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Comparative Binding Properties of Metallobleomycins with DNA 10-rhers
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ABSTRACT: Properties of the interaction of bleomycin (BIm) and metallobleomycinsfMn, Cu(ll),
Fe(lll), and HQ—Co(lll)] with site-specific and nonspecific DNA oligomers, d(GG&ETTCC), (I)

and d(GGAATTTCC), (II'), respectively, were investigated. With both 10-mers association constants
increased in the series BIm,AZnBIlm A, Cu(I)BIm A,, Fe(ll)BIm A, and HQ—Co(lll)Blm A..
Generally, the metallobleomycins were bound with a modestly higher affinity @ne-dimensionalH

NMR spectra of the imino proton region bfin the presence of this series of compounds revealed that
BIm and Zn- and CuBIm bind in fast exchange on the NMR time scale, while the Fe and Co complexes
bind in slow exchange. BIm, ZnBIm, and Cu(ll)BIm caused little perturbation of the UV circular dichroism
spectrum of orll. In contrast, Fe(lll)BIm and H&-Co(lll)BIm induced hypochromic effects in the CD
spectrum ofl and altered the spectrum bf to a smaller extent. On the basis of these results, the DNA
binding structures and properties of Blm,XnBIm A,, and CuBIm A differ substantially from those of

Fe(llBIm Az and HGQ—Co(lll)BIm A..

Bleomycin is a natural product antitumor agent that
undergoes activation by forming an iron complex in cells
(Figure 1) (, 2). FeBInt attacks DNA through the reactive
species, H@-Fe(ll)BIm, causing single and double strand
damage as well as base releg®eq). There is site selectivity

of the structures and properties of FeBHDNA species that
participate in these steps, as well as detailed information
about reaction 5. However, relatively little structural infor-
mation has been obtained about FeBIm species and their
DNA adducts 13).

to these reactions such that DNA cleavage occurs preferen- Studies of the reaction of dioxygen with Co(Il)BIm in the

tially at 5-G-pyrimidine-3 sites (0, 11). A plausible
pathway of reaction in cell nuclei, where the ratio of DNA
bases to drug is 20r greater, involves several sted®):

Fe(lNBIm + DNA = Fe(lll)BIn—DNA (1)
Fe(lBIm—DNA + e = Fe(I)BIn—DNA  (2)
Fe(Il)BIm—DNA + 0, = 0,—Fe(I)BIn—DNA  (3)

O,—Fe(I)BIm—DNA + e + H =
HO,—Fe(lll)BIm—DNA (4)
HO,—Fe(lll)BIm—DNA —
DNA damaget Fe(lI)BIm—DNA (5)

absence and presence of calf thymus DNA or synthesized
DNA 10-mers have documented numerous similarities to the
reaction of Q with Fe(ll)BIm (14—17). Notably, because

of the stability and diamagnetic character of FZo(lll)-

BIm with DNA, NMR structural analysis of this molecule
and its DNA adducts has provided an attractive opportunity
to examine a model for HE-Fe(ll)BIm—DNA (15). The
three-dimensional structure of HOCo(lll)Blm showed it

to be a compact, folded molecule in which the metal domain,
comprised of A, P, and H components in Figure 1, exists as
one of two chiral forms and binds Co(lll) with five nitrogen
ligands; the sixth, axial position is occupied by hydroperoxide
(18, 19). The metal domain and the peptide linker (V, T)
form a globular unit (Figure 1)20). Extending from T, the
bithiazole moiety (B) partially encloses the hydroperoxide

Reactions 2 and 4 are redox processes with unspecifiedin & pocket that also includes the Co(lll) coordination plane

reducing agents. An understanding of the mechanism of these2nd the folded linker region. Completing the structure, the

T Supported by NIH Grant CA-22184 (D.H.P.) and NSF Instrumen-
tation Grant BIR-9512622.

plane next to the axial amine group.
NMR structures of H@-Co(lll)BIm A, and HQ—Co-
(lMpepleomycin bound to DNA 10-mers containingGC-
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1 Abbreviations: BIm, the bleomycin mixture containing both Blm
A, and B (Figure 1); BlIm A, the major component of the clinical
mixture blenoxanel, d(GGAAGCTTCC),; Il , d(GGAAATTTCC),;
HEPES N-(2-hydroxyethyl)piperazin¥-2-ethanesulfonic acid; MBIm,
metallobleomycin; (M)BIm, BIm or metallobleomycin; Pep, pepleo-
mycin.

