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Activated bleomycin (ABLM) is an oxygenated iron drug complex which embodies the drug’s DNA-cleaving activity. This
activity is exercised on DNA, if present, but if DNA is absent, the drug itself is inactivated. We have employed quantum
density functional theory (DFT)-based methods to investigate (i) the structure of the Fe(I[)BLM complex that is first formed
in the human body after drug’s administration, and (ii) the activation mechanism of the O—O bond present in the ABLM. We
have identified the controversial second axial ligand as the endogenous oxygen atom of the carbamoyl group. Our first
principles molecular dynamics (MD) simulations indicate a homolytic cleavage as the mechanism of the O—O bond

activation in the ABLM complex.
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complex

1. Introduction

Bleomycin (BLM) is a drug commonly used in
chemotherapy since the early 80s against several types
of cancer, including cervix and uterus cancer, head and
neck cancer, testicle and penile cancer and certain types of
Ilymphoma [1]. The precise mechanism(s) of action of
BLM is not fully known. The drug in metal free form is
administrated to patients. In the body, it forms the
Fe(II)BLM complex with an iron atom and then binds O,
to generate the O,—Fe(II)~BLM complex. This complex
is converted into activated bleomycin (ABLM)
(BLM—Fe(II)-OOH) [2-5] and then is bound to
DNA. BLM kills cells by binding and then degrading
genetic material (DNA) by cutting a strand of DNA.
It carries out this process in the dividing phase of the cell’s
life cycle and so prevents the cell from growing.
Unfortunately, BLM also affects the healthy cells causing
so-called side effects. The most dangerous side effect,
which is fatal lung fibrosis, is probably related to the high
reactivity of the activated BLM with an iron as the metal
cofactor. The BLM—Fe(III) -OOH complex has a half-
life time at 6°C and pH = 7.0 equal to 6 min [3] and it can
undergo self-inactivation or can react with DNA, if
present, causing its degradation [3]. The first step of the
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reaction, which involves the activation of the O—O bond is
not known. In the past, the hypothesis of heterolytic
cleavage was proposed based on the similarity to the
cytochrome P450 [1,6,7]. Recently, this idea has been
reviewed and homolytic activation is also pointed out as a
possible mechanism [8,9]. Thus in this work, we have
addressed the following unknown or unclear issues for the
anticancer antibiotic BLM:

(1) First we investigated the geometry of the Fe(II)BLM
complex in vacuum. The exact coordination of the
ligand has been a matter of dispute for several years.
Specifically, the exact nature of the second axial
ligand has been questioned, being identified either
with an oxygen atom or a nitrogen atom of the
carbamoyl group. Most of the knowledge available
on the structure of various metallo-BLM complexes
in solution is derived from spectroscopic data
[10,11] and studies combining multinuclear NMR
experiments and molecular dynamics (MD) simu-
lations [12,13]. Some advanced computational
methods were also applied but on simplified models
which introduce some uncertainty [14].

(i1)) Next we focused on the mechanism of the O—O
bond activation in the ABLM complex. First
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principles MD simulations were performed to follow
the first reaction step in BLM self-inactivation in
water solution in the absence of DNA. From
experimental results it is known that ABLM may
decay in the absence of DNA and an irreversible
change in BLM occurs. It undergoes a conversion to
one or more Fe(IIl) complexes unable to attack DNA
even when aerobic Fe(I) is subsequently added [15].
The reaction is called ABLM suicide because
ABLM is a kinetic component in this reaction [3].
The suicide chemistry is very complex [16], yielding
several products [4] and likely involving a
modification of the bithiazole moiety [17] but still
the exact mechanism is under discussion. Our
computational method allows studying the reaction
without the need of a predefined reaction path.

(iii) Finally, we have addressed the reaction mechanism
of ABLM with a deoxyribose sugar in vacuum. It is
known from experiment that the degradation of DNA
starts by forming a radical at C'4 position of a
deoxyribose sugar [1]. Once again, the mechanism
of the radical formation is not known.

