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Foreword

The study of metals in biological systems needs to be carried out by a multidisciplinary approach, involving
many branches of chemical, physical and biological sciences. The relevance of metals in biology, environment
and medicine has been increasing over the last years. For this reason, Biological Inorganic Chemistry is going
strong and emerges as a multidisciplinary field which integrates efforts of many researchers, including inorga-
nic chemists, biologists, pathologists, pharmacologists, toxicologists or biochemists, in order to understand the
complexity of the living systems.

Knowing that a high percentage of proteins and metabolic reactions need metal ions to be carried out, it
is easy to assume the popularity and importance of biological inorganic chemistry, mainly due to their use for
resolving major social problems like cancer diseases, neurodegenerative disorders and even environmental and
metal toxicity problems.

In this context, European Biological Inorganic Chemistry Conferences, EUROBICs, good standing confe-
rences in which researchers from all over the world meet to exchange different viewpoints on the development
of chemistry of metals in biological systems.

The articles published in this book are a token of the quality of the research presented during the EUROBIC11
Conference. These contributions are representative of the scientific community in this research and indicate the
relevance of inorganic chemistry in life sciences.

Josefa M® Gonzalez Pérez,
Antonio Matilla Hernandez

Juan Niclos Gutierrez

©2013 by MEDIMOND s.r.l. 111
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Poly-His and poly-GIn sequences in bacterial proteins:
tempting sites for metal ions to interact with
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Witkowska D.2
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Abstract

Hpn and Hpn-like are Helicobacter pylori cytoplasmic proteins involved in the homeostasis of nickel; this
metal is required for the enzymes urease and Ni-Fe hydrogenase, essential for the bacterium colonization in the
human stomach. While almost half of Hpn sequence consists of polyhistydyl repeats, Hpn-like protein is rich in
glutamine residues.

In order to shed light on the role of the consecutive His and Gln residues in metal-ion binding, the present
investigation is focused on the N-terminal domain of Hpn-like protein. Cu(Il) and Ni(Il) complexes of peptide
models were studied by means of different thermodynamic and spectroscopic techniques, as well as through mo-
lecular modeling computations.

Keywords: Helicobacter pylori, complex-formation equilibria, copper, nickel, model peptides.

Introduction

Helicobacter pylori (H. pylori) is a gram-negative bacterium of gastric localization, which widely in-
fects humans and primates. It is related to a variety of gastrointestinal disorders, such as chronic gastri-
tis, peptic ulcer disease, lymphoma, MALT (Mucosa Associated Lymphoid Tissue) and stomach cancer.
Two enzymes containing nickel, [Ni-Fe] hydrogenase and urease, have been identified as essential for the survival
of the bacterium [1, 2]; for the synthesis and the activity of these enzymes a constant supplying of Ni(Il) is re-
quired. The completion of the genome sequence of H. pylori has revealed the presence of several proteins involved
in homeostasis of nickel. Among them, the first to be recognized was Hpn, so termed because I was identified
in H. pylori and it has affinity for nickel ions [3]; Hpn is a cytoplasmic histidine-rich protein, consisting of 60
amino acids, of which 47% are histidine residues. Most of the histidines are situated in the central part of the
protein (from residue 11 to residue 33); two distinct sections, of seven and six consecutive histidine residues, can
be identified. Hpn-like protein (Hpnl) is composed of 72 amino acids. The sequence analysis indicates that 25%
of the amino acids are histidine residues, including a region of six consecutive residues, while 30 of the 72 amino
acids are glutamines (42%) (Fig. 1).

©2013 MEDIMOND s.rl. P912C0066 1
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Hpn MAHHEEQHG----GHHHHHHHTHHHHYHGGEHHHHHHSSHHEEG 40
CCSTS------ DSHHQEEGCCHGHHE-- 60
Hpnl MAHHEQQQQOQQOANSQHHHHHHAHHHHYYGGEHHHHNAQQOHAEQQ 44
AEQOAQQQQQQOQOAHOOQOQOKAQOONQQY 72

Fig. 1. Amino acid sequences of the proteins Hpn and Hpn-like [4].

The N-terminal sequence (MAH-) is the same for both proteins, and is similar to the N-terminal sequence hu-
man serum albumin (DAH-), also known as ATCUN (amino terminal Cu(Il) and Ni(Il)-binding) domain. It is the
well-known that the presence of a histidine residue in the third position with respect to the N-terminus, to form the
general sequence Xaa-Yaa-His-, can very effectively bind metal ions like Ni(IT) or Cu(lIl): this sequence gives to
albumin its metal-binding properties. The ATCUN domain can form metal complexes with squared plain geometry;
the coordination mode, illustrated in Fig.2, is of type “4N”, involving the terminal amine, the imidazole group of
histidine and the two intermediate (deprotonated) amide groups of the peptidic chain.

e Yaa

N, N

HN
/
C terminus

His

Fig. 2. Planar "4N structure " of metal complexes formed by the sequence Xaa-Yaa-His-

It is interesting to note that a recent study [5] has demonstrated that the hexa-glutaminic sequence (6-11) in
Hpnl has a strong impact on the stability of the Ni(Il) complexes formed at the N-terminal residue of the protein,
although no direct interaction between glutamines and the metal ion has been detected.

The ability to isolate, purify, and characterize the genes has led to a significant advancements in the knowledge
of genetic diseases and, in particular, of diseases characterized by polyglutamine (polyQ) repetition, in which some
mutant genes produce proteins with glutamine sequences abnormally long. These include the Huntington’s disease
(HD), the dentatorubral-pallidoluysian atrophy (DRPLA), the Machado-Joseph disease (MJD), the spinal-bulbar
muscular atrophy (SBMA) and different types of spinocerebellar ataxia (SCA). The molecular basis for the occur-
rence of these diseases seem to be related to the conformational changes of the proteins due to the presence and
the length of abnormal polyglutamine sequences, leading to protein aggregation and neurotoxicity [6]. Currently,
there are no specific therapies against these diseases: drugs having as precise target the proteins containing polyQ
sequences and with the ability of inhibiting their aggregation are currently under investigation.

In the present paper, the attention is focused on the N-terminal domain of Hpn and Hpnl proteins, through the
study of model peptides of different lengths, corresponding to the N-terminal sequences of the two proteins, protected
at their carboxylic terminus (MAHHE-NH,, MAHHEEQ-NH,, MAHHEQQ-NH, and MAHHEQQHQA-NH,). Their
ability to form complexes with Ni(II) and Cu(Il) ions has been deeply investigated by means of potentiometry,
Uv-Vis spectrophotometry and some other spectroscopic techniques.
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Methodology

Peptides were synthesized according to published methods [7] using Fmoc/t-butyl chemistry with a Syro XP
multiple peptide synthesizer (MultiSynTech GmbH, Witten Germany). Crude peptides were purified by prepara-
tive reversed-phase HPLC using a Water Delta Prep 4000 system equipped with a Jupiter column C18. Analytical
HPLC analyses were performed on a Beckman 116 liquid chromatograph equipped with a Beckman 166 diode
array detector. All analogues showed > 90% purity when monitored at 210 nm. Molecular weights of compounds
were determined by a mass spectrometer ESI Micromass ZMD-2000.

Stability constants for proton, Cu(Il) and Ni(II) complexes were calculated from titration curves carried out
over the pH range 3 -11 at 25 °C and ionic strength 0.1 M (KCI). The pH-metric titrations were performed with a
MOLSPIN pH-meter system using a Russel CMAW 711 semi-combined electrode calibrated in proton concentrations
using HCI. Alkali was added with a 0.500 cm® micrometer syringe. The ligand concentration was 1.0x107 M, the
metal-to-ligand ratio was 1 : 1.1. The Hyperquad Suite programs were used for the stability constant calculations
[8, 9].

The absorption spectra were recorded on a Cary 300 Bio spectrophotometer. Circular dichroism (CD) spectra
were recorded on Jasco J 715 spectropolarimeter in the 800-230 nm range. Electron paramagnetic spectra (EPR)
were recorded on a Bruker ESP 300E spectrometer at X-band frequency (9.3 GHz) in liquid nitrogen. The 30%
ethylene glycol was used as a cryoprotectant for EPR measurements. Solutions were of similar concentration to
those used in the potentiometric studies.

High-resolution mass spectra were obtained on a BrukerQ-FTMS spectrometer Bruker Daltonik, Bremen, Ger-
many), equipped with an Apollo II electrospray ionization source with an ion funnel.

Results and discussion

Preliminary results on the above-described systems will be described below.

All studied ligands form Ni(Il) and Cu(ll), in the explored pH range. The ESI-MS spectra confirmed that the
stoichiometry is always equimolar. The binding mode is invariably that described above for the ATCUN motif of
albumin (Fig. 2).

The UV-vis and CD spectra show that nickel forms only complexes of squared planar geometry, variously
protonated depending on the pH. All spectroscopic data agree that the Ni(Il) ion is surrounded by four nitrogen
atoms, starting from pH 6.

Cu(II) complexes begin to form at pH 5. The spectroscopic data confirm, also in this case, the typical bond {NH.,,
2N, N, } with four nitrogen donors bound to the metal at the equatorial plane of an axially distorted octahedron.

In order to compare the global binding ability of two or more ligands forming complexes of different stoichio-
metries and/or protonation degrees, two parameters are often employed: the dissociation constant K, [10] and the
pM value [11]. The first one refers to the hypothetical equilibrium (at physiological pH): M + L = ML, where
the protonation degree of the ligand and the complex are not explicitly considered. The second parameter is the
negative logarithm of the concentration of the free metal ion, in the presence of the ligand, under standard experi-
mental conditions, i.e. [ligand] = 10°M and [metal] = 10° M, at a given pH, normally 7.4 or even different,
as shown in Table 1.

total total

Table 1. Derived thermodynamic parameters useful to compare the complexation ability of the various ligands
at physiological pH (see text).

Ni(ll) cu(ll)
. M M M M

Peptide K, (M) (pHp 7.4) (pIF-)I 10) | Ko (M) (plfl) 7.4) (plr-,l 10)
MAHHE-NH, 1910° | 87 136 | 83107 15.0 216
MAHHEEQ-NH, | 9.9-10° | 89 144 | 77107 15.1 22.2
MAHHEQQ-NH, | 23-10° | 96 152 | 63107 16.2 231
MAHHEQQHQANH, | 3.4-10° | 9.4 153 | 2110 15.6 235

From the data of Table 1 it is evident that complexes formed by Cu(Il) are highly more stable than those of
Ni(IT): the difference in K, is of about six orders of magnitude for the different ligands; the corresponding pM
values, at physiological pH, are about six units lower, for copper. Since the coordination mode is the same for all
the species, the different stability of each complex should be the result of the influence of residues not directly
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involved in complexation. The main difference among the peptides is the number of Gln residues present in the
sequence, from 0 to 3. Data reported in Table 1 clearly indicate that the greater the number of glutamines, the more
stable is the complex formed. This is especially evident at alkaline pH, where acid or basic side chains belonging
to additional amino acids (Asp in MAHHEEQ-NH, and His in MAHHEQQHQA-NH,) are deprotonated and should
not influence the stability constant values. Since the side chains of Gln do not directly interact with the metal ion,
it can be hypothesized that the observed stabilization depends on the formation of hydrogen bonds involving the
side amide-groups of Gln residues. This hypothesis is supported by preliminary studies of molecular dynamics.

Conclusions

The experimental results reported above clearly demonstrate that, in the formation of metal/peptide complexes,
also groups not directly involved in the formation of coordination bonds can have a significant impact on the ther-
modynamic stability of the species formed. Here, the side chains of Gln residues proved capable of stabilizing the
complex through the possible creation of a “web” of hydrogen bonds around the metal ion, thus stabilizing and
protecting it from dissociation or hydrolysis at basic pH.

Acknowledgements: This work was supported by the Polish Ministry of Science and Higher Education (KBN N
N204 146537) and by the University of Ferrara (FAR 2011). M. Rowinska-Zyrek is supported by a scholarship
from the Foundation for Polish Science.
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Abstract

Nickel compounds influence carcinogenesis by interfering with a variety of cellular targets. It has been found that
nickel is a potent inhibitor in vivo of histone H4 acetylation, in both yeast and mammalian cells. It has preference
to specific lysine residues in the H4 N-terminal -S GRGK,GGK,GLGK ,GGAK RH RKVL,, tail, in which the
sites of acetylation are clustered. About the nature of the structural changes induced by histone acetylation on H4,
it has been recently demonstrated that acetylation promotes an increase in a-helical conformation of the acetylated
N-terminal tail of H4. This causes a shortening of the tail and such an effect may have an important structural and
functional implication as a mechanism of transcriptional regulation. Here we report a study on the conformational
changes induced by carcinogenic nickel compounds on the histone H4 protein. From a circular dichroism study we
found that nickel is able to induce a secondary structure in the protein. In particular, nickel has the same effect as
acetylation: it induces an increase in a-helical conformation of the non-acetylated histone H4. The a-helical increase
occurring upon nickel interaction with histone H4 should decrease the ability of histone acetyl transferase to reco-
gnize and bind the histone tail, thus affecting the ability of the enzyme to further modify the lysine residues. The
shortening of the distance between adjacent amino acids, caused by the translation from an extended to a helical
conformation, could disrupt the histone recognition motif; this may eventually compromise the entire “histone code”.

Keywords: Histone H4, nickel binding, structural modifications

Introduction

Core histones, the proteins assembled into the beadlike nucleosomes around which the DNA is wrapped up, can
be thought of as information modules that acquire coded information based on addition or removal of chemical
groups. Their amino-terminal tails protrude from the nucleosome beads [1] and can be modified through the at-
tachment (or removal) of acetyl, phosphate, or methyl groups. The acetylation reaction involves the transfer of an
acetyl group from AcCoA onto the e-amino group of specific lysine residues present in the amino-terminal tails of
each of the core histones, resulting in the neutralization of a single positive charge [2]. This may allow the termini
to be displaced from the nucleosome, causing it to unfold and increase the access to transcription factors [3,5].

The link between alteration in chromatin structure and the development of cancer has been extensively published
and both histone hyperacetylation and hypoacetylation appear to be important in the neoplastic process, depending
on the target genes involved [6,7]. Certain nickel compounds induce a wide variety of tumors in experimental
animals and are implicated in the etiology of human respiratory cancer after inhalation exposure [8]. Humans are
exposed to carcinogenic nickel both occupationally and environmentally. The ability of nickel compounds to tran-
sform cells has been correlated to properties that increase endocytosis [9]. Such a process is also consistent with
the predominance of nasal and lung cancers caused by inhalation of insoluble compounds, particularly Ni S, a
potent human carcinogen [9]. The endocytic vesicles formed may be acidified by fusion with lysosomes, ultimately
releasing large quantities of Ni** ions into the cytoplasm. Further, fusion of vesicles to the nuclear membrane may
deliver large quantities of Ni** ions to the nucleus. After entering the nucleus, nickel ions could promote DNA

©2013 MEDIMOND s.rl. P912C0071 5
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hypermethylation, histone deacetylation and chromatin condensation [10-13]. These effects could decrease the
transcription of tumor suppressor and senescence genes, and play an important role in the carcinogenic effect of
Ni*" ions. Here we report a study on the conformational changes induced by nickel on the histone H4 protein. As
shown by CD studies, nickel is able to induce a secondary structure in the protein. In particular, nickel induces an
increase in the a-helical conformation of histone H4 in the same manner as acetylation does.

