem200Q 43, 2783.

Hoshi, T.; Shimi, T.; Ito, S.; Tomizawa, 3. Antibiot., Ser. A1954 7, (13) Alcaro, S.; Ortuso, F.; Coleman, R. 5.Med. Chem2002 45, 861.

107. (14) Zang, H.; Gates, K. Biochemistry200Q 39, 14968.
(9) Armstrong, R. W.; Salvati, M. E.; Nguyen, M. Am. Chem. S0d.992 (15) Coleman, R. S.; Sarko, C. R.; Gittinger, JTetrahedron Lett1997, 38,

114, 3144, 5917. Coleman, R. S.; McKinley, J. Detrahedron Lett1998 39, 3433.
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a pad of silica gel. Evaporation of the solvent and purification of the addition, the solution was mixed with a gentle stream of air. Each
residue by flash chromatography ¥210 cm silica, 50% ethyl acetate/  mixture was equilibrated for 10 min at room temperature.

hexane) afforde@ (37.9 mg, 93%) as a colorless solitki NMR (400 Fluorescence spectra were determined using a FluoroMax-2 fluo-
MHz, CDCk) 6 8.60 (dd,J = 6.2, 3.6 Hz, 1H), 7.88 (d] = 2.5 Hz, rimeter from ISA, Inc. Concentrations of DNA in BPE buffer were
1H), 7.45 (d,J = 2.5 Hz, 1H), 7.32 (m, 2H), 6.18 (br s, 1H), 5.96 (br  calculated fromAggo values. Control experiments without DNA were

s, 1H), 5.20 (s, 1H), 3.94 (s, 3H), 3.00 @ 4.6 Hz, 1H), 2.76 (d) performed by combining 2L of test compound in DMSO (dimethy!

=4.6 Hz, 1H), 2.64 (s, 3H), 1.52 (s, 3fiC NMR (100 MHz, CDCY) sulfoxide) and 18QuL BPE buffer. DNA stock solution (L) was
0169.3, 166.0, 156.2, 134.9, 133.6, 128.5, 128.2, 127.3, 125.6, 124.2,added, and the mixture was incubated 5 min at room temperature.
1225, 108.8, 76.3, 62.9, 56.3, 53.7, 20.5, 18.0; HRMS (ES8I3, Topoisomerase | unwinding assays were performed by incubating a
352.1150 (caled for HigNOs + Na: 352.1161). mixture of 2uL of Topo | buffer (10 mM Tris-HCI, 5% glycerol, 0.1
mM spermidine, 1 mM EDTA, 0.15 M NaCl, 1% BSA, pH 7.0), 0.5

O ’;o ng pHOT1 supercoiled DNA, 12 units topoisomerase |, and double
CH,0 I I{NHZ distilled water (18uL total volume) at 37°C for 1 h. The relaxed
O 0 J plasmid DNA topoisomers were treated witlx2 of a DMSO solution
ne
3

of the test compound, and the mixture was incubated &C3for 30
min. The mixture was treated with &L of 1% SDS and 4ulL of
proteinase K (5@tg/mL) solutions, and was incubated at 8B. After
15-20 min, 2 uL of 10x loading dye (5% sarkosyl, 0.0025%
bromophenol blue, 25% glycerol) was added to the mixture, which
(25,3R)-3,4-Dihydroxy-2-(3-methoxy-5-methyl-1-naphthoyloxy)-  \yas mixed with an equal volume of 1:1 CHGIAMOH. The aqueous
3-methylbutanamide (5).A solution of amide3 (20 mg, 0.06 mmol) layer was loaded onto a 1% agarose gel {122.5 cm) cast in TAE
in a 6:1 mixture of THF/HO (7 mL) was treated with concentrated |y jfer (40 mM Tris, 1 mM EDTA, and 20 mM glacial acetic acid).
aqueous perchloric acid (1 drop), and the reaction mixture was warmedtpq gel was run at 120 V for 4.5 h, stained with ethidium bromide
at reflux for 15 min. The mixture was diluted with EtOAc and washed (0.5 ug/mL) for 2 h, and viewed with a Biorad Gel Doc 2000
with saturated aqueous solution of NaHE(G mL) and saturated  ransilluminator. Two important control reactions were performed. The

aqueous NaCl (3« 3 mL). The organic layer was dried (b&Q), test compound was added simultaneously with Topo | to verify that
filtered, and concentrated. Purification of the residue by flash chro- 4 enzyme is active in the presence of the compound being tested

matography (2« 5 silica, 50% ethyl acetate/hexane) affordeL0 and the test compound was added in the absence of the enzyme to
mg, 50%) as a colorless solidH NMR (500 MHz, CDC}) ¢ 8.66 establish whether the compound damages DNA.

(dd,J = 6.2, 3.6 Hz, 1H), 8.02 (d) = 2.5 Hz, IH), 7.57 (dJ = 2.5 DNA unwinding assays with T4 ligase were performed by lineariza-
Hz, 1H), 7.43 (m, 2H), 5.84 (s, 1H), 4.46 (= 9.9 Hz, 1H), 4.31 (d, tion of 1 ug of pBR322 supercoiled plasmid DNA with 3 units of
J = 9.9 Hz, 1H), 4.03 (s, 3H), 2.73 (s, 3H), 1.59 (s, 3 NMR BanH1 at 37°C for 1 h in abuffer system consisting of 150 mM
(100 MHz, CDC}) 6 169.3, 166.0, 156.2, 134.9, 133.6, 128.5, 128.2, NaCl, 10 mM Tris-HCl, 10 mM MgG} 1 mM dithiothreitol (DTT),

