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ABSTRACT: Altromycin B belongs to the pluramycin family of antitumor antibiotics, which also includes 
kidamycin, hedamycin, pluramycin, neopluramycin, DC92-B, and rubiflavin A. These potent antitumor 
compounds react with DNA in as yet imprecisely determined ways. In the present investigation, we have 
used gel electrophoresis methods in combination with nuclear magnetic resonance and mass spectrometry 
to determine the structure of the altromycin B-DNA adduct. High-resolution gel electrophoresis demonstrated 
that guanine was the reactive base, and N7 was implicated from experiments in which iV-deazaguanine 
was used in place of guanine in a strand breakage assay. Experiments using supercoiled DNA demonstrated 
that altromycin B and related drugs intercalated into DNA, which implicated this as a common mechanism 
for binding of the pluramycin antibiotics to DNA. The altromycin B-guanine adduct was isolated from 
calf thymus DNA after thermal depurination of the alkylated DNA. Mass spectrometry confirmed that 
altromycin alkylated DNA through guanine, and 'H- and 13C-NMR was used to confirm the covalent 
linkage sites between altromycin B and guanine. On the basis of these results, we propose that altromycin 
B first intercalates into DNA via a threading mechanism, reminiscent of nogalamycin, to insert the disaccharide 
into the minor groove and position the epoxide in the major groove in proximity to N7 of guanine. Nucleophilic 
attack from N7 of guanine leads to an acid-catalyzed opening of the epoxide, resulting in the altromycin 
B-DNA adduct. On the basis of these results, a general mechanism for the interaction of the pluramycin 
family of antibiotics with DNA is proposed. 

Altromycin B is a new antitumor antibiotic produced by an 
actinomycete (strain AB 1246E-26) and was discovered 
through an antitumor screening program at Abbott Labo- 
ratories, Chicago, IL (Jackson et al., 1990; Brill et al., 1990). 
This antibiotic and its structural analogs are members of the 
family of pluramycin antibiotics (4H-anthra[ 1,241pyran 
antibiotics) that also includes pluramycin A, kidamycin, 
hedamycin, and rubiflavin B [reviewed by Sequin (1986)l. 
The structures of altromycin B and related antibiotics are 
summarized in Figure 1. These compounds show antitumor 
and antimicrobial activity (Sequin, 1986; Jackson et al., 1990) 
and react in as yet imprecisely determined ways with DNA. 

Altromycin B is one of a group of structurally related 
compounds (see Figure 1) that show in vitro activity against 
human and murine cell lines and in vivo activity in P388 
leukemia, M5076 ovarian sarcoma, Lewis lung carcinoma, 
and human LS174T colon cancer (McAlpine et al., 1992). In 
initial mechanism of action studies (McAlpine et al., 1992), 
altromycin B was shown to preferentially inhibit RNA and 
DNA synthesis relative to protein synthesis, and theinhibition 
of cell growth could be prevented by coaddition of calf thymus 
DNA. While intercalation was not detected using an 
unwinding assay, both grooves were implicated in the binding 
of altromycin B to DNA. 

In the present study, we have used gel electrophoresis 
methods to show that altromycin B covalently modifies N7 
of guanine. 'H- and I3C-NMR have been used to confirm the 
guanine alkylation site and show that the epoxide is the DNA 
reactive group on altromycin B. On the basis of a DNA 
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C o m p o u n d  R1 R2 R3 R4 R' R" R"' 
Alnomycin A H A A B a+ "3 
Altromycin B H A A B a4 N(CH32 
Altromycin C H A A B H "3 
Altromycin D H A A B n N(CHdz 
Alnomycin H H CH A B N(CH3)i 
Altromycin 1 H OH A B "3 
Pluramycin A CH, C A Acetyl 
Neopluramycin A CH3 D A Acetyl 
Hedamycin A CH3 B A H H  
DC92-B A C H 3 B  A a 3  H 
Kidamycin A CH3 D A H 
Epoxykidamycin A CH3 E A H 
Rubiflavin A A CH3 C A H 

