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The solution structure of the PdII·bleomycin A2 complex was
resolved by NMR spectroscopy in combination with molecu-
lar modelling. The preparation of the complex in 1.0 M NaCl
aqueous solutions leads to the formation of a major com-
pound, which is very stable at ambient temperature. Our
NMR spectroscopic data demonstrate that bleomycin is co-
ordinated through the β-aminoalanine secondary amine, the
pyrimidine ring N1, the deprotonated histidyl amide and the
imidazole N1, in contrast to an earlier study that proposed
coordination of the valerate amide. 2D NMR spectroscopic

Introduction

Bleomycins are a group of antibiotics with clinical use as
anticancer drugs.[1�3] The commercial preparation, Bleocin
or Blenoxane, consists predominantly of bleomycins A2
and B2 (Scheme 1). Their efficacy is mainly attributed to
their ability to mediate cleavage of the DNA backbone by
attacking at the deoxyribose 4�-H position and causing sin-
gle- and double-strand cleavage and base release.[4�8] A
number of putative pathways have been proposed to initiate
DNA oxidation.[10,11] The drug is activated in the presence
of iron and oxygen species as cofactors. Other metals can
also facilitate DNA cleavage by bleomycin in vitro, even
though their reactions are less well characterized.[12]

Umezawa and co-workers were the first to isolate bleo-
mycins from the culture medium of Streptomyces verticillus
and to propose the most likely metal-binding sites.[13] The
X-ray crystal structure of CuII·P3A,[14,15] a biosynthetic in-
termediate of bleomycins lacking the linker, C-terminus and
carbohydrate domains, revealed a five-coordinate square-
pyramidal complex with five nitrogen donors. Only recently,
Suguiyama et al.[16] obtained the X-ray crystal structures of
both apo and CuII·bleomycin A2 bound with a protein and
established the proposed metal-binding mode. The equa-
torial plane comprises the secondary amine of aminoalan-
ine, the pyrimidine N1, the histidine amide and the imidaz-
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data were used as distance constraints in simulated an-
nealing molecular-dynamics calculations and the first solu-
tion structure of a square-planar metallo-bleomycin is re-
ported. In order to assess the toxicity of PdII·bleomycin, cyto-
toxicity measurements were performed in U937 and K562
leukemia cell lines using two methods. In both cell lines the
free drug and the complex exhibit similar toxicity as a func-
tion of time.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

ole N1, while the aminoalanine primary amine occupies the
apical position (see Scheme 1). These structures were found
to be consistent with the NMR models proposed by Stubbe
et al. for the two CoIII·bleomycin adducts.[17�19] Among
them, HO2·CoIII·bleomycin is considered to be a robust
structural analogue of the biologically relevant
Fe·bleomycin.[20,21] Although GaIII and InIII·bleomycins are
not able to mediate DNA degradation, their solution struc-
tures were recently shown to bear strong resemblance to
these models.[22,23] On the other hand, structural NMR
studies on iron species have been carried out for the low-
spin CO·FeII·bleomycin [24] and the paramagnetic
FeII·bleomycin,[25] which exhibited contradictory results.
Other direct structural studies on metallo-bleomycins have
been performed with manganese,[26�28] ruthenium,[29,30]

vanadyl,[31,32] zinc,[33�36] cadmium,[37] nickel,[38,39] calcium
and trivalent lanthanides,[40] as well as the paramagnetic
CoII·bleomycin complex.[41,42]

In view of the fact that bleomycins are often administered
in combination with cisplatin [cis-PtCl2(NH3)2] for the
treatment of malignant tumors,[43] Garnier-Suillerot and
Albertini have carried out an investigation on the interac-
tion between the two compounds.[44] Apart from cisplatin,
cis-PdCl2(NH3)2, PdCl2(ethylenediamine) and PdCl42�

were also used in this study. The final species, resulting from
the interaction of these compounds with bleomycin, were
suggested to be similar, albeit different reaction rates and
formation constants were observed. Spectroscopic and
potentiometric data have led the authors to propose a bind-
ing mode, which differs from the equatorial plane of most
metallo-bleomycins. Instead of the imidazole ring N1, the
valerate peptide nitrogen was proposed to be a donor atom
of bleomycin, independent of the starting complex.
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Scheme 1. Structure of bleomycins A2 and B2; the functional groups are separated by wavy lines and the potential N ligands are marked
in bold

