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The cellular prion protein (PrPC) is a copper binding protein that undergoes post-translational modifi-
cations, such as endoproteolytic alpha cleavage, which occurs in the vicinity of the His111 Cu binding site.
Alpha cleavage processing of PrP< is considered to be neuroprotective since the cleavage site is located
in a region that is key to the conversion of PrP¢ into the infectious scrapie isoform (PrP%°), yielding a
membrane bound C1 fragment of PrP¢ that still contains His11l. In this work, we use hPrP(111-115)
fragment as a model peptide to evaluate the impact of alpha cleavage processing of PrPC in its ability to
coordinate Cu(i) ions at His111. By using different spectroscopic techniques such as electronic absorption,
circular dichroism, nuclear magnetic resonance, and electron paramagnetic resonance, this study
demonstrates that Cu(i) binding to the cleaved His111 site is highly dependent on Cu and proton concen-
trations. The imidazole group of His11l and its free NH, terminus emerge as the main anchoring sites for
Cu(n) coordination, yielding very different complexes from those characterized for the intact His111 site in
the full protein. Different Cu(i) coordination modes that could form with the alpha cleaved PrP¢ under
physiological conditions are identified and characterized. Overall, this study contributes to understand
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how alpha cleavage processing of PrP¢ impacts its Cu(i) binding properties at His111. While the functional
implications of Cu binding to the cleaved PrP< remain to be discovered, proteolytic processing of Prpc
and its Cu binding features appear to be molecular events that might be strongly linked to its cellular

rsc.li/dalton function.

and-metalloproteinase (ADAM) family proteases have been pro-
posed to engage in this cleavage.”® The alpha-cleavage site is

Introduction

The cellular prion protein (PrP®) is a monomeric glycoprotein
of 208 amino acids attached to the cell membrane by a glyco-
sylphosphatidylinositol (GPI) anchor." PrP is highly expressed
in the central nervous system and is mainly localized at the
synapsis.” Since PrP° is located in lipid rafts, it is proposed
that it functions as a signalling transducer from the extracellu-
lar space to the interior of the cell.® Post-translational modifi-
cations of PrP°, such as endoproteolytic cleavage events, have
been linked to its potential role in cell signalling. The alpha-
cleavage is the main proteolytic processing event of PrP®, and
it occurs even when the protein is not anchored to the lipid
membrane.” Zinc-dependent members of the A-disintegrin-
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located at His111 in the human sequence,”® producing two
fragments: the N-terminal fragment N1, spanning residues
23-110; and the C-terminal fragment C1, which includes resi-
dues 111-231 with a free NH,-terminus (Scheme 1).° The C1
fragment remains anchored to the membrane, representing 5
to 50% of the total PrP° levels, depending on the brain
region.>"’

Since the alpha-proteolytic cleavage breaks the region
106-126, which is key for the conversion of PrP® into its infec-
tious isoform PrP%¢,>'! the biological activity of the resulting
fragments became an active area of research.>>®'"'?* The
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Scheme 1 Alpha-cleavage processing of PrP<.
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soluble N1 fragment plays a role in intercellular communi-
cation and neuroprotective functions, while its production also
prevents neurotoxicity caused by amyloid beta oligomers
involved in Alzheimer’s disease.” On the other hand, the mem-
brane-bound C1 fragment lacks the ability to fold into the
pathogenic PrP%° isoform, and its increased levels relative to
full length PrP® were shown to exert protective effects against
prion disease.>"?