Materials and methods

CD spectra were recorded with a Jasco J710 dichrograph. The Ni(Il) effect on the CD spectra of histone H4 was
analyzed in water at pH 8.7, and in both 5 mM tetraborate buffer/HCI, pH 8.7, and 50 mM phosphate buffer, pH 7.0.

UV-Vis spectra were recorded on a Jasco-Uvidec 610 instrument using a cuvette with path length of 1 cm and
a sample concentration of 1.5 x 10~ mol dm>.

Histone H4 was from calf thymus (Roche). The purity of the protein was estimated by electrophoresis to be
above 97%. The concentration of the protein was calculated using the molar extinction coefficient of 5.4 x 10°
cm! mol! at 275 nm [14,15].

The 22-residue peptide (tail) was synthesized on a solid support with a 9050 Plus Synthesizer by BBM Inc.,
using a conventional Fmoc (9-fluorenylmethoxycarbonyl) chemistry methodology [16].

Fig. 1 was generated using the UCSF Chimera 1.4 program.

Fig 1
Lyss
vy Lyss,

Lysqg

Lys,

Fig. 1. Molecular-mechanics optimized structure of the helical conformation adopted by the non-acetylated H4
N-terminal tail in the presence of Ni** ions (only lysine and histidine residues are shown).

Results and discussion

The effect of nickel compounds on transcriptional repression has been previously measured by us as the acetyla-
tion status on histone H4 [12]. We found that nickel is a potent inhibitor in vivo of histone H4 acetylation, in both
yeast and mammalian cells. This metal exhibits a preference for specific, highly conserved, lysine residues in the
H4 N-terminal tail S GRGK_*GGK *GLGK,*GGAK *RH RKVL  (asterisks indicate the sites of acetylation in
the H4 tail sequence), in which the sites of acetylation are clustered. The decrease in the acetylation level differed
in extent at position 5, 8, 12 and 16. Lys-12 was the most sensitive residue, and two cell generations with 1 mM
NiCl, were sufficient to inhibit acetylation at this position. Under the same assay conditions histone H3 showed
no inhibition of the acetylation reaction by nickel. Interestingly, it has been noted that the spacing between acety-
latable lysines is strikingly regular in the amino termini of many histones; lysines occur at positions 5, 8, 12 and
16 in H4 and, curiously, this spacing periodicity is “reminiscent of that of an a—helix” (that is 3.6 residues). This
spacing could be part of the histone recognition motif. Regarding the nature of the structural changes induced by
histone acetylation on H4, it has been recently demonstrated that acetylation induces an a-helical conformation
of the acetylated N-terminal tail [17]. The region in the tail spanning the amino acids from Ala-15 to Val-21 is
the most likely candidate for producing the overall H4 a-helical content observed from nucleosome core particle,
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histone octamer and from N-terminal H4 tail in 90% TFE (a well known a-helical stabilizer). In the absence of
Ni(II) the dominant CD feature of the histone H4 protein is a negative band at 200 nm, indicative of a predomi-
nantly random coil conformation.

The effect of nickel on a-helix formation was clearly observed in the CD spectra recorded at pH 8.7 (5 mM
tetraborate/HCI aqueous buffer). From these spectra, reported in Fig. 2, an increase in the intensity of the CD ban-
ds around 220 nm was observed, indicating a more structured protein. The small but significant and reproducible
increase in the negative ellipticity at 222 nm upon addition of Ni(Il) indicates an increase of a-helix content; in
fact, the random coil has a very low ellipticity at 222 nm.

Fig 2
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Fig. 2. CD spectra of a solution containing H4 protein and Ni?* ions at pH 8.7 (5 mM tetraborate/HCl buffer)
with increasing nickel concentrations (the thick line refers to metal free histone H4).

Evidence for the complexation of Ni(II) with the tail of histone H4 is provided also by UV-Vis experiments
using a 22-aminoacids peptide from S1 to L22, the N-terminal tail of histone H4 protein which protrudes out from
the nucleosome. From the pH dependence of the spectra in the visible range it is possible to see that coordination
of the metal ion to the protein starts above pH 7, although the maximum extent of coordination is reached above
pH 8. The blue-shift of the absorption maximum observed on raising the pH indicates a change in Ni(II) coordi-
nation state from octahedral (paramagnetic) to square planar (diamagnetic), with four nitrogen donor ligands. The
position of 1 at 437 nm (e = 199 M cm™), with a shoulder at 485 nm (e = 134 M"' cm), is indicative of the
involvement of the imidazole nitrogen of histidine residue in the Ni(II) coordination sphere and, as the pH is raised,
of the subsequent binding of deprotonated amidic groups from the peptide backbone.

All these data have been confirmed by a series of NMR experiments, both mono- and bidimensional, carried
out on different peptide models of histone H4 tail, and reported in our previous papers [18,20].

Although under our experimental conditions the complexation of Ni(Il) at physiological pH is not very effective,
the hydrophobic environment in the histone octamer or in the entire nucleosome core particle is expected to greatly
enhance metal binding capabilities, due to the multiple nonbonding interactions available there. If nickel binding
to the histone affects the acetylation process, the a-helical content would be expected to increase with increasing
nickel concentration, as it is indeed observed.

Conclusions

Nickel inhibited H4 acetylation in vitro when incubated with the histone substrate and the recombinant yeast
Hat enzyme. A comparison with the behavior of histone H3 under the same conditions showed no inhibition of
the acetylation status by nickel. These results strengthen the assumption that nickel, by binding to histidine of H4
in vivo, prevents the addition of the acetyl group to the nearby lysines and establishes a repressed chromatin state.
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Abstract

Two decapeptides, C-Asp (cyclic) and O-Asp (linear), containing three His and one Asp have been synthesized.
Potentiometric studies in aqueous solution revealed the formation of a major species, [CuHL]?**, at 1:1 Cu®":peptide
ratio and in the pH range 5.0-7.5. A detailed spectroscopic study, including UV-Vis, CD, EPR and NMR, showed
that the [CuHL]*" species is very similar for both peptides and that Cu?*" is coordinated by the amino acid side
chain functionalities . Nonetheless, as a result of the cyclization, different behaviours were observed as revealed by
CD and NMR data. Namely, a more rigid structure and slower Cu®*" exchange rate for [CuH(C-Asp)]*" compared
to [CuH(O-Asp)]*.

Keywords: metallopeptides, copper, cyclic peptides, acid-base reactions, stability constants

Introduction

Copper(Il) complexes of short histidine-containing peptides have been the focus of numerous studies to investigate
biologically relevant copper(Il) species related to neurodegenerative diseases, to generate metalloenzyme mimics as
well as to develop artificial metalloenzymes. In the last two cases, peptidic ligands that can favor the coordination
of Cu*" to the amino acid side chains vs. the amide nitrogen in the neutral pH range are important. Nonetheless,
few examples are reported in the literature where the formation of single species of this type is observed [1,2]. In
this context, cyclic peptides are an attractive approach as cyclization leads to a restricted mobility of the peptide
backbone and can allow a better control in the spatial distribution of functional groups. These properties play a
crucial role in determining metal ion binding and subsequently, coordination geometries and speciation. Using the
RAFTs templates [3], a cyclic peptide containing three His and one Asp residues was designed and its Cu*" co-
ordination properties studied using potentiometric and different spectroscopic methods. Its linear counterpart was
also prepared and the comparative analysis revealed that although both scaffolds form a similar major species, they
present different behaviour.

Experimental

Peptide synthesis

The Ac-GlyAspTrpHisProGlyHisLysHisGly-NH, (O-Asp) and cyclo(GlyAspTrpHisProGlyHisLysHisPro) (C-
Asp) peptides were synthesized on a CEM Liberty microwave-assisted automated peptide synthesizer using Fmoc
Chemistry [4]. Purification was carried out by preparative reverse-phase HPLC and ESI-MS was used to determine
their identity. Purity was always > 95% as determined by analytical reverse-phase HPLC.

Stock solutions

Fresh solutions of the peptides were prepared for each experiment using MQ-water and concentration was
determined by UV-Vis spectroscopy using the extinction coefficient of Trp [5]. The Cu(NO,), stock solution was
prepared from analytical grade metal salt and the concentration determined by titration with K.H.EDTA [6].

©2013 MEDIMOND s.rl. P912C0108 9
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Potentiometric studies

Experiments were carried out under inert atmosphere in aqueous solutions at 25.0 °C and ionic strength 0.10 M
KNO, following published protocols [7]. The calculation of overall equilibrium constants B (being B/ = [H,L ]/
[H]'[L]) and B, (being B, . = [M _HLJM]"[H]"[L]) was done by fitting the potentiometric data with the
HYPERQUAD program [8]. Species distribution diagrams were plotted from the calculated constants with the
HYSS program [9].

Spectroscopic Studies

UV-Vis and CD spectra were recorded in aqueous solution at 0.5 — 1.0 mM peptide and Cu(NO,), concentra-
tion, 7 = 0.10 M KNO, and 25.0 °C. The final pH (6.0-6.3) was adjusted by addition of KOH or HNO,. UV-Vis
spectra were collected on a Varian Cary 100 Bio UV-Vis spectrophotometer and the CD spectra on a Jasco J-715
spectropolarimeter. The far-UV CD spectra of the peptides were collected at 5.0 uM peptide concentration. The
molar circular dichroism (Ag, M em™) and the molar ellipticities (0, deg cm? dmol™') are reported referenced to
the total peptide concentration. The X-band EPR spectra were recorded on a Bruker ESP 380 spectrometer at 92.2
- 93.5 K, pH 6.0 and 1.1 mM peptide and Cu(NO,), concentration. The experimental EPR spectra were simulated
using the SpinCount software [10]. NMR spectra were acquired on a Bruker AVANCE III 800 spectrometer working
at a proton operating frequency of 800.33 MHz. Spectra were run in D,0:H,0 (10:90) at 25.0 °C using standard
Bruker pulse programs. For resonance assignment 2D COSY, NOESY and TOCSY spectra were acquired at pH 4.0.

Results and discussion
Protonation constants of the peptides and formation constants of their copper(Il) complexes

The calculated stepwise protonation constants of the C-Asp and O-Asp peptides are presented in Table 1. In
agreement with their primary sequences (see Experimental), five protonation constants were determined. The first
protonation constant can be assigned to the protonation of Lys, the following three values in the range 5.56-7.22

to the protonation of imidazole groups of the His residues, and the low log K value to the protonation of the Asp
residue.

Table 1. Stepwise protonation (K!) of C-Asp and O-Asp and stability (K, 1) constants of their copper(Il) complexes in

aqueous solution (25.0 °C and 7 = 0.10 M KNO,). it
Equilibrium reaction! log K" Equilibrium reaction 199 Keu,
C-Asp  O-Asp C-Asp O-Asp
L-+ H" = HL 10.11 10.04 [CUHLP?* + H* = [CuH,L]** 3.76 4.37
HL + H = H,L* 7.22 6.86  [CuL]'+H* = [CuHLP" 8.69 7.93
H,L*+ H* = H L2 6.40 629  Cu*+L- = [Cul] 12.20 11.39
HL2 + He = H,Lo 5.61 556  [CuH,L]+H* = [CuL]’ 8.53 7.84
HL? + H = H L% 2.87 346  [CuH,L]-+H* = [CuH_L] 9.87 9.97
[CuH_L]* + H* = [CuH_L]- 10.1 10.68
[CuL]" + Cu?* = [Cu,L]* 5.0 -
[CuHL]* + H* = [CuH LP* - 6.3
[CuH L] + H = [CuH, L] 6.73 7
[Cu,H L]~ + H" = [Cu,H L] 9.22 9.35
[Cu,H L} +H* = [Cu,H_L]- 10.0 10.04
[CuH L +H = [CuHLP 103 10.81
[CusH.5L] +H = [CusH_4L]+ - 6.12
[CuH, L]~ +H* = [CuH,L] - 9.93
[CuH L + H'= [Cu,H L]- - 10.55
[Cu,H L] + H" = [CuH_L]* - 10.99

el - is the completely deprotonated form of the peptides.
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The stability constants for the formation of the copper(Il) complexes with the peptides were determined by
potentiometric titrations using different Cu?":peptide ratios (0.5:1, 1:1, 2:1 and 3:1). For the O-Asp peptide pre-
cipitation was not observed for the Cu®":peptide ratios studied indicating the binding to one, two and three Cu*
ions. For the C-Asp peptide, precipitation occurred at the 3:1 Cu?":peptide ratio at pH values higher than 6.94 and
only titration data of Cu®*":peptide ratios up to 2:1 were considered in the fitting model. This drastically limited
the evaluation of the presence of trinuclear complexes with this peptide. The calculated stepwise formation con-
stants are collected in Table 1 and the speciation diagrams for the copper(Il) complexes of these peptides at 1:1
Cu*":peptide ratio are shown in Fig. 1.
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Fig. 1. Species distribution diagrams for the copper(ll) complexes of C-Asp (A) and O-Asp (B) at 25.0 °C, /=0.1
M KNO, and [L = peptide] = [Cu(NO,),] = 1.0 mM. Charges are omitted for simplicity.

Free Cu®" ion is not present in solution at pH > 5.5 and [CuHL]*" is the main species between pH 5.0 to 7.5
and 5.5 to 7.0 for the C-Asp and O-Asp peptides, respectively (see the speciation diagrams). The stepwise constant
values indicate that [CuHL]*" is a complex where the carboxylate oxygen (Asp) and three deprotonated imidazoles
are coordinated to the metal centre. This coordination environment is corroborated by the spectroscopic studies
shown below. The [Cu H L]*™™' species are those corresponding to the deprotonation of the amide centers and
these species correspond indeed to Cu H, (HL) (i.e. CuH L = CuH_(HL) = 4 deprotonated amides and 1 proton-
ated Lys). In Fig. 1 is shown that coordination to amide nitrogens occurs at pH > 6.0 and 7.0 for the O-Asp and
C-Asp peptides, respectively. This indicates that the species [CuHL]*" is more stable for C-Asp requiring higher
pH value to displace the imidazole ring in favor of the stronger amide binding donors (log Ky s, = 8:69 vs log
K ionsp = 7:93)- The K . (effective or apparent constant) for both peptides was calculated at each pH value using
the potentlometrlc data and HySS program [9]. The data indicate stronger binding of Cu*" to the C-Asp compared
to the O-Asp, not only at 1:1 ratio but even at 2:1 ratio (data not shown).

Spectroscopic studies

The spectroscopic parameters corresponding to the UV-Vis and CD spectra of [CuH(O-Asp)]*" and [CuH(C-Asp)]**
complexes are reported in Table 2. The data for both complexes are similar and consistent with the coordination of
Cu** to the imidazole ring of the His residues [1,2,11]. The wavelengths of the maximum absorbance in the UV-Vis
spectra are in agreement with the predicted value for the A of a [3 His, 1 carboxylate] equatorial coordination
environment [12]. When the pH is increased, changes in the CD and UV-Vis spectra are observed that indicate the
binding of Cu?" to amide nitrogens and thus, a change in coordination geometry (data not shown). These changes
are consistent with the speciation diagrams (Fig. 1) and the formation of the species [Cu H L]*™™' at pH > 6.0
and 7.0 for the O-Asp and C-Asp peptides, respectively. However, these deprotonations occur simultaneously and
thus, different species are present in solution in measurable concentration precluding the individual spectroscopic
analysis The EPR parameters corresponding to the [CuH(O-Asp)]*" and [CuH(C-Asp)]** complexes are presented
in Table 2. The three different prmmpal values of g, g > (g _+ 8, )/2 and the lowest g 3 2.04, are characteristic of
mononuclear copper(Il) complexes in rhombic symmetry with elongatlon of the axial bonds and ad, , ground state
A square planar geometry or square pyramidal, in case of one water molecule directly coordinates to the Cu?*
the axial position, would be consistent with these data. The binding of Cu?" to the peptides was also followed by
"H-NMR spectroscopy and the data indicate coordination of Cu*" to the His residues and a different Cu** exchange
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rate which, in the NMR timescale, it is slower for C-Asp and faster for O-Asp. This different behaviour can be
the result of the higher affinity of C-Asp for Cu** and its more constrained scaffold.

