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ABSTRACT: The combination between dyshomeostatic levels of catecholamine neurotransmitters and redox active metals such as copper

and iron exacerbates the oxidative stress condition that typically affects neurodegenerative diseases. We report a comparative study of the

oxidative reactivity of copper complexes with amyloid-f (Afso) and the prion peptide fragment 76-114 (PrPsc.114), containing the high affinity

binding site, towards dopamine and 4-methylcatechol, in aqueous buffer and in SDS micelles, as a model membrane environment. The

competitive oxidative and covalent modifications undergone by the peptides were also evaluated. The high binding affinity of [Cu-peptide]

to micelles and lipid membranes leads to a strong reduction (ABsp) and quenching (PrPss.iis) of the oxidative efficiency of the binary

complexes and to a stabilization and redox silencing of the ternary complex Cu"-Ap4o-PrPs6.114, which is highly reactive in solution. The results

improve our understanding of pathological and protective effects associated with these complexes, depending on the physiological

environment.

INTRODUCTION

The dyshomeostasis of neurometals, in particular iron, zinc,
copper and manganese, in various brain areas contributes to the
pathogenesis of several neurodegenerative diseases, including
Alzheimer’s disease (AD), prion diseases, and Parkinson’s disease
(PD)."* Among the possible effects ascribable to metal ions are the
impairment of normal brain functions, such as neurotransmitter
synthesis* and neural information processing,*” and the induction of
conformational changes and/or aggregation of various disease-
related proteins, including a-synuclein (aSyn) in PD, B-amyloid
(AR) and tau in AD, and prion protein (PrP) in prion diseases.®
There is an emerging link between the membrane-anchored form of
cellular PrP and amyloid proteins, in their monomeric or oligomeric
forms, as PrP appears to act as the binding receptor for aSyn,” AB,"
and tau'" This interaction has been proposed as the basic
mechanism promoting neuronal spreading of neurotoxic protein
aggregates and the related pathologies." It is interesting that a main
PrP region involved in the binding of p-rich peptides, including A,
(termed CC2 and comprising residues 94-110) partially overlaps
with the high-affinity copper(ll) binding site,"* as shown
schematically in Chart 1, although it is not known whether copper
participates in this interaction. As a matter of fact, Ap appears to

interrupt copper-mediated PrP interaction with N-methyl-D-
aspartate receptors.” In addition, cellular PrP is proteolyzed in a
similar way to amyloid precursor protein, generating distinct
truncated forms, which are found in vivo,"® and this process is
supported by copper(1I) induced reactive oxygen species (ROS).”
Copper redox reactivity can be responsible for damaging other
neuronal peptides and proteins, as shown by the oxidative effects
extensively claimed in the literature.”'* On the other hand, both PD
and AD diseased brains bear marks of massive molecular oxidative
stress,” and dysregulated copper is certainly an important player in
these pathologies.

Although several reports describe protective effects by Ap and
other neuronal proteins against copper (and iron) generated ROS,”
it should be pointed out that decreased ROS formation is due to the
sacrificial oxidation and fragmentation of the proteins, as the Cu-
bound forms of the proteins bear an increase of oxidative reactivity
compared to “free” copper. In addition, as we have recently shown,
the presence of dopamine (DA) and other catechols exacerbates the
effects of Cu redox cycling and Cu-induced oxidative stress in the
presence of AP peptides* and the PrP fragments containing N-
terminal aSyn the copper-catalyzed oxidative reactions are
reduced.”



We have systematically found that in addition to promoting
Cu redox reactivity, the catechol-derived quinones are able to
modify covalently the peptide chains at nucleophilic residues. The
reference to DA is thus important because its contribution may not
be limited to the promotion of oxidative stress. Indeed, although the
role of DA in aSyn aggregation and Lewy bodies has been early
recognized,”™ the effect was only ascribed to its redox activity or
protein binding. While coupling of aSyn with ubiquitin in Lewy
bodies and other aSyn pathologies could be recognized with anti-

ubiquitin antibodies,****

suitable antibodies for detection of quinone
modified proteins were never developed. Besides promoting aSyn
aggregation, DA has been recently associated with PrP aggregation

¢ and it is very likely that also in this case

and oxidative cleavage,’
quinone modification of the protein occurs in the process, as
suggested by our in vitro study.” More generally, alterations in DA
metabolism affect brain areas different from the substantia nigra,
where PD is initially localized, such as the regions typically affected
in AD.”

Dopamine has been recently proposed as a modulator of A
aggregation and toxicity through covalent modification of the
28

peptide.® The role of DA as a general source of protein
posttranslational modification in neurodegenerative diseases has
been recently reviewed.” As for the specificity of copper, it should be
noted that noradrenergic neurons in locus coeruleus, which is affected
both in PD and AD, contain much more mobilized and potentially
toxic copper with respect to substantia nigra neurons.*

The analysis of the effects of Cu induced oxidative stress in the
presence neuronal peptides and catecholamines is incomplete if it
remains confined in the aqueous milieu. Both aSyn, Ap and PrP
strongly interact with membranes and often this interaction bears
significant conformational changes in the peptides.*® Membrane
interaction is expected to affect also the redox reactivity of the metal-
peptide complex and, in fact, we have recently shown that in the
presence of SDS as a model membrane, redox cycling of the Cu
complex with N-terminal aSyn peptide is completely quenched.”*

Regarding the copper binding details, the (high affinity) Cu"
binding site in PrP is located in the central portion of the ~230
amino acid sequence, whereas in the case of AR the Cu binding site
is in the N-terminal portion. As shown schematically in Chart 1, the
Cu" ligands are, for the major forms present in solution, two His and
two N(amide) donors in the case of PrP,** and two His and the N-
terminal NH; and C=0 groups of Asp1 in the case of AB.”> Whereas
Cu' in PrP peptides is bound to two Met residues and H111 outside
the octarepeats,” in Ap it binds to two of the three residues His6,
His13 and His14 in a linear, two-coordinate arrangement **(Chart
1). The main aim of this paper is then to show that the presence of
SDS micelles has strong impact on catechol oxidation and peptide
modification promoted by the Cu" complexes with the PrP
fragments PrPis114and PrPrs114, and with AR peptides AP, APas,
and AP4. SDS is advantageous with respect to more complex lipid
bilayers because it allows an easier separation of peptide fragments
and analysis of their modifications.
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Schematic structures for
the copper(1l) and copper(l) complexes of PrP and AP peptides

(major forms present in solution at physiological pH).

