Copper(m1) binding by kanamycin A and hydrogen peroxide
activation by resulting complexes
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Protonation and copper(ir) coordination properties of kanamycin A were studied in solution by potentiometry,
UV-Vis, circular dichroism (CD), EPR and cyclic voltammetry (CV). Only mononuclear complexes of

stoichiometries ranging from CuH,L to CuH_,L were found. Kanamycin A anchors Cu(i1) ions with an {NH,,
O™} chelate of the C-ring of its molecule. At pH higher than 6 the amino and hydroxyl groups of the A-ring of

kanamycin A also participate in binding. The resulting structure, similar to that of complexes of other
unsubstituted aminoglycosides studied previously, involves Cu(i1) coordination by donors of terminal
aminosugar rings, rather than those of the central unit. The results of cyclic voltammetry investigations, kinetic
studies of H,O, disproportionation and ROS detection experiments, further supported the mechanism of
oxidative reactivity of cupric complexes of aminoglycosides, proposed by us recently [M. Jezowska-Bojczuk, W.
Lesniak, W. Bal, H. Kozlowski, K. Gatner, A. Jezierski, J. Sobczak, S. Mangani and W. Meyer-Klaucke;
Chem. Res. Toxicol., 2001, 14, 1353-1362], which involves Cu(1) and Cu(i) redox states and both metal-bound

and free ROS.

Introduction

Kanamycins belong to aminoglycosides, a very important class
of antibiotics, active against Gram-negative and some Gram-
positive bacteria. The mechanism of their action has been stu-
died very extensively since the discovery of their first represen-
tative—streptomycin. The current view of their mode of action
includes several toxic effects, such as ribosomal blockage, mis-
reading in translation, cellular membrane damage and irrever-
sible uptake of the antibiotic.'”” Interactions between
ribonucleic acid molecules and aminoglycosides underlie many
of the above effects.® The strength of these interactions is deter-
mined by electrostatics between negatively charged backbone
phosphates and amino groups localized on the aminosugar
or aminocyclitol rings of aminoglycoside molecules, which
are positively charged at physiological pH.

The results of recent studies introduce aminoglycosides as a
novel family of stimulators of reactive oxygen species (ROS)
formation.>'® Such reactions may be involved in aminoglyco-
side-induced oto- and nephrotoxicity, which are major severe
side-effects, limiting clinical use of these antibiotics.!! The
enhancement of ROS formation following metal ion com-
plexation is, apart from structural studies, the main subject
of the present paper.

Kanamycin A, discovered by Umezawa and coworkers,'? is
active against mycobacteria and has gained wide usage as anti-
tuberculous agent.'® It is the main component of kanamycin
complex (at 98%) and its toxicity is much lower than that of
kanamycin B.'" Its molecule (Fig. 1) consists of the central
2-deoxystreptamine ring, to which sugar moieties of 3-p-gluco-
samine (kanosamine) and 6-p-glucosamine are attached by gly-
cosidic bonds. The crystal structure of kanamycin A shows
that all three rings in the molecule assume the chair conforma-
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Fig. 1 The molecule of kanamycin A in its deprotonated form. A, B
and C represent the component rings of the molecule. Arrows indicate
the sites of deprotonation and/or metal chelation by the antibiotic.

tion.!® Its four amino functions, together with the neighboring
hydroxyl groups, offer several potential binding sites for metal
ions, such as copper(ir), which was previously demonstrated to
form stable complexes with related aminoglycosides.'®'°
Aminosugars bind Cu(m) effectively. The anchoring of the
cupric ion to their molecules is accomplished through amine
functions. The stability and stoichiometry of the resulting com-
plexes depend, however, on the formation of chelate rings
using appropriate hydroxyl groups of the ligand.?*?’ Mono-
dentate complexes missing such groups cannot withstand
hydrolysis at neutral pH.?**” Kanamycin B'® and tobramy-
cin,'” aminoglycosidic antibiotics of the kanamycin group stu-
died by us previously, are much more complicated ligands.
They bind copper(i1) ions with donor atoms of the two term-
inal aminosugar rings, while the central deoxystreptamine ring
does not participate in the metal ion complexation. In contrast
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it does in the case of amikacin,'® a semisynthetic derivative of
kanamycin A, where amidation of one of the deoxystreptamine
nitrogens with 4-amino-2-hydroxybutyric acid alters its donor
properties.

