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ABSTRACT

Bleomycin (BIm) is a natural antibiotic with an-
titumour activity, used as a combination drug in
treatment of various types of cancers. BIm in-
tercalates with DNA and will in the presence of a
redox metal ion and molecular oxygen form an
activated bleomycin complex capable of re-
leasing free radicals and subsequently leading
to DNA cleavage. The present theoretical work
was carried out to better understand the inter-
action between DNA and BIm using different
metal co-factors (Co and Fe). Binding energies
and structural properties were analysed for both
the complexes. The results show that BIm binds
stronger to DNA when complexed with Fe, and
provides a better structural orientation com-
pared to the CoBIm complex in order to abstract
the H4' hydrogen of deoxyribose that initiates
the DNA strand cleavage process. The short
distance between the iron-bound peroxide and
the deoxyribose H4' furthermore supports the
previously proposed direct abstraction mecha-
nism.

Keywords: DNA; Bleomycin; Molecular dynamics;
Binding energy; Strand break

1. INTRODUCTION

Drugs interacting with DNA has been a subject of in-
terest for many years due to their therapeutic value as
anti-cancer agents [1]. Drugs targeting DNA are largely
classified into two types: minor groove binding and in-
tercalating, respectively. Minor groove binders, for ex-
ample netropsin, do not generate any large structural
deformations of DNA [2], whereas, intercalators show
their therapeutic activity by lengthening and unwinding
of DNA, such as for example daunomycin [3,4]. Bleo-
mycin (BIm, Figure 1) both intercalates and binds to the
minor groove [3], and thus displays a combination of the
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above features.

BIm is a natural product that belongs to the family of
glycopeptide antibiotics obtained from Streptomyces
verticillus [5]. It is used in combination with other che-
motherapeutic drugs to treat various types of cancers
such as Hodgkin’s lymphoma and cancers of skin, head
and neck [6,7]. The structure of BIm mainly consists of
four domains (Figure 1): the metal binding domain re-
sides in the minor groove and is responsible for oxygen
activation and subsequent hydrogen abstraction from
DNA. The bithiazole tail shows partial intercalation, and
the C-terminal sulphonium subunit interacts with the
major groove. Both these subunits contribute to DNA
binding [8]. The linker region plays an important role in
DNA cleavage [9], whereas the carbohydrate domain sits
above the metal binding domain in the minor groove [8].
Most of the natural BIm’s like phleomycin, pleomycin,
Blm A, and BIm B, differ mainly in the bithiazole tail
moiety [10].

The cytotoxicity of Blm is related to its ability to
cleave single and double stranded DNA, the latter be-
ing difficult for the cell to repair [11]. In vivo, Blm in the
presence of its co-factors Fe and oxygen forms an acti-
vated bleomycin complex [12]. The activated bleomycin
in turn abstracts a hydrogen atom from a backbone de-
oxyribose sugar of DNA, and thereby generating a sugar
centered radical. This radical reacts further by cleaving
the DNA strand or releasing free nucleobases [13-15]. In
particular pyrimidine nucleotides in the 5°’GC and 5’GT
sequences are preferred sites of attack [11].

Several structures of metalated BIm’s bound to DNA
are available with Co (l11) or Ga (1) or as complexing
metal [16-18]. To our knowledge no NMR structures are
available of BIm in complex with iron, due to the para-
magnetic nature of the ferrous ion Fe (111) present in the
activated Blm in vivo, which makes it difficult to detect
using NMR [19]. In addition, there are differences in
reactivity between FeBIlm and CoBIm that also contrib-
ute towards the difference in detectability. Studies have
shown that BIm exerts greater affinity to chelate with Fe
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Figure 1. Structure of bleomycin A,. Metal coordinating ligands are indicated with an asterisk (*).

than Co, and that FeBIm displays higher antitumor
(DNA cleaving) activity compared to CoBIm [20,21].
Despite this, the activated Co(l11)BIm-OOH complex is
often considered an analogous system to Fe(l11)BIm-
OOH, based on the structural correlation and similar
binding modes [19].