FIGURE 1 : Structures of altromycins A, B, C, D, H, and I; pluramycin, 
neopluramycin; hedamycin; kidamycin; epoxykidamycin (Byrne et 
al., 1985); rubiflavin A, and DC92-B (Yasuzawa et al., 1990). 
unwinding assay, intercalation is demonstrated to be the 
general mode of precovalent binding. On the basis of these 
results, a model of the altromycin B (N7-guanine)-DNA 
adduct is proposed, and this model is extended to provide a 
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Table I: Sequences of Oligomer DNA Used in This Study 
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volume of alkaline dye (80% formamide, 10 mM NaOH) and 
then subjected to 20% denaturing gel electrophoresis in parallel 
with DNA sequencing reactions prepared as described before 
(Maxam t Gilbert, 1980). 

DNA Unwinding Assay Using Topoisomerase I .  To test 
whether the pluramycins unwind DNA upon binding to DNA, 
1 pg of sc DNA was reacted with top0 I in the presence of 
drug molecules in 20 pL of solution containing 20 mM Tris- 
HCl (pH 7.6), 50 mM KCl, and 10 mM NaCl for 1 h at 37 
OC. Reactions were stopped by the addition of stop buffer 
containing 50% glycerol, 10 mM EDTA, and 2% sodium 
dodecyl sulfate. Reaction mixtures were electrophoresed on 
1% agarose gel to separate the topoisoniers generated. 

Preparation of the Altromycin B-Guanine Adduct. The 
altromycin B-guanine adduct was prepared by incubating 50 
mg of altromycin B with 1 g of calf thymus DNA in a sodium 
phosphate buffer for 2 days, after which time the mixture was 
extracted with 1-butanol to remove all the unreacted drug. 
The remaining altromycin B-DNA adduct was repeatedly 
heated at 90 OC for 5-10 min, followed by butanol extraction 
to remove the depurinated product. The butanol phase, 
containing the altromycin base adduct, was back-extracted 
with water several times and lyophilized to dryness. 

Spectroscopic Experiments. All two-dimensional NMR 
experiments were performed on a Bruker AMXSOO spec- 
trometer at 333 Kin a 4: 1 deuterated DMSO/benzene solvent 
system and referenced internally to the solvent DMSO and 
externally to l5NH&1, except for the ROESY experiment, 
which was run in deuterated methanol, referenced internally 
to methanol, at 300 K. Assignments were accomplished 
through the execution of two-dimensional lH-13C correlation, 
homonuclear TOCSY, NOESY, and ROESY experiments, 
and ‘H-13C and lH-15N two-dimensional HMBC experi- 
ments. 

I 5 ’ CCAACCCGTAATTAGGTGCGG . 3  ’ 
3‘ TGGGCATTAATCCACGCCGGT 5 ’  

I1 5 ‘ GAGCACCGCAAAAACGGATTG 3 ‘ 
3’ GTGGCGTTTTTGCCTAACCTC 5‘ 

* 
I11 5 ’  CCACATCCAAGCATACCCAAT 3‘ 

3’ GGTGTAGGTTCGTATGGGTTA 5 ’  

general thesis for the interaction of the pluramycin antibiotics 
with DNA. The relationship of the mechanism of action of 
the pluramycins to kapuramycin A3 (Hara et al., 1990) and 
aflatoxin B1 (Gopolakrishnam et al., 1990) is also discussed. 

MATERIALS AND METHODS 
Chemicals and Enzymes. The drugs used in this study 

were obtained from Abbott Laboratories, Chicago, IL. 
Electrophoretic reagents [acrylamide, TEMED,’ ammonium 
persulfate, and bis(acry1amide)l were purchased from Bio- 
Rad. T4 polynucleotide kinase and Klenow fragment were 
from US. Biochemical Corp., and wheat germ topoisomerase 
I was from Promega. [T-~~PIATP,  [ ~ t - ~ ~ p l d C T P ,  and X-ray 
film were from ICN. 

Preparation of Oligonucleotides. A series of oligonucle- 
otides (Table I) were synthesized on an automated DNA 
synthesizer (Applied Biosystems 38 1A) by the phosphora- 
midite method. The oligomers were then deprotected sepa- 
rately with saturated ammonium hydroxide at 55 OC overnight, 
dried under vacuum, and redissolved in DDW. 

