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List of abbreviations

ACN
BAL
BCA
BCS
CD
COSY
Cys
DOSY
D-Pen
GSH
His
HSAB
LHx
LMCT
MD
Met
MT

acetonitrile

British anti-Lewisite = dimercaprol
bicinchoninate anion

bathocuproin disulfonate

circular dicroism (spectroscopy)
correlation spectroscopy (NMR)
cysteine

diffusion-ordered spectroscopy (NMR)
D -penicillamine

glutathione

histidine

hard-soft acid-base theory

different protonation states of the peptides
ligand to metal charge transfer
Menkes disease

methionine

metallothionein

NOESY nuclear Overhauser effect spectroscopy (NMR)

P

general notation for the peptide, independent from the protonation state

ROESY rotating-frame Overhauser spectroscopy (NMR)

ROS

reactive oxygen species

TOCSY total correlation spectroscopy (NMR)

UV-vis UV-visible (spectroscopy)

WD

Wilson’s disease
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I. Introduction

Copper is a transition metal found in group 11 of the periodic table, along with silver
and gold (Figure 1). The name copper and symbol Cu are related to the Island of Cyprus,
which was the main source of this metal in the Roman era. The phrase aes cyprium meaning

the metal of Cyprus is believed to have evolved to cuprum and finally to copper.[1]

The place of copper in the periodic table

Copper was one of the first metals used and played an important role during history,
because it can be found in elemental form, besides the various compounds, and it possesses
useful physical properties, such as good ductility, malleability, strength, corrosion
resistance, and high thermal and electrical conductivity, combined with an attractive
appearance. From the primitive tools and weapons of prehistoric times, through the coinage
and alloy formation to electrical wires and high-temperature superconductors in modern
ages, there is a wide range of applications of copper and its compounds. They are also used
as catalysts in both homogeneous and heterogeneous reactions, as fungicides, pesticides,
wood preservatives, and as pigments for paints and glasses.[1]

Copper 1is also an important element from the biological point of view. It is an
essential micronutrient participating in several vital processes. Since copper can alternate
between the Cu(I) and Cu(Il) oxidation forms, it mainly acts as a cofactor of redox enzymes.
Some examples of copper proteins are cytochrome c oxidase, a member of the cellular
respiratory chain, Cu/Zn superoxide dismutase, which plays an antioxidative defense role,
lysyl oxidase, which is responsible for the collagen cross-link formation, dopamine beta-
hydroxylase, that participates in catecholamine production and the two iron homeostatic
proteins, hephaestin and ceruloplasmin.[2]

Nevertheless, this electrochemical activity makes the excess free copper as well

harmful for the cell. It can promote the formation of reactive oxygen species (ROS) in



Fenton-like reactions. It is well-known that ROS can damage all cellular compartments from
lipid membrane to nucleic acids. Therefore, cellular copper concentration is under strict
control involving a sophisticated system of proteins.

Illnesses like Menkes or Wilson’s diseases (MD and WD, respectively) can disturb
this sensitive balance leading to copper deficiency or overload. WD is treated by chelation
therapy. However, the nowadays-used drugs induce several adverse side effects. Thus, there

is a substantial need for the development of safer therapeutics.
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II. Literature review
1. Overview of human copper homeostasis

1.1. Copper sources

Nutrition is the main source of copper for the human body. Foods that are rich in
copper are the seeds, grains, nuts, beans, potato, tomato, shellfish and liver. Drinking water
also contributes to the daily intake, but in significantly smaller quantity (1 pg/day) depending
on the characteristics of water like pH, hardness or copper availability in the water supply
network. The recommended amount of ingested copper per day is around 0.8 mg, but the
exact value depends on the geographical location, the age or sex.

In the proximity of industrial settlements such as mines or metal production plants,
the copper level can be extremely high in the environment and it can be absorbed through

the skin or by inhalation.[3]

1.2. The route of copper in the body

Dietary copper is absorbed by the enterocytes found in the wall of the small intestine.
The enterocytes transfer copper to the portal circulation towards the destination of the liver.
Liver is often called as the center of copper homeostasis, because copper is incorporated here
into copper proteins and distributed to the other organs of the body. Excess copper is excreted

through the bile in a form that cannot be reabsorbed and finally removed with the feces.[4]

1.3. Coordination chemistry of copper in a living organism

Copper has a d'%! valence electron configuration and it is stable in Cu(I) and Cu(II)
oxidation states. According to Pearson’s hard-soft acid-base (HSAB) theory Cu(l) is
characterised as a soft Lewis-acid,[5] and consequently, it is often coordinated by 2, 3 or 4
sulphur and nitrogen donors in linear, trigonal planar or tetrahedral geometry.[1] The
borderline Lewis-acid Cu(ll) can be coordinated by oxygen and nitrogen donors with
coordination numbers 4—6 and in a square planar, (distorted) pentacoordinate or (distorted)
octahedral geometries [1, 6]. In copper binding proteins these donor atoms are provided by
the thiolate moieties of cysteines, the thioether groups of methionines, the carboxylate
groups of glutamates and aspartates, the imidazole rings of histidines, and besides, the N-

and O-atoms of the polypeptide backbone can also play a role in the coordination of Cu(Il).
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1.4. Cellular copper trafficking

nucleus

Atoxl — trans-Golgi
ATP7A/B " network

Golgi vesicle

ATP7A/B

Cellular copper trafficking. Black arrows represent the route of copper; green arrows represent the

movement of bigger units. Figure was made based on [4, 7].

Ctrl
Copper enters cells by the transporter protein Ctrl (Figure 2). Ctrl has three
transmembrane regions that position the N-terminal domain on the extracellular side and the
C-terminal domain in the cytosol. The extracellular domain is rich in methionines arranged
in MXXM or MXM motifs, while the C-terminal domain contains conserved cysteines and
histidines (Figure 3).[8]
@ = Mets motif, ~ MXMXXM

& = Cys/His motif
4= Copper chaperone

Delivery to
appropriate
cuproenzyme

Schematic representation of cellular copper uptake|[8]

A peptide modeling the first 14 amino acids of the extracellular N-terminal domain
of Ctrl (MDHSHHMGMSYMDS) is able to bind Cu(Ill) and Cu(I) with high affinity
(logKcuan = 11.0 and logKcum = 10.2) at pH = 7.4. Cu(Il) is coordinated in square planar

environment provided by the ATCUN motif formed by the amino nitrogen of the terminal
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Met, the amide nitrogens of the following two peptide bonds and the imidazole nitrogen of
the His residue. Interestingly, Cu(Il) can be reduced in this complex by ascorbic acid, which
is not typical at all for the ATCUN motif. The reduction leads to the rearrangement of the
coordination site. Cu(I) is bound in a distorted tetrahedral geometry by two imidazole
nitrogens and the carbonyl oxygen of the bis-His motif and by a thioether sulfur of one of
the methionines.[9, 10]

Another peptide modelling the Met-rich motif of the N-terminal domain in the
MXMXXM sequence was shown to coordinate Cu(l) in an all-methionine fashion.
Dissociation constant of the 1:1 mononuclear complex was determined to be Kp ~ 107 at
pH =3.5-4.5. The peptide displayed high selectivity for Cu(I) since no Cu(Il) species could
be detected.[8]

Based on UV-vis spectroscopic results, the cytosolic C-terminal domain of Ctrl
binds four Cu(l) ions and structural investigation by X-ray absorption spectroscopy showed
the formation of a cluster with a CusSe core (Figure 4). ESI-MS experiments revealed that
this Cug cluster was the only species formed, without the detection of any mono-, di- or tri-
metalated complexes. The Kp ~ 10~ dissociation constant was determined by competition

experiments.[11]

Model of the CusSe cluster. Brown spheres represent copper atoms and the yellow ones represent

the sulfurs[11]

Once copper is inside the cell, it binds to metallochaperones that incorporate it to

copper dependent proteins, or to glutathione or metallothioneins for storage.

Cox17

Cox17 is one of the six chaperone proteins that transfer copper to the cytochrome c
oxidase in the mitochondrion. It contains six conserved cysteines and exists in three
oxidation forms, the fully reduced form with no disulfide bridges, the partially oxidized form

with two disulfide bridges and the fully oxidized form with three disulfide bridges.
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The fully reduced Cox17 binds four Cu(I) ions in a cooperative manner at neutral pH
resulted in a tetranuclear cluster, where the metal ions are exclusively coordinated by the six
cysteine thiolates. Decrease of pH leads to the dissociation of the CusCox 17 complex starting
at pH = 4.8. Other forms with one or five bound Cu(l) are also detectable, but the
intermediate CuCox17 and Cu3Cox17 are absent. Fully reduced Cox17 also can bind a
maximum of two Zn(II) ions, but in a non-cooperative manner. This is explained by the
different coordination preferences of Cu(I) and Zn(II). Although Ag(I) and Cu(I) have
similar coordination properties, Cox17 cannot be reconstituted with Ag(I), possibly because
of its larger size.

Partially oxidized Cox17 can bind one Cu(I) or Zn(Il) at neutral pH. This Cu(l)
complex decomposes at higher pH than the Cu4Se cluster of the fully reduced form,
indicating the participation of other amino acid residues, like histidine or methionine, in the

coordination. No metal complexes of the fully oxidized protein have been detected.[12, 13]

Atoxl

Atox1, also known as HAHI, is a human copper chaperone playing a similar role to
Atx1 in yeast.[14, 15] These proteins contain a MxCxxC metal binding motif and transports
copper to their target copper ATPases, namely ATP7A and ATP7B in humans.

The stoichiometry of the Cu(I)-Atox1 complex was determined by the addition of the
protein to the solution of the [Cu(BCA) > complex (BCA = bicinchoninate anion).
Spectroscopic results showed that protein bound one equivalent of Cu(l). A similar
experiment with [Cu(BCS)2]*>~ complex (BCS = bathocuproin disulfonate) led to the
determination of the Kp = 3.9 x 107'3 dissociation constant at pH="7.0.[16]

The interaction of Atox1 with Hg(Il) was also studied by means of 'Hg NMR,
19mHye PAC, UV-vis spectroscopy and gel-filtration. It was shown that at pH = 7.5 Hg(II)
was bound to the monomeric protein via the two Cys residues in a linear geometry. At pH =
9.4 Hg(I1) promoted the dimerization of the protein leading to the formation of a mixture of

T-shaped HgS3 and a distorted HgS4 species.[17]

ATP7A and ATP7B copper-transporter

ATP7A and ATP7B are copper transporter P-type ATPases. These transmembrane
proteins use the energy obtained from the hydrolysis of ATP for the transport of copper
across the cell membrane. They are localized in the membrane of the trans-Golgi network.

Their main function is to distribute copper to the main enzymes such as ceruloplasmin by
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transferring copper from the cytosol to the Golgi, and to help maintaining the optimal
intracellular copper concentration. In case of increased copper concentration, vesicles are
formed from at Golgi membrane and migrate to the cell membrane to expel Cu from the cell.
ATP7A is expressed in all types of cells except liver and ATP7B is expressed in the liver
and the brain. ATP7A present in the enterocytes of the small intestine is responsible for the
regulation of copper absorption by trafficking copper from the intestine to the blood. ATP7B
participates in the excretion of excess copper to the bile.[4]

ATP7A and ATP7B display 54% identity in their amino acid sequence. They both
contain six MxCxxC metal binding motifs at the cytosolic N-terminal domain. The overall
structure of these domains are similar, each of them bind one Cu(I) ion by the two cysteine
residues in a solvent exposed loop.[18] The increase of Cu(I) concentration does not affect
Cu(I) binding. The linear geometry, ideal for the two-coordinate binding mode is distorted
with a S-Cu-S bond angle between 120° and 180°.[19] A model peptide, involving the 5®
and 6™ metal binding domains, was shown to bind two Cu(I) ions separately by a similar
experiment like in the case of Atox1. Nevertheless, only one dissociation constant, Kp = 4.0
x 10 ¥could be determined at pH = 7.0, indicating a similar affinity of the two metal binding

domains for Cu(I).[20]

Glutathione

Glutathione (GSH) is a ubiquitous tripeptide (Figure 5). It plays an essential role in
cellular redox regulation, detoxification and signaling functions. Besides, with its thiol
groups it often acts as a ligand for soft transition metal ions. It was shown that GSH forms a
CusSe type cluster with Cu(I) under physiological concentration. The stability of the cluster
permits only femtomolar concentration of free Cu(I) in the cell. In other words, the existence
of an intracellular Cu(I) pool that are buffered to the upper femtomolar or picomolar

concentration range is precluded by normal physiological level of GSH.[21]

SH
0O 0] 0]

H
N
HO N OH
H
O

NH,

Schematic structure of glutathion
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Metallothioneins

In 1957 Margoshes and Vallee identified a small, cysteine rich Cd(II) binding protein
in horse kidney.[22] Later it turned out, that this was the first member of the superfamily of
metallothioneins (MT). MTs are found from bacteria to humans in several isoforms showing
diversity in the amino acid sequences and therefore in metal binding properties, three
dimensional structures and functions. Characterizing features are the followings:

e low molecular mass combined with high cysteine content arranged in the typical CxC,
CxxC or CCxxCC motifs. Figure 6 shows the position of cysteines in the sequence of a
rabbit liver MT as an example.

¢ binding to Zn(II) and/or Cu(I) under physiological conditions, but also displaying high
affinity for non-essential d'® metal ions.

e high thermodynamic stability combined with kinetic lability.

e the three dimensional structure is dictated by the bound metal ions, while the ApoMTs
lack any secondary structure.

e formation of characteristic metal clusters with typical spectroscopic features.

e the absence or scarcity of aromatic amino acids.[23, 24]

0000, O 000000 © Cvso%

Cys
. - O
S domain CVSOO Cys O Cys OO
%O OCO
Cys Cys () Cys Cys
o domain ! ‘ fe
Vs
i Cys
OBE@ O CCoCCOMOEOC

The position of cysteines in the sequence of a metallothionein from rabbit liver adapted from the

figure of Stillman[25]

Different MT isoforms are expressed in different tissues under different conditions
and therefore it is hard to define their function. As Blindauer claims the “enigmatic unified
function of MTs does not exist”.[23] MTs participate in the regulation of the essential Zn(II)
and Cu(l) ions and in the detoxification of the toxic Hg(II) and Cd(II). They can be also
related to anti-inflammatory, anti-apoptotic, antioxidant, proliferative and angiogenic

processes.
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The structures of the divalent metal ions complexes of metallothioneins are well-
characterized. Generally, seven Zn(II) or Cd(II) ions are bound per metallothionein protein
in an M4(Scys)11 cluster in the o domain and in an M3(Scys)o cluster in the f domain (Figure
7). The metal ions display a tetrahedral coordination in both clusters. The a domain cluster
can be described as two fused six-membered ring sharing two M(II)-Scys bonds. Thus, there
are five bridging and six terminal cysteine thiolates. In the M3(Scys)9 cluster three metal ion
and three bridging thiolates form a six-membered ring in a distorted chair conformation,

while the other six thiolates act as terminal ligands.[24]

3D structure of the human Cd;-MT2 showing the f domain enclosing the Cds(Scys)s cluster (A) and
the oo domain with the Cd4(Scys)11 cluster (B).[24]

The formation of several Cu(I)-thiolate complexes of metallothioneins was
evidenced by spectroscopic experiments. Cu(I) ions are coordinated digonally or trigonally.
The thiolates act as bridging or terminal ligands. A metallothionein, isolated from rat liver
was shown to bind 12 equivalents of Cu(I) per MT, which were distributed in two Mg clusters
of the o and f domain.[26] Yeast metallothionein formed a Cug(Scys)12 cluster in all-or-
nothing manner.[27] Cus-MT and Cu12-MT species were evidenced in MT-1 isolated from
rabbit liver depending on the Cu(I):MT concentration ratio. These two complexes are built
up by two Cus(Scys)e-7- and Cus(Scys)10 clusters, respectively.[28] Neuronal growth
inhibitory factor (GIF) is a brain specific metallothionein. It forms a CusZn3-GIF species.
The study of the N-terminal () domain showed the formation of two well-defined Cu(I)
clusters involving nine cysteine thiolates and 4 or 6 Cu(I) ions.[29] The Roman snail
metallothionein is saturated by 12 Cu(l) ions.[30] As an explanation for such a diverse Cu-
cluster formation, the possibility of different types of bound Cu(I) was proposed based on
the results of a competition study with Cu(I) chelators. This experiment indicated that two
of the eight Cu(I) ions of the yeast MT cluster were easily removable.[31] Later, it was

shown that the formation and the structure of the Cu(I) complex of rabbit liver MT were
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temperature dependent. At low temperature, the MT is relatively constrained and only the
formation of a Cui2-MT species is favored. In contrast, at higher temperature it becomes
flexible enough to form a CugZn2-MT complex.[32]

Although Cu(I) metallothioneins are widely studied, only the crystal structure of the
truncated yeast Cupl is available (Figure 8),[33] because of the relatively high flexibility of
the protein backbone. The largest Cu(I)-thiolate cluster in biology was identified in Cupl
with the participation of six trigonally and two digonally coordinated Cu(I) bound by ten
cysteine residues. The two digonally coordinated Cu(I) are located at the opposite site of the

cluster which perhaps have a role in copper transfer to other proteins.

3D structure of the Cu complex of a truncated form of Cupl from S. cerevisiae, showing the

Cus(Scys)10 cluster[24, 33]

The interaction between metallothioneins and metal ions, including Cu(I) is often
studied by complementary spectroscopic methods. CD spectroscopy can be efficiently used
because MTs do not contain aromatic amino acids or disulfide bonds, which have CD
contribution in the wavelength range of thiolate-metal ion charge transfer (LMCT)
transitions (230-400 nm). Besides, MTs are large enough to have a secondary structure in
the presence of metal ions, but they are small enough to avoid possible compensation of the
CD contributions of chromophores. The thiolate-Cu(I) LMCT has characteristic absorption
in the UV region around 260 nm. However, it depends only on the net increase of Cu-S
bonds and thus it is a good indicator for the formation of new Cu-S bonds.[34] The UV
absorption spectrum of a Cu-MT system can be divided into the two distinct low- and high-
energy regions. This latter one belongs to the electric dipole allowed thiolate to Cu(I) charge
transfer (LMCT) occurring around 260 nm. The lower energy absorption is attributed to

formally spin-forbidden 3d — 4s metal cluster centered transitions.[28]
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2. Copper related disorders

2.1. Copper toxicity

Substances can be characterized as essential or toxic depending on the biological
response that they induce. Essential elements have an optimal concentration range for a
normal functioning, which varies from element to element. Concentration outside this
optimal range causes health problems. The dashed line in Figure 9 shows that toxic
substances have only negative effects, however it can also be seen that the body can cope

with a small amount of the given element before toxic effects become apparent.[35]

Optimal
+ Excess

Marginal

Deficient

Concentration

Response
1

‘. Possible death
Dependence of biological response on concentration of an essential nutrient (solid line) and of a

toxic substance (dashed line) in tissues.[35]

Copper toxicity is originated from unspecific interactions with proteins that disturb
or inactivate the protein functioning. Toxicity may result from: (I) binding to sulthydryl
groups in proteins, thereby inhibiting enzyme activity or protein function; (II) initiating the
deficiency of other essential ions; (III) impaired cell transport processes; and (IV) oxidative
damage.[6] Among these, the main problem is attributed to the production of strong
oxidizing agents. For a long time, it was supposed that these oxidants were ROS produced
mainly in Fenton like reactions [36, 37]:

Cu* + H,0, = Cu** + OH + OH™

Cu** + H,0; = Cu* + HOO" + HY

The reactions of Cu(l) and Cu(II) with H2Oz in the presence of Oz at pH = 8.0 have
been studied.[38] The results showed that, on one hand, Cu(Il) reacted with H2Oz in the
classical free radical mechanism producing Cu(I) and O>"". The formed Cu(l) was able to
react with excess H20: to produce OH'. On the other hand, a well-known hydroxyl radical
indicator did not show the formation of OH" in reaction between Cu(l) and H>O,. However,

the involvement of an intermediate species of copper in a higher oxidation state (Cu(IIl))
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was assumed, but its reaction with the substrates was several orders of magnitude slower
than OH'. Formation of OH" from the dissociation of Cu(Ill) was determined to be extremely

slow at pH 8.0. This result showed that OH" was not an important oxidant in this system.

