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The recent discovery that the clinically important antitumor drugs doxorubicin and daunoru-
bicin alkylate DNA via catalytic production of formaldehyde prompted the synthesis of
derivatives bearing formaldehyde. Reaction of the parent drugs with aqueous formaldehyde
at pH 6 produced in 40-50% yield conjugates consisting of two molecules of the parent drug
as oxazolidine derivatives bound together at their 3′-nitrogens by a methylene group. The
structures were established as bis(3′-N-(3′-N,4′-O-methylenedoxorubicinyl))methane (Doxoform)
and bis(3′-N-(3′-N,4′-O-methylenedaunorubicinyl))methane (Daunoform) from spectroscopic
data. Both derivatives are labile with respect to hydrolysis to the parent drugs. 3′-N,4′-O-
Methylenedoxorubicin and 3′-N,4′-O-methylenedaunorubicin are intermediates in the hydroly-
sis. Daunoform reacts with the self-complementary deoxyoligonucleotide (GC)4 faster than
the combination of daunorubicin and formaldehyde at an equivalent concentration to give drug-
DNA adducts. In spite of hydrolytic instability, Doxoform is 150-fold more toxic to MCF-7
human breast cancer cells and 10000-fold more toxic to MCF-7/ADR resistant cells. Toxicity
to resistant cancer cells is interpreted in terms of higher lipophilicity of the derivatives and
circumvention of catalytic formaldehyde production.

Introduction

Doxorubicin (adriamycin) continues to be one of the
most important antitumor drugs in the clinic. It is a
broad spectrum drug particularly useful in the treat-
ment of Hodgkin’s disease, non-Hodgkin lymphomas,
acute leukemias, sarcomas, and solid tumors of the
breast, lung, and ovary.1 The closely related drug
daunorubicin (daunomycin) is used primarily for the
treatment of acute leukemia. A major problem associ-
ated with doxorubicin and daunorubicin chemotherapy
is multidrug resistance. Multidrug resistance is char-
acterized by resistance to several drugs developed by
tumor cells upon treatment with one drug. Mechanisms
proposed for tumor cell multidrug resistance include
overexpression of cell membrane proteins which en-
hance efflux of the drug and overexpression of glu-
tathione transferase which transforms xenobiotics to
glutathione conjugates for excretion.2-5 Glutathione
itself is also thought to be involved in resistance in a
variety of tumors.6 Resistance to anthracycline anti-
tumor antibiotics has been shown to involve a lower
concentration of drug-produced reactive oxygen species,
presumably resulting from overexpression of enzymes
which destroy superoxide and hydrogen peroxide.7

In spite of intensive investigation of the mode of
action of doxorubicin and daunorubicin, the events
leading to cell death and differential cytotoxicity are not
totally understood. This has hindered the development
of new analogs which both are more effective and
overcome multidrug resistance. Both drugs are excel-
lent DNA intercalators8 and have been shown to con-
centrate in the cell nucleus.9,10 Crystallographic data
have established specific sequences as the sites of drug
intercalation.11,12 The drugs are redox active through
the quinone functionality and are substrates for one-
electron redox enzymes such as xanthine oxidase,13,14

cytochrome P450 reductase,14 and mitochondrial NADH
dehydrogenase.15 Furthermore, reduction in the pres-
ence of molecular oxygen results in catalytic production
of superoxide and hydrogen peroxide.16-18 In an anaer-
obic environment, reduction leads to glycosidic cleavage
to produce a quinone methide transient,19-21 long
thought to be an alkylating agent for DNA.22 Currently,
the most popular explanation for cytotoxicity is induc-
tion of topoisomerase-mediated DNA strand breaks
through intercalation,23 with modulation through a
signaling cascade involving a cell membrane receptor
for doxorubicin.24

Recent reports from several laboratories have re-
kindled interest in the concept of drug alkylation of
DNA via a redox pathway as an important cytotoxic
event. Phillips and co-workers reported in a series of
papers that in vitro reductive activation of doxorubicin
and daunorubicin in the presence of DNA led to tran-
scription blockages.25-29 These transcription blockages
were attributed to the alkylation and cross-linking of
DNA by reductively activated drug, possibly involving
a quinone methide transient. The site of alkylation and
cross-linking was proposed to be the 2-amino substitu-
ents of 2′-deoxyguanosines at the location 5′-GpC-3′ in
DNA. At about the same time, Skladanowski and
Konopa established cross-linking of DNA by doxorubicin
in HeLa S3 cells using a mild DNA denaturation-
renaturation assay.30,31 They concluded that DNA
cross-links, although unstable to isolation, induced
tumor cell apoptosis.32 We have recently demonstrated
that the reported DNA alkylation and cross-linking does
not involve the intermediacy of the quinone methide.
The primary purpose of reductive activation of doxoru-
bicin and daunorubicin is the production of superoxide
and hydrogen peroxide.33,34 These two reduced dioxygen
species oxidize constituents in the medium to formal-
dehyde via Fenton chemistry.35 The resulting formal-
dehyde couples the 3′-amino group of intercalated
doxorubicin or daunorubicin to the 2-amino group ofX Abstract published in Advance ACS Abstracts, July 15, 1997.
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deoxyguanosine via Schiff base chemistry. Thus, what
Phillips and co-workers call a DNA “cross-link” by drug
at 5′-GpC-3′ 25 we describe as a virtual cross-link involv-
ing one covalent bond from formaldehyde and one
intercalative hydrogen-bonding interaction with the
opposing strand.34,36 This virtual cross-link is shown
in Chart 1 for the DNA sequence 5′-CpGpC-3′.
This new mechanism for the alkylation of DNA

prompted a study of the reaction of doxorubicin and
daunorubicin with formaldehyde. In this paper, we
report the synthesis, characterization, and cytotoxicity
of two new derivatives which result from reaction of
formaldehyde at the amino sugar groups of doxorubicin
and daunorubicin. These products, denoted Doxoform
and Daunoform, respectively, are dimeric oxazolidines
which rapidly hydrolyze back to the parent drugs and
formaldehyde in aqueous medium. In spite of this
lability, these derivatives show enhanced cytotoxicity
toward tumor cells, especially resistant tumor cells,
presumably because they do not require drug-induced
intracellular production of formaldehyde.

