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Abstract

Bleomycin (BIm) is an antitumor agent which binds to specific sequences of DNA and as HOIBDBém causes
single and double strand cleavage. In the present investigation, binding of QI)&Mm to a native DNA polymer,
calf thymus DNA, was examined using conventional Raman spectroscgpy. @I)&m is a model for Q —
Fe(ll)BIm, the direct precursor of HO —F&l )BIm. Although the DNA polymer retained a predominant B-form
structure, Raman spectral evidence was obtained for localized structural changes to A, C and Z-DNA forms. The
presence of these alternate DNA forms within B-DNA implied the presence/df, B/C and B/Z junctions. The
observed changes in DNA secondary structure were attributed to perturbation of structural water resulting from
binding of O, —Cdll)BIm within the minor groove® 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction for the cytotoxic effects of the drufg,5. Upon

coordination of Fél), an Q —F¢€ll)BIm complex
Bleomycin (BIm) constitutes a family of anti-  quickly formed[6]. Two equivalents of this com-

neoplastic glycopeptide natural products which are plex then undergo a reaction to generate the

isolated fromStreptomyces verticillus [1-3]. The activated form of the drug, HO —kél )BIm [7].

administered form of the drug is known as Ble-

noxane and contains bleomycing A angd B which Fe** +Blm e Fe(ll)BIm @)

differ only in the structure of their respective R- Fg(I1)BIm+0,2 O,—F€l11)Blm 2

groups(Fig. 1). Although the drug was originally

isolated as a mixture of Blm and CuBIm, it has 20.—Fé&lDBIm+H* 2HO,—Fdlll)BIm 3)

been established that Fe is the necessary cofactor +Fe(lll )BIm + O,
* Corresponding author. Tel.# 1-414-229-5853; fax:+1- Iron—bleomycin has the ability to bind preferen-
414-229-5530. tially to double-stranded helical DNA and as KO
E-mail address: petering@uwm.ed(D.H. Petering. —Felll )BIm to effect both single and double
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strand DNA cleavage at specifi¢-6C/T-3' sites orientation of the O—0O bond is constrained in a
[8-11]. plane that is perpendicular to the DNA fiber axis
Co(l1)BIm does not activate dioxygen to react [15]. From this result, it has been inferred that the
with DNA, but it does bind @ and has been used coordination site of cobalt is sterically fixed with
as a model for the © —FB)BIm complex[12,13. respect to DNA. It was proposed that interactions
ESR studies have determined that the single, between the metal domain and the DNA structure
unpaired spin of @ —Q@dl)BIm resides largely on  contribute to this highly ordered structure. Stability
the dioxygen ligand so that the electronic structure of the dioxygenated cobalt complex toward dimer-
approaches © —Qdl)BIm [14]. ESR spectra of ization as in reactiof3) is achieved through DNA
0O,—-Cdll)BIm bound to DNA fibers indicate that binding as the ratio of calf thymus DNA base
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Fig. 1. The structure of metal-free bleomycing A and B . Dots indicate ligands that are hypothesized to dindirC®,—
Co(l1)BIm.
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pairs: Q —Cdll)BIm is increased; at a ratio of
10:1, G, —Cq¢ll)BIm has been found to be stable
for at least 24 h[13]. Significant stabilization of

the O, —F€ll)BIm complex occurs at 25:1 DNA
base pairs:BIn{16].

The stability and diamagnetic character of the
final products shown in reaction 3 for the analo-
gous cobalt structures, @Qdl )BIm and HQ —
Co(lll)BIm, have allowed detailei H-NMR stud-
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is the reactive pool of drug with DNA both because
of its proximity to the polymer and because HO
—F4l11)BIm in solution turns over very rapidly
causing self-inactivation [7,24. In addition,
Fe(lll )BIm can be activated directly in the nucleus
by NADH and NADPH[25].

Previous structural work on metallobleomycins
has been performed using small synthetic oligo-
mers which were designed to contain either spe-

ies of these complexes to be performed. The metal cific (GC) and nonspecific(AT) binding sites
domain and peptide linker of both these complexes [19-21,26. As such, these small pieces of DNA

fold into a globular structurd17,1§. Extending
below the axial, hydroperoxide binding site is the

did not contain sequences that were both amenable
and long enough to stabilize the formation of

bithiazole moiety. Each complex has the same alternate double helical conformatiof&7—29. In

chirality and binds specifically in slow exchange
on the NMR time scale to oligomers containing
5-GC/T-3 specific siteg[19-21].

NMR structural analysis of HO —Qdl )BIm—
A, bound to dCCAGGCCTGQ, has clearly
shown that the bithiazole-tail of this structure fully

intercalates between the base pairs that include C6

and C7[21]. The metal domain-peptide linker unit
of both cobalt bleomycin structures binds within
the minor groove with the pyrimidinyl N3 and 4-
amino groups forming specific H-bonds with the
N3 and 2-amino group, respectively, of G5 within
the DNA duplex.

Examination of the structure of HO —
Co(lll)BIm—A, bound to the DNA oligomer,
d(GGAAGCTTCOQO),, indicates that the geometric
orientation of the metal domain of this structure is
similar to that of @ —C6ll)BIm oriented on salm-
on sperm DNA fibers, as determined by EPR
spectroscopy [22]. This similarity extends to
Fe(lll)BIm and NO-F€ll)BIm associated with
oriented salmon sperm DNA fiberf22]. These
results, coupled with the similarity between the

reactions of the dioxygenated Fe and CoBIm spe-

cies in solution, support the hypothesis that O —
Co(l1)BIm—DNA is an excellent model system for
O,—Fdl1)BIm—-DNA.