Previous theoretical studies of BIm have been carried
out using Density Functional Theory (DFT) to study
possible reaction mechanisms of activated bleomycin
(BIm-Fe(I11)OOH). Three reaction pathways for acti-
vated bleomycin to cleave single and double stranded
DNA has been proposed in absence of crystal/NMR
structures; a) heterolytic cleavage in which BIm-Fe(lll)
OOH undergoes heterolytic cleavage of the O-OH bond
and leads to formation of BIm-Fe(V)=0 and water; b)
homolytic cleavage of O-OH which leads to formation
of BIm-Fe(IV)=0O and an oxygen centered hydroxyl
radical that in turn abstracts the H4” hydrogen; c) direct
hydrogen atom abstraction from the adjacent dexoyri-
bose sugar leading to formation of BIm-Fe(IV)=0, water
and sugar centered radical [22]. According to the study
carried out by Decker et al, the first two pathways are
ruled out as they are endergonic and energetically un-
favorable. The third pathway, i.e., direct hydrogen ab-
straction is shown to be exergonic and overall more fa-
vorable over the other two [22]. In another theoretical
study the first pathway was shown to be more favorable
[23]. The difference between the results in the two stud-
ies was attributed to different methodology employed.
Further work has, however, provided support for the
third, direct, pathway [24]. Theoretical studies have also
been carried out to explore the nature of the sixth axial
ligand of the metal binding domain [25].
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The present study was carried out to explore the in-
teraction of BIm with DNA when complexed with Co
and Fe, using molecular mechanics/molecular dynamics
based methods. In particular, structural differences be-
tween the two activated complexes are studied, as well
as properties such as binding energies and electrostatic
surfaces, in order to provide insight on the drug—DNA
interactions and to try to provide a rationale behind the
higher reactivity of activated FeBlm and the potential
reaction pathway.

2. COMPUTATIONAL DETAILS

All modeling and molecular dynamics (MD) simula-
tions were performed using YASARA [26]. The struc-
ture of the dsDNA sequence d(GAGCTC), complexed
with Co(lll) BIm, PDB ID 1MTG [27], was retrieved
from the Protein Data Bank. Another NMR structure
with  PDB ID 1MXK; CoBIm complexed with
d(GGAAGCTTCC),, is also available. Based on initial
benchmarking to explore structure and stability of the
two metalated complexes, the smaller system was cho-
sen for the full study in order to enable faster calcula-
tions. All simulations were carried out using the AM-
BER 03 force field [28]. Two complexes were prepared
for MD simulations, CoBIm-DNA and FeBIm-DNA. For
the second complex, Co was substituted by Fe using the
same oxidation state (I11) as in the Co containing crystal
structure. Long-range interactions were treated with the
Particle Mesh Ewald algorithm [29] with a cut off value
of 7.86 A. Periodic boundary conditions were defined
using a water filled cell of dimensions 44 x 44 x 44 A
for the FeBIm system and 43 x 48 x 41 A for the CoBIm
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system. Each DNA-BIm system was solvated with
TIP3P [30] water molecules. Counter ions were ran-
domly placed in the box to neutralize the DNA and the
positively charged BIm. For the CoBIm-DNA system,
twelve Na', three CI~ and 2688 water molecules were
added making it a 8640 atom system. The FeBIm system
contained slightly more water molecules giving a total of
8893 atoms.

Each system was subjected to steepest descent mini-
mization—this is hereafter referred to as the initial
structure. After removing conformational stress through
equilibration simulations (referred to as the equilibrated
structure), production simulations were carried out with
a time step of 0.5 fs and with snapshots saved in the tra-
jectory every 3 ps. All simulations were carried out at
constant pressure and temperature (NPT) conditions at
298K, for a period of 25 ns. After the 25 ns MD simula-
tions, the structures were minimized again, giving the
final structures. Root mean square deviations (RMSD)
were computed between the different systems and struc-
tures, as discussed in the following.

The labelling of DNA bases are displayed in Supple-
mentary material, Figure S1; labels of atoms involved in
hydrogen bonded interactions are shown in Figure S2;
and atomic labelling of the nucleobases in Figure S3.