Results and Discussion

Preparation and Characterization of Dauno-
form and Doxoform. Reaction of daunorubicin with
an excess of formaldehyde in pH 6 buffer results in the
production of a new derivative, assigned the trivial
name Daunoform, in 70% yield (Scheme 1). The product
was initially isolated as an amorphous solid and sub-
sequently crystallized yielding crystalline Daunoform
in 51% overall yield. The yield of Daunoform was found
to be independent of the amount of excess formaldehyde
used during the reaction (70% yield of amorphous
material using 50 or 10 equiv of formaldehyde). An
analogous derivative, Doxoform (Scheme 1), was ob-

tained in 70% yield as an amorphous material from
reaction of doxorubicin with an excess of formaldehyde.
Crystalline Doxoform was obtained in 37% overall yield.
The structures of both derivatives were determined

from spectroscopic data. Positive ion electrospray mass
spectra of Daunoform and Doxoform exhibited intense
M + 1 ions at m/z 1091 and 1123, respectively. The
molecular weights indicate structures consisting of two
drug molecules bound together with three methylene
groups. 1H NMR spectra established the structures as
bis(3′-N-(3′-N,4′-O-methylenedaunorubicinyl))meth-
ane and bis(3′-N-(3′-N,4′-O-methylenedoxorubicinyl))-
methane (Daunoform and Doxoform, respectively;
Scheme 1) with the assignments shown in Table 1. The
assignments were made using detailed splitting pat-
terns, two-dimensional homonuclear COSY spectra, and
a reference spectrum of the free base of daunorubicin
(Table 3, Supporting Information). Of particular sig-
nificance in the one-dimensional spectrum are the two
doublets at δ 4.18 and 4.71 with a small geminal
coupling constant of 4 Hz. These chemical shifts and
coupling constant are characteristic of a methylene
group in a five-membered ring flanked by electron-
withdrawing heteroatoms.37 A feature indicative of two
oxazolidines coupled at their nitrogens by a methylene
group is the singlet at δ 3.48 which integrates to only
one proton. Also of note in the spectrum of Daunoform
is the size of the vicinal coupling constant for one of the
2′-protons with the 3′-proton relative to the analogous
coupling constant for daunorubicin: 6 Hz versus 13 Hz.
This reduction in the coupling constant is consistent
with the anticipated reduction in the 2′-H/3-′H dihedral
angle due to formation of an oxazolidine ring. The
formation of these bis-oxazolidinylmethanes is due
solely to the interaction of the amino alcohol functional-
ity of the parent drugs with formaldehyde. Such
reactions are precedented in the reaction of the much
simpler trans-2-aminocycloheptanol and trans-2-ami-
nocyclooctanol with formaldehyde.38

Hydrolysis. Daunoform was stable for a period of
days in dry deuteriochloroform. Addition of 1 drop of
deuterium oxide to the deuteriochloroform solution
resulted in the formation of a mixture of Daunoform
with the mono-oxazolidine (3′-N,4′-O-methylenedauno-
rubicin, Scheme 1) as established by periodic monitoring
of the 1H NMR spectrum. The structure for the mono-
oxazolidine was determined by the 1H NMR spectrum
(Table 1). Of particular significance was the disappear-

Scheme 1

Chart 1
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ance of the singlet at δ 3.48 and the appearance of a
singlet at δ 9.71 for formaldehyde. The two doublets
for the CH2 group of the oxazolidine shifted slightly, and
the geminal coupling constant increased slightly. The
vicinal coupling constant between one of the 2′-protons
and the 3′-proton remained 6 Hz. The presence of mono-
oxazolidine is also evident in the electrospray mass
spectrum of a chloroform/methanol solution of Dauno-
form, producing a strong M + 1 ion at m/z 540.
Additional experiments established that the ratio of

mono- to bis-oxazolidine in deuteriochloroform was also
a function of Daunoform concentration, with more mono-
oxazolidine present at lower Daunoform concentrations.
These experiments were performed in deuteriochloro-
form not dried by distillation from phosphorous pen-
toxide. The concentration effect is explained in terms
of trace amounts of water dissolved in the deuteriochlo-
roform and an equilibrium between a dimeric species
and a monomeric species. The composition, as deter-
mined by integration of the phenolic OH signals relative
to the chloroform signal, followed the anticipated math-
ematical relationship (eq 1) with an average deviation
from the mean of 16%:

Addition of deuterium oxide to a solution of Doxoform
resulted in hydrolysis to the respective mono-oxazolidine
(3′-N,4′-O-methylenedoxorubicin, Scheme 1) as estab-
lished by 1H NMR spectroscopy (Table 1). Continued
addition of D2O to the Doxoform solution eventually
resulted in hydrolysis to doxorubicin. Extraction of
doxorubicin into the deuterium oxide was evident by a
separate 1H NMR spectrum of the deuterium oxide
layer. The presence of mono-oxazolidine was also
evident in the electrospray mass spectrum of a chloro-
form/methanol solution of Doxoform, with an intense M
+ 1 ion atm/z 556. Furthermore, the ratio of mono- to
bis-oxazolidines in wet deuteriochloroform showed the
same concentration dependence as observed for Dauno-
form.
Because DMSO was used as the solvent for introduc-

ing Daunoform and Doxoform to cell cultures, the
stability of the compounds was also explored in dimethyl
sulfoxide. A solution of Daunoform in dry DMSO-d6 was
stable for at least 4 days as indicated by 1H NMR
spectroscopy. Addition of a small amount of deuterium
oxide led to the formation of an equilibrium mixture of
Daunoform and an intermediate on the pathway to
daunorubicin. An unambiguous structural assignment
for the intermediate could not be made because of the
complexity of the NMR spectrum. The intermediate
was formed without release of formaldehyde, and its
spectrum showed an AX pattern characteristic of the
geminal protons of an oxazolidine ring. Complete
hydrolysis to daunorubicin and formaldehyde resulted
from the addition of 3 equiv of hydrochloric acid in
deuterium oxide. Formaldehyde appeared as its hy-
drate, characterized by a signal at δ 4.56.
Reaction of Daunoform with DNA. We have

previously demonstrated that daunorubicin and form-
aldehyde react with the self-complementary DNA, (GC)4,
to yield four drug-DNA adducts, denoted adducts
1-4.33,34 UV-vis absorption and electrospray mass
spectrometry indicated that adducts 1 and 2 contained

one molecule of daunorubicin per double-stranded DNA
(dsDNA) and adducts 3 and 4 two molecules per dsDNA.
Reaction of (GC)4 with Daunoform in pH 7.4 phosphate
buffer gave the same four drug-DNA adducts plus a
significant amount of a fifth adduct which appeared at
longer retention time in the reverse phase HPLC.
Adduct 5 was observed in the earlier experiments with
daunorubicin and formaldehyde but was not produced
in sufficient quantities for characterization. UV-vis
absorption indicated that adduct 5 contains three
molecules of daunorubicin per dsDNA. The electrospray
mass spectrum (Figure 1) shows peaks for ssDNA bound
to one molecule of daunorubicin and for ssDNA bound
to two molecules of daunorubicin. This is also consistent
with the assignment of three molecules of daunorubicin
per dsDNA for the structure of adduct 5.
The rate of reaction of (GC)4 with Daunoform in pH

7.4 phosphate buffer was also compared to the rate of
its reaction with a mixture of daunorubicin and form-
aldehyde. These experiments were performed at much
lower concentrations of Daunoform (55 µM) such that
the major adducts were 1 and 2. The amount of
daunorubicin and formaldehyde employed was equiva-
lent to that present in the Daunoform experiment.
Formation of the DNA adducts as a function of time for
the two reactions at 25 °C is shown in Figure 2. After
approximately 1 min, Daunoform had reacted with 4
times as much (GC)4 as the equivalent amount of
daunorubicin and formaldehyde. The difference in rate
of adduct formation in these two experiments most
likely reflects a difference in the overall mechanism.
Three possible reaction sequences for the formation of
adducts from daunomycin + dsDNA + formaldehyde are
outlined in Figure 3. For all of these mechanisms, two
sequential bimolecular reactions must occur. In the
case of Daunoform + dsDNA, the mechanism of adduct
formation probably involves a first-order decay followed
by one bimolecular reaction (Figure 3). Thus, the
enhanced rate of adduct formation for the Daunoform
+ dsDNA system is presumably a reflection of the fact
that one less bimolecular reaction needs to occur.
Cell Experiments. The biological activities of Daun-

oform and Doxoform were determined by their in vitro
cytotoxicity against MCF-7 and MCF-7/ADR cell lines.

constant ) (monomer signal area)2/
[(dimer signal area)(chloroform signal area)] (1)

Figure 1. Negative ion, electrospray mass spectrum (ESMS)
of DNA-daunorubicin adduct 5 from reaction of (GC)4 with
Daunoform in pH 7.4 phosphate buffer at 25 °C. Peaks
representing assigned ions bearing one or more sodium ions
are not labeled to simplify the figure. The calculated mass-
to-charge ratios are as follows: 538.2, 589.1, 601.8, 697.0,
736.6, 802.8, 871.4, 982.5.
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MCF-7 is a sensitive human breast carcinoma line,
whereas MCF-7/ADR is its doxorubicin resistant coun-
terpart.39 IC50 values for Daunoform, Doxoform, dauno-
rubicin, and doxorubicin are shown in Table 2. In all
cases, drug treatments were for 3 h and percent survival
was determined by the extent of colony formation 6 days
after drug treatment. Daunoform and Doxoform were
7 and 150 times more cytotoxic against the MCF-7 cell
line than daunorubicin and doxorubicin, respectively.
Doxoform showed a dramatic 10000-fold higher cyto-
toxicity against the MCF-7/ADR cell line relative to

doxorubicin, and Daunoform showed a 200-fold higher
cytotoxicity relative to daunorubicin. Control experi-
ments established that neither formaldehyde nor 1%
DMSO were cytotoxic to MCF-7 or MCF-7/ADR cells in
the concentration ranges employed in the experiments.
The observed cytotoxicity of Daunoform and Doxoform