RESULTS AND DISCUSSION

Interaction of Cu-PrP and Cu-Ap Complexes with SDS
Micelles. The anionic surfactant SDS is used in this investigation
because the negative surface charge and high affinity to hydrophobic
domains of the micelles formed above the critical concentration
(about 9 mM) represent a useful model of biological membranes.
Human PrP contains two distinct domains, a long unstructured N-
terminus  (about 100 residues) containing the octarepeat
(PHGGGWGQ) motifs, and a globular, mostly helical, C-
terminus.*® The CD spectra of free and Cu-bound PrPreis
fragment (1:1 ratio) in buffer solution show typical features of
unstructured peptides and very modest changes in the presence of
SDS (Figure S1 and S2). The spectrum remains unchanged for Cu'-
PrPs14 in SDS (Figure 1A). Similar results were obtained
previously with larger PrP peptide fragments, like 91-115, adjacent
to the a-helix structuring hydrophobic region comprising residues
115-127, in the presence of copper(II).*

The situation is different for AP peptides, because in this case,
binding to SDS micelles involves partial structuring to a-helix, as
shown in Figure 1B and 1C for AP and APy, respectively. The
smaller peptide Apis is essentially unstructured in aqueous solution
but becomes also partially structured in SDS (Figure S3). It is
known that in SDS micelles Ao adopts a helix-loop-helix structure
defined by the two a-helices formed by residues 15-24 and 29-35.3
The CD profiles exhibited by AP2s and AP peptides are similar,
with the two minima around 208 and 222 nm. However, as expected,
the CD intensity is larger for the longer peptide, since Afas only
contains the first of the two helices. The extended structure of Ao
C-terminal in the membrane mimicking environment makes it a
potential membrane spanning helix, and could explain the
membrane channel properties of AB.'*®* It is interesting to note that
the CD spectra of the Cu' and Cu" complexes of ABas and AP fairly
overlap with those of the corresponding free peptides. This indicates
that the structural arrangements in the N-terminal region of the
peptides around the metal ions (Chart 1) does not seem to affect the
a-helical structuring tendency of the hydrophobic portion inside the



membrane. As hypothesized before,” it is thus likely that the polar
N-terminal fragment of Cu-bound AP peptides remains essentially

confined in the aqueous medium outside the SDS micelles. This is
confirmed by the finding that the binding constant of AP for Cu™ is

37,40

the same in the absence and presence of SDS micelles.
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Figure 1. Far-UV CD spectra recorded in 5 mM phosphate buffer
solution pH 7.4 of: (A) PrPssiis (5.5 pM), and (B) APas (5.5 pM)
(black traces), and after the addition of 20 mM SDS (blue traces)
and Cu' (§ pM) (grey traces). Copper(l) was generated in situ by
reaction of copper(Il) nitrate (S uM) and hydroxylamine (10 pM)
anaerobically (cell path 1 cm). Figure C shows CD spectra of A
(4.4 uM), dissolved in water containing 0.6 mM NHj, and recorded
in 5 mM phosphate buffer solution pH 7.4 (black trace), and after
the addition of 16 mM SDS (blue trace), Cu' (4 pM) (grey trace) or
Cu" (green trace).

Oxidative Reactivity of Cu-PrP and Cu-Af Complexes in
Solution and Bound to SDS Micelles. We have recently reported

that binding of copper(II) to PrPss.11 containing the high affinity
binding site of prion protein, produces a marked increase in the
catalytic oxidation capacity of the complex towards DA and 4-
methylcatechol (MC) with respect to free Cu" (we refer here to
“free” Cu" for simplicity, whereas in the reaction conditions it is
indeed a Cu"-catecholato complex).?

When these experiments are carried out in buffer solution at
pH 7.4 in the presence of SDS micelles, a completely reversed trend
is observed. While the reactivity of free copper(Il) remains
unaltered, that of Cu"-PrPss.1.4 is almost totally quenched, as shown
in Figure 2 for MC (complete quenching occurs at higher
peptide:Cu" molar ratio). In this experiment, the molar ratio
between Cu" and PrPs.114 is 1:2; when this ratio is decreased to 1:1,
the reactivity is also quenched initially, but then slowly takes place
(Figure 2).

The kinetic traces in these figures monitor the absorption of 4-
methylquinone (MQ) at 401 nm with time in the initial phase of the
reaction. At longer time, as MQ appreciably accumulates in solution,
it undergoes a Michael addition by unreacted MC, and subsequently
further reactions, resulting in further increase in absorption and red
shift of the broad UV band.*" The trend is confirmed with the
oxidation of DA (Figure 3), where the product monitored in the
initial phase is dopaminochrome.”** The reactivity of the
catecholamine is lower than that of MC but it gives rise to a more

complex mixture of oligomeric products.*
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Figure 2. Kinetic profile of MC (3 mM) oxidation with time in 50
mM HEPES buffer solution at pH 7.4 and 20 °C in the presence of
Cu" (25 uM) without SDS (green trace), and upon the addition of 1
equiv. PrPsa14 (25 pM) in the absence (orange)/presence (dashed
grey trace) of SDS (20 mM), and 2 equiv. of peptide (50 pM) in
absence (brown)/presence (dashed blue trace) of micelles.
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Figure 3. Kinetic profiles of DA (3 mM) oxidation with time in SO
mM HEPES buffer solution at pH 7.4 and 20 °C in the presence of



Cu" (25 uM) without SDS (green trace) and with SDS (20 mM)
(dashed orange trace), and in the presence of Cu" (25 yM) and
PrPse.14 (50 pM) without SDS (brown) and with SDS (20 mM)
(dashed blue trace). DA autoxidation is also shown (grey trace).