summary, they show that the bithiazole unit intercalates
between the base pairs involving C or T and the next base
pairs on their 3sides and that the pyrimidinyl ligand in the
metal coordination plane of the drug makes two hydrogen
bonds with G in the minor groove of the DNA duplexes.
These latter interactions demonstrate that site specificity is,
at least, partly determined through metal domdiiNA
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Ficure 1: Structure of bleomycin. Dots indicate sites of binding of metal ions.

interactions. As a result of binding in this mode, the
hydroperoxide is placed in position to attack the' l6fiC
or T, which is the known target of reaction of HEFe(ll1)-
Blm (21, 22).

Investigation of the binding and reaction of several Co-
and FeBlms with the self-complementary DNA 10-mers,
d(GGAAGCTTCC), (I, specific site) and d)GGAATTTCC),

in this study was isolated from blenoxane according to a
published methodl®). ZnBlm A, or CuBIm A, were made

as one-to-one ratios of BlIm and metal ions. Fe(lll)Blm A
was prepared as previously described and its iron content
measured by atomic absorption spectrophotometrs).
HO,—Co(ll)BIm A, and Co(lll)Blm A, were produced by
reacting BIm A with CoCL with stirring under aerobic

(II', nonspecific site) has demonstrated that various propertiesconditions and then separating these products by HREL (

of their metal domains clearly change ksis substituted
for | (17, 24). These results support the view that both Co-

Two DNA 10-mers, d(GGA&SCTTCC), (I) and d(G-
GAAATTTCCY), (Il), were synthesized as representative

and FeBIms discriminate between sites of nucleotide binding sequences containing specific-G-pyrimidine-3) and non-
through their metal domains and encourage the hypothesisspecific sites, respectively2$). Chemicals used in the

that CoBIm is a good model for FeBIm.
The objective of the present work is to advance the

understanding of the contributions that the metal domain

makes to the properties of DNAdrug adducts. The present

experiments were of reagent grade or of the highest purity
available.

Fluorescence Measurement of DriDNA Association
ConstantsFluorescence spectra of the metal-free and various

experiments continue to explore the characteristics of iron metallobleomycin complexes were recorded with a SLM

and cobalt bleomycins bound to DNA as well as determine
comparable properties of Zn- and CuBlm And Blm A.

AMINO 3400c spectrofluorometer at 2%C. Excitation at
300 nm produced an intense emission from the bithiazole

In particular, measurements have been made of the equilib-moiety at 350 nm, which was quenched upon binding with

rium constants for the binding of various (M)BIm species
to | and Il, the chemical exchange properties of these
metallobleomycins when bound tpand the CD spectra of

I andll in the absence and presence of this series of (M)-

Blms.

MATERIALS AND METHODS

Blenoxane, the clinical mixture largely made up of BIm
A, and B, was a gift from Bristol Myers Co. Blm Aused

the DNA 10-mers. On the basis of the fluorescence quench-
ing data, the association constant was determined using the
following equation routinely applied to DNA binding equil-
bria involving (M)BIm species45, 26):

1/[(M)BIm—DNA] = 1/(nK[DNA J[(M)BIm]) +
1/(n[DNA ]) (6)

The total concentration of 10-mer base pairs is [QN#nd
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Ficure 2: Secondary plots of fluorescence emission titrations of DNA oligom@C) andll (AT) with various (M)Blms analyzed
according to eq 6. Conditions: 2B8M |, or Il , as DNA,, 20 mM HEPES, pH 7.4 and 2%C.

that of (M)BIm, [(M)BIm]; [(M)BIm] = [(M)BIm](F —
Fo/(Fp — Fo); and [(M)BIm—DNA] = [(M)BIm](Fp, — F)/

(Fp — Fo). In these equations; is the fluorescent intensity
of the sample after an addition of a given concentration of of slow exchange, site-specific binding of drug to DNZSY.
drug;Fy is the intensity of free (M)BIm if all of it is unbound;

andF. is the intensity when all of that concentration of (M)-
BIm is bound to DNA. From the analysis one can determine 81% bound td in the one-to-one mixture of drug and DNA;

structure. Oligomet was titrated with various species of
BIm A, in 90% H0:10% DO at pH 7.4, and its imino
proton spectrum examined for loss of degeneracy, indicative

On the basis of the equilibrium constants of Table 1 and the
conditions of the experiment described in Figure 3, BIm was

K, the association constant, andthe number of binding

the other drugs were stoichiometrically bound to
sites per base pair.

