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Identification of Copper(11) Binding Sites in the Aminoglycosidic Antibiotic
Neomycin B

Malgorzata Jezowska-Bojczuk,*!*! Wojciech Szczepanik,?!*l Stefano Mangani,"!
Elena Gaggelli,® Nicola Gaggelli,” and Gianni Valensin!
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Protonation and copper(i) coordination properties of neomy-
cin B were studied in solution by potentiometry, NMR, UV/
Vis, CD, and EPR spectroscopy, XAS and mass spectrometry.
Mono- and dinuclear complexes were found depending on
the metal-to-ligand molar ratio. Neomycin B anchors Cu"
ions above pH 5.0 with an NH, group from ring B. Simulta-
neously, the second amino group of the same ring and the
hydroxyl group of ring A complete the binding set of donors.
With an increase in pH the remaining —-NHj3;* functional

groups in the neomycin B molecule are deprotonated without
affecting the complexation pattern. However, these groups,
particularly the ones located in the D-ring of the antibiotic,
may coordinate the second copper(if) ion when the metal is
present in excess. We have proved this process with the use
of potentiometry, CD and especially mass spectrometry.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Neomycins are aminoglycoside antibiotics produced by
Streptomyces fradiae as a mixture of three analogues A, B
and C. Only neomycin B is used in therapy and it is active
against gram-negative aerobic bacteria and Staphylococcus.
It is topically or orally applied, mainly prior to surgical in-
terventions of the intestine. Parenteral administration of the
drug may result in oto- and nephrotoxic effects much more
acute than for any other aminoglycoside.'! A possible ex-
planation was recently provided in our studies,’”! showing
that (i) neomycin has the highest potency in cleaving tRNAFhe
and (ii) the Cu''-neomycin complex disproportionates H,O,
to hydroxyl radicals, as well as oxidizes plasmid DNA with
the highest efficiency.

Coordination of aminoglycosides by Cu'! ions was exten-
sively investigated® ¢ and evidence was reached for copper
selectively yielding high stability complexes over other tran-
sition metal ions.[”l Although not present at very high levels
intracellularly, the amount of copper(i1) in the plasma re-
flects the state of health of the organism. Under circum-
stances when antibiotics are applied (e.g. inflammation), the
serum level of copper may drastically increase,® probably
as a result of leukocyte activation that releases even micro-
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molar amounts of copper and iron as well.l’! Increased con-
centrations of Cu'! ions in selected tissues are also observed
during the appearance of cancer, anemial'” or hyperthy-
roidism.'!l Thus chelation of the metal by xenobiotics, e.g.
drugs, may occur in vivo.

The coordination abilities of neomycin B (Figure 1) have
not been thoroughly investigated to date. Formation of so-
lid polymeric complexes has been observed with selected
transition metal ions but without any evidence of amino
groups being involved in binding.!'” The characteristics of
the Cu'! complex of neomycin B in solution have also been
delineated, but the final determined structure concerns only
the coordination of neamine,['’] a subunit of neomycin B

A NH,

Figure 1. Molecular structure of neomycin B.
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(see rings A and B, Figure 1). The aim of the current study
is to gain deeper insight into the Cu'"-neomycin binding
equilibria depending upon pH and metal ion-to-antibiotic
molar ratio.

Results and Discussion

Protonation of Neomycin B

The protonation constants calculated on the basis of
potentiometric titrations are presented in Table 1. They
correspond to six amino groups present in this hexaprotic
antibiotic molecule. Both amino sugar rings (A and D) and
the 2-deoxystreptamine ring (B) contain two amino group
substituents. Only the pentose ring (C) has no protonating
function (Figure 1). The location of the amino groups
causes equal distribution of the positive charge within the
neomycin B molecule.

Table 1. Protonation and stability constants of neomycin B and its
copper(11) complexes.

Protonation constants of Stability constants of

neomycin B Cu-neomycin B

species  logf pK species log P pK
LHj 46.575(2)  5.69 CuH;L  31.804) -
LH; 40.885(2)  7.02 CutLL  26.24(1) 5.56
LH, 33.865(2)  7.603 CuHL 19.02(1) 7.22
LH; 26.262(3)  8.147 CuL 10.94(1)  8.08
LH, 18.115(2)  8.745 CuH |L 1.97(1) 8.97
LH 9.3702) 9370  CuH,LL  -7.99(1) 9.96

Almost all pK, values are typical for amino functions
and fit the characteristic range 7-9 (Table 1), except the first
one which is much lower (pK, = 5.69) in agreement with
previous >N NMR spectroscopic measurements.'¥ Such
low values of the first deprotonation constant were also
found for all other aminoglycosides studied so far: 6.0 for
geneticin®! and kanamycin A™ that have a +4 charge at
low pH, and 5.7 for the +5 charged kanamycin B! and
tobramycin.l”) Neomycin with its six amines has an almost
identical value for this constant as do the pentaprotic anti-
biotics. Therefore, the decrease in the first pK, of the ami-

noglycosides is likely to arise from a local electrostatic inter-
action between neighboring NH3* groups within the same
ring,*>14 rather than from the overall charge of the entire
molecule.

