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ABSTRACT: The cellular prion protein (PrP®) binds to Cu®** ions in
vivo, and a misfolded form of PrP® is responsible for a range of
transmissible spongiform encephalopathies. Recently, disruption of Cu*"
homeostasis in mice has been shown to impart resistance to scrapie
infection. Using full-length PrP¢ and model peptide fragments, we
monitor the sequential loading of Cu** ions onto PrP® using visible
circular dichroism. We show the N-terminal amino group of PrP® is not
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the principal binding site for Cu®'; however, surprisingly, it has an

affinity for Cu®" tighter than that of the individual octarepeat binding sites present within PrPC. We re-evaluate what is
understood about the sequential loading of Cu** onto the full-length protein and show for the first time that Cu®* loads onto the
N-terminal amino group before the single octarepeat binding sites.

here is intense interest in Cu?* and other metal ions
binding to amyloidogenic proteins, in particular amyloid-f
peptide (Af) in Alzheimer’s disease, a-synuclein (aSyn) in
Parkinson’s disease, and the prion protein (PrP) in trans-
missible spongiform encephalopathies (TSEs)."” Cu®* ions
bind to PrP€ in vivo> and induce PrP endocytosis,* while PrP€
mediates Zn* ion uptake.® Recently, it has been shown that
transgenic mice with a Menkes disease (Atp7a) mutation are
resistant to scrapie infection, creating a strong link between
copper homeostasis and prion disease.’ Furthermore, prion-
related scrapie isolates have been found to contain Cu*" ions.”
Moreover, copper chelation has been shown to delay the onset
of prion disease in mice.® Interestingly, binding of Cu** to PrP®
has also been linked to A toxicity in Alzheimer’s disease.”'® It
is for these reasons that much effort has been directed at
characterizing the coordination and affinity of binding of Cu**
to PrP€ (for reviews, see refs 1, 11, and 12). As many as six
Cu’" ions have been shown to coordinate to the natively
unstructured N-terminal domain of PrP¢,*® with two binding
sites in the amyloidogenic region anchored at His''' and His™,
and up to four binding sites anchored at the four His residues
within the octarepeat region. Visible circular dichroism (Vis-
CD) has proven to be quite a powerful approach to study Cu**
coordination with broadly four different types of Cu>*
coordination described, which generate very different Vis-CD
spectra,'>”'®
The locus of binding of Cu** to both aSyn and Af has been
shown to directly involve coordination at the N-terminal amino
group.'”? In contrast, Cu** binding via the N-terminal amino
group of PrP¢ has not previously been highlighted.'"'> We
therefore wanted to probe Cu** coordination and affinity
directly at the N-terminal amino group of PrP®. Here we use
Vis-CD to directly monitor Cu** binding affinity using glycine
as a competitive ligand and compare binding of Cu®* to model
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peptides at the N-terminus to binding of Cu®" to full-length
PrPC.

B MATERIALS AND METHODS

Peptides. Fmoc chemistry was used to synthesize the
various peptides used. All peptides were C-terminally amidated
to mimic the continuation of the peptide sequence in the larger
protein. The peptides were removed from the resin and
deprotected before being purified by reverse-phase high-
performance liquid chromatography. The samples were
characterized using mass spectrometry and 'H nuclear magnetic
resonance spectroscopy. Peptides with amidated C-termini and
free N-terminal amino groups studied included KKR, MKXK,
and AAA. The single-octarepeat peptide and PrP(58—91) were
acetylated at their N-termini in addition to amidation at their
C-termini (sequences of GQPHGGGWGQP and GQPHGG-
GWGQPHGGGWGQPHGGGWGQPHGGGWGQP, respec-
tively) [purchased from Generon Ltd. (Maidenhead, U.K.)].