2.2. Alzheimer’s disease

Alzheimer’s disease (AD) is the most common neurodegenerative disorder. It is
associated with the misfolding of the amyloid-f peptide forming fibrils and plaques in brain
tissue. In the development of AD, a key role is attributed to ions of metals such as copper,
zinc or iron, which can affect the aggregation and redox properties of the amyloid-f peptide.
Metal binding sites of amyloid-§ are found between the 1-16 amino acids of the sequence.
The coordination of Cu(Il), Cu(I) and Zn(Il) is presented in Figure 10. Two different binding
modes of Cu(Il) are known, component I is favored at lower pH, while component II is
present at higher pH. Both are characterized by a distorted square planar geometry and by
the participation of amino nitrogen of Asp1 at the N-terminus. In component I, Cu(Il) is also
bound to the carbonyl oxygen of the Aspl-Ala2 peptide bond and two histidine nitrogen
atoms of the His6 residue and one of Hisl3 and Hisl4 which are in equilibrium. In
component II, the deprotonated amide nitrogen of the Asp1-Ala2 peptide bond, the carbonyl
oxygen of the Ala2-Glu3 bond and a histidine nitrogen bind to the Cu(Il) ion. Cu(l) is
coordinated in a linear fashion by two of the imidazole nitrogen atoms from the dynamic
equilibrium of His6, His13 and His14 with a preference for the His13-His14 couple. Zn(II)
is tetrahedrally coordinated by two histidine residues (His6 and His13 or His14) and two
carboxylate residues from Aspl, Glu3 or Asp7, where the Aspl is favored. Stability
constants were determined in the range of 10°-10'° for Cu(II), 107-10'° for Cu(I) and 10° for
Zn(11).[39]
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2.3. Menkes disease

Menkes disease (MD) is due to the mutations of the ATP7A gene found on the X
chromosome. This induces dysfunctions of the ATP7A copper transporter, and copper
cannot be absorbed and hence patients suffer from copper deficiency. Clinical symptoms
usually appear in boys at the age of 2-3 months with a subsequent loss of previously obtained
developmental milestones.[40] Children die in their early childhood. All patients gain very
little weight following birth. The clinical symptoms of MD can be traced back to the
deficiency of developmentally important copper enzymes. The impairment of lysyl oxidase,
a protein needed for crosslink formation in connective tissues, causes the weakening of
connective tissues that leads to arterial ruptures or skin laxity. Low levels of cytochrome ¢
oxidase cause temperature instability and the absence of tyrosinase explains the hair
depigmentation.[41] MD is also characterized by mental retardation and neurodegeneration.

The current treatment is copper supplementation, which can be highly effective
depending on the type of the ATP7A mutation and the timing of treatment.[40, 42] Far

perspective is the adeno- associated virus-mediated gene therapy.[40, 43]
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2.4. Wilson'’s disease

Wilson’s disease (WD) is induced by the monogenic, autosomal recessive mutation
of ATP7B presented in a high variety of point or splice junction mutations (more than 500
are identified).[40] The mutations lead to the loss of ATP7B function, and hereby to the
accumulation of copper in the liver, and later, in the central nervous system. There are three
phases in the progression of WD. In the first phase copper starts to accumulate in the
cytoplasm of hepatocytes. The increased copper concentration induces the expression of
high amounts of metallothioneins in the second phase and the formation of copper storages
in the liver, which cause cell death and the release of copper to the blood stream. In the third
phase, copper accumulates in other organs, such as brain, kidney and eyes.[41] WD is
characterized by three groups of symptoms: (I) hepatic, like jaundice, acute hepatitis, liver
failure, cirrhosis'; (II) neurological, like movement disorders or tremor; (III) psychiatric e.g.
personality changes, paranoia, depression and schizophrenia[44]. Symptoms usually appear
in the age between 5 and 35 years, but there were patients who became symptomatic when
they were older than 70 years.[40] Generally, children are diagnosed with WD by the
manifestation of liver problems, while adults by neurological symptoms. It is assumed that
patients with neurological disorders also have asymptomatic liver disease. WD is
characterized by the Kayser-Fleisher rings of copper deposition in the eyes and low serum
ceruloplasmin concentration.[44] Wilson’s disease is treated by chelation therapy. In case of

fulminant liver failure, transplantation is required. Without treatment, WD is lethal.

2.5. Further disorders associated with copper overload

Copper accumulation is associated with other liver damages than Wilson’s disease.
Indian childhood cirrhosis, Endemic Tyrolean infantile cirrhosis and Idiopathic copper
toxicosis were found to be identical,[45] but they were present in different places, in India
and different regions of Austria. It was caused by the high copper exposure originated from
the consumption of milk stored and heated in copper or copper-alloy utensils. After the
instruction of the population to avoid the use of such containers in 1974, no new cases were
reported. The collected data suggest that the development of cirrhosis is a result of the
synergy of excess copper intake and non-Wilsonian genetic susceptibility for impaired

copper metabolism.[3, 46]

! Liver damage that is characterized by the replacement of normal liver tissue by scar tissue.
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3. Strategies in the treatment of Wilson’s disease

3.1. Historical and current treatments

Chelation therapy is widely used for the treatment of toxic metal poisoning and in
diseases related to metal overload. In general, chelation therapy refers to the administration

of a chemical agent to remove heavy metal ions from the body (Figure 11).

Chelator
‘\ X \Chelator-metal ion complex

Schematic representation of the mode of action of a chelator[47]

This chemical agent is a so-called chelator, originated from the Greek word “chele”
for claw, because as the molecule binds to the metal ion, it resembles to how the lobster
catches its prey. A chelator possesses more than one donor group and therefore it forms a
ring around the metal ion during the coordination. This provides higher complex stability
than monodentate ligands of the same donor atom and it is called chelate effect. Chemical
properties like charge, solubility, lipophilicity, redox potential, geometry and pH
dependence, kinetics and thermodynamics of the exchange of the ligand or the metal ion can
all influence the behavior of a chelator and its metal complex in biological conditions.[47]

Drugs used for the treatment of Wilson’s disease are presented in Figure 12.
Dimercaprol (British anti-Lewisite, BAL) and its derivatives, dimercapto-propanesulfonic
acid (DMPS) and dimercapto-succinic acid (DMSA) are general chelating agents that were
first applied against copper overload in Wilson’s disease. Later, they were replaced by D-
penicillamine (D-Pen) and triethylenetetramine (trien). Tetrathiomolibdate (TTM) is
currently under investigation. Besides chelation, Wilson’s disease is treated by zinc therapy,

which limits the copper absorption in the intestine.
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An ideal treatment for Wilson’s disease should consist of two phases. First, it has to
be started with an aggressive de-coppering phase to decrease the amount of copper
accumulated in the body. This should be followed by a maintenance therapy of reduced doses
to control a normal copper homeostasis. Refinement and adjustment of this second phase

could also be necessary to avoid copper deficiency caused by overtreatment.[40]

BAL

Dimercaprol, also called as British anti-Lewisite or BAL, was developed against
arsenic poisoning caused by the warfare gas Lewisite in the Second World War. Later it was
also used for the intoxication of mercury, gold, lead, antimony, bismuth, copper and nickel.
After the identification of the relationship between the Wilson’s disease and copper
overload, BAL was the first drug proposed for the treatment. BAL is an oily, highly
hydrophobic substance and therefore it has to be administered by the painful intramuscular
injection. It was usually mixed with the highly allergenic peanut oil. As a result of the
treatment, patients showed remarkable improvements and increased urinal copper excretion.
However, BAL induces many side effects, such as the increase of blood pressure, nausea
and vomiting, headache, burning feeling of the lips, mouth or throat and painful irritation at
the injection site.[48] The orally administrable BAL derivatives DMSA and DMPS were
used only in China for the treatment of Wilson’s disease.[49]

Interestingly, although BAL has been used for several decades, its interaction with
copper ions was just recently described.[50] The reaction between copper ions and thiols
usually occurs in the following way:

2Cu(Il) + 2RSH = 2Cu(I) + RSSR + 2H*
Cu(l) + RSH = Cu-SR + H*
Reaction between BAL and CuSO4 or CuCl; results in the formation of a dark blue

to grey, solvated suspensions of a mixture of species with stoichiometries of 2 Cu(I)/oxidized
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dimeric BAL and Cu(II)/BAL 1:1. Because of the empty coordination site of Cu(l),
polynuclear species were suspected, but their nature could not be revealed. Reaction of BAL
with CuCl in methanol gave the Cu(I)>-BAL salt as a dark green solid, insoluble in organic
solvents, displaying the same IR spectrum than the product of the reaction with CuCl,.
Solubilization of these solids failed indicating that the urinary extraction of copper by BAL

proceeded through another mechanism than the formation of a simple binary complex.

D-Penicillamine

D-Penicillamine (D-Pen) is a metabolite of penicillin. It was first used for WD
treatment in 1955 according to the proposal of Walshe.[51] Since then, it is still the first drug
of choice. The great advantage of D-Pen compared to BAL is that it can be orally
administered, making it more convenient and more effective. However, D-Pen has also side
effects, like fever, rash or renal toxicity.[3] It causes pyridoxine (vitamin Be) deficiency and
interference in collagen and elastin formation leading to skin lesions and immunological
problems.[52] Furthermore, worsening of neurological problems was registered in a
significant number of patients after the treatment with D-Pen.[2]

D-Pen is characterized by three protonation constants belonging to the thiol (logK =
10.8), the NH3* (logK = 8.1) and the carboxyl groups (logK = 2.2). The dominant species at
physiological pH is the zwitterionic form.[53] D-Pen can bind Cu(Il) as a bidentate ligand
via the thiol and amino groups and a redox reaction occurs between the metal ion and thiol
group. The reduction of the metal ion induces changes in the preference of the coordination
geometries. If D-Pen coordinates to a Cu(Il) bound to a protein and the protein is not flexible
enough to follow this change, the copper-protein interaction becomes weak and the metal
ion is more readily removable.[54] Based on potentiometric and spectroscopic results, the
formation of a stable and red-violet colored, mixed-valance species was proposed (Figure
13).[3, 55] This species was suspected to have a key-role in urinary copper extraction by D-

Pen.
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The proposed mixed-valance copper—D-Pen complex[3, 55]

When D-Pen was added to the copper-albumin complex, the formation of a yellow
brown species was observed. However, after a few minutes the solution became red-violet,
indicating that the ternary complex transformed into the mixed-valance complex (Figure
13).[3, 56]

The interaction of the disulfide derivative of D-Pen with Cu(Il) was also studied.[3,
57] The monomeric CuLH and dimeric Cu;L; complexes were formed with stability
constants of logfcun = 15.8 and logfcu,, = 27.9 determined by pH potentiometric
measurements. Cuzl> dominated over pH = 3.5. Cu(Il) ions were bound via the oxygen and
nitrogen atoms of the ligand, but the sulfurs of the disulfide bridge did not participate in the

metal ion coordination (Figure 14).
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Schematic structure of the Cu,L, complex of the disulfide D-Pen[57]

It was also stated that D-Pen could participate in copper detoxification by inducing

the synthesis of metallothioneins in the liver.[49]

Triethylenetetramine

Triethylenetetramine, also known as trientine or trien also acts by increasing urinary
copper extraction. It was first used in patients who intolerated D-Pen.[58] This drug has
fewer side effects compared to D-Pen.[52, 59] In cases when the treatment with D-Pen had

to be suspended, it could be efficiently continued with trien.[60]
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Trien contains four amino nitrogen donor groups allowing the binding of copper in
Cu(II) form. The interaction between trien and its metabolites (mono- and diacetylated) and
Cu(I) and Zn(Il) was studied by potentiometric and photometric studies.[61] Cu(II)
complex formation resulted in the appearance of two bands on the UV-vis spectra, one
centered at 250 nm and one at 580 nm with lower intensity. Data analysis revealed the
formation of a CuLH complex at low pH, which completely transformed into the CuL
complex at pH ~ 3.0. Cu(Il) was coordinated by the four nitrogens of trien in a planar ring.
Zn(II) complexes also formed but with significantly lower stability. ZnL formation occurred
at a ~ 2.5-unit higher pH relative to the formation of the CuLL complex. The acetylated
metabolites formed the same type of metal complexes, but they displayed lower stabilities.

Sarkar and coworkers analyzed ternary systems of Cu(Il), human serum albumin and
trien or D-Pen. They found that trien efficiently removed the metal ion from the Cu(Il)-
albumin complex at neutral pH forming small membrane-diffusible, low molecular weight
complexes. In contrast D-Pen was unable for such a Cu(Il) removal. These results lead to the
conclusion that the two kinds of chelators targeted different copper pools. Trien reduced the
Cu(II) concentration in the blood stream, while D-Pen mobilized copper from the tissues.[62]

To increase the efficiency of trien, it was encapsulated into surface modified
liposomes.[63] Such a colloidal carrier can penetrate the blood-brain barrier and the copper
overload in the central nervous system can be treated by the released trien.

Improvement after the treatment of either D-Pen or trien was significant in patients
with hepatic problems, but the therapy was less effective in the case of neurological
symptoms. Both drugs induced the worsening of neurological problems in 20% of the cases.
This deterioration was attributed to the initial large dose of the chelating agent and led to the
hypothesis of the presence of two different kind of copper pools, the high-affinity bound
copper (bound to ceruloplasmin) and free copper (not bound to ceruloplasmin). A plausible
mechanism of the paradoxical neurological deterioration could be the overmobilisation of

copper by chelation therapy, leading to an increased free copper pool with toxic effects.[40]

Tetrathiomolybdate

TTM has a high affinity for both Cu(I) and Cu(Il) forming polymetallic clusters.[64]
Solution equilibrium speciation and stability data, however, have not been reported yet,
because of the complexity of the system. For instance, Mo, Cu and S can be present in

different oxidation states, Cu and Mo can precipitate as sulfide and the hydrolysis of MoS4>~
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and Cu(Il) can occur.[3] Nevertheless, X-ray absorption spectroscopy showed the formation

of different species of Cu/ MoS4?~ stoichiometry ranging from 1:1 to 4:1 (Figure 15).
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The formation of different Cu-TTM complexes with increasing Cu concentration.[3, 65]

TTM has two ways of action. When ingested with food, TTM forms complexes with
dietary copper and thereby prevents the absorption of metal ion. When TTM is added
between meals, it can be absorbed and forms ternary complexes with copper and proteins
like albumin or metallothioneins in the blood stream. In this way copper becomes
unavailable for the body and is excreted through the urine or the bile.[3, 52]

Originally, TTM was used to treat animals with copper toxicosis and later it was
applied for patients who were intolerant for D-Pen. The application of TTM does not cause
the worsening of neurological problems and it has fewer side-effects. These side-effects are
probably related to the extensive copper removal. Nevertheless, clinical data about TTM is

limited and the drug is not commercially available.[3]

The effectiveness of BAL, D-Pen, trien and TTM was compared according to their
demetallation ability of two Cu(I)-binding proteins, the copper chaperone Cox17 and a
metallothionein.[66] All of the drugs were able to remove Cu(I) from CuCox17, but in
different concentrations. D-Pen was necessary to be applied in the highest amount followed
by trien and BAL, while TTM was found to be 1000 times more efficient than the others.
Demetallation of CuioMT was more complicated. Cu(I) withdrawal started only after the
binding of four TTM molecules, that probably opened the cluster and Cu(I) could dissociate
from the protein. TTM was still the most efficient since 1000x higher concentration of the

other drugs had to be applied to reach the same result.
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Zinc therapy

Administration of zinc-acetate to WD patients limits the intestinal copper absorption.
Zn(II) stimulates the synthesis of metallothioneins in the intestinal epithelial cells. MTs bind
dietary copper therefore prevent further copper accumulation.[40] MT-bound copper is
excreted through peeling of enterocytes within some days via the feces.[2, 67] Since zinc
and copper are uptaken by the same carriers of the enterocytes, saturation of these carriers
with Zn(II) can block the absorption of Cu(Il).[68] Zinc therapy has significantly fewer side
effects than chelating agents. Nevertheless, the proposed daily dose of zinc (600 mg)[69] is
notably higher than the normal dietary uptake, which can induce adverse gastrointestinal
effects. Zinc is recommended as a maintenance therapy after the initial chelation therapy and
for the treatment of asymptomatic or presymptomatic family members of Wilson’s disease

patients.[64]

3.2. New perspectives

Targeting intracellular Cu(I) of hepatocytes

In modern drug research, it is a rule of thumb to develop specific treatments for the
different diseases to reduce the side-effects. Two basic concepts for the achievement of this
goal are the so-called drug targeting and the use of pro-drugs. When a drug is targeted to a
specific organ, it is functionalized in a way that it can be absorbed only by cells of this organ.
A pro-drug is an inert compound where the functions responsible for the curative effect are
inactivated.[70] It becomes active only at the required site through metabolism.[71] In
chelation therapy it is also important that the chelating agent should be highly selective for
the metal ion to be removed in order to avoid disturbance in the homeostasis of other
essential metal ions, like Zn(II) or Ca(Il).

In the case of Wilson’s disease these concepts can be realized by means of targeting
Cu(l) in liver cells because of the following reasons.[4, 72] Copper taken up by the cells is
in the Cu(l) oxidation state and the millimolar intracellular concentration of gluthation
(GSH) [73] makes its oxidation to Cu(II) very unlikely.

2 Cu** +2 GSH =2 Cu* + GSSG + 2 H*

Accordingly, an efficient chelator has to be selective for this Cu(I) form. The HSAB
theory [5] and the metal binding sites of proteins may provide some hints on how to choose
an optimal set of donor groups for Cu(I). The thiol functions of cysteines, as soft bases, often

participate in the ligation of the Cu(]) ion, also possessing a soft character. Further advantage
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of cysteines is the fact that they easily form disulfide bridges, which are inactive in metal
ion chelation. These disulfide bridges can be broken in the reducing intracellular medium
and thus the active chelator is released. In this way, cysteines also fulfill the pro-drug
concept.

Finally, since liver is the center of copper homeostasis and therefore mostly affected
in Wilson’s disease, an efficient drug targeting strategy could be if the new product was
targeted to this organ.

The Delangle group aims to find an efficient Cu(I) chelator and then functionalize
this ligand to target the liver cells. Their first tested ligands were inspired by the metal
binding sequence of the Atx1 [14, 15] copper chaperone protein.[74] Both the linear Ac-
MTCSGCSRPG-NH; and the cyclic c(MTCSGCSRPG) peptides displayed an outstanding
selectivity towards Cu(I) over Zn(Il), Cd(Il) and Pb(Il). The peptides formed the
mononuclear Cul. complex under ligand excess conditions with logf = 16-17 apparent
stabilities at pH = 7, which is in the same range as the native Atx1 protein (logf = 18 at pH
= 7.4).[11] However, at higher Cu(I) concentration, the formation of polynuclear species
was observed. These experiments showed that the insertion of the xPGx motif and the
cyclization of the peptide backbone did not disturb the complex formation, moreover, the
complexes of the cyclic peptide displayed systematically higher stabilities with all the metal
ions. This effect was attributed to the preorganization of the binding loop positioning the
two cysteine side chains on the same side of the macrocyclic peptide.

The other direction in Cu(l) chelation research was based on the use of tripodal
pseudopetide ligands. In this kind of ligands three derivatives of cysteine [75, 76], D-
penicillamine [77], methionine or methyl cysteine [78] were anchored on a nitrilotriacetic
acid (NTA) scaffold to mimic the high S-density of metallothioneins (Figure 16). A great
advantage of this scaffold is that all the metal binding arms were oriented to the same

direction forming a metal binding cavity.
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Three cysteine-based ligands were investigated. These molecules differed in the
nature of the carbonyl function and this difference was proved to have a great effect on the
complexation properties.

The ligand bearing three carboxylate functions only formed non-defined (CuzL)x
polymetallic Cu(l) species of low stability. This destabilizing effect was probably due to the
large electrostatic repulsion between the negative charges of the three carboxylate groups at
physiological pH, which were brought closer to each other in the complex. The mononuclear
Cu(I) complexes of the two other ligands with ester and amide groups were the first
described water soluble CuS; species. The Cu(l) ion was bound in symmetrical trigonal
planar geometry in these complexes suggesting that the cavity of these NTA based ligands
was perfectly adapted to the coordination of Cu(I).[79] Temperature dependent NMR
measurements proved that the cavity was stabilized by a network of hydrogen bonds in the
upper cavity involving the NH of one arm and the C=0 of the next arm.[76]

In excess of Cu(I), the mononuclear CuL complex transformed into the CusL3 cluster,
as presented in Figure 17. The amide derivative showed the greatest tendency to form the

cluster from the mononuclear complex.
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Structure of the Cu(I) complexes of the tripodal ligands [75]
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The stability constants logfPH 74

~ 19 obtained for the mononuclear complexes are
in the range of those reported for metallothioneins.[80] The molecules displayed an 8-9
orders of magnitude larger affinity towards Cu(I) with respect to Zn(II).

D-Pen, as the most frequently used drug for Wilson’s disease, was also an interesting
candidate to be anchored on the NTA scaffold. The two D-Pen based ligands with amide and
ester groups on the carbonyl functions showed significantly different complexation behavior
with Cu(I), probably due to the different size of these groups. The ligand bearing the bulkier
ester group formed exclusively the well-defined Cu4L cluster with the CusSe core, while the
other compound formed the mononuclear CuL complex in the presence of ligand excess and
the same type of Cusl cluster under Cu(l) excess conditions. Trigonal planar coordination
around Cu(I) was proved with the participation only of the sulfur donors and Cu-S distances
characteristic for the CuSs geometry. The ligands bound Cu(l) tightly with affinities of
logf = 16-17, which were lower than those determined for the cysteine derivatives, but
significantly higher than the affinity reported for the D-Pen alone.[81] The studied ligands
also displayed remarkable selectivity in favor of Cu(l) relative to Zn(II).

The thioether derivatives were inspired by the methionine rich motifs of the Ctrl
protein. The ligands exclusively formed mononuclear complexes with Cu(I) even in the
presence of excess metal ion. The obtained logfs = 10-11 stabilities were significantly lower
than those of the thiolate ligands, but higher than the logf = 5-6 values reported for linear
peptides mimicking isolated methionine-only binding sites found in Ctrl sequences.[8, 82]

As a second step in the research, the two most promising ligands, the peptides and
the cysteine based tripodal pseudopeptides were functionalized for drug targeting as
presented in Figure 18. Since the drug should be selectively absorbed in hepatic cells, the
asialoglycoprotein receptor (ASGP-R) was chosen as a target.[83-85] The ASGP-R is
predominantly expressed on the surface of hepatocytes [86, 87] and recognizes terminal
galactose (Gal) and N-acetylgalactosamine (GalNAc) with higher affinity.[88] The ASPG-
R mediated targeted drug strategy was successfully applied for the specific delivery of
antiviral [89, 90] and anticancer drugs [91-93], and gene therapeutic agents [94-98] to
hepatocytes in vivo.