All the successive deprotonations are separated from one
another by only ca. 0.6 log units (Table 1). The statistics on
the deprotonation of bifunctional molecules indicate that
each of the two processes is almost parallel (the “ideal” sta-
tistical log value is 0.6['3]). I'N NMR spectroscopy allowed
us to calculate the pK values and assign them to each amino
group of the antibiotic molecule.l'¥ In spite of diverse ex-
perimental conditions, the calculated constants agree with
our determinations.

Copper(i1) Complexation by Neomycin B

Neomycin B offers more potential possibilities for cop-
per(i1) chelation when compared with previously investi-
gated aminoglycoside antibiotics.>-®! This antibiotic forms
six complexes with cupric ion in the pH range 5.5 to 10.
At a 1:1 molar ratio or at an excess of the antibiotic, only
monomeric complexes are formed in solution, as confirmed
by potentiometry and mass spectrometry measurements
(Table 1 and Table 2). The first minor species, which starts
to occur at pH ca. 5, has CuH;L stoichiometry (HgL repre-
sents the fully protonated ligand). It is a common feature
of the Cu-aminoglycoside complexes that the binding pro-
cess is accompanied by a two-proton loss, which results
from chelate ring formation by the amine nitrogen and a
neighboring hydroxyl oxygen with simultaneous deproton-
ation of the latter. Cu'! anchoring then proceeds at the 3
amino group of the deoxystreptamine ring B due to its low-
est deprotonation constant value.l'*! In the case of neomy-
cin B there is an additional deprotonation of another amine
function. This event is very likely to occur at one of the
bisaminated rings (A or D) due to the mentioned electro-
static interaction, but not in ring (B), where Cu'! is already
bound. A {N,O} type chelation therefore occurs, with de-
protonation of another amine, without its involvement in
coordination. However, the CuH;L species exists at too low

Table 2. Summary of the observed ESI-MS ions (m/z) at pH 8.0 {(NH,4),COs, 5 mm} for neomycin B (L) and its Cu'! complex. Concentra-

tions: Cu'! 0.25 or 0.5 mM and L 0.25 mm.

Components mMlZgpsa. mlZeaied. Assignment
neomycin B 308.5% 308.4 L - rings Cand D + H*
456.3% 455.5 L -ring A or D+ H*
616.5° 615.6 L+ H*
Cu'-neomycin, 1:1 371.4% 370.9 Cu''-L - rings C and D - OH + H*
388.3t 387.9 Cu'-L - rings Cand D + H + H*
503.4% 503.0 Cu''-L - ring A or D — OH + H*
677.7 677.3 Cu-L + H*
and all peaks seen for neomycin B
Cu''-neomycin, 2:1 446.4~ 446.1 Cu',-L —rings Cand D + H + H*
738.9 738.2 Cul,- L + H+

w — weak, 1 — intermediate, s — strong signal.

and all peaks seen for neomycin B
and Cu''-neomycin B, 1:1

3064 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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a fraction (12% of total Cu! amount, Figure 2) to allow
unambiguous delineation of its characteristics.
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Figure 2. The speciation diagram for the Cu'-neomycin B system
with CD spectral parameters overlaid (a): Ae of CT bands at:
260 nm (V), 300 nm (M) and 370 nm (@), as well as UV/Vis spectra
parameters overlaid (b): ¢ (¥) and 4 (W) of d-d band and shoulder
at 355nm (@). Ac and ¢ are in M ' cm .

This form is followed by a major species, CuH,L com-
plex, which prevails over the first at almost the same pH
range. The stability constants of both complexes differ by
ca. 5.6 log units, in agreement with the deprotonation of
another amine nitrogen. However, this value is too low for a
spontaneous proton loss and seems to be forced by another
electron pair acceptor. If this further deprotonation pro-
ceeds at the same ring, where Cu'! is already bound, then
another deprotonated nitrogen will also be engaged in the
coordination process and {N,N,O} type chelation will oc-
cur. The results, obtained from spectroscopic measurements
confirm that the CuH,L species involves two nitrogen
atoms coordinated to the central metal ion.

In order to establish the coordination pattern of this spe-
cies unambiguously, 'H and '*C NMR spectroscopic meth-
ods were applied. The chemical shifts (ppm) of neomycin B
are summarized in Table 3. Spectral assignment was
achieved by COSY and ROESY experiments, by '3C 'H

Eur. J. Inorg. Chem. 2005, 3063-3071 www.eurjic.org

2D shift correlated maps and by comparison with reference
data.l'®171 Addition of copper to the solution of neomycin
and pH adjustment to 6.8, where the CuH,L complex
reaches its maximum concentration, were not very effective
in enhancing the nuclear relaxation rates. This fact is re-
flected by the relatively small values of R;, (Table 4), where
R, the paramagnetic contribution to the spin-lattice relax-
ation is defined by Equation (1).