Several mutually incompatible binding modes of Cu(i)
coordination were proposed previously for kanamycin A.
Yamabe, on the basis of IR and polarographic studies, sug-
gested the binding through both nitrogens of the deoxystrepta-
mine ring.?® The alternative binding mode, proposed by
Hanessian ez al. on the basis of '*C NMR,?’ and CD and reac-
tivity studies,*® involves C ring donors: C3 amine nitrogen and
a neighboring hydroxyl oxygen (C4), but neglects deprotona-
tion of this oxygen. Grapsas ef al.>' used "H NMR results to
suggest an octahedral complex structure with a donor set simi-
lar to that of Hanessian et al., but they also proposed another
coordination mode, using C2 hydroxyl instead of C4 to com-
plete the 5-membered chelate ring. Their third proposal, based
upon computer modeling, suggests the C-ring oxygen to take
part in the chelate ring, although it would require a twisted
boat conformation for the C ring. This structure is the least
favorable of all three, due to a high potential energy. The coor-
dination mode previously proposed by Nagabhushan et al.,*
which uses the non-vicinal Bl-amino and C2-hydroxyl groups
for Cu() chelation, is very unlikely in the absence of definitive
evidence, due to the formation of a thermodynamically unfa-
vorable 8-membered chelate ring. Sreedhara et al.** essentially
reproduced the structure of Hanessian ef a/.>* and Grapsas et
al.,*' but allowed for deprotonation of the coordinated hydro-
xyl (which we demonstrated earlier for aminosugars, their deri-
vatives and many aminoglycosides at neutral pH'¢273%). In
none of the kanamycin A papers mentioned above were the
complexation phenomena studied systematically.

We have recently studied elements of the mechanism of oxi-
dative reactivity of three antibiotics related to aminoglyco-
sides: kasugamycin,® lincomycin®® and amikacin,®” using
cyclic voltammetry, spectroscopic detection of reactive inter-
mediates and oxygen evolution measurements. The results sug-
gest that the disproportionation of hydrogen peroxide to
dioxygen and water is the main reaction pathway, and that
both Cu(r)/Cu(i) and Cu(m)/Cu(in) redox pairs participate
in the process. The production of hydroxyl radicals was postu-
lated to be a side reaction, which, however, may contribute
substantially to oxidative damage of biomolecules exerted by
metal complexes of aminoglycosides, studied also by
others.” 13340 1n this paper we present the results of
mechanistic studies on the cupric complexes of kanamycin A,
correlating reactivity with complex structure.

Materials and methods

Materials

Kanamycin A, CuCl,, KNO;, K,SO,4, Nitro Blue Tetrazo-
lium (NBT; 2,2’-di-p-nitrophenyl-5,5'-diphenyl-3,3'-[3,3'-
dimethoxy-4,4’-diphenylene]ditetrazolium  chloride), N,N-
dimethyl-p-nitrosoaniline (NDMA), 5,5-dimethylpyrroline-N-
oxide (DMPO), H,O,, Chelex-100 resin, sodium and potas-
sium phosphates and all other simple chemicals were pur-
chased from Sigma Chemical Co. (St. Louis, MO).

Potentiometry

Potentiometric titrations of kanamycin A and its complexes
with Cu(n) in the presence of 0.1 M KNOj; were performed
at 25°C using pH-metric titrations over the pH range 3-11.5
(Molspin automatic titrator, Molspin Ltd, Newcastle upon
Tyne, UK) with 0.1 M NaOH as titrant. Changes in pH were
monitored with a combined glass—Ag/AgCl electrode (ATI
Russell pH Ltd, Fife, Scotland) calibrated daily in hydrogen
ion concentrations by HNOj titrations.*! Sample volumes of
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2 ml, kanamycin A concentration of 1 mM and Cu(i1):kanamy-
cin A molar ratios of 1:1, 1:2 and 1:4 were used. These data
were analyzed using the SUPERQUAD program.** Standard
deviations computed by SUPERQUAD refer to random errors
only.

Electronic absorption (UV-Vis)

The electronic absorption spectra were recorded at 25°C on a
Beckman DU-650 (Beckman, Palo Alto, CA) spectrophot-
ometer over the spectral range of 200-900 nm, in 1 cm cuv-
ettes. N,N-dimethyl-p-nitrosoaniline (NDMA),* a scavenger
used commonly in studies of hydroxyl radicals and similarly
reactive species, and Nitro Blue Tetrazolium (NBT),* a super-
oxide anion radical scavenger, were used in separate experi-
ments at 37°C as reporter molecules in tests of ROS
formation by Cu(i1) complexes with kanamycin A, at concen-
trations of 25 uM and 0.1 mM, respectively. These reaction
mixtures also contained sodium phosphate buffer (50 mM),
kanamycin A and Cu(m) (each 50 pM), and H,O, (0.5 mM).
In preliminary studies, the course of reaction was monitored
by periodically recording the whole spectra, in order to find
out whether any absorbing reaction products would interfere
with the detection of radicals. After eliminating this possibility,
the reactions were monitored at the characteristic wavelength
of NDMA (440 nm). Each experiment was repeated five times.
The preliminary NBT studies revealed no reactivity, and thus
were not continued.