127.3,125.6, 124.2, 122.5, 108.8, 76.3, 62.9, 56.3, 53.7, 20.5, 18'O;and 10Qug/mL bovine serum albumin (BSA), pH 7.9. The total reaction
HRMS (ESI),m'z 370.1363 (calcd for H1NOs + Na: 370.1369). volume was 5QiL. The DNA was extracted with an equal volume of
1:1 CHCW/phenol, and the aqueous layer was separated and mixed with
three volumes of cold ethanol. The mixture was incubated in a dry
ice/acetone bath for 30 min, and the DNA was pelleted by centrifugation
at 10000 rpm for 20 min. The DNA was dried, dissolved in T4 ligase
buffer (50 mM Tris-HCI, 10 mM MgGJ, 10 mM DTT, 1 mM ATP,
25ug/mL BSA, pH 7.5), and incubated with the test compound (added
in DMSO) for 10 min at room temperature. The total reaction volume
was 100uL (10% DMSO). T4 Ligase (400 units) was added, and the
mixture was incubated at PZ for 2 h, and mixed with an equal volume

All polyacrylamide gel images were recorded using a Storm of 1:1 CHCl/phenol mixture to extract the test compound. The aqueous
phosphorimager from Molecular Dynamics. Both the vertical adjustable layer was collected and mixed with three volumes of cold ethanol to
slab gel kit (Model ASG-250) for polyacrylamide gel electrophoresis precipitate the DNA. The mixture was incubated in a dry ice/acetone
and the agarose gel electrophoresis kit (Model SGE-014-02) were bath for 30 min, and the DNA was pelleted by centrifugation at 10000
purchased from CBS Scientific. The topoisomerase | DNA unwinding rpm for 20 min. The dried pellet was dissolved inuB loading dye
kit was a gift from TopoGen, Inc. of Columbus, OH. TBanH1 and (5% sarkosyl, 0.0025% bromophenol blue, 25% glycerol) and loaded
T4 ligase enzymes for the T4 ligase unwinding experiments were from onto a 1% agarose gel cast in TAE buffer. The gel was run at 120 V
New England Biolabs (NEB). Calf thymus DNA, sheared herring sperm for 4.5 h and was stained with ethidium bromide (@gmL) for 2 h.
DNA, and supercoiled pR322 were purchased from Sigma, Promega, Control experiments similar to those used in Topo | assays were
and NEB, respectively. Other oligodeoxynucleotides used were syn- performed to eliminate concerns analogous to those with the topois-
thesized using an Applied Biosystems 392 DNA/RNA synthesizer. ~ merase | assay.

Relative viscosities were calculated using the equation (t — Cross-linking reactions were performed with 15-mer oligodeoxy-
to)/to, wheret = flow time of the DNA solution and, = flow time of nucleotides. One strand of the duplex was? end-labeled and an
the buffer, using a Cannon-Manning semimicro (no. 50) viscometer aliquot with activity of 1@ cpm was added to a solution containing
(total volume= 440uL) immersed in a room temperature water bath. 0.1 nmol of the unlabeled strand, 0.1 nmol of the complement;L10
Flow times ranged from 268 s for buffer to 1123 s for ethidium bromide. of 10 mM Tris-HCI (pH 7.5), and LL of 50 mM NaCl. The resulting

Values of @/170)'3, whereno = relative viscosity of blank DNA solution, mixture was dried and redissolved in 40 double distilled water to
were plotted against the binding ratioApproximately 0.8 mM agent make 10uM DNA duplex solution in 10 mM Tris-HCI buffer
per base-pair DNA solution in BPE buffer (6 mM MO, 2 mM containing 5 mM NaCl. The DNA solution was annealed and cooled

NaH.PQ,, 1 mM NaEDTA (EDTA = ethylenediaminetetraacetic acid), to 8 °C. In a separate microcentrifuge tube, the desired volume of a 2
pH 7.0) was used. DNA solutions were titrated with the test compounds mM toluene stock solution of azinomycin B was evaporated. The DNA
by adding small volumes of concentrated aqueous solutions. After eachsolution was added to the azinomycin B, which was incubated’&t 8

13010 J. AM. CHEM. SOC. = VOL. 124, NO. 44, 2002
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1 2 3 4 5 6 Table 1. Sequence Selectivity of Azinomycin B2
triplet sequence cross-link (%) mono (%) starting DNA (%)

cross-link ———= .- - 1 g::ggg:é ;; 42 1(8)
2 5-GTC-3 18 12 70

3-CAG-5 30 23 46

monoalkylation —s ' 3 g,:ggl‘__g, gi ig gg
native DNA — . “ 4 5-GTT-3 3 19 73
3-CAA-5' 4 0 96

5 5-ATC-3 0 0 98

3-TAG-5 0 21 7

6 5-ACC-3 2 7 91

3-TGG-5 5 95 0

. aReaction conditions: 10 mM Tris-HCI (pH 7.5), 5 mM NacCl, 40

reaction volume, 20 h, 8C, 10uM duplex DNA, and 40Q:M azinomycin
B. Numbers opposite sequences refer to yields when that strand of the duplex

. A . . . . DNA was 5 end-labeled wit¥2P.
Figure 1. DNA cross-linking by azinomycin Blp). Reaction conditions:

10 mM Tris-HCI (pH 7.5), 5 mM NacCl, 1L volume, 8°C, 20 h, 1uM . . T
duplex DNA, 120uM 1b. Sequence used:-B(TATTATGCCTATTAT)- Maxam—Gilbert sequencing to be the italicized dG bases (G-