Another important feature of PrP® is that it binds copper
in vivo."® PrP® can coordinate up to six copper ions at its
N-terminal region, and it has been proposed that it may play a
role in copper transport.** Four Cu(u) ions bind at the octare-
peat region spanning residues 60-91 and containing four
PHGGGWGQ repeats,'> while His96 and His111 are the
anchoring sites for two Cu(n) ions.’®® Each histidine, His96
and His111, binds Cu(u) independently, involving the imidazol
group and deprotonated amides from the peptide bonds that
precede the His residue.'®?® For the His111 site, these amide
groups involve those of Met109, Lys110 and His111. These Cu
coordination properties are found in the full-length prion
protein; however, when PrP° suffers endoproteolytic alpha-
cleavage at the Lys110/His111 site, the protein lacks the amide
groups that are known to participate in Cu coordination to the
His111 site. Since alpha-cleavage is the main proteolytic event
of PrP% and Cu binding is an important feature of this
protein, it becomes relevant to explore how alpha-cleavage pro-
cessing might impact the Cu(u) coordination properties of
PrP€ at the His111 site. In this work, the hPrP(111-115) frag-
ment, NH,-HMAGA, was used as a model to study Cu(u)
coordination to the C1 fragment using spectroscopic tech-
niques such as UV/Vis absorption, circular dichroism (CD),
electron paramagnetic resonance (EPR) and nuclear magnetic
resonance (NMR). The roles of the N-terminal NH, group and
His111 in Cu(u) coordination were evaluated by studying the
acetylated peptide, AccHMAGA, and the H111A variant, NH,-
AMAGA, respectively.

Results and discussion
hPrP(111-115): a model for Cu(u) coordination to C1 fragment

The peptide hPrP(111-115) with the sequence HMAGA and its
free NH, group was used as a model for copper coordination
to the C1 fragment that results from alpha-cleavage of PrP°.
The hPrP(111-115) fragment was titrated with Cu(u) at pH 7.5
and followed using UV-vis absorption (Fig. S1f), CD and EPR
(Fig. 1). In the range of 0.1 to 0.5 equiv. of Cu(u), the CD
spectra show the growth of a set of signals: a negative band
with a high intensity at 43 000 cm™" that corresponds to a NH,
to Cu(u) ligand-to-metal charge transfer (LMCT) (Fig. S11); a
negative band at 30 600 cm™" assigned to an imidazole &, to
Cu(u) LMCT; and a positive ligand field transition at
14400 cm ™" (Fig. 1A and Table S17). Fig. 1B shows the titration
followed using EPR, where all signals display gi; > g, > 2.0023,
and a large parallel hyperfine splitting (Ay), indicative of a
tetragonal Cu(u) center with a ground state d,._,..”' At low
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Fig. 1 Titration of the hPrP(111-115) fragment with Cu(i) as followed
using CD (A) and EPR (B) at pH 7.5. (A) Dotted olive green lines corres-
pond to the addition of 0.1 to 0.4 eq. of Cu(i) and the solid olive green
line corresponds to the addition of 0.5 eq. Cu(n). Dotted dark green lines
correspond to the addition of 0.6 to 0.9 eq. of Cu(i) and the solid dark
green line corresponds to the addition of 1.0 eq. Cu(i). The inset in A
shows the CD signal intensity at 14 451 cm™ plotted as a function of the
number of equivalents of Cu(i) added. EPR parameters for modes | and
Il were extracted from EPR simulations (Fig. S2 and Table S37).

equiv. of Cu(u), a set of signals with gj; = 2.243 and Ay = 181 x
10~* em™" is observed (Fig. 1B and S2, Table S37); it corres-
ponds to a nitrogen rich coordination mode, named here
mode I, and it can be associated with the species observed by
CD, as described above. Given the observed LMCT signals,
both, the NH, terminal group and the His residue, must par-
ticipate in copper binding in mode I. The imidazole ring can
coordinate Cu(u) by its N1 or N3, yielding distinct paramag-
netic effects of Cu(u) on the relaxation rates of the protons He
and H4.>* Fig. 2A shows the broadening effect on both signals
after the addition of a substochiometric amount (0.02 equiv.)
of Cu(u). Proton spin-lattice relaxation rates of the imidazole
protons He and H§ were measured. Fig. 2B displays the fits for
T, of He (gray) and Hé (black) for the free peptide, and for the
species with 0.02 equivalent of copper He (light green) and Hé
(dark green). Table S27 shows the parameters Ty, Ryp, Ry and
the distance for the protons He and Hé to Cu(u). 7y = 1/kogr Was
calculated using a fixed distance of 0.3 nm from Cu(u) to He*?
of His111, obtaining a value of 9.9 ms. A global correlation
time zc of 0.4 ns was assumed.”® Therefore, by NMR spec-
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Fig. 2 (A) Overlaid 1D *H NMR spectra of hPrP(111-115) in the absence
(black) and presence (green) of 0.02 equiv. of Cu(i); the insets show the
broadening of He and Hé§ signals from Hislll imidazole upon the
addition of the metal ion. (B) Fits from proton spin-lattice relaxation
rates by 1D-IR experiments of He and HS of Hislll imidazole in the
absence and presence of Cu(i): free species correspond to He (gray) and
Hé (black), while bound species to 0.02 equiv. of Cu(i) correspond to He
(light green) and Hé (dark green). Scheme C represents Cu(n) binding to
N1 from imidazole and the expected distances of Cu(i) to H5 and He.

