5272

J. Am. Chem. Soc. 1990, 112, 52725276
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Abstract: The exien1 of DNA cleavage by Fe-bleomycin A, (Fe:BLM A,) can be diminished subsianiially in proximity 10
(5-)meihylaied cytidine residues. This phenomenon has been airibuied 10 limitations in the ability of certain bleomycin congeners
10 bind optimally 10 siruciurally aliered DNA domains, such as 1hose a1 or adjaceni 10 a site of cylidine methylation, 1thus
reducing reaclivily 1oward bleomycin within those domains. However, diminution of sirand scission has been limiled 10 a
subsel of cleavage sites, generally has not been found 10 involve 1he methylaied cyiidine per se, and has been shown 10 funciion
only with iwo BLM congeners. In order 10 examine 1he interaciion of Fe:BLM A, with DNA a1 an isolaied sile of cylidine
methylation a1 high resolution, and 1hereby delermine whether any change can occur al the aciual site of methylation, we
have employed 1he self-complemeniary DNA oligonucleolide d(CGCTTTAAAGMCG) as a subsirate. Fe-BLM A, was found
10 degrade 1his subsirale as effeclively as 1he respeciive nonmethylaied dodecanucleotide, presumably reflecting comparable
binding efficiencies for 1he 1wo oligonucleotides. Two sets of chemical producis were obtained when 1the methylaied oligonucleotide
was employed as a subsirale; these paralleled 1he producis observed when Fe-BLM A, was used for degradalion of 1he
nonmethylaled dodecanucleotide d(CGCTTTAAAGCG). However, for 1the methylaled dodecanucleotide, 1he producis included
a significanily larger proportion of alkali-labile lesions, as compared with aciual sirand scission. This finding esiablishes
unequivocally that DNA methylaiion can affeci the chemisiry of DNA degradation by BLM even where no diminution of
overall degradation occurs. Since both sets of products are believed 10 derive from a common C-4’ deoxyribose radical imermediaie,
1hese resulis suggesi 1hai 1he facility of some subsequeni process is aliered in 1he presence of a methylaled cyiidine moieny.

The bleomycins (BLMs) are a family of antitumor antibiotics
that are thought to elicit their chemotherapeutic effects via
degradation of chromosomal DNA.! Studies carried out in
cell-free systems using isolated DN As have indicated that DNA
degradation involves metallobleomycins that are activated in the
presence of dioxygen? and subsequently bind to and degrade
substrate DNAs.> Bleomycin-mediated DNA degradation is
sequence-selective, occurring predominantly at a subset of available
¥-GT-¥ and ¥-GC-¥ sequences.* Two types of products are formed
when Fe:BLM degrades DNA. One of these results in DNA
strand scission and the release of base propenals; the other does
not involve DNA strand scission per se, but rather the formation
of alkali-labile lesions with concomitant formation of free bases.®

An ongoing pursuit of this laboratory involves definition of the
interaction of BLM with structurally altered DNAs,® especially
where those alteralions may bear relevance to the selectivity of
bleomycin as a therapeutic agent. One such alteration involves
1the methylation of cytidine.%4 DNA methylation is a means by
which eukaryotic systems regulate, and in some instances inac-
livate, the expression of individual genes.” Aberrant gene ex-
pression, as observed in cancer cells, has also been correlated with
altered® or lowered genomic methylation.® The finding that the
extent of DNA methylation in cancer cells is often less than in
their normal counierparts prompied us to study the effects of DNA
methylation on the naiure of DNA degradation by bleomycin.

