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ABSTRACT. The abnormal form of the prion protein (PrP) is believed to be responsible for the transmissible
spongiform encephalopathies. A peptide encompassing residuesl266®f human PrP (PrP166.26)

is neurotoxic in vitro due its adoption of an amyloidogenic fibril structure. The Alzheimer’s disease amyloid

B peptide (AB) also undergoes fibrillogenesis to become neurotoxitaggregation and toxicity is highly
sensitive to copper, zinc, or iron ions. We show that PrPId aggregation, as assessed by turbidometry,

is abolished in Chelex-100-treated buffer. ICP-MS analysis showed that the Chelex-100 treatment had
reduced C&" and Zr#+ levels approximately 3-fold. Restoring &uand Zr#+ to their original levels
restored aggregation. Circular dichroism showed that the Chelex-100 treatment reduced the aggregated
pB-sheet content of the peptide. Electron paramagnetic resonance spectroscopy identified a 2N1S10
coordination to the Ctr atom, suggesting histidine 111 and methionine 109 or 112 are involved. Nuclear
magnetic resonance confirmed €wand Z#* binding to His-111 and weaker binding to Met-112. An
N-terminally acetylated PrP166.26 peptide did not bind Cu, implicating the free amino group in

metal binding. Mutagenesis of either His-111, Met-109, or Met-112 abolished PrRP@eurotoxicity

and its ability to form fibrils. Therefore, Cti and/or Z&* binding is critical for PrP106 126 aggregation

and neurotoxicity.

A large body of data strongly suggests Creutzfeldt-Jakob sion from Prf® to PrPSE results in a reduction im-helix
disease, bovine spongiform encephalopathy, and other transeontent from 40% in PiPto 30% in PrPSEand an increase
missible spongiform encephalopathies (TSEmk caused  in -sheet content from 3% in P¥Ro 43% in PrPSE (2). A
by prions (). The infectious agent is believed to consist synthetic peptide encompassing human PrP residues 106
entirely of the prion protein (PrP) and is devoid of nucleic 126 is highly fibrillogenic and toxic to neurons in vitr8-
acid. Prion biogenesis is associated with the normal cellular 6). PrP106-126 represents a suitable model peptide for
PrP molecule (P undergoing structural change into an  studying PrBSEmediated cell death since it shares with
abnormal disease-causing conformation RriPrPes or PrPSE the absolute requirement of PrRexpression for
PrPSE), Spectroscopic studies have shown that the conver- neyrotoxicity 6, 7). The peptide exhibits a pH-dependent
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Grant S0004973. amyloidogenic propensity, appears to be regulated by the
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L Abbreviations: 48, amyloid 8 protein; CD, circular dichroism;  With the Alzheimer's disease amyloftipeptide (46). There
DMSO, dimethyl sulfoxide; ESI, electrospray ionization; ICP-MS, is a good correlation betweengAoxicity and its physico-

inductively coupled plasma mass spectrometry; IDA, iminodiacetate; -hemical propertiesll—14). Aj residues 2535 are similar
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resonance; PrP, prion protein; TSE, transmissible spongiform encepha-{0 the hydrophobic core sequence of PrP1086, and have
lopathy. an important role in stabilizing thefaggregates that induce
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neurotoxicity. Amino acid residues from Gly-33 to Met-35 anhydrous HFj-cresol (9:1) mixture over the course of 90
modulate A6 neurotoxicity (4), while the two valines at  min. All crude peptides were precipitated in ether and filtered

positions 39 and 40 affect ifg-sheet stability 15). Impor- through 10 mL of Sephadex G-25 size-exclusion resin to
tantly, not all peptides which form @&sheet structure, such  remove any scavengers and salts formed during the cleavage
as aggregated islet amyloid proteit6f and glucagonX7), procedure. Peptides were then injected into a Beckman HPLC