CD spectroscopy

The spectra were recorded at 25°C on a Jasco J-715 spectropo-
larimeter (JASCO, Japan Spectroscopic Co., Hiroshima,
Japan), over the range of 200-800 nm, using 1 cm cuvettes.
Samples contained 1:1 Cu(i)-to-kanamycin A ratios at com-
plex concentrations varying from 2 to 5 mM. The spectra are
expressed in terms of Ae = ¢ —¢,, where ¢ and &, are molar
absorption coefficients for left and right circularly polarized
light, respectively.

EPR

The spectra of the Cu(i) complex with kanamycin A were
recorded at 77 K on a Bruker ESP 300E spectrometer (Karls-
ruhe, Germany) at the X-band frequency (9.3 GHz). Ethane-
1,2-diol:water (1:2) was used as solvent in low-temperature
experiments to obtain homogeneity of frozen samples. The
concentrations of Cu(ir) and kanamycin A in the samples were
both 5 mM.

In spin-trapping studies of free radical formation with
DMPO, EPR spectra were recorded at room temperature on
an Radiopan X-band spectrometer, model SE/X 2543 (Poz-
nan, Poland) immediately after mixing of reaction compo-
nents. The instrumental parameters were: field setting of 334
mT, scan range of 10 mT, microwave power of 4 mW and
modulation amplitude of 0.1 mT. The concentration of DMPO
was 0.1 M. Other components of reaction mixtures were pre-
sent at concentrations identical to those used in the spectro-
photometric measurements of oxygen radical formation
(sodium phosphate buffer, 50 mM; kanamycin A, 0 or 50
uM; Cu(ir), 50 uM; H,O,, 0.5 mM). Ethanol at 1.5 M was
used as a specific scavenger for hydroxyl radicals in the system
containing the complex and H,O,.

Cyclic voltammetry

CV measurements were done using an Autolab PG-12 poten-
tiostat—galvanostat (Eco Chemie BV, Utrecht, Netherlands)
with GPES 4.8 software, at voltage sweep rates between 10
and 1000 mV s~'. The working electrode was a planar Pt elec-
trode (1.6 mm diameter). The auxiliary electrode was platinum



wire and the reference electrode was Ag/AgCl (3 M KCl) fitted
with a Vycor tip. The supporting electrolyte was 100 mM
K>SO, . Measurements were performed at 25°C, under nitro-
gen. The concentrations of components were 1 mM and the
Cu(i)-to-kanamycin A ratio was kept constant at 1:1, wher-
ever appropriate. The pH of the samples containing kanamy-
cin A was adjusted with small amounts of concentrated
KOH or H,SO4. The samples of Cu(ir) alone were set to pH
6.5 to avoid precipitation of Cu(OH),. All potentials were
given relative to NHE.

Dioxygen generation measurements

The generation of dioxygen in solutions containing combina-
tions of Cu(1), kanamycin A and H,O, was studied over the
temperature range 23-37°C and at pH = 6.1-11.2 (0.2 M
phosphate buffer), for equimolar samples of Cu(i1) and kana-
mycin A (concentrations from 0.25 to 2.5 mM) with varied
concentrations of H,O, (from 25 mM to 100 mM). The reac-
tions were carried out at constant volume in a thermostated
glass-reactor equipped with a magnetic stirring bar and con-
nected to an automatic gas absorption or desorption measur-
ing apparatus controlled by a computer. All reactions were
performed with non-degassed solutions, while degassing was
shown previously to have no influence on H,O, dismutation
catalyzed by manganese— and iron—porphyrin complexes.*> A
water solution of the Cu(n) complex with kanamycin A,
adjusted to the appropriate pH, was added to the reactor
under air atmosphere. Next, varied amounts of aqueous
H,O, were introduced in one portion, immediately after which
the stirring was started and the progress of dioxygen evolution
was measured. The molar amounts of dioxygen evolved were
calculated from the volume, atmospheric pressure and tem-
perature data using the ideal gas equation.

In a separate set of experiments, the effect of the presence of
NDMA on dioxygen evolution was investigated. In these
experiments NDMA was added at final concentrations
between 0 and 25 mM to solutions containing 1 mM Cu(ir)
and kanamycin A, and 50 mM H,0,, at pH =74 (0.2 M
phosphate buffer) and temperature 37 °C.

Results and discussion

Protonation constants of kanamycin A

The protonation constants calculated on the basis of potentio-
metric titrations are presented in Table 1. These four constants
correspond to the four amino groups present in the antibiotic
molecule. Two of them are located at the central 2-deoxystrep-
tamine ring B, and one each at the two aminosugar rings, A
and C (Fig. 1). One pK, value is very low, 6.19, while the other
three are more typical for aminosugars, 7.4-92°7 (Table 1).
The assignments provided in Table 1 are based on our poten-
tiometric and NMR characterization of protonation equilibria

Table 1 Stability constants of kanamycin A and its copper(ir) com-
plexes, 25°C, I = 0.1 M (KNO3)