troscopy, it was possible to determine that N1 is the nitrogen
from the His111 imidazole ring that is bound to Cu(u)
(Fig. 2C) in the species named mode I. The EPR parameters of
mode I are quite similar to those of the Cu(u)-(histamine),
complex, where the metal ion is coordinated by the NH, term-
inal and His imidazole groups of histamines, forming two
chelate six-membered rings (Scheme 2).>*>° Indeed, LMCT
transitions from these ligands are observed for mode I, and its
CD signals reach a maximum intensity at 0.5 equiv. of metal
ions, after which the CD spectrum changes drastically (Fig. 1A,
inset), consistent with mode I being a Cu(u)-(hPrP(111-115)),
complex (Scheme 2). Previous potentiometric studies of Cu(u)
binding to the HGG peptide actually support the formation of
a 1:2 Cu: peptide complex where the NH, terminal and imid-
azole groups play an important role in metal coordination.>”*®

A second species is observed from 0.6 to 1.0 equiv. of Cu(u)
in the titration of hPrP(111-115) followed using CD. In fact,
the intensity trace of the CD signal at 14451 cm™" (Fig. 1A,
inset) reflects the formation of one species (mode I) from 0 to
0.5 equiv. of Cu(u), followed by its conversion into a second
species (mode II) from 0.6 to 1.0 equiv. of Cu(u). This second
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species, named mode II, displays a negative LMCT band from
NH, at 43 000 cm™" (Fig. S1); a negative band at 34 100 cm ™"
that can be assigned to a deprotonated backbone amide N~ to
Cu(i) LMCT, to an imidazole n; to Cu(i) LMCT, or a mixture of
both; and two ligand field transitions: a positive one at
16200 cm™' and a negative one at 19500 cm™" (Fig. 1A and
Table S11). The EPR parameters associated with mode II are
gn = 2.260 and Ay = 178 x 10™* em™' (Fig. 1B and S2,
Table S3t), corresponding to a nitrogen rich equatorial coordi-
nation mode. Interestingly, the spin quantitation of the EPR
titration shown in Fig. 1B clearly shows that mode II is likely
to be a 1:2 Cu: peptide complex (Fig. S31), although the for-
mation of a 1:1 Cu: peptide complex with the participation of
oxygen-based ligands to form a 3N10O species cannot be fully
ruled out (Scheme 2). CD spectroscopic results suggest that
the NH, terminal group, His111, and deprotonated backbone
amides are plausible ligands for Cu(u) in mode II, although
their role will be further investigated, as discussed below.