We have undertaken the preparation and structural
characterization of PdII·bleomycin A2 with the aim to ob-
tain its detailed solution structure through a combined use
of NMR spectroscopy and molecular modelling. Our NMR
spectroscopic data indicate that bleomycin binds strongly to
PdII and forms a 1:1 adduct through four nitrogen donors,
which comprise the equatorial plane of nearly all metallo-
bleomycins. The combination of proton�proton distance
constraints obtained by 2D NOESY experiments at low
temperature, along with a suitable molecular mechanics
force field for the modelling of PdII·bleomycin A2, have
been used in determining its solution structure. Since no
cytotoxicity results were reported for PdII·bleomycin and in
pursuing a comparison with a cisplatin�bleomycin com-
plex, we have performed cytotoxicity measurements in two
leukemia cell lines using two methods. While complexation
of bleomycin and cisplatin results in the decrease of their
activity,[44] our data evidences that PdII·bleomycin exhibits
comparable cytotoxicity with that of apo-bleomycin.

Results and Discussion

Interaction of PdII with Bleomycin

The first step in the structural characterization procedure
of PdII·bleomycin was to prepare a pure and stable complex
in aqueous media. Since PdII tends to undergo hydrolysis
reactions,[45,46] addition of a twofold excess of K2PdCl4 in
bleomycin solutions (1�10 m concentrations) immediately
produced a yellow, fine aggregate. Most likely, the insoluble
product consists of hydroxo-bridged polynuclear PdII spec-
ies. Even though mixing equimolar amounts of K2PdCl4
and bleomycin did not readily result in precipitation, a
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variety of compounds were formed, even at low pH (� 2).
This was evident from the 1H NMR spectra recorded im-
mediately after mixing, which reveal the presence of at least
three different species. Higher pH values and longer periods
of time give rise to precipitation or formation of more com-
plex mixtures.

Based on speciation studies of several PdII compounds
analogous to cisplatin as a function of their concentration,
pH and [Cl�],[47�50] we carried out the complex preparation
in 1.0  NaCl, so as to restrict the presence of aqua and/
or hydroxo PdII species. As shown in Figure 1, under these

Figure 1. 1H NMR spectral region of the PdII·bleomycin A2 system
in 1.0  NaCl at 298 K as a function of time; the resonances of
the pyrimidine ring methyl protons (P�CH3) reveal a three-step
reaction and are indicated by the numbers 1, 2 and 3
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conditions the 1H NMR spectra indicate a multi-step reac-
tion that occurrs during the first hours after mixing equi-
molar amounts of K2PdCl4 and bleomycin, which eventually
leads to a major compound after 24 h at 40 °C. The com-
plex formed is stable over a long period of several months,
in neutral aqueous solutions (pH 6.7) of 10 m concen-
tration and at room temperature. This has allowed us to
perform 2D NMR experiments and proceed to the struc-
tural determination of PdII·bleomycin A2.

Assignment and Analysis of the NMR Spectra

A strategy for the assignment of the non-exchangeable
protons of bleomycin A2 has been previously presented in
detail.[17,24] Combined use of heteronuclear and homonu-
clear experiments plays a key role in this procedure. A dis-
persion in the carbon dimension of the HMQC spectra
(Figure S1 in the Supporting Information) in combination
with the long-range couplings detected in the HMBC and
TOCSY experiments have enabled us to assign the signals,
especially the crowded disaccharide signals. 1H and 13C
chemical shift values of PdII·bleomycin A2 are given in
Tables S1 and S2 of the Supporting Information, in com-
parison with those reported for the metal-free bleomycin
A2.[24,51]

Coordination of bleomycin to PdII through the pyrim-
idine and imidazole aromatic rings is readily detected by
the changes in the P�CH3 and H�C2H chemical shifts. In
particular, the former signal appears at considerably lower
field regions (∆δ � 0.4 ppm), which indicates a strong elec-
tron-withdrawing effect by the metal ion (see Figure 1). De-
spite the fact that both the 1H and 13C chemical shifts of
the histidine H�Cα are not significantly affected upon
complexation, the deprotonation of the histidine amide ni-
trogen is evident from the disappearance of its NH reson-
ance. This is a strong indication for the coordination of the
amide nitrogen to PdII, which was also the case for other
metallo-bleomycins.[17,19,22�24,33�36] On the other hand, co-
ordination of the β-aminoalanine secondary amine is re-
flected by the perturbation of the chemical shifts at P�CβH
(∆δ � 0.4 ppm) and at the two A�CβH2 (∆δ �
0.2�0.3 ppm).