This paper shows that quantum mechanics based
computational tools may be essential to investigate the
chemical activity of drugs. Since the size of the systems
involved is quite large (often thousands of atoms) we need
to combine methods with different accuracy and
computational cost. Specifically, hybrid quantum mech-
anics—molecular mechanics (QM/MM) approaches are
particularly promising in addressing these issues.

2. Models and computational methods

The models used in our study are based on the NMR data
for a BLM—Co(Il1)—0OOH complex bonded to a fragment
of DNA (D(GGAAGCTTCC)) [18]. The structure is
presented in figure 1. In the BLM ligand, we can
distinguish three main parts: the metal bonding domain,
the sugar moiety and the bithiazole tail. While the sugar
moiety and the bithiazole tail are responsible for
recognition and docking to DNA, the metal bonding
domain plays a main role in the metal coordination and the
O—O0 bond activation. Therefore for studying the reaction
mechanisms, we have chosen the metal bonding domain
(represented in stick and balls in figure 1) to be described
by quantum methods without further simplifications. The
equatorial ligands are: the secondary amine of the -
aminoalanine (A”aALA—N?2) segment, the pyrimidine
(PYR—N3), the imidazole ring (HIS-I—N5) and the
amide nitrogen (HIS-A—N4) of the B-hydroxyhistidine.
The primary amine of the [-aminoalanine residue
(A'aALA—N1) and the oxygen atom of the peroxy
group are the two axial ligands.

The deoxyribose sugar (indicated in cyan in figure 1)
was included into the model to study the reaction of
ABLM with the sugar in the position taken from the
presented structure. The positions of the oxygen atoms

DNA fragment ' ‘.\

J Deoxyribose
,"/ sugar of DNA

Metal bonding
omain of
‘bleomycin

Bithiazole tail
of bleomycin

t 4

Figure 1. The NMR structure of BLM—Co(III)—OOH bound to the
fragment of DNA (D(GGAAGCTTCC)) [18]. The structure of the BLM
complex is represented in color following standard atomic color
definition. The three parts of BLM are indicated: (i) the bithiazole tail that
is inserted between two pairs of DNA; (ii) the metal bonding domain
represented in stick and balls that is treated quantum-mechanically in the
present work; (iii) the sugar moiety with the carbamoyl group. The

deoxyribose sugar of DNA, indicated in cyan in the figure, is the one
attacked by ABLM in the first step of DNA degradation.

Q{ kQ'ugar moiety
” of bleomycin
Carbar):ﬂyl

group

bonded originally to phosphor were fixed during the
simulations.

The sugar moiety of the BLM appears to be important in
the structure determination of the Fe(I)~BLM complex
and therefore it has been included in the quantum
description. We have constructed two models: one with an
oxygen atom (complex A) from the carbamoyl group of
the sugar bonded to the iron center in the axial position
and the second with a nitrogen atom (complex B) bonded
to the iron center. The aim of these calculations was to
identify the second axial ligand and compare the results
with available experimental data.

To solve the structure of the Fe(II)~BLM complex, we
have performed density functional theory (DFT) calcu-
lations using the B3LYP functional, which was shown to
predict the correct spin ground state for a number of
different iron complexes [19]. We used the effective core
potential basis set LanL2DZ [20] for the iron atom and the
6-31G basis set for the other atoms as implemented in the
program GAUSSIAN98 [21]. The LanL.2DZ basis set was
examined by Solomon et al. for ABLM [8] and it was
shown to be good enough to describe the geometry of
ABLM. The results obtained with a triple-{ all electron
basis set give a comparable description.