3 (A)/3-d(ATAATACGGATAATA)-5' (B). Lanes 13, 5 end-labeled  lane data not shown). When theGGG-3 strand was Send-
strand isB. Lanes 4-6, 5 end-labeled strand &. Lane 1, control; lane 2, labeled and the duplex was reacted with azinomycin B (lanes
?NS‘N;: ib?llgr}gn:’; GDNSANJ;\ib 11”2;2‘2%‘?}'"’;;:;?;;;3”9 4, control; lane 7 _3) ‘two electrophoretically distinct species were formed (lane
' ' ' ' 2) that were of lower mobility than the starting oligonucle-
for 24 h and then was treated with I of 20 mM NaOH solutionat ~ otide: (1) a band directly above the starting DNA that
37°C for 45 min to form the formamidinopyrimidine (FAPY) base in ~ corresponded to monoalkylation by the drug; (2) a band
order to minimize spontaneous depurination. The sample was desaltedcorresponding to a cross-linked duplex at much lower mobility.
using a Sephadex G-25 column and evaporated. The residue wag ane 3 is the fragmented oligomer resulting from piperidine
dissolved in 3uL loading dye and loaded onto a 20% polyacrylamide  treatment of the cross-linked duplex and demonstrates that the
gel (28 x 16 cm). The gel was run at 20 W for 70 min, and cross- pn s site-specifically alkylategtat a single guanineboth
“m;'.ng ;/_vas q“ant'f'e? by phOSpr;O”m%gerY' qupl isti ¢ in the monoalkylated intermediate and in the cross-linked
Inetic experiments were perrormed using a duplex consisting O prOdUCt. When the ComplementaryGCC-S strand was end-

different sized strands, with both strands*® end-labeled. Labeled I | | f kvl . f
oligodeoxynucleotides (¥&pm each strand) were combined with 10 abeled, only a trace of monoalkylated species was formed, and

pmol each of the unlabeled strands, 400 of 10 mM Tris-HCI (pH the cross-linked duplex was by far the major product of the
7.5), and 1uL of 50 mM NaCl. The mixture was dried in a speed reaction. This study served to define the strand that reacted in
vacuum and dissolved in 20 of double distilled water to reconstitute  the initial monoalkylation reaction (thé-8GG-5' strand) and

a 1uM solution of the duplex DNA in 10 mM Tris-HCl buffer and 5  provided evidence on which strand underwent subsequent cross-
mM NaCl. The DNA was annealed and reacted with dried azinomycin link formation (the 5-GCC-3 strand) in addition to providing

B prepared as above. The reaction was allowed to proceed@fdr clear definition of which bases in the DNA are alkylated.

the specified time and was quenched by the addition ot ®f 10 In a full investigation of the sequence selectivity of covalent
mM NaSEt. Parallel reactions requiring different reaction times were cross-linking by azinomycin B1p), we used DNA 15-mer

run simultaneously. At the termination of all the reactions, they were duplexes with the general sequence shown £Ppyrimidine:

each desalted using a Sephadex G-25 column and dried. Each sampl%) - - o h . ’

was dissolved in 3L loading dye and loaded onto a 20% polyacryl- u= purlne): The triplet binding sequence conta!r)(adlépo§ed
amide gel (28x 16 cm). The gel was run at 20 W for 70 min and reactlvg pgrmesF{u) .flanked by a nonnucleoph|!|c T-residue.
viewed using a phosphorimager. Cross-linking experiments were performed with each DNA

_ _ strand alternately end-labeled witfP phosphate.
3. Results and Discussion

Sequence Selectivity of Cross-Link FormationWe began 5-d(TATTATPUPYPYyATTATT)-3'
our evaluation of mechanism of action of azinomycin B with a 3-d(ATAATA PyPUPUTAATAA)-5’
study of the sequence dependence of cross-link formation, using
the recognition sequenc&&GCC)-3. Initial interstrand DNA Results from these studies are presented in Table 1, and the

cross-link assays were performed using the following 15-mer yields for the various species formed in the reaction of
dupleX Containing a Single b|nd|ng site embedded within an azinomycin B with the [argeted DNA were determined by
unreactive A-T sequence. densitometry of denaturing polyacrylamide gels using a phos-
, , phorimager. Analysis of the sequence selectivity data was
S-d(TATTATGCCTATTAT)-3 complicated by a competing, facile, and sequence-dependent
3-d(ATAATA CGGATAATA)-5' depurination qf the cross-lin_ked duplex, and the column labeled
“mono” contains the combined percentage of monoalkylated
In our preliminary evaluation using this d(GETGG) binding and depurinated oligomer. In all cases, Maxiilbert se-
triplet, we found that azinomycin B afforded exceptionally high quencing confirmed the site of alkylation.
levels of formation of the cross-linked product, oftentimes in  Cross-link formation with azinomycin B was optimal between
excess of 90% as measured by densitometry (Figure 1). Thetwo guanine bases when the intervening base pair w& G
site of alkylation of the end-labeled strand was confirmed by (Table 1, entry 1). With the d(GGCCG) sequence, yields for

J. AM. CHEM. SOC. = VOL. 124, NO. 44, 2002 13011
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cross-link formation were reproducibly #80%, and oftentimes 1.08
in excess of 90%. The lower level of cross-link formation B cthidium bromide -
observed and the accompanying increase in monoalklation when 106 o azinomycin B
the 3-CGG-B strand was 5end-labeled are due to selective .
depurination of the guanine in th&6CC-3 containing strand.
The B5-GCC-3 containing strand underwent essentially no 1041
monoalkylation compared to the more nucleophili€C&G-5 (i)™ n
strand, as expected from a consideration of sequence-dependent  1.02 .
nucleophilicity?6 = "

Cross-linking yields dropped dramatically when the interven- 100 u '. o .
ing base pair between the reactive guanines was(®able 1, ¢ L ¢ o
entry 2). This result is expected based on the higher degree
nucleophilicity of the 5dG in GG sequences compared to AG O e o oo o o o o ow

and because of steric hindrance of cross-link formation by the
C5-methyl group of the thymine that i$t%® one of the reactive
guanines’ In this case, there is still a greater degree of
monoalkylation of the more nucleophili¢-@AG-5' strand than
of the B-GTC-3 strand, but the overall level of cross-link
formation is reduced.