Table 3. 'H and '3C NMR chemical shift (ppm) of neomycin B
9.9 mm in D,0O at pH 6.8 (value uncorrected for the isotopic effect),
T = 298 K and with TSP-d,4 as internal reference standard.

Ring  Proton 6 (ppm) Carbon  J (ppm)

B 1 3.31 1 54.04
2o 2o 173,233 2 34.32
3 3.28 3 51.87
4 3.70 4 81.92
5 3.90 5 88.24
6 3.70 6 76.30

A 1’ 5.97 1’ 98.72
2! 3.43 2! 56.98
3 3.99 3 72.24
4’ 3.25 4’ 73.95
5 4.06 5! 71.87
60 349, 3.28 6 4327

C 1" 5.42 1" 113.00
20 4.45 2 76.39
3" 4.57 3" 78.07
4" 4.24 4" 84.09
5 3.93,3.77 5" 63.40

D 1" 5.31 1" 98.64
20 3.60 20 53.44
3 4.26 3 71.04
4 3.84 4 70.38
50 435 50 73.37
6" 345 340 6" 4339

_ _ Py
Rlp Rlohs le Rl—]}/[ +TM (1)

where: R;.,s and Ry; are the spin-lattice relaxation rates
measured in the presence and in the absence of the metal
respectively, 7y is the exchange lifetime from the bound to
the free state, py is the molar fraction of the bound ligand,
and Ry is the spin-lattice relaxation rate of the copper-
bound ligand. R,y is accounted for by the following simpli-
fied equation [Equation (2)] reporting the dipole-dipole in-
teraction, as provided by the Solomon-Bloembergen—-Mor-
gan theory.!'®]

e I(wIFER] w6
MTolan ) A 1o -0) T 1+t 1+, +0) T @)

where: 1, is the vacuum permeability, y; and yg are the nu-
clear and electron magnetogyric ratios, w; and wg are the
proton and electron Larmor frequencies, respectively, r is
the proton—Cu'! distance and 7, is the effective correlation
time.

The proton spin-lattice relaxation rates were selectively
affected, as also reported in Table 4, while no sizeable
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change in chemical shift was detected. The relatively larger
R, values experienced by the 2,4, 2.4, 5 and 1’ protons
suggest that rings A and B of neomycin B are directly in-
volved in the coordination of the Cu" ion. '3C paramag-
netic relaxation rates, together with potentiometric data
(Table 1 and Table 5), moreover suggest the 1 and 3 depro-
tonated amino groups (ring B) and 4’ deprotonated hy-
droxyl group (ring A) as the possible donor set.

Table 4. Paramagnetic contributions to proton longitudinal relax-
ation rates (Ry,, s!) of neomycin B, 9.9 mm in D,O at pH 6.8
(value uncorrected for the isotopic effect), 7= 298 K. Contri-
butions were calculated as the difference between the R; values in
the presence (Rjqps) and in the absence (R;p) of Cu(NO3), [ratio
Cu'-neomycin: 1:100] and converted into copper-proton distances
reun through Equations (1) and (2) using te = 2.73x 10 '°s and
v = 6.00x 10*s. Missing values are due to overlap among pro-
tons of the same ring.

Proton  Ry¢ Riobs Ry, Rim F'cu-H
[nm]
1,34, - - - - -
6
2ax 2.297 3.569 1.272 ~18962 very near
2eq 2.456 3.532 1.076 21564 0.276
5 1.337 2.276 0.939 7101 0.332
I 1165 2336 1171 186079 very near
26 - - - - -
1" 0.976 1.596 0.620 2017 0.412
2! 0.826 1.207 0.381 835 0.475
3" 1.104 1.510 0.406 922 0.468
4" 0.865 1.432 0.567 1665 0.425
5"a 1.842 2.787 0.945 9019 0.330
5"b 1.974 2.772 0.798 4069 0.370
1’ 1.146 1.768 0.622 2032 0.412
20" 0.818 1.799 0.981 11836 0.318
3 0.772 1.874 1.102 145752 0.259
4 1.058 1.687 0.629 2084 0.410
5 1.194 1.817 0.623 2039 0.328
6'""ab 1.771 2.721 0.95 9341 0.317

The correlation time in Equation (2) is generally deter-
mined by rotation of the metal complex. The reorienta-
tional dynamics of the complex was approximated by evalu-
ating the motional correlation time of the free antibiotic in
a water solution. This was accomplished by measuring the
value of the cross-relaxation rate, g, of the 2,x and 2.guiy,
protons of the ring B by means of Equation (3).["]

G:RbauliR\cl:L uy A 01, _1
1ol4n ) »° [1+401 ©

(3)

where: r is the distance between vicinal protons (0.177 nm),
and R>' and R**! are the double- and single-selective spin-
lattice relaxation rates, respectively. The value obtained was
7. = 0.27 £ 0.05 ns at 298 K.

