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ABSTRACT

Phleomycin is one of the anticancer glycopeptide antibiotics which cause DNA cleavage. It is commonly used as a copper(Il) complex. Therefore, it is important to
study the metal ion binding process and to define the coordination mode. In this paper, we describe the acid-base properties of phleomycin and the coordination
sphere of the Cu(II) cation. In the metal binding process up to five nitrogen donor atoms can be involved. Four of them in the same plane deriving from: the
pyrimidine ring, secondary amine of 3-aminoalanine, imidazole and amide of the nearest peptide bond (from B-hydroxyhistidine) and in the apical position from the
a-amino functional group of f-aminoalanine, resulting complex has a square-pyramidal geometry. Phleomycin complexes are able to induce single- and double-
stranded DNA damage when they are accompanied by one-electron reductants, such as dithiothreitol, glutathione, 2-mercaptoethanol or ascorbic acid. In such
conditions they produce reactive oxygen species which are responsible for DNA cleavage. The metal ion binding site is relatively close to the nucleic acid interacting
moiety. This supports the hypothesis that copper ion is important in the anticancer activity which involves DNA degradation.

1. Introduction

Cancer constitutes an enormous burden on all societies [1]. In re-
cent years, the number of new cases have continued to increase, largely
because of the aging and growth of the world population [2]. This si-
tuation is more and more frequently referred to as an “epidemic”.
Cancer is now one of the leading causes of morbidity and mortality
worldwide, with estimated 18.1 million new cases and almost 9.6
million deaths in 2018 [3]. All over the world, about 1 in 6 deaths is
due to cancer. It is predicted that by 2030, the number of new cases of
cancer will increase to 10-11 million each year in low and middle
economically developed countries alike. At the same time, cancer-re-
lated deaths will increase to 13 million per year. In 2018, the most
common causes of cancer death were lung, liver, stomach, colorectal
and prostate cancers in male population. Five most frequent types of
cancer in women are breast, lung, colorectal, cervical and stomach
cancers [4]. In many cases, human microbiota is associated with cancer
progression, e.g. Helicobacter pylori is related to stomach cancer [5],
Fusobacterium nucleatum promotes colon cancer growth and even me-
tastasis [6].

Some of the most common cancer types are largely curable, if they
are diagnosed at an early stage and adequately treated. Therefore, there
is a need to improve diagnostic tools and the methods of treatment [7].
First of all, the understanding of the mechanism of action of anticancer
drugs at the molecular level is essential. Some of the natural glyco-
peptide antibiotics like bleomycin are widely used during therapy. It is
commonly believed that they have a biological effect similar to that of
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metallodrugs [8]. Metal ion is crucial in the mode of action and it is
responsible for the oxidative damage of DNA [9].

The first studies on the coordination process of different metal ions
by bleomycin were performed in the 1970s [10]. However, the topic
has been recurring in the literature for the following several decades
[11-19]. Researchers have not agreed when it comes to the number,
arrangement and nature of donor atoms. While the involvement of the
imidazole, pyrimidine and secondary amino group seems to be indis-
putable during metal binding, other donor atoms have still been con-
troversial. The structure of the complex could become more clear if the
X-ray structure were solved. Unfortunately, the crystals have been ob-
tained only for the cupric complexes with bleomycin derivatives — a
product of the biosynthesis of bleomycin and its structural analogs.
There was a lack of sugar and bithiazole moieties that could be involved
in metal binding [20]. Therefore, the complete coordination sphere
could not be fully confirmed. Interestingly, on the absorption spectra of
Cu(I)-bleomycin and its derivatives, d-d bands have been observed at
the wavelength of around 600 nm which suggests the presence of a
strong ligand-field in a disordered five or six-coordinate model. The
potential involvement of the primary amino group of B-aminoalanine,
sugar moieties and bithiazole ring has been widely discussed. In view of
the fact that numerous complexes with bleomycin and its synthetic
analogs precipitate from the solution, only partial potentiometric and
spectroscopic data are reported in the literature [14-19]. It was a
starting point to study the interactions of copper(Il) ions with phleo-
mycin, bleomycin's structural analog, whose complexes are soluble in
the whole pH range. Therefore, it was possible to obtain the full
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Fig. 1. Molecular structure of phleomycin in its fully deprotonated form.

potentiometric and spectroscopic characteristics of the coordination
process. Moreover, the computational results allowed to predict the
most stable species.

Phleomycin (Fig. 1) is a glycopeptide antibiotic, member of the
bleomycins family isolated for the first time from Streptomyces verticillus
[21]. This wide-spectrum antibiotic has an anticancer activity which is
based on the DNA cleavage. Severe DNA damage leads to cell death
[22]. From the structural point of view, phleomycin only slightly differs
from bleomycin. It has a thiazinylthiazole moiety in lieu of bithiazole
present in bleomycin and it naturally occurs as a copper(II) complex
[23]. This structural change does not have any impact on the co-
ordination mode, but it increases the solubility of the compound.