The quenching of reactivity observed in SDS is due to the fact
that upon reduction of copper(Il), the Cu-PrP7s.11« species trapped
in the membrane is unreactive to dioxygen. This is confirmed by
experiments carried out starting from the anaerobically prepared
Cu'-PrPrs114 complex (1:2 ratio as above) and then exposing the
solution containing the catechol to air. Unlike “free” Cu', the Cu™
peptide complex is completely unreactive to dioxygen (Figure 4).

The situation highlighted for Cu-PrPrs114 is therefore similar
to the behavior of the copper complex with N-terminal aSyn in
SDS,** suggesting that the membrane environment has a protecting
effect towards the redox reactivity of the Cu-peptide complex. With
the shorter peptide PrPigs.14, the oxidation capacity of the Cu'-
PrP,os.114 complex is reduced,” however the reactivity against MC is
not completely quenched in SDS micelles at the Cu"/PrPis114 1:2
molar ratio (Figure $4), due to incomplete copper(II) complexation
by the shorter peptide.” In fact, complete quenching of the reactivity
occurs at much higher PrPiosii4 concentration (Figure SS). It is
interesting that when the experiment with PrPios.114 is carried out
preforming the Cu'-peptide complex anaerobically, and then
exposing the solution with MC to air, the reaction is almost totally
quenched for a significant time span, but then MC oxidation starts
abruptly, probably because the peptide undergoes extensive
oxidation (Figure S6). The low reactivity of Cu"-PrPios.11s towards
DA™ is obviously also further depressed in SDS micelles (Figure S7).
Finally, as the longer PrP peptide fragment PrP-s114 can bind more
than one copper(II) ion, we checked whether the quenching of Cu
reactivity in SDS could be maintained at a Cu/PrPrs.14 2:1 molar
ratio. The Cuy-PrPrs114 complex is indeed more reactive than its 1:1
homologue in aqueous medium, and its reactivity is only reduced,
but not quenched in SDS (Figure S8).
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Figure 4. Kinetic profile of MC (3 mM) oxidation with time in 50
mM HEPES buffer solution at pH 7.4 and 20 °C containing SDS (20
mM) and in the presence of Cu' (25 uM) alone (green trace) or Cu'
(25 pM) and PrPrsis (50 uM) (brown trace). Copper(I) was
generated in situ by reaction of copper(Il) nitrate (25 uM) and
ascorbate (50 pM) anaerobically prior to exposure of the solution to
air.

When the experiments of catechol oxidation in aqueous
solution and in membrane-like environment were performed with
Cu-Ap peptide complexes, a different behavior is observed. As it was

shown previously, Cu"™Afis and Cu"-Ass complexes are very
reactive against catechols in aqueous buffer at physiological pH.>"
The presence of SDS micelles in these cases does not quench the
reaction, but only partially reduces the catechol oxidation rate, as
shown for MC and DA (Figure S) in the case of Cu"-Apas. Thus,
here the reduced copper complex is still reactive to dioxygen and
allows redox cycling and catechol oxidation. This was confirmed by
separate experiments where, as above, the reaction was started from
preformed Cu'-Afs complex under anaerobic conditions and
subsequently exposing the solution to air (Figure S9). The reactivity
of Cu"™-APis complex in SDS is similar and the corresponding
experiments are shown in Figure $10, S11, and S12.
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Figure S. Kinetic profile of: (A) MC (3 mM) and (B) DA (3 mM)
oxidation with time in 50 mM HEPES buffer solution at pH 7.4 and
20 °C in the presence of Cu" (25 uM) without SDS (green trace)
and with SDS (20 mM) (dashed orange trace), and in the presence
of Cu" (25 yuM) and Apas (50 uM) without SDS (brown) and with
SDS (20 mM) (dashed blue trace). DA autoxidation is shown as
grey trace.

We did not investigate previously the reactivity of Cu” bound
to AP peptides longer than 1-28 because of their tendency to
undergo aggregation in solution. However, the length of the peptide
is important when interaction with membranes is considered and we
thus report here the behavior of Cu-A4 complexes in the catechol
oxidation reaction. To the end of reducing the rate of peptide
aggregation in the time interval needed to perform reliable catalytic
oxidation experiments with MC and DA, we found useful to add a
small amount of ammonia to the buffer solution, since it is known
that in these conditions the aggregation rate is significantly reduced
at room temperature.”” The small amount of ammonia added in the
buffer has no influence on the reactivity of the complex. The
reactivity pattern of Cu-Af4 towards MC and DA is similar to that
of complexes with smaller AB peptides (Figure S13 and S14), which



is expected, as the N-terminal Cu-binding portion remains outside
of the membrane (Scheme 1).
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Scheme 1. Schematic representation of the binding equilibria of
PrP€¢ and AP to membranes, showing the different position of the
copper sites for the membrane-bound peptides, within the
membrane for PrP¢ and outside the membrane for Ap.

Endogenous Peptide modifications. The capacity to
generate ROS, and hence Cu redox cycling, by Cu™-AB4 in SDS
micelles was recently reported,” although whether the peptide itself
were affected by the oxidizing species was not investigated. In our
experiments, we use catechols both as inducers of oxidative stress
and as possible source of covalent modification of the peptide.
Therefore, it is important to compare the oxidative and covalent
modifications undergone by APy in the aqueous and SDS
environments. As we did before in the experiments of MC oxidation

23c

by Cu-Ap complexes,” we analyzed the modification of the peptide
at various reaction times to assess if the reduced reactivity observed
in SDS was accompanied by a change in the peptide modification
pattern. In these experiments, we had to resort to a preliminary
extraction of the organic phase, which interferes with the analysis of
the peptide fragments by HPLC/MS. Unfortunately, this procedure
did not enable to obtain reliable data in the case of Cu-Apw
complexes, likely due to either aggregation and subsequent
precipitation of APs during the procedure or to extraction in the
organic phase of this poorly hydrophilic peptide. The results
obtained in the reactions carried out starting from Cu"-Ap and Cu™
AR complexes (for ABis and Apzs) in SDS micelles are compared
with those in aqueous buffer in Table 1 (MC) and 2 (DA).

