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1. INTRODUCTION

Metal ions, particularly transition metals, are well known to play critical roles as protein
cofactors in many biological processes, such storage and transport, intracellular signaling
processes, catalysis including energy production, or defence against oxidative stress.
Metalloproteins, which require one or more metal ions to carry out their functions account for
nearly one-third of all known proteins. Metal ion disorder, on the other hand, has been linked to a
number of human pathologies. Disturbed copper metabolism, for example, is directly related to
Wilson's and Menkes' diseases, but copper homeostasis is also unbalanced in cancer and some

similarly widespread neurological disorders such as Alzheimer's and prion diseases.

1.1 Copper ions and the Alzheimer’s Disease (AD)

Homeostatic concentrations of essential heavy metals (e.g., copper and zinc) are tightly
controlled by intricate buffering systems in living cells. The main Cu-binding proteins in serum
are human serum albumin (contains Cu(ll)), transcuprein (Cu(ll)), and ceruloplasmin
(Cu(ID/Cu(l)) [1]. Human high affinity copper uptake protein 1, hCTRL1 is in control of the Cu(l)
ion transfer across the cell membrane [2]. Several Cu(l) transporters exist within the cell,
including antioxidant protein 1 (ATOX1) which delivers Cu(l) through copper-transporting P-
type ATPases (ATP7a/b) to different cuproenzymes, -Cu(l) chaperons for cytochrome c oxidase
(Cox17), and for Cu,Zn-superoxide dismutase (CCS), as shown in Figure 1.1 [3].
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Figure 1.1 Schematic Cu(l) transfer to the cell by hCTR1 protein and Cu(l) distribution by
different metallochaperons.’

Although, copper is an essential element for any living organisms, primarily acting as a
redox enzyme co-factor, the excess of loosely (non-protein) bound Cu can be toxic via different

mechanisms, e.g. by production of ROS (Reactive Oxygen Species). Cu dyshomeostasis is
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detected in a variety of pathological states. Elevated levels of the kinetically labile Cu(ll) pool in
serum and urine, for example, have been postulated as diagnostic markers for Wilson's and
Alzheimer's disease as a result of ATP7B Cu membrane transporter dysfunction. Alzheimer's
disease (AD) is a neurodegenerative disorder and the most common type of dementia. Its main
hallmarks include cognitive decline, memory loss, and behaviorial problems. Alzheimer's disease
(AD) affects nearly 50 millions of people worldwide, and there is an urgent need for an effective
treatment. Amyloid- (AB) peptides are well-known for their potential pathogenic role in the
onset of Alzheimer’s disease (AD), which is largely associated by the aggregation of these
peptides to form oligomers, fibrils, and plaques. The process of amyloid plaque formation and its
impact in the pathology of Alzheimer's disease are contentious issues. The deposition of
aggregated amyloid-B (ApB) peptides in senile plaques in brain tissues results in the accumulation
of Cu, its concentration ([Ccy] ~390 uM) is ca. five-fold higher than that of in normal age-

matched control patients ([ccy] ~79 uM) [4,5] as shown in Figure 1.2,
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Figure 1.2 Copper accumulation in plagues.”

In turn, copper accumulation results in high levels of oxidative stress, abnormal metal
homeostasis and impaired mitochondrial functions, all are characteristic for Alzheimer's disease
(AD). The amyloid plagues contain Ap peptides with different lengths, ranging from 39 to 42
amino acids. The most frequent AB peptides are AB140and AP142, With the latter being the most
toxic and exhibiting the greatest ability to aggregate. The most important binding sites for
copper(ll) in AP peptides (D1, H6, H13, H14) are found in residues 1-16, therefore it is a
suitable model of higher amyloids to investigate their coordination and redox properties with
Cu(ll) in brain [6]. Stefaniak and Bal [7] recently highlighted the significance of the highly
abundant truncated AP peptides A4 42 [8], which has ATCUN-like binding site.
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To date there is no effective cure for Alzheimer’s disease (AD), the only available
treatments just alleviating the initial pathological symptoms. One potential cure for Alzheimer's
disease is to target copper(ll) ions to inhibit both aggregation and oxidative stress [9]. However,
a general chelation therapy which may aid in the elimination of Cu ion would be ineffective here,
clearly a metallochaperon-like function, redistribution is required. For this purpose, numerous
ligand families, such as amino-quinoline derivatives, peptide-, aminophenol and aminopyridine-
based ligands, have been evaluated in the last two decades [9,10]. Up to now, clear “target” of
this redistribution has not been recognized, but redirecting the extracted copper back into the
cells seems to be a suitable solution. Considering this pathway, it is possible to predict the
conditions that an ideal artificial copper chaperone must meet. To cross the blood-brain barrier,
the ligand must be neutral at pH 7.4 [9]. It should be specific for Cu(ll), even in the presence of
excess Zn(l1). Its affinity for Cu(ll) should be higher than that of Amyloid B (logfScong = 10-10.3)
[11,12], but lower than that of hCTR1 (logB.ong = 13) [12], which is a copper transporter protein,

helping copper to enter into the cell.

1.2 Coordinating properties of peptides containing histidyl residues

The interaction of metal ions with peptides is one of the main research areas of
bioinorganic chemistry. This is due to the variety of donor groups in peptide backbone and in the
side chains, which results in versatile metal binding properties, together with a great variety of
binding affinity and coordination geometry [13]. In this way, metal-peptide complexes are able
to mimic the metal ion environment present in most of the relevant metalloproteins [14,15].

Peptides even without coordinating side chains are able to form highly stable complexes
with some metal ions (e.g. Cu(ll), Ni(ll)) by the coordination of their terminal amino and
subsequent deprotonated amide nitrogen atoms [16]. However, from bioinorganic
(metalloprotein mimicking) point of view, metal complexes with the coordination of (mainly)
side chain donor groups are more interesting, since the main donor atoms in the active centres of
metalloproteines are of imidazole-N of His, thiolate-S of Cys, and carboxylate-O of Asp and Glu
[16]. Among them, the imidazole ring of histidine is probably the most frequent metal binding
site. Its effects on the metal binding properties (e.g. structure and thermodynamic stability) are
dependent on many factors [16]: on the nature of metal ion, on the number and position of
histidine unit(s) in the peptide sequence, and on the presence (or absence) of other potentially



coordinating groups (such as the free amino-terminus, carboxylate (Asp, Glu) or thiolate groups
(Cys)).

Peptides with non-protected N-terminal histidine (His-X-Y.... sequences) are able to form
the thermodynamically stable 6-membered chelate {NH,,Nin}, known as histamine-like
coordination (Fig.1.3, structure 1). In presence of ligand excess, the bis-complex having
{2NH;,2Ni} coordination dominates in the solution in a wide pH-range (Fig. 1.3, structure 2).
In case of copper(ll) the high stability of this bis-complexes suppresses even the copper(ll)
promoted amide deprotonations [17-19].

Histidine in the second position of the sequence (X-His-Y-Z...) promotes the formation of
an amide-bound {NH>,Nam ,Nin} coordinated species (Fig. 1.3 structure 3), but prevents the
deprotonation of the subsequent amide nitrogens. The metal promoted deprotonation of the N-
terminal amide nitrogen occurs at very low pH (~ pH 3 in case of copper(ll)), and thus the
tridentate (NH2,Nam ,Nim) coordinated species predominates in a wide pH-range [19,20]. More
importantly, not only copper(ll), but nickel(lIl), zinc(ll) and cobalt(ll) are also able to promote
the deprotonation of the amide nitrogen of Gly-His and Gly-His-Gly [20,21]. Therefore, these
peptides have outstanding metal binding abilities.

Histidine in the third position of the peptide sequence (X-Y-His-Z..) results in strong metal
binding ability, too, with high biological relevance. These peptides provide an N-terminal
{NH2,N",N",Nin} metal-binding site within a (6,5,5)-membered fused chelate rings (Fig. 1.3,
structure (4)), which is also known as the Amino Terminal Copper and Nickel (ATCUN) binding
site [22,23]. The {NH2,N",N",Nin} coordination mode is dominant for copper(ll) in a wide pH-
range around the physiological pH, therefore it has important role in copper(ll) trafficking. This
binding site is present for example in human serum albumin (Asp-Ala-His-) [24] and endostatine
(His-Gly-His-) [25].

Interchain histidines, even in the absence of other coordinating group, may have important
role in metal binding. Although, less efficiently as N-terminal amino group, interchain imidazole
ring may also serve as anchor for amide coordination, and in this way {2N",Nim} or {3N",Nin}
coordinated copper(Il) complexes are formed [16].

The presence of several histidine residues in close proximity further increases the metal
binding ability. One of the simpliest examples is the HVH peptide, which combines the metal-

binding properties of HXY and XYH peptides [26,27]. In the presence of ligand excess bis-
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histamine like coordination dominates between pH 4-7, according to the HXY peptides. On the
other hand, in equimolar solutions the C-terminal histidine stabilizes the ML species by its
additional imidazole binding ({NH2,2Nim}-type coordination), and above pH 6 the ATCUN-like
{NH2,N",N",Nin} coordination is dominant. Two histidine units within the chain provide
{Nim,N",Nin} or {Nim,N",N"Nin} (Fig. 1.3, structure (5)) coordination for copper(ll) in the
physiological pH-range, when zero or one amino acids separate the histidines, respectively [28].
Further increasing the internal histidine umits results in increasing thermodynamic stability
of imidazole coordinated complexes for all metal ions, and the {3Nin}- or {4Nin}-type
coordination may become dominant even in the physiological pH-range. In case of copper(ll) the
stability constants of {2Nim}, {3Nim} and {4Nin} coordinated complexes are ~ 5.5, 7.5, and 9.0
log units [29], respectively, which proves the high metal binding affinity of multi-histidine
peptides. Consequently, the {XNin} coordination is frequently observed for large natural

multihistidine peptide fragments, including prions or amyloid—f3 peptides [28].
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Figure 1.3 Schematic structure of copper(Il) complexes ormed in neutral pH in presence of (1
and 2) terminal His, (3) NH,-X-His, (4) NH2-X-X-His and (5) His-X-His type sequences.
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1.2.1 Lytic polysaccharide monooxygenases (LPMOs)
Environmental threats, future energy and chemical shortages necessitate the development
of sustainable processes for converting renewable sources into useful chemical compounds.

First-generation biofuels derived from starch or sugar are well-established technologies towards
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that goal, but their reliance on human food sources (mainly maize) necessitates substitution [30].
The degradation of lignocellulosic biomass is being studied all over the world as an inedible
feedstock for producing renewable liquid biofuels due to its low cost, abundance and
renewability, and has been proposed as a justifiable solution to produce fuels and other useful
chemicals.

Lignocellulose is composed of three polymers (Figure 1.4): lignin (15-30%), hemicellulose
(17-32%) and cellulose (38-50%) [31]. Cellulose is a polysaccharide composed of a linear chain
of hundreds to thousands of D-glucose units linked by B-1,4 bonds. Lignocellulose (and chitin) is
(are) the most abundant biopolymer(s) in Earth, and the agro-industrial sector alone generates
massive amounts of cellulosic waste. Despite their enormous potential as a biofuel source, their
remarkable recalcitrance to depolymerization has so far hampered their economic use as a
feedstock for biofuel production [32]. The recalcitrance of lignocellulose originated mainly from
three factors: (i) the glycosidic bond is intrinsically resistant to hydrolytic attack; (ii) these
polysaccharides are insoluble in common solvents due to extensive intra-chain hydrogen
bonding; (iii) lignocellulose is embedded in a highly complex composite structure formed by
lignin, which even more increases its resistant to degradation. These problems amplify each

other, making lignocellulose degradation a major biotechnological challenge [30].
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Figure 1.4 Schematic structure of lignocellulose. "



To eliminate lignin and allow the action of cellulases on hemicellulose and cellulose
polysaccharides, current industrial procedures use high temperatures, high pressures, and strong
acids or bases [33]. This pretreatment has long been recognized as the most costly (and
polluting) step in the conversion process. On the other hand, plant- or chitin-degrading
microorganisms have developed complex arsenals of chemical and enzymatic tools for the
degradation of lignocellulose. The recently discovered lytic polysaccharide monooxygenases
(Figure 1.5) [34] are among the most important enzymatic tools that play a major role in biomass
conversion by oxidative cleavage of glycosidic C-H bonds and, thus, for structural disruption of
biopolymers such as chitin and lignocellulose [35]. Therefore, LPMO enzymes opened the door
for cellulosic-bioethanol biorefineries that employ commercially and environmentally viable
enzyme cocktails. The success of these biorefineries is dependent on the efficiency of the
enzymatic saccharification step, which converts lignocellulosic material into soluble sugars.

Consequently, the recent inclusion of LPMOs into these enzyme cocktails may present a major

breakthrough.
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Figure 1.5 Schematic representations of the copper active sites observed in AA9 and AA10
structures (A) ¥, Schematic representation of the LPMOs reaction (right) =),

In copper(ll) containing lytic polysaccharide monooxygenases (LPMOs), alternatively
called auxiliary activity (AA) family of copper-dependent enzymes, the metal ion is ccordinated
by two strictly conserved histidine residues, with one binding bidentate through the N-terminal
amine (Fig. 1.5), in a structural motif known as the “histidine brace”. In the reduced form of
LPMOs the metal ion has a 3N-coordinated T-shaped geometry, while some additional oxygen
donors are coordinated to copper(Il) in the oxidized form.

In most LPMO enzymes, a weakly bound (if at all) non-deprotonated tyrosine OH
occupies an axial position of copper(Il) with Cu—O(Tyr) distances between 2.5 to 3.0 A. Despite
the fact that this Tyr residue is part of a hydrogen-bonding network near the active site, and the
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Cu—O(Tyr) distances were reported to shorten (from 2.7 to 2.5 A) on substrate binding [36], the
role of this conserved Tyr-OH is still ambiguous, especially considering the fact that the chitin-
active bacterial LPMO family has conserved phenylalanine near the active site, instead of
tyrosine [37].

In contrast to typical cellulases, which are hydrolytic enzymes, LPMOs cleave the -1,4-
glycosidic bonds via the oxidation of the C1- or C4 atom in the presence of the co-substrate
oxidative agent (Figure 1.5), making the lignocellulose amenable to hydrolases, apparently
without the necessity of decrystallization [35,38]. By doing this, LPMOs accelerate the activity
of cellulases by up to two orders of magnitude [39], significantly reducing the financial and
environmental costs associated with the use of recalcitrant polysaccharides as a feedstock. As a
result, research on LPMOs has advanced rapidly, but many questions about their (bio)chemistry,
function, mechanism, and application in biorefineries remain. In order to get the maximal benefit
of these enzymes, an improved understanding of the chemistry taking place at the active site of
these powerful redox proteins is essential. Therefore, the ultimate goal is to understand the
mechanism of this uncommon, copper-based chemistry, and perhaps to develop novel catalysts
capable of conducting similar reactions and to provide small molecule alternatives to LPMOs.
The molecular basis of the functioning of these enzymes is not only related to second-generation
biorefineries, but will most likely inspire new catalyst for oxy-functionalization of inert C-H
bonds, and a complete understanding of this process is of utmost interest also for fundamental
biology.

LPMOs are able to function only by using either O, or H,O; as oxidant depending on
the conditions [40-42] although dioxygen seems to be their natural co-substrate [37, 41-42].
The possibility of H,O, as the natural co-substrate was raised by Bissaro et al. [43]. Their
experiments with labeled hydrogen peroxide (H,0,) in the presence of a 10-fold molar
excess of O, revealed that the oxygen atom introduced into the polysaccharide chain
originated from H,O, rather than O,. The incorporation of 20 from H,'®0, into the final
product was demonstrated for both AA9s and AA10s as well as for both cellulose and chitin
substrates.

Both experimental [44] and computational [41-42,44] studies indicated that in LPMOs
a highly reactive Cu(ll)-oxyl (Cu(ll)-O") species abstracts H-atom from the substrate.

QM/MM calculations showed that in case of O, co-substrate, a Cu(l11)-OO" complex is formed
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upon reaction of Cu(l) with O, and the protonation of this complex with a subsequent two-
electron transfer results (through a Cu(l)---H,O, species), in O—O bond cleavage, and the
formation of an Cu(ll)-O" active species possibly protonated, that can react with substrate. In
the case of H,0O, co-substrate, the reaction with LPMO-Cu(l) results in a homolytic O—O
cleavage mechanism, and the subsequent formation of the Cu(ll)-O" active species.
Comparative calculations revealed that the reaction is more favorable with H,O, as co-
substrate than with O,. Overall, most studies indicate that the reactive oxygen species is
Cu(11)-O’, which can be generated by both O,- and H,O,—driven mechanisms [45,46]. The
two mechanisms are interconnected by a common Cu(l)---H,O, intermediate. However, it is
important to note, that although the H,O,—driven mechanism results in higher rate of substrate

oxidation, it results considerably faster protein degradation, too [47].

To date, only five model complexes of lytic polysaccharide monooxygenases (LPMQOs)
that mimic the ‘histidine brace’ structural motif have been reported in the literature [48-52],
and non of them are peptide derivative. The following concepts were used to design the
ligands: (1) the ligand should be a tridentate ligand with two imidazole groups at the trans
positions to form a T-shaped 3N geometry around the bound copper ion; (2) a large twist
angle between the two imidazole rings should be maintained as in the enzyme active sites (~
70°); (3) the ligand should contain imidazole group(s) with acidic N-H proton(s) as the natural
enzymes do [51] Nevertheless, pyridine, N-methylimidazole, or N-methylbenzimidazole were
also used in some cases instead of imidazole. In the presence of H,O./EtsN, these models
were able to catalyze the oxidative cleavage of the model substrate p-nitrophenyl-g-D-
glucopyranoside or cellobiose.

In 2017, [(L*™)Cu(CH3CN)]** and [(L™)Cu(OH,)]** complexes were prepared and
investigated by Alda et al. The two ligands (L™ and L'™) provide a tridentate 3N
coordination for copper(ll) ion, including an N-methylated imidazole and a pyridine rings
(Figure 1.6). These complexes have similar structural and spectroscopic properties to the
native LPMO enzymes. The LPMO-like activity of the complexes was studied in the presence
of hydrogen peroxide (H20-), and p-nitrophenyl-5-D-glucopyranoside was used as a model
substrate. The authors reported particularly stable copper(I1)-hydroperoxo intermediates under
the conditions used, and applied the Michaelis-Menten kinetics to interpret their kinetic data
[48].
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Figure 1.6 Structure of copper(Il) complexes and ligands used in ref. [48]

in 2019, Neira et al. [49] prepared two copper complexes ([(2BB)Cu']Otf and [(2BB)-
Cu'(H,0),](Otf),) of the tridentate ligand bis[(1-methyl-2-benzimidazolyl)ethyl]-amine
(Figure 1.7) as a simple structural model of LPMO active site. This ligand is a good o-donors
and reasonable m-acceptors toward copper ions, and it also provides some steric protection. As
a result, the reaction of cuprous complexes and O, promotes the formation of free superoxide
anions, which are presumably released as a result of solvent displacement from the putative
Cu'-superoxo species. The catalytic study indicated that both copper complexes in presence
H,O,/Et;N are able to oxidize cellobiose in acetonitrile and in aqueous phosphate buffer
solutions, and the final products of the oxidative degradation were sodium gluconate and

glucose aldehyde.

Figure 1.7 Structure of the ligand and its copper(Il) complex used in ref. [49]

Sethuraman et al. synthesized and characterized three copper(ll) complexes with
diazepane backbones (A, B, and C, Figure 1.8) as functional mimics of LPMOs. The ligands
have some structural similarities to the ‘histidine brace’ motif, and their copper(Il) complexes
exhibit distorted square pyramidal geometry similarly to native LPMOs. These complexes
were able to catalyze oxidative cleavage of model substrate p-nitrophenyl-5-D-
glucopyranoside into p-nitrophenol and D-allose with a maximum yield up to 78.4% and
turnover number (TON) 300. The kinetic study revealed a rate of 3.19 — 5.26x10° s™*. The

reaction was proposed to proceed via Cu'-OOH intermediate. The rate of its formation, which
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is accompanied by a ligand to metal charge transfer band at at 375 nm, were obtained between
1.61-9.06x10° s [50].

Figure 1.8 Structure of copper(Il) complexes and ligands used in ref. [50]

In order to develop an even better functional model of LPMOs, Arisa at al. in 2020 [51]
prepared the copper(ll) complex of (N-(2-(1H-imidazol-4-yl)-benzyl)histamine) (LH3)
Cu'(LHs)(tfa), (Figure 1.9), which mimics the ‘histidine brace’ motif. It is worth mentioning,
that this complex shows several similarities to the LPMO enzymes, for example the twist
angle between the two imidazole rings is 75° which is very close to the average value of the
reported copper(ll) sites in LPMOs (72°), spectral properties (Amax, €, gy and g values), as
well as the redox potential of Cu(11)/Cu(l) redox couple (323 mV). The kinetic study of PNPG
oxidation in the presence of H,O; as co-substrate showed linear dependence of the observed
reaction rate on the concentration of both substrate (PNPG) and the oxidant (H,O;). These
results indicate that the turn over limiting step of the catalytic reaction is the substrate
oxidation step by a reactive species generated by the reaction of the copper (I1) complex and
H,O, [51].
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Figure 1.9 Structure of copper(ll) complex used in ref. [51]

In 2021, some bis(benzimidazole)amine-based copper complexes (Figure 1.10) with

coordination environment and redox potentials similar to those of LPMO enzymes are
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reported as efficient catalysts for cellobiose degradation under mild conditions in the presence
of H,0,/NEt; [52]. A Cu'-OOH complex was proposed as an active species, which converted

cellobiose up to 67 percent yield.

N . HN R
. w2 OH \ ﬁ
H R on \
A=

L', R = CH,SMe

[(2BB)CU"(H,0),]*2 L2 R = CH,S(CgH3Mey)
Ls, R= C4H3S
L4 R=Ph

Figure 1.10 Structure of copper(ll) complexes and ligands used in ref. [52]

1.2 Half-sandwich Ru(ll) and Rh(l11) complexes

One of the world's most common causes of death is cancer. During the last few decades,
medicinal chemistry has made significant progress towards the development of new
chemotherapeutic anticancer agents. Accordingly, considerable effort has been devoted to the
development of transition-metal-based compounds, too [53,54]. Cisplatin (cis-Pt(NHz3),Cl,), the
benchmark drug based on platinum, and its analogues carboplatin and oxaliplatin (Figure 1.11),
are by far the most widely used metallodrugs, accounting for 50-70 percent of chemotherapeutic
drugs used for the treatment of e.g. ovarian, testicular, lung, and bladder cancers. Although
platinum-based antitumor compounds play fundamental roles in the therapy of various solid
tumors, increasing drug resistance and the appearance of unwanted side effects of currently
available therapies have necessitated the development of new metal-based drugs with fewer side
effects, with different mechanisms of action [55,56]. After platinum compounds, titanocene
dichloride and budotitane (Figure 1.11) were the first anticancer metallodrugs introduced to
clinical trials [57]. Later, ruthenium is recognized as a highly appealing alternative to platinum
because many Ru compounds are less toxic and several complexes are highly selective for
different cancer cells [58]. Among them, two Ru(lll) complexes deserve to be highlighted,
NAMI-A and KP1019 (Figure 1.12), which have demonstrated remarkable activities in recently
completed phase | clinical trials. Probably, both agents will undergo Phase 11 clinical trials in the
near future [59-62]. Ru(lll) cation has several favorable chemical properties that make it

particularly useful for rational anticancer drug design. These characteristics include favorable
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(slow) ligand-exchange Kinetics, the possibility of the formation of +2 and +4 oxidation states in
biological environments, and the ability to mimic iron(l11) by binding to plasma proteins [58, 63-
66]. Besides the above, half-sandwich ruthenium(Il) compounds (Figure 1.12) have also attracted
great attention, due their promising anticancer properties [67]. In particular, the RAPTA family
developed by Dyson and co-workers [68], the RM family developed by the Sadler group [69],
and the complexes DW-1 and DW-2, two strong inhibitors of protein kinases developed by

Meggers and co-workers [70], have generated considerable interest (Figure 1.12).
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Figure 1.11 Chemical structures of some Pt- and Ti-based anticancer compounds.
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Figure 1.12 Schematic structures of some ruthenium-based compounds with promising
anticancer activity

Following the successes of the half-sandwich Ru(ll) complexes in the last two decades,
analogous complexes of other platinum-group elements ((Rh(lIl), Os(lI1), Ir(ll1)) have also
become the focus of anticancer research [71-74]. The results of these studies indicate, that some
(°-Cp*)Rh(111) and (n°-Cp*)Ir(111) complexes (Cp* = pentamethylcyclopentadienyl anion)
possess important cytotoxicity against several cancer cells [75-81], and in some cases they have

higher activity than that of related Ru(II)—arene, or even platinum-based complexes [82,83].
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In pseudo-octahedral half-sandwich (also called piano-stool) complexes of d°® low-spin
metal ions, the n® or n° aromatic ligands occupy three facial coordination sites, leaving the three
other facial coordination positions free for the external ligands. The coordination of an arene ring
has fundamental effects on the properties of the metal ions: (i) it stabilizes the lower (e.g. Ru(ll))
oxidation state, (ii) its strong trans effect considerably increases the rate constant of water
exchange (e.g. for (n°>-Cp*)Rh(lI1) it is k = 1.6x10° s™) as compared to Rh(Ill) (k = 2.2x107° s %)
[84], (iii) the dissociation of arenyl rings from the half-sandwich cation is rather difficult, and the
strength of C-M bond can be further increase by the electron-pushing effect of the methyl groups
in Cp*, (iv) its lipophilicity facilitates the penetration into the cells.

