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Abstract The geometric and electronic structure of fer-
rous complexes of bleomycin (Fe(II)BLM) has been
investigated by means of density functional theory
(DFT) calculations. The active site of this antitumor
drug is a highly distorted octahedral complex, with the
coordination sphere completed by the five known
endogenous ligands, including pyrimidine, imidazole,
deprotonated amide, and secondary and primary
amines. We have addressed the controversial issue of the
nature of the sixth axial ligand, which we have identified
as the oxygen of the carbamoyl group. Our conclusions
are further validated by a comparison with structural
data derived from NMR experiments. Moreover, be-
cause of the high sensitivity of structural data on the pH
of the environment, we have investigated the effect of a
different protonation state of the histidine amide on the
geometric structure of the Fe(II)BLM complex. The
extensive model of the active site of bleomycin consid-
ered in this work allows us to check the limitations of
previous investigations based on simplified models.

Keywords Bleomycin Æ Density functional theory Æ
Iron complex Æ Structural model

Abbreviations aALA: aminoalanine Æ ABLM: activated
bleomycin Æ BITH: bithiazole Æ BLM: bleomycin Æ
GUL: gulose Æ MAN: mannose Æ mVAL:
methylovalerate Æ PYR: pyrimidinylpropionamide Æ
RMSD: root mean square deviation Æ THR: threonine

Introduction

Bleomycin (BLM) is a DNA-cleaving antibiotic isolated
as a copper complex from the culture medium of
Streptomyces verticillis, but administrated to patients in
metal-free form. BLM is important for clinical use in the
treatment of head and neck cancer, certain lymphomas,
and testicular cancer [1]. Interest in the chemical activity
of bleomycin began with the discovery that the presence
of either reducing agents or hydrogen peroxide permits
bleomycin to cleave DNA into simple sets of DNA
degradation products [2]. Indications that metals and
oxygen species were also required led to the demon-
stration that the presence of Fe(II) and O2 was sufficient
to allow BLM to degrade DNA. The first step is the
formation of a high-spin Fe(II)BLM complex which
reacts with O2 [3]. In the second step, the so-called
activated bleomycin (ABLM) – a peroxide-Fe(III)BLM
complex – is produced and this then cleaves DNA. The
products of DNA degradation are well known [2], but
major gaps in our understanding remain where the drug
activation and DNA degradation pathways intersect. A
precise knowledge of the geometrical and electronic
structure of the Fe(II)BLM complex is a prerequisite to
understanding the activity of this drug in DNA degra-
dation.

Unfortunately, no crystal structure is yet available for
Fe(II)BLM. There are several different synthesized
models mimicking BLM as a ligand and crystallized with
various metals, for example copper [4, 5], cobalt [6], zinc
[7], and even iron [8]. However, all of them lack both the
bithiazole and the sugar residues. For example, the
PMAH ligand (see Fig. 1) has five nitrogen donor cen-
ters located in the primary and secondary amines,
pyrimidine and imidazole rings, and the amide moiety.
The ligand synthesized for iron is only tridentate, since
the b-aminoalanine fragment is also not present.
Therefore these crystallographic studies could not give a
definitive answer as to whether the bleomycin is a five-
or six- coordinated ligand and, if the sixth ligand is in-
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deed present, whether it is endo- or exogenous. The
exact coordination of the ligand has thus been a matter
of dispute for several years. Most of the knowledge
available on the structure of various metallo-BLM
complexes in solution is derived from spectroscopic data
[9, 10] and studies combining multinuclear NMR
experiments and molecular dynamics simulations (MD)
[11, 12]. Recently, Lehmann [12] proposed a very rea-
sonable structure for Fe(II)BLM based on the results of
such studies. The proposed model assumes that the
complex has a six-coordinate structure with only
endogenous ligands. The equatorial ligands to the metal
center are the secondary amine of the b-aminoalanine
(A¢¢aALA – N2) 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 b-aminoalanine residue (A¢aALA – N1)
and the nitrogen atom from the carbamoyl group
(Ncarbamoyl – N7) are the two axial ligands. This model is
in agreement with other experimental work [10], where
spectroscopic methods like optical absorption, circular
dichroism, and magnetic circular dichroism were applied
to determine the structure of Fe(II)BLM, except that the
oxygen atom in the carbamoyl group (Ocarbamoyl – O6) is
proposed as the sixth ligand. Therefore it is still unclear
whether the nitrogen or the oxygen atom from the car-
bamoyl group is the second axial ligand.