The effect of Cu?* coordination in the structure of the two peptides was evaluated by CD spectroscopy (Fig.
2A). While the O-Asp peptide is unstructured in solution, the C-Asp peptide adopts a type Il p-turn folding. Howe-
ver, upon Cu®" binding, conformational changes are observed for both peptides and the final copper(Il) complexes
display a very similar CD spectrum (more intense for [CuH(C-Asp)]*" as expected for its constrained scaffold).

Table 2. Spectroscopic data for the copper(Il) complexes.

Spectroscopy CuH(C-Asp) CuH(O-Asp)

UV-Vis

AA__ (nm), Ag (M'em™) 603, 56! 609, 60!

(o]

AA__ (nm), A (Mecm™) 248, + 7.0501%! 247, +4.205"
557, -0.538H 558, - 0.309

EPR

A (x 10*cm”) 177.82 181.66

A (x10*cm”) 3.92 6.39

Ay(x 104 cm™) 21.82 21.57

g, 2.277 2.271

g, 2.069 2.074

g, 2.045 2.042

1l Cu?* d-d transitions. ¥ N -His — Cu?* CT / Intramolecular transition.

imidazole

The data obtained by the set of experiments used led us to propose the structures presented in Fig. 2B. Both
peptides will coordinate Cu®* solely by the His and the Asp side chains that are located on the same face of the
peptidic scaffold. The coordination of one water molecule in the axial position cannot be ruled out based on the
spectroscopic data.
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Fig. 2. (A) Far-UV CD spectra of the O-Asp (blue) and C-Asp (green) peptides (5.0 uM) in the absence (dash
line) and in the presence (solid line) of 1 equiv of Cu?* at 25.0 °C and pH 6.0. (B) Proposed structure for [CuH(C-
Asp)J?* (right) and [CuH(O-Asp)]?* (left). Im = Imidazole.

Conclusion

In summary, two decapeptides, O-Asp and C-Asp, containing three His and one Asp residues but backbones
with different degree of flexibility were prepared. The detailed potentiometric and spectroscopic study carried out
showed that both scaffolds are well-tuned for Cu* binding forming a very similar major [CuHL]*" species at 1:1
Cu*":peptide ratio. Nonetheless, cyclization has remarkable effects on the Cu?* coordination properties of the C-Asp
peptide that has a higher affinity for Cu*" at all pH values, a lower Cu®" exchange rate and different copper(Il)
complexes speciation.
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Abstract

Mn(IIT) complexes 1-3, incorporating dianionic hexadentate Schiff base ligands and different anions (perchlorate
for 1, acetylacetonate for 2 and dicyanamide for 3) have been synthesized and characterized by elemental analysis,
ESI mass spectrometry, IR spectroscopy, room temperature magnetic and molar conductivity measurements. Com-
plex 3 was also crystallographically characterized. The catalytic studies for the use of these complexes as oxygen
activators for the selective oxidation of the lignin model compound veratrylalcohol (VA) have been studied. H,O,
and O, have been alternatively tested as oxidants. Yields up to 30% of VA conversion to veratrylaldehyde have
been achieved at room temperature in presence of air flow using 0.5% of catalyst.

Keywords: Peroxidase, Manganese, Schiff bases, supramolecular structure, veratrylalcohol.

Introduction

The objective of pulping and bleaching of wood is the selective removal of lignin without degrading the polysac-
charoses, and the removal of colored structures which are originally present in the wood pulp or have been formed
during the pulping process [1]. Manganese Peroxidase is able to degrade lignin in Nature. In search of biomimetic
models for peroxidase, we have reported active manganese complexes involving tetradentate ONNO Schiff bases, and
the influence of the geometry around the manganese ion on peroxidase activity has also been studied by us [2-4].

The dimeric nature of the complexes is decisive on their peroxidase activity since the oxidation of the hydroperoxide
to generate dioxygen involves an intramolecular two-electron transfer reaction which is forbidden for a monomeric
Mn(III) complex [5]. Dimeric complexes can be achieved using the appropriate ligands, for instance polydentate
Schiff bases with both inner and outer compartments. Herein we report three Mn(IIl) complexes obtained from the
reaction between different manganese salts and the Schiff base ligands N,N’-bis(3-methoxy-5-bromo-salicylidene)
propane-1,2-diamine (H,L') and N,N’-bis(3-methoxysalicylidene)ethylenediamine (H,L?). Peroxidase-like activity of
the complexes was followed by the oxidation of the of the diammonium salt of 2,2’-azinobis(3-ethylbenzothiazoline)-
6-sulfonic acid (ABTS) at pH 6.8 in aqueous solution. The possibility of evaluating catalyst properties of 1-3 for
pulp-bleaching purposes has been studied using veratrylalcohol (VA), which can be considered as a model com-
pound for lignin substructures [6].

Methodology
Physical measurements

Elemental analyses were performed on a Carlo Erba Model 1108 CHNS-O elemental analyzer. The IR spectra
were recorded as KBr pellets on a Bio-Rad FTS 135 spectrophotometer in the range of 4000-400 cm™. 'H NMR
spectra were recorded on a Bruker AC-300 spectrometer using CD,OD (296 K) as solvent and SiMe, as an internal
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reference. The electro-spray mass spectra of the compounds were obtained on a Hewlett-Packard model LC-MSD
1100 instrument. Room-temperature magnetic susceptibilities were measured using a digital measurement system
MSB-MKI, calibrated using mercury tetrakis(isothiocyanato)cobaltate(Il) Hg[Co(NCS),] as a susceptibility stan-
dard. Conductivities of 10° M solutions in DMF were measured on a Crison microCM 2200 conductivity meter.

Synthesis of the complexes

Mn,L',(H,0),(C10,), (1), This compound has been synthesized by a method previously reported by us [3].
Anal. Calc. for C, H, Br,CILMnN O,  (1312.4): C, 34.7; H, 3.4; N, 4.3. Found: C, 34.0; H, 3.4; N, 4.0 %. MS ES
(m/z): 553 [MnL]". IR (KBr, cm™): v(O-H) 3438 (m), v(C=N) 1625 (vs), W(C-O) 1295 (s), v,(CI1O,) 1120 (vs). u
= 4.7 BM. Conductivity (in DMF) 4, = 82 uS.

Mn,L',(H,0),(AcAc) (2), This compound has been synthesized by a method previously reported by us [7]. Anal.
Calc. for C,;H_Mn,Br,N O, (1240.5): C, 41.6; H, 3.8; N, 4.5. Found: C, 40.4; H, 3.9; N, 4.3 %. MS ES (m/z):
553 [MnL]". IR (KBr, cm™): w(O-H) 3432 (m), W(C=N) 1626 (vs), w(C-O) 1298 (s), v, (CO,) 1546 (s), vsym(CO2)
1438 (m). u = 5.0 BM. Conductivity (in DMF) 4, = 10 pS.

Mn,L%,(H,0),(DCA), (3), 0.46 mmol (0.15 g) of H,L> was dissolved in methanol (40 mL) and 0.46 mmol (0.11
g) of Mn(CH,COO), was added to the initial yellow solution which changed to brown. The mixture was gently
heated and stirred for 30 min, and then 0.46 mmol (0.04 g) of NaN(CN), in 10 mL of methanol was added. Anal.
Calc. for C, H,MnN O ~(930.8): C, 51.6; H, 4.3; N, 15.0. Found: C, 50.8; H, 4.4; N, 14.8 %. MS ES (m/z):
381 [MnL]*; 828 [MnL(DCA)]*. IR (KBr, cm™): v(O-H) 3421 (m), v(C=N) 1624 (vs), v(C-O) 1259 (s), vsym(CEN)
2148 (vs), v, (C=N) 2250 (m). u = 5.0 BM. Conductivity (in MeOH) 4, = 63 pS.

asym

asym
Peroxidase probes

An aqueous solution of ABTS (50 uL; 0.009 M; 4.5 x 107 mol) and a methanolic solution of the complex (10
uL; 10° M; 10 mol) were added to water (3 mL). The intensity of the UV absorption bands of ABTS started
to increase immediately after addition of an aqueous solution of H,O, (50 pL; 10 M; 5 x 10* mol).

Oxidation of veratrylalcohol

VA (200 mmol, 0.29 mL), previously dissolved in 20 mL of dihydrogenfosfate/NaOH buffer pH 8, was mixed
with a methanolic solution (15 mL) of the catalytic complex (0.5 mmol, ca. 6 mg). The oxidant (600 mmol) was
added in three portions at 20 min intervals. The reaction mixture was stirred for 10 hours at 22 °C with an air
flow bubbling through the solution and then filtered through a short silica gel plug to remove the catalyst and
excess oxidant. The reaction mixture was extracted in CH,Cl, in the presence of saturated aqueous NaCl solution.
The organic layer was dried over MgSO, and evaporated under reduced pressure. The mixture was then purified
by column cromatography using a 1:1 mixture of ethyl acetate:hexane as eluent. The veratrylaldehyde fraction
was characterized by '"H NMR spectrometry:: 9.62 (s, 1H); 7.44 (d, 1H); 7.33 (s, 1H); 7.18 (d, 1H); 3.83 (s, 6H).

Results and discussion
Synthesis and characterization of the complexes

Complexes 1-3 were prepared in high yield as detailed in the Section 2.3. Elemental analyses establish the
formula Mn,L' (H,0),(CIO,), for 1, Mn,L' (H,0),(AcAc) for 2 and Mn,L? (H,0),(DCA), for 3. Molar conductivity
measurements in 10 M dimethylformamide solutions, in the range 63-82 show the electrolyte behaviour for 1 and
3, while 2 shows non-electrolyte behaviour. ESI mass spectra registered in methanol show peaks corresponding to
the fragment [MnL]" for all the complexes, indicating the coordination of the Schiff base ligand to the metal centre.
Other minor signals could be assigned to [Mn,L,(X)]" units (being X the anion), which could be attributed to the
presence of dimeric species. Values for the magnetic moments at room temperature are very close to the spin-only
value of 4.9 B.M., as expected for a high-spin magnetically diluted d* manganese(IIl) ion. Infrared spectroscopy
verifies the coordination of the Schiff base ligand to the manganese ion. Some other IR spectroscopical features
allow understanding how the former manganese salt anions are bound to the central ion [7].

Crystal structure of 3

Single crystals of complex 3, suitable for X-ray diffraction studies, were obtained by slow evaporation of the
methanolic solution at room temperature. Intensity data were collected on a Bruker X8 APEXII diffractometer
employing graphite-monochromated Mo-Ka radiation (A = 0.71073 A) at 100 K. An ORTEP view of 3 with the
atomic numbering scheme is shown in Fig. 1.
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Fig. 1. ORTEP view of the environment around the manganese ion in 3 (left) and mercury drawing of the resulting p-aquo dimer (right).

The coordination sphere around each manganese centre comprises the planar Schiff base ligand, tightly bound
to the metal ion through the inner N,O, compartment by the N, . ~and O, eno atoms (Mn—-N, . bond lengths of
1.98-1.99 A and Mn-O heny OF 1.88 A which are typical of such complexes and corroborate the bisdeprotonation
of the ligands), The axial positions of the octahedron are occupied by a capping water molecule and a dicyanamide
molecule. The superstructure of 3 involves associations via a combination of m-aryl offset interactions [8] and
hydrogen bonds between capping water molecules and both phenoxy and methoxy oxygen atoms of the neighbour-
ing Schiff base ligand, forming p-aquo dimeric units. As result of these supramolecular interactions, the MneeeMn
distances of about 4.84 A are short for monomeric compounds.

Peroxidase studies

ABTS reacts readily with H O, in the presence of a peroxidase catalyst to yield a stable green colored radical
cation ABTS™ [9]. The reaction of ABTS with H,O, in the presence of 1-3 generates ABTS™" and the characteristic
absorption bands of this species could be established. The rate of formation of ABTS* of about 40-62% indicates a
relevant peroxidase activity by complexes 1-3. The rate of conversion of ABTS increases to 70-76 % using a larger
amount of the oxidant (250 uL 10 M). However the higher turnovers numbers (TON) of catalytic cycles is achieved
reducing the concentration of the catalyst in solution (Fig. 2); the percentages of conversions in these conditions are
ranging from 53 to 61 %. The dimeric nature of the complexes is decisive on their peroxidase activity. The X-ray
crystallographic studies reveal dimeric p-aquo entities for 3, which are able to perform a two one-electron redox
process [Mn', Mn"] ® [Mn", Mn"]. The self-assembly of the manganese complexes through hydrogen bonding
arises as a key issue to enhance the peroxidase activity for this type of complex [4].

300
250
200

150

100

50

Fig. 2. TONs of catalytic cycles for 1, 2 and 3 using the standard conditions detailed in section 2.3 (A);
increasing the HEOj adding 250 uL 10 M (B); reducing the [complex] adding T uL 107 M.
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Oxidation of lignin analogues

The results of the oxidation of VA to veratrylaldehyde are shown in Fig. 3. Conversions up to 30% were
obtained at 22 °C with an air flow bubbling for 10 h. These are mild conditions compared with the experimental
setup of other authors [10], where high temperatures and pressures are needed to reach similar yields with diffe-
rent catalysts. No conversion has been shown in absence of catalyst or in absence of hydrogen peroxide. Air flow
providing oxygen as oxidant is crucial to increase the yield, but the presence both catalyst and H,O, are obliged
to find some degradation of VA. This behaviour suggests that H O, could induce the oxidation of the catalyst to a

more catalytically active species which subsequently would degrade the VA using dioxygen as oxidant.

Fig. 3. Conversions of VA to veratrylaldehyde catalyzed by 1, 2 and 3:
A) in absence of air flow; B) reducing reaction time to 3 h; C) standard reaction conditions as detailed in section 2.4.

Conclusions

The X-ray structure of 3 shows the self-assembly of the Mn(III)-Schiff base complexes through p-aquo bridges.
This type of structures is crucial to obtain peroxidase-like activity for these complexes. 1-3 behave as efficient
peroxidase mimics achieving TON close to 300 catalytic cycles, and they are also able to decompose VA in very
mild conditions.
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Abstract

Multi-histidinic peptides have been investigated for Ni(Il) and Cu(II) binding. We present spectroscopic evidence
that, at low pH and from sub-stoichiometric to stoichiometric amounts of metals, macrochelate and multi-histidinic
Ni(IT) and Cu(Il) complexes are formed; but, from neutral pH and above, both nickel and copper bind to individual
histidine residues. NMR, EPR, UV—Visible and UV—Visible CD spectroscopy were used to understand about the
variety of complexes obtained at low pHs, where amide deprotonation and coordination is unfavoured. A structural
transition between two coordination geometries, as the pH is raised, was observed. From EPR a distortion from
planarity has been evidenced for the Cu(Il) multi-histidinic macrochelate systems, which may be relevant to bio-
logical activity. The behaviour of our peptides was comparable to the pH-dependent effect on Cu(Il) coordination
observed in octapeptide repeat domain in prion proteins and in amyloid precursor peptides involved in Alzheimer’s
disease. Changes in pH and levels of metal affect coordination mode and can have implications for the affinity,
folding and redox properties of proteins and peptide fragments.