2. Experimental section
2.1. Materials

Phleomycin copper(II) complex as blue powder was purchased from
Sigma-Aldrich and used without further purification. The pBR322
plasmid DNA buffered solution and other chemical reagents (like
NaOH, HCI) were obtained from commercial sources, mainly from
Merck.

2.2. Potentiometric titrations

Potentiometric measurements of phleomycin and its complexes with
copper(Il) ions in aqueous solution in the constant ionic strength (0.1 M
KCl) were performed at 298 K under argon atmosphere using pH-metric
titrator (905 Titrando Methrom with a combined glass-Ag/AgCl elec-
trode Metrohm Biotrode). Electrode was calibrated daily in con-
centration using HCI titrations. The CO,-free NaOH solution at a con-
centration of 0.1021 M was used as a titrant. The samples (a total
volume of 1.5mL) were titrated in the pH region 1.5-11.0. Ligand
concentration was 1 x 10~ 3M, and metal-to-ligand molar ratios of 1:1,
1:3, 2:1 were used. Obtained data were analyzed using the SUPERQ-
UAD program [24]. Standard deviations (o values) quoted were com-
puted also by SUPERQUAD and refer to random errors only. They are,
however, a good indication of the importance of the particular species
involved in the equilibria.
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2.3. UV-Vis

Absorption spectra were recorded on a Cary 60 spectrophotometer
(Agilent Technologies) in the 800-200 nm range, using 0.1 and 1cm
cuvettes. Solutions were in the same concentrations and molar ratios as
used in potentiometric studies. All spectra were analyzed with the as-
sumption that the spectrum recorded at a given pH e(\,pH), is the
weighted average of individual spectra of all species present in the
solution, &;(\). The weights, x;(pH), are molar fractions of individual
complexes. Concentrations of the species, c;(pH) were calculated ac-
cording to their (} values determined by potentiometry.

The measurements of ROS (reactive oxygen species) generation
were carried out on the above-mentioned UV-Vis spectrophotometer
equipped with Single Cell Peltier Accessory (Agilent Technologies) to
achieve constant temperature (37 °C). Experiments were performed in
the presence of 0.01 mM phleomycin complex, 1 mM cofactors (H5O»,
ascorbic acid, dithiothreitol (DTT), 2-mercaptoethanol, glutathione)
and reporting molecule N,N-dimethyl-p-nitrosoaniline (NDMA) as a
scavenger for hydroxyl radical (-OH). Bleaching of NDMA character-
istic band (=440 nm) suggest production of assayed radicals.

2.4. Circular dichroism

Circular dichroism (CD) spectroscopy experiments were performed
on a spectropolarimeter Jasco J-1500 at 298K in a 0.1 cm and 1cm
quartz cell. The spectral range was 200-400 and 350-800 nm, respec-
tively. The solutions were prepared in the same manner as for UV-Vis
spectroscopy. The direct CD measurements (6 [mdeg]) were converted
to mean residue molar ellipticity (Ae M tem™]) using Jasco Spectra
Manager.

2.5. EPR

The 1 mM and 3 mM phleomycin solutions (metal-to-ligand molar
ratios of 1:1) for EPR measurements with ethylene glycol (water:glycol,
2:1, v/v) were prepared to ensure homogeneity of frozen samples. The
spectra were recorded at 120K (liquid nitrogen) on a Bruker spectro-
photometer (Bruker ELEXSYS E500 CW-EPR) at the X-band frequency
(9.5 GHz). All EPR parameters were calculated through spectral simu-
lation in the Doubletnew (EPR OF S = 1/2) as implemented by Dr.
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Andrew Ozarowski, National High Field Magnetic Laboratory,
University of Florida for the spectra obtained at the maximum con-
centration of the particular species for which well-resolved components
were observed.

2.6. Gel electrophoresis

The ability to induce strand breaks by phleomycin complex in the
presence of different reagents which may be involved in the anticancer
activity of the drug (e. g. 1,4-dithiothreitol (DTT), 2-mercaptoethanol,
glutathione (GSH), H,0, and ascorbic acid) was tested with the pBR322
plasmid DNA using agarose gel electrophoresis. The buffered samples
(phosphate buffer, pH 7.4) contained combinations of DNA (0.25 ug/
mL) and the components of the investigated systems (final concentra-
tions stated below each electropherogram). After 1 h of incubation at
37C, 4L of loading buffer (bromophenol blue in 30% glycerol) was
added to the reaction mixtures (20 puL) and then loaded on 1% agarose
gels, containing ethidium bromide, in TBE buffer (90 mM Tris-borate,
pH8.0; 20mM EDTA). Gel electrophoresis was done at a constant
voltage of 4 V/cm for 120 min. The gels were photographed and pro-
cessed with a Digital Imaging System (Syngen Biotech, Wroclaw,
Poland).