pH effect on Cu(u) coordination to the hPrP(111-115) peptide

The impact of pH on both coordination modes I and II was
evaluated (Fig. 3). A pH titration of mode I, as followed using
CD and EPR, shows that at high pH, mode I turns into a
different species with EPR parameters gy = 2.174 and Ay =
208 x 10~* em™" (Fig. 3C and Table S31) and a widely different
CD spectrum (blue spectrum in Fig. 3A). This high pH species,
named mode III, corresponds to a nitrogen rich coordination
mode, likely involving the NH, terminal group and deproto-
nated backbone amides (vide infra). The pK, associated with
the conversion of mode I into mode III is 8.5 (Fig. 3B); thus,
mode III may not be relevant at physiological pH. In contrast,
the pH dependence of mode II displays two protonation equili-
bria (Fig. 3D and E). While mode II can also be converted into
mode III with a pK, of 8.4, at low pH mode II undergoes proto-
nation to yield a species with EPR parameters gy = 2.303 and
Ay =171%x10"* em™" (Fig. 3F and Table S37), which are indica-
tive of a more oxygen-rich equatorial coordination mode. This
low pH species was named mode I, since it still displays
LMCT bands associated with NH, and His111 by CD (orange
spectrum in Fig. 3D and Table S1}), suggesting that these
groups may still be anchoring the metal ion, although the
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Scheme 2 Proposed coordination models for the Cu(il) complexes with hPrP(111-115) at different copper : peptide ratios and pH values.
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Fig. 3 pH titration of the Cu(i) complex with hPrP(111-115) at Cu(i):peptide ratios of 0.4:1.0 (A) and 1:1 (D). Traces for the changes in CD signal
intensity at 14 535 cm™ (688 nm, gray line) and 33113 cm™ (302 nm, black line) as a function of pH for the 0.4 : 1.0 Cu(i):peptide ratio are shown in
(B); while traces at 32 895 cm™ (304 nm, gray line) and 37 037 cm™ (270 nm, black line) for the 1: 1 Cu(i):peptide ratio are shown in (E); these traces
were fit to models for one or two protonation equilibria to determine the associated pKj, values. EPR spectra at selected pH values of the titrations
are shown in C and F, illustrating the set of signals associated with the coordination modes | (olive green, pH 7.5), I (orange, pH 5.0), Il (dark green,
pH 7.5) and Ill (blue, pH 10.0). EPR parameters for all coordination modes were extracted from EPR simulations (Fig. S2 and Table S3+).

equatorial coordination is completed by oxygen ligands from
backbone carbonyl groups or water molecules (Scheme 2). The
pK, associated with the protonation of mode II to yield mode
I' is 6.9, and thus, at physiological pH, both coordination
modes, I' and II, would be formed upon Cu(u) binding to the
C1 fragment.

The NH, group as an anchoring site for Cu(u) in hPrP
(111-115)

In order to evaluate the participation of the N-terminal NH,
group in Cu(u) coordination to the hPrP(111-115) fragment, a
peptide with the same sequence but an acetylated N-terminus,
Ac-HMAGA, was synthesized. A titration of the acetylated
peptide, hPrP(Ac-111-115), with Cu(u) at pH 7.5 displays CD
signals that indicate the formation of a 1:1 complex (data not
shown). Fig. 4 shows the CD and EPR spectra of the complex
with 1.0 equivalent of Cu(u), shown in purple. Clearly, the
spectroscopic features of the acetylated complex are very
different from those associated with mode I and mode II
(Fig. 4), suggesting that the NH, group must be involved in
such species. The CD spectrum of the acetylated complex
Cu(u)-hPrP(Ac-111-115) shows a negative ligand field tran-
sition at 16 300 cm™" and three LMCT bands: a positive band
at 28 900 cm™', a negative band at 32300 cm™" and a positive
band at 38400 cm™" (Fig. 4A and Table S11), while the EPR
parameters for this complex are gy; = 2.243 and Ay = 156 x 10™*
em™' (Fig. 4B). The spectroscopic features of the acetylated
complex are almost identical to those observed for Cu(u) com-
plexes involving a His residue and deprotonated amides from
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Fig. 4 Comparison of CD (A) and EPR (B) spectra of the Cu(i) complex
with the acetylated peptide hPrP(Ac-111-115) with 1.0 equiv. of Cu(n)
(purple) with those of the Cu(i) complexes with hPrP(111-115): mode |
(with 0.5 equiv. of Cu, light green) and mode Il (with 1.0 equiv. of Cu,
dark green). All spectra were collected at pH 7.5. Asterisks indicate
signals associated with copper in solution.
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the backbone that follow the His in the sequence, with no
involvement of an NH, group (Fig. S4}). Such a coordination
mode has been observed for the Cu(u)-amylin complex and the
complex with the K110P variant of hPrP(106-115), where Cu(u)
can only recruit deprotonated amides towards the C-terminal
(Fig. $41).>*° Moreover, a pH titration of the acetylated
complex shows no evidence for the formation of other species
that would resemble mode I' or mode III (Fig. S51). Altogether,
these results indicate that the acetylation of the NH, group in
the hPrP(Ac-111-115) peptide yields a very different Cu(n)
complex, as compared to the species formed with the peptide
containing a free N-terminal. Thus, the NH, group must par-
ticipate in all the species that result from Cu(u) coordination
to hPrP(111-115).