represents lower limits due to their rapid hydrolysis to
the parent compounds in an aqueous environment. To
demonstrate this point, the survival of Doxoform- and
Daunoform-treated MCF-7/ADR cells was measured as
a function of time where the drugs were allowed to stand
in an aqueous enviornment at 25 °C for various time
periods prior to addition to the cells. The results of
these experiments are illustrated in Figure 4. For both
drugs at t ) 0 min, cells showed a survival rate of less
than 10%. However, Daunoform completely lost its
effectiveness within 25 min of standing in an aqueous
solution. Doxoform showed a somewhat longer lifetime
and a curious biphasic survival curve. This biphasic
curve is probably due to the decay mechanism of
Doxoform to doxorubicin in aqueous solution, but any
detailed discussion would be speculative. Although the
IC50 values reported in Table 2 were obtained using a 3
h incubation time, the actual exposure time to the
cytotoxic component of Daunoform and Doxoform was
much shorter.
Mechanism of Cytotoxicity and Circumvention

of Drug Resistance. Doxoform is 150-fold more toxic
to MCF-7 cells and 10000-fold more toxic to MCF-7/ADR
cells. The results of our work 33,34 and that of others
25,30 point to the following sequence of events for
cytotoxicity of daunorubicin and doxorubicin. The drugs
catalyze the production of superoxide and hydrogen
peroxide through the redox machinery of the quinone
functionality. These reactive oxygen species, through
an iron-catalyzed Fenton reaction, oxidize cellular con-
stituents to produce formaldehyde. Iron is available
because of its strong association with the drugs.40 The
resulting formaldehyde reacts with the drug to produce
Daunoform and Doxoform or at least the respective
mono-oxazolidines, 3′-N,4′-O-methylenedaunorubicin and
3′-N,4′-O-methylenedoxorubicin. Daunoform and Doxo-

Figure 2. Formation of drug-DNA adducts from reaction of
33 µM (GC)4 with either 55 µM Daunoform or 110 µM
daunorubicin plus 165 µM formaldehyde in pH 7.4 phosphate
buffer at 25 °C as a function of time. Adduct formation
represents the sum of adducts 1-4 and is shown as a percent
of the initial (GC)4 concentration. It was calculated from HPLC
peak areas with detection at 260 nm and is uncorrected for
absorbance by drug.

Figure 3. Possible sequence of steps for drug-DNA adduct
formation with daunorubicin (DAUN) plus formaldehyde and
with Daunoform (DAUNF). DAUN-HCHO may be the mono-
oxazolidine shown in Scheme 1.

Table 2. IC50 Values for Drugs versus MCF-7 and MCF-7/ADR
Cellsa

IC50 values (nmol equiv/L) for

cell type doxorubicin doxoform daunorubicin daunoform

MCF-7 300 2 60 8
MCF-7/ADR 10000 1 2000 10

a Cells were incubated with drug for 3 h in RPMI 1640 media
containing 10% fetal bovine serum and 1% DMSO. Plates were
developed using the crystal violet assay. The units are nmol
equiv/L because Doxoform and Daunoform each contain two
anthracycline equivalents. Dose-response curves and raw data
are provided in Supporting Information.

Figure 4. Cytotoxicity of 1 µmol equiv/L Daunoform and
Doxoform to MCF-7/ADR cells as a function of the time allowed
for drug hydrolysis, in serum-free media containing 10%
DMSO, prior to treatment. The stock drug solution was
maintained at 25 °C between additions to the cells. Cells were
incubated with drug in serum-free media for 3 h and in drug-
free growth media for 6 days. Cells were assayed by crystal
violet staining.
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form (or their mono-oxazolidines) react with DNA to
form virtual cross-links (Chart 1) which trigger apo-
ptosis.32 Consequently, Daunoform and Doxoform, which
carry their own formaldehyde into the cells, are more
effective against sensitive cells than their parent com-
pounds.
At least two mechanisms of drug resistance are

operative in the MCF-7/ADR cell line: P-glycoprotein
overexpression and decreased intracellular accumula-
tion of reactive oxygen species.7 We propose that
Daunoform and Doxoform are more cytotoxic to resis-
tant tumor cells because they effectively bypass both of
these resistance mechanisms. The MCF-7/ADR cell line
exhibits decreased intracellular accumulation of doxo-
rubicin compared to its parental line (MCF-7) due to
P-glycoprotein overexpression. However, recent work
has established that doxorubicin anologs with increased
lipophilicity are retained by cells overexpressing P-
glycoprotein, presumably because they are poorer sub-
strates for the efflux pump.41 Because Doxoform and
Daunoform are more lipophilic than their parent com-
pounds due to their tertiary amine functionality, they
can effectively bypass this resistance mechanism. How-
ever, P-glycoprotein overexpression is not the dominant
mechanism of drug resistance in MCF-7/ADR cells.
This cell line only shows a 2-3-fold difference in drug
uptake as compared to the parental line, which is not
sufficient to explain the observed drug resistance of up
to 200-fold relative to MCF-7.42 Thus, the mechanism
thought to be largely responsible for anthracycline drug
resistance in MCF-7/ADR cells is reduced production
and/or increased scavenging of reactive oxygen species.7
We propose that a consequence of this resistance mech-
anism is the slow production of formaldehyde through
oxidation of intracellular components.35 Consequently,
Daunoform and Doxoform, which can skip formaldehyde
production, effectively bypass this resistance mechanism
as well.
An additional mechanism for tumor cell resistance is

overexpression of glutathione transferase and formation
of glutathione-drug conjugates.5 In fact, overexpres-
sion of glutathione transferase has been observed in
MCF-7/ADR cells.42 Because Doxoform and Daunoform
hydrolyze to their parent drugs so rapidly, they must
be reaching their intracellular target within a very short
period of time. Hence, glutathione transferase may not
have sufficient time to transform Doxoform and Dauno-
form into the less toxic drug-glutathione conjugates.
MCF-7/ADR cells have a mutated p53 gene.43 The