The interest and need to examine the properties

of O,—Cdll)BIm and O —F¢ll)BIm bound to
DNA stem from the strong inference that
Fe(lll )BIm is activated to HQ —Fgll )BIm while
bound to DNA. Thus, upon exposure of cells to

the present study, conventional Raman spectros-
copy was used to examine the structural conse-
guences of binding © —Qd)BIm to native calf
thymus DNA. Because calf thymus DNA contains
a large variety of base sequences, the possibility
of alternate modes of drug binding and drug-

a) Calf Thymus DNA 2
)
I

b) Free HOO—Co(ll)BIm + Co(lll)BIm (50:50)

1000 1500

drug, only a small fraction of it becomes associated Fig. 2. The absolute Raman data for DNB5 mM base paifs

with DNA in the nucleud23]. It is likely that this

and drug(3 mM) which is not bound to DNA.
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induced DNA secondary structural perturbations DNA, BIm—-DNA and G —Cdll)BIm—-DNA.
could be investigated. In particular, the experi- Therefore, solvent corrections were not needed for
ments demonstrate localized BA and B—Z the Raman spectra.

changes in DNA conformation as a result of O —

Co(l)BIm binding. This investigation reveals sig- 2.2. Raman spectroscopy

nificant differences between the interactions of

O,—CdlIlBIm and metal-free bleomycin with Raman spectra were measured on a Spex model
DNA [30,31. 1403 double monochromator coupled with a
Hamamatsu R-928 photomultiplier and a Spex
2. Experimental DM1B data station. Excitation at 514.5 nm was
done using a Spectraphysics "Ar laser model
2.1. Sample preparation 2025-05. First, calf thymus DNA was measured,

followed by BIm—DNA after addition of drug.

Calf thymus DNA was purchased from Sigma— Lastly, Cd* was added to BIm—DNA to form
Aldrich (Milwaukee, W) and was used without O,—Cdll)BIm—-DNA. Multiple scans were taken
further purification. A 2.5% solution of DNA was of each sample; each spectrum was checked for
prepared in 0.02 M Tris buffer, pH 7/8.1 M discrepancies and then were subsequently added
NaCl. The solution was sonicated at’€ at a low to produce the final spectral results. Each sample
setting for 15—-20 min and then rapidly filtered was scanned for 10 h in a spinning NMR tube in
using a 0.24.M syringe filter. The resulting some- order to avoid localized sample heating. The scat-
what viscous solution was clear and particle-free. tered light was collected using a I3backscatter-
Concentrations were determined using UV spectro- ing geometry. The laser power at the sample was
photometry, €,5,=13.2 cnT! mM/base pair 400 mW. The temperature was measured before
[30—33. Bleomycin sulfate was purchased from and after each 30-min scan and was the reported
Sigma (St. Louis, MO and was used as the temperature+0.5 °C.
mixture of BIm A,+ B, without further purifica-
tion. The concentration of Blm was determined 2.3. Deconvolution procedure
using UV-vis spectrophotometry,e,qo=14.0
cm™* mM~—1[21,30. The impact of drug binding on DNA can be

Initially, the Raman spectrum of DNA alone visually estimated from the Raman difference spec-
was measured and found to be consistent with calf trum, (drug—DNA minus free drug In order to
thymus DNA Raman spectra done by other work- obtain more refined information about perturba-
ers in the field[33—35. Then this same DNA tions of polymer structure, Raman spectra have
solution was used to prepare samples of BIm— been curve fit based on extensive information
DNA which had a 1:10 ratio of drug to base pairs; derived from previous UVRR studies and conven-
the final concentration of BlIm was 3.0 mM while tional Ramarf curve-fitting analyses of both model
that of DNA was 30 mM base pair,s;,=13.2 compounds and DNA[28-31,33-5P Spectra-
cm~! mM~1/base pair [32]. Subsequently, 0.9 calc® software(Galactic Industrieswas used to
equivalents of C&" , dissolved in 5/ of deion- deconvolute spectra employing a procedure which
ized water, was added to the BIm—DNA sample. has been described earli¢80,3]. The Raman
The final solution was mixed gently in the NMR  spectral contributions of metal-free BIm were less
tube over an extended period to fully dioxygenate than 10% in the spectral regions of interest and,
the drug. The quality of the samples was checked therefore, were not subtracted from the BIm—DNA
before and after Raman measurements using UV—-spectrum. Only when Blm was coordinated with
vis spectrophotometr¢1:200 dilution. The small Co?* was there evidence of any Raman bands
addition volumes of both drug and €o  solutions attributable to the drug>10% above noise levgl
were such that the concentration of solvent was in the drug-DNA spectrum. Two very weak bands
nearly constant among all samples, including centered at 757 and 843 cth  in the low frequency
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region as well as a stronger band centered at 1486
cm~* were subtracted from the drug—DNA com-
posite spectrum in order to obtain a spectrum of
O,—Cdll)BIm perturbed DNA.

A two-point baseline correction on either end of
the spectrum and another 10 point baseline correc-
tion were made on the final accumulated spectrum
for each sample. Care was taken to correct the
baseline in regions containing no spectral features.
Exactly the same correction points were selected
for each sample. This procedure eliminated any
possibility of artifactual difference features in the
difference spectrum which may result from slight
variations in the baselines. The term ‘absolute
Raman spectrum’ is used here to distinguish spec-
tra treated as described above from the ‘difference’
spectrum obtained by subtracting the Raman spec-
trum of the Cdlll)BIm+HO,—Cdlll)Blm from
that of O, —Cdqll)BIm—DNA as described below.
The difference spectrum was smoothed by 5%; no
changes in band shape, intensity or frequency
resulted from this procedure.