Table 1. Percentage of unmodified AB peptides upon their reaction
with MC in the presence of Cu", Cu" and SDS micelles, or Cu' and
SDS micelles, in Hepes buffer pH 7.4 at 20 °C, as determined by
LC/MS analysis.

Table 2. Percentage of unmodified AP peptides upon their reaction
with DA in the presence of Cu", or Cu"” and SDS micelles, in HEPES
buffer pH 7.4 at 20 °C, as determined by LC/MS analysis.

ABis Afas APl
reaction Cu! Cu'/SDS Cul! Cu''/SDS Cul!
time
30 min 73 81 87 88 65
90 min 65 70 64 76 58
180 min 52 58 37 64 52

ABis Afas Aol
reaction Cu! Cu'/ Cu/ Cu' Cu'Y/ Cu/ Cu"!
time SDS  SDS SDS  SDS
30 min 65 91 96 62 77 82 S0
90 min 35 80 83 21 62 70 41
180 min 25 60 68 8 35 62 32

In the case of AP, we were unable to obtain reliable data on
peptide modification by LC/MS analysis in experiments carried out
in the presence of SDS micelles.

[ In the case of APi, we were unable to obtain reliable data on
peptide modification by LC/MS analysis in experiments carried out
in the presence of SDS micelles.

From the data in Tables 1 and 2, it is clear that SDS has a
protective effect on APis and As peptides. With MC, it is possible
to appreciate that this effect is slightly more pronounced when the
experiment is performed starting from Cu' with respect to Cu'; A
integrity starts to become appreciably affected after times of the
order of half an hour. The derivatization of AP peptides promoted by
Cu redox cycling and DA catalytic oxidation occurs at slower rate
than in the case of MC oxidation, and the protective effect of SDS
micelles becomes marked at long reaction times.

Regarding the type and sites of Ap modification, histidines at
positions 13 and 14 are the major sites undergoing O-atom insertion
(mass increment +16 for each oxidized His, with a slight prevalence
of oxidation at Hisl4), and His6 the favored site for quinone
addition (resulting in a His-catechol adduct, +122 for MC and +151
for DA, respectively) and quinone addition followed by oxidation of
the catechol adduct (+120 and +149, for MC and DA, respectively),
in line with previous observations (see Table S1, S3 and Figure S15,
S17).2" Furthermore, in the DA promoted reaction we also
considered the potential reactivity of indole-5,6-quinone (IQ)
IQ derives
dihydroxyindole (DHI) that represents a rearrangement product of

toward His residues. from oxidation of S,6-
dopaminochrome, and its reactivity towards aSyn has been
demonstrated.” Indeed, LC/MS analysis revealed the presence of
His-DHI and His-IQ adducts (+147 and +148, respectively), albeit
at low levels, with percent modifications comparable to those of His-
DA and His-DAQ adducts (see Table S2, S4 and Figure S16, $18).

Overall, apart from the reduced fraction of modified peptide,
the pattern of modifications is similar to those observed in aqueous
medium, with one notable exception represented by the favored
oxidation site in Apas that shifts from the histidines to Tyr10 in the
presence of SDS. The more extensive analysis performed in the case
of MC oxidation shows that the impact on the endogenous peptide
appears to be essentially independent of whether the experiments
are performed using Cu" or Cu' followed by exposure to air of the
solution, apart from a slight reduction in reaction rate.

Besides oxidation and catechol/quinone adduct formation, in
our reaction conditions, AP peptides are also susceptible to
fragmentation, and this reaction appears to be more pronounced for
Apas with respect to APis and Apao, with Aspl-Ala2 and His13-His14
as the preferred cleavage sites. It is noteworthy that the main targets
of oxidative modifications and quinone additions are histidine
residues (His13/His14 and His6, respectively) which are involved



in both Cu" and Cu' coordination by direct imidazole-metal
bonds.®* Also the above reported sites of peptide fragmentation
indicate the preferential reactivity of ROS generated by Cu-Af
complexes towards targets located in proximity to the metal site.
The consequent impairment of peptide structure will likely
compromise the stability of Cu-Ap complexes and their further
redox reactivity.

As for AP peptides, also PrPs.114 was analyzed by LC/MS to
characterize the oxidative and covalent modification undergone at
long reaction times by the peptide in the presence of Cu" and
both in
environment. Again, the high levels of unmodified peptide prove the
protective effect exerted by SDS micelles on the peptide (Table 3).

catechols, aqueous medium and membrane-like

However, as the Cu-peptide complex is not tightly bound to the
micelles the reactivity can be ascribed to a small fraction in
equilibrium in the aqueous phase. It is also likely that the fraction

undergoing oxidative modification is released from the SDS micelles.

It is interesting that a difference in type of peptide modification can
be noted between experiments carried out in water vs. SDS micelles.
In fact, we found a prevalence of oxidation at His96 (and less at
His85) in aqueous solution, but in the C-terminal region (ie. at
His111, Met109, or Met112) in the presence of SDS micelles. This
means that the (main) targets of O-atom insertion belong to the
coordination sphere of Cu” (His85/His96) in water and to that of
Cu' (Metl09/His111/Metl112) in membrane-like environment,
reflecting the metal species mainly involved in PrP complexation in
the two phases. Regarding the modifications involving catechol
residues, the amounts of His-DA/DAQ adducts are all detected at
very low levels and His-DHI/IQ modifications are absent (see Table
S$6, S7 and Figure $20, S21).

Table 3. Percentage of unmodified PrPrsii+ peptide upon its
reaction with MC or DA in the presence of Cu" or Cu" and SDS
micelles, in HEPES buffer pH 7.4 at 20 °C, as detected by LC/MS
analysis.

