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ABSTRACT: In this study we investigated the role of Cu2+, Mn2+, Zn2+, and Al3+ in inducing defective
conformational rearrangements of the recombinant human prion protein (hPrP), which trigger aggregation
and fibrillogenesis. The research was extended to the fragment of hPrP spanning residues 82-146, which
was identified as a major component of the amyloid deposits in the brain of patients affected by Gerstmann-
Sträussler-Scheinker (GSS) disease. Variants of the 82-146 wild-type subunit [PrP-(82-146)wt] were
also examined, including entirely, [PrP-(82-146)scr], and partially scrambled, [PrP-(82-146)106-126scr]
and [PrP-(82-146)127-146scr], peptides. Al3+ strongly stimulated the conversion of native hPrP into the
altered conformation, and its potency in inducing aggregation was very high. Despite a lower rate and
extent of prion protein conversion into altered isoforms, however, Zn2+ was more efficient than Al3+ in
promoting organization of hPrP aggregates into well-structured, amyloid-like fibrillar filaments, whereas
Mn2+ delayed and Cu2+ prevented the process. GSS peptides underwent the fibrillogenesis process much
faster than the full-length protein. The intrinsic ability of PrP-(82-146)wt to form fibrillar aggregates was
exalted in the presence of Zn2+ and, to a lesser extent, of Al3+, whereas Cu2+ and Mn2+ inhibited the
conversion of the peptide into amyloid fibrils. Amino acid substitution in the neurotoxic core (sequence
106-126) of the 82-146 fragment reduced its amyloidogenic potential. In this case, the stimulatory
effect of Zn2+ was lower as compared to the wild-type peptide; on the contrary Al3+ and Mn2+ induced
a higher propensity to fibrillation, which was ascribed to different binding modalities to GSS peptides. In
all cases, alteration of the 127-146 sequence strongly inhibited the fibrillogenesis process, thus suggesting
that integrity of the C-terminal region was essential both to confer amyloidogenic properties on GSS
peptides and to activate the stimulatory potential of the metal ions.

The post-translational modification of the prion protein
from a normal cellular isoform (PrPC)1 to disease specific
species (PrPSc) is the molecular signature of the prion-related
encephalopathies (PRE). Extracellular PrP amyloid deposits
occur consistently in genetic forms of disease, such as
Gerstmann-Sträussler-Scheinker (GSS) disease and in the
new variant of Creutzfeldt-Jakob disease which is causally
linked to bovine spongiform encephalopathy (1, 2). Conver-
sion of the native PrPC to the aberrant isoform involves a

substantial conformational change: PrPC is a proteinase K
sensitive (PK-sensitive),R-helical monomer, whereas PrPSc

is an assembled multimer characterized by enhanced resis-
tance to PK digestion and a great amount (∼ 45-50%) of
â-structure (3-6). The mechanisms underlying the PrPC

conversion to PrPSc and the endogenous or environmental
factors contributing to this process are still unclear.

Research over the past years demonstrates that PrPC

selectively binds Cu2+ with low micromolar/nanomolar
affinity by coordinating the metal to the HGGGW units of
the octapeptide repeats in the N-terminal domain. This
finding, associated with other observations, has led to the
proposal of a possible physiological role of PrPC in Cu2+

metabolism (7-16).

In addition to its physiological function, copper is believed
to play an important role in the pathogenesis of prion
diseases. The N-terminal portion encompassing the octarepeat
region is not critical for transmission of prions (17, 18), thus
suggesting that Cu2+ binding to this area may not be essential
for PrPC conversion to PrPSc. However, recently Cu2+-binding
sites have been found in the C-terminus as well, including
His-96 and His-111. Binding of Cu2+ to PrP regions
alternative to the octarepeat domain may affect the pathways
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Sträussler-Scheinker; His, histidine; hPrP, human prion protein; Leu,
leucine; PK, proteinase K.; PrPC, cellular prion protein; PrPSc, scrapie
prion protein; PK, proteinase K.; SHaPrP, Syrian hamster prion protein;
TEM, transmission electron microscopy; ThT, thioflavin.

6724 Biochemistry2006,45, 6724-6732

10.1021/bi0601454 CCC: $33.50 © 2006 American Chemical Society
Published on Web 05/05/2006



of misfolding and, therefore, impact the physical properties
of amyloid fibrils generated in vitro (19-29). Thus, binding
of Cu2+ to anomalous sites was reported to convert the
protein into a partially PK-resistant state (26-28) and induce
â-sheet formation in the amyloidogenic region of the
molecule (25, 29). In contrast with these observations, the
presence of Cu2+ was shown to inhibit in vitro conversion
of prion protein into amyloid fibrils (30, 31), to reduce the
accumulation of PrPSc in scrapie-infected neuroblastoma cells
and to delay prion disease propagation in scrapie-infected
animals (32). In a thorough study aimed at better defining
the interaction properties of Cu2+ and PrP, Bocharova et al.
(31) proposed a model which can explain the contradictory
data reported in the literature. Depending on the circum-
stances, Cu2+ can exert opposing effects on PrP. It can
prevent the conversion of native PrP into the aberrant isoform
by stabilizing a nonamyloidogenic PK-resistant form of the
protein; on the other hand, it can also enhance the PK-
resistance of preformed fibrils and induce their aggregation
into large clamps. Taken together, these findings suggest that
the potential effect of Cu2+ on the pathogenesis of prion
diseases is complex and might be mediated through metal
interaction with both normal and disease-specific isoforms
of PrP (31).