Keywords: multihistidinic proteins, pH-dependent behaviour, coordination geometries

Introduction

Histidine containing peptides have drawn considerable attention as the models for studying molecular phenomena
associated with metal ion binding in proteins involved in fatal neurodegenerative disorders, such as Alzheimer’s and
prion diseases, or involved in metal detoxification mechanisms, thus protecting against deleterious redox activity by
sequestering excess metal ions [1-6]. Despite an increasing body of evidence linking copper to neurodegenerative
diseases, the precise coordination geometry, the affinity and stoichiometry of binding, as well as what triggers multi-
histidinic amyloid-f peptide to convert from its soluble form to an amyloidogenic form, are yet to be established [7].

We have used two peptides, the two and the three repeats Ac-(T R,S,R, S HT S EG ) -NH, sequence (n = 2,
20aa; n = 3, 30aa), as the models to further investigate the role of multi-histidine sites in metal coordination. It
has been suggested that the three histidines coordination mode of amyloid-f3 peptide controls the redox activity of
copper ions [8]. The presence of His-rich domains in our peptides, similar to those in prion protein, can contribute
to the understanding of the crucial role of poly-imidazole centres in the protein coordination process.

In the present paper we report data for the interaction of Ni(II) and Cu(Il) with the peptide fragments obtained
by NMR, EPR, UV-Vis and UV-Vis CD spectroscopy study. Our results reinforce the suggestion that the change
in coordination with pH could be the key to the pH-dependence of biological activities, such as the conformational
changes observed in the presence of copper which only induced aggregation of multi-histidinic amyloid-f3 peptides
as the pH was lowered from physiological to 6.8 [9].

Materials and methods

NMR experiments were performed on Bruker Avance 600 MHz spectrometers with 5 mM solutions and different
metal to ligand molar ratios over a pH range 3.0-11.0 at steps of 0.5 units by addition of NaOH.
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X-band EPR spectra were obtained at different concentrations (from 1 to 3 mM) and different metal to ligand
molar ratios at room temperature and at 120 K on a Varian E-9 spectrometer.

Absorption and Visible CD spectra were recorded using concentrations from 2 mM to 0.7 mM on a Varian Cary
50 Scan spectrophotometer and J-810 Jasco (Jasco Inc., Eaton, MD) equipped with a temperature controller at 25°C.

Molecular mechanics geometry optimisation was carried out by using AMBER force field method which was
implemented in HyperChemTM 8.0.3 (Hypercube, Inc., Gainesville, FL, 2007) molecular modeling software.

Models of the most likely coordination spheres of Cu(Il) ““low pH” multi-histidinic species, Fig. 1, were ge-
nerated with YASARA (YASARA Biosciences) program.

Fig. 1 Models of the most likely coordination spheres of “low pH" Cu(ll) multi-histidinic species.

Results and discussion

The coordination features of Ni(II) and Cu(II) towards the two peptides were studied through a series of spectro-

scopic measurements (CD, NMR, EPR and UV-vis) which gave a clear evidence that two different binding modes
are possible at low and high pH values, respectively.

3.1 Ni(1l) binding

Comparison of visible CD for Ni(I) at 1 mol equiv added onto the 20aa and 2 and 3 mol equiv added onto
the 30aa fragment at pH 10-11, is reported in Fig. 2.

Fig. 2
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Fig. 2 Comparison of visible CD for Ni(ll)-20aa 1:1 and Ni(ll}-30aa 2:1 and 3:1, pH10-11.
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The shape of the spectrum is the same with the two and three Ni(II) bound-30aa, showing that Ni(II) ions bind
independently to either His,, His , or His,. From UV-Vis spectra obtained for 1:1, 1:2 and 1:3 ligand to metal
molar ratios the abs at 438 nm, 7\ characteristic of 4N—Ni species, increases as a function of the nickel added
at pH 10. This behaviour shows that the three Ni atoms bind tightly to the three histine residues by forming Ni—
30aa, Ni,~30aa and Ni,~30aa at the three histidine anchoring sites His,, His , and His,,. No significant CD acti-
vity was measured for Ni(H)—ZOaa at low pH. A visible CD is not apparent until pH is raised up to 8, but some
species have clearly been potentiometrically evidenced. The lack of appreciable d—d transition CD bands suggests
minimal vicinal effects [10] implying that there is no main-chain coordination at physiological pH and below, thus
suggesting the involvement of imidazol donor atoms in macrochelate systems. At pH 8 the profound change in
the visible CD spectra suggests the change in coordinating ligands around the nickel atom. This was confirmed
also by NMR studies. At low pH values, from the differential broadening of the NMR resonances the direction
of the coordination occurs towards the C-terminus in the form of less stable macrocycles. They are favoured also
because of the possible metal interaction with side chain residues as carboxylate group from glutammic acid in the
9" position, two residues following the histidine anchoring site towards the C-terminus. This is also in agreement
with the deprotonation of glutammic acid at low pH (pKa in the range 4-4.7 or 4-4.9 for the 20aa and the 30aa
ligand, respectively) [11]. At high pH, when amide main-chain coordination with the formation of one 6- and two
S-membered rings is a favoured process, N, of histidine is involved in nickel coordination, as we previously found
by NMR studies [12]. From NMR spectra obtained at low pH and for sub-stoichiometric amount of nickel, though
the overlap of aromatic signals makes the interpretation difficult, His H , and His H,, signals simultaneously di-
sappeared upon nickel addition, pointing to N_as the anchoring site. Thus, we can suggest that a tautomeric effect,
i.e. binding either by His N, or N_as a function of the pH, could be possible for nickel binding.

3.2 Cu(1l) binding

Visible CD spectra for the 20aa and for the 30aa—Cu interaction have, at pH 10, a positive band at about 640
nm which appears to longer wavelengths than that of the absorption maximum (A_ = 540 nm for Cu-bound) and
a negative one at 510 nm to shorter wavelengths than that of the absorption maximum. The band at about 310 nm,
which appears above pH 8, is attributed to the N°, .. —Cu(Il) and at 360 nm to the N, ..~ —Cu(Il) charge transfer
transition [13]. The shape of the spectra is the same for the 20aa and for the 30aa, showing that, also for copper,
the mode of coordination has not changed at high pH for the larger fragment. The shapes of CD spectra obtained
are similar to those reported for copper and nickel bound to prion protein fragments containing a single histidine
residue at position 111 or 96, for copper and nickel bound to model peptides at high pH in order to ensure a 4N
coordination [10,14]. Due to this similarity, we can suggest that the shape could be indicative of 4N square planar
species with the involvement of His as the anchoring site and amide main-chain coordination with the formation of
one 6- and two 5-membered rings. From UV-Vis spectra obtained for 1:1, 1:2 and 1:3 ligand to metal molar ratios
the abs at 540 nm, A__ characteristic of 4N-Cu species, proportionally increases as a function of the copper added
at pH 11. This behaviour shows that the three Cu atoms bind tightly to the three histidine residues by forming Cu—
30aa, Cu,-30aa and Cu,—30aa at the three histidine anchoring sites His,, His , and His,. The increase in the abs,
at 540 nm for copper and at 438 nm for nickel by adding 1, 2 or 3 mol equiv, suggests that the longer fragment
is loaded with 3 mol equiv of metal at pH 11
and 10. There is a clear transition in the visible
CD spectra at pH 7.7 suggesting that at this pH
a change in the coordinating ligands around the
copper ion occurs.

For the 20aa and the 30aa fragments with .

Cu at 1:1, 1:2 and 1:3 molar ratios below pH TN N
6, no significant visible CD activity was measu- 02 60

red, although several species have clearly been
potentiometrically evidenced, thus providing a
suggestion for the involvement of imidazole
atoms in macrochelate system, Fig. 3.
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Fig. 3 Visible CD for Cu-20aa 1:1, pH range 3.5-8.
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20aa—Cu 1:1 visible CD measurements at pH 6.5 result in a spectrum having a sigmoidal shape which hints the
presence of species where multiple histidine residues coordinate a single copper ion [2].

EPR spectroscopy has been used to investigate about the Cu-site transition between the two coordination ge-
ometries evidenced going from mildly acidic condition to high pH. For all the spectra, at both 120 K and room
temperature, axial or nearly axial parameters are obtained with g, > &> 2.040, suggesting a dxz_y2 or, less commonly,
a d_ ground state in a square planar, square pyramidal or tetragonal elongated octahedral stereochemistry [15,16].
Addition of the second and the third equivalent of copper does not modify EPR spectrum of the first copper atom.
Thus, the three sites can be considered independent (Fig. 4).

- M

d —— Cu(I) -20aa

c Cu(Il),-20aa

b Cu(D) -30aa |

a Cu(Il),-30aa \ 100G
—

Fig. 4 EPR spectra of Cu-30aa, Cu-20aa 1:1 and 2:1 metal to ligand molar ratio, at pH 10.5; inset 2'® derivative on the perpendicular region.

In addition, in the pH range 10-11 and at 1:1, 1:2 and 1:3 ligand to metal molar ratios, no free copper has
been evidenced and the only bound 4N-30aa species is present, thus indicating the formation of Cu,~30aa species.

In basic solution deprotonation of amide groups leads to a square planar four coordination as previous observed
[17], A, (Cu—30aa, 3N) = 172.7 x 10* cm™ and g, = 2.232, A (Cu-30aa, 4N) = 196.7 x 10* cm™ and g = 2.195
and A (Cu—20aa, 4N) = 190.3 x 10* cm™ and g, = 2.203. Careful inspection of the 2™ derivative spectra and other
parameters points to a geometrical distortion of the planar moiety towards a tetrahedral arrangement.

In accordance with the results collected for the Ni(Il) study, also paramagnetic Cu(I) broadens 'H NMR si-
gnals when in close proximity to metal or on donor atoms directly coordinated to metal [18,19]. A selective and
simultaneous disappearance of both H,, and H_ can be clearly observed. This result strongly points to N, as the
anchoring site and to its involvement in poly-imidazole macrocycles complexes formation at low pH. The almost
complete lack of significant broadening of all the other resonances, but only a drop in intensity of His, H[w Glu,
H, H,, and Thr, NH indicates the direction of coordination towards the C-terminus, in agreement with the forma-
tion of macrochelate systems.

Conclusions

We have demonstrated for our systems a dynamic pH-dependent behaviour of their coordination mode, switching
from the macrochelate to the square planar or distorted complexes while going from acidic to basic pH values.
The transition between the two coordination geometries could be the critical point for a dual mechanism operating
in multi-histidine proteins, e.g. metal transport in a redox-inactive state through individual multiple anchoring
sites, protecting against deleterious effects, plus antioxidant activity from macrochelate and multi-histidinic metal
coordination. In fact, it has been reported that multiimidazole coordination mode might be critical for the biolo-
gical implications, in particular for the redox activity [20,21]. From EPR parameters, obtained at room and low
temperature, a distortion from planar to tetrahedral arrangement was clearly evidenced, particularly for the Cu—
20aa macrochelate systems. As reported in the literature [22,23], SOD activity is better developed for complexes
in a distorted environment. In fact, in this case, the molecular orbital scheme has a Cu—dXy atomic orbital, which
is better suited to allow d___ overlap with O, anion. Otherwise, in the case of planar complexes, interaction is
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not allowed by the symmetry of the HMSOs of the two species. The multi-histidinic coordination mode facilitates
Cu'-Cu?*" redox cycle and dismutation of superoxide radical becomes active. In conclusion, the copper transport
and the antioxidant activity could be the major biological function of this kind of sites in proteins.
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Abstract

Nanoparticles (NPs) can not only act as scaffolds, but also can be used to trigger carbon monoxide (CO) release.
The very elegant light-induced CO release can so far only be used in treatment of surface tissues as the light used
does not penetrate deeply into tissues. Here we report on our on-going work to modify the CO release characteristics
by incorporation into nano-scale composites. Different biocompatible nanoparticles were decorated by CO-releasing
molecules (CORMs). For efficient decoration we developed a L-DOPA (Levodopa, L-3,4-dihydroxyphenylalanine)
derived CORM-3 analog. The CORM-functionalized NPs show temperature and pH-dependent CO release.

Keywords: Carbonyl ligands, metal carbonyl, CO release, CORM, nanoparticle, gasotransmitter.

Introduction

The use of nanoparticles (NPs) for biomedical applications is a continuously and rapidly growing research
field, with heavy emphasis on imaging and drug delivery. The unique properties of NP-based systems hold stra-
tegic advantages over small molecular drugs including, for example, high drug load, conjugation of little soluble
drugs to a soluble NP carrier and use of multiple targeting devices on a NP scaffold for targeted drug delivery ['].
Furthermore, drug carrier systems at the nano-scale are ideally suited to target sites of inflammation and distinct
cancerous tissues due to their enhanced permeability and retention (EPR) effect [*]. Although macromolecular scaf-
folds are long known in nitrogen oxide (NO) release [*], only a few examples of carbon monoxide (CO) releasing
nano-sized scaffolds are known [*].
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Fig. 1 Potential mechanisms of biological action of carbon monoxide (CO) delivered as gas or CORM in preclinical models (graphics adapted from ref. 7a).
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The signal transduction pathway of CO is not fully elucidated, yet carboxylation of the involved proteins in
response to oxidative stress seems to play a central role. While on the one hand CO is rated as cytoprotective under
these conditions, its general toxicity becomes dominant at higher systemic concentrations of free CO due to infe-
rence with heme proteins and thus inhibition of oxygen transport. Both the cytoprotective and cytotoxic properties
of CO can be exploited for therapeutic purposes in a locally restricted tissue volume, for example in tumor tissue.

CO releasing molecules (CORMEs)

The pharmacological requirement to deliver precise amounts of CO to specific locations under physiological
conditions recently triggers an enormous research activity towards solid storage forms for carbon monoxide, which
are safe to handle and from which the CO can be released by a specific trigger [°]. Metal carbonyl complexes are

a natural choice for such CO releasing molecules (CORMs) (Fig. 2) [5d,”.].
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Fig. 2 Present examples for CO-releasing molecules (CORMs) with accepted acronym (CORM-AT, CORM-2 etc.), principal investigator and specific release trigger (in
green: hv = photolysis, AT = temperature increase, pH change or ligand, L substitution); see also Table 1.

In most CORMs known to date, the release of carbon monoxide is triggered by hydrolytic processes in aqueous
environments, and thus their half-life under physiological conditions that determines their potential therapeutic utility
is often limited to a few minutes. To overcome such limitations, recent research activities include the development
of CORMs that allow the liberation of CO upon the application of an external trigger such as light (photoCORMs)
[6b,e] or by specific enzyme activity (ET-CORMs) [6a]. However, the CO release in photoCORMs, so far, relies
mostly on UV irradiation and, thus, suffers from limited penetration depth into tissue. Typical CORMs and their
CO release characteristics are summarized in Fig. 2 and Table 1.