The glycocyclodecapeptide ligand was designed by the regioselectively addressable
functionalized template (RAFT) concept [99] to distinguish the Cu(I) chelating unit with two
cysteine side chains hidden in a disulfide bridge and the ASPG-R recognition unit with a
cluster of four GalNAc carbohydrates on two independent faces.[100] In the sulfur tripod
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glycoconjugate, the thiol functions were masked by tethering one GalNAc with an ethylene

glycol spacer to each arms through disulfide bonds (Figure 18).[101]
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ASGP-R recognition and endocytosis

Design and mechanism of action of the two glycoconjugates

The efficiency of the targeting units was proved by the uptake of a fluorescent
analogue of both ligands by various hepatic cell lines.[100, 101] The peptide based product
was better internalized than the triopdal one.[102] The disulfide bridges hid the chelating
binding sites and, as expected the ligands did not show Cu(I) chelating properties. When the
disulfide bridges were reduced in the intracellular medium, the ligands lowered the Cu(I)
concentration which was monitored by the trafficking of the copper ATPase ATP7B.[100,
101] The intracellular Cu(I) chelating efficiency of the two glycoconjugates was similar,
although the affinity of the released chelators for Cu(I) differed by three orders of magnitude
in favor of the tripod derivative.[102]

All in all, these glycoconjugates can be considered as pro-drugs that release copper

chelators only in the reducing intracellular medium of hepatocytes.

Reduction of the copper uptake by an indigestible biopolymer

Another promising therapy can be if an efficient copper chelator is grafted to an
indigestible carrier. A system like this can bind copper ions obtained by food in the gastro
intestinal tract and hereby reduces the amount of the absorbed copper ions. Meanwhile, the
chelator does not enter the blood stream or other organs and therefore it does not induce side

effects. Cu(Il) complexes of 8-hydroxyquinoline are formed in a wide pH range.
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Furthermore, the ligand displays high selectivity for Cu(I) ions over Zn(Il). 8-
hydroxyquinoline was covalently bound to microcrystalline cellulose and crosslinked
chitosan. The covalent bond prevents the release of the ligand in the body. These
biopolymers are non-digestible, because human body lacks the cellulolytic enzymes and thus
they go through the body without degradation or reaction with bio-compartments and

therefore they are supposed to be harmless.[103]

o-lipoic acid, as a new candidate
Recently, a-lipoic acid (Figure 19) was proposed as a new drug candidate for the

treatment of Wilson’s disease.[66]

S—S

Schematic structure of a-lipoic acid

This compound is an essential cofactor of several enzymes that participate in aerobic
metabolism. It mainly acts by transferring acyl or methylamine groups. a-lipoic acid has
some advantageous features with regard to the treatment of WD. a-lipoic acid is reduced in
the intracellular environment to dihydrolipoic acid, which has two free thiol groups and
displays higher affinity for Cu(I) than D-Pen or trien. a-lipoic acid has good membrane and
blood brain barrier permeation ability. Finally, it is a well-tolerated food supplement.
Preliminary experiments on hepatic cells showed that a-lipoic acid could protect the cells

from a copper concentration 1,5x higher than its LDso value.
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III. Aims and Objectives

Due to the drawbacks of the currently used drugs, there is a substantial need of new
copper chelators for the treatment of Wilson’s disease. In chapter 3.2 a new strategy was
described where excess Cu(l) in hepatocytes is targeted. To improve the efficiency of the
chelators, it is necessary to identify the factors that play a role in the affinity towards Cu(I).
Peptides are easily tunable tools in metal ion chelation thanks to the diverse functional
groups of the essential amino acids. In peptide design aiming at the chelation of the soft
Cu(I) ion,[5] cysteines are obvious choices as potential binding sites. The goal of my PhD
project was the design of new, cysteine-containing peptides as potential drug candidates and
the investigation of their Cu(I) binding properties.

Three series of peptides were designed from three different approaches.

1) Peptides mimicking the metal binding loop of the bacterial Cu efflux regulator
protein (CueR) were chosen to take advantage of the outstanding sensitivity and
selectivity of CueR.

2) In three cysteine containing peptides we wanted to combine the advantageous
features of the ligands previously developed in Pascale Delangle’s lab, namely
the large Cu(I) binding affinity of tripodal pseudopeptides and the better
internalization by the hepatocytes of peptide based molecules.

3) Finally, the advantages of a highly preorganized peptide structure were exploited
in a short, rigid tetrapeptide where two cysteines were linked by a turn motif

The Cu(I) binding properties of these peptides were studied by solution equilibrium
and structural methods, i.e. UV-visible, circular dichroism and nuclear magnetic resonance
spectroscopies and mass spectrometry to evidence the influence of the peptide length, the
amino acid sequence, the backbone structure and the number of the Cys residues on Cu(I)
complexation properties in water at physiological pH. Complexes with Hg(II), a soft divalent
ion often taken as a model non redox-active metal ion for Cu(l), have also been studied for
comparison. Since Zn(II) is present in relatively high concentration in the body and it is a

potential competitor of Cu(I), the interaction with Zn(II) was therefore also tested.
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IV. Experimental section

1. Peptide synthesis and purification

The peptides were synthesized by solid phase peptide synthesis (SPPS) following the
Fmoc strategy. The application of SPPS was established by Robert B. Merrifield in
1963.[104] In this protocol, the growing polypeptide chain is attached to a solid support
during the whole synthesis, and therefore the reagents and by-products are easily removable
by simple filtration and washing. Over the years, SPPS underwent several optimization in
the solid support, the protecting groups, etc. to reach its present state.[105] The protocol
consists of the repeating cycles of deprotection/washing/coupling/washing/capping/washing
as graphically summarized in Figure 20. The peptide chain grows from the C-terminus to
the N-terminus, contrary to the protein synthesis in vivo. The amino acid building blocks are
protected by the base labile 9-fluorenylmethyloxycarbonyl group (Fmoc) at the amino

function and by different acid labile protecting groups at the side chains.
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The main steps of the Fmoc solid phase peptide synthesis

For the synthesis of linear peptides Rink Amide AM resin (200-400 mesh) was used
as solid support with 0.67 mmol/g loading, which gives an —NH» protected C-terminal
function after cleavage. The first step of the cycle, after swelling the resin in NMP (N-
Methyl-2-pyrrolidone), was the removal of Fmoc by 20% piperidine solution in NMP for
3+3+10 minutes. The coupling mixture contained 4 times excess of amino acid building
block, HOBt (Hydroxybenzotriazole)), HBTU (2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate) and 8 times excess of DIPEA (N,N-
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Diisopropylethylamine) in NMP. The reaction time was 1h. The incomplete coupling was
checked by Kaiser’s test using phenol, pyridine and ninhydrin solutions.[106] After each
coupling, the resin was treated with the mixture of 10 % (in volume) acetic anhydride and
10 % DIPEA in dichloromethane (DCM) to acetylate the unreacted amino groups (2x15
min), this is called as capping. These steps were repeated until the peptide reached the
desired sequence. After the last amino acid coupling, the Fmoc group was removed and the
free amino groups were acetylated as described above. Then the resin was washed by DCM
and MeOH and dried in a dessicator.

The protecting groups of the side chains and the peptide from the resin were cleaved
in one step by the mixture of 92% TFA (trifluoro acetic acid), 1% TIS (triisopropylsilane),
2.5% EDT (ethanedithiol), 2.5% water and 2% phenol. After 4h of reaction, the mixture was
filtered and TFA was removed by evaporation. The cleaved peptide was precipitated in ice
cold ether and then centrifuged with 6000 rpm for 15 min. The step of washing with ether
was repeated two more times. The crude product was lyophilized.

Side chain protected linear precursors of the cyclic peptides were synthesized on pre-
loaded H-Gly-2-Cl-trityl (0.54 mmol/g, 0.5 g) resin following the same protocol. The
cleavage of the peptide from this resin leaves the C-terminus free (acid form) to enable the
cyclization. The precursor was cleaved from the resin by TFA in DCM (1/99 v/v) in a short
time (2X5 min) in order to avoid the deprotection of the side chains. The filtrate was
neutralized in MeOH/pyridine 8/2. After filtration, evaporation and precipitation, the
product was dissolved in DCM in 0.5 mM concentration. A mixture of 3 equiv. of PyBOB
(benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate) and 4 equiv. of
DIPEA was added, and stirred for 2h. DCM was removed by evaporation followed by
precipitation and centrifugation. Then the product was treated in the same way like described
before to cleave the protecting groups and obtain the crude product.

The products were purified by reversed phase HPLC on a Shimadzu LC-20
instrument equipped with a Phenomenex Synergi 4 pm fusion-RP 80 A semi-preparative
column using H>O and acetonitrile eluents containing 0.10% TFA at 3 mL/min flowrate.
ESI-MS and analytical RP-HPLC using an analytical column (Chromolith® performance
RP-18e 100-4.6 mm) at 1 mL/min flowrate (gradient 0-60% of AcN in 30 min) were
performed to check the purity. For the detailed description of the synthesis and the analytical
data of EC, VC and HS peptides see reference [107, 108] and of P3C see [109]. The

references of the 3 cysteine containing and the tetrapeptides are summarized in Table 1.
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Analytical HPLC and (+) ESI MS references of the studied peptides

Name tr (min) Chemical M;Liglllltar m/z 5 m/z
formula (e/mol) [M+2H]** [M+H]*
1t 10.5 C36H62N 1401453 1010.37 506.3 1011.4
1€ 10.7 C34Hs57N13013S3 951.34 476.8 952.3
2L 10.4 C36H62N 1401453 1010.37 506.7 1011.4
2¢ 10.9 C34H57N13013S3 951.34 476.7 952.3
3¢ 10.8 C37H62N14014S3 1022.37 512.3 1023.3
CDPPC 14.3 C18H29N505S2 460.2 - 460.2
CPGC 10.0 Ci15H25N505S2 420.1 - 420.0

2. Sample preparation for physicochemical studies

Solution of the peptides

Cysteine containing peptides and Cu(l) are sensitive to oxidation, therefore all the
sample manipulations were performed in a glovebox under inert atmosphere and the solvents
were degassed with argon. Peptide solutions were freshly prepared for each experiment in
the appropriate buffer solution. When experiments with Cu(I) were performed, the peptide
solution was prepared in the presence of acetonitrile (10% in volume) to overcome the
disproportionation of Cu(I) in water.[110] The final peptide concentration was determined
by Ellman’s procedure, based on the reaction of DTNB (5,5-dithio-bis(2-nitrobenzoic acid))
with the free thiols forming TNB (2-nitro-5-thiobenzoate) (Figure 21), which has intensive
absorption at A = 412 nm with £*'>"™ = 14 150 M 'em'.[111, 112]
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Reaction between DTNB and the free thiols

According to the protocol, 2.5 mL of phosphate buffer (100 mM, pH = 7.25) was transferred
toa UV cell ({ =1 cm) and 200 pL. of DTNB solution (~ 10 mM) in the same buffer was
added (Vo) and the absorbance was recorded at A = 412 nm (Ao). After the addition of x mL
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aliquot of the peptide solution (Vpeptide), the absorbance was recorded again at the same

wavelength (A1). The concentration was determined according to the following equations.
Vo

c _ 0 VO + Vpeptide

SH 14150 - [

Al_A

c _ CsH VO + Vpeptide
peptide — '
n Vpeptide

Coyt concentration of free thiols

n: number of thiols

Solutions of the metal ions

Cu(I) solution (¢ ~ 3 mM) was prepared from Cu(CH3CN)4PF¢ in acetonitrile. The
final concentration was determined by adding BCS (bathocuproin disulfonate) in excess and
measuring the absorbance of the [Cu(BCS)2]*~ complex (¢*"™ =13 300 M lcm™1).[20] 1.8
mL of phosphate buffer, 20 mM, pH = 7.4 was transferred to a UV cell (/ = 1 cm) and 200
pL of BCS solution (¢ ~ 10 mM) in the same buffer was added (Vo). The absorbance was
measured at 1 = 483 nm (Aop,). Then x mL aliquot of the metal solution (Vcua) was added
and the absorbance was recorded again (A1, 4 = 483 nm). The concentration was determined

according to the following equation.

V,
Ay — Ay r—o—

c ot Vo + Veu Vo + Veuqy

cu 13300 - Veut

Zn(II) and Hg(II) solutions (¢ ~ 3 mM) were prepared from precise weights of ZnCl»

and HgCly, respectively, dissolved in water.

Solutions of the competitors used for determining the stability constants of the metal-
peptide complexes

BCS and BCA (bicinchoninate anion) solutions (¢ ~ 10 mM) were prepared by
dissolving appropriate amounts of sodium bathocuproin disulfonate or sodium
bicinchoninate, respectively, in phosphate buffer (20 mM, pH =7.4). For the determination
of the concentration of these solutions, they were first diluted by 100 times in the same buffer
and then titrated by a Cu(I) solution with known concentration (¢ ~ 3 mM). The plot of the
absorbance at 412 nm as a function of the volume of the added Cu(I) solution gave two
straight lines and the intersection point (Veq) indicated the total formation of the ML:

complex. The concentration was then calculated according to the following equation.

44



2- Veq “Cou(d)
c= ————=
Vo
The zincon solution (¢ ~ 3 mM) was prepared by dissolving zincon monosodium salt
in DMF. The concentration was similarly determined as above. After a 100x dilution in
HEPES buffer, the sample was titrated by a Zn(II) solution with known concentration (¢ ~ 3
mM). The plot A%?°"™ = f(Vz,an)) gave the two straight lines and from the intersection point
(Veq) the concentration could be easily calculated according to the following equation.
_ Veq " Cznan
Vo
Iodide solutions (¢ ~ 0.01 M, 0.1 M and 0.5 M) were prepared by dissolving precise

weights of KI in water.

3. UV-visible spectroscopy

UV-vis spectra were recorded on a Varian Cary50 spectrophotometer equipped with
optical fibers connected to an external cell holder in the glovebox. Generally, 2.5 mL freshly
prepared peptide solution in phosphate buffer (cpeptide ~ 30 UM, coutfer = 20 mM, pH = 7.4)
was transferred into a quartz optical cell with 1.0 cm path length (Hellma Analytics). Then
aliquots of the appropriate metal solution (¢ ~ 3 mM) were added corresponding to 0.1
equivalents. In case of the 3 Cys containing decapeptides, titration with Cu(I) was performed
in independently prepared samples due to long equilibration times. Aliquots of the Cu(I)
solution corresponding to 0.0-3.0 equivalents were added to the peptide solutions. Samples
were equilibrated for at least 2 h. Spectra were recorded regularly until stabilization.

For pH titrations 2.0 mL of the peptide solution (¢ ~ 30 uM) was transferred into the
quartz UV cell and then 0.9-1.0 equivalent of a metal ion was added. The desired pH values
were adjusted with KOH and HCI solutions of appropriate concentrations (e.g. 0.1 M, 0.01
M). The pH was measured by a Metrohm 702 SM Titrino system equipped with a Mettler

Toledo InLab ® Microelectrode.

4. CD spectroscopy

CD spectra were acquired on an Applied Photophysics Chirascan spectrometer. The
instrument was calibrated with (1S)-(+)-10-camphorsulfonic acid. The spectra were
recorded in the 190-400 nm wavelength range with 1 nm steps and a dwell time of 2 s per
points. Data were acquired and treated by Pro-Data and Pro-Data Viewer programs (Applied

Photophysics). For each sample 3 parallel spectra were recorded and the average of these
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spectra were smoothed. CD spectra are reported in molar ellipticity ([@] in units of deg cm?
dmol ™). [@] = obs/(10lc) where Oops is the observed ellipticity in millidegrees, [ is the optical
path length in cm and c is the peptide concentration in mol/dm?. Generally, 2.5 mL freshly
prepared solution in phosphate buffer (cpeptise ~ 30 UM, cputfer = 20 mM, pH = 7.4) were
transferred into a quartz optical cell with 1.0 cm path length (Hellma Analytics). Then
aliquots of the Cu(I) solution (¢ ~ 3 mM) were added corresponding to 0.25 equivalents.
Titrations of the 3 Cys containing decapeptides with Cu(I) were performed in the same batch

samples as described above for the UV titrations.

5. NMR spectroscopy

NMR experiments were performed on Bruker Avance 400 MHz and 500 MHz
spectrometers equipped with 5 mm inverse broadband probes with Z-gradients. For spectrum
acquisition and evaluation TopSpin 3.2 program was applied. All sample manipulations
were performed in the glovebox. Peptide concentration was ~ 1 mM. Samples were

transferred into tubes with J. Young screwcap to avoid contact with air.

Assignment of the resonances in CDPPC and CPGC peptides

Complete assignment of the proton resonances in the free and Cu(I) bound peptides
were achieved by the combination of COSY, TOCSY, NOESY and ROESY experiments.
Samples for NMR spectroscopic measurements were prepared in phosphate buffer in D>O
(20 mM, pD = 7.4). Amide protons were identified on the spectra recorded for the samples

prepared for the determination of the temperature coefficient as described later.

Cu(l) titration

"H NMR spectra were recorded at 298 K in a 12 ppm window size and 32k time
domain. Peptide solutions were prepared in phosphate buffer in D,O (20 mM, pD = 7.4)
titrated with a Cu(I) solution in CD3CN (¢ ~ 30 mM).

Diffusion coefficient measurement
Diffusion coefficient measurements were performed using the bipolar stimulated

spin echo sequence (PGSE).[113-115] Diffusion coefficients were obtained by TopSpin 3.2
using the following equation: [ = I exp (—D 2y g0 (A - g) 104), where [ and I are the

intensities detected with and without gradient pulses of strength gi, respectively The length

of the bipolar gradient pulse is /2, A is the diffusion delay, and yis the gyromagnetic ratio
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(for protons, =4 258 Hz/G). A = 149.9 ms and ¢ = 2 ms values were used in the diffusion

coefficient measurements. In the experiments, g was incremented from 2.31 to 43.81 G/cm.

Temperature coefficient measurement

The temperature coefficient of the amide protons of the free ligands and the Cu(l)
complexes were measured by recording '"H NMR spectra over the temperature range 278-
318 K. Temperature coefficients of the free peptides were compared by recording the spectra
in H20/D:0, 9/1, v/v. The spectra of the Cu(I) complexes were recorded in phosphate buffer
(20 mM, pH = 7.4, H,O/D;0, 9/1, v/v). Residual water signals were suppressed by

presaturation.

6. ESI MS experiments

Mass spectra were acquired on a LXQ-linear ion trap (THERMO Scientific)
instrument equipped with an electrospray source. Electrospray full scan spectra in the range
of m/z = 50-2000 amu were obtained by infusion through a fused silica tubing at 2-10
puL/min. The samples were analyzed in the negative mode. The LXQ calibration (m/z = 50-
2000) was achieved according to the standard calibration procedure from the manufacturer
(using a mixture of caffeine, MRFA and Ultramark 1621). The temperature of the heated
capillary for the LXQ was set in a range of 200-250 °C, the ion-spray voltage was adjusted
to 3-6 kV and the injection time varied between 5-200 ms. The ligand solution (¢ ~ 100 uM)
was prepared in ammonium acetate buffer (pH = 7.0, coutfer = 20 mM). Samples for Cu(l)
experiments contained 10% of AcN in volume. Different equivalents of the appropriate

metal ion solution (¢ ~ 3 mM) were added to the peptide samples.

7. Determination of stability constants

Stabilities of the metal complexes at given pH values were determined in the presence
of well-known competitors. The displacement of the metal ions from their peptide complexes

by the competitor, or the reverse, was followed by UV spectroscopy in all cases.

Stability of copper(I) complexes
Two competitors, namely BCS (bathocuproin disulfonate) and BCA (bicinconinate
anion), presented in Figure 22, were used depending on the stability of the studied Cu(l)-

peptide complex.
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Schematic structure of the competitor BCS and BCA

Both of these ligands form Cul, complexes with known stability and spectroscopic

properties. [20]

Cu* +2 BCS? = [Cu(BCS):]* logf> =19.8

Cu* + 2 BCA? = [Cu(BCA)]* logf=17.2
[Cu(BCS).]* is an orange complex with absorption maximum at Amax = 483 nm and ¢ =
13300 M lcm™. The purple [Cu(BCA):]*" has maximal absorption at Amax = 562 nm
maximally with e =7 900 M lcm™.

