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Prion proteins (PrPs) from different species have the enormous ability to anchor copper ions. The N-terminal
domain of human prion protein (hPrP) contains four tandem repeats of the -PHGGGWGQ- octapeptide se-
quence. This octarepeat domain can bind up to four Cu®* ions. Similarly to hPrP, chicken prion protein (chPrP)
is able to interact with Cu®* through the tandem hexapeptide -HNPGYP- region (residues 53-94). In this work,
we focused on the human octapeptide repeat (human Octa;, hPrPgp 9;) (Ac-PHGGGWGQPHGGGWG-
QPHGGGWGQPHGGGWGQ-NH,) and chicken hexapeptide repeat (chicken Hexa,;, chPrPss ;)
(Ac-HNPGYPHNPGYPHNPGYPHNPGYP-NH,) prion protein fragments. Due to the fact that PrP is a membrane-
anchored glycoprotein and its unstructured and flexible N-terminal domain may interact with the lipid bilayer,
our studies were carried out in presence of the surfactant sodium dodecyl sulfate (SDS) mimicking the membrane
environment in vitro. The main objective of this work was to understand the effects of copper ion on the
structural rearrangements of the human and chicken N-terminal repeat domain. The obtained results provide a
fundamental first step in describing the thermodynamic (potentiometric titrations) and structural properties of
Cu(Il) binding (UV-Vis, NMR, CD spectroscopy) to both human Octa, and chicken Hexa, repeats in both a
DMSO/water and SDS micelle environment. Interestingly, in SDS environment, both ligands indicate different
copper coordination modes, which results of the conformational changes in micelle environment. Our results
strongly support that copper binding mode strongly depends on the protein backbone structure. Moreover, we
focused on previously obtained results for amyloidogenic human and chicken fragments in membrane mimicking
environment.

four Cu®>* ions cooperatively, forming a multi His complex. Copper
binding to the octapeptide unit PHGGGWGQ at physiological pH in-

1. Introduction

Prion proteins (PrPs) are associated with lethal neurodegenerative
disorders grouped as transmissible spongiform encephalopathies (TSEs)
[1-3]. The diseases are associated with a pathological and misfolded
form of the normal cellular prion protein (PrP®). This abnormal and toxic
protein, known as scrapie (PrP%), is rich in B-sheet structure, insoluble in
water, protease-resistant and highly prone to aggregate [4]. Although the
two prion protein (PrP) forms possess identical amino acid sequence
[5-71, they exhibit different physical and chemical properties. In addi-
tion, it is well accepted that the structural rearrangement of PrP*¢ is a key
process in the onset of the prion protein diseases.

Copper ions bind to human PrP€ in vivo [8]. Residues 60-91 in the
unstructured N-terminal domain of PrP®, consist of the replica of the
octapeptide sequence -PHGGGWGQ-. This region is able to bind up to
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volves the imidazole, two amide nitrogens donors, and Trp side-chain,
which is brought close to Cu®>* through a metal ion bound water mo-
lecule [9-11]. Besides the four copper ions bound by the octapeptide
domain, two additional and independent Cu®?* anchoring sites, en-
compassing H96 and H111 residues respectively are present [12-17].
The hPrPg;_;,; region is called the amyloidogenic domain of human
prion protein (hPrP) and seems to be essential for amyloid formation of
prion disease [18,19].

The prion protein is not only specific for mammals, it is also seen in
other species including avians, fish, reptiles and amphibians. The
chicken prion protein (chPrP) shows around 30% identity with its
mammalian analogue [20]. Similar to the human one, chPrP also con-
tains a tandem region, including hexapeptide repeat units (chPrPs4 so
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-HNPGYP-). Cu®* coordination to the monomeric unit of chicken prion
involves imidazole and deprotonated amide nitrogen donors [21,22].
chPrP is able to interact with Cu?™ also through the amyloidogenic
region by two imidazole nitrogen atoms from histidine residues H110
and H124, respectively [23].

PrP binding to cell membrane occurs via its C-terminal glycosyl-
phosphatidylinositol (GPI) anchor, such that it is reasonable to believe
that the presence of lipid bilayers may have an influence on the Cu?*
binding ability of the prion protein octarepeat region. In addition, there
are many evidences indicating that PrP5¢ toxicity is dependent on the
ability of PrP to interact with lipid membranes [24-27]. Beyond PrP,
other amyloidogenic proteins, like amyloid 3 and a-synuclein are able
to bind and perturb micelles and lipid vesicles [28-30]. Finally, it has
been recently reported that the membrane bound form of PrP is able to
strongly interact with amyloid {3 oligomers [31].