2.7. Computational calculations

Molecular orbital studies on Cu(II) cations with phleomycin 1:1
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complex have been done on the DFT (density functional theory) level of
theory with IEFPCM [25] solvent (water) model introduced upon po-
tential energy surface investigation. The starting structure of the pep-
tide for DFT calculations was generated on the basis of the amino acid
sequence after 75 ps simulation at 300 K, without cutoffs using BIO +
implementation of CHARMM force field. The DFT calculations on all
complexes were performed with Gaussian 09C.01 [26] suite of pro-
grams using the M06-2 X [27] hybrid functional and 6-31G basis set.

3. Results and discussion

Phleomycin was isolated as a light blue copper(II) complex in 1959
[28], and it has been commercially available in such form until today.
The average Cu(Il) content is around one metal ion per 3.44 phleo-
mycin molecules [29]. Therefore, in order to determine the deproto-
nation constants of the ligand itself, it was necessary to remove cupric
ions from the complex. To this end, Chelex® 100 chelating resin was
applied. This styrene divinylbenzene copolymer contains paired imi-
nodiacetate ions which act as chelating groups in the polyvalent metal
ions binding. The effectiveness of the applied method was confirmed by
the vanishing of signals in EPR spectra. A complete removal of the
copper(Il) ions was observed after double treatment of the antibiotic
solution with Chelex® (0.25g of the resin per 5mL of the antibiotic
solution) and incubation with gentle stirring at room temperature for
1h.

The above-mentioned procedure allowed to perform potentiometric
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Fig. 2. The scheme of two deprotonation processes occurring in a phleomycin molecule a) in the part of pyrimidine derivative; b) amino group. R and R' reflect to the

substituents neglected in the molecular structure of the drug.
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Table 1
Potentiometric and spectroscopic parameters for the uncomplex phleomycin.
Potentiometry UV-Vis CD
Ligand  logp" pK," A € A Ae
[nm] [M_lcm_l] [nm] [M_lcm_l]
H7L7Jr 42.012(5) 1.69 243 3688 210 +0.670
300 1555 235 —0.249
Hel®*  40.324(4) 177
HsL®*  38.552(5)  2.66
HL*Y  35.892(6) 6.38
HL**  20511(7)  7.12
H,L2* 22.388(5) 11.19
HL* 11.195(9) 11.20 243 3695 210 +0.100
300 1563 240 —0.032

Standard deviations on the last digit of stability constants are given in par-
entheses.

@ Overall stability constants
BHLLY) = [HaL**1/[LI[H*]™.

b Acid dissociation constants (pK,) expressed by: pK, = logB (H,L"*) — logf
(Hy— LD,

the

(B) expressed by equation:

titrations of the ligand and the complex. Therefore, the overall stability
constants for the tested system could be obtained. However, when
considering the number of deprotonating groups while increasing the
pH value, it should be stressed that three moieties which are potentially
able to release protons are engaged in the intramolecular hydrogen
bonds (HBs) formation. HBs are created between the heterocyclic ni-
trogen atom of pyrimidine derivative (N; in Figs. 1 and 2) and sec-
ondary (N, Figs. 1 and 2) and primary (Ns, Figs. 1 and 2) amino
groups. Such a HBs network leads to the formation of two stable, five-
membered chelate rings. This structural arrangement is able to release
only two protons, instead of three as it might be expected. Moreover,
neither amide nitrogen atoms nor hydroxyl groups release protons (pK,
value > 13) [30,31]. Consequently, phleomycin behaves like a hepta-
protic acid, which is able to release 7 protons from the molecule. The
first three pK, values characterizing the dissociation processes were
lower than 2. Therefore, in order to achieve precise values of pK, Me-
trohm Biotrode was used (the electrode works properly in the pH range
of 1-11). During the calculations based on the titrations data, the best
matching of the experimental and calculated curves was observed in the
case of the H,L model. It can be assumed that the obtained values of the
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first three constants are reliable.

The comparison of acid dissociation constant values (Table 1) shows
that the first deprotonation processes overlap with each other and the
functional groups release protons almost simultaneously
(pKa2 — pKqz = 0.08). Based on an analysis of literature data on the
deprotonation values of various functional groups, the three most acidic
moieties are ranked in the order of increasing basic character, as fol-
lows: heterocyclic nitrogen of the pyrimidine derivative (pK, = 1.7)
[32], thiazole nitrogen (pK, = 1.8) [33] and thiazoline nitrogen
(pK, = 2.7) [34]. Most probably, deprotonation takes place in this
order within the functional groups of the phleomycin molecule. The
subsequent pK, values (6.38 and 7.12) characterize the acid-base
properties of the imidazole nitrogen atom and a-NHs* of 3-aminoala-
nine, respectively [35,36]. The last two obtained values (11.19 and
11.20) refer to the simultaneous dissociation of guanidine and the
amino group of 4-amino-5-methylpyrimidine [37,38].