Preparation of Labeled Duplexes. To construct the 5’-32P 
single end-labeled duplex, one strand of duplex was kinated 
for 2 h a t  37 OC in 25 pL of solution containing 70 mM 
Tris-HC1 (pH 7.6), 10 mM MgC12, 5 mM dithrothreitol, 30 
pCi of [T-~~PIATP,  10 units of T4 polynucleotide kinase, and 
5 pg of DNA. Reaction mixtures were heated at 95 OC for 
10 min to inactivate T4 polynucleotide kinase and annealed 
to the complementary cold strand to generate the duplexes. 
3’-32P end-labeling was achieved by a filling-in reaction with 
the cold duplex, using [ c ~ - ~ ~ P ] ~ C T P  and 10 units of Klenow 
fragment incubated for 1 h at 37 OC in 20 pL of solution 
containing 70 mM Tris-HC1 (pH 7.6), 10 mM MgC12, and 
5 mM dithiothreitol. Labeled duplexes were electrophoresed 
on the 8% nondenaturing polyacrylamide gel to purify DNA 
using the method described previously (Lee et ai., 1991). 

Drug Binding Reactions and DNA Strand Breakage Assay. 
Drug binding reactions were carried out at room temperature 
in a solution containing 10 mM Tris-HC1 (pH 7.6), 50 mM 
NaCl, oligomer duplex, and the indicated amount of drug 
molecules. Drug binding reactions were stopped by phenol/ 
CHCl3 extraction and ethanol precipitation to remove unbound 
drug molecules. DNA pellets were dried and redissolved in 
DDW. For the strand breakage assay, drug-modified DNA 
samples were heated to 95 OC, with or without piperidine (1 
M), for 30 min. DNA samples were mixed with the same 

Abbreviations: MS, monomeric supercoiled, DS, dimeric supercoiled; 
MR, monomer relaxed, DR, dimer relaxed; DDW, doubly distilled water; 
ss, single stranded; ds, double stranded; sc, supercoiled; EtdBr, ethidium 
bromide; t o p  I, DNA topoisomerase I; FAB-MS, fast atom bombardment 
mass spectrometry; DMSO, dimethyl sulfoxide; TOCSY, total correlation 
spectroscopy; NOE, nuclear Overhauser effect; NOESY, two-dimensional 
NOE correlated spectroscopy; ROESY, rotating-frame NOE spectros- 
copy; HMBC, heteronuclear multiple bond correlation; AP, apurinic; 
TEMED, N,N,N’J’-tetramethylethylenediamine; Tris, tris(hydroxy- 
methy1)aminomethane; ATP, adenosine 5’-triphosphate. 

RESULTS 

The presenceof both a planar 4H-anthra[ 1,2-b]pyran-4,7,- 
12-trione moiety and an epoxide in altromycin B (Figure 1) 
suggested both intercalation and alkylation as possible 
mechanisms for interaction with DNA. Experiments using 
sc DNA to measure intercalative unwinding and high- 
resolution gel electrophoresis to determine DNA strand 
breakage induced by base modification were designed to test 
these ideas. 

The IH-Anthra[l,2-b]pyran Ring System of the Plura- 
mycins Intercalates into DNA. The standard test for inter- 
calation involves an assay using plasmid DNA in combination 
with top0 I, which converts sc DNA (form I) to relaxed DNA 
(relaxed form I). Form I11 is linear duplex DNA produced 
by the introduction of ds breaks into form I DNA. Agarose 
gel electrophoresis can be used to monitor interconversion 
between these different forms. If an intercalative drug like 
ethidium bromide is present, the sc DNA is unwound, and 
top0 I will relax the drug-induced positive superhelical turns. 
Removal of ethidium bromide leaves sc DNA, which migrates 
differently in agarose gel electrophoresis than relaxed DNA. 
The success of this assay depends upon the removal of drug 
from relaxed DNA after incubation with top0 I. If the drug 
either nicks DNA or remains covalently bound to the DNA, 
any associated intercalation will remain undetected by the 
assay. Since we suspected that the epoxide of altromycin B 
might alkylate DNA, we selected a number of anthrapyran 
antibiotics, some of which (neopluramycin and kidamycin) 
lacked this potentially DNA-reactive moiety. The results of 
this assay using altromycin B, hedamycin, neopluramycin, 
and kidamycin are shown in Figure 2. In control lane 1, two 
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A B 
Altromycin 8 K i m y a n  Hedamycin Neopluramycin Attromycin B Pluramycin 