are toxic. This indicates that additional factors besides system equipped with a PDA detection system, using an
secondary structure are necessary for toxicity. There is aaqueous acetonitrile gradient. A Zorbax C8 semipreparative
growing body of data which demonstrate that transition column was used. Peptide purity was confirmed by RP-
metals are an isogenous factor that modulateaggregation HPLC; amino acid analysis and LKESI-MS were per-
and toxicity @8). Copper, iron, and zinc promote /A  formed on a Micromass triple-quadrupole mass spectrometer
aggregation into amyloidogenic aggregaté8«21). The equipped with a Hewlett-Packard 1100 liquid chromatogra-
interaction between Aand Cé" results in copper reduction  phy pump system. Purity was greater than 95% for all the
and the generation of hydrogen peroxi@@)( This effect is peptides that were used.
sequence specific since rafAwhich differs from the human Metal-Depleted and Metal-Supplemented Buffer Prepara-
form in three residues, binds these metals with a lower tion. Chelex-100-treated phosphate buffer solutions (10 mM)
affinity and is less susceptible to metal-induced aggregation were prepared by suspending Chelex-100 resin in 50 mL of
than human A&. Furthermore, the different length3species 10 mM phosphate buffer and stirring for 24 h. Metal-
associated with AD interact differently with these metal3 ( supplemented “synthetic” buffers were made from the
The AB42 species, the level of which is elevated in familial Chelex-100-treated phosphate buffer (10 mM) to which the
AD, has a higher affinity for these metals, resulting in an appropriate amounts of metal had been added. The metals
increased level of aggregation and a higher level of hydrogenwere added in the form of CuglZnCl, CoCk, MnCl,, and
peroxide production compared to those of the shorjg4 AISO,. The final metal concentrations were measured by
species. The aggregation ofAould be inhibited by adding  ICP-MS.
a metal chelator to the aggregation environmétt @3). Aggregation AssayStock solutions were prepared by
The physiological relevance of this effect is strongly sup- dissolving 2.0 mg of each peptide in 3@ of dimethyl
ported by the ability of metal chelators to increase the level sulfoxide (DMSO). The peptide solution was then sonicated
of solubilization of A from Alzheimer’s disease brain24). for 20 min in a water bath and filtered through a 022
A role for copper in PrP106126 toxicity is suggested by filter (Millipore). Aliquots of stock peptide solutions were
the copper chelator bathocuprionic sulfonate inhibiting added to aqueous buffer [L0 mM phosphate (pH 7.4)] to a
PrP106-126 toxicity 25). final volume of 1 mL and a final peptide concentration of
Given the critical role transition metals have in the bio- 20 uM. Metal concentrations of the buffers were as stated.
physical behavior and activity of A this study investigated = Samples contained no more than 0.5% DMSO. Final solu-
whether this property is common to other amyloidogenic tions were placedni a 1 mL acryl cuvette (Sarstedt) for
peptides, by studying the effect of metals on PrP1086 analysis. The extent of aggregation was determined by
aggregation. In this paper, we show that fibrillization of measuring turbidity at 400 nm versus a buffer blank. The
PrP106-126 was completely inhibited in an environment peptide solutions were briefly vortexed before each absor-
depleted of transition metals. &uand to a lesser extent Zn bance measurement to suspend any particulate matter. Delay
could restore PrP106126 aggregation. The metal binding times were calculated by extrapolating the steepest portion
site was localized and found to comprise the N-terminal of each aggregation curve to zero absorptia®) (

amino group, His-111, and Met-112. Circular Dichroism (CD).Circular dichroism studies were
performed on an Aviv 62DS spectropolarimeter at@5A
MATERIALS AND METHODS 0.1 cm quartz cell was used for spectra recorded from 190

Materials.Peptide coupling reagents and amino acids were to 250 nm. Samples contained 18/mL peptide in 10 mM
purchased from Auspep Pty. Ltd. (Melbourne, Australia). potassium phosphate buffer (pH 7.3).
Dimethylformamide (DMF) was stored ové A sieves for Electron MicroscopyPeptide solutions from aggregation
48 h to remove water and dimethylamine. Peptide synthesisassays were vortexed to suspend the particulate matter, and
resins were from Calbiochem-Novabiochem. Anhydrous a 5uL aliquot was spotted onto carbon-coated copper grids
hydrogen fluoride (HF) was obtained from CIG Gases. (ProSciTech). The grids were allowed to air-dry and the
Copper-coated carbon grids and uranyl acetate was purchasefibrils negatively stained with 0.5% uranyl acetate for 3 min
from ProSciTech. All other chemicals were purchased from and then washed several times with water. The samples were