Formation of the Cu(II)-phleomycin complex starts at a very low pH
value with the stoichiometry CuH,L®™ (Fig. 3). There are three very
acidic groups in the phleomycin molecule. All of them have the ability
to anchor copper(Il) ions. However, the d-d transition appears at
610 nm in the UV-Vis spectra and at 550 nm and 683 nm in the CD
spectra. The pattern of the Cotton effects is similar to numerous copper
(II) complexes with peptides [40] and spectroscopic parameters suggest
the involvement of only two nitrogen donor atoms in the binding
process (Table 2) [39]. Most likely, one of them is the nitrogen atom of
the pyrimidine ring (pK, = 1.69, Table 1), because it is the most acidic
moiety in the molecule and the other two heterocyclic nitrogen atoms
are responsible for the interaction with DNA and probably do not
participate in the copper ion binding process [14]. This conclusion
coincides with the data obtained for the Cu(II)-bleomycin system
[16,17]. Moreover, apart from the d—d transitions, the CD spectra also
yield the charge transfer (CT) ones which support hypothesis that in
metal ion binding process pyrimidine ring and amino group are in-
volved (see Figs. S3 and S4 in Supplementary Information). Analysis of
the coordination sphere executed by EPR spectroscopy and compared to
the Peisach-Blumberg plot confirms 2N binding mode. The observed
nitrogen hyperfine couplings in the complexes are typical for equato-
rially coordinated ligands (A = 178 G, g|| = 2.303) [41,42]. In frozen
solution EPR spectra of all the studied copper complexes showed axial
symmetry (g > > g, > 2.0023). This trend indicates that the un-
paired electron on the copper ion is localized in the dy-y» orbital which

100%

CuH,L’

50%

% Cu(Il)

Cu(Il)

CuH,L*

Cufl,L

6.0

pH

7.0 8.0 9.0 10.0 11.0

Fig. 3. Species distribution diagram for the Cu(Il)-phleomycin system (M:L 1:1.1; [Cu(ID)] = 1 mM).
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Table 2
Stability constants and spectroscopic parameters for Cu(I)-phleomycin system.
Potentiometry UV-Vis CD EPR
Complex logp® pK." A € A Ae Al 8l g
[nm] M~ 'em™1] [nm] M~ 'em™1] [G]
CuH4L®* 39.74(1) 5.45 243 3844 245° +0.022 178 2.303 2.061
300 1585 273¢ +0.021
610 40 550" +0.071
683" -0.024
CuHsL>* 34.29(1) 4.97 -
CuH,L** 29.32(1) 6.80 243 5375 242¢ -0.017 200 2.176 2.066
300 2817 256° +0.022
580 75 2734 +0.035
295" +0.031
341% -0.019
550" +0.094
683" -0.039
CuHL** 22.52(2) 10.01 243 5420 242¢ +0.099 180 2.201 2.069
300 2818 258° +0.026
600 75 273¢ —0.049
310 —0.068
341¢ -0.027
602" +0.135
CuL2* 12.51(3) 10.82 243 6098 242¢ +0.021 180 2.201 2.069
300 3127 258° +0.051
610 77 273 —0.080
310’ -0.131
342¢ -0.073
602" +0.146
CuH_,L™* 1.69(3) 11.16 243 6535 242° +0.341 180 2.201 2.069
300 3127 259° +0.104
600 77 273¢ —-0.149
310 -0.199
3428 -0.103
602" +0.146
CuH_,L —9.47(4) - 243 6628 242° +0.341 180 2.201 2.069
300 3127 259° +0.104
600 78 273¢ —-0.149
310 -0.199
3428 -0.103
602" +0.146

Standard deviations on the last digit of stability constants are given in parentheses.

@ Overall stability constants () expressed by the equation: f(CuH,L®+*2%) = [CuH,L®*2*]/[Cu®T][L7 FI[H ™).
> Acid dissociation constants (pK,) expressed as: pKy = logB(CuH,L™*2*) — logB(CuH, L1 ™),

)

Npyrimidine = Cu(ll) charge transfer (CT).
4 NH, - Cu(Il) CT.

€ Nimidazole 2 => Cu(II) CT.

£ Nimide = Cu(ID) CT.

Nimidazole 71 = Cu(II) CT.

d-d transition.

]

is usually expected for square planar, pyramidal and tetragonally
elongated octahedron coordination of copper complexes [43]. There
was no further splitting in the EPR spectra and superhyperfine inter-
action due to the isotope *N was not obtained in the perpendicular
region of the Cu(Il) spectra.

As far as phleomycin is concerned, the formation of the first com-
plex species CuH,4L®" is a result of the dissociation of three protons
from the antibiotic molecule, with simultaneous coordination of two
donor atoms. However, the thiazole and thiazoline nitrogen atoms de-
protonate without participating in the coordination process. It is in-
teresting which moiety is responsible for metal ion binding in CuH,LS*.
The second donor atom is potentially the nitrogen of the secondary
amine from the B-aminoalanine residue (N, Fig. 2). Its deprotonation
was not observed in the ligand as the lone electron pair was involved in
the formation of hydrogen bonds with heterocyclic nitrogen of pyr-
imidine and the a-amino group of $-aminoalanine (Fig. 2) [44]. How-
ever, as a result of breaking the hydrogen bond, deprotonation and
coordination of the copper(Il) ion by the heterocyclic nitrogen of pyr-
imidine (Nj, Fig. 2), the lone electron pair of the secondary amino
group may possibly be involved in the formation of a coordination bond
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with the metal ion. The resulting five-membered chelate ring seems to
be very stable. To confirm the coordination mode, the computational
methods of theoretical chemistry were used as a valuable tool to predict
the structure and stability of the complexes [45-47]. At the DFT level of
theory we found four thermodynamically stable multiple connected
metal ion-phleomycin complexes (Fig. 4).