We have reported previously® that BLM-mediated DNA strand
scission was diminished significantly in proximily to cytidine
residues that had been methylated on 1he 5-position of the cylosine
moiety by restriction methylases. More recently, the effects of
modifying the C-1erminal substituent of BLM were investigated;
of the four BLM congeners studied, only BLM A, and one other
congener demonstrated diminished degradation of DNAs in re-
gions containing 5-methylcytidine,% although all four exhibited
diminished cleavage in proximity to Né-methylated adenosines.
An analysis of the siructural faciors in the methylated DNAs thai
led to diminished degradaiion by BLM suggested that confor-
mational alteration of DNA structure in the regions containing
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5-methylcytidine had probably produced DN A substrates to which
Fe:BLM A, bound with lowered affinity or in some alternative
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Scheme 1. Producis Resuliing from the Degradation of d(CGCTTTAAAGMCG) by Fe(I1)-BLM A, (*C Denotes 5-Methylcytidine)
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orientation that resulted in less DNA modification by BLM. Scheme II. Production of CpGp-OCH,COOH (1) and Cytosine
While the foregoing studies have contributed to an under- Propenal (2) from a Putalive Reaction Inlermediale
standing of the way in which an important biochemical control CpGo
mechanism may affect susceptibility to BLM-mediated DNA o=F;’-cS c
degradation, at a chemical level several issues require attention. 5 . 0
For example, diminution of DNA strand scission is limited to a CGCTTTAAAGCG ) HM
subset of cleavage sites and generally does not occur at the ,GCGAAATTTCGC
methylated cytidine per se. Only two BLM congeners have been 3 o=§_ 6
found to exhibit diminished strand scission in response to cytidine 3 .
methylation, and no detailed analysis of the chemistry of strand TTTAAAGCG
scission at a single, defined site has been reported. oG
In order to study the mechanism of BLM interaction with DNA po:;,’_ 5 NH
at an isolated methylated cytidine at high resolution, we have 13 c N
employed the self-complementary oligonucleotide 5’-d- ‘YO CpGpock;cooH Py |
(CGCTTTAAAGM®CG) as a substrate for Fe:BLM A,. This . 1 S
oligonucleotide contains 5-methylcytidine at a position shown HO %
previously'® to undergo highly efficient modification by Fe-BLM d .
A, in the absence of methylation. The modified oligonucleotide 02h=6 + PTTTAAAGCG CHo
thereby provided a powerful tool for dissection of the chemistry ‘l)TTT AAAGEG 2

of methylated DNA-ligand interaction at high resolution, espe-
cially because the overall extent of degradation at the actual site
of methylation was unaltered, as found most often for larger
methylated DNA oligonucleotides.® Presently, we report the first
complete analysis of the products resulting from Fe-BLM-mediated
degradation of DNA at a site of methylation. Key findings include
the determinations that the chemical products derived from S-
methylcytidine were analogous to those obtained from cytidine,
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that the putative C-4’ deoxyribose radical intermediates in the
methylated DNA oligonucleotide exhibited a sensitivity to O,
tension, and that BLM congeners believed to bind to the non-
methylated dodecanucleotide in an antipar: * | fashion to produce
damage on both strands of the duplex were able to exhibit the
same behavior with the methylated substrate. While the extent
of degradation of the substrate oligonucleotide was not altered
upon methylation, reflecting an apparently unaltered affinity for
Fe:BLM A,, degradation of the methylated oligonucleotide pro-
duced a significantly greater proportion of alkali-labile lesions as
compared with DNA strand scission. In addition to its chemical
novelty and imporiance as the first example of analysis of 1he
chemistry of BLM-mediated degradation of a modified nucleoside
in DNA, the present finding may have important implications at
the level of facility of repair of DNA lesions.

Results and Discussion

The methylated dodecanucleotide d(CGCTTTAAAGMCG)
(numbered as 5'-C,G,C3T,TsTsA;A3A4GMC,,G,,) was incu-
bated with varying concentrations of Fe(11)-BLM A, under am-
bient conditions, resulting in the formation of degradation products
amenable to HPLC analysis and quantitation through comparison
to purified synthetic standards.'®'  Products essential for
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Table 1. Degradation of d(CGCTTTAAAGMCG) or d(CGCTTTAAAGCG) by Fe(11):-BLM A,
Cy; lesions
C; lesions - Smethyl  total % DNA %
Fe(11) cytosine  methyl-  cytosine lesions strand strand  methylated/
BLM A,, cytosine, propenal, cytosine, propenal, (C;+ C;;), selectivity scission % non-
entry oligonucleotide uM uM uM uM uM uM (C3/Cy1)  events® methylated
1 d(CGCTTTAAAGMCG) 50 1 2 11 11 25 12/88 52
2 d(CGCTTTAAAGMCG) 100 1.5 3 20 21 46 11/89 52
3 d(CGCTTTAAAGMCG) 200 3 6 37 34 80 11/89 50
4 d(CGCTTTAAAGMCG) 400 6 7 46 36 95 14/86 45
5 d(CGCTTTAAAGCG) 200 26 55 81 12/88% 68
6 d(CGCTTTAAAGMCG) + 200 14 27 21 23 85 12/88% 52/48

d(CGCTTTAAAGCG)*

e (Base propenal release/total lesions) X 100. ¢ Determined as described previously.!®! ¢Each oligonucleotide was present at 83 uM concentration (1 mM