Other bivalent metal ions such as Mn2+ and Zn2+ were
shown to induce defective conformational rearrangements
of PrPC that could trigger neurotoxicity and affect formation
and propagation of PrPSc aggregates in vivo (25, 33, 34).
Along these lines, aberrantly high levels of Zn2+ and Mn2+,
which were absent in the healthy controls, were found
colocalized with PrPSc in the brain tissues of subjects affected
by Creutzfeldt-Jacob disease (CJD) (35).

On this basis, we believe that the involvement of certain
metal ions in the etiopathogenesis of the prion diseases could
be very important, similarly to what has been postulated for
other neurodegenerative disorders, including Alzheimer’s
disease (AD) (36-38).

In this study, we investigated the effects of Cu2+, Mn2+,
Zn2+, and Al3+ on the biophysical properties of the recom-
binant human prion protein (hPrP). The choice of Al3+ in
addition to the bivalent ions was based on recent observations
that Al3+ was highly efficient in stimulating the spontaneous
aggregation/fibrillogenesis of Aâs, the cytotoxic species
involved in AD (37). The research was extended to the
fragment of PrP spanning residues 82-146, which was
identified as a major component in the brain of patients
affected by GSS disease (39-41). Variants of the 82-146
wild-type subunit [PrP-(82-146)wt] were also examined,
including entirely, [PrP-(82-146)scr], and partially scrambled,
[PrP-(82-146)106-126scr] and [PrP-(82-146)127-146scr], pep-
tides. Both regions spanning residues 102-126 and 127-
147 were shown to be crucial for amyloid fibril formation
(42).

MATERIALS AND METHODS

Recombinant Full-Length Human Prion Protein (hPrP)
and GSS Peptides.hPrP was obtained by DNA recombinant
techniques. The sequence encoding human prion protein
(23-230) (hPrP-(23-230)) was amplified by PCR using
human placenta DNA as template and the following pri-
mers: 5′ ATGGATCCAAGAAGCGCCCGAAGCCTGGAG-

GATG 3′ and 5′ GAGAATTCACGATCCTCTCTGGTAAT-
AGGCC 3′. The amplified product was cloned in pRSETA
plasmid (Invitrogen) betweenBamHI andEcoRI restriction
sites, whereby the residue amino acid sequence of PrP was
N-terminally fused to a sequence encoding for a polyhistidine
tag and a thrombin cleavage site. The plasmid was verified
by double-stranded DNA sequencing (ABI prism kit, Applied
Biosystem, Foster City, CA). Expression and purification of
hPrP was carried out as described previously (21). Purified
hPrP was confirmed by SDS-PAGE, RP-HPLC, and
electron mass spectrometry, with the presence of an internal
disulfide bridge. Circular dichroism showed that the protein
was predominantly inR-helical structure.

The following peptides were chemically synthesized and
purified according to the procedure described previously
(20, 43): PrP-(82-146) wild-type, PrP-(82-146)wt, GQPH-
GGGWGQGGGTHSQWNKPSKPKTNMKHMAGAAAA-
GAVVGGLGGYMLGSAMSRPIIHFGSDYE; PrP-(82-
146)106-126scrwith a scrambled sequence in the region span-
ning residues 106-126, GQPHGGGWGQGGGTHSQW-
NKPSKPNGAKALMGGHGATKVMVGAAA GYMLGS-
AMSRPIIHFGSDYE; PrP-(82-146)127-146scrwith a scram-
bled sequence in the region spanning residues 127-146,
GQPHGGGWGQGGGTHSQWNKPSKPKTNMKHMAG-
AAAAGAVVGGLG SMYPASHGLMEDFYGIGSIR ; PrP-
(82-146)scr with a totally scrambled sequence,EADQ-
FALGGSKHGNGMQQVAGHGGSMGAKAWGANGHP-
SGTGIPTAKMVPYKIYGGGWAGMGRPSS .