Circular Dichroism (CD). Typically, CD spectra were
recorded at 25 °C on an Applied Photophysics Chirascan
instrument between 260 and 800 nm, with sampling points
every 2 nm, using a 1 cm path-length cell. Three scans were
recorded, and baseline spectra were subtracted from each
spectrum followed by smoothing using a window of 6 nm. Data
were processed using an Applied Photophysics Chirascan
Viewer, Microsoft Excel, and the KaleidaGraph spreadsheet/
graph package. Molar ellipticity Ae (M™' cm™) spectra were
obtained through conversion of the direct CD measurements
(6, in millidegrees), using the relationship Ae = 6/(33000c),
where ¢ is the molar concentration and [ is the path length.
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Titrations. All chemicals were purchased from Sigma-
Aldrich at the highest purity available, and UHQ water was
used throughout (resistivity of 107'* Q™' cm™). Small aliquots
of fresh aqueous solutions were used to add metal ions (Cu’* as
CuCl,-2H,0) and glycine for titrations. Titrations were
conducted at pH 7.4 in the presence of 20 mM ethylmorpho-
line buffer.

The extinction coeflicient at 280 nm was used to determine
the concentration of full-length PrPC and fragments, calculated
from the total sum of the extinction coefficients for the number
of aromatic residues and disulfide bridges in the peptide: 5690
M cm™' multiplied by the number of Trp residues in the
peptide plus 1280 M~' cm™ multiplied by the number of Tyr
residues plus 120 M™' cm™ multiplied by the number of
disulfide bonds. Precise concentrations of peptides that did not
contain aromatic residues were obtained via Cu" titrations with
saturation at 1:1. Typically, the lyophilized peptide contained a
moisture content of 20%.

Electron Paramagnetic Resonance (EPR). EPR spectra
were recorded at 10 K using a Bruker Elexsys ES80
spectrometer at an X-band microwave frequency of 9.38
GHz, using a microwave power of 0.5 mW across a sweep
width of 2000 G, centered at 3000 G with a modulation
amplitude of 10 G. Single scans were recorded, and the baseline
spectrum was subtracted. Samples were loaded into an EPR
quartz tube with an outside diameter of 4 mm and an inside
diameter of 3 mm. Samples were run in 50 mM temperature-
independent pH buffer composed of 60% HEPES and 40%
phosphate buffer,”* at pH 7.5 or 10.

Affinity Measurements. Glycine, the competing Cu®**
chelator used in calculating the affinity of the Cu®*—peptide
complexes, forms a Cu(Gly), complex when bound to Cu*".
The individual affinities of each glycine binding must be taken
into account. The apparent affinities (K,; and K,,) at pH 7.4 are
7.4 x 10° and 7.4 X 10* M, respectively.

The concentration of Gly required for equal molar
equivalents of Cu** to be bound to both the peptide and
glycine is used to determine the affinity of Cu®* for the protein
using eq 1. The “free” Cu®" refers to the concentration of Cu®"
not bound to either glycine or PrP peptides. A worked example
of the calculation is given as Supporting Information.

24 24
[Cu total] - [Cll boundtoprotein]

1+ Kal[Glyt-ree] + KalKaZ([Gl}Iﬁee]z)

Kd = [Cu2+free] (1)

where at 50% saturation

2+ ;
[Cu boundtoprotein] = [PrOtelntotal] /2

2
[C;lyfree:| = [Glytotal at 50% saturation:| - [Cu +bound to proteinJ

B RESULTS AND DISCUSSION

First, we used visible CD to probe binding of Cu’* to a simple
tripeptide from the N-terminus of human/mouse PrP% KKR
(residues 23—25). The tripeptide MKK was also studied
because methionine is present in recombinant constructs of
full-length PrPC, previously used by ourselves and others. In the
presence of Cu®" ions at pH 7.4, the Vis-CD spectra of these
two different N-terminal sequences are essentially the same
with a negative ellipticity at 540 nm, associated with the d—d
electronic absorption band, and a positive band at 318 nm, as
shown in Figure 1. Cu** binds to these N-terminal tripeptides
with a 1:1 stoichiometry (see Figure S1 of the Supporting
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Figure 1. Visible CD and affinity of binding of Cu** to the N-terminus
of PrP€. Glycine competition binding curves taken at 540 nm for 200
M Cu* bound to (a) 200 uM KKR and (b) 200 uM MKK at pH 7.4.
Full spectra are inset for 0—20 molar equivalents glycine; the red trace
is that without glycine and the purple trace that with 20 molar equiv of
glycine. Calculated K values of 60 and S0 nM, respectively.