The main goal of the present study is to solve the
issue of the second axial ligand and to determine the

structure of the Fe(II)BLM complex using density
functional theory (DFT) calculations. We should
emphasize that the coordination sphere of the iron atom
depends crucially on the total spin of the complex. This
important electronic contribution should be taken into
account when using a force field method, e.g. as has been
recently done for Cu(II) complexes by adding a ligand
field contribution to the potential [13]. The model
investigated here by first principles DFT is a realistic and
comprehensive model of Fe(II)BLM, thus allowing us to
check the limitations of previous studies on simplified
models. Furthermore, we investigate the influence of
protonation of the histidine amide nitrogen on the
geometry of the complex. This aspect is important in
the context of the long dispute over the inclusion of
the amide nitrogen in the coordination sphere of the
Fe(II)BLM complex. The protonation state seems to be
highly dependent on pH: the 1H NMR experiment by
Oppenheimer et al. [14] at pH 6.4 provided evidence for
a protonated state of the histidine amide and thus ex-
cluded it as a ligand. However, another NMR experi-
ment by Akkerman et al. [15] at pH 7.0 showed that the
histidine amide is deprotonated and bonded to the metal
center under these conditions.

In the next section we describe in detail the models
used for our studies and the computational method. In
the third section we present our results and discuss them
in comparison with available experimental data. The
final section is devoted to conclusions.

Fig. 1 The structure of
bleomycin A2, B2, and
pepleomycin. The numbers 1–7
indicate the possible coordi-
nation sites to the metal. The
loop shows the PMAH ligand
(2-{[N-(aminoethyl)amino]
methyl}-4-{N-[2-(4-imidazolyl)
ethyl]carbamoyl}-5-
bromopyrimidine) [5]
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Materials and methods

Computational details

Figure 1 shows a schematic structure of a metal-free
BLM ligand. We can distinguish two parts: a main part,
which is isostructural for the whole bleomycin family,
and a long tail, which varies only in the terminal sub-
stituent denoted by ‘‘R’’. The main part is the metal
bonding domain while the bithiazole tail is responsible
for DNA docking [3]. We have investigated a model
(Fig. 2) where only the bithiazole tail has been excluded,
since it is most likely irrelevant to the coordination
environment of the metal domain of the complex. Thus,
our model provides a realistic description which can be
used to develop insight into the geometrical and elec-
tronic structure of the Fe(II)BLM complex.

The starting structure was based on Co(II)BLM,
generated from an NMR experiment [11], with the cor-
responding Co(II)-to-Fe(II) substitution of the metal
center. Figure 3 shows the models used for this investi-
gation. In Fig. 3a we show the six-coordinated complex
with all endogenous ligands. Throughout the paper we
define complex A as the model including in the coordi-
nation sphere the oxygen atom from the carbamoyl
group. We call complex B the model obtained from
complex A by rotation of the carbamoyl group in such a
way that the nitrogen atom becomes the sixth ligand.
Since we are interested in the influence of the proton-
ation of BLM on the geometry of the complex, we have
considered also the complexes AH and BH generated
from complexes A and B, respectively, by protonation of
the histidine amide nitrogen (N4). The index H indicates
the protonated amide nitrogen (N4H).

In order to check the importance of the explicit
inclusion of the original sixth ligand, we have also per-
formed calculations on simpler models where the sugar
moiety is replaced by either an ammonia molecule
(complex C, Fig. 3b) or a water molecule (complex D,
Fig. 3c). In this way we were able to check whether it is
possible to answer the question about the second axial
ligand based only on simplified models.