Chemicals.Thioflavin T (ThT), 8-anilinonaphthalene-1-
sulfonic acid (ANS), ZnCl2, MgCl2, Al(C3H5O3)3, and CuSO4
were purchased from Sigma-Aldrich Chemical Co. (St. Louis,
MO). Al(C3H5O3)3 was used instead of Al3+ inorganic salts
in order to improve the metal soluble concentrations (44).
The complex was purified and stored according to the
protocol reported by Zatta et al. (45). All other chemicals
were of the purest analytical grade.

Preparation of hPrP and GSS Peptide Solutions.Solutions
of full-length protein and GSS peptides at 1. 3µM
concentration were freshly prepared in 0.1 M Tris/HCl buffer
plus 150 mM NaCl (pH) 7.4) (standard medium), atT )
25 °C, unless otherwise specified. To study the effects of
metal ions, 50µΜ Cu2+, Mn2+, Zn2+, and Al3+ were added
to 1.3 µM protein/peptide solutions The concentration of
metal ions to be used was determined after following the
changes of the hPrP/GSS peptide intrinsic (tryptophan)
fluorescence as a function of increasing metal amounts:
depending on the nature of metal and/or PrP, tryptophan
emission was not further affected after addition of a 20-
38-fold excess of metal (data not shown).

The levels of metal contamination in the buffers with no
added metals were assayed by atomic absorption spectros-
copy. In all buffer preparations, metal traces were below the
detection limit.

ANS and ThT Binding to hPrP and GSS Peptides.hPrP
and GSS peptides at 1.3µM in the standard medium, both
in the absence and in the presence of added metals (50µΜ
Cu2+, Mn2+, Zn2+, and Al3+), were left to incubate for 5
min before addition of ANS (6.5µM).

ANS binding to the different protein/peptides was followed
by the increase of fluorescence emission of ANS in the range
400-700 nm (λexc ) 360 nm).
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ThT (5 µM) binding was followed by the increase of
fluorescence intensity at 445 nm with excitation at 385 nm
under the same experimental conditions used in ANS studies.

The fluorescence measurements were performed with a
Perkin-Elmer LS 50B spectrophotofluorimeter equipped with
a thermostatic cell holder and magnetic stirring.

Transmission Electron Microscopy (TEM) Measurements.
hPrP and GSS peptides at 13µM concentrations in the
standard medium were incubated for different periods of time
(15-30 days) at 37°C in the absence and in the presence
of added metals (130µM Al 3+, Mn2+, Zn2+, and Cu2+).
Experiments at 4°C were also carried out for hPrP. Diluted
aliquots of the preparations were absorbed onto glow-
discharged carbon-coated Formwar films on 400-mesh cop-
per grids. The grids were negatively stained with 1% uranyl
acetate and observed at 40000× by TEM (Hitachi H600).

RESULTS

Changes in Surface Hydrophobicity of hPrP and GSS
Peptides and Stimulation by Metal Ions.Aggregation of
proteins/peptides is generally preceded by conformational
changes of the monomers which lead to solvent exposure of
the molecule hydrophobic core. Subsequently, intermolecular
hydrophobic interactions cause the monomers to stack and
generate structured polymers. Formation of surface hydro-
phobic clusters can be sensed by following the changes in
the ANS fluorescence properties, such as the increment in
emission intensity and the blue shift of the emission
maximum (46). Binding of ANS to the full-length protein
and the various PrP 82-146 peptides was followed over a
period of 160 h.

Figure 1 shows a typical time course of the changes in
ANS fluorescence emission after dye interaction with hPrP,
and the effects of the various metal ions added. ANS
fluorescence is expressed as the area of the emission spectra
of protein-bound ANS after subtraction of the free dye (or

free dye plus metals) contribution. As deduced by the ANS
spectral changes, hPrP spontaneously exposes hydrophobic
patches with a relatively fast kinetics (within 40 h). In the
presence of all metal ions under examination an induction
lag phase is observed, with duration depending on the nature
of the metal. The full process appears to be strongly
stimulated by Al3+, whereas it is considerably inhibited by
Cu2+ and, to a lesser extent, by Mn2+ and Zn2+.

Figure 2 shows the spectral changes of ANS emission after
160 h incubation with the GSS fragment PrP-(82-146)wt,
both in the absence and in the presence of added metals
(Al 3+, Zn2+, Mn2+, and Cu2+). For a better comparison, the
spectrum of the free dye is also reported. It is clearly
evidenced that both the increase in ANS emission intensity
and blue-shift of the emission maximum follow the order
Al3+ > Zn2+> no metal added= Mn2+ . Cu2+.

The changes in surface hydrophobicity induced by se-
quence alterations of the wild-type peptide, as sensed by the
ANS fluorescence changes, are reported in Figure 3. Some
differences in the ability of metal ion to induce structural

FIGURE 1: Time course of surface hydrophobicity of hPrP, both in
the absence and in the presence of added Al3+, Zn2+, Mn2+, and
Cu2+, as monitored by the ANS fluorescence changes. The ANS
fluorescence is reported as the area of the emission spectra (in the
range 370-700 nm;λexc ) 360 nm) after subtraction of the free
dye (or free dye plus metals) contribution. Freshly prepared
solutions of hPrP alone (1.3µM) and hPrP plus metals (50µM) in
0.1 M Tris/HCl buffer plus 150 mM NaCl (pH) 7.4) were left to
incubate for 5 min atT ) 25 °C before addition of ANS (6.5µM).