First CD investigations on the conformational effect of lipid bilayers
on human PrP€ showed some structuring effect on the N-terminal do-
main of the protein, with a parallel weak destabilization of the folded C-
terminal globular domain [32]. Our previous studies showed that the
amyloidogenic region of human hPrP91-127 and chicken
chPrP105-140 prion protein undergoes random coil to a-helix transi-
tion in the presence of membrane mimicking environment (sodium
dodecyl sulfate (SDS) micelles) [33-35]. This structural rearrangement
has a strong impact on Cu®>* binding modes in terms of both donor
atoms and affinity. The copper interactions strongly depend on the
peptide backbone structure. Although most of the studies show that PrP
amyloidogenic region mediates membrane interaction, the behavior of
the octarepeat region in presence of micelles and Cu®* ions was in-
vestigated as well. So far, it has not been proven that the octarepeat
fragment embeds in membranes, but it has been suggested by several
molecular dynamics calculations [36,37]. In this work, we have in-
vestigated Cu®>* binding features of the human octapeptide repeat
(human Octay, hPrPgo_o7) (Ac-PHGGGWGQPHGGGWGQPHGGGWGQ-
PHGGGWGQ-NH,) and chicken hexapeptide repeat (chicken Hexa,,
chPrPs4 77) (Ac-HNPGYPHNPGYPHNPGYPHNPGYP-NH,) fragments in
a mixed DMSO-water solution and in the presence of micelles formed by
anionic sodium dodecyl sulfate (SDS) surfactant. As mentioned, the
flexible N-terminal domain of the prion protein is believed to play a
primary role in both trafficking of the protein through the cell mem-
brane and its pathogenic conversion into the f-sheet-rich scrapie iso-
form (PrP5¢). We focused on the N-terminal repeated sequences of prion
proteins to understand the bioinorganic chemistry of biologically sig-
nificant copper complexes of the N-terminal domain of the human prion
protein (hPrP), in the presence of micelles, which mimic the lipid bi-
layer, to which the hPrP is anchored to in vivo. Due to the presence of a
hydrophobic domain in N-terminal domain and the ability of the prion
protein to interact with the lipid bilayer, the physiochemical research
was carried out in the presence of surfactant (SDS) mimicking the
membrane environment in vitro. We also compared our results with the
ones previously obtained for amyloidogenic human and chicken frag-
ments in micelle environment. Moreover, octa and hexa repeated
fragments are stronger ligands for Cu®>* ions than the amyloidogenic
regions of both human and chicken. For these reasons understanding
their behavior in water and micelle environment is very interesting. The
main objective of this work was to understand effects of metal ion and
lipid bilayer on the structural rearrangements of human octapeptide
and chicken hexapeptide N-terminal domain.

2. Experimental
2.1. Materials

The N- and C-terminally protected human octapeptide repeat
(human Octas, hPrPgp 1) (Ac-PHGGGWGQPHGGGWGQPHGGGW-
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GQPHGGGWGQ-NH,) and chicken hexapeptide repeat (chicken Hexay,
chPrPss7;) (Ac-HNPGYPHNPGYPHNPGYPHNPGYP-NH,) fragments
were purchased from KareBayBiochem (USA) (certified purity: 98%)
and used as received. Their purity was checked potentiometrically. Cu
(ClO4), was extra pure product (Sigma-Aldrich); concentration of its
stock solutions was determined by ICP-MS. The carbonate-free stock
solution of 0.1 M NaOH was potentiometrically standardized with po-
tassium hydrogen phthalate (both Sigma-Aldrich). All samples were
prepared with freshly doubly distilled water. The ionic strength (I) was
adjusted to 100 mM and 40 mM by addition of NaClO, and SDS re-
spectively (Sigma Aldrich).

2.2. Potentiometric measurements

Potentiometric measurements were performed at constant tem-
perature of 298 K under argon atmosphere using a MOLSPIN pH-meter.
Stability constants both for protons and Cu?* complexes were calcu-
lated from titrations carried out over the range pH2-11 using a total
volume of 1.5ml. NaOH was added from 0.5 ml micrometer syringe.
Before each measurement, the electrode was calibrated by titration of
HClO4 (4 mM) with a strong base. The titrations of ligand and com-
plexes were performed in mixes DMSO-water (30:70, v/v) solution of
4 mM HCIO,4 at 100 mM NaClO, ionic strength and in water solution of
4 mM HCIO4 at 40 mM SDS ionic strength. Purities and the exact con-
centrations of ligand solutions were determined by the Gran method
[38,39]. The ligand concentrations were 0.5mM, the Cu?" to ligand
molar ratios were 1:1.1. The SUPERQUAD program was used for sta-
bility constant calculations [38]. Reported log [} values refer to the
overall equilibria:

pCu + qH + rL = CupHyL, (D)
6= [CupHyL,]
[CulP[H[L) @

Charges are omitted for clarity; logKs.p, values refer to the proto-
nation process:

Cuqu,lLr +H= CuquLr 3)

(charges omitted; p might also be 0). The speciation diagrams were
plotted with the HYSS 2006 program [40].

2.3. UV-Vis measurements

The absorption spectra were recorded on a Cary 300 Bio spectro-
photometer in the 800-200 nm range. Measurements were performed
for 3 ml sample in quartz cell of the 1 cm pathlength. The final peptide
concentration was 1 mM, the metal to ligand molar ratio was 1:1.1. The
solutions were prepared in mixes DMSO-water (30:70, v/v) solution of
4 mM HCIO,4 at 100 mM NaClO, ionic strength and in water solution of
4 mM HCIO, at 40 mM SDS ionic strength. Data were processed using
Origin 7.0.