MC DA
reaction time Cu" Cu"/SDS Cu" Cu"/SDS
30 min 66 79 81 86
90 min §7 71 758 84
180 min 19 67 61 73

It is important to gain an appreciation of how efficient is the
catalytic activity of the Cu-peptide complexes and how the
modifications undergone by the peptide compete with catechol
oxidation in the absence and presence of SDS. The oxidation of
catechol during the reaction promoted by Cu"-peptide complexes
can be monitored performing the reaction in deuterated buffer
through NMR (Figure S22), by analyzing samples withdrawn at
various reaction times. Some selected data on turnover numbers of
MC oxidation at various times and ratio of oxidized catechol vs.
fraction of modified peptide, as deduced from Table 1 and 3, are
collected in Table 4 (for a more extensive set of data on MC
oxidation see Table S8 and S9, and Figure S23). The reactivity of
Cu"™Ap complexes and Cu"-PrPse.iu4 is similar, with the partial
exception of Cu'-Af, the reactivity of which it is slightly higher,
probably due to the smaller size of the peptide, which may facilitate

substrate binding and processing. Although in general the oxidation
of catechol by Cu'-peptide complexes is not particularly efficient,
the reaction proceeds for hours, even though at decreasing rate with
progress of time, because the peptide is partially damaged
competitively. In this regard, we assume that oxidation, covalent
modification (occurring especially at histidines), and cleavage of the
peptide will weaken its copper binding properties and reduce the
activity of the complex. The effect of quenching of the reaction in
SDS is thus pronounced at short reaction times, but as the peptide is
competitively modified, the resulting Cu-peptide fragments are
released from the lipid phase and exhibit further reactivity, albeit

with lower efficiency than the original Cu"-peptide complexes.

Ternary Interaction between Cu", AB and PrP Peptides in
SDS micelles. The interaction of prion protein with a variety of
proteins appears to be involved in slowly and rapidly progressive
forms of AD,* and in particular the interaction between cellular PrP
and AP oligomers has been shown to mediate loss of synapses,
aberrant signaling and cognitive decline in AD models.* We have
thus tried to investigate whether A4 and PrPrsii4 were able to
interact, in aqueous buffer and/or in SDS micelles, and whether this
condition. As discussed above, the two peptides are essentially
unstructured in aqueous buffer, and as shown in Figure 6, combining
Ap4o and PrPre114 in 1:1 ratio does not produce any significant CD
change attributable to ordered structures. However, the addition of
slight sub-stoichiometric amount of Cu" bears an appreciable
reduction in the intensity in the CD peak near 200 nm, suggesting
some local ordering of the peptides, that was not observed in the
binary Cu"/AB4 and Cu"/PrPss.14 binary systems (Figure 1 and S2).
Some effect attributable to Cu" can be noted also when the ternary
system Cu'/APso/PrPreris is studied in SDS micelles. In this
medium, AP is partially structured and the a-helical portion of this
peptide is the dominant feature of the CD spectrum when A4 and
PrPys.114 are mixed in a 1:1 ratio (Figure 7). However, the further
addition of sub-stoichiometric Cu" produces a change in the relative
intensity of the peaks at 208 and 222 nm, leading to an increased
[0222]/[020s] ellipticity ratio, which is not observed for the binary
Cu"ABw complex (Figure 1C). Similar effects can be noted
recording CD spectra for the Cu"/ARas/PrPre114 (Figure S24 and
$25) and also Cu"/APis/PrPssis (Figure S26 and S27) ternary
systems, suggesting that it is indeed the immediate copper(1l)
environment mainly responsible for the observed local structuring of
the peptides.

In principle, in the absence of interaction between the two
peptides, Cu" should partition between Apa and PrPrs.114 according
to the relative affinity for them. The literature data on the affinity of
Cu" towards AP peptides shows a range of values, depending on the
technique used.”” For a better comparison with PrPrsii, it is
desirable to use data obtained with the same method. We can
therefore assume for Cu™-Af the log K value of 10.3 obtained for
ABis,* and for Cu"-PrPrs.114log K = 14.3."* Thus, in principle, in the
absence of interaction between the peptides, the mixture of
Cu""/AB40/PrPrs114 should display dominant features of the Cu-
PrP7s.114 complex.
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Figure 6. CD spectra recorded in 5 mM phosphate buffer solution
pH 7.4 of ABs peptide (4.2 uM) (black spectrum) and after the
addition of PrPss114 (4.2 uM) (grey), and then Cu" (3.8 pM) (blue
trace). The CD spectrum of the solution of Cu-Aps-PrPrei1s was
recorded also after 2.5 h incubation time at 20 °C (green trace).
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Figure 7. CD spectra recorded in 5§ mM phosphate buffer solution
pH 7.4 of PrP-114(3.64 uM) (black spectrum) and after addition of
AP (3.64 pM) (grey), and SDS (20 mM) (orange). Then, Cu"
(3.31 pM) was added to the solution (blue) to generate the ternary
complex Cu-Apso-PrPrs114. The CD spectrum of the solution of Cu-

APao-PrPrs114 was recorded also after 2.5 h incubation time at 20 °C
(green trace).

We tried to obtain information about coordination of Cu" in
the ternary complex of Cu"™-AP40-PrPs.114 by recording the CD
spectrum in the near-UV and visible regions, and comparing it with
those of the corresponding binary complexes. Already at a
concentration of less than 0.1 mM the combination of Cu", A,
and PrPss.114 yielded a precipitate in aqueous buffer, but the addition
of SDS was able to at least partially dissolve it. The near-UV /visible
CD spectrum of the ternary system in SDS micelles is shown in
Figure S28. It is interesting that the CD features are different from
the reported CD spectra of both Cu™Af* and Cu-PrPreiis'®
peptides throughout the entire spectral range. In particular, the CD
peak in the range between 300 and 320 nm, due to amide-Cu"
LMCT,* has positive sign in the spectra of both binary complexes
and is now negative in that of Cu”-Apao-PrP7s.114. The CD spectrum
in Figure S28 is also different from that of a recently reported ternary
complex of Cu" with AR and a small octarepeat PrP fragment
(which also bears positive CD activity near 300 nm),*" confirming
that in Cu"™-Apuo-PrPrs.114 the copper ion is bound in the high affinity
site outside the octarepeats.