DRrl 

MSw/ 

I 

FIGURE 2: (A) T o p  I-induced relaxation assay to analyze the unwinding ability of pluramycin antibiotics. SC and R refer to control plasmid 
DNA pUC19 and the same DNA reacted with topo I, respectively. Lane headings represent the drug molecules used in the experiment. Lanes 
1,2,3, and 4 contain 35,70, 150, and 300 ng of drug molecules, respectively. (B) Mobility shift of plasmid DNA pUCl9 induced by altromycin 
B and pluramycin. Lanes 1, 2, 3, and 4 contain 50, 100, 150, and 300 ng of drug molecules, respectively. For both (A) and (B), MS and 
DS refer to monomeric and dimeric supercoiled forms of DNA. MR and DR are relaxed forms of DNA from the supercoiled form of the 
same species of DNA. 

A B C D E  AT----- 
GCC1 2 3 1 2 3 1 23 1 23 1 2  3 
m*---- 3' 

G' * 
A 
T 
5' 

3' 
G' 
C 
C 
5' 

G' b 

* 

FIGURE 3: Comparison of the alkylating ability of the pluramycin 
antibiotics using theoligomer duplex. Panels A-Econtain altromycin 
H, altromycin I, hedamycin, neopluramycin, and kidamycin, re- 
spectively. AG and TC refer to the purine- and pyrimidine-specific 
chemical cleavage reaction. Lane C is without drug treatment, and 
lanes 1-3 contain 60, 20, and 5 ng of drug molecules, respectively. 
The reaction of DNA (20 ng) with drug molecules was carried out 
for 12 h at room temperature. The sequences alkylated are shown 
to the left of the gel, the asterisk indicates covalently modified 
guanines, and the arrowheads correspond to these guanines. 

species of sc DNA appear, which are a monomer (MS) and 
dimer (DS) pair. The conversion of sc (MS and DS, form I) 
to relaxed circular (MR and DR, relaxed form I) by top0 I 
is evident from the comparative migration of the bands in 
lanes SC and R in Figure 2. For altromycin B and hedamycin, 
both relaxed species migrate slightly slower with increasing 
amount of drug, presumably due to covalent modification to 
DNA, resulting in the structural changes in DNA molecules. 
No direct evidence of intercalation is visible in this assay, 
which includes top0 I. In contrast, for kidamycin and 
neopluramycin, well-defined bands representing different 
topological forms, which migrated faster than the relaxed 
form I, were present after incubation at the higher drug levels 
(lanes 3 and 4). In a second experiment using sc DNA 
modified with altromycin B and pluramycin, but without top0 
I (Figure 2B), the highest concentration of drug produced a 
smear of bands for MS and DS running slower than sc DNA, 
indicative of intercalation accompanying covalent adduct 
formation (lane 4). This is exactly as expected, since 
intercalation would retard migration, and in the absence of 
topo I to relax the unwinding by altromycin B and pluramycin, 

this would appear as a smear of bands. Therefore, this result, 
taken in conjunction with the results of the sc DNA assay, 
including topo I with the noncovalently modifying pluramycins 
(kidamycin and neopluramycin), provides excellent evidence 
for an intercalative type of binding to DNA common to all 
members of the pluramycin family with or without associated 
a1 kyla tion. 

While Altromycins H and I and Hedamycin Covalently 
ModifV Guanine in DNA, Neopluramycin and Kidamycin 
Are Devoid of DNA Alkylation Ability. To follow up the 
results of the agarose gel electrophoresis experiments (Figure 
2), an experiment using high-resolution gel electrophoresis 
was carried out to test our hypothesis that while thealtromycins 
and hedamycin both intercalate and covalently modify DNA, 
kidamycin and pluramycin are only able to intercalate into 
DNA. An oligomer (I in Table I) was singly labeled with 32P 
at the 5' end of the (+) strand and incubated with each of 
these drugs in separate experiments. Each sample was 
subjected to thermal treatment (95 "C for 30 min) in the 
presence of 1 M piperidine prior to loading on the gel. The 
results show that strand breakage at several guanine residues 
(arrows in Figure 3) was found for both altromycins H and 
I and hedamycin (A, B, and C in Figure 3). In contrast, 
neopluramycin and kidamycin (D and E in Figure 3) did not 
produce DNA strand breakage. The results of this experiment 
support our proposal that the epoxide common to both 
altromycins H and I and hedamycin is required for alkylation 
of DNA. 