Different strategies were applied depending on the characteristics of the studied
system. In the first attempt, parallel samples were prepared by adding 0.9 equiv. of Cu(I) to
2.5 mL of the peptide solution in phosphate buffer (cpeptide ~ 30 UM, couter = 20 mM, pH =
7.4). After the formation of the Cu(I)-peptide complex, different amounts of the appropriate
competitor were added. Samples were equilibrated until the absorbance stabilised. The
calculation of the stability constants was based on the measured absorbance at the
wavelength where the absorption is maximal according to the following equations. Charges

are omitted for simplicity.
A
[Cu(BCS),] = z

[BCS] = cpes — 2[Cu(BCS),]

[Cu(BCS),]
[Cu] = 10198[BCS]2

[CuL] = ccy — [Cu(BCS),] — [Cu]
[L] = ¢, — [CuL]

[CuL]
[Cu][L]

A reverse another strategy was applied in case of CDPPC and CPGC peptides. The

[Cu(BCS)2]*" complex was titrated with the peptide solution. Samples, which were prepared
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in phosphate buffer (20 mM, pH = 7.4), contained Cu(l) in ¢ ~ 30 pM concentration and
BCS in 10-fold excess. Then aliquots of peptide solution were added. Samples were
equilibrated until the stabilization of the absorbance. The recorded spectra were fitted with

SpecFit program to obtain the apparent stability constant.[116-119]

Stability of mercury(ll) complexes

Stabilities of the mercury(Il) complexes were determined by competition with I™
ions. Mercury(Il) forms consecutively four iodo complexes with known stabilities. Data
presented in Table 2 were determined at / = 0.5 M ionic strength.[120] In our application

these stability constants were recalculated to I = 0.1 M by the SIT model.[121, 122]

Stability constants of the Hg(II) — I" complexes previously determined at / = 0.5 M ionic strength

and the data recalculated for the applied conditions.

logf logf

(I=0.5 M)[120] (I=0.1 M)
[Hel]* 12.87 13.05
[Hglo] 23.82 24.09
[Heglz] 27.60 27.84
[Hgls]* 29.83 29.91

As a first step, the molar absorption spectra of the Hg(Il)-iodo complexes were
determined under the conditions used in the subsequent competition with the peptides. Hg(II)
solution (¢ ~ 30 uM, 7 = 0.1 M NaClO4) were transferred to a UV cell. The pH was adjusted
to 2.0 by a 1.0 M HCI solution. The pH was controlled throughout the whole titration. This
Hg(II) sample was titrated with KI solution (¢ ~ 0.01, 0.1; 0.5 M). The recorded spectra were
fitted with SpecFit [116-119] where the stability constants were fixed to values given in
Table 2.

Afterwards, 1.0 equivalent of Hg(II) was added to 2.0 mL of the peptide solution (¢
~30 uM, pH = 2.0, I = 0.1 M NaClOy). This sample was then titrated with KI solution. In
the fitting procedure the stabilities and the molar absorption spectra of the Hg(Il)-I"

complexes were fixed.
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Stability of zinc(Il) complexes

The apparent stability constants of the Zn(Il) complexes were determined in the
presence of zincon (ZI) as a competitor (ZnZI logBi = 4.9, £52"™ =23 200 M 'ecm™!) by UV-
vis spectroscopy.[123]

The schematic structure of zincon

The peptide solution was prepared in ca. 30 uM concentration in HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) buffer (cpuffer = 20 mM, pH = 7.4) and 1.0
equiv. of Zn(II) was added. The Zn(II)-complexes were then titrated with zincon solution (~
3 mM in DMF). The stability of the absorbance at 4 = 620 nm was controlled before any
further addition. The stability constants were calculated by considering the exclusive

formation of a mononuclear complex according to the following equations.
A
[ZnZI] = —
€

[ZI] = ¢z — [ZnZI]
Znzl
[Zn] = 1E)T[Z]I]
[ZnL] = ¢z, — [ZnZI] — [Zn]
[L] = ¢, — [ZnL]
[ZnL]
[Zn][L]
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V. Results and Discussion

1. Cu(I) binding properties of model peptides of the metal binding loop of CueR
proteins

1.1. The background of the chosen peptide sequence

The copper efflux regulator CueR protein [124-126] is a transcriptional factor and it
belongs to the MerR family of metalloregulatory proteins.[127-130] It regulates the
expression of proteins which take part in copper detoxification in bacteria. CueR is able to
sense Cu(I) in zeptomolar (102! M) concentration and distinguishes +1 charged metal ions
from +2 charged ones. The metal binding loop of CueR from E. coli is presented in Figure
24. As it is seen, the Cu(I) ion is coordinated by two cysteine residues, which are conserved
throughout the MerR family, in linear geometry. This coordination geometry is rarely
observed in protein metal binding sites but therefore it can be rather suitable for selective

metal ion recognition.[131, 132]

Pro113

Figure 24. The metal-binding region in CueR [131]

To exploit the selectivity and sensitivity of CueR in Cu(l) chelation, peptides were
designed to mimic the metal binding domain of this protein from different bacteria.

Figure 25 presents the schematic structures of the studied peptides. Two of them are
identical to the native sequence of CueR in bacteria E. coli (Ac-ACPGDDSADCPI-NH»;
EC) and V. cholerae (Ac-SCPGDQGSDCPI-NH;; VC). The third one (Ac-
SCHGDQGSDCSI-NH>; HS) is the variant of VC where the prolines were replaced by a

histidine and a serine to modify the flexibility and as well the metal binding properties of the
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molecule. Indeed, histidine and proline can be found at the same positions in some other

MerR family member proteins.[131]
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Schematic structures of the CueR model peptides

HS was demonstrated to be able to accommodate Cd(II), Hg(II) and Zn(II), which
are metal ions with significantly different coordination preferences. HS formed a variety of
species with Cd(Il) depending on the pH and the metal ion availability.[133] Hg(II) was
bound to the two cysteine residues of the peptide forming a loop-like structure. In contrast,
in Zn(II) ligation the histidine moiety also participated in metal ion binding besides the
cysteine thiolates, providing a more structured form of the peptide backbone with higher
helical content.[134] Interestingly, EC and VC bound Ag(I) by a protonated thiol with a pKa
close to physiological pH. [108] Despite of the similar chemical characteristics of Ag(I) and
Cu(I), the behavior of the peptides with Cu(I) cannot be predicted and therefore the study of
the Cu(I)-EC/VC/HS systems is inevitable.

1.2. Mononuclear Cu(l) complexes of the CueR mimicking peptides

The interaction between Cu(l) and EC, VC, HS peptides was first studied by UV-vis
spectroscopy. Aliquots of Cu(I) solution corresponding to 0.1 equivalent per ligand were
added to the peptide solutions at pH = 7.4. As it can be seen in Figure 26, the increasing
Cu(I) concentration results in the appearance of intense absorption bands at 4 ~264 nm and
A ~300 nm. The first transition is characteristic for the charge transfer from thiolate to Cu(I)
(LMCT) [133] indicating that the metal ion is coordinated to the ligand by the cysteine

moieties.
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UV titration of EC (A), VC (B) and HS (C) peptides with Cu(I) at pH = 7.4 (phosphate buffer, 20

mM). The insets show the evolution of absorbance as a function of the ccuy/Cpeptide ratio. (Cpepide = 30 pM)

The LMCT absorbance increases linearly in case of VS and HS, while in the titration
of EC follow a non-linear trend. Lebrun and co-workers studied the Cu(I) binding of the
CopZ protein [135] and observed a similar non-linear trend with intersections at 0.5 and 1.0
Cu(I) equivalents. The formation of two major forms of Cu(I)-CopZ complex was proposed.
From 0.0 to 0.5 Cu(l) equivalent two protein bound one Cu(I) ion via one cysteine of each
molecule. Between 0.5-1.0 equivalent, Cu(I)2(CopZ)2 formed where four cysteines took part
in the Cu(I) coordination and two of them bridged the two metal ions. The formation of these
two Cu(I)-CopZ complexes was more evident in the CD spectra, where two clear breakpoints
were observed in the evolution of the LMCT bands.

A competition between Cu(I) and Hg(II) was conducted to determine whether the
EC peptide forms a similar CuP> complex. A sample containing EC and 0.5 equivalent of
Cu(I) was titrated with Hg(II). The RS™ to Cu(I) LMCT does not change significantly until
0.5 equivalent of Hg(II) is (Figure 27). Since the more thiophilic Hg(II) does not disturb the
RS™ to Cu(I) LMCT, there must be free cysteines available to coordinate the added Hg(II)
ions. The slight increase observed at 264 nm can be attributed to the overlapping effect of
the RS™ to Hg(Il) LMCT below 220 nm.[17, 74, 134, 136-138] Further addition of Hg(II)
results in the collapse of the RS™ to Cu(I) LMCT and the continuous increase of the Hg(II)
LMCT indicates the transformation of the Cu(EC) complex into the more stable Hg(EC)
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species. Based on these observations it can be stated that the CuS4 type Cu(EC) complex

does not exist.
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UV titration of the sample containing EC and Cu(I) in 1:0.5 ratio with Hg(II) at pH = 7.4
(phosphate buffer, 20 mM). The inset shows the evolution of the absorbance at 264 (¢) and 220 (A) nm as a

function of the cugan/cec ratio. (cpeptide = 30 pM)

Molar absorbances of the LMCT & ~ 7000 M 'em™! per bound Cu(I) were calculated
as the slope of the absorbance according to the Cu(I) concentration. This value is compatible
with those determined for metallothioneins [28, 29] or other Cys containing ligands.[75,
100] The increase of the absorbance was terminated by a sharp breakpoint at 1.4 Cu(I)
equivalents. Previously it was shown that the LMCT is not sensitive for the speciation only
for the number of thiolate to Cu(l) bonds.[34] With these ligands the absorbance increase
linearly up to 2.0 equivalents of Cu(l), even though it was demonstrated that two different
species formed, the CuLL mononuclear complex from 0.0 to 1.0 Cu(I) equivalent and Cusl.3
or Cuel3 clusters in excess of Cu(]).

The lower energy band at 4 ~ 300 nm was previously attributed to cluster formation
in metallothioneins.[28] However it was also observed with other two cysteine containing
peptides, where the exclusive formation of mononuclear complex until 1.0 Cu(I) equivalent
was proved by DOSY NMR.[74]

CD spectroscopy was also applied to monitor the effects of the gradual addition of
0.25 equivalent of Cu(l) into the peptide solutions. The results are presented in Figure 28.
The intense negative band below 220 nm is attributed to 1 — n* and possibly overlapping n
— 7* transitions of the amide bonds of the peptide backbone [34, 139] displaying an
essentially disordered structure.[107, 134, 140] The gradual change of this band illustrates
well the structural rearrangement promoted by Cu(I) binding. Besides, CD spectroscopy also

gives information about the RS™ to Cu(I) LMCT bands. Along with the increasing Cu(I)
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concentration, CD bands appear in the A = 240-380 nm wavelength range. For all the three
peptides the intensity of these bands increases linearly up to 1.0 equivalent of Cu(I) and

isodichroic points are systematically observed.
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These results clearly demonstrate the transformation of the free peptides into one
single complex species up to reaching the 1:1 Cu(I):peptide ratio. In other words, only the
CuP mononuclear complexes formed with all the three peptides, even in case of EC where
a more complicated complex formation occurring in different steps was suspected based on
the slight bend in the UV titration.

The comparison of the CD spectra of the three peptides in the presence of 1.0
equivalent of Cu(I) (highlighted in green in Figure 28) reveals that the Cu(HS) complex has
a significantly different CD signature. Since the spectra of the free peptides are quite similar
and the difference mainly emerges in the LMCT region, the Cu-thiolate interaction is
somehow affected in Cu(HS) compared to the Cu(I) complexes of the two other peptides.
The absence of the proline residues and the higher conformational flexibility in HS could
explain this difference. However, the most likely explanation is the participation of the

histidine residue in Cu(I) coordination, as it was demonstrated earlier for a few Cu(I)-binding
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proteins and model peptides.[9, 10, 141, 142] The additional coordinating donor group
besides the thiolates should modify the chiral environment around the Cu(I) and thereby the
RS™-Cu(I) LMCT leading to a different shape of the CD spectrum.

(—)ESI MS spectra were also recorded for additional information about the complex
speciation. The most intense signals arise from the free ligand as the negatively charged
[P-2H]* and [P-H] ions (Figure 29). Mononuclear CuP complexes are also clearly
observed with all the three peptides when 0.9 equivalent of Cu(l) is added. They are detected
in the form of [P-3H+Cu]*" with m/z = 631.4 (Cu(EC)), 639.2 (Cu(VC)), and 654.1
(Cu(HS)). Cu(EC) and Cu(HS) complexes are also observed as monocharged species
[P—2H+Cu] with m/z = 1264.2 and 1309.2, respectively.
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(—)ESI-MS spectra of the studied peptides in the presence of 0.9 equivalent of Cu(I) at pH = 6.9
(NH4AcO buffer, 20 mM) with the experimental and theoretical isotopic patterns of the detected species. *

indicates sodium adducts, * indicates peaks related to oxidized species. (cpeptide = 100 pM)
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1.3. Polynuclear Cu(l) species evidenced in excess of the metal ion

When more than 1.0 equivalent of Cu(l) is added, the complex formation becomes
rather complicated. In the presence of Cu(l) excess, a third transition emerges in the UV
spectra at 1 ~ 340 nm representing a formally spin-forbidden 3d—4s metal to metal transition
[28, 143] and indicating the formation of often-observed Cu(I)-thiolate clusters.[11, 75, 143,
144] The intensity of the LMCT bands in the UV spectra continue to increase up to 1.4
equivalents of Cu(I). However, the clear breakpoint at 1.0 Cu(I) equivalent observed in the
CD titrations confirm that the LMCT is not sensitive to the nature of the different complexes
(monometallic or polymetallic) but only to the number of the thiolate-Cu(I) bonds.

The CD spectra undergo significant changes when more than 1.0 equivalent of Cu(I)
is added as represented by dashed lines in Figure 28. This indicates a rather complicated
speciation, as a possible result of the formation of different clusters or polymetallic
structures.

Figure 30 presents the (—)ESI MS spectra recorded for samples of the peptides with
2.0 equivalents of Cu(I). Several polynuclear species like CuzP, CuzP or CusP2 can be

observed in all the three systems.
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(—)ESI-MS spectra of the studied peptides with 2.0 equivalents of Cu(I) at pH = 6.9 (NH4AcO
buffer, 20 mM) with the experimental and theoretical isotopic patterns of the detected species. * indicates

peaks related to oxidized species. (Cpeptide = 100 uM)

1.4. Confirmation of the participation of the histidine residue in Cu(l) coordination by 'H
NMR spectroscopy

The Cu(I)-coordination of the histidine residue in the HS peptide was suspected on
the basis of the CD spectroscopic results. To obtain more information 'H NMR
measurements were conducted. Solution of HS was titrated by Cu(I) from 0.0 to 2.0
equivalents with 0.25 steps. The aromatic region of the recorded spectra is shown in Figure
31. As the results of the Cu(I) addition, the narrow C;1H and Cs;H signals of His are shifted
to higher ppm values and new, broad signals appear. These findings clearly show that the
His residue is involved in Cu(I) binding. However, the two different type of effects suggest
different complex formation processes. The downfield shift of the C¢1H and Cs2H resonances
can be attributed the formation of the Cu(HS) mononuclear complex and these signals vanish
in the presence of Cu(l) excess. Dynamic exchange between several species at the NMR
timescale can lead to the broadening of the signals indicating the presence of polynuclear
species. They can be seen even at low Cu(l) concentration, where the CD and MS

experiments proved the formation only of the 1:1 complex up to 1.0 Cu(l) equivalent.
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Nevertheless, the concentration applied in the NMR experiments (mM) is significantly
higher than those used in other spectroscopic technics (30-100 uM) and the formation of

polymetallic species is therefore strongly favored.
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"H NMR resonances of the imidazole ring of the His residue in the HS-Cu(I) system in phosphate
buffer in D>O (20 mM, pD = 7.4). (cus = 1.5 mM)

1.5. Effect of the pH on the coordination of the cysteine thiols

UV-vis spectra of the peptides in the presence of 0.9 equivalents of Cu(I) per ligands
were also recorded as a function of pH. As it can be seen in Figure 32, the absorbances
attributed to the RS™ to Cu(I) LMCT bands are stable above pH = 7 in all the three studied

system and the € ~ 7 000 M"'cm™! values showed that the complex formation is complete.

0.20 - P i %64
. g
... 'A . 8 u
0.15 - Jy A .
/ [
&
. o "
< 7
0.10 - . A“ o
o & » * Cu(l)-vC
0.05 1 / A . 4 Cu(l)-Hs
A ||
/ = Cu(l)-EC
e L
0.00 T T \ \ \ \ T T )
0 1 2 3 4 5 6 7 8 9
pH

Absorbance recorded at A = 264 nm in the Cu(I):peptide 0.9:1 systems as a function of pH. The
continuous lines represent the fitted values for the same wavelength. Data fitting was performed by SpecFit
in the wavelength range of 4 = 250-400 nm based on a simple model involving two Cu(I)-promoted thiol

deprotonation processes. (Cpeptide = 30 uM)
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The spectral changes observed with decreasing pH suggest two consecutive
protonation steps. The data were satisfactorily fitted with two apparent pK, values with the
computer program SpecFit according to the following equations.

CuL + H = CuLH logkf! = pK,,
CuLH + H = CuLH: logkf = pK,,

Apparent pK, values of the Cu(I)-peptide complexes. Experimental errors in the last digits are

indicated in parenthesis.

pKa pKa2
EC 3.0(1) 5.5(3)
VC 1.3(2) 3.6(2)
HS 1.8(1) 4.3(2)

The first protonation steps take place with pKa2 values between 3.6 and 5.5 and result
in half loss of intensity of the LMCT bands observed above pH = 7. This is consistent with
the decoordination of one of the cysteines to give a Cu(I) complex with only one thiolate
coordinating to the metal center. These apparent pK, values of the Cu(I) complexes are lower
than those reported for the Ag(I) complexes of EC and VC.[108] (De)protonation occurs
significantly below physiological pH and therefore it is probably not relevant in the bacterial
copper sequestration of CueR protein. pKa1 values determined for the second protonation
step are in the range of 1.3-3.0 and lead to the complete loss of the LMCT absorbance to
form of the CuLH: species with no thiolate bound to Cu(I). The latter species in acidic
conditions may be low stability Cu(I) complexes in which the metal center is coordinated to
other functions than thiolates, or may represent as well the total release of Cu(I) from the

protonated ligands.

1.6. Stability of the Cu(l) complexes at pH = 7.4

The various spectroscopic technics applied for the characterization of the Cu(l) - EC,
VC, HS systems demonstrated the CuP mononuclear complexes are the dominant species at
pH = 7.4. Their apparent stabilities were determined in the presence of a well-characterized
competitor. Previously studied peptide-Cu(l) complexes with two thiolate coordinating
groups have stability in the range of logf11 = 15-17 at physiological pH.[74, 100] Similar
affinities were expected for our ligands as well and according to Wedd’s recommendation

[20, 145] bathocuproin disulfonate (BCS) is an appropriate choice of competitor for
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determination of stabilities around logf11 ~ 17. ((Cu(BCS)2]* logfs = 19.8). However, BCS
turned out to be a too strong competitor in our systems and as Figure 33 shows only 2
equivalents were enough to withdraw nearly 50% of Cu(I) from the peptide complexes.
Therefore, the weaker competitor bicinchoninate anion (BCA) was used to obtain the
apparent logfB1 values. Similarly to BCS, BCA forms the [Cu(BCA)2]*~ complex but with
lower stability constant (logf> = 17.2).

100

2 3 4 6

Ceompetitor/ €cul)

Figure 33. Comparison of the efficiency of BCS and BCA in the withdrawal of Cu(I) from the Cu(EC)
complex in phosphate buffer (20 mM, pH =7.4). (cec ~ 65 uM, ccugy = 0.9 ckc)
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The addition of BCA resulted in the appearance of the intense absorption band
centered at 1 = 562 nm, ¢ = 7 900 M 'em™! as Cu(I) was transferred to [Cu(BCA)z]*~ from
the CuP peptide complexes. The first indication on the magnitude of the affinities of the
peptides towards Cu(I) is the number of BCA equivalents required for the 50% withdrawal
of Cu(l). In case of EC only eight equivalents of BCA are enough for the 50% displacement,
while with the two other peptides 16 (VC) and 24 (HS) equivalents are necessary, showing
that affinity of the peptides for Cu(l) are in the order of EC < VC < HS. The calculated

apparent stability constants are presented in Table 4.

Table 4. Apparent stability constants of the Cu(I)-peptide complexes at pH = 7.4. Experimental errors in the

last digits are indicated in parenthesis

logﬂll);l 7.4

EC 15.3(1)
VC 15.8(1)
HS 16.3(1)
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The lower stability of the Cu(EC) complex can be attributed to the charge repulsion
between the negatively charged aspartate side chains. Similar effect was observed for other
Cu(I) chelating ligands with negatively charged functional groups close to the CuS*™ or
CuS*  metal center.[76, 100] The somewhat higher affinity of the HS peptide may be the
result of the missing prolines in the sequence, which makes this peptide more flexible to
adopt an optimal geometry around Cu(I). Nevertheless, it is more likely that the contribution
of the histidine in the coordination increases the stability of the complex. The Cu(I)-binding
affinities obtained for the studied peptides are somewhat lower than those of the Atx1 model
peptides incorporating the CxxC motif (logf1:P7"# = 17.4),[74] but compare well with more
rigid cyclic decapeptides encompassing the CxxxxC motif (logBi1P"7# = 15.5-16.7).[100]
This highlights that the affinity of peptide sequences with two cysteines for Cu(l) depends
little on the flexibility of the loop and the number of amino acids between the two Cys
residues. Therefore, the driving force for the coordination of the soft Cu(I) cation is expected
to be mainly the formation of the two strong bonds with the soft thiolate donors. The stability
constants determined in this study are very close to the affinity constant estimated for the
Ag(D-binding of VC (logB1"##? ~ 15-16), also by a competition experiment.[146] The
comparison of the stabilities of the Cu(I) complexes with those determined previously for
the Zn(II) complexes [108, 134] shows that these peptides display a large selectivity for
Cu(I) vs. Zn(ID).