His111 as an anchoring site for Cu(n) in hPrP(111-115)

In order to evaluate the role of His111 in Cu(u) coordination to
hPrP(111-115), the variant hPrP(111-115 H111A) was syn-
thesized. In this peptide, His111 was replaced by alanine while
the NH, terminal group was kept intact. A titration of the
peptide hPrP(111-115 H111A) with Cu(u) at pH 7.5 shows CD
signals that saturate at 0.5 equiv. of Cu(u) (Fig. S6AT and the
inset in Fig. 5A), indicating a 1:2 Cu(u):peptide molar stoi-
chiometry. The CD spectrum of the Cu(u)-hPrP(111-115
H111A) complex (pink spectrum in Fig. 5A) displays one high
intensity ligand field transition at 19100 cm™" and two LMCT
transitions: a positive band at 32400 cm™' that can be
assigned to a deprotonated backbone amide N~ to Cu(u)
LMCT, and a high intensity negative band at 37 200 cm™" that
corresponds to a NH, to Cu(u) LMCT (Table S1}). Evidently,
the CD spectrum of this complex is distinctly different from
those associated with mode I and mode II, as characterized in
hPrP(111-115) (Fig. 5A). Instead, the spectroscopic features of
the Cu(u)-hPrP(111-115 H111A) complex are almost identical
to those observed for the Cu(u)-hPrP(111-115) complex at high
pH, namely mode III (blue spectra in Fig. 5). Furthermore, the
EPR parameters for the Cu(u)-hPrP(111-115 H111A) complex
(gu = 2.178 and Ay, = 212 x 10~* em ™) are practically identical
to those observed for mode III (gy; = 2.174 and Ay = 208 x 107"
cm™ ') in the His containing peptide (Fig. 5B). A second species
is observed in the EPR spectrum of the Cu(u)-hPrP(111-115
H111A) complex, which corresponds to the protonated
complex, as it displays a pK, of 7.37 (Fig. S6D¥); it should be
noted though that the protonated complex does not resemble
any of the species observed for the His containing peptide,
including modes I' and II (Fig. S6C¥). The protonated species
observed in the pH titration of this Cu(u)-H111A complex likely
correspond to 2N20 and 3N10 coordination modes involving
the NH, group, deprotonated amides and oxygen based
ligands such as backbone carbonyls or water molecules, as
observed for multiglycine complexes that lack an imidazole
moiety** (Fig. S6). Overall, these results clearly indicate that
His111 must be an anchoring site for Cu(u) coordination in
the complexes described as mode I'; mode I and mode II,
while the formation of mode III does not require the presence
of His111. Based on the spectroscopic properties of mode III,
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Fig. 5 Comparison of CD (A) and EPR (B) spectra of the Cu(i) complex
with the variant hPrP(111-115 H111A) with 1.0 equiv. of Cu(i) at pH 7.5
(pink) with those of the Cu(i) complexes with hPrP(111-115): mode |
(with 0.5 equiv. of Cu, light green), mode Il (with 1.0 equiv. of Cu, dark
green) and mode Il (with 1.0 equiv. of Cu at pH 10.0, blue). The inset in
A shows the growth of the CD signal intensity at 32 468 cm™ plotted as
a function of the number of equivalents of Cu(i), extracted from the
titration of the H111A variant at pH 7.5 (Fig. S6At). Asterisks in the EPR
pink spectrum indicate signals associated with a protonated species.

its stoichiometry and spin quantitation (Fig. S37), and the fact
that His111 does not participate in this coordination mode, it
is proposed that in mode III Cu(u) is coordinated by two NH,
terminal groups and two deprotonated amides from two
peptide units, yielding a stable set of 5-membered chelate
rings (Scheme 2).

