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Studies of Saito et al. (Saito, L.; Morii, T.; Matsuura, T. J. Org. Chem. 1987, 52, 1008) analyzing the decomposition
of 3’-O-benzoyl-5'-deoxy-4’-hydroperoxythymidine (7) claimed to model the decomposition of the putative
4’-hydroperoxynucleotide intermediate in the bleomycin (BLM) mediated production of base propenal, 3'-
phosphoglycolate, and 5-phosphate termini from double-stranded DNA. A number of puzzling observations
reported in this paper prompted a reinvestigation of this model system in detail. [4’-H'®0,]-7 and its 4’ epimer
8 were prepared and their fate in aqueous solution as a function of pH was examined. Compound 7 decomposed
in aqueous solution to produce thymine propenal accompanied by stoichiometric formation of benzoate containing
1 atom of 80, In addition, thymine accompanied by stoichiometric amounts of malondialdehyde and [*30]benzoate
was also observed. Acetate containing 1 atom of ®0 accompanied production of both thymine and thymine propenal.
The ratio of thymine propenal to thymine varied as a function of pH and temperature. Production of [*80}benzoate
and a detailed kinetic analysis of the decomposition of 7 unequivocally demonstrated that conversion of 7 to
thymine propenal required the intermediacy of a 4’-perbenzoate ester. This perester produced by migration
of the 3’-benzoyl blocking group of 7 to the terminal oxygen of its 4’-hydroperoxy moiety would then greatly
facilitate heterolytic cleavage of the oxygen-~oxygen bond. For stereochemical reasons a similar intramolecular
benzoyl migration cannot occur with 8, explaining its lack of reactivity. These results call into question the relevance
of the model proposed by Saito et al. to understanding the base propenal pathway in the BLM-catalyzed degradation
of DNA. In addition, preparation of a second model of a putative intermediate in the base propenal pathway,
[1-[[2-(acetyloxy)acetyl]oxy]-3-oxopropyl]thymine (12), is reported. The detailed kinetics of its decomposition
as well as identification of the products accompanying its decomposition are reported. The relevance of these

two model systems to the mechanism of degradation of DNA by BLM is discussed.

Introduction

The bleomycins (BLM)! are a family of glycopeptide
antibiotics isolated from Streptomyces verticillus in the
late 1960s.12 Their cytotoxicity is thought to be related
to their ability to bind to double-stranded DNA and, in
the pzrfsence of metal and O,, mediate DNA strand scis-
sion.

Numerous studies from several laboratories have dem-
onstrated that incubation of Fe*2, O,, and a reductant with
BLM results in the production of “activated BLM,” which
leads to two monomeric products: nucleic acid base and
nucleic acid base propenals.®® Formation of base prop-
enals requires O, in addition to that required to form
activated BLM and is accompanied by DNA strand scis-
sion and production of 3’-phosphoglycolate and &-phos-
phate termini (Figure 1, A).21 Production of nucleic acid
base is accompanied by formation of an oxidatively dam-
aged sugar (4’-ketone 1’-aldehyde, Figure 1, B) within an
intact DNA strand that undergoes phosphodiester bond
cleavage only after “alkaline” treatment.!1:12

A modification of the mechanism proposed by Giloni et
al. to account for the base propenal pathway is outlined
in Figure 2.19 Studies using [4-’H]DNA models and more
recently [4’-2H]DNAs have established that the first step
in the reaction involves cleavage of the 4’ carbon-hydrogen
bond to produce the “putative” C-4' radical 1.131* This
intermediate can be trapped by O, to produce 4’-peroxy
radical 2. This radical may then be reduced to yield 4'-
hydroperoxide intermediate 3. Compound 3 has been
proposed to undergo a Criegee rearrangement and even-
tually collapse to produce 3’-aldehyde intermediate 5, the
direct precursor to the observed products.

*To whom correspondence should be addressed.

The conversion of 3 to 4 (Figure 2) is chemically unat-
tractive because degradation of DNA by BLM occurs in
neutral aqueous solution. Previous work has indicated that
a Criegee-type rearrangement requires strong acid catalysis
to effect heterolytic oxygen—oxygen bond scission.! Recent
studies of Saito et al.,!® analyzing the decomposition of
&-0-benzoyl-5'-deoxy-4'-hydroperoxythymidine (7) (Figure
3), a model for the decomposition of 3 (Figure 2), seemed
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Figure 1. Degradation of DNA via a bleomycin-induced 4'-
radical.
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Figure 2. Proposed mechanism (pathway A, Figure 1) for the
production of base propenals, 3’-phosphoglycolate, and 5’-phos-
phate termini.
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Figure 3. Aqueous decomposition of the isomeric 4’-hydroper-
oxynucleosides 7 and 8 as described by Saito et al.!®

to alleviate these concerns when they demonstrated that
in aqueous acetonitrile (pH 6 to 8) 7 could decompose to
produce thymine propenal and thymine. A puzzling and
unexplained observation also reported by Saito and co-
workers was that the corresponding 4’R isomer 8 (Figure
3) was stable under conditions in which 7 decomposed.
Since there should be no stereochemical imperative for the
Criegee rearrangement in this five-membered ring system,
the observed differences in chemical reactivity between the
stereoisomers suggested to us an alternative explanation
for their results. We propose in the case of 7 that the
3’-benzoyl group can migrate to the terminal oxygen of the
hydroperoxide to produce perester 9 (Figure 4). A similar
intramolecular rearrangement could not occur with the 4R
isomer 8 due to geometric constraints. In contrast to hy-
droperoxides, peresters (9, Figure 4) are known to undergo
facile heterolytic cleavage under mild conditions.?® If in
fact, perester 9 is the precursor to thymine propenal, then
the validity of using this reaction to model the BLM-me-
diated DNA degradation must be questioned.