Sigma or Aldrich Chemical Co. analyzed on a Siemens ELMISKOP 102 electron microscope
Peptide Synthesi®2rP106-126 and its analogues were at 60 eV.
synthesized by manual Boc chemistry protoc@6) (or by Analytical UltracentrifugationA Beckman Optima model

automated solid-phase Fmoc flow chemistry on a Biolynx XL-A analytical ultracentrifuge equipped with a photoelectric
Crystal instrument. 2-{-Benzotriazol-1-yl)-1,1,3,3-tetra- absorbance optical detection system was used for all
methyluronium hexafluorophosphate (HBTU), 1-hydroxy- sedimentation experiments. Samples (Z0Pand reference
benzotriazole (HOBt), and diisopropylethylamine (DIEA) (120uL) solutions were loaded into a conventional double-
were used as activators of carboxylic residues. Fmoc- sector filled Epon centerpiece (path length of 1.2 cm) with
synthesized peptides were cleaved from the solid supportquartz windows and mounted in a Beckman An-60 Ti rotor.
by a trifluoroacetic acid (TFA)/1,2-dithioethane (EDT)/ Data were collected at 235 nm with three averages at time
triethylsilane (TES)/water (92.5:2.5:2.5:2.5) mixture over the intervals of 30 min and radial intervals of 0.001 cm until
course of 2 h. Boc-synthesized peptides were cleaved by ansedimentation equilibrium was attained. Experiments were
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conducted at 20C with rotor velocities of 40 000 and 60 000 were increased by the addition of 0.1 M Cu@hd ZnC}.
rom. The partial specific volume of PrP16&26 (0.7448 The H chemical shifts were referenced to 2,2-dimethyl-2-
cm?® g 1) was calculated from the amino acid composition silapentane-5-sulfonate (DSS) at 0 ppm, via the chemical
(28). Solvent densities were computed using the program shift of the HO resonance3Q).
SEDNTERP 28), kindly supplied by D. Hayes (Magdalen Spectra were recorded on a Bruker AMX-500 spectrom-
College, Durham, NC), T. Laue, and J. Philo (Alliance eter. Most spectra were recorded at 298 K, with probe
Protein Laboratories, Thousand Oaks, CA). Estimates of thetemperatures calibrated according to the method of van Geet
weight-average molar masMy) were obtained from the  (33). Solvent suppression was achieved by pulsed field
global nonlinear least-squares best fit to sedimentation gradients using the WATERGATE method of Piotto et al.
equilibrium data at both speeds, using the program SEDEQ1B(34). Spectra were processed using XWINNMR, version 1.3
(kindly supplied by A. Minton, National Institutes of Health, (Bruker), and analyzed using XEASY [version 1.3.B3)[.
Bethesda, MD), according to Sine-squared window functions, phase shifted by 80,

were applied in both dimensions prior to Fourier transforma-

A(r) = Ar) exd(wZ/ZRDMw(PVP)(fLroz)] +E (1) tion.
Electron Paramagnetic Resonance (EPR) Spectroscopy.

whereA(r) is the absorbance at radiusA(ro) the absorbance ~ X-Band EPR spectra of the €u-peptide complexes were

at the reference radius, o the rotor angular velocityR obtained using a Bruker EC106 spectrometer. Samples (25
the gas constanT, the temperatureyl,, the weight-average  uL) were drawn into 10QuL micropipets and handled as

molar massy the partial specific volume of the solutg, described by Gordon and Curtain to ensure reproducibility
the solvent density, anfl the baseline offset. (36). The sample temperature was maintained at 110 K using

High-Performance Immobilized Metal lon Affinity Chro- a flow-through cryostat. The microwave frequency was
matography High-Performance immobilized metal ion af- measured using a Bruker EIP 548B frequency counter, and
finity chromatography (HP-IMAC) was performed by a the magnetic field was calibrated with a sample of 1,1-
modified literature method28, 29) as previously described  diphenyl-2-picryl hydrazyl.