It is important to note that, while the EPR spectrum of
mode III is quite similar to 4N complexes with three deproto-
nated amides (as shown for the 1:1 model in Scheme 2), the
stoichiometry and spin quantitation of the complex strongly
support the model of a 1:2 Cu: peptide complex. It is likely
that the deprotonation of a second and a third amide group to
yield the 1:1 complex may not be favored by the steric effect
of having His and Met side chains on the same side of the 4N
plane. In fact, in other hPrP binding sites, it has been noted
that having bulky side chains impacts the pK, of their amide
groups when it comes to the formation of a square planar
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Fig. 6 Comparison of the spectroscopic features of Cu(i) bound to the intact His11l site in the full protein (as modeled by the PrP fragment
106-115, A&C) with those characterized in this study, using the PrP fragment 111-115 to model the C1 fragment resulting from alpha cleavage of
PrP (B&D). The proposed coordination modes resulting from Cu(i) binding to hPrP(111-115) at different pH values and copper : peptide ratios (F) are

clearly distinct from those observed in the intact His111 site (E).

Cu(n) complex with a 4N coordination mode.*® Moreover, this
steric effect might also play a role in favoring the 1:2 complex
for mode II over the 1:1 Cu: peptide complex with a 4N equa-
torial coordination mode (Scheme 2).

Cu(u) coordination modes at the His111 site: impact of alpha
cleavage processing

The spectroscopic study of Cu(u) coordination to hPrP
(111-115), as a model for the C1 fragment, has led to the
identification of four different species, termed mode I', mode
I, mode II and mode III. The study of the acetylated peptide
clearly indicates that the NH, group participates in all species,
while the study of the H111A variant shows that His111 is the
anchoring site in mode I', mode I and mode II, but it does not
participate in mode III. Altogether, based on these spectro-
scopic results, structural models for the species formed upon
coordination of Cu(u) to hPrP(111-115) are shown in
Scheme 2.

While modes I', I, and II would be physiologically relevant,
mode III would not, as it forms at high pH. It is important to
highlight that the spectroscopic features for modes I', I, and 1II
are different from those observed for Cu(u) bound to an intact
His111 site (Fig. 6). The His111 site before cleavage has been
modelled by the hPrP(106-115) fragment with an acetylated
N-terminus and an amidated C-terminal.>® Cu(u) coordination
to the intact His111 site at pH 7.5 yields two coordination
modes, 3N10 and 4N, with resolved spectroscopic features as
shown in Fig. 6A and C. In both cases, Cu(u) coordination
involves His111 and deprotonated amides that precede the His
residue in the sequence (Fig. 6E). In contrast, the free NH,-
terminal group and His111 emerge as the main anchoring
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sites for Cu(u) coordination in the cleaved site, as modelled by
hPrP(111-115) (Fig. 6F).

Thus, upon alpha cleavage processing of PrP, the cleaved
His111 site contains a free NH, group that significantly
impacts the coordination chemistry of this site.

