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ABSTRACT: In recent studies, the amyloid fibrils produced in vitro from recombinant prion protein
encompassing residues 89-230 (rPrP 89-230) were shown to produce transmissible form of prion disease
in transgenic mice (Legname et al., (2004)Science 305, 673-676). Long incubation time observed upon
inoculation of the amyloid fibrils, however, suggests that the fibrils generated in vitro have low infectivity
titers. These results emphasize the need to define optimal conditions for prion conversion in vitro, under
which high levels of infectivity can be generated in a cell-free system. Because copper(II) has been
implicated in normal and pathological functions of the prion protein, here we investigated the effect of
Cu2+ on cell-free conversion of recombinant PrP. Our results show that at pH 7.2 and at micromolar
concentrations, Cu2+ inhibited conversion of full-length recombinant PrP (rPrP 23-230) into amyloid
fibrils. This effect was most pronounced for Cu2+, and less so for Zn2+, while Mn2+ had no effect on the
conversion. Cu2+-dependent inhibition of the amyloid formation was less effective at pH 6.0, at which
rPrP 23-230 displays lower Cu2+-binding capacity. Using rPrP 89-230, we found that Cu2+-dependent
inhibition occurred even in the absence of octarepeat region; however, it was less effective. Our further
studies indicated that Cu2+ inhibited conversion by stabilizing a nonamyloidogenic PK-resistant form of
R-rPrP. Remarkably, Cu2+ also had a profound effect on preformed amyloid fibrils. When added to the
fibrils, Cu2+ induced long-range coiling of individual fibrils and enhanced their PK-resistance. It, however,
produced only minor changes in their secondary structures. In addition, Cu2+ induced further aggregation
of the amyloid fibrils into large clumps, presumably, through interfibrillar coordination of copper ions by
octarepeats. Taken together, our studies suggest that the role of Cu2+ in the pathogenesis of prion diseases
is complex. Because Cu2+ may inhibit prion replication, while at the same time stabilize disease-specific
isoform against proteolytic clearance, the final outcome of copper-induced effect on progression of prion
disease may not be straightforward.

A variety of neurodegenerative diseases that can be
infectious, inherited, or sporadic in origin are linked to the
misfolding and aggregation of the prion protein (PrP)1 (1).
A key event in all three forms of prion diseases is the
conversion of the normal isoform of the prion protein, PrPC,
into the abnormal pathological isoform, PrPSc. This conver-
sion involves a substantial conformational change: PrPC is
a proteinase K (PK)-sensitiveR-helical monomer, whereas
PrPSc is an assembled multimer characterized by enhanced
resistance toward PK digestion and increased amount of

â-structure (2, 3). The “protein only” hypothesis of prion
propagation postulates that PrPSc acts as a transmissible agent
and that it self-propagates its pathological conformation in
an autocatalytic manner using PrPC as a substrate (4).

Recombinant PrP (rPrP) was proven to be a valuable
biophysical model for elucidating structural aspects of prion
replication. In itsR-helical conformation, rPrP resembles
PrPC, as both proteins were shown to have similar secondary
and tertiary structure (5). The N-terminal domain ofR-rPrP
(residues 23-123) is highly flexible and lacks any identifi-
able secondary structure in the absence of Cu2+ (6, 7). In
contrast, the C-terminal domain (residues 124-231) is folded
and contains threeR-helices and two shortâ-strands (7-9).

Substantial effort has been dedicated to the development
of an experimental protocol for reconstitution of the infec-
tious PrPSc from rPrP in vitro (10-19). In our previous
studies using mouse rPrP encompassing residues 89-230
(Mo rPrP 89-230), we developed a cell-free conversion
system that generates amyloid isoforms of rPrP 89-230 (20,
21). When inoculated into transgenic mice expressing only
PrP 89-230, these amyloid fibrils of Mo rPrP 89-230
induced prion disease that could be efficiently transmitted
to both wild-type and transgenic mice (22). Long incubation
time observed upon inoculation of the amyloid fibrils,
however, suggests that the fibrils generated in vitro have low
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infectivity titers. Are there any other molecules involved in
production of infections prions? One may speculate that yet
unidentified cellular cofactors may be required to produce
fibrils with higher infectivity titers in vitro. Several classes
of macromolecules and different bivalent metal ions were
shown to bind to PrP and, specifically, to the N-terminal
region of PrP encompassing residues 23-90 (17, 23-25).
While the N-terminal region is not critical for transmission
of prions (26, 27), this region impacts conformational
diversity of PrPSc conformers (28) and, therefore, may also
influence structural properties of fibrils generated in vitro.

Among different cofactors that bind to PrP, copper was
proven to be able to modulate the pathogenesis of prion
disease (29-32). Despite numerous studies, however, it still
remains unclear whether copper ions promote or attenuate
the prion disease (31, 33-35). The presence of copper was
shown to reduce the accumulation of PrPSc in the scrapie-
infected neuroblastoma cells (31). Furthermore, a significant
delay in prion disease onset was observed when scrapie-
infected animals were treated with copper (31). Contrary to
above observations, other studies reported that copper
chelation delayed the onset of prion disease (32). Moreover,
humans with PrP genes coding for extra octarepeats, regions
that bind copper ions, were found to be predisposed to
familial Creutzfeldt-Jakob disease (36). Finally, copper was
also shown to promote a conversion of rPrP 23-230 into
the PK-resistant form in vitro (34) or to help recover the
infectivity and PK-resistance of partially denatured PrPSc

(37). Taken together, these studies illustrate the complexity
of copper effects on development of prion diseases.

In an effort to understand the role of copper in formation
of PrPSc, we studied the effect of copper on the cell-free
conversion of full-length recombinant mouse PrP (rPrP 23-
230) into amyloid fibrils. rPrP 23-230 contains several Cu2+-
binding sites. Up to four Cu2+ ions were shown to bind to
the octarepeat region, which is composed of multiple tandem
copies of the eight-residue sequence (38-44).The octarepeat
region located between residues 60 and 91 and was found
to bind Cu2+ in a cooperative manner (43) and with high
selectivity (39-41, 44). An additional Cu2+-binding site that
binds up to two Cu2+ ions was identified recently within
residues 92 and 111 (45-47). It is reasonable to speculate
that binding of Cu2+ to R-rPrP may affect the pathways of
misfolding and, therefore, substantially impact the physical
properties of amyloid fibrils generated in vitro (45).