p53 protein is part of a complex signaling pathway
which slows the growth of normal cells with damaged
DNA to allow for DNA repair.44 It also appears to
trigger apoptosis in tumor cells with damaged DNA.
Consequently, the prognosis is poor for treatment of
patients with malignancies having mutated p53 genes
using chemotherapeutic agents which attack DNA.45
Because MCF-7/ADR cells have a mutated p53 gene,
Doxoform must be causing tumor cell death by a
mechanism which does not require a functioning p53
protein.
Relevance to Cancer Chemotherapy. Tumor cell

cytotoxicity alone is not the answer. High selectivity
for sensitive and resistant tumor cells is required.
Other DNA-alkylating anthracyclines which bear a
masked aldehyde group on the 3′-amino substituent

have been described and include cyanomorpholinodoxo-
rubicin,46,47 barminomycin,48,49 2-pyrrolinodoxorubicin,50

and N-(5,5-diacetoxypentyl)doxorubicin (Chart 2).51,52

Some of these also show cytotoxicity to resistant tumor
cells.52 A critical difference between the derivatives
shown in Chart 2 and Doxoform and Daunoform is the
potential for release of the aldehyde functional group
from the anthracycline and release of the anthracycline
from the DNA. The derivatives in Chart 2 all have the
masked aldehyde irreversibly attached to the 3′-amino
group of the anthracycline, with the possible exception
of barminomycin. Hence, DNA lesions will hydrolyze,
at best, reversibly. Doxoform, Daunoform, and their
associated DNA lesions27,33,34,53 are all labile with
respect to hydrolysis. Further, the hydrolysis results
in irreversible escape of the formaldehyde through
dilution. As a result, Doxoform and Daunoform have a
potential for higher selectivity for resistant tumor cells
than doxorubicin and daunorubicin through a kinetic
advantage and a higher selectivity for sensitive and
resistant tumor cells than the derivatives in Chart 2
through a thermodynamic advantage. The kinetic
advantage results from the drugs’ ability to alkylate
DNA rapidly. The thermodynamic advantage comes
from the instability of the DNA lesion and the ability
of the normal cells to slow their growth. During slow
growth the DNA lesions might hydrolyze without DNA
damage. Further, drug clearance will be rapid because
of hydrolysis to the less toxic parent drugs. This latter
advantage should be more important with Doxoform
than with Daunoform because Doxoform is 150 times
more cytotoxic to sensitive cells than doxorubicin,
whereas Daunoform is only 7 times more cytotoxic to
sensitive cells than daunorubicin. Hence, Doxoform
could possibly be given at a lower dose than is now used
for doxorubicin.

Chart 2
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Conclusions
Doxorubicin and daunorubicin react with aqueous

formaldehyde to form bis-oxazolidinylmethane deriva-
tives, denoted Doxoform and Daunoform, respectively.
In spite of being hydrolytically unstable, Doxoform and
Daunoform show enhanced cytotoxicity to both sensitive
(MCF-7) and resistant (MCF-7/ADR) human breast
cancer cells. A rationale for the enhanced cytotoxicity
may be that Doxoform and Daunoform or, more likely,
the mono-oxazolidines resulting from their initial hy-
drolysis are actually active metabolites of doxorubicin
and daunorubicin.

Experimental Section
General Remarks. UV-vis spectra were recorded with a

Hewlett-Packard 8452A diode array spectrometer and 1H NMR
spectra with a Bruker Model AM-400 spectrometer. Mass
spectra of Daunoform and Doxoform were obtained with a
Hewlett-Packard 5989B single quadrupole electrospray mass
spectrometer; samples were introduced by direct infusion of
chloroform/methanol solutions. Mass spectra of drug-DNA
adducts were obtained with an API-III triple quadrupole mass
spectrometer (Sciex) equipped with a nebulization-assisted
electrospray (ES) ion source and a high-pressure collision cell;
samples were introduced by direct infusion of water/methanol
(75/25, v/v) solutions. Daunorubicin and doxorubicin as their
hydrochloride salts or as clinical samples were received as gifts
from Nexstar Pharmaceuticals, Inc., San Dimas, CA, and
Pharmacia-Upjohn-Farmitalia, Milan, Italy. Formaldehyde
was obtained from Mallinckrodt as a 37% by weight solution
in water containing 10-15% methanol. Water was distilled
and purified with a Millipore Q-UF Plus purification system
to 18 MΩ‚cm. Phosphate buffer, pH 7.4, was 77.4 mM Na2-
HPO4 and 22.6 mM NaH2PO4. Triethylamine for preparation
of triethylammonium acetate buffer was 99+% from Aldrich,
and tris(hydroxymethyl)aminomethane (Tris) was from Boe-
hringer Mannheim. HPLC analyses were performed with a
Hewlett-Packard 1090 liquid chromatograph equipped with a
diode array UV-vis detector and workstation; chromatogra-
phies were performed with a Hewlett-Packard 5-µm C18

microbore column, 2.1 mm i.d. × 100 mm, eluting at 0.5 mL/
min with gradients of pH 6 triethylammonium acetate (Et3-
NHOAc) (0.02 M)/acetic acid (AcOH) buffer and acetonitrile
and detecting at 260 and 480 nm.
Synthesis of Daunoform: Amorphous Daunoform. A