In the present paper, evidence is presented using [4/-
H!'80,]-7 that unequivocally demonstrates that the benzoyl
migration postulated in Figure 4 is required for thymine
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Figure 4. Proposed mechanism of formation of the observed
breakdown products of [H'®Q,]-7 in aqueous solution.

propenal production. In addition, we have synthesized a
model (12) for a second “putative” intermediate 5 (Figure
2). The detailed kinetics of decomposition of both 7 and
12 as well as the isolation and identification of products
formed are reported. The relevance of these model systems
as aids to our understanding of the mechanism of degra-
dation of DNA by BLM is discussed.

Experimental Section

Materials and Methods. Acetoxyacetic acid, a,p-dibromo-
acetophenone, and thiobarbituric acid were obtained from Aldrich.
Tetrahexylammonium bromide (Sigma) was converted to the
hydrogen sulfate salt by ion exchange chromatography. H,'%0
(95 atom %) and 180, (95 atom %) were from MSD isotopes and
Amersham, respectively.

Malondialdehyde,'¢ 3-acetoxypropenal,'” and trans-1-(3-oxo-
prop-1-enyl)thymine (thymine propenal)!%® were prepared as
previously described. Ozone was assayed iodometrically.!?
Analytical HPLC separations employed Alltech C 4 reverse phase
columns (10 um, 1 X 25 cm) and elution with 5 mM ammonium
acetate (pH 5.5) and CH30H increasing from 0 to 50% over 25
min. The flow rate was 1.5 mL min~!. The following retention
times and extinction coefficients were used to identify and
quantitate products: malondialdehyde, 3.5 min, ex;; = 31800 M
cm’; thymine, 11.0 min, ¢g; = 7900 M~ em™!; thymine propenal,
19.8 min, eg93 = 26 300 M~! cm™!; benzoic acid, 6 min, ¢ = 11500
M1 cm™; and 1-(5-O-acetyl-2,3-dideoxy-3,4-didehydro-8-D-
erytlhro-pentofuranosyl)thymine (11), 26.9 min, Ayg; = 8500 M!
cml,

GC-mass spectra were obtained on a 30-m Suppelco fused silica
capillary column (0.32-mm i.d.) with a I-um thickness DB-5
(nonpolar) bonded stationary phase. Injections were made in
splitless mode with the injector port maintained at 260 °C.
Specific column temperature gradients used are outlined in the
appropriate sections below. The mass spectrometer was scanned
continuously from 600 to 30 amu at 0.3 s/decade. Between 3 and
10 complete spectra were acquired as each peak eluted and ion
intensities were obtained from these as average values after
background subtraction.

1-(3-0-Benzoyl-2,5-dideoxy-4-(['®*0]hydroperoxy)-8-D-
glycero-pentofuranosyl)thymine (7). Aqueous H,'®0, (~0.5

(16) Kwon, T. W.; Watts, B. M. J. Food Chem. 1963, 28, 627.

(17) Protopaporva, T. V.; Skoldinov, A. P. J. Gen. Chem. USSR 1958,
28, 241,

(18) (a) Grollman, A. P.; Takashita, M.; Pillai, K. M. R.; Johnson, F.
Cancer Res. 1985, 45, 1127-1131. (b) Mahmutglu, I.; Scheulen, M. E,;
Kappus, H. Arch. Toxicol. 1987, 60, 150.

(19) Vogel, A. P. Textbook of Practical Organic Chemistry, 4th ed.;
J. Wiley and Sons: New York, 1978; p 85.
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M in dilute HC]) was prepared from 20, as described by Sawaki
and Foote® (25% yield) and the isotope content was determined
by the method of Ortiz de Montellano.?? One milliliter of the
aqueous peroxide was added dropwise to a vigorously stirred
suspension of MgSO, in 20 mL of ether. The ether was decanted
and dried again with MgSO,. The H,'®0, concentration was
determined iodometrically!® and then the ether solution was
reduced in volume to give a final concentration in Hy%0, of ~2.5
M. The ethereal H,'%0, was used to prepare a mixture of isomeric
hydroperoxides 7 and 8 from 1-(3-O-benzoyl-2,5-dideoxy-3-D-
glycero-pent-4-enofuranosyl)thymine as described by Saito and
co-workers.!® The crude product mixture was resolved by prep-
arative normal-phase HPLC on a silica gel column (Alltech, 10
um, 1 X 25 cm) eluted with 2% methanol in absolute chloroform
at a flow rate of 2.5 mL/min. The 4'R (8) and 4'S (7) hydro-
peroxides, obtained in a 1:3 ratio, eluted at 9.0 and 10.3 min,
respectively, and were stored in dry chloroform at 4 °C. The
solutions were assayed spectrophotometrically using the reported
extinction coefficients.!

1-(3-(['*0]Oxo0)prop-1-enyl)thymine. A 50-mg sample of
[**0]thymine propenal was heated in a sealed vial for 4 h at 80
°C with 200 uL of 1:1 H,®0 and acetonitrile containing 1%
concentrated HCl. The solvents were removed and the product
was dried under vacuum. Isotope content was determined by
reducing a small quantity of the propenal with NaBH, in
methanol. After being quenched with acetic acid and evaporating
the methanol, the [!#0]propenol was dissolved in water and iso-
lated on a Waters reverse phase C,3 SepPak. The propenol was
eluted with methanol, dried, and converted to a TMS derivative
for GC-MS analysis as described below.