In the current studies, we investigated the effect of Cu2+

on cell-free conversion of recombinant mouse PrP proteins.
Surprisingly, we found that Cu2+ inhibited conversion of rPrP
23-230 into amyloid fibrils. Cu2+-dependent inhibition was
less effective at pH 6.0, at which rPrP 23-230 has lower
Cu2+-binding capacity than at pH 7.2. Among the three metal
ions tested, Cu2+ had the strongest effect on the conversion;
Zn2+ had an intermediate effect, and Mn2+ had no effect at
all. Using mouse rPrP 89-230, we showed that the octa-
repeat region was not required for inhibition of fibril
formation; however, the presence of octarepeats resulted in
a stronger effect. Our data indicated that Cu2+-dependent
inhibition was presumably due to formation of the nonamy-
loidogenic PK-resistant form ofR-rPrP. Furthermore, Cu2+

also enhanced PK-resistance of preformed fibrils, induced
long-range coiling of individual fibrils, and initiated ag-
gregation of the amyloid fibrils into large clumps. Our studies

illustrate that the potential effects of Cu2+ on pathogenesis
of prion disease are complex and can be mediated through
its interaction with both normal and disease-specific isoforms
of PrP.

MATERIALS AND METHODS

Protein Expression and Purification.We thank Sylvain
Lehmann for providing plasmids containing the genes
encoding mouse PrP. Mouse rPrP encompassing residues
89-230, was expressed and purified as described earlier (21).
The purified proteins were confirmed to be single species
with an intact disulfide bond by SDS-PAGE and electro-
spray mass spectrometry.

Mouse PrP 23-231 DNA was PCR amplified from
pcDNA3 plasmid containing the full-length PrP gene,
inserted into pET101/D-TOPO vector (Invitrogen), and
transformed into Top10 cells (Invitrogen). The transformants
were tested by PCR amplification; the DNAs from the
positive clones were checked by DNA sequencing and
retransformed into BL21(DE3) Star cells (Invitrogen). For
the expression, transformants were inoculated into 10 mL
of LB/carbenicillin medium (0.1 mg/mL carbenicillin) and
were grown at 37°C for 3.5 h. The entire culture was
inoculated into 90 mL of LB/carbenicillin medium and grown
overnight (∼16 h). Five percent of the overnight culture was
inoculated into the TB medium (300 mL) supplemented with
carbenicillin (0.1 mg/mL) and grown at 37°C until theA600 nm

reached 0.6. Expression was induced by addition of iso-
propyl-â-D-thiogalactopyranoside (Sigma) to the final con-
centration of 1 mM, and the culture was grown for an
additional 5 h. The cells were harvested by centrifugation,
resuspended in lysis buffer (50 mM Tris, 1 mM EDTA, and
100 mM NaCl, pH 8; 9 mL/g of pellet), followed by the
addition of lysozyme (200µg/mL) and PMSF (20µg/mL)
with subsequent incubation on ice for 20-40 min. Deoxy-
cholic acid (1 mg/mL) was added followed by an incubation
on ice for 20-30 min, subsequent addition of DNAse (10
µg/mL), and final incubation for 30-45 min. The lysate was
centrifuged at 20 000g for 20 min. The resulting pellet was
dissolved in IMAC buffer A (5 mL/g of pellet, 0.1 M Na2-
HPO4, 10 mM Tris, 8 M urea, and 10 mMâ-mercapto-
ethanol, pH 8;), incubated for 2 h atroom temperature, and
centrifuged at 20 000g for 15 min to remove insoluble
material. The solubilized inclusion bodies were incubated
with NTA Fast Flow Sepharose resin (Amersham Bio-
sciences, Sweden) pre-charged with Ni-ions at room tem-
perature for 1 h in end-over-end mixer. The NTA column
was washed with 5 vol of IMAC buffer A, followed by
elution of rPrP in IMAC buffer B (0.1 M Na2HPO4, 10 mM
Tris, 8 M urea, and 10 mMâ-mercaptoethanol, pH 4.5).
Fractions containing rPrP were diluted to a final protein
concentration of 0.3 mg/mL using 9 M urea in 0.1 M Tris
buffer, pH 8.0, and dialyzed against the same buffer to
eliminateâ-mercaptoethanol and to oxidize the protein. After
oxidation, rPrP was dialyzed against the same buffer contain-
ing 10 mM EGTA. The dialyzed solution was diluted 3-fold
with buffer I (0.1% trifluoroacetic acid/H2O), loaded on a
25 mm× 25 cm C4 HPLC column (Vydac), and eluted using
a gradient of buffer II (0.1% trifluoroacetic acid/acetonitrile).
Fractions containing rPrP were eluted in 40% acetonitrile
and lyophilized. The purified rPrP was confirmed by SDS-
PAGE and electrospray mass spectrometry to be single
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species with an intact disulfide bond. An amount of 20 mg
of >99% pure rPrP was obtained per liter of cell culture.

In Vitro Refolding of rPrP to theR-Helical Form and to
the Amyloid Fibrils. To convert rPrP 23-230 or rPrP 89-
230 to theR-helical forms, stock solutions of rPrPs (130
µM) in 6 M GdnHCl were diluted to the final protein
concentration of 22µM in 10 mM Tris-HCl buffer, pH 6.5,
at room temperature and dialyzed against 10 mM Tris-HCl
buffer, pH 6.5.

To form amyloid fibrils, a stock solution of rPrP 23-230
(130 µM) in 6 M GdnHCl was diluted to the final protein
concentration of 22µM and incubated at 37°C in 20 mM
Na-acetate buffer (pH 5.0), 1 M GdnHCl, 3 M urea, and
150 mM NaCl with continuous shaking at 600 rpm using a
Delfia plate shaker (Wallac) in conical plastic tubes
(Eppendorf) in a reaction volume>0.4 mL for 36 h. The
yield of fibril formation was monitored using a ThT-binding
assay. Aliquots withdrawn during the time course of incuba-
tion at 37°C were diluted into 5 mM Na-acetate buffer (pH
5.5) to a final concentration of rPrP 23-230 of 0.3µM, then
ThT (Molecular Probes, Eugene, OR) was added to a final
concentration of 10µM. Six emission spectra (from 460 to
520 nm) were recorded for each sample in a 0.4 cm
rectangular cuvette with excitation at 445 nm on a Fluoro-
Max-3 fluorimeter (Jobin Yvon, Edison, NJ); both excitation
and emission slits were 4 nm. Spectra were averaged, and
the fluorescence intensity at emission maximum (482 nm)
was determined. In a typical experiment, the level of ThT
fluorescence increased from 50 000 CPS at time zero to
1 400 000 CPS upon 36 h of incubation as measured for 0.3
µM of rPrP 23-230. The amyloid fibrils were dialyzed
against 10 mM Na-acetate buffer, pH 5.0, and stored at+4
°C.