Species log f pK Location of protonating group
LH, 30.800(1) 6.19 ring B

LH; 24.607(6) 7.42 ring B or C

LH, 17.188(5) 8.16 ring B or C

LH 9.030(4) 9.03 ring A

CuH,L 22.41(1) —

CuHL 15.51(1) 6.9

CulL 8.83(1) 6.68

CuH_,L 0.55(2) 8.28

CuH_,L —8.58(2) 9.13

in amikacin'® and on potentiometric studies of other amino-
glycosides, kanamycin B,'® tobramycin'” and geneticin,' as
well as their structural components.?'*?°

The lowest protonation constant was thus assigned to one of
the ring B amino groups. Low values of the first deprotonation
constant were found for all other aminoglycosides studied to
date. These values were 6.0 for geneticin,19 which carries the
+4 charge at low pH, the same as kanamycin A, and ca. 5.7
for kanamycin B'S and tobramycin,!” which have the +5
charge. On the other hand, amikacin,'® also a +4 ion, has a
much higher value of the lowest pK,, 6.8. Amikacin is the only
derivative with one, rather than two, amino groups at the
deoxystreptamine (B ring). Therefore, the probable reason
for the lowering of the first pK, in aminoglycosides is a local
electrostatic interaction between the neighboring NH;™ groups
of ring B, rather than the overall charge of the whole molecule.

The next two deprotonations are separated by only ca. 0.7
log units. The statistics of deprotonation of bifunctional mole-
cules indicate that these two processes are actually parallel (the
“ideal” statistical log value is 0.6).*® Therefore, these macro-
constant values, which correspond to the amino groups of ring
C and B, cannot be assigned individually. This assignment is
based on the analogy with amikacin and geneticin, in which

the highest pK, value was assigned to the amine group of ring
A.

Copper(11) complexes of kanamycin A

Combined results of spectroscopic (UV-Vis, CD, EPR) and
potentiometric studies indicated that in this system only mono-
meric equimolar complexes are formed at the millimolar con-
centration range. This is typical for aminoglycosides.'®
Potentiometry detected five CuH,L complexes (n = +2 to
—2) in the pH range between 4 and 11. Table 2 presents their
spectroscopic data and Fig. 2a shows the species distribution
calculated for the concentration used in spectroscopic experi-
ments, along with parameters of absorption spectra. As can
be seen clearly, the electronic absorption and CD spectra pro-
vide evidence for just three coordination species (I, II, and 111,
Fig. 2b), corresponding to stoichiometric forms as follows: I -
CuH,L; IT - CuHL + CuL + CuH_,L; III - CuH_,L.

The first complex species detected by potentiometry and
spectroscopy at low pH is CuH,L. A CuH;L complex, with
{NH,, OH} coordination, detected by EPR for geneticin,
is not present here, apparently due to the higher basicity of
kanamycin A. Among the aminoglycosides studied by us,
geneticin is the closest analogue of kanamycin A. The only dif-
ferences between these two molecules are the position of the
amino group in ring A (at A2 for geneticin, and at A6 for
kanamycin A) and the methylation of the amino group of ring

Table 2 Spectroscopic characterization of kanamycin A and its cop-
per (11) complexes

UV-Vis* CD¢ EPR’
Species A € A Ae 4 g
CuH,L 646 36 705¢ +0.03 163 2.29
252 1187 2867  —0.50
CuHL+ CuL+CuH_,L 600 71 585¢ —0.14
255 2612 343°¢ -0.02 190 2.23
2697 +2.03
CuH_,L 618 68  588¢ —0.11 188 2.24
270 2228 267Y  +1.93
“ } units are nm, ¢ and A¢ units are M~ em™!. ? A\ units are Gauss.

¢ d-d electronic transitions of Cu(i) in a tetragonal complex.
4 NH, — Cu(m) charge transfer band. ¢ O~ — Cu(i) charge transfer
band.
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Fig. 2 The species distribution diagram for Cu(i) complexes of
kanamycin A with d—d band parameters overlaid (a), A units are nm,
¢ units are M~! cm™!. Reduction potential values and pseudo-first
order rate values for dioxygen generation overlaid (b). I, II and III
represent the consecutive spectroscopic complex forms.

C in geneticin. By analogy with other unmodified aminoglyco-
sides, the chelate in the CuH,L complex is thought to involve
the deprotonated C3 amine and C4 hydroxyl donors of the
kanosamine moiety (ring C). All other amino groups are pro-
tonated in this species. The stability of this initial complex can
be compared among the aminoglycosides using values of *K,
the equilibrium constant of the proton displacement reaction:

Cu() + H,L = CuH,_»L+2 H"

The log *K for the ring C complex of kanamycin A, —8.39, is
very close to that of tobramycin (—8.32) and slightly higher
than that of kanamycin B (—8.79), which has the identical ring
C, but a different overall charge. This is probably due to an
electrostatic interaction between the neighboring substituents
of ring A of the antibiotic molecule: the A2 amine and the
A3 hydroxyl groups in the case of kanamycin B. Tobramycin
does not possess the A3 hydroxyl group and kanamycin A
does not have the A2 amine function. The lack of the above
mentioned interaction is responsible for similar log *K values
(kanamycin A and tobramycin). Geneticin, although at the
same charge, has the lowest value of log *K (—9.00) which
results from the dissimilar donor arrangements in the A and
C rings. The differences in these values however are not very
high, supporting the essentially identical coordination fashion.