Finally, it is important to note that the coordination mode I
(and possibly mode II as well) that forms upon Cu(u) coordi-
nation to hPrP(111-115) at pH 7.5 has a 1:2 Cu to peptide
stoichiometry. Since the C1 fragment of PrP® remains
anchored to the extracellular membrane after alpha cleavage
processing, the formation of species such as mode I would
only be possible if two molecules of cleaved PrP® are located in
close proximity in the membrane or lipid raft. While it is not
clear if this would be feasible in neurons, it is important to
highlight that dimerization of membrane bound proteins
plays important roles in cell signalling. In particular, examples
of copper-mediated dimerization of membrane bound proteins
are found for the amyloid precursor protein and a receptor for
vascular endothelial growth factors (VEGFs); in both cases,
dimerization is proposed to be involved in cell signalling cas-
cades.*"** Thus, if the formation of Cu(u) coordination modes
I and 11 with two molecules of cleaved PrP® were feasible
in vivo, this Cu-protein interaction might be relevant for the
proposed cell signalling function of PrP°,

Conclusions

In summary, we report here the coordination of Cu(u) to a
peptide that models the membrane-anchored C1 fragment
resulting from endoproteolytic alpha cleavage of PrP®. Our
study demonstrates that Cu(u) binding to the cleaved His111
site leads to different coordination modes that would be
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physiologically relevant (Fig. 6F), and are dependent on copper
and proton concentrations. The fact that the C1 fragment of
PrP® remains anchored to the extracellular membrane and is
exposed to important fluctuations in copper concentration
during synaptic transmission underscores the importance of
the copper chemistry described here. The Cu(u)-hPrP(111-115)
complexes identified in this work could be formed under phys-
iological conditions when PrP° suffers endo-proteolytic alpha
cleavage.

While the functional implications of Cu binding to the
membrane anchored C1 fragment of PrP€ remain to be discov-
ered, proteolytic processing of PrP® and its Cu binding fea-
tures appear to be molecular events that might be strongly
linked. Indeed, Cu(u) binding to PrP® suppresses its alpha-
cleavage,® and in turn, this proteolytic processing would sig-
nificantly impact the Cu coordination properties of the
protein, as demonstrated in this study. A further understand-
ing of how these events impact the conformation of the mem-
brane-anchored C-terminal region of the prion protein will
provide insight into their roles in the structure-function
relationship of this intriguing protein.

Experimental
Reagents

9-Fluorenylmethoxycarbonyl (Fmoc) protected amino acids,
Fmoc Rink amide AM resin and ethyl (hydroxyimino)-cyano-
acetate (oxyme pure) were obtained from Novabiochem. The
reagents and solvents N,N-dimethylformamide (DMF), N,N-
diisopropylethylamine (DIEA), pyridine, N,N-diisopropyl-
carbodiimide (DIC), trifluoroacetic acid (TFA), trisisopropyl-
silane (TIS), ethanedithiol (EDT), acetonitrile (HPLC grade)
and piperidine were obtained from Sigma. Water was purified
to a resistivity of 18 MQ cm™" using a Millipore gradient de-
ionizing system. Deuterium oxide and deuterated 2-(N-mor-
pholino)ethanesulfonic acid (MES) buffer were purchased
from Sigma.

Peptide synthesis and purification

The peptides hPrP(111-115) with the sequence NH,-HMAGA,
hPrP(111-115 H111A) with the sequence NH,-AMAGA and
hPrP(Ac-111-115) with the sequence Ac-HMAGA were syn-
thesized by solid-phase synthesis and Fmoc strategy, using
Fmoc-Rink amide resin.*>** For hPrP(111-115) and hPrP
(111-115 H111A) their carboxylic terminals were amidated,
and for hPrP(Ac-111-115) the N-terminal was acetylated and
its carboxylic terminal was amidated. The crude peptide was
purified by HPLC using a semi-preparative C18 reversed phase
column. Peptide purity was determined by analytical HPLC
and was found to be >95%. The molecular weight of the
peptide was determined by Electrospray Ionization Mass
Spectrometry (ESI-MS), and the purified product presented the
expected molecular mass. The lyophilized pure peptides were
stored in a desiccator until further use.