As stated in Equation (1), exchange of the ligand be-
tween free and bound states must be considered. In fact

3066 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 5. Paramagnetic contributions to carbon longitudinal relax-
ation rates (Ry,, s ') of neomycin B 9.9 mm in D,O at pH 6.8 (value
uncorrected for the isotopic effect), 7= 298 K. Contributions were
calculated as the difference between the R, values in the presence
(R1obs) and in the absence (R;p) of Cu(NO3), [ratio Cull-neomycin
B: 1:100] and converted into copper-carbon distances r¢ ¢, [nm].

Carbon Ri¢ Riobs Ryp e cu [NM]
1 2.196 3.812 1.616 0.337
2 2.669 2.900 0.231 0.465
3 3.417 6.716 3.299 0.293
4 2.463 3.223 0.760 0.384
5 2.611 3.401 0.790 0.382
6 2.313 2.477 0.164 0.491
I 2.402 4.014 1.612 0.337
2’ 3.004 4.954 1.950 0.325
3 2.562 3.222 0.640 0.393
4 2.487 3.401 0.914 0.372
5’ 2.687 2.959 0.272 0.454
6’ 3.994 4.009 0.015 0.603
1" 2.285 2.703 0.418 0.425
2" 2.462 3.206 0.744 0.386
3" 2.702 2.724 0.022 0.615
4" 2.569 3.175 0.606 0.399
5" 4.887 4.147 -0.740 -
1 2.976 4.022 1.046 0.363
2" 2.405 3.262 0.857 0.377
3 2.287 3.160 0.873 0.375
4" 2.451 3.406 0.955 0.370
5 2.163 3.175 1.012 0.366
6"’ 3.702 4.156 0.454 0.417

R\, the structure-sensitive parameter, can be directly ob-
tained from Equation (2) only in cases where fast exchange
conditions (R7!}yy >> 1\;) prevail. The unusually small,
although diverse, R,, values suggest, by themselves, occur-
rence of a slow-intermediate exchange region, where R~1
is equal or slightly smaller than 7. This being the case,
both R}y and 7y would contribute to R;,. The contri-
bution of exchange was measured by the temperature de-
pendence of R, which is well known in the literature."]

The temperature dependencies of the R,,, values of some
protons are shown in Figure 3. The plots suggest that slow
exchange conditions prevail (this justifies the relatively
small paramagnetic effects), but that R;, is close to its
maximum where intermediate exchange conditions domi-
nate. The exchange rates were calculated by fitting the ini-
tial part of the temperature dependent R,,, data (where R,
= pukotr = Pu/Tm, Tm being the exchange lifetime) with the
Eyring equation [Equation (4)].29

L kT &

Tw =

In[Rlp]:ln{pbk/TT}— ARC;"H @

where: AG¥ is the free energy of activation for the dissoci-
ation process and py, is approximated to the [Cu''}/[neomy-
cin B] ratio. An average value of 7y, = 0.60 £ 0.03 ms could
be calculated.
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Figure 3. Temperature dependencies of paramagnetic relaxation
rates (R,;,) of selected protons of neomycin B (9.9 mm) in D,O (pH
6.8), in the presence of Cu'! ions at a concentration of 0.099 mm:
2,x of ring B (M); 24 of ring B (@); 1" of ring A (A); 1"’ of ring C
(¥); 1" of ring D ().

Introducing the exchange time value into Equation (1) al-
lowed us to extract all Ry, values from the R, ones. Since
Equation (2) provides R,y as a function of 7./r°, taking the
value of 7, for the free ligand to be 0.27 + 0.05 ns at 298 K,
allowed us to calculate all copper—proton and copper—car-
bon distances, also shown in Table4 and Table 5. The
approximation used is not expected to introduce large er-
rors in the calculated distances because the ° dependence
minimizes even large errors (up to 50%) in the motional
correlation time. The distances were then used as restraints
in order to calculate the structure of the Cu'-neomycin B
complex in aqueous solution at pH 6.8. The suggested
structure was supported by molecular mechanics and dy-
namics: an energy-minimized molecular model of Cu''-neo-
mycin B complex (Figure 4) was obtained by using the HY-
PERCHEM graphics package. The stick model of the com-
plex shows the Cu!! ion bound to the two deprotonated
amino groups of ring B, the 4’ deprotonated hydroxyl group
of ring A and a water molecule added to reach the mini-
mum set of donors. The 3""-OH (ring D) and the 3-NH,
(ring B) were found at a typical hydrogen bonding distance,
such that further stabilization of the complex may be hy-

Figure 4. Structural model of the Cu'-neomycin B 1:1 complex in
water solution. The dashed line represents the hydrogen bond.

Eur. J. Inorg. Chem. 2005, 3063-3071 www.eurjic.org

pothesized. The obtained structure suggests that neomycin
B wraps around Cu'! in a way that leaves the metal ion
exposed to the water medium.