The DFT calculations were performed using the
B3LYP functional, which was shown to predict the
correct spin state for a number of different iron com-
plexes [16, 17]. We used the effective core potential basis
set LanL2DZ [18, 19] for the iron atom and the 6-31G
basis set for the other atoms as implemented in the
program GAUSSIAN98 [20]. This choice of the basis set is
supported by the results of test calculations performed

Fig. 2 Model of the BLM metal bonding domain used in this
study. Some of the atoms are indicated with numbers and Greek
letters following the same notation as in [34], for a direct
comparison

Fig. 3a–c Models of the metal coordination center domain of
Fe(II)BLM with different axial ligands. (a) The oxygen atom from
the carbamoyl group (complexes A and AH) and the nitrogen atom
from carbamoyl group (complexes B and BH). Index H in AH and
BH indicates the protonated amide nitrogen (N4H). Complexes B
and BH were created by rotating the carbamoyl group via the
torsion angle pointing in the picture. (b) The nitrogen atom from
the ammonia molecule replacing the disaccharide moiety (complex
C, see text). (c) The oxygen atom from the water molecule replacing
the disaccharide moiety (complex D, see text) The hydrogen atoms
have been omitted for simplicity
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by Lehnert et al. [21] on similar model systems. Their
conclusion is that the effective core potential basis set
LanL2DZ is good enough to describe the geometry of
ABLM and that a triple-f all-electron basis set gives a
comparable description.

When comparing our results with structural infor-
mation derived by NMR data in solution, one should
take into account that we are neglecting solvent effects in
our model. Although we can expect small changes in the
geometrical parameters due to the solvent, we think that
our conclusions on the coordination shell will not be
affected. Indeed, it is now established in the literature
that solvent molecules are not participating in the
coordination sphere of the Fe(II)BLM complex [12, 22].

Results and discussion

For each system under consideration, full geometry
optimizations assuming low, intermediate, and high
spin states have been carried out. The final geometric
parameters and electronic energies corresponding to
singlet, triplet, and quintet states are summarized in
Table 1 and Table 2 for protonated and deprotonated
complexes, respectively. Complex AH 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 AH and BH. The same
spin order is observed for deprotonated models and
the energy of complex A in its quintet electronic state
is taken as the reference energy for other spin states of
complexes A and 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.

Complexes A and AH

For complexes A and AH the Fe–Ocarbamoyl distance
changes as a function of the spin state, reaching a

maximum value for S=1 (see Tables 1 and 2). In the
complex A, this value is equal to 3.26 Å for S=1,
indicating that the bond is broken. For S=2 the Fe–
Ocarbamoyl bond is again present, with a length of 2.29 Å.
Generally, the bond length between the iron center and
its axial ligands (Ocarbamoyl and N1) in complex A are
longer than in complex AH for each spin state (see Ta-
bles 1 and 2). This can be interpreted as a consequence
of the deprotonation of the equatorial nitrogen donor
ligand (N4) and the related shortening of the Fe–N4
bond length. It is known from ligand field theory that
strong equatorial ligands cause a tetragonal distortion,
which corresponds to an extension along the z-axis and
compression on the x- and y-axes with a stabilizing effect
on the dz2 orbital. A natural bond orbital analysis shows
that the dz2 orbital is already lower in energy than the
dx2 � dy2 orbital for the protonated complex. Deproto-
nation of the amide nitrogen (N4) causes further low-
ering of the energy of the dz2 orbital.