To investigate the reaction mechanisms, we used the
Car—Parrinello molecular dynamics (CPMD) method [22]
as implemented in the CPMD code [23]. The Kohn—Sham
orbitals are expanded in a plane wave (PW) basis set with a
kinetic energy cutoff of 80Ry. We employed Martins-
Troullier ab initio norm-conserving pseudopotentials [24].
Our test calculations proved that the energy cutoff of 80 Ry
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is sufficient for achieving a good convergence of energies
and structural properties for the considered systems. We
used a generalized gradient approximation for the
exchange-correlation functional, following the prescrip-
tion of Becke and Perdew (BP) [25,26]. All simulations are
spin polarized with a total spin S = 1/2. Room temperature
CPMD simulations were performed by using a time step of
0.09 fs and a value of 400 a.u. for the fictitious electronic
mass in the Car—Parrinello Lagrangian.

For the simulation including the sugar in vacuum,
we have used an isolated cubic supercell of size
18 X 18 X 18 A, The simulation in water was performed
using a hybrid QM/MM approach [27,28]. In particular,
the hybrid QM/MM scheme used here is based on the
CPMD method for the quantum part and on the Gromos96
MD program [29] for the classical molecular mechanics
part. The quantum mechanics part includes the model of
ABLM and six water molecules in a cubic box of
15X 15 % 15A>. The rest of the water molecules were
described using the SPC model [30] with the force field
implemented in the Gromos96 program.

3. Structure determination of the Fe(II) —BLM
complex

The structure determination of proteins or other
biomolecules is mostly done by molecular mechanics
calculations using very reliable force fields. In the case of
BLM, the presence of the transition metal introduces some
difficulties in producing reliable force field parameters.
Therefore, we have decided to use DFT static calculations
to gain an insight in the coordination sphere of the
complex by treating explicitly the electronic structure and
the proper spin distribution of the complex.

For both systems under consideration (see figure 2) full
geometry optimizations assuming low, intermediate and
high spin state have been carried out. The final geometric
parameters and electronic energies corresponding to
singlet, triplet and quintet states are summarized in
table 1. Complex A was found to have the lowest energy in
its quintet electronic state and this energy is taken as the
reference energy for other spin states of complexes A and

Figure 2.  Model of the metal coordination domain of Fe(II)BLM with
two different axial ligands: (i) the oxygen atom from the carbamoyl group
(complex A) and (ii) the nitrogen atom from carbamoyl group (complex
B). Complex B was created by rotating the carbamoyl group via the
torsion angle pointed out in the picture.

B. Our investigation shows that the geometry of the drug
complex is highly dependent on the environment of the
iron ion and on its spin state. For complexes A and B, the
distances between the iron metal and axial ligand change
as a function of the spin state. For complex A, the
Fe—Ocarpamoy1 distance reacheso a maximum value for
S = 1 (see table 1) equal to 3.26 A indicating that the bond
is broken. For S =2, the Fe—Qcarbamoyl bond is again
present with a length of 2.29 A. For complex B, the
Fe—Ncarbamoyr bond increases consistently up to 4.02A
for § = 2.

We also observe a large change in the valence angle of
Ocarbamoyi—Fe—N1 and a big distortion from planarity
around the metal center for different spin states (table 1).
For complex A, the angle changes from 170.3° for § = 0 to
140.8° for S = 2 while the largest distortion is observed
for the complex A in its quintet ground state, with a
dihedral angle N2—N3—N4—N5 of 14.7°. The angle
distortion together with the distortion from planarity
discussed above brings the complex into a highly distorted
tetragonal geometry. Because of these modifications, the
Fe—Ocarbamoyr bond becomes weaker and more suscep-
tible to exchange with an oxygen molecule to produce the

Table 1. Relative energies (in kcal/mol) and optimized geometrical parameters of complexes A, B (see also figure 2).