3. RESULTS AND DISCUSSION

MD simulations for 25 ns resulted in 8333 snapshots for
each system. The stabilities of the trajectories were ana-
lysed by measuring the RMSD of the DNA backbone, cf.
Figure 2. The sudden drift in the RMSD for CoBIm be-
tween 3 and 4 ns is due to motion of one of the terminal
basepairs, which returned to the normal position after 1
ns and remained there until the end of the simulation.
Both systems were considered equilibrated after 5 ns.
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3.1. Structural Changes in BIm and DNA

The RMSDs between the energy minimized initial and
final structures of the Blm molecules, DNA, and the
complete systems, are listed in Table 1. For both com-
plexes, the distances between the metal and the metal
binding ligands were measured; no differences were
observed indicating that the metal binding as such was
stable. In the two systems, the final structures after MD
simulation display slightly different orientations of the
terminal tail in that the sulphonium region points down-
wards in the CoBIm complex (Figure 3(a)) and upwards
in the FeBIm complex (Figure 3(b)). The tails further-
more displace further into the major groove when com-
pared to the initial positions of CoBIm obtained from
NMR spectroscopy. The intercalated region, the carbo-
hydrate domain and the linker region do, however, not
show any large structural differences, although in
CoBIm the carbohydrate domain moves back slightly
towards the terminal base pairs in the final structure
(Figure 3(a)). No major changes were observed in the
other parts of CoBIm. The heavy atom RMSDs between
the starting (NMR) structure and energy minimized ini-
tial structures were found to be only 0.5 A for both sys-
tems, and they also display very similar binding modes
(not shown).

The equilibrated structures (after 5 ns MD) were also
compared to the final structures (25 ns MD) to check for
any structural changes that may have occurred during the
production simulations. CoBIm displayed some variation
in the orientation of the BIm molecule. The carbohydrate
binding domain was initially positioned away from the
terminal base pairs, whereas for the equilibrated struc-
ture this tilts back towards the terminal base pairs, al-
though it does not show any direct interaction with DNA.
This position is then retained throughout the simulation
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Figure 2. RMSD of DNA backbone versus time during the MD simulation. CoBIm in

black and FeBIm in grey.
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Table 1. RMSD (heavy atoms) in A, between the energy mini-
mised initial structures and final structures after 25 ns MD, for
DNA, MeBIm and full system; *and BIm Binding Energy in
final system (kcal/mol).

MeBIm Full  Binding Energy
Complex RMSD (A) DNA System (kcal/mol)
CoBIm 28(24) 24(21) 2.9(2.3) 405.37
FeBIm  3.6(3.0) 20(1.9) 33(2.7) 720.55

Values in parentheses: RMSD between energy minimized equilibrated and
final structures.

(b)

Figure 3. Superposition of BIm (stick model) and DNA (ball
and stick) for the energy minimized initial (green) and final
structures of (a) CoBIm (red) and (b) FeBIm (purple). For ease
of viewing a simplified representation is used for the DNA
sugar-phosphate backbones.
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(Figure S4(a)). The terminal tail is oriented more along
the DNA helix in the equilibrated structure, but a more
extended, horizontal conformation in the final structure
(Figure S4(a)). The RMSD values of the heavy atoms
between the equilibrated and final structures of
DNA-CoBIm for the full system, DNA, and CoBIm are
23A, 24 Aand 2.1 A, respectively.

BIm does not display any major changes in the
DNA-FeBIm complex. RMSDs (heavy atoms) between
equilibrated and final structures for the full system, DNA,
and BIm are in this case 2.7 A, 3.0 A, and 1.9 A, respec-
tively. Although BIm does not undergo any major struc-
tural changes, a slight displacement from its initial posi-
tion is observed. The structural changes in DNA are as-
cribed to movements in the terminal base pairs (Figure
S4(b)).

3.2. Interactions between BIm and DNA

The final structures were analysed further with respect
to hydrogen bonds between BIm and DNA. In the NMR
structure, BIm forms hydrogen bonds through the
pyrimidine group of the metal binding domain with N3
and N2 of Guanine G3, and the amide group forms one
hydrogen bond with O2 of Cysteine C10 (Figure S2(a)).
In the linker domain, the methyl valerate —OH group
forms a hydrogen bond with the O1P phosphate back-
bone of Thymine T5, and the nitrogen atom in the termi-
nal sulphonium tail forms a hydrogen bond with O6 of
G9 (Figure 4(a), Figures S1 and S3). After MD simula-
tion, the amide group forms a hydrogen bond with O2 of
T11 and also with O3* of the deoxyribose sugar; the re-
maining H-bonds as outlined above remaining unaltered
(Figure 4(b), Figures S1 and S3). FeBIm displays the
same H-bonds as described for the CoBIm complex upon
MD simulation. In addition, the amide group was also
observed to form hydrogen bonds with O1P of the phos-
phate backbone of T11 and with O2 of C10 (Figure 4(c),
Figures S1 and S3).