Cross-linking between G and A was modest to minimal within
a variety of sequence contexts (Table 1, entrie6)3 contrasting

previous descriptions of some of these sequences being ef-

fectively cross-linked by azinomycin B. With the d(GEIGA)

sequence that has been reported recently by Saito and co-

workers® and earlier by Armstrong and co-workgro be
efficiently cross-linked by azinomycin B, the cross-linking yield
was 24% with either strand end-labeled (Table 1, entry 3), which
is comparable to that observed by Saito and co-workers (32%).
In this entry, for the CGA-containing strand, yields do not sum
to 100% because a measurably significant amount of radioactiv-
ity was nonspecifically localized in the gel. When the interven-
ing base pair is changed toA (Table 1, entry 4), cross-link
formation is essentially abolished, and only minimal levels of
monoalkylation of the guanine in thé-&TT-3 strand was
observed’

With sequences containing the more reacti¥@ 3G-5 and
3-TAG-5 sequences (Table 1, entries 5 and 6), only monoalky-
lation of the reactive guanine bases was observed with little or
no cross-link formation, and yields were proportional to guanine
nucleophilicity16

Making a comparison of our results (Table 1) with those of
an earlier study by Armstrong and co-workeis difficult
because the earlier data are qualitative. Nevertheless, the tw
sequences that underwent cross-linking most effectively in our
work (GCCGCGG and GCTCGA) were the same as the best
sequences from the Armstrong study. While we observed
significant differences in the yield of cross-link formation
between these two sequences where Armstrong and co-worker

did not, there are subtle flanking sequence differences between
the oligodeoxynucleotide sequences used in the two studies

(there is an AT transversion adjacent to the purine of the
PyPuPu-containing strand).

Role of the Naphthoate.Given the structural similarity
between the azinomycin and neocarzinostatin naphtidéate,
had antiticipated that the drugs would share a common,

intercalative mode of association with duplex DNA. In experi-

(16) Sugiyama, H.; Saito, 0. Am. Chem. Sod 996 118 7063.

(17) For a similar report of steric hindrance of cross-link formation due to the
C5-methyl group of thymine, see: Coleman, R. S.; Pires, RNMcleic
Acids Res1997 25, 4771.

(18) Gao, X.; Stassinopoulos, A.; Gu, J.; Goldberg, |.Biborg. Med. Chem.
1995 3, 795.
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Binding Ratio (r)

Figure 2. Plot of relative specific viscosityy{i70)/® of calf thymus DNA
versus binding ratio (per base pair) for the indicated compounds. Ap-
proximately 0.8 mM agent per base-pair DNA solution in BPE buffer (6
mM NaHPQy, 2 mM NaHPOs, 1 mM NgEDTA, pH 7.0) was used.

ments designed to define the intercalative ability of the
azinomycins, we have examined the interaction of the natural
agentlb and the partial structurex®® 3, 4, and5 with duplex
DNA.

CH 0. !

(@)

OH

5

Viscometry is the classic assay for DNA intercalation. Under
the assumption that duplex DNA is a rigid rodlike structure,
hydrodynamic properties such as viscosity are highly dependent
upon changes in lengff.In the classic intercalation model

Qvhere ligands lengthen the DNA helix, viscometry provides a

sensitive way of determining the intercalation between the
stacked base pairs of DNA. We determined the effect of
incremental levels of azinomycin BLI) and naphthoic acid
2) on the viscosity of solutions of calf thymus DNA (Figure
Adding incremental levels of azinomycin B to a solution of
calf thymus DNA failed to measurably affect the viscosity of
the solution. This is in marked contrast to the pronounced
increase in the viscosity when a solution calf thymus DNA was
titrated with the intercalator ethidium bromtde(Figure 2).
These results contradict the report by Gates and co-wdfkers
in which they demonstrated an increasing trend in the relative
viscosity of a solution of sheared herring sperm DNA when

(19) Shishido, K.; Omodani, T.; Shibuya, M. Chem. Soc., Perkin Trans. 1
1992 2053.

(20) Cohen, G.; Eisenberg, H. IBiopolymers1969 8, 45.

(21) For essentially identical data comparing ethidium bromide with the minor
groove binder Hoechst 33258, see Figure 5 in ref 23.



Mechanism of Action of Azinomycin B ARTICLES

1.08 7.00E+06
- . ethidium bromide
= cthidium bromide ] - ethidium bromide + DNA
106 a compound 5 - 6.00E+06 opened epoxide 5
' - opened epoxide 5 + DNA
n 8 5.00E+06
m/m,)"™ 1.04 . g
q"’) 4.00E+06
L] 5]
>
- = 4
1.02 © 3.00E+06 |
=
. =
A a A 3
A A A A A A o
1.00 2.00E+06
0.00 0.05 0.10 0.15 0.20
binding ratio (r) 1.00E+06

Figure 3. Plot of relative specific viscosityn(no)Y® of sheared herring 0.00E+00 ‘ =
sperm DNA versus binding ratio (per base pair) for the indicated compounds. ' 250 275 300 325 350 375 400
Approximately 0.8 mM agent per base-pair DNA solution in BPE buffer wavelength (nm)

(6 MM NgHPQOy, 2 mM NakPOy, 1 mM NgEDTA, pH 7.0) was used.