Complex A Complex B

Total spin 0 1 2 0 1 2
AE (kcal/mol)t 12.29 6.96 0.0 32.83 26.10 23.78
Fe—X# 2.17 3.26 2.29 2.29 3.93 4.02
Fe—N1 2.03 2.26 222 2.04 227 2.19
Fe—N2 2.16 2.13 2.40 2.14 2.15 2.30
Fe—N3 1.92 1.92 2.13 1.90 1.91 2.07
Fe—N4 1.97 1.94 2.09 1.98 1.94 2.03
Fe—N5 2.01 2.03 222 2.01 2.03 2.18
X—Fe—N1 170.3 126.2 140.8 176.8 168.4 166.2
2-3-4-5 7.0 9.4 14.7 5.9 7.0 9.4

All distances are in A and angles in degrees. The last row refers to the dihedral angle formed by the equatorial N ligands (see also figure 2).
IFor complexes A and B, the reference energy is the ground quintet electronic state energy of the complex A, which has the value E,.f = —2968.6627 a.u.
* X=Ocarbamoyl» Nearbamoy! for complex A, B, respectively.
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BLM—Fe(II)—0, complex. This complex then accepts an
additional electron to form the activated BLM species.
Previous studies for Co—BLM based on force field
methods [31,32], have proposed six-coordinate geometries
with either five or six endogenous ligands. The crystal
structure for copper—BLM [33] and some NMR studies
for other metallo-BLM [18] are in agreement with our
results. We have also calculated the root mean square
deviation (RMSD) between experimental iron—proton
distances obtained from relaxation times of the para-
magnetically behaved protons [13] and our theoretical
data. Once again the best fit to those values is given by
complex A with a RMSD equal to 0.5 A [34]. Our results
strongly support the picture in which the atoms N1, N2,
N3, N4, N5 remain in the coordination sphere of the metal
center and the flexible sugar moiety drifts away making
space for an exogenous ligand.

4. ABLM in H,O

We now investigate the reaction mechanism of the ABLM
self-inactivation in water [35]. This simulation will enable
us to check the activation mechanism of the O—O bond in
presence of the water solvent. To prepare the initial
configuration of ABLM in water, we have performed a
classical MD simulation using the Gromos96 program, in
which the coordinates of the solute molecule were fixed
while the 308 water molecules in the box have been
relaxed. First, a constant pressure simulation at 300 K and
1 bar was performed for 2ns and then a constant volume
simulation was performed for 1 ns. After relaxation of the
solvent molecules, six waters were found within a distance
of 3 A from the —OOH ligand and have been chosen to be
present in the quantum part of the system. After the
relaxation procedure, we have followed the trajectory for
about 1 ps. We have illustrated the simulation in figure 3,
where the Fe—O1, O1—02, and O2—Hyy; distances are
plotted. During the first 500 fs, a network of the hydrogen
bonds of the six quantum waters is formed. In this

simulation, we observed the formation of an H-bond (after
about 500fs) between the OOH ligand and one of the
water molecules (O2—Hyy). Simultaneously with the
formation of this H-bond, the O1—0O2 distance starts
increasing (see figure 3, dotted line at 500 fs). Eventually,
the O—O bond is broken but the released OH species
remains H-bonded to the W1 water. After about 350fs
from the formation of the H-bond, the OH species forms a
water molecule by abstracting a hydrogen atom from the
W1 water molecule (see figure 3, dashed line at ~ 850 fs).
Next, we could observe a fast cascade of hydrogen atom
abstraction where the OH species diffuses through the
existing H-bond network of the water molecules.

To characterize the OH species, we performed a single
point calculation for the configuration at 650 fs. The OH
species was characterized as a hydroxyl radical with the
spin density localized on the oxygen atom and with a small
negative charge. For a complete picture of the observed
reaction mechanism and identification of the products, we
have also performed a single point calculation for the
same configuration of the system at r = 650 fs but with a
total spin of 3/2. The total energy was about 10 kcal/mol
higher than for the system with total spin equal to 1/2. This
result shows that no spin flip takes place and our implicit
assumption about the conservation of the total spin during
the reaction (shown below) was correct:

[Fe''(BLM)—OOH]|" — [Fe!Y(BLM)=0]" + OlH'
1 m

In both single point calculations with different total
spin, we observed the spin density localized mostly on the
iron atom, the oxygen atom of the complex and on the
oxygen atom of the OH species. The only difference is that
the spin localized on the OH radical is a minority (3) spin
for § = 1/2 while is a majority (o) spin for S = 3/2. We do
not see any significant spin density on the equatorial
ligands of the iron center thus ruling out the presence of
cytochrome P450 compound I-like [BLM—Fe(V)=0]"
complex. Importantly, this high-valent species, like

@ f
3.2t — d(Fe-01l)
L ... d(01-02)
28} —-d(02-HW1) .

| | | I | | |

) v
bty \ A .