solution containing 1 mM daunorubicin and 50 mM formal-
dehyde in 100 mL of pH 6 triethylammonium acetate (20 mM)/
acetic acid buffer was allowed to react in the dark at 25 °C for
21 h. The buffer was then removed by high-vacuum rotary
evaporation at 0.1 Torr for 5 h. The dry product was dissolved
in chloroform and placed in a 15 mL centrifuge tube. The
solvent was removed by rotary evaporation, and the dry
sample was washed with 3 × 10 mL of water by centrifugation
at 1550 rpm and removal of the water with a pipet. After the
final wash, the sample was dried under vacuum at 0.02 Torr
for 10 h to yield an amorphous red solid. The positive ion ESI
mass spectrum with the sample in chloroform/methanol (5/1,
v/v) showed the following major ions: m/z 1113 (M + Na+,
49), 1101 (100), 926 (46), 540 (62), 528 (54), 399 (27), and 381
(49). The 1H NMR spectrum in deuteriochloroform solvent
(Table 1) established that the product was pure and, together
with the MS spectrum, indicated that it had the structure bis-
(3′-N-(3′-N,4′-O-methylenedaunorubicinyl))methane (Dauno-
form). The yield of Daunoform was established by visible
absorption at 480 nm because the sample could not be
accurately weighed. A solution was prepared by dissolving
the entire product in 5 mL of chloroform followed by a 400×
serial dilution. The absorbance at 480 nm established a yield
of 49 µmol (67%), using the molar extinction coefficient 9900
M-1 cm-1 for the daunorubicin chromophore. A similar experi-
ment using 10 equiv of formaldehyde generated the same
product in 70% yield. In this case the reaction time was 67 h.
Crystalline Daunoform. To a solution of 40 mg (70.9

µmol) of daunorubicin hydrochloride in 40 mL of pH 6

triethylammonium acetate buffer were added 80 mL of chlo-
roform and 0.8 mL of aqueous formaldehyde (37% formalde-
hyde). The solution was stirred vigorously until extraction of
the aqueous phase was complete (about 30 min). The organic
layer was collected, and the aqueous layer was extracted a
second time with 80 mL of chloroform in a similar manner.
The organic layers were pooled and dried over sodium sulfate
and the solvent removed by rotary evaporation yielding crude
Daunoform as a red film. The crude product was redissolved
in 0.8 mL of chloroform. The solution volume was brought to
16 mL by addition of ethyl acetate and the solution mixed
thoroughly. The solution was dispensed in 3 mL aliquots into
five 5 mL vials and allowed to stand undisturbed, stoppered,
and in the dark for 3 days. The resulting crystals grew as
red needles on the glass. The crystals were washed with
n-hexane, collected, and dried under vacuum (0.1 Torr) to yield
20 mg (51%) of Daunoform. Anal. (C57H58N2O18) C, H, N. The
crystalline material showed the same 1H NMR spectral
properties as the amorphous material prepared as described
above (Table 1) and the following 13C NMR resonances: δ
(CDCl3) 16.5, 24.8, 29.1, 33.0, 34.7, 55.5, 56.4, 65.7, 69.3, 72.4,
75.6, 77.2, 85.2, 100.3, 110.9, 111.0, 118.0, 119.5, 120.5, 134.1,
134.4, 135.1, 135.3, 155.5, 156.3, 160.6, 186.0, 186.1, 212.3.
The positive ion ESI mass spectrum with the sample in
chloroform/methanol (5/1, v/v) showed the following major
ions: m/z 1091 (M + H+, 100), 1079 (52), 552 (26), and 540
(59). The UV-vis spectrum of Daunoform appeared as fol-
lows: λmax (ε, M-1 cm-1) CH2Cl2 236 (27 300), 252 (20 000), 290
(7600), 482 (9700); CHCl3 252 (20 800), 290 (8000), 488
(10 100), 500 (10 200). A significant difference between the
amorphous and crystalline materials was the rate at which
each dissolved in dimethyl sulfoxide: the amorphous material
dissolved instantly to at least 20 mg/mL, whereas the crystal-
line material dissolved very slowly.
Synthesis of Doxoform: Amorphous Doxoform. A

clinical sample containing doxorubicin hydrochloride and
lactose was used as the starting material. Most of the lactose
was removed by extraction with chloroform. A doxorubicin/
lactose mixture containing 40 mg of doxorubicin was dissolved
in 75 mL of pH 8, 0.1 M potassium chloride, 40 mM Tris, 100
mM ethylenediaminetetraacetic acid (EDTA) buffer. To this
was added 100 mL of chloroform, and the mixture was stirred
vigorously for 30 min. The chloroform layer was then removed
and a second extraction using 50 mL of chloroform performed.
The chloroform extracts were combined, and the chloroform
was removed by rotary evaporation yielding doxorubicin as the
free base. A solution of 1 mM doxorubicin and 50 mM
formaldehyde in 68 mL of pH 6, triethylammonium acetate
(20 mM)/acetic acid buffer was allowed to react in the dark at
25 °C for 15 h. The buffer was then removed by high-vacuum
(0.1 Torr) rotary evaporation for 5 h. The product was
dissolved in chloroform and placed in a 15 mL centrifuge tube.
The solvent was removed by rotary evaporation, and the dry
sample was washed with 3 × 10 mL portions of water by
centrifugation at 1550 rpm. After the final wash, the sample
was again dried under vacuum at 0.02 Torr for 15 h. The 1H
NMR spectrum in deuteriochloroform solvent (Table 1) estab-
lished that the product was pure and, together with the MS
spectrum of crystalline material (vide infra), indicated that it
had the structure bis(3′-N-(3′-N,4′-O-methylenedoxorubicinyl))-
methane (Doxoform). The isolated yield was determined to
be 70% by visible absorption at 480 nm of a chloroform solution
as described above for Daunoform.
Crystalline Doxoform. Crystalline Doxoform was pre-