Both complexes thus retain the hydrogen bonds be-
tween the metal binding domain and G3, and between
the linker region and T5, as observed in the NMR struc-
ture. The hydrogen bond between the terminal sulpho-
nium tail and the phosphate backbone of G9 observed in
the NMR structure was not retained in either of the two
complexes. This is due to the increased displacement of
the tail into the major groove which eventually leads to
the loss of the hydrogen bond. No explicit hydrogen
bonds were observed between the carbohydrate domain
and DNA,; however in both complexes close contacts
(van der Waals interactions) are seen with the terminal
base pairs C12 and G1 (Figure S1).

A closer look at the hydrogen bond distances for the
three systems show that these have reduced somewhat
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Figure 4. Minor groove view of DNA (grey, stick model) with
different BlIm complexes (ball and stick) highlighting hydrogen
bonds (black dotted lines); (a) NMR structure; (b) CoBIm after
MD simulation; (c) FeBlm after MD simulation. Oxygens are
show in red and nitrogens in dark blue.

upon MD simulation, compared to the NMR structure; in
particular between the linker domain and the backbone
of T5. For the NMR structure, CoBIm and FeBIm, this
H-bond is 2.81 A, 2.61 A and 2.56 A, respectively Fig-
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ure 4. This trend also holds for the distances between the
pyrimidine group of Blm, and N3 and N2 of G3. These
are for the NMR structure 2.96 A and 3.17 A (Figure
4(a)), for CoBIm 2.94 A and 3.04 A (Figure 4(b)) and
for FeBIm 2.94 A and 3.07 A (Figure 4(c)), respectively.
From the above values it appears that, albeit no major
differences are seen, a somewhat stronger interaction is
exerted between Blm and DNA after the MD simulations;
especially for the FeBIm system.

3.3. Binding Energies

Binding energies were computed for the final com-
plexes, using the automated binding energy routine in
YASARA,; cf. Table 1. This is obtained by calculating
the energy of the ligand (MeBIm) and receptor (DNA) at
infinite distance, i.e., when there is zero interaction be-
tween them and subtracting the obtained value from the
energy of their bound state (complex). The final com-
plexes were energy minimized before calculating binding
energies. Water was removed and the complexes were
placed in a simulation cell with rigid walls, as it is not
possible to move ligand and receptor to infinite distances
in a periodic boundary cell.

FeBIm shows a significantly higher binding energy
than CoBIm. This can be attributed to the increased
number of hydrogen bonds exerted by FeBIm, and that it
is tighter bound to DNA as manifested through the
shorter hydrogen bonds. The stronger interaction energy
between FeBlm and DNA, compared to CoBIm, also
provides a setting for its enhanced reactivity.

3.4. Hydrogen Abstraction

According to the direct mechanism (cf. Introduction),
BIm induced DNA strand cleavage starts with the ab-
straction of a hydrogen atom from C4’ of deoxyribose by
the metal-bound peroxide group of the activated BIm.
The distances between the distal peroxide oxygen and
C4’ and H4’ of cytosine C4, which is the pyrimidine
most accessible for BIm to abstract a hydrogen from,
were measured (Figure 5). The distances between C4’,
H4’ and the distal oxygen atom are 4.81 A and 4.21 A,
respectively, in the initial structure (Figure 5). In both
complexes, the distances were reduced after the MD
simulations, to the values 4.60 A and 4.13 A (CoBIm),
and 4.01 A and 3.28 A (FeBIm), respectively.

During the MD simulations the BIm molecule thus po-
sitions itself in closer proximity to C4’, making it much
more favorably disposed to abstract the hydrogen. From
the above values FeBIm (Figure 5(c)) is closer to C4’ by
0.5 A, compared to CoBIm (Figure 5(b)), which in turn
also explains the higher reactivity of the former. The short
distance (~3.3 A) furthermore supports the direct mecha-

Openly accessible at http://www.scirp.org/journal/JBPC/




V. R. Palwai et al. / Journal of Biophysical Chemistry 2 (2011) 170-182 175

/

Figure 5. Distance between C4’ and H4’ of C4 in DNA, and
the distal peroxide oxygen atom of BIm. (a) NMR Structure; (b)
CoBIm final structure; (c) FeBIm final structure.

nism proposed by Solomon and coworkers [22,24].