As a consequence, for Rh(I11) mostly (n°-Cp*)Rh(111) cation coordinated by bidentate (less
frequently monodentate) ligands are studied as potential metallodrugs, in which the coordination
sphere is saturated by chloride ion(s), known as good leaving-group. The first reported half-
sandwich Rh(I11) complex with promising anticancer activity was the (n°-Cp*)Rh(111) analogue
of RAPTA-C (Figure 1.12). The complex [(n°>-Cp*)Rh(pta)Cl,] (pta=1,3,5-triaza-7-
phosphaadamantane) exceeded the potency of RAPTA-C and its Os analogue [85], indicating
that (n°-Cp*)Rh(III) cation is also a good platform to develop anticancer metallodrugs.

For example, the (n°-Cp*)Rh(111) complexes of some benzyhydrazone ligands (e.g. bzhyOH,
Figure 1.12) have high cytotoxicity, and more importantly high selectivity towards HCT116
cancer cells [86]. The solution behaviours and anticancer activity of (n>-Cp*)Rh(111) complexes
of several 8-hydroxyquinoline have been studied recently by Enyedy et al. [87,88]. The [(n°-
Cp*)RhClI(pphq)] complex (Hpphg = 7-(1-piperidinyl-methyl)-8-hydroxyquinoline, Figure 1.13)
showed higher activity against MES-SA human uterine sarcoma and its multidrug-resistant
variant than cisplatin [87]. The cytotoxicity and antiproliferative effect of [(n°-Cp*)RhCI(hqCl-
pro)] complex (hgCl-pro = (S)-5-chloro-7-((proline-1-yl)methyl)8-hydroxyquinoline, Fig. 1.13)
were more effective against drug resistant Colo 320 adenocarcinoma human cells compared to
the drug sensitive Colo 205 cells [88]. The {N,O+P} coordinated [(n°>-Cp*)Rh(pta)(hq)] complex
(Figure 1.13) shows somewhat higher activity than cisplatine and considerably higher activity
than RAPTA-C against several studied cancer cell lines [89]. Most of the above mentioned and
other (n°-Cp*)Rh(III) complexes of bidentate ligands with (O,0), (O,S), (O,N), (N,N) or

(N,S) binding mode possessing notable anticancer activity have recently been reviewed [90].
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In addition, its optimal ligand exchange kinetics make (n°-Cp*)Rh(lII) cation suitable drug
delivery system for cytotoxins that are too toxic to be delivered directly, or have poor
pharmacokinetics, such as curcumin [91]. Besides, some (n°>-Cp*)Rh(I11) complexes have
promising activity in various other diseases, e.g. they possess important antimalarial [92],
antimicrobial [93, 94] and antivirucidal activity, even against SARS-CoV-2 [95].
Unfortunately, the mechanism of action of these half-sandwich Rh(Ill) (and Ru(ll))

complexes is largely unknown.
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Figure 1.13 Schematic structure of some ligands of which (n5-Cp*)Rh(I I1) complexes possess
important anticancer activity and the structure of [(>-Cp*)Rh(pta)(hq)] complex (see text).

All above mentioned complexes contain one mono- and one bidentate ligands, of which the
monodentate is more labile. This allows for the formation of mixed-ligand complex(es) by
replacing the monodentate ligand, but this can also be a point of attack to replace the bidentate
ligand as well. In this way, even DNA targeting compounds may interact with peptides/proteins
during drug-transport, e.g. may undergo ligand substitution reactions especially in the blood
plasma, before they reach the target site. Consequently, the reactivity of potential metallodrugs
towards biomolecules present in different biological compartments is a crucial parameter for
their biodistribution, biotransformation and pharmacokinetic properties. Accordingly, increasing
number of studies are available on the protein binding of (n>-Cp*)Rh(lll) ion and its complexes
[96,97]. In human blood, serum albumin and transferrin are suggested as the main
macromolecular binders of half-sandwich Ru(ll) and Rh(IIl) complexes [98,99]. Beside
macromolecules, low molecular mass (LMM) endogenous ligands present in different biological
fluids, cells, tissues or organs may also strongly interact with potential metallodrugs, altering
their biological/physiological fate. The most obvious imidazole-containing LMM component is
histidine itself, its concentration of human serum is ~ 77uM, and is known as one of the major
metal binding LMM constituent [100], but several histidine-containing biogenic peptides are

known [101] which may also interact with (n°>-Cp*)Rh(I1) complexes. There are several
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experimental indications of such interactions. For example, the catalytic efficiency of
[(Cp*)Rh(bpy)(H,0)]** complex (bpy = bipyridyl), a widely used catalyst in biocatalytic
processes to regenerate NAD*/NADP™ cofactors, is significantly reduced upon interaction with
amino acids or peptides [102], mostly in presence of His Cys and Met. Recently, the interaction
of several (n°-Cp*)Rh(IIl) complexes with human serum albumin (HSA) has been studied in
solution [103,104], pointing out the importance of imidazole coordination to these complexes by
HSA. Severin’s group has developed an indicator-displacement assay (IDA) for the sequence-
selective detection of His/Met- containing peptides [105] based on their different binding affinity
to (n°>-Cp*)Rh(IIl) complexes of metal-binding dyes such as azophloxine. Interestingly, the
aromatic side chain of tyrosine-containing G-protein-coupled receptor (GPCR) peptides namely,
[Tyr']-leu-enkephalin, [Tyr*]-neurotensin(8-13), and [Tyr’]-octreotide, each of which has a
different position for the tyrosine residue can also interact with [Cp*Rh(H,0)3](OTf),, in water
at pH 5—6 [106]. However, to our knowledge, no complete solution themodynamic study on the
interaction of (n°>-Cp*)Rh(l1I) cation with amino acids or peptides are available in the literature.
The single related publication deals with (arene)Ru(I1)/Rh(111) complexes of peptido-hydroxamic
acids [107].
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2. Aims

The overall goal of my PhD thesis was to characterize (partly design and synthesize) some

amide-containing ligands and to study their metal complexes in order to answer some

practical problems. The thesis covers three, at first glance, different topics (see below).

However, these areas are connected by the studied metal ions (Cu(l1) and (n°>-Cp*)Rh(111)),

the amide-containing ligands, and the similar coordination chemical properties of imidazole

and pyridine rings.

(i)

(i)

One potential cure for Alzheimer's disease is to target copper(ll) ions to inhibit both
aggregation and oxidative stress. However, a general chelation therapy which may aid
in the elimination of Cu ion would be ineffective here, clearly a metallochaperon-like
function, binding and redistribution is required. Therefore, the goal of my first sub-
project was to design artificial metallophores for Alzheimer’s disease (AD) therapy,
which are specific for Cu(ll) even in the presence of excess Zn(ll), their copper(ll)
complexes do not produce ROS, are able to remove Cu(Il) ion from its AP peptide
complexes, and would be able to hand over copper(ll) to the membrane transporter
hCTR1. To this end, we synthetized and studied the ligands (pyridin-2-
ylmethyl)picolinamide ~ (PMPA)  and N-(pyridin-2-ylmethyl)-2-((pyridin-2-
ylmethyl)amino)acetamide (PDMGA) (see Chart 4.1).

The catalytic copper in LPMOs is surrounded by a surprisingly simple active center,
and is bound to the so-called ‘His-brace’ motif. It is widely assumed that this motif
plays an important role in the efficiency of LPMOs, although their mechanism of
action is still not well understood. Beside biochemical investigantions, the study of
small molecular models of LPMOs may also help to uncover the catalytic
mechanism. Models based on His-peptides as the closest mimics of LPMO active
centers may especially useful to reveal some fundamental aspects of the LPMOs'
catalytic mechanism that have remained unexplored by synthetic models to date.
Therefore, in my PhD work | planned to investigate the thermodynamic stability,
structure, and catalytic reactivity of Cu(ll) complexes of two histidine-containing
peptides, HPH-NH, and HPHPY-NH, (see Chart 4.3). Proline subunits are used to
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(iii)

separate the histidine and tyrosine moieties, in order to prevent copper(ll)-induced
amide deprotonation and providing a relatively rigid structure for the ligands.
Recently, half-sandwich Rh(IIl) complexes have emerged as intriguing potential
anticancer, antimicrobial and antivirucidal agents. These complexes may undergo
multiple interactions, especially ligand substitution reactions in biological fluids,
before reaching their site of action, which may have fundamental effects on their
pharmacokinetic properties. The imidazole coordination is the most frequently
detected binding mode of peptides and proteins to half-sandwich Ru(ll)/Rh(lII)
complexes. Therefore, in order to understand the thermodynamic factors governing
the binding of half-sandwich Rh(Ill) cation and its complexes to histidine-containing
peptides and proteins, in my PhD work | planned to study the interaction of (n°>-
Cp*)Rh(I) cation with imidazole derivatives, with peptides containing histidine in
different positions in the sequence, as well as with biogenic His-peptides (see Chart
4.5 and 4.6).
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3. Materials and Methods

All starting materials were analytically pure reagents that were not further purified. The
peptides GHG-NH,, HHHG-NH,, HPH-NH, and HPHPY-NH, were prepared in our laboratory
according to the guidance of Dr. Livia Fulop (University of Szeged, Faculty of Medicine,
Institute of Medical Chemistry) using solid phase peptide synthesis (SPPS). Analytical HPLC
(Agilent 1260 Infinity 1I), ESI-MS spectrometry on a Thermo Scientific LTQ-XL Mass
Spectrometer in a positive ion mode and *H-NMR (Bruker Ultrashield 500 Plus, in 10% (v/v)
D,0/H,0 mixture) methods were used to confirm the ligand quality and purity (see Appendix
Fig. Al). The APii1s and AP; 4 were synthesized by CASLO. The stock solution of
(Cp*)Rh(I1) was made from [(Cp*)Rh"'(u-CI)CI], (Sigma-Aldrich, 97%) and standardized
using acid-base titrations. Complexometric analysis was used to determine the concentration of
the CuCl; and ZnCl, stock solution.

3.1 SYNTHESIS OF THE LIGANDS
3.1.1 Synthesis of the histidine peptides:

GHG-NH,, HHHG-NH,, HPH-NH, and HPHPY-NH, peptides were prepared manually by the
standard solid phase synthesis using Fmoc chemistry on a Rink Amide AM resin (0.72mmol/g,
Novabiochem) protocol. Coupling was performed in dimethylformamide with a 3-4-fold excess
of reagents using DIC/HOBt (N,N’ diisopropylcarbodiimide/hydroxybenzotriazole) as activating
agents. Kaiser (ninhydrin) tests were performed after each coupling to assess coupling efficiency.
A piperidine/DMF 1:4 (v/v) mixture was used for deprotection. Following the last deprotection
step, a mixture of 93% TFA (trifluoroacetic acid), 2.5% H,0, 2.5% TIS (triisopropylsilane), and
2% DTT (dithiothreitol) was used for 3 hours at 0 °C for the cleveage from the resin. After
removing the TFA, the peptide was precipitated in cold diethylether, filtered, washed with
diethyl ether, finally dissolved in 50% aqueous acetic acid and lyophilized. The crude product
was purified by a Phenomenex Jupiter C18 column, using gradient elution of H,O:CH3;CN 100:0
v/v to H,O:CH3CN 70:30 v/v in a presence of 0.1% TFA. The trifluoroacetate salt of the peptides

(~ 50% yield) was obtained as a white solid.

GHG-NH;: R(HPLC) = 3.2 min. Yield: 86.6%. ESI-MS m/z calcd for CioH1sNgO3 [M+H]"
269.14, found 269.14 (z = 1)). *H NMR (500 MHz, 10% D,0/H0, pH 1.65, & (ppm): 3.17 (m,
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2H, *°H-CgH,), 3.76 (m, 2H, G-CHy,), 3.84 (d, 2H, G-CHy), 7.23 (d, 2H, J = 232.5 Hz, C(0)-
NH,), 7.24 (s, 1H, C°-H), 7.94 (br, 1H, 3G-C(0)-NH), 8.52 (s, 1H, C*H), 8.75 (s, 1H, ?H-C(O)-
NH)).

HHHG-NH,: Yield: 70 %. ESI-MS m/z calcd for CooH2sN1:04 [M+H]" 486.23, found 486.42 (z
= 1)). '"H NMR (500 MHz, 10% D,0/H,0, pH 2.0, & (ppm): 3.13-3.32 (m, 6H, H-CgH,), 3.85-
3.87, 4.28(t, 3H, H-C,H), 7.02, 7.47 (d, 2H, C(0)-NH,), 7.25, 7.29, 7.35 (s, 3H, C>-H), 8.54,
8.55, 8.56 (s, 3H, C%-H), 8.48, 8.78 (br, 3H, C(O)-NH).

HPH-NH,: R(HPLC) = 7.3 min. Yield: 50%. ESI-MS m/z calc.for Ci7H2sNgOs [M + H]*
389.20, found [M + H]" 389.20 (z = 1) and [M + 2H]* 195.11 (z = 2). *H-NMR (500 MHz,
D,0/H,0) &( ppm): 1.87-2.38 (m, 8H, Pro-CH,), 3.26-3.49 (m, 4H, HisCH,), 3.78-3.83 (m, 2H,
Pro N-CH,), 7.21, 7.62 (d, 2H, CONH),7.39 (s, 1H, His CsH), 7.50 (s, 1H, His CsH), 8.64 (s,
1H, His C3H), 8.73 (s, 1H, His C,H), 8.84,8.85 (d, 1H, CONH).

HPHPY-NH,: Ry(HPLC) = 10.4 min. Yield: 50%. ESI-MS m/z calc. for Cz;HN1oOs [M]"
648.31, found [M+H]* 649.32 (z = 1) and [M+2H]*" 325.16 (z = 2). *H-NMR (500 MHz,
D,0/H,0) &( ppm): 1.79-2.37 (m, 8H, Pro CH,), 2.97-3.10 (m, 2H, Tyr CH,), 3.13-3.61 (m,
4H, His CHy), 3.70-3.82 (m, 4H, Pro N-CH,), 6.84, 6.86 (d, 2H, Tyr ring CH), 7.04, 7.06 (d,
'H,CONH), 7.17, 7.19 (d, 2H, Tyr ring CH), 7.33 (s, 1H, His C°H),7.48 (w, 1H, CONH), 7.50 (s,
1H, His C°H), 8.25, 8.26, 8.75,8.76 (dd, 2H, CONHy), 8.62 (s, 1H, His C°H), 8.72 (s, 1H, His
C’H)

3.1.2. Synthesis of PMPA

At the first step 0.62 g of picolinic acid (5.0 mmol) solved in 10 mL SOCI,; at reflux
temperature under nitrogen atmosphere. The excess of SOCI, was blown out by the nitrogen
flow, the traces were removed under vacuo. The crude product of picolinic acid chloride, without
further treatment, was solved in 20 mL of THF and added dropwise to a THF (20 ml) solution of
0.54 g (5.0 mmol) 2-picolylamine at 0°C. After addition of 2.02 g (20.0 mmol) triethylamine, the
mixture was stirred during a night at RT. The precipitation (EtsNHCI) were filtered of, the
solvent was removed under vacuo. The crude product was dissolved in 30 ml of CH,Cl,, and the
solution was washed with aqueous 0.1 M NaOH (3 x 10 ml). After drying (MgSO,) and filtering
the organic phase, dry HCI gas was diffused into it. The dihydrochloride form of the ligand

PMPA precipitated out in pure form. After filtering and drying under vacuo, the finally mass was
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0.7923 g (MW: 286.16, 2.77 mmol, 55.3%) (See Scheme 1). *H NMR (298 K, D,0, 500 MHz,
pD =~1.9): & (ppm from TMS), 4.96 (s 2H), 7.73 (m, 1H), 7.90 (t, 1H), 7.97 (d, 1H), 8.10 (m,
1H), 8.14 (m, 1H), 8.49 (t, 1H), 8.62 (d, 1H), 8.65 (s, 1H). The sign of the amide proton was not
observed in D,0, as it was replaced by deuterium.
0 0
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Scheme 1. The steps of the synthesis of the PMPA ligand.
3.1.3. Synthesis of PDMGA

Step 1. Chloroacetyl chloride (600 uL, 7.5 mmol) was dissolved in 20 ml dry CH,CI, at 0 °C,
and a stirred mixture of 2-pycolyl-amine (1.55 ml 15 mmol) and triethylamine (1.2 mL) in 10 ml
dry CH,Cl, were added slowly under N, the reaction mixture was stirred overnight at room
temperature. The reaction mixture was quenched with 10 ml distilled water and then was
extracted with 3x20 ml of CH,Cl,. The combined organic layer was dried over anhydrous
MgSQ,, and evaporated to afford crude (~ 0.95%) solid product 0.79 g (4.3 mmol, 57%) N-(2-
pyridinylmethyl)acetamide. Crude (~ 95%) N-(2-pyridinylmethyl)acetamide (0.1958 g, ~1.0
mmol) was dissolved in anhydrous CH3CN (20 ml) containing DIPEA (0.870 ml) and Kl (22.2
mg), and was kept at 40 °C under N, during 30 min. This mixture was dropwise added (under
N2) to anhydrous CH3CN (20 ml) containing 0.16 g (1.5 mmol) of 2-picolylamine and was
stirred during 48h at RT. Then the resulting mixture filtered over gravity and the solvent was
removed under vacuo. The residue was purified by column chromatography using CH3CN:
toluolen : NH3 (25% in H,0) (50:50:3) as the eluent. The pure, neutral ligand was unhandleable
brown oil, therefore it was solved in CH3CN and dry HCI gas was diffused into it. The non-
stoichiometric hydrochloride form of the ligand PDMGA precipitated out in pure form (130 mg
M.W. ~300 g/mol 43%) (See Scheme 2). 'H NMR (D-O, pD=5.4, 500 MHz) & (ppm): 8.45 (1H,
J=4.9 Hz, d), 8.37(1H, J=4.8 Hz, d), 7.80(1H, J=7.9 Hz, t), 7.77 (1H, J=7.8 Hz, t,), 7.41(1H, J =
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7.9 Hz, d), 7.35(1H, J = 6.9 Hz, J = 5.5 Hz, dd), 7.29(1H, t, J = 5.9 Hz), 7.28(1H, J = 7.7 Hz, d),
4.42 (2H, s), 4.19 (2H, s), 3.79 (2H, s).
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Scheme 2. The steps of the synthesis of the PDMGA ligand.

3.2 Characterization techniques of solution equilibrium and structure
3.2.1 pH-potentiometry

Potentiometric titrations in aqueous solution (I = 0.2 M KCI, and T = 298.0 0.1 K) under Ar
were performed using an automatic titration set consisting of a PC controlled Dosimat 665
(Metrohm) auto-burette and an Orion 710A precision digital pH-meter in order to investigate the
protonation and coordination equilibria. Titrations were carried out with a carbonate-free KOH
solution (0.10 M, 1 = 0.2 M (KCI)). The Metrohm micro glass electrode (125 mm) was calibrated
using a hydrochloric acid titration, and the data were fitted using the modified Nernst-equation
[114]:

E = Eo +K log[H*] + Ju - [H*] + 2242

where Jy and Joy are the fitting parameters representing the acidic and alkaline error of the glass
electrode, respectively (K = 10" is the autoprotolysis constant of water [115]). The non-
linear least squares method was used to compute the parameters. The general equilibrium process

characterized the complex formation:

BMquLr

M_H,L
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Bt = [MpHyL,]

pratr  [MIP[H]A[L]"
where M represents the metal ion and L represents the fully deprotonated ligand molecule.
Charges have been omitted for clarity. The PSEQUAD computer program [116] was used to
calculate the protonation constants of the ligands as well as the formation constants of the
complexes. Four independent titrations (50-60 data points per titration) with ligand
concentrations ranging from 1.8 to 3.0 x 10 M were used to calculate the protonation constants.
Four to seven independent titrations were used to calculate the complex formation constants (60-
70 data points per titration). Metal-to-ligand ratios ranged from 1:6 to 2:1, depending on the
ligand. The metal ion concentrations ranged from 0.5 to 3.0 x 10 M. Titrations were carried out
between pH 1.9 and 11.5. The equilibrium was supposed to be achieved when the measured
potential changed by less than 0.2 mV within 30 seconds (Cu(l1) complexes) and 2 minutes ((1°-
Cp*)Rh(III) complexes). In the latter case the mean waiting time between two doses of titrant
solution was 4-6 minutes up to pH 6, 6-30 minutes between pH 6-8 (30 minutes was needed only
in the (n°-Cp*)Rh(I11)-GGH system). Above this pH the equilibrium was achieved fearly quickly
(6-10 min waiting time) in the (n°-Cp*)Rh(I11)-1-methylimidazole and (n°-Cp*)Rh(I11)-GGA
systems, but in all other cases the maximum waiting time (30 minutes) was insufficient to reach
the pH-equilibrium. In such cases, the data above pH 8 were evaluated separately, and the
formation constants calculated are for informational purposes only (data in square brackets in
Table 8-9).

3.2.2 Nuclear Magnetic Resonance (NMR) spectroscopy

NMR spectroscopy is a powerful and widely used technique to study the solution structure
of metal complexes. It is especially useful for diamagnetic compounds, such as the (n°-
Cp*)Rh(I11) complexes, with low spin d® electronic configuration. This method is suitable for
studying compounds containing atomic nuclei of which the nuclear spin is different from zero (I
# 0). Such nuclei have a quantized magnetic moment, and under the influence of an external
magnetic field, the vector of this magnetic moment may have 21+1 different positions relative to
the direction of the external magnetic field. These positions represent different energy levels, and
appropriate excitation radiation (radio frequency) may result transition between these levels (the

nucleus is excited, its spin state changes). For a nucleus with spin | = 1/2 (e.g. *H), the energy of
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the excitation radiation can be given by the equation hv = AE = hyBw/2n where Bk is the
magnitude of external magnetic field, y is the so-called gyromagnetic factor, which has different
values from nucleus to nucleus (isotope to isotope), consequently the nuclei of the different
elements can be examined separately. Since the nuclei of molecules are surrounded by electrons,
the applied external magnetic field induces diamagnetism in this electron cloud, which results in
a slightly different local magnetic field as compared to By. The electron cloud around a nucleus
is a function of the chemical bonds of the molecule, so a given nucleus in different molecular
environment, i.e. surrounded by different electron clouds, has a different resonance frequency in
the NMR spectrum. The change of the resonance frequency depending on the molecular
environment is called chemical shift.

If the adjacent nuclei have a nuclear spin | > 0, obviously their magnetic moments can also
have 21+1 different orientations compared to the direction of the external magnetic field, which
changes the magnitude of the magnetic field in the vicinity of the examined nucleus in a very
small but measurable way. This is the so-called spin-spin interaction, which results in the
splitting of the signals. The degree of this interaction is characterized by the spin coupling
constant. In modern NMR the signals are not detected as an absorption spectrum, but the
relaxation of the excited state (the loss of macroscopic magnetization) is monitored. This process
is relatively slow (e.g. 0.1-10 s for *H). The loss of the macroscopic magnetization in the
direction of the external magnetic field is called longitudinal (spin-lattice) relaxation, and the
loss of magnetization perpendicular to the external field is called transverse (spin-spin)
relaxation, the characteristic time constant for these processes are denoted by T; and T,. The
former is closely related to the intensity of the NMR signal, the latter to the signal width. Both
relaxations can take place according to several mechanisms, in which fluctuating magnetic fields
(with different frequencies) play fundamental roles. Of these, the so-called dipole-dipole
interaction, which acts through the space, has usually particular importance. This is inversely
proportional to the sixth power of the distance (r°) between the interacting magnetic dipoles
(nuclei). Consequently, the NMR spectroscopy provides four basic information for each detected
signal: (i) the signal intensity, which can be directly related to the concentration, (ii) the chemical
shift, which provides information about the electron density of the environment of the nucleus,
and thus the chemical quality of the atom creating the signal, (iii) the spin-spin coupling constant,

which provides information about neighboring groups connected to the studied nucleus through
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chemical bonds, and (iv) the T, and T, relaxation times, which, among others, play a key role in
determining the 3-dimensional structure of the molecules.

If the studied compound consists of several nuclei, the so-called 2D-NMR techniques,
using special pulse sequences, are more straightforward. During my work, | used the COSY and
TOCSY spectroscopy, which may help to uncover the spin-spin interaction within a molecule, as
well as the NOESY spectroscopy, which may give structural informations on the studied
compound, based on the above mentioned dipole-dipole interactions.

Another important factor is the rate of exchange between different states of the ligand (e.g.
bound or unbound to the metal ions). On the NMR time scale these can be fast, transient or slow
processes. If the ligand exchange rate is much slower than the relaxation of the studied nuclei,
the obtained spectra will contain separate signals for each nuclei in different chemical
environment (i.e. separate signals for the free ligand and for the different complexes). In (n°-
Cp*)Rh(II) complexes, fortunately, this is the usual case.

'H NMR experiments were performed on a Bruker Ultrashield 500 Plus instrument. The
ligands were dissolved in a 10% (v/v) D,O/H,O mixture to have a concentration of 1.5-3 mM,
and the desired pH was adjusted with HCI/KOH solution at 298.0 + 0.1 K and at | =0.20 M KClI,
in the absence or presence of [(n°>-Cp*)Rh"'Cls] at 1:1, 2:3 or 1:4 metal- to-ligand ratios.
Methanol was used as an internal reference, using Smethanol = 3.35 ppm. The data were processed

by the Topspin 2.0 software package (Bruker).

