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Adriamycin is a broad spectrum anthracycline, anti-
tumor drug which has been used extensively for the
treatment of a number of cancers for a period of more
than two decades. Daunomycin, which differs in struc-
ture only at the 14-position, has been used primarily
for the treatment of acute leukemia. In spite of exten-
sive investigation, the mechanism for selective tumor
cell cytotoxicity is not precisely understood. An early
proposal was the alkylation of DNA through bioreduc-
tive activation in an anaerobic medium.12 Catalytic
production of peroxides, including hydrogen peroxide,
via reductive activation in the presence of molecular
oxygen has also been proposed as a contributing factor.3
For the past decade, topoisomerase-induced DNA strand
breaks caused by anthracycline intercalation has been
the most accepted explanation.* A recent observation
by Phillips and co-workers of transcription blockages in
DNA from reductively activated adriamycin and dauno-
mycin has renewed interest in DNA alkylation as a
source of tumor cell cytotoxicity.® They reported that
reductive activation with dithiothreitol (DTT) in the
presence of various DNAs led to adducts at isolated dGs
and cross-links involving the 2-amino groups of dGs at
the site 5'-GpC-3'. Similar reductive activation was
achieved with xanthine oxidase.> The proposed inter-
mediate was the quinone methide 1 (Scheme 1),% a well-
established transient from reductive activation.® Cell
culture experiments’® and small animal experiments®
also indicate a role for reductive activation in drug
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cytotoxicity. Drug—DNA covalent bond formation is
proposed to trigger apoptosis.®

We have investigated reactivity between the self-
complementary synthetic deoxyoligonucleotide 5'-
GCGCGCGC-3, abbreviated (GC)4, and adriamycin and
daunomycin in the presence of three different re-
agents: the reducing agent DTT, the oxidizing agent
hydrogen peroxide, and the alkylating agent formalde-
hyde. All three modes of activation yield the same
DNA—anthracycline adduct mixture as established by
HPLC, UV—vis spectroscopy, and mass spectrometry.
The adduct (which we believe is actually the “cross-link”
described in the literature58) is proposed to have the
aglycon portion of the anthracycline intercalated in the
DNA with a covalent linkage from the anthracycline 3'-
amino to the 2-amino group of a dG via a methylene
group originating from formaldehyde. Formaldehyde
results from hydrogen peroxide oxidation of constituents
in the reaction media including adriamycin.

Results and Discussion. (GC), was selected for
these studies because it is a short sequence bearing
multiple copies of the 5'-GpC-3’ “cross-linking site” and
has a relatively high melting temperature in the solu-
tions employed: 61 °C in the Tris reaction buffer and
45 °C in the HPLC eluent. Reaction of 19 uM (GC)4
with 37 uM adriamycin in pH 8 buffer (40 mM Tris, 100
mM KCI, 0.10 mM EDTA, 3 mM MgCl,) containing 40
uM FeCl; and 7 mM DTT (the protocol of Phillips and
co-workers®) in the dark at ambient temperature for 4
days resulted in complete reaction of the DNA. Three
new peaks, one bearing a shoulder, appeared in the
reverse phase HPLC chromatogram for compounds
which showed UV—vis spectra consistent with DNA—
adriamycin adduct structures. The same adducts were
formed upon reaction of (GC)4 with adriamycin in pH
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Figure 1. Negative ion, electrospray spray mass spectrum
of the major adduct formed by reaction of daunomycin with
the self-complementary DNA oligonucleotide (GC)4 in pH 7.4
Tris/KCI/MgCL/EDTA buffer in the presence of hydrogen
peroxide. The adduct is proposed to have two molecules of
daunomycin, each intercalated at a CpG site in the double-
stranded DNA and each linked from its 3'-amino to the
2-amino of a neighboring G base as shown in Scheme 2,
consistent with the appearance of the ions at m/z 982.7 (calcd
for (M — 6)6-, 982.5), 1179.1 (calcd for (M — 5)°-, 1179.2), and
1473.8 (calcd for (M — 4)4~, 1474.3). Significant intensity at
m/z 982.7 and 1473.8 also results from single stranded DNA
covalently bound to one daunomycin as (M — 3)3° and
(M — 2)%" ions, respectively. The adduct decomposes in the
mass spectrometer to yield double-stranded DNA linked to a
single daunomycin, m/z 1339.9 (calcd for (M — 4)*, 1339.5);
single-stranded DNA, m/z 601.7, 802.9, and 1204.3; and
daunomyecin linked to a methylene (most likely the Schiff base
as shown), m/z 537.8 (calcd for (M — 1), 538.2).