Information). EPR spectra of the paramagnetic Cu®* complex
of MKK and KKR indicate a square-planar (type II)
coordination geometry with A, and g, values typical of four-
nitrogen (4N) ligands at pH 10. This suggests the Cu**
coordination involves the N-terminal amino group and the
following amide main-chain nitrogens (Figure 2). At physio-
logical pH, the axial, square-planar, EPR spectrum is retained
but there is a clear shift in the A, and g values to those more

a) b)
|1 |1
—pH 10 —pH 10
—pH7.5 —pH7.5
2.8 24 2 2.8 24 2
g - factor g - factor

Figure 2. EPR spectra of Cu’* complexed to the N-terminal amino
group of PrP¢: (a) 200 uM KKR bound to 150 M Cu** at pH 7.5 and
10 and (b) 200 uM MKK bound to 150 uM Cu** at pH 7.5 and 10.
EPR spectra of the paramagnetic Cu®* complex indicate a square-
planar (type II) coordination geometry with A and g; values typical of
4N ligands at pH 10. There is a clear shift in the A, and g values at
physiological pH more typical of a 3N10 or 2N20 complex at pH 7.5.
An asterisk represents a contaminant.
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typical of nitrogen and oxygen ligands, a 3N1O or 2N20O
complex, as highlighted in a Peisach and Blumberg plot24 in
Figure S2 of the Supporting Information. The pH dependence
of the N-terminal complex is further probed by Vis-CD, as
shown in Figure S3 of the Supporting Information.

The affinity of the N-terminal tripeptides complex at pH 7.4
was determined using glycine as a competing ligand, as shown
in Figure 1. Nonchiral glycine has a known micromolar affinity
for Cu®*,*® and the resulting Cu(Gly), complex is CD silent.
Additions of increasing amounts of free glycine to the Cu—
peptide complexes causes a reduction in the magnitudes of the
CD bands at 540 and 318 nm. The concentration of glycine to
cause a 50% reduction in the CD band intensity can be used to
determine the apparent dissociation constant, Ky, at pH 7.4
(see Materials and Methods for details). It is clear from the
binding curves that the affinity for the tripeptides is 60 nM for
KKR and similarly 50 nM for MKK, compared to full-length
PrP¢ that has an affinity of ~20 nM for the first molar
equivalent of Cu®* binding to PrP¢."*

Table 1 compares the affinities of Cu** binding to
recombinant full-length PrP and smaller recombinant and

Table 1. Comparison of Cu’* Binding Affinities for Different
Sites on PrP® at pH 7.4

amino group (K of 50—60 nM) as binding of Cu®* to the N-
terminal amino group has not previously been identified.'""*
To support this observation, we performed a simple
competition experiment between a single octarepeat and an
N-terminal tripeptide. Figure 3 shows the Vis-CD spectrum of
an equimolar mixture of MKK and a single octarepeat
[PrP(58—68)] with increasing amounts of Cu®*. It is clear
that the Cu®* ions load sequentially onto the MKK tripeptides
first, as indicated by the initial appearance of a negative Vis-CD
band at 540 nm. At 1 molar equiv of Cu’* ions, a new set of
Vis-CD bands appear, typical for the very different Vis-CD
signals observed for binding of Cu** to a single octarepeat. This
sequential loading is highlighted by difference spectra shown in
panels ¢ and d of Figure 3. These data strongly support the
affinity measurements (Figure 1 and Table 1) indicating that
for these model peptide fragments, Cu®* preferentially binds to
the N-terminal amino group before the single octarepeats.
Next we performed a similar competition experiment with
the intact four-octarepeat peptide, PrP(58—91), shown in
Figure 4. The spectra are dominated by the more intense CD
bands for the individual octarepeats (Figure 4a). However, it is
clear from the plot of the normalized intensity of the CD signal
(Figure 4b) that the Cu* loads onto MKK (480 nm signal)
before the individual octarepeats (CD bands at S80 and 670
nm). The MKK band saturates at ~2 molar equiv because Cu*"