Resonance Raman spectra of HO<IQOBIm,
HO,-Cdlll)BIm, and Cdll)BIm are essentially
identical in the mid-frequency rangédata not
shown. Raman modes of these complexes are (c) 02—Co(ll)BIm—DNA
very similar to those of the ) and Félll )Blm
complexes in the highmid-frequency regions Fig. 3. The absolute Raman data for the entire recorded region
[51]. The only modes which appear in the low E&ENA' the BIm—DNA complex and the O —Ct)BIm—

. . - complex before subtraction of the drug contribution to
frequency region are those associated with the o spectrum.
dioxygenated species, i.e(Co—-0) and v(O-0)
(unpublished resuBlsand a few weak modes in _
the region 750-845 cmi . It was, therefore, Raman spectrum of the mixture of HO —
assumed that the mid-frequency spectrum gf O — Co(ll)BIm plus  Cdlll)BIm from the Q -
Co(ll)BIm was identical with that of the other Co(l)BIm—DNA spectrum was considered to
CoBIm complexes. In the previous resonance result in a difference spectrum representing drug-
Raman study of Fél)Blm and CO—FéI)BIm perturbed DNA modes. The contributions to the
bound to {CGCGCQ, and dATATAT),, the spectrum from the drug were digitally subtracted
modes of the drug were unchangég1 cm™1) from the spectrum of the drug—DNA complex
upon binding to DNA[51]. The choice of 514 nm  using the 1540 cm' band as the reference.
as the laser wavelength employed for excitation in ~ The band frequencies and bandwidths used in
the present study ensured that none of the drugthe curve fitting procedure were derived from
modes would be resonance enhanced resulting inprevious UVRR and conventional Raman studies
drug bands were very weak in the Raman spec- of various DNA oligomers as well as natural DNA
trum. The only strong non-resonant mode associ- from a variety of sourced32,33,38—58 As a
ated with the drug is the isolated bithiazole mode result of the extensive information regarding these
at 1540 cm* (Figs. 2 and 3. Based on this range  spectral parameters available in the literature, a
of experience with the drug, subtraction of the clear understanding exists on how many bands

(a) Calf Thymus DNA

(b) Metal—free BIm—DNA

1000 1500
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occur in each region, as well as their assignments.
The value for the spectral parameters are listed
above. These literature data were employed to
generate the spectral parameters for the model
compounds(a) Poly (dG)—Poly (dC) and (b)
Poly (dA—dT)—Poly (dA—dT). The relative inten-
sities as well as bandwidths and band frequencies
for calf thymus DNA were derived using a specific
ratio [~55%/45% of (a)/(b)] and also from
UVRR studies of this native DNA[53]. This
information was subsequently used as a first
approximation to fit the drug-perturbed DNA spec-
trum [30,31. A 50%/50% Lorentziaf Gaussian (0) _Colf Thymus DNA 30 degrees C

band shape was assumed and fixed for all the 600 650 700

cJr.?ef.)

- 612 (AT,C3'endo)
> - 682 (G,Imd.,C2’endo)

- 693(C1’exo—syn)

T rin
ring
- 667 (T,G,A,C2endo)

-673 (C3'exo—syn)

d,C3'endo-syn)

-643(A,C,C2'endo)
704 (C3'endo—anti,A—DNA)

- 636(C3’endo—anti)
- 654(C3'endo)

- 578(G,C,Pyr)

- 627

- 621

bands[36,49. The quality of fit was determined 3
both by visual inspection and examination of the 5 ~
final chi-squared(x?) value, resulting from the E?g =
deviations between simulated and experimental 2 '?S %l
data. Previous assignments of bands were then ~ ~ =TT~ 8T £ 3
. . . s [ o ) - e
used to identify the comparable bands in the T 2 I%IS 72 =8, L 6
o [ N
spectra presented here. ~ g2 '5 53 §Z‘B‘ £9 g ‘5’ 8
& = = 59 r-fl)’ - 8 © © n o
~ (&) ] (&) o O ®
3. Results S S5 =28eez § o O
€38 2ryde 2 g
B o S 8008 N

3.1. Introduction

The absolute Raman spectra of calf thymus () uetai—free Bleomycin— DA

DNA, BIm—DNA and Q —Cqll)BIm—DNA are 500 650 260
shown in Fig. 3. A Raman spectral comparison < 5
between DNA(Figs. 4—6a, BIm—DNA (Figs. 4 eee =
—6b) and Q —C¢ll)BIm—DNA (Figs. 4—6¢ was -3y 1%
performed in the regions 575-880, 1400-1525 — = % S T3 5<sg TEV
and 1165-1280 cm* . It was only in the mid- § 5 °=80 75 828, 71 E
frequency region, 1400-1525 crh , of the O — so8BET AT O 2 BER 3 E 5
Co(l1)BIm—DNA spectrum that a band from the §E528Pn 52 SN fhG
drug of significant intensity was observed at 33838 moy, 52 3 Py
~1486 cnT* . This mode was also found in the NRR 3, o8 v 3R [

spectra of HQ —Cdll )BlIm and HO-C¢lll )Blm
at this frequencydata not showh A similar band
is present in spectra of related CO<FgBIm and
Fe(lll)BIm complexes and does not shift upon 600 650 700
binding to DNA [51]. © cormycin— D

The Raman spectrum of the drug was digitally 02-Co(iBlecmye! 8
subtracted from the drug—DNA spectrum, using Fig. 4. Absolute Raman spectra of D and BIm—DNA
the well-resolved drug band at 1540 cin  as the (b?’ and difference Ramanpspectrum O“f%) {C1BIm—DNA
internal referencéFig. 30). There is an excellent  (c) as well as the deconvolution results for the spectral region
coincidence of the absolutéFigs. 4—6a,b and 570-720 cm* .
difference(Figs. 4—6¢ spectra with their curve fit
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counterparts. Although most of the bands are 707 cnt!, an A-DNA marker band, also appears
readily observed in the absolute and Raman dif- more intense in comparison with the corresponding
ference spectrum, they are more clearly visualized band in DNA and BIm—DNA complex. Another
using the curve fitting analysis. The quantitative A-DNA marker band was detected at 716 t in
results are listed in Table 130,31,37,58 The the spectrum of @ —Qd)BIm—DNA
fitting parameters for the bands relevant to the [29,33,40,50
present discussion are listed in Table 2.

The SpeCtra in Flg 4a—6a for DNA alone were 3.3. Low frequency Raman spec[ral region’ 720—
deconvoluted using only the modes of known 880 cm—!
frequencies and bandwidths obtained from previ-
ous studies. The curve fitting protocol generated
the final deconvolutions without the need to vary
either the band position or width. Upon addition
of Blm or O,—CdIl)BIm to DNA, deconvolutions
required changes in band frequency and bandwidth
as well as the inclusion of other modes.