However, the Cu(I)-binding affinities of these peptidic models are 5—6 orders of
magnitude lower than that of the native CueR protein.[21] This is a possible consequence of
a loss of entropy upon metal ion binding of the models [27] but also the lack of other potential
stabilizing effects, e.g. hydrophobic interactions in the metal binding pocket or the overall
charge neutralization that operate in the protein in contrast to the models, exemplifying the
complexity of metal regulation processes in vivo, which cannot simply be described by
thermodynamic equilibria. However, the studied model peptides still resemble the ability of

the protein to exclusively accommodate one metal ion under ligand excess conditions.
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similar Cu(I)-binding behavior of the three CueR model peptides
mononuclear CuLL complex formation in physiologically relevant conditions
Cu(I)-coordinated via two Cys residues of the peptides and by the His of HS
formation of polynuclear species in the presence of Cu(I) excess

cysteine decoordination in two steps with decreasing pH, probably irrelevant in
physiological Cu(l) sequestration

large affinities to Cu(I) at pH = 7.4, in the range of other 2-Cys peptides
similar affinity for Cu(I) and Ag(I), selectivity vs. Zn(II)

models cannot reproduce the affinity of the native CueR
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2. Cu(I) and Hg(II) binding of cysteine-rich decapeptides

2.1. Ligand design

The highly efficient Cu(I)-binding metallothioneins coordinate Cu(l) usually
trigonally [23, 24] therefore model peptides containing 3 cysteine residues can be interesting
form the viewpoint of Cu(l) chelation. The increase of the number of cysteines hopefully
increases the Cu(l) binding affinity as well. In this aspect, the beneficial features of the
tripodal and peptidic ligands of the Delangle lab also can be potentially combined. As
described earlier, three-cysteine-containing tripodal pseudopeptide ligands form well-
defined Cu(I) complexes with high stability, whilst peptide ligands are better internalized by
hepatic cells.[102] The peptides studied in this chapter are presented in Figure 34.

N ~sar— PB~pro —Gly— ¢ A~ ' ~ e~ ATB~p v \Gly/' ~ger— A~ pro
3 / C ( S Th Al
ser™ U~Thr™ .""Gly ser™ USThe™ ~aly R~ r""'Gl\,f Ser™ ~The a.""Gly

Ac-Gly-Cys-Thr-Cys-Ser-Cys-Gly-Ser-Arg-Pro-NH, Ac-Gly-Thr-Cys-Ser-Cys-Gly-Cys-Ser-Arg-Pro-NH,

Schematic representation of the three-cysteine-containing peptides. The cysteine residues are

highlighted in green and the bonds in the turn motif are indicated in bold.

The sequences are based on the metal binding loop of the copper chaperone Atxl
protein (MxCxxC). Investigation of the model peptide of this protein showed that although
the methionine did not participate in the metal ion coordination, it was oriented towards the
metal center.[74] Therefore the replacement of the Met residue by a Cys residue seemed to
be an obvious choice to improve the metal binding properties in P3¢ peptide.[109] The
positions of the cysteines in the sequences of linear and cyclic peptides were systematically
varied in the CxCxC motif, which can be found also in metallothioneins.[23, 24] The f turn
inducer xPGx motif was introduced next to the metal binding sequence in 1€ and one amino
acid apart from it in 2 to rigidify the peptide scaffold. Linear analogues 1% and 2" were also
synthesized to study the effect of the flexibility/cyclization on the metal binding properties.
Finally, an extra amino acid, an alanine was inserted in the sequence of 3¢ to determine

whether a larger flexibility in the cysteine sidechain orientation is beneficial or not.
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2.2. Copper(l) complexes: speciation

Complex formation between Cu(I) ions and the peptides at pH = 7.4 was studied by
UV-vis spectroscopy. During the titration of the peptides with Cu(I), the absorbances
stabilized surprisingly slowly and the equilibrium was reached only after 2 hours. Such a
long equilibration time was not observed before in similar three-thiolate-containing systems,
neither in the case of simple nor complicated complex formation.[75-77] Therefore, samples
were individually prepared by the addition of different equivalents of Cu(I) from 0.0 to 3.0
to the solutions of the peptides with 0.25 or 0.5 steps to ensure enough time for reaching the
thermodynamic equilibrium. This long equilibration time might be the first indication of a
complicated complex formation. Since all the six peptides display similar behavior, the metal
binding of the peptides will be demonstrated by the results obtained with 1€. The spectrum
series recorded during the titration with Cu(I) is presented in Figure 35. The characteristic
thiolate — Cu(I) LMCT band emerges around A ~ 260 nm with increasing Cu(l)
concentration. The absorbance increases linearly up to 2 equivalents of Cu(l) similarly to
tripodal pseudopeptides encompassing 3 thiolates.[75-77] This breakpoint suggests the
formation of polymetallic complex(es) with a (CuzP), overall stoichiometry. The molar
absorptions & = 6-7000 M 'em™ per bound Cu(l) are in good agreement with previous

results.[28, 75]

0.5
1\

0.4 4\

0 = T : — T - ]
220 240 260 280 300 320 340 360 380 400
A(nm)

UV titration of 1€ with Cu(I) after 2h of equilibration at pH = 7.4 (phosphate buffer, 20 mM). The

inset shows the evolution of the absorbance as a function of the ccuy/Cpeptide ratio. (Cpeptide = 30 pM)

CD spectra were also recorded in the same individual samples. The LMCT bands (4
= 260-320 nm) appear as a result of Cu(I) addition (Figure 36), but the observed molar
ellipticities (/@] = —2x10*1x10* deg cm ™' dmol ') are relatively low compared to other 3-
thiolate systems (/@] = —4x10*-8x10* deg cm™' dmol !).[75-77] The most affected region
of the spectra falls in the 4 = 220-240 nm wavelength range displaying bands that are
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characteristic for the peptide backbone structure. This indicates that the complex formation
induces structural rearrangements. More significant changes in the spectrum occur after the
addition of 2.0 equivalents of Cu(I). The series of the spectra do not display any clear
tendency. These results suggest that the complex formation is rather complicated and the

free peptides transform into more than one complex species.
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CD titration of 1€ with Cu(I) from 0.0 to 2.0 equivalents (left) and from 2.0 to 3.0 equivalents
(right) after 2h equilibration time at pH = 7.4 (phosphate buffer, 20 mM). (cpeptide = 30 pM)

On the recorded ESI-MS spectra of the peptides with 0.9 Cu(I) equivalents, the
formation of polynuclear species like CusP3, CusP2 can be observed besides the mononuclear
CuP complex (Figure 37). At higher Cu(I) concentration further species with higher

nuclearity, Cu7P3 and CugP4 are also detected.
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mM) with the experimental and theoretical isotopic patterns of the detected species. (Cpeptize = 100 uM)

The evolution of the UV spectra is seemingly simple because intensity of the thiolate-
Cu(I) LMCT band provides information only about the number of the Cu(I)-S bonds and not
about the nature of the complexes. However, CD and ESI-MS results unambiguously show
that the Cu(I) complex formation of the studied peptides is rather complicated and that many
polymetallic species are present.

The comparison of these Cu(l)-peptide systems to tripodal pseudopeptides
incorporating three thiolates reflects that despite the similar evolution of the UV spectra, the
Cu(I) complex formation is completely different with the two types of ligands. The tripodal
ligands have a well-defined metal binding cavity stabilized by a network of intramolecular
hydrogen bonds and this structure is able to control the speciation of the Cu(l)
complexes.[75, 76, 79] The sharp contrast between the two groups of ligands can be related
to their different structures. The three-cysteine-containing peptides seem to be too flexible
to arrange the Cys sidechains in a metal binding cavity appropriate for accommodating one

Cu(I) ion, and thus cannot control the speciation of Cu(I) complexes.
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2.3. Copper(l) complexes: stability

Apparent stability constants of the Cu(I)-peptide complexes were determined in the
presence of the bathocuproine disulfonate (BCS) as a Cu(I)-binding competitor.[20] Because
of the formation of several Cu(I)-peptide species, stabilities were calculated considering the
formation of the CuP mononuclear complex, only to give an overall affinity of the peptides
towards Cu(l) and hereby to allow a direct comparison between the peptides and to other
values in the literature. The determined logﬁgfg * values presented in Table 5 show that all
the peptides display high affinity for Cu(l) in the range of Cu(I) chaperone proteins, like
Atx1.[11] Nevertheless, these values are close to each other, within the range of the
experimental errors, indicating that the structural differences have no or little effect on the

Cu(I) complex stabilities.

The apparent stability constants of the Cu(I)-peptide complexes at pH = 7.4. Experimental errors in

the last digits are indicated in parenthesis.

logBeyp "
pC 18.1(1)
1€ 17.3(3)
1t 17.4(2)
2€ 17.8(4)
2L 17.8(2)
3¢ 17.9(4)

2.4. Mercury(Il) complexes: speciation

Hg(II) is a metal ion with similar coordination properties to Cu(I) and therefore it is
an often used probe of the oxygen and water sensitive Cu(I). To answer the question whether
the complicated Cu(I) complexation behavior is originated from the peptide structure or it is
specific for Cu(I) ion coordination, the interaction of the peptides with Hg(II) was also
studied. Although, HgS; coordination geometry naturally occurs, for example in Hg(II)-
bridged protein dimers, like those observed in the MerR metalloregulatory protein [147] or
in the human copper chaperone Atox1,[17, 148] the formation of such a HgS3 coordination
in model systems was rather challenging for a long time, because of the strong preference of

Hg(II) for the linear coordination.[149-152] It was first successfully achieved by Pecoraro
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et al. applying single oligopeptide chain three-helix bundles [153] and three-stranded coiled
coils.[154] However, the third cysteine thiolate coordinated at relatively high pH with pKa
of 8.6 and 7.6, respectively.

The simple P3C compared to the three-stranded coiled coils is also able to stabilize
the HgS; environment and the speciation of the Hg(Il) complexes is already published,[109]
but the stabilities were not determined.

In contrast to the RS™-Cu(I) UV LMCT bands, the LMCTs are good indicators of the
coordination mode in the Hg(II)-thiolate systems. Bands characteristic for the HgSs3
environment are in the 240-320 nm wavelength range,[136, 155] while the di-thiolato Hg(II)
complexes absorb only in higher energy region (< 230 nm).[74, 137, 138] Thus, the
interaction between the peptides and Hg(II) was investigated by UV-vis spectroscopy.
Stabilization of the absorbance was significantly faster than in case of Cu(I) complexation,
which could be the result of a simpler speciation. Accordingly, continuous titration could be
implemented by the addition of aliquots of Hg(II) solution from 0.0 to 3.0 equivalents at pH
= 7.4. During the titration, intensive bands emerge on the UV spectra at 4 = 240 and 280 nm
with increasing Hg(II) concentration as presented by the Hg(I)-1¢ system in Figure 38. The
linear increase of the absorbances up to 1.0 equivalent of Hg(II) reflects the formation of a
mononuclear HgP complex. The position of these bands clearly shows that all the three
cysteine moieties of the peptide participate in the coordination of the metal ion. The
absorbance of the bands characteristic for the HgS3 geometry start to decrease beyond the
1:1 ratio, however the band at ~ 230 nm stays intact. These phenomena can be attributed to
the transformation of the mononuclear complex into polymetallic species where the Hg(1I)

ion is bound to two thiolates.
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UV titration of 1€ with Hg(Il) at pH = 7.4 (phosphate buffer, 20 mM). The insets show the

evolution of the absorbances at 4 = 240 and 280 nm as a function of the cuga/Cpeptide Tatio. (Cpeptide = 30 pM)
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ESI-MS measurements support well the conclusions drawn by UV spectroscopic
results. Only the mononuclear HgP complex can be observed on the spectrum recorded for
the peptides with 1.0 equivalent of Hg(II) in the form of mono- ([P—H+Hg]"; m/z = 1152.3)
and double charged ions ([P+Hg]**, m/z = 576.8) (Figure 39).
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”: '|L \\ I ‘|| | L
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Sk L M.
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(+) ESI-MS spectra of 1€ with 1.0, 1.5 and 2.0 equivalents of Hg(II) at pH = 6.9 (acetate buffer,
20 mM) with the experimental and theoretical isotopic patterns of the detected species. Asterisks mark the

sodium adduct of the corresponding species. (Cpeptice = 100 uM)

In the presence of 1.5 Hg(Il) equivalents, the HgsP> is the major detected species in
the forms of the [2P—4H+3Hg]** (m/z = 1250.8) and [2P—4H+3Hg+Na]** (m/z = 841.7) ions.
This seems to correlate with the HgS> coordination environment of the metal ion indicated
by the observed changes of the UV spectra beyond the 1:1 Hg(II):peptide ratio (Figure 40).
When 2.0 equivalents of Hg(II) are added, the HgsP> and Hg>P ([P-3H+2Hg]*, m/z = 1350.3)
are detectable in similar amounts. This further transformation can be the explanation for the

slight increase of the absorbance over 1.5 equivalents of Hg(II).

o
Jigr
S
HgP Hg,P HgsP,
(HgS;) (polymetallic species — HgS,)

Schematic representation of the Hg(II)-peptide complexes
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2.5. The effect of pH on the Hg(Il) complexation

The effect of the pH on the Hg(II) complexion was also studied and the titration was
followed by UV spectroscopy (Figure 41). The significant increase of the absorbance in the
presence of 1.0 equivalent of Hg(II) compared to the free peptide at pH ~ 2.5 clearly shows
that Hg(Il) is already bound to the peptide even at this low pH.
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pH titration of 1€ in the presence of 1.0 equivalent of Hg(II). The dashed line represents the
spectrum of free 1€ at pH = 2.5. The inset shows the evolution of the absorbances as a function of pH at
280 nm. Symbols represent the experimental points and the line shows the fitted absorbances obtained by

SpecFit. (¢pepiice = 30 M)

Following the changes in the absorbance at 280 nm characteristic for the HgS3
geometry shows that the increase of the pH results in a significant increase of the intensity
corresponding to the transformation of the HgS» species into the HgS3 in parallel with the
deprotonation of the third cysteine thiol moiety. The absorbance at 280 nm is stable over a
wide pH range (pH = 6-11). Spectroscopic data were satisfactorily fitted by considering one
pKa value according to the following equation, where L represents the fully deprotonated
form of the ligand.

HgllH<=HgL+H pK,
HgS> = HgSs

The obtained pK. values of the Hg(Il)-peptide complexes are presented in Table 6
and follow the order of P3¢ < 3¢ = 2€ < 1€ < 2L = 1%, Although, these values are in a quite
narrow range, some tendency can be observed which may be related to some kind of weak
influences. The lowest pK, was determined for the peptide P3C, which indicates that the
CxCxxC pattern of the coordinating Cys residues is probably more favorable for the
formation of the HgS3 geometry than the CxCxC motif. The separation of the metal binding

fragment from the turn motif may be the explanation of the slightly lower pK, of 2€ and 3¢
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relative to that of 1€. The highest values of the two linear peptides may be the consequence
of their larger flexibility and a more significant reorganization necessary for the coordination

of the third Cys thiolate.

Deprotonation constants of the HgHL complexes. Experimental errors in the last digits are indicated

in parenthesis.

pKZﬁﬁL
p3C 4.3(1)[109]
1€ 4.8(1)
1t 5.1(1)
2€ 4.5(1)
2k 5.0(1)
3¢ 4.5(1)

Interestingly, the values presented here are significantly lower than the pK. observed
for the relevant Hg(Il)-complex of a tris-cysteine functionalized tripodal pseudopeptide
bearing amidated carboxyl groups[136] or of the Hg(II)-binding three-stranded coiled
coils.[153] The bulkiness or the electron-withdrawing effect of the carboxyl function of the
tripods probably has an unfavorable effect on the HgS> = HgSs transformation. In our
peptides the thiol functions are more solvent-exposed, which are expected to deprotonate
more easily than similar functions found in the hydrophobic pocket of triple coiled coils

complexes.

2.6. Stability of the Hg(Il) complexes

The high thiophilicity of Hg(II) makes the determination of the complex stabilities
challenging, and as a solution for this problem, competitions with iodide ions were
performed. Preliminary studies indicate that the iodide was not able to withdraw Hg(II) from
the peptide complexes at pH = 7.4, therefore titrations were implemented under acidic
condition at pH = 2.0. According to the pH dependent transformation of the HgP complexes,
the stabilities determined at pH = 2.0 should correspond to the species with HgS» geometry.
As a first step, the molar absorption spectra of the Hg(II)-iodo complexes were determined

by titrating the metal ion with I" under the same condition used in the competition

74



experiments and applying the recalculated stability constants of Hg(II)-iodo complexes

presented in Table 2 (Figure 42).
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A) UV spectra recorded in the titration of Hg(II) with I” at pH = 2.0. The inset shows the
evolution of the absorbance at 322 nm (*) and 280 nm (°) as a function of the c1/cugar ratio. B) Molar

absorption spectra of the Hg(II)-iodo complexes obtained in SpecFit. (caga = 30 pM, I =0.1 M NaClOy)

UV spectra recorded in the titration of the Hgl® complex with I” are presented in
Figure 43. At the beginning of the titration, up to ca. 10 equivalents of I no considerable
spectral changes were observed. Further addition of I" resulted in the appearance of new
bands characteristic for the [Hgl3]” and [Hgls]*~ complexes. Complete displacement of the

peptide was achieved by the addition of ca. 2000 equivalents of I".
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UV spectra recorded in the titration of Hgl® with I" at pH = 2.0. The inset shows the evolution of
the absorbance at 322 nm (*) and 280 nm (°) as a function of the ci/cugan ratio. Symbols represent the

experimental data, and solid lines represent the absorbances calculated by SpecFit. (chgan = Cpeptide = 30 uM)

To obtain the apparent stability constants of the HgP complexes, the recorded series
of spectra were fitted by SpecFit. The molar spectra and the stability of the Hg(Il)-iodo
complexes (Table 2) were fixed in the fitting procedure. Best fits were obtained when the
formation of a HgPI ternary complex was also considered. The appearance of such species
1s probably a consequence of the flexibility of the peptide structures. These complexes are
present only in the early stages of the titration in ~20% relative proportion. In case of HgP3C
a somewhat larger fraction of HgPI could be observed. The formation of the mixed ligand
complexes, according to the HgP + I = HgPI equation, is characterized by stabilities falling
in the range of logK ~ 1.5-2.5. The determined apparent stability constants of the HgP
complexes are presented in Table 7. These values are close to each other, indicating that all
the six peptides have similar affinities for Hg(II) and that the differences in the peptide
sequences do not notably affect the stabilities. Taken into account that at pH = 2.0 only two
Cys thiolates are coordinated to the Hg(II), it is a possible explanation that the thiophilicity
of Hg(Il) easily governs the formation of the HgS> structure, independently from the

preorientations of the donor groups.

76



Apparent stability constants and estimated stability data of the Hg(II) complexes. Experimental

errors in the last digits are indicated in parenthesis.

logBhr" logBhin*  logBugm®  logBug’
p3¢ 27.2(1) 40.9 48.7 44 .4
1€ 27.3(1) 40.5 48.8 44.0
1t 27.1(1) 40.0 48.6 43.5
2€ 27.2(1) 40.7 48.7 44.2
2L 27.0(1) 40.0 48.5 43.5
3¢ 27.5(1) 41.0 49.0 44.5

*Apparent stability constants for pH 7.4 and formation constants of the HgHL and HgL species were estimated from the apparent
stabilities obtained at pH = 2.0

Formation constants were calculated for the protonated HgHL and the fully
deprotonated HgL complexes from the relevant apparent stability constants applying the pKa
values corresponding to the HglLH = HgL. + H process (Table 6) and the proton dissociation

constants of one of the peptides, 1* (pK, "= 7.67(1), pK.'2"= 8.56(1), pKHL= 9.26(1))2

according to the following train of thoughts:

= The proton dissociation constants (KL, KaH 2l K;{ 3L) of the ligands can be expressed in

the form of the overall formation constant of the fully protonated peptides (fu;L):

[HiL] 1

[L][H]? ~ Pu,L = KHL - Kczlqu gL (1)

a

* The apparent stability of the mononuclear complexes at pH = 2.0 is defined as:

H2.0 _ [HgP]
Pige” = THglP) @

= Since at pH = 2.0 Hg(II) binds to the monoprotonated ligand, the concentration of free

peptide and the HgP complex can be estimated with the following concentrations:

[HgP] ~ [HgHL] 3)
[P] =~ [HL] 4)

= Then equation 2 transforms into:
’Bsz.o _ [HgHL] (5)

feP  [Hg][HsL]

2 Acidic dissociation constants were determined by pH potentiometric titrations following a protocol describe
earlier.[140]
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* According to equation 1 [H3L] can be substituted by:
[HsL] = By,.[L][H]® (6)

* and then rearrange equation 5 to

Bligs BuyL - [H]? = % (7)
» This is not else than the formation constant of HgHL complex:
_ [HgHL]
Phgit. = THg] [LI[H]

= The combination of (7) and (8) leads to an expression allowing the calculation of

(8)

PuerL from the experimentally measured stability data:

Bugnt = ﬁﬁgﬁ'o * Bu,L[H]? )]
logBignt, = logBhys + logBy,i. — 2pH (10)

= Formation constants for the parent Hgl. complexes can be obtained by using the

spectrophotometrically determined deprotonation constants (pK;I gHL) for the HgHL =

Hgl + H process:

logBugL = logBugn. — K - (11)

The calculated thermodynamic stability constants (logfuenr and logfiner) are also
presented in Table 7. These data also fall in a narrow range, confirming that the orientation
of the Cys-sidechains has only a weak influence on the complex stabilities. Nevertheless,
the slightly lower affinity of the linear peptides suggests the need for a more pronounced
structure of the peptide backbone provided by the cyclization.