2.4. Circular dichroism measurements

Circular dichroism (CD) spectroscopy experiments were performed
on a spectropolarimeter Jasco J-1500 at 298K in a 0.01 cm and 1 cm
quartz cell. The spectral range was 180-300 and 200-800 nm, respec-
tively. The solutions were prepared in mixes DMSO-water (30:70, v/v)
solution of 4 mM HClO,4 at 100 mM NaClO, ionic strength and in water
solution of 4mM HCIO4 at 40mM SDS ionic strength. Ligand con-
centration was 1 mM (200-800 nm range) or 0.1 mM (180-300 nm
range); Cu®>" to ligand molar ratio was 1:1.1. The direct CD measure-
ments (©) were converted to mean residue molar ellipticity (Ae) using
Jasco Spectra Manager.
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Table 1
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Thermodynamic and spectroscopic parameters for Cu** complex formation of human Octa, at 298 K in A) mixed DMSO-water (30:70, v/v) solution and B) 40 mM

SDS solution. Standard deviation on the last significant figure on parenthesis.

Species logP pKa logK* UV-Vis CD
A [nm] efem ™M™ A [nm] Ae [em™'M™1]

A) 30%DMSO

CuH,L 18.63 (5) 5.59

CuHL 13.74 (5) 4.89 6.95

CuL 9.16 (3) 4.58 608 48.78 586.8 0.07
343.1 0.05

CuH_,L —3.98 (5) 605 110.58 590.8 0.24
341.8 0.18

CuH_3L —12.46 (8) 8.48 590 129.53 589.7 0.29
500.4 -0.11
336.0 0.18

CuH_4L —21.94 (9) 9.48 557 140.28 589.2 0.41
504.1 —-0.38
329.5 0.38

B) SDS

CuH,L 22.28 (3) 6.91

CuHL 16.11 (3) 6.17 8.05 629 125.42 603 0.15
341.7 0.05

CuL 9.52 (6) 6.59 616 161.88 595.5 0.37
340.2 0.25

CuH_,L —6.89 (8) 606 198.63 594.7 0.59
341.1 0.62

CuH_,L —16.48 (13) 9.59 548 218.63 611 0.16
333.7 0.68

CuH_4L —25.43 (10) 8.95 537 258.07 599.1 0.12
504 —-0.24
328 0.60

2.5. NMR experiments

NMR experiments were carried out at 298 K using a 600 MHz Bruker
Advance spectrometer. NMR spectra were processed with TopSpin 3.6
software and analyzed with the program CARA [41]. Suppression of
residual water signal was achieved by excitation sculpting [42], using a
selective 2 ms long square pulse on water. Proton resonance assignment
was achieved by 2D NMR analysis, 'H-'H TOCSY and NOESY. The
peptides were dissolved in 20 mM phosphate buffer at pH 7.4 with 10%
of D,O and 40 mM SDS. The final peptide concentration was 0.5 mM.
The desired concentrations of Cu®>* ions and SDS were obtained by
using stock solutions of Cu(NO3), and deuterated SDS (Sigma Chemical
Co.) in D,O.

3. Results and discussion
3.1. Thermodynamic stability constants of Cu®*-human Octa, complexes

The thermodynamic parameters of human Octay hPrPgg_o; in mixed
DMSO-water (30:70, v/v) and sodium dodecyl sulfate (SDS) solutions
are collected in Table 1S. Human Octa, is poorly soluble in pure water
and the measurements were performed in DMSO-water mixed solvent,
which is a good mimic of a crowded cell, since it is more defense than
water. The obtained data indicate that human Octa, behaves as HyL
acid. The four protonation constants correspond to consecutive proton
binding to imidazole nitrogens of four histidine residues: His61, His69,
His77 and His85 [9-11,43]. In presence of SDS micelles, the protona-
tion constants are higher than those in water solution (mixed DMSO-
water (30:70, v/v) solution of 4 mM HClIO, at 100 mM NaClO, ionic
strength). The difference results from the fact that the imidazole ni-
trogen atoms are more basic in SDS (higher pK values), which might be
the consequence of the interaction of the imidazole rings with the an-
ionic surfactant. This effect has been previously observed for other
histidine containing peptides [33,44].

Potentiometric titrations of Cu®*-human Octa, complexes in mixed

DMSO-water (30:70, v/v) solution and in the presence of SDS micelles
were carried out to evaluated the corresponding complex formation
constants and the distribution diagrams (Table 1, Fig. 1). In the equi-
molar Cu?*-human Octa, DMSO-water solution the set of complexes
formed consists of six species: CuH,L, CuHL, Cul, CuH_,L, CuH_3L,
CuH_ 4L. In SDS solutions, the most accurate fit of titration curves for
the Cu®>*-human Octa, complexes also indicates the presence of six
equimolar species: CuH,L, CuHL, CuL, CuH _,L, CuH _3L, CuH_4L. The
stability constants for the same species in DMSO-water and SDS solu-
tion distinctly differ. At pH around 7, the main species are Cul. and
CuH_,L species in DMSO-water solution (Fig. 1A), while in SDS mi-
celles, CuL complex dominates (Fig. 1B). The first species CuH,L results
from two histidine imidazole deprotonation. The essential difference
between logK* values (logB*CuH,L — logB*H,L) measured in DMSO-
water (5.59) and SDS (6.91) (Table 1) can be explained by the fact that
imidazole nitrogen atoms are more basic in SDS solution and they de-
protonate at higher pH values than in case of DMSO-water solution.
Further deprotonation results in the formation of CuHL species in which
three imidazole nitrogen atoms of His residues are deprotonated. The
logK* of this species in DMSO-water solution differs by 1.36 units,
which indicate that the Cu®>* ion may coordinate to three imidazoles.
Independently on the solvent, for CuL species we observed the decrease
of pKa of the copper complex in comparison to the free ligand (Table 1),
indicating the involvement of an additional imidazole nitrogen atom in
the metal coordination sphere. The next complex species (CuH_,L,
CuH_3L, CuH_ 4L for DMSO-water and SDS solution) results from the
deprotonation of amide nitrogen atoms.