Apart from the histidine amide proton, all the others
were detected and assigned by observation of scalar coup-
lings with their vicinal protons. Therefore, participation of
any other amide nitrogen into the coordination sphere of
PdII, rather than the deprotonated histidine amide, can be
excluded. This is also true for the V�NH group (δ � 8.01),
which has been proposed as a ligand for PtII and
PdII·bleomycin.[44] The primary amine protons of β-ami-
noalanine exhibit a single resonance (δ � 6.39) strongly
coupled to A�CαH. Their degeneration owning to the fast
rotation around the C�N bond indicates that the primary
amine is not coordinated, in contrast to GaIII and
InIII·bleomycins for which two strongly coupled signals had
been detected.[22,23] Additionally, four pair of signals
strongly coupled to each other were assigned to the pyrim-

 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2004, 3118�31263120

idine ring P�NH2 (δ � 7.51, 7.60), P�CONH2 (δ � 7.08,
7.69), A�CONH2 (δ � 6.93, 7.21) and M�CONH2 (δ �
6.16, 6.61). The pyrimidine amine exhibits only medium-
size NOEs with the neighbouring methyl group, in accord-
ance with previous NMR studies.[17�19,22,23] P�CONH2

and A�CONH2 were assigned by virtue of their NOEs with
the Cα and Cβ protons of the pyrimidinyl and aminoalan-
ine moieties (see Figure 2). The remaining couple of fast
exchanging protons was assigned to M�CONH2, which did
not show any cross-peak with other protons.

Figure 2. Expanded region from the NOESY spectrum of
PdII·bleomycin A2 in H2O (10% D2O), 1.0  NaCl, pH 6.7 at
278 K; the cross peaks shown are supporting the assignment of the
exchangeable primary amine and amide protons

NOESY experiments were performed at 278 K and not
only assisted in the assignment procedure, but also provided
a wealth of structural information through distance con-
straints (Table S3 of the Supporting Information). Some
common characteristics of metallo-bleomycins, such as the
folding of the linker domain under the imidazole ring, were
also exhibited by the PdII·bleomycin adduct. This is indi-
cated by a number of NOEs between the aromatic protons
of imidazole and the linker domain, especially by two me-
dium intensity cross-peaks for H�C2H···V�CαH and
H�C2H···T�CH3. As a result of shielding by the imidazole
ring current, V�CαH and V�αCH3 proton signals appear
at higher field compared with the metal-free bleomycin.
Similarly, M�C3H is found to be shielded by the pyrim-
idine ring current, as the sugars move toward the metal-
binding domain. In earlier NMR studies, the even higher
upfield shift of the M�C3H signal (∆δ � 0.5 ppm) has
been used as evidence for the coordination of the 3-O-
carbamoyl nitrogen,[24] but it was disputed later.[17,19] Such
stacking of the carbamoyl moiety over the pyrimidine ring
has also been observed in the crystal structure of
CuII·bleomycin A2.[16] Finally, the bithiazole and sulfonium
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moieties of PdII·bleomycin lack any long-range NOEs with
other domains, thus demonstrating a conformational flexi-
bility.