1-(5-O-Acetyl-2,3-dideoxy-3,4-didehydro-3-D-erythro-pen-
tofuranosyl)thymine (11). Acetic anhydride (1 mL, 10 mmol)
and 1-(2,3-dideoxy-3,4-didehydro-8-D-erythro-pentofuranosyl)-
thymine (223 mg, 1 mmol)?® were combined in 10 mL of dry
pyridine and left standing at 5 °C overnight. The mixture was
partitioned between water and chloroform and the organic phase
was separated and washed with saturated NaHCO; and then
water. After drying over MgSQ,, the chloroform was evaporated
and the product was purified by flash chromatography (silica
gel/1% methanol in chloroform). The product was obtained as
a colorless oil and stored at —20 °C: *H NMR (Briicker 250 MHz,
CDCly) §9.92 (1 H, s), 7.08 (1 H, d, J = 0.7 Hz), 6.77 (1 H, m),
5.17 (1 H, br s), 4.68 (2 H, s), 3.28 (1 H, m), 2.64 (1 H, m), 2.12
@3 l-{, 8), 1.94 (3 H, s); UV (EtOH) Ap,x = 265 nm (e = 8500 M™!
cm™),

Ozonolysis of 11. In a series of experiments, 25 to 50 umol
of ozone was passed through a rapidly stirring solution of 11 (25
umol) in 5 mL of dry methylene chloride at —45 °C. After an
additional 5 min of stirring at —45 °C, 2 equiv of dimethyl suifide
(50 to 100 umol) was added and the mixture was allowed to warm
slowly to room temperature. The solvent was evaporated at 10
°C and the residue was redissolved in dry CDCl,.

Analysis of the samples by 'H NMR indicated that treatment
of 11 with 1 equiv of ozone resulted in a 1:1 mixture of the starting
material and a product having a spectrum consistent with the
aldehyde 1-[[[2-(acetyloxy)acetyl]oxy]-3-oxopropyl]thymine (12):
IH NMR (Briiker 250 MH, CDCl;) 4 9.72 (1 H, s), 9.02 (1 H, br
s),7.18 (1 H,s),6.89 (1 H, t, J = 6.4 Hz), 4.64 (1 H, ), 4.62 (1
H,S), 3.44 (1 HA, 9, JAB =18.6 HZ, JAX =171 HZ, JBX =8.1 HZ),
3.38 (1 HB! 9, JAB = 18.6 HZ, JAX = 7.7, JBX = 8.1 HZ), 217 (3
H, s), 1.95 (3 H, s).

Approximately 2 equiv of ozone was necessary to completely
oxidize the starting material, but NMR analysis showed the
product to be of inferior purity. Even partially ozonolyzed samples
of 11 usually contained ~5% free thymine as a byproduct.
Chromatography of 12 led to extensive decomposition and solu-
tions in CDCl; could be stored at 5 °C without significant deg-

(20) Sawaki, Y.; Foote, C. S. J. Am. Chem. Soc. 1979, 101, 6292,

(21) Ortiz de Montellano, P. R.; Catalano, C. E. J. Biol. Chem. 1985,
160, 9265.

(22) Pesez, M.; Bartos, J. Colorimetric and Fluorometric Analysis of
O:Eféz(;tic Compounds and Drugs; Marcel Dekker, Inc.: New York, 1974;
p 330.

(23) Zemlicka, J.; Freisler, J. V.; Gasser, R.; Horwitz, J. P. J. Org.
Chem. 1973, 38, 990.

McGall et al.

radation for no more than 2-3 days.

Samples of the ozonolyzed product used for aqueous decom-
position studies were prepared by partial ozonation (1 equiv of
0,) as described above, reduced in volume to obtain a final
concentration of about 50 mM (11 and 12), and used within 24
h.

Reaction of Ozonation Product with Triethylamine. A
25-umol sample of 11 was partially ozonated with an equivalent
amount of ozone as described above. After addition of dimethyl
sulfide and warming to room temperature, an excess (7 uL, 50
umol) of dry triethylamine was added. The solution was stirred
for 15 min and evaporated to dryness under vacuum. Analysis
of the residue by 'H NMR in DMSOQ-dg revealed it to consist of
approximately equivalent amounts of unreacted 11, thymine
propenal, and triethylammonium acetoxyacetate. This was es-
tablished by direct comparison with spectra of the authentic
materials. The products were taken up in 250 uL of H,O and an
aliquot was withdrawn for determination of total malondialdehyde
(MDA) equivalents using the TBA assay.® The remainder was
analyzed by reverse phase HPLC as described ahove. The amount
of thymine propenal observed was equivalent to the total amount
of TBA-reactive material in the sample.

Decomposition of 7 and 12 in Aqueous Solutions: Product
Analysis by HPLC. Aliquots (0.25 L) of a 25 mM solution of
7 or 12 (in CHCl,) were evaporated at 5-10 °C under a stream
of dry argon. The compound was then redissolved with vigorous
stirring in 1 mL of aqueous buffer containing 35% (vol) aceto-
nitrile.’® When the reaction was complete, the acetonitrile was
removed by evaporating to a final volume of 250 pL. A small
portion of this solution was assayed for total MDA equivalents
using TBA and the remainder was analyzed by reverse phase
HPLC as described above. In the case of 12, the amount of
thymine determined by HPLC analysis was adjusted to account
for its presence as a contaminant in the original sample. The
percentage of thymine in solutions of 12 was determined by HPLC
analysis after triethylamine treatment (see above).

Isotopic Analysis of Produects. A 100-uL aliquot of a stock
solution of 7 or 12 (~25 mM in CHCl,) was evaporated to dryness
at 5-10 °C under a stream of dry argon. The substrate was then
dissolved by vigorous stirring for several minutes in 2 mL of an
aqueous buffer containing 35% (vol) acetonitrile. In experiments
employing H,'®0, solutions were prepared by first lyophilizing
the desired H;O-CH3CN buffer and then reconstituting with
H,80-CH,CN. The solution was then incubated at 25 °C for
1 to 10 reaction half-lives before product isolation and analysis.
Workup of the samples for derivatization and mass-spectrometric
analysis was dependent on the product(s) to be analyzed and is
described subsequently.