Granada (Spain), 12-16 September, 2012 27

Table 1. Properties of some CORMs sketched in Fig. 2 [5].

Compound properties and activation pharmacological effects
CORM-1 photoinduced, fast release, lipophilic vasodilatative

CORM-2 fast release after ligand exchange, lipophilic vasodilatative

CORM-3 fast release after ligand exchange, hydrophilic ic;a]\‘lr:rigr;])qr;)ttsrc;ive, anti-
CORM-Fx fast and spontaneous release, hydrophilic vasodilatative

CORM-A1 slow, pH depended release, hydrophilic vasodilatative, antiapoptotic
CORM-L1 photoinduced, slow release, hydrophilic anticancerogenic

Enhanced permeability and retention (EPR) effect

Many attempts have been made to discover nontoxic cancer therapeutic agents that exclusively act on-site of
the malign tissue. However, no truly selective anticancer agent that is clinically satisfactory is yet available. Small
molecules, as are many of the drugs being used today for chemotherapy, do not discriminate tumor tissue from
normal tissue; they reach most normal tissues and organs as well as tumor tissues by free diffusion-dependent
equilibrium. One promising approach though is based on a significant size-exclusion effect of the tumor vascular
permeability and is thus concerned with nanoparticular or polymeric drugs. The clearance of macromolecules and
lipids from tumor is so impaired that they remain in the tumor interstitium for a long time, while clearance of
macromolecules and lipids from the interstitial space of normal and inflammatory tissues proceeds rapidly and
steadily via the lymphatic system, even in the inflammatory state after extravasation from blood vessels [°] This
phenomenon, termed the tumor-selective enhanced permeability and retention (EPR) effect, is now regarded as a
“gold standard” in the design of new anticancer agents [9a,b,'’]. Consequently, macromolecules and nanoparticles
with their wide variety of properties and functionalities are the focus of interest, in particular in cancer chemo-
therapy and in the treatment of inflammatory diseases. Their unique dimensions allow that they passively target
malignant tissue with pathophysiological characteristics like leaky vasculature, and in the case of solid tumours
impaired drainage (Fig. 3) ["].

" -

—

Fig. 3 Enhanced permeability and retention (EPR) effect. Long-circulating drug carriers (1) penetrate through the leaky pathological vasculature (2) into the tumor
interstitium (3) and degrade there, releasing a free drug (4) and creating its high local concentration.

Nano-sized carrier systems

The passive EPR-based drug-loaded particle targeting to tumor and inflammatory tissue can be complemented
by different mechanisms, like the attachment of tumor-specific peptides or antigens to the surface of NPs [12].
Thus, nanoparticles can improve site-specific drug delivery and reduce systemic exposure, giving rise to reduced
side effects of chemotherapies.
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While CORMs have already been incorporated into nano-sized carrier systems such as polymers [4a], micelles
[4c] or SiO, nanoparticles [4b] (Fig. 4), and thus conceptually allow their concentration in malignant tissue, a smart
solution is needed to activate the CO release in a controlled manner at the target site within the body.

@
CO-releasing block /

N—N_. CO
ﬁﬁs’CO
— N—N

, NN ‘ E)N/ \oo

\N —
Hydrophilic block o Hydrophobic block @ PFs

- MesSio
oc-RﬂchHz Et03 CHj
b) oc ¢o 9 sio, OCHjs
C

Fig 4 Nano-sized carrier systems for CO-releasing molecules (a) polymers [4a], (b) micelles [4c] and (c) SiO, nano-particles [4b].

The core diameter of NPs can easily be controlled to suit the EPR effect. Furthermore at a diameter of less
than 20 nm and overall hydrodynamic diameter of less than 50 nm, NPs are of a size that is comparable to the
cell nucleus size (~ 50 nm) and much smaller than a cell (normally 10-100 pm).

The Kunz group has developed photoinduced polymer-bound CORMs (polyCORMSs) and polymeric vectors
labelled by fluorescent Re(CO), complexes (Fig. 5 and 6). These fluorescent polymers have been used for the
determination of their cellular uptake ["].
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Fig. 5 Polymeric vectors incorporating Mn(CO), and Re(CO), units. ( ) Fluorescent polymers for cell uptake and distribution studies,
(b) photomduced polyCORMs [13].
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(@

% 6 Cell uptake of an [Re(CO),(bipy(py)]-abelled polymer.
Confocal fluorescence and bright field images of A2780 cells incubated the labelled polymer for (a) 2 hours and (b) 72 hours. Figures taken from ref. 13

Different techniques like encapsulation, covalent attachment or adsorption can be used to modify the surface

properties of nanoparticles and to immobilize therapeutic agents on these particles ['*]. The presence of Lewis acidic
atoms and of surface-attached hydroxyl groups, such as in (-OH), on the nanoparticle surfaces provide versatile
synthetic handles for the attachment of functionalized molecules. Anchoring groups to attach molecules onto the
surface of nanoparticles are catechols, carboxylates, (poly)phosphonates or siloxanes (Fig. 7) [°].
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Fig. 7 Groups that can be used to anchor polymers on ferrite nanoparticle surfaces (Figure adapted from Boyer et al. [15]).
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Abstract

Peptide fragments of human prion protein (HuPrP) can effectively bind both copper(Il) and nickel(Il) ions. In the
case of copper(Il), the species bonded at His111 were found to be the most abundant coordination isomers, while
His96 was the major binding site for nickel(Il). As a consequence, the addition of nickel(Il) to copper(Il)-prion
system can significantly modify the distribution of copper(Il) among the metal binding sites. Tetra- to octa-peptides
have been synthesized and their complex formation was studied by the combined application of potentiometric and
various spectroscopic (UV-vis, CD, NMR, EPR) techniques. The sequences of six peptides correspond to those of
the specific sites of prion protein around H111 and H96 resdues: MKHM, GTHS and GTHSMKHM. These peptides
were synthesized both in the N-terminally free and protected forms. The model heptapeptide AHAAAHG and octa-
peptide AAHAAAHG were obtained with free termini. The range of metal ions included copper(Il), nickel(Il) and
zinc(Il) ions. It was found that histidines of the hepta- and octa-peptides can simultaneously bind both copper(Il)
and nickel(II) ions and dinuclear mixed metal complexes can exist in slightly alkaline solution.

Keywords: prion protein, peptides, copper(Il), nickel(Il), zinc(Il) stability constants, coordination isomers, po-
tentiometry, UV-Vis and CD spectroscopy

Introduction

Prion diseases are among the most studied forms of neurodegenerative disorders which are caused by the abnormal
conformational changes of the normal form of prion protein (PrPC) to the disease-related scrapie isoform (PrP*°) [1].
The biological functions of prion proteins are not well established yet, but more and more experimental evidence
support that they take part in copper(Il) homeostasis. Huge number of studies have already been performed on the
copper(Il) binding affinity of the protein and its various peptide fragments and the most important findings were
reviewed by several authors [2-5]. All studies revealed the enhanced copper(ll) binding affinity of the protein and
the histidyl residues were suggested as the primary metal binding sites. The native human prion protein (HuPrP)
contains ten histidyl residues and six of them, four from the octarepeat domain (His61, His69, His77 and His85)
and two histidines outside the octarepeat (His96 and Hisl11) were suggested to be involved in metal binding.
Our previous studies on the copper(Il) complexes of various peptide fragments of prion protein revealed that all
peptide can bind as much copper(Il) ions as the number of histidyl residues in the peptides [6-9]. It results in the
formation of polynuclear species with the multihistidine peptide fragments, while various coordination isomers of
the mononuclear species can exist. The order of copper(Il) binding affinity of the histidyl sites was described as:
His111 > His96 > His(octarepeat). Further studies on the transition metal ion complexes revealed that prion frag-
ments can also effectively bind nickel(Il) ions [10-13]. Stability constants of nickel(Il) complexes were, however,
significantly smaller than those of the corresponding copper(Il) species and the nickel(II) binding preference of
the various histidyl sites was just the opposite: His96 > His111 >> His(octarepeat). The enhanced metal binding
affinity of the histidines outside the octarepat domain is not surprising and can be easily explained by the different
size of chelate rings. The imidazole-N (or N, ) donor atoms are the primary ligating sites in all cases forming
macrochelates in slightly acidic samples. The stability of these macrochelates depends mainly on the number of
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histidyl residues and not much affected by the peptide sequence. The 3N and 4N coordinated complexes are formed
by increasing pH with the involvement of N, and two or three deprotonated amide nitrogens in metal binding.
The deprotonation of amide groups occurs towards the N-terminus for His111 and His96 residues resulting in the
formation of 6-membered chelates. In the case of octarepeat, the presence of prolyl residues prevents this type
of coordination and the amide deprotonation is possible only towards the C-terminus in the form of 7-membered
chelates resulting in the reduced thermodynamic stability of the corresponding metal complexes. The difference in
the metal binding affinity of His111 and His96 residues, however, requires further consideration The coordination
environments of both copper(Il) and nickel(II) ions are the same in all cases (N, , ...)» but the stability orders
always follow the same trends: His111 > His96 for copper(Il) and His96 > Hlslll for mckel(H) These data sup-
port that the non-coordinating side chains can also influence the metal binding affinity of peptide molecules. The
specific sequences are MetLysHisMet and GlyThrHisSer for His111 and His96 residues, respectively. Now in this
work we present the data of systematic studies on the binary and ternary mixed metal complexes of several native
and model peptide fragments containing the above-mentioned sequences.

Results

Mixed metal copper(Il)-nickel(Il) and copper(Il)-zinc(Il) complexes of multihistidine peptide fragments of prion
protein have been studied by the combined application of potentiometric, UV-Vis and CD spectroscopic measu-
rements. Stability constants and spectral parameters of the mixed metal complexes have already been published
in our previous publication [14]. The major conclusions on the distribution of metal ions among the available
binding sites will be discussed in subsection 2.1. The tetra- and octa-peptides mimicking the sequences around
His111 and His96 residues were newly synthesized both in N-terminally free and protected forms. The results of
the studies on the metal complexes of these peptides are involved in subsection 2.2. The terminally free model
peptides AHAAAHG and AAHAAAHG were also synthesized for the better understanding of the distribution of
metal ions among different binding sites. The results of these measurements will be discussed in subsection 2.3.

Mixed Metal Complexes of Peptide Fragments Containing Two or Three Histidyl Residues

Copper(Il)-nickel(Il) and copper(Il)-zinc(I) mixed metal complexes of four peptide fragments containing His85,
His96 and Hisl11 residues have been studied by potentiometric and spectroscopic techniques [14]. The ligands
included

HuPrP(84-114): Ac-ProHisGlyGlyGlyTrpGlyGInGlyGlyGlyThrHisSerGInTrpAsnLysProSerLysProLys-ThrAsnMetLy-
sHisMetAlaGly-NH,,

HuPrP(91-115): Ac-GInGlyGlyGlyThrHisSerGInTrpAsnLysProSerLysProLysThrAsnMetLysHisMet-AlaGly Ala-NH,

HuPrP(84-114)H85A: Ac-ProAlaGlyGlyGlyTrpGlyGInGlyGlyGlyThrHisSerGInTrpAsnLysProSerLys-ProLysThrA-
snMetLysHisMetAlaGly-NH,

HuPrP(84-114)H96A: Ac-ProHisGlyGlyGly TrpGlyGInGlyGlyGlyThrAlaSerGInTrpAsnLysProSerLys-ProLysThrA-
snMetLysHisMetAlaGly-NH,.

Both histidyl residues of the peptides HuPrP(91-115) and HuPrP(84-114)H85A are outside the octarepeat domain
and these peptides can easily form dinuclear complexes either with copper(Il) or nickel(Il) ions. As a consequence,
mixed metal complexes are the dominating species in the systems containing both metal ions and the peptide in
equimolar concentrations. The significant difference in the CD spectra of the metal complexes bonded at His96
and Hisl11 residues made it possible to determine the ratio of coordination isomers. Fig. 1 shows the CD spectra
of the copper(Il)-nickel(IT)-HuPrP(84-114)H85A system in comparison with the spectra of binary complexes.

It is clear from Fig.1 that the circular dichroism spectra of the CuNiH L species of the peptide HuPrP(84-114)
H85A can be obtained by the simple superposition of the spectra of complexes with Cu-His111 and Ni-His96 bin-
ding modes. These observations support the existence of the same preference of coordination isomers in the mixed
metal species as it was obtained for the binary systems.

The peptide HuPrP(84-114)H96A contains also two histidyl residues but one of them is inside (His85), while the
other is outside (His111) the octarepeat domain. This peptide can bind two copper(Il) ions but only one nickel(II)
ion. In the ternary system the formation of the CuNiH L mixed metal complex was also detected with the coor-
dination of copper(Il) at His85 and nickel(Il) at His111 sites. It is evident from these observations that nickel(II)
cannot replace but redistribute copper(Il) ions among the available metal binding sites.
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Ni(I)-HuPrP(94-97)
Cu(ID)-Ni(I))-HuPrP(84-114)H85A
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Figure 1: CD spectra of the copper(ll)-nickel(Il)-HuPrP(84-114)H85A = 1:1:1 system at pH 11.0

as compared to the corresponding binary copper(ll) and nickel(ll) species.

The results obtained for the mixed metal complexes of the peptide HuPrP(84-114) containing three histidyl residues
(His85, His96 and His111) provide further support for the above-mentioned conclusions. In this case, the formation
of CuNiH L and Cu,NiH L mixed metal complexes was detected, but the species containing one copper(Il) and
two nlckel(H) ions cannot be identified. The previous studies on the copper(H) and nickel(Il) complexes of this
peptide revealed that HuPrP(84-114) can bind as much as three copper(Il) ions but with a preference for binding
at His111 and His96 sites [8]. In the case of nickel(Il) dinuclear species were obtained with exclusive binding to
histidines outside the octarepeat domain. The evaluation of the CD spectra provided an unambiguous proof for the
change of copper(Il) coordination if one equivalent of nickel(Il) ion was added to the copper(Il)-HuPrP(84-114) =
2:1 system as it is shown by Fig. 2.

Figure 2: The major metal binding sites of copper(ll) and nickel(ll) ions in the binary
Cu(I)-HuPrP(84-114) = 2:1 and ternary Cu(ll)-Ni(ll)-HuPrP(84-114) = 2:1:1 systems.

2.2. Copper(Il) and Nickel(I) Complexes of Tetra- and Octa-Peptides Containing His96 and Hisll1] Residues

The tetrapeptides MetLysHisMet-NH,, Ac-MetLysHisMet-NH,, GlyThrHisSer-NH,, Ac-GlyTHrHisSer-NH, and
the octapeptides GlyThrHisSer-MetLysHisMet-NH, and Ac-GlyThrHisSer-MetLysHisMet-NH, have been synthesi-
zed by the use of an automatic solid phase peptide synthesiser and their purity was checked by HPLC and ESI-
MS measurements. Copper(Il) and nickel(II) complexes of these peptides were investigated by the applications of
pH-potentiometric, UV-Vis, CD and EPR spectroscopic measurements. The following conclusions were obtained:

— All peptides with free amino terminus have higher metal binding affinities than those of the corresponding
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terminally protected counterparts. This observation can be easily explained by the ATCUN-motif sequence of the
peptides (XX-His-X) [15].

— The stability constants of the complexes follow the trends: MetLysHisMet > GlyThrHisSer for copper(Il)
and the opposite trend was obtained for nickel(II).