As the spin increases, each metal–equatorial ligand
bond length generally increases and, in the particular
case of N4 (complex AH), the distance increases up to
2.59 Å, while the average for the other equatorial li-
gands is 2.2 Å. Although this distance seems long, one
can find structures in the Cambridge Structural Data-
base of iron(II) complexes where the distances between
iron(II) and its nitrogen donor are 2.50 Å [23], 2.54 Å
[24], and even 2.65 Å [25]. Furthermore, the analysis of
the HOMO orbital for b electrons (see Fig. S1 in the
Supplementary material) shows that some weak bond-
ing interaction is present between these two atoms, as
indicated by overlap between the dz2 orbital on iron
and the lone pair on the N4 nitrogen atom. The same
bond in complex A is less sensitive to a change in the
spin (see Table 1). These results explain why it has been
difficult to establish which atoms participate in the iron
coordination shell. Hilbers and co-workers [15, 26] have
proposed that BLM binds the metal through positions
N2, N3, N4, N5, and N7, while Oppenheimer et al. [14]
proposed N1, N2, N3, N5, and N7, thus excluding the
N4 atom. These two studies used different experimental

Table 1 Relative energies and optimized geometric parameters for complexes AH and BH. All distances are in Å and angles in degrees

Complex AH Complex BH

Total spin 0 1 2 0 1 2

DE(kcal/mol)a 11.48 15.12 0.00 36.50 31.41 16.92
Fe–Xb 2.12 2.25 2.12 2.37 3.70 4.21
Fe–N1 2.04 2.20 2.20 2.05 2.23 2.18
Fe–N2 2.10 2.24 2.26 2.11 2.13 2.28
Fe–N3 1.93 1.94 2.14 1.91 1.92 2.07
Fe–N4 2.10 2.17 2.59 2.11 2.12 2.43
Fe–N5 2.02 2.01 2.22 2.04 2.04 2.16
X–Fe–N1 176.9 171.6 159.4 173.9 173.3 166.1
2–3–4–5 �1.6 �3.7 3.8 0.8 �3.2 �1.8
aFor complexes AH and BH the reference energy is the ground quintet electronic state energy of the complex AH, which has the value
Eref=�2968.9928 a.u.
bX=Ocarbamoyl, Ncarbamoyl
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conditions, including a different pH (pH 7.0 and 6.4,
respectively). Our study clearly demonstrates that the
problem of the ligand assignment can be related to the
very weak bonding interaction between the N4 atom
and the metal center when the pH is too low for the
histidine amide to be deprotonated.

In the original model of the Co(II)BLM complex
arising from NMR experiments combined with force
field molecular dynamics simulation [11], the equatorial
ligands are lying almost in the same plane. We observe a
similar small distortion from planarity only for complex
AH (see the 2–3–4–5 dihedral angle in Table 1). The
largest distortion is observed for the deprotonated
complex A in its quintet ground state, with a dihedral
angle N2–N3–N4–N5 of 14.7�. The smallest distortion
occurs for S=0 (see Tables 1 and 2). Thus we conclude
that the degree of distortion is highly dependent on the
spin state of the complexes.

We also observe a large change in the valence angle
of Ocarbamoyl–Fe–N1 for different spin states (Tables 1
and 2). For complex A, the angle changes from 170.3�
for S=0 to 140.8� for S=2. This angle distortion, to-
gether with the distortion from planarity discussed
above, brings the complex into a highly distorted
octahedral geometry. Because of these modifications,
the Fe–Ocarbamoyl bond becomes weaker and more
susceptible to exchange with an oxygen molecule to
produce the Fe(II)O2BLM complex. This complex then
accepts an additional electron to form the activated
BLM species. In previously proposed models for acti-
vated bleomycin based on force field methods [11, 27],
the Fe–N1 bond was not present and the oxygen
molecule entered the coordination sphere from the
b-aminoalanine site. However, the crystal structure for
copper-BLM [28] and some NMR studies for other
metallo-BLM [29] suggest a different structure, in
agreement with our results. Our results strongly sup-
port the picture in which the atoms N1, N2, N3, N4,
and N5 remain in the coordination sphere of the metal
center and the flexible sugar moiety drifts away, mak-
ing space for an exogenous ligand.