FIGURE 2: Fluorescence emission spectra of ANS before and after
interaction with PrP-(82-146)wt, both in the absence and in the
presence of added Al3+, Zn2+, Mn2+, and Cu2+. The ANS emission
spectra (λexc ) 360 nm) were collected after 160 h incubation of
the dye with the peptide. Freshly prepared solutions of PrP-(82-
146)wt alone (1.3µM) and PrP-(82-146)wt plus metals (50µM) in
0.1 M Tris/HCl buffer plus 150 mM NaCl (pH) 7.4) were left to
incubate for 5 min atT ) 25 °C before addition of ANS (6.5µM).

FIGURE 3: Changes in surface hydrophobicity of PrP-(82-146)wt
induced by sequence alterations, both in the absence and in the
presence of added Al3+, Zn2+, Mn2+, and Cu2+. The peptide surface
hydrophobicity after 160 h incubation is expressed as the area of
the emission spectra of peptide-bound ANS after subtraction of the
free dye (or free dye plus metals) contribution. The experimental
conditions were the same as those reported in the caption to Figure
2. The data are the average of three independent determinations.
Error bars represent( standard deviation.
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perturbation can be noticed in scrambled peptides, as
compared to the native sequence; in particular, PrP-(82-
146)127-146scr is affected to a greater degree by Zn2+ rather
than by Al3+. In general, sequence alterations reduce the
metal-induced conformational modifications up to full inhibi-
tion for totally scrambled peptide. The reduction in surface
hydrophobicity appears to be due to intrinsic structural
characteristics of the different peptides, rather than to metal
binding, since an analogous trend was observed in the
absence of added metal ions.

Aggregation of hPrP and GSS Peptides and Stimulation
by Metal Ions. Formation of amyloidogenic protein/peptide
aggregates can be sensed by following the changes in the
ThT fluorescence properties, such as the increment in
emission intensity at 445 nm (excitation at 385 nm), typical
of the free dye, and appearance of a new excitation band
peaking at 450 nm with enhanced emission at 482 nm. These
changes are dependent on the aggregation state, as mono-
meric or dimeric forms do not enhance the ThT fluorescence
(47).

Binding of ThT to the full-length protein and the PrP 82-
146 peptides was followed over a period of 130 h under the
same experimental protocol used for ANS binding. Since
protein concentration was extremely low (1.3µM), the
emission band at 482 nm was weak and only the emission
at 445 nm was considered.

Figure 4 shows an example of aggregation kinetics of
hPrP, both in the absence and in the presence of added metal
ions. Under our experimental conditions, hPrP exhibits an
intrinsic tendency to polymerize. The conversion process
develops in a time interval of about 130 h and displays a
lag phase of about 60 h. Aggregation is substantially
unaffected by Mn2+ and Zn2+, whereas it is inhibited by
Cu2+, as judged by the negligible increase in ThT fluores-
cence. The noticeable shortening of the lag phase and
increment of ThT emission suggest that Al3+ is very efficient

in both accelerating and promoting protein aggregation, in
parallel with its higher propensity to induce surface exposure
of hydrophobic domains (Figure 1).

Figure 5 illustrates a typical time course of aggregation
of PrP-(82-146)wt peptide. It is interesting to notice that in
this case Zn2+ and Mn2+ are able to efficiently promote
peptide conversion to amyloidogenic aggregates, in contrast
with the effects of the two metals on the full-length PrP.
Again, Al3+ was the most efficient in stimulating the
spontaneous aggregation, whereas Cu2+ prevented the pro-
cess.

The aggregation studies of the different GSS peptides
substantially confirm the close relationship between the metal
propensity to promote surface exposure of hydrophobic
groups (Figure 3) and to induce polymerization (Figure 6).
Actually, the potency rank for aggregate formation deter-
mined after 160 h incubation follows the same order as for
hydrophobic clusters generation; namely, when referred to

FIGURE 4: Time course of hPrP aggregation both in the absence
and in the presence of added Al3+, Zn2+, Mn2+, and Cu2+.
Aggregation kinetics were sensed by the ThT fluorescence varia-
tions at 445 nm (λexc at 385 nm). The fluorescence intensity is given
after subtraction of the free dye (or free dye plus metals)
contribution. Freshly prepared solutions of hPrP alone (1.3µM)
and hPrP plus metals (50µM) in 0.1 M Tris/HCl buffer plus 150
mM NaCl (pH) 7.4) were left to incubate for 5 min atT ) 25 °C
before addition of ThT (4µM).

