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SUMMARY. A series of cobalt(III) complexes of the anticancer antibiotic
bleomycin has been prepared. Mass spectrometry and enzymatic analysis
show that the green cobalt-bleomycin complex contains a hydroperoxide
{-00H) group bound to cobalt with unusual stability. Under appropriate
conditions, cobalt-bleomycins containing other monodentate Tigands to
cobalt can be formed; fast-atom bombardment mass spectra of such complexes
show peaks for cobalt-bleomycin at the expected mass, and also peaks for
the intact complexes at the required higher mass.

INTRODUCTION: Bleomycin (BLM) is the name of a group of glycopeptide anti-
biotics used in the treatment of cancer (1); the drug is thought to act in
vivo by chemically degrading intracellular DNA (2,3). Bleomycin forms
complexes with transition-metal ions, and its biological activity appears to
depend on metal complexation (4-7). Cobalt(III) complexes of bleomycin

have the unusual property of accumulating selectively in the nuclei of
certain types of cancer cells (8-12). Several different Co(III)-BLM
complexes are formed upon air oxidation of aqueous solutions of Co{Il) and
BLM under various conditions (13-22). We have recently found that 1ight

can cause some of these Co(III)-BLMs to efficiently degrade DNA in vitro
(18), and that different Co(III)-BLMs show significant differences in uptake
by murine tumors in vivo (13). Understanding the molecular reasons for
these differences should provide useful insight into bleomycin's biological

activity.

Abbreviations: BLM, bleomycin; Co(III)-BLM, a cobalt(III)-bleomycin
complex.
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MATERIALS AND METHODS

Blenoxane (bleomycin sulfate) was a gift from Bristol Laboratories.
Horseradish peroxidase (type vi) and o-dianisidine were purchased from
Sigma Chemical Co. Other chemicals were the purest commercially available
reagents. Distilled, deionized water was used throughout.

Preparation of Co(I111)-Bleomycins. A 5-ml aqueous solution containing
Blenoxane (15 umol) and a slight excess of CoCl, (or CoS0,) was adjusted to
pH 7.0 with dilute NaOH and allowed to stand at room temperature overnight.
The resulting greenish-brown solution was then applied to a Sephadex C-25
column (1 x 50 cm, NH,*) and eluted with a 1-liter gradient of 0.05 to 0.5M
ammonium formate, pH 5.7. Four colored bands, corresponding to the green A,,
green B,, brown A,, and brown B, fractions, were eluted at jonic strengths
0.19, 0.23, 0.33, and 0.43M4. The previously reported (13) orange A, and B,
complexes could be obtained by heating the original product mixture at 96°C
for 3 h; these eluted from the column slightly before the respective green
complexes. Other Co(III)-BLMs could be prepared from the original product
mixture by incubating with an appropriate ligand. The thiocyanate adduct
was prepared by adding NaSCN to 0.5M and incubating for 3 days at pH 3.6,
room temperature; the nitrite and the azide adducts were prepared similarly.
Progress of these reactions was monitored by HPLC; and products were
purified on Sephadex C-25, followed by preparative HPLC.

Fast-atom bombardment mass spectra were taken by Dr. Ken Straub on a
Kratos MS-50 mass spectrometer equipped with an FAB source using an xet
ionizing beam (40 pA, 8 kV).

H2.0, Assays. The qualitative ferricyanide test was performed by adding a
Co(ITT)-BLM (1 mM, 40 p1) to a solution containing 30 pl of 0.4% FeCl; (in
10 mM HC1) and 30 pl of 0.8% KsFe(CN)s. Only the green Co(I1I)-BLM gave an
immediate blue precipitate, as does H,0,. Horseradish peroxidase (23) was
used to quantitate the H,0, released upon gentle hydrolysis of green
Co(III)-BLM. The assay solutions contained 0.9 ml of 10 mM phosphate, pH
6.0, to which were added 10 ul1 of o-dianisidine (0.5%, in CH30H), aliquots
(0-90 p1) of 1 mM H,0, or 1 mM Co(III)}-BLM, and 20 ul of horseradish
peroxidase (10 pg/ml). The absorbance at 460 nm was read 20 min after
adding the enzyme.