DNA nucleotide).

quantification of the position and chemical nature of lesions formed
from d(CGCTTTAAAGM°CG) [and the structurally analogous
oligonucleotide d(CGCTTTAAAGCG)] included (see Scheme
I) strand scission products derived from destruction of cyti-
dine,/(2’-deoxycytidylyl(3'—5’) [2’-deoxyguanosine-3’-(phos-
phoro-2-0-glycolate)] (1) and trans-3-(cytosin-1’-yl)propenal
(2), and from the destruction of 5-methylcytidine,,/2’-deoxy-
guanosine 5’-phosphate (5'-dGMP; 4) and trans-3-(5’-methyl-
cytosin-1’-yl)propenal (5), as well as cytosine (3) and 5-
methylcytosine (6) released during formation of alkali-labile lesions
at these same two positions.

Mechanistically, Fe(II)-BLM-mediated DNA strand scission
is thought to involve the intermediacy of a C-4’ hydroperoxide
derivative of deoxyribose,*»!'#!2 which is believed to undergo
cleavage of the C-3'-C-4’ bond via a Criegee-type rearrangement.
For an intermediate of this type formed at cytidine,, collapse of
the intermediate (Scheme I1) would then afford dinucleotide 1
and cytosine propenal (2) in a 1:1 ratio. The analogous lesion
at S-methylcytidine;, would produce 5-dGMP (4) and 5-
methylcytosine propenal (5) in a 1:1 ratio. The alkali-labile lesions
are believed to arise by C-4’ hydroxylation of deoxyribose,<h
followed by loss of cytosine (from cytidine,;) or 5-methylcytosine
(from S-methylcytidine,;). Since each of these lesions results in
the formation of one free base or base propenal, the total number
of lesions (alkali-labile + strand scission) may be quantified by
summation of all bases and base propenals. Further, the iden-
tification of the free bases and base propenals, as well as the
struciural characterization of the nature of the oligonucleotide
termini at the site of cleavage (Scheme II), indicated that Fe.
BLM-mediated degradation of a DNA oligonucleotide at a site
of methylation proceeded by the same chemical mechanism ob-
served in the absence of methylation.

The actual quantitation of the products formed upon admixture
of Fe(I1)-BLM A, and d(CGCTTTAAAGM*CG) is summarized
in Table I.  As shown, over an 8-fold concentration range for
Fe(11)-BLM A,, the majority of lesions occurred at 5-methyl-
cytidine,; (86-89%), rather than cytidine, (11-14%), as has also
been observed for the corresponding nonmethylated oligonucleotide
(Table 1, entry 5).*® Also reflected in Table I are the comparable
efficiencies of degradation of the methylated and nonmethylated
oligonucleotide substrates (80 vs 81 uM total products, cf. entries
3 and 5). It has been shown previously that the extent of product
formation from such oligonucleotide substrates and, especially,
the ratio of degradation mediated at cytidine, and cytidine,, are
sensitive probes of the structural nature of BLM~DNA interac-
tion.!!* That these parameters were not altered by the presence
of a merhyl group on cytidine suggests sirongly that introduction
of a methyl group into the major groove of DNA did not alter
the recognition or binding properties of Fe(I1)-BLM A, for this
particular substrate.

Additional evidence indicating that the presence of the S-methyl
group of cytidine,; did not alter the ability of Fe(II)-BLM A, to

(11) (a) Murugesan, N.; Xu, C.; Ehrenfeld, G. M.; Sugiyama, H.; Kil-
kuskie, R. E.; Rodriguez, L. O.; Chang, L.-H.; Hecht, S. M. Biochemistry
1988, 24, 5735. (b) Sugiyama, H.; Kilkuskie, R. E.; Chang, L.-H.; Ma, L.-T,;
Hecht, S. M. J. Am. Chem. Soc. 1986, 108, 3852,

(12) Saito, 1. Morii, T.; Matsuura, T. J. Org. Chem. 1987, 52, 1008.