Monitoring the Kinetics of Amyloid Formation. The effect
of metal ions on the kinetics of amyloid formation was
monitored using an automated format. Stock solutions of rPrP
23-230 (130µM) or rPrP 89-230 (100µM) in 6 M GdnHCl
were diluted to the final protein concentration of 1µM for
rPrP 23-230 or 2µM for rPrP 89-230 and incubated in 50
mM Hepes buffer (pH 7.2 or pH 6.0), 2 M GdnHCl, and
0.15 mM NaCl in the reaction volume of 0.2 mL in 96-well
plates and in the presence of ThT (10µΜ). Our preliminary
studies using the manual format demonstrated that the
presence of 10µΜ ThT in the reaction mixture does not
interfere with the kinetics of amyloid formation. Because
ThT fluorescence was monitored directly from 96-well plates
without withdrawing aliquots, we were able to reduce the
concentration of rPrP 23-230 down to 1 µM in the
conversion reaction. We also replaced 3 M urea used in our
previous in vitro conversion protocol (21) with 2 M GdnHCl
in the current study to minimize interactions between the
buffer and divalent cations. The 96-well plates were covered
by ELAS septum sheets (Spike International) and incubated
at 37°C upon continuous shaking at 900 rpm in Fluoroskan
Ascent CF microplate reader (ThermoLabsystems), and the
kinetics was monitored by bottom-reading of fluorescence
intensity every 10 min using 444 nm excitation and 485 nm
emission filters. Every set of measurements was performed
in triplicates, and the results were averaged. At least two
sets of measurements were performed for each tested
concentration of metal ions.

The kinetics of the amyloid formation monitored in an
automated assay were analyzed by fitting time-dependent
changes in fluorescence of ThT (F) versus time of the
reaction (t) to the following equation (48):

whereA is the initial level of ThT fluorescence during the
lag-phase,B is the difference between final level of ThT
fluorescence and the initial level during the lag-phase,k is
the rate constant of amyloid formation (h-1), tm is the
midpoint of transition, andc is the empirical parameter
describing changes in ThT fluorescence after transition. The
length of the lag-phase (tl) of amyloid formation was
calculated astl ) tm - 2/k.

Proteinase K Digestion. In a typical experiment, the
R-helical form or the amyloid fibrils of rPrP 23-230 (0.1
mg/mL) were treated with PK at 37°C for 1 h in 50 mM
Hepes buffer (pH 7.2). Digestion was stopped by quenching
with PMSF (2 mM), followed by addition of 4× sample
buffer and 8 M urea to a final concentration of 3 M. Samples
were heated at 95°C for 15 min and analyzed by precast
12% NuPage SDS-PAGE (Invitrogen).

Size-Exclusion Chromatography. The aggregation of rPrP
23-230 and rPrP 89-230 was monitored by HPLC size-
exclusion chromatography at 23°C with a flow rate of 0.3
mL/min using a 4.6 mm× 30 cm TSK Super SW 3000
HPLC column (Tosoh Bioscience, Tokyo, Japan) in a
running buffer of 50 mM Hepes (pH 7.0), 2 M GdnHCl,
and 0.15 M NaCl. Running buffer for the samples incubated
with Cu2+ was supplemented with 100µM CuCl2. GdnHCl
was used to avoid adsorption of rPrP to the column resin.

Electron Microscopy.Negative staining was performed on
carbon-coated 100-mesh grids coated with 0.01% of poly-
L-lysine solution prior to staining. The samples were adsorbed
for 30 s, washed with 0.1 and 0.01 M Na-acetate for 5 s
each, stained with freshly filtered 2% uranyl acetate for 30
s, dried, and then viewed in a Zeiss EM 10 CA electron
microscope.

FTIR and CD Spectroscopy.CD spectra of freshly
preparedR-rPrP 23-230 (0.28 mg/mL) were recorded in 2
mM Hepes buffer (pH 7.2) in a 0.1-cm cuvette with a J-810
CD spectrometer (Jasco, Easton, MD), scanning at 20 nm/
min, with a bandwidth of 1 nm and data spacing of 0.5 nm.
Each spectrum represents the average of five individual scans
after subtracting the background spectra.

FTIR spectra were measured with a Bruker Tensor 27
FTIR instrument (Bruker Optics, Billerica, MA) equipped
with MCT detector cooled with liquid nitrogen. An amount
of 10 µL of aqueous solution of rPrP 23-230 fibrils (0.5
mg/mL) in 50 mM Hepes buffer (pH 7.2) was loaded into
BioATRcell II. A total of 256 scans at 2 cm-1 were collected
for each sample under constant purging with nitrogen,
corrected for water vapor, and background spectra of buffer
were subtracted.

Real-Time Imaging by Epifluorescence Microscopy.Fibrils
of rPrP 23-230 were diluted into 50 mM Hepes buffer (pH
7.2) in plastic tubes (Eppendorf) to a final concentration of
rPrP 23-230 equivalent to 0.3µM, and incubated in the
absence or in the presence of 100µM CuCl2. ThT was added
to a final concentration of 10µM before measurements, a

F ) A + (B + ct)/(1 + exp [k(tm - t)] (1)
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20 µL drop was placed on a cover slip and analyzed by
epifluorescence microscopy.

Epifluorescence microscopy was carried out on an inverted
microscope (Nikon Eclipse TE2000-U) with illumination
system X-Cite 120 (EXFO Photonics Solutions Inc.) con-
nected through fiber-optics using a 1.3 aperture Plan Fluor
100× NA objective. The emission was isolated from
Rayleigh and Raman-shifted light by a combination of
filters: an excitation filter 485DF22, a beam splitter 505DRL-
PO2, and an emission filter 510LP (Omega Optical, Inc.).
Digital images were acquired using a cooled 12-bit CoolSnap
HQ CCD camera (Photometrics).

RESULTS

Cu2+ and Zn2+, but not Mn2+, Inhibit ConVersion of rPrP
23-230 into the Amyloid Fibrils at pH 7.2.The cell-free
conversion of rPrP 23-230 into amyloid fibrils was moni-
tored using automated format in 96-well plates at rPrP 23-
230 concentration of 1µM (see Materials and Methods). At
pH 7.2, the conversion reaction displayed a lag-phase of 6.1
h (Figure 1A) (the length of the lag-phase was calculated as
described in Materials and Methods). As judged from the
length of the lag-phase, Cu2+ inhibited conversion of rPrP
23-230 into amyloid fibrils (Table 1). Addition of 1 µM
CuCl2 (1 M equiv of Cu2+ per rPrP 23-230) increased the
lag-phase by 17%. In the presence of 10µM of CuCl2, the
lag-phase increased from 6.1 to 9.8 h (by 60%). No fibrils
were detected for at least 60 h of incubation in the presence
of 100 µM CuCl2 (Figure 1A). Thus, substantial inhibition
was achieved, when more than 1 M equiv of Cu2+ was added
to the reaction mixture.