Molecular Modelling and Structure Determination

Having established that the four common nitrogen li-
gands are involved in PdII·bleomycin and given that the
square-planar geometry is the most favourable, three isomer
models were constructed (see Scheme 2). To facilitate more
extensive sampling of the conformational space, the disac-
charide and β-aminoalanine moieties were placed at differ-
ent orientations. In models I and II they were placed at
opposite sides of the coordination plane, whereas in model
III they both share the same side. Models I and II were
based on the coordinates of the NMR structure of
CoII·bleomycin A2 (PDB code 1DEY),[41] while model III
was based on the X-ray crystal structure of CuII·bleomycin
A2 (PDB code 1JIF).[16]

Scheme 2. Starting models employed in the molecular dynamics
calculations; the ligands are designated as β-aminoalanine second-
ary amine (AN), pyrimidine N1 (PN), β-hydroxyhistidine amide
(HN) and imidazole N1 (IN); the β-aminoalanine primary amine
(AN1) and the mannose carbamoyl nitrogen (MN) occupy different
sides of the equatorial plane in models I, II and the same side in
model III

Each model was subjected to 20 runs of a simulated
annealing calculation following the same protocol as that
described for the structural determination of GaIII and

Table 1. Structural and energy statistics for the three PdII·bleomycin A2 models, which were obtained from the simulated annealing
molecular dynamics calculations; for each model, ten structures were obtained by mass-weighted rms fitting and averaging the coordinates
from the last 20 ps of the trajectory (100 snapshots); statistics were obtained after energy minimization was performed with all the
distance restraints applied

Model I Model II Model III

Rmsd. of heavy atoms[a] (Å) 0.77 � 0.35 1.55 � 0.44 0.11 � 0.03
Distance restraint violations � 0.01 Å 7�13 12�16 4�9
Rmsd. from distance restraints (Å) 0.035 � 0.012 0.040 � 0.008 0.024 � 0.004
Potential energy terms: (kcal mol�1) �4.7 � 4.8 24.6 � 7.7 �10.4 � 6.3
Total 13.9 � 0.4 15.0 � 1.1 14.6 � 0.3
Bond 66.1 � 3.1 71.1 � 3.2 62.4 � 1.1
Angle 48.2 � 2.9 53.6 � 4.6 44.7 � 2.6
Dihedral angle[b] �138.2 � 6.2 �121.2 � 7.6 �134.7 � 7.0
Non-bonded constraint[c] 5.3 � 3.3 6.1 � 2.6 2.6 � 0.7

[a] The atoms of bithiazole and sulfonium moieties were not included due to the disorder of this domain. [b] Including also an improper
angle-energy term. [c] The sum of the electrostatic and van der Waals energy terms.
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InIII·bleomycins.[22,23] After minimizing the energy of
the initial models without any constraints, a molecular
dynamics run was performed while increasing the tempera-
ture from 300 to 1000 K. The distance constraints were then
gradually introduced and after allowing the system to over-
come any potential energy minima, the temperature was de-
creased to 300 K. From the final 20 ps of the molecular
dynamics run (at 300 K with distance constraints) 100
structures were collected and were superimposed by mass-
weighted rms fittings of all heavy atoms excluding the
bithiazole and C-terminal groups. Their coordinates were
averaged and the final model was subjected to energy mini-
mization until the rms gradient became less than 0.01.

The structural and energy statistics of the ten best struc-
tures for each model, by virtue of the lowest potential en-
ergy and lowest deviation from the restraints, are given in
Table 1. Models I and III were found to be more consistent
with the NMR constraints and they exhibited the lowest
energy structures. Model II resulted in higher strain-energy
structures in order to satisfy the restraints and can be read-
ily excluded. Despite the different starting position of β-
aminoalanine in models I and III, their final structures were
quite similar. As a result, all structures of the isomers I and
III exhibit minimal energy differences in comparison with
those obtained by model II. Nevertheless, model III exhibits
the most favourable results with minor restraint violations
and the lowest total potential energy.

The solution structure of PdII·bleomycin A2 (see Fig-
ure 3) resulted by averaging the ten best structures of model
III and by minimizing its strain energy. Selected structural
data of the coordination plane are presented in Figure S2
(see Supporting Information). Some of the above-men-
tioned structural features of metallo-bleomycins were also
identified in the PdII adduct. The linker domain of the two
CoIII·bleomycin complexes is folded under the equatorial
plane from the side of the imidazole. The basis of this fold-
ing has been related to the interaction of the hydroperoxide
or hydroxide axial ligand with the linker backbone.[17,19] In
our case, a similar folding of the linker domain can be attri-
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Figure 3. Structure of PdII·bleomycin A2 calculated from the averaged coordinates of the ten best models of III (shown in the inset) after
energy minimization with all the constraints applied; atom colours are grey for C, blue for N, red for O, yellow for S and orange for Pd

buted to the H bonds, which were exhibited between the
threonine and aminoalanine moieties (T�O�H···O�C�A
and T�C�O···H�N�A). Their geometric characteristics
indicate a strong interaction, which can account for the
folding observed (Figures S3 and S4 in the Supporting In-
formation). This interaction is supported by the strong
chemical shift perturbation of A�CONH2 protons (Table
S1) and by a medium and a weak NOE between the two
A�CONH2 protons and T�NH (Table S3).