Figure 4. Excitation spectra of opened epoxifleand ethidium bromide

in the absence and presence of sheared herring sperm DNA in BPE buffer
. . . . (6 MM NgHPQy, 2 mM NakbPOy, 1 mM N&EDTA, pH 7.0). Emission
treated with epoxyamid® a compound that interacts with DNA  was measurediaxis, arbitrary units) at 636 nm for ethidium bromide and

covalently. 435 nm for5 as a function of excitation wavelengtk-#xis).
Because shorter strands of DNA are generally more sensitive
to length changes resulting from intercalation, we employed known binding site 5d(GGC)-3.
sheared herring sperm DNA (average length of-30000 bp)
in a second set of viscosity experiments. The model compound S-d(ATAATAGGCATAATA)-3'
5 was investigated (Figure 3). This compound failed to show 3-d(TATTATCCGTATTAT)-5
an increase in the relative viscosity of the DNA sample,
indicating a lack of intercalative binding. These results contradict In the excitation spectra shown in Figure 4 with ethidium
the report by Zang and Ga_ﬂésn which they demonstrated an 0 ige (1QuM)—a well-characterized DNA intercalaf®with
increasing trend in the relative V|sco§|ty of a solution of sheared binding constants between 610F M~—in the presence of
herring sperm DNA when treated with a compound analogous sheared herring sperm DNA, there is a 6-fold enhancement of

to 5. HO"VeYef' there are significant differences in_ th(_e experi- ethidium fluorescence measured at 636 nm when a solution of
mental designs of the two studies, and a comparative interpreta-p\ o (50 «M base pairs) is added. Conversely, there is a

tion is made even mc_)re_d|ff|cult because of the extremely low decrease in naphthalene fluorescence measured at 435 nm when
dynamic range of their viscometry measurements and their IackDNA (50 «M base pairs) is added to a solution of opened

of either positive or negative controls. epoxide5 (10 uM). This reduction in fluorescence quantum
FIuor_escen_ce contact energy trangféom DNA basgs toa yield is due to screening of the fluorophore by the DNA
t_)oun_d ligand is the r;\sosy definitive method to confirm mtercgla— absorbance. Essentially identical excitation spectra were obtained
tion in duplex DNAZ® Light absorbed by the_I_DNA bases_: IS \with an excess of agent (1M 5 and 2uM DNA base pairs;
transferred to a bound fluorophore under specific geometric and j 11 ot shown). Similar results were obtained for naphthoic
spectroscopic conditions: (1) there must be spectral overlapacidz and methyl naphthoaté, using sheared herring sperm

bgt\Nesr_] thﬁ donor and _iiccer;tot: systems ("?" the%/ bgteh MUstnd calf thymus DNA. In each case, either there was no change
absorb in the same region of the spectrum); (2) the denor or a decrease was observed in the measured fluorescence

acceptor distance must be appropriate, as energy transfer exmbitﬁwtensity when DNA was added to a solution of the agent (data
a distance dependencerof (4—7 A in DNA);24 (3) the donor not shown)

and acceptor dipoles must be suitably aligned for efficient energy In the presence and absence of the 15-mer duplex shown

transfer. For a molecule bound to duplex DNA, these three . .
" . .~ above containing the known recognition sequene&6C-3,
conditions are met simultaneously only when the acceptor is ~ . . . : ;
bound intercalatively. In the case of drugs bound along the an identical result was obtained (Figure 5). Using different agent/
' base pair ratios (1:3, 1:1, and 5:1) to determine the behavior of

grooves or on the surface of the DNA duplex, the larger drug- .
t0-DNA distance and the poor orbital overlap prohibits energy the fluorescence excitation spectra when an excess amount of
DNA was added to the compound and vice versa, the fluores-

transfer. Experimentally, an increase in fluorescence quantum . " L
P y d cence intensities for both emission (data not shown) and

yield of an intercalated molecule is observed when the DNA is o - . L
irradiated excitation spectra of azinomycin B were insignificantly altered
' upon the addition of DNA. Identical results were obtained using
hv— DNA — agent — hv calf thymus DNA (data not shown). With each DNA system,
(donor) (acceptor)

(22) LePeck, J. B.; Paoletti, Q. Mol. Biol. 1967, 27, 87.
. . . . (23) Suh, D.; Chaires, J. Bioorg. Med. Chem1995 3, 723.
In the present studies, three different nucleic acid systems (24) Faster, T.Ann. Phys194§ 2, 55.
: . : (25) Wilson, W. D.; Krishnamoorthy, C. R.; Wang, Y.-H.; Smithy, J. C.
were examined: calf thymus DNA’_ sheared hemng Spe:rm DNA Biopolymersl985 24, 1941. Bresloff, J. L.; Crothers, D. MBiochemistry
(300-1000 bp), and the 15-mer oligomer shown containing the 1981, 20, 3547.
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Figure 5. Excitation spectra of azinomycin BIf; 40 «M) in the absence
and presence of 15-mer duplex DNA (4™ in base pairs) in BPE buffer
(6 mM NgHPQO,, 2 mM NaHPOs, 1 mM NgEDTA, pH 7.0). Emission
was measured/{axis, arbitrary units) at 435 nm as a function of excitation
wavelength x-axis). For clarity, the positive ethidium bromide control is
not shown.
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Figure 6. Excitation spectra of epoxyamid®(100 uM) in the absence
and presence of 15-mer duplex DNA £51) in BPE buffer (6 mM Na-
HPQ4, 2 mM NakPQs, 1 mM N&EDTA, pH 7.0). The drugt DNA
spectrum was obtained after 20 h incubatior8@fnd the duplex at 8C.
Emission was measureg-éxis, arbitrary units) at 435 nm as a function of
excitation wavelengthxtaxis). Denaturing polyacrylamide gel electrophore-
sis insert: lane 1,'5%P end-labeled DNA; lane 2:; 8P end-labeled DNA
+ drug after incubation.