To make sure that fibril formation was not affected by
metal ions that might be copurified with rPrP 23-230, we

tested the effect of three different chelating agents: EDTA,
EGTA, and TPEN. If rPrP 23-230 contained substantial
amount of metal ions, addition of a chelating agent would
shorten the lag-phase. None of the three chelating agents
was able to facilitate the conversion reaction (Figure 1D).

Besides Cu2+, other bivalent metal ions also bind to PrP
(25, 49, 50), so we tested the effect of Zn2+ and Mn2+ on
the conversion reaction. We found that Zn2+ inhibited fibril
formation; however, the efficacy of inhibition was lower than
that of Cu2+. In the presence of 1, 10, or 100µM of ZnCl2,

the length of the lag-phase increased by 8%, 40% and 120%,
respectively (Figure 1B, Table 1). Mn2+ did not have any
notable effects on the conversion reaction even at a concen-
tration of 1 mM (Figure 1C). These experiments demon-
strated that at neutral pH, the conversion of rPrP 23-230
into amyloid conformation is efficiently inhibited by Cu2+

and to a less degree by Zn2+, but not by Mn2+. Our data are
consistent with previous observation that Mn2+ does not bind
to the octarepeat region of PrP (44).

Cu2+-Induced Inhibition of the Amyloid Formation Is Less
EffectiVe at pH 6.0. Previous studies demonstrated that the
binding stoichiometry of Cu2+ to the octarepeat region of
PrP is pH-dependent, with four Cu2+ bound at pH 7.4 and
only two Cu2+ bound at pH 6.0 (40-43). The reduced Cu2+-
binding capacity of PrP, as observed at pH 6.0, is believed
to be due to high pH sensitivity of glycine amide-Cu
linkages and/or change in protonation states of the histidine
residues (33). Therefore, next we set to determine whether
the inhibitory effect of Cu2+ is maintained at pH 6.0. We
found that the conversion of rPrP 23-230 into fibrillar form
is inhibited even at pH 6.0, however, Cu2+-induced inhibition
was less efficient than those observed at pH 7.2 (Figure 2,
Table 1). At pH 6.0, the length of the lag-phase of amyloid
formation in the absence of Cu2+ was longer by 44% relative
to those observed at pH 7.2. This increase observed at slightly
acidic pH was consistent with our previous observation of
pH dependence of fibrils formation (21, 51). Addition of
CuCl2 at 10 and 100µM increased the lag-phase by 50%
and 110%, respectively, relative to that determined at pH
6.0 in the absence of copper (Table 1). Thus, at pH 6.0, the
conversion occurred even in the presence of 100µM CuCl2,
whereas no fibril formation was observed at pH 7.2 in the
presence of the same amount of copper for at least 60 h.

Cu2+ Inhibits Fibrils Formation in the Absence of Oct-
arepeats.In addition to the octarepeat region that contains
four potential Cu2+-binding sites, an additional site for
binding of one or two copper ions was identified within
residues 92-111 (45-47). To determine whether binding
of Cu2+ to the fifth binding site affects amyloid formation,

FIGURE 1: Cu2+ and Zn2+, but not Mn2+, inhibit the conversion of
rPrP 23-230 into the amyloid fibrils at pH 7.2. The kinetics of
fibril formation for 1 µM of rPrP 23-230 as a function of
concentration of Cu2+ (A) at 1 µM (O), 10 µM (1), 100µM (3),
and in the absence of Cu2+ (b); as a function of concentration of
Zn2+ (B) at 1µM (O), 10µM (1), 100µM (3), and in the absence
of Zn2+(b); as a function of concentration of Mn2+ (C) at 100µM
(O), 1 mM (1), and in the absence of Mn2+(b); and in the presence
of the following chelators (D): 10 mM EDTA (O), 1 mM EGTA
(1), and 1 mM TPEN (3), and in the absence of chelators (b).
The conversion reactions were carried out at 37°C in 50 mM Hepes
buffer (pH 7.2), 2 M GdnHCl, and 0.15 M NaCl and monitored by
ThT fluorescence using the automated format.

Table 1: Effect of Cu2+ and Zn2+ on the Length of Lag-Phase (in
Hours) of rPrPs in Vitro Polymerization

amount of CuCl2 or ZnCl2 in the reaction

rPrP ion pH none 1µM 10 µM 100 µM 1 mM

rPrP 23-230 Cu2+ 7.2 6.1a 7.1 9.8 >60 -
Cu2+ 6.0 8.8 8.9 13.1 18.5 -
Zn2+ 7.2 6.1 6.6 8.5 13.4 -

rPrP 89-230 Cu2+ 7.2 20.1 21.7 33.2 52.8 -
Zn2+ 7.2 20.1 - - 32.0 43.8

a The length of the lag-phase are shown in hours and were calculated
by fitting the kinetic curves to the eq 1 as described in Materials and
Methods.
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we used a truncated recombinant mouse PrP encompassing
residues 89-230 (rPrP 89-230). In the absence of Cu2+,
rPrP 89-230 converts to the fibrillar form with a lag-phase
of 20.1 h (Figure 3A). This result is consistent with an
experimental observation in transgenic mice that elimination
of the octarepeat region slows down disease progression (52).
Addition of CuCl2 at concentrations of 1, 10, and 100µM
to the reaction mixtures increased the lag-phase by 8%, 65%,
and 162%, respectively (Figure 3A, Table 1). In the presence
of 100 µM and 1 mM ZnCl2, the length of the lag-phase
increased by 59% and 118%, respectively (Figure 3B, Table
1). Mn2+ showed only slight inhibition at a concentration of
1 mM (Figure 3B). The copper-dependent inhibition effect
is most likely mediated by the binding of Cu2+ to the residues
96-111. Because higher concentrations of Zn2+ were
required to achieve the same inhibitory effect, the fifth
binding site seems to have high selectivity for Cu2+. Overall,
these data illustrate that Cu2+ inhibits PrP conversion even
in the absence of the octarepeat region. However, Cu2+-

dependent inhibition is more effective for full-length rather
then for truncated rPrP.