Theoretical calculations demonstrate that the CuHy4 complex is
created by four interactions. Two nitrogens, one from the 5-methyl-
pyrimidin-4-amine ring (N;), the other from the secondary amino group
(N,) take part in copper binding. Both N...Cu?" distances (collected in
Table 3) are close to 24, a typical bond length for such interactions.
Interestingly, the metal-peptide complex gains additional stability with
two supporting O...Cu(Il) interactions, where the oxygen atoms are
supplied by the carbonyl groups closest to N;...Cu(II) and Ns...Cu(Il)
(0; and O, respectively).

In the CuH,L®" complex, four hydrogen bonds as shown in Fig. 5
were found. The hydrogen bonds can be divided into two groups in
terms of length: three short HBs with the H...A distance < 1.8 A
(Table 4) and one significantly longer where H...O reaches 2.258 A.

Interestingly, none of the backbone atoms of the CuH4L®* complex

L6+
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Fig. 4. The structures of phleomycin complexes with Cu(II) cation. Green tubes follow peptide backbone. Below complexes their fragments involved into metal

binding.
Table 3
The Cu(lIl)...X distances in [A] (index of donor atom reflect the Fig. 1) Table 4
S Hydrogen bonds of ACuH,L®* complex.
X CuH,L®* CuH,L5* CuH,L** CuHL®*
H..A D-H..A Fragment
Cud...X (A) [deg]
N; 1.999 2.030 1.983 2.023
Ny 2.056 2.030 2.095 2.010 1 1.847 176.6 N-H...0
Ns 1.989 1.989 2.024 2 1.889 162.9 O-H...O
N, 1.977 2.938 3 1.852 155.6 N-H...O
Ns 2.976 4 2.258 160.5 N-H...O
0, 1.972 1.997 2.408
0O, 2.019 2.014
0; 2.304

Fig. 5. The hydrogen bonds of CuH4L®* complex (only in HB involved hydrogen atoms are presented).
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Fig. 6. The hydrogen bonds of CuH;L>* complex (only in HB involved hydrogen atoms are presented).

Table 5
Hydrogen bonds of CuH3L®>* complex.
H...A D-H...A Fragment
[A] [deg]
1 1.837 167.4 N-H...O
2 1.948 158.4 N-H...N
3 1.849 171.2 O-H...0
4 2.193 160.0 N-H...O

takes part in the building of the intramolecular HB system. This can be
explained by the backbone length which results in the lack of backbone-
backbone or backbone-side chain interactions, successfully preventing
building of regular fragments of the secondary structure of the ligand.

The pK, value of the CuH,L®* species is ca. 0.5 log units higher than
that of the CuHsL>* form. Such convergence in the potentiometric
calculations can be observed for simultaneous deprotonation processes.
The difference smaller than 0.6 log units between the consecutive
constants suggests that both species are formed at a similar pH value
[48]. It is impossible to obtain the spectroscopic characteristic for the
next complex that was formed, CuHsL>*, due to its low concentration
and the coexistence of the CuH,L®" and CuH,L** species (Fig. 3).
Therefore, potentiometric data were used to determine the coordination
sphere. The value of logK = logBcunsr. — logBus. equal 4.78 corre-
sponds to the monodentate coordination of Cu(Il)-imidazole [49]. It
suggests participation in the binding of imidazole nitrogen and the
formation of a {3N} complex type. This suggestion was confirmed at the
DFT level of theory. The CuHsL>* complex forms similar metal-peptide
interactions as those found in CuH,4L®*. However, one additional, short
(1.989 A) interaction between imidazole nitrogen (N3) and metal cation
was formed (Table 3). It is noteworthy that the imidazole-metal inter-
action is the shortest among all interactions found in the complex
species. Three N...Cu(I) bonds are additionally supported by two
O...Cu(II). Oxygen atoms originate from the very same carbonyl groups
that stabilize the CuH4L®" complex. The four member system of in-
tramolecular hydrogen bonds is presented in Fig. 6.

The additional imidazole...Cu(II) interaction which was found in
CuH5L®" (and not in the CuH4L®" complex) does not influence the
quantity of HBs found in CuH4L®*. The CuH;L>* complex is stabilized
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by four hydrogen bonds with lengths presented in Table 5. It is worthy
of note that the three types: N-H...O, N-H...N and O-H...O are present
in the complex, and none of backbone atoms is involved in the stabi-
lization of the complex by hydrogen bond.