Table 11. Effect of Excess O, on Product Formation from
d(CGCTTTAAAGM:CG) + d(CGCTTTAAAGCG) in the Presence of
Fe(11)-BLM A,

cytosine 5-

cytosine,® propenal,® 5-methylcytosine, methylcytosine

condition uM uM uM propenal, uM
ambient O, 13 24 20 27
excess O, 7 32 12 45

Ratio Excess O,/Ambient O,
0.5 1.3 0.6 1.7

?These products are presumably derived almost exclusively from the
nonmethylated oligonucleotide (cf. Table 1).

interact with this oligonucleotide was obtained from a competition
experiment in which Fe(I1)-BLM A, was incubated in the presence
of an excess of substrate, consisting of equimolar amounts of
duplex d(CGCTTTAAAGMCG) and d(CGCTTTAAAGCG);
these were mixed as preformed homoduplexes and maintained
at 0 °C to limit heteroduplex formation.!> The results of this
experiment (Table I, entry 6) demonstrated that, under the
conditions employed (which utilized limiting amounts of activated
Fe:BLM), each dodecanucleotide was degraded to essentially the
same extent, and that the strand selectivity of degradation [i.e.,
at cytidine, vs cytidine,, (or 5-methylcytidine,;)] was maintained
for each. Under conditions of limiting BLM, if the nonmethylated
oligonucleotide cleavage site were a better substrate, one would
have expected a greater extent of cleavage at this site. The fact
that the extent of cleavage was not affected by cytidine methylation
again suggested that the presence of the methyl group on cytidine
had no significant effect on the nature of DNA oligonucleotide
binding by Fe(II)-BLM A,. These results are consistent with the
belief that Fe(II)-BLM binds to and interacts with DNA pre-
dominantly from the minor groove and is, therefore, not perturbed
by agents that bind in the major groove 8414

The most pronounced effect of cytidine methylation on Fe-
(II)-BLM A, mediated degradation was the dramatic difference
in the ratio of alkali-labile lesions formed vs strand scission events.
The data shown in Table I indicate that, over a range of Fe-
(II)-BLM A, concentrations (50-200 uM) where dioxygen was
not limiting, the observed ratio of alkali-labile lesions to DNA
strand scission at 5-methylcytidine,; was essentially 1:1.1% This
was in direct contrast to the results obtained with the non-
methylated dodecanucleotide which, under identical conditions,
produced alkali-labile lesions and strand breaks in a 1:2 ratio
(Table I, entry 5 and refs 10 and 11b). Remarkably, even for

(13) That strand exchange does not occur under these conditions may be
judged from the observation that d(CGCTTTAAAGCG), having an average
of two BLM-induced lesions/duplex (localized at cytidine; and cytidiney;),
underwent further BLM-induced damage with facility only if heated above
the melting temperature and allowed to reanneal (H. Sugiyama and S. M.
Hecht, unpublished data). This also argues for the existence of the oligo-
nucleotides as duplexes under the reaction conditions employed.

(14) Suzuki, T.; Kuwahara, J.; Sugiura, Y. Biochem. Biophys. Res. Com-
mun. 1983, 117, 916.

(15) A superficially similar, although less pronounced, effect has been
reported previously for the alternating copolymer poly(dG-M¢dC)-poly(dG-
MedC).% Clearly, the complex nature of the substrate involved precludes any
chemical analysis of the type reported here.
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Table Il Degradaiion of d(CGCTTTAAAGMCG) and d(CGCTTTAAAGCG) by Fe(Il)-deglyco-BLM A,

C, lesions .
Fe(II)- cylosine Cyy lesions 101al lesions sirand
deglyco-BLM A,, cytosine, propenal, S-methylcylosine, S-methylcylosine (C; + Cyy),  selectivily
oligonucleotide uM uM uM uM propenal, uM uM (C3/Cyy)
d(CGCTTTAAAGMCG) 200 7 20 4 3 34 80/20
d(CGCTTTAAAGCG) 200 11 26 37 80/20°

?Delermined as described previously. !0}

the methylated dodecanucleotide, the ratio of products formed
at cytidine, appeared to be unaffected by methylation of cytidiney,
(Table 1, entries 1-3), at least for lower Fe(II)-BLM A, con-
centrations where the amount of dissolved dioxygen was not lim-
iting.