Cu2+ Causes the Aggregation ofR-rPrP 23-230 and
R-rPrP 89-230.To gain insight into the mechanism of Cu2+-
dependent inhibition of the in vitro conversion, we set to
determine whether Cu2+ induces nonspecific aggregation of
R-rPrPs, a process which may interfere with the conversion
into fibrillar form. Both R-rPrP 23-230 andR-rPrP 89-
230 were incubated in the presence of 100µM CuCl2 under
the same solvent conditions that were used for the conversion
reaction but without shaking. In the absence of shaking, no
fibrils were detected in the reaction mixture as judged from
a ThT assay (data not shown). Aggregation was measured
by size-exclusion chromatography based on the decrease in
fraction of monomeric species (Figure 4A). In the absence
of Cu2+, both proteins aggregated very slowly with ap-
proximately 80% of rPrPs remaining in monomeric forms
after 20 h of incubation (Figure 4B). In the presence of Cu2+,
the population of monomeric species of both proteins
dropped down to 80% only within 15 min after the addition
of CuCl2 (Figure 4B). Because no species of higher oligo-
merization state eluted from the column even in the excluded
volume (Figure 4A), Cu2+ seemed to have caused aggrega-
tion of rPrP into large particles, which had adsorbed to the
column. rPrP 23-230 displayed a higher rate of aggregation
than rPrP 89-230 did. This result is consistent with previous
observations that the copper ions cause PrP aggregation and
that full-length PrP is more prone to aggregation than rPrP

FIGURE 2: Cu2+ inhibits the conversion of rPrP 23-230 into the
amyloid form to lesser degree at pH 6.0. The kinetics of fibril
formation for 1µM of rPrP 23-230 as a function of concentration
of Cu2+ at 1µM (O), 10 µM (1), 100µM (3), and in the absence
of Cu2+ (b). The conversion reactions were carried out at 37°C in
50 mM Hepes buffer (pH 6.0), 2 M GdnHCl, and 0.15 M NaCl
and monitored by ThT fluorescence using the automated format.
An increase of the lag-phase observed at pH 6.0 in the absence of
Cu2+ relative to that measured at pH 7.2 is in agreement with our
previous studies of pH dependency of amyloid formation (21, 51).

FIGURE 3: Cu2+ and Zn2+, but not Mn2+, inhibit the conversion of
rPrP 89-230 into the amyloid form at pH 7.2. The kinetics of fibril
formation for 2µM of rPrP 89-230 as a function of concentration
of Cu2+ (A) at 1 µM (O), 10 µM (1), 100 µM (3), and in the
absence of Cu2+ (b); and as a function of concentration of either
Mn2+ or Zn2+ (B) at 100µM Mn2+(O), 1 mM Mn2+(1), 100µM
Zn2+ (3), 1 mM Zn2+ (9), and in the absence of metal ions (b).
The conversion reactions were carried out at 37°C in 50 mM Hepes
buffer (pH 7.2), 2 M GdnHCl, and 0.15 M NaCl and monitored by
ThT fluorescence using the automated format.

FIGURE 4: Cu2+ causes aggregation ofR-rPrP 23-230 andR-rPrP
89-230. (A) Size-exclusion chromatography profile of original
R-rPrP 23-230 (brown line) and profiles obtained upon incubation
for 15 min (orange line), 2 h (yellow line), and 20 h (green line) in
the presence of 100µM Cu2+. (B) The kinetics of nonspecific
aggregation of theR-rPrP 23-230 (O, 3) and theR-rPrP 89-230
(b, 1) in the absence of copper (circles) and in the presence of
100 µM Cu2+ (triangles) presented as a decrease of monomer
species. TheR-helical forms of rPrP 23-230 (2µM) or rPrP 89-
230 (6µM) were incubated under solvent conditions used for the
conversion reaction (50 mM Hepes buffer pH 7.2, 2 M GdnHCl,
and 0.15 M NaCl) at 37°C but without shaking, and the amount
of monomer form was determined by size-exclusion chromatog-
raphy. Data points represent the mean( standard deviation for
triplicate samples.
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89-23 (34, 53, 54). High-aggregation propensity of rPrP
23-230 may account in part for more effective Cu2+-
dependent inhibition of the conversion reaction for rPrP 23-
230 when compared to that of rPrP 89-230.

In the presence of 100µM Zn2+ or 100 µM Mn2+, the
levels of aggregation for both full-length and truncated
R-rPrPs were the same as those observed for the same
proteins without metal ions, respectively (data not shown).
While 100µM Mn2+ had no detectable effect on the kinetics
of fibril formation and on nonspecific aggregation, 100µM
Zn2+ displayed a weak inhibitory effect on amyloid formation
(Figure 1). Zn2+-induced inhibition, however, was substan-
tially less effective than those caused by Cu2+ (Table 1).

Cu2+ Increases PK-Resistance of Both theR-Helical and
the Amyloid Forms of rPrP 23-230 at pH 7.2.Our finding
that Cu2+ inhibits the in vitro conversion of PrP into fibrillar
form seems to contradict several studies, which proposed
that Cu2+ stimulated the conversion of PrPC into PrPSc (32,
34, 37). In these studies, Cu2+ was shown to promote a
conversion of rPrP 23-230 into the PK-resistant form (34)
or to help recover the infectivity and PK-resistance of
partially denatured PrPSc (37). Therefore, next we were
interested to determine whether Cu2+ stimulates the conver-
sion of R-rPrP 23-230 into PK-resistant conformation.

We found that in the absence of copper,R-rPrP 23-230
was fully digested upon treatment with low concentration
of PK (0.2µg/mL of PK, PK/rPrP ratio 1:500) (Figure 5A,
left panel). Upon incubation with 100µM of CuCl2 for 1 h,
a substantial fraction of full-length rPrP polypeptides re-
mained intact even after treatment with 10-fold higher
concentration of PK (PK/rPrP ratio 1:50) (Figure 5A, right
panel). Previous studies showed that PK activity is not
affected by the addition of 100µM CuCl2 (34, 55); therefore,

an increase of PK-resistance must be attributed to the direct
effect of copper ions on proteolytic stability ofR-rPrP 23-
230. The PK-resistant form generated in the presence of Cu2+

is clearly different from PrPSc or PrP-res, since it is not
digested to the PrP 27-30-like fragment and remains as a
full-length rPrP.

To test whether an increase in PK-resistance ofR-rPrP
23-230 upon adding Cu2+ is accompanied by a change in
secondary structure, we employed circular dichroism spec-
troscopy. As judged from CD spectroscopy, addition of 1,
2, 4, or 10 M equiv of Cu2+ did not change the predominantly
R-helical conformation ofR-rPrP 23-230 (Figure 5B). Lack
of conformational change was in good agreement with a
previous observation that Cu2+ does not affect conformation
of R-rPrP 23-230, if the protein is freshly prepared (34).
Taken together, these data demonstrate that binding of Cu2+

inhibits amyloid formation by convertingR-rPrP 23-230
into the PK-resistant nonamyloidogenic form, while it does
not change the helical conformation ofR-rPrP 23-230. Our
data are consistent with the observations that copper converts
PrPC into the PK-resistant species that is distinct from PrPSc