The above coordination model of CuH,L is also supported
by other spectroscopic methods (Table 6). The values of the
Aq and gpp parameters calculated from the EPR spectra
confirm the number of nitrogen donors around the metal
ion. Moreover, the parameters of charge-transfer bands
(CD, UV/Vis) and d-d bands (UV/Vis) change significantly
with an increase in the concentration of this species (see
Figure 2). The formation of two positive and one negative
Cotton effects in the CD spectra (Figure 2, part a, Table 6)
is observed. The effects at 260 and 300 nm most probably
correspond to NH, — Cu'! CT transitions and those at
370 nm to the O~ — Cu'! one. The distinct shoulder on
electronic absorption spectra around 355 nm suddenly ap-
pears around pH 5.5 and its intensity also increases with
the rise of the CuH,L fraction (Figure 2, part b). The d-d
band parameters obtained from UV/Vis spectra reflect
these changes, while the intensity of this band in the CD
spectra is very low and remains at this level until about pH
10 (Figure 2, part b). It is worth stressing that all applied
spectroscopic methods show persistence of spectral parame-
ters with the appearance of the following three species. With
an increase of pH to 9 solutions containing CuHL, CuL
and CuH_;L complexes give very similar spectra. All these
species differ from each other by the proton contents only.
The values of their deprotonations fit the range 7-9, charac-
teristic for amine group deprotonation.

Table 6. Spectroscopic parameters of particular complex forms of
Cu''-neomycin B, 1:1 system.

Species UV/Visi CDHl EPRM[
)\. & j. AS A” g”
7001 —0.23
CuH,L + CuHL + 616 65 370 +0.54 184 2.24
CuL + CuH_,L 356" 270 3001 +1.77
261 551

[a] A [nm], ¢ and A¢ [Mm ' em™']. [b] Ay [Gs]. [c] d-d transition band.
[d] CT: O — Cu'l. [e] CT: NH, — Cu'l, *" shoulder.

At about pH 10, the solution of the Cu''-neomycin complex
changes its color from deep blue to violet. CD spectra ob-
tained under these conditions present a total disappearance
of the charge-transfer band at 370 nm and a distinct de-
crease of the band intensity at around 260 nm, probably
suggesting the stepwise hydrolysis of the bound neomycin
molecule, as already reported.['3] Mass spectra recognize
this process already at pH 8.0, though to a very low extent
(Table 2).

Two-Centered Cu"-Neomycin B Complexes

A unique feature of the copper(ir)-neomycin system is the
formation of two-centered complexes, occurring at excess
concentrations of the metal ion. Such complexes appear be-
low pH 6, although in the pH range 4-6 mononuclear spe-
cies also occur (Figure 5). However, their concentration

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3067
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does not exceed 15% of the total amount of Cu!l. It is
worth noting that species having the stoichiometry CuHsL
and CuHyL, present in this system, do not appear in
potentiometric titrations for the equimolar Cu'-antibiotic
system. It therefore seems likely that either the double ex-
cess of Cu'l ions over neomycin favors its deprotonation,
and subsequent coordination to the metal, or the concen-
tration of both complexes in the 1:1 system is too low for
pH-metric detection. Table 7 shows the stability constants
for dinuclear species, while Figure 5 presents the course of
CD spectral parameters depending on the pH of the solu-
tion. The Ae¢ values of d-d transition bands both for 1:1 and
2:1 systems are overlaid on the speciation diagram for the
dinuclear Cu'-neomycin complexes. Apparently, with an
excess of the metal ion, an increase of the d-d band inten-
sity follows the formation of the two-centered complexes.
Around pH 7.5, where only the 2:1 complexes exist in solu-
tion, the CD parameters are stable (Figure 5).

ZAeg,,
1.0
0.8
0.8
=
2
g 0.6+
_‘E
Ef
O 044 - 0.6
0.2
0.0 0

Figure 5. The speciation diagram for Cu'-neomycin B complex at
2:1 molar ratio with A¢ of d-d bands on CD spectra obtained for
the 1:1 (M) and 2:1 (@) systems overlaid.

Table 7. The stability constants calculated for the system containing
Cu'! ions and neomycin B at the molar ratio 2:1.

CuHsL 43.73(3)
CuH,L 37.64(6)
Cu,HL 23.90(3)
Cu,L 17.62(2)
Cu,H L 10.89(1)
Cu,H »L 2.65(6)
Cu,H 5L ~7.19(2)

In order to ascertain the possibility of a Cu—Cu interac-
tion, XAS spectra were obtained. Figure 6 shows the edge
region of the spectra of the studied samples indicating dif-
ferent copper environments while keeping the edge energy
values characteristic of Cu'! constant, as judged by the posi-
tion of the main transition at about 8990 eV. The edge
shape is characteristic for Cu'' complexed to nitrogen or
oxygen donors.?!1 The 1s-3d pre-edge absorption at ca.
8980 eV are all extremely small and indicate centrosymmet-
ric Cu" binding sites as present in Jahn-Teller distorted te-
tragonal or square-planar copper complexes.”??! Hence we

3068 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

conclude that the concentrated samples (1 and 2), regardless
of the molar ratio, show similar edges resembling that of
the free Cu'l,,, while the 2 mm sample (3) displays 1s-4p
transitions at about 8988 eV and more complex white line
transitions (see Figure 6).