Table 4. Selected comparative data on MC oxidation, turnover number (TON), and molar ratio of oxidized catechol vs. modified

endogenous peptide, by Cu"-peptide complexes, after 30 and 90 min reaction time, in aqueous buffer and in SDS micelles. Reaction
conditions are: [MC] = 3 mM, [Cu-peptide] = 0.025 mM, in S0 mM HEPES buffer at pH 7.4 in the absence and presence of 20 mM SDS.

30 min reaction time 90 min reaction time

Complex A[MC]® TONT] AMC] 119 A[MC]R TON AMC] 11
(mM) A[peptide] (mM) A[peptide]

Buffer
Cu"-AP1s 0.33 13 38 0.61 24 37
Cu"-Aas 0.17 7 17 0.55 22 28
Cu'-AB4o 0.21 8 18 0.48 19 32
Cu"-PrP7¢.114 0.20 8 24 0.67 27 62
SDS micelles
Cu"-AP1s 0.04 2 17 0.34 14 68
Cu"-Aas 0.06 2 10 0.20 8 21
Cu'-AB4o 0.0S 2 d 0.28 11 d
Cu"-PrP7¢.114 0.07 3 13 0.27 11 37

BIA[MC] is concentration of oxidized MC. /Rounded to unity. [JA[MC]/A[peptide] represents the ratio between the number of molecules of
catechol oxidized vs. the fraction of endogenous peptide undergoing chemical modification at the given time. [{/Not available.
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Figure 8. EPR spectra recorded in 5 mM phosphate buffer solution
pH 7.4, containing 10% glycerol (v/v), for Cu-ABsw (~0.4 mM,
orange spectrum) and upon the addition of PrP7 114 in 1:1 ratio

2500

(blue spectrum) and 19 mM SDS (grey). The signal amplitude was
modified for better visualization.

Further information was obtained by EPR, upon freezing the
solutions at low temperature. Figure 8 shows the spectrum of Cu'-
AP in 5 mM phosphate buffer, pH 7.4 (lower, orange trace), and
the spectra obtained after addition of 1:1 PrPzuis (intermediate,
blue trace), and SDS (upper, grey trace). The EPR parameters
calculated for Cu™-Apsw (g = 2.28(0), A| = 170x10* cm’, g1 =
2.06) are in the range of values reported in the literature for a variety
of Cu" complexes with N-terminal AP fragments in various
conditions,* and in particular are similar to those obtained for Cu'™-
APso at pH 7.2 in highly saline medium.” Upon addition of PrPrs.114
the EPR spectrum undergoes some detectable change, with
parameters (g| = 2.27(0), A = 179x10* em’, g1 = 2.06) more
similar to those of Cu-PrP peptides.!*® The presence of SDS
produces very slight change in the spectrum due to the modified
environment (g| = 2.27(7), A| = 175x10* ecm™, g1 = 2.06). The
EPR experiments then show that in the ternary complex, the Cu" site
is primarily within the PrP peptide, with the participation by Ao in
the primary coordination sphere that will need to be defined by
further experiments.

Some further notable effects were noted studying DA
oxidation by Cu" in the presence of both ABs and PrPrs.1: (Figure
9B). Here, the reactivity of Cu-APso-PrPss114is higher than that of
the individual Cu"-A4 and Cu"-PrPse.14 complexes, while the
addition of SDS quenches the reaction as before. The oxidation of
MC shows a similar trend (Figure 9A). We notice that the increase
in catechol oxidation rate in aqueous buffer is evident both in the
initial fast phase (related to catechol oxidation and Cu" reduction)
and in the following catalytic turnover (involving a complex series of
mechanistic events, the slow step probably connected with Cu'
reaction with 02).”>” Similar increase in catechol oxidase activity
was noted for the ternary Cu™ApPzs-PrPrs114 and Cu-Ais-PrPrei14
systems (Figure S29 and S$30). The increased reactivity of the
ternary Cu'-AB-PrPss.114 complexes may be ascribed to easier redox
cycling of Cu in the PrP site. Possibly, Ap provides a histidine ligand
preventing reduced copper to fall into the PrP site of low oxygen
affinity comprised within the methionines. A possible arrangement
of the Cu" coordination set in the ternary Cu"-AB-PrPss.114 complex
is represented in Scheme 2.
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Figure 9. Kinetic profile of: (A) MC (3 mM) and (B) DA (3 mM)
oxidation with time in 50 mM HEPES buffer solution at pH 7.4 and
20 °C. The oxidation of the substrates was performed: (i) in the
presence of Cu"-As (25 uM) without (green solid line) and with
SDS (20 mM, green dashed line); (ii) in the presence of Cu"-PrPss.
s (25 pM) without (brown solid line) and with SDS (20 mM,
brown dashed line); (iii) in the presence of Cu-Auw-PrPreiis (25
pM) without (orange solid line) and with SDS (20 mM, orange
dashed line).
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Scheme 2. Representation of the possible changes in the copper(11)
coordination sphere in the ternary complex of Cu-APio-PrPrsiis.
Numbering refer to the histidines in the PrP sequence.

BIOLOGICAL RELEVANCE AND CONCLUSIONS

The chemistry investigated here is promoted by the
combination of three partners, a neuronal peptide, DA, and
copper(H), which are prone to give an interaction favoring DA
oxidation, since the peptides bear strong copper binding

properties,®” and the catechol group of DA is also a strong binding



ligand.* It is likely that in biological membranes this interaction will
be stronger as the peptides contain fragments exhibiting high
membrane affinity, anchoring them to the lipid moiety. The
catecholamine itself has been shown to interact weakly with the
surface of anionic phospholipid bilayers, with the cationic amino
group serving as membrane anchoring site.** Thus, the redox
chemistry induced by interaction of DA to Cu"-bound peptides
occurs across the surface of membranes, with stronger influence of
the membrane-bound fraction as the Cu"-peptide is entrapped in the
lipid phase. The key event determining the quenching of Cu redox
reactivity is the stabilization of the copper(I) species in the
membrane.