The thermodynamic stability constants of the HgL species of our peptides allow the
comparison with Hg(II)-bisthiolate complexes of highly constrained bis-thiol ligands. Our
peptides, indeed, display very similar Hg(II)-binding affinities to that of the well-known soft
metal ion chelator BAL (logfugL = 44.8)[156] which forms a highly stable 5-membered
chelate ring around the metal ion. Comparison of our data to the stability of the HgL species
of the tetrapeptide Ac-Cys-DPro-Pro-Cys-NHz (logfueL = 40.0)[137] clearly indicates that
the structure of our peptides are prone to easily rearrange to a suitable form for the tridentate
coordination of Hg(Il) and thus the larger number of Hg(II)-thiolate bonds is revealed in
higher affinities.

Apparent stabilities of the HgP mono-complexes can be re-calculated for any desired

pH values from the calculated thermodynamic stability constants (Table 7) allowing a direct
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comparison of the Cu(I)- and Hg(I1)-binding affinities of the studied peptides. The peptides
show 20 orders of magnitude larger affinity for Hg(Il) (logBugr®’* ~ 41) than for Cu(l)
(logBuer”7+ ~ 18) at physiological pH, due to the significantly softer character of Hg(II).

The three-cysteine containing peptides are found to be too flexible to control the
Cu(I) complex speciation leading to the formation of several polymetallic species, but they
are well adapted to accommodate one Hg(Il) ion in a tri-thiolate environment. This
significant difference between the behavior of the peptides towards Cu(I) and Hg(Il) also
indicate that the use of Hg(Il) as a probe for Cu(I) coordination with sulfur-rich peptides or

proteins in physiological conditions is not always fully appropriate.

different complex speciation of the peptides with Cu(I) and Hg(II)
complicated Cu(I) complex speciation

the peptide structure is too flexible to control the Cu(I) speciation
affinity for Cu(I) is in the range of 10'-10'®

simple Hg(II) complex speciation: mononuclear complex with HgS3 geometry at
physiological pH

pH dependent HgS> = HgSs3 transformation, with relatively low pKa
large Hg(II) complex stability (logBuepP’# ~ 41)
sequences are adapted for trithiolate Hg(II) coordination

Hg(ID) is not always an appropriate Cu(I) probe
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3. Efficient Cu(I) binding of a rigid tetrapeptide incorporating two cysteines linked
by a f turn

3.1. Rational peptide design to control the metal binding

Studies of the series of the relatively long 3-cysteine-containing peptides
demonstrated that Cu(I) complexation with quite flexible peptides could be complicated.
Therefore, rational ligand design can be a logical solution to control the speciation of Cu(l)
complexes. Introducing amino acids that induce £ turns is one of the options to rigidify
peptide scaffolds and enhance metal binding affinity.[157] / turn is the simplest defined loop
structure with conformational characteristics.[158] It consists of four amino acid residues
(from i to i+3) and defined by a hydrogen bond between the C=0 of the residues i and the
NH of the i+3. There are four types of beta turns depending on the @ and ¥ torsion angles
of residues 1+1 and i+2. These torsion angles are the following @i+ = —60, ¥i+1 = =30, P2
=—90 and ¥i+2 =0 1n type I, and ®i+1 = —60, ¥ir1 = 120, @iz = 80 and P2 = 0 in type 1L
Type I’ and II” are the mirror images of type I and 11.[159, 160]

The cyclic proline (Pro) is the most constrained natural amino acid, which can induce
a turn. As it was presented in the Literature review, simple Cu(I) complex speciation was
achieved with cyclic peptides encompassing f turn inducer xPGx motifs by the Delangle
group.[74, 100] Similarly, it was demonstrated that £ sheet like peptide scaffold was a key
element in achieving high affinity for uranyl cation.[161] Mononuclear UO,** complexes of
constrained structured peptides with two PG motifs had significantly higher stability than
complexes formed with the more flexible ones containing only one turn, while the
completely unstructured linear peptide formed nondefined polymetallic species of low
affinity. Iranzo and co-workers proved that cyclization had a remarkable effect on the Cu**
coordination properties of decapeptides bearing two prolylglycine units. The cyclic peptides
had a higher affinity for Cu?* than the linear ones at all studied pH values. Difference in Cu?*
exchange rate was also observed between the two structures.[162, 163]

Some amino acids of D configuration were also shown to stabilize peptide
structures.[158, 164-166] Iranzo’s team also demonstrated that the introduction of the DPro-
Pro motif into a short peptide sequence was very favorable for heavy metal chelation.[137]
The tetrapeptide Ac-Cys-DPro-Pro-Cys-NHz (CDPPC) incorporating two cysteines at the
two termini was designed to mimic the CxxC consensus sequence found in
metallochaperones or metal transporters.[167-169] This peptide forms a mononuclear

Hg(II)-complex with a large stability (logK = 40.0). The favorable effect of the DPro-Pro
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motif on Hg(II) coordination was proven by comparison to the CPPC peptide incorporating
two natural proline residues. A three orders of magnitude lower stability constant was
estimated for the dithiolatomercury(Il) complex of CPPC underscoring the significance of
the preorganized DPro-Pro containing sequence.

The outstanding Hg(I1)-sequestering features of CDPPC suggest that this short
sequence may also be interesting in view of chelating Cu(l), a soft metal ion with
coordination preferences resembling those of Hg(II). We also studied the behavior of a less
rigid structure introduced by the more flexible Xxx-Pro-Gly-Xxx motif in the peptide Ac-
Cys-Pro-Gly-Cys-NH (CPGC). The schematic structures of the peptides are presented in
Figure 44.

\© N
2 ) 0 \[( Xy N __NH,

Schematic structures of the tetrapeptides with f turn inducing motifs. The dashed line symbolizes

the H-bond in the turn present in CDPPC

3.2. Characterization of the apopeptides

The solution structures of the peptides were investigated by 'H NMR. Complete
assignment of the proton resonances (Table 8) was achieved by the combination of 1D
(Figure 45) and 2D (COSY, TOCSY, NOESY) methods. The '"H NMR spectrum of CDPPC
recorded at 298 K in water reflects the presence of peptides with different structures. The
major conformation represents 73% of the total peptide concentration. The resonances
attributed to the minor components disappear upon Cu(l) addition (discussed later), which
suggests that the corresponding minor species are in a relatively slow exchange with the
major one at the NMR timescale and that Cu(I) restricts the peptide into one specific

conformation in the complex.
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(Cpeptide ~ 1.00-2.00 mM)

Assignments of the 'H NMR resonances (J, ppm) of the free peptides (major conformation) in

phosphate buffer (20 mM, pD = 7.4, D,O). Amide protons were identified in H,O/D-0, 9/1, v/v.

NH C.H CgH Others
Cysl 8.28 4.67 2.82 (Ac) 1.97
(v) 2.00
Pro2 - 4.38 1.93;2.26
o () 3.70; 3.78
Gly3 8.46 3.93 -
Cys4 8.09 4.47 2.88 (NH2) 7.14; 7.63
NH C.H CgH Others
Cysl 821 477 277 (Ac) 1.95
(y) 2.02
DPro2 - 4.41 2.01;2.23
o (5) 3.64; 3.89
(v) 2.03
Pro3 - 4.64 1.86;2.28
o (8) 3.74
Cys4 7.87 432 287,302 (NH2)7.07;7.14

Since p turns are characterized by a hydrogen bond between the C=0; and NHis3)
groups, the temperature coefficients of the amide proton resonances were measured since
they are good indication of the presence or absence of H-bonds. Weaker intermolecular
hydrogen bonds formed with the solvent molecules are more easily cleaved with increasing
temperature, therefore the chemical shifts of solvent exposed NH display higher temperature
dependence. On the other hand, it is generally assumed that NH resonances owing
temperature gradient less negative than —4.5 ppb/K are solvent-shielded and participate in

strong intramolecular hydrogen bonds providing a constrained peptide structure.[170-174]
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Table 9 compares the measured temperature coefficients of the Cys amide proton resonances
in the two peptides. These values show that the NH of the Cys4 residue is significantly more

solvent shielded than that of the Cys1 in both cases.

Temperature coefficients of the amide proton resonances of the Cys residues

AS/AT (ppb/K)
CpPPC CPGC
Cysl Cys4 Cysl Cys4
Free L —9.3 —4.0 -8.2 —6.3
CuyLs —6.7 -2.5

The temperature coefficient determined for the NH resonance of the Cys4 residue in
CDPPC (—4.0 ppb/K) strongly supports the hydrogen bond between the C=0 of Cysl and
the NH of Cys4 characteristic for a f turn. This value in CPGC is significantly smaller
(AJ/AT =—6.3 ppb/K) indicating the absence of such a H-bond as a consequence of the less

structured backbone.

3.3. Copper(l) ion complexes of CDPPC: spectroscopic results

The interaction between CDPPC and Cu(l) was investigated by UV-vis spectroscopy
(Figure 46). The appearance of the characteristic RS™ to Cu(I) LMCT transition at 263 nm
[133] in parallel with increasing Cu(I) concentration proves the coordination of the cysteine
thiolates to Cu(I). The absorbance at this wavelength increases linearly up to 1.3 equivalents
of Cu(I) with a molar absorbance value consistent with the previous results (¢ ~ 7000

M 'em™).
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evolution of absorbance as a function of the ccum/cepppc ratio. (Cpeptide = 30 pM)

Intense bands appear in the LMCT region on the recorded CD spectra as a result of
Cu(I) addition, characterized with extrema at A = 237 (+), 256 (+), 290 (-) and 340 (+) nm
(Figure 47). Similarly to UV spectroscopic observations, the intensity of these bands
increase linearly with increasing Cu(I) concentration until a sharp breakpoint at 1.3 Cu(I)
equivalents. The two isodichroic points were observed at A =277 and 321 nm demonstrating

the transformation of the free peptide into a single Cu(I) complex before the breakpoint.

50
N

N
30 1 N . *290mm

1

i
10 4 a A
a0, =
30 - .
-5.0

-10 4

.
e ® 133 eq. Cu(l)

[©]/10* (deg cm? dmol

———
0.00 0.50 1.00 1.50 2.00 2.50 3.00
220 . . . . . . ri‘utll"cCDPP(

220 240 260 280 300 320 340 360 380 400
A (nm)

CD titration of CDPPC with Cu(I) from 0.0 to 1.3 equivalents at pH = 7.4 (phosphate buffer,
20 mM). The inset shows the evolution of the molar ellipticity at A = 256 and 290 nm as a function of the

CCu(I)/CCDPPC ratio. (Cpeplide =30 },lM)

During the 'H NMR titration of CDPPC with Cu(l) the signals of the free peptide
gradually transformed to new, narrow signals and completely disappeared by the addition of
1.33 equivalents of Cu(l) as presented in Figure 48. The well-resolved signals support the
formation of a unique species. The proton resonances in the Cu(l)-peptide complex
(highlighted in green in Figure 48) were assigned by TOCSY and ROESY experiments
(Table 10).
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'"H NMR spectra of the aliphatic region of CDPPC with increasing amounts of Cu(l) in phosphate
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Assignments of the 'H NMR resonances (J, ppm) of Cus(CDPPC) in phosphate buffer (20 mM,
pD =7.4, D,0) at 298 K, 500 MHz. Amide protons were identified in H,O/D-0, 9/1, v/v.

NH C.H CgH Others
Cysl 7.81 4.74 3.12;3.44 (Ac) 2.02
_ : (v) 1.85

DPro2 4.54 2.04;2.11 (3) 3.62

(y) 1.87; 2.02
(0) 3.52; 3.61

Cys4 9.24 4.10 2.54;3.10 (NH2) 6.96; 7.45

Pro3 5.08 2.18;2.50

As it was seen earlier UV-data alone does not provide information about the

speciation. However, the three spectroscopic results together, where the endpoint of the

titration was observed at 1.33 equivalents of Cu(I), indicate the formation of a Cu:peptide

complex of a 1.33:1.00 stoichiometry. This may be reminiscent of a CusSe cluster in a

Cuy(Peptide)s; complex.

In all the three cases the continuation of the titrations shows the transformation of

this assumed cluster into other species in the presence of more than 1.33 Cu(I) equivalents.

Further evolution of the LMCT bands in UV and CD titrations was observed until 2.5

equivalents of Cu(I). The 'H NMR resonances become broad indicating the formation of

more than one species. These species formed with an excess of Cu(I) are likely to be Cu(I)-

thiolate clusters too, with higher nuclearity.
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Further analysis of the NMR spectra of the CusP3 complex reveal that the
coordination of the Cu(I) ion mainly affect the signals of the cysteine residues. The CoH
resonances of the Cu(I) complex are systematically upfield shifted compared to the free
peptide. The CgH> resonances are shifted downfield in Cysl and upfield in Cys4. These
protons are detected as an ABX systems, with a significant difference between the chemical
shifts of the two protons belonging to the same carbon atom [Adag = 0.32 and 0.56 ppm for
the CgH> protons of Cys1 and Cys4, respectively]. This is an indication of a significantly
different chemical environment and therefore a well-ordered and rigid structure of the Cu(I)-
thiolate cluster.

The temperature coefficients of the amide proton resonances were also measured in
the complex. The —2.5 Appb/K value determined for the NH of Cys4 shows that this signal
is less affected by the temperature compared to the free ligand (see Table 9). This indicates
the H-bond between the amide oxygen of the first Cys residue and the amide proton of the

fourth Cys is stronger in the complex and it provides a tighter structure.

3.4. Copper(I) ion complexes of CDPPC: molecularity

ESI-MS spectra were acquired to confirm the composition of the Cu(I)-CDPPC
complex. Samples containing the peptide and 0.9, 1.33 and 2.0 equivalents of Cu(I) were
analyzed. In the first two samples the same species were detected with different relative
abundance. The spectrum of the sample containing 1.33 Cu(l) equivalents reflects the
presence of three complexes (Figure 49). The Cu4P3 is the major detected species in the form
of the [3P—6H+4Cu]* ion (m/z = 812.3). The two other observed species are the CusP2
([P—4H+3Cu]~; m/z = 1104.8) and CulL ([P-2H+Cu]~; m/z = 520.1). A tandem MS/MS
experiment on the ion of m/z = 812.3 proves that these two other species are produced by
fragmentation. This confirms the formation of a single Cus4P3 complex when the
Cu(I)/peptide ratio is below 1.33. The characteristic peaks of the [3P-6H+4Cu]* ion do not
appear in the ESI-MS spectrum of the sample containing 2.0 equivalents of Cu(I). Although
the quality of the recorded spectrum is relatively poor with low signal intensities, the
formation of several polymetallic species including Cu4P2, CusP2, CugPs or CusP3 can be

evidenced.
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ESI-MS experiments provide information about the metal complex speciation only
under specific experimental conditions in gas phase, which is only indicative of species
found in solution. Nevertheless, the well-resolved '"H NMR spectrum of the Cu(I)-CDPPC
complex made it possible to measure the diffusion coefficient (D) by pulse gradient spin
echo (PGSE) NMR to gain deeper insights about the molecularity of the species in solution.
According to the Einstein-Stokes equation, the diffusion coefficient (D) is related to the ru
hydrodynamic radius (also called as Stokes radius) of the molecule considered as a hard

sphere.

kT
6Ty

D =

where k 1s the Boltzmann’s constant, 7T is the absolute temperature and # is the viscosity. As
the Stokes radius is related to the cube root of the molecular weight (ru ~ W), the molecular
weight (M;) of the species under interest can be deduced from the ratio of its experimental
diffusion coefficient (D;) and that of a closely-related reference molecule (D;) with a known

molecular weight (M;).[113]
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For a sample containing CDPPC and 1.33 equivalents of Cu(I) D; = 1.95:10”° m%/s
diffusion coefficient was determined in phosphate buffer in D,O containing 7.9 % CD3;CN
in volume originated from the solvent of the Cu(I) solution. The free peptide, as a molecule
with known molecular weight (M = 459 g/mol), was used as a reference. Its diffusion
coefficient (D; = 2.99-107'° m?/s) was measured in the same solvent mixture to provide the
same viscosity. From these data, a molecular mass M; = 1645 g/mol was calculated for the
Cu(I) complex, which is in a very good agreement with the theoretical molecular weight of
the [CusP3H.]* cluster (M = 1625 g/mol). These data are in total accordance with other
spectroscopic studies and point to the exclusive formation of the Cu4P3 cluster with the
constrained peptide CDPPC for Cu(I)/P ratios lower than 1.33.

Among proteins that participate in copper homeostasis many form the same CusSe
type cluster. Such a cluster can be found, among others, in the cytosolic C-terminal domain
of the Ctrl copper transporter,[11] the fully reduced form of the Cox17 chaperone of
cytochrome c oxidase,[12, 13, 175] the metal-responsive transcription factor of Drosophila
[176] or the transcription factor Amtl.[177] Interestingly, the simple CDPPC peptide can
mimic the behavior of these proteins and forms the cluster in a so-called all-or-nothing,
cooperative manner under physiologically relevant condition.

It is also worthy to note, that the two soft metal ions, Cu(I) and Hg(II), interact
differently with CDPPC. Hg(II) was observed to form mononuclear complex with a linear
coordination geometry, whereas the exclusive formation of the Cu4P3 species incorporating
trigonally coordinated metal ions was proved for Cu(I). This supports our conclusion in the
previous chapter that the analogy between these two metal ions has to be handled with

extreme care.

3.5. Copper(I) ion complexes of CPGC: spectroscopic results

The Cu(I) binding of the less rigid CPGC peptide was also analyzed by means of
UV-vis, CD and NMR spectroscopy and ESI-MS. The complex formation turned out to be
more complicated compared to CDPPC. Although the UV titration shows the linear increase
of the RS™ to Cu(I) LMCT band centered at 236 nm up to ca. 1.5 Cu(I) equivalents (Figure
50), the evolution of the CD features is rather characteristic for the formation of several

species (Figure 51). ESI-MS spectra are of rather poor quality with low signal intensities
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regardless of the applied Cu(I)/P ratio, as often observed with thiolate ligands forming a
mixture of Cu(l) species. The broad signals in the 'H NMR spectra, observed after Cu(I)
addition, may be due to an equilibrium between several species coexisting in an intermediate
exchange rate at the NMR timescale. Therefore, in agreement with other spectroscopic
results, the formation of a mixture of several species is highly probable with this more
flexible compound.

These results unambiguously reveal the importance of the rigid, pre-organized
structure of CDPPC peptide in controlling the speciation of Cu(I) complexes in water at

pH="7.4.
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3.6. The stability of the copper(l) complexes

Apparent stability constants of the Cu(I) complexes of CDPPC and CPGC peptides
at pH = 7.4 were also determined in the presence of the competitor BCS. However, when
the samples were prepared in the regular way (CuP + BCS), the equilibration time was too
long (weeks) in the case of CDPPC. Therefore, we decided to change the mixing order of the
components and attempted to withdraw the Cu(I) from [Cu(BCS).]*~ complex with the
peptides. The stabilization was still slower in the system of CDPPC than with CPGC. This
explains the fewer points recorded in the former system (Figure 53). The different

equilibration times might reflect the different structures of the complexes formed with the

two peptides.
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Absorbance at 4 = 483 nm recorded during the titration of Cu(BCS), with CDPPC (o) and CPGC
(o) at pH = 7.4 (phosphate buffer, 20 mM). The solid lines represent the absorbances calculated by SpecFit.
(ccum = 30 uM; cpes= 300 uM)

Figure 53 clearly presents the striking difference between the affinities of the two

peptides for Cu(I). 15 equivalents of CDPPC relative to Cu(I) displace all the metal ion from
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the BCS complex leading to the total loss of absorbance at A = 483 nm. In contrast, 45
equivalents of CPGC (not shown) were not enough for a complete displacement. The UV-
vis spectra recorded during the titration with CDPPC were satisfactorily fitted by considering
only the Cu4P5 cluster and logfssP"# = 78.9 was determined. The complicated speciation of
the Cu(I)-CPGC complexes prevented a fully appropriate fitting. Therefore, apparent affinity
constants were calculated considering the formation of the 1:1 mononuclear complex for
both peptides to allow a direct comparison. Data shown in Table 11 display a one order of
magnitude difference in favor of CDPPC giving a further advantage of the preorganized
peptide backbone. CDPPC not only mimics the structural features of some Cu proteins, but
its affinity for Cu(l) is also in the range of previously reported stabilities of proteins involved

in Cu homeostasis.[11]

Apparent stability constants of the Cu(I) and Zn(II) complexes of CDPPC and CPGC at pH = 7.4

CDPPC CPGC

Cu(l) Zn(I) Cud) Zn())

logBiP74  17.5(1) 6.3(1)* 16.4(1) 5.6(1)

6.4(1)° 7.4(2)°

logBioPH 74 13.1(2)°
logBasP 74 78.9(3)

Calculated from competition experiments with zincon.

Calculated from UV titrations with Zn(II).