A further increase of the pH value up to around 6.0, causes a hyp-
sochromic shift of the d-d absorption band (A = 580 nm), which sug-
gests the {4 N} coordination type. Moreover, on the CD spectra in the
UV region such transitions are observed: Npyrimidine = Cu(Il), Nimidazole
7t = Cu(Il), Nzmige = Cu(Il), -NH, = Cu(ID) and Njpidazole 711 = Cu(Il) at
242, 256, 273, 295 and 341 nm, respectively (Table 2). It suggests co-
ordination of the above mentioned donors. From EPR results, it is
concluded, that copper has a pseudo square planar coordination geo-
metry because the observed nitrogen hyperfine couplings in the com-
plexes are specific for equatorially coordinated four nitrogen ligands
[16,17]. DFT calculations show that the CuH,L** complex engages
N;_3 donors in the coordination sphere, similarly to the previously
described CuH3L>" species, and the cation is also connected via Ny
(Fig. 1) amide nitrogen of histidyl residue with 1.977 A length (see
Table 3). The Ny_4...Cu®™ interactions are supported by one additional
Os...cation interaction that involves oxygen form the carbonyl group
deriving from p-hydroxyhistidine. Moreover, the CuH,L** complex
builds the richest network of hydrogen bonds (in total 8, Fig. 7) among
all investigated complexes.

The large number of HBs in CuH,L** does not demonstrate the
expected cooperative chains arrangement — only two HBs (6 and 7, as
presented in Table 6) form one short chain, therefore the non-additive
part of the HB stabilization of the complex is available here.

Interestingly, on the UV-Vis spectra, the formation of the CuHL®*
complex is accompanied by a bathochromic shift of the d-d band to a
wavelength of around 600 nm. Such a change in the d-d transition en-
ergy may suggest participation in the coordination process of five ni-
trogen atoms, with one of them being in the apical position. Although
the transition energy is typical of {3N} complexes, it should be borne in
mind that the nitrogen donor located in the axial position “reduces” the
contribution to the transition energy of one of the nitrogen atoms co-
ordinated in the equatorial positions [50]. The parameters of the EPR
spectrum are also significantly changed. The values of A|| = 180 G with
g (2.201) > g, (2.069) are characteristic for five-nitrogen donor
atoms which have square-pyramidal geometry (in contrast to trigonal
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Fig. 7. The hydrogen bonds of CuH,L*" complex (only in HB involved hydrogen atoms are presented).

Table 6
Hydrogen bonds of CuH,L** complex.
H..A D-H..A Fragment
[A] [deg]
1 1.926 174.7 N-H...O
2 1.716 167.5 N-H...O
3 1.830 170.1 N-H...O
4 2.016 172.4 N-H...O
5 1.913 159.3 O-H...O
6 1.933 159.1 O-H...0
7 1.877 159.3 N-H...O
8 1.857 156.2 O-H...O

bipyramidal complexes for which g, > g; = 2.00) [51]. The pK, value
accompanying the formation of this complex species is 6.80 and it is
slightly lower than the proton release from the a-NH3* of the -ami-
noalanine residue in the free ligand. This suggests the participation of
this amino group in the copper(Il) binding. To confirm the coordination
mode and the geometry of the complex, the DFT calculations were
performed. The CuHL3" complex forms five nitrogen-Cu(ll) interac-
tions supported by weak carbonyl-cation interaction (2.408A) in O;
position which is significantly longer than the respective O;-Cu(I)
distances found in the CuH4L®" and CuH3L>* complexes. In compar-
ison to a {4N} complex type (CuH,L**), an additional metal-ligand
2.276 A interaction was found. It is worthy of note that apart from the
long Ns-Cu(II) distance, also the distance between copper cation and N5
in the 5N complex is significantly longer in comparison with the very
same interaction we found in the 4N complex (Table 3).

The hydrogen bonds network presented in Fig. 8 contains seven HBs
that come exclusively from the side chains.

Hydrogen bonds lengths of the CuHL®** complex are collected in
Table 7. Among seven HBs, a short cooperative chain (consisting of HB
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2 and 3) was found. It is worthy of note that for all the investigated
complexes only three types of HB were found, namely N-H...O, O-H...O
and N-H...N.

The copper binding area involves a rather small region of the mo-
lecule, which is additionally well separated from the phleomycin part
responsible for the interaction with DNA as shown in Fig. 9. However, it
can also be seen that a metal ion is relatively close to the nucleic acid
binding moiety. This supports the hypothesis that copper ion is im-
portant in the anticancer activity which involves DNA degradation.

While analyzing the set of spectroscopic parameters characterizing
the complex species from CuHL? * to CuH_,L, it can clearly be seen that
they do not change (Table 2). Their constancy, despite the increase of
the pH value of the solution and dissociation of successive protons of
the phleomycin molecule, proves that the coordination sphere of the
metal ion remains unchanged. Therefore, an increase of the pH does not
cause changes in the coordination sphere of the cupric ion. Only the
deprotonation of subsequent moieties, guanidine and amino group, in
position 4 of the pyrimidine ring is observed. It takes place in the same
order as in the case of an uncomplexed antibiotic. The last pK, value
(11.16) which accompanies the formation of the CuH_,L form can be
attributed to the deprotonation of a water molecule coordinated by the
Cu(ID) ion [52].