7.4 or pH 8 Tris/KCI/MgCI,/EDTA buffer with 30—50
equiv of hydrogen peroxide or with 5 equiv of formal-
dehyde, both relative to adriamycin. The reaction with
hydrogen peroxide required several days at ambient
temperature; while with formaldehyde, all of the DNA
formed products in 3 h. The UV—vis spectra associated
with the adduct peaks showed ratios of absorbance at
260 to 480 nm of approximately 20:1 or 10:1, consistent
with one or two molecules of adriamycin per double-
stranded DNA, respectively. In this regard, the major
product (50%) showed two molecules of adriamycin.
Further, the maximum in the visible spectrum was
actually 510 nm as opposed to 480 nm for free adria-
mycin, consistent with the adriamycin chromophore
intercalated in the DNA. Isolation of the major DNA
product was achieved by C18 reverse phase HPLC,
eluting with a gradient created with 20 mM triethy-
lammonium acetate and acetonitrile. All of the HPLC-
isolated DNA—drug products were unstable with respect
to conversion back to DNA and adriamycin, character-
istic of the Phillips’ “cross-links” and adducts.®

The negative ion, electrospray mass spectrum of the
major product (Supporting Information) showed peaks
for double-stranded DNA bound to two molecules of
adriamycin, each via a methylene group, at m/z 1185.5
(30%, calcd for (M — 5)5~ 1185.6); for single-stranded
DNA bound to one molecule of adriamycin, via a
methylene group, at m/z = 740.6 (62%, calcd for (M —
4)4~, 740.6), at 987.8 (82%, calcd for (M — 3)3~, 987.9),
and at 1482.6 (18%, calcd for (M — 2)2~, 1482.3); and
for single-stranded DNA at m/z = 802.5 (65% (M — 3)37).
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Double-stranded DNA bound to two molecules of adria-
mycin likely contributes some intensity at m/z 740.6,
987.8, and 1482.3 as (M — 8), (M — 6)~, and (M —
4)*~, respectively; however, the amount could not be
established unambiguously from isotope peaks because
of insufficient signal to noise. In an MS/MS experiment,
argon-induced decomposition of the ion at m/z 740.6 (M
—4 )*~ caused elimination of the adriamycin bearing the
attached methylene group to produce an ion with m/z
= 553.8 (calcd for (M — 1)1, 554.2) and restored the
intact DNA (m/z = 802.8 (M — 3)37). In another MS/
MS experiment at lower accelerating potential, peaks
were observed for both adriamycin and DNA bearing
the methylene group. Further, an MS/MS experiment
on m/z 554 established that the methylene group was
linked to the sugar. Precise determination of the drug—
DNA site of attachment by MS/MS sequencing of the
oligonucleotide was not possible because of the facile
elimination of the adriamycin bearing the attached
methylene. However, the MS data indicate that each
adriamycin is covalently bound to a separate DNA
strand. The same mass spectrum was obtained for the
major product (with the same HPLC retention time)
from reaction of (GC)4 with adriamycin and formalde-
hyde and from the reaction of (GC)s with adriamycin
and DTT.

Daunomycin reacted with (GC)4 in pH 7.4 or pH 8.0
Tris/[KCI/MgCI,/EDTA buffer in the presence of hydro-
gen peroxide or formaldehyde to yield the same mixture
of DNA—daunomycin adducts. The negative ion, elec-
trospray mass spectrum of the major product (50%)
showed peaks for double-stranded DNA with each
strand bound to one molecule of Daunomycin via a
methylene group (Figure 1).