3.2.3 Mass Spectrometry (MS)

Mass spectrometry is a very sensitive analytical method, which is based on the formation
of gaseous ions and enables their detection and characterization according to their mass and
charge, more exactly to their mass/charge (m/z) ratio. During my work mass spectrometric
measurements were performed to confirm the identity of the synthetized peptides and to identify
the metal complexes present in solution at various pH and metal-to-ligand ratios. ESI-MS spectra
were collected on a Q Exactive Plus hybrid quadrupole-orbitrap mass spectrometer (Thermo
Scientific, Waltham, MA, USA) equipped with heated electrospray ionization (HESI-1I) probe in
positive/negative mode and coupled to an Abi 140C Syringe Pump. The samples were prepared
in aqueous solution without background electrolyte, applying the appropriate metal-to-ligand

ratios and pH. The pH of the solutions was adjusted with aqueous NH3 and HCI solutions.
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3.2.4 UV-visible (UV-Vis) spectroscopy
Ultraviolet-visible (UV-Vis) spectrophotometry can be used to examine substances that
contain chromophore groups which absorb light in the 200-800 nm wavelength range. In the case
of metal complexes, absorption can be caused by the electronic transitions within the ligand
molecules, by the so-called d-d transitions of metal ions, or by the metal-to-ligand/ligand-to-
metal charge transfer (MLCT/LMCT) bands. The latter two are related to the number and quality
of coordinating donor groups as well as to the geometry around the metal ions, although even the
qualitative interpretation of the spectra is not always obvious. In the case of copper(ll) there are
several experimental ‘rules’ concerning the position(s) of d-d transitions and the number, quality
as well as the geometry of donor groups around the metal ion [111-115]. In the (3>-Cp*)Rh(l1I)
containing systems the pH dependent UV-Vis spectra are useful (only) to confirm the speciation
established by pH-potentiometry. Consequently, pH-dependent UV-Vis spectrometric
measurements were performed on Thermo Scientific Evolution 200 and Hewlett Packard 8452A
diode array spectrophotometers to gain some equilibrium and structural information on the
Rh(111) and Cu(ll) complexes. The following systems were studied:
(A)  (7°-Cp*)Rh(I11)-GGA and imidazole-containing systems: 0.15 mM of Rh(lll); 1:6 or
0.97:1 metal-to-ligand ratios; pH 0.7-11.5; A: 200-700 nm; pathlength: 1 cm.
(B) Cu(ll)-HPH-NH, and -HPHPY-NH, systems: 0.9-1.8 mM of Cu(ll); 1:1 and 1:2 Cu(ll)-to-
ligand ratios; pH 2—11; X: 200900 nm; pathlength: 4 cm.
(C) Cu(l)-PMPA and PDMGA systems: Cu(Il) 16 uM; 0.94:1 metal-to-ligand ratio, pH 1-6;
A: 220-360 nm; pathlength: 4 cm.
Using the PSEQUAD computer program [110], the pH-dependent UV-Vis spectra were
processed alongside the pH-potentiometric data, calculating logg values as well as individual

UV-Vis spectra of the metal complexes.

3.2.5 Circular dichroism (CD) spectroscopy

CD spectroscopy is used to study chiral compounds based on their different ability to
absorb the left- and right-handed circularly polarized light (circular dichroism). In CD
spectroscopy the difference of extinction coefficients related to the left- and right-handed
circularly polarized light (Ae = gt — &right) 1S measured as a function of wavelength (300-800
nm). Although, in metal complexes there can be several reasons for chirality, in fast exchanging

copper(I1) complexes the most important source is the chirality of the ligands, which may induce
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strong chiral perturbation on the d-d and CT bands, mediated by chemical bonds. In this way,
CD spectra can provide similar qualitative information on the coordination as the UV-Vis
spectroscopy. During my work, the CD spectra of the Cu(ll)-HPH-NH; and —HPHPY-NH,
systems were collected in a cell with 4 cm optical pathlength using a a JASCO-J-1500
spectropolarimeter in the wavelength range of 280 to 830 nm. Spectral changes were measured
between pH 2 and 11 at 1:1 and 1:2 Cu(ll)-to-ligand ratios. The metal ion concentration ranged
from 1.2 to 2.4x107° M. Since the Beer-Lambert law is applicable for the CD spectra,
quantitative treatment of the spectra (together with the pH-potentiometric data) using the
PSEQUAD computer program [110], enabled us to calculate the logg values as well as the

individual CD spectra of the Cu(ll) complexes.

3.2.6 Electron Paramagnetic Resonance (EPR) spectroscopy
EPR spectroscopy is suitable for examining systems with unpaired electrons, such as metal
ions and radicals. In terms of its theoretical foundations, EPR spectroscopy shows many
similarities to the previously discussed NMR method. In the presence of an external magnetic
field, the two possible values of the spin-momentum vector (Ms = +1/2 and —1/2) represent
different energy levels, and a transition can occur between them as a result of excitation radiation
of suitable energy: 4v = AE = gfBx (where g is the so-called g-factor, p is the Bohr magneton, Bk
is the magnitude of the external magnetic field). The g-factor is characteristic for the chemical
environment of the unpaired electron. For an isolated electron g = 2.0023, however, in real
systems it can differ significantly from this value due to the spin-orbit interaction of electrons, or
the quality and geometry of donor atoms surrounding the metal ion. Their effect on the unpaired
electron is not always the same in all directions, therefore g is actually a tensor, i.e. it can take
three values (gx, 9y, 9;) according to the principal axes. In solution phase, the g-values may be
averaged due to the fast molecular movements, and the system can be described by a single giso
factor (isotropic spectrum). However, for solid samples, frozen solutions, or for solution samples
of large metalloproteins, a single g-value is no longer sufficient. In case of the so-called rhombic
spectrum, all three g values are different, in case of the axial spectra two g values (gx = gy = Ju,
g; = gy) are sufficient for the correct description.
If the examined metal ion has a nuclear spin Iy > 0, the vector of the nuclear spin magnetic

moment, similar to that of the electron, may have (21+1) different positions relative to the
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direction of the external magnetic field, which slightly increase or decrease the magnetic field
which is sensed by the electron of the investigated metal ion. This results in further splitting of
the spectrum, e.g. 2I+1 lines can appear on the isotropic spectra, and a maximum of 3x(21+1)
lines can appear on the rhombic spectra. Real spectra often show less than that, due to the small
hyperfine coupling constants (Ay) and the relatively large line widths. If the donor atoms of the
ligand coordinated to the metal ion have an inherent nuclear spin I_ > 0, the spectrum is further

splitted, which can be interpreted in a completely analogous way to the interaction with Iy, As a

consequence, this so-called superhyperfine interaction may result in a maximum

(2Im+1)x(21.+1) line. In the case of copper(ll) this superhyperfine splitting typically occurs only

in the g1 range.

A BRUKER EleXsys E500 spectrometer was used to detect the X-band CW-EPR spectra
of copper(1) complexes (microwave frequency 9.4 GHz, microwave power 13 mW, modulation
amplitude 5 G, modulation frequency 100 kHz).

The following systems were studied both at room temperature and at 77 K:

(A) In Cu(ll)-HPH-NH, system, seven and ten spectra were measured at different pH values in
equimolar (Ccy = 1.24 mmol/L and C_ = 1.30 mmol/L) concentration and at two-fold
ligand excess (Cc, = 0.65 mmol/L and C,_ = 1.30 mmol/L), respectively.

(B) In Cu(Il)-HPHPY-NH; system, nine and ten spectra were measured in equimolar solution
(Ccy = 1.80 mmol/L and C. = 1.90 mmol/L) and two-fold ligand excess (Ccy = 0.95
mmol/L and C,_ = 1.90 mmol/L), respectively.

(C) In Cu(ll)-PMPA system: 13 spectra were recorded at (Ccy = 2.0 mmol/L and C, = 2.6
mmol/L), and 10 spectra at (Ccy, = 1.0 mmol/L and C.

7 mmol/L) concentrations,
respectively.

(D) In Cu-DPMGA system: 14 spectra were recorded at (Ccy = 2.0 mmol/L and C, = 2.6
mmol/L), and 20 spectra at (Ccy = 1.0 mmol/L and C. = 7 mmol/L) concentrations,

respectively.
Frozen solution EPR spectra were collected in quartz EPR tubes placed into Dewar containing
liquid nitrogen at 77K. To prevent water crystallization 0.05 mL MeOH was added to the 0.2 mL
samples. All CW-EPR spectra were simulated using the “epr” software [116]. The anisotropic
spectra were analysed by determining the axial g- and A- tensor values (g., g, A.<", A, ") and

the orientation dependent line width parameters. The line width in one orientation was described
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with a, B and y parameters by the equation o= a + M+ 71\/I|2, where M, denotes the magnetic
guantum number of copper nucleus. Nitrogen splitting was resolved only for one component
(CulLzHy) where bis-histamine-like coordination was suggested. This spectrum could be fitted by
the help of two sets of two equivalent isotropic nitrogen couplings (ag"). For the other
components, the number of nitrogen couplings corresponding to the coordinating nitrogen was
also taken into account as this contributes to the line width. The broad singlet spectra of the
dimeric species were treated with isotropic EPR values. For the measurements we used natural
CuCl,, therefore the spectra were calculated as the sum of the spectra of ®*Cu and ®*Cu according
to their natural abundances. The “epr” software calculates the copper and nitrogen coupling

constants, as well as the relaxation parameters in field units (Gauss = 107 T).

3.2.7 Spectrofluorometric measurements

Fluorescence spectroscopy can be used to analyze fluorescence of molecules that contain
fluorophore groups. Fluorescence occurs when an excited molecule, atom, or nanostructure,
relaxes to a lower energy state (usually the ground state) through emission of a photon without a
change in electron spin. Steady state fluorescence spectra are when molecules, excited by a
constant source of light, emit fluorescence, and the emitted photons, or intensity, are detected as
a function of wavelength. A fluorescence emission spectrum is when the excitation wavelength is
fixed and the emission wavelength is scanned to get a plot of intensity vs. emission wavelength.
The spectrofluorimetry requires low concentration (M) solutions, and is suitable for studying
DNA, proteins and compounds that interact with them. For proteins, there are three fluorescent
amino acids: phenylalanine, tyrosine and tryptophan (Trp). We can obtain information about the
type and the strength of this interaction. The water soluble amyloid ;.16 peptide contains tyrosine
residue. Its interaction with copper(ll) may affect the intensity of the emission of its tyrosine.
Spectrofluorometric spectra in the 290-380 nm range were recorded on a Hitachi 4500
spectrofluorimeter with Aex at 280 nm using 10 nm/10 nm slit widths in a 1 cm micro quartz cell.
The samples contained 10 uM AP 16, 12 uM ligand, and variable concentration of Cu(ll) at
physiological pH.

3.2.8 Electrochemical studies
Cyclic voltammograms of copper(ll)-HPH-NH, and -HPHPY-NH, complexes in the
absence and presence of H,O, were recorded by an Autolab PGSTAT 204
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potentiostat/galvanostat using a conventional three-electrode system under argon atmosphere in
0.2 M aqueous KCI solutions at 25.0 £0.1 °C. The cyclic voltammograms were recorded at pH
7.4 and 10.5, at metal-to-ligand ratio 1:1 (c_ = 6.0x10* M), and were evaluated by Metrohm’s
Nova software. Before recording the voltammograms, the samples were purged for 15 min with
argon. Platinum electrode was used as the working and auxiliary electrode and Ag/AgCl (in 3 M
KCI) as reference electrode. E°(Ag/AgCI) versus E°(NHE) (in aqueous solution) is 0.205 V at
25 °C [117]. An aqueous solution of K3[Fe(CN)e] (E1z = + 0.255 V vs. Ag/AgCI) was used to

calibrate the electrochemical system.

3.3 Kinetic experiments

Lytic polysaccharide monoxygenases oxidatively cleave the p-1,4-glycosidic bonds of
polysaccharides, in a process where the C1 or C4 carbon atom of the substrate is oxidized (Fig.
1.5). The LPMO-like activity of our copper(ll)-HPH-NH, and -HPHPY-NH, complexes was
studied using p-nitrophenyl-S-D-glucopyranoside (PNPG) as substrate in presence or absence of
H,0,, by monitoring the p-nitrophenolate anion (g (400 nm) = 18900 M *cm™, pK = 6.98(2))

formed during the process (Figure 3.1), on a Thermo Scientific Evolution 200 spectrophotometer

at 400 nm.
oy O O
+H202
OH O

Figure 3.1: Scheme for the conversion of p-nitrophenyl--D-glucopyranoside (PNPG).

The kinetic study was performed at two pH. Beside pH = 10.5 (the pH used in the earlier
LPMO mimetic studies [118-120]), we also investigated the enzyme mimetic properties of our
complexes at pH = 7.3. The pH of the solutions was kept constant with the help of buffers (pH =
7.4: NaH,PO4/Na;HPO,, pH = 10.5: NaHCO3/Na,CO3). After thermal equilibration (25 °C) of
the test solutions containing PNGP, H,O, and buffer in a 1 cm Teflon-plug quartz cuvette, we
started our kinetic measurements by adding the necessary amount of the complex stock solution.
The initial concentration of PNPG varied from 2.5x10™> M to 0.018 M.
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The initial concentration of PNPG varied from 2.5x10™° M to 0.018 M. The initial slope
method (< 4% conversion) was used to determine the pseudo first order rate constants. The
reported data are the average of at least three parallel measurements with a re-producibility better
than 10%. Second-order rate constants were obtained from plots of first-order rate constants
against the total copper(ll) concentration. The parameters of the Michaelis-Menten model (Kmu
and kcy) were calculated by non-linear least-square method.

The Michaelis-Menten kinetic method was originally introduced to enzymatic reactions.
In such reactions (considering only the most simple case) the enzyme (E) and the substrate (S)
molecules form an adduct (ES) in a pre-equilibrium step, followed by the conversion of the

substrate to product (P) with the regeneration of the enzyme.

Ky ks
E+S ES == E+P
k.| ko

At the beginning of the reaction [P ] ~ 0, and therefore k_,[E][P] ~ 0, thus the above equation can
be simplified.

Presuming steady-state approximation to the formation and consumption of ES (d[ES]/dt = 0),

i.e. Ki[E][S] = (k-1 + k2)[ES], the rate of the reaction can be expressed as

d[p]
dt

= K[E]o = Vo = ko[E]o[SIA[S] + Kwm)

where [E], is the total concentration of the enzyme and Ky is the Michaelis constant: Ky =
[EI[SI/[ES], which is actually the dissociation constant of the ES complex. In order to apply this
methodology, the following conditions must be settled: (i) substrate concentration exceeds
considerably the enzyme concentration, (ii) the variation of substrate concentration is negligible
during the reaction (which meets the prerequisites of the initial reaction rates method), (iii) the
product does not form a stable adduct with the enzyme, (iv) only one substrate molecule can be
bound to the enzyme at a time.

Michaelis-Menten mechanism states a linear correlation between the reaction rate and [E],, but
the substrate-dependence is more complex: if [S]>>Ky, then the reaction rate becomes
independent on [S] (d[P]/dt = k[E],), while at [S]<<Kp, the reaction rate increases linearly with
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[S] (d[P)/dt = (ko/Km)[E]L[S]). Accordingly, the experimental substrate-dependent reaction rate
curve is a saturation curve, which can be used to calculate Ky and k. (often cited as Kca)

parameters by e.g. least squares methods.

3.4 Reactive oxygen species production

The production of ROS was detected by the oxidation of ascorbic acid [121]. A Hewlett
Packard 8452A diode array spectrophotometer was used to collect UV-Vis spectra (190-820
nm). The pH was kept at 7.4 using 0.01 M HEPES buffer, the ionic strength was kept at 0.12 M
(NaCl) or nearly zero in some cases. In the absence of AP, the total volume of the mixtures was
1.5 cm®, in the presence of AP it was only 0.4 cm®. Both the normal and semi-micro cuvettes had
1.0 cm pathlength. After adjusting the ionic strength, Cu(ll)-, Zn(ll)-, AB116, and APi 40
concentrations, the reaction was initiated by adding ascorbic acid (100 uM) to the solutions. The
spectra were measured every 20 seconds for a total of 30 minutes. The reaction rate of ascorbate
oxidation was calculated at X, = 0.8 (X represents absorbance of ascorbic acid) because
measuring it close to the initial point was not possible when the reaction was relatively fast. X
were determined based on absorbance value, compared to a blank sample containing only

ascorbic acid and buffer in the same concentration.
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4. Results and discussion

4.1 Characterization of copper(ll) specific pyridine containing ligands: Potential
metallophores for Alzheimer’s disease therapy

Up to now, clear “target” of the redistribution of copper has not been recognized, but
redirecting the extracted copper back into the cells seems to be a suitable solution. Considering
this pathway, it is possible to predict the conditions that an ideal artificial copper chaperone must
meet: (A) The ligands has to be neutral at pH 7.4 in order to pass the blood-brain barrier. (B) It
should be more selective for Cu(ll) than Zn(I1). (C) Its affinity for Cu(Il) should be higher than
that of Amiloid B, but (D) lower than that of hCTRL1 in order to take out Cu(ll) from the ROS
producing plaques and redistrubute into the cell. Therefore, in the first stages of my PhD work,
we studied the copper(ll) and zinc(Il) complexes of two amide containing pyridine derivatives
namely, PMPA (L) and PDMGA (L?) (see chart 4.1), which were designed to fulfill these

conditions.
0 PMPA (L% NZ
X X )K/
L
Z 7 PDMGA (L2)

Chart 4.1. Schematic structures of PMPA (L) and PDMGA (L?) (taken from [122])

4

4.1.1 Solution chemical studies®

The proton dissociation constants of L* and L? (listed in Table 1) were determined by pH-
potentiometric and *H-NMR titrations, as well as by UV-Vis spectrophotometry in the acidic
region (pH = 1-3). The highest pK (= 6.43) of L? is related to the secondary amine. Only one
pyridine pK could be determined by pH-potentiometry for both ligands (pK, = 4.25 and 4.02 for
L and L2, respectively), which belong to the pyridine ring of the pyridyl-2-methylamide part of
the ligands. The other pyridine ring is very acidic for both ligands, and their pK could be
determined only by spectrophotometric titration performed between pH 1-3. Similarly acidic pKs
were determined for the pyridine ring of N-(pyridyl-2-methyl)methylamine (pK, = 1.4 [123] and
1.78 [124]) and for 2-picolinamide (pK, = 2.10 [125]).

! The text of this chapter is mainly based on ref. [122]
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The speciation of copper(ll) and zinc(Il) with the two ligands was studied at mM
concentration. Both ligands form soluble copper(ll) and zinc(l) complexes in the studied pH
range. One set of stability constants of Cu(ll) complexes (Table 1) for both ligands were
determined by comparative evaluation of pH-potentiometric and UV-Vis spectroscopic and 2D-
EPR measurements (Fig. 4.1, 4.2, 4.3 and 4.4). The stability constants of Zn(l1l) complexes were
determined from pH-metry. The EPR parameters of the Cu(ll) complexes are collected in Table

2 and Table 3, while the predicted structures of the Cu(ll) complexes are depicted in Chart 4.2.

Table 1 Overall formation constants (logps) and pK values of the investigated ligands, PMPA
and DPMGA, and their complexes formed with Cu(ll) and Zn(11) at 1 = 0.2 mol dm ™~ KCl and T
=298 K. (taken from [122])

L'=PMPA L?= PDMGA

logs (3SD) pK logs (3SD) pK
Hsl - - 12.01(10) 1.57
HaL 5.63(20) 1.4 10.46(12) 4.02
HL 425(2) 4.25 6.44(12) 6.44

Cu(ll) Zn(11) Cu(Il) Zn(1l)

logB(3SD) pK |logB(3SD) pK |logB(3SD) pK |logB(3SD) pK
MLH - - - - 13.02(4) 354 | 9.06(15) 3.65
ML - - - - 0.47(14) 2.82| 5.42(5) 7.9
MLH,  4.08(9) 9.23 | -359(5) 7.97 6.65(2) 11.3| -1.78(3) 9.00
MLH,  -5.15(13) -11.56(4) - -4.62(51) - -10.77(3) -
ML2H, - - - - 22.66(7) 3.42 | 18.29(27) 3.98
ML,H - - - - 19.24(9) 3.93| 14.31(18) 4.02
ML, - - - - 15.31(5) - 10.29(4) 8.96
ML,H.1  6.54(45)  8.24 - - - - 1.338) -
MLH, -1.70(6) - -8.22(4) - - - - -

Based on the determined stability constants, representative concentration distribution
curves were calculated at mM and pM concentrations (Fig 4.1). In mM concentration range
mono- and bis-complexes are also formed (Fig 4.1 al, bl, cl1, d1, chart 4.2). Interestingly, in
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excess of the tridentate ligand L', above pH 7-8 both metal ions form 6N coordinated bis-
complexes ([MLH-;]" + L = [ML,H-,] + H") with the participation of two deprotonated amide
nitrogens (Fig 4.1 al, bl). The amide deprotonation in zinc complexes is relatively rare
phenomenon, while in case of copper(ll) the Jahn-Teller distortion, resulting mostly elongated
octahedral structure (g > g . ), generally prevents the 6N coordination [126]. At pM
concentrations the formation of bis-complexes are completely diminished, even at ligand excess
(Fig4.1a2, b2, c2, d2).

At 77 K the EPR spectrum (Fig. 4.3) of the 6N coordinated [CuL',H_,] complex shows
highly rombic feature and extremely small coupling constant (A; = 115.8), suggesting that

strongly non-equivalent nitrogens are present in the equatorial plane of copper(ll), therefore the

Table 2 Isotropic EPR parameters obtained for the different Cu(ll)-PMPA and PDMGA
complexes. (taken from [122])

L | Species do Ao | Namide | Npyr | Namin o} B Y
CuLH. |2.1126(1)|70.9(1)|13.2(2) | 13.2(1) | - |21.39(1) | -9.16(1) | 2.48(1)
< [CulH, |21113(1)[51.2(1) [14.1(2) [ 13.0(D)| - | 17.65(1) | -7.50(1) | 1.63(1)
z Cul,H | 2.0982(2) | 65.0(5) | 15.5(6) | 10.0(4) | - | 25.00(1) [-11.30(1) | 1.70(1)
CulzH- | 2.1148(2)[33.3(2) | * 36.09(3) | -8.83(3) |-0.10(3)
CuLH |2.1405(1)|59.6(2)| - |11.6(3)|8.2(5)|32.92(1) |-10.10(1) | 0.92(1)
CuL |2.1380(2)[56.39)| - | 11(2) | 6(4) | 34.07(2) | -9.58(1) | 0.42(1)
CuLH. [2.1010(1) [ 72.1(1) [12.2(2) | 12.2(1) | 7.1(4) | 20.50(1) | -8.55(1) | 1.93(1)
‘;9 CuLH_ |2.1158(1) | 50.6(2) | 12.4(4) | 11.7(2) | 4(1) | 22.06(1) | -9.92(1) | 2.24(1)
& CulH, | 2.1152(2)| 57(1) |* 14.(2) [-10.69(2) | 4.75(2)
CuLH [2.1077(2)| 57(2) |* 49.29(2) | -6.66(2) |-1.88(2)
Cul, |2.1147(2)| 60(1) | - [ 15(2) | 6(2) |31.88(2) |-10.40(2)| 7.90(2)
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Figure 4.1 Representative concentration distribution curves for PMPA — M(II) (al/a2 and b1/b2)
and for DPMGA — M(II), (c1/c2 and d1/d2) systems at 1:2 metal to ligand ratios. The c(M) = 1
mM (al/bl/cl/dl) or ¢(M) = 1 uM (a2/b2/c2/d2) (The bis ligand complex formation at uM metal
ion concentration completely suppressed). (taken from [122])



coordination of two pyridine and two deprotonated amide nitrogens in the equatorial plane are
expected as shown in Chart 4.2. The structure of the analogous zinc complex is probably similar.
The mono-deprotonated bis-complex [CuL';H-;]* was not detected by pH-metry, it was only
identified by the evaluation of pH-dependent EPR spectra measured at room temperature and at
high excess of ligand (Fig 4.2). Its proposed structure (Chart 4.2) is based on the published X-ray
crystal structures of CuL?, (=Cu(H_;LY)(HLY), in which the non-coordinated pyridine ring is
protonated [127]. [ZnL,H-;]" does not exist in the Zn(11)-PMPA system.

The [ZnL'H-,]* complex is more the seven orders of magnitude less stable than the
[CuL*H_,]*, consequently Cu(ll) induces the deprotonation of the amide-NH at 5-6 units lower
pH than Zn(Il). Therefore [CuL'H_,]* dominates in the solution in a wide pH range, while
[ZnL*H-,]* forms only in a narrow pH range, especially at uM concentrations (Fig 4.1 a2, b2).
The 3N, amid-coordinated structure of [CuL*H_1]* (Chart 4.2) is very likely similar to the X-ray
structures already published for the bis-complex [127] and mixed ligand complexes [128] of
PMPA ligand.

PDMGA

CuLH, O — ‘ CuL,H, /
CuLH,, o> = NO_ N j 3 sf CuL,H /
s \,ZZCuf L
Ne | N d//N L ONT Y NH 2* Culz
/,:C‘l:l\2+ Ox C 4
~ N7 | OH, CuLH/ QU
N HN CuL
2+

CuLH,,

CuLH 1

Chart 4.2 Structures of the Cu(11) complexes formed with PMPA (L) and PDMGA (L?). (taken
from [122])

At basic pH, further deprotonation was observed ([ML*H_;]* = [ML'H_,]° + H*), which is
most likely correspond to the deprotonation of a coordinated water molecule ([ML'H_,]° =
[M(L*H-,)(OH)]°). Interestingly, during this deprotonation the superhyperfine structure of both
m, = +1/2 and +3/2 EPR lines becomes nicely visible. The pK of this deprotonation is more than

one unit lower in the case of Zn(1l) than for Cu(ll).
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Figure 4.2 Experimental (red) and simulated (black) isotropic EPR spectra recorded at various
pH values for the Cu(Il)-PMPA system at 1:1.3 (left) or 1:7 (right) metal to ligand ratio{T = 25
°C; 1=0.20 M (KCI)}. (taken from [122])

In the M(I1)-DPMGA (L?) system, the speciation (Fig 4.1 c1, d1, c2, d2) proved to be
rather complicated since the DPMGA ligand has the ability to coordinate as a bidentate (amino-
N, pyridine-N) or tetradentate ligand. Therefore, the combined evaluation of potentiometric and
pH-dependent 2D-EPR titrations were used to uncover the equilibrium properties (Fig 4.1 c1, d1,
c2, d2, 4.3 and 4.4). At mM concentrations and at ligand excess (Fig 4.1 c1, d1, c2, d2),
differently protonated bis-complexes are formed ([ML%H,]* — [ML%H]* — [ML%]*). The
formation constants of these complexes suggest bidentate (amino-N, pyridine-N) or tridentate
manner (amino-N, pyridine-N, C=0) coordination of L? in these species, which is also supported
by the fact that the corresponding pKs range (3.2-4.02) are close to the non-coordinating
pyridine-N (chart 4.2). In addition, the protonation state of CuL?H,/CuL.%H/CuL?, complexes
do not show important impact on the EPR parameters (Fig 4.4). In case of zinc(ll), the 6N
coordinated bis complex [ZnL?;]*" is the main species at neutral pH. In case of copper(ll), apart
the 2N coordinated CuL.?H, mostly 4N coordinated mono-complexes are formed.
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Figure 4.3 Selection of experimental (red) and simulated (black) anisotropic EPR spectra
recorded at different metal to ligand ratios and various pH values for the Cu(Il)-PMPA and the
Cu(I1)-PDMGA systems {T =77 K; 1 = 0.20 M (KCI)}. (taken from [122])

The published crystal structure of the ZnL?, [129] confirms that Zn(11) ion is surrounded by
two L2 molecules that coordinate in a tridentate manner through pyridine-N, amino-N and
amide-O, while the “amide-close” pyridine-N is located far from the zinc ion, resuling in
octahedral coordination geometry. An additional deprotonation of [ZnL?,]* to form [ZnL%H_]*
complex with pK, 8.96 is most likely related to the deprotonation of coordinated water molecule
[ZnL?H ]" = [ZnL%0H]Y).