2.2+
2.0 4 &
1.8 o
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E 1.6 ..:-
? 1.4 4 o
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2 on L
ow 4
E 1.0 .. -! AA
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Figure 6. Comparison of the X-ray absorption edges for the Cu'l-
neomycin B 2:1 complex, Cu'' 100 mm (M), Cu''-neomycin B 2:1
complex, Cu'' 2mm (A) and Cu'"-neomycin B 1:1 complex, Cu'!
100 mwi (®).

The EXAFS spectrum of the Cu'-neomycin B complex
2:1, (100 mm, sample 1) together with its Fourier transform
is reported in Figure 7, parts a,b. The spectrum is character-
istic of all light O/N type scatterers and, despite the pres-
ence of slight distortions due to multiple scattering effects
from outer shell atoms, it can be well simulated without
introducing multiple scattering contributions into the calcu-
lations. The contribution to the total EXAFS of the first
shell ligand can be evaluated in four O/N divided into two
shells of two donors at 1.94(1)A and two donors at
2.02(1) A (see Table 8). Adding a further shell of two N/O
atoms at 2.74(2) A significantly improves the fit leading to
a classical Jahn-Teller distorted elongated octahedron for
the Cu'' coordination. As already indicated by the edge
shape the EXAFS spectrum of sample 2 (Cu'l-neomycin
B 1:1 complex, 100 mMm) as with the previous one, can be
simulated by a 4+2 type of Cu'' coordination consisting of
four N/O atoms at 1.98(1) A and two N/O atoms at 2.32 A
and 2.83 A, respectively.

Due to the low copper concentration the spectrum of
sample 3 (Cu'"-neomycin B 2:1 complex, 2 mm) is much
noisier than the others. However, the EXAFS (Figure 8, a)
displays features, which can be reproduced only by intro-
ducing multiple scattering (MS) path contributions from
atoms lying in a rigid scaffold containing almost colinear
arrangements of atoms. Together with the shape of the edge
region, this evidences a significantly different Cu'' coordi-
nation with respect to the same complex in a more concen-
trated solution (sample 2). Here Cu'! is bound to two N/O
atoms at 1.96(1) and 2.00(1) A and two N/O atoms at
1.91(1) and 1.96(1) A. The outer shell features evident in
the spectrum Fourier transform (Figure 8, b) can be ade-
quately modeled by the MS from outer shell atoms bound
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FT magnitude

Figure 7. Comparison of experimental (open circles) and theoreti-
cal (continuous line) EXAFS data (a) and of their Fourier trans-
form (b) for the Cu-neomycin B 2:1 complex at 100 mm concen-
tration.

Table 8. Results of data analysis of the full EXAFS spectra for the
Cu'l-neomycin B, 1:1 and 2:1 systems.

Sample Shell Distance ~ DWF 262 Ry, FIb!
[A] [A%] (%)
1 2N/O 1.93(1) 0.004(1) 24.5 0.39
IN/O  201(1)  0.004(1)
IN/O  2742)  0.016(2)
2 4N/O 1.98(1) 0.008(2) 27.0 0.42
IN/O 2.32(1) 0.003(2)
IN/O  2.83(2)  0.008(3)
3 (MS) 1IN/O 1.96(1) 0.004(2) 42.1 0.69
INJO  2.00(1)  0.005(1)
INJO  191(1)  0.002(1)
INO  1.96(1)  0.002(2)
Ite 278(2)  0.009(2)
Ite 27502)  0.002(2)
IN 4042)  0.009(3)
10 3.98(1)  0.014(4)

[a] DWF is the Debye-Waller factor. [b] Rec.s and the fit index
(FI) are indicators of the fit quality as reported in the Experimental
Section.
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to a rigid, bidentate, N/O type ligand. The presence of MS
effects makes it impossible to detect the probable presence
of two axial O/N ligands between 2.3-2.8 A as seen in sam-
ples 1-2.

FT magnitude

rd)

Figure 8. Comparison of experimental (open circles) and theoreti-
cal (continuous line) EXAFS data (a) and of their Fourier trans-
form (b) for the Cu'-neomycin B 2:1 complex at 2 mM concentra-
tion. The fitting parameters are reported in Table 8.

EXAFS is able to detect metal-metal distances when they
are in the 3.5-4.0 A range. Furthermore, at longer distances
the Cu—Cu scattering in nonordered systems like solutions
is very weak and can be hidden in the background due to
the scattering of light atoms (C, N, O), lying at about the
same distance from the metal.??! However, there is no evi-
dence of Cu—Cu scattering in the case of the neomycin com-
plexes. If there are two Cu atoms bound per neomycin
molecule, they should be located at distances larger than
3.5A. Lack of the spin relaxation on the EPR spectra,
which were obtained under the same conditions, confirms
that both metal ions are separated and are most probably
located at different rings of the antibiotic.