Complexes B and BH

Complex BH also has the lowest energy for total spin
S=2, but this energy is still higher than the energy of
complex AH for all spin states and, particularly, it is
about 17 kcal/mol higher than the reference energy (the
ground state of complex AH for S=2). For complex BH

the length of the Fe–Ncarbamoyl bond also increases with
increasing total spin (see Table 1). Specifically, for S=2
the distance becomes 4.21 Å, from which we can con-
clude that the Ncarbamoyl atom moves out of the coor-
dination sphere of the iron atom. We notice that the
breaking of the Fe–Ncarbamoyl bond also occurs in the B
complex with the anionic ligand. Therefore, the behavior
of the Fe–Ncarbamoyl bond is not related to the specific
protonation state of the ligand, but rather to steric
interaction. For S=0 the distance between the Ocarbamoyl

atom and the Cc atom from the pyrimidine residue
(CcPYR) is equal to 2.89 Å, while the sum of van der
Waals radius of these atoms is equal to 3.10 Å. When
the Fe–Ncarbamoyl distance increases, the Ocarbamoyl–
CcPYR distance increases as well, minimizing in this way
the steric interaction. However, the presence of the
proton affects the Fe–N4 bond. In particular, for S=2
the Fe–N4 distance changes from 2.43 Å in BH to
2.03 Å in the complex B. 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. It
is only when we go to the high-spin state (S=2, the
experimentally observed one) that we see major changes
in the coordination shell. This strong dependence of the
final geometry on the spin state of the complexes is an
important information that should be taken into ac-
count when describing these systems in terms of force
field modeling [13].

Complexes C and D

We have also investigated simplified models using an
ammonia molecule (complex C) and a water molecule

Table 2 Relative energies and optimized geometry parameters of complexes A, B, C, and D. All distances are in Å and angles in degrees

Complex A Complex B Complex C Complex D

Total spin 0 1 2 0 1 2 0 1 2 0 1 2

DE(kcal/mol)a 12.29 6.96 0.0 32.83 26.10 23.78 5.34 8.00 00.0 4.05 7.17 0.00
Fe–Xb 2.17 3.26 2.29 2.29 3.93 4.02 2.07 2.28 2.26 2.07 2.32 2.22
Fe–N1 2.03 2.26 2.22 2.04 2.27 2.19 2.06 2.29 2.26 2.03 2.31 2.25
Fe–N2 2.16 2.13 2.40 2.14 2.15 2.30 2.17 2.35 2.48 2.15 2.25 2.42
Fe–N3 1.92 1.92 2.13 1.90 1.91 2.07 1.91 1.93 2.14 1.91 1.91 2.13
Fe–N4 1.97 1.94 2.09 1.98 1.94 2.03 1.99 1.99 2.07 1.99 1.97 2.06
Fe–N5 2.01 2.03 2.22 2.01 2.03 2.18 2.03 2.01 2.22 2.03 2.02 2.20
X–Fe–N1 170.3 126.2 140.8 176.8 168.4 166.2 179.3 165.6 161.9 177.9 157.8 155.3
2–3–4–5 7.0 9.4 14.7 5.9 7.0 9.4 5.5 5.3 4.5 �5.1 �5.6 �8.8
aFor complexes A and B the reference energy is the ground quintet
electronic state energy of the complex A, which has the value
Eref=�2968.6627 a.u. For complexes C and D the reference ener-
gies are the quintet electronic ground state energies, which have the

values Eref=�1144.3408 a.u. and Eref=�1164.1943 a.u., respec-
tively
bX=Ocarbamoyl, Ncarbamoyl, Nammonia, Owater for complex A, B, C,
D, respectively
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(complex D) to represent the nitrogen and the oxygen
atoms of the carbamoyl group, respectively, to check the
importance of the inclusion of the large sugar moiety
explicitly in the model. We find that the quintet elec-
tronic spin state is the ground state for both complexes
C and D, which is in agreement with the experimentally
observed spin state for Fe(II)BLM complex. However,
the differences between energies of the different spin
states and the reference energies are only a few kcal/mol
(see Table 2) and we cannot directly compare energies of
complex C and D. Both complexes form a distorted
octahedral geometry, providing no grounds to distin-
guish between them. The Fe–Nammonia bond length in-
creases slightly with increasing spin (Table 2), but we
have not observed the bond breaking that occurs when
the actual sugar moiety is included in the model (see
complex B). By comparing the ground state structures of
complex C and D, we do not observe a large difference in
the X–Fe–N1 covalent angle as was the case in the
complexes A and B. These results suggest that simplified
models are not appropriate for resolving the issue of the
sixth ligand of the Fe(II)BLM complex. Moreover, they
also indicate that the disaccharide moiety plays a very
important role in the metal bonding domain of BLM,
showing that performing DFT calculations with the
more realistic model is crucial.