The identity of the CuH,L complex can be deciphered from
its spectroscopic parameters (Table 2). The CD spectrum of
this complex is very similar to the analogous one of kanamycin
B,!¢ showing a weak d-d band at 705 nm and a mixed NH,
and O" — Cu(u) CT band at 286 nm. A4 and g values of
163 G and 2.29, respectively, obtained from EPR spectra for
solution at pH ~ 6 are identical to those for a corresponding
complex of tobramycin'’ (EPR parameters for such a species
of kanamycin B could not be established due to complex
aggregation and precipitation). The higher 4 value for the
analogous Cu(ir) complex of geneticin was due to the methyla-
tion of an anchoring amine donor.'” The EPR parameters of
the CuH,L complex fit in between the characteristic values
for complexes with 1N and 2N coordination, similarly to the
systems reported previously.!”?> Therefore, the coordination
in CuH,L is of the {NH,, O™} type, with O~ provided by
the sugar hydroxyl group, vicinal to the C-ring amine group,
similar to other unsubstituted aminoglycosidic antibio-
tics, 16:17:19

The above complex precedes the three following species
belonging to the same coordination mode (type II): CuHL,
CuL and CuH_,L. The pK value for the formation of the
CuL species is lower than that for CuHL by 0.2 log units. This
inversion of order signifies the cooperativity of the two pro-
cesses,*’ so that CuHL is only a minor species in solution.
The average pK of formation of type II complex is thus 6.79,
identical to that found previously for the corresponding pro-
cess in the tobramycin complex!” and only slightly higher than
the one for kanamycin B'® (see Table 3). This confirms similar
Cu(m) chelation in CuL complexes of kanamycin A and the
above mentioned antibiotics. The formation of CuL is accom-
panied by a significant increase of the d—d band energy (UV-
Vis and CD), by a split of the CT band into two components,
O™ — Cu(n) at 343 nm and NH, — Cu(n) at 269 nm, and by a
drastic change of EPR parameters (Table 2). The latter (4 of
190 G and g of 2.23, Table 2) are similar to those seen pre-
viously for CuH_;L, complexes of aminosugars: 183 G,
2.24:%% 182 G, 2.24,%* and for the CuHL complex of amikacin:
187 G, 2.24."% All these changes indicate the introduction of
the second nitrogen atom in the copper(ir) coordination sphere
and the {2 x NH,, O™} bonding. Due to sterical reasons this
second nitrogen can only be provided by the A6 amine group
of 6-p-glucosamine (ring A), all the more that the presence of
the neighboring A4 hydroxyl group provides an opportunity
for the formation of a 6-membered chelate ring. Unchanged
spectroscopic parameters prove that the formation of the next
complex form, CuH_,L, brings no changes to the coordination
mode, it being only the result of deprotonation of the remain-
ing non-coordinating amine function of the central 2-deoxy-
streptamine ring.'®!7-1

Above pH 9, the last potentiometric and spectroscopic form,
CuH_,L, predominates in solution. Its 4 and g values (188
G, 2.24) do not differ significantly from the ones of the pre-
vious complexes. The presence of an altered coordination
mode is, however, confirmed by changes in the parameters of
electronic absorption and circular dichroism spectra (Table
2). The pK value for this process (9.13) indicates the deproto-
nation of the bonded A4 hydroxyl group.

Table 3 Comparison of formation constants (pK values) of Cu(ir) complexes of kanamycin A, geneticin,'” kanamycin B'® and tobramycin'’

Reaction Kanamycin A pK Geneticin pK ApK Kanamycin B pK Tobramycin pK
CuH;L — CuH,L 5.79 6.35
CuH,L — CuHL 6.9 6.30 -+0.60 6.61 6.79
CuHL — CuL 6.68 6.87 —0.19 7.66 7.44
CuL — CuH_,L 8.28 7.65 +0.63 8.11 8.59
CuH_,L — CuH_,L 9.13 8.59 +0.54 9.26 9.94
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The comparison of formation constant values of Cu(ir) com-
plexes with kanamycin A and the previously studied geneti-
cin'® indicates that all significant kanamycin A complexes
are weaker than the corresponding species of geneticin (values
of ApK, Table 3). This is difficult to explain but may result
from differences in the structures of both antibiotics, which
lead to different conformational properties of their copper
complexes.