CD SpectroscopyCD spectra were recorded at Z5 with
NMR Spectroscopy.he one-dimensiondH NMR spec- a Jasco 710 spectropolarimeter gsan 1 mmpath length,
trum (100 MHz) of the imino proton region df contains cylindrical quartz. The DNA concentration of 0.1 mM was
four resonances representing eight protons in the degeneratélilute enough to permit the collection of reproducible spectra.
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Table 1: Equilibrium Constants for the Association of Bleomycin Species with DNA 102mers

|b 1o
DNA 10-mer K (x10P)© n° K (x10) n
Bim A, 0.16+ 0.01 0.099t 0.002 0.17+ 0.03 0.101t 0.002
ZnBIm A; 0.76+ 0.16 0.099+ 0.001 0.68+ 0.06 0.098+ 0.003
CuBIm A, 0.84+0.14 0.099t 0.001 0.63+ 0.03 0.10%t 0.001
Fe(llBIm A, 3.0+0.3 0.098+ 0.003 1.4+04 0.100+ 0.002
HO,—Co(IIBIm A, 39+3 0.099+ 0.003 19+ 4 0.099+ 0.002

220 mM HEPES buffer, pH 7.4, 25C. 2|, d(GGAAGCTTCC); I, d(GGAAATTTCC). ¢K = [(M)BIm —DNAJ/(n[DNA][(M)BIm]); n =
number of binding sites per base pdiReferencel?.
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Ficure 3: H NMR spectra ofi and drug-I adducts. Conditions: 0.3 mMand 0.3 mM (M)BIm. Spectra: (d); (b) BlIm A,—1 ; (c)
Zn(I)BIm Ax—1; (d) Cu(Il)BIm Ax—1; (e) Fe(ll)BIm Ax—I. Conditions: solvent 90% #0:10% DO at pH 7.4.

Text figures consist of the average of four spectra recordedform of the drug td andll were similar, except, in almost
with 1 nm spectral resolution. Difference CD spectra were every case, the average association constant was slightly
obtained by digital subtraction of the drug and DNA larger for the adducts with.

component spectra from the spectrum of the erDHA The association constants for the series of bleomycin
adduct. Under the conditions of the experiment, BIm was species binding to either 10-mer spanned 2 orders of
62% bound td andll; the others were at least 86% bound magnitude with BIm having the smallest constant andHO

tol andll. Co(llDBIm A, the largest. It was striking that Zn- and
CuBIm A; displayed only 45-fold enhancements in binding
RESULTS affinity in comparison with Blm A and that the constant

Association Constants of MBIny £omplexes witt and for Fe(lll)BIm A; fell an order of magnitude below that of
Il. The emission fluorescence spectra of metal-free Bjm A HO2—Co(lll)BIm A.
and the MBIm A complexes displayed similar intense ~ One-DimensionalH NMR Spectra ofi with Blm A,
emission bands centered at 350 nm, when the molecule waZnBlm A, Cu(ll)BIm A, and Fe(lll)BIm A. A set of
excited at 300 nm in 20 mM HEPES buffer at pH 7.4. This experiments was conducted to determine whether Bim A
peak has previously been attributed to fluorescence of theor Zn-, Cu(ll)-, or Fe(lll)BIm A binds tol in slow exchange
bithiazole chromophore26). Addition of eitherl or Il to on the NMR time scale as seen with the HZo(lll)Blm
the various Blm species quenched the fluorescence of theA>—1 adduct 25). According to summary titration data
bithiazole moiety without shifting the emission wavelength shown in Figure 3, only Fe(lll)BIm A bound in slow
maximum. On the basis of eq 6, the association constantsexchange such that the degeneracy of the imino protons was
and the number of binding sites per base pair for BlIm and lifted and a number of new resonances were obser2éd (
several of its metal complexes wittandll were measured  The broadening of the these peaks reflected the presence of
in 20 mM HEPES buffer at pH 7.4 and 2& (Figure 2, the low-spin paramagnetic Fe(lll)BImy»ound tol (17).
Table 1). In all cases was essentially 0.1, indicating that CD Spectra of Bleomycin and Metallobleomyci@gcular
one drug molecule became associated with the DNA 10- dichroism spectra of (M)BImd, andll, and their one-to-
mer. Furthermore, the constants determined for binding eachone adducts have been recorded. Difference CD spectra were
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10 are considered to arise from pyrimidine to the Fe(lll) charge
transfer, while the third arises from Fe(lll) to the pyrimidine