3.7. Zinc(Il) complexes: spectroscopy and stability

Zinc(Il), as an abundant metal ion in cells, is a potential competitor in Cu(l) binding.
Therefore, the Zn(Il) complexation of CDPPC and CPGC was also studied by UV titrations
and ESI-MS experiments. The addition of Zn(II) aliquots to the solution of the lignads results
in the increase of absorbance in the wavelength range characteristic for the RS™ to Zn(II)
LMCT (4 <240 nm).[178, 179] The CDPPC reacts with Zn(II) in a quite simple manner and
the absorbance reaches the maximum around 1.0 equivalent of Zn(II) added. The recorded
ESI-MS spectra showed the formation of only the mononuclear complex (Figure 55). ZnP>
can be detected only under ligand excess condition, but in negligible amount. In contrast,
the increase of absorbance has a breakpoint at 0.5 equivalent of Zn(II) during the titration of

CPGC indicating the formation of ZnP> complex where the metal ion is coordinated by four

91



thiolate donor groups. The further evolution of absorbance at 240 nm probably reflects the
transformation of ZnP> to ZnP. Accordingly, ESI-MS shows the significant contribution of

ZnP; besides the ZnP complex both in the presence of 0.5 and 1.0 equivalent of Zn(II).
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UV titration of CDPPC (A) and CPGC (B) with Zn(Il) at pH = 7.4 (phosphate buffer, 20 mM).
The insets show the evolution of the absorbance at chosen wavelengths as a function of the cznan/Cpeptide ratio.
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(Cpeptige = 100 uM)

Apparent stability constants of the ZnP complexes were determined by two different
methods. UV titrations of the peptides with Zn(II) were fitted by considering the formation
of only the ZnP complex in the sample of CDPPC and the ZnP and ZnP> with CPGC. The
results reported in Table 11 show significantly lower Zn(II)-binding affinity compared to
Cu(I). Competition studies with zincon, a well-known Zn(II) chelator,[123] confirm
affinities in the same range. The good agreement between the two independent determination

in case of CDPPC confirms the simple speciation with the formation of the ZnP complex.
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DPro-Pro motif induces more rigid backbone than Pro-Gly
CDPPC forms a Cu4P; cluster involving a CusSe core with high stability

CDPPC mimics the cluster formation and stability of natural Cu(I) proteins under
physiological conditions

CPGC forms several Cu(l) species with lower stability

Pre-organization of the metal binding groups is essential for the control of Cu(I)
complex speciation

Both peptides display large selectivity for Cu(I) vs. Zn(II)
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SUMMARY






VI. Summary

The essential micronutrient copper participates in several biological processes, like
respiration, iron homeostasis, antioxidant defense or pigment formation. However, excess of
copper can promote ROS formation and thus induce oxidative damages. Therefore,
intracellular copper concentration is under strict control. Menkes and Wilson’s diseases are
genetic disorders causing impairment in copper homeostasis leading to copper deficiency or
overload, respectively. Wilson’s disease is treated by chelation therapy, but the presently
used drugs have several adverse side effects. New peptide or tripodal pseudopeptide ligands
that display high affinity for the intracellular Cu(I) and target hepatic cells have been
developed by Delangle et al. Some of them are currently proposed as highly specific drugs

for localized copper chelation therapy in Wilson’s disease.

My Ph.D. work consisted of the design of three groups of cysteine containing
peptides and the characterization of their Cu(I) complexes to determine whether they are
appropriate candidates for the treatment of Wilson’s disease. The interaction of some
peptides with Hg(II), which is a metal ion possessing similar coordination properties to Cu(I)
and therefore an often used probe of the oxygen and water sensitive Cu(I), or with the
ubiquitous Zn(II), which is a potential intracellular competitor, was also studied.

The peptides were designed following three different approaches. In a first strategy,
we attempted to take advantage of the outstanding selectivity and sensitivity of the bacterial
copper efflux regulator protein CueR by studying oligopeptides based on the metal binding
motif of CueR involving two cysteine residues. Second, three-cysteine containing linear and
cyclic peptides were designed with the aim of merging the better internalization of peptides
by hepatocytes and the high Cu(I) affinity of tripods previously studied in the Delangle’s
lab. Finally, the advantages of a highly preorganized peptide structure were exploited in a
short, rigid tetrapeptide where two cysteines were linked by a turn motif (CDPPC). For
comparative purposes studies were also performed with another, less rigid tetrapeptide

ligand containing the PG unit as a turn inducing motif

Terminally protected linear peptides were synthesized by solid phase peptide
synthesis following the Fmoc protocol. For the cyclic peptides, linear precursors with
unprotected termini were assembled by the same method. After the cleavage off the resin,
cyclization was performed. The crude products were purified by reversed phase HPLC. The

purity was checked by analytical HPLC and ESI-MS.
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Since the cysteine moieties and Cu(l) are sensitive for oxidation, all sample
manipulations were performed in a glovebox under argon atmosphere. The majority of the
experiments were carried out at pH = 7.4 in buffered media. In a few cases, pH titrations
were also executed at constant metal-to-ligand concentration ratios. The interaction of the
peptides with the metal ion was studied by UV-vis, CD and NMR spectroscopy and ESI-
MS. The stability of the peptide-metal ion complexes was determined by competition

reaction with well-known ligands.

The three CueR model peptides, EC, VC and HS display very similar behavior
towards Cu(I). Mononuclear complexes are formed in excess of the ligands and they
transform into polynuclear species in the presence of Cu(I) excess. Based on the observed
thiolate to Cu(l) charge transfer transitions in the UV and CD spectra, Cu(I) is bound by the
two cysteine residues. For HS, 'H NMR spectra show the involvement of the histidine
residue in metal ion coordination. Analysis of a series of pH dependent UV spectra reveals
that the complex formation is complete above pH = 7.0 and decrease of pH induces the
decoordination of cysteines in two steps leading to the complete loss of LMCT absorbances.
The pK. values belonging to these processes are significantly below the physiological pH
indicating that they are probably not relevant in biological Cu(I) sequestration.

The stabilities of the mononuclear complexes at pH = 7.4 determined in the presence
of the competitor ligand BCA are quite large (logf1:"7# ~ 16) and similar to those obtained
for peptides incorporating the CxxC or the CxxxxC motif. This result shows that the length
of the spacer between the Cys residues affects little the affinity towards Cu(I). Therefore,
the driving force for the coordination of the soft Cu(l) cation is expected to be mainly the
formation of the two strong bonds with the soft thiolate donors. Comparison of stability
constants with previous results shows that the peptides are highly selective for Cu(I) against
Zn(1l), but have similar affinity for Ag(I). Although, the Cu(I)-binding affinities of these
peptide models are 5—6 orders of magnitude lower than that of the native CueR protein, they
still resemble the ability of the protein to exclusively accommodate one metal ion under
ligand excess conditions. This, combined with the large affinity and high selectivity vs.
Zn(II), are the features that are advantageous in the view of the development of new Cu(l)

chelators.

In the three-cysteine-containing cyclic peptides P3¢, 1€, 2€ and 3€ and their linear

derivatives 1% and 2L, the Cys residues are arranged in CxCxxC or CxCxC motifs, found in
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metallothioneins. With this series, the effects of different structural influencing
modifications on the metal ion binding were also studied.

The Cu(I) complex formation of all the six peptides was found to be rather
complicated. This was first indicated by UV-vis studies when the LMCT absorbances
stabilized only after 2 hours of equilibration during the titration of the peptides with Cu(I).
Therefore, the use of independently prepared samples was necessary. Although, the UV
titrations reveal a seemingly simple evolution of absorbances with an endpoint that refers to
the formation of polymetallic species of an overall (CuzP), stoichiometry, the recorded CD
spectra and ESI-MS experiments evidence the presence of a mixture of polymetallic species.
Consequently, the peptides proved to be too flexible to control the speciation and hereby
leading to the formation of several species.

Because of the undefined speciation, the average affinity of the peptides for Cu(l) at
pH = 7.4 was determined. Therefore, the UV spectroscopic results of the competition with
BCS were evaluated by considering the formation of only the mononuclear CuP complex.
All peptides display high affinity towards Cu(I) in the range typical of Cu(I) chaperone

PH74 _ 18 values indicate that the structural differences have

proteins. The similar logf
minor effect on the stability of the Cu(I) complexes.

To reveal whether this complicated behavior is originated from the peptide structure
or it is specific for Cu(l), the interaction with Hg(II), a soft metal ion possessing similar
chemical properties, was also studied. Mononuclear HgP complexes are formed when the
ligands are in excess and the complex formation is significantly faster compared to Cu(l).
The position of the thiolate to Hg(II) LMCT at 4 = 280 and 240 nm clearly demonstrates that
Hg(II) is coordinated by all the three Cys residues of the peptides at pH = 7.4. In the presence
of Hg(II) excess, the mononuclear complexes transform into polymetallic species adopting
the more favorable HgS> coordination mode. The results of the UV titrations and MS
experiments strongly support the formation of Hg>P3 complexes up to 1.5 equivalents of
Hg(II), that transform into other species with an increasing metal ion excess.

UV-pH titrations showed an HgS, = HgS3 transformation with pK, = 4.3-5.1 values
characterizing the deprotonation of the third cysteine thiol. These values are relatively close
to each other for the six peptides, indicating that the structural differences affect little the
stability of the HgS3 species. However, the observed tendency reveal that the CxCxxC motif
in P3¢ is more favorable, just like the longer distance from the turn motif in 2€ and 3¢

compared to 1€, and the cyclic against the linear structure. Interestingly, these pK, values
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are significantly lower than those obtained for the three-stranded coiled coils, which is
probably related to the very different water-accessibility of the thiol groups.

The apparent stability of the HgP complexes was determined at pH = 2.0 by
competition with I" ions. All peptides display rather similar affinities for Hg(II) showing that
the preorientation of the donor groups has only a modest influence on the stabilities and the
high thiophilicity of Hg(II) easily governs the formation of the favored HgS: structures. The
apparent stability constants estimated for pH = 7.4 show a more than 20 orders of magnitude
larger affinity of the peptides for Hg(Il) than for Cu(I) due to the significantly larger
thiophilicity of Hg(Il). Stabilities of the HgP complexes are of the same magnitude as the
Hg(II) complex of the well-known heavy metal chelator BAL, which forms a highly stable
five member chelate ring by the coordination of two thiolate groups. Our peptides display
higher affinity for Hg(II) than the highly constrained CDPPC peptide as a consequence of
the higher number of coordinating donor groups. The large stability constants together with
the low pK. values clearly indicate that all these three-cysteine-containing peptides are
adapted for an efficient trithiolate coordination of the thiophilic cation Hg(II).

The striking difference in the behavior of the peptides towards the two soft metal ions
demonstrate that the use of Hg(II) as a probe for Cu(I) coordination with sulfur-rich peptides

or proteins in physiological conditions may not always be fully appropriate.

The effect of the preorganization on the metal binding properties was studied on two
tetrapeptides where two cysteines were linked by a B turn inducer motif, the DPro-Pro
(CpPPC) or Pro-Gly (CPGC). CDPPC was confirmed to possess a more rigid structure by
measuring the "TH NMR temperature coefficient of the amide proton of the Cys4 residue that
indicates the presence of a hydrogen bond between the C=0 group of Cys1 and NH of Cys4.
The UV, CD and NMR titration reveal that CDPPC form a single Cu(I) complex until 1.33
equivalents of Cu(I) and the results of DOSY NMR and ESI-MS experiments prove that this
species is a Cu4P3 cluster with a CusSe¢ core where a Cu(l) ion is in a highly favorable
trithiolate coordination. It is worthy to note, that this simple peptide is able to mimic the
cluster formation that are typical in proteins like Ctrl or Cox17. In contrast, all experimental
data refer to a more complicated Cu(I) complex formation of CPGC. The observed
difference emphasizes the importance of a well-defined, preorganized structure in the control
of Cu(I) complex speciation. Furthermore, the apparent stability constant calculated for a
theoretical CuP mononuclear complexes is one order of magnitude larger for CDPPC

(logB11P174 = 17.5) than for CPGC (logf1:P74 = 16.4).
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The Zn(II) complexes of CDPPC and CPGC were demonstrated to be mononuclear
ZnP or ZnP; species. The apparent stability constants at physiological pH calculated for the
ZnP complexes are in a magnitude of 10°, and the selectivity in favor of Cu(I) with respect
to Zn(Il) is therefore extremely large.

The Cu(I) complexation by CDPPC is strikingly different compared to what was
previously observed with Hg(II). This supports that the use of Hg(II) as a probe of Cu(I)
must be handled with extreme care.

Since CDPPC forms a single Cu4P3 cluster with high stability and displays large
selectivity for Cu(I) with respect to the ubiquitous Zn(Il), it is an interesting simple peptide
candidate to be targeted to the liver cells for the localized treatment of Cu overload in

Wilson’s disease.
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Osszefoglalas

A réz, mint 1étfontossdgu nyomelem szamos bioldgiai folyamatban vesz részt. Illyen
a légzés, a vas-haztartds, az oxidativ stressz elleni védelem vagy a pigment képzddés.
Azonban ha a réz feleslegbe keriil, 6 maga is képes oxidativ karok okozasara. Ezért sejten
beliili koncentracioja szigorii szabalyozas alatt 4ll. A Menkes ¢s a Wilson betegségek
genetikai elvaltozasok, melyek a szervezet réz-haztartdsdnak felborulasahoz vezetnek és
rézhiany ill., -felhalmozodéas alakul ki. A Wilson betegség kelat-terapidval kezelhetd,
azonban a jelenleg alkalmazott gyogyszerek szamos sulyos mellékhatast valtanak ki.

Pascale Delangle kutatocsoportjanak célja olyan 10j peptid vagy tripodalis
ligandumok kifejlesztése, melyek egyrészt nagy affinitdst mutatnak a sejten beliili Cu(I)
ionok irdnt, masrészt célzottan a majsejtekbe képesek felszivodni, ezaltal csokkentve a

mellékhatasok kockazatat.

Doktori munkam céljaként uj peptid tipusu, cisztein tartalmu ligandumok tervezését,
valamint eldallitasat és Cu(I) ionokkal valod kolcsonhatasanak vizsgalatat taztiik ki célul,
annak érdekében, hogy kideriiljon, a megtervezett és vizsgalt vegyiiletek megfeleld
kelatorok lennének-e a Wilson betegség kezelésére. Egyes esetekben a peptidek Hg(II) és
Zn(II) ionokkal val6 kdlcsonhatasat is tanulméanyoztuk, mert a Hg(II) hasonl6 koordinacios
kémiai tulajdonsdgokkal rendelkezik, mint a Cu(l) és emiatt gyakorta hasznéljdk az
oxidaciora érzékeny Cu(l) helyett probaionként, illetve a Zn(II) ion a szervezetben nagy
mennyiségben fordul eld és igy a Cu(I) potencialis vetélytarsa lehet.

A peptideket harom kiilonb6zd stratégia alapjan terveztilk meg. Az elsd csoport
ligandumaiban a bakteridlis rézhaztartas-szabalyoz6 CueR fehérje nagyfoku érzékenységét
és szelektivitasat igyekeztiink kihasznalni. Ennek érdekében a CueR fehérjének a két
ciszteint tartalmaz6 fémkotd szakaszat modellezd peptideket allitottunk eld. A kovetkezd
megkozelitésben harom ciszteint tartalmazo linearis és ciklikus peptidek segitségével
probaltuk egyesiteni a Delangle csoportban kordbban tanulmanyozott ligandumok kedvezo
tulajdonsagait, azaz a tripodalis ligandumok nagy Cu(l) affinitasat, illetve a peptid kelatorok
azon tulajdonsagat, hogy glikokonjugatumaikat a majsejtek nagyobb hatékonysaggal
képesek felvenni. Végiil, a peptid szerkezetének nagyfoku preorganizéaciojabol fakado
elonyoket terveztiik kihasznalni egy révid, merev tetrapeptid segitségével, melyben két
ciszteint egy turn motivum kot 6ssze. Osszehasonlithatosag érdekében egy kevésbé merev

vazu peptiddel végeztiink vizsgalatokat (CPGC).
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A terminalisan védett linearis peptideket szilard fazist peptidszintézissel allitottuk
el6 az Fmoc stratégiat kovetve. A ciklikus peptidek eldallitasa soran eldszor hasonld mdédon
linaris prekurzorokat szintetizaltunk, melyeket a gyantarol vald hasitas utan hig oldatban,
standard kapcsoloszerek jelenlétében ciklizaltunk. A nyers termékeket forditott fazisu
HPLC-vel tisztitottuk, majd tisztasdgukat analitikai HPLC-vel és ESI-MS segitségével
ellendriztiik.

Mivel mind a cisztein tiolcsoportjai, mind a Cu(I) ion oxidécidra érzékeny, a mintak
elokészitése €s tovabbi kezelése inert atmoszféraban, egy gloveboxban tortént. A kisérletek
tobbségét pufferelt kozegben, 7,4-es pH-n hajtottuk végre. Néhany esetben pH fiiggé UV
spektrumsorozatot is felvettiink 4allandd fémion:peptid ardny mellett. A peptidek
fémionokkal val6 kdlcsonhatasat UV-lathato, CD és NMR spektroszkopiaval, valamint ESI-
MS segitségével vizsgaltuk. A peptid-fémion komplexek stabilitdsat minden esetben az adott
fémiont hatékonyan kot6, jol ismert ligandummal végrehajtott kiszoritdsos reakcidval

hataroztuk meg.

A CueR harom modell peptidje, az EC, VC és HS nagyon hasonldan viselkednek
Cu(I) ionokkal torténd kolcsonhatdsuk soran. Ligandum felesleg jelenlétében egymagvi
komplexek képzodnek, melyek atalakulnak tobbmagvu részecskékké, ha a fémion kertil
feleslegbe. Az UV és CD spektrumokon a Cu(I)-ligandum arany novelésével parhuzamosan
megjelend tiolat-Cu(I) toltésatviteli savok intenzitasanak alakuldsa arra utal, hogy 7,4-es pH-
n a Cu(I) a két cisztein oldallancan keresztiil koordinalodik a peptidekhez. A HS esetében
"H NMR vizsgalatokkal igazoltuk, hogy a hisztidin oldallanca is részt vesz a fémion
megkotésében. A pH valtoztatasaval felvett UV spektrumok azt mutatjak, hogy a komplexek
pH = 7 felett teljes mértékben kialakulnak, valamint, hogy a pH csokkenésével a cisztein
tiolatok két 1épésben dekoordindlédnak a fémiontdl. Az ezen folyamatokra meghatarozott
pK; értékek jelentdsen kisebbek a fizioldgias pH-nal, ami arra utal, hogy a pH indukalta tiol-
disszociacios folyamatok feltehetdleg nem jatszanak szerepet a CueR miikodése soran.

Az egymagva komplexek BCA ligandummal vald kiszoritasi reakcio segitségével
meghatarozott latszolagos stabilitdsa pH = 7,4-en meglehetésen nagy (logfiPH# ~ 16) és
azonos nagysagrendli a CxxC vagy CxxxxC motivumot tartalmazo peptidek Cu(l)-
affinitasaval. Ez arra utal, hogy a ciszteinek szekvencian beliili tavolsaga nem befolyasolja
szamottevden a peptidek Cu(I)-kotd hatékonysagat és a komplexek stabilitasat elsésorban a
két Cu(I)-tiolat kotés erdssége hatdrozza meg. Kordbbi stabilitdsi eredményekkel valo

Osszehasonlitds alapjan a peptidek jelentds szelektivitast mutatnak a Cu(l) ionok iranyéaba a
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Zn(II) ionokkal szemben, azonban a CuP komplexek stabilitdsa hasonld, mint a megfeleld
Ag(Il) komplexeké. Habar a modell peptidek affinitdsa 5-6 nagysagrenddel elmarad a nativ
CueR fehérjéhez képest, ligandum felesleg jelenlétében a fehérjével megegyezé modon csak
egyetlen fémiont kotnek meg. Ez, valamint a nagy Cu(l) affinitas, ill. a Zn(II) ionokkal
szemben mutatott szelektivitas egyiittesen a Cu(l)-kelatorként valé alkalmazas

szempontjabol kedvezd tulajdonsagok.

A héarom ciszteint tartalmaz6 ciklikus P3C, 1€, 2€ és 3€ peptidekben, valamint linearis
megfeleldikben, 1“-ben és 2'-ben, a cisztein aminosavak a metallotioneinekben is
megtalalhatd CxCxxC és CxCxC motivumok szerint helyezkednek el. A peptidek ezen
sorozataval azt is tanulmanyoztuk, hogy a szekvenciat és a ligandum szerkezetet érintd
kisebb valtoztatasok miként befolyasoljak a fémion megkotését.

Mind a hat peptid Cu(l) ionokkal valo reakcioja meglehetdsen Osszetett rendszer
kialakuldasadhoz vezetett. Ennek elso eldjele az abszorbancia lassu stabilizalédasa volt az UV
spektroszkopias vizsgalatok soran, mikor a peptideket Cu(I)-oldattal titralva az LMCT savok
intenzitasa csak ~2 Ora elteltével allanddsult. Ezért tovabbi méréseinkhez egyedi mintdkat
alkalmaztunk. Az abszorbancia linedris valtozasa latszolag egyszerii folyamatra utal,
melynek végpontja 2 ekvivalens Cu(l) hozzdadasakor figyelhet6 meg. Ennek alapjan a
(CuzP), altalanos Osszetétellel egyszeriien leirhato részecske képzodése feltételezhetd. Ezzel
szemben a CD- és ESI-MS spektrumok kiilonbzé tobbmagvi részecskék bonyolult
keverékének képzOdését tdmasztja ald. A vizsgalt peptidek szerkezete tehat tulsdgosan
flexibilisnek bizonyult ahhoz, hogy egy jol definialt szerkezetbe kényszeritse a Cu(l) iont,
amelynek kovetkezménye szdmos, elsdsorban tobbmagvu részecske egylittes jelenléte a
rendszerekben.