In this regard, we should extend the results obtained for Cu-
PrP and Cu-Ap complexes to the previously studied Cu-aSyn
complex.” It is apparent that the DA-induced redox reactivity is
blocked only for Cu-PrP and Cu-aSyn. Both latter peptides contain
a couple of close methionines in the sequence, '"MKHM' in
PrP*** and 'MDVFM? in aSyn,>** that act as ligands stabilizing the
Cu' forms making them unreactive to dioxygen. For Cu'-PrPr...s,
where the two Met residues are in the somewhat less favorable i and
i+3 positions, metal binding is enforced by His111, between the two
methionines.**

Previous studies on the reduction potential and redox cycling
of Cu"-PrP peptide complexes failed to unveil the key role of the
methionines because the PrP sequences studied did not include
these residues.* In any case, for both Cu’-PrP’*'** and Cu'-aSyn, the
metal binding portion of the peptide is enclosed in the lipid phase

(considering the relevant N-acetylated form of aSyn present in vivo).

Thus, the two important features of PrP, as a strong Cu" binding
protein and as a neuroprotective agent preventing ROS
production,” can be reconciled only if Cu”-PrP remains bound to a
membrane. Fragments of PrP resulting from e.g. cleavage by a-
secretase,” and released in extracellular milieu are, instead, likely to
be toxic because binding to Cu" will induce redox reactivity.

The situation is different for Cu-Ap complexes, where the
binding site for both Cu" and Cu' is in the N-terminal, and polar
portion of the peptide that remains essentially outside of the
membrane. The reactivity of Cu-AB complexes decreases in SDS
because a significant fraction of the substrate may stick on the
micelle surface hindering its binding to the Cu center in the aqueous
phase. It is known that DA prevents aggregation of Afa,*® but the
effect was attributed only to oxidation of the peptide, essentially at
Met33. The situation is quite certainly more complex, because it is
likely that the main factor is the covalent peptide modification by a
variety of DA derived quinone species, as it has been elucidated here
(see Table S5 and Figure S19). This process is similar to the early
steps of the biosynthesis of neuromelanins by reaction of oxidized
catecholamines with peptides and proteins in several brain areas.”
With the failure, or modest efficacy, of clinical trials with drugs

940 other sceneries must

promoting dissolution of amyloid deposits,
be envisaged. It is worth noting that experiments with transgenic
mice models of AD showed intracellular AP immunoreactivity
before cognitive loss and extensive amyloid plaques deposition.®!
Neurotransmitter reactivity and metal-induced oxidative stress are
potential players in these early events involving aberrant Ap
modifications.

Regarding the last point, we wish to emphasize that in addition
to the extensive evidence that the interaction of cellular PrP with Af
oligomers plays some important role in the impairment of signaling

pathways, synapse loss, and cognitive decline in several AD models,”
AR neurotoxicity has been also connected to the interaction between
monomeric AB, PrP and copper(Il), which causes dysfunctions at
N-methyl-D-aspartate receptors.’® In this case, AP will likely be
involved in a ternary complex mimicked by the Cu-Af-PrPrs.11s
species studied here. This complex is stabilized and redox silenced in
SDS micelles but exhibits increased reactivity against DA in aqueous
solution. We are strongly committed to perform a more thorough
characterization of this key ternary complex employing NMR and
other techniques to define the copper binding residues and
understand the nature of the interaction between the two peptides,
besides their eventual assembly through coordination to the metal
center.

EXPERIMENTAL SECTION

Peptide synthesis and purification. The synthesis of
peptides PrPrs 114 (Ac-
“PHGGGWGQPHGGWGQGGGTHSQWNKPSKPKTNMKHM
AG'"-NH,, mw 4074.5), PrPios 115 (Ac- *KTNMKHMAG"*-NH,,
mw 1057.5),> ABis (IDAEFRHDSGYEVHHNKI6-NH2, mw
1955.0), and APss
(‘DAEFRHDSGYEVHHNKLVFFAEDVGSNK*-NH,, mw
3262.5) is reported elsewhere. ' The purified peptides were
lyophilized and stored at -20 °C until use. AP
(‘DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV
“, mw 4329.8) was purchased from Eurogentec (Liége, Belgium).
The purity of all peptides was >95% For the preparation of solutions
of A.g, the peptide was treated with hexafluoroisopropanol (HFIP)
and incubated at room temperature for 3 h. Lyophilized peptide was
then dissolved in water containing 0.6 mM NH; to prevent amyloid
aggregation.” Blank experiments showed that the addition of NH; to
Cu"-Ap complexes does not alter the rate of oxidation of catechols
or the oxidative peptide modifications.

Effect of SDS and Cu on the secondary structure of
peptides monitored by CD. The far-UV CD spectrum of Cu'-
PrP7.114in S mM phosphate buffer solution at pH 7.4 (Figure S1 and
S2) was recorded with a 0.1 cm path-length cell, while a cell of 1 cm
path length was used for all other spectra. The CD data of Cu™
peptide complexes were obtained in anaerobic conditions using 1
cm path-length cells with Schlenk connections. For Cu"-PrP7s.14, the
effect of increasing concentration of SDS (from 0 to 20 mM) was
studied upon adding Cu" (1 equiv.) to the solution of PrPre.14 (1.1
equiv.). To study the effect of SDS, the CD spectra of ABas, A4 and
PrPse.14 (1.1 equiv.) in the presence of Cu' (1 equiv.) were initially
recorded in 5 mM phosphate buffer solution pH 7.4, and then after
the addition of SDS (20 mM). Cu' was generated by reduction of
copper(I) nitrate (1 equiv.) by hydroxylamine (2 equiv.)
anaerobically. In the case of APy, Cu' was re-oxidized to Cu"
through O, saturation. CD measurements were routinely carried out
with scanning rate of S0 nm/min and 10 accumulations. The CD
spectra of ternary complexes were obtained upon addition of PrPre.
114 (1.1 equiv.) to a solution of 1.1 equiv. of AR fragments (AB4o, Aas,
or ABis) in 5 mM phosphate buffer solution pH 7.4, followed
maintained to record the CD spectra of ternary complexes in SDS:
PrPrs114 (1.1 equiv.) was added to a solution of AB fragments (ABao,
APas, or Aus, 1.1 equiv.), followed by SDS (20 mM), and Cu" (1



equiv.). Optical spectra of solutions with the same ratio between
APso/PrPren1s and Cu" were recorded using a 1 cm path-length cell
for the near-UV and 10 cm cell for the visible region.