Cu(ihBlm A, charge transfer. In HEPES buffer, Fe(lll)BIm is comprised
« of a mixture of low- and high-spin forms. Therefore, when
phosphate is added, the structure becomes high spin, and
the CD spectrum simplifies to a single band at 387 nm and
a band at 510 nmL(/). This suggested that the 350 nm band
of Fe(llNBIm A; is sensitive to the spin state of Fe(lll). A
weak negative band was noted at 620 nm, which arises from
the Fe(lll) d—d transition.

0 Ny
M The CD spectrum of H@-Co(lll)BIm A includes two
- negative troughs at 262 and 290 nm as well as positive bands
I at 320 and 454 nm and a negative band at 354 nm (Figure

5). On the basis of previous assignments, the 454 nm band
5 L was attributed to the charge-transfer transition of Co(lll) to
25 %0275 300 328530375 the pyrimidine ligand 0, 31). The 320 and 354 nm bands
Wavelength, nm have been assigned to the charge-transfer transitions of the
Ficure 4: CD spectra of 0.1 mM Bim A(®), ZnBIm A; (a), and pyrimidine ligand to Co(lll). A weak Co(lll) &d band was
Cu(ll)BIm A, (m) in 20 mM HEPES buffer at pH 7.4 and 2&. also present in the spectrum.
15 CD Spectra of BIm Species Bound tdhe CD spectrum
~FeBImA, _. HO,CoBIm A, of | exhibited a strong positive band at 282 nm and a major

101 ‘// e negative band at 252 nm (Table 2 and Figure 6). This is
505 ¢ typical of a spectrum of B-DNA32). The addition of BIm

. S Az, ZnBIm A,, or CuBIm A only marginally perturbed this
0 \7 5

. spectrum. This was readily observed in the difference
51 spectrum, CD (mixture)- CD (1) — CD (drug), of each of
e these drugsDNA complexes (Figure 6). BIm Acaused
‘ virtually no change in the DNA spectrum, whereas, Zn- and
CuBIm A, induced difference molar CD bands of less than
5Mtcm?
Turning to Fe(ll)BIm A bound tol, the positive and
negative bands of the UV CD spectrumloivere decreased
Wavelength, nm in intensity (Figure 7a), leading to substantial difference CD
FIGURE 5. CD spectra of 0.1 mM H@-Co(lll)BIm A (solid line) bands at 250 nnmf), 269 nm ¢), and 305 nm+) (Figure
and Fe(ll)BIm A, (dotted line) in 20 mM HEPES buffer at pH  8). The first two had a difference excursion of 35 Mm*
7.4 and 25°C. from peak to trough. DNA adduct formation had little impact
. . on the charge-transfer bands of Fe(lll)Blm, A&lthough a
then calculated as a means to examine changes in DNAgm | enhancement of intensity between 325 and 475 nm
conformation resulting from DNA(M)BIm A ; interactions. may have occurred.
The CD spectrum of metal-free BimpAlisplayed a positive With the addition of HG—Co(lll)BIm A, to |, the intensity
band at 286 nm in 20 mM HEPES buffer at pH 7.4 (Figure ¢ the DNA bands decreased, and their positions were blue
4), which agrees with an earlier reported CD spectr@8).(  ghifted to 276 and 249 nm, respectively (Figure 7b). The
This band is thought to arise from the—s* electronic charge-transfer bands of the drug were red shifted to 337
transition of the bithiazole moiety centered at 290 nm and 54 462 nm. Figure 8 shows the difference CD spectrum.
the n—* transition of the 4-aminopyrimidine moiety at 285 g |arge positive and negative difference bands in the UV
nm (28, 29). ] N at 257 and 297 nm, primarily, represent perturbation of the
ZnBIm A; displayed two positive bands at 286 and 250 pNA double helix. The difference excursion between these
nm (Figure 4). Evidently, the band at 286 nm for Blm A two bands is about 60 M cm. In addition, three weaker
was split upon complexation of the drug byZnAs such,  gifference bands at 340, 425, and 475 nm could be assigned

the band at 250 nm results from the-m* transition of the {5 changes in the charge-transfer CD bands involving the
4-aminopyrimidine unit which has shifted upon coordination pyrimidinyl ligand and Co(lll).