(b)

a
143

S
|

fime [fs]

| | | | 1 | I | | 1 |
0O 100 200 300 400 500 600 700 800 900 1000

Figure 3. (a) Dynamic evolution of a few selected distances along the MD of ABLM in water: (i)— full line, Fe—O1; (ii) — — — dashed line, O2—Hw;
(iii) ... dotted line, O1—02. Hy is the hydrogen atom from one of the water molecules included in the QM part which takes part in the formation of the
hydrogen bond. (b) The structure of our ABLM model with six water molecules present in the QM part (the water molecules described by molecular
mechanics are omitted for clarity). The hydrogen bond between O2 and Hw; is clearly visible in this snapshot.
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cytochrome P450 compound I, is better described as an
Fe(IV)==0 unit magnetically coupled to a ligand radical
with the ligand hole essentially localized on the
deprotonated amide. A detailed study of the electronic
structure of this Fe(V) compound was performed by static
DFT calculation in Ref. [9].

5. ABLM with sugar

We have performed CPMD simulations to get an insight
into the reaction of ABLM with the deoxyribose sugar
which is attacked in the first step of the DNA degradation.
In these simulations, we have included the ABLM
complex and the sugar molecule in vacuum with all the
atoms being treated quantum-mechanically with DFT
using CPMD. We have increased slowly the temperature
to 300K and then followed the simulations for 1 ps. The
sugar molecule has three hydrogen atoms available for
abstraction (1'H, 2'H, 4'H). During the simulations, we
observe the formation of H-bonds between the O2 atom of
the —OOH group and all these hydrogens at different time
intervals (see figure 4). We notice however that only the
formation of a H-bond with 4'H has an influence on the
amplitude of the O1—0O2 bond length oscillation. In figure
4, we can see that when the O2—1’'H and O2—2'H
distances are shorter than O2—4'H, the O1—02 bond
remains stable oscillating with a small amplitude around
the average value 1.5 A. After 750 fs, the O2—4'H distance
becomes the shortest one and immediately the O1—02
bond distance starts increasing. After further 300 fs, the
O1—02 bond is broken and the water molecule
H—O2—4'H is formed by direct hydrogen atom abstrac-
tion. The Fe—O distance drops from an average value of
1.8t0 1.65 A indicating the formation of a stronger Fe=0O
double bond. The selectivity of the observed reaction is
very interesting. The simulations show clearly the
preference of H-bond formation with 4'H atom which is
known to be abstracted in the reaction with DNA.

We decided to check the stability of three possible
radicals of the deoxyribose sugar. We have noticed that the

most stable radical is indeed the 4'C radical, which is
lower in energy by 2.9 and 8.4 kcal/mol than 1'C and 2'C
radicals, respectively. This result could explain the
observed selectivity during our simulations. On the other
hand, in the natural system the 1’C atom is connected to
the cytosine. We have calculated the energy of the radicals
1'C and 4'C for a deoxycytidine and we have found that
the presence of the aromatic ring in that position makes
the 1’C radical most stable. However, the difference in
energy is quite small, the 4'C radical being only
0.9 kcal/mol higher than the 1’C. In this situation other
factors, such as steric and electrostatic interactions or the
geometry of the formed H-bond, could change the relative
stability of the radicals.

Our simulations show that the reaction mechanism of
the O—O bond cleavage is very similar to the one
observed in ABLM self-inactivation. In both cases, the H-
bond is created before the scission takes place. We find
that the BLM ligand with iron center facilitates a
homolytic activation of the O—O bond. Although our
simulations show a selective reaction in agreement with
experimental indications, only explicit inclusion of the
DNA environment can provide a stronger explanation for
the selectivity of the H-abstraction reaction.