Mass spectrometry brings additional evidence for the
Cu'';-neomycin complex formation. The distinct peak at
m/z of ca. 739 is observed (Table 2). Its intensity is interme-
diate but several further peaks originating from the variety
of adducts occur at higher values of m/z. The peaks with
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m/z ca. 788, 820, 840, 857 and 918 correspond with adducts
formed by two Na, two K, perchlorate, Na + sulfate and
three carbonate ions, respectively (data not shown in
Table 2).

Conclusions

The results obtained indicate that neomycin B, compared
with the other previously investigated aminoglycosides,
binds copper(i) ions with the highest affinity. The reason
that it happens may be found within the binding pattern.
Three-ring aminoglycosides, i.e. kanamycin A and B, tobra-
mycin or geneticin, coordinate Cu'! ion mostly by their ter-
minal amino sugar donors and not by the amines of the
deoxystreptamine residue, in contrast with what has been
presently demonstrated in the case of the four-ring neomy-
cin. Cu'! coordination by the donors of this ring not only
leads to an increase in stability of the complexes but also
leaves the amino groups of the A and D rings uninvolved
in any interaction with the metal ion. As a consequence, at
excess copper(l1) concentrations, a second metal ion may be
bound by neomycin B, most probably at a site provided by
ring D. In fact, none of its donor groups is directly involved
in the coordination process of the first Cu', while ring A
donates a hydroxyl group for axial complex stabilization.
Formation of dinuclear species is a unique feature of neo-
mycin B within all of the Cull-aminoglycoside systems in-
vestigated so far.

Experimental Section

Materials: Neomycin B, CuCl,, Cu(ClO,),, Cu(NOs3),, KNO3, Na-
ClOy, 1,2-ethanediol, DCIl, NaOD, TSP-d4, 3-(trimethylsilyl)-
[2,2,3,3-d4] propionate sodium salt and all other simple chemicals
were purchased from Sigma Chemical Co. (St. Louis, MO). Deute-
rium oxide (99.95%) was obtained from Spectra2000 s.r.1.

Potentiometry: Potentiometric titrations of neomycin B and its
complexes with Cu'! in the presence of 0.1 M KNO; were performed
at 25 °C using pH-metric titrations over the pH range 3-12 (Mol-
spin 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 HNOj3
titrations.>l Samples contained 1 mM neomycin B and Cu'®: antibi-
otic molar ratios of 1:1, 1:2 and 2:1 were used. The data were ana-
lyzed using the SUPERQUAD program.>! Standard deviations
computed by the SUPERQUAD program refer to random errors
only.

Electronic Absorption (UV/Vis): The electronic absorption spectra
were recorded at 25 °C with a Beckman DU-650 (Beckman, Palo
Alto, CA) spectrophotometer over the spectral range of 200—
900 nm, in a 1 cm cell. The samples contained a 2.5 mm Cu''-neo-
mycin B complex at a 1:1 molar ratio. The experiments were per-
formed in 0.1 m NaClO, to keep a constant ionic strength, analo-
gous to that used in the potentiometric titrations.

CD Spectroscopy: The spectra were recorded at 25 °C with a Jasco
J-715 spectropolarimeter (JASCO, Japan Spectroscopic Co., Hiro-
shima, Japan), over the range of 200-800 nm, using a 0.5-cm cell.
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Samples contained a 1:1 or 2:1 Cu"-to-neomycin B ratio at com-
plex concentration of 2.5 mm. For the electronic absorption spec-
troscopic measurements a 0.1 M aqueous NaClO, solution was
used. The spectra are expressed in terms of Ae = ¢ — ¢, where ¢
and ¢, are molar absorption coefficients for left and right circularly
polarized light, respectively.

EPR Spectroscopy: The spectra of the Cu'' complex with neomycin
B were recorded at 77 K with a Bruker ESP 300E spectrometer
(Karlsruhe, Germany) at the X-band frequency (9.3 GHz). 1,2-
ethanediol: water (1:2) was used as solvent in the low-temperature
experiments to obtain homogeneity of the frozen samples. The con-
centrations of Cu'! in the samples were of 5 mm and Cu''-to-neo-
mycin B molar ratios were 1:1 and 2:1.

NMR Spectroscopy: Neomycin B solutions were made in deuterium
oxide (99.95%), adjusted to a 0.1 M ionic strength with KNO3 and
carefully deoxygenated through a freezing-vacuum pumping-seal-
ing-thawing procedure. The desired concentration of copper ions
was achieved by using a stock solution of copper nitrate in deute-
rium oxide (molar ratio Cu'-neomycin: 1:100). The pH was ad-
justed with either DCI or NaOD. NMR spectroscopic experiments
were carried out at 14.1 T and at a controlled temperature (£0.1 K)
with a Bruker Avance 600 spectrometer equipped with a Silicon
Graphics workstation. TSP-d, was used as the internal reference
standard. The proton resonance assignment was obtained by
COSY and ROESY experiments. Rotating frame Overhauser en-
hancement spectroscopy (ROESY) was performed at a mixing time
of 300 ms and the radio-frequency strength for the spin-lock field
was 1.9 KHz. 2D 'H '*C HSQC shift correlation spectra were ob-
tained in order to detect and assign '*C NMR spectra at relatively
low concentrations. Proton spin-lattice relaxation rates (R; = 1/T7)
were measured with the inversion recovery pulse sequence or with
a combination of it with 2D TOCSY, when imposed by resolution
limits. This was obtained by introducing a 'H 180° pulse followed
by a variable delay in front of the TOCSY sequence. Relaxation
rates were calculated with regression analysis of the initial recovery
curves of longitudinal magnetization components, leading to errors
in the range of +3%. A DANTE pulse train was used to measure
selective proton spin-lattice relaxation rates.!>°l