FIGURE 5: Time course of PrP-(82-146)wt aggregation both in the
absence and in the presence of added Al3+, Zn2+, Mn2+, and Cu2+,
as followed by the ThT fluorescence at 445 nm (λexc at 385 nm).
The fluorescence intensity is given after subtraction of the free dye
(or free dye plus metals) contribution. Freshly prepared solutions
of PrP-(82-146)wt alone (1.3µM) and PrP-(82-146)wt plus metals
(50 µM) in 0.1 M Tris/HCl buffer plus 150 mM NaCl (pH) 7.4)
were left to incubate for 5 min atT ) 25 °C before addition of
ThT (4 µM).

FIGURE 6: Comparison between the aggregation potencies of PrP-
(82-146)wt, PrP-(82-146)127-146scr, PrP-(82-146)106-126scr, and PrP-
(82-146)scr, both in the absence and the presence of added Al3+,
Zn2+, Mn2+, and Cu2+. The peptide aggregation potency after 160
h incubation is expressed as the fluorescence intensity at 445 nm
(λexc at 385 nm) of the peptide-bound ThT after subtraction of the
free dye contribution. The experimental conditions were the same
as those reported in the caption to Figure 5. The data are the average
of three independent determinations. Error bars represent( standard
deviation.
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the fragment type, both in the absence and in the presence
of added metal ions, PrP-(82-146)wt > PrP-(82-146)127-146scr

g PrP-(82-146)106-126scr. PrP-(82-146)scr. In analogy with
the results concerning surface hydrophobicity, the metal
stimulatory capacity also increases in the order Al3+ > Zn2+

(with the exception of 127-146 scrambled sequence).
Mn2+ = no metal added> Cu2+.

It must be noticed that similar effects on the conforma-
tional (ANS test) and aggregational (ThT test) properties of
hPrP and GSS peptides were obtained with different metal/
protein stoichiometries, the amount of metal only affecting
the rate of the conversion processes.

Ultrastructural Analysis of the Aggregates of hPrP and
GSS Peptides and Influence of Metal Ions. TEM studies
allow us to obtain information on the evolution of prion
protein/peptide aggregates to higher, structured polymers.
The experimental conditions chosen were more drastic
(higher temperatures, 37°C, and hPrP/GSS peptide concen-
trations, 13µM) than those previously used, in order to
accelerate the prion structural organization. Samples of hPrP
were analyzed also at 4°C, to evidence the presence of
oligomers, possible precursors of the final structure.

The electron micrographs show that the full-length hPrP
after 30 days at 4°C generates primarily a dense population
of small oligomers with spherical and annular shape. These
oligomers are clearly distinguishable in the presence of Al3+

(Figure 7B), whereas they adhere to each other to form
agglomerates in the case of non-metal-supplemented hPrP
and Zn2+-containing hPrP (Figure 7A,C). A large amount
of short, irregular protofibrils together with few, long
filaments can be observed in hPrP in the absence of added
metals after incubation for 30 days at 37°C (Figure 7A1).
Conversely, rather long and paired fibrils were formed after
addition of Al3+ and Zn2+ (Figure 7B1,C1). Annular oligo-
mers together with a small population of very short protofibrils
can be evidenced with Mn2+, whereas no definite structure
was observed with Cu2+ (not shown).

TEM studies have been extended to PrP-(82-146)wt, PrP-
(82-146)127-146scr, and PrP-(82-146)106-126scrpeptides, which
exhibit a decreasing order of propensity for aggregation
(Figure 6), whereas totally scrambled peptide was not
examined.

The electron micrographs of PrP-(82-146)wt in the
absence of added metal ions after 15 days’ incubation at 37
°C evidenced the formation of short fibrillar filaments (Figure
8A), which did not evolve significantly over 30 days’
incubation (Figure 8A1). After addition of Cu2+ and Mn2+,
shapeless and small polymers were present (not shown). On
the contrary, addition of Zn2+ to PrP-(82-146)wt induced
the formation of long and branched filaments (Figure 8B),
which generate a dense network of deeply branched fibrils
after 30 days’ incubation (Figure 8B1). In the presence of
Al3+, the mature fibrillar filaments appear greatly elongated
and laterally coupled as shown after 15 (Figure 8C) and 30
days (Figure 8C1). Numerous oligomeric annular precursors
attached to the mature filaments could also be observed
(Figure 8C1).