PrP fragment (fﬁ) PrP fragment (fﬁ) ions also form the tighter affinity tetrahistidine complex, which
NH,(KKR)* 61,64  PrP(23-231 Aocta)® 19 is Vis-CD silent. The bands at 580 and 670 nm, typical of Cu®*
NH,(MKK)* 4,40 hPrP(91—115 H96A) 26 ions bindir;g to a single octarepeat, saturate at ~S molar equiv
mPrP(23-231)" 20 mPrP(90—114)" 20 as one Cu”* jon binds each of the four octarepeats.
mPrP(57—67)" (single 200, mPrP(57-90)" (multiple 19¢ The wavelength of the Vis-CD signal for the N-terminal

octarepeat) 100° octarepeats) amino group binding in these competition experiments does

“Determined from Vis-CD bands at 540 and 318 nm. “Adapted from
ref 14. “Determined using tryptophan fluorescence instead of Vis-CD.

synthetic peptide fragments of PrP® (previously determined'*)
to those of the model N-terminal tripeptides studied here.
Previously, as many as 6 molar equiv of Cu®* has been shown to
bind PrP®. The tight binding mode is thought to involve all
four histidine residues from the octarepeat region (K4 of 20 nM
or tighter”’zs), along with two Cu®*" binding sites centered at
His''* and His™ (K of ~20 nM) with a weaker affinity (K; of
200 nM) for individual octarepeat binding sites.

We were surprised that binding of copper to the individual
octarepeats was weaker than binding of Cu®" to the N-terminal

not precisely match the CD spectra for the MKK tripeptide
alone with a negative peak centered at 540 nm. This is because
the single octarepeats have a positive CD signal at wavelengths
above 540 nm, which has the effect of canceling out the
negative N-terminal CD signal to the longer wavelengths and
so shifts the negative CD band to shorter wavelengths (~480
nm). This effect is apparent in Figures 3a, 4a, and Sb and also
the simulated data in Figure 5d.

Finally, we wanted to determine if there was evidence of
binding of Cu®" to the N-terminal amino group preferentially
over the individual octarepeats within full-length PrP“(23—
231). Figure S shows Vis-CD spectra of Cu®" binding full-
length mouse PrP“(23—231) adapted from data we have
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Figure 3. Visible CD competition of Cu** for MKK and an individual octarepeat. (a) MKK (100 M) and single octarepeat (100 4uM) with Cu** in
30 uM steps at pH 7.4 (red to purple). (b) Normalized intensity of the bands at 620 and 500 nm with an increasing level of Cu®*. (c) Data presented
in panel a for 0—1 molar equiv of Cu** (red to yellow) and 1 molar equiv of Cu** bound to MKK (black). (d) Data presented in panel a for the
following two equivalents with the spectrum from the first equivalent subtracted (light green to purple) and 1 molar equiv of Cu®** bound to a single
octarepeat (black). Cu®* preferentially binds to MKK over the single octarepeats.
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Figure 4. Visible CD competition of Cu®* for MKK and PrP(58—91). (a) MKK (100 M) and PrP(58—91) (100 M) with Cu** in 50 uM steps at
pH 7.4 (red to purple). (b) Normalized intensity of the bands at 480, 580, and 670 nm with an increasing level of Cu®*. (c) Data presented in panel a
for 0—1.5 molar equiv of Cu* (red to orange), highlighting the MKK contribution. (d) Difference spectra of the data presented in panel a for 2.5—8
molar equiv of Cu®* (light green to purple), with the spectrum from the second equivalent subtracted from the subsequent spectra. The signal from