Zn(iBIm A,

co (M em™)

cD (M em™)

-20 : T T T T T
225 275 325 375 425 475 525 575

to the metal ion. CD Spectra of the Interaction of Bleomycin Species with

A somewhat stronger CD spectrum of CuBlm #was . Structurell was characterized by a CD spectrum similar
recorded. A positive band at 250 nm and a negative band atio that of| with strong bands at 281 nm-j 250 nm ().
315 nm were observed (Figure 4). Clearly, thesri As with |, minor changes were found when Blm,&ZnBIm
transition at 250 nm in combination with the charge-transfer A, or Cu(ll)BIm A, was added to this oligomer (Figure 9).
band at 325 nm masked the contribution from thex* The difference spectrum for BImAll resembles that of
transition of the bithiazole to the CD spectrum. bleomycin bound to calf thymus DNA2@).

Figure 5 presents a more complicated CD spectrum of Fe- The UV CD spectrum ofi was only perturbed to a small
(IHBIm A, in HEPES buffer with a positive band at 235 extent by Fe(lll)BIm A (Figure 10a). As a consequence,
nm and a negative band at 265 nm. Three more positivethe difference spectrum of Fe(lll)BIm A1l in Figure 11
bands are located at 350, 392, and 510 nm. The first twois much weaker and also distinctly different from that for
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Table 2: Circular Dichroic Features of BImyAMBImM A,, and (M)BIm A—DNA Adducts

molar molar
Amax ellipticity Amax ellipticity
structure (nm) (M~tcm™) structure (nm) (M~tcm™)
BIm A, 286 3.1 d(GGAASCTTCC) (1) 252 —415
ZnBIm A, 250 3.0 282 74.2
286 2.6 d(GGAATTTCC) (I1) 250 —-62.0
CuBIm A, 250 8.0 281 60.7
315 -39 HQ,—Co(ll)BIm Ax—I 249 —23.8
Co(llBIm A, 256 8.3 276 50.7
320 3.8 302 —26.5
354 —2.4 337 13.7
454 8.2 462 12.3
605 —-2.5 HO,—Co(lll)BIm Ax—1I 251 —65.9
Fe(ll)BIm A, 235 8.2 280 69.3
265 —10.2 304 —-8.7
350 4.2 334 8.6
392 4.0 363 —2.7
510 3.0 461 10.9
620 —-1.2 Fe(l)BIm Ag-I 254 —33.8
HO,—Co(lll)BIm A, 262 -15.1 282 55.2
290 —6.6 Fe(ll)BIm Ag-II 251 —66.3
320 8.5 283 60.6
360 —-3.8
454 10.4
570 1.1
8 a g
60 -
N
40 - 1
ke § 20,
< E N
5 5
< 20 | \
FeBim Ay
-40 -
-60 T y T T
225 245 265 285 305 325
Wavelength, nm
Wavelength, nm b 100
Ficure 6: Difference CD spectra dfbound with BIm A, ZnBlm 80 |
Az, or CuBIm A. Difference CD= CD [(M)BIm A,—1] — CD |
(MBIm) — CD (I). Conditions: 0.1 mM with 0.1 mM BIm Ay, 60 /
Zn(I)BIm A,, or Cu(ll)BIm A, in 20 mM HEPES buffer at pH —~
7.4 and 25°C. g 07
. = 20
Fe(ll)BIm A,—I. The addition of HG—Co(lll)BIm A, to =
Il caused minor shifts in the UV CD spectrum with bands s 0
appearing at 280 and 250 nm (Figure 10b). As witta 20 /\/
negative band at 300 nm was observed as well as red-shifted 40 . HO,-CoBIm A, -I
bands at 336 and 464 nm due to the metal center. The
difference spectrum of HO-Co(ll)BIm A,—Il included -60 ‘ ‘ ' ‘
bands at 267 and 303 nm which spanned 40" Mm™! 225 245 265 285 305 325
(Figure 11). Small difference band maxima at 331, 425, and Wavelength, nm

474 nm due to changes in the metal center as it interactedricure 7: CD spectra off and Fe(ll)BIm A—I (a) andl and
with 1l were also noted. In general, this was a weaker HO>—Co(ll)BIm A,—I (b). Conditions: 0.1 mM and MBIm A
difference spectrum than that generated by,HOo(lll)- in 20 mM HEPES buffer at pH 7.4 and 2.