The deprotonation of [CuL?H]*" and [CuL?]* is highly overlapped (Fig 4.1 c2), suggesting
that DPMGA coordinates in tetradentate manner. The formation of these species has no
significant effect on the EPR spectra (Fig 4.4), since their spectra overlap with that of the major
[CuLH_,]* complex, which dominates in the solution between pH 3-11. The anisotropic EPR
parameters of all Cu(11)-L? show axial feature (Table 3), i.e. their structures are tetragonal with
elongated Jahn-Teller distortion complexes. Consequently, in [CuL®H-,]* the ligand is
tetradentately coordinated in the equatorial plane, similarly to the published X-ray structure
[129]. The analogous [ZnL?H_,]" is nine order of magnitude less stable, and it is major species
only between pH 8-9 at uM concentrations (Fig. 4.1 d2). At basic pH, the [ML?H_,]" complexes

release an additional proton forming a neutral ternary hydroxido species [ML?H_,]°. The EPR
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Figure 4.4 Experimental (red) and simulated (black) isotropic EPR spectra recorded at various
pH values for the Cu(l1l)-DPMGA system at 1: 1.3 (left) or 1: 7 (right) metal to ligand ratio{T =
25°C; 1=0.20 M (KCD)}. (taken from [122])

Table 3 Anisotropic EPR parameters obtained for the different Cu(ll)-PMPA and DPMGA
complexes. The unit of the coupling constants is Gauss = 0.1 mT. (taken from [122])

L species Ox Oy g: A | Ay A,

CuLH., 2.146 2.212 16.6 195.7

CuLH., 2.044 2.240 185 161.5

<

% CulH4 2.047 2.217 19.5 173.9
CulyH, | 2.018 | 2.097 | 2.250 | 77.5 | 26.9 | 115.8
CuLH 2.058 2.271 13.1 156.9

<« | CulzH; 2.053 2.238 20.7 173.9

% CuL; 2.055 2.240 24.8 169.9

[a)

CuLH., 2.047 2.217 23.5 174.5

CuLH., 2.054 2.231 30.6 162.9
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parameters determined for [CuL®H_,]° indicate equatorally coordinated hydroxide ion (i.e. it
should replace a nitrogen). Accordingly, the pK of this deprotonation is more than 2 units higher
in case of Cu(ll) (pK, = 11.3), tha for Zn(11) (pK, = 9.00).

The pM == — log [M(II)]) dependence on the ligand concentration (Fig. 4.5) show that the
tetradentate ligand (L) has three orders of magnitudes greater metal sequestering ability than the
tridentate ligand (L%). Furthermore, both ligands bind copper(ll) seven orders of magnitude

stronger than zinc(l1), implying that our ligands are copper(l1) specific even in the presence high

171 cu(n) - pPMGA

15

o cu(ll) - PMPA
%.Jl ~

7 Zn(ll) - DPMGA _- '

excess of Zn(l1).

-6 -5.5 -5 -4.5 -4 -35 -3

-log c(lig)
Figure 4.5 Calculated pM = — log [M(II)] values dependence on the ligand concentrations.
c(M(IT)) = 1 uM; pH = 7.4. (Red/blue line: PMPA/DPMGA and solid/dashed line: Cu(11)/Zn(I1)).
(taken from [122])

4.1.2. Competition with amyloid B1-162

The water soluble Ap;.16 peptide contains the high affinity copper binding site of amyloid
B peptides, and its interaction with copper(ll) results in the quenching of its tyrosyl fluorescence.
Therefore, direct fluorescence titrations were performed between the ligands and the copper
complex of AP;.16 peptide (Fig. 4.6). These measurements show that both ligands can extract
copper from amyloid B; 16, and the tetradentate ligand PDMGA is stronger competitor than the
tridentate PMPA.

4.1.3. Inhibition of ROS production®

The copper(ll) complexes of amyloid peptides induce oxidative stress in the brain.
Therefore, the ability of L* and L? to inhibit the ROS production generated by the interaction of

2 The text of this chapter is mainly based on ref. [122]
® The text of this chapter is mainly based on ref. [122]

44



800
1 DPMGA - AB,_4

— i

g [ s i i

26001 ¢ .

Z PMPA - AB, i "

(]

£ 400 - :

8 Aﬁl—l(: é Y

3 .

§ 200 A »

=

h 0 T T T
0 5 10 15

¢(Cu(Il)) uM

Figure 4.6 Fluorescence of the Tyr residue (Amax = 306 nm, Aex = 280 nm) of AB; 16, quenching
by Cu(Il). (10 uM AP 16, 12 uM ligand, pH = 7.4, pathlenght = 1 cm). Average of three
independent measurements, the error bars represent the standard deviation. (AP 16 itself: green,
L' - ABy16: red and L2 - ABy_16: blue). (taken from [122])

copper(Il) with ascorbic acid was studied (Fig. 4.7) in order explore the antioxidant activity of
our complexes. Beside our ligands, the inhibition ability of other seven relevant ligands (IDPA,
DIEN, NTA, TREN, Gly-His, DPA and ENDIP, see Appendix Fig. A3 and Table A1), were also
tested, in order to determine the correlation between the inhibition ability and the conditional
stability constants (logK") of their Cu(ll) complexes. The evaluation of the results showed that
the binding of AP peptides to Cu(ll) itself decreases the rate of ascorbic acid decomposition,
indicating that the free copper(ll) catalytically more reactive as compared to its AB complexes.
We observed higher reaction rate in presence of ABi-16 than APi.4 (Fig. 4.8). Six ligands, among
them L and L?, were able to significantly further reduce the rate of ascorbic acid decomposition,
and their effect clearly depended on the conditional stability constants (logK’) of their Cu(ll)
complexes (Fig. 4.8). The logK’ (=9.70) of the Cu(ll)-IDPA (iminodi(methyl-phosphonic acid)
complex is slightly lower than that of the Cu(ll)-Ap species (logK’ ~10 [11] or ~10.3 [12]),
which explains its moderate effect on the reaction.

However, two well-known Cu(Il) binder ligands, Gly-His and NTA are exeptions, since
these compounds increase the rate of reaction as compred to the Cu(Il)-AB species. The Cu(ll)-
GlyHis complex probably catalyze the ROS formation, whereas the Cu(ll)-NTA complex most
likely forms catalytically active ternary species with AP; 1. The addition of Zn(ll) at
concentrations up to 1 mM had no impact on the reaction rates. Considering all these results,
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both L' and L? are capable of removing copper(l1) from its Ab complexes, the amyloid peptides
and reducing oxidative stress. However, only the tridentate ligand has lower conditional binding
constant (logK") than the copper transporter hCTR1, that is only this ligand can hand over copper
to the transporter protein. As a result, only L' meets the minimal requirements of a potential

metallophore.

Kix-0.g) = 8.1 uM/min Kix-0.8) = 1.8 UM/min
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Figure 4.7 The UV-spectra measured during the decomposition of ascorbate in the absence (left)
and in the presence (right) of PMPA (L%). (c(L) = 10.0 uM), at pH = 7.4. c(ascorbate, initial) =
100 uM; c(Cu(Il)) = 10 uM; c(AB) = 12.0 uM; c(NaCl) = 0.120 M) The reaction rate (kx=0.))
was determined based on the absorbance at 266 nm when the Xsc) = 0.8 (see inlets). (taken from
[122]
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Figure 4.8 Dependence of the observed decomposition rate (uM/min) of ascorbate (at X(abs.) =
0.8) from the conditional stability of the Cu(ll)-L complexes (at pH = 7.4); Initial concentrations:
c(ascorbate) = 100 uM; ¢(Cu(Il)) = 10 uM; ¢ (L) = 20.0 uM; c(AB) = 12.0 uM; c(NaCl) = 0.120
M) (with AP 16: green, with AB; 40: blue: without AB: red). (taken from [122])
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4.2 Peptide-based chemical models for lytic polysaccharide monooxygenases

The aim of recent project was to design appropriate His-peptides that can closely mimic the
LPMO active centres, in order to uncover some valuable information on the roles of (i) the
unique His-brace structural motif, and (ii) the presence of axial Tyr residue in the function of
LPMOs, unexplored to date by model compounds. To this end, we studied the thermodynamic
stability, structure and reactivity of Cu(ll) complexes of two histidine containing peptides (Chart
4.3), namely HPH-NH, (L*) and HPHPY-NH, (L*) by means of pH potentiometry, UV-Vis, CD,
EPR spectroscopy and Kkinetic investigations. Proline subunits are used to separate the
coordination sites, in order to prevent the copper(ll) promoted amide deprotonation and to
provide relatively rigid structure for the ligands.

\NH C/ o N NH,
=0 \ 1 NH
E N o
L N
f\\_N [ L =
N (o) : TS A
cul N N\\/NH ° NH NG
4 2 h\
X /NN \_NH
/©/ H2N§:>/-_JNH N .
N
/ Y /A
NH  HPH-NH, (L) NH HPHPY-NH, (L*)

Chart 4.3 Schematic structure of the LPMO’s active centre (X = H or OH, L = H,0 or OH") and
the studied model peptides (taken from [130])

4.2.1 Equilibrium, solution structural and electrochemical studies *
The protonation constants of L*® and L* (Table 4) agree well with those of other small

histidine peptides [131]. Although the processes are overlapped, the two lowest pKs (~ 5.2 and ~
6.3) belong predominantly to the imidazole ring of the N- and C-terminal His units [132],
respectively, those around pK ~ 7.5 to the N-terminal amino group, while the highest pK (= 9.69)
of L* is related to the tyrosine phenolic hydroxyl group.

The equilibrium properties of copper(ll) complexes (Fig. 4.9) were determined from the
combined evaluation of potentiometric, pH-dependent UV-Vis and CD measurements (Figs. 4.10
and 4.11), considering also the EPR spectra obtained both at 77 K (Figs. 4.12, 4.13 and 4.14) and
at room temperature (Fig. 4.15). In presence of copper(ll) above pH 9.6 (L% and 10.5 (L%

* The text of this chapter is mainly based on ref. [130]
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precipitation was observed, therefore our data were evaluated only up to these pH values. The

formation constants determined in this way are listed in Table 4. The coordination properties of
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Figure 4.9 Speciation in the Cu(ll)-L* (A,B) and Cu(ll)-L* (C,D) systems at 1:1 (A,C) and 1:2
(B,D) metal-to-ligand ratios (T =298 K, | = 0.2 M KClI, [L]it = 0.0014 M). Red dotted lines in B
and D show the distribution of the sum of bis-complexes. Secondary axis: measured CD
intensities at 690 (m) and 430 nm (m). (taken from [130])

the two peptides are similar, only the presence of Tyr unit in L* makes some difference, therefore
in the following the two systems are discussed together.

According to the strong metal-binding ability of histamine-like binding site of N-terminal
His units [16,25,132-134], {NH,,Nin} coordinated complexes (CuHL® and CuH,L?) are
dominant between pH 3.5-5.0 at both 1:1 and 1:2 metal-to-ligand ratios (Fig 4.9). The basicity
corrected formation constants (log f*11; = 8.61 (L?), log B*11 = 8.58 (LY), as well as the
spectroscopic data (Table 5) confirm the {NH,,Nin} coordination in these complexes. At ligand
excess the formation of bis-complexes was detected between pH = 5-9 (Fig. 4.9), which are
typical for peptides with non-protected N-terminal histidine [16,132-133]. The nearly identical
spectral properties (Table 5, Figs. 4.12, 4.13 and 4.14) of these species (CuHyL,, where x =2,1,0
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for L2 and x = 4,3,2 for L*) suggest bis-histamine like {2NH,,2Nin} coordination (Appendix Fig.
A4), which is also supported by their formation constant values, as well as the fact that the
corresponding pKs are close to those of the imidazole rings at the third position of the free
ligands (Table 4).

Table 4. Formation constants and some derived data of the proton and copper(ll) complexes of
HPH-NH, and HPHPY-NH, ((estimated errors in parentheses (last digit), | =0.2 M KCI, T =298
K).

L° = HPH-NH, L* = HPHPY-NH,
Species (pqr) | log fogr | PK | Species (pqr) | 109 fogr | 109 B#ogr | PK

- - LH (011) 9.69(1) 9.69
LH (011) 753(1) | 7.53 LH, (021) | 17.19(1) - 7.50
LH, (021) 13.89(1) | 6.36 LH; (031) | 23.48(1) - 6.29
LH; (031) 19.14(1) | 5.25 LH, (041) 28.66(1) - 5.18

CuHL (111) | 14.97(1) | 55 | CuH.L (121) | 2456(1) | 1487 | 54

CuL (101) 9.41(2) - CuHL (111) | 19.11(1) | 22.26 -
CuHL, (2-12) | 16.19(2) | 8.98 | CuHL,(212) | 35.86(2) - 8.44
CuHoL, (2-22) | 7.21(6) | 934 | Cunlp (202) | 27.42(1) - 8.93
Cu,H_sL, (2-32) ‘214(7) - Cu,H_1L, (2-12) 1849(3) - -

CuH,L, (122) | 27.75(4) | 5.76 | CuHil, (142) | 46.94(3) | 27.56 | 551
CuHL, (112) | 21.99(3) | 653 | CuHsL,(132) | 41.43(1) | 22.04 | 6.36
CuL, (102) 15.46(8) | - CuH,L, (122) | 35.07(2) | 1568 |~9.48

CuL; (102) 16.09(9) - -
basicity corrected formation constants, corrected by the pK of tyrosine phenol group. These data are
comparable with the 10g Buqr values of L.

In equimolar solutions, the pKs of the {NH,,Nin} coordinated CuHL® and CuH,L*
complexes (pK << 6.3, Table 4), as well as the EPR parameters of CuL® and CuHL* (Table 5)
clearly indicate an additional nitrogen coordination, i.e. the formation of macrochelates with the
participation of imidazole rings in the 3™ position of the peptides ({NH,,2xNin}). However,
these complexes have c.a. one log unit lower formation constants than the analogous complex of
HVH peptide (log fSio1 = 9.41 (HPH) vs. 10.53 (HVH) [132]), indicating more strained
macrochelate, probably due to the conformational rigidity of proline unit in the second position.
Although CuL® and CuHL* are not dominant species at any pH, it is worth mentioning that this
coordination mode (Appendix Fig. A4) and the EPR parameters of these species are similar to
that of the His-brace motif in LPMO’s active centre [135].

Although, the above mentioned complexes are rather usual for copper(ll) complexes of
peptides with non-protected N-terminal HXH- sequence [16,132-133], the further complex
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formation processes are fundamentally different from the systems known so far. The proline unit
in the second (and fourth) position in our peptides prevents the formation of fused chelates with

Table 5. Anisotropic EPR parameters of the components obtained by the simulation of frozen
solution (77K) spectra of Cu(ll)-HPH / HPHPY systems

Anisotropic EPR Jo.cale UV-Vis CD
parameters® A 4

. g, o] AJ_D Allb (nm) A (nm), Ae (M_lcm_l)
L
Ccu* 2.084 2425 50 1246 2.197 830
CuH,L* 2.067 2377 184 136.7 2.171
CuHL 2.060 2305 11.3 169.6 2.142 700 328, -0.15; 780, 0.10
CuL 2.060 2.273 124 173.8 2.131 688 330, -0.20; 770, 0.17
CuH,L, 2.053 2239 17.3 190.1 2.115 636 322,-0.53; 680, 0.79
CuHL, 2.053 2239 17.3 190.1 2.115 638 322, -0.46 ; 685, 0.73
CuL, 2.052 2245 18.0 181.3 2.116 640 322,-0.41; 690, 0.70
CupH_ 1L, 622 688, 1.27
CuxH-,L, 622 574,-0.20 ; 694, 1.18
CuxH_ 3L, 600 590, -0.25 ; 706, 0.81
L4
Ccu* 2.084 2423 49 126.1 2.197 830
CuLH, 2.060 2305 95 168.9 2.141 700
CuLH 2.055 2269 99 1703 2.126 692 328, -0.19; 770, 0.19
CuH4L, 2.051 2239 194 188.0 2.114 646 324, -0.58 ; 676, 0.68
CuHsL, 2.051 2239 194 188.0 2.114 630 324, -0.48 ; 680, 0.67
CuL,H, 2.053 2245 245 1798 2.117 642 324, -0.43 ; 692, 0.62
CuoHL, 624 686, 1.33
Cuyl, 622 348, -0.24 ; 436, 0.73

530, 0.57 ; 650, —0.52

CupH 1L, 618 340, -0.45 ; 436, 0.53

530, 0.39 ; 626, —0.32

(a) The experimental error was + 0.002 for g, and + 0.001 for g, and + 1-10*cm ™ for A, and A,
(b) x10%em™. (c) Calculated by the equation gocac = (29 ,+0,)/3 on the basis of anisotropic
values. (d) appeared only at 77 K.

the participation of amide nitrogens, and thus the appearance of ATCUN-type {NH2,2N",Nim}
coordination above pH 5-6, which is the main binding mode of HXH (X=P) peptides [16,25,132-
134]. Surprisingly, in our systems the formation of major complexes around neutral pH requires
3.5 equivalent base consumption with respect to both the ligand and metal ion (Fig. 4.16). This
observation can only be interpreted by the formation of a dimer (less probably oligomer)
complexes with a composition of Cu,H_;L%, and Cu,HL*;. The presence of dimer species is

further confirmed by our EPR study above pH 5, which show important intensity decrease at
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room temperature (Fig. 4.15), and the appearance of a broad singlet signal at 77 K (Figs. 4.13
and 4.14), indicating moderate antiferromagnetic interaction between the metal centres within
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Figure 4.10 pH-dependent UV-Vis (A,B) and Circular Dichroism (C,D) spectra in the Cu(l1)-L*

(A,C) and Cu(ll)-L* (B,D) systems at 1:1 metal-to-ligand ratios (the pH increases in the green-

yellow-red direction, T =298 K, I =0.2 M KClI, [L]wt = 0.0014 M). (taken from [130])

the dimer (less probably oligomer) complexes. The spectra of the broad singlet signals change
with pH, so they do not refer to rigid dimeric structures, but to structures with pH-dependent
copper-copper positions. Typically, such line broadening is caused by the interaction of metal
centres at medium distance (5-7 A) from each other [136]. Since Cu,H_;L3, and Cu,HL",
complexes are dominant in a wide pH-range, the single deprotonation per two metal ions should
corresponds to a bridge formation between them (i.e. amide-deprotonation can be ruled out).
Considering that the tyrosine phenols are still protonated in Cu,HL?, (= Cu,H_1(HL*),) based on
its UV-Vis spectrum (Fig. 4.12), there are only two options for such bridge formation:

hydroxido- or imidazolato-bridge. Although, none of these can be completely ruled out, there are
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several indirect indications in favour of imidazolato-bridge (Appendix Fig. A4): (i) the d-d

transitions are considerably blue-shifted during these deprotonations (Table 5, Fig. 4.10), which
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Figure 4.11 pH-dependent UV-Vis (A,B) and Circular Dichroism (C,D) spectra in the Cu(l1)-L>
(A,C) and Cu(ll)-L* (B,D) systems at 1:2 metal-to-ligand ratios (the pH increases in the green-
yellow-red direction, T =298 K, | = 0.2 M KClI, [L],t = 0.0014 M, ). (taken from [130])

would not be expected for hydroxide coordination, (ii) hydroxido-bridged dinuclear copper(Il)
centres show strong antiferromagnetic interactions, and are usually EPR silent [137,138], (iii) an
imidazolato-bridge creates 5-7 A copper-copper separation and may produces detectable EPR
spectrum [139,140], (iv) the intensity of CD spectra considerably increases during the formation
of Cu,H_1L> and Cu,HL?, (Table 5, Fig. 4.10), indicating important additional contribution to
the optical activity within the coordination sphere of metal ion, which is less likely in the case
of hydroxido-bridge. Although, in the absence of metal ion the deprotonation of neutral

imidazole ring takes place at pH > 13, there are several examples in the literature for metal-
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promoted deprotonation (i.e. imidazolato-bridge
[141,142].
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Figure 4.12 Individual UV-Vis (A,C), CD (B,D) and EPR (E,F) spectra of the complexes
formed in the Cu(l1)-L® (A,B,E) and Cu(ll)-L* (C,D,F) systems. UV-Vis and CD spectra were
calculated by the computer program PSEQUAD, while the component EPR spectra were

obtained using the ‘epr’ software. (taken from [130])
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Figure 4.13 Experimental (black) and simulated (red) X-band CW-EPR spectra recorded in
Cu(I)-HPH system, in frozen solution (77K), at concentration (A) ccy =1.24 mMand c. = 1.3
mM (beside the dimeric species, small amount of bis-complexes are also present in the pH range
6 —10),(B) ccy, = 0.65 mM and ¢ = 1.3 mM. The spectra were normalized. (taken from [130])
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Figure 4.14 Experimental (black) and simulated (red) X-band CW-EPR spectra recorded in
Cu(I)-HPHPY system, in frozen solution (77K), at concentration (A) cc, = 1.80 mM and ¢ =
1.9 mM (beside the dimeric species, small amount of bis-complexes are also present in the pH
range 6 — 10), (B) ccy = 0.95 mM and ¢, = 1.9 mM. The spectra were normalized. (taken from
[130])
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Figure 4.15 Experimental X-band CW-EPR spectra recorded at room temperature in the Cu(ll)-
L (A.C) and Cu(Il)-L* (B,D) systems at 1:1 (A,B) and 1:2 (C,D) metal-to-ligand ratios (A:
[Cu(iD]iet = 1.24 MM, [L%ee = 1.30 mM, B: [Cu(Il)]ir = 0.65 mM, [L*lt = 1.30 mM, C:
[Cu(ID]wot = 1.80 MM, [L3]it = 1.90 mM, D: [Cu(Il)]ier = 0.95 MM, [L*Jor = 1.90 mM). (taken
from [130])

55



Above pH 7 further deprotonations were observed in both equimolar systems. During the
process Cu,HL*, = Cu,L*, + H', new bands appear between 350-550 nm both in the UV-Vis and
CD spectra (Figs. 4.10 and 4.12), which were assigned to phenolate-to-copper(ll) charge transfer
(CT) transitions. The coordination of C-terminal phenolate obviously induces rearrangement of
the peptide within the coordination sphere of copper(Il), which explains the fundamental changes
also observed in the d-d region of CD spectra (Fig. 4.10D and 4.12). On the other hand, the
positions of d-d bands in the visible spectra do not change during the two successive
deprotonations (Cu,HL*, — Cu,L* — Cu,H_;L%). Considering also, that the individual UV-Vis
spectra of Cu,L*, and Cu,H_1L*, complexes have nearly identical intensity around 410 nm (Fig.
4.12), in both complexes a single phenolate oxygen is coordinated, and the second deprotonation
is probably related to the formation of a metal-bound hydroxide ion.
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Figure 4.16 Titration curves of the free ligand (a), copper - ligand (I1) 1:2 (b) and 1:1 (c) systems
as a function of added base equivalent relative to the ligand L* (left) and L* (right). (taken from
[130])

The analogous first deprotonation in presence of L* (CuH_;L3, — Cu,H_,L>, + H*) does
not result notable change neither on the UV-Vis, nor on the CD spectra, which would be
expected if an additional nitrogen (e.g. amide) were coordinated. Although the subsequent
process (Cu,H_,L% — Cu,H_sL%, + H") results in slight shift of both the UV-Vis and CD spectra
(Figs. 4.10 and 4.12), considering the analogous sequences of these peptides, we propose
hydroxide ion coordination in Cu,H_,L>, and Cu,H_3L>,, too. Nevertheless, the participation of

an N-donor in the second step, perhaps in one of the coordination isomers formed, cannot be

ruled out.
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Several 1:1 complexes ([Cu'L’]*, [Cu"L3+CI]*, [Cu"L*+CI]*, [Cu"L*?") were identified
in the solutions by ESI-MS, and in the equimolar Cu(ll)-L* system a weak isotopic pattern
attributed to the dimer [Cu'",L2%+2CI]*" was also found (Appendix Fig. A5).