(30). HiTrap chelating Sepharose cartridges (Amersham- Neurotoxicity Assay on Mouse Cerebellar Granule Neu-
Pharmacia) were mated to a Beckmann HPLC system unitrons. The PrP knockout mice (PrP) mice were obtained
comprising a System Gold programmable solvent module from C. Weissmann (Institut fur Molekularbiologie I, Zurich,
(model 126), a diode array detector module (model 168), Switzerland) 87). Wild-type (WT) control mice (C57BL6J
and a rheodyne injector. The peptide was eluted with a pH x 129/Sv) with the same genetic background as the’PrP
gradient from pH 7.3 to 4.0 using buffer A [20 mM mice were chosen. Primary cultures of cerebellar granule
potassium phosphate containing 0.5 M NaCl (pH 7.3)] and neurons were established from the PrRand WT mice as
buffer B [20 mM potassium phosphate containing 0.5 M described previously6j. Briefly, cerebella from postnatal
NaCl (pH 4.0)]. Peptides were freshly prepared in buffer A day 4-5 (P4-5) mice were removed, dissected free of
and acetonitrile (90:10). The column was equilibrated with meninges, and dissociated in 0.025% trypsin. Cells were then
buffer A and charged with a 0.1 M solution of either CuCl  plated at a density of 350 000 cells/£omto 5ug/mL poly-
NiCl,, or ZnChb in buffer A until saturation was achieved. (L-lysine)-coated 48-well plates (Costar) in BME supple-
The excess metal ions were removed by a single wash of 5mented with 10% FCS, 2 mM glutamine, 25 mM KCI, and
mL with distilled water, and the column was re-equilibrated gentamycin sulfate (10@g/mL). Cultures were maintained
with buffer A. The peptide was eluted with a gradient of at 37°C in 5% CQ. AraC (5ug/mL) was added on day 1.
100% buffer A to buffer B over the course of 15 min at a The MTT assay was used to assess cell survival in all the
rate of 1 mL/min. Between runs, the column was removed, assays. PrP106126, PrP106 126 scrambled, H111S, M109S,
regenerated by washing manually with copious amounts of and M112S peptides were freshly prepared as 1 mM stock
distilled water, 50 mM EDTA, and distilled water, and then solutions in media. On day 1, in vitro neurons were exposed
re-equilibrated in buffer A. to 80uM peptide in culture medium for a period of 2 days.

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) Fresh peptide was then added, and cell viability was
for Analysis of Metal ConcentrationSamples were diluted measured by the MTT assay after an additional 2 days.
in a 1% HNQ solution for analysis by ICP-MS. ICP-MS
was performed using an Ultramass 700 instrument (Varian, RESULTS
Victoria, Australia) in peak-hopping mode with spacing at  Chelex-100 Treatment Abolishes PrP1d626 Aggrega-
0.100 amu, 1 point/peak, 50 scans/replicate, 3 replicates/tion. To determine if metals modulated PrP10B26 ag-
sample, and a dwell time of 10 0. The rate of plasma  gregation, turbidometry was used to compare the aggregation
flow was 15 L/min with an auxiliary flow of 1.5 L/min. The  of PrP106-126 either in normal phosphate buffer or in
RF power was 1.2 kW. The sample was introduced using a phosphate buffer pretreated with Chelex-100 chelating resin.
glass nebulizer at a flow rate of 0.88 L/min. The apparatus As seen in Figure 1A, the aggregation of PrP1Q&6 was
was calibrated using a 1% HN®olution containing Cuand  completely abolished in the Chelex-100-treated buffer. It was
Zn at 5, 10, 50, and 100 ppb with Y39 being the internal only after ~120 h that a small increase in the level of
standard for all isotopes of Cu and Zn. aggregation in the Chelex-100 sample was detected (Figure