PrP-(82-146)127-146scrand PrP-(82-146)106-126scrpeptides
were analyzed only after 30 days at 37°C. The results are
shown in Figure 9. In the absence of added metal ions,
modification of the sequence 106-126 in the peptide leads
to the formation of relatively few amyloid fibrils (Figure 9A)
together with large amounts of very short protofibrils. The
density of fibrillar assemblies increases considerably after
addition of Mn2+ (B), Zn2+ (C), and Al3+(D), whereas Cu2+

does not affect the spontaneous peptide fibrillogenesis
significantly (not shown). Despite the higher propensity to
aggregate of PrP-(82-146)127-146scr (see ThT fluorescence,
Figure 6), as compared to PrP-(82-146)106-126scr, alteration
of the 127-146 region generated primarily amorphous
material associated with few, relatively short, unbranched,
irregular filaments in all cases (Figure 9A1-D1).

FIGURE 7: Electron micrographs of the aggregates generated by
hPrP in the absence and the presence of added metal ions. hPrP
and cation concentrations were, respectively, 13 and 130µM. The
micrographs show the structure of the aggregates of hPrP after 30
days’ incubation in 0.1 M Tris/HCl buffer plus 150 mM NaCl (pH
) 7.4) at 4°C (A) and 37°C (A1). Panels B,B1 and C,C1 show
the micrographs obtained, respectively, for hPrP plus Al3+ or Zn2+

under the same experimental conditions.

FIGURE 8: Electron micrographs of the aggregates generated by
PrP-(82-146)wt in the absence and the presence of added metal
ions at 37°C. The peptide and cation concentrations were 13 and
130 µM. The left and right panels show, respectively, the results
obtained after 15 and 30 days’ incubation in 0.1 M Tris/HCl buffer
plus 150 mM NaCl (pH) 7.4) for PrP-(82-146)wt alone (A, A1)
and after addition of Zn2+(B, B1) and Al3+(C, C1).
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DISCUSSION

Disturbances in the levels of metal ions, namely, Cu2+,
Zn2+, and Mn2+, have been described in prion-infected brain
tissues (35, 48). On this basis, it has been postulated that
binding of metal ions might modulate the structure and
function of PrPC, and directly influence its structural conver-
sion to PrPSc and the formation of amyloid aggregates. On
the other hand, a large body of data has already demonstrated
that metal ions, in particular Cu2+, Fe3+, Zn2+, and Al3+,
modulate the conversion to amyloid fibrils and the toxicity
of Aâs, the peptides involved in AD (36, 37). These findings
have stimulated in vitro studies aimed at investigating
whether this property was common to other amyloidogenic
molecules, including PrP. Studies of the effects induced by
metal ions on PrP structure should be of particular signifi-
cance, since it has been shown that the neurotoxic core of
the prion molecule (residues 106-126) exhibits surprising
analogies in some physicochemical properties with Aâ1-40

and Aâ1-42, the most representative Aâ peptides of AD (25,
49).

Whereas the influence of Cu2+ on the biophysical behavior
of PrP and of different fragments of PrP has been extensively
studied (23-31, 33), there are only few reports on the effects
of Zn2+ and Mn2+ and, to the best of our knowledge, no
data on the effect of Al3+. Al3+ is a well-known neurotoxic
metal ion that causes cognitive deficiency and dementia when
it enters the brain. It has long been recognized as a neurotoxic
element in many biological models and repeatedly associated
with the etiopathology of several neurological disorders, such

as encephalopathies in long-term hemodialysis, amyotrophic
lateral sclerosis, Parkinsonism dementia, and AD (44, 46,
50). Al3+ concentrations between 1.4 and 17.5 ppm (dry
weight) have been measured in normal human brain (51). A
considerable increase in aluminum content in the lesioned
brain areas of patients affected by different neurodegenerative
disorders (46, 51) was observed when compared with control
tissues.

In vitro studies have revealed that a crucial effect of Al3+

is to efficiently promote misfolding/aggregation of several
neurological disease related proteins, such asâ-amyloids of
AD (37, 50) andR-synuclein of Parkinson disease (46). In
the present study we planned to investigate whether similar
effects could be observed for PrP and their extent was
comparable to those due to Mn2+, Cu2+, and Zn2+.

We used recombinant PrP which was proven to be a
valuable biophysical model for elucidating structural aspects
of the prion replication (52). The research was extended to
PrP fragments spanning residues 82-146. It is known that
the conformational conversion leading to PrP amyloidogen-
esis occurs to the highest degree in the genetically determined
GSS and prion protein cerebral amyloid angiopathy (PrP-
CAA), while it is less frequently seen in other prion diseases
(53). Fragments spanning residues 81-82 to 140-153, such
as PrP-(82-146), mainly account for the massive deposition
of PrP amyloid in GSS and CAA (39, 40, 53). Interestingly,
these fragments are an integral part of the minimal sequence
which sustains prion replication (54-56), and play a central
role in the conformational transition of PrPC into PrPSc and
in PrPSc propagation (57). On this basis, wild-type and
modified peptides spanning 82-146 residues can be con-
veniently used for testing compounds, including metals,
capable of binding to this critical domain and stabilizing or
destabilizing the PrP structurally altered isoforms.