Cyclic voltammetry of kanamycin A and its Cu(i1) complexes

The cyclic voltammetry measurements were performed sepa-
rately for cathodic and anodic ranges of potentials as a func-
tion of the scan rate and pH. The electrochemical data were
collected at different pH values between pH 6.1 and 11.2, cov-
ering the range of variability of complex species. Kanamycin A
alone was redox-inactive, in accordance with other aminosu-
gar-containing antibiotics studied previously,*7 while its
copper(i1) complex exhibited irreversible reduction and oxida-
tion peaks in a wide pH range. The reduction peak potential
exhibited a significant pH dependence, while reduction cur-
rents increased linearly with the square root of the scan rate.
The voltages of the major reduction peaks are overlaid on
the speciation diagram in Fig. 2b. Clearly, there is little differ-
ence in reduction properties between forms I and II, while
Cu(11) in complex form III is reduced with much more difficulty
(i.e. at much lower negative potential). The reduction proceeds
to Cu(0), and is accompanied by complex decomposition, as
indicated by the irreversibility of the process, and the appear-
ance of a broad reoxidation feature at ca. +0.3 V. Fig. 3 shows
the peaks of the complex reduction and oxidation at pH 8.0,
the latter attributable to the oxidation of the Cu(ir) complex
to a Cu(in) species. At this pH the complex form II predomi-
nates in solution. The well defined oxidation peak was visible
only for low scan rates (25 mV s~'). For higher values, it con-
tributed to the total current increase at this edge of the poten-
tial range. This process, irreversible as well, and thus likely to
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Fig. 3 Cathodic (a) and anodic (b) scans of Cu(i)-kanamycin A
complexes at pH 8.0: (a) scan rate 250 mV s~ (b) scan rate 25 mV
571, background scan indicated.

involve ligand decomposition, could be seen at pH 7 and
above, at the approximately constant potential of +1.48 V.

The CV studies demonstrated the accessibility of reduction
and oxidation processes specifically to complex form II.

Kinetics of formation of ROS generated by
Cu(m)~kanamycin A complexes

As reported previously, Cu(ir) complexes of aminosugar anti-
biotics disproportionate hydrogen peroxide to dioxygen and
water through radical intermediates.>>>’ To identify possible
radicals generated from H,O, by Cu(ir) complexes of kanamy-
cin A we performed the reactions with two relatively specific
reporter molecules: NBT, which reacts specifically with super-
eroxide radicals, and NDMA, which is commonly regarded as
specific towards hydroxyl radicals, but is also bleached by
other strong oxidants and singlet oxygen.***° The former reac-
tion failed to demonstrate superoxide formation, but the time-
dependent decomposition of NDMA demonstrated the forma-
tion of strongly oxidizing ROS following H,0O, addition. The
kinetics of this reaction at various pH values was therefore stu-
died, as shown in Fig. 4. It presents typical curves of NDMA
decomposition by various combinations of components,
demonstrating a specific role of the complex. The analysis of
the curve shape demonstrated that initially the indicator mole-
cule consumption followed the pseudo-first order kinetics,
switching to a higher order and slowing down upon H,O; con-
sumption. The pH dependence of the 1st order rate constants
for Cu(in)-kanamycin A complexes is presented in Fig. 5, along
with that of the control of Cu(m) in the phosphate buffer. Our
calculations of species distribution in the latter system, using
literature data on binding constants, indicate that below pH
8 the control samples contain the CuHPO, complex,’*! and
above that pH the soluble or slowly precipitating hydroxides
predominate, represented by Cu(OH)™ and Cu,(OH),>*.>
This diagram indicates that complex form II (which exists to
the maximum extent around physiological pH, see Fig. 2b) is
the most efficient ROS generator, with the activity dropping
to one-quarter of its peak value for the solution at pH around
10.5, where the complex form III predominates. The pH profile
of the control samples is quite different, with a maximum at
pH 9—where soluble Cu(1) hydroxides predominate over inso-
luble ones.

[NDMAJ/uM

22 r T v T v T v T T T r 1
0 20 40 60 80 100 120
time/min

Fig. 4 The experimental curves of kinetic measurements of NDMA
bleaching by the Cu(i)-kanamycin A—H,O, system at 37 °C. The reac-
tion mixtures contained sodium phosphate buffer, 50 mM, + NDMA,
25 uM, and: (A) H,0O,, 0.5 mM; (B) kanamycin A, 50 uM, + H,0,,
0.5 mM; (C) Cu(m), 50 uM, +H,0,, 0.5 mM; (D) Cu(u), 50 pM,
+ kanamycin A, 50 uM, + H,0,, 0.5 mM.
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Fig. 5 The comparison of pH influence on the rates of hydroxyl radi-
cals formation by Cu(i)-kanamycin A complex and Cu(m) ions, both
in the presence of H,O, at 37°C. The reaction mixtures contained
sodium phosphate buffer, 50 mM; kanamycin A and Cu(m) ions, 50
uM; H,0;, 0.5 mM; and NDMA, 25 uM.