Blm Az—I. 5'-GC-3 (I), which is a specific site of reaction or binding

of HO,—Fe(lINBIm or HO,—Co(lll)Blm, respectively 17,

25). In the other (] ), 5-AT-3' has replaced this unit. Metal-
This paper describes comparative interactions of bleomycin free bleomycin displays an extended conformation which has

and a number of its metal complexes with defined DNA 10- been thought to interact with DNA primarily through its

mers that differ only in the central pair of baseme contains  bithiazole tail. In contrast, all of the metal complexes might

DISCUSSION
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40 a 8o
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-20 A A0 4 I
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-40 T T T T T -80 . i . .
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Ficure 8: Difference CD spectra dfwith Fe(lll)BIm A, or HO,—
Co(lll)BIm A,. Difference CD= CD [(M)BIm A,—I] — CD b &0
(MBIm) — CD (I). Conditions: 0.1 mM and (M)BIms in 20 mM 60 |
HEPES buffer at pH 7.4 and Z%&.
40 |
6 T 20+
(; 0 N Ao ]
4 1 =
9 20
40 | HO,-CoBIm Ax-Il
-60 -
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225 245 265 285 305 325

Wavelength, nm

Ficure 10: CD spectra ofi and Fe(ll)BIm A—II (a) and HQ—
Co(llBIm A,—IlI (b). Conditions: 0.1 mMI and MBIm A in
20 mM HEPES buffer at pH 7.4 and 2&.

40 —

225 275 325 375
Wavelength, nm

Ficure 9: Difference CD spectra dl with Blm A, Zn(I1)BIm 20 + HO,CoBIm A,
A, or Cu(ll)BIm A,. Difference CD= CD [(M)BIm A,—I] — CD
(MBIm) — CD (I). Conditions: 0.1l and (M)BIm in 20 mM
HEPES buffer at pH 7.4 and 2%&.

FeBim A,

ACD M cm™)

metal ion coordination such that they could interact with
DNA through both the bithiazole tail and the metal domain
linker. HO,—Co(lll)BIm A, in particular, has a compact,
folded structure which interacts with specific DNA 10-mers -20 S ‘ :
through a combination of intercalation of the bithiazole and 225 275 325 375 425 475 525
minor groove binding of the metal domaitinker (18, 19, Wavelength, nm
21, 22, 25, 33). In addition, ZnBIm is thought to bind t0  Fgyre 11: Difference CD spectra df with HO,—Co(ll1)BIm
d(CGCTAGCG;) through minor groove interactions involv- A, or Fe(ll)Blm A,. Difference CD= CD [(M)BIm A,—1] — CD
ing groups throughout its structurd4). (MBIm) — CD (I). Conditions: 0.1 mMI and (M)BIm in 20 mM
Previously, we have determined the association constants 'EPES buffer at pH 7.4 and 2%.
for the reaction of H@-Co(lll)BIm with | andll, showing charge on the metal domain region of the molecule as
that it binds to these 10-mers with similar equilibrium described below. Then, the 16@00-fold increase in as-
constants of 3.% 1(f and 1.9x 1(P, respectively (Table 1)  sociation constant for the reaction of HGCo(lll)BIm A,
(25). BIm A, associates with eithéror Il with a substantially ~ with the two oligomers reflects the stabilization attributable
smaller stability constant of 1-61.7 x 10* according to to the interaction of the organized metal domdlinker with
Table 1. It is assumed that the magnitude of this interaction the minor groove of DNA, the chelate effect of binding both
represents minor groove binding and/or partial intercalation the metal domairlinker and the bithiazole tail to the
of the bithiazole, electrostatic interaction between the oligomers, and, perhaps, some difference in the mode of
positively charged R group with the negatively charged binding of the bithiazole group as discussed below.
phosphodiester backbone of the 10-mer, and, possibly, some ZnBIm A, and CuBIm A bind only 4-5 times more
additional electrostatic stabilization from the net positive strongly to each oligomer than does Blm. Ahe metal-free

contain additional conformational determinants resulting from 0 MW \/ o
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drug contains two acidic groups wittKpvalues of 4.9 and

Li et al.