The anticancer mode of action of phleomycin is considered to be
based on the DNA cleavage in the presence of molecular oxygen [53].
However, the complex is not an efficient catalyst of the cleavage of
plasmid DNA in the absence of any added cofactors (Fig. 10). The
ability to mediate both single-stranded and double-stranded DNA da-
mage requires the presence of a one-electron reductant, such as di-
thiothreitol, glutathione, 2-mercaptoethanol or ascorbic acid. The
maximum rate of degradation of the supercoiled plasmid DNA form,
which leads to the formation of linear form III, was observed in the
presence of 1 mM ascorbic acid (lane 11). Ascorbic acid as well as
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Fig. 8. The hydrogen bonds of CuHL®>* complex (only in HB involved hydrogen atoms are presented).

Table 7
Hydrogen bonds of CuHL®** complex.
H..A D-H...A Fragment
[A] [deg]
1 1.925 164.4 N-H...O
2 1.799 159.2 O-H...0
3 2.000 165.1 N-H...O
4 1.974 158.3 O-H...0
5 1.977 152.7 N-H...O
6 1.828 156.5 O-H...O0
7 1.920 152.6 N-H...O

dithiothreitol, glutathione and 2-mercaptoethanol may reduce Cu(II) to
Cu(I) and therefore lead to the formation of reactive oxygen species
(ROS) and DNA degradation [54-57]. It is worth noting that phleo-
mycin is also active in the presence of hydrogen peroxide, which is both
an oxidizing and reducing agent. In the case of copper(Il) complexes
with peptides, production of reactive oxygen species (ROS) via the
Fenton-like reaction mechanism is often observed. In the first step, Cu
(II) is reduced to Cu(I) by H,O, with simultaneous formation of a su-
peroxide radical anion. In the next step, Cu(l) reacts with H,O, and
produces OH ™, -OH and Cu(III) [58].

As was seen in the previous figure only plasmid linearization, but
not further degradation to short DNA fragments, was observed in this
experiment. Due to the fact that the most powerful cleaving system is
phleomycin in the presence of ascorbic acid the reaction kinetics was
followed (Fig. 11). It demonstrates the gradual degradation of super-
helical DNA to its linear form. Nicking process is based on the accu-
mulation of single-strand scissions, which finally results in double-
strand cleavages. The stepwise mechanism is clearly seen at lanes 3-7.
It is supported by the interdependence of form I decrease with si-
multaneous increase of form II. After complete disappearance of su-
perhelical form which is completely converted to form II (lane 6), we
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Fig. 9. The binding areas: blue dedicated for Cu(ll), red for DNA.

observe a small amount of form III which increases in time dependent
manner. It suggests that the DNA fragmentation is a result of accumu-
lation of random single strand breaks in the plasmid, rather than the
immediate formation of double strand breaks which was proposed
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Fig. 10. Plasmid DNA degradation in the presence of
0.01 mM phleomycin and different cofactors in a
buffer solution at pH7.4.

Lane 1. Plasmid; lane 2. plasmid + phleomycin;
lane 3. plasmid + phleomycin + H,0, (1 mM);
lane 4. plasmid + phleomycin + H,0, (0.1 mM);
lane 5. plasmid + phleomycin + DTT (1 mM); lane
6. plasmid

+ phleomycin + DTT (0.1 mM); lane 7.
plasmid + phleomycin + mercaptoethanol (1 mM);
lane 8. plasmid

+ phleomycin + mercaptoethanol (0.1 mM); lane 9.
plasmid + phleomycin + GSH (1 mM); lane 10.
plasmid

+ phleomycin + GSH (0.1 mM); lane 11.
plasmid + phleomycin + ascorbic acid (1 mM); lane

11 12

6 7 8 9 10 11

Fig. 11. Kinetics of pBR322 plasmid cleavage in the presence of 0.01 mM phleomycin and 1 mM ascorbic acid at pH 7.4.
Lanes 1-11. system incubated during 0, 5, 10, 20, 30, 45, 60, 75, 90, 105, 120 min., respectively.

Fig. 12. Agarose gel electrophoresis of plasmid DNA
cleavage by phleomycin and cofactors in the pre-
sence of scavengers (DMSO and NaN3) at pH7.4.