DNA backbone marker bands are associated not
only with the nucleotide bases but also with the
deoxyribose-phosphate backbone of the DNA pol-
ymer and are, therefore, sensitive to conformation-
al changes in secondary structurgFig. 5)
[40,41,43,48 The backbone marker region of B-
DNA, 800-880 cm! , has been analyzed exten-
sively in previous studies of model compounds
and other natural DNAs and is known to contain
7 bands which were found in the present analysis
[29,31,40,44-5D Fig. 5a—c displays the spectral

Fig. 4a—c shows the absolute Raman spectra of €gion, 720—880 cm™ , for DNA, BIm—DNA, and
DNA and BIm—-DNA along with the difference O,—Cdlll)BIm—DNA. In comparison with the
spectrum for @ —C@1)BIM—DNA for the region spectrum of DNA, it can be seen that the bands in
570—720 cmit . An important feature consistent the spectra of BIm—DNA and O —Qi)BIm-
with the presence of Z-DNA structure within,0 — DNA become progressively more resolved as a
Co(l)BIM-DNA was observed at 623 cra . result of bandwidth narrowing.

Based on previous Raman studies of Z-DNA, this A mode that occurs only in the Raman spectrum
mode was assigned to a furanose ring in the Of the O, —Cdll)BIm—DNA adduct is partially
C3endo—syn conformation typical of Z-DNA resolved in the absolute spectrum at 811 ¢ém
[38,40,41. (Fig. 50. This band has been assigned as a DNA

There are four bands centered at 572, 584, 606 backbone marker mode for Z-DNAC3endo—
and 716 cm* , which appear only upon the binding syn) [40,41,43,49. Another indication of the Z—
of O,—Cdll)BIm to DNA (Fig. 4c¢). All have DNA structure in this adduct is the large increase
been assigned to G&do—anti deoxyribose in another Z-DNA backbone marker band at 852
modes, a furanose conformation associated withcm~* compared to the other structures
A-DNA structure [49,50. Additional evidence of  [40,41,46,54.

a B— A local transition consists of the appearance  Upon binding of Blm to DNA (Fig. 5b), the
of a shoulder at 659 cnt  coupled with an increase backbone vibration at 802 cm (assigned to AT,
in the intensity of a band at 635 crh |, that are GC base pairs, Cé:ido) narrowed by 9 cm?® in
also assigned to C&ido—anti furanose vibrations.  comparison with  DNA and became markedly
Previously, Thomas and co-workers demonstrated Raman hypochromi€//Ioy. =0.44), presumably,
that in the B~ A DNA transition, the 667 cm? due to intercalation of the bithiazole moiety
band downshifts and splits into two bands, repre- between the DNA base paird=ig. 53 [30,31.
senting CZ%ndo furanose conformations of A- The binding of @ —C@I)BIm resulted in further
DNA, one appearing at 660 cnm* and the other narrowing by 2 cm? and increased intensiiy

in the region of ~640 cm* [50]. The band at Ioya=0.71 and area27%) relative to the BlIm—

3.2. Raman spectral evidence for B—Z and B—
A transitions in the O,—Co(II)Bleomycin—DNA
complex: low frequency Raman spectral region,
570-720 cm™~!
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Table 1
Changes in the Raman spectral parameters of metal-free blegtfyinand Q —Cdll )bleomyciryDNA relative to DNA (data
collected at 30°C)

DNA?2 Blm2 AvP Abw® I/ Ipna® CoBIm Av Abw  I/Iona Assignmertt
- - - - - 5779 - - - d, CBndo—anti
578/12 581/7 +3 -5 0.69 57913 NC' NC 1.00 G, C Pyr ring
- - - - - 5849 - - — d, C®ndo—anti
593/7 594/8 NC NC 1.00 5927 NC NC 1.41 AT ring
599/11 6008 NC -4  1.00 5086 NC -5  1.00 C ring def.
- - - - - 6066 — - — d, C®ndo—anti
613/5 616/6 +3 NC 2.85 6137 NC NC 5.44 AT,CZndo
622/8 - - - - 6239 NC NC 5.16 d, CZndo—syn
636/5 632/5 —4 NC 1.50 6356 NC NC 5.05 d, C&ndo—anti
644/10 642/9 NC NC 1.00 64310 NC NC 2.49 A, C C2ndo
655/5 6496 -6 NC  1.00 6598 +4 +3  4.10 d, Cando
667/10 665/14 NC +4 0.80 66912 NC NC 0.92 T, G, A C2ndo
674/6 673/8 NC NC 1.45 6789 +4 +3 1.62 d, C&xo—syn
682/12 682/13 NC NC 0.69 68%14 +3 NC 0.85 G, Imd, C2ndo
694/5 698/11 +4 +6 1.84 69814 +4 +9 2.15 d, CBndo—anti
704/7 710/4 +6 -3 183 7074 +4 -3 596 d. Condo—anti
— - - — - 7167 - - - d, C%ndo—anti
729/12 728/11 NC NC 0.89 73013 NC NC 1.14 T ring,C2ndo
_ 740/8 - - _ 7427 NC NC  1.00 d, C3endo
750/16 75017 NC NC  0.72 7498 NC -8  (0.3D°0.74 A ring,C2endo
764/11 763/17 NC +6 0.81 77011  +6 NC 1.00 d, C%ndo
781/14 78213 NC NC  0.80 78312 NC NC  0.87 C, T
791/18 79216 NC NC 079 79316 NC NC  0.79 W(PO);
805/20 802/11 -3 -9 (0.2490.44 804/9 NC —11 (0.3390.71 C3endo GC, AT
- - - - 8116 — - - Bk, Z-DNA
816/23 813/13 -3 —-10 (0.60 0.00 8189 NC —14 (0.55 1.38 AT Bk

826/20 826/17 NC -3 (0.90 1.00 82§12 NC -8 (09D 1.51 Bk, C2endo, GC
840/19 83915 NC -4 (0.50 0.64 838 NC -11 (0.27) 0.62 Bk, C2endo, AT