(a) Benzoate and Thymine Propenol. After the desired
incubation period (see Results section), solutions of 7 were
quenched by rapidly cooling on ice and adding 2 mg of NaBH,.
After stirring for 5 min, the excess borohydride was destroyed
by carefully adding acetic acid to give an apparent pH 4. Ace-
tonitrile was then removed by evaporating to a final volume of
0.5 mL and the resulting aqueous solution was eluted onto a
Waters reverse phase C;s SepPak. The column was washed with
1 mL of water and the products were eluted with 2 mL of 1%
methanolic NH,OH. The products were dried in a microderi-
vatization vial, after removing the methanol, by repeatedly adding
and evaporating small portions of anhydrous acetonitrile. The
dried thymine propenol and ammonium benzoate were then
converted to TMS derivatives by heating for 1 h at 80 °Cin a
sealed vial with 20 uL of 50% N,O-bis(trimethylsilyl)trifluoro-
acetamide/1% trimethylchlorosilane in acetonitrile. Aliquots of
1-3 uL were analyzed directly by GC-MS. Column temperature
was increased from 60 to 280 °C at a rate of 10-20 °C per minute
after sample injection.

Percent incorporated 20 in the TMS benzoate was computed
from the relative intensities (/) of the M - CHj ions at m/e 179
and 181 according to eq 1, which includes a correction® for the

1131 - 0.051179 X 100

18 - 1
% 180 excess 0951179 + I (1)

(24) Campbell, 1. A. Bioorg. Chem. 1974, 3, 386.
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Figure 5. UV spectral changes associated with the decomposition of 7 in aqueous acetonitrile (35%) solutions at varying pH values.

occurrence of natural abundance ions at m/e 181. The percent
incorporated 180 in the thymine propanol was derived in an
analogous manner from the CH,08i(Me); fragment (m /e 129 and
131) ions of the 3-O-TMS-thymine propenol derivative.

In control experiments, samples of authentic [3-180]thymine
propenal were subjected to the same reaction conditions and
workup to determine the extent of 180 washout due to exchange
with the solvent.

(b) Acetate. The acetate resulting from the decomposition
of 7 was analyzed as the p-bromophenacyl ester by using an
extractive alkylation technique described by L’Emeillat et al.?
Samples of 7 were decomposed in 50 mM potassium phosphate
buffer (pH 6.0 or 8.0) in 35% aqueous acetonitrile as described
above. After complete reaction, the co-solvent was removed by
evaporation. The remaining solution was acidified to pH 6 with
H;PO, and stirred vigorously for 16 h at 50 °C in a sealed vial
with 1 mL of methylene chloride containing 36 mM «,p-di-
bromoacetophenone and 1 mM tetrahexylammonium hydrogen
sulfate. The organic layer was separated, dried over Na,SO,, and
concentrated to ~100 L. Aliquots (1-2 uL) were analyzed di-
rectly by GC-MS. The GC column temperature was maintained
at 50-60 °C for 5 min and then increased at a rate of 5 °C per
min. The percent incorporated 20 in the acetate derivative was
determined from the intensities of the CH;CO™ fragment ions
appearing at m/e 43 and 45 by using eq 2, which includes cor-
rections for natural abundance as well as the retention of only
half of the carboxylate 0 in the CH;CO* fragment.

2(145 - 0.04143) X 100
T + 0.961,;

(c) Kinetics. Aqueous solutions for kinetic studies contained
50 mM buffer at the desired pH and NaCl to adjust the total ionic
strength. Approximately 1-2 upL of the substrate (25 mM in
CHCI;) was dissolved in 1 mL of buffer in a UV cuvette ther-
mostatted at 25 °C. Reaction progress was monitored by
measuring the absorbance at 245, 267, and 303 nm until stable
infinity values were reached. First-order rate constants were
obtained from the slopes of plots of log (4. — A,) versus time,
where A, and A, are absorbance values at time ¢t and infinity,
respectively. In the case of compound 7, where biphasic kinetics
were observed, rate constants for the fast phase were calculated
from absorbance—time data collected during the first 3-4 half-lifes
by the Guggenheim method.?® Rate constants for the second,
slow phase were calculated as described for the general case above
after editing off the early time points associated with the fast
phase.

% 180 excess =

2

(25) L’Emeillat, Y.; Menez, J. F.; Berthou, F.; Bardou, L. J. Chroma-
tog. 1981, 206, 89.
(26) Guggenheim, E. A. Phil. Mag. 1926, 2, 538.

After the reaction was complete, the amount of thymine
propenal was determined from the absorbance at 303 nm. Total
malondialdehyde equivalents (free malondialdehyde + thymine
propenal) were obtained by assaying an aliquot with TBA,!8 and
the amount of thymine was established by subtracting the amount
of thymine propenal from the total MDA. The method was shown
to be valid by previous HPLC quantitation of products at several
pH values.

Results

Preparation of [4-H!%0,]-7: Identification and
Quantitation of Its Decomposition Products in
Aqueous Solution. The nucleoside was prepared in
which the peroxyl oxygens were labeled with #0 to probe
the detailed mechanism of the decomposition of hydro-
peroxide 7. The two-step chromatographic purification
of the isomeric peroxides described by Saito and co-
workers!® was replaced by a more rapid and direct reso-
lution of the epimers by silica gel HPLC. As previously
reported, the 4'S hydroperoxide 7 decays in aqueous so-
lution to give thymine, thymine propenal, and acetic and
benzoic acids. A fifth major product detected was mal-
ondialdehyde (MDA), surprisingly overlooked in the pre-
vious study, which accounts for the fate of the 1/, 2/, and
3’ carbon atoms of 7 after the release of thymine. This is
inconsistent with the hypothesis of Saito et al. that thy-
mine is accompanied by the production of H,0, and 3-
{(benzoyloxy)-4-oxopentanal. In the present study, neither
of these products was observed. The results of a quan-
titative HPLC analysis of the products (except acetate)
at pH 7.0 in 35% (vol) acetonitrile-water are shown in
Table I. From these data it is apparent that thymine and
MDA are produced in equivalent amounts and that the
benzoic acid produced is equal to the total yield of thymine
(or MDA) and thymine propenal combined. This is con-
sistent with the occurrence of two modes of breakdown of
7 (Figure 4).