To assure that the mechanistic roles of dioxygen were the same
for the methylated and nonmethylated dodecanucleotides, the
effect of added dioxygen on Fe(1I)-BLM A, mediated degradation
of these two substrates was studied. This experiment employed
the methylated and nonmethylated substrates in a fashion similar
to that utilized in the competition experiment described above.
As indicated in Table II, purging the reaction mixture with di-
oxygen caused similar increases in the production of cytosine
propenal (2) and 5-methylcytosine propenal (8), and similar
decreases in the production of the two free bases. These results,
which paralleled those observed previously in other systems,5®4
again suggested that the same mechanism of DNA degradation
by Fe(11)-BLM A, was operative for both methylated and non-
methylated oligonucleotides. Further, they indicated that the
tendency toward increased alkali-labile lesion production in the
case of the methylated substrate could be reversed through an
increase in dioxygen concentration.

The above observations and product analysis indicated that
DNA methylation of the oligonucleotide substrate did not change
the chemical mechanism by which Fe(I1)-BLM A, degraded the
substrate, or the ability of Fe(II)-BLM A, to bind and degrade
the dodecanucleotide. These findings imply the absence of any
oligonucleotide-based conformational change or steric constraint
grossly unfavorable to Fe(II)-BLM A, interaction. However, the
alteration in production of strand scission vs alkali-labile lesions
upon methylation does argue that the partitioning between the
two observed lesions (Scheme I) was altered by methylation. It
has been demonstrated previously* for a poly(dA-dU) substrate
tritium labeled specifically at C-4’ of the uridine deoxyribose
moiety that there was an isotope effect associated with the pro-
duction of both types of lesions outlined in Scheme I and that these
were similar in magnitude, suggesting that (i) both sets of products
derived from a common C-4’ deoxyribose radical and (ii) the
formation of the radical was rate-limiting. The similarity of the
products formed in the present case for the methylated and
nonmethylated substrates, as well as the observed oxygen sensitivity
of product formation, suggests that the same overall degradation
scheme may be operative here.

Accordingly, the data reflecting a change in the ratio of strand
scission and alkali-labile lesions for the methylated oligonucleotide
are probably best interpreted as either a diminution in the rate
of oxygenation of the initially formed C-4’ deoxyribose radical
or a facilitation of the formation of the putative C-4’ hydroxyribose
intermediate leading to the alkali-labile lesion.5™® Clearly, even
a relatively small conformational change in the DNA oligo-
nucleotide, or the development of some limited steric constraint,
resuliing from cytidine methylation could be sufficient to alter
the rate of diffusion of dioxygen required to form the C-4’ hy-
droperoxide intermediate (Scheme II). Likewise, a small alteration
in the positioning of the Fe:BLM-derived metal-oxo complex?
in relation to the C-4’ deoxyribose radical could significantly
enhance the rate of formation of the putative hydroxy intermediate
leading to the alkali-labile lesion.

The apparent differences in the ratio of products resulting from
Fe-BLM-mediated degradation at C; and C,; in the methylated
oligonucleotide (Table |, vide supra) prompted us to study this
phenomenon using a BLM congener known!!® to mediate deg-

radation preferentially at cytidine; of d(CGCTTTAAAGCG).
Accordingly, Fe(II)-deglyco-BLM A, was employed for the

O_NH;

H H _NHZ
N\)\rwz
CHy

H

H &
HZN f\( f“ / NH S(CHa)z
CHy HN H K)\
e Qm CHy HOH ~CHy
HOH
\ NH

deglycobleomycin A,

degradation of the methylated and nonmethylated dodecanu-
cleotides under identical conditions. As summarized in Table III,
the presence of the methyl group on cytidine,, had no appreciable
effect on the total extent of product formation or the selectivity
of cleavage at cytidine, vs cytidine,;. As was observed for Fe-
(II)-BLM A,, degradation of both oligonucleotides at C; gave
predominantly cytosine propenal rather than free cytosine, re-
flecting a preference for DNA strand scission as the primary mode
of degradation. However, in common with the results obtained
for Fe(11)-BLM A, (Table I), Fe(1I)-deglyco-BLM A, produced
a disproportionately greater amount of free base for those lesions
mediated at the site of methylation. In addition to its implications
for the mode of Fe(II)-BLM interaction with a structurally altered
DNA substrate, it may be noted that the observed switch in the
ratio of base propenal to free base between C; and C,, reinforces
an earlier suggestion?"!!® that DNA cleavage at these positions
results from two distinct (antiparallel) orientations of Fe(II)-BLM,
one of which is responsible for cleavage at C,, and the other at
Cl l .