3.2. Spectroscopic features of Cu?* -human Octa, in DMSO-water and SDS
environment

All spectroscopic data including CD and UV-Vis experiments are
shown in Table 1. The results obtained by spectroscopic studies (UV-Vis
and CD spectra) of human Octa, in DMSO-water and SDS solutions are
shown in Figs. 1S and 3, respectively.
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CuH,L

%Cu®*

Fig. 1. Species distribution diagram for Cu?*-human Octa, complexes at 1:1.1 Cu®>* /peptide ratio in A) mixed DMSO-water (30:70, v/v) solution and B) 40 mM SDS
solution. T = 298 K, Cpepige = 0.5 mM (for clarity, the charges on the speciation plots were omitted).

3.2.1. DMSO-water

The first complex detected by UV-Vis and CD spectra is CuL, with a
maximum concentration at pH6 (Fig. 1A). At this pH, a UV-Vis d-d
band at 608 nm and a CD d-d band at 586.8 nm are observed (Figs. 1SA,
2SA and Table 1). These values together with potentiometric para-
meters support a 4N donor set (4N;,) [45,46]. The involvement of
imidazole nitrogens is confirmed also by the characteristic charge
transfer transitions detected in CD spectra at 343.1 nm for N;, = Cu®*
(LMCT transition originating from the sl orbital of the imidazole ring
to Cu®™) absorptions (Table 1, Fig. 2SA).

CuH_,L, which dominates at pH7.5 (Fig. 1A), has a 4N copper
binding mode as well. d-d transition band at 590 nm has significantly
increased (Fig. 2SA, Table 1), which corresponds to amide nitrogen in
CuH _,L complex having metal ion bound to an {2N;,,, 2N~ } donor set.
The appearance of negative absorption band on CD spectra at around
500 nm (Fig. 2SA) at pH 9 (CuH _ 3L form) with the simultaneous shift of
the d-d band from 605 to 590 nm on UV-Vis spectra (Fig. 1SA) strongly
support additional amide coordination indicating a {N;,, 3N ") donor
set. At pH above 9, the differences observed in the UV-Vis and CD
spectra support coordination with further amide nitrogen. For CuH _ 4L
the coordination mode {4N "} is supported by the shift of the d-d band
from 590 to 557 nm (Fig. 1SA) and appearance of intense d-d band at
around 500 on CD spectra (Fig. 2SA).

3.2.2. SDS

In the case of SDS, CuL is the dominant species at pH 7.5 (Fig. 1B).
CD spectra have one positive band at 340.2nm which is commonly
assigned to the Nj, »Cu®* charge transfer transition and a positive
band at 595.5 nm (Fig. 2SB, Table 1). A d-d band at 616 nm is observed
in the UV-Vis spectra (Fig. 1SB). These findings strongly suggest a
{3N;,} binding mode. The next CuH_,L species dominates at 8.5
(Fig. 1B). Increase of d-d band at 595 nm and charge transfer band at
340 nm on CD spectra (Fig. 2SB) with the simultaneous appearance of
d-d band at 606 nm in the UV-Vis spectra indicate a {2N;,, 2N~}
binding mode with 2 imidazole nitrogens and two amide nitrogen in-
volved in copper binding sphere (Fig. 1SB). The CuH _ 3L, which dom-
inates at pH 9.5 (Fig. 1B) has a 4N copper binding mode as well; the
binding of an additional amide nitrogen is confirmed by the shift of the
d-d band to 548 nm in the UV-Vis spectra (Fig. 2SB). The coordination
of the next amide nitrogen occurs at pH around 10.5 (dominant
CuH _ 4L complex form) which is supported by appearance of negative
absorption band at 504 nm in the CD spectra (Fig. 2SB). The shift of the
d-d band to 537 nm on UV-Vis spectra also supports 4N binding mode
(Fig. 1SB).

146

3.3. Influence of SDS micelles on human Octa, and Cu?™*-Octa,
conformation

In DMSO-water solution, apo human Octa, fragment has CD spectra
characterized by strong negative absorption band at around 197 nm and
positive absorption band at around 225nm over all the pH range
(Fig. 2). This conformation is not trivial. In literature, such distribution
of near CD bands is called PolyProline II (PPII) conformation, which is
associated with proline residues repeated four times in the investigated
sequence. This conformation shows a left-handed helix, typical of the
collagen triple-helix structures [47], but now it is present conforma-
tions of polypeptide chain in folded proteins. The PPII helix occurs
frequently in natural polypeptides and globular proteins [48-50]. In-
terestingly, it is also observed for polypeptides that are not necessarily
dominated by proline, or even do not contain proline [51,52]. A 197 nm
negative and 225 nm positive absorption bands indicate that the pep-
tides are not fully unstructured but may adopt a regular extended he-
lical conformation close to the three fold PPII left-handed helix, short
stretches of which are interspersed with turns and bends [53]. In case of
Cu?*-human Octa, complexes, the near CD spectra looks different than
for the apo peptide. It means that adding copper ions into the in-
vestigated system may induce some essential conformational changes.
On the CD spectra (Fig. 2B) the positive absorption band at 230 nm is
shifted with respect to the apo peptide. The position of the negative
absorption bands is also different — it is located in 185-195 nm range.
Interestingly, for copper complexes over the pH range 7.30 to 11
(Fig. 2B), an additional band at 215nm is observed, together with a
simultaneous decrease of the band at 230 nm. This indicates that copper
ions might influence the structural features of the investigated ligands.