- 854/5 - - - 8527 NC NC 3.12 Bk, C3endo—syn
860/5 864/8 +4 +3 0.82 8639 +3 +4 3.32 Bk, GC
870/4 869/5 NC NC 0.81 8726 NC NC 2.94 Bk, C-DNA
881/7 878/4 -3 -3 1.00 881Y6 NC NC 3.07 G, Imd, sugar
- 1405/3 - - - 14075 NC NC 4.19 G, (Z-DNA)
1411/10 - - - - 14109 NC NC 1.39 C, (G, A-DNA)
1414/9 1416/9 +2 NC 0.59 14137 NC NC 4.84 T,(C,T)
1422/11  142Y11 NC NC  0.70 14239 NC NC  1.47 G(C4Ng—3CgH)
1422/11 1427/11 NC NC 0.87 14229 NC NC 1.18 A(C,Ng—8CgH)
1431/6 1436/5 +5 NC 1.48 14325 NC NC 3.07 d, C2ndo
1441/5 14448  +3 +3 064 14425 NC NC 114 CH?2 def
1453/9 1455/12 NC +3 1.00 14488 -7 NC 3.03 D
1462/6 14635 NC NC 087 146111 NC +6 177 CBH2 def
- - - - - 14685 - - - (G, H-bonded NY
1482/13 148012 NC NC  0.76 14807 NC -6  (0.69 1.26  A(3C,H—NeCy+dCgH)
1485/11 148513 NC NC 0.62 14878 +2 -3 (1.69 2.31 T, G(A,Z-DNA)
1491/12 148913 NC NC 1.00 149310 +2 -2 0.65 G(B-DNA)
1507/6 1510/3 +3 -3 0.74 15076 NC NC 1.22 A ring
1515/10 151810 +3 NC  0.65 151310 NC NC 213 A ring

aBand center, cm*/full width of band at half maximum heigttFWHM).

b Change in frequency relative to DNA.

¢ Change in bandwidth, FWHM, relative to DNA.

9 Intensity of band compared with intensity of band in DNA.

¢ Refer to Refs[24,25,28,29,31,32,34,36—-38,41—-43,4%,&# assignments. Abbreviations: Bk, backbone; d, deoxyribose; def;
deformation;d, bending mode; Imd, imidazole.

fValues in parentheses are comparisons of peak atgas,\, for a particular band.

9 Comparison with BIm—DNA complex.

"NC is an abbreviation for ‘no change’.

' The frequencies are degenerate in CoBIm.

I'The frequencies are degenerate for C,T in Blm and CoBIm.
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Table 2
Changes in the Raman spectral parameters of metal-free blegtytinand Q —Cdll)bleomyciryDNA relative to DNA (data
collected at 30°C)

DNA?2 Blm? AvP Abw®  I/IpgaY CoBIm Av Abw  I/Ipna Assignmertt
- - - - - 5729 - - - d, C3ndo—anti
- - - - - 5849 - - - d, CBndo—anti
- - - - - 6066 — - - d, C3ndo—anti
622/8 - - - - 6239 NC" NC 5.16 d, C3ndo—syn
636/5 632/5 —4 NC 1.50 6336 NC NC 5.05 d, CZndo—anti
655/5 6496 -6 NC  1.00 6598 +4 +3  4.10 d, C2ndo
704/7 710/4 +6 -3 1.83 7074 +4 -3 5.96 d, C&ndo—anti
- - - - - 7167 - - - d, C%ndo—anti
805/20 802/11 -3 -9 (0.297 0.44 804/9 NC —-11 (0.3370.71 C3endo GC, AT
- - - - - 81Y6 - - - Bk, Z-DNA
816/23 813/13 -3 -10 (0.60 1.00 819 NC —14 (0.55) 1.38 AT Bk

826/20 826/17 NC -3 (0.90 1.00 82§12 NC -8 (0.9D 1.51 Bk, C2endo,GC
840/19 83915 NC -4 (0.50 0.64 838 NC —-11 (0.27) 0.62 Bk, C2endo, AT

- 854/5 - - - 8527 NC NC 3.12 Bk, C3endo—syn
860/5 864/8 +4 +3 0.82 8639 +3 +4 3.32 Bk, GC
870/4 8695 NC NC 081 8726 NC NC  2.94 BK, C-DNA
- 14053 - - - 14075 NC NC 4.19 G, (Z-DNA)
1411/10 - - — - 14109 NC NC 1.39 C,(G, A-DNA)
1414/9 1416/9 +2 NC 0.59 14137 NC NC 4.84 T(C,T)
1422/11  142Y11 NC NC  0.70 14239 NC NC 147 G(C4Ng—5C4H)
1422/11 142211 NC NC  0.87 14239 NC NC 118 A(C;Ng—3C4H)
1431/6 143¢/5 +5 NC 148 14375 NC NC  3.07 d, C3endo
- - - - - 14685 - - - (G, H-bonded NY
1482/13 148012 NC NC 076 14807 NC -6  (0.69 126  A(CoH—NyCytdCeH)
1485/11 148513 NC NC 0.62 14878 +2 -3 (01.68 2.31 T, G(A,Z-DNA)
1491/12 148913 NC NC  1.00 149310 +2 -2  0.65 G(B-DNA)
1507/6 1510/6 +3 NC 0.74 15076 NC NC 1.22 A ring
1515/10 151810 +3 NC 0.65 151310 NC NC 2.13 A ring

aBand center, cm?/full width of band at half maximum heigttFWHM).

b Change in frequency relative to DNA.

¢ Change in bandwidth, FWHM, relative to DNA.

dntensity of band compared with intensity of band in DNA.

¢ Refer to Refs[24,25,28,29,31,32,34,36,41—43,44,52r assignments. Abbreviations include Bk, backbone; d, deoxyritigse;
bending mode.

fValues in parentheses are comparisons of peak atgas,y, for a particular band.

9 Comparison with BIm—DNA complex.

"'NC is an abbreviation for ‘no change'.

 The frequencies are degenerate in CoBIm.