It is clear that the structural effects resulting from DNA
methylation can potentially be transmitted some distance from
the actual site of methylation via telestability'¢ since previous
studies have documented the diminution of DNA strand scission
at sites far removed from a site of DNA methylation.®4 Although
it is not known what effect an isolated S-methylcytidine moiety
has on DNA conformation, it has been suggested!” that the result
is some non-B form structure that can be recognized, for example,
by DNA binding proteins. It seems possible that such confor-
mational changes may also be recognized by BLM, as was doc-
umented following DNA platination.»® Alternatively, as sug-
gested by a recent report,!® the sequence of DNA per se may alter
the binding mode of a DNA interactive agent; the binding of BLM
could very well be affected locally in a similar manner, especially
following DNA methylation.

The results reported here constitute strong evidence that the
conformational changes in DNA induced at a single site of me-
thylation in some instances can be highly localized and need not
affect 1he recognition or modification by Fe:BLM of the DNA
strand complementary to the site of methylation. In this sense,
the present findings are reminiscent of the recent report by Ko-
zarich e1 al.!® which demonstrated that the isotope effect associated

(16) Burd, J. F.; Wartell, R. M.; Dodgson, J. B.; Wells, R. D. J. Biol.
Chem. 1975, 250, 5109.

(17) Wu, H.-Y.; Behe, M. J. Biochemistry 1985, 24, 5499,

(18) Wilson, W. D.; Tanious, F. A.; Barton, H. J.; Strekowski, L.; Boykin,
D. W. J. Am. Chem. Soc. 1989, 111, 5008.

(19) Kozarich, J. W.; Worth, L., Jr.; Frank, B. L.; Christner, D. F.;
Vanderwall, D. E.; Stubbe, J. Science 1989, 245, 1396.
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with abstraction of C-4’ H of deoxyribose by Fe:BLM varied at
individual positions within the same region of a DNA duplex,
undoubtedly reflecting local variations in the facility of the
rate-limiting step in BLM-mediated DNA degradation. While
the present results do not suggest any effect of DNA methylation
on the facility of formation of the putative C-4’ deoxyribose radical
intermediate, they do reflect the same ability of BLM to alter
parameters of its chemical behavior in a highly localized fashion
in response to variations of substrate structure. Further, in contrast
to the alteration in isotope effect at individual DNA nucleotide
positions,'® which would not be predicted to have any effect on
product formation, DNA methylation clearly altered the ratio of
chemical products formed at the methylated cytidine moiety in
the substrate oligonucleotide.

1t may be noted that the ability of BLM to mediate its ther-
apeutic effects via DNA degradation is unquestionably affected
by normal repair processes that occur in mammalian cells. While
it is known that BLM-mediated DNA damage is subject to re-
pair,2 the facility of repair of strand breaks relative to that of
alkali-labile lesions has not been studied. It would be interesting
to determine whether, in addition to being somewhat less sus-
ceptible to BLM-mediated DNA damage,*¢ methylated DNA
also affords a larger proportion of products amenable to repair.

Experimental Section

Materials. Blenoxane was oblained from Brisiol Laboraiories 1hrough
the courtesy of Dr. William Bradner and was fraciionaled chromalo-
graphically 10 provide bleomycin A,.2! Deglycobleomycin A, was ob-
tained by partial hydrolysis of bleomycin A,.2? The oligonucleotides used
as subsirales for BLM were prepared as described previously.!0

(20) Berry, D. E.; Chang, L.-H.; Hecht, S. M. Biochemistry 1988, 24,
3207, and references therein.

(21) Chien, M. A.; Grollman, A. P.; Horwitz, S. B. Biochemistry 1977,
16, 3641.