MKK is not observed in the difference spectra.
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Figure S. Visible CD of Cu** bound to full-length PrP¢(23—231). (a) Titration of Cu*" into PrP(23—231) in 0.3—2 molar equiv. (b) Cu?* (2—9
molar equiv) bound to PrP(23—231) with the first 2 molar equiv subtracted. (c) Simulated Vis-CD spectra of the titration of the first 2 molar equiv
of Cu** into PrP(23—231) from individual spectra of PrP(107—111) and PrP(92—96) (inset). (d) Simulated Vis-CD spectra of the subsequent
titration of Cu®* into PrP(23—231) after the first 2 molar equiv from individual spectra of MKK plus four single octarepeats (inset). The arrow
indicates the signal assigned to binding at the N-terminal amino group; there is a shift from 540 nm for the MKK signal to 480 nm because of overlap
with the octarepeat signal. Panels (a) and (b) are taken from data previously published."®

previously published.'® The general appearance of the series of
spectra is rather complicated because of the multiple binding
modes of Cu?', as shown in Figure S4 of the Supporting
Information. However, when the spectrum after the addition of
the first 2 molar equiv of Cu®* (Figure Sa) is subtracted from
subsequent spectra (Figure Sb), a clearer picture of Cu®"
binding sites sequentially loading onto PrP® is apparent. In
previous studies, the significance of the relatively weak negative
CD band centered at ~470 nm was overlooked. When these
data are revisited, it is clear that this Vis-CD band is due to
Cu®* binding at the N-terminal amino group. Panels ¢ and d of

3937

Figure S show how binding of Cu** to individual sites using
small peptide fragments contributes almost precisely to the
appearance of the Vis-CD spectrum for the full-length protein,
with Cu*" binding centered at His** and His"'* (Figure Sa,c)
followed by binding at the N-terminal amino group and
individual octarepeats (Figure Sb,d). Note that the tighter
binding for the multiple octarepeats (Ky of 20 nM) is not
observed in Vis-CD as it does not give a signal because there is
no coordination to the chiral main chain. The sequential
loading agrees with the affinities calculated (listed in Table 1).
In full-length PrP(23—231), it is clear that binding at the N-

dx.doi.org/10.1021/bi500643b | Biochemistry 2014, 53, 3934—3939



Biochemistry

terminal amino group has an affinity similar to or tighter than
that of binding at the individual octarepeats.

Biological Significance. PrP® is responsible for generating
a range of TSEs in humans, cattle, and sheep and is linked with
Cu®* ion imbalance.® The presence of Cu®" is associated with
scrapie prion isolates and strains of prion disease,” and Cu**
destabilizes the native fold of PrP®.?® Furthermore, Cu* binds
to PrPC in vivo at the synapse® and can trigger PrP€
endocytosis.* The concentration of Cu?** can reach 15—250
UM at the synapse after neuronal depolarization;**’
sequently, nanomolar affinity is tight enough for binding to
occur in vivo. The modes of binding of Cu** to PrP® via
multiple histidines, rather than individual histidines within the
octarepeats,'”** or within the amyloidogenic region (His*> and
His''?) have a considerably tighter affinity than the N-terminal
amino group. The binding of Cu®* at the N-terminal amino
group of PrPC is not a novel coordination mode as most
proteins could bind Cu®* in this way with similar ~60 nM
affinities. The principal Cu** binding site of Af and aSyn
involve the N-terminal amino group but with a 1000-fold
tighter affinity, with K values of 50 pM** and 200 pM,*®
respectively. These tighter affinities are due to the additional
involvement of side-chain coordination. This raises the
question of whether in vivo, loading of Cu®" to the relatively
weak individual octarepeat binding sites is physiologically
significant. However, PrP¢ is marked by its well-conserved
natively unstructured domain of ~100 residues that is capable
of binding multiple Cu®** ions. The transient high occupancy of
these binding sites should not be ruled out during fluxes of
Cu?" ions in the microenvironment of the synaptic cleft.

con-
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Detailed affinity calculations, Cu®* coordination, and pH
dependence of KKR and MKK complexes. This material is
available free of charge via the Internet at http://pubs.acs.org.
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