Nuclear Magnetic Resonance (NMR) SpectroschipyR 1A). To determine which metals were altered by the Chelex-
samples were prepared by dissolving the lyophilized peptides100 treatment, the metal concentration in the normal and
in 500 «L of 10 mM phosphate buffer (pH 6.9) and &0 Chelex-100 buffers was measured by inductively coupled
of 2H,0. The pH was adjusted with small additions of 0.5 plasma mass spectrometry (ICP-MS). The Chelex-100 treat-
M NaCPH or 2HCI. The metal concentrations of the samples ment caused a 4-fold reduction in €woncentration and a
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neither Cd"t nor Zr*t alone was able to fully restore
aggregation to normal buffer levels, it suggests they may
act cooperatively. To test this, €uand Zrii* were added
together, and this increased the aggregation plateau height
to 80% of that of the normal buffer. The failure to restore
the level of aggregation to 100% suggests that some
additional factor may be removed by the Chelex-100
treatment. To determine if there is a dose-dependent response,
increasing concentrations of &uor Zr*™ were tested. A
2-fold increase in Ctf levels (1.6 ppb Cu) resulted in a
100% aggregation plateau height (Table 3). A 5-fold increase
in Cw?* concentration (4.0 ppb Cu) resulted in a 200%
plateau height compared to normal buffer. Increasing Zn
concentrations displayed a much lesser effect that™.Cu
Doubling the ZA™ concentration (24 ppb Zn) did not change
the plateau height. An 8-fold increase (100 ppb Zn) was
required to obtain a 100% plateau height (Table 3). The
higher Zr#" levels also increased the delay time by 60% to
8000 s.

Metal Depletion Does Not Cause a Major Alteration in

Ficure 1: Analysis of peptide aggregation assessed by turbidometry the Secondary Structure of PrP18626. Circular dichroism

(400 nm). (A) Aggregation of PrP106126 in either normal ¢)

or Chelex-1004) buffer. The Chelex-100-treated buffer completely
abolishes peptide aggregation. (B) Aggregation of PrPUI%
following the addition of copper) and zinc ®) to the Chelex-
100 buffer to their original values. Data for aggregation of PrP106
126 in normal #) and Chelex-100 &) buffer are overlaid for

comparison. Calculated lag times are given in Table 3.

Table 1: Peptide Names, Sequences, and Abbreviations Used in

This Study

Peptide

Peptide sequence

Abbreviation

PrP106-126

PrP106-126 M109S

PrP106-126 H1118

PrP106-126 M112§

PrP106-126 M109S/M1128
PrP106-126 H111S/M109S/M1128

PrP106-126 C-terminally amidated

and C-terminally amidated

PrP106-126 scrambled

KTNMKHMAGAAAAGAVVGGLG
KTNMKHSAGAAAAGAVVGGLG
KTNMKSMAGAAAAGAVVGGLG
KTNSKHMAGAAAAGAVVGGLG
KTNSKHSAGAARRAGAVVGGLG
KTNSKSSAGARRAGAVVGGLG

KTNMKHMAGAAAAGAVVGGLG-NH,

PrP106-126 N-terminally acetylated | Ac-KTNMKHMAGARAAGAVVGGLG-NH,

NGAKALMGGHGATKVMVGAAA

PrP106-126
M109S
HI11S
M1128
MM/SS
HMM/SSS
amidated

acetylated

scrambled

a All mutations have been introduced to alter the potential metal
binding of the wild-type PrP106126 peptide. The mutated serines
are underlined. The numbering is based on the human PrP §éhe (