Comparison with experiment

A quintet electronic ground state for the Fe(II)BLM
complex was established many years ago using EPR [30,
31] and Mössbauer spectroscopies [31, 32]. Our B3LYP-
DFT calculation is able to reproduce this spin state
correctly. This is important, since previous DFT calcu-
lations [33] could not reproduce the proper experimental
spin state. In [33] the calculations were carried out using
B3LYP functional, as we have done here, but on a
simpler model of bleomycin with only a penta-donor
ligand and with a double deprotonated ligand (the his-
tidine amide N4 and the secondary amine of the b-am-
inoalanine N2). The concordance between the observed
spin state and the one computed here emphasizes again
the importance of using a realistic model including all six
potential donor sites.

We wish now to compare our optimized geometries
with the available NMR data. Table 3 summarizes the
comparison between the iron–proton DFT-optimized
distances for the AH, A, BH, and B complexes in their
ground electronic state, with the Fe–H distances based
on 2D NMR studies of the paramagnetic complex
Fe(II)BLM [34]. The experimental iron–proton dis-
tances were obtained from relaxation times of the
paramagnetically behaved protons. The calculated root
mean square deviation (RMSD) between experimental
and theoretical data is 0.8 Å for both protonated models
and 0.6 Å and 0.5 Å for deprotonated complexes A and
B, respectively. However, if we consider only the man-
nose sugar moiety, which is directly connected to the

carbamoyl group, the calculated partial RMSD for
complex AH is 0.8 Å while for BH it is equal to 1.2 Å.
For their deprotonated analogues these values are 0.5 Å
and 0.8 Å, respectively. This implies that the structures
of complexes AH and A fit better the experimental data
than complexes BH and B, with respect to the part of
particular interest for the nature of the sixth ligand.
Indeed, we find the smallest RMSD value for the de-
protonated models corresponding to the experimental
conditions (pH 6.7) in the NMR study. The deproto-
nation of the N4 equatorial ligand influences the posi-
tion of the axial Ocarbamoyl ligand. The Fe–N4 distance
decreases while at the same time the Fe–Ocarbamoyl dis-
tance increases (Tables 1 and 2). This results in a better
fit to the experimental data. Furthermore, Loeb et al.
[10] concluded from their experimental work that the
Fe(II)BLM complex is six-coordinate with at least five
endogenous ligands and the sixth ligand being either the
Ocarbamoyl substituent of the mannose sugar or a solvent
molecule in this axial position. Their study did not
determine whether the Ocarbamoyl atom is directly coor-
dinated to the metal or connected through H-bonding.
Based on our results and the information from the
experimental work of Lehmann [12], we can now say

Table 3 Comparison of our theoretical results and experimental
Fe–H distances (Å) from NMR data