— All octapeptides are able to bind two equivalents of copper(Il) or nickel(II) ions.

— In the case of the N-terminally free octapeptide the first equivalent of metal ions always saturate the N-terminal
binding sites independently on the sequence of the peptide.

— The existence of coordination isomers was identified in the case of the terminally protected octapeptide. The
ratio of His111/His96 bonded isomers was around 1 and 0.1 for the copper(I) and nickel(Il) complexes, respectively.

— The formation of mixed metal copper(Il)-nickel(II) complexes was detected with all octapeptides. In the case
of the peptides with free amino terminus the copper(Il) ions were always coordinated to the amino terminus and
nickel(Il) occupied the internal histidyl site. For the terminally protected peptide the same preference of binding sites
was observed as it was previously reported for the binary systems: His111 for copper(Il) and His96 for nickel(II).
This conclusion is best supported by the comparison of circular dichroism spectra of the mononuclear and dinuclear
mixed metal complexes depicted in Fig. 3.

— Cu(I)-His111

= Ni(II)-His96
= Cu(II)-His96
-5.0 T T T T

500 | (nm) 600 700 800

== Cu(II) : Ni(II) : AcGTHSMKHM =1:1:1
~ Calculated: 90% Cu(II)-His111 + 90% Ni(II)-His96

'£0.0
(%]

-7.0 T T T T

300 400 500 (nm) 600 700 800

Figure 3: (a) CD Spectra of the mononuclear copper(ll) and nickel(ll) complexes with His?é/His111 coordination sites,
(b) measured and calculated CD spectra of the mixed metal complex.
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2.3. Metal Complexes of the Terminally Free Hepta- and Octa-Peptides (AHAAAHG and AAHAAAHG)

The terminally free peptides AHAAAHG and AAHAAAHG have been synthesized to compare the copper(Il)
nickel(Il) and zinc(Il) binding affinities of these molecules. The histidyl residues close to the C-termini are in the
same environments in both ligands and their coordination chemistry should be similar to those of prion peptide
fragments. However, there can be a significant difference in the coordination behaviour of the N-termini of the
peptides: the tridentate (NH,,N",N, ) and tetradentate (NH,,N",N",N, ) are expected for the hepta- and octa-peptides,
respectively. The results of combined potentiometric and spectroscopic measurements provided sufficient proofs for
these expectations. The major conclusions are as follows:

— The octapeptide (AAHAAAHG) can effectively bind two equivalents of both copper(Il) and nickel(Il) ions
but its zinc(Il) binding affinity is relatively small. The amino terminus is the primary metal binding site with all
metal ions. In the mixed metal copper(Il)-nickel(I) system copper(ll) saturates the amino terminus and nickel(II)
occupies the internal histidyl site.

— The most important findings for the heptapeptide (AHAAAHG) is linked to its zinc(Il) binding ability via
the involvement of deprotonated amide nitrogens in zinc(Il) coordination. The mononuclear complexes have an
outstanding thermodynamic stability with all metal ions but dinuclear species are also formed with copper(Il) and
nickel(II). The enhanced stability of the mononuclear complexes was explained by the (NH,,N",N. .N. ) coordination
mode including fused, (5,6)-membered chelates and a macrohelate as it is shown by Fig. 4.
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Figure 4: Binding mode of the major species formed with the N-terminally free heptapeptide AHAAAHG (M = copper(ll), nickel(Il) or zinc(ll)).
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Abstract

Metal chelators have been largely used since the fifties of last century in the therapy of acute and chronic me-
tal intoxication. In recent years their use has been extended to the treatment of social relevant diseases as cancer,
diabetes, and neurodegeneration. This increase of new indications for chelating agents contrasts with the inade-
quacy of number and kind of existing drugs: the availability of a variety of chelators for a given toxic metal ion
gives to the clinicians the possibility of properly modulating the therapy according to the problems of the patient
as well as to the severity of intoxication. Till nowadays the considerable effort of the scientific community has in
some instance given limited and poor results. This failure can be ascribed to difficulties inherent to the biological,
chemical and clinical restraints, and above all to two main causes: the low incidence of some kind of intoxications
prevents expensive researches by pharma-industries, and the scarce interaction between chemical and biomedical
researchers leads to a wasting of efforts and resources. The present trend of sharing different expertises will lead
to achieve the target of ameliorating the pertinent treatment for any metal intoxication.

Keywords: Chelation therapy, Ligands, Metal complexes, Toxic metals, Heavy metals, Speciation

Introduction

Metal ions enter in everyday life: metal compounds are used in medicine, in food chain, in water purification,
in cosmetics, in painting, as wood preservatives, and in a many other applications. For this reason the exposure to
metal ions is ever increasing, and so their toxic effects to humans. The poisoning action, originated by accidental,
occupational/environmental and iatrogenic causes, represents one of the most crucial health and social problems
worldwide [1-11]. One of the principal ways to counteract metal toxicity consists in the treatment with metal che-
lators that transform the toxic metal ion in less dangerous species easily excretable species. The research on this
topic is totally insufficient for the limited investments of pharma-industries, due to their poor profitability. Huge
investments by health organizations of advanced countries are mandatory for the development of common research
project based on different expertises.

Metal ion toxicity
Metal toxicity can be classified in three different groups, according to their sources:

» Acute ingestion of toxic metal ions, accidental, as frequently happens to children, or caused by a voluntary
homicidal or suicidal attempt.

 Chronic intoxication, depending on environmental, occupational or iatrogenic causes.

* Metal overload due to genetic diseases.
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This first classification is essential in establishing the treatments, spanning from an immediate, short limited in
time, massive dose of chelators, to a lifelong treatment for genetic diseases.

Chelation therapy

Aims of chelation therapy are the removal of toxic metal from organism, or the attenuation of its toxicity by
transforming it in a less toxic compound or by dislocating it from the site in which the toxic action is exerted. The
requisites of a chelating agent, better and better defined in the years, require different considerations on:

* Toxicity of the chelator and of the formed complexes;

« Stability of the complexes in competition with of endogenous ligands;
* Kinetic and mechanism of exchange with endogenous ligands;

* Selectivity toward the target metal ion;

* Metabolism of the chelating agents into the body;

* Absorption and bioavailability;

* Excretion of the formed complexes.

It has to be remembered that complex formation some time presents unwanted effects, as an increase of inte-
stinal absorption when the complex is formed in the gut, or dislocation of complexed metal to more dangerous
sites: e.g. transit through the BBB.

Complex stability

The basic requisite for a chelating agent is the stability of its complex, in order that they are completely formed
at expenses of endogenous ligand molecules. The stability and the selectivity requisite mainly depend on the hard/
soft character both of coordinating groups and metal ions [12-13]. A hard/soft classification of toxic metal ions,
and of principal coordinating groups is synthetically presented in Table 1.

Table 1. Hard, intermediate and soft character of metal ions, and of coordinating groups.

Metal
Hard Intermediate Soft
Li*,Na*,K*,Be?*, Mg?*,Ca?*,Sr?", Fe?",Co?",Ni?*, Cu?*,Zn?*,Pb?", | Cu*,Ag*,Au’, Hg*,Pd?",Cd#,
Mn2* ARt Ga3*, Cr3*,Fe®,Sn*, Sn?* Sb% Bi®* Pt**,Hg*, CH,Hg*,Pt*

(CH,),Sn?, UO,2",VO?

Coordinating group

Hard Intermediate Soft
H,0,0H",F, RCOO",CILRO",NH,, C,H,NH, R,S, RSH, RS
RNH,

Chelators are classified as bidentate, tridentate and so on according to the number of binding groups on the
molecule able to bind at the same time the target metal ion. The denticity of the ligand determines the number and
the stoichiometry of formed complexes. As a general rule exadentate chelators, forming only one kind of complex,
are generally preferred. Ligands with lower denticity form multiple complexes with speciation pattern depending
both on total ligand concentration and on metal/ligand ratio. These lower stoichiometry complexes are sometimes
dangerous, since the incomplete coordination does not prevent deleterious reactions, as radical formation through
Fenton reaction. The formation stability constant of a complex M L H is related to its formation equilibrium, pM
tqL+rH=MLH, starting from the completely deprotonated hgand In reality, when the complex formation is
considered in vivo, the reacting molecules are the forms of ligand prevailing at pH 7.4 according to its speciation
pattern, determined by the protonation constants. Complex formation is therefore a competition between proton and
metal ion for the same basic sites on the ligand. For all these reasons (different stoichiometries, proton competition,
..) the comparison of the effectiveness by which different chelating agents bind a metal cannot be made on the basis
of the stability constants alone. A recent review by Bazzicalupi et al. [14] thoroughly examines all the comparison
methods proposed in literature. We will use here the quantity pM (defined as —log[M,] at [M,]= 1x10°M and [L,]
= 1x10° M at pH 7.4, where [M,] is the concentration of free metal ion and [M,] and [L ] are the total concen-
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trations of metal and ligand respectively). Structure and denticity of the ligand determine the pre-organization of
the complex and the degree of favourable entropic contribution due to the chelate effect [15]. Numerous empirical
relationships between a variety of properties of ligands and metals and the stability constants have been proposed,
which can be of great utility in the design of the proper chelating agents [15].

Kinetic factors

The behaviour of a chelator depends, besides the thermodynamics of complex formation, on kinetic factors,
connected to degradation of the chelating agent, complex formation between the chelator and the free metal ion in
the plasma, and exchange reaction between the metal bound to endogenous molecules and the chelating agent. The
kinetic of the exchange reaction between the metal ion bound to endogenous molecules and the chelator depends
on a variety of factors, among which the structure and the denticity of the chelator. The formation of complexes
between the free metal ion in plasma and the ligand is more a theoretic than a real situation, since the circulating
toxic metal ion in plasma is mainly bound to endogenous molecules, ranging from macromolecules as transfer-
rin and albumin to low molecular weight ligands as citrate. The general kinetic characteristics of the toxic metal
ions determine the kinetic behavior, so slow reactions can be expected for aluminium, chromium and palladium.
Sometimes the chelator, because of its solubility and lipophilic properties that prevent cell entrance, acts only on
the circulating (not necessarily free) toxic metal ion. Once chelated and excreted the circulating amount, a slow
equilibrium will be reconstituted between the intracellular-bound and circulating toxic metal ion, so that the kinetic
of this equilibrium will decide the periodicity of chelation treatment.

Metabolism of the chelating agents

Many chelating agents are metabolized in the body to species that loose the chelating properties of the parent
molecule. The metabolic reactions can be very different, from the glucuronidation of hydroxypyrydinones, to the
acetylation of Trien, or the formation of —S-S- bonds between BAL and SH-containing endogenous molecules. The
correct choice of drug administration becomes of vital importance when this kind of metabolic transformation is
rapid, as for example the subcutaneous infusion of desferal.

Absorption and bioavailability of the chelating agents

As far as the chemical requisites regarding the absorption and the bioavailability are concerned, Hider pointed
out that three key parameters regulate diffusion through biological membranes: molecular size, lipophilicity and
net charge [16]. Specifically the cut off molecular weight for drugs to be absorbed in the human intestine is ap-
proximately 500 g/mol. Lipophilicity is generally estimated by the water—octanol partition coefficient (P). These
general properties have been used by Lipinski et al. [17], adopting a four parameter analysis, to predict membrane
permeability. Their guidelines state that a poor absorption is likely when:

* molecular weight > 500 g/mol;

* log P>5;

» more than 10 hydrogen bond donors are present in the molecule (expressed as a sum of OH and NH groups);
* more than 10 hydrogen bond acceptors are present in the molecule (expressed as a sum of O and N atoms).

These parameters are also valid for the absorption of the chelating agent into cells, and hold for formed metal
complex excretion. In this last situation the formation of a neutral complex is of paramount importance.
Chelating agents

The chelating agents in use for the treatment of metal poisoning belong to few chemical categories:

1) poliaminocarboxylic acids,

ii) ligands characterized by coordinating mercapto groups,
iii) ligands with oxygen coordinating groups, and

iv) dithiocarbamates.

A collection of the most representative chelators is presented in Fig. 1.
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ot H
CDTA
DMPS Exjade
Ascorbic ac. ™ Deferiprone Desferal
DDTC Trien

Fig. 1. Representative ligands for toxic metal ions in clinical use for chelation therapy.

The chelating agents in clinical use for each of the most common toxic metal ions are listed in Table 2. For
the chelators in use the corresponding pM value is reported, or a symbol is used whenever literature does not
present any equilibrium study for it. The stability and the protonation constants used in the pM calculations were
obtained from the TUPAC Stability Constant Database [18] that reports all literature data up to 2006. Table 2 gives
evidence that more than one half of chelators is used on the basis of biomedical studies (animal or human), while
the thermodynamic characterization of the metal-ligand interaction is lacking.

Conclusion

A different scientific approach for new chelators at the drug discovery phase can be proposed: an increasing
attention should be given, at earlier discovery stages, to the chemistry-based knowledge of the compounds. Firstly
the compounds are designed and in silico screened for the druggability and pharmacokinetic issues. Afterwards,
the selected compounds are prepared and then subjected to initial screening involving chemical and toxicological
tests to confirm the suitability for further chemistry studies, before embarking on expensive biological screening.
These must involve estimations of lipophilicity, water solubility and chelator affinity for the targeted metal ions at
physiological pH. The thermodynamic and kinetic parameters, governing metal-chelator interactions, are essential
in establishing the level of efficacy and safety of the drug.
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Abstract

We have demonstrated the importance of stereospecific interligand interactions as a factor that could affect base-
and site-specific metal bonding to nucleic acid constituents, based on X-ray studies of the rationally designed metal
complexes that could specifically recognize adenine or guanine bases among the five common bases. High-order
structure-specific metal bonding to polynucleotides is also briefly discussed in terms of stereospecific interligand
Interactions.

Keywords: Base-specific metal bonding, crystal structures, high-order structure-specific metal bonding, interligand
interactions, nucleic acid constituents, polynucleotides.

Introduction

Metal ion interactions with nucleic acids and their constituents have received much attention since the mid-1960s
because of the involvement of metal ions and their biological significance in nucleic acid processes, resulting in a
large body of data involving thermodynamic and kinetic properties, metal binding sites and modes, and structures
formed [1-6], but there has been a continued demand for the elucidation of factors that govern the metal binding sites
on nucleobases, in order to fully document structural principles with which we can predict the sites on nucleobases
to which metal ions bind. Marzilli and Kistenmacher demonstrated, as early as 1977, that stereospecific interligand
interactions involving hydrogen bonding, electrostatic repulsion, and steric constraints could work as such a factor
[7]. According to this concept, we have attempted to make the rationale design of metal complexes that could
specifically recognize the individual of five common bases (adenine, guanine, cytosine, thymine, or uracil). It has
now been well documented that the metal ion binds to nucleobases preferably through the ring nitrogens, N7 and
N1 for adenine, N7 for guanine, and N3 for cytosine, and occasionally through the exocyclic substituents, O6 of
guanine, O2 of cytosine, and O2 and O4 for thymine or uracil, under physiological conditions. Our concrete strategy
for the design of metal complexes that could perform the base-specific metal bonding is the followings: when the
metal centre is highly crowded, interligand steric constraints could occur and thus we can expect that (i) when the
ligands (other than the nucleobase) possess the functional groups that could work as H-bonding acceptor only, the
metal ion could bind adenine-specifically to N7 with the formation of an intramolecular interligand H-bond with the
N6 amino substituent of adenine but neither to N7 of guanine due to interligand electrostatic repulsion with the O6
keto substituent nor to N3 of cytosine due to interligand electrostatic repulsion with the O2 keto substituent, and
(i) when the ligands possess the functional groups that could work as H-bonding donor only, the metal ion could
bind guanine-specifically to N7 with the formation of an intramolecular interligand H-bond with the O6 substituent
of guanine but neither to N7 of adenine due to interligand steric constraints with the N6 substituent nor to N3 of
cytosine due to interligand steric constraints with the N4 substituent.