Molecular Mechanics and Dynamics Calculations: Molecular struc-
tures were generated by the HYPERCHEM software package [HY -
PERCHEM, Hypercube release 7.5 for Windows; Hypercube Inc.:
Waterloo, ON, 2002], implemented on a Pentium 120 MHz PC.
Charges were calculated by ZINDO-1 semi-empirical methods, and
the model was then subjected to 25 ps unrestrained molecular dy-
namics at 300 K with the MM+ force field. The H-Cu and C-Cu
distances, as obtained by NMR spectroscopic experiments, were
introduced as restraints for the final 25 ps MD run at 300 K.

XAS Data Collection and Analysis: XAS data at the copper edge
were collected at DESY (Hamburg, Germany) with the EMBL
bending magnet beam line D2 equipped with a Si(111) double crys-
tal monochromator with an energy resolution of 1.6 eV at 8980 eV.
The DORIS-III storage ring was operated under normal conditions
(4.5 GeV, 90-140 mA). The second monochromator crystal was de-
tuned to 50% of its peak intensity in order to reject higher harmon-
ics. lonization chambers in front of and behind the sample were
used to monitor the beam intensity. The sample cells were mounted
in a 2-stage Displex cryostat (modified Oxford instruments) and
kept at 20 K during data collection.

The samples used for data collection are as follows:

1. Cu-neomycin B complex at a 2:1 molar ratio, Cu'’ conc.
100 mMm
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2. Cu''-neomycin B complex at a 1:1 molar ratio, Cu'' conc.
100 mm

3. Cull-neomycin B complex at a 2:1 molar ratio, Cu'! conc. 2 mm

For samples 1 and 2 the data were collected at the copper edge
(ca. 8990.0 eV at the edge jump inflection point) by monitoring the
sample absorption, while for the more dilute sample 3 the Cu-K,
fluorescence was detected with an energy discriminating 13 element
Ge solid state detector (Canberra). The Bragg reflections of a static
Si(220) crystal in back-reflection geometry have been used for the
absolute energy calibration of the copper spectra.l??! For samples 1
and 2 three to eight spectra were collected for each sample from
8410 to 9810 eV with variable step widths. In the XANES and EX-
AFS regions steps of 0.3 and 0.6-1.5eV were used, respectively.
For sample 3 only two scans could be collected and the final spec-
trum resulted from the averaging. The scans spanned the 8500-
9810 eV energy range with variable steps in the different regions of
the spectrum. After inspection of each scan for edge consistency,
the data were normalized by the edge jump and averaged. The EX-
AFS was then extracted by subtracting the slowly varying atomic
background fitted with a cubic spline. Data reduction to extract
the EXAFS spectrum was based on standard procedures and per-
formed with the EXPROG software package.?”! The full, k3
weighted, EXAFS spectra have been compared with theoretical
simulations obtained by utilizing the rapid curved multiple scat-
tering theory implemented in the set of programs EXCURVE
9.20.281 The whole spectrum was analyzed by simulation by varying
the atom types and the coordination numbers and iteratively re-
fining the distance (R) and the Debye-Waller factor (26?) for each
atomic shell. The quality of the fit was assessed by the goodness of
fit function through the parameter &> which accounts for the degree
of over determinacy®’ and by the R factor as defined within EX-
CURVE 9.20.%1 The pre-edge peak (1s-3d electronic transition at
ca. 8980 eV) areas were calculated by subtracting an arctangent
function from the normalized edge spectra and integrating over the
range 8975-8985 eV.

Mass Spectrometry: The mass spectra were obtained with a Finni-
gan Mat TSQ 700 instrument (Thermo-Finnigan, Bremen, Ger-
many), using the ESI (electro-spray ionization) technique with N,
as carrier gas, and flow-rate of 2 uL/min. Three kinds of samples
were investigated at pH 8.0 (adjusted with acetic acid and ammo-
nium carbonate): free neomycin B and Cu''-neomycin B complex
at 1:1 and 2:1 ratios. All samples were prepared as water solutions.
Then methanol was added to a final concentration of 50%, in order
to decrease surface tension during sample evaporation. Final sam-
ple concentrations were: neomycin B, 0.25 mm and Cu', 0.25 or
0.5 mm.
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