Kinetics of the Breakdown of 7. The kinetics of the
production of both thymine and thymine propenal were
examined in detail. The relative proportion of thymine
produced (Figure 4, pathway a) is enhanced with increasing
pH, as is the overall rate of the reaction. The increase in
thymine and MDA production is illustrated in Figure 5,
which shows the UV spectral changes accompanying the
reaction at increasing pH values. At pH 7, thymine
propenal (A, = 303 nm) is the major product, while at
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Table I. Products from the Decomposition of 7 in Aqueous

Solution®
product no. of moles

MDA 7.7°
7.6°

benzoic acid 35.5b
thymine 8.0°
thymine propenol 28.0°
27.7¢

2At 25 °C in 40 mM phosphate buffer-35% (vol) CH3CN.
Products isolated by HPLC. ®Direct spectrophotometric determi-
nation. ¢Determined by TBA assay.
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Figure 6. Product-pH profile for the decomposition of 7 and
12 in aqueous solution (u = 0.5, 25 °C).

pH 8.5 thymine and MDA (Ap,, = 267 nm) are the pre-
dominant products. More complete data, obtained in
100% aqueous solution at 25 °C and ionic strength = 0.5,
are shown in Figure 6. The relative amount of thymine
propenal (Figure 4, pathway b) decreased in an approxi-
mately linear fashion with increasing pH under these
conditions.

Kinetic studies of the decomposition of 7 were carried
out by following the UV absorbance changes associated
with the reaction at several wavelengths (245, 267, and 303
nm). Contrary to the previous report,!® isosbestic points
were not observed. Rather, the absorbance changes at all
wavelengths were biphasic. This is illustrated in Figure
7. At the longer wavelengths, an initial “lag” period was
observed, and this was followed by a first-order increase
in absorbance. At 245 nm, instead of the “lag” phase, there
was an initial rapid decrease followed by a subsequent
slower absorbance increase. The rapid kinetic phase ob-
served at 245 nm took place over a period that corresponds
to the “lag” at longer wavelengths. These observations are
consistent with the formation and decay of an interme-
diate. The two processes were sufficiently different in rate
that kinetic constants could be evaluated for both by ap-
propriate editing of the absorbance—time data. Rates for
the fast phase were calculated from the data collected
during the first 3—4 half-lives at 245 nm using the Gug-
genheim approximation.?® Rates for the second (slow)
phase were obtained from plots of log A versus time after
deleting the early time points associated with the fast
phase. The rate constants for the second kinetic phase
were independent of the wavelength (245, 267, 310 nm) at
which the absorbance change was monitored. This indi-
cates that following completion of the first phase, forma-
tion of all products is subject to the same rate-determining
step that preceeds the partitioning event.

McGall et al.
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Figure 7. Absorbance changes at 245 nm, 267 nm, and 303 nm
accompanying the decomposition of 7 in aqueous solution (u =
0.5, 25 °C). Note change in scale (AA).

-05

log k(obs)

o
»
Y

-4.5 T T
5 ] 7

® 1

pH

Figure 8. Rate-pH profiles for the decomposition of 7, 12, and
13 in aqueous solution (u = 0.5, 25 °C).

As is apparent from Figure 5, the kinetics of the de-
composition of 7 were dependent on pH, and this was
examined more closely in Figure 8. Although the observed
rates were found to be somewhat dependent on buffer
concentration, this aspect of the reaction was not pursued
in detail. At the buffer concentrations employed in this
study, rate contributions from buffer catalysis were neg-
ligible (data not shown). The data presented in Figure 8
indicate that both kinetic processes exhibit approximately
linear dependence on hydroxide ion concentration. The
slopes of log k(obs) versus pH for the fast and slow kinetic
phases are close to the theoretical value of unity.

180 Distribution in the Products from [4-H!%0,)-7.
The products arising from the ¥0-labeled hydroperoxide
were analyzed by GC-MS to test the hypothesis that the
breakdown of 7 involves the formation of an intermediate
4’-peroxybenzoate ester 9 (Figure 4). The results, sum-
marized in Table II, indicate that both benzoic acid and
acetic acid contain one of the labeled oxygen atoms ori-
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Table II. Incorporation of ¥0 in the Products of
Decomposition of 7 in Aqueous Solution
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Table II1. Products Obtained from the Decomposition of
the Aldehyde 11 in Aqueous Solution

product conditions® % 180b
benzoic acid 65 mM Pipes, pH 6.5 85.4
benzoic acid 65 mM Hepes, pH 7.0 92.1
benzoic acid 10 mM Hepes, pH 7.5 96.0
benzoic acid 65 mM NH,HCO;, pH 10.0 9L.5
acetic acid 50 mM KP, pH 6.0 101
acetic acid 50 mM KP, pH 8.0 98.4

thymine propenol 65 mM Hepes, pH 7.5 (H,€0) 0
thymine propenol 65 mM Hepes, pH 7.5 (H,0) 73

2At 25 °C, 85% (vol) CHyCN in water. *Incorporation of a sin-
gle atom. Values are corrected for percent enrichment in the
source,
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Figure 9. 'H NMR spectrum (500 MHz, CDCl,) of 12 from a
partially ozonized solution of 11. Spectrum of unreacted 11 has
been subtracted.

ginating from the hydroperoxy group. None of the labeled
oxygen was incorporated into the thymine propenal. The
actual origin of the aldehydic oxygen of the propenal was
determined by GC-MS analysis after reactions of 7 were
carried out in 80 water (Table II). About 3/, of the &’
oxygen of the propenal was derived from the solvent. The
remainder therefore originates from the 3’ oxygen of the
hydroperoxide. The extent to which simple oxygen ex-
change between the propenal and solvent could account
for the observed labeling was determined in control ex-
periments with authentic thymine propenal in H,'20.
These experiments showed that only about 8% of the
observed labeling could be attributed to solvent exchange
with the propenal itself, indicating that solvent oxygen
must be incorporated at some stage prior to formation of
the final product.