(35, 56).
Because Cu2+ was also shown to enhance PK-resistance

of PrPSc (55), we were interested to test the effect of CuCl2

on preformed amyloid fibrils. First, we found that fibrils not
exposed to Cu2+ were more resistant to treatment with PK,
as compared to Cu2+-free R-rPrP 23-230. These fibrils
produced a minor 16-kDa band upon digestion at the PK/
rPrP ratio of 1:50 (Figure 5C, left panel). In our previous
studies using epitope mapping, we demonstrated that the 16-
kDa proteolytic product is formed as a result of the cleavage
of the N-terminal region up to the residue∼90, leaving the
C-terminal domain intact (51). Therefore, in the absence of
Cu2+, the N-terminal domain maintains the PK-sensitive
conformation in fibrillar form. Upon incubation with 100
µM CuCl2 followed by PK treatment at PK/rPrP ratio 1:50,
the amyloid fibrils retained a substantial fraction of full-
length polypeptide (23 kDa band) and displayed several
partially resistant fragments with molecular weights in the
range of 16 to 21 kDa (Figure 5C, central panel). Therefore,
binding of Cu2+ enhances PK-resistance of the amyloid
fibrils, presumably through stabilization of the N-terminal
octarepeat region. Addition of 100µM MnCl2 instead of
CuCl2, induces a very minor stabilizing effect, if any (Figure
5C, right panel). Taken together, our results demonstrate that
binding of Cu2+ stabilizes the PK-resistant conformation of
the N-terminal region in bothR-rPrP 23-230 and fibrillar
forms.

Cu2+ Induces Long-Range Coiling in the Amyloid Fibrils
and Produces Minor Changes in Their Secondary Structures.
Substantial effort has been devoted to study the effect of
Cu2+ on the conformation and biological properties of PrPC,
whereas the interaction of Cu2+ and PrPSc has not yet been
explored in detail. In recent studies, Collinge and co-workers
demonstrated that differences in metal ion occupancy may
affect the length of the PK-resistant core of PrPSc (57). The
same result, however, could be also attributed to substantial
change in PK-activity observed at slightly different pH values
(58).

To test whether Cu2+ affects secondary or higher order
structure of amyloid fibrils, we employed electron micros-
copy (EM) and Fourier transform infrared spectroscopy

FIGURE 5: Cu2+ enhances PK-resistance of both isoforms,R-rPrP
23-230, and the amyloid fibrils. (A) PK-digestion ofR-rPrP 23-
230 preincubated in the absence (left panel) and in the presence of
Cu2+ (right panel). (B) CD spectra ofR-rPrP 23-230 (12 µM)
measured in the absence of copper (λ) and with addition of 1 (O),
2 (1), 4 (3), and 10 (9) M equiv of Cu2+. Spectra were collected
in 2 mM Hepes buffer, pH 7.2. (C) PK-digestion of the amyloid
fibrils preincubated with 100µM Cu2+ (central panel), 100µM
Mn2+ (right panel), or in the absence of metal ions (left panel).
TheR-helical form or the amyloid fibrils of rPrP 23-230 (0.1 mg/
mL, an equivalent of 8.6µM) were incubated with 100µM of CuCl2
or MnCl2 for 1 h at 37°C in 50 mM Hepes buffer (pH 7.2) followed
by digestion with PK for 1 h at 37°C at the following PK/rPrP
ratios: 1:500 by mass (lanes 2) and 1:50 (lanes 3).
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(FTIR). Using EM, we observed nontwisted or occasionally
twisted ribbon-like structures in samples with amyloid fibrils
that were not exposed to Cu2+ (Figure 6A, panel 1). Fibrils
treated with 100µM CuCl2 showed repeating variation in
width, indicative of a helical arrangement of protofilaments
into long-range coiling structures (Figure 6A, panels 2 and
3). Twisted fibrils displayed diverse morphologies character-
ized by different width and pitch (Figure 6B). All of the
morphologies with distinct long-range coiling were found
in the same preparations; however, the type of fibril shown
in panel 1 (Figure 6B) was the most abundant. Each fibril
maintained its individual type of long-range coiling through-
out the whole fibrillar structure.

Similar coiling morphologies were described for amyloid
fibrils formed by other proteins such as insulin and SH3 (59,
60) and peptidomimetic polymers (61). By studying amyloid
fibrils of insulin, Saibil and co-workers proposed that the
long-range twist may arise from a small interstrand angle
between successiveâ-strands that constitute an individual
fibril ( 60). In accordance with this model, even small changes
in the interstrand angle will have a dramatic impact on the
long-range twist, which may produce fibrils with different
morphologies. Each type of long-range coiling is propagated
throughout individual fibrils generating assemblies peculiar
to each particular fibril. Noteworthy, high-resolution atomic
force microscopy studies indicated that ribbon-like fibrils are
capable of a cooperative transformation into twisted, highly
ordered superhelices (62). One may speculate that binding
of Cu2+ to the N-terminal region of assembled PrP poly-
peptides may influence the interstrand angle between suc-
cessiveâ-strands, therefore, determining distinct type of long-
range coiling in individual fibrils. Considering that there are
several alternative ways by which Cu2+ can be coordinated
by the octarepeats, this model provides a plausible explana-
tion for the Cu2+-induced changes of fibrillar morphology.

To test the extent to which binding of Cu2+ influences
the secondary structure of amyloid fibrils, we employed FTIR
spectroscopy. FTIR measurements were carried out using a
BioATR (attenuated total reflectance) cell, which allows
spectra to be collected from aqueous solution. In the absence
of Cu2+, the FTIR spectra of amyloid fibrils showed a major
band at 1618 cm-1, characteristic ofâ-sheet structures with
strong intermolecular hydrogen bonds, and a smaller band
at 1662 cm-1 that can be largely assigned to loop components
(1660-1666 cm-1 region) with plausible contribution of
turns (1670-1680 cm-1 region) andR-helices (1650-1660
cm-1 region) (Figure 7). Cu2+ induced only minor changes
in the secondary structure of fibrils. Upon titration of fibrils
with CuCl2, we observed a slight increase in the absorbance
intensity of shoulders near 1673 and 1652 cm-1, which
indicates an increase in the amount of turns andR-helical
structures, respectively. The relative intensity of bands
centered at 1618 and 1662 cm-1 remained stable (Figure 7B).
In parallel, we observed a gradual decrease of a shoulder
near 1628 cm-1. Although the assignment of this band is
not straightforward, bands centered between 1628 and 1640
cm-1 are commonly observed forâ-sheets in many classes
of globular proteins and assigned toâ-sheet structures with
high dynamic flexibility (63). Taken together, the FTIR
spectroscopic analysis revealed only minor changes in
secondary structure and confirmed thatâ-sheet structures
with strong intermolecular hydrogen bonds remained stable.

Cu2+ Induces Aggregation of Amyloid Fibrils into Large
Clumps.While studying the effect of Cu2+ on preformed
fibrils, we noticed that, in the presence of Cu2+, the fibrils
have a much higher tendency for aggregation. Aggregation
of the fibrils can be observed in “real time” using epi-
fluorescent microscopy. In contrast to other imaging tech-
niques, fluorescent microscopy enables observation of

FIGURE 6: Cu2+ induces helical twists in amyloid fibrils as judged
by electron microscopy. (A) Electron micrographs of negatively
stained amyloid fibrils before (panel 1) and after incubation with
100µM of CuCl2 (panels 2 and 3). Scale bars) 1 µm. (B) Gallery
of fibrils treated with Cu2+. Scale bars) 0.3 µm.