Altromycin B Alkylation at Guanine Occurs at N3 or N7. 
Several DNA-damaging drugs produce strand breakage as a 
consequence of heat or alkali treatment of alkylated DNA. 
Probable alkylation positions on guanine include 2N, N3, or 
N7. The exocyclic 2-amino group (2N) can be eliminated 
since this would not result in strand breakage of DNA after 
heat or alkali treatment. Both N3 and N7 alkylation would 
be expected to produce strand breakage, and of these N7 
seems the most likely on the basis of the well-established 
occurrence of N7-alkylated guanines (Warpehoski & Hurley, 
1988). In either case (N3 or N7 alkylation) depurination 
leads to an AP site, which can then undergo two successive 
@-eliminations. For 3'-labeled DNA, the first @-elimination 
leads directly to a product that comigrates with a Maxam and 
Gilbert guanine reaction, but for 5'-labeled DNA, two 
successive @-eliminations are required, the second of which 
requires alkali treatment for completion. The results in Figure 
4 show the expected pattern of cleavage at guanine consistent 
with either N3 or N7 alkylation; Le., 3' 32P-labeled oligomer 
I1 (Table I) shows a similar pattern with either heat or heat 
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FIGURE 4: Thermal treatment of altromycin B-modified 3' and 5' end-labeled DNA with (+PIP) or without (-PIP) piperidine. In panel A, 
5' end-labeled oligomer DNA B (lower strand) and, in panel B, 3' end-labeled oligomer DNA B (lower strand) were used in these experiments. 
DNA (10 ng in panel A and 30 ng in panel B) was treated with 60 ng of altromycin B for 12 h, and DNA was purified with phenol/chloroform 
extraction and ethanol precipitation to remove unbound drug molecules. In each case, lanes 1-5 contain DNA samples heated at 95 "C for 
0, 4, 10, 20, and 30 min, respectively. For sequences to the left of the gel, see the legend for Figure 3. 

A B AT 
GCC123456 123456 

3' 
G' 
A 
A 
5' 

FIGURE 5: Reactivity of altromycin B and pluramycin with oligomer 
C containing either guanine or N7-deazaguanine at the * site (see 
Table I). Panel A refers to oligomer C, and panel B refers to the 
same oligomer but containing N7-deazaguanine on the (+) strand at 
the * site instead of guanine. Oligomer C was labeled at the 5' end 
of the (+) strand. Lane C is control experiment without drug 
treatment. Lanes 1-3 (and 4-6) contain 10 ng, 50 ng, and 150 ng 
of altromycin B (or pluramycin), respectively, each with 20 ng of 
oligomer. 
and piperidine treatment, but the 5' 32P-labeled oligomer 
required heat and piperidine for completion of the chemical 
degradation reaction leading to a product that comigrates 
with a Maxam and Gilbert sequencing reaction for guanine. 

N-Deazaguanine Is Not a Substrate for  Alkylation by 
Altromycin B or Pluramycin. To potentially distinguish 
between N3 and N7 alkylation of DNA by altromycin B, 
duplex oligomers (111 in Table I) containing either a single 
guanineor N-deazaguanine for alkylation on the upper strand 
were prepared. Both duplexes containing either guanine or 
N-deazaguanine at this unique position on the upper strand 
were reacted with altromycin B and pluramycin, and alkylation 
was monitored by the strand breakage assay (see before). 