RESULTS

Because the HPLC procedure separates Co{III)-BLMs of very similar
structure (as shown in Figure 1), it is indispensable in checking their
purity and useful in studying their reactions. In particular, the brown

Co(III)-BLM fraction from the C-25 column was shown by HPLC to contain two

different complexes.

These two brown Co(III)-BLMs interconvert slowly and reversibly as the
formate concentration is changed (17), in the way expected for reversible
replacement of cobalt-bound water by formate ion. The introduction of other
anions such as acetate, thiocyanate, azide, or nitrite leads to the formation

of new Co(III)-BLMs. This behavior is very similar to that observed for
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Figure 1. Separation of different cobalt(III)-bleomycin A, complexes by
reverse-phase 1iquid chromatography on a Waters 0.4 x 30 ¢m C;, column,

using an 86:14 (by volume) mixture of 0.1M aqueous ammonium acetate and

acetonitrile (2 ml/min). Arrow indicates injection of sample.

acidopentammine cobalt (III) complexes, in which the acido ligand can be
replaced by water or another anion under the appropriate conditions (24).
The absorption spectra of the Co(III)-BLMs change in the manner expected
for coordination of each anion directly to Co(III), as shown in Table I.

These complexes also have characteristic NMR and CD spectra (25).

TABLE I. Visible Absorption Maxima of Cobalt(III)-Bleomycin Complexes

Species Color Lambda Max/nm?
H0O-Co(111)-BLMP Green® 594
Aquo-Co(111)-BLMD Golden Brown 544
Formate-Co(III)-BLM Brown 560
NO,~Co(I11)-BLM Orange 5209
SCN-Co(I11)-BLM Burgundy 552
N,-Co(111)-BLM Olive Brown 520,6009
Co(111)-BLM Orange® 5204

3ach species (except the azide) also has an absorption maximum near 450 nm.

bAs shown by the similarity of CD spectra and chromatographic behavior for
corresponding species, the hydroperoxo- and aquo-Co(III)-BLMs are the type
I and type II complexes of ref. 15. The hydroperoxo-Co(I1I11)-BLM was
formerly suggested to have a dinuclear u-peroxo structure (20).

CRef. 13.
dShoulder-.

961



Vol. 110, No. 3, 1983 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

1550
A-ORANGE
L
et
Ap-AQUO
60f
40 i
i
20t i
-,
[Naz2
A2-NOo
80 ;
4 i
= 60 | 1518
a L i
q
z i +NO.
g || 2
w 20 ‘ i
< ‘ i
2 ?
6
I T2 Ap-NCS
w L
W 80
o 1
z eol | [ :
W b (i f
4 a : 1530
w o aof i ‘ +NCS—
s il |
il | ‘1
2ofl e it ([
i R il
3 71
~GREEN
sol Ax-G
60}
sl |l
“ +00H
20 ”11 1504
8 I kbt
i (I LR L e
3 1482
80+ Bz-GREEN
6ol
40
20 il +oon
| H 1515
a
M/Z

Figure 2. Fast-atom-bombardment mass spectra of cobalt(IIl) bleomycins.
The pseudomolecular jon of cobalt-bleomycin A, yields a group of peaks at
m/z 1470-1473, corresponding to its mass; that of cobalt-bleomycin B,
occurs 11 mass units higher. Peaks due to cobalt-bleomycins bearing an
exogeneous ligand occur at the expected higher mass, as shown clearly for
the NO, and NCS complexes and suggested for the '"green" hydroperoxide
(OOH) complexes of cobalt-bleomycin A, and B,.
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The presence of a coordinated nitrite or thiocyanate group in the
respective Co(II1)-BLMs is strikingly confirmed by fast atom bombardment
mass spectrometry, as shown in Figure 2. It should be noted that in a
large molecule such as bleomycin (formula CssH94N1702153+ (26)), groups of
peaks (rather than individual peaks) are seen in the mass spectrum because
of the significant probability that a given molecule will contain one or
more rare isotopes such as 13C. The prominent peaks at m/z 1470-1473 are
due to the pseudomolecular ion of cobalt-bleomycin A,, containing no
additional 1igands; the bottom spectrum of a cobalt-bleomycin B, species has
the pseudomoiecular ion peak 11 mass units higher, which is the mass
difference between bleomycins A, and B,. The NO,-Co{III)-BLM A, complex
gives a peak at m/z 1518, as expected for the additional mass of the NO,
group; likewise, the SCN-Co(III)-BLM A, complex gives a peak at m/z 1530.
Orange Co{III)-BLM A, does not show significant peaks beyond the pseudo-
molecular ion mass, suggesting that it contains no additional ligand.
However, aquo-Co(III)-BLM also shows no significant peaks at higher mass;