FIGURE 7: Cu2+ causes minor change in secondary structure of
the amyloid fibrils. FTIR spectra (A) and their second derivatives
(B) of the amyloid fibrils of rPrP 23-230 (20µM) recorded in the
absence of Cu2+ (red lines) and with addition of 1 (orange lines),
2 (yellow lines), 5 (green lines), and 15 (blue lines) M equiv of
Cu2+.
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macromolecular structures under near-native conditions. In
the absence of Cu2+, the fibrils aggregated very slowly and
formed only small clusters (Figure 8A). Addition of CuCl2

at pH 7.2 induced much faster coaggregation of the fibrils,
and triggered formation of larger clumps (Figure 8B). The
density of the amyloid clumps increased upon further
incubation with CuCl2 (Figure 8C,D).

DISCUSSION

Cu2+ is believed to play an important role in the
pathogenesis of prion diseases. Recent studies have demon-
strated that scrapie infection modulates copper content on a
cellular level (64). Elimination of copper binding octarepeats
slowed the rate of progression of prion disease in transgenic
mice (52), whereas insertion of extra octarepeats made
humans predisposed to Creutzfeldt-Jakob disease (36). While
implication of copper in prion maladies has been well-
established, it still remains unclear whether Cu2+ facilitates
or attenuates prion diseases. In particular, copper was shown
to delay the age at onset of prion disease and reduce the
accumulation of PrPSc in the scrapie-infected neuroblastoma
cells (31). On the other hand, another study reported that
removal of copper by chelation is capable of delaying the
onset of prion disease (32). Furthermore, consistent with the
suggestion that Cu2+ stimulates prion conversion, copper has
been shown to help recover the infectivity and PK-resistance
of partially denatured PrPSc (37).

In the current studies, we demonstrated that Cu2+ inhibits
in vitro conversion of the full-length and truncated mam-
malian prion proteins into amyloid fibrils (Figure 9).
Inasmuch as polymerization of recombinant PrPs into fibrillar
form captures important features of the prion replication in
vivo, our studies can provide new important insight into the
role of Cu2+ in prion diseases. In an assay conducted at
neutral pH and physiological concentrations of rPrP 23-
230, we showed that efficient inhibition could be observed
at concentrations of Cu2+ between 10 and 100µM. These
concentrations are slightly above the dissociation constants
measured for Cu2+ binding to the octarepeats, which were
determined to be in the low-micromolar range (29, 40, 41,
43). When the average extracellular Cu2+ concentration in
the CNS greater than 10µM and the possible local Cu2+

concentration in excess of 100µM as a result of neuronal
depolarization (65) are considered, our studies suggest that
Cu2+ may play a key role in modulating the rate of prion
propagation in vivo.

Inhibition of rPrP polymerization by metal ions was shown
to be selective for Cu2+, with Zn2+ being less effective, while
Mn2+ was not effective at all (Figure 1). Binding of metal
ions to the octarepeats displayed similar rank of selectivity,
where Cu2+ was found to have the highest, and Mn2+ the
lowest, affinity among the three metal ions (35, 40, 41, 50).
Furthermore, previous studies have demonstrated that the
binding stoichiometry of Cu2+ to the octarepeat region of

FIGURE 8: Epifluorescent microscopy of Cu2+-induced aggregation of the amyloid fibrils in solution. Fluorescent images of amyloid fibrils
in 50 mM Hepes buffer, pH 7.2, incubated for 1 h in theabsence of Cu2+ (A), and incubated in the presence of 100µM CuCl2 for 5 min
(B), 20 min (C), and 1 h (D) at room temperature. Amyloid fibrils were prepared as described in Materials and Methods and diluted with
Hepes buffer (pH 7.2) to the final concentration of rPrP 23-230 equivalent to 0.3µM. Scale bars) 5 µm.

Copper Inhibits Prion Conversion Biochemistry, Vol. 44, No. 18, 20056783



PrP is highly pH-dependent, with up to four Cu2+ bound at
pH 7.4 and only two Cu2+ bound at pH 6.0 (40-43). Our
finding that the inhibitory effect of Cu2+ is attenuated at pH
6.0 is consistent with a decrease in Cu2+-binding capacity
of octarepeats observed at acidic pH (Figure 2). Because the
conversion of PrPC into PrPSc may occur in endosomes or
lysosomes with their slightly acidic pH, our results on pH-
dependence of Cu2+-induced inhibition has important im-
plication for prion replication in a cell. If prion conversion
occurs in extracellular milleu with its neutral pH, one may
speculate that this process should be suppressed to large
extent in the presence of 100µM Cu2+. On the other hand,
if the conversion of PrP occurs in lysosomes at pH 6.0 or
below, the same concentration of Cu2+ would not be as
effective.

Using a different experimental model of PrP conversion
that utilizes low-percentage of SDS, Giese and coauthors
showed that Mn2+ enhances aggregation of full-length rPrP
in vitro, whereas Cu2+ inhibits PrP aggregation and blocks
the effect of manganese (66, 67). Consistent with our finding,
the inhibitory effect of Cu2+ was assigned to the binding of
Cu2+ to the octarepeats region of monomeric PrP (67).
However, the Mn2+-induced aggregation was shown to be
mainly due to the association of preformed PrP oligomers
into larger nonfibrillar aggregates. Because formation of the
PrP oligomers seems to be specific for the SDS conversion
assay, this may account for the differences in effects of Mn2+

observed in two conversion assays. Mn2+-induced aggrega-
tion was also shown to be mediated through yet unknown
binding sites, which are different from the octarepeats (67).

The current studies showed that Cu2+ enhances PK-
resistance ofR-rPrP 23-230. This finding strongly supports
previous observation by Harris and co-workers, who dem-
onstrated that copper converts PrPC into a protease-resistant
species that is distinct from scrapie isoform (35, 56).
Therefore, when PK-digestion assay only is used, it is easy
to confuse conversion of PrP into disease-specific conforma-
tion with enhancement of PK-resistance ofR-rPrP or PrPC.

On the other hand, we found that Cu2+ also stabilizes the
fibrillar form of rPrP 23-230 against PK-digestion, an
observation that supports the finding that Cu2+ helps to
recover PK-resistance and infectivity of partially denatured
PrPSc (37). Taken together, our data are consistent with a
model, in which Cu2+-induced changes in physical properties
of R-rPrP (or PrPC) are not related to the pathway of PrPSc

formation (Figure 9). Specifically, this model proposes that
Cu2+ inhibits the conversion ofR-rPrP into disease-specific
isoform by stabilizing a nonamyloidogenic PK-resistant form
of R-rPrP. At the same time, Cu2+ also enhances PK-
resistance of the fibrillar form. The model explains the data
reported in earlier published studies, which otherwise seem
contradictory.