Assignmentsa Experimental datab S=2
complex

S=2
complex

A AH B BH

aALA CaH 3.7 3.3 3.3 3.3 3.4
1/2 aALA CbH2 4.1 4.2 4.1 4.1 4.1
1/2 aALA CbH2 3.4 3.5 3.4 3.4 3.3
PYR CbH <3.1 4.1 3.9 3.9 3.7
1/2 PYR CaH2 4.8 5.0 4.9 5.0 5.1
1/2 PYR CaH2 4.6 4.0 3.7 5.0 5.0
HIS CaH 3.6 4.1 4.6 4.0 4.2
HIS CbH 4.4 4.6 4.9 4.6 4.6
HIS C2H <3.2 3.4 3.2 3.4 3.3
HIS C4H 5.0 5.4 5.5 5.3 5.4
GUL-1 5.5 4.9 5.6 5.8 6.2
GUL-2 6.8 6.8 7.1 7.2 7.8
GUL-3 7.0 7.5 7.3 6.8 7.6
GUL-4 7.4 8.2 8.1 7.0 7.7
GUL-5 5.4 6.7 6.7 5.6 6.2
GUL-6 7.4 8.3 8.6 7.7 8.0
GUL-6 7.4 8.5 8.9 8.3 8.8
MAN-1 7.1 7.0 7.2 7.7 8.4
MAN-4 7.5 7.0 5.8 7.4 7.4
MAN-5 5.8 5.0 5.0 6.3 6.8
MAN-6 7.7 7.3 7.3 8.8 9.1
MAN-6 7.8 7.5 7.5 9.0 9.3
Total RMSDc – 0.6 0.8 0.5 0.8
Partial RMSDd – 0.5 0.8 0.8 1.2

aNotation has been taken from [34] (see Fig. 2)
bExperimental data are from [34]
cRMSD (root mean square deviation) calculated with the formula:
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P

Dexp�Dtheorð Þ2
N

r

where Dexp and Dtheor are the proton–metal dis-
tances derived from NMR data and our model, respectively; N is
the number of data points
dRMSD only for mannose sugar moiety (N=5)
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that the Ocarbamoyl atom is directly connected to the iron
center, though in a highly distorted octahedral configu-
ration.

Our findings are also in agreement with very recent
data on Fe(II)-bleomycin obtained by X-ray absorption
near-edge structure spectroscopy [22]. In this work the
best agreement between theoretical and experimental
spectra is achieved for the bleomycin model complex
with the primary amine and oxygen of the mannose
sugar occupying the axial positions. They also observed
that the coordination environment is characterized by
serious distortions of the iron octahedron.

Conclusions

We have performed DFT calculations on an extensive
model of the Fe(II)BLM complex based on available
NMR data [11, 34]. By comparing the model complexes
A and B, distinguished by having the oxygen or the
nitrogen atom from the carbamoyl group as the sixth
ligand, respectively, we can conclude that the oxygen
atom is coordinated to the metal center. We find that
complex A, besides being energetically more favorable,
also gives a better fit to the experimental data [10, 11, 32,
34]. We observe that in complex B the carbamoyl group
tends to move out of the coordination shell in the high-
spin configuration, contrary to experimental evidence.
We suggest that this behavior can be explained in terms
of the steric hindrance of the carbamoyl oxygen with the
pyrimidine Cc. The energetically most stable complex A

in the high-spin configuration shows a highly distorted
octahedral conformation, with an angle between axial
ligands of 140.8�. This fact should facilitate the exchange
of the Ocarbamoyl ligand with the oxygen molecule during
the formation of ABLM.

We have investigated the effect of a different pro-
tonation state of the histidine amide on the geometric
structure of the Fe(II)BLM complex. We observe that
deprotonation of that equatorial ligand mainly influ-
ences the Fe–N4 distance, which is very long in the high-
spin configuration of complexes AH and BH. It also
affects the positions of the axial ligands, e.g. the Fe–
Ocarbamoyl distance increases from 2.12 Å in complex AH
to 2.29 Å in complex A, resulting in a better fit to
experimental NMR distance estimates. The protonation
state has no effect on the energetic spin order of our
model complexes, nor does it influence the behavior of
the carbamoyl group in complexes B and BH.

The study carried out with the simplifiedmodels shows
that they are not appropriate for resolving the issue of the
sixth ligand of the Fe(II)BLM. The results also indicate
that the disaccharidemoiety plays a very important role in
the final structure of the metal bonding domain of BLM,
showing that the use of amore realistic model in our DFT
calculations is crucial. We also underline the importance
of a theoretical method which directly takes into account
the total spin of the system. This work provides a good
starting point for further studies of the reaction mecha-

nism of ABLM with DNA within the hybrid quantum
mechanics–molecular mechanics (QM/MM) approach,
provided a realistic QM active site of the activated BLM
complex is considered.
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