This journal is © The Royal Society of Chemistry 2018
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Preparation of samples

Peptide solutions were prepared in a mixture of 20 mM 2-(N-
morpholino)ethanesulfonic acid (MES) buffer and 20 mM
N-ethylmorpholine (NEM) buffer. The molar absorption coeffi-
cient for each peptide at 214 nm was determined in this buffer
mixture by calibration curves using a microbalance (Mettler-
Toledo XP26); for hPrP(111-115) £ = 9.038 mM ' ¢cm™". Final
peptide concentrations in each sample were determined by
absorption spectroscopy and were of the order of 0.5 mM. For
the pH titrations, the pH was varied every 0.5 pH units by
adding the necessary volume of NaOH or HCI solutions, and it
was followed using circular dichroism spectroscopy. Peptide
samples for EPR spectroscopy were prepared in the same
buffer mixture with 50% glycerol to achieve adequate glassing.
The addition of glycerol has no effect on the structure of the
Cu(u)-peptide complexes, as evaluated by circular dichroism
spectroscopy for all buffer solutions and pH values used in
this study. For 1D-1R experiments the sample was prepared in
100% deuterium oxide and 20 mM of deuterated MES buffer
with a final concentration of 0.3 mM. In each case the pH was
adjusted to 7.5 with NaOD in D,0.

Spectroscopic characterization

UV-visible absorption and circular dichroism (CD) spec-
troscopy. Room temperature absorption spectra were recorded
using an Agilent 8453 diode array spectrometer and CD
spectra were acquired using a Jasco J-815 CD spectropolari-
meter at room temperature. A 1 cm path length quartz cell was
used for recording spectra between 230 and 830 nm with
sampling points every 2 nm and a scanning speed of 100 nm
min~".

EPR spectroscopy. X-band EPR spectra were collected using
an EMX Plus Bruker system with an ER 041 XG microwave
bridge and an ER 4102ST cavity. The following conditions were
used: microwave frequency, 9.4 GHz; microwave power,
10 mW; modulation amplitude, 5 G; modulation frequency,
100 kHz; time constant, 327 ms; conversion time, 82 ms; and
averaging over 6 scans. EPR spectra were recorded at 150 K
using an ER4131VT variable temperature nitrogen system. The
spin quantitation was done by comparing double integrals of
each sample to that of a 1 mM CuSO, standard aqueous solu-
tion, which was run in parallel in the same quartz tube, for
each experiment.

NMR spectroscopy. NMR spectra were acquired using a
Bruker 600 MHz Avance II instrument equipped with a cryo-
genically cooled triple resonance 'H(“*C/"’N) TCI probe at
298 K. Chemical shifts were referenced to DSS as an internal
standard. Proton spin-lattice relaxation rates were measured
with the standard recovery (1D-IR) pulse
sequence.>® The T, values were determined by a three-para-

inversion

meter fit of peak intensities to the following equation:
1(t) = Io[1 — (1 + B)exp(—t/T1)]

where B is a variable parameter that considers non-ideal mag-
netization whose value is less than unity. The paramagnetic
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contributions of Cu(u) to the spin-lattice relaxation rate, Ry,
were calculated according to®’

Rlp = Riobs _prlfree = pb/R 711b + ™

where f'and b refer to the free and metal-bound states, respect-
ively, the p values are fractional populations of the peptide,
Rifree and Ry, are the spin-lattice relaxation rates in the two
environments, and 7y (the inverse of the off-rate kinetic con-
stant) is the residence time of the peptide in the metal coordi-
nation sphere. Ry, (1/Typ) is accounted for by the Solomon
equation describing the dipole-dipole nuclear spin-electron
spin interaction, here reported for systems with § = 1/2:*”®

Rip =1/10 (uo/47)* 2177y /1) [(tc/1 + (01 — ws)*7c?)
+ (31¢/1+ o*1c?) + (61¢/1 + (w1 — ws)*7c?))

where y, is the permeability of vacuum, y; and ys are the
nuclear and electron magnetogyric ratios, respectively, 7 is the
reduced Planck constant, w; and wg are the nuclear and elec-
tron Larmor frequencies, respectively, r is the proton-metal
distance, and 7¢ is the effective correlation time. Acquisition,
processing and visualization of the NMR spectra were per-
formed using TOPSPIN 3.2 (Bruker) and CcpNmr Analysis
2.4.2.%°
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