the DNA duplex in>=75% yield, thereby localizing the drug
irreversibly onto its DNA receptor. The gel electrophoresis
autoradiogram insert (Figure 6) shows the conversion of native
DNA to alkylated DNA at the end of this incubation period.

In the interpretation of negative results such as those obtained
in the fluorescence contact energy transfer experiments, it is
reasonable to ask whether the experimental design was ap-
propriate for detecting potentially weak binding. There is no
information on the threshold of agent binding for this experiment
to yield positive results, but in a recent paper Viola and co-
workers observed a strong positive enhancement of agent
fluorescence in the presence of DNA using a furocoumarin with
a Kapp = 3.3 x 10% The DNA/agent ratio in the Viola work
was 10:128 In the results shown in Figure 5, the DNA/agent
ratio was 0.067, and the agent is covalently bound to the DNA
duplex. In Figure 6, gel electrophoresis was used to confirm
that the agent was covalently bound to the duplex, making
discussions of agent/DNA ratios and binding constants irrelevant
in this case.

In three separate systenidb( which forms covalent cross-
links; opened epoxid®, which can only interact with DNA
noncovalently; and epoxyami@which has been demonstrated
to effectively alkylate both single and double-stranded DKA),
using three different forms of duplex DNA (sheared herring
sperm; calf thymus; and a synthetic 15-mer), we observed no
enhancement of agent fluorescence upon the addition of DNA
under conditions where ethidium bromide exhibited a strong,
positive enhancement of fluorescence.

To confirm the negative results obtained with viscometry and
fluorescence spectroscopy, we examined two enzyme-based
assays for intercalation. Topoisomerase | unwinds supercoiled
DNA. The topoisomerase assay for intercalation is based on
the fact that intercalating agents unwind the DNA double helix,
and with relaxed plasmid DNA as a substrate, the unwinding
caused by a bound intercalating agent introduces positive
superhelical twists in the DNA structure. Hence, the plasmid
behaves as if it were positively supercoiled. Treatment of the
intercalator-DNA complex with topoisomerase | (topo |) repairs
the extra superhelical twists in the DNA structure, resulting in
an apparently relaxed plasmid that in reality is negatively
supercoiled because of the presence of the intercalator. Extrac-
tion of the intercalator from the helix causes the formerly relaxed

ethidium bromide was used as a positive control, and a large DNA to negatively supercoil. Intercalating agents thus promote
enhancement of fluorescence intensity was observed upon thehe conversion of relaxed plasmid DNA to the negatively

addition of duplex DNA (cf., Figure 4). The Barton Ru(phgmn)
(phen= 1,10-phenanthroline) major groove bintfavas used
as a negative control (data not shown).

Epoxyamide partial structuiis highly effective at covalent
modification of duplex DNA, alkylating guanine bases in the
GCCCGG receptor with yields as high as 86%d he excitation
spectrum of3 (Figure 6) showed no enhancement upon the
addition of 15-mer duplex DNA; the observed decrease in

fluorescence intensity is due to the DNA absorbance shielding

supercoiled form in the presence of topo I. This is manifested
in the electrophoretic analysis as a shifting of the relaxed
topoisomeric ladder to the more highly mobile, negatively
supercoiled form of the plasmid. The known intercalating agent
4'-(acridin-9-ylamino)-3methoxymethanesulfonalinidem{
AMSA) is used as a positive control.

the naphthoate absorbance. In this experiment, the drug was

incubated with the duplex DNA for 20 h at’€. Polyacrylamide
gel electrophoresis confirmed that epoxyantdead alkylated

(26) For a recent review, see: Kane-Maguire, N. A. P.; Wheeler Coerd.
Chem. Re. 2001, 211, 145, and references therein.

(27) Coleman, R. S.; Burk, C. H.; Navarro, A.; Brueggemeier, R. W.; Diaz-
Cruz, E. S.Org. Lett.2002 4, 3545.
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Figure 7. DNA unwinding experiment with naphthoic acitland topo I. Figure 9. DNA unwinding experiment witl2 and T4 ligase. Lanes-4,
Lanes 1-3, 1000, 500, 10@M 2, respectively; lane 4, 100M m-AMSA; 1000, 100, 50, and 18M 2, respectively; lane 5, linearized DNA T4
lane 5, relaxed plasmid DNA; lane 6, supercoiled plasmid DNA. ligase; lane 6, linearized DNA.

1 2 3 4 5 6

Figure 8. DNA unwinding experiment with methyl naphthoatend topo Figure 10. DNA unwinding experiment witit and T4 ligase. Lanes-i4,
I. Lane 1, control (supercoiled plasmid DNA 1000:M 4 without topo 1000, 100, 50, and 18M 4, respectively; lane 5, linearized DNA T4
I); lane 2, 100QuM 4 and topo | added simultaneously; lanes53 1000, ligase; lane 6, linearized DNA.