Catalytic oxidation of MC by Cu", [Cu”-PrP] and [Cu"-
AB] complexes, in the presence of SDS. The catalytic oxidation of
MC by Cu" complexes was studied at 20 °C in 50 mM HEPES buffer
at pH 7.4, saturated with atmospheric oxygen. The reaction was
monitored by UV-visible spectroscopy following the 4-methyl-
quinone band at 401 nm (& = 1550 M“cm™) for a reaction time of
1800 s. The concentration of substrate was kept constant at 3 mM.
The concentration of the peptides (AP, ABas, APso, PrPe11s, and
PrP7s.114) was generally SO uM, and that of copper(II) nitrate 25 uM
unless otherwise stated. In the experiment with excess PrPios.114, the
peptide was added at 250 uM concentration to the solution of MC
(3 mM), followed by copper(1I) nitrate (25 pM) as the last reagent.
The kinetic behavior of Cu"-peptide complexes in presence of
variable amounts of SDS (0-20 mM) was studied in the same
conditions. The catalytic activity of the ternary complex Cu™-Apuo-
PrP7s114 (25 pM) was studied with and without SDS (20 mM).
Blank experiments of MC autoxidation, in the absence of Cu", were
carried out and the corresponding absorption was subsequently
subtracted from the kinetic profiles. All measurements were
performed at least in duplicate.

Catalytic oxidation of MC by Cu', [Cu'-PrP] and [Cu'-Af]
complexes and O; in the presence of SDS. To study the oxidation
of MC starting from an anaerobic solution of cuprous ions, Cu' was
generated in situ by reaction of copper(ll) nitrate (25 pM) and
ascorbate (50 uM) in the presence of SDS (20 mM), in deaerated 50
mM HEPES buffer a pH 7.4. Then, MC (3 mM) was added and the
solution was rapidly exposed to air. As before, the oxidation of
substrate was monitored by UV-visible spectroscopy through the
growth of the 4-methyl-quinone band at 401 nm. The same
experiment was repeated in the presence of Cu'-peptide complexes
(AP, APss, APss, PrPissnis, and PrPreis) using peptide
concentration of 50 yM. The kinetic traces were influenced by
oxygen diffusion and whole consumption of ascorbate. All
measurements were performed at least in duplicate.

Catalytic oxidation of DA by Cu", [Cu"”-PrP] and [Cu"-
AB] complexes in the presence of SDS. The catalytic oxidation of
DA by Cu" was studied at 20 °C in S0 mM HEPES buffer at pH 7.4,
saturated with atmospheric oxygen. The reaction was monitored by
UV-visible through  the
dopaminochrome band at 475 nm. The experiments were carried

spectroscopy development  of
out by adding copper(II) nitrate (25 pM) to the solution containing
DA (3 mM), in absence and in presence of SDS (20 mM), and
adding each of the following peptides (50 uM): APis, APas, APuo,
PrP76.114 and PrPis.114. The reactions catalyzed by ternary Cu"-PrPre.
114-AP species were studied by the addition of 1 equiv. of PrP and
AP1s/APas/APao peptides (25 y.M) to the reaction solution with and
without SDS (20 mM). Copper(1l) (25 uM) was added at the last
reagent. DA (3 mM) autoxidation was also recorded in the same
conditions. All measurements were performed at least in duplicate.

Identification and characterization of modified peptides
from catechol oxidation experiments in the presence of SDS by

HPLC-ESI/MS. The competitive peptide modification was studied
by HPLC-ESI/MS, performing experiments in the same conditions
used for kinetic studies. Samples were prepared in the following
conditions: Cu" (25 uM) or Cu' (25 uM), the peptide (APis, APas,
AP, or PrPrii.) (50 uM), MC (3 mM), in the absence and
presence of SDS (20 mM) in SO mM HEPES buffer pH 7.4.
Copper(I) was generated as described above. Sulfuric acid was
added to quench the reaction (to pH~2) at different reaction times.
Before LC-MS/MS analysis, SDS was precipitated by the addition of
excess KCL After standing for 2 h in ice, samples were centrifuged
for 2 min. The supernatant was further left in ice for 30 min and
centrifuged for 2 min in order to minimize the SDS content. The
experiments of peptide modifications were also studied for DA (3
mM) oxidation reactions by Cu" (25 yM), in the absence and
presence of SDS (20 mM), with each one of the above peptides.
Quenching of the reactions and SDS elimination was performed as
described for reactions with MC. The elution of the mixtures for LC-
MS/MS analysis was carried out by using 0.1% HCOOH in distilled
water (solvent A) and 0.1% HCOOH in acetonitrile (solvent B),
with a flow rate of 0.2 mL/min. Elution started with 98% solvent A
for § min followed by a linear gradient from 98 to 55% A in 65 min.
In the case of AP samples, elution conditions were optimized with a
linear gradient from 98 to 0% A in 65 min.

NMR quantification of oxidized catechol. The consumption
of MC through 'H-NMR spectroscopy was monitored as reported
before.”> The spectra of reaction solutions containing MC were
recorded in S mM deuterated HEPES buffer at pH 7.4 (uncorrected
for isotope effect) and 20 °C. In the case of MC (3 mM), the
reaction started upon addition of copper(1I) nitrate (25 pM), in the
absence or presence of SDS (20 mM), for each the peptide
fragments APis, APas, APao, and PrPrerss (25 pM). The initial data
were obtained after 5 min, which is the time required to acquire a
reliable spectrum. The acquisition was repeated in the same
conditions every 30 min until 150 min reaction time. In order to
overcome the low availability of dioxygen in the NMR tube, the
reactions were carried out in an open vial and samples were
transferred to the NMR tube prior to each spectral recording. A
blank experiment performed entirely in the NMR tube confirmed
that the reaction rate of MC oxidation was much slower due to slow
diffusion of dioxygen to replace its consumption in the solution. All
measurements were performed at least in duplicate.
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