Synthesis of [1-[[2-(Acetyloxy)acetyl]oxy]-3-oxo-
propyllthymine (12): A Model of Intermediate 5
(Figure 2) in the BLM-Mediated DNA Degradation.
A new mode! intermediate (12) was prepared to provide
further insight into the breakdown of the model hydro-
peroxide 7, as well as the putative aldehyde intermediate
5 (Figure 2) implicated in DNA strand scission by Fe-
BLM. This compound was obtained by the partial ozo-
nolysis of 1-(5-O-acetyl-2,3-dideoxy-3,4-didehydro-3-D-
erythro-pentofuranosyl)thymine (11), eq 3. Under optimal

CH.CO Oy T t1ousC_ CHacoz/\(
: 2/\<\——7/ 2. (CHg)2S

1

conditions approximately half of 11 could be converted to
12. Assignment of the structure of 12 is based on both its
spectral and chemical properties. The 'H NMR spectrum
of partially ozonolyzed 11 in CDCl, is shown in Figure 9
and is consistent with the proposed structure. Interest-
ingly, as has been observed in other similar aldehydes, the

nmol
product pH 6.5 pH 9.0
MDA 72 117
thymine 72 118
thymine propenol 40 1

@At 25 °C in 50 mM phosphate or NH,OAc buffer-35% (vol)
CH,CN.

aldehydic proton at 9.72 ppm does not exhibit significant
coupling to the adjacent 2’ protons.?” Off-resonance de-
coupling confirms that the 1’ proton (6.89 ppm) couples
with the diastereotopic 2’ protons, which appear at ~3.44
ppm as a symmetrical eight-line multiplet of an ABX
pattern. The 5 hydrogens of 12 (4.64 ppm) are also dia-
stereotopic.

The chemical stability of 12 was also consistent with the
proposed structure. Incubation of 12 in CHCl; with tri-
ethylamine resulted in its complete conversion to thymine
propenal and the triethylammonium salt of acetoxyacetate,
the expected products of $-elimination.

Attempts to improve the yield of 12 with increasing
exposure to ozone gives a product of inferior purity as
judged by 'H NMR. The major contaminating side
product was identified as free thymine, which could arise
from oxidation of the 1’ position of either 11 and 12.28
Oxidation of the pyrimidine ring olefin is also possible.
The ozonation of 11 was therefore allowed to proceed to
no more than 50% completion to avoid excessive amounts
of these side products in samples of 12 prepared for this
study. Also, the product was not separated from unreacted
starting material as all attempts to do so resulted in its
decomposition. Control experiments with the anhydro-
nucleoside 11 established that its presence in samples of
12 did not interfere with the study of 12 in aqueous or
other media. Under all of the conditions to which 12 and
its decomposition products were subjected, 11 was com-
pletely inert and easily separated after reactions by HPLC.

Identification and Kinetics of the Products Pro-
duced from the Decomposition of 12. In aqueous so-
lution 12 decomposed in a manner that was directly
analogous to the hydroperoxide 7. A quantitative product
analysis (Table III) showed that, like 7, compound 12 gave
thymine propenal and thymine/MDA in a ratio that was
dependent on pH. As seen in Figure 6, the steady decrease
in the amount of propenal with increasing pH paralleled
that observed for hydroperoxide 7. At every pH, however,
the percentage of thymine propenal produced was only
about half of that observed for 7.

Product formation from 12 was also very similar to the
hydroperoxide from a kinetic standpoint. Changes in the
UV spectrum obeyed simple first-order kinetics at all
wavelengths. Notable in the case of 12 was the absence
of the initial rapid spectral change that was observed in
the decomposition of 7. The rate constants for the de-
composition of 12 also showed a linear dependence on
hydroxide ion concentration (Figure 8). The breakdown
of 12 was about ten times faster than the second kinetic
phase of breakdown of the hydroperoxide 7 under the same
conditions.

Structure of the Precursor to MDA? It was con-
ceivable that the MDA accompanying thymine production

(27) Karabatsos, G. J.; Hsi, N. J. Am. Chem. Soc. 1965, 87, 2864.

(28) Taillefer, R. J.; Thomas, Se. E.; Nadeau, Y.; Fliszar, S.; Henry,
H. Can. J. Chem. 1980, 58, 1138.

(29) Burger, R. M,; Projan, S. J.; Horwitz, S. B.; Peisach, J. J. Biol.
Chem. 1986, 261, 15955-15959.
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from breakdown of 7 and 12 arises from hydrolysis of an
(acyloxy)propenal precursor 13 (eq 4). 3-Acetoxypropenal

O T O H
x’\(g/ “n X J
Q —_— [e] —_—
[e] [¢]
H
13

H
10 (X = H)
XCH,CO;~ + malondialdehyde (4)

12 (X = OAC)

13 (X = H) was prepared to establish whether 13 is a
kinetically competent intermediate, and hydrolysis rate
constants were obtained under the same conditions used
for kinetic studies of 7 and 12. A partial rate-pH profile
for 13 (X = H) is shown in Figure 8. The formation of an
intermediate (acyloxy)propenal can be ruled out since 13
hydrolyzes at pH 8 with a rate constant slower than the
decay of either 7 or 12.