We present here two adenine-specific and two guanine-specific metal bonding systems. We have not succeeded
in designing cytosine-specific or thymine (or uracil)-specific metal bonding systems but we mention here on factors
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that could affect metal binding sites and modes for cytosine. An additional discussion in terms of interligand
interactions is maid on high-order structure-specific metal bonding to polynucleotides.

Base- and Site-Specific Metal Bonding to Nucleic Acid Constituents
2.1 Adenine-specific metal bonding
2.1.1  [Rh(OAc),] complex system [8.9]

Treatment of [Rh,(OAc),] with adenine, 9-methyladenine, adenosine, 9-ethylguanine, guanosine, inosine,
cytosine, uracil, or thymine in methanolic aqueous solution at room temperature, where the AcO~ ligand functions
as H-bonding receptor only, gave specifically and quantitatively pink complexes of adenine or its derivatives (=
L), [Rh,(OAc),(L)] but no compound for others. In addition, a competitive reaction between [Rh,(OAc),] and four
nucleobases (9-methyladenine, 9-ethylguanine, 1-methylcytosine, and uracil) immediately and quantitatively gave pinc
precipitates of a single product formed with 9-methyladenine. On the other hand, treatment of [Rh,(HNOCCEF,),] with
these nucleobases or nucleosides (= L), where the CF,CONH" ligand acts as both H-bonding donor and acceptor,
gave non-specifically pink or red complexes of adenine derivatives [Rh (HNOCCF,) (L)], [Rh,(HNOCCF),) (L),]
for guanine derivatives including inosine, and [Rh,(HNOCCF,) (L)] for cytosine or [Rh (HNOCCF,),(L),] for
1-methylcytosine but no compound for uracil. Crystal structures of all of these complexes were determined by X-ray
diffraction, except for [Rh (OAc or HNOCCF,),(L)] complexes of adenine derivatives, which were unsuitable for
X-ray analysis because of their poor-crystallinity most probably due to the formation of the polymeric structure
with the adenine-bridge through axial metal-N7 and —N1 bondings. In consistent with this speculation, when N6-
methyl-adenosine (= L) was reacted with [Rh,(HNOCCF,),], a complex [Rh (HNOCCF,) (L),] (1) was obtained
and successfully characterized by X-ray analysis [10]: the complex forms a discrete structure with two nucleoside
molecules coordinating to both the axial-positions of the [Rh,(HNOCCEF,),] nucleus each through N7 with the
formation of intramolecular interligand N6(adenine)-H:--O(amidato) hydrogen bonds, as shown in Figure 1. The
methyl group attached to the N6 substituent prevents the Rh bonding to N1 because steric clashes might occur with
acetamidato ligands when the metal ion binds to N1, providing a good example showing that interligand interac-
tions (steric constraints in this case) affect the metal binding site.

Figure 1. Crystal structure of [Rh (HNOCCF ) (Né-methyladenosine),] (1) [10]. Broken lines denote hydrogen bonds.

The crystal structure of [Rh,(HNOCCF,) (guanosine),] (2) [9] is shown in Figure 2, where the dirhodium core
is occupied at either axial-side by two guanine moieties each through N7 with the formation of intramolecular
interligand N(amidato)-H---O6(guanine) hydrogen bonds.

Figure 2. Crystal structure of [Rh.(HNOCCF,) (guanosine),] (2) [9]Broken lines denote H-bonds.
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Figure 3 shows the crystal structure of [Rh,(HNOCCEF,),(1-methylcytosine),] (3) [8], where the dirhodium core
is occupied at either axial-side by two 1-methylcytosine moieties each through N3 with the formation of two
intramolecular interligand hydrogen bonds, one N4(cytosine)-H:--O(amidato) and the other N(amidato)-H---O2(cytosine)
hydrogen bonds.

Figure 3. Crystal structure of [Rh.(HNOCCF),(T-methylcytosine),] (3) [8]. Broken lines denote H-bonds.

These X-ray results show that for adenine, the axial-bonding of the adenine moiety to the [Rh,(L),] core through
N7 and/or N1 is possible when the ligand L possesses the functional group that could act as H-bonding acceptor
to form a H-bond with the N6 amino group of adenine; for guanine, the axial-bonding to [Rh,(L),] through N7 is
possible when the ligand (L) involves the functional group that could act as H-bonding donor to form a H-bond
with the O6 keto group of guanine but it is impossible when the ligand functions as H-bonding acceptor only
(in this case, L = AcO"), since electrostatic O(acetato)---O6(guanine) repulsion may occur when the metal ion
binds to N7; for cytosine, the axial-bonding to [Rh,(L),] through N3 is possible when the ligand involves two
functional groups that could act as both H-bonding acceptor and donor (in this case, L = CF,CONH") to form
an N4(cytosine)-H---O(amidato) and an N(amidato)-H---O2(cytosine) H-bonds, while no complex formation of
[Rh (OAc),] with cytosine may be due to O(acetato)---O2(cytosine) electrostatic repulsion when the metal ion binds
to N3; for thymine or uracil, no complex formation with [Rh,(OAc),] or [Rh,(HNOCCF,),] might be due to the
attachment of a proton at N3 under neutral conditions.

In summary, [Rh,(OOCR),] could act as adenine-specific reagents while [Rh (HNOCR),] could exhibit no base-
specificity in their reactions with nucleobases. We can predict that [Rh (HNHNCR),], where the amidinato ligand
functions as H-bonding donor only, could act as guanine-specific reagents.

2.1.2  Tripodal nitrilotriacetato (nta) ligand-system [11]

Treatment of Ni(OAc), and nta with adenine, 9-ethylguanine, cytosine, or uracil, where nfa functions as H-bonding
receptor only, gave an adenine complex [Ni(nta)(adeninium)(H,0)], (4) and two cytosine salts of [Ni(nta)(H,0),]"
anion but no compound for 9-ethlguanine and uracil. Figure 4 shows the crystal structure of 4, where the nta-capped
octahedral Ni** ion binds to the adeninium ligand through N7 with the formation of interligand N(adenine)-H:--O(nta)
H-bonds. Results could be rationalized in terms of interligand interactions discussed above in 2.7.1.

Figure 4. Crystal structure of [Ni(nta)(adeninium)(H

0]
There exist two crystallographically independent but chemically equivalent molecules (Mol. T and Mol. 2). Broken lines denote H-bonds.

O, (4) 1]

2.2 Guanine-specific metal bonding
2.2.1  Tripodal tris(2-aminoethyl)amine (tren) ligand-system [12,13]

Treatment of Cu(ClO,), or Ni(ClO,), and #ren with 9-methyladenine, 9-ethylguanine, cytosine, or uracil, where tren
acts as H-bonding donor only, gave 9-ethylguanine complexes [Ni(tren)(9-ethylguanine-0.5H)(H,0)],-(ClO,), .-(ClO,)
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(5) under pH 6-7 [12] or [Cu(tren)(9-ethylguanine)]-(ClO,), (6) under pH 8-9 [13] and a cytosine complex [{Cu(
tren)} (cytosinato)]-(ClO,),-0.5(H,0) (7) under pH 8-9 [14] but no compound for 9-methyladenine and uracil [12].
Figure 5 shows the crystal structure of 6, where the tren-capped Cu?' ion binds the guanine base through N7 with
the formation of an interligand N(zren)-H---O6(guanine) H-bond.

Figure 5. Crystal structure of [Cu(tren)(9-ethylguanine)]-(CIO,), (6) [13]. Broken lines denote H-bonds.

2.2.2  Tetradentate 1,4,7,10-tetraazacyclodecane (cyclen) ligand-system [15]

Treatment of Cu(ClO,), and cyclen with adenine, xanthine (as a guanine derivative), cytosine, or uracil under pH
8-9, where cyclen acts as H-bonding donor only, gave an adenine complex [Cu(cyclen)(adeninato)]-(CIO,),-2H,O (8)
and a xanthine complex [Cu(cyclen)(xanthinato)]-ClO,--4.5H,0 (9) but no compound for cytosine and uracil. In the
adenine complex 8, the cyclen-capped square-pyramidal Cu®* ion binds to the adenine base through the deprotonated
N9 site but not through N7 most possibly due to N(cyclen)-H:--H-N6(adenine) steric constraints when the metal
ion binds to N7. In the crystal structure of 9, the cyclen-capped Cu*" ion binds to the xanthine base through N7
with the formation of an interligand N(cyclen)-H:--O6(xanthine) H-bond.

In summary, tren- or cyclen-capped metal ions, where tren and cyclen ligands function as H-bonding donor only,
could act as guanine-specific reagents. This could be rationalized in terms of intramolecular interligand interactions
discussed in 2.1.1.

2.3 Factors affecting metal binding sites and modes for cytosine

Cytosine is a good target for evaluating interligand steric effects, since N3 of cytosine, the most preferable metal
binding site, is sterically hindered by the two flanking amino and keto substituents. As early as 1979, Gellert and
Bau pointed out a correlation between the coordination number and the metal binding site on nucleobases [16]:
for cytosine, the metal bonding to N3 might prefer a lower four- or five-fold coordination number and thus, it
was suggested that an octahedral Mn?* ion binds to cytosine through the exocyclic O2 but not N3 in the crystal
structure of [Mn(5’-CMP)(H,0)] [17]. We present here two ways in which the metal ion with the more than six-
fold coordination number binds to N3. One way is, as noted in 2././, through the formation of two simultaneous
interligand H-bonds involving the O2 and N4 substituents, where the ligands other than the cytosine ligand have
to have two functional groups that act as both H-bonding donor and acceptor (see Figure 3). The other way is
through the four-membered N3,02- or N3,N4(deprotonated)-chelation, as observed, for example, in the crystal
structure of [ {Cu(#ren)},(cytosinato)]-(ClO,),0.5(H,0) (7) [14] (Figure 6) for the former chelation or in [(Cp),Mo(1-
methylcytosinato)]-PF, [18] for the latter.

Figure 6. Crystal structure of [{Cu(tren)} (cytosinato)]** (7) [14]. A broken line denotes a H-bond.
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High-Order Structure-Specific Metal Bonding to Polynucleotides

A relatively large number of X-ray data on metal interactions with oligonucleotide duplexes (fragments of
A-RNA and A/B/Z-DNA) have been accumlated [1,19] and now certain general observations emerge: (i) Metal
cations, usually hydrated, preferentially bind to phosphate groups, either directly or mediated by water ligands by
forming H-bonds, and serve to partially neutralize negative charges of phosphates. (ii) In the minor groove in A-T-
rich regions in B-DNA, monovalent cations are directly bound to the base moieties by replacing water molecules
that constitute a spine of hydration. (iii) Polyhedral metal ions, which are usually hydrated, bind to the interior
guanines through outersphere contacts in the major groove in A/B-type right-handed duplexes while they bind to
the interior guanines through innersphere contacts in Z-type left-handed duplexes. The point (iii) might be explai-
ned in terms of interligand interactions: for A/B-type duplexes, there would be steric clashes of the octahedrally
hydrated metals bound to N7 of guanine with the previous (the 5’-side) base in the sequence, preventing the metal
ion from directly binding to the base. On the other hand, for Z-DNA with a convex surface exposing the edge
of base pairs directly to the solvent and a narrow and deep minor groove, polyhedral metal ions have much less
access to the minor groove, whereas the lack of steric restriction on the convex surface makes it possible for any
metal ion to attack the functional groups of bases, exclusively N7 of guanine. Thus, in principle, sterically highly-
hindered metal ions could distinguish single-stranded structure or double-stranded left-handed helical structure from
double-stranded right-handed one.

Hence we can expect that our designed metal complexes here could exhibit two functions, one as base(adenine
or guanine)-specific reagents and the other as high-order structure(single-stranded or double-stranded left-haned
duplex)-specific metal-bonding reagents.

Conclusions

We have shown that interligand interactions are a major factor that could affect the base- and site-specific metal
bonding to nucleobases, and high-order structure-specific metal bonding to polynucleotides as well, where steri-
cally highly-hindered coordination environment about the metal center is definitely important for the metal ion to
generate its base-specific reactivity, since the steric fitting or hindrance due to attractive or repulsive interactions
work effectively only under this steric requirement. We emphasize the wide validity of an approach in which metal
ion—nucleic acid interactions could be better understood in terms of interligand interactions.
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Summary

Marinobacter hydrocarbonoclasticus is a marine bacterium widespread in the Mediterranean sea and Atlantic
Ocean, and growing at temperate temperatures. This bacterium can perform complete denitrification, reducing nitrate
to molecular nitrogen under anaerobic conditions. Here the nitrite concentration, pH and nitrous oxide reductase
activity was monitored during bacterial growth, showing that this bacterium can also perform complete denitrification
under low oxygen tension, using lactate as carbon source, in the presence of nitrate as alternative electron acceptor.
Nitrous oxide reductase activity was observed after 7 h of growth under low oxygen tensions, and is maintained
constant after 48h. Nitrite concentration reaches its maximum at mid-exponential phase and in the stationary phase,
at lower oxygen tensions is almost non-existent.

Introduction

Bacterial denitrificaton is the dissimilatory conversion of nitrate, NO,", in four reductive steps trough nitrite,
NO,, nitric oxide, NO, and nitrous oxide, N,O yielding the inert and stable end product dinitrogen, N, (Zumft
1997). In anaerobic conditions, nitrate is an energetically highly favorable electron acceptor and denitrification
is commonly the dominant metabolic process in microoxic or anoxic environments. Each step is catalyzed by a
different enzyme: nitrate reductase (NAR), nitrite reductase (NIR), nitric oxide reductase (NOR) and nitrous oxide
reductase (N,OR) (Tavares et al. 2006).

The last step of denitrification process, the reduction of nitrous oxide to molecular nitrogen, requires two protons

and two electrons, according to Equation 1 (Zumft et al. 2007):

NO+2H +2¢ — N, +HO (Eq 1)
E” (pH 7.0) = 1.35 V; AG’ = - 339.5 kJ/mol

The enzyme nitrous oxide reductase overcomes the kinetic barrier of this reaction by activating the N,O mo-
lecule, which is also a poor transition metal ligand, due to its weak o-donating and m-accepting properties. The
three-dimensional structure of N,OR, available from different bacterial sources (Marinobacter hydrocarbonoclasticus
(Brown et al. 2000), Paracoccus denitrificans (Brown et al. 2000), Achromobacter cycloclastes (Paraskevopoulos
et al. 2006) and Pseudomonas stutzeri (Pomowski et al. 2011), shows that is a functional homodimeric enzyme
containing two different multicopper sites: the electron-transfer centre CuA and the catalytic centre CuZ.

Recent studies from our group show that Marinobacter hydrocarbonoclasticus can perform both the aerobic
and anaerobic denitrification depending on the bacterial growth conditions (Dell’acqua et al. 2012) and so can be
classified as an aerobic denitrifier, similarly to Paracoccus denitrificans and Pseudomonas stutzeri (Baker et al.
1998; Lalucat et al. 2006). Previously, we have reported the isolation and biochemical properties of the enzyme
isolated under this conditions. Here, we report the growth kinetics and also the profile of nitrous oxide reductase
activity during the growth using either lactate or acetate as carbon source.