The disaccharide moiety of bleomycin is found to be po-
sitioned over the plane, which can be due to an additional
H bond between the propionamide and carbamoyl moieties
(P�C�O···H�N�M). But since the P�CONH2 and
M�CONH2 signals are marginally perturbed upon com-
plexation (Table S1 in Supporting Information) this interac-
tion cannot be explicitly defined. In addition, it is also pos-
sible that water molecules mediate H-bonding interactions
between mannose and propionamide domains, an interac-
tion that cannot be simulated without explicit treatment of
the solvent. As shown in Figure 3, the aminoalanine moiety
is located away from the metal ion. If A�αNH2 occupied
the initial position over the metal, then it would be expected
to participate in an axial Pd···H�N interaction. This would
contradict our NMR spectroscopic data, since one of the
degenerate resonances from the interacting amine proton
should be shifted to lower field. Indeed, examination of the
final model revealed that axial Pd···H�X (X � calcd. C, O,
N) interactions are absent. Finally, the thiazolium rings are
shown in the cis conformation, by virtue of a quite weak
NOE detected between their two aromatic protons (not
used as distance constraint).
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Antitumor Activity

The cytotoxicity of the PdII·bleomycin A2 complex was
screened in two leukemia cell lines, human chronic myeloid
leukemia (K562) and human histiocytic lymphoma (U937).
K562 cells were incubated with higher concentrations of the
drugs (100 and 300 µg/ml) than U937 cells (10 and 100 µg/
ml), since the former are less sensitive to several anticancer
agents. Incubation times were 6 to 48 hours. Two different
methods were used, in order to assess the percentage of to-
tal alive cells (MTT) and the number of necrotic cells (Try-
pan Blue). The MTT assay is based on an enzymatic reac-
tion and is therefore more sensitive and accurate. Since
MTT is absorbed by the mitochondria, it is transformed
into formazan by the enzyme succinic dehydrogenase. By
assessing the activity of the mitochondrial dehydrogenases,
the activity of viable cells is screened. The results obtained
by both methods are presented in Table S4 (see Support-
ing Information).

The results obtained using the MTT assay, which are il-
lustrated in Figure 4, show that the cytotoxicity exhibited
by PdII·bleomycin is similar to that of the free drug. For
both cell lines, the toxicity of the complex was measured as
being 10 % lower than that of bleomycin, following the
same trend as a function of time. A plausible explanation
for the toxicity demonstrated by PdII·bleomycin is that the
complex dissociates under cellular conditions. By virtue of
its lack of redox activity and inability to mediate DNA-
strand scission, the cytotoxicity is most probably due to the
free drug released into the cells. Based on this hypothesis,
the percentage of lower toxicity of PdII·bleomycin can be
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Figure 4. Antitumor activity of the PdII·bleomycin A2 complex (Pd-BLM) in comparison with that exhibited by the metal-free drug
(BLM) as a function of time; the upper diagrams illustrate the results obtained by the MTT assay for U937 cells, after incubation with
10 µg/ml (left) and 100 µg/ml (right) of drugs; the lower diagrams were obtained by the same method as for K562 cells, after incubation
with 100 µg/ml (left) and 300 µg/ml (right) of drugs

attributed to the presence of an equilibrium between the
metal-bound and the apo-form of bleomycin. It is possible
that the stability of the complex observed does not corre-
spond to the same stability under cellular conditions, which
are quite different to those of the NMR experiments.