Discussion

The mechanism shown in Figure 2 was originally pro-
posed by Giloni et al.!° to account for the degradation of
DNA to base propenals, 5’-phosphate, and 3’-phospho-
glycolate termini mediated by “activated” BLM in the
presence of oxygen. While isotopic labeling studies using
[4’-°H]- and [4’-2H]-DNA substrates have shown that
cleavage of the 4 C-H bond is the rate-determining step
in this reaction,’®!4 the identities of the intermediates
leading to base propenal formation remain to be estab-
lished. The existence of at least one intermediate in this
pathway has been demonstrated kinetically by Burger and
co-workers who reported that DNA strand scission by
“activated” BLM (t,/; = 2.5~5 min at 4 °C, pH 7) is fol-
lowed by the slow release of base propenal (¢, ~40 min)
from a species still bound to the cleaved poiymer. Un-
fortunately, this intermediate has not been further char-
acterized.

Recently, a compound intended to model the putative
DNA hydroperoxide 3 (Figure 2) has been prepared by
Saito et al. and its decomposition was studied in some
detail.’® The observed production of thymine propenal
from this model hydroperoxide 7 led to the conclusion that
it was capable of undergoing a simple Criegee rearrange-
ment in neutral aqueous solution, thereby providing a
direct analogy for the spontaneous breakdown of 3 (Figure
2). The concomitant formation of thymine from 7 was
explained in terms of hydroxide ion attack on the terminal
peroxide oxygen, producing H,0,, and a 4’-hydroxy-
thymidine intermediate that then fragments to give thy-
mine and 3-(benzoyloxy)-4-oxopentanal.

Several puzzling observations prompted us to investigate
the properties of the epimeric hydroperoxides 7 and 8 in
greater detail. First, there is no known precedent for a
Criegee rearrangement of alkyl hydroperoxides at neutral
pH. In fact, strongly acidic conditions are normally re-
quired to induce such rearrangements.?® Second, the
contention that the breakdown of 7 is the result of a
proton-assisted Criegee rearrangement is inconsistent with
the observation that the reaction rate increased with in-
creasing pH. Finally, the lack of reactivity displayed by
8 under identical conditions® suggested to us the presence
of an important stereochemical component in the reaction,
which was left uninterpreted by Saito et al.’ These in-

(30) Plesnicar, B. In Chemistry of the Peroxides; Patai, S., Ed., J.
Wiley and Sons: New York, 1975; p 257.

(31) The 4’R hydroperoxide 8 slowly decomposes but does not yield
thymine propenal.!?
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consistencies prompted a reevaluation of the proposed
mechanism using the labeled hydroperoxide {4’-H!80,]-7.

The most revealing observation, with regard to the
mechanism of breakdown of [4’-H!80,]-7, is the isotope
distribution among the products. One atom of 80 was
found in both the acetate and benzoate obtained from this
hydroperoxide over the entire pH range (Table II). These
results are consistent with the initial step in the reaction
involving intramolecular transfer of the C3’-O-benzoyl
group to the terminal oxygen of the hydroperoxide. This
process, which is precluded in 8 due to geometric con-
straints, gives a perester (9) capable of a facile Criegee-type
breakdown to the aldehyde 10 (Figure 4). This mechanism
also accounts for the biphasic kinetics observed in the
decay of 7. The initial fast kinetic phase, which is cata-
lyzed by hydroxide ion, we attribute to the acyl group
migration (Figure 4). The slow kinetic phase would then
correspond to either the formation (k,) or decay (ks) of the
aldehyde 10. The observed catalysis of the slow step by
hydroxide ion would be consistent with either possibility.

While the formation of the intermediate aldehyde 10
could not be established by direct observation, it is strongly
supported by two pieces of evidence. The first of these
is the observation that 73% of the thymine propenal ob-
tained from 7 at neutral pH contains 20 derived from the
solvent at the 3’ (aldehyde) position. Since the propenal
product itself exchanges very slowly with the solvent (only
8% incorporation of solvent oxygen under identical reac-
tion conditions), this level of incorporation in the product
is best explained by a more rapid exchange in the inter-
mediate 10 prior to its decay. A simple aliphatic aldehyde
of this type undergoes very rapid exchange in water,* k
of 1072 s7! under conditions analogous to those used in
present investigations.

Further evidence for intermediate 10 is provided by a
comparison with the model compound 12. The rate- and
product-pH profiles of 12 are remarkably similar to those
associated with the breakdown of 7 (Figure 6 and Figure
8). In addition to the products originally reported (acetate,
benzoate, thymine, and thymine propenal) by Saito et al.,'®
we have identified a fifth major product from the decom-
position of 7: malondialdehyde (MDA). The amount of
MDA is equivalent to the amount of thymine, indicating
that cleavage of the C3'-C4’ bond is also involved in the
release of thymine. The products anticipated by Saito et
al.’® (H,0, and 3-(benzoyloxy)-4-oxopentanal) were not
observed. Like 7, compound 12 gives rise to both thy-
mine/MDA and thymine propenal. Also, the ratio of these
products and their rate of formation increases with pH
(Figures 6 and 8) in a manner that is analogous to the
hydroperoxide. Notably absent in the breakdown of 12
is the rapid kinetic phase, which preceded product for-
mation from the hydroperoxide. This supports the idea
that this rapid kinetic phenomenon is associated with the
postulated acyl migration step (Figure 4). The close sim-
ilarity between compounds 7 and 12, with regard to
products and kinetics, strongly suggests that intermediate
10 is involved in the breakdown of hydroperoxide 7.