this may be due to easy loss of water from the complex.

The mass spectra also led us to speculate that the green Co(III)-BLM
contains coordinated hydroperoxide. In the bottom two spectra of Figure 2,
small peaks 33 mass units heavier than the pseudomolecular ions may be
seen. These peaks were guite reproducible in repeated experiments, but
their low intensity does not provide the quality of evidence seen for the NO,
and SCN adducts of Co(III)~BLM. Preparation of green Co(III)-BLM using '%0,
in order to shift the adduct peak 4 mass units higher provided inconclusive
results. Comparison of the infrared spectra of green Co(I11)-BLM made with
160, and %0, also was inconclusive, due to the compiexity of the spectra.

Chemical evidence that green Co(II1)-BLM contains coordinated hydro-
peroxide was obtained by allowing this compiex to stand at pH 2.7 in aqueous
solution in the dark for several days -- which partly hydrolyzes it to
aquo-Co(III)-BLM -- and then assaying the solution to determine whether H,0,

has been produced by the hydrolysis. Both the qualitative ferricyanide test
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Figure 3. Enzymatic assay of the H:0, produced by gentle hydrolysis of
"green" cobalt-bleomycin B,. (a) Calibration curve showing result of
triplicate determination that 39 = 1 nmol of H,0, was produced.

(b) Column trace showing “green" cobalt-bleomycin B, sample before and
after partial hydrolysis to aquo-cobalt-bleomycin B,; this produced

42 + 1 nmol of aquo-cobalt-bleomycin B,. Therefore, one mol of "green"
cobalt-bleomycin B, contains 0.93 + 0.05 mol of a ligand which yields
H,0, upon standing at pH 2.7. Other cobalt-bleomycins (aquo, nitro,
formato, thiocyanato) did not yield H,0;.

and the quantitative assay using horseradish peroxidase (29,23) were
positive. The latter (Figure 3) showed that this gentle acid treatment of
green Co(III)-BLM released 0.93 = 0.05 mols of H,0, for each mol of green
Co(III)-BLM hydrolyzed, and that none of the other Co(III)-BLMs (aquo, nitro,
formato, or isothiocyanato) released a detectable amount of H,0,. This is
the result expected for coordinated hydroperoxide in the green Co{III)-BLM,
and the stojchiometry found rules out the possibility that the mol ratio of

cobalt to 0, is anything but one to one (20).
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DISCUSSION

Since air oxidation of Co(II) complexes in the presence of nitrogen
ligands usually proceeds via a dioxygen coordinated intermediate (30}, it
is possible for the green complex to have a ligand which originated from
dissolved oxygen. The existence of a mononuclear dioxygen adduct of
Co(I1)-BLM is indicated by the epr studies of Sugiura (31); this could
lead to the hydroperoxide. Similar reaction schemes have been suggested
for irgn-bleomycin (32-34).

The in vitro degradation of DNA by bleomycin involves an oxygen-
requiring oxidation/reduction cycle of iron-BLM (5,35). A différence
between iron- and cobalt-BLMs is that the Co(III) complexes will be
kinetically inert; that is, they will not exchange Tigands readily. While
a 1igand with reducing properties might be able to coordinate to a
Fe(III)-BLM complex so that the redox cycle could repeat itself, such a
process would happen slowly (or not at all) with Co(III)-BLM. Nevertheless,
in the presence of light, green and brown Co{III)-BLMs are strikingly
efficient in nicking supercoiled DNA (18). We are now investigating the

mechanism of this reaction.
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