Although the CulL® and CuHL* complexes, having similar {NH2,2xN;n} coordination
mode to the His-brace motif, are not dominant at any pH, and those formed at higher pH have
only limited analogy to the LPMO’s active centres, we intended to explore the LPMO-like
activity of these complexes. To this end, we also studied the electrochemical properties of the 1:1
systems both at pH 7.4 and 10.5 (Fig. 4.17 and Table 6). The copper(ll) complexes of the two
peptides show similar behaviours, and as expected [143], the cyclic voltammograms indicate
quasi-reversible redox processes with rather large separation of cathodic and anodic peaks (Fig.
4.17 and Table 6). In all cases well defined cathodic peaks were observed, while beside the main
anodic peaks, weakly developed minor peaks were also observed. The estimated formal redox
potentials of the Cu(Il)/Cu(l) redox couple for the two peptides are in the range 0.22 — 0.25 V
and 0.01 — 0.04 V (vs. Ag/AgCl) at pH 7.4 and 10.5, respectively. These are rather positive
values, and are close to the range generally observed for LPMO enzymes [37].
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Figure 4.17 Cyclic voltammograms of the Cu(l1)-L*® (A,B) and Cu(l1)-L* (C,D) 1:1 systems at
pH= 7.4 (A,C) and pH = 10.5 (B,D) in absence (continuous lines) and in presence (dashed lines)
of 1.1 equivalent H,O, (T =298 K, 1 =0.2 M KClI, [L]it = 0.6 mM). (taken from [130])
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Table 6. Cathodic and anodic peaks observed by cyclic voltammetry in the Cu(I1)-L* and Cu(l1)-
L* 1:1 systems ([Cu(ID]wt = 0.6 mM, [H,0,] = 0.66 mM, [buffer] = 0.1 M, | = 0.2 M KCI).
Potentials are given in V vs. Ag/AgCl electrode.

peptide pH Lled. H.0; |  Ep°(V) (V) | Ep™ (V)
7.4 - 0.11 ~0.16 0.39
3 + 0.07 ~0.16 040
- 10.5 - -0.13 - 0.21
’ 0.12 . 021
7.4 - 0.14 - 031
4 + 0.11 - 0.35
- 10.5 - -0.18 ~-0.03 0.19
+ -0.13 ~-0.07 017

*minor anodic peak
** major anodic peak

4.2.2 Kinetic studies®

Our initial goals were only partially achieved by these model systems, the amide
deprotonation was efficiently suppressed, but the complexes formed in neutral and alkaline pH
show only limited analogy to the ‘His-brace’ motif. Nevertheless, we attempted to explore the
LPMO-like activity of these complexes using the model substrate p-nitrophenyl-f-D-
glucopyranoside (PNPG) at pH 7.4 and 10.5 in the presence of H,O, as a co-substrate. Our
preliminary study revealed that the dimer complexes alone result in only very slow hydrolysis of
PNPG even at pH 10.5. Although, precipitate formation was detected above pH 9.6 in the Cu(ll)-
L* 1:1 system during our potentiometric study, it was not seen in presence of 100 mM carbonate
buffer (pH 10.5) and using 0.05 mM copper concentration. Similarly, at both pH, 10 mM H,0,
alone generates the production of insignificant amount of p-nitrophenolate. However, in the
simultaneous presence of H,O, and Cu(ll)-complexes significant LPMO-like activity developed
at both pH, which was found to be catalytic (Fig. 4.18). These findings point to oxidative
processes, which are also supported by the presence of gluconate in the reaction mixture after 4h
reaction time (Fig. 4.19). Remarkably, our systems exhibit significant activity even at pH 7.4,
which is a unique feature among the few LPMO model complexes reported to date [48-52].
Nonetheless, at pH 7.4 inactivation of the complexes was noticed above 3 TON (Fig. 4.18A and

B), which may be related to the oxidation of peptides by H,O, during such long-term kinetic

® The text of this chapter is mainly based on ref. [130]
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Figure 4.18 Time-dependent formation of p-nitrophenolate during the oxidation of PNPG
catalysed by the Cu(ll)-L* (A,C) and Cu(l1)-L* (B,D) 1:1 systems at pH 7.4 (A,B) and pH 10.5
(C,D); the inserts show the plot of turnover number (TON) as a function of time. (At pH = 7.4:
[H202] = [PNPG] = 20 mM, [Cu(ID]it = 0.1 mM, 5 mm cuvette; at pH = 10.5 [H,0,] = 10 mM,
[PNPG] =5 mM, [Cu(Il)]it = 0.01 mM, 10 mm cuvette) (taken from [130]).

studies, similarly to the native enzymes [47]. It is also noteworthy, that the bis-complexes (even
in presence of H,0O,) yield negligible amount of p-nitrophenolate (probably due to the presence
of dimers in low concentrations).

To obtain more comprehensive kinetic data, we also studied the rate of the reaction as a
function of complex, hydrogen-peroxide and substrate concentrations. The observed rate
constants of PNPG oxidation show linear dependence on the copper(Il) concentration at both pH
(Fig. 4.20), and the species formed at pH 10.5 are c.a. 5-fold more active than those at neutral pH.
We also studied the effect of CuCl, salt on the PNPG oxidation in the absence of peptides. The

observed rates were 7-9-fold smaller as compared to the peptide complexes, and the
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Figure 4.19 ESI-MS spectrum in negative mode of the reaction mixture of PNPG oxidation
promoted by the Cu(l1)-L3 system after 4h reaction time (pH = 10.5 [H,0,] = 10 mM, [PNPG] =
1 mM, [Cu(ID]it = 0.05 mM). The peaks at m/z = 138.0174 and 195.0488 corresponds to p-
nitrophenolate (calc. m/z = 138.0191) and gluconate (calc. m/z = 195.0505) anions, respectively.
(taken from [130])
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Figure 4.20 Dependence of kq,s of PNPG oxidation on the copper(11) concentration in the Cu(ll)-
L3 (A) and Cu(11)-L* (B) 1:1 systems at pH = 7.4 (®) and 10.5 (m); [PNPG] = [H,0,] = 10 mM.
(taken from [130])

concentration dependences were found to be rather scattered at both pH (see Fig. 4.20), probably
due to the formation of Cu(OH), precipitate.

The initial rates of oxidation reveal saturation Kinetics with increasing concentration of
both H,O, and PNPG (Fig. 4.21). This indicates fast pre-equilibrium between the complex and
substrate, as well as co-substrate before the rate determining redox process, therefore the
Michaelis-Menten model is applicable in our systems. The corresponding constants thus
calculated are summarized in Table 7. At neutral pH no analogous data are available in the
literature. At pH 10.5 the ke, Values determined by us are similar to the only literature data [48],
but the Michaelis constants (Ky) reveal somewhat stronger interaction of our complexes with the

substrate, and especially with the co-substrate. More interestingly, our complexes present at pH
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7.4 bind the substrate PNPG 10-20-fold more strongly than those at higher pH (Table 7), which
can be assigned to the more open coordination environment of Cu(ll) at pH 7.4. The comparison
between the two peptides reveals some further subtle differences. For example, the K¢y values
determined at the higher pH increase twice as much for L* than for L complexes, as compared
to those of the lower pH. The same is true for the strength of interaction (1/Ky) with H,O..
These data suggest that the LPMO-like activity of L* complexes develops more favourably with
increasing pH than that of L*® complexes. This can be due to the steric hindrance of the extra
prolyl-tyrosine tail at pH 7.4 (which disappears at higher pH), or to the positive effect of the
tyrosine residue in the catalytic mechanism at higher pH. Considering the relatively small

differences, in the absence of further information, we propose the former explanation.
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Figure 4.21 Dependence of the initial reaction rates of PNPG oxidation promoted by the Cu(ll)-
L3 (A,B) and Cu(Il)-L* (C,D) 1:1 systems on H,0, (A,C) and PNPG (B,D) concentrations (®:
pH 7.3, [Cu(ID] = 0.05 mM, M: pH 10.5, [Cu(ID] = 0.01 mM, [PNPG] = 10 mM (A,C),
[H,0,] = 10 mM (B,D)). Solid lines are calculated from the data in Table 7 (taken from [130]).
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Table 7. Michaelis-Menten parameters calculated by non-linear curve fitting from the data
depicted in Fig. 4.21. (taken from [130])

(co)substrate | pH parameter Cu(Il)-HPH | Cu(ll)-HPHPY | ref [48]

7.4 | 10°xke(s) | 0.59+0.01 0.30 £0.01 not

Km (MM) 0.82 +0.04 0.56 + 0.07 available
PNPG 105 | 10°xkex(s™) | 348+0.05 | 4.17+0.39 3.7
Km (MM) 9.44 + 0.33 13.2+2.4 20
7.4 | 10°xke(s) | 0.63+0.04 0.68 +£0.02 not

Km (mM) 3.83+0.63 16.8 + 0.6 available
H20, 105 | 10%xkex(s™) | 1.94+0.08 4.25 + 0.50 2.5
Km (MM) 1.83 +0.26 2.50 + 0.50 30

4.2.3 Interaction of the dimer complexes with hydrogen-peroxide®
Since the observed LPMO-like activity requires the presence of H,0O,, the reaction most

probably proceeds via copper(ll)-(hydro)peroxo complex(es). Therefore, we also studied the
interaction of H,O, and our complexes in the absence of PNPG.

After addition of 1.1 equivalent H,O, to the Cu(Il)-L*® 1:1 system several moderately
intense bands appeared on the visible spectra by time both at pH 7.4 and 10.5 (Fig. 4.22). The
intensity at 370 (pH 7.4) and at 380 nm (pH 10.5) steadily increases, which is much faster at
higher pH. On the other hand, the initial intensity increase of the band at around 550 nm is
followed by a decrease after 10 min (at pH 7.4) and 2 min (at pH 10.5). Parallel with these
changes typical axial signals appeared on the EPR spectra beside the singlets of dimer species,
indicating the partial formation of mononuclear complexes (Fig. 4.23).

The UV-Vis band observed at 370/380 nm is typical for mononuclear end-on Cu(ll)-
OOH species, and can be assigned to a ligand-to-metal charge transfer (LMCT) transition
[144,145]. Indeed, the EPR parameters of the axial spectra determined by deconvolution (Fig.
4.23) are similar to other 3N coordinated mononuclear hydroperoxo complexes with
tetragonal/square planar geometry [144,145]. The identity of the transient complex with bands
around 550 nm is less clear. Since upon addition of H,O, the coordination of further nitrogen

donors to Cu(Il) - which would result such a notable blue-shift of d-d bands - is unlikely, these

® The text of this chapter is mainly based on ref. [130]
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Figure 4.22 Time dependence of UV-Vis spectra of the Cu(ll)-L* 1:1 systems upon addition of
1.1 equivalent H,O; at (A) pH 7.4 ([Cu(ll)] = 0.2 mM, 10 mm cuvette), (B) pH 10.5 ([Cu(ll)] =
0.2 mM, 10 mm cuvette); (C) 10 equivalent H,O, at pH 7.4 ([Cu(Il)] = 0.2 mM, 10 mm cuvette);
(D) 200 equivalent H,O; at pH 7.4 ([Cu(ll)] = 0.05 mM, 50 mm cuvette). Blue lines: the initial
spectra, green-to-red lines changes upon addition of H,O,. Inserts show the time dependence of
spectrum intensity at 370 (A,C,D) or 380 (B) nm (black squares), at 550 nm (red squares) and at
650 nm (blue squares). (taken from [130])

transitions can be also assigned to HOO —Cu LMCT bands. Several 1,2-peroxo-
dicopper(ll)complexes have been reported to have LMCT bands around 500-600 nm [146-149].
Therefore, in the absence of other information, tentatively we assigned these LMCT bands to a
1,2-peroxodicopper(11) complexes formed in lower concentrations and being in equilibrium with
the mononuclear Cu(l1)-OOH species. The interaction with equivalent amount of H,O, only
slightly affects the electrochemical (CV) properties of our complexes (Fig. 4.17 and Table 6),

indicating that copper remains in its +2 oxidation state.
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Figure 4.23 A,B: The change of 77K EPR spectra upon addition of 25 eq. H,0, in the Cu(l1)-L*
(A) and Cu(Il)-L* (B) 1:1 systems. C,D,E: Deconvolution of the EPR spectra obtained after
addition of H,0, to the (C) Cu(ll)-L* at pH 10.5, (D) Cu(ll)-L* at pH 7.4, (E) Cu(ll)-L* at pH
9.5; (i) experimental (black) and simulated (red) spectra, (ii) and (iii) are the component spectra
of the dimer and monomer complexes, respectively. Isotropic components were described with
singlet lines. The EPR parameters of the mononuclear (hydro)peroxo complexes: (C) g, =
2.045(2), g, = 2.222(2), A, =14(2) G, A=189(2) G, An, = 15(2) G; (D) g. = 2.058(2),
9,=2.248(2), A.=12(5)G, A=182(2)G; (E) 9. = 2.050(2), 9,=2.231(2), A, = 10(5) G, A =186(2)
G. (taken from [130])

The addition of 10-fold excess of H,0O, result in similar behaviours, but faster and more
complete formation of the (hydro)peroxo complexes (Fig. 4.22C), indicating the presence of
equilibrium systems. However, after 5-10 minutes the intensity of LMCT and even the d-d bands
start to slowly decrease, which is more pronounced at 200-fold excess of H,0, (Fig. 4.22D). The
transient species with bands around 550 nm, which is tentatively assigned as 1,2-
peroxodicopper(l) complex, formed in lesser amount at high excess of H,0, (Fig. 4.22D), as

expected for a peroxo-bridged dimer. Based on the above observations, the mononuclear end-on
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Figure 4.24 Time dependence of UV-Vis spectra of the Cu(Il)-L* 1:1 systems upon addition of
1.1eq. (A,B) 10 eq. (C) and 200 eq. H,0, (D) at pH 7.4 (A,C,D) and at 10.5 (B). Blue lines: the
initial spectra, green-to-yellow-to-red lines changes upon addition of H,O,. Inserts show the time
dependence of spectrum intensity at 440 nm (®), 550 nm (A) and 650 nm (m). ([Cu(Il)] =0.05
mM, 20 mm cuvette (A,B,C) and 50 mm cuvette (D)). (taken from [130])

Cu-OOH species formed in the Cu(ll)-HPH system is stable for 1-2 hours at low, but
decomposes more rapidly at high H,O, excess. Its decomposition results in the formation of Cu(l)
species, as indicated by the intensity decrease of d-d transitions at high H,O, excess (Fig. 4.22D).
The reduction of copper(ll), at least partly, may due to catalytic disproportionation of H,O, by
the Cu(Il)/Cu(l) couple, since the amount of dioxygen bubbles detected after longer reaction
times was much higher than would be expected from a simple reduction process (~ 0.005 cm?®
under the conditions of Fig. 4.22D).

Basically similar behaviours were observed for the interaction of Cu(11)-L* complexes with

H,0,, too, although the position of the HOO — Cu LMCT band is somewhat different. The
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addition of 1.1 or 10 equivalent H,O, to the Cu(ll)-L* complexes at pH 7.4, results in the
development of an LMCT band at 440 nm (Fig. 4.24A and C). At pH 10.5, an additional band at
550 nm also appeared (Fig. 4.24B). Parallel with these processes the partial formation of
mononuclear complexes with axial EPR spectra were also observed (Fig. 4.23B). Similarly to the
former system, the (hydro)peroxo complexes formed at low H,O, concentrations are stable for
several hours, and the metal ion remains in its +2 oxidation state (Fig. 4.17C and D). Although,
the formation of these (hydro)peroxo complexes at low H,O, concentrations is somewhat slower
than in the former system, at 200-fold H,O, excess their development and subsequent
degradation show similar kinetics (Fig. 4.24D). This degradation also results in the formation of
dioxygen bubbles and the decrease of d-d band intensity after longer reaction time. Although the
LMCT band at 440 nm is outside the 350-420 nm range typically observed for mononuclear
Cu(Il)-OOH complexes [150], the single band at 440 nm cannot be clearly assigned to any
copper-oxygen species. The addition of H,O, to LPMO enzymes in the absence of substrate may
results in the formation of a stable Cu(II)—tyrosyl complex with an absorbance of around 420 nm
[47]. This is unlikely in our case, since the characteristic redox process of tyrosyl radicals was
absent on the cyclic voltammograms. Therefore, due to the similar behaviours of the two systems,

we hypothesize the formation of similar (hydro)peroxo complexes of the two peptides.

4.2.4 Mechanistic considerations’

Our data indicate, that the observed Cu(Il)-OOH species are one of the key intermediates during
the oxidative cleavage, their faster formation at higher pH results in higher rate of transformation.
The important role of such Cu(I1)-OOH species was also acknowledged in all previous model
studies [48-52]. LPMOs are able to function by using either O, or H,0O, as oxidant depending on
the conditions [40-42], although dioxygen seems to be their natural co-substrate [37,41,42]. In
both cases Cu(Il)-OOH species appears in the proposed catalytic cycles, but experimental [43]
and computational studies [44,41,42] indicated that a highly reactive Cu(ll)-oxyl species
abstracts H-atom from the substrate. In LPMOs the Cu(l1)-oxyl radical presumably forms from a
Cu(I1)-OOH species via a Cu(l)-H,O, adduct, and therefore its formation requires an external
electron. The latter is obviously not available in our model systems, but as discussed above,

partial reduction of Cu(ll) to Cu(l), as well as the formation of dioxygen bubbles were observed

" The text of this chapter is mainly based on ref. [130]
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after prolonged reaction time in the absence of substrate and at high excess of H,O,. However, in
presence of PNPG no dioxygen bubbles could be visually observed even at 200-fold excess of
H,0, and after longer reaction time. Based on this observation, we speculate, that after the
reduction of peptide-bound Cu(Il) by H,0,, which would produce only a tiny amount of O, the
resulting Cu(l) complex binds H,O, and enters into a similar catalytic cycle (Chart 4.4), as
suggested for the native LPMOs [42]. This assumption is supported by the fact that during the
oxidation of PNPG the intensity of d-d transitions completely diminishes after 1-2 TON, but the
catalytic cycle continues to work (Fig. 4.25).

leq. H,0,+ OH~

1]
H,0 LCu

0*  RH+H,0, BOH

|
1 |
[LCu™] Lcu

R-OH
200 eqg. H,0O
Hzo [LCUI'HZOZ] 4/ q 2%2

Chart 4.4 Supposed reaction pathway of PNPG (simplified as RH) oxidation by the Cu(ll)-
peptide complexes (taken from [130])

0.20 4 i 0.40 -
A 0.020
0.18+ 0.07
0018{" 0.351
0.16 = 0087 u*
Eoote 0.30- | Eoos| Y
] 0.141 So014{ " @ ‘ 8o,
g O 12 ] < " g 025 i \\ - '\
o Y <0012 s < \ I
= — = \
g 0.101 0.010 g, S 0.20 \ %027,
a3 a8 01
< 0.08 A 00 05 10 15 20 25 < (154 00 05 10 15 20
TON : TON
0.06
0.10 1
0.04 4
0.02 _ 0.05 -
0.00 T T T T 0.00 T T T T
400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 4.25 UV-Vis spectra of the Cu(Il)-L* (A) and Cu(Il)-L* (B) 1:1 systems at pH 7.4 and at
[Cu(1l)] = [HPH] = 0.05 mM in 50 mm cuvette (black line), + 10 mM H,0, (blue line), + 10 mM
PNPG time dependence up to 650 minutes (green-to-red lines); insert show the change of
spectrum intensity at 650 nm as a function of turn-over number (TON); initial spectrum (m), +
10 mM H,0, (m), time (TON) dependent changes after addition of 10 mM PNPG (m). TONs
were calculated based on the absorbances at 450 nm where gyitrophenolate (450NmM) ~ 0.2* &,
nitrophenolate (400nm). (taken from [130])
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4.3 The interaction of half-sandwich (1°-Cp*)Rh(111) cation with histidine containing
peptides and their ternary species with (N,N) bidentate ligands

In order to uncover the basic solution thermodynamic and coordination properties of
imidazole and its derivatives toward half sandwich Rh(lll) ion, I studied the interactions of (n5-
Cp*)Rh(III) cation with 13 ligands, which can be divided into two groups. The first group
consist simple imidazole compound, synthetic peptides with histidines at different positions and
Gly-Gly-Ala (Chart 4.5) a reference peptide containing no histidine. The second group contains
some endogenous histidine derivatives, such as histidine itself, thyrotropin-releasing hormone
(TRH), carcinine, carnosine and the growth-modulating peptide GHK (Chart 4.6), which are
inherently present in the human body. After exploring the binary (n°>-Cp*)Rh(II1) complexes of
these ligands, we also studied some (n°-Cp*)Rh(I11)-A-B ternary systems (where A = the studied
peptides; B = 2,2’-bipyridyl (bpy) or ethylene-diamine (en)), in order to mimic the interaction of
the (n°>-Cp*)Rh(I1I)-based potentially anticancer or drug delivery agents with biogenic peptides
and proteins. The protonation constants of these ligands (Table 8 and 9) are in reasonably good
agreement with earlier reports and other histidine containing peptides reported in the literature
[131].
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Chart 4.5 Schematic structures of the studied ligands belonging to the first group (the
numbering of imidazole ring is shown for L%) (taken from [151])
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4.3.1 Interaction of (n°-Cp*)Rh(I11) with some imidazole derivatives and synthetic histidine

containing peptides®

4.3.1.1 Interaction of (i>-Cp*)Rh(I11) with imidazole (L°) and N-methylimidazole (L°™)°
The monodentate imidazole coordination is the most frequently detected binding mode of
peptides and proteins to half-sandwich Ru(Il)/Rh(I1l) complexes [103,152-157], therefore the

study of these simple ligands may also help to understand the coordination chemistry of His-
containing peptides/proteins. Indeed, (n°-Cp*)Rh(I1l) forms rather stable [ML>*™7]?*, [ML,>™]?*
and [MLz>™]?* complexes (here and in the following M stands for (n°-Cp*)Rh(lII) cation) up to

the neutral pH range (Table 8, Fig. 4.26). The formation constants of these parent complexes are

nearly identical for the two ligands, and indicate somewhat lower stability than those of the rela-

Table 8. Protonation constants of the studied ligands, formation constants of their (n°-
Cp*)Rh(I) complexes and some derived data (T = 298 K, 1 = 0.20 M (KCI)), with estimated
errors in parentheses (last digit). The constants in square brackets are only indicative values,
since the systems were non-equilibrated. (taken from [151])

log Bpar
Species(pgr) L° Lo L® L’ L® L° Lo L1
HaL (041) 24.77(3)
HsL (031) - - - 17.45(2) - 16.17(7) - 19.92(2)
H,L (021) - - |11.25(2) 14.80(1) [12.90(1) |12.89(3) [14.50(2) | 14.03(2)
HL (011) 7.02 (1) | 7.10 (1) | 7.98(1) | 8.00(1) | 7.48(1) | 7.42(1) | 8.23(1) | 7.56(1)
MH,L 23.31(1)
MHL (111) - - 10.63(8) | 13.92(5) - 14.88(1) | 13.98(8) | 19.11(1)
ML (101) 5.83(2) | 5.94(2) | 6.68(3) | 9.72(3) |11.09(5) | 11.38(1) - 12.98(1)
ML, (102) [10.46(2) | 10.68(2) - - - - - _
ML;(103) [13.43(3) | 13.64(3) - - - - - —
MH_;L (1-11) - - 0.88(3) | 2.75(4) | 5.04(5) |5.89(11) | 7.04(4) -
MH_L (1-21) | [-10.2] - |-9743) | 81 | [5.2] | [46] | [-2.8] -
MH_L,(1-12)| [2.6] | 0.39(4) - - - - - -
M,L (201) 19.49(2)
pPKnn, amide - - 5.80 6.97 6.05 5.49 ~35 —
PM7.4 6.82 6.89 8.57 10.47 13.07 13.94 14.48 13.44

pM values at pH 7.4 and 10xcy = ¢, = 10 uM, T =25 °C; 1= 0.20 M (KCl), where pM = —log([M] + 2[M,(OH)3] +

2[M3(OH),)).

® The text of this chapter is mainly based on ref [151]
® The text of this chapter is mainly based on ref [151]
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Figure 4.26 Speciation in the (Cp*)Rh(lll)-imidazole (L°, black) and (Cp*)Rh(Ill)-1-
methylimidazole (L°™, red) 1:6 systems (T = 298 K, | = 0.2 M KCI, [M]it = 0.001 M). Dashed
lines show the region of slow processes, where only approximate speciation can be given. (taken
from [151])

ted (n°-p-cymene)Ru(11)-L°>" complexes [158].

Since Rh(III) is diamagnetic (low spin d® cation) in all our complexes, NMR is a
straightforward method to gain information on the solution structure and also to support the
solution speciation. Indeed, all L*™ complexes have slow ligand exchange on the NMR
timescale, and thus the changes in speciation can be easily followed (Fig. 4.27). Interestingly, in
the (n°-Cp*)Rh(III)-L° system a broad signal appeared at 12 ppm (see the discussion on this
signal later) between pH 4-6. Although, up to pH 7 the two systems show nearly identical
behaviours, above this pH they are rather differently. In the (n°>-Cp*)Rh(III)-L°™ system the
complex formation processes are fast enough for equilibrium study even in alkaline solution,
where a single additional species, [MH.1L°™,]* (= [M(OH)L>™,]") could be detected, both by
potentiometry and by *H NMR. On the other hand, in the (n°-Cp*)Rh(III)-L° system the time
needed to reach the equilibrium considerably increased above pH 7, which prevented the correct
equilibrium description. After 24 h of equilibration at pH > 7 the *H NMR spectra indicated the
formation of a great number of isomers (Fig. 4.27A). Considering the difference between the two
ligands, the most plausible reason of isomer formation is the metal-promoted deprotonation and

coordination of imidazole N*H group of L°, and the subsequent formation of different oligomers
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Figure 4.27 pH-dependent *H NMR spectra of (Cp*)Rh(111)-L° (A) and —L°™ (B) 1:4 systems
with the tentative assignment of the signals (* = free ligand or metal ion, x = ML, o = MLy, m =
MLs, ¢ = ML,(OH)) (taken from [151])

via imidazolato bridges. This would not be very unusual, since the crystal structure of an

imidazolato-bridged (1°-Cp*)Rh(I11) complex has been already reported in the literature [159].