In order to obtain more information on the stability of
the complex, we performed NMR and circular dichroism
(CD) studies on PdII·bleomycin in lower salt concen-
trations. For this reason we diluted a stock 10 m solution
of the complex (1.0  NaCl, pH � 6.7) in H2O, so that
the final salt concentration was 4�150 m, while the drug
concentration was 0.04�1.5 m. The pH was adjusted to
7.2 using aliquots from dilute NaOH and the solutions were
incubated at 37 °C. All spectra were recorded at room tem-
perature starting one hour after each dilution and lasting
up to three days. Seeing that no changes occur either in the
CD spectra (solutions with [drug] � 0.5 m), or the NMR
spectra (solutions with [drug] � 0.5 m), we cannot sup-
port the hypothesis that PdII·bleomycin dissociates under
cellular conditions.

On the other hand, we cannot rule out the possibility that
PdII·bleomycin mediates the cytotoxicity observed, without
requiring the redox activation of oxygen. Based on obser-
vations in vitro that the complex is not only able to bind
strongly to DNA, but it can also displace FeIII from its
coordination site,[44] the cytotoxicity of PdII·bleomycin
could be attributed to its DNA-binding ability or any other
mechanism that may lead to the cell death (such as
apoptosis). But taking into consideration that
PtII·bleomycin exhibits a strong affinity for DNA and that
the complexation of bleomycin and cisplatin gives rise to a
decrease in the cytotoxicity of both drugs,[44] albeit screened
in different cell lines, the hypothesis that PdII·bleomycin dis-
sociates under cellular conditions seems more plausible.
Still, further investigations should be carried out, in order
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to elucidate the mechanism of cytotoxicity. A related para-
digm is the case of Cu·bleomycin, which was initially con-
sidered as an inhibitor of DNA cleavage.[52] However, later
findings have suggested that it may assist in generating an
active Fe·bleomycin species in vivo, a mechanism that still
remains a puzzle.[12]

Conclusion

Following the procedure described herein, we prepared
the PdII·bleomycin A2 complex in aqueous media and de-
termined its solution structure using NMR spectroscopy in
combination with molecular dynamics calculations. Our
data reveal that bleomycin binds to PdII adopting a confor-
mation similar to most of the models proposed either by
NMR or X-ray crystallography. The same N ligands in-
volved in the equatorial planes of CuII, FeII, CoII and CoIII,
GaIII and InIII metallo-bleomycins are shown to be ar-
ranged in a square-planar geometry around PdII. Cytotox-
icity measurements in two leukemia cell lines demonstrate
that PdII·bleomycin is almost as toxic as the free drug, in
contrast to PtII·bleomycin, which was found to have lower
toxicity than apo-bleomycin.

Experimental Section

Sample Preparation: Bleocin and pure bleomycin A2 sulfate were a
kind offer from Nippon Kayaku Co. Ltd. and were used without
further purification. The complex was prepared by mixing equimo-
lar amounts of K2PdCl4 (100 m) and bleomycin (10 m) in aque-
ous solutions containing NaCl (1.0 ). The pH of the solution,
which immediately dropped below 2.0, was slowly increased to 3.5
using aliquots of dilute NaOH (1.0 ). After heating the mixture
at 40 °C for 2 h, its pH, which continuously dropped, was then
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increased to 5.0. This procedure was repeated twice before the pH
was finally increased to 7.0. The mixture was then heated at 40 °C
for 24 h, so as to assure complete formation of the complex and
the pH was finally readjusted to 6.7. Its stability over a period of
several months at room temperature is demonstrated by the fact
that no changes were detected in the 1H NMR spectra. Using the
same procedure, PdII·bleomycin was also prepared in Millipore
water for the cytotoxicity measurements.