The conformation of the human Octa, ligand in the presence of SDS
micelles differs from the one observed in DMSO-water solution. Over
the pH range 2-7, two absorption bands are present: a negative one at
205nm and positive one at 225nm (Fig. 3A). The negative band at
205nm is shifted relative to band indicated on PolyProline II con-
formation observed in case of ligand in DMSO-water solution. On the
other hand, the positive absorption band at 225nm is located at the
same wavelength as in DMSO-water solution. Some conformational
changes are observed over the pH range 8-11 (Fig. 3A). The positive
band is shifted from 225 to 230 nm with simultaneous decrease of in-
tensity. Moreover, the appearance of two negative absorption bands at
205 and 220 nm, indicates the presence of a-helix structural elements
(Fig. 3A). For Cu?*-human Octa, complexes a very similar situation is
observed. At pH2-7.5 a negative absorption band at 205nm and a
positive band at 225nm are present (Fig. 3B). From pH8 to 11, the
structure of the peptide backbone changes to a typical a-helical
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Fig. 2. Near CD spectra for A) ligand human Octa, and B) Cu®*-human Octa, complex in mixed DMSO-water (30:70, v/v) solution in 0.01 cm quartz cell. 1:1.1

Cu**/peptide ratio, T = 298K, Cpeptide = 0.1 mM.

structure (not PPII), as indicated by two negative absorption bands at
203 nm and 215 nm with simultaneous disappear once of the positive
absorption band at 225 nm (Fig. 3B).

In order to get more insights into the 3D structure of human Octa,,
we recorded NMR spectra in the absence and in presence of SDS. The
interaction between micelles and human Octa, is supported by the
detection of chemical shift variations of proton resonances in the two
different environments (Fig. 3S).

In order to identify secondary structure elements, we performed 2D
'H-"H NOESY experiments. The analysis of the obtained spectra con-
firms the role played by SDS micelles in inducing specific structural
rearrangements of the peptide backbone. In particular, the presence of
not trivial NH-NH NOEs correlations between adjacent amide protons
supports the formation of backbone conformational rearrangement
(Fig. 4). Unfortunately, the superimposition and the proximity between
the signals belonging to identical amino acids of the different repeats
prevents the detection of NOE connections from aN, aNi + 2, or
aNi + 3, typical of a-helix structure.

3.4. Thermodynamic stability constants of Cu®™* -chicken hexa, complexes
The thermodynamic parameters for chicken hexapeptide repeat

fragment, chicken Hexa, chPrPs,4 7, in DMSO-water (30:70, v/v) and
SDS solutions are collected in Table 2S. Similar to human Octay,

Asfem'M]

T T T T T T T T T T 1
200 220 240 260 280 300
A [nm]

chicken Hexa, is poorly soluble in pure water and the measurements
were performed in DMSO-water mixed solvent. The obtained data in-
dicate that chicken Hexa, behaves as a HgL acid. The four protonation
constants correspond to consecutive proton binding to the phenolic
group of tyrosine residues and following four imidazole nitrogens of
histidine residues (His54, His60, His66, His72). In the presence of SDS
micelles, pKa values for histidine residues are higher (around 1.5 units)
than in the DMSO-water solution and the last two constants of tyrosine
residues are indistinguishable.

According to potentiometric data, the chemical species formed in
both DMSO-water and SDS solutions are the same, although their sta-
bility constants differ distinctly (Table 2). Species distribution profiles
for Cu®>* complexes of chicken Hexa, in DMSO-water and SDS solutions
are collected in Fig. 5. In the equimolar Cu?*-chicken Hexa, DMSO-
water solutions, the set of complexes formed consists of nine species:
CuHgL, CuHsL, CuH4L, CuH3L, CuH,L, CuHL, Cul, CuH_;L, CuH_,L
(Fig. 5A). In SDS solution, the most accurate fit of titration curves in-
dicates the presence of eight equimolar species: CuHgL, CuHsL, CuH,4L,
CuH3L, CuH,L, CuHL, CuL, CuH_,L (Fig. 5B). The stability constants
for the same species in SDS solution are higher than those found in
DMSO-water. At pH around 7, CuH3L and CuH,L are the main species
for both DMSO-water and SDS solutions. The first formed complex,
CuHgL results from the deprotonation of two histidine imidazole. The
enormous difference between logK* values (log*CuHgL — logB*HeL)

o

B.
Cu_pH_2.22

—— Cu_pH_4.00

-14 —— Cu_pH_5.30
——Cu_pH_6.10
—— Cu_pH_7.50
—— Cu_pH_8.50
-2 \/ Cu_pH_9.50
———Cu_pH_10.70

Ae [cm M)

T T T T T T T T T T 1
200 220 240 260 280 300
A [nm]

Fig. 3. Near CD spectra for A) ligand human Octa, and B) Cu?*-human Octa, complex in 40 mM SDS solution in 0.01 cm quartz cell. 1:1.1 Gu®* /peptide ratio,

T = 298K, Cpeptidze = 0.1 mM.
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Fig. 4. Amide region of 'H-'"H NOESY spectrum of human Octa, 0.5mM in presence of SDS micelles. Selected NH-NH connectivities are shown, the residues
numbering is reported as just an example. No distinction between octarepeat is obtained.