4.3.1.2 Interaction of (n°-Cp*)Rh(I11) with GGA (L%™

In order to assess the effect of histidine moiety of tripeptides on (n°-Cp*)Rh(111) binding,
first we studied the complexes of GGA peptide, having no coordinating side-chain. The
combined potentiometric, UV—Vis and NMR results revealed the formation of four species

between pH = 2-11 (Table 8, Fig. 4.28). The formation constants obtained reflect surprisingly

19 The text of this chapter is mainly based on ref [151]
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Figure 4.28 Speciation in the (n°-Cp*)Rh(I11)-GGA (L®, red lines) and (n°-Cp*) Rh(I11)-GGH
(L', black lines) 1/1 systems (T = 298 K, | = 0.2 M KCI, [M]t = 0.001 M). The lines of
uncomplexed metal ion are not shown for clarity. Dashed lines show the region of slow

processes, where only approximate speciation can be given. (taken from [151])
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Fi%ure 4.29 Low and high-field parts of pH-dependent *H NMR spectra of the Rh(Cp*)-GGA
(L°) 1/1 system (taken from [151])

high (n°-Cp*)Rh(111) binding affinity of this simple peptide in the physiological pH range. The
(n°-Cp*)Rh(I11) promoted deprotonation of N-terminal ammonium group takes places at four
units lower pH than in the free ligand, confirming its strong binding to the metal ion. The
important down field shift of °G-NH proton signal (8.55 — 9.22 ppm, see Fig. 4.29) in [ML®]*
suggests that beside the ‘G amino nitrogen the G amide oxygen is also coordinated. The next
species ([ML®]" = [MH.L®] + H*, pK = 5.80) is dominant in the solution between pH 7-9.
Parallel with its formation the signal of G amide disappeared from the spectrum (Fig. 4.29),
indicating its metal-promoted deprotonation, especially considering the fact, that the signal of *A

amide is still present at pH 7.3. To our knowledge this is the first reported pK for amide nitrogen.

72



methanol

e CACH | 1G-CH methanol
2G-CH, « “ 2

\ ]A-C,H 2G-CH, | 1G-CH,

IG.NH, e I\ ~— W

... T N < | _ N

A-CH, J - 1.2 144
—

(‘P"('Ha‘_"i 1.48

| Cp*-CH,
2.4 ﬁ 1.56
~ ) -~
285 1.60E
2
2%
I

|
|
|
|
| .
|
|
|

| == -t
36 1.68
1.72
% 'o . .’_: o 4.0
1G-NH, <« b a4 1.76
= -]
— —— - - - — —— - . . . . . - . 1.80
4.6 45 4.4 4.3 4.2 4.1 4.0 3.9 3.8 3.7 3.6 3.5 3.4 3.3 3.2 43 42 41 40 3.9 38 3.7 36 3.5 34 3.3 3.2 31
2 (ppm f2 (ppm)
w *A-NH
11
+1.2
3ALCTL < |
A-CH, % ' [4 s [0) [0)
14 ~
g
Cp*-CHy , ] H,N N HN CH;

‘ Rh'—
F1.7 Cl @
F1.8 (0 Y
1.9
8.20 8.10 8.00 7.90 7.80 7.70 7.60 7.50 7.40 7.30 7.20
2 (ppm)

Figure 4.30 Parts of the TOCSY (red) and NOESY (blue) spectra of the (Cp*)Rh(I11)-L° 1:1
system at pH 7.6 (taken from [151]) and structure of MH-;L® complex

deprotonation of simple peptides promoted by a half-sandwich cation. The only related values,
which have been determined for (n°-Cp*)Rh(I11) complexes of peptidohydroxamic acids [107],
indicate similar pH range for (n°-Cp*)Rh(111)-promoted amide deprotonation

On the *H NMR spectrum of [MH.;L°] new peaks appeared around 4.45 ppm, which resulted
strong cross-peaks with the 'G-CH, proton signals on the TOCSY (TOtal Correlation
SpectroscopY) spectrum (Fig. 4.30). Consequently, this new peaks belong to the terminal amino
group, i.e. its proton-exchange with the solvent slows down considerably upon coordination. The
NOESY (Nuclear Overhauser Effect SpectroscopY) spectrum of [MH_;L°] revealed cross-peaks
between the Cp*-CHs, *G-CH, and 2G-CH, protons, confirming the coordination of G-amino
and °G-amide nitrogens. On the other hand, the coordination of C-terminal carboxylate is not
supported by our experimental data, i.e. the metal ion is coordinated by a {NH2,N™ + CI"} donor
set (Fig. 4.30). Above pH 9 a further deprotonation was observed (pK = 10.62). During this

process new set of peaks were not developed, only those of [MH_1L®] were shifted, indicating a
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fast-exchanging deprotonation. Although, the signal of *A amide proton disappeared from the
spectra above pH 8, it is due to the acceleration of its proton exchange with the bulk water, since
the coordination of this amide nitrogen would result in the development of a new set of peaks.
The most obvious explanation of this process is the formation of mixed hydroxido complex, i.e.
{NH,,N",OH"} coordinated [MH_,L.°] ~ species.

4.3.1.3 Interaction of (1>-Cp*)Rh(I11) with GGH (L)

GGH is an analogue of the N-terminal copper and nickel binding site of human serum
albumin. Between pH 3-6 four distinct signals of Cp*-methyl protons can be detected on the *H
NMR spectra (Figure 4.31), two of which belong to [MHL']**. This indicates the formation of
isomers of this complex, either diastereomers or binding isomers. Surprisingly, two broad signals
also appeared at 12.0 and 12.3 ppm on the *H NMR spectra (Figure 4.31) up to pH 6 in 90% H,O
— 10% D0 solution, which were absent in 100% D,O. Similar signals were detected in the
acidic pH-range for all imidazole derivatives, except for N-methylimidazole, and can be assigned
to the non-coordinated, and therefore protonated NH proton (here probably N'H, see later) of
imidazole ring, whose proton exchange slowed down significantly due to the metal coordination
of the other (here probably N*-) nitrogen. In the present case, the two signals belong to [MHL']**
(12.0 ppm) and [ML']" (12.3 ppm) complexes. Parallel with the formation of [ML']* the signal
of 2G-NH is considerably shifted as compared to the free ligand (8.45 — 9.55 ppm, Fig. 4.31).
The TOCSY spectrum observed at pH 5.6 indicates unusually high — approximately 400 Hz -
inequivalence for the *G and ®H methylene-protons (Figure 4.32), which is likely due to the
involvement of these methylene groups in rather rigid fused chelate ring(s). Remarkably, two
peaks at 5.00 and 5.33 ppm are also appeared on the TOCSY spectrum resulting strong cross-
peaks with the 'G methylene-protons (Figure 4.32), which therefore belong to the Rh(Ill)
coordinated terminal amino group. Based on the NOESY spectrum, of the two imidazole CH
protons, only C°H is close to the Cp* methyl protons (Figure 4.32), indicating the coordination
of N*-nitrogen. Besides, spatial proximity has been detected between Cp*-CHj; and 3H-CBH2, as
well as between *H-C°H and 'G-NH, protons (Figure 4.32). All these facts indicate tridentate
{NH,,C=0,N%,} type coordination in [ML’]*. Indeed, [ML']* has considerably higher
thermodynamic stability as compared to [ML®]* (log Sio1 = 6.68 and 9.71 for LS and L',

1 The text of this chapter is mainly based on ref [151]
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respectively), due to the additional imidazole coordination. In turn, the enhanced stability of
tridentate coordination in ML’ results in markedly higher pK for the next deprotonation ([ML]"
= [MH.1L] + H*, pKm = 5.80 (L°) and 6.98 (L), see Fig. 4.28). During this process the amide
proton signal of %G disappeared from the *H NMR spectra (Fig. 4.31). Since the ®H amide signals
were still detectable, the Rh(I1l) promoted deprotonation of G amide took place during this

process. Interestingly, the deprotonation resulted in the duplication of signals, i. e. the formation
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Figure 4.31 Low- and high-field parts of pH-dependent *H NMR spectra in (Cp*)Rh(I11)-GGH
(L") 1/1 system (taken from [151])

ns oW 7.6 7.2 140 130
it f1 (ppm) pm,

of two isomers with nearly equal concentrations. The EXSY (EXchange SpectroscopY) spectrum
measured at pH 9.2 reflects that these isomers are in conformational or chemical exchange (Fig.
4.33), i.e. are not diastereoisomers. The mass spectrum detected under identical conditions
indicates the presence of a monomer and a dimer species in nearly equal amount (Fig. 4.33), thus
the exchange is related to the 2[MH4L’] = [MH.L"], equilibrium. The pH-metric titration
curves can be well fitted by either the monomer or the dimer species, but the parallel refinement
of f1-11 and S 2, is not possible. However, assuming equal concentration of the monomer and
dimer logp; 11 ~ 2.6 and logp, 2, ~ 8.6 can be estimated. Based on the NOESY spectrum, both
CH protons of the imidazole ring (C°H and C°H) of both complexes are in spatial proximity to
the Cp* methyl protons (Fig. 4.33). This is only possible if the N* nitrogen of imidazole ring is
coordinated to Rh(III). In addition, the *G-CH, protons are also close to the Cp* methyl protons,
suggesting {NH2,N",N%i»} type coordination in both species. In one of these complexes the

histidine CgH, protons are slightly, in the other they are considerably inequivalent (Fig. 4.33). In
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the monomer complex the imidazole group is part of a 10-membered, rather strained

macrochelate ring (Fig. 33E), and its reduced chelate effect allows the formation of dimer

species. In [MH.;L"], the imidazole rings bind to the adjacent (n°-Cp*)Rh(I11), resulting in a

more relaxed conformation of the histidine side chains (Fig. 33E), thus the dimer has probably

the more equivalent histidine CgH; protons (signals marked by ‘a’ in Fig. 4.33). Above pH 8 a

further deprotonation was detected (pK ~ 11), but the complex formation processes become too

slow for equilibrium study. At pH 11.6 at least nine peaks appeared in the region of Cp* methyl

protons (Fig. 4.31), indicating the formation of several isomers, but structural details could not

be extracted.
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Figure 4.32 Parts of TOCSY (A) and NOESY (B, C, D) spectra of the (Cp*)Rh(IIl)-L" 1:1

system at pH 5.67 (taken from [151])
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4.3.1.4 Interaction of (°-Cp*)Rh(I11) with histidine-amide (L% and HGG (L°)*

Both ligands are simple model of N-terminal histidine unit in proteins. In the (n°-
Cp*)Rh(I11)-L® system three complexes can be identified between pH 2—12 (Table 8, Fig. 4.34).
The broad signal related to the N*H proton of coordinated imidazole ring appeared on the *H
NMR spectra between pH 26 in this case, too (Fig. 4.35). The formation constant of [ML®]**
complex is much higher than the analogous values of [ML®]**, [ML®]" or [ML']*, indicating the
coordination of both N%, and amino nitrogens within a 6-membered chelate. Since the
resonances of amide protons did not change between pH 2—4, the coordination of carbonyl
oxygen is unlikely. Therefore the metal ion in [ML®]*" has {NH2,N% + CI"} donor set, with

bidentate, histamine-like coordination of L.

100 -
80 -
60 -

40 ~

(Cp*)Rh(IN)%

20 ~

2 4 6 8 10 12
pH

Figure 4.34 Speciation in the (1°-Cp*)Rh(I11)-L® (black dashed lines) and (n°-Cp*)Rh(111)-L°
(red lines) 1/1 systems (T = 298 K, | = 0.2 M KCI, [M]w: = 0.001 M). The curves of
uncomplexed metal ion are not shown for clarity. Dotted lines indicate the region of slow
processes, where only approximate speciation can be given (taken from [151])

Above pH 4 a new set of peaks developed on the *H NMR spectra (Fig. 4.35), belonging to
the [MH_1L%]" species (pK = 6.05). As in the previous cases, new signals appeared on the *H
NMR spectra close to the water resonance. In fact, the signal closest to water (at 4.90 ppm) is
obscured and only its cross peaks appeared on the 2D spectra (Fig. 4.36). The peaks at 4.90 and
5.15 ppm show spatial proximity to the C,H proton (Fig. 4.36), thus belong to the coordinated
amino-NH;, while the resonance at 5.53 ppm is related to the deprotonated (and coordinated)
amide-NH". The coordination of these nitrogens is further supported by the spatial proximity of

their protons to the Cp*-methyl protons (Fig. 4.36). On the other hand, among the two imidazole

12 The text of this chapter is mainly based on ref [151]
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CH protons, only C?H shows vicinity to the Cp*-ring, which clearly indicates
{N%n,NH2,NH }binding mode in [MH_1L®]* (Fig. 4.36 and 4.37).
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Figure 4.35 Parts of pH-dependent *"H NMR spectra of (1°>-Cp*)Rh(111)-L® 2/3 (left) (asterix
denotes the signals of the free ligand) and (n°>-Cp*)Rh(III)-L° 1/1 (right) systems. (taken from
[151])

The (n°-Cp*)Rh(I11)-L° system behaves analogously. The formation constants of [ML®]**

and [ML°]" complexes are very similar, and the imidazole N*H proton appeared on the *H NMR
spectra of both [MHL®]*" and [ML®]" (Fig. 4.35), confirming the coordination of N nitrogen in
these species. The pK of [MHL®]*" (pK = 3.50) is close to the pK of carboxylate in the free
ligand (Table 8). Consequently, in both [MHL®]*" and [ML®]" the ligand binds to the metal ion
with histamine-like {NH,,N%} coordination, they differ only in the protonation state of the C-
terminal carboxylate, remote from the metal ion. During the deprotonation of [ML°]" species (pK
= 5.49) the signal of G amide proton disappeared from the *H NMR spectrum. Like in the
previous cases, parallel with this amide deprotonation new signals appear near the water, which
show strong TOCSY cross-peaks with histidine C°H, C,H and CgH> protons, and therefore
belong to the coordinated N-terminal amino group (Fig. 4.38). Among the two imidazole CH
protons, only the C?H proton exhibits spatial proximity to the Cp* methyl protons, thus the N°
nitrogen of the imidazole ring is coordinated in MH.;L°. Besides, the *H-NH,, ’G-CH; and G-
NH protons are also close to the methyl groups of Cp* ring (Fig. 4.38), confirming the Rh(lll)-
promoted deprotonation of G amide, and therefore the {N*n,NH,,N} binding mode in MH_;L°
(Fig. 4.37). Above pH 8 a further deprotonation was observed in both systems, leading to MH_,L
in slow processes. During these deprotonations new set of peaks did not appear, only those

already present were shifted (Fig. 4.35), i.e. this deprotonation does not alter the coordination
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sphere of Rh(Ill). Two of such processes may take place, the deprotonation of the amino or
imidazole N*-nitrogens. Since the imidazole C*H and C°H protons show the largest shift between
pH 8-12, and the signals of coordinated amino group are less affected, this deprotonation is
probably related (at least for the most part) to the imidazole N*-nitrogen.
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Figure 4.36 Parts of TOCSY (A) and NOESY (B) spectra of the (Cp*)Rr;E"I‘II)-L8 1/1 system at
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Figure 4.37 Proposed structures of MH_;L species of L® (left) and L° (right).
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4.3.1.5 Interaction of (n°-Cp*)Rh(I11) with GHG-NH, (L)

In this peptide the histidine is in the second position, and since it was prepared in our
laboratory, the C-terminal carboxylate is amidated. After the formation of a minor species
[MHL']** between pH 24, two strongly cooperative deprotonations have been detected.
Consequently, the formation of [ML™]** could not be observed, only that of the subsequent
[MH_;L']" complex (Fig. 4.39), which is the only species in the solution between pH 4.5-8. Up
to pH 4.43 the H amide proton gradually disappeared, while the signals of terminal (*G) NH.
and imidazole N*H protons appeared on the NMR spectra (Figs. 4.40 and 4.41A).

100 -

= =) oL
= = =
1 1 1

(Cp*)Rh(IID)%

o
=
L

2 4 6 pH 8 10 12
Figure 4.39 Speciation in the (Cp*)Rh(I11)-L° 1/1 system (T = 298 K, | = 0.2 M KCI, [M]i =
0.001 M). Dashed lines indicate the region of slow process, where only approximate speciation
can be given. (taken from [151])

The NOESY spectrum indicates spatial proximity between the Cp*-methyl and imidazole
C*H, °G amide (Fig. 4.41B), 'G-NH,, "G-CH as well as H-CH; protons (Fig. 4.41C). All these
facts confirm the {NH,,N",N%} type coordination of peptide in [MH™L*]* species as shown in
Fig. 4.41E. This is somewhat surprising considering that L' in this binding mode prefers
meridional, while (n>-Cp*)Rh(Ill) prefers facial coordination. Therefore, we suspected dimer
formation, similar to the case of GGH-OH (L’). However, the MS spectrum at pH 5 clearly
indicates the sole presence of the monomer [MH4L'%" complex (Fig. 4.41). The crystal
structures of tridentate {NH»,N",N"} coordinated (Cp*)Rh(lIl)-peptide complexes indicate that
the central deprotonated amide nitrogen is distorted towards a pyramidal conformation [160].
Similar effect can be expected here, too, but the high thermodynamic stability may over-

compensates this conformational strain. Indeed, the potentiometric data show outstanding

3 The text of this chapter is mainly based on ref [151]
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stability of the amide-coordinated complex of L'°, its formation takes place at 3-4 units lower

pH than in the former systems.
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Figure 4.40 Low- and high-field parts of pH-dependent *H NMR spectra of (Cp*)Rh(I1l)-L* 1/1
system (asterix denotes the signals of minor diastereomer, see main text). (taken from [151])
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Figure 4.41 Parts of TOCSY (A), NOESY (B,C) at pH 4.43 and ESI-MS at pH 5.4 spectra of the
(M°>-Cp*)Rh(I11)-L*° 1:1 system at pH 4.43 and proposed structure of MH_;L'° complex (E).
(taken from [151])

In this system, too, an additional deprotonation was observed above pH 8, which process
was proved to be very slow, the equilibrium was not reached even after several days. In this case,
however, the slow complex formation process was further complicated by the slow hydrolysis of
the C-terminal amide group, which can be clearly seen on the time dependent MS spectrum at
pH 11.04 (see Appendix Fig. A6). This hydrolysis is obviously related to the coordinated metal

ion, but the exact mechanism is unknown.

4.3.1.6 Interaction of (n°-Cp*)Rh(I11) with HHHG-NH, (L)

In the previous chapters | studied the effect of the position of histidine unit within the
sequence of tripeptides (HGG, HGH, GGH) on the coordination properties toward (n’-
Cp*)Rh(II) cation. A next logical step is to investigate a peptide with histidines in the first three
positions. To this end, | synthetized and studied the tetrapeptide HHHG-NH;, which can be also
a good model of multihistidine peptides/proteins present in biological fluids. Due to the higher
number of donor sites in this peptide, beside the equimolar system | also studied the interaction
in presence of metal ion excess. At 1:1 metal-to-ligand ratio, similarly to the former systems,
reliable equilibrium data could be collected only up to pH 8. However, at 2:1 metal-to-ligand
ratio the slow kinetics prevented the correct solution study already above pH 5. The combined
evaluation of our pH-metric, UV-Vis, MS and NMR data (Figs. 4.42 — 4.46) indicated the
formation of three mononuclear and a single binuclear complex in the mentioned pH range. The

determined formation constants are listed in Table 8, the calculated distribution curves of the
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Figure 4.42 Speciation in the (n>-Cp*)Rh(I11)- L” 1:1 (left) and (n°-Cp*) Rh(111)- L** 2:1 (right)
systems (T =298 K, I = 0.2 M KCI, [M]t = 0.001 M).

complexes are shown in Figure 4.42. Since the *H NMR signals of the three histidine subunits
are significantly overlapped, the complex formation processes can be followed much easier
based on the signals of Cp* methyl protons (Fig. 4.43). In the species [MH,L™]**, among the
amino and 3 imidazole groups two are deprotonated and coordinated. The equilibrium constant
for the formation of this complex (M + H,L™ = MH,L™, log K = log fi21 - pKz - pK3s = 10.95) is
almost identical to the formation constant of [ML®]** species (L® = histidine amide, log S0 =
11.09), which would indicate histamine-like {NH2,N%»} coordination. However, in the pH range
of the formation of this complex, two Cp*-methyl signals (e and o in Figure 4.43), i.e. two
isomers, can be detected. The higher intensity signal (e in Fig. 4.43) shows a similar chemical
shift as the [ML®]** complex of histidine amide, indicating histamine-like coordination in this
isomer. The other isomer (o in Figure 4.43) is present in the solution nearly ten times lower
concentration, and probably related to a bis-imidazole coordinated species. Based on the ratio of
these isomers, log K = 9.9 (M + H,L™ = MH,L') can be estimated for the bis-imidazole
coordinated species, which agrees well with log S0, (=10.46) of imidazole itself (Table 8). The
low pK of the next deprotonation (MH,L™ = MHL™ + H*, pK = 4.20), clearly indicates a further
nitrogen coordination in [MHL]*". Considering that histamine-like coordination was the
dominant in [MH,L']*, a further imidazole coordination, i.e. {NH,,2xNix} binding mode is
likely to occur in the [MHL™]** complex. However, [MHL]*" is also present in two isomeric
forms (o and m in Figure 4.43), presumably in addition to the histamine-like binding of N-
terminal histidine, the imidazole ring of either the second or third histidine is coordinated
({NHz,"H-Nim,°H-Nin} or {NHz,"H-Nim,’H-Nim}). These two isomers (two different binding
modes) are present in significantly different amounts between pH 4-5 (o >> m, see Figure 4.43).

84



MIL = 2/1 ¢
pH=517¢ ¢ O @
M/L = 1/1 ]
pH = 9,52 O
n
pH = 7,60 g )
N
O
n
pH = 6,07
O
pH = 5,38 n
O
pH=425 & m
°
pH = 3,26 U O

L4 *

2z | o

1
_ ]
pH=1,96 e

.72 1.68 1.64 1.60 1.56 1.52 1.48 1.44 1.40
f1 (ppm)
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Figure 4.44 Parts of the NOESY spectra of the (Cp*)Rh(111)-L** 1:1 system at pH 5.22 (left) and
proposed structure of the major MHL'! isomer (right).

Based on the NOESY spectrum detected at pH 5.2 (Fig. 4.44) the N-terminal histidine of
the major isomer is coordinated by its N% nitrogen (only the C?-H proton shows spatial
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proximity to the Cp* methyl protons), while the other histidine (either the second or third) is
coordinated monodentately by its N, nitrogen (both C2-H and C°-H protons are close the the
Cp* ring). Surprisingly, however, the Cp* methyl signals of these isomers continuously shift
during the MHL™ = ML + H* (pK = 6.13) deprotonation. The signal of the major isomer at pH
4-5 (o in Figure 4.43) shifts only slightly, while the signal of the minor isomer is subjected to a
more important shift between pH 5-8. Since these isomers have slow ligand exchange on the
NMR timescale (they have separated sets of signals), the continuous pH shift indicates that the
deprotonation does not alter the coordination environment of the metal ions, it occurs distant
from the metal ions. Consequently, between pH 5-8, the deprotonation of the non-coordinated
imidazole ring takes place. The similar coordination environment of the metal ion in [MHL]**
and [ML]** complexes is also confirmed by the similar individual UV-Vis spectra of these
species (Fig. 4.45).
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Figure 4.45 pH-dependent UV-Vis spectra of the (n°>-Cp*)Rh(I11)-HHHG-NH, L systems at
1:1 (A) and 2:1 (B) metal-to-ligand ratio ([(n>-Cp*) Rh (It = 0.283 mM (A), 0.340 mM (B)),
and the calculated individual UV-Vis spectra of the complexes formed (M = (n°-Cp*)Rh(lII)).
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Another interesting fact is that the ratio of these two isomers ({NH2,*H-Nim,2H-Nin} and
{NH2,'H-Nim,*H-Nin}) changes fundamentally during the MHL* = ML™ + H* deprotonation.
The signal of the isomer which is dominant at pH = 5 (o0 in Figure 4.43), completely disappears
at pH 9. At the same time, the intensity of the signal related to the minor isomer at pH 5 (‘m’ in
Figure 4.43) becomes the only detectable signal at pH ~ 8-9. This indicates important
conformational change during the [MHL]** = [ML]** + H* deprotonation. In other words, the
binding mode ({NH2,*H-Nim,2H-Nim} or {NH2,*H-Nim,3H-Nin}) that results in lower stability for
the MHL™ complex (the isomer marked by ‘0’ in Figure 4.43) becomes the favored one in the
ML species. Based on the above observations, we can also speculate on the identity of the more
favored binding modes in [MHL™]** and [ML]?*. Since the signal of ‘m’ isomer shifted more
importantly between pH 4-8, we can assume that the deprotonating (i.e. non-coordinating)
histidine is part of the macrochelate ring, since the deprotonation of a histidine unit which is not
involved in the mecrochelate ring, i.e. is farther from the metal ion, would induce much smaller
shift of the Cp* methyl protons. It follows from these considerations that in MHL™ probably the
{NH2,'H-Nim,2H-Ninm} (Fig. 4.44), while in ML the {NH;,"H-Nin,®H-Ni} binding mode is the
more preferred.