Lane 1. plasmid; lane 2. plasmid + phleomycin
0.01 mM) + H,0, 1 mM); lane 3.
plasmid + phleomycin (0.01 mM) + H»0, (1 mM)
+ DMSO (1.4M); lane 4. plasmid + phleomycin
(0.01 mM) + H,0, (1 mM) + NaN3; (40 mM); lane
5. plasmid + phleomycin + DTT (1 mM); lane 6.
plasmid + phleomycin + DTT (1 mM) + DMSO
(1.4M); lane 7. plasmid + phleomycin + DTT
(1 mM) + NaN;3 (40 mM); lane 8. plasmid + phleo-
mycin + mercaptoethanol (1 mM); lane 9.

plasmid + phleomycin + mercaptoethanol (1 mM) + DMSO (1.4 M); lane 10. plasmid + phleomycin + mercaptoethanol (1 mM) + NaN3; (40 mM); lane 11.
plasmid + phleomycin + GSH (1 mM); lane 12. plasmid + phleomycin + GSH (1 mM) + DMSO (1.4 M); lane 13. plasmid + phleomycin + GSH (1 mM) + NaN;
(40 mM); lane 14. plasmid + phleomycin + ascorbic acid (1 mM); lane 15. plasmid + phleomycin + ascorbic acid (1 mM) + DMSO (1.4M); lane 16.

plasmid + phleomycin + ascorbic acid (1 mM) + NaN3 (40 mM).
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Fig. 13. NDMA decomposition in the presence of 0.01 mM phleomycin and
listed cofactors.

Table 8

The pseudo-first order rate constants kg X 1072 [s~ 1] for
NDMA (25uM) decomposition in the presence of 0.01 mM
phleomycin and 1 mM cofactors at pH 7.4 and 37 °C.

Cofactor Kops X 1072 [s™ 1]
H,0, -
ascorbic acid 1.73(1)
glutathione 2.26(2)
2-mercaptoethanol 2.52(2)
dithiothreitol 5.48(8)

previously for Cu(II) aqua ion interacting with DNA [59,60].

In order to determine whether reactive oxygen species were present
in the studied systems, appropriate scavengers: DMSO (1.4 M) for -OH
and NaN;3 (40mM) for singlet oxygen were added to the reaction
mixture before addition of the complex [61]. It can be easily seen in
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Fig. 12 that in the case of phleomycin in the presence of ascorbic acid
and thiol cofactors, hydroxyl radical and singlet oxygen were formed.
The amount of cleaved DNA form in the case of used scavengers is lower
than for appropriate control reaction (compare lane 5 with 6 and 7, lane
8 with 9 and 10, lane 11 with 12, 13 and lane 14 with 15, 16). However,
addition of DMSO to the phleomycin-H,O, system had an insignificant
effect, which suggests that negligible amounts of -OH were generated
(lane 2-4). It should be noted here that the control sample with H,0,,
DMSO and NaNj3 did not cause any DNA degradation (data not shown).

To calculate rate constants of hydroxyl radical formation, UV-Vis
spectroscopy with reporting molecule (NDMA) was applied. The rate of
NDMA decomposition (Fig. 13) showed that the phleomycin-dithio-
threitol system produces the highest amount of -OH. An analysis of the
shapes of the curves demonstrated that the NDMA degradation initially
followed the pseudo-first order kinetics, but with the passage of time
(after 10 min.), the rates of the ROS generation changed their dynamics
(Fig. 10). Those observations were common for all studied systems. The
calculated kinetic parameters are collected in Table 8.

4. Conclusions

The full characteristic of the coordination process of phleomycin
was possible through combined experimental and computational
methods. Calculations based on the potentiometric titrations allowed
the acid-base characteristics of the ligand and the determination of the
overall stability constants and the stoichiometry of the complex species.
The determination of donor atoms was based on computational and
spectroscopic methods, such as UV-Vis and EPR. As the last step, a
three-dimensional structure was obtained. It was concluded that the
following donor atoms are involved in copper(Il) ions coordination by a
phleomycin molecule: heterocyclic N; (Fig. 1) nitrogen deriving from
the pyrimidine ring, secondary amine of B-aminoalanine (N,), imida-
zole (N3) and amide of the nearest peptide bond (N4 from B-hydro-
xyhistidine) similar to many other peptides [62]. However, also the a-
amino functional group of -aminoalanine (Ns) is engaged in the metal
ion binding process. This group is coordinated in the axial position. As a
result of this coordination type, four thermodynamically stable chelate
rings are formed: three five-membered and one six-membered. The
complex has a square-pyramidal geometry. All studied species build
networks (4-8) of hydrogen bonds that additionally stabilize the com-
plexes. The structure of the HB network prefers only side chain atoms
that display small or no cooperativity impact on the complexes. It is
worth mentioning that all studied complexes display two separated,
well defined regions responsible for the interaction between DNA and
cations.

Phleomycin itself is not an effective DNA-cleaving agent. However,
it has the ability to promote DNA degradation in the presence of co-
factors which may reduce copper(II) ions. Among all the studied com-
pounds, ascorbic acid seems to be the most powerful agent and it leads
to double-stranded DNA cleavage. Numerous reactive oxygen species
are involved in the degradation of nucleic acid, e.g. hydroxyl radical.
The -OH formation is most efficient when dithiothreitol is used. After
60 min. Incubation at 37 °C in the presence of phleomycin and DTT,
almost 85% of NDMA was decomposed what means that large amounts
of hydroxyl radical are generated in the studied system.
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