Table 2
Thermodynamic and spectroscopic parameters for cu?t complex formation of chicken Hexa, at 298 K in A) mixed DMSO-water (30:70, v/v) solution and B) 40 mM
SDS solution. Standard deviation on the last significant figure on parenthesis.

Species logPB pKa logK* UV-Vis CD

A [nm] efem 'M™1] A [nm] Ae [em™'M™1]

A) 30%DMSO

CuHeL 59.13 (4) 5.57
CuHsL 55.18 (1) 3.95 7.80 650 43.40
CuH,L 50.34 (1) 4.84 9.62 629 58.16 583 0.10
329.6 -0.07
CuHsL 43.89 (2) 6.45 622 65.66 579.2 0.10
342.7 —0.09
CuH,L 37.06 (3) 6.83 622 84.41 564.3 0.09
389 324.49 376.7 -0.29
294 0.10
CuHL 28.36 (4) 8.70 622 92.44 571.8 0.07
389 410.49 378.3 -0.34
293.1 0.26
CuL 19.25 (4) 9.11 621 100.12 379 0.37
386 453.27 293.1 0.50
CuH_;L 9.34 (7) 9.91 621 107.72 580 -0.22
362.6 -0.34
294.7 0.70
CuH-,L —0.36 (5) 9.70 588 106.03 555.3 -0.59
378.2 -0.42
320.3 1.1
B) SDS
CuHgL 62.11 (2) 7.73
CuHsL 56.65 (2) 5.46 9.89
CuH,L 51.04 (3) 5.61 12.34 668 71.25 599.4 0.05
334.7 —0.05
CuHsL 44.84 (2) 6.20 612 127.44 582.3 0.04
297.4 -0.33
CuH,L 37.88 (3) 6.96 612 149.61 320.3 -0.29
387 563.00
CuHL 29.18 (4) 8.70 595 138.86 593.4 -0.17
387 459.56 356.7 -0.22
CulL 19.79 (5) 9.39 568 138.74 556 -0.50
365.1 -0.41
312 0.83
CuH_,L 0.43 (5) 568 123.76 640.4 0.05
550.3 -0.27
328.7 1.52
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Fig. 5. Species distribution diagram for Cu®*-chicken Hexa, complexes at 1:1.1 Cu®* /peptide ratio in A) mixes DMSO-water (30:70, v/v) solution and B) 40 mM SDS
solution. T = 298K, cCpeptide = 0.5mM (for clarity, the charges on the speciation plots were omitted).

measured in DMSO-water (5.57) and SDS (7.73) (Table 2) is explained
by the fact that imidazole nitrogen atoms are more basic in SDS solution
and they deprotonate at higher pH values than in the case of DMSO-
water solution. Further deprotonation results in the formation of CuHsL
species in which three imidazole nitrogen atoms of His residues are
deprotonated. The logK* of these species in DMSO-water and SDS so-
lution differs by 2.23 and 2.16 units respectively, which indicate that
the Cu®" ion may coordinate to three imidazoles (Table 2). For CuH4L
species in both DMSO-water and SDS solutions we observed the de-
crease of the pKa of the copper complex in comparison to the free li-
gand (Table 2), indicating the involvement of additional imidazole ni-
trogen atoms in the coordination sphere. Moreover, the high logB* of
these species in DMSO-water and SDS solutions (9.62 and 12.34 re-
spectively) suggest four imidazole nitrogen atoms in the coordination
sphere. The next complex species (CuH_;L and CuH_,L) result from
the deprotonation of amide nitrogen atoms, which replace imidazole
nitrogen atoms from metal coordination sphere.

3.5. Spectroscopic features of Cu?* -chicken Hexa, in DMSO-water and
SDS environment

All spectroscopic data including CD and UV-Vis experiments are
presented in Table 2. The results obtained by spectroscopic studies
(UV-Vis and CD spectra) of chicken Hexa, in DMSO-water and SDS
solutions are shown in Figs. 4S and 9, respectively.

T T T 1
240 260 280 300

A [nm]

T
220

T
200

3.5.1. DMSO-water and SDS

The first complex detected by UV-Vis and CD spectra is the CuH4L
species, with a maximum concentration at pH 5.5 (Fig. 5A). At this pH,
a UV-Vis and CD d-d bands centered at 629 nm and 583 nm, respec-
tively, are observed (Fig. 4SA, 5SA Table 2). In the CD spectra an ad-
ditional charge transfer transitions band (N;;m = Cu?™) at 329.6 nm is
evident (Fig. 5SA, Table 2). These values, together with the results of
potentiometric measurements, indicate a 4N donor set (4Nj,). In the pH
range 5.5-10 (CuH3L, CuH,L, CuHL, Cul) no significant changes on
UV-Vis and CD spectra are observed, indicating the presence of the
same copper binding mode. At pH10-12 (CuH_;L, CuH_,L) we ob-
served intense negative absorption band at 554-598 nm range on CD
spectra due to the replacement of imidazole by amide nitrogens in co-
ordination sphere. Interestingly, the same copper coordination mode
for Cu®"-chicken Hexa, in SDS solution is observed (Table 2), but the
same chemical species formed in SDS solutions are present at higher pH
(around 0.5 units) with respect to those found in DMSO-water solution
(Fig. 5).