Mivel a képzddd komplexek dsszetétele nem meghatarozott, csak a peptidek atlagos
Cu(I)-kotd affinitasat tudtuk meghatdrozni. Ehhez a BCS ligandummal elvégzett
kiszoritasos reakci6 UV spektrumainak értékelésekor egy 1:1 Osszetételii, CuP altaldnos
képlettel leirhaté komplex képzddését vettiik figyelembe. Minden peptid Cu(l)-affinitasa
jelentds és nagysagrendileg megegyezik a dajka fehérjékre jellemz6 Cu(I)-kotd képességgel.
A hasonl6 logfi1P"7# ~ 18 értékek arra utalnak, hogy a szerkezeti kiilonbségek csak csekély
mértékben befolyasoljak a peptidek Cu(I)-affinitasat.

Annak felderitése érdekében, hogy a komplexképzddési folyamatok Osszetettsége a
peptid szerkezetébdl adodik vagy az kifejezetten a Cu(l) ionokra jellemzd, a peptidek

kolcsonhatdsat egy masik szoft fémionnal, a Hg(Il)-vel is megvizsgaltuk. Az elsé
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szembetlind kiilonbség a Hg(Il) komplexek joval gyorsabb kialakuldsa. Ligandum felesleg
jelenlétében HgP Osszetételi komplexek képzddnek. A tiolat-Hg(Il) toltésatviteli sdvok
pozicigja 4 = 280 ¢és 240 nm-nél egyértelmiien mutatja, hogy 7.4-es pH-n a peptidek
mindharom tiolat-csoportja részt vesz a fémion megkotésében. Hg(Il) felesleget alkalmazva
az egymagvu komplexek tobbmagvu részecskékké alakulnak at, melyekben a Hg(Il) a
kedvez6bb HgS> modon koordinaldédik. Az UV és ESI-MS mérések eredményei 1,5
ekvivalens Hg(Il) hozzdadasaig a HgoP3 Osszetételli komplex képzddését valdsziniisitik,
majd a Hg(II) felesleg tovabbi ndvelésével dsszetettebb részecskék alakulnak ki.

A pH fiiggvényében felvett UV spektrumok valtozdsa HgS> és HgS3 koordinacids
méda  komplexek pH-fliggd egyensulyara utal, ahol a harmadik tiol-csoport
deprotonalddasara az egyes Hg(II)-peptid rendszerekben pKs = 4,3-5,1 értékeket hataroztunk
meg. Mivel ezek az értékek viszonylag kozel esnek egyméshoz, a szerkezeti kiilonbségek
csak kis mértékben befolyasoljak a HgS; részecske stabilitdsat. A pK; értékek sorrendje
alapjan megallapithatd, hogy a P3C peptid CxCxxC szekvencidja a HgSs; geometria
kialakuladsanak szempontjabdl kedvezébb, mint a tobbi ligandum CxCxC motivuma,
csakligy, mint a 2¢ és 3¢ peptidekben a kotShely az 1€ ligandumhoz képest nagyobb
tavolsaga a PG motivumtol, illetve a ciklikus szerkezet a linearishoz képest. A meghatarozott
pK; értékek mindegyike jelentdsen kisebb, mint a haromszald, un. ,,coiled-coil” peptidek
Hg(Il)-komplexeire publikalt deprotondlodasi allandok, melynek valdszinli oka a tiol-
csoportok eltérd oldoszer-hozzaférhetdsége a kiilonbozo struktarakban.

A HgP komplexek latszolagos stabilitasat pH = 2,0-n hataroztuk meg I ionokkal
vald kiszoritas segitségével. A hasonld stabilitdsi értékek azt mutatjak, hogy a donor
csoportok pozicidja €s irdnyitottsaga csekély mértékben befolyasolja a peptidek Hg(II)-kotd
képességét, és a fémion nagy tiofilicitasa elegendd hajtéerd a pH = 2,0-n megfigyelt HgS:
szerkezet kialakuldsdhoz. A 7,4-es pH-ra atszamolt latszolagos stabilitasi allandok 20
nagysagrenddel nagyobbak, mint a Cu(l) komplexek azonos koriilmények kozott
meghatarozott stabilitdsa, ami a Hg(I) ionok jelentdsebb tiofil karakterének tulajdonithato.
A HgP komplexek stabilitasi allandoi hasonldak, mint a jol ismert nehézfém-kelator BAL
Hg(Il) komplexéé, melyben kiemelten stabilis, ottagli kelatgylrli képzdédik a fémion
koordinaldédasa soran. Ugyanakkor peptidjeink HgS3 tipusu komplexeinek stabilitdsa
nagyobb anndl, mint amit a merev szerkezeti CDPPC peptid Hg(Il) komplexére
meghatdroztak, mely a koordindlod6 donorcsoportok novekvd szamanak logikus

kovetkezménye. A nagy stabilitasi allandok és az alacsony pKs értékek bizonyitjak, hogy

117



ezek a harom ciszteint tartalmazé peptidek kivaldéan alkalmasak a Hg(II) ionok tritiolat
koordinacids kdrnyezetben vald megkotésére.

A peptidek a két szoft karakterti fémionnal szembeni viselkedésében megmutatkozé
markans kiilonbségek azt tiikkrozik, hogy a Hg(II) nem minden esetben alkalmazhaté modell
ionként a Cu(l) tiol-tartalmu peptidekkel vagy fehérjékkel fiziologias koriilmények kozott

val6 kolesonhatdsanak tanulméanyozasara.

A peptidszerkezet preorganizaltsaganak fémion megkotésére gyakorolt hatdsat két
olyan rovid tetrapeptid segitségével vizsgaltuk, melyekben két ciszteint egy f turn
kialakitasara képes motivum kot dssze. Ezek a motivumok a CDPPC peptidben alkalmazott
DPro-Pro, illetve a CPGC Pro-Gly egysége voltak. A cisztein egységek amid nitrogénjeinek
'"H NMR jeleinek hdmérsékletfiiggését vizsgilva meggydzédtiink arrdl, hogy a DPro-Pro
motivum merevebb peptidszerkezetet képes biztositani. UV, CD és NMR spektroszkopias
titralasok alapjan megallapitottuk, hogy a CDPPC csupan egyfajta Cu(I) komplexet képez
1,33 ekvivalens fémion hozzdadasaig. ESI-MS és DOSY NMR mérések bizonyitottak, hogy
ez a részecske egy CusP3 Osszetétell klaszter CusSe maggal, melyben egy fémiont harom
tiolatcsoport vesz korbe. Ez az egyszerii rovid peptid figyelemre méltdé modon utdnozza
szamos Cu(I)-koto fehérje, pl. a Ctrl vagy Cox17 réz-tiolat klaszterképzo képességét. Ezzel
ellentétben, a CPGC peptiddel elvégzett kisérletek joval Osszetettebb, komplikaltabb
komplexképzddési folyamatra utalnak. A CDPPC Cu(I) komplexének stabilitdsa (logf P+
= 17,5) koriilbeliil egy nagysadgrenddel nagyobb, mint a PG motivumot tartalmazé rokon

pH7.4

ligandumé (logf11 =16,4). A két peptid viselkedésének dsszevetése alapjan elmondhato,

hogy a jol meghatirozott, preorganizalt szerkezet kulcsfontossdgi a Cu(l) komplex

A CpPPC és CPGC peptidek Zn(II) ionnal valo kolesonhatasa soran ZnP és ZnP»
komplexek képzddését figyeltik meg. Fiziologias pH-n a ZnP komplexek latszolagos
stabilitasi allandoi a 10°-0s nagysagrendbe esnek, ami a peptidek kimagaslé Cu(l)-
szelektivitasat mutatja Zn(II) ionokkal szemben.

CDPPC Cu(]) komplexképzd sajatsagai jelentdsen kiilonboznek a kordbban vizsgalt
Hg(II) komplexekétdl, ami Gjabb bizonyiték arra vonatkozoéan, hogy a Hg(II), mint Cu(I)-
probaion, csak nagy koriiltekintés mellett alkalmazhato.

A CDPPC peptid jol definialt Cu(I) koordinacidja és a Zn(II) ionnal szemben mutatott
jelentds szelektivitdsa alapjan igéretes vegylilet a majsejteket célzd funkcionalizalasra, és
ennek révén alkalmas lehet a Wilson betegség soran felhalmozodé Cu(l) célzott

eltavolitasara is.
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Résumé

Le cuivre est un micronutriment essentiel qui participe a de nombreux processus
biologiques, comme par exemple la respiration, I’homéostasie du fer, la lutte contre le stress
oxydant ou la production de pigments. Cependant, le cuivre libre est toxique pour
I’organisme parce qu’il catalyse une réaction de type Fenton formant des especes réactives
de I’oxygene. Par conséquent la concentration en cuivre est finement régulée dans tous les
organismes vivants. Les maladies de Menkes et de Wilson sont dues a des déréglements de
I’homéostasie du cuivre qui se manifestent respectivement par une déficience ou une
accumulation de cuivre dans I’organisme. La maladie de Wilson est traitée avec des
chélateurs du cuivre, qui provoquent des effets secondaires importants chez certains patients.
C’est pourquoi, I’équipe CIBEST propose de nouveaux chélateurs sélectifs du cuivre(I) et

ciblés vers le foie qui est le premier organe touché.

Mon projet de doctorat consiste en 1’¢laboration de trois familles de peptides qui
contiennent des acides aminés cystéines et en I’étude de leurs complexes de Cu(I) pour
déterminer s’ils sont des candidats adaptés pour le traitement de la maladie de Wilson.
L'interaction de certains peptides avec les ions Hg(II) ou Zn(Il) a également été étudiée. En
effet, le Hg(II) est un cation métallique possédant des propriétés similaires au Cu(I) et donc
souvent utilisé pour modéliser le Cu(I) qui est sensible a I'oxygene et se dismute dans 1’eau.
Le Zn(Il) est quant a lui omniprésent dans les cellules et un compétiteur intracellulaire
potentiel du Cu().

Les séquences des peptides ont été choisies selon trois stratégies différentes. Dans la
premicere, des séquences inspirées de la boucle de liaison du cuivre de la protéine bactérienne
CueR (copper efflux regulator), contenant deux cystéines, ont ét¢ étudiées afin de bénéficier
de la sélectivité et de la sensibilité de ce régulateur. Dans une deuxiéme approche, des
peptides contenant trois cystéines dans les motifs CxCxxC et CxCxC ont été étudiés pour
combiner les avantage des peptides (bonne internalisation dans les cellules hépatiques quand
ils sont judicieusement fonctionnalisés) et des tripodes (tres forte affinité pour le Cu(l)) de
I’équipe CIBEST. Finalement, la pré-organisation a été exploitée dans un tétrapeptide rigide

ou les deux cysteines sont liées dans un coude 3 préformé.

La synthése des peptides linéaires, protégés en N-ter et C-ter, a été réalisée par
syntheése peptidique en phase solide (SPPS) en utilisant la stratégie « Fmoc ». Pour obtenir

les peptides cycliques, les précurseurs linéaires protégés sur leurs chaines latérales et avec
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des extrémités N-ter et C-ter libres ont été synthétisés par SPPS. Apres avoir décroché le
peptide de la résine, la cyclisation a été réalisée dans une solution diluée. Les peptides
obtenus ont été purifiés par HPLC et leur pureté a été vérifiée par HPLC analytique et ESI-
MS.

Pour obtenir la stabilité, la composition et le mode de liaison des complexes, des
mesures par spectroscopie UV-visible, dichroisme circulaire, RMN et ESI-MS ont été
réalisées. Les mesures ont ét¢ préférentiellement effectuées en boite a gants car les ligands
et I’ion Cu(I) sont sensibles a 1’oxydation. La plupart des expériences ont été réalisées a pH
= 7.4 en milieu tamponné. Dans certains cas, I’effet du pH a été analysé pour des rapports
métal:ligand constants. Afin de déterminer la stabilité des complexes, des compétiteurs dont

I’affinité pour les ions métalliques est connue, ont été utilisés.

Les trois peptides modeles du régulateur CueR, EC, VC et HS, étudiés lors de ma
these, se comportent de la méme fagon avec le Cu(I). Ils forment des complexes 1:1 en exces
de ligand, qui se transforment en espéce polynucléaire en excés de Cu(l). L’analyse des
bandes LMCT sur les spectres UV et CD montre que le Cu(I) est 1i¢ par les deux groupes
thiolates des cystéines. Le spectre de RMN du proton indique également la coordination de
I’histidine du peptide HS. L’analyse des spectres UV en fonction du pH révéle que la
formation des complexes est compléte au-dessus de pH = 7.0 et que la diminution de pH
provoque la décoordination des cystéines en deux étapes en menant a la perte totale de
I’absorbance des bandes LMCT. Les pK. obtenus pour ces deux processus sont
significativement en dessous du pH physiologique, ce qui indique qu'ils ne sont
probablement pas pertinents pour la séquestration biologique du Cu (I).

Les stabilités des complexes mononucléaire a pH = 7.4, déterminées en présence du
compétiteur BCA, sont élevées (logh11P7# ~ 16) et similaires a la stabilité des complexes
avec des peptides incorporant le motif CxxC ou le CxxxxC. Ce résultat montre que la
distance entre les résidus Cys dans le peptide affecte peu l'affinité pour le Cu(l). Par
conséquent, la force motrice de la coordination du cation mou Cu(l) est principalement due
a la formation des deux liaisons fortes avec les donneurs thiolates mous. La comparaison des
constantes de stabilité avec les résultats précédents montre que les peptides sont fortement
sélectifs pour le Cu(I) par rapport au Zn(Il), mais ont une affinité similaire pour 1’Ag(I). Les
affinités pour le Cu(I) de ces peptides modeles sont plus faibles, de 5 a 6 ordres de grandeur,
que celle de la protéine CueR native. Néanmoins, ces peptides miment la capacité de la

protéine a accueillir exclusivement un ion Cu(I) dans des conditions d'exces de ligand et une
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forte affinité et sélectivité par rapport au Zn(II). Ces caractéristiques sont avantageuses dans

la perspective du développement de nouveaux chélateurs du Cu(l).

Dans les peptides contenant trois cystéines, P3C, 1€, 2€, 3¢ 1L et 2L, les résidus Cys
sont placés dans les motifs CxCxxC ou CxCxC identifiés dans les métallothionéines. Cette
série de peptides a permis d’évaluer les effets des modifications structurales sur la
coordination des ions métalliques Hg(II) et Cu().

La complexation du Cu(l) s’est avérée compliquée avec les six peptides. Une
premiere difficulté a été les longs temps d’équilibration (supérieurs a 2 heures) lors de la
formation des complexes. Par conséquent, les échantillons de steechiométries données ont
été préparés individuellement. Malgré 1’évolution simple des spectre UV, qui indique la
formation des complexes avec la steechiométrie (CuzP),, les spectres CD et ESI-MS
démontrent la présence de plusieurs especes polymétalliques. Ces peptides s’averent donc
trop flexibles pour contrdler la spéciation des complexes du Cu(I). Une affinité moyenne de
ces peptides pour le Cu(I) a été déterminée a pH = 7.4. Le résultat des compétitions avec le
ligand BCS a été évalué en considérant la formation d’un seul complexe 1:1 mononucléaire.
Tous les peptides ont une forte affinité pour le Cu(l), typique des protéines chaperonnes du

PH74 _ 18) sont similaires sur la série, ce

Cu(I). Les valeurs des constantes de stabilité (logf11
qui indique que la structure des peptides influence peu la stabilité des complexes de Cu(I)
formés.

Afin de comprendre si le comportement complexe observé avec le Cu(l) provenait
de la séquence peptidique ou des propriétés de coordination du Cu(l), I’interaction avec le
Hg(I1), un ion métallique mou aux propriétés similaires a celles du Cu(l), a également été
étudiée. Des complexes mononucléaires de Hg(II) se forment quand le ligand est en exces.
Leur formation est significativement plus rapide qu’avec le Cu(I). La position des bandes
LMCT pour 4 =280 et 240 nm démontre que le Hg(II) est coordonné par les trois cystéines
a pH = 7.4. En exces de Hg(Il), les complexes mononucléaires se transforment en espeéces
polymétalliques pour adopter une coordination de type HgS», trés favorable. Les dosages
UV et les expériences de spectrométrie de masse confirment la formation de complexes
HgoP3 en exces de Hg(ID).

L’équilibre de transformation HgS> = HgS3 est mis en évidence par 1’évolution des
spectres UV avec le pH, avec des pKa. = 4.3-5.1, qui caractérisent la déprotonation d’un
troisieme thiol. Ces valeurs sont relativement proches pour les six peptides, ce qui indique

que la structure des peptides affecte peu la stabilité des complexes de Hg(II). Cependant, la
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tendance observée révéle que le motif CxCxxC dans le peptide cyclique P3C est plus
favorable que le motif CxCxC, et que les structures cycliques sont plus favorables que les
linéaires. Il est intéressant de noter que ces pKa ont des valeurs significativement en dessous
de celles obtenues avec les « three-stranded coiled coils » (pKa = 7-9), probablement grace
a une hydratation plus forte des groupes thiols accessibles a 1’eau dans nos peptides de
structures expos¢es.

Les constantes apparentes de stabilité des complexes HgP ont été déterminées a pH
= 2.0 par compétition avec I". Les six peptides ont des affinités similaires pour le Hg(II), ce
qui montre que la pré-orientation des groupes donneurs n’a qu’une influence modeste sur les
stabilités et que la forte affinité du Hg(II) pour les groupes thiolates gouverne la formation
de la coordination HgS» préférée. Les constantes de stabilité apparentes estimées a pH = 7.4
montrent une affinité pour le Hg(II) plus forte de 20 ordres de grandeurs que pour le Cu(I)
en raison du caractere plus mou du Hg(II). Les stabilités des complexes HgP sont similaires
a celles mesurées avec des chélateurs classiques des métaux lourds comme le BAL, qui
forme un cycle chélate a cinq chainons tres stable par la coordination de deux groupes
thiolates. Par ailleurs, nos peptides a 3 cystéines ont une affinité pour le Hg(II) plus grande
que le peptide rigide CDPPC portant 2 cystéines, car le nombre de groupes thiolates
coordonnés a pH 7.4 est plus élevé. La stabilité élevée et les valeurs faibles des pKa indiquent
que ces peptides sont bien adaptés pour une coordination efficace du Hg(Il) par trois groupes
thiolates.

La différence dans la coordination des peptides vis-a-vis des deux ions mous Hg(II)
et Cu(I) démontre que l'utilisation du Hg(II) comme ion mode¢le pour la coordination du
Cu(I) avec des peptides ou des protéines riches en soufre dans des conditions physiologiques

n’est pas toujours appropriée.

Dans une derniere partie, 1’effet de la pré-organisation sur la coordination d’ion
métallique a été étudi¢ avec deux tétrapeptides dans lesquels les deux cystéines sont liés dans
un motif de type coude B : DPro-Pro (CDPPC) et Pro-Gly (CPGC). La structure plus rigide
de CDPPC a été confirmée par des études en température par RMN du proton, qui montrent
I’existence d’une liaison hydrogeéne intramoléculaire entre groupe C=0 de la Cysl et le
groupe NH de la Cys4. Les dosages UV, CD et RMN révelent que CDPPC forme un seul
complexe de Cu(l) jusqu’a I’addition de 1.33 équivalents de Cu(I). La RMN DOSY et I’ESI-
MS prouvent que c’est un cluster de type CusP3 avec un cceur CusSe dans lequel les ions

Cu(I) sont liés dans la coordination favorable trithiolate. Il est intéressant de noter que ce
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peptide simple est capable d’imiter la formation des clusters Cu(I)-thiolates identifiés dans
de nombreuses protéines impliquées dans I’homéostasie du cuivre, comme Cox17 ou Ctrl.
Au contraire, les données expérimentales avec le tétrapeptide plus flexible CPGC montrent
la formation d’un mélange de complexes polymétalliques de Cu(l). Les différences
observées démontrent I’importance de la structure du peptide et de sa pré-organisation dans
le controle de la spéciation des complexes de Cu(l). De plus, la constante apparente de
stabilité calculée pour un complexe 1:1 CuP est plus grande d’un ordre de grandeur pour le
peptide rigide CDPPC (logf11°7 = 17.5) que pour le peptide plus flexible CPGC (logf; P
=16.4).

Les complexes de Zn(Il) formés avec CDPPC et CPGC sont des especes
mononucléaires ZnP ou ZnP,. Les constantes apparentes de stabilité calculées pour le
complexe ZnP sont de 1’ordre de 10° et la sélectivité pour le Cu(l) par rapport au Zn(II) est
donc extrémement élevée.

A nouveau, les complexes du Cu(I) avec CDPPC sont tres différents de ceux observés
précédemment dans la littérature avec le Hg(Il). Cela confirme que I'utilisation du Hg(II)
comme mod¢le du Cu(l) doit étre traitée prudemment.

Le peptide CDPPC forme uniquement le cluster CusP3 avec une grande stabilité et
une bonne sélectivité Cu(l)/Zn(II) ; il est donc intéressant pour mettre au point un chélateur
intracellulaire du Cu(I), et sa fonctionnalisation afin de pouvoir cibler les cellules hépatiques

pour le traitement de maladie Wilson sera donc pertinente dans le futur.
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