While altromycin Band pluramycin produced strand breakage 
at the guanine residue (lanes 1-6 in panel A of Figure 5 ) ,  the 
oligomer containing the W-deazaguanine was unreactive, 
potentially implicating N7 as the alkylation site for both 
altromycin B and pluramycin.2 

Characterization of the Altromycin B-Guanine Adduct by 
Mass Spectrometry and NMR. Because of the uncertainty 
of the results described above, further characterization of the 
site for alkylation of DNA was important. The altromycin 
B-guanine adduct was isolated from a sample of calf thymus 
DNA that had been incubated with altromycin B and 
subsequently heated at 90 "C to produce depurination and 
release of the guanine adduct. The butanol extract containing 
the altromycin B-guanine adduct was lyophilized and sub- 
jected to mass spectrometric and NMR analysis. 

Positive ion mode FAB-MS of the altromycin B-base adduct 
gave a parent ion (M + 1) of 1077.429242 (calculated 
1077.430450), which is equivalent to a molecular formula of 
C52H,&j019. This is consistent with the structure of the 
altromycin B-guanine adduct shown in Figure 6A. I3C- and 
IH-NMR spectra were obtained on a further sample of the 
same material. A comparison of the chemical shifts of the 
proton NMR resonance signals of altromycin B, thealtromycin 
B-guanine adduct, and N-methylguanine is shown in Table 
11. Characteristic of a 7-alkylated guanine adduct is the 
presence of just one nonexchangeable proton resonance signal 
(H8) and the two exchangeable resonance signals for 2NH2 
and N1-H. The proton NMR chemical shift of H16 of 
altromycin is consistent with nucleophilic attack at C16 and 
acid-catalyzed opening of the epoxide ring. The W-NMR 
chemical shifts of C14 and C16 (76 and 59 ppm) in the 
altromycin B-guanine adduct in comparison to altromycin B 
(59.7 and 67.5 ppm) are also consistent with attachment of 
nitrogen (N7 of G) at C16. Further evidence for the covalent 
linkage sites was obtained from IH-13C and IH-ISN HMBC 
experiments (Bax & Summers, 1986). The long-range IH- 
13C coupling indicates an intact carbon backbone extending 

2 In control experiments with N3 alkylation of W-deazaguanine, an 
adduct is produced, providing assurance that an adduct would form at 
N3 with altromycin B if this was the alkylation site. 
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FIGURE 6: (A, top) Proposed reaction of altromycin B with DNA to form the altromycin B (N7-guanine)-DNA adduct and products of thermal 
and piperidine cleavage of the DNA adduct. Species A is the product of thermal cleavage at neutral pH, and species B is the product after 
alkaline treatment. (B, bottom) Stereodiagram of the altromycin B-DNA adduct prepared using AMBER 4.0. The starting structure was 
derived by modifying DNA coordinates from the daunomycin-DNA complex (Quigley et al., 1980) and docking altromycin B to this oligomer. 
The covalent linkage site is shown in blue and the altromycin B molecule in yellow. 

from C14 to C16, and the lH-lSN experiment shows long- 
range coupling between the 17-methyl of altromycin and N7 

ine (supplementary material). Last, through-space 
ivities in the ROESY experiment between H8 of 

nd the 17-methyl are also consistent with N7 rather 
alkylation of guanine (unpublished results). In 

mmary, the lH- and 13C-NMRconfirms N7 as the alkylation 
nstrates that the epoxide is the 

s that is opened up by nucleophilic attack at 
e alkylation product shown in Figure 6. 

igure 1) are members of the pluramycin 
Like most other members of the 

ntibiotics, the altromycins have potent 
is believed to be related to their ability 

NA. Although the altromycins appear to 
DNA (McAlpine et al., 1992), a 
their interaction with DNA has 

udy we have demonstrated that 
pluramycins intercalate between 

base pairs and, where an epoxide is present, alkylate N7 of 

guanine. On the basis of these data and a knowledge of the 
threading mechanism for the interaction of the anthracycline 
nogalamycin with DNA (see later), a structure of the altro- 
mycin B (N7-guanine)-DNA adduct is proposed (Figure 6B). 