3.6. The effect of SDS micelles and copper ions on structural conformation
of chicken Hexa,

The near CD of the apo chicken Hexa4 ligand in DMSO-water so-
lution is shown in Fig. 6A. In the pH range 4-11, two negative ab-
sorption bands at 202 nm and 216-219 nm and a positive low intensive

Cu_pH_4.02
—— Cu_pH_5.02
—— Cu_pH_6.19
—— Cu_pH_7.00
—— Cu_pH_8.04
—— Cu_pH_9.03

Cu_pH_10.10
——Cu_pH_11.12

Ae [ecm™'M]

T T T 1
240 260 280 300

A [nm]

T T
200 220

Fig. 6. Near CD spectra for A) ligand chicken Hexa, and B) Cu®*-chicken Hexa, complex in mixes DMSO-water (30:70, v/v) solution in 0.01 cm quartz cell. 1:1.1

Cu**/peptide ratio, T = 298K, Cpeptide = 0.1 mM.
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Fig. 7. Near CD spectra for A) ligand chicken Hexa, and B) Cu®*-chicken Hexa, complex in 40 mM SDS solution in 0.01 cm quartz cell. 1:1.1 Cu®* /peptide ratio,

T = 298K, Cpeptide = 0.1 mM.

band at 230 nm are present on near CD spectra. These bands can sug-
gest some a-helical structure of the peptide backbone. At pH above 9,
some changes on CD spectra are observed — two negative absorption
bands are shifted to high wavelengths, positive low intensive band at
230 nm disappears together with the simultaneous appearance of new
positive absorption band at 250 nm. For Cu®*-chicken Hexa, com-
plexes (Fig. 6B) CD spectra shows some significant differences to that
one observed for ligand (Fig. 6A). In pH range 4-9, the negative ab-
sorption band at 200 nm and the negative less intense absorption band
at 220 nm are observed. At pH above 9, negative band at 220 nm be-
comes much more intensive, indicating on a-helical structure of the
peptide backbone. It means that some structural changes after adding
copper ions are observed. The conformation of a-helix might be
changed at a certain extent (Fig. 6B).

In order to compare structural properties of chicken Hexa, ligand
and its copper complexes in micelle environment, near CD spectra in
SDS solution were recorded (Fig. 7). As shown in Fig. 7A, over the pH
range 2.5-7.5, the CD spectra of the apo ligand are characterized by
two absorption bands: a negative one at 212 nm and a positive one at
230 nm. From pH 8 to 11, two negative absorption bands at 206 nm and
222 nm are present, with a simultaneous shift of the positive absorption
band at 230 nm to 250 nm. This indicates that the investigated ligand
adopts typical a-helix structure at higher pH values. Upon
Cu?*addition to chicken Hexa, different CD bands are detected at
pH7-8. At pH around 7 the apo ligand are characterized by one ne-
gative absorption band at 212 nm, while copper complexes results in
two negative absorption bands characteristic for helical structure
(Fig. 8). This may indicate that at physiological pH, in SDS micelle
environment, copper ions have an impact on the structure of the apo
ligand.

3.7. Human Octay vs chicken Hexa,

In order to evaluate the complex stability of both ligands in the two
different environments the competition plots were used. They are based
on the calculated formation constants and describe a hypothetical si-
tuation, in which equimolar amounts of the metal ion and two ligands
(human Octa, and chicken Hexa,) are present in solution at different
pH values (Figs. 9-11). Our findings indicate that chicken Hexa, frag-
ment is a better copper ligand than human Octa,, both in DMSO-water
and SDS solutions (Fig. 9). We observed a similar situation for the
amyloidogenic region of both human and chicken prion protein. The
chicken fragment revealed a higher stability than its human analogue
over all the studied pH range [35]. This behavior is probably due to the
stabilizing effect of the aromatic ring of tyrosine residue on copper

Ae [cm'ﬂM'1]

apo chicken Hexa, SDS

1 Cu**-chicken Hexa, SDS

T
240

A [nm]

T T 1
200 220 260 280 300

Fig. 8. Near CD spectra of chicken Hexa, 0.1 mM at pH 7, 40 mM SDS, in the
absence (red line) and presence of Cu?™ (black line). Metal to ligand ratio 1:1.1.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

binding in both analyzed systems. Moreover, in SDS environment, both
ligands indicate different copper coordination modes. For the human
Octa, fragment three histidine residues are anchoring sites for copper
ions, while for the chicken Hexa, four histidine residues are involved in
binding. In SDS solution, at pH above 10 the situation changes. Human
Octay forms more stable copper complexes. This may result from the
fact that the amide nitrogens are coordinated to the metal ion in the
CuH _ 4L complex, which most likely involves five nitrogens in binding.