I The frequencies are degenerate for C,T in BIm and CoBIm.

DNA complex (Fig. 50. These differences are also narrowed in relation to BIm—DNA and DNA,
consistent with more restricted conformational indicative of more restricted conformational
motion of the @ —C@lI)BIm—DNA complex than motion of the DNA polymer when bound to,O —
of BIm—DNA and an increase in the population Co(ll)BIm. These results are consistent with the
of deoxyribose in the Cando furanose confor-  appearance of significant amounts of the A- and
mation [44]. Z-DNA conformation in Q —C0I)BIm—DNA

The other DNA backbone marker bands of O — because these forms are much more rigid than B-
Co(I)BIm—DNA at 817, 828 and 838 cnt were DNA [55].
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3.4. Mid-frequency spectral region, 1400-1535 The 1475-1500 cm' region of B-DNA
em™! includes three bands centered at 1482esidues,
1485 cnmt® (T residueg and 1490 cm?! (G

Fig. 6a shows that there are five bands in the residue$, according to previous UVRR studies of
Raman spectral region, 1400—1435¢in , of calf the model compounds, PokdA—dT)—Poly (dA
thymus DNA. Four of these bands have been —d7), Poly (dG-dO—Poly (dG—dO and calf
observed in UV resonance RamédVRR) stud- thymus DNA[30,37. There are also three identi-
ies while the fifth band centered at 1431 cin  [1able bands in this region in the difference spec-
has been assigned previously to a deoxyribosetrum Offtt%_bcd(ljl)BtlnIZ%NATﬁ(Table.2' (;”,:e G
mode in the C2ndo furanose conformation typical curve Ideb gn mall q ¢ q ass_lgtnesqwo !
of A-DNA [40,49,53,55 The corresponding spec- narrowed by < ¢ , decreased In intenst
tral region of BIm-DNA (Fig. 5b shows an Iona=0.65, Table 2 and was slightly upshifted

. . by 2 cm? compared to DNA. Another band
upsﬁllﬁ of the ba?md which was centered at 1411 centered at 1487 cmt , which is assigned to T
cm * in DNA (Fig. 69 to produce a single band residues, also upshifted slightl{2 cm™1), nar-
centered at 1416 cnt . The curve fitting program ’ P 9 '

o rowed by 3 cmi! and its intensity increased more
indicated only one band at 1416 c . Atempts . 'y ofold with respect to DNA. Previous studies

to include two bands close in frequency here have shown that the 1490 crth band in B-DNA
resulted in one band with little or no intensity undergoes a 5 cmt  downshift in the transition to
directly beneath the other. Ther_efore, the ban_d Z-DNA and a 10 cmi® downshift in the transition
cente_red_ at 1416 cmt  was conS|d§red to contain ;5 A_pDNA [37,40—42. Therefore, the 1487 cni
contributions from both C and T residues. band in the spectrum of the,O —@bBIm—DNA

In the spectrum of © —Qa)BIm—-DNA (Fig. complex may contain a contribution from G in the
6¢), the five bands and their derived parameters 7. and A-DNA conformation along with a contri-
identified in DNA (Fig. 63 were used as first  pytion from T residueq1485 cnt?) in the B-
approximations in the curve fitting analysis for the  pNA form. Therefore, the remaining intensity at
Raman spectral region 1400-1435 ©m . The 1493 cnt! is thought to reflect the intrinsic
results indicated that there are two degenerate frequency of G residues in the @ado, B-DNA
bands at 1423 cm' (A, G) as well as a band  conformation. The same reasoning may be applied
centered at 1415 cnt , which upon binding of to the upshift of the 1485 cmt in DNA to 1487
Blm (Fig. 6b) was seen to contain components cm~* with this frequency being closer to that of
arising from both C and T residues. Previous A- and Z-DNA.
UVRR studies have revealed that a mode at 1406 Some of the intensity loss for the band centered
cm™*, assigned to G residues, originates from the at 1493 cm* in @ —Cdl)BIm—DNA can also
G base mode at 1420 cth  upon conversion of be explained by the appearance of a weak band at
Poly(dG—dO—Poly(dG—dQ to the Z-DNA form 1468 cm* (Fig. 60). Based on prior studies, this
[37]. In the Q —Cdll)BIm—DNA adduct (Fig. new mode originates from the 1493 cim  band
6¢), this band, centered at 1407 cm , was and indicates a hydrogen-bond interaction of a
increased markedlyfourfold) in intensity relative bulky ligand, presumably the drug, with N(G)
to BIm—DNA (Table 2, Fig. 6b. Additionally, [38,39.
there was a mode at 1410 ch that contained Decreases in bandwidths observed for, O —
major contributions from G residues in the A- Co(lll)BIm—DNA in this region can be attributed,
DNA conformation and which also originated from at least in part, to the presence of both A-DNA
the band centered at 1423 c [40,41,43,58 and Z-DNA conformations that are much more
Other indications of A-DNA structure, such as a rigid than that of B-DNA[40,41]. Another possible
marked increase in the intensity of the deoxyribose reason for conformational restriction may be due
mode centered at 1432 crh (C3endo, A-DNA), to the association of the drug with the minor
give further support for this assignment. groove of the DNA polymef21].
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3.5. Evidence for the presence of B/Z and B/A
junctions in the O,—Co(Il)Bleomycin / DNA com-
plex: low frequency Raman spectral region, 575—
880 cm™!