Due to the large number of available donor groups in L, the formation of dinuclear
complexes is also possible. Therefore, we studied the complex formation processes at 2:1 metal-
to-ligand ratio, too. The equilibrium data could be evaluated only up to pH 5, since above this
point slow kinetics was observed. Our data indicated the formation of [M,L"]*" as the only
dinuclear species up to pH 5 (Fig. 4.42). Apart from the intensity, the individual UV-Vis spectra
of [MH,LM]** and [M,L]*" complexes (Fig. 4.45) are similar, confirming that in both
complexes 2-2 nitrogens are coordinated to the metal ions (may be with additional amide
oxygens). Four Cp* methyl signals can be assigned to this complex (Fig. 4.43), which indicates
the formation of several isomers, but we have no further structural information on these. The
formation of dinuclear species was also confirmed by mass spectroscopy (Fig. 4.46). The slow
equilibration observed above pH 5 is probably related to the deprotonation of the amide
nitrogens of the neutral ligand and the associated significant structural changes.
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Figure 4.46 ESI-MS spectrum of the Rh(Cp*)-L*! 2/1 system at pH 5.2 (A), isotopic distribution
of [ML™H]** species (B), [M2H.1L*]** species (C).

4.3.2 Interaction of (1°-Cp*)Rh(I11) cation with endogenous peptides

After establishing the role histidine units and its position on the peptide sequence on the
coordination behaviours toward (n°-Cp*)Rh(l1l) cation, we studied the solution thermodynamic
and solution structural properties of (Cp*)Rh(IIl) complexes formed with some biologically
relevant histidine derivatives present in human body (Histidine L, Carcinine L**, Carnosine L,
Thyrotropin releasing hormone (TRH, pyroGlu-His-Pro-NH,) L*, and GHK (Gly-His-lys) L'®)
(Chart 4.6). In these systems too, we experienced very slow attaintment of equilibrium above pH
7-8, therefore correct solution equilibrium can be given only up to this pH. The solution
speciations are based on the combined evaluation of our pH-potentiometric, NMR and MS data.

The formation constants determined in this way are reported in Table 9.
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Chart 4.6 Schematic structures of the studied endogenic histidine derivatives.

Table 9. Protonation constants of the studied ligands, formation constants of their (n°-
Cp*)Rh(I) complexes and some derived data (T = 298 K, | = 0.20 M (KCI)), with estimated
errors in parentheses (last digit). The constants in square brackets are only indicative values,
since the systems were non-equilibrated.

log fpqr
Species (pqr) LY L™ LY L" L
HaL (041) - - i i 27.88 (4)
HsL (031) 16.97(7) - 18.82 (1) i 25.04 (2)
H,L (021) 15.21(2) | 16.04 (1) | 16.14 (1) i 1850 (2)
HL (011) 9.12(1) | 920(0) | 937() | 628(1) | 1056(1)
MH,L (121) - - i 24.35 (7)
MHL (111) - 1464 (2) | 1497 (1) 20.44 (8)
ML (101) 1411(6) | 893(3) | 939(1) | 538Q2) | 17.20(2
MHLL (1-11) | 4.73(6) | 342(2) | 3.07(2 i 7.10 (3)
MH_L (1-21) - [-7.5] [-8.1] 6.49(2) [4.7]
M,L (201) - - i i i
ML, (102) : : i 9.98(2) i
PKNH, amide - 5.51 6.32 ~5.94 3.24
pM*74 13.32 9.87 9.40 9.25 14.30

pM* values at pH 7.4 and at ¢y = ¢/10 =1 uM (T =25 °C; I=0.20 M (KCl), where pM* = — log([M] +
2[M2(OH);] + 2[M(OH);]).
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4.3.2.1 Interaction of (°>-Cp*)Rh(I11) with Histidine (L'?)

Histidine is one of the major low molecular weight metal chelator in blood serum, where
its concentration is around 70-125 uM [161]. For example, 4 % of the so-called exchangeable
pool of copper in human blood is bound to binary and ternary complexes involving histidine
[162]. Depending on the pH, histidine may coordinate to metal ions as mono-, bi- or tridentate
ligand [162]. Despite this general finding, only a single species, the [ML']* complex could be
detected in the solution between pH 1.9-8.0. The presence of this species even at pH 1.9 (c.a.
25 %) clearly shows its exceptional thermodynamic stability. The comparison of log Si01 values
of [ML*]" and the {N%n,NH,+CI"} coordinated [ML®]*" complexes (L® = histidine-amide, log

Sror = 14.11 and 11.09, respectively) indicates an additional, obviously carboxylate coordination,

100 - . o
ML 7 MH,L
80 M N
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=60 v
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40 i
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20
0 : : : . S
2 4 6 ou 8 10 12

Figur 4.47 Speciation in the (n>-Cp*)Rh(I11)- L* 1:1 systems (T =298 K, | = 0.2 M KCI, [M]ot
= 0.001 M). Dotted lines show the region of slow processes, where only approximate speciation
can be given.
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Figure 4.48 Parts of pH-dependent "H NMR spectra of (n°-Cp*)Rh(111)-L*? 1:1 system
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i.e. the tridentate {N*n,NH,,COO} binding mode in [ML"]*.

Like histidine-amide and some other studied ligands, the protonon exchange rate of the
imidazole N'-nitrogen, and the amino group significantly slowed down during coordination,
therefore their signals appeared in the NMR spectrum (at 12.2 and 5.54/5.13 ppm, respectively,
see Figs. 4.48 and 4.49). The NOESY spectrum detected at pH 5.41 (Fig. 4.49) shows spatial
proximity between between the Cp* methyl protons and the imidazole C?H as well as one of the
amino NH, protons, which also confirm the coordination of the imidazole N*- and NH,-nitrogens.

Above pH 8 a further deprotonation takes place (pK ~ 9.3) leading to [MH_;L.*] in slow
processes. During this deprotonation several new signals emerged on the *H NMR spectra (Fig.
4.48), similarly to the (n°>-Cp*)Rh(l11)-imidazole system. Therefore, although we have no further

structural information, this may imply the formation of imidazolato bridged oligomer species.
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Figure 4.49 Parts of TOCSY (A) and NOESY (B) spectra of the (n°-Cp*)Rh(111)-L*? 1:1 system
at pH 5.41 and proposed structure of ML species (C).



4.3.2.2 Interaction of (°-Cp*)Rh(I11) with Carcinine (L**) and Carnosine (L**)

The natural imidazole-containing dipeptides, carcinine (-alanyl-histamine) and especially
carnosine (B-alanyl-histidine) are widely distributed in living tissues and exists at particularly
high concentrations in muscle and brain of many animals and humans. Carnosine is one of the
most abundant nitrogenous compounds present in the non-protein fraction of vertebrate skeletal
muscle (0.5-20 mM) [165-167]. In addition, carnosine has excellent potential to act as a natural
antioxidant and anti-inflammatory agents, intracellular buffer in skeletal muscle, as well as free
radical scavenger and metal ion chelator. Moreover, it shows antiperoxidative activity on
proteins, lipids and DNA. Carcinine exists in multiple histamine-rich mammalian tissues such as
heart, kidney, stomach and intestine in levels as high as, or higher than, those reported for
carnosine [168,169].
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Figure 4.50 Speciation in the (n°-Cp*)Rh(111)- L* (black dashed lines) and (n°-Cp*) Rh(lll)-
L™ (red lines) 1/1 systems (T = 298 K, | = 0.2 M KCI, [M]ix = 0.001 M). The curves of
uncomplexed metal ion are not shown for clarity. Dotted lines show the region of slow processes,
where only approximate speciation can be given.

2 4 6

The only difference between the two ligands is the presence of a carboxylate group, and
therefore a chiral carbon in carnosine (Chart 4.6). Consequently, similar coordination modes can
be expected and thus the two ligands are discussed together. The determined formation constants
are collected in Table 9, the speciation curves are shown in Fig. 4.50. Between pH 4-5 MHL
complexes are formed with both ligands. At this pH the carboxylate group of carnosine is already
deprotonated, thus the monoprotonated form signifies that either the amino or imidazole group is
coordinated to the metal ion. The NOESY spectrum measured at pH 4.62 indicates that both C°H
and CH protons of the imidazole ring are in spatial proximity to the Cp*-methyl protons, i.e. the

N*-nitrogen is coordinated to the metal ion in MHL complexes. The imidazole N*-nitrogen
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coordination is characteristic for the monodentate binding of histidine subunits, since the
formation of a 5/6/7 membered chelate ring would favor the participation of N*-nitrogen.
Accordingly, although we have no experimental indications on the coordination of carboxylate
group of carnosine, the similar stability of the two MHL species indicates monodentate
imidazole coordination in these species. Another possible additional binding site is the amide
oxygen. Its coordination induces important downfield shift of the corresponding amide proton, as
it was seen for GGA and GGH. In the (n°-Cp*)Rh(lIl)-carnosine (L'*) system significant
downfield shift of amide proton is observed only between pH 5.5-6.5 (Fig. 4.52), i.e. it is
associated with [ML*]". During the process MHL = ML + H* (pK = 5.71 (L) and 5.58 (L*),
the rhodium induced deprotonation of N-terminal ammonium group takes place at four-unit
lower pH than in the free ligands, indicating a relatively strong interaction.
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Figure 4.51 Parts of pH-dependent *H NMR spectra of (n°-Cp*)Rh(111)-L*3 1:1 system
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Figure 4.52 Parts of pH-dependent "H NMR spectra of (°-Cp*)Rh(I11)-L** 1:1 system.
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Surprisingly, the NOESY spectrum detected at pH 6.12 (Fig. 4.53) shows the coordination
of N'-nitrogen in [ML]*, which can be explained by the formation of a 9-membered
macrochelate between the amide oxygen and N*-nitrogen, which does not force the coordination
of N3-nitrogen. Consequently, the [ML*]" species has a {NH,,C=0,N%,} binding mode. Since
the complex [ML*®]* is a minor species at any pH, no structural data can be extracted from the

NMR spectra, but we suggest similar coordination mode in the two ML species.
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Figure 4.53 Part of NOESY spectrum of the (n°-Cp*)Rh(I11)-L** 1:1 system at pH 4.62 (A) and
pH 6.12 (B).

The subsequent processes ([ML] = [MH.1L] + H*, pKw. = 5.51 (L™) and 6.32 (L**)) are
related to the rhodium promoted amide deprotonation (and coordination). Indeed, between pH 5-
7 the signals of amide protons disappeared from the spectra of both systems (Figs. 4.51 and 4.52).
The species of carnosine have somewhat higher stability as compared to carcinine. This is
probably due to the additional coordination of the carboxylate group, which results in higher
stability (log8 = 8.93 for L*® and 9.39 for L'%). This extra stabilization can also explain the
higher pK of amide deprotonation in the case of carnosine The (NH,,N™,N%.,) chelation is the
most plausible binding mode in the species [MH.;L] around the neutral pH (Figs. 4.50, 4.54D
and 4.55D). The suggested coordination mode of [MH.1L] is supported by the followings: (i) the
titration curve (Appendix Fig. A7) shows three (L'%) and four (L'*) equivalents of base
consumption up to pH ~ 8, (ii) during this process the amide proton signal of H disappeared
from the *H NMR spectra in both systems (Figs. 4.51 and 4.52), (iii) the signals at 4.34 and 4.83
ppm on TOCSY spectra (Figs. 4.54 and 4.55) have strong cross-peaks with the neighbouring

methylene protons of the B-alanine which therefore belong to the Rh(lIl) coordinated terminal
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amino group, (vi) the NOESY spectra of both [MH_;L] species revealed cross-peaks between the
Cp*-CHs and imidazole C*H, ?H-CgH, and B-ala-CgH, protons (Figs. 4.54 and 4.55).
Interestingly, in the case of carnosine, the amide deprotonation resulted in duplication of
NMR signals, which indicates the formation of two isomers with nearly equal concentrations.
This could be due to the presence of monomer and dimer species in nearly equal amount, as we
have seen in the case of GGH. However, the mass spectrum (Fig. 4.56) detected under identical
conditions indicates the presence of only monomer complexes. Consequently, the duplication of
signals is related to the formation of diastereoisomers. Since carcinine has no chiral carbon, such
diastereoisomerism cannot be observed. By increasing pH above pH 10 further deprotonation
process took place leading to the formation of [MH_,L] in both systems, which resulted upfield
shift of the imidazole C*H and C°H protons on the *H NMR spectra (Figs. 4.51 and 4.52).
Therefore, during these processes probably the imidazole N*-nitrogens are deprotonated.
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Figure 4.54 Parts of the TOCSY (A) and NOESY (B,C) spectra of the (Cp*)Rh(I11)-L* 1:1
system at pH 8.55 and proposed structure of MH.;L* (D)
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Figure 4.56 Part of ESI-MS spectrum of the Rh(Cp*)- L™ (A) and Rh(Cp*)- L** (B) 1/1
systems at pH 8.7
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4.3.2.3 Interaction of (11°-Cp*)Rh(I11) with TRH (L)

Thyrotropin releasing hormone (TRH, pyroGlu-His-Pro-NH;), a neurohormone
synthesized in hypothalamus. It stimulates the synthesis and secretion of thyrotropin (thyroid-
stimulating hormone). TRH mainly found in the central nervous system, it improves functional
recovery after neurologic dysfunctions, such as brain trauma and epilepsy [170]. In clinical
practice it is used to treat spinocerebellar degenerative diseases (e.g. Friedrich's ataxia), and it

also has anti-depressant and anti-suicidal properties.
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Figure 4.57 Speciation in the (°>-Cp*)Rh(111)- L™ 1:1 (left) and (n°-Cp*) Rh(I11)- L* 1:3 (right)
systems (T = 298 K, | = 0.2 M KCI, [M]i: = 0.001 M). Dashed lines show the region of slow
processes, where only approximate speciation can be given.

The evaluation of our potentiometric data indicated that between pH 2-5 TRH forms
[ML™)?* and [ML",]*" complexes with (n°-Cp*)Rh(111) cation (Fig. 4.57). The formation of
these species can be easily followed on the pH-dependent *H NMR spectra (Fig. 4.58), too,
especially in the region of Cp* methyl and imidazole NH protons (see the signals at 1.513/12.20
ppm for [ML™]** and 1.483/12.32 ppm for [ML™,]**, respectively). Based on the coordination
behavior of the previously discussed ligands and on the structure of TRH, in these complexes the
ligand is coordinated monodentately through its N*-nitrogen (i.e. the signals of N°H are detected
at low field). Indeed, the ratio log (Ki/Kz) = log fio1 — (log Sz — l0g Sio1) = 0.78 indicates
identical binding mode for the first and second ligands (i.e. bidentate coordination is unlikely).
Considering the size of the ligands, it is somewhat surprising, that log i (= 9.98) is nearly
identical with the log K value of the process M + H,L™ = MH,L" (log K = 9.90) and only
slightly smaller than log S, (=10.46) determined for imidazole (L°).
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Figure 4.58 Parts of pH-dependent *"H NMR spectra of (n°-Cp*)Rh(111)-L* 1:1 system

Above pH 5 two further equivalent base consumption were detected in a strongly
overlapping manner (see Fig. A5), which are related to the highly cooperative deprotonations
[MLY]*" = [MH_,L"] + 2H*. The ESI-MS spectrum observed at pH 7.4 (Fig. 4.59) also support
the formation and dominance of the complex [MH_,L"*]. Although, [MH_;L"]" is a necessary
intermediate of the above process, it does not form in detectable concentration. Between pH 5-7
the amide protons of the histidyl- and pyroglutamyl residues gradually disappeared from the *H
NMR spectra (Fig. 4.58). The NOESY spectrum measured at pH 7.22 (Fig. 4.60) indicate the
coordination of imidazole N3-nitrogen (spatial proximity between Cp*-CHs; and imidazole C*H
protons), i.e. the imidazole ring is part of a 6-membered chelate ring. In addition, the 2H-CﬁHz

and pGlu-C,H protons are also close to the Cp* methyl groups (Fig. 4.60), suggesting that the
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Figure 4.59 ESI-MS spectrum of the (n°>-Cp*)Rh(111)-L* 1/1 system at pH 7.4 (left) and
structure of MH_,L" species (right)
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Figure 4.60 Parts of the TOCSY (A) and NOESY (B) spectra of the (Cp*)Rh(I11)-L™ 1:1
system at pH 7.22

peptide backbone surrounds the metal ion. All above mentioned observations are in favor of
metal induced deprotonation and coordination of histidyl- and pyroglutamyl amide nitrogens, i.e.
of {N®n,2xN"} coordination (Fig. 4.59). Similar coordination mode was reported for the Cu(ll)
and Ni(Il) complexes of TRH formed at neutral pH [171]

4.3.2.4 Interaction of (n°-Cp*)Rh(I11) with GHK (L'°)

GHK (glycyl-histidyl-lysine) is a naturally occurring tripeptide present in human plasma,
saliva and urine. The concentration of GHK in plasma is around 1 uM, but its amount may
increase in case of injuries/inflammations. It stimulates the growth of blood vessels and nerve
tissues, increases collagen, elastin and glycosaminoglycan synthesis, supports the regeneration of

skin, lung, bone and liver tissues, improves the take of transplanted skin, and also possesses anti-
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inflammatory, antioxidant and anti-cancer actions. GHK also effective in the treatment of
chronic obstructive pulmonary disease (COPD). Furthermore, GHK has very high affinity for
copper(Il), therefore in human body GHK is present almost exclusively in its Cu(ll) complex, i.e.
almost all above mentioned biological effects are related to the Cu(ll)-GHK complex. This

interaction may also play an important role in copper ion uptake into cells [172-175].

(Cp*)Rh(ITT)%

Figure 4.61 Speciation in the (n°>-Cp*)Rh(111)- L*° 1:1 systems (T = 298 K, | = 0.2 M KCI, [M]t
=0.001 M).

In the (n>-Cp*)Rh(111)-GHK equimolar system, after the formation of two minor species
(IMH2L™1** and [MHL™]*) a single major complex [ML'®]" is present in the solution between
pH 4-8 (Fig. 4.61). The predominance of this species at pH = 5.7 can be clearly seen even on
the MS spectrum (Fig. 4.62). During the formation of this species (i) the H amide proton
gradually disappears from the NMR spectra (Fig. 4.63), (ii) the TOCSY spectrum indicates the
appearance of the signals of terminal amino protons (*G-NH,) around 3.9 and 4.4 (see the strong
cross peaks with *G-CHj protons (Fig. 4.64), (iii) up to pH 4.6 one of the imidazole NH proton is
also present on the spectra (Fig. 4.63), indicating coordinated imidazole ring. The NOESY
spectrum recorded at pH 4.6 shows spatial proximity between the Cp*-methyl and imidazole *H-
C°H as well as “H-CgH, protons (Fig. 4.64). All these observations are in favour for
{NH,,N",N%} coordination of GHK, similarly to the analogous copper(ll) complex [174].
Indeed, the NOESY crosspeak between ?H-C?H and *G-NH, protons (Fig. 4.64) suggests that the
ligand wraps around the metal ion. Accordingly, the rhodium promoted amide deprotonation
takes place at very low pH (pK 3.23), close to that of the analogous (n°-Cp*)Rh(I11)-GHG-NH,
system (L, pK ~ 3.5), indicating somewhat even higher thermodynamic stability.
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Figure 4.62 Part of ESI-MS spectrum of the Rh(Cp*)- L® 1/1 system at pH 5.7 (left) and
structure of ML® complex (right).

In [ML®]* the side chain amino group of lysine is still protonated, and interestingly the
3K-C¢H, protons (next to the amino group) also show spatial proximity to the Cp*-methyl
protons (Fig. 4.64). This suggest some ionic interaction between side chain NH3s" group and the
negatively charged Cp* ring. The deprotonation of this ammonium ion can be well seen on the
pH shift of ®K-C,H, proton signals above pH 8 (Fig. 4.63), and its pK (= 10.10) is close to that of
the free ligand.

Finally, it is worth to mention, that similarly to the [MH_;L*°]" complex, in the case of
[ML]" and [MH_;L®] species the signals of a minor diastereomer (RrnSac OF SrnSec) also

appeared on *H NMR spectra beside the major ones, which can be best seen on the imidazole CH
protons (Fig. 4.63).
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Figure 4.64 Parts of the TOCSY (red) and NOESY (blue) spectra of the (Cp*)Rh(I11)-L*® 1:1

4.3.3 Stereoisomerism and geometry optimization**

Although, the (n°-Cp*)Rh(I1I) cation is well known to form “chiral-at-metal” complexes [176],
the presence of two diastereomers on the NMR spectra was detected only in the (n>-Cp*)Rh(111)-
L¥ and (n°-Cp*)Rh(I11)-L* systems. In the other cases, either only one of the two possible
diastereomers is formed, or their epimerisation is fast on the NMR timescale. In order to study
this behaviour and to determine the most probable solution structures of synthetic peptide
complexes present at near physiological pH (mostly MH-;L), we performed a computational
study using combined molecular mechanical and density functional methods based on the metal-
binding sites and proton-proton proximities obtained from the NMR study. This work was
performed by Dr. Ferenc Bogar (Institute of Medical Chemistry, University of Szeged), and |

* The text of this chapter is mainly based on ref [151]
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was not actively involved in these calculations. Therefore, in my thesis I only summarize the
final conclusions, the details of this computational study can be find in ref. [151].

Bidentate {NH,,N} coordination of a peptide to (n°-Cp*)Rh(111) allows fast epimerisation
of the Rh(ll1) centre [177,178], accordingly we detected a single set of NMR peaks for [MH,1L6].
This agrees well with the nearly equal energies of the two optimized diastereomers for this
species (Fig. A10). On the other hand, tridentate coordination of an L amino acids with S,c
absolute configuration results exclusively R configuration for the metal centre [179,180].
Accordingly, our calculation resulted stable structure only for the RgrnS,c diastereomer (Fig. A11)
in the case of histidine-amide ([MH_1L®]") and HGG ([MH_;L°]). In [MH_;L"] the GGH peptide
is also coordinated as a tridentate ligand, i.e. may give a single diastereomer. However, the 10-
membered macrochelate involving the imidazole ring may be sufficiently flexible to still allow
rapid epimerization. To nonetheless allow fast epimerisation, which would also result in a single
set of NMR peaks. The optimized structure of the two diastereomers (Figs. A10) show rather
strained macrochelates, which would likely prevent the rapid epimerisation. The SgrpSc
diastereomer has more severely distorted *H-amide group (the sum of the bond angles around the
peptide nitrogen is 353.6° vs. 357.3"). More importantly, in the SgpS,c diastereomer the metal ion
is far from the plane determined by the imidazole ring (Figs. A10), which is highly unusual for
imidazole complexes [181]. Consequently, the single set of NMR peaks for [MH_;L'] is
probably due to the solely presence of the energetically more stable RrpS,c diastereomer.

A single set of NMR peaks was detected for the dimer (MH_;L"), species, too. Discarding
the possibility of fast epimerisation, this observation indicates that either the RrpSoc/RrnSac OF
SrnSac/SrrSyc diastereomer is present in the solution. Our calculations indicated lower energy for
the RrnSac/RrnSqc diastereomer (Fig. A12), thus probably this isomer is present in the solution.

In the case of [MH_;L*°]" we observed two sets of NMR peaks, i.e. the presence of both
diastereomers. The isomer ratio is c.a. 8:1, therefore proton-proton proximities could be
determined only for the major diastereomer. In this case, none of the optimized geometries could
fulfil all NOESY constraints, therefore we neglected the Cp*-CHa/*°H-NH proximity constraint,
since the *H-NH proton is not part of the fused (5,6) chelate rings. The most stable structure
obtained in this way for the major isomer was a RgrnS,c diastereomer (Figs. All), as in all

previous cases.
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4.3.4 Comparison and interpretation of equilibrium data

Due to the different basicity of the ligands and composition of their complexes, it is more
appropriate to calculate the concentration of non-peptide bound metal ion (pM* = — log([M] +
2[M5(OH);] + 2[M2(OH)3]) under identical conditions (pH 7.4 and at 10 x [M]iet = [L]et = 107
M), in order to compare the metal ion binding abilities of the studied ligands (see Tables 8 and 9).
Obviously, the monodentate L°> and L°™ have the lowest metal binding affinity, which are
followed by GGA (L°). At the outset, it is worth noting that in case of GGA and any other simple
peptide derivatives, amide coordinated species are present at neutral pH. In certain cases, the (n°-
Cp*)Rh(II) promoted amide deprotonation occur at surprisingly low pH, its pK values spread
over the range 3.5 — 7.0, and show roughly the reverse order with respect to thermodynamic
stability.

The comparison of the pM* values calculated for GGA and GGH (pM* = 8.57 and 10.47,
respectively) clearly shows the preference of (°>-Cp*)Rh(II1) toward the imidazole coordination.
The metal sequestering ability of histidine containing peptides strongly depends on the position
of His unit within the peptide sequence. Such dependency has already been identified for
copper(Il) complexes (HGG < GHG < GGH [133,182]), however the different structural
preferences of the two metal ions resulted in different stability order in the present case, i.e.
GGH < HGG < GHG. The ATCUN-related GGH is the weakest (1>-Cp*)Rh(111) binder (Tables
8 and 9), since the exceptional Cu(l1) binding ability of GGH (L") is related to its tetradentate,
planar {NH,,2xN",N%} coordination mode, but (n°-Cp*)Rh(I11) has only three available
binding sites in a facial geometry. HGG (L), similarly to histidine-amide (L®), provide tridentate
facial {NH2,Nim,N} coordination, therefore these ligands have considerably higher (n°-
Cp*)Rh(111) binding affinity. However, GHG-NH, (L'%) and GHK (L'°) are even stronger (n°-
Cp*)Rh(I1I) binder. This is somewhat surprising considering that these ligands offer a meridional
{NH,N",N%.} binding mode. Consequently, in [MH_;L°]" and [ML']* the central deprotonated
amide nitrogen should be severely distorted towards a pyramidal conformation, but the high
thermodynamic stability probably over-compensates this conformational strain.

Carcinine (L*) and carnosine (L**) provide a meridional {NH,,N",N%} binding mode,
similarly to GHG-NH, (L% and GHK (L'®). The only difference between these two group of
ligands is the size of the fused chelate rings. At neural pH (6,6) membered chelates are formed in
the (n°-Cp*)Rh(I11) complexes of L** and L™, while (5,6) membered chelates are present in L*°
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and L™ complexes. This, seemingly small, difference results in a considerably smaller pM*
values for carcinine and carnosine (ApM* ~ 5). The higher flexibility of the two 6-membered
chelates in [MH_;L'] results in the formation of two diastereomers in nearly equal
concentrations. In all other systems one of the two possible diastereomers is considerably more
favoured energetically than the other.