We also wanted to understand the impact of SDS micelle environ-
ment, which is a good membrane mimic, on the stability of the human
Octa, and chicken Hexa, complexes with Cu®" ions (Fig. 10). The
human Octa, ligand forms more stable copper complexes in mixed
DMSO-water until pH8 (Fig. 10A). This results from the number of
imidazole nitrogen atoms involved in copper (II) binding. In case of
DMSO-water environment four histidine residues are coordinated to
Cu?*, while in SDS micelles, only three His residues are engaged in
metal binding. At above pH 8, human Octay-copper complexes are more
eager to form in SDS, rather than in DMSO-SDS solution, because at this
pH, the human Octa, fragment in presence of copper ions starts to form
an a-helical structure (Fig. 3B), which may be more stable than PP II
conformation observed in DMSO-water solutions (Fig. 2B). For chicken
Cu®*-Hexay complexes, a similar behavior is observed (Fig. 10B). The
comparison of the thermodynamic parameters obtained for the chicken
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Fig. 9. Competition diagram between Cu?*-human Octa, and Cu?*-chicken Hexay complexes in A) in mixed DMSO-water (30:70, v/v) solution and B) 40 mM SDS
micelles. [Cu?"] = [Octa,] = [Hexa,] = 1 mM.
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Hexa, fragment in two different environment points out that the
chicken Hexay is a stronger ligand for Cu?* in DMSO-water solution up
to pH7. These differences may be associated with serious distinct ar-
rangement of near CD absorption bands in DMSO-water and SDS en-
vironment (Figs. 6B and 10B respectively) resulting from different
peptide backbone structure. On the other hand, over the pH range 7-11,
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SDS solutions and B) Cu?*-chicken Hexa, in DMSO-water and SDS solutions.

chicken Hexa, copper complexes in SDS micelles are thermo-
dynamically more stable than in DMSO-water solution. From the
spectroscopic measurements it is known that copper binding mode for
chicken Hexa, fragment in two different environments is very com-
parable. The differences result from the fact that addition of coper (II)
ions to the investigated ligand at pH around 7 causes structural changes
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Fig. 11. Competition diagram between A) Cu®*-human Octa, and Cu®*-hPrPs;_;,, in 40 mM SDS and B) Cu®* -chicken Hexa4 and Cu®* -chPrPygs_140 in 40 mM SDS,
[Cu®*] = [Octay] = [Hexay] = [hPrPg;_127] = [chPrPios 140] = 1 mM.
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in the peptide backbone (Fig. 8), which starts to form an oa-helix
structure, while no conformational change in DMSO-water solution
between apo and copper complexes is observed (Fig. 6).

4. Conclusion

In this paper, we studied copper(I) binding to the human (Octay,
hPrPgo_o1) and chicken (Hexa,, chPrPs,_,,) repeat regions located at N-
terminal domain of prion proteins to clarify the role played by the
histidine residues in the presence of sodium dodecyl sulfate (SDS) mi-
celles, which are a mimic of membrane environment. The obtained
results provide a fundamental first step in describing the thermo-
dynamic and structural properties of Cu(Il) binding to both human
Octa, and chicken Hexa, repeats in both a DMSO/water and SDS mi-
celle environment. In SDS environment, both ligands indicate different
copper coordination modes, which results of the conformational
changes in micelle environment. For the human Octa, fragment three
histidine residues are anchoring sites for copper ions, while for the
chicken Hexa, four histidine residues are involved in binding. We
showed that a-helix structuring of the N-terminal prion protein domain
influences both the copper coordination sphere and the copper binding
affinity. Our findings also indicate that chicken Hexa, fragment is a
better copper ligand than human Octag, both in DMSO-water and SDS
solutions. This may be associated with aromatic ring of tyrosine re-
sidues present in chicken Hexa4 sequence, which stabilize copper an-
choring site. We also compared the stability of Cu®>* complexes with
human Octa, and chicken Hexa, with the corresponding amyloidogenic
fragments derived from the human and chicken prion protein, respec-
tively [33,35] (Fig. 11). At physiological pH, both human and chicken
repeat fragments are more effective in copper binding than their amy-
loidogenic analogues in both environments. This comparison is well-
understandable because of the fact that human and chicken repeat
fragments contain four histidine residues acting as potential copper
binding sites, while the amyloidogenic domain of the prion protein
possess two copper binding sites located at H96 and H111 (in human
analogue) and H110 and H124 (in the chicken one).

This finding is important for understanding the bioinorganic
chemistry of prion proteins, showing a significant impact of membrane
environment and Cu(Il) binding ability on the structure of N-terminal
prion protein domain, which can interact with lipid membrane in vivo
The different structure in membrane environment and resulting from
this different copper coordination mode of tandem repeats domain, may
have a significant role in proteins misfolding and aggregation process.

Abbreviations

PrP prion protein

PrPs prion proteins

hPrP human prion protein
chPrP chicken prion protein
SDS sodium dodecyl sulfate

Hexay, chPrPs4 5, chicken hexapeptide repeat prion protein fragment
Octay, hPrPgy_o; human octapeptide repeat prion protein fragment

DMSO  dimethyl sulfoxide

PrpS¢ scrapie isoform of prion protein
PrP¢ cellular prion protein
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