The B-DNA backbone marker modes at 817
cm~* (AT Bk), 828 cn1* (C2endo, GC) and 838
cm~* (CZ2endo, AT) are partially resolved in the
0O,—Cdll)BIm—DNA spectrum and further visu-
alized using curve fittingFig. 5¢). The fact that
a significant amount of band intensity exists for
DNA backbone marker bands in the ‘@2io sugar
pucker indicates that much of the polymer is still
in the B-DNA conformation. This implies the
presence of BZ, B/C and B/A junctions. An
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DNA, was examined using conventional Raman
spectroscopy. Upon coordination of @ib), HO,
—Calll), and znll), the metal domain of Blm
(Fig. 1) assumes different conformations according
to NMR spectroscopy[18,58,59. As a result,
HO,—Cdlll)BIm and ZnBIm bind in the minor
groove of small oligomers with different confor-
mations [21,6J. With the former, the bithiazole
moiety intercalates into the base pair structure,
whereas in ZnBIm it is a minor groove binder.
The metal domain interaction with the minor
groove may also affect the mode of binding of the
bithiazole moiety as a considerable conformational
reorganization of the metal domain and peptide
linker occurs upon C@ll) coordination[17]. In

alternative hypothesis is that separate molecules ofthis context, a study was undertaken to compare

A, B- and Z-DNA exist in the presence of drug.
However, calf thymus DNA contains a heteroge-

perturbations of DNA structure induced by metal-
free Blm, which does not have an organized metal

neous array of base pairs and base pair sequencegomain, and @ —Q@l)BIm, which is closely relat-

and is a relatively stable polymer with B, of
~76 °C 33. These facts weigh heavily against the
hypothesis that binding of O —Clb)BIm converts
calf thymus B-DNA into uniform alternate
conformations.

4. Discussion

The current investigation was conducted at

ed to HGQ —Cdalll )BIm.

A- and B-DNA are conformational polymorphs
and their formation depends on both DNA
sequence and the structural water associated with
the DNA polymer[48,54,5%3. The energy barrier
between C2ndo—anti (B-DNA) and C3endo—
anti (A-DNA) is very small, particularly under
conditions of dehydration, which can be achieved
by using higher salt concentrations, alcohol, or

30 °C, a temperature which has been documentedsome other perturbation of structural water such

as a midpoint for a ‘pre-melt’ DNA conformational
transition [36,56,57. Phased(dA)s tracts in per-
sistence length(>45 bp oligomers as well as
Poly dA—Poly dT have been shown to exist as
two distinct structures. The first is found at a low
temperature( <20 °C) where AT base pairs are
propeller-twisted so that they can form a third
hydrogen-bond and maximal stacking interactions.
At higher temperature$>40 °C), this structure
‘melts’ into canonical B-DNA in a transition
between two discrete states within the double helix
[56,57. DNA intercalative binding of metal-free
BIm was favored at 30°C in comparison with its
behavior at 19°C as indicated by increased Raman
hypochromism of most of the vibrational modes
of the drug—DNA adduct relative to DNA alone
[30].

In the present investigation, binding of,O —
Co(I)BIm to a native DNA polymer, calf thymus

as drug protein binding in the minor groove
[27,29,31,40,5p B—>Z-DNA transitions are
known to be cooperative, to proceed without strand
separation, to be sequence selective, and to occur
under conditions of high salt aidr low water
activity associated with the DNA polymé5].

The findings of this report are consistent with
the appearance of conformational changes in the
secondary DNA structure that result from, O —
Co(I)BIm—DNA binding to DNA. Alternative
deoxyribose furanose conformations which are
characteristic of A-DNA(C3endo—anti) and Z-
DNA (C3endo—syn) structures have been detected
[40-43,45,49,50,41 Evidence for B~A and
B —Z transitions included changes in frequency
and intensity of Raman bands, as well as the
appearance of new vibrational bands in the spec-
trum of O,—Cdll)BIm—DNA not seen in the
spectrum of native DNA structure.
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Table 3
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A list of DNA sequences that readily form A and Z-DNA conformatidb$]

Polynucleotide

Form Relative humidity(%)

Poly dG—-Poly dC
Poly (dA—dT)—Poly (dA-dT)
Poly dA—Poly dT
Poly (dA—dC)—Poly (dG-dD

Poly (dG-dO-Poly (dG-dO

Poly (dA—dG—-dT)—Poly (dA-dC—-dT)

A 75
Adopts A form only as a metastable state
Resists any structure except B-DNA

A 66
z 66
A up to 92
Z 43
A up to 98

Previously it was shown that binding of Blm to
DNA produced increases primarily in the popula-
tions of C3endo—anti furanose conformations,
attributable to the interaction between the bithia-
zole moiety and DNA[31]. The relative increase
in populations of A- and Z-DNA markers bands
seen with @ —C@l1)BIm—DNA in comparison
with BIm—DNA is consistent with the hypothesis
that the metal domain-peptide linker also interacts
closely with the DNA bases in the minor groove
as previously determined by NMR studigz0,21.

high salt concentrationg63]. A third group
showed that the presence of FeBIm increased the
amount of salt necessary to produce Z-DNA in
Poly (dG—dQ—Poly (dG-dQ and, thus, conclud-
ed that FeBIm binds preferentially to B-DN&4].
On the basis of these studies, the nature of the
binding and activity of FeBlm with Z-DNA
remains ambiguous.

The presence of a band at 1468 tim in the
Raman spectrum of the ;O —Qb)BIm—DNA
complex signifies an H-bonding interaction of the

Whether the drug primarily affects base sequence drug with N7 of G residues. This band originates

conformation at the site of binding or whether its
effects extend significantly beyond this site cannot
be assessed by this method.

Above is a short lis{Table 3 of DNA sequenc-
es which can readily form A- and Z-DNA confor-
mations with N& as a counterion under the
designated conditions of relative humidif®6].
What is evident is that alternating’-purine/
pyrimidine-3 sequences are most likely to form
A- and Z-DNA configurations. Most of them
contain 3-GC/T-3 sites, which are preferentially
cleaved by H@ —F@ll )BIm or serve as preferen-
tial binding sites of Féll)BIm, Co(lll)BIm and
HO,—-Cdll)BIm [8—14. This supports the theory
that the observed DNA conformational changes
are ‘local' because they result directly from the
drug binding at its preferred DNA site.