(22) Muraoka, Y.; Suzuki, M.; Fujii, A.; Umezawa, Y.; Naganawa, H.;
Takita, T.; Umezawa, H. J. Antibiot. 1981, 34, 353,

General Methods. (A) Oligonucleotide Degradation Medialed by Fe-
(I-BLM A,. Reaction mixiures (50 xL 101al volume) were prepared
conlaining 1 mM (nucleolide concentralion) of 1he oligonucleolide 10 be
studied, 50, 100, 200, or 400 uM BLM A,, and an equimolar amouni of
Fe'(NH,),(SO,), in 50 mM sodium cacodylate buffer, pH 7.0. Reac-
lions were inilialed by the addition of Fe(1l), incubaied a1 0 °C for 15
min, and analyzed by HPLC. Reaclions 1hal included both non-
methylaled and methylaled subsirales were carried oul as outlined above
in 1he presence of 1.0 mM (nucleolide conceniralion) of each duplex
subsirale mainiained at 0 °C and 200 uM Fe(II)-BLM. Reaclions thai
employed deglyco-BLM A, (200 uM) were carried oul as described
above.

Dioxygen-purged oligonucleolide degradaiion reaclions were carried
oul as described above wilh 1he addition of a 10-min purge of dioxygen
gas before and during the addition of Fe(II), which inilialed 1he reaciion.

(B) HPLC Quantification of Oligonucleotide Cleavage Products.
Oligonucleotide cleavage producls were analyzed and quaniitaled on a
Rainin Microsorb Shor1-One C-18, 3-um column equipped with a
Brownlee Laboralories HPLC analytical cariridge C-18 precolumn. The
column was washed with 0.1 mM NH,OAc, pH 6.8, a1 a flow rale of 1.6
mL/min. Products were delecied by UV absorbance (A4,s4) with a Va-
rian muliiwavelengih detecior. Quaniitation was carried oul 1hrough the
comparison of peak areas of reaclion producis 10 1hose of carefully pu-
rified synihetic standards. Produci reteniion 1imes (in minules) were as
follows:  cylosine, 1.7; S5-methylcylosine, 3.9; 5-dGMP, 4.4;
dCpGpCH,COOH, 7.8.

Reaclion mixlures were analyzed additionally by gradient HPLC 10
effec 1he quaniilalion of base propenals formed. Analysis was carried
out on an Alliech C-8 column, 5 um, which was washed with a 100%
H,0 10 25% acelonilrile linear gradieni over a 25-min lime period a1 a
flow rate of 1.0 mL/min. Producls were deiecied by UV absorbance
(As00); peaks were recorded and quantitaled as described above. Re-
tention limes (in minules) were as follows: cylosine propenal, 19.0;
S-methylcylosine propenal, 23.0. Also formed, albeit in very low yields,
were 1he base propenals derived from deoxyadenosine and 1hymidine. !
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Abstract: The 10tal synthesis of (+)-ionomycin, a dibasic acid ionophore, is described by using a strategy that capitalizes on
the chiron approach and on asymmetric processes. The C,~C,, poriion of ionomycin was constructed from smaller segments
obtained in optically pure form by systemaiic funciionalization and manipulation of chirons derived originally from L-glutamic
acid. A key reaction in 1he synthesis of the deoxypropionate-containing segments relies on a novel sulfur-assisted organocuprate
displacemeni of a secondary 10sylate with compleie inversion of configuraiion. The 1eirahydrofuran segmeni of ionomycin
was construcied from an opiically pure epoxide obiained via a Sharpless asymmetric epoxidalion and a sulfone derived from

geraniol.

Since their discovery, the polyether class of antibiotics has
commanded much interest on several scientific frontiers."? Their
most fascinating biological function is the ability to chelate various
inorganic cations and to transport them across lipid membranes,

(1) Westley, J. W. Adv. Appl. Microbiol. 1977, 22, 177. Polyether Ant-
biotics: Naturally Occurring Acid lonophores; Westley, J. W., Ed.; Marcel
Dekker: New York, NY, 1982; Vol. 1 and 2.

(2) Wierenga, W. In The Total Synthesis of Natural Products; ApSimon,
J., Ed.. Wiley-Interscience: New York, NY, 1981; Vol. 4, p 263.
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hence the term ionophore.> In view of their challenging structures
and the presence of different stereochemical arrays of functional
groups, this class of natural products has also been the subject
of elegant synthetic® and biosynthetic studies.’

(3) Pressman, B. C. Ann. Rev. Biochem. 1976, 45, 925. Pressman, B. C,;
Harris, E. J.; Jagger, W. S.; Johnson, J. H. Proc. Natl. Acad. Sci. U.S.A.
1967, 58, 1949. Moore, C.; Pressman, B. C. Biochem. Biophys. Res. Com-
mun. 1964, |5, 562.

© 1990 American Chemical Society