6. Conclusions

In this paper, we have presented DFT calculations and
CPMD simulations to investigate structural properties and
chemical activity of the anticancer drug BLM. The
standard procedure in theoretical development and testing
of new medicines is based mostly on statistical approaches
like chemometrics or molecular mechanics calculations.
While these methods are very helpful and successful in
this field, they need to be supported by quantum-chemistry
tools, particularly when dealing with chemical reactions.
Specifically, DFT-based methods used in the present work
appear to be appropriate for this aim.

Based on our results, we conclude that the second axial
ligand of the Fe(I)~BLM complex is an oxygen atom

(a) 790
6.5F —d(o1-02)
60F e dO2-4H) . ™
5.5F - d02-2H) £ G e
< 5.0 ‘—\,_,__'_ ’:\-‘\":"leQ - '|'|'|').' .,~' "\..\.'
— 4‘5:..’_. \\ '._;:‘,_: v ‘..:- -’. \_. ’.'/. \-
c 35k ’ b edeand MR
B 30F .- . Mo N\
v L G NS -
D 251 e,
2.0 K
1.5} \
1.0 WO wn
0.5f
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Figure 4. (a) Dynamic evolution of a few distances along the MD simulation of ABLM with the deoxyribose sugar: (i)— full line, O1—02; (ii) — — —
dotted line, O2—2'H; (iii) ... dashed line, O2—4'H; and (iv) ... ... dot-dashed line, O2—1’H. (b) The structure of ABLM and the deoxyribose sugar

model used in the simulations.
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coming from the carbamoyl group of the sugar moiety.
The optimized geometry of the complex is consistent with
the parameters derived from NMR experiment [13] and
moreover provides an indication on how the exchange
with another external ligand like an oxygen molecule may
occur. Interestingly, the geometries of complexes A and B
are very similar for the lowest spin state S =0, both
having a six-fold coordination shell. We see major
changes in the coordination shell only for the high spin
state (S =2, the experimentally observed one). This
strong dependence of the final geometry on the electronic
configuration makes a proper description in terms of force
field modeling very complicated.

First principles MD simulations strongly support a
homolytic cleavage as the mechanism of the O—O bond
activation in ABLM complex. The reaction with sugar can
be better characterized as a direct hydrogen atom
abstraction. The just formed hydroxyl radical is hydrogen
bonded with the 4'H of the sugar that is then abstracted to
form a sugar radical and a water molecule. Thus, we can
conclude that the selectivity of the observed homolytic
O—O bond activation derives from the fact that the
hydrogen bond is formed prior the bond scission and
the hydroxyl radical is somehow trapped by a specific
hydrogen bond.

The observed mechanism of the O—O bond cleavage of
ABLM in water brings us to the same conclusions.
Moreover, we think that the homolytic activation of that
bond can be responsible for the self-degradation of
ABLM. The hydroxyl radical can easily react with other
parts of the ligand causing, for example, the experi-
mentally observed modification of the bithiazole tail.

The results presented in this paper give a strong
indication that in order to solve the issues related to the
BLM complex, it is very important to have a realistic
description of the system. On the other hand, it is not
possible to study reaction mechanisms without a good
quantum description of the electronic structure of the
model. This implies some constraints on the size of the
model. Therefore, we have to compromise on the level of
accuracy by using a QM/MM approach. The next step in
our ongoing research is to perform QM/MM simulations
on a model of the BLM—Fe(III)—OOH complex bonded
to DNA based on the NMR structure of the cobalt BLM
complex [18]. In the first phase of our study, only the metal
bonding domain with the iron center and the peroxy group
is described by quantum methods (DFT). Our preliminary
results confirm the experimentally observed protective
role of DNA in the process of the ABLM self-inactivation
[3]. A full account of QM/MM simulations including a
DNA fragment will be presented elsewhere.
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