Furthermore, both ©-Fe(ll)BlIm and Q—Co(ll)Blm are

7.5, the latter associated with an amine in the metal domainstabilized to some extent Hyin comparison withll (17).

which provides about &0.5 charge to interact with DNA
at pH 7.4 B5). Lack of significant impact of Z# on the
stability of the BIm A structure bound td or Il is likely

The metal domain of Fe(lll)BIm presumably has the same
or a larger positive charge as RHOCo(lll)BIm, depending
on whether hydroxide or water is bound to Fe(lll) in its sixth,

the result of the formation of a metal domain structure that axial coordination site. Recent ESR studies of the orientation

cannot interact with '5GC-3 in the same manner as HO
Co(llnBIm A,. Particularly, as inferred from structural
studies of'*CdBIm, the ligands bound to Zhin ZnBIm
A only include primary amine, pyrimidine, imidazole, and,
possibly, a fourth ligand at low temperatuBs), Other NMR

of Fe(ll)BIm on DNA fibers concluded that the metal
domain binds with approximately the same angle between
the metal coordination plane and the helix axis as seen in
the HQ—Co(lll)BIm A,—DNA oligomer structures33, 40).
Considering the parallel behavior of these MBIms with DNA,

studies of the ZnBIm metal domain also suggest that the Znthe reason for their difference in binding constants is not
center establishes a different coordination environment thanevident.

that observed with H&-Co(lll)Blm (37, 38). Furthermore,
the one published structure of ZnBhDNA shows that the

drug adopts an extended structure in the minor groove and

may not intercalate into the DNA structure with its bithiazole
tail (34). The Zn and Co structures differ only in the metal

ion bound to BIm. On the basis of previous structural studies, \.ith DNA that discriminate betweehand|l .

the apparent charge on the metal domain of ZnBlrls-2

which is at least as favorable for electrostatic interaction with

the negatively charged DNA backbone as t#hk charge of
HO,—Co(ll)BIm (36—38). Thus, it is concluded that the

two metal domain conformations are distinct and this

difference is likely to account for the lack of significant
enhancement of binding of ZnBlm,A&o | or Il relative to
Blm Ag.

This explanation cannot apply to CuBIm.At has already
been established that €&3A, a fragment of CuBIm A

which essentially represents the deglyco metal domain, ha
the same constellation of in-plane and axial ligands as does

HO,—Co(lll)BIm A,. Consequently, their metal domains

have the same net charge. According to the X-ray structure

S

A striking result is that andll bind Blm A; or each of
the various metallobleomycins with similar, if not identical,
association constants (Table 1). This might be expected for
the metal-free drug and its Zn and Cu complexes because
they do not appear to be able to form site-selective adducts
In contrast,
Fe(llNBIm A, and HQ—Co(lll)BIm A, make specific
complexes with but not withIl, based on NMR titration
data (Figure 3 and ref&§7 and 25). Thus, one might have
anticipated larger differences in their association constants
with the two oligomers.

The guanine of GC or GT recognition sites establishes
two hydrogen bonds with the pyrimidinyl moiety of HO
Co(IBIm A, (21, 22). One of the two hydrogen bonds
cannot be formed withl , in which A has replaced G. In
work to be published elsewhere, we find two other hydrogen
bonds between the drug and each involving the bases
opposite the 5GC-3 site. The first links the drug pyrim-
idinyl acetamido NH group and the carbonyl of C base

of Cu—P3A, the ligand wraps around Cu(ll) with the chirality Paired to G at the site (Figure 133). The other involves

opposite to that established by the metal domain ot HO
Co(llnBIm A, (18). As such, CuBIm A cannot form the

N7 of G paired with C in the major groove and NH of the
amide connecting the R group to bleomycinic acid. These

specific hydrogen bond interactions between a ring nitrogen should also form at the AT site. If so, then three of the four

and amine substituent of its pyrimidinyl ligand and 2-amino
and N3 sites of guanine observed in the H@o(lll)BIm
A,—I adduct R0, 21, 25). It is unclear why there should be
a difference in chirality between Cu- and Co(lll)BIms and
whether, in fact, the chirality of CuP3A is the same as in
CuBIm A,. Nevertheless, it is hypothesized that this differ-

hydrogen bonds that are observed in the,HOo(ll)BIm
A.—I| complex can also form when the AT sequence replaces
GC, consistent with only a small reduction in thermodynamic
affinity of HO,—Co(lIl)BIm for Il in comparison td.