The actual structures for the major adriamycin and
daunomycin adducts are suggested by the crystal struc-
ture of a product from reaction of (CG)3; with daunomy-
cin and formaldehyde by Wang and co-workers.1® The
structure showed two molecules of daunomycin inter-
calated in the duplex DNA at 5'-CpG with methylene
groups linking the 3'-amino groups of the daunosamine
to the 2-amino groups of dGs as shown in Scheme 2.
The analogous structure proposed with (GC), is simi-
larly displayed. The formaldehyde coupling reaction
has recently been demonstrated with natural DNA
sequences in solution.1t

What is the origin of the formaldehyde when the
anthracyclines are activated with H,O, or with DTT?
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With adriamycin a possibility is from a Baeyer—Villiger
oxidation at the 13-position. Reaction of adriamycin
with DTT in the presence of molecular oxygen (a source
of H,0,%) or with H,O, directly in pH 8 phosphate buffer
at 25 °C yields two products indicative of Baeyer—
Villiger oxidation, 2 and 3, as shown in Scheme 3. With
H,0, the yield of 2 was 65% after 6 days. The products
were characterized from spectroscopic and chromato-
graphic data and comparison with independently pre-
pared materials.’? The byproduct from formation of 2
is formaldehyde as demonstrated by reaction with the
Hantzsch reagent!® and HPLC analysis; the byproducts
from formation of 3 are presumed to be hydroxyacetic
acid and daunosamine. Similar oxidation of daunomy-
cin gives 3 but not 2, indicating a different source of
formaldehyde in the reactions with DNA. Control
experiments showed that H,O, oxidation of Tris, espe-
cially in the presence of Fe3*/EDTA, produces a large
excess of formaldehyde relative to that required for
adduct formation; again quantitative analysis of form-
aldehyde was performed with the Hantzsch reagent.
Further, formation of formaldehyde via a Fenton reac-
tion with Tris and structurally related compounds has
been reported.’* Consequently, some of the formalde-
hyde in experiments with Tris buffer is artifactual
relative to in vivo conditions. However, with adriamy-
cin, but not daunomycin, DNA adducts are also observed
in phosphate buffer, albeit in lower yield; in this case
some of the adriamycin is sacrificed to produce formal-
dehyde as indicated by the formation of 2 in the reaction
mixture.

Phillips and co-workers reported that degassing their
reaction mixture with nitrogen for 10 min had no effect
on the formation of adducts and “cross-links”. This level
of degassing was inadequate. A freeze—pump (7 x 1076
Torr)—thaw degassed reaction mixture of adriamycin,
DNA, DTT, and Fe3" in Tris/KCI/MgCI,/EDTA buffer
showed virtually no reaction of the DNA after 4 days
at ambient temperature, whereas the DNA in an identi-
cal reaction mixture equilibrated with atmospheric
oxygen was completely transformed into the mixture of
DNA—drug adducts described above. Further, the
degassed reaction mixture produced the same DNA—
drug adducts when subsequently exposed to air.

We propose that our DNA—drug adducts are equiva-
lent to Phillips’ DNA—drug “cross-links”. Phillips’
“cross-links” and adducts are distinguished only by
differences in stability with respect to drug release.® In
the GpC cross-link site, we propose that the dG of one
strand is covalently bound to the drug via a methylene
from formaldehyde and the dG of the second strand is
hydrogen bonded to the 9-OH of the drug. Two hydro-
gen bonds from the 9-OH to the nitrogens at the 1- and
2-positions of the dG of the second strand are evident
in the Wang crystal structure.l® The H-bonding inter-
action then distinguishes a “cross-link” at a GpC site
from an adduct at an isolated dG.

In concluding we summarize the proposed pathway
from drug reduction to DNA—drug adduct formation in
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Scheme 4. Further, we ask why might tumor cells be
more sensitive to the anthracyclines than normal cells?
Some years ago lymphocytic leukemia cells were re-
ported to bear higher levels of formaldehyde than
normal lymphocytes.!®> More recently, breast cancer
patients and tumor-bearing transgenic mice were shown
to have higher levels of formaldehyde in their breath.®
Although the discovery of these anthracycline—DNA
adducts under reducing or oxidizing conditions resulted,
at least in part, through artifactual production of
formaldehyde, their facile formation, even with very low
levels of formaldehyde, suggests a biological equivalent.
As an example, we have observed that formaldehyde
results from reaction of spermine, a polyamine associ-
ated with DNA in vivo, with H20; in the presence of
iron/EDTA in phosphate buffer. A significant increase
in urinary formaldehyde among other carbonyl com-
pounds has been reported with adriamycin administra-
tion and linked to adriamycin-induced lipid peroxida-
tion.'” Further, if adduct formation via formaldehyde
is an important component to cytotoxicity, then dauno-
mycin, which would require cellular formaldehyde,
might be more selective than adriamycin, which releases
formaldehyde upon Baeyer—Villiger oxidation. Our
results now suggest new strategies for anthracycline
drug development.
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