The results obtained following ANS and ThT fluorescence
clearly show that, at neutral pH, the aggregation process of
full-length hPrP is efficiently inhibited by Cu2+ and sub-
stantially unaffected by Mn2+ and Zn2+ (Figure 4), even
though the latter metal ions retard the formation of the hPrP
misfolded conformation (Figure 1). In striking contrast with
the bivalent metal ions, Al3+ strongly stimulates the conver-
sion of native hPrP into the altered conformation (Figure 1)
and its potency in inducing aggregation is very high (Figure
4). ANS- and ThT-based tests, however, do not unambigu-
ously demonstrate that misfolded aggregates are amy-
loidogenic: actually, TEM examination shows that Zn2+ is
even more efficient than Al3+ in promoting organization of
hPrP aggregates into well-structured, amyloid-like fibrillar
filaments (Figure 7), despite the large difference in the rate
and extent of prion protein conversion to altered isoforms.
Under the same experimental conditions, Mn2+ delays and
Cu2+ prevents the process.

The data obtained with Cu2+ are consistent with previous
observations also reporting that this metal ion prevents in
vitro the prion fibrillogenesis process at pH> 7 (30, 31,
33). The inhibitory effect of Cu2+ was assigned to the highly
selective binding of Cu2+ to the octarepeat region of
monomeric PrP. This binding results in a less flexible
N-terminus which is compatible with oligomer formation but
prevents the association of oligomers into larger aggregates
by sterical hindrance (33). Inhibition of PrP polymerization
by Mn2+ and Zn2+ is less or not efficient probably because

FIGURE 9: Electron micrographs of the aggregates generated by
PrP-(82-146)106-126scr(left) and PrP-(82-146)126-147scr(right) after
30 days at 37°C. The experiments were carried out in the absence
of added metals (A, A1), and after addition of Mn2+ (B, B1), Zn2+

(C, C1), and Al3+ (D, D1). The peptide and metal concentrations
were, respectively, 13 and 130µM in 0.1 M Tris/HCl buffer plus
150 mM NaCl (pH) 7.4).
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binding of these metal ions to the octarepeats displays much
lower affinity, compared to copper (31).

TEM studies at low temperature indicate that the possible
precursors of the hPrP amyloid fibrils, which are formed in
the early stages of the aggregation process, consist of small
structures of spherical and annular shape. These structures
are clearly distinguishable in the presence of Al3+ (Figure
7B) whereas they are associated in agglomerates in hPrP
alone and after addition of Zn2+ (Figure 7A,C). The spherical
oligomers can be correlated to similar forms observed by
Sokolowsky et al. (58) for the recombinant Syrian hamster
prion protein (SHaPrP). In the opinion of these authors, they
are formed by eight monomeric units and could represent
the critical precursors obtained during the conformational
transition of native PrP to its aberrant isoform. While the
circular oligomeric precursors of SHaPrP have been observed
only at acidic pH and low protein concentration, our results
indicate that they can be evidenced also at physiological pH
and higher PrP concentrations if the aggregation process is
slowed by low temperatures.

The results obtained for the fragments spanning residues
82-146 of prion protein demonstrate that elimination of most
of the octarepeat region makes available additional, high-
affinity, metal binding sites that are probably masked in the
full-length protein. This is particularly evident for Zn2+;
actually, the complexes of Zn2+ with PrP 82-146 fragments
have the highest propensity to assemble into large clumps
of branched fibrillar filaments (Figures 8B, 9C) that are
ultrastructurally similar to those observed in GSS patients.
The onset of aggregation and neurotoxicity of Zn2+-contain-
ing defective prion protein has previously been associated
with binding of the metal ion to an anomalous site comprising
His-111 (25). In agreement with this, alteration of the amino
acid sequence in the 106-126 region and replacement of
His-111 with Leu reduces the process of amyloid fibril
generation (Figures 8, 9). However, since fibrillation is not
abolished, the role of additional His such as His-96 and/or
His-140 as determinant Zn2+-binding sites cannot be ruled
out.

Binding sites alternative to the octarepeat domains and
comprising His-96 and His-111, which could become ac-
cessible to the metal in the altered PrPC isoform, have been
postulated also for Cu2+ (19-25). Cu2+ binding to these
anomalous sites has been reported to convert the native prion
protein to a partially PK resistant state (26-28) and induce
â-sheet formation in the amyloidogenic neurotoxic core of
the molecule (25, 29). On the contrary, our results show that
Cu2+ inhibits conversion of both full-length and truncated
protein into amyloid fibrils. The lack of Cu2+ proaggregating
activity in PrP 82-146 fragments could be due to a
preferential binding of the metal to the residual His-
octarepeat domain. According to Bocharova et al. (31),
however, Cu2+-dependent inhibition occurs even in the
absence of the octarepeat region, due to the stabilization by
copper of a nonamyloidogenic form of PrP.