Although, TRH (pyroGlu-His-Pro-NH;) also contains histidine in the second position, like
GHG-NH, (L™) and GHK (L), no terminal amino group is present in this molecule. The 3N
coordination observed at neutral pH requires the simultaneous deprotonation of two amide
nitrogens located towards the C-terminal (i.e. {N%n,2xN"}). This and the conformational strain
caused by the distorted geometry of the central deprotonated amide nitrogen results in a low pM*
value, similar to those of carcinine and carnosine. On the other hand, this example proves that
interchain histidine is a suitable anchoring group for amide deprotonation promoted by the (n°-
Cp*)Rh(I1I) cation.

Interestingly, despite the presence of histidine at the N-terminal position of HHHG, the
{NH2,Nim,N } coordination, observed for histidine-amide and HGG, is not formed at neutral pH.
Instead, the [ML"']** complex has a {NH,,2xNin} binding mode, i.e. imidazole coordination is
preferred over amide. The pM* values of histidine, histidine-amide, HGG and HHHG-NH, are
close to each other, thus the histamine-like binding mode complemented by either carboxylate,
amide or imidazole coordination results in roughly similar thermodynamic stability.

Among the studied peptides there are several exceptionally strong copper(ll) binder (e.g.
GHG and GGH), and the physiological effect of some biogenic peptide is strongly related to
their copper(ll) binding properties (carcinine, carnosine and GHK). Consequently, it is worth to
compare the copper(ll) and (n>-Cp*)Rh(l11) binding abilities of the studied ligands. Based on the
predominance diagrams of the different (n>-Cp*)Rh(I11)-Cu(ll)-peptide 1/1/1 ternary systems
(Fig. A13) it is clear that (n°>-Cp*)Rh(I11) cation has very high affinity towards peptides, in most
cases it is greater than that of the well-known peptide-binder copper(ll). The only exceptions are
the peptides containing the ATCUN motif (XXH), namely GGH (L’) and HHHG-NH, (L*"). But
even in these cases, (n°-Cp*)Rh(I11)-peptide complexes dominate in the solutions up to pH 6,
and only above this pH becomes the formation of copper(ll) complexes more favoured. This is
due to the formation of the tetradentate {NH,,2xN",N*} binding mode in copper(Il) complexes,

which provides higher thermodynamic stability, as the at most tridentate binding mode in
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rhodium(111) species. Finally, the two metal ions show similar affinity towards carnosine at the
physiological pH, since in this case the tridentate {NH,,N~,N*n} binding mode in the Rh(lII)
complexes can effectively compete with the tetradentate {NH,,N ,COO +Ni,} coordination
formed in the dimer [Cu,H_,L,] complex, since it provides less thermodynamic stability than the
ATCUN motif. On the other hand, the formation of this dimer species is negligible at the
physiologically relevant micromolar concentration range, therefore under this conditions the (n°-
Cp*)Rh(II) complexes dominate in the neutral pH range in case of carnosine, too (see dashed
lines in Fig. A13).

4.3.5 Mimicing the interaction of the (n’-Cp*)Rh(111)-based potentially anticancer or drug
delivery agents with peptides *°

The predominance diagrams (Fig. A13) clearly indicate that most of these peptides, even
the copper(I1) specific peptides GHK (L), bind rhodium considerably stronger than copper(ll).
Consequently, such histidine peptides can significantly influence the biospeciation of potentially
therapeutic half-sandwich rhodium complexes. In order to prove the actual realization of this
possibility, and to mimic the interaction of the (n°-Cp*)Rh(Ill)-based potentially anticancer or
drug delivery agents with peptides and proteins present in biological fluids, we also studied the
(Cp*)Rh(I11)-A-B ternary systems (where A = bipyridyl (bpy) or ethylene-diamine (en); B = L,
L7, L8 L L LY, L™ L™ L™ L%, L'). The (n°-Cp*)-bpy and -en complexes are used as
two simple representatives of Rh-based potentially anticancer agents. Although, the [Ru(IT)(n°-
cymene)(en)CI]PFs and [Ru(IT)(n°-biphenyl)(en)CI]PFs compounds [183], as well as (Cp*)Rh(1I1)
complexes of some (N,N) polypyridyl ligands showed promising in vitro antiproliferative
activity [184], the (n5-Cp*)Rh(III) complexes of ethylene-diamine and bipyridyl possessed
negligible effect [184]. On the other hand, the bpy complex possesses moderate antiproliferative
effect against A2780 human ovarian cancer cells [185]. Although the (n°-Cp*)Rh(I11)-en/bpy
complexes do not have significant anticancer effect, we chose these simple ligands for our study,
since their coordination behaviours are basically similar to many other ligands, in fact they have

high (Cp*)Rh(I11) binding affinity, which was already studied from equilibrium points of view

> The text of this chapter is mainly based on ref [151]
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[74]. Their pM* values calculated under the conditions given in Table 8-9 are pM* = 12.65 (en)
and 13.90 (bpy).

'H-NMR spectra were recorded for the (n°-Cp*)Rh(I11) complexes of en and bpy in the
absence and resence of peptides at physiological pH to identify the species formed in the (-
Cp*)Rh(I)—en/bpy-ligands (1:1:1) ternary systems after 24-48 h equilibriation at 25 °C. Our
data indicated that the weakest binder GGA does not interact, but all histidine derivatives form
ternary species with the (n°-Cp*)Rh(111)-en/bpy complexes (Fig. 4.66). Moreover, in the cases of
histidine-amide (L®), HGG (L°), GHG-NH, (L'%), HHHG-NH, (L), histidine (L*?), TRH (L")
and GHK (L'®) even the signals of binary peptide complexes appeared on the NMR spectra,
indicating that these peptides are able to displace ethylene-diamine or bipyridyl from the
coordination sphere of (n°-Cp*)Rh(111) (see Appendix Fig. A14).

The distribution (%) of binary and ternary species in the (n°-Cp*)Rh(III)-en/bpy-ligand
(1:1:1) ternary systems are collected in Table 10. These data also include information on the
chemical equilibrium, but due to the unknown values of N-terminal and side-chain amino pKs of
imidazole coordinated peptides, the correct evaluation of data in Table 10 is not possible.
Nevertheless, an estimation of log K = 4.5 £ 0.5 can be given as an average for the monodentate
imidazole coordination to the (n°-Cp*)Rh(lII)-en/bpy complexes, This value is considerably
higher than log K3 ~ 3 obtained in the (n°-Cp*)Rh(I11)-LY™ systems (Table 8), indicating the
preferred formation of such ternary complexes due to some additional (electronic?) interaction(s).
This ‘extra’ stability may result in efficient binding of imidazole side chains of peptides/proteins
to the (n°-Cp*)Rh(l11)-based potentially anticancer compounds even under sub-milimolar
conditions.

The observed distribution of binary and ternary complexes roughly correlate with the
thermodynamic stability or pM* values of the corresponding binary species, however in some
cases the deviation is significant. The most striking inconsistency was observed with TRH. The
pM* values determined for the (n°-Cp*)Rh(III)-TRH system (pM* = 9.25) is considerably
smaller than those determined for the (n°-Cp*)Rh(I11)-en/bpy systems (pM* = 12.65 (en) and
13.90 (bpy)), i.e. binary (n°-Cp*)Rh(II)-TRH complex should not form in the ternary systems.
Nonetheless, after 48h equilibration the signals of the binary (1°-Cp*)Rh(I11)-TRH complex
were present on the *H NMR spectra. Therefore, we repeated our measurements with 2 weeks

equilibration time, but the results were the same as before (Fig. 4.65). This is probably related to
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an unusual kinetic behaviour of the binary TRH species, i.e. relatively fast formation but very
slow dissociation.

The NOESY spectra of the ternary systems (some representative example are presented in
Appendix Fig. A8 and A9) indicate that in all ternary complexes only the C?H and C°H protons
of imidazole rings are in spatial proximity to the Cp*-methyl protons. Consequently, in the
ternary species these histidine derivatives coordinate monodentately to Rh(Ill) through their
imidazole N*-nitrogens. This observation also implies that considering only monodentate
coordination at neutral pH the imidazole ring has much higher (n°-Cp*)Rh(111) binding ability

than the carboxylate or amino groups.
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Table 10. Distribution (%) of the binary and ternary species in the (n°-Cp*)Rh(III)-en/bpy-
histidine derivatives (1:1:1) ternary systems based based of the *H NMR peak integrals ([(n°-
Cp*)Rh(I11)]* ot = 2 MM, pH = 7.4, T = 25 °C, incubation time = 24-48 h (2 weeks for TRH)).

A B [RhCp*(A)]% | [RhCp*(B)]% | [RhCp*(A)(B)]%

GGA 100 - -

GGH 29 - 71

His-amide 14 74 12

HGG - 85 15

GHG-NH, 28 38 34

EN  "HHHG-NH, 5 34 61
Histidine 18 82 -

Carcinine 38 - 62

carnosine 29 - 71

TRH 40 10 50

GHK 26 47 26
GGA 100 - -

GGH 25 - 75

His-amide 30 8 62

HGG 27 11 62

Bpy | GHG-NH, 28 - 72

HHHG-NH, 12 22 66

Histidine 34 16 50

Carcinine 33 - 67

carnosine 28 - 72

TRH 23 14 63

GHK 32 - 68
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5. SUMMARY

The overall goal of my PhD thesis was to characterize (partly design and synthesize, too) some

amide-containing ligands and to study their metal complexes in order to answer some practical

problems. The thesis covers three, at first glance, different topics. However, these areas are

interconnected by (i) the amide-group, which is contained in almost all investigated ligands, (ii)

the similar coordination chemical properties of imidazole and pyridine rings, and (iii) the studied

metal ions (Cu(I) and (n°-Cp*)Rh(III)). The scientific content and value of this work can be

summarized in the following points:

Design of specific artificial metallophores for Alzheimer’s disease therapy, which are
able to transport Cu(ll) from its amyloid complexes to the membrane transporter
hCTR1.

| designed and synthetized two ligands (PMPA, L' and DPMGA, L2 see Chart 4.1) and
studied their Cu(ll) and 2Zn(ll) complexes. The comparative evaluation of pH-
potentiometric, UV-Vis and EPR spectroscopic data indicated that in mM concentration
range, mono- and bis-complexes, at UM concentrations only mono-complexes are formed. In
excess of the tridentate PMPA ligand, both metal ions form 6N coordinated bis-complexes,
with two pyridine and two deprotonated amide nitrogens in the equatorial plane. This is
surprising, since the amide deprotonation in zinc complexes is relatively rare phenomenon,
while in case of copper(ll) the Jahn-Teller distortion generally prevents the 6N coordination.
In case of the tetradentate ligand 6N coordination occurs only for zinc in its bis-complexes
which is the main species at ligand excess and at neutral pH. In case of copper mostly mono-
complexes are formed, of which the {Npy,N",NH,Np,) coordinated [CuLH.;]* complexes
predominate in a wide pH range. The pM dependence on the ligand concentration indicates
that the Cu(ll) binding ability of the tetradentate DPMGA is three orders of magnitude
higher than that of the tridentate PMPA. Furthermore, both ligands bind copper(Il) seven
orders of magnitude stronger than zinc(ll), consequently these ligands are specific for
copper(Il) even in presence of high excess Zn(ll). Our fluorescence titrations proved that
both ligands can compete with AB; 16 for Cu(ll), and that the tetradentate DPMGA is more
effective competitor than PMPA. However, only the tridentate PMPA has lower conditional

binding constant than the copper transporter human CTR1. In addition, we also studied the
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ability of PMPA, DPMGA and some other relevant ligands to inhibit the ROS production
generated by the raction of copper(ll) with ascorbic acid. The results indicated that in
contrast to some well-known and strong copper binder ligands, such as Gly-His or NTA, our
ligands are indeed able to reduce ROS production. Considering all these observations, only
the tridentate PMPA has the properties that are essential to behave as a potential artificial
metallophore, i.e. able to remove Cu(ll) from the redox active Cu(ll)-amyloid  species, its
Cu(ll) complex is redox inactive, and has lower Cu(ll) binding affinity as the membrane
transporter hCTRL1.

. Design of some His-containing peptides, of which copper(ll) complexes can closely

mimic the LPMO active centres both from structural and functional points of view.

To this end, | designed and synthetized the HPH-NH, (L®) and HPHPY-NH, (L%
peptides, which possess a binding site similar to the ‘His-brace’ structural motif, and the
additional tyrosine in L* may potentially mimic the axial Tyr residues in the active centres
of lytic polysaccharide monoxygenases (LPMOs). Proline subunits are used to separate the
histidines, in order to prevent the copper(ll) promoted amide deprotonation and to provide
relatively rigid structure for the ligands. The comparative evaluation of the pH-
potentiometric, UV-Vis, CD, ESI-MS and EPR spectroscopic data showed that above pH 5
and in equimolar solutions the complex formation processes are fundamentally different
from all copper(Il)-peptide systems known so far. Namely, the proline units prevent the
formation of the ATCUN-type {NH2,2N",Nin} coordination above pH 5-6, which is the
main binding mode of N-terminally non-protected HXH (X#P) peptides. Instead, in our
systems the imidazolato-bridged Cu,H_1(L*), and Cu,H(L*), dimer complexes are dominant
in the solution between pH 6-8. Above pH 8 two further deprotonations were observed in
both systems. These processes are related to the formation of a metal-bound hydroxide ion,
except for the first deprotonation in the Cu(ll)-L* system, during wich the Tyr-phenolate
oxygen binds to the metal ion.

Although our goals were only partially achieved, the amide deprotonation was suppressed,
but the complexes formed in neutral and alkaline pH show only limited analogy to the ‘His-
brace’” motif, we attempted to explore the LPMO-like activity of these complexes, especially
considering our cyclic voltammetric results which indicated rather positive formal redox

potentials for the Cu(l1)/Cu(l) redox couple in these complexes both at neutral and at
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alkaline pH. To this end, we studied the oxidation of p-nitrophenyl-£-D-glucopyranoside
(PNPG) by H,0, in presence of our complexes both at pH 7.4 and 10.5. The kinetic results
indicated that (i) the simultaneous presence of H,O, and copper(ll) complexes results in
significant, truly catalytic LPMO-like activity even at neutral pH, which is a unique
behavior among the LPMO model complexes reported so far, (ii) the Michaelis-Menten
model is applicable in our systems. Since the LPMO-like activity most probably proceeds
via a copper(l1)-peroxo complex, we also studied the interaction of H,O, and our complexes
in the absence of PNPG. The analysis UV-Vis and EPR spectra indicated the time-dependent
formation of mononuclear Cu(I1)-OOH and partly 1,2-peroxodi-copper(11) complexes. These
complexes, especially the mononuclear one, are stable for 1-2 hours at low, but decomposes
more rapidly at high H,O, excess, yielding Cu(l) species. We propose, that the interaction of
this Cu(l) complex(es) with excess of H,O, results in a homolytic O-O bond cleavage and
the formation of a highly reactive Cu(ll)-oxyl species, which is known to be required for an
efficient H-abstraction from the substrate. In this way, we assume a similar catalytic cycle
for our model complexes, as suggested recently for the native LPMOs.

To explore the most important thermodynamic factors governing the biospeciation of
(°-Cp*)Rh(111)-based potential metallodrugs in biological fluids.

The monodentate imidazole coordination is the most frequently detected binding mode of
peptides and proteins to half-sandwich Ru(Il)/Rh(IIl) complexes, however, to our
knowledge, no complete solution themodynamic study on the interaction of (n°-Cp*)Rh(l11)
cation or its potential medicinal complexes with amino acids or peptides are available in the
literature. Therefore, | studied the interactions of (n°-Cp*)Rh(I11) cation with 11 histidine
derivatives, among them biogenic peptides such as carcinine, carnosine, TRH (pGlu-His-
Pro-NH;) and GHK (Gly-His-Lys), as well as with imidazole and Gly-Gly-Ala, which were
investigated for comparative purposes. After exploring the binary (n°-Cp*)Rh(11I)
complexes of these ligands, we also studied some (n°-Cp*)Rh(I11)-A-B ternary systems
(where A =2,2’-bipyridyl (bpy) or ethylene-diamine (en); B = the studied peptides), in order
to mimic the interaction of the (n°-Cp*)Rh(l1)-based potentially anticancer or drug delivery
agents with biogenic peptides and proteins. Based on the comparative evaluation of pH-
potentiometric, UV-Vis, '"H NMR and MS spectroscopic data, the following general

conclusions can be made:
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(i) The (n°-Cp*)Rh(III) cation is able to induce the deprotonation of amide nitrogen well
below pH 7 even in case of GGA peptide, having no coordinating side chain.

(if) The presence histidine units in the peptides results in 2-6 orders of magnitudes stability
increase as compared to GGA.

(iii) The (n°-Cp*)Rh(I11) sequestering ability of histidine containing peptides strongly
depends on the position and number of His unit within the peptide sequence, the observed
order for the monohistidine peptides is as follows: XYH < HXY < XHY. Although, the
ATCUN-like GGH is a very strong Cu(Il) binder, it forms the least stable (3°-Cp*)Rh(lII)
complexes among the His-peptides, because its tetradentate in-plane coordination mode does
not fit to the three available facial binding sites of Rh(lll). HGG, similarly to histidine-
amide, provide tridentate facial {NH2,Nin,N } coordination, therefore these ligands have
considerably higher (n°-Cp*)Rh(III) binding affinity. However, GHG-NH, and GHK are
even stronger (n°-Cp*)Rh(II1) binder. This is somewnhat surprising considering that these
ligands offer a meridional {NH,,N",N%n} binding mode, while (n>-Cp*)Rh(lII) prefers a
facial one. Although, carcinine and carnosine provide similar {NH2,N~,N%} binding mode
as GHG-NH; and GHK, the higher the size of their fused chelate rings results in a
considerably smaller (n>-Cp*)Rh(111) binding ability. Although, TRH also contains histidine
in the second position, like GHG-NH, and GHK, no terminal amino group is present in this
molecule. The 3N coordination observed at neutral pH requires the simultaneous
deprotonation of two amide nitrogens located towards the C-terminal ({N%mnN",N"} type
coordination), which results in a low binding ability, similar to those of carcinine and
carnosine. Interestingly, amide coordination was not observed for the multihistidine peptide
HHHG.NH,. Instead, a highly stable {NH2,Nim,Nin} coordinated species is dominant in the
neutral pH. The (n°-Cp*)Rh(lII) binding ability of histidine ({NHz2,Nim,Nim} coordination),
histidine-amide and HGG ({NH2,Nim,Nim} coordination) and HHHG-NH; are close to each
other, thus the histamine-like binding mode complemented by either carboxylate, amide or
imidazole coordination results in roughly similar thermodynamic stability.

(iv) Among the studied peptides there are several exceptionally strong copper(ll) binder (e.g.
GGH, GHG-NH,, HHHG-NH; and GHK), and the physiological effect of some biogenic
peptide is strongly related to their copper(ll) binding properties (histidine, carcinine,

carnosine and GHK). Consequently, it is worth to compare the copper(ll) and (n°-
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Cp*)Rh(II) binding abilities of the studied ligands. Based on the simulated predominance
diagrams calculated for the different (n°>-Cp*)Rh(111)-Cu(l1)-peptide 1/1/1 ternary systems,it
is clear that (n>-Cp*)Rh(III) cation has very high affinity towards peptides, in most cases
greater than that of the well-known peptide-binder copper(ll). The only exceptions are the
peptides containing the ATCUN motif (XXH), namely GGH and HHHG-NH,. But even in
these cases, (1°-Cp*)Rh(111)-peptide complexes dominate in the solutions up to pH 6.

(v) The higher flexibility of the two fused 6-membered chelates within the tridentate,
{NH2,N",N*%,} coordinated complex of carnosine results in the formation of two
diastereomers in nearly equal concentrations. In all other analogous complexes one of the
two possible diastereomers (most likely RrpSqc) is considerably more favoured energetically
than the other.

(vi) Our detailed 'H NMR study on the different (n>-Cp*)Rh(Ill)-en/bpy-peptide ternary
systems at physiological pH indicated, that all histidine derivatives form ternary species with
the (n°-Cp*)Rh(111)-en/bpy complexes. Moreover, in the cases of histidine-amide, HGG-OH,
GHG-NH,, HHHG-NH,, histidine, TRH and GHK even the signals of binary peptide
complexes appeared on the NMR spectra, indicating that these peptides are able to displace
ethylene-diamine or bipyridyl from the coordination sphere of (1°-Cp*)Rh(lII). These
behaviours may have important implication on the biospeciation/ biotransformation of (1>-

Cp*)Rh(II1)-based potential metaééodrugs in human bodies.
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Figure Al Analytical HPLC chromatograms (A,B,C), HR ESI-MS (D,E,F,G) and 'H NMR
(H,1,3,K) spectra of the purified GHG-NH, (A,D,H), HHHG-NH, (E,l), HPH-NH, (B,F,J) and
HPHPY-NH; (C,G,K) peptides. (taken from [130] and [151])
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Figure A2 Simulated isotropic EPR spectra of the individual Cu(ll) complexes. (taken from
[122])
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Figure A3 The schematic structure of the additional seven ligands which were also tested (in
addition to PMPA and DPMGA) for their ability of inhibition of ROS production of CuAp in the
presence of ascorbate. (taken from [122])
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Figure A4 Proposed structres of (A) bis complexes CuHyL, (B) CuHL?® or CuH,L*(C) CuL3or
CuHL* (D) Cu,H L3, or CuHL*,
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Figure A5 Monomer and dimer complexes identified on the ESI-MS spectra. The peaks related
to the dimer [Cu",L%+2CI]** complex (bottom) have notable lower intensity than those of the
monomer species. (taken from [130])
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Figure A6 ESI-MS spectrum of the Rh(Cp*)-GHG-NH; 1/1 system at pH 11.04 after 1 day (red)
and 6 days (black) of preparation. The hydrolysis of C-terminal amide (—-CONH,; — —COOH)
resulted in the increase of molecular weight by 0.984 units. (taken from [151])
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Figure A7. Titration curves of the [(Cp*)Rh"'Cl] at 1:1 metal-to-ligand ratio of e carcinine, ®
Carnocine, e TRH, e Histidine, » GHK systems as a function of added base equivalent relative to
the ligand.
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Figure A8. Parts of NOESY spectra of the (Cp*)Rh(I11)-L™-en (A), (Cp*)Rh(111)-L*®-en (B),
(Cp*)Rh(I11)-L*%-en (C) ternary 1:1:1 systems at pH 7.40 (T, Be and BL denote ternary
complexes, binary complexes of en, and binary complexes of histidine peptides, respectively).
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Figure A9. Parts of NOESY spectra of the (Cp*)Rh(I11)-L*-bpy (A), (Cp*)Rh(111)-L**-bpy (B)
ternary 1:1:1 systems at pH 7.40 (T, Bp and BL denote ternary complexes, binary complexes of
bpy and binary complexes of histidine peptides, respectively).

133



Figure A10. Optimized structures of MH_1L® SrnSac (A) and RrpSec (B), as well as MH_;L°
RruSuc (C) SrrSuc (D) diastereomers. Note that in structure D the rhodium(lll) ion lies
significantly out of the plane determined by the imidazole ring. (taken from [151])

Figure. A1l Optimized structures of the RgnS,c diastereomers of MH_;L® (A), MH_;L® (B) and
MH_; L™ (C) species. (taken from [151])
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Figure A12 Optimized structures of the RrpSoc/RrnSac (A) and RrpSuc/RriSqc (B) diastereomers
of the dimer (MH_1L"), complex. Note that the rhodium(lll) ions with S configuration (B) lie
significantly out of the imidazole plane, similarly to the related monomeric SgrpS,c diastereomer
(Fig. A10D). (taken from [151])
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Figure A13 Predominance diagrams of the (Cp*)Rh(I11)-Cu(ll)-peptide 1/1/1 system at
[peptide] = 1 mM (continuous lines) and [peptide] = 1 uM (dashed lines) concentrations
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Figure A14 Mimicing the interaction of the (n°-Cp*)Rh(l1)-based potentially anticancer or drug
delivery agents with peptides
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Table Al. The concentrations of the studied systems, when the ROS production was followed by

the oxidation of ascorbic acid (Cinit. = 100 pM). (taken from [ [122])

Cu(ln AP Ligand Zn(l1) I
1. - - - EDTA [ OuM-10pM - 0.12 NaCl
2. |0-10pM | - - - - - -
3. | 0-10 uM - - - - - 0.12 NaCl
4. 10pM - - - - 10-1000 uM | 0.12 NaCl
5. 10pM | 1-16 | 0-30 pM - - - 0.12 NaCl
6. 10pM | 1-16 | 12 uM - - 5-1000 uM | 0.12 NaCl
7. 10pM | 1-40 | 0-30 pM - - - 0.12 NaCl
8. 10pM - - L* 20uM - 0.12 NaCl
9. 10pM | 1-16 | 12 uM L* 20uM - 0.12 NaCl
10. | 10uM | 1-16 | 12 puM L* 20pM** - 0.12 NaCl
11.| 10uM |[1-40 | 12pM L* 20pM - 0.12 NaCl
12.| 10uM |[1-40 | 12pM L* 20pM** - 0.12 NaCl
13.] 10uM | - - PMPA | 2-50pM - 0.12 NaCl
14.| 10uM - - DPMGA | 2-50uM - 0.12 NaCl
15.| 10uM | 1-16 | 12 uM PMPA 2-50uM - 0.12 NaCl
16.| 10uM [1-16 | 12pyM | DPMGA | 2-50pM - 0.12 NaCl

* The following ligands were studied (see SI-Chart 2): IDPA, NTA, GlyHis, DIEN, TREN,
DPA and ENDIP.
** Delayed addition of ligands were applied.
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