The mechanistic basis for the pH dependence of the
product ratios from 10 and 12 is not entirely clear. One
possibility is that a competition occurs between hydrolysis
of the ester (perhaps intramolecular), which leads to thy-
mine and MDA, and a direct 3-elimination reaction, which
gives thymine propenal. An elimination mechanism to
account for the thymine/ MDA formation, involving the
(acyloxy)propenal intermediate 13 (eq 4), was ruled out

(32) Bell, R. P. Adv. Phys. Org. Chem. 1966, 4, 1.
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on t})le basis of the hydrolysis kinetics of authentic 13 (X
= H).

Relevance of 7 and 12 to the Mechanism of DNA
Strand Scission by BLM. While the model hydroper-
oxide 7 mimics the BLM-DNA reaction in its ability to
produce base propenal in neutral solution, a closer exam-
ination of this compound reveals that it may not provide
an appropriate model for the putative DNA hydroperoxide
3. The results of the present study indicate that the ob-
served breakdown of 7 is initiated by a rearrangement to
the perester 9, which polarizes the O-O bond sufficiently
to enable heterolytic cleavage. Although one might
speculate that the postulated DNA hydroperoxide 3 could
be similarly activated by an internal migration of the 3’-
phosphoryl group, this would require scission of the (3')-
P-0 bond, inconsistent with our previous oxygen labeling
studies, which have established that this bond remains
intact.%

Thus, it appears that perester formation in the model
system is an undesirable artifact due to the unfortunate
choice of a 3’ blocking group. A more appropriate model
of 3 would be a 4’-hydroperoxynucleoside with a 3’ sub-
stituent unable to migrate. From this point of view, 8
would provide a suitable model since, for stereochemical
reasons, it does not rearrange to a perester. In aqueous
solution, 8 decays at a very slow rate (t,/; = several hours)
and does not give rise to either thymine propenal or MDA
(data not shown). This observation strongly suggests that
the introduction of a hydroperoxy group at C4’ alone may
not be sufficient to account for the cleavage of DNA, which
is observed in the presence of activated BLM. Since this
calls into question an independent role of 3 in the cleavage
of the C3'-C4’ bond of DNA (Figure 2), one might consider
the possibility that this process is mediated by further

(33) Ajmera, S.; Wy, J. C.; Worth, J.; Rabow, L.; Stubbe, J.; Kozarich,
J. W. Biochemistry 1986, 25, 6586~6592.

(34) Povirk, L. F.; Hogan, M.; Dattagupta, N.; Buechner, M. Bio-
chemistry 1981, 20, 665.

intervention of the Fe—-BL.M complex beyond its initial role
in radical formation at C-4’. It is not unreasonable to
assume that the drug remains in close proximity to the
initial lesion for a significant period and provides the
necessary catalysis for a Criegee rearrangement in 3 by
acting as a Lewis acid.!!

Burger and co-workers demonstrated that the formation
of base propenals from DNA by activated BLM is a rela-
tively slow process, resolvable kinetically from the more
rapid strand cleaving event.® Although the intermediate
propenal precursor could be coprecipitated with the DNA
following strand scission, its exact structure has not been
determined. Compound 12 provided an opportunity to
evaluate the possibility that Burger’s intermediate corre-
sponds to the aldehyde 5 (Figure 2). In several respects,
12 does resemble the species described by Burger et al.?®
At 4 °C in pH 7 buffer, 12 decomposes to give thymine
propenal at a rate of 0.03 min™!, which is essentially
identical with the reported rate of 0.02 min™ in DNA under
the same conditions. The breakdown of 12, however,
differs from that of the DNA intermediate in that thymine
and MDA are also formed in substantial quantities. Ex-
tensive investigations undertaken in our laboratory indi-
cate that base release from DNA occurs predominantly
through pathway B (Figure 1) and is not accompanied by
MDA.!® We have, however, found the observed thy-
mine/thymine propenal ratio from 12 to be very sensitive
to a variety of factors including pH (Figure 6), tempera-
ture, solvent composition, and ionic strength (data not
shown). Given that these physical changes can dramati-
cally alter the product distribution in 12, we would not rule
out the possibility that the generation of its equivalent (5)
in the constrained environment of a DNA polymer might
favor the formation of base propenals exclusively. Ex-
periments are underway in order to resolve this discrep-
ancy between the natural and model systems.
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Two new stereoisomeric triterpene alcohols with an uncommon symmetrical carbon skeleton centered about
a linear conjugated tetraene moiety and having only two carbocyclic rings have been isolated from a sponge from
Nauru. The structures were determined primarily from 'H and *C NMR data. Both alcohols are mildly cytotoxic

to murine leukemia cells (P388).

Although triterpenes of varied skeletal arrangements are
abundant among terrestrial plant products,! they are far
less prominent among secondary metabolites reported to
date from marine organisms.? The majority of all tri-
terpenes reported have the conventional skeletons arising
from cyclization of 2,3-squalene epoxide to fused polycyclic
products. More unusual are incompletely cyclized com-
pounds or ones exhibiting cyclization within the chain
rather than with cyclizations beginning at one end. In our

(1) Devon, T. K.; Scott, A. E. Handbook of Naturally Occurring
Compounds; Academic Press: New York, 1972; Vol. II.
(2) Faulkner, D. J. Nat. Prod. Rep. 1988, 5, 613 and references cited.

continuing search for bioactive compounds from marine
organisms we have isolated two stereoisomeric triterpene
alcohols that have a novel, partially cyclized skeleton which
has been noted in only one other natural product.® The
new compounds display cytotoxicity against murine lym-
phocytic leukemia.

The new triterpenes were isolated from several sponge
specimens collected at Nauru Is. These specimens looked
superficially the same and hence were extracted together,
but, unfortunately, subsequent taxonomic analysis revealed
that the collection was a mixture of a Rhaphisia sp. (order

(3) Albizati, K. F.; Faulkner, D. J. J. Org. Chem. 1985, 50, 3428,
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