The value for the rate constant of NDMA bleaching at pH
7.4 and 37°C was found to be 5.9+0.1 x 1072 min~"', some-
what higher than that found previously®’ for amikacin in simi-
lar conditions (1.4 x 1072 min™?).

To carry out the unambiguous identification of the radical
species, an analogous reaction was done in the presence of
DMPO instead of NDMA. These experiments yielded spectra
characteristic for the DMPO-"OH adduct. The control sample
without kanamycin A exhibited a low intensity DMPO-"OH
spectrum, while the complex with H,O, provided a three-fold
enhancement of the EPR signal for the adduct. Addition of
excess ethanol (1.5 M) to the latter system resulted in complete
quenching of DMPO-"OH radical formation. Ethanol is a spe-
cific scavenger for hydroxyl radicals,®® and the complete
quenching allows us to exclude the presence of even minute
amounts of DMPO-"OOH, a product of superoxide reaction
with DMPO, which could serve as a precursor of the
DMPO-"OH adduct. The above experiments provide good evi-
dence for the formation of moderate amounts of “OH radicals
from H,O, by the copper(ir)-kanamycin A system.

Dioxygen generation and mechanistic considerations

The measurements were conducted using a gasometric appara-
tus, and the volumes of oxygen evolved were measured. Fig. 6
presents the course of oxygen evolution reactions for various
concentrations of components, grouped according to the varia-
tion in concentrations of Cu(i)-kanamycin A (part a) and
H,O, (part b). For longer times, the reactions slowed down,
apparently due to a decrease of H,O, concentration and com-
plex decomposition (evidenced by a decrease of pH value,
despite the presence of phosphate buffer). Fig. 7 presents the
dependence of initial rates (V) of the O, evolution reaction
on H,0O, (part a) and Cu(i1)-kanamycin A (part b) concentra-
tions, while the correlation of kinetic parameters with specia-
tion is presented in Fig. 2b. Table 4 presents the selectivity
of dismutation reaction of H,O, to O, and turnover numbers
(TON) for these reactions, proving the catalytic role of the
Cu(in)-kanamycin A complex. The activities of individual com-
ponents were negligible below pH 9. The pace of both com-
plex-assisted and spontaneous H,O, disproportionation
increased markedly at high pH, due to its lower redox poten-
tial under such conditions.® The dioxygen evolution was
nearly explosive above pH 9, and the reaction rates could be
estimated to increase by more than one order of magnitude
(data not shown). Partial precipitation of Cu(OH), was also
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Fig. 6 Concentration dependences of dioxygen formation from
H,0,, catalyzed by Cu(i)-kanamycin A at 37°C, pH 7.4. (a) Depen-
dences on H,O, concentration: 25 mM (A), 37.5 mM (B), 50 mM (C),
100 mM (D); Cu(u)-kanamycin A constant at 0.5 mM. (b) Depen-
dences on Cu(i1)-kanamycin A concentration: 0.25 mM (A), 0.5 mM
(B), 1 mM (C), 2.5 mM (D); H,O, constant at 50 mM.

apparent. This, as well as the pH drop, is attributable to oxida-
tive decomposition of kanamycin A, which leads to a loss of
Cu(n1) binding, analogously to the effects seen previously in
MS studies of complexes of lincomycin and amikacin.**>
The reaction orders relative to Cu(i)-kanamycin A and
H>O, concentrations were calculated as 1.1 +0.1 for both.
These results indicate that the initial rate of disproportionation
of H,O, (V}) is linearly proportional to the concentration of
the catalyst, which is the Cu(im)-kanamycin A complex, and
also to H,O, concentration. Thus, the 1:1 interaction between
the complex and H,O, is the rate-determining step of the cat-
alysis. From the temperature dependences the activation
energy E, = 120 +4 kJ mol~! was determined using an Arrhe-
nius plot. A comparison of the pseudo-1st order constants for
NMDA bleaching and O, production (Table 5) indicated that
these values were nearly identical for complex form II. This
suggests that the formation of a NDMA-reactive species is
an essential element of H,O, disproportionation, rather than
a mere side reaction. The known lack of specificity of reactions
of *OH excludes it, however, as an element of a catalytic
cycle.®% The spin-trapping experiment demonstrated the
‘OH radical, but at a rather low level, only three times that
detected for Cu(i) in phosphate buffer. The reaction-mediating
ROS must thus be complex-bonded, likely at the metal ion.
Such species were proposed previously, e.g. for Cu(1).>” On
the basis of less direct evidence, we have previously proposed
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Fig. 7 Effect of H,O, (a) and Cu(i)-kanamycin A (b) concentration
on the initial rate of dioxygen formation at 37 °C, pH 7.4. Inserts pre-
sent logarithmic plots, which indicate reaction orders with respect to
individual components.