From a strictly structural perspective, the altromycin B 
molecule can be divided into four distinct regions: the planar 
aglycon moiety, which consists of a 4H-anthra[ 1 ,241pyran 
ring system, the disaccharide at  C10, the glycosidically bound 
neutral sugar at C5, and the epoxide at  C2 (Figure 1). A 
major lead in predicting how the altromycins might interact 
with DNA is the recognition that this aglycon moiety is similar 
in structure to nogalamycin and the synthetic anthracene- 
9,lO-dione group of antitumor antibiotics (Tanious et al., 
1992), which interact with DNA through a “threading 
mechanism” (Islam et al., 1985). A key structural feature of 
DNA-threading compounds is the presence of bul 
or rings at two or more corners of a planar anthr 
system. This is clearly the case for the altromycins (sub- 
stituents at C2, C5, and C10) and also for other members of 
the pluramycin group (e.g., substituents at C2, C8, and ClO), 

The prototypic DNA-threading compound is the anthra- 
cycline nogalamycin. The threading mode of interaction of 
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Table 11: 1H-NMR Chemical Shifts of Altromycin B, Altromycin B-Guanine (AltB-G) Adduct, and N7-Methylguanine 
chemical shifts (ppm) chemical shifts (ppm) 

lH assignmentu altromycin Bb AltB-G adductC ‘H assignmentu altromycin Bb AltB-G adductC 
3 
6 
8 
9 
15 
16 
17 
2‘ 
3‘ 
4/ 
5 /  
6‘ 
2‘Me 
2f 
3/‘ 
Gua N1H 

6.52 
8.69 
7.85 
7.98 
1.93 
3.35 
1.25 
4.3 1 
3.96 
3.59 
4.66 
4.56 
1.73 
4.32 
3.77 

6.30 
8.65 
7.85 
7.95 
1.88 
5.55 
1.65 
4.40 
3.72 
3.59d 
4.67d 
4.47d 
1 S O  
4.35 
3.65 

10.35 (10.75) 

5a“ 
5b” 
6” 
2”Me 
4”Me 
4”N( Me)2 
1”’ 
2aff’ 
2 w  
3“’ 4f” 
5“‘ 
5”’Me 
Gua 8 
Gua N2H2 

2.48 
1.25 
5.53 
1.65 
1.04 
2.47 
4.79 
2.3 1 
1.78 
3.62 
3.27 
4.09 
1.26 

2.40 
1.25 
5.50 
1.68 
1.05 
2.45 
4.75 
2.15 
1.75 
3.55 
3.25 
4.05 
1.15 
7.95 (7.90)c 
5.85 (6.00) 

a For numbering, see Figure 1. b Chemical shifts taken from Brill et al. (1990). Chemical shifts measured at 500 MHz in 4:l deuterated DMSO/ 
benzene at 333 K. d Tentative assignments. e Numbers in parentheses are chemical shifts of N-methylguanine measured at 500 MHz in deuterated 
DMSO at 300 K. 

a 
i l  

I- 

- 
FIGURE 7: General threaded/intercalated model of the pluramycin (N7-guanine)-DNA adduct showing the positioning of substituents C2 
and C5 in the major groove and C8 and C10 in the minor groove. 

nogalamycin with DNA has been thoroughly characterized 
using kinetics (Gabbay et al., 1973; Fox & Waring, 1984; Fox 
et al., 1985; Tanious et al., 1991), molecular modeling (Collier 
et al., 1984), X-ray crystallographic (Arora, 1983; Wang et 
al., 1990; Liaw et al., 1989; Williams et al., 1990), and NMR 
data (Searle et al., 1988; Zhang & Patel, 1990; Van Houte 
et al., 1992). This threading type of DNA binding is 
differentiated from classical intercalation because, in the case 
of threading, two side chains or rings lie one in each of the 
major and minor DNA grooves, rather than just the one groove 
occupied for classic intercalators (Baguley, 199 1). 