The difference in the association constants for the binding
of various MBIm A species withl is not necessarily

ence causes the divergent binding constants for the bindingcorrelated with the kinetic exchange rate, as seen by the 10-

of CuBIm A; and HGQ—Co(lll)BIm A, with | andIl and
the lack of impact of CuBIm Aon the CD spectrum df.

Fe(llNBIm A, shows enhanced binding stability with
and Il in comparison with Zn- and CuBIm A but the

fold difference in the affinity of Fe(ll)BIm A and HQ—
Co(llBIm A, for | (Table 1) in contrast to their qualitative
similarity in chemical exchange properties as measured by
NMR spectroscopy (Figure 3). Furthermore, neither-NO

contribution of the metal domain to its association constants Fe(ll)BIm nor Q,—Co(Il)BIm binds tol in slow exchange

remains only one-tenth that of the cobalt complex. This (unpublished information). Nevertheless, these structures as
difference was unexpected because qualitative similaritieswell as Fe(lll)Blm appear to establish fixed-metal domain
have been noted between the DNA-based chemistry of Fe-conformations with respect to DNA that are closely related

and CoBIms. For example, both of the above structures to that for HQ—Co(lll)BIm in the NMR structure §3, 40,

interact specifically with in the slow exchange regime on

417). In addition, recent experiments have shown thatHO

the NMR time scale, whereas they bind in fast exchange to Co(lll) deglycobleomycin A can associate in slow exchange

Il (Figure 3) (L7, 27). In addition, phosphate bound to Fe-
(lmBIm is only displaced upon binding tb which converts
the high-spin structure into a low-spin addugt);, Likewise,
acetate bound to Co(lll)Blm is displaced upon binding,to

with a DNA 10-mer containing a'85C-3 site, forming the
same adduct structure as KHACo(ll)BIm A, despite
exhibiting an association constant with the oligomer that is
only about 3% of that for the native structurex2LCP) (42).

but not Il, because the rigorous steric requirements of Thus, results to date indicate that the underlying chemistry

forming the Co(lll)BIm—I complex cannot be met with
acetate coordinated to Co(lll) (unpublished information).

of these metallobleomycins which distinguishes GC and AT
sites is subtle and may be partially a kinetic phenomenon in
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which the lifetime of the drugG—pyrimidine adduct is  formation by HQ—Co(lll)BlIm A, and Fe(ll)BIm A
longer than that at other sites. cooperatively involves the metal domain and bithiazole
The properties of binding of metallobleomycinsitand regions of the metallobleomycin structure. In the absence
Il have also been examined by CD spectroscopy. Drugs andof the capacity of the metal domain to associate through
DNA 10-mers, themselves, display optical activity (Table specific hydrogen bonds with guanine at the recognition site,
2). This study focused on changes induced in the circular minor groove binding becomes more significant as seen with
dichroism spectrum of either oligomer or drug upon adduct Blm and ZnBIm in other studies34, 43, 44).
formation. These were readily detected in difference spectra. Finally, the circular dichroic properties of the cobalt center
The difference CD spectrum of BIm,Avith | was almost were altered by both 10-mers. The subtle effects observed
flat (Figure 6). Thus, intercalation or another mode of in the difference spectra emphasize the interaction of the
interaction of the bithiazole tail of the drug with DNA such metal domain with DNA and its association with both G
as minor groove binding did not significantly perturb the and A of the central dinucleotiddsandll (Figures 7 and
structure of these 10-mers. The same conclusion was reache@®). The difference CD bands above 300 nm are hypothesized
upon review of the difference CD spectra of ZnBIm ér to reflect the impact of hydrogen bonding of the Co-bound
CuBIm A; bound tol (Figure 6). An interpretation based pyrimidinyl group to the guanine or adenine ring nitrogen
on comparative stability constants, NMR exchange rate, and(N3) on the charge-transfer bands of the metal complex.
CD spectroscopy is that BImzAZnBIm A,, and CuBIlm A
largely bind with DNA through similar interactions including ACKNOWLEDGMENT
the bithiazole tail moiety and positive charge associated with
the metal domain in Blm Aand Zn- and CuBIm A
Considering the structure of ZnBIm bound in fast exchange
to d(CGCTAGCG), which shows the drug extended from
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