pared exactly the same as crystalline Daunoform except for
the crystallization step. For a procedure starting with 40 mg,
the crude product was dissolved in 1.3 mL of chloroform diluted
with 27 mL of 3:1 ethyl acetate:hexane. The resulting solution
was dispensed in 3 mL aliquots into nine 5 mL vials and
allowed to stand undisturbed and stoppered in the dark for 3
days. The resulting crystals grew as red hexagonal tubes on
the glass. The crystals were washed with ethyl acetate,
collected, and dried under vacuum (0.1 Torr) to yield 14.5 mg
(37%) of pure Doxoform. Anal. (C57H58N2O22) C, H, N. The
crystalline material showed the same 1H NMR spectral
properties as the amorphous material. The positive ion ESI
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mass spectrum of a sample in chloroform/methanol (5/1, v/v)
showed the following major ions: m/z 1123 (100), 1111 (45),
568 (19), and 556 (91).
Dilution of a Deuteriochloroform Solution of Dauno-

form. A sample of Daunoform was dissolved in 500 µL of
deuteriochloroform, and the solution was analyzed by 1H NMR
spectroscopy. The sample was then diluted to volumes of 750,
1000, 1250, and 1500 µL with deuteriochloroform. At each
new volume the 1H NMR spectrum was obtained and inte-
grated using the chloroform signal as an internal standard.
The spectra showed conversion of Daunoform to an equilibrium
mixture of Daunoform with 3′-N,4′-O-methylenedaunorubicin.
The spectral assignment for 3′-N,4′-O-methylenedaunorubicin
appears in Table 1. The composition of the solutions at each
dilution was tabulated in terms of the areas for the phenolic
OH signals relative to the area for the chloroform signal.
Daunoform Stability in DMSO. Crystalline Daunoform

(2.8 mg, 2.6 µmol) was dissolved in 500 µL of DMSO-d6 (stored
over 3 Å molecular sieves) and analyzed by 400 MHz 1H NMR
(Table 1). NMR analysis showed that the Daunoform was
stable in DMSO for at least 14 h. Upon addition of 25 µL of
D2O to the 500 µL DMSO-d6 sample, the Daunoform reacted
over a 24 h period to form an equilibrium mixture consisting
of 67% Daunoform and 32% intermediate. Because of the
complexity of the spectrum, a structure could not be assigned
to the intermediate; however, the intermediate appeared to
have an oxazolidine ring as indicated by the appearance of an
AX pattern at δ 4.39 and 4.49 (J ) 4 Hz). Upon addition of 3
equiv of hydrochloric acid in 130 µL of deuterium oxide,
hydrolysis to daunorubicin hydrochloride was complete. The
hydrochloric acid solution was prepared by the addition of 10
µL of concentrated HCl to 990 µL of D2O. The formaldehyde
released from the Daunoform was detected as its hydrate by
a singlet at δ 4.56. The final product was identified as
daunorubicin by comparison of the NMR spectrum with that
of a sample of daunorubicin plus 3 equiv of HCl. Further, the
final product was isolated by removal of all volatile components
under vacuum (0.1 Torr), and its 1H NMR spectrum was
identical to that of daunorubicin hydrochloride.
Amorphous Daunoform, when worked up in methylene

chloride, was stable in DMSO for at least 4 days. It hydrolyzed
with added D2O and hydrochloric acid in a manner similar to
that of the crystalline material. When worked up in chloro-
form, amorphous Daunoform had less stability in DMSO,
presumably due to traces of HCl from the chloroform.
Reaction of Daunoform with (GC)4. A solution contain-

ing 317 µM (GC)4 and 357 µM Daunoform in 150 µL of pH 7.4
phosphate buffer was allowed to react for 41 h in the dark at
25 °C. The DNA had completely reacted to form drug-DNA
adducts 1, 2 + 3, 4, and 5 in a 2:19:68:11 peak area ratio as
indicated by HPLC. The C18 HPLC column was eluted with
the following gradient created with A ) CH3CN, B ) 20 mM
aqueous triethylammonium acetate: A:B, 0:100 to 7:93 at 1
min, to 9:91 at 10 min, to 70:30 at 13 min, isocratic until 15
min, and to 0:100 at 17 min. The retention times for adducts
1-5 were 7.4, 8.3, 8.6, 9.7, and 12.3 min. HPLC peaks for
adducts 2 and 3 were not resolved and were integrated
together. Adducts 1-4 were isolated and characterized by
UV-vis absorption and negative ion ESMS; the spectral data
showed them to be identical to adducts 1-4 from reaction of
daunorubicin with (GC)4 and formaldehyde described previ-
ously.34 Adduct 5 was isolated by preparative reverse phase
HPLC as described earlier for adducts 1-4. The UV-vis
spectrum of adduct 5 indicated that it was a drug-DNA adduct
containing three molecules of covalently bound, intercalated
drug per dsDNA (A510 > A480; A260:A480 ) 8:1). The negative
ion, electrospray mass spectrum (Figure 1) confirmed this
structural assignment.
Drug-DNA Adduct Formation in the Presence of

Daunoform or Daunorubicin plus Formaldehyde as a
Function of Time. Reaction mixtures containing 33 µM
(GC)4 and 55 µM Daunoform in pH 7.4 phosphate buffer were
monitored periodically by HPLC over a 1 h time period. The
reaction mixtures were maintained at 25 °C and contained 2%
DMSO to facilitate Daunoform solubilization. The amount of
available formaldehyde in this reaction was 165 µM (3 × 55