NMR Experiments: Samples for the NMR experiments were pre-
pared either in H2O (10% D2O) or D2O 99.99%. All spectra were
recorded on a Bruker Avance NMR spectrometer operating at pro-
ton frequency of 500.13 MHz. X-WIN NMR 2.6 (Bruker Analytik
GmbH) was used to process the spectra and SPARKY 3.1,[53] run-
ning on a Linux PC, was used for the assignment and analysis of
the 2D spectra. 1H and 13C chemical shift values were referenced
to an internal standard, sodium 3-(trimethylsilyl)-1-propanesulfon-
ate (TSP).
Two-dimensional NOESY (100, 200 and 400 ms mixing times),
DQF COSY,[54] and TOCSY (MLEV-17 sequence with 35 and 70
ms mixing times)[55] experiments were performed at 278 and 298 K
in H2O and D2O. Data sets with 2048 � 512 complex points were
acquired with 7 KHz-sweep widths in both dimensions and 32
scans per t1 increment. 1H{13C} HMQC[56] and HMBC[57] spectra
were recorded at 278 and 298 K in H2O and D2O. Data sets with
1024 � 256 points were collected with 32 or 64 scans per t1 in-
crement and spectral widths of 6 KHz in the proton and 25 kHz
in the carbon dimension. Solvent suppression for the H2O samples
was performed using excitation sculpting with gradients,[58] while
for the D2O samples a pre-saturation pulse was applied during the
relaxation delay of 2.0 s. The indirect dimension was zero-filled up
to 1024 data points and the FIDs were processed with either a
combination of exponential and Gaussian weighting functions or
a 90°-shifted sine-bell function.

Force Field Parameters: All molecular modelling calculations were
performed with AMBER 6.[59] In order to accurately represent the
bleomycin complex, the AMBER-94 force field was modified ac-
cording to the guidelines of its authors.[60] Standard atom types
were assigned to the atoms of bleomycin by analogy with their
chemical environment. For the sugar atoms, we used parameters
from the GLYCAM force field for modelling carbohydrates.[61] A
new atom type was created for PdII using the van der Waals param-
eters R* � 1.65 Å and ε � 0.20 kcal mol�1, based on the crystallo-
graphic data of Bondi.[62] According to the calculations of Ham-
bley,[63] these parameters reproduce quite well the metal�ligand
separations in molecular mechanics force fields. The bond, angle
and dihedral angle parameters of bleomycin were also chosen upon
their analogy with existing parameters of AMBER, while those in-
volving PdII were adapted from parameters developed for platinum
compounds.[64] Equilibrium Pd�N bond lengths were set to Ro of
2.01 Å using a relatively low force constant of 100 kcal mol�1 Å�2.
For the N�Pd�N angles, θo of 90° or 180° with 40 kcal mol�1

rad�2 force constants were used, while dihedral angles involving
the metal were set with zero force constants.
The atom-centred point charges of the complex were generated
from the electrostatic potential of its molecular fragments. The
equatorial plane of PdII·bleomycin comprising β-aminoalanine, py-
rimidinyl propionamide and histidyl moieties was fitted as a whole.
For the other domains we used the charges, which had been pre-
viously calculated for GaIII·bleomycin.[22] Spin-restricted DFT cal-
culations using Becke’s three-parameter-hybrid functional with the
correlation functional of Lee, Yang, and Parr (B3LYP)[65�67] were
performed using the program package GAMESS.[68] The Los
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Alamos effective core potentials were applied on palladium,[69�71]

and the 6�31G(d) basis set on all other atoms. The point charges
were fitted to reproduce the electrostatic potential using the RESP
method,[72] a two-stage approach where the equivalent methyl and
methylene hydrogen atoms are restrained to have the same charge.
In order to reassemble the charges of the entire molecule, the H-
neutralization method was used.[73]