500, 100uM 4, respectively, added to plasmid DNA preincubated with

topo I; lane 6, 10;M m-AMSA added to plasmid DNA preincubated with 1 2 3 4 5 6 7 8 9

topo I; lane 7, relaxed plasmid DNA; lane 8, supercoiled plasmid DNA.

L |

Unwinding assay results obtained with compou@dsnd 4
are shown in Figures 7 and 8, respectively. Lanes 5 and 7
(Figures 7 and 8, respectively) show the behavior of relaxed
i i 0,
tpl'llisrtnc)ldopsl\cl)?nlenr']é/(;c?rgrﬁgost% gg!'s;rrr:]ilrzddgfr (t):]sang z::.%reﬁ_inetsﬁgure 11. DNA unwinding experiment wittb and T4 ligase. Lane 1,
1e topol ! ms (topoist ) he plasmid. linearized DNA+ 10004M 5; lanes 2, 100tM 5 and T4 ligase added
distribution of the topoisomers shifts when an intercalating agent simultaneously to linearized DNA; lane 3, 1M 5 and T4 ligase added
is added, as was observed with the intercalatgkMSA (lanes simultaneously to linearized DNA; lanes-Z, 1000, 100, 50, and 16M
4 and 6, Figures 7 and 8, respectively). Compoudsd 4 5, respectively; lane 8, linearized DNA T4 ligase; lane 9, linearized DNA.
were examined at concentrations as high as 1000 In
agreement with the results obtained in viscosity and fluorescence
experiments, the compounds showed little or no ability to induce
electrophoretic shifts in plasmid DNA mobility, indicating no

or an extremely weak ability to bind to DNA intercalatively. . . . .
While this is not surprising for a compound sucteabat bears in the presence d did not promote the production of negatively

a negative charge at neutral pH, the identical lack of shifts was sgpt_erconed DNA even a_t very _h|gh concentrgtlons (1600
observed the corresponding methyl ester. In particular, with Similar results were obtained with compouh(rigure 10, lanes
methyl naphthoatd (Figure 8), there was no detectable shift 1~4). With 5, products W'th slower mOb'“t_y started to appear
in DNA mobility with concentrations off as high as 1 mM. at a.compound cqncentratlon Of, lODM, (F.lg.u.re 11, lane 1)
This experiment is based on a concentration-dependent shift inWe interpreted this result as a sign of inhibition of the activity

topoisomer mobility, and an examination of lanes3lin Figure _Of the enzyme because  the _p_r_oduct resemb_le_s nicked or
7 or lanes 25 in Figure 8 leads to the conclusion that such a incompletely ligated DNA. Inhibition of the activity of the
shift does not occur enzyme was confirmed on lane 2 (Figure 11), where the enzyme

We also performed a DNA unwinding experiment with T4 was added simullta.n_eou.sly WiFE to the linearized DNA )
ligase. Similar to the topoisomerase | experiments, this assaysubstrate. The inhibition is manifested by the small change in

makes use of the ability of intercalating agents to unwind double t_he amount O_f the linearized D'.\IA starting material during the
stranded DNA. Linearized plasmid DNA is treated with an "9?‘“0” reaction z_md the formation ofa;mall amount of nicked
intercalating agent followed by the enzyme T4 ligase, which or incompletely ligated DNA observed just above the band of

links the two ends of the duplex to re-form the closed circular the DNA substrate.

plasmid. If the agent under examination binds to duplex DNA .Orientatior? of thg Agent. Definition of the orientation of
intercalatively, then upon ligation and subsequent removal of Pinding of azinomycin B to the target sequence d(GRLEG)

the agent, the closed circular DNA will be underwound and was determined using a gel electrophoresis-based assay that
differentiated kinetically between the initial monoalkylation and

(28) Viola, G.; Uriarte, E.; Gia, O.; Moro, $:armaco200Q 55, 276. subsequent cross-link formation. Using a short 15-mer st8and

hence negatively supercoiled. Such DNA will migrate more
rapidly upon agarose gel electrophoresis compared to linearized
DNA ligated in the absence of an intercalating agent.

As shown in Figure 9 (lanes-#4), ligation of linearized DNA
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1 2 3 4 5 6 7 8 sequence selectivity of azinomycin B that is reported in
Table 113

Conclusion

cross-link From the preliminary set of experiments evaluating the
sequence selectivity of binding, it would appear that sequence
selectivity of cross-link formation is related generally to

mono nucleobase nucleophilicity and specifically to steric effects in

strand 7 the major groove of duplex DNA. There are some subtle
sequence effects on agent binding, but at a basic level it appears

strand 6 that the effectiveness of the agent in the formation of covalent

cross-links is related more to the nucleophilicity of the DNA
sequence rather than to any specific recognition elements.
However, this simplistic assessment will certainly evolve, as
additional details of the specific contacts between the agent and
the DNA receptor are uncovered.