3-fold reduction in ZA" concentration (Table 2). There was
no significant change in Af, Ni2*, or Mr?* levels. To
examine the individual effect of Giand Zr#* on PrP106-

was used to determine if the lack of PrP+&26 aggregation

in the Chelex-100 buffer was due to alterations in the
secondary structure of PrP10626. The three signature
wavelength absorption peaks utilized to detect secondary
structure were the 195 nm minima for random coil, the 208
and 222 nm double minima fer-helix, and a singl@-sheet
minimum near 225 nm3g). PrP106-126 was analyzed in
both normal buffer and Chelex-100 buffer at pH 5, 6, 7.3,
and 8. The CD spectra were overall similar in both normal
buffer and Chelex-100-treated buffer, and the normal buffer
spectra were consistent with previous studies (data not
shown) @, 6, 9, 26). In normal buffer at pH 7.3, PrP166
126 displayed a single minimum near 225 nm, indicating
large -sheet aggregates were presetf, 39, 40). In the
Chelex-100 buffer at pH 7.3, PrP10626 displayed a similar
profile, but with ag-sheet minimum near 218 nm. This
minimum is expected for soluble, low-molecular weight
[-sheet structure3@). Therefore, the Chelex-100 treatment
caused a significant reduction in aggregatesheet content.
This would be consistent with the decreased level of
aggregation of PrP166126 in Chelex-100 buffer.

Analysis of the PrP106126 Oligomeric State by Trans-
mission Electron Microscopy and Analytical Ultracentrifu-
gation. The physical structures of the aggregated peptides
formed during the turbidity assay were analyzed by nega-
tively staining the aggregated peptides with uranyl acetate
and viewed by electron microscopy. The PrP1026
peptide in normal buffer formed fibrils that were consistent
with those previously reported,(6). In contrast, the Chelex-
100-treated sample was devoid of fibrils and consisted of
amorphous aggregates.

126 aggregation, a series of synthetic buffers was made by To compare the oligomeric states of soluble PrP1086

adding C@" or Zr*, to restore the original concentrations

in the normal and the Chelex-100 buffers, sedimentation

in the Chelex-100-treated buffer. The metal concentrations studies were employed in the analytical ultracentrifuge. The
in the synthetic buffers were confirmed by ICP-MS and weight-average molar mass of PrPH26 solubilized in
corresponded very closely to their normal buffer values normal buffer was calculated to be 1700 Da (from eq 1 in

(Table 2). The aggregation profile of PrP10826 in these

Materials and Methods), in agreement with the theoretical

synthetic buffers was measured (Figure 1B and Table 3), monomer molar mass of PrP10626 (1912 Da). No other

and Cd" and Zr#* restored aggregation to 70 and 40%, soluble oligomeric species were detected. However, a time-
respectively, of the normal buffer levels. There was a small, dependent reduction in optical density was observed, provid-
but not significant, increase in the delay time (Table 3). Since ing evidence for the loss of aggregated material during the
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Table 2: Metal Concentrations of the Buffers Used in This Study As Determined by ICP-MS

cwt zn?t Mn2* AlZ+ Cot Ni2*
buffer (n=48) (n=52) (n=138) (n=37) (n=22) (n=38)

normal 0.71 11.45 1.94 19.54 0.16 1.32
Chelex-100 0.18 3.45 1.51 18.91 0.61 1.35
0.8 ppb Cu 0.81 b b b b b
12 ppb Zn b 12.1 b b b b
1.8 ppb Mn b b 1.86 b b b
19 ppb Al b b b 20.3 b b
0.8 ppb Co b b b b 0.66 b
0.8 ppb Cu and 12 ppb Zn 0.83 12.2 b b b b
1.6 ppb Cu 1.68 b b b b b
24 ppb Zn b 23.6 b b b
1.6 ppb Cu and 24 ppb Zn 1.70 23.8 b b b b
4.0 ppb Cu 412 b b b b b
100 ppb Zn b 99.8 b b b b

a All values are in parts per billion. Where concentrations are not given (b), they are regarded as “baseline” and resemble those found in the

Chelex-100 buffer.