The distances between the distal peroxide oxygen
atom and C4’ and H4’ were furthermore monitored
during the MD simulations. In the CoBIm complex, the
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distances to the distal peroxide oxygen increase slightly
in the equilibration phase of the MD simulation,
whereafter a minor reduction is observed after which the
distance stays highly stable for the remainder of the
simulation (Figure 6(a)). On average the distances in
CoBIm stay close to the crystal structure values (Figures
5(a) and (b)), with an average O—H4’ distance in the
production run of 3.25 + 0.5 A. The FeBlm complex, on
the other hand, shows slightly larger fluctuations in the
O—H4’ and O—C4’ distances. In the beginning of
production phase of the MD simulation a maximum of 6
A (5 A) between C4’ (H4) and the distal oxygen atom is
noted. An increase in the distances, albeit smaller, is also
observed in the end of the production run. The maximum
distances shown by the FeBIm complex differ from the
CoBIm NMR structure data by 1 A (0.8 A) for C4’ (H4").
However, the initial large fluctuation is observed only for
a very short period at around 6 ns. The average O—H4’
value during the production run (excluding the final 2ns)
is 2.90 + 0.5 A; i.e. considerably shorter than for CoBIm.

3.5. Electrostatic Potential Maps

Electrostatic potential maps of DNA were generated
using Poisson-Boltzmann Solver (ESPPBS) for the initial
NMR structure and the final structures after MD. We first
of all note that the charge distribution around the inter-
calated bithiazole region in the NMR structure (Figure
S5(a)) is denser compared to the other two complexes.
At the end of the MD simulations, the distance between
the DNA strands have increased, resulting in reduced
charge distribution around the intercalated region. We
furthermore note that the charge distribution in the minor
groove around the metal binding domain is more nega-
tive (smaller blue patches) in the case of the FeBlm
complex (Figure S5(c)) compared to CoBIm (Figure
S5(b)), to the positive metal ion. This may also be one
contributing factor for the noted higher binding energy of
the FeBIm complex.

4. CONCLUSIONS

The NMR structure of CoBIm complexed to a DNA
hexamer duplex is used as a model system to study the
properties and structural characteristics of biologically
active FeBlm and how these differ from the less potent
CoBIm system. Based on 25 ns MD simulations of
DNA-FeBIm and DNA-CoBIm, the following conclu-
sions can be made. The RMSD values show that DNA
undergoes larger structural changes when complexed
with FeBlm compared to CoBIm. FeBIm furthermore
interacts much stronger with DNA, as seen in the in-
creased number of hydrogen bonds to DNA, the shorter
hydrogen bond distances, the higher binding energy, and
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Figure 6. Distance between distal peroxide oxygen atom and H4’ (black) and C4’ (grey) of C4
in DNA versus time during the MD simulation in (a) CoBIm complex and (b) FeBIm complex.

the favourable electrostatics. The metal-bound peroxide
moiety of activated BIm, responsible for the initiation of
DNA strand cleavage through abstraction of a pyrimidine
nucleotide deoxyribose hydrogen (H4’) is located more
than 0.5 A closer to H4' in FeBIm than what is the case for
CoBIm. All the above data provides evidence for the
stronger affinity of DNA towards FeBIm, and the higher
reactivity thereof. The close proximity between OOH and
H4' supports the direct mechanism as proposed by Solo-
mon and coworkers [22,24].
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SUPPLEMENTARY MATERIAL

Figure S1. NMR structure showing DNA (stick) and Blm in red (ball and stick).
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Figure S2. Hydrogen bonds (black dotted lines) between DNA and MeBIm (stick, magenta) of (a) NMR structure (b)
CoBIm after MD simulation (c) FeBIm after MD simulation. Only DNA residues involved in hydrogen bonds are shown.
Only DNA residue atoms involved in hydrogen bonds are labeled. Hydrogens are not shown, to help in easy representation.
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Figure S3. Structure of nucleotides (heavy atoms) along with the atom names used in the present study. Only DNA resi-
dues involved in hydrogen bonding with MeBIm are shown.SS.
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(b)
Figure S4. Superposed structures of equilibrated (green) and final structures of (a) CoBIm (purple) (b) FeBIm (blue).
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Figure S5. Electrostatic potential map of (a) NMR structure; (b) CoBIm final structure; (c) FeBIm final structure.
Charge distribution is represented in blue for positive charge and red for negative charge.
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