Table 4 Influence of concentrations of H,O, and Cu(i)-kanamycin A
(CuKan) complex on H,O, dismutation

[H,0,]/mM [Complex]/mM S$° (%) V,’/mmol min~' TON¢
25 0.5 97.1 0.012 24.0
37.5 0.5 89.3 0.019 51.2
50 0.5 85.7 0.032 60.0

100 0.5 78.4 0.061 116.8
50 0.2 72.8 0.015 130.0
50 1 88.6 0.091 294
50 2.5 84.2 0.247 11.0

“ S selectivity of dismutation reaction to O, is defined as the molar
ratio (in %) of H,O, decomposed to O, with respect to the total reacted
amount of H,O,, knowing that two molecules of H,O, are required in
the dismutation reaction to generate one molecule of O,. ? ¥ initial
rate of O, evolution reaction. ¢ TON turnover number: ratio of the
number of moles of H,O, decomposed to O, over the number of moles
of Cu(i1)-kanamycin A.

a suitable set of reactions for the interaction between amikacin
(L = Ami) and H,0,."’

Cu(m1)-L + H,0, = Cu(1)-L—"OOH + H"
Cu(mr)-L + H,0, = Cu(m)-L—"OH + OH™
Cu(1)-L—"OOH + Cu(m)-L—"OH = 2 Cu(un)-L + O, + H,0
2 H,0, = O; 4+ 2 H,O(sum reaction)

These reactions correspond well with the reactivity and redox
properties of complex form II of kanamycin A. The proposal
of formation of an unprecedented Cu(i)-superoxide species
from Cu(m) is perhaps a weak point in this scheme. Such a
reaction, however, yields Cu(1) which is a necessary element
in all reaction mechanisms proposed so far. We are not able
to explain the catalytic cycle in a different way. The alternative
mechanisms,® ¢! developed for iron, start from a low-valence
species (Fe(n), corresponding to Cu(1)), include two-electron
processes, and are poorly reversible. Reactive dimers could
also be assumed, by analogy to dicopper centers in enzymes,
in which coupled one-electron processes provide a two-elec-
tron reaction required to disproportionate H,O,. However,
the formation of dimers with aminoglycosides is highly
improbable at low concentrations for electrostatic reasons, as
determined for amikacin.®” Interestingly, the leaking of a radi-
cal species, as indicated by a deviation of S from 100% (Table
4), and confirmed by DMPO spin trapping studies, is propor-
tional to TON with an excellent R factor of 0.99 (calculated for
the first four experiments in Table 4, which were done at the
same complex concentration). It therefore seems to be an
intrinsic feature of the reaction system, rather than a result
of catalyst damage, which seems to be more pronounced at
higher concentrations of reagents (experiment 7 of Table 4).
To further test our hypothesis we studied the dependence of
dioxygen evolution on NDMA at pH 7.4. The results pre-

Table 5 Comparison of the pseudo-1st order rates of kinetics for
ROS formation and O, evolution

pH K /min~" for NDMA bleaching  &’/min~" for O, evolution

645 1.4x1072 14x1072
7.05 5.0x1072 52x 1072
74 59x1072 5.4%1072
7.8  53x1072 5.8x 1072
84 — 1.1x107!

9.15 43x1072 —
105  14x1072 —
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Fig. 8 Effect of NDMA concentration on dioxygen formation from
H,0,, catalysed by Cu(i)-kanamycin A at 37°C, pH 7.4 (a) and
pseudo-first order constant dependences for these reactions (b). The
reaction mixtures contained sodium phosphate buffer, 200 mM; kana-
mycin A, 1 mM; Cu(n) ions, | mM; H,O,, 50 mM and NDMA: 0 mM
(A), 0.5 mM (B), 5 mM (C), 25 mM (D) and in the absence of Cu(ir)—
kanamycin A, NDMA, 0.5 mM (E).

sented in Fig. 8 demonstrated the concentration-dependent
inhibition of O, formation by NDMA, and thus provided
further evidence that the generation of NDMA-reactive ROS
and dioxygen evolution are coupled processes, and so the
above mechanism may be valid for kanamycin A. The shape
of the resultant curve could not be reproduced by any simple
mathematical function. This is not very surprising, because
the mechanism of interaction between NDMA and copper-
bound ROS may be quite complex. A steep descent of reaction
rate for 0.5 mM NDMA, followed by a much weaker effect at
higher concentrations, may suggest that there are alternative
mechanisms of radical recombination, and only one of them
is affected by NDMA. This idea remains, however, to be
explored.

Conclusions

The results presented above indicate that kanamycin A effec-
tively binds Cu(1) ions at physiological pH. The binding
modes are analogous to those seen previously for a range of
aminoglycosidic antibiotics. The Cu(ir) complex of kanamycin
A is a catalyst of H,O, disproportionation, which proceeds via
copper-bound ROS. The mechanism of this process appears to
be rather complicated, and has deleterious side-effects by leak-
ing a hydroxyl radical species. The reactivity of kanamycin A
is quite similar to that of amikacin, studied by us previously,
and may be generally common to Cu(ir) complexes of amino-
glycosides.
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