The results of previous studies of the interaction
of Fe(ll)BIm complexes with Z-DNA andor BZ
junctions vary. Guo et al. found elevated cleavage
at Z-DNA-forming DNA sites even at high salt
conditions, suggesting that FeBIm binds preferen-
tially to Z-DNA [62]. Others detected no enhance-
ment of FeBIm DNA cleavage at a BZ junction in

from the band at~1490 cnt? [38,39. Guanine
N7 is the most exposed base group in Z-DNA
[55]. It has been well documented that the binding
of bulky ligands at the N7 of purines strongly
stabilizes thesyn deoxyribose conformatiorfZ-
DNA =C3endo—syn) [39]. Therefore, the binding
of O,—Cdll)BIm may stabilize the Z-DNA con-
formation at certain sequence-specific regions of
DNA via this H-bond interaction.

N7 is also readily accessible to solvent in the
major groove of B- and A-DNA. A new NMR
structure of HQ —C@ll)BIm A, bound to B-form
d(GGAAGCTTCO), at the GC base sequence is
consistent with hydrogen bond formation between
the NH of the amide connecting bleomycinic acid
to the R group and guanine N7 opposite C of the
recognition site(Fig. 1) (C. Zhao, Q. Mao, C.
Xia, H. Forsterling, E. DeRose, D.H. Petering,
submitted for publication The present finding
bolsters this assignment. It also provides additional
Raman evidence for intercalation, since the H-
bond formation at N7 infers that a part of the
bleomycin structure resides in the major groove.
This conclusion is consistent with the insertion of
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the R group from the minor groove between base
pairs and into the major groove.

In A-DNA the functional group which is most
exposed in the minor groove is the 2-amino group
of guanine [55]. According to previous reports,
the 2-amino group of G of small oligomers con-
taining GC or GT sequences forms an H-bond
with the N3 of the pyrimidine ring of Gdll )BIm
and HQ —Cadlll )BIm in drug—DNA adductg21].
Although the dioxygenated species, , O —
Co(ll)BIm is not the final HQ —C@ll)BIm spe-
cies analogous to activated HO «Re)BIm, it
contains the major resonance form of; O -
Co(lll)BIm, which has a charge distribution simi-
lar to HO, —Cdlll)Blm [15]. Thus, the B-A
transition effected by its interaction with DNA in
the minor groove may increase exposure of a key
recognition site, the 2-amino group of G.

The prominent population of A-DNA regions
observed in this work is consistent with previous
experiments which showed that,O —@0BIm,
NO-F€l1)BIm and F€lll )BIm establish similarly
oriented conformations with respect to A- and B-
form salmon sperm DNA15,29. The appearance
of A-DNA may also rationalize the properties of
RNA cleavage by FeBIm since RNA also adopts
the A-form conformation. As with its interaction
with DNA, HO,—F€dlll)BIm reacts with RNA
species such as transfer RNA at G-pyrimidine sites
but with more apparent selectivity in surrounding
sequence environment than observed with B form
DNA [65,64. Furthermore, comparison of the
reactivity of FeBIm with RNA and DNA molecules
with the same sequence, except for U to T substi-
tutions, supports the conclusion that the drug binds
more tightly to RNA than DNA[67]. Cleavage
occurs in double stranded regions but also within
stretches of single stranded RNA and at junctions
between single and double stranded polyni68s.
Although, mechanistic understanding of these
results is still at a preliminary stage, they show
that the drug targets the A-DNA conformation.

The DNA backbone marker bands in the region
800-855 cm® also revealed that much of the
DNA is in the B-DNA form. The sequence heter-
ogeneity of calf thymus DNA precludes the pres-
ence of strands of pure A- or Z-DNA
conformations. The fact that there are also varying
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degrees of A- and Z-DNA structures within the
DNA polymer implies the presence of BZ and BA
junctions. Strong evidence for junctions between
different DNA conformations also derives from
the presence of mixed sugar pucker conformations
and changes in base stackiffsp]. Such junctions
cause distortiongincluding unpaired nucleotidgs
and bending of DNA. For example, the /B
junction can be formed minimally from one to
three GC pairs within a core of twelve or more
alternating puringpyrimidine (either GC or GJ)
base pairs usually stabilized by flanking A-tracts
[33,34,38-47,51-58,69,J0A stiff bend of the
helix axis occurs at the junction. Thus, the
observed base unstacking seen with, O —
Co(I)BIm—DNA may be caused, in part, by this
conformational deformation.

Non-canonical structures may be important pro-
tein and drug recognition site¥1,74. Williams
and Goldberg have detected selective strand scis-
sion by FeBIm near DNA bulges which are caused
by an unpaired, extra nucleotide on one strand of
the double helix[72]. The selectivity of this
reaction was considered to be a consequence of
stabilized intercalation of the drug at the bulge.
Therefore, by analogy, DNA bulges may facilitate
intercalation of the bithiazole moiety of ;O —
Co(l1)BIm.

The increases in intensity seen for many of the
vibrational modes of © —Qdl )BIm—DNA rela-
tive to DNA or BIm—DNA at first suggested the
loss of intercalation of the bithiazole moiety, result-
ing in a decrease in base and drug stacking
interactions. However, the interpretation of Raman
intensity changes is more complex. Base stacking
is an additive effect that is stabilized by weak
interactions such as hydrophobic and London dis-
persion forces. Dipolesy-electron systems, and
dipole-induced dipole moments are all important
in this interaction. The most important of these
involves dipole-induced dipole interactions where-
by the permanent dipole, associated wite@ or
C—NH, groups are superimposed over the
electron system of the adjacent ba&®s]. Thus,
as judged by Raman spectroscopy, unstacking of
base pairs occurs when the base ring structures
and their associated electron density are not ori-
ented to optimize the interaction between transition
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dipoles, i.e. the polarization of electrons in a

neighboring base by the electrons or permanent

dipole in the adjacent bag@9,73. Accordingly,

hyperchromism might

indicate conformational

[10]

changes during intercalation which alter the opti- [11]
mal interaction of transition dipoles. Alternatively,

it might reflect direct unstacking of bases as occurs

at DNA conformer junctions. In this context, the
evident formation of B>A and B— Z junctions

surely contributes to the observed Raman hyper-

chromism of multiple bands in the,O —Qb)BIm—
DNA spectrum.
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