On the basis of the known structure of the nogalamycin- 
DNA complex and the knowledge that altromycin B alkylates 
N7 of guanine in the major groove, a structure of the threaded 
altromycin B (N7-guanine)-DNA adduct is proposed (Figure 
6B). In this model the 4H-anthra[ 1,2-b]pyran ring interca- 
lates between the base pairs and positions the side chains at  
C2 (epoxide) and C5 (C-glycoside) in the major groove and 

the disaccharide at C10 in the minor groove of DNA. There 
is necessarily a disruption of DNA structure in order to 
accommodate threading of a bulky side chain from one side 
to another. This process could be most easily accommodated 
if the threading takes placefrom the major to the minor groove. 
The intercalative binding of the 4H-anthra[ 1 ,Zb]pyran ring 
then positions the epoxide in the major groove in proximity 
to N7 of guanine to facilitate nucleophilic attack at C16 and 
acid-catalyzed opening of the epoxide ring (Figure 6A). Thus, 
the final drug-DNA adduct is an intercalated threaded 
complex that is covalently bound through N7 of guanine in 
the major groove of DNA. 

In the proposed model the intercalation site is placed 
arbitrarily between the covalently modified GC base pair and 
the base pair to the 5’ side of the covalently modified guanine. 
Although the sequence specificity lies to the 5‘ side of the 
covalently modified guanine (5’ AG*N), it is most likely that 
this preference is due to groove binding interactions rather 
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than the intercalative binding interactions, since different 
members of the pluramycin family (altromycin us hedamycin) 
have different sequence specificities (Sun and Hurley, un- 
published results), although they possess thesame intercalative 
moiety. 

This intercalative threading interaction with associated 
alkylation for altromycin B can be extended to propose a 
general model (Figure 7) for the interaction of the pluramycins 
with DNA. In this model the 4H-anthra[l,2-b]pyran ring 
intercalates between the base pairs as shown, and the side 
chains at C2 and C5 are in the major groove and those at C8 
and C10 are in the minor groove. Presumably, these side 
chains interact either noncovalently (e.g., sugars) or covalently 
(e.g., epoxide). This model provides a novel motif for a conjoint 
intercalation-alkylation interaction with DNA that also 
incorporates a threading mechanism. Studies are in progress 
using high-field NMR on a defined oligomer to provide more 
precise data on the proposed altromycin B-DNA adduct 
structure. 

Perhaps the most definitive data previously obtained on the 
interaction of other members of the pluramycin group of 
antitumor antibiotics with DNA is available from studies on 
hedamycin (White & White, 1969; Jernigan et al., 1978; 
Bennett, 1982). In the earlier work (White & White, 1969; 
Jernigan et al., 1978), two types of DNA binding by hedamycin 
were determined, corresponding to irreversible (type I) and 
reversible (type 11). In both cases, intercalation is proposed 
to be involved with, in addition, covalent bonding for type I 
binding. In the more recent work, Bennett (1982) has shown 
that hedamycin forms a stable complex with DNA with 
associated alkali-labile strand breaks that occur at deox- 
yguanosine. He also reported that 5’ TG sequences are 
especially reactive to hedamycin. On the basis of analogies 
with other alkylating species, such as dimethyl sulfate, N7 of 
guanine was postulated to be the reactive site. These data are 
in accord with our proposed general model for the reaction 
of the pluramycin group of antibiotics with DNA. 

Finally, it seems likely that the mechanism of action of 
kapuramycin A3, a tetrahydroanthrapyrone antitumor an- 
tibiotic produced by a Streptomyces species (Hara et al., 1990), 
and aflatoxin B1 is related to that of the pluramycins. 
Kapuramycin A3 has been shown to produce covalent 
modification of guanine either through N3 or N7 in DNA 
and also produce single-strand scission of DNA. On the basis 
of the result described here for altromycin B, we propose that 
N7 of guanine is the alkylation site, and the &-punsaturated 
6-keto carboxylic acid threads into the minor groove and 
catalyzes the strand breakage of DNA by an as yet unde- 
termined mechanism. Aflatoxin B1 is quite analogous to the 
covalently modifying pluramycins in that it intercalates into 
DNA and alkylates N7 of guanine via an epoxide (Go- 
palakrishnam et al., 1990). However, from a structural 
perspective, the pluramycins and aflatoxin B1 are quite 
different. 
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SUPPLEMENTARY MATERIAL AVAILABLE 

Long-range lH-13C (Sl) and lH-15N (S2) experiments 
showing the coupling between C14 and C16 (Sl) and the 

Accelerated Publications 

coupling between the 17-Me of altromycin B and N7 of guanine 
(S2) (2 pages). Ordering information is given on any current 
masthead page. 
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