It has been reported that Mn2+ ions amplify full-length
prion protein aggregation (25, 30, 33, 34) and promote fibril
generation in solution (59). Thus, Mn2+-loaded PrP may
contribute to the formation of the pathogenic isoform of PrP
(60). The proaggregating Mn2+ effects are apparently due
to metal binding on sites of preformed altered PrP that do
not require His, whereas native PrP is not affected (33, 61).

Qualitative information on carbonyl oxygens of Gly-124 and
Leu-125 as Mn2+-binding sites at acidic pH has been
obtained recently (62). In contrast, our results indicate that
Mn2+-induced aggregation and fibrillation are especially
evident for 106-126 scrambled peptide where Gly-124 and
Leu-125 have been replaced by Ala (Figure 9B). It is likely
that both alkaline pH and/or a different conformational status
lead to the unmasking of alternative metal ion binding sites
on the prion fragment.

Al 3+ binding modalities to neurodegenerative protein/
peptides have not yet been clarified. Studies on model
sequences, however, indicate that Al3+ presumably interacts
with carboxylate groups of glutamic and aspartic amino acid
residues and with-OH of serine (37, 63). At variance with
what was observed forâ-amyloid, Al3+ preferentially favors
the structural arrangement of prion protein/peptides to
elongated and little branched fibrillar forms and its amy-
loidogenic potency is lower than that shown by Zn2+.

The comparison between entirely and partially scrambled
GSS peptides confirms previous reports indicating that
integrity of the C-terminal region is essential for endowing
the peptides with amyloidogenic properties (57). Actually,
the amyloidogenic potential of (82-146)-PrP(127-146) is much
lower than that of both (82-146)-PrP(106-126) and (82-146)-
PrPwt and is not significantly increased after addition of
metals (Figure 9). On the other hand, changes in the sequence
106-126 reduce the density of fibrillar agglomerates induced
by Zn2+, whereas the opposite effect is observed with Al3+

and Mn2+. This indicates that Al3+- and Mn2+-binding sites
in the neurotoxic core of the prion protein/peptides are not
critical for fibrillogenesis stimulation, while the C-terminal
portion is essential for the metals’ proaggregation effects.

Our studies support the role of some metal ions in the
biophysical behavior and activity of PrP, which could affect
the pathogenesis of prion diseases in vivo. In particular,
binding of Zn2+ and Al3+ has important effects on the
amyloidogenic process of both full-length protein and GSS
peptides whereas binding of Mn2+ is effective in stimulating
fibril formation only in the fragment 82-146 after alteration
of the 106-126 sequence. On the contrary, Cu2+ inhibits in
all cases both the conversion into disease-specific conforma-
tions and protein fibrillogenesis.

The mechanisms by which metal ions stimulate the
conversion of neurodegenerative disorder related proteins into
misfolded/amyloidogenic aggregates and the rationale for the
differences in their effects are not yet available. The
hypothesis has been advanced that binding of metal ions may
induce protein misfolding by altering the charge density on
the molecule. Binding of cations could reduce the negative
charge-charge repulsion and thereby allow for a protein
structure supporting aggregation (46, 64). If this is the case,
the effectiveness of such metal effects would be reinforced
by metal binding to specific protein domains. Molecular
dynamics simulation of the unfolding of hPrP has indicated
that the native protein conformation is mainly preserved by
strong electrostatic repulsive interactions between Glu and
Asp residues. The stability of the native fold is very subtle
and can be strongly disturbed by eliminating even a single
negative charge at key positions (65). On these bases,
preferential binding of Al3+ to and neutralization of Glu and
Asp negative charges (63) could account for the high
accelerating and stimulating effect of Al3+ on PrP structural

6730 Biochemistry, Vol. 45, No. 21, 2006 Ricchelli et al.



conversion whereas binding of Cu2+, Mn2+, and Zn2+ to
amino acidic residues diverse from Glu and Asp would be
less effective. In particular, high-affinity binding of Cu2+ to
His of the N-terminus area that is not determinant for the
PrP structural conversion would stabilize the protein in the
native state (7-16). In agreement, no major conformational
changes of PrP take place at pH 7.4 in the presence of Cu2+

(30, 31).
For protein misfolding/aggregation processes in the pres-

ence of polyvalent cations, an additional important factor,
namely, the potential for cross-linking or bridging between
two or more metal-binding groups, should be considered (46).
Differing geometric and thermodynamic conditions of metal
ion complexing may also account for the differences in the
conformational/aggregational effects between different di-
valent cations, as well as between divalent cations and Al3+

(63). Clearly, more detailed studies are necessary to better
understand the complexity of metal ion induced structural
reorganization of neurodegenerative disorder related proteins.
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