Table 3: Turbidity Data for PrP106126 in Buffers of Varying 12 normal buffer
Metal Concentrations Confirmed by ICP-MS
buffer plateau height (%) delay time (s) ,
il [t >0 min
normal 100 5000 OD (235 nm) r
Chelex-100 0 na
0.8 ppb Cu 70 5500
12 ppb Zn 40 5800 =0 min
1.8 ppb Mn 0 na
19 ppb Al 0 na
0.8 ppb Co 0 na
0.8 ppb Cu and 12 ppb Zn 80 8500
1.6 ppb Cu 105 5000 A 60 min
24 ppb Zn 45 8000 7| =60 min
1.6 ppb Cu and 24 ppb Zn 150 8000 =30 min
4.0 ppb Cu 200 5000
100 ppb Zn 90 8000 =0 min
- - - OD (235 nm)
aPlateau heights are measured relative to PrP1@6 in normal i
buffer. na, not applicable.

course of the experiment (Figure 2). A similar phenomenon
has previously been observed with human apolipoprotein
C-Il, which has recently been demonstrated to form amyloid
in vitro (41). In contrast, we did not detect a significant loss radial position (cm)
n Opt_l(_:al d.enSIty with time when samples of Prpm.B FiIGURE 2: Sedimentation profiles of PrP16626 in the presence
solubilized in Chelex-100-treated buffer were studied in the ang absence of divalent metal ions. The optical density (OD) at
analytical ultracentrifuge (Figure 2). Furthermore, the weight- 235 nm is plotted as a function of radial position. The solid lines
average molar mass of PrP10626 in Chelex-100-treated indicate the first 1Q_radia| scans measur(_ed at 30 min intervals for
buffer was determined to be 1910 Da, consistent with the zrr]';lgﬁe};i f&')u_g'('e';fedd'q(}?nrpﬂ'\”pg?;‘;‘:ﬂr“nmpmzspm?éeb(gf'?ez-(‘:))H
monomeric n,wlar mass. .ThI.S indicates that the metal- 7.4). When identifiable, the scans are labeled with a time point of
depleted environment maintains PrP+d&6 in a mono- minutes.
meric state, in agreement with the turbidity studies (Figure
1).

Measuring the Leel of Metal Binding of PrP106126

F T T T T T

6.92 6.96 7.00 7.04 7.08 712

the PrP106126 and PrP106126 scrambled sequence
peptides. However, the PrP10626 scrambled peptide
by HP-IMAC. The above data suggest that PrP1Q86 allowed differentiation between specific and nonspecific
binds metal ions, in particular Guand Zrt*. To directly binding of PrP106-126 to Zri" since PrP106126 scrambled
demonstrate this, a HP-IMAC procedure was used to measuredid not bind Zi*, indicating Z#* binding is sequence
the level of binding of PrP106126 to N, Ci?*, and Zi#* specific. Since the PrP166@.26 scrambled peptide is non-
metal chelates3(). The PrP106-126 peptide was strongly  toxic and does not form fibrils and lacks afiysheet 26),
retained on both the IDAZn?" and IDA—-CW" chelates the natural histidine copper interaction alone is not respon-
(Table 4). It was only at pH 4 that the peptide eluted from sible for the amyloidogenic and toxic activity of PrP106
these columns, along with the metal itself. PrP1Q&6 126.

displayed a weaker affinity for the IDANi?" chelate and Analysis of PrP106126 Metal Interactions by NMR
eluted at approximately pH 6.5. The PrP10&6 scrambled  SpectroscopyTo characterize the interaction of PrP106
sequence peptide had a high affinity for’Cua lower affinity 126 with C#t and Zri#* at the molecular level, the effects
for Ni?*, and no affinity for Z&". This demonstrates that of Cu?" and Zr#* on theH NMR spectrum of PrP106126
the natural affinity of histidine for Cif is present in both  were studied. A combination of two-dimensional total
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Immobilized IminodiacetiateMetal Chelating Chromatography

Table 4: Elution pH of PrP106126 and Mutant Analogues on A ‘
IDA—-Cw" IDA—-Zr?t  IDA—Ni?* ‘ ' Hl

PrP106-126 4.0 4.0 6.5 _ ‘ i !
M109S 4.0 7.3 6.5 peptide J‘VJ’K v e LA
H111S 7.3 7.3 7.3 