The conclusion that can be drawn from the assays for
intercalative binding is that the azinomycin naphthalene does
not detectably intercalate within duplex DNA. In both the full
and partial structures examined, we could find no evidence for
intercalative binding. Given the structural analogy between the
azinomycin and neocarzinostatin naphthoate systems, the latter
Figure 12. Kinetic assay for regioselective of cross-link formation. Lanes  of which has been demonstrated to bind duplex DNA inter-
1-5,2.0,1.5,1.0, 0.5, ah0 h reaction, respectively; lane 6, 24 hreaction;  ca|atively8we had anticipated that the two systems would share
lane 7, single strand@; lane 8, single stran@. L -

mechanistic similarity. However, it is not clear whether the

neocarzinostatin naphthoate provides binding affinity on its own
and long 21-mer strand, we 5 end-labeledboth strands with or whether other structural features of the molecule are driving
32P and followed the progression of covalent bond formation @ weak intercalative binding. Apparently, in the structures
from initial monoalkylation to cross-link formation. We worked ~€xamined, including the parent azinomycin molecules, there is
under the assumptions that the aziridine ring.bfis the most ~ NO appreciable intercalative binding. These results raise the
reactive electrophile, consistent with observations made during interesting question of what role this hydrophobic aromatic
the course of synthetic work, and that the initial covalent bond 9roup plays in the mechanism of action of these antitumor
is formed between one of the DNA dG-N7's and C101ak agents. Our experimental results with epoxide-bearing partial
Which strand underwent the initial alkylation was not known. Structures have shown that the naphthoate is essential for

Following the progression of covalent adduct formation by effective covalent interaction of the agents with DRiAso we
denaturing polyacrylamide gel electrophoresis (Figure 12), we ¢an draw the limited conclusion that the naphthoate provides
observed the rapid monoadduct formation with a concomitant &n important degree of noncovalent association that may be due
decrease in the amount of longer strandane 5) accompanied ~ SIMply to hydrophobic interactions with the DNA duplex. It
by a small amount of cross-link formation. As the reaction @ISO raises interesting questions in drug design with respect to
progresses, the long DNA straifdreacts completely (lane 1) ~ OPtimizing noncovalent interactions of these agents with DNA
and with kinetics distinct from that for cross-link formation. in efforts to increase selectivity and potency.

Furthermore, the rate of cross-link formation is identical with ~ With respect to the discrepancy between our results and those
that for the disappearance of short stréand these observa-  of Zang and Gate¥' their conclusion of intercalative binding
tions suggest that the aziridine alkylates the dG of thé BG- by the azinomycin naphthoate was based on a single viscometry
5'-containing strand as the site of the initial monoalkylation. ~experiment. (Their remaining experiments are equivocal with

We know from our synthetic work that the aziridine of the respect to intercalative versus nonintercalative binding.) In their
azinomycin azabicyclic system is exceptionally reactive toward Viscometry results, using a compound similar to ducom-
even weak nucleophiles such as bromide or water, whereas thepound9 in their work), they observed a marked increase in the
epoxide is not. While it is strictly true that we have no conclusive Viscosity of solutions of sheared herring sperm DNA (300
evidence that the aziridine is more reactive than the epoxide in 200 bp). However, since these workers did not include controls
the drug-DNA complex, it would be extremely unlikely that  (i.e., a known intercalator or a molecule demonstrated to bind
the large difference in reactivity between the aziridine and nonintercalatively), and because of the extremely narrow
epoxide in the native agent would be completely reversed upondynamic range for flow times that were observed<88 s),
binding to DNA. we do not feel that this experiment can be unequivocally or

This work is consistent with the model put forth by Saito reliably interpreted to indicate intercalative binding.
and co-workerd? who proposed that the aziridine reacts inthe ~ Concerning the T4 DNA ligase assay used by Zang and
initial monoalkylation event, followed by subsequent cross- Gates!* wherein unwinding of linearized plasmid DNA in the
linking by the epoxide. Detailed molecular modeling studies presence of an intercalating agent is measured, when these
not only support the proposed mode of cross-link formdfion  workers added increasing concentrations of a compound related
but also reproduce accurately the experimentally observedto5in the presence of T4 DNA ligase, an increase in the linear
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form of the plasmid was observed, rather than the expectedconformational properties of the dra@ NA monoadducts and
supercoiled form, as was observed with the intercalator dauno-complexes confirmed the most probable mechanism of action
mycin. This may be due to inhibition of the ligase enzyme by involves an initial aziridine and subsequent epoxide alkylation
the drug, but it is does not appear to be the result of intercalationin the orientation proposed. The different hydrogen bonding
by the agent. networks in the monoadducts and in the complexes between
Our results on the regioselectivity of ageNA cross-link the drug and the three-base-pair receptor is the primary reason
formation provide evidence that the more nucleophilic purine for the sequence-dependent cross-linking reactivity. In addition,
reacts with the most electrophilic site of the agent. The agent steric hindrance of the major groove exposed methyl group of
forms a covalent cross-link by an initial reaction of the aziridine central thymine-based triplets plays an important role in the lack
C10 with the 5G of the 3-PyPuPu-5containing strand in the  of the reactivity of those sequences.
monoalkylation event with subsequent cross-link formation  The results presented are selected from an extensive set of
occurring between the epoxide C21 and theliSposed purine experiments, and they provide a preliminary picture of our work
two bases removed on the complementary strand. This conclu-on the interaction of the azinomycins with duplex DNA. In
sion is based on observations made in the course of syntheticparticular, we have begun to define the origin of the sequence
studies that the aziridine ring of azabicyclo[3.1.0]hexane systemsselectivity exhibited by the natural agent, and we have defined
is exceptionally electrophilic, and readily reacts with weak the regioselectivity of the covalent cross-link. There appears to
nucleophiles such as bromide under dilute reaction conditions be no appreciable intercalative binding of the natural agents or
(CH.Cl,, 25 °C).2° This assumption remains to be proven naphthalene-bearing partial structures to duplex DNA. In related
unequivocally. work 2’ we have examined the covalent interactions of epoxide-
bearing partial structures with duplex DNA, and we have found
that the naphthalene is essential for achieving appreciable

epoxide C21
T CHyO Lﬂ/ covalent bond formation. The issue of identifying the role of
3 the aromatic group in noncovalent interactions of the agents
3 , E%gg)) , AcO“ with DNA currently remains incompletely resolved.
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