Restrained Molecular Dynamics: NOE signals from the NOESY
spectrum (200 ms mixing time at 278 K, pH 6.7) were classified as
strong, medium and weak by visual inspection of the cross-peak
intensities and the constraints were set to an upper distance limit
of 3.0, 4.0 and 5.0 Å, respectively. An additional 1.0 Å was allowed
for NOEs involving methyl groups and ambiguous methylene pro-
tons. A total of 76 distance constraints were applied with a 50 kcal
mol�1 Å�2 force constant, using a square-bottom-well function
with parabolic sides out to 0.5 Å and then linear sides beyond that.
Molecular dynamics calculations in vacuo were carried out at a
time step of 1 fs with the distance-dependent dielectric constant
algorithm of AMBER. The cut-off distance was set to 16.0 Å and
the non-bonded pair list was updated every ten steps. Temperature
regulation was performed using the Berendsen algorithm. For the
heating and cooling stages, a bath coupling constant of 0.1�0.5 ps
was applied, in order to assure a tighter coupling to the heat bath,
while for the equilibration stages it was increased up to 2.0 ps, so
as to allow sampling of more natural trajectories. Starting models
were energy minimized prior to the simulated annealing calcu-
lations without restraints for 500 steps of the steepest descent
method, followed by the conjugate gradient method until the rms
gradient became less than 0.1.
Each model was subjected to 20 individual runs, while changing
the initial velocities assigned. The annealing protocol consisted of
five stages: (1) heating the system from 5 K up to 1000 K during the
first 20 ps, (2) gradual application of the constraints for a period of
10 ps, (3) high-temperature equilibration for 20 ps, (4) slow cooling
down to 300 K during the next 20 ps and (5) final dynamics run
for 50 ps at 300 K. A final model from each iteration was generated
by mass-weighted rms fitting and averaging the coordinates from
the last 20 ps of the trajectory (100 structures). Energy minimiz-
ation with restraints was performed as above but until the rms
gradient became less than 0.01. The results presented in Table 1
were derived from the ten best structures, which were favoured by
their low potential energy and minimal deviations from the NMR
constraints.

Cell Lines and Cytotoxicity Assays: RPMI 1640, Fetal Bovine
Serum (FBS), penicillin, streptomycin, Phosphate Buffered Saline
(PBS) and HEPES buffer were purchased from BIOCHROM. -
Glutamine was purchased from AppliChem. Trypan Blue, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT), so-
dium dodecyl sulfate (SDS), formamide and NaHCO3 were pur-
chased from Sigma�Aldrich. Two human cell lines routinely main-
tained in the Biology department of NCSR ‘‘Demokritos’’ were
used in this study. Chronic myelogenic leukemia (K562) and human
promyelocytic cell line (U937) were maintained in RPMI 1640 me-
dium containing 10% (v/v) FBS, 2 m  -glutamine, 0.85 g/l
NaHCO3, 25 m HEPES, 200 U/ml penicillin and 100 µg/ml strep-
tomycin at 37 C in a 5% CO2 atmosphere. The pH of the medium
was adjusted to 7.3. In all experiments, cells were cultured to the
logarithmic phase growth over a period of 48 h, starting from a
culture density of 3�5 � 105 cells/ml.
The viability of the cells was determined by the Trypan Blue dye-
exclusion method and cytotoxicity was assessed by the MTT
assay.[74�77] Briefly, logarithmically grown cells were plated in 25-
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mL flasks and treated with two concentrations of each drug. Un-
treated cells were used as a negative control. Incubation was carried
out at 37 °C for different time periods, starting from a 6 h incu-
bation up to 50 h. After drug incubation for various time periods
at 37 °C, MTT (50 µl, 10 mg/ml) was added to each well, followed
by a 4 h incubation at 37 C. The reaction results in the reduction
of MTT by the mitochondrial dehydrogenases of viable cells to a
purple formazan product. Cells were lysed using DMF solution (55
mL H2O � 12.5 g SDS � 45 mL formamide, pH 4.7) and left
overnight at 37 °C. After centrifugation, 200 µL of each sample
were placed in 96-well microtiter plates in duplicate and OD550 nm

was determined in an ELISA plate reader. The results are expressed
as the percentage of alive cells, calculated from MTT reduction and
it is assumed that the absorbance of control cells is 100%. In ad-
dition, cell viability in U937 and K562 cell lines was assessed by
the method of Trypan Blue exclusion. Trypan blue (0.2%, 2 µl) was
added to aliquots of cell-containing media (18 µl) and the percent-
age of viable cells was determined by counting the number of cells
able to exclude the dye on an hemocytometer. All of the above
experiments were performed in duplicate.

Supporting Information (see also the footnote on the first page of
this article): Two tables giving the 1H and 13C chemical shift values
of PdII·bleomycin A2 in comparison with those obtained for the
metal-free bleomycin A2, a table with the categorized NOE inten-
sities, a table with all the results from the cytotoxicity measure-
ments, a figure showing an expanded region of the 1H{13C}
HMQC spectrum and three figures illustrating the solution struc-
ture of PdII·bleomycin A2 along with selected structural data of
the coordination sphere, potential intramolecular H-bonds and a
comparison with the crystal structure of CuII·bleomycin.
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