In addition to the binding of Cu2+ to the N-terminal part
of PrP, several Cu2+-binding sites were found in the
C-terminal domain (within residues 121-231) (68, 69). The
C-terminal binding sites showed three different Cu2+ coor-
dination types and, in contrast to the octarepeats region,
bound Cu2+ at acidic pH between 3 and 5 (68). Binding of
Cu2+ to the C-terminal region opens the possibility for an
additional mechanism of modulation of prion replication.
Because the interaction of Cu2+ with the C-terminal domain
is affected in some variants of PrP that are linked to the
inherited forms of prion disease, a disbalance in metal ions
may also have implication for familial human diseases (69).
However, this topic needs to be addressed in future studies.

In the current studies, we demonstrated that Cu2+ inhibited
the conversion of rPrP 89-230 into amyloid fibrils at neutral
pH; however, its effect was less profound than those observed
for rPrP 23-230. Inhibition of rPrP 89-230 polymerization
showed selectivity for Cu2+, while Zn2+ and Mn2+ were
substantially less effective. In a way similar to rPrP 23-
230, titration of rPrP 89-230 with Cu2+ did not change
R-helical conformation of protein (data not shown). Our data
contravenes a recent report, in which Cu2+ was shown to
induceâ-sheet formation in the PrP-derived peptide spanning
residues 91-115 (45). It remains to be determined whether
different results observed in two studies can be attributed to
the differences in the length and concentrations of model
polypeptides (1-12 µM of rPrP 89-230 and rPrP 23-230
used in this study versus 0.08-0.6 mM of PrP 91-115 used
by Jones et al. in ref45) and/or to the differences in PrP
sequences within the region 91-115 (mouse PrP in this study
versus human PrP in ref45). Noteworthy, in addition to
His96 and His111, sulfur of Met109 is believed to participate
in coordination of Cu2+ by human rPrP 90-231 (70).
Because Met109 is replaced by Leu in mouse PrP, a complex
of Cu2+ with mouse rPrP 89-230 may have different
physical properties relative to that displayed by a complex
of Cu2+ with human rPrP 89-230.

We found that binding of Cu2+ to preformed amyloid fibril
changed fibrillar architecture and the state of assembly.
Specifically, (i) Cu2+ induced long-range coiling of individual
fibrils (Figure 6) and (ii) stimulated fibril aggregation (Figure
8). FTIR analyses revealed only minor changes in secondary
structure of fibrils upon addition of Cu2+, confirming that
fibrils maintained their rigidâ-sheet structure. At the same
time, binding of Cu2+ induced long-range coiling. Different
types of coiling were found in the same preparation. It is
reasonable to speculate that the differences in fibrillar coiling
can be attributed to distinct Cu2+-binding modes. Several

FIGURE 9: Schematic diagram illustrating complex effect of Cu2+

on the cell-free conversion of prion protein. Cu2+ inhibits conversion
of R-rPrP 23-230 into amyloid fibrils by stabilizing nonamy-
loidogenic PK-resistant form ofR-rPrP 23-230. PK-resistant
R-rPrP 23-230 slowly forms nonfibrillar aggregates. Treatment
of preformed amyloid fibrils with Cu2+ induces long-range coiling.
When fibrils are exposed to Cu2+ in solution, they show high
tendency for aggregation and form large clumps. Cu2+-induced
enhancement of PK-resistance is shown by an arrow.
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active binding modes are possible for coordination of Cu2+

by the octarepeats ofR-rPrP 23-230 depending on copper
occupancy and solvent conditions (42, 43, 46, 71). Moreover,
different types of Cu2+ site geometries were described
depending on whether coordination occurs via inter-repeat
or intra-repeat binding modes, where inter-repeat binding can
be both intramolecular and intermolecular (72). Whether
Cu2+-binding modes in the amyloid fibrils are the same as
those found inR-rPrP remains to be determined. Considering
high local concentration of octarepeats in assembled fibrils,
intermolecular Cu2+ coordination is quite plausible. Notably,
each particular type of long-range coiling can be propagated
throughout the length of individual fibrils. The idea that
distinct types of long-range coiling may provide structural
basis for the multiple strains of self-propagating aggregates
has been discussed in the literature (60). It would be
interesting to determine whether a particular type of long-
range coiling can be produced as the predominant type under
specific solvent conditions and whether fibrils with the
particular long-range coiling could nucleate further polym-
erization of fibrils producing the same morphology.

Remarkably, in addition to long-range coiling, we observed
that Cu2+ induced aggregation of amyloid fibrils into large
clumps of irregular shapes (Figure 8). It is quite likely that
intermolecular and interfibrillar coordination of Cu2+ by the
octarepeat region served as a driving force for this type of
aggregation. Observation of further aggregation of rPrP 23-
230 fibrils into large clumps is important in light of the fact
that progression of prion disease is accompanied by ac-
cumulation of amyloid prion plaques rather than of separately
laying fibrils. Prion plaques vary dramatically with respect
to their sizes and shapes and include kuru-type “spiked ball”
plaques, “florid plaques” observed in new variant Creutzfeldt
Jakob disease, small punctate deposits found in kuru as well
as in some CJD cases, and other deposits (73). Importantly,
electron microscopy studies revealed that the amyloid prion
plaques have a filamentous ultrastructure similar to amyloid
fibrils (74). Considering that amyloid fibrils generated in vitro
are prone to further aggregation and that the shape and size
of these aggregates are very sensitive to experimental
conditions, it is understandable why the morphology of PrPSc

deposits formed in the brain under pathological conditions
can also be highly variable. Microenvironment and microglia
may play an important role in the formation of plaques of
different shape in the transmissible spongiform encephalo-
pathies.

This work significantly extends previous biophysical
studies on the interaction of copper and PrP, most of which
have exploited synthetic peptides or recombinant PrP folded
into R-helical conformation. Taken together, our studies
suggest that the role of copper in the pathogenesis of prion
diseases is complex. Depending on circumstances, Cu2+ may
have opposing effects on development of prion diseases.
From one perspective, Cu2+ inhibits the conversion of the
prion protein into disease-specific conformation. On the other
hand, Cu2+ can stabilize PrPSc by converting it into a more
proteolytically resistant form, a process that eventually
reduces the rate of PrPSc clearance. Because development
of prion disease is controlled by a fine dynamic balance
between the rates of PrPSc formation versus its clearance (75,
76), the final outcome of copper-induced effect on progres-
sion of prion disease may not be straightforward.
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