µM). Similar reaction mixtures containing 33 µM (GC)4, 110
µM daunorubicin, and 165 µM formaldehyde in pH 7.4
phosphate buffer were prepared and monitored periodically
by HPLC as described above. The reaction mixtures were
maintained at 25 °C and contained 2% DMSO. The formation
of drug-DNA adducts with respect to time for the Daunoform
and daunorubicin reactions is compared in Figure 2.
Cell Experiments. All tissue culture materials were

obtained from Gibco Life Technologies (Grand Island, NY)
unless otherwise stated. MCF-7 breast cancer cells were
obtained from American Type Culture Collection (Rockville,
Maryland). MCF-7/ADR adriamycin resistant breast cancer
cells42 were a gift of Dr. William W. Wells (Michigan State
University). Both cell lines were maintained in vitro by serial
culture in phenol red-free RPMI media 1640 supplemented
with 10% fetal bovine serum (Gemini Bio-Products, Calbasas,
CA), L-glutamine (2 mM), HEPES buffer (10 mM), penicillin
(100 units/mL), and streptomycin (100 µg/mL). The MCF-7/
ADR cell line medium was additionally supplemented with 5
µM adriamycin (Nexstar Pharmaceuticals, San Dimas, CA).
Cells were maintained at 37 °C in a humidified atmosphere
of 5% CO2 and 95% air.
Cells were dissociated with trypsin-EDTA, counted, and

suspended in growth media to a concentration of 5 × 103 cells/
mL. Cell suspensions were dispensed in 200 µL aliquots into
96-well tissue culture plates. Plates were then incubated for
24 h at 37 °C in a humidified atmosphere of 5% CO2 and 95%
air. The medium was replaced with 180 µL of growth medium
prior to addition of the cytotoxic agents. Cytotoxic agents
(daunorubicin, doxorubicin, Daunoform, Doxoform) were dis-
solved in DMSO at a concentration of 10 mM, sonicated to
facilitate solvation, and sterile-filtered through a 0.2 µm nylon
syringe filter. Concentrations were then corrected by measur-
ing the solution absorbance at 480 nm (ε ) 11 500/mol of
anthracycline). The solutions were then serially diluted in
DMSO to give a series of 100× working concentration solu-
tions. For each concentration, the 100× solution was diluted
1:10 in serum-free RPMI media 1640; 20 µL of the resulting
10× solution was immediately added to the appropriate lane.
Additionally, one lane was treated with 20 µL of 10% DMSO
in serum-free RPMI (no drug) and one lane replaced with 200
µL of 1.5 M Tris buffer (no cells). The cells were incubated at
37 °C for 3 h. The drug solutions were removed, and 200 µL
of fresh growth medium was added to each well. The cells
were then incubated for 6 days at 37 °C in a humidified
atmosphere of 5% CO2 and 95% air (approximately 60%
confluence for the no drug lane).
The extent of colony formation was determined by use of a

crystal violet staining assay.54,55 Cells were treated with 200
µL of 1% glutaraldehyde in Hank’s balanced salt solution for
15 min. The cells were then stained with 75 µL of 0.1% crystal
violet in deionized water for 30 min. The plates were then
rinsed with deionized water and allowed to soak in a beaker
of running deionized water (1 L/min) for 15 min. The plates
were blotted dry, and 200 µL of 70% ethanol in water was
added to each well to solubilize the dye. The plates were stored
at 4 °C until solubilization was complete (about 4 h). The
optical density of each well was measured on an ELISA plate
reader at 588 nm. Relative colony sizes were determined by
comparison of the drug-treated lanes to the control lanes.
Control experiments established that the IC50 value for

formaldehyde was in excess of 200 µMwith MCF-7 and MCF-
7/ADR cells. Additional control experiments established that
3 h incubation of cells with 1% DMSO in growth media did
not alter the survival of MCF-7 or MCF-7/ADR cells.
Cytotoxicity of Daunoform and Doxoform versus

Time of Addition. Cells were dissociated with trypsin-
EDTA, counted, and suspended in growth media to a concen-
tration of 5 × 103 cells/mL. Cell suspensions were dispensed
in 200 µL aliquots into 96-well tissue culture plates. Plates
were then incubated for 24 h at 37 °C in a humidified
atmosphere of 5% CO2 and 95% air. The medium was replaced
with 180 µL of growth medium prior to addition of the cytotoxic
agents. The drug being investigated (Doxoform or Daunoform)
was dissolved in DMSO at a concentration of 0.5 mM (1 mmol
equiv/L), sonicated to facilitate solvation, and sterile-filtered
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through a 0.2 µm nylon syringe filter. Concentrations were
then corrected by measuring the solution absorbance at 480
nm (ε ) 11 500/mol of anthracycline). The drug solution was
diluted 1:100 with DMSO and then 1:10 in serum-free RPMI
media 1640. A volume of 20 µL of the resulting 0.5 µM (1 µmol
equiv/L) drug solution was immediately added to the t ) 0
min lane. The remaining lanes were treated at 5 min intervals
with 20 µL of the remaining drug solution, which was held at
25 °C between additions. Additionally, one lane was treated
with 20 µL/well of serum-free RPMI containing 10% DMSO
(no drug) and one lane replaced with 200 µL/well of 1.5 M Tris
buffer (no cells). Each lane was incubated at 37 °C for 3 h.
The drug solutions were removed, and 200 µL of fresh growth
medium was added to each well. The cells were then incu-
bated for 6 days at 37 °C in a humidified atmosphere of 5%
CO2 and 95% air. The extent of colony formation was
determined by use of a crystal violet staining assay described
above, and relative colony sizes were determined by compari-
son of the drug-treated lanes to the control lanes.
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