©2013 MEDIMOND s.rl. P912R9019 49
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Materials and Methods

Cell growth. Marinobacter hydrocarbonoclasticus cells were grown in synthetic sea water medium consisting
in 0.2 M NaCl, 0.05 M MgSO,.7H,0, 0.01 M KCI, 0.05 M Tris-base, 0.056 M NH,Cl, 0.1% (w/v) yeast extract,
0.014 M sodium lactate, 0.44 mM K HPO,, 0.01 M CaCl,.2H,0 and 7.2 uM FeSO,.7H,0, supplemented with
10 mM sodium nitrate. The medium was further supplemented with a modified Starkey oligoelement solution (1
mL/L of culture) (Starkey 1938). Agar plates were prepared by adding 1% (w/v) agar to the medium. The plates
were grown for 24 h up to 120 h at 30°C. Liquid cultures were grown aerobically at 30°C in an orbital shaker at
210 rpm, 100 rpm or 50 rpm. The growths were performed in three steps: a 5 mL pre-culture was first prepared
from the agar plate, which was then used to inoculate 50 mL of medium; finally 25 mL of the previous growth
were used to inoculate a third set of flasks containing 0.5 L of medium. Growing times varied from 24 up to 48
h for the final growths. Cells were grown in duplicate and harvested in the stationary phase, after 48 h. The pH
and optical density (at 600 nm) was monitored during the last stage of the growth by removing a 1 ml aliquot in
one hour intervals. These same aliquots were stored at -80°C and used to quantify the nitrite and nitrous oxide
reductase activity.

Nitrite quantification. Nitrite was quantified using a colorimetric method, in which nitrite ion reacts with sulfa-
nilamide / N-(1-naphthyl)ethylenediamine dihydrochloride, in acidic medium (Griess 1879).

Nitrous oxide reductase activity. N,O reductase was measured inside a glove box, using reduced methyl viologen
(0.1 mM), as electron donor, 100 mM Tris-HCI pH 7.6 and the reaction was started by the addition of 1.0 mM
nitrous oxide, and followed at 600 nm (Dell’acqua et al. 2008). The initial velocity was determined from the line-
arization the initial part of the curve. The activity is reported as umol N, O reduced/minute x mg of total protein.
Protein content was determined using the BCA assay kit (Sigma), using bovine serum albumin as standard protein.

Results

The bioinformatic analysis of the DNA region involving the gene encoding nitrous oxide reductase in Marino-
bacter hydrocarbonoclasticus, nosZ, indicates the presence of three transcriptional units, nosR, nosZ and nosDFYL.
In addition, it was identified a ORF upstream of nosR (Figure 1) that has a high sequence homology to DNR
from Pseudomonas aeruginosa (Giardina et al. 2009). DNR is a transcriptional regulator of the same family as
FNR (fumarate and nitrate reduction regulator), which is proposed to be involved in the activation of the genes
encoding nitrite and nitric oxide reductases in Pseudomonas aeruginosa. This transcription regulator is proposed

to non-covalently bind a heme group and responds to N-oxides.
%
i

PR D

Figure 1 - Representation of nos gene cluster from Marinobacter hydrocarbonoclasticus.

The presence of dnr upstream the nos gene cluster points out to its involvement in the transcriptional regulation
of those genes in Marinobacter. Moreover, like for other denitrifiers, the expression of nos genes is expected to
also be regulated by the oxygen concentration, possibly through FNR, which in Marinobacter hydrocarbonocla-
sticus has not yet been identified.

We have studied the effect of oxygen tension in the denitrification pathway of Marinobacter hydrocarbonocla-
sticus, by changing the agitation speed (210 rpm and 100 rpm). In Figure 2, it is shown the profile of the optical
density and pH during the growth of Marinobacter hydrocarbonoclasticus in the presence of nitrate as alternative
electron donor, and sodium lactate as carbon source. The pH increases from 7.2 to 7.75 or 8.0, for the growth
under low and higher orbital speeds, respectively, due to the consumption of protons in the denitrification pathway.
This increase in pH may also be the cause for the cessation of growth of Marinobacter (optimum pH near neutral)
(Marquez et al. 2005). The doubling time of Marinobacter under this conditions was determined to be 200 min
versus 340 min, at low and high agitation speeds, respectively. The higher growth rates observed in the growth
performed at 210 rpm can be attributed to the higher oxygen dissolved in the growth media.

The concentration of nitrite and nitrous oxide reductase activity were also monitored in these two growth con-
ditions (Figure 3).
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Figure 2 - Growth curve and pH profile of Marinobacter hydrocarbonoclasticus grown aerobically with an orbital speed of 210 rpm
(squares) and 100 rpm (circles). Legend: m logOD, (210 rpm), o pH (210 rpm), @ logOD_, (100 rpm) and o pH (100 rpm).
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Figure 3 - Nitrite concentration profile and nitrous oxide reductase activity (in wumol N,O reduced/min/mg protein) during Marinobacter
hydrocarbonoclasticus grown acrobically with an orbital speed of 210 rpm and 100 rpm. Legend: o [NO,] (210 rpm), m N,O reduced (210
rpm), @ [NO,] (100 rpm) and o N,O reduced (100 rpm).

Conclusions

Marinobacter hydrocarbonoclasticus is a marine bacterium capable of performing the complete denitrifica-
tion under aerobic or microaerobic conditions, in the presence of nitrate as an alternative electron acceptor. The
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microaerobic conditions were established by lowering the agitation speed of the growth in liquid medium. The
results show that under these conditions, Marinobacter reaches the stationary phase 7 hours, and that the nitrite
concentration is maximum at mid-exponential phase, which most probably induces the transcription of the enzyme
cytochrome cd| nitrite reductase. The activity and/or amount of this enzyme is maximum in the cells grown under
lower agitation speeds, as the concentration of nitrite present in the medium decreases fasters and is practically
inexistent at the end of the growth. This result agrees with the fact that the expression of the gene coding for this
enzyme may be induced by low oxygen tensions and nitrate (through DnrD), as observed in Pseudomonas stutzeri
(Vollack et al. 1999).

The activity of the last enzyme of the denitrification pathway, nitrous oxide reductase, was observed after 7h,
indicating that as reported by other authors the transcription of this gene might be induced by NO (Bergaust et al.
2012), the product of nitrite reductase, and strengthens the possibility that in Marinobacter hydrocarbonoclasticus
nos gene cluster is also regulated by DNR, encoded by the gene located upstream this cluster (Figure 1).
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Abstract

With the aim to design new chelators for the clinical treatment of different diseases depending on overload of
trivalent metal ions Fe(Ill) and Al(IIl), we presented the equilibria between these two metal ions and kojic acid,
and three its derivatives. Potentiometric and spectrophotometric techniques for iron, and potentiometry and 'H NMR
for aluminium were used, supported by X-ray, electrospray ionization-mass spectrometry (ESI-MS), calorimetry
and quantum chemical calculations. Evidence was given of the formation of ML, ML,, and ML, complexes of
both metal ions with kojic acid, confirmed by the X-ray structure of the FeL, complex, and of variously protona-
ted ML, and MeL, complexes for all the three derivatives. The extremely good pFe value for these ligands gives
confidence to, and opens perspectives for, the search of new kojic acid derivatives. In this paper we present the
synthesis of four new derivatives characterized by a longer linker, and the study of their acid-base properties based
on potentiometric, spectrophotometric and '"H NMR measurements.

Keywords: Kojic acid, hydroxypyrone, iron, aluminium, chelating agent, potentiometry, spectrophotometry, 'H
NMR.

Introduction

The use of chelating agents for iron and aluminium has found increasing attention in the last thirty years
[1-4]. Desferal, deferiprone and deferasirox, the chelating agents nowadays in use to treat iron overload in beta-
thalassemic patients, are based on hydroxamic groups, hydroxyl-substituted pyridinones or aromatic ring systems;
all these three chelating agents present various drawbacks, so there is an urgent need for more efficient chelators.
In order to design new coordinating molecules we presented the equilibria of kojic acid and some its derivatives
[5-6]. Kojic acid (5-hydroxy-2-(hydroxymethyl)-4-pyrone) is a natural derivative of 4-pyrone, produced by certain
species of moulds. It is characterized by antibacterial and antifungal activity; it also inhibits the rate of formation
of pigmented products in animal and vegetable tissues and takes part in the processes of oxygen absorption. Kojic
acid is widely used in foods and cosmetics to preserve or enhance the colours; when used on cut fruit, it prevents
oxidative browning; in seafood it preserves pink and red colours. Kojic acid is a good chelating agent for hard
metals such as Fe'™ and Al as well as its dimer, 6-[5-hydroxy-2-hydroxymethyl-pyran-4-one]-5-hydroxy-2-hydroxy-
methyl-pyran-4-one. In a first work [5], evidence was given of the formation of ML, ML,, and ML, complexes of
both metal ions with kojic acid, confirmed by the X-ray structure of a FeL, complex. In addition, various proton-
ated ML, and ML, complexes of the former dimer have been observed. On the basis of pFe value (23.1), and
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of its ability to scavenge iron from inside cells, we extended the investigation to related compounds 2 and 3 (see
Fig. 1), in which vanillin and o-vanillin substituents were placed on the linker that joins the two kojic units [6].
The found pFe values (18.9 for ligand 2 and 22.2 for ligand 3), despite lower than that for desferal (26.6), but
surely comparable with that of deferiprone (20.7), are very confident. A huge advantage of these molecules is that
they are easy and cheap to produce (the starting materials, kojic acid and vanillin, are not expensive). Hence, they
deserved further examination to determine their toxicity and their capacity to remove iron and/or aluminium from
intra-cellular sites in living organisms.

Fig. 1. Chemical structures of the studied kojic acid derivatives.

In ML, complexes formed with ligands 1-3, each metal ion is coordinated by two CO-C(OH)-chelating moie-
ties, one from each coordinating molecule. Actually, the length of the linker between the two kojic units prevents
the coordination of both kojic units to the same metal. Therefore, aimed at obtaining more efficient kojic acid
derivatives, we have designed and synthesized a new set of bis-kojic ligands: 4, 5, and 6, whose linkers are diffe-
rentiated both in terms of type and length. The compound 7 was also synthesized, it can be useful in determining
the acid properties of the nitrogen atom in the linker. The protonation equilibria studied by potentiometry, UV-Vis
spectrophotometry and '"H NMR spectroscopy will be described and discussed.

Experimental
1.1. Reagents

HCI, KCIl, KOH, D,0, ethanol, DCI, and NaOD were Aldrich products, 5-hydroxy-2-hydroxymethyl-pyran-4-one
(kojic acid) was Fluka products. Carbonate free potassium hydroxide solutions were prepared according to Albert
and Serjeant [7].

1.1.1. Synthesis

The synthesis of the new derivates, [4: 6,6’-(methylazanediyl)bis(methylene) bis(5-hydroxy-2-(hydroxymethyl)-
4H-pyran-4-one)], [5: 6,6’-(benzylazanediyl) bis(methylene) bis(5-hydroxy-2-(hydroxymethyl) -4H-pyran-4-one)],
[6: 6,6’-(piperazine-1,4-diylbis (methylene)) bis(5-hydroxy-2-(hydroxymethyl)-4H-pyran-4-one)], [7; 6,6’-(methyla-
zanediyl)bis (methylene)bis(5-hydroxy-2-(hydroxymethyl)-4H-pyran-4-one)] are depicted in Fig. 2.
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5hR.T.

OH
HN =
OH ¢y, o] + + Ethanol NaOH
‘ 1,5h45C NH
+ N + —> 4 o
/ o
H H

Ethanol NaOH

\ OH
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OH —_—> 7
‘ ‘ N n Ethanol NaOH
OH o
‘ ‘ 3,5h 45C s o
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Ethanol NaOH
OH
o CH,
‘ HN
NH, \

Fig. 2. Scheme of the synthesis of the new compounds.
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1.2. Spectrophotometric-potentiometric measurements

Protonation and complex formation equilibria were studied in a thermostatted glass cell equipped with a magnetic
stirrer, a Metrohm LL UNITRODE glass electrode connected to a Metrohm 691 pH-meter, a microburette delivery
tube connected to a Dosimat 665 Metrohm titrator, an inlet-outlet tube for Argon and a fibre optic dip probe con-
nected to a Varian Cary 50 UV-vis spectrophotometer. Accuracy and precision of the fibre-optic measurements have
been discussed previously [8]. Protonation constants were determined from titration data in which potentiometric and
spectrophotometric data were obtained simultaneously. Solutions were titrated with 0.1M KOH at 25.0 °C, and 0.1
M KCI ionic strength. The glass electrode was daily calibrated in terms of hydrogen ion concentration by titrating
HCI with KOH under the same experimental conditions. Calibration was performed using the Gran procedure [9].
Potentiometric and spectrophotometric data were processed with Hyperquad program [10]. Spectra of pure ligands
were recorded in the 200-400 nm spectral range with 0.2 cm path length.

1.3. NMR measurements

'H NMR measurements were made on D,O solutions at 25 °C with a Bruker Avance 300 MHz (7.05 T) spec-
trometer operating at 300.131 MHz. A standard BVT 3000 variable temperature control unit with an accuracy of
+ 0.5 °C was used. The NMR spectra of free ligand were recorded at different pD values. The pD was adjusted
by adding DCI or NaOD and calculated as pD = pH_, . -+ 0.4. Chemical shifts were referenced to residual
solvent signal (4.800 ppm).

Results and discussion

The protonation equilibria of ligands 4-7 were studied by simultaneous spectrophotometric and potentiometric
measurements. The protonation constants calculated using Hyperquad program are reported in Table 1.

Table 1. Protonation constants (logK).

Ligand LH LH, LH, LH,
4 9.07 7.52 4.59 /
5 9.18 7.48 3.25 /
6 8.36 7.78 57 3.36
7 8.58 5.99 / /

The four ligands are characterized by the protonation constants of the phenolic groups of kojic units, and of
nitrogen atoms in the linker. In order to attribute the constants to the protonation of these different groups, we
collected the UV spectra; those of 4 and 7 are presented in Fig. 3.
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Fig 3. Absorptivity spectra for the titration of 4 (2 X 10 M), and 7 (3 X 10" M) collected with a 1 cm optical path length. Speciation plot of 7 with superimposed
peak heights

As principal spectral features of kojic acid, L- and HL species present bands at 315 nm (¢ = 5900 M-'em™') and
270 nm (g = 8700 M-'cm) with sharp isosbestic points at 242 nm and 290 nm [3]. The protonation of linker nitro-
gen instead should imply no, or very limited, spectral variation. The spectra, mainly those relative to the simplest
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7 ligand, are extremely intriguing and a microspeciation scheme has to be invoked to explain them. The heights of
ligand 7 bands, overlapping the speciation plot, clearly show that spectral variation connected to phenolic group is
almost equally splitted between the two protonation steps, as expected on the basis of microspeciation with almost
comparable K and K , values. The '"H NMR results further confirm the protonation constants of these ligands.

Acnkowledgment: GC and JIL acknowledge Regione Sardegna for the financial support CRP-27564 to the project
“Integrated approach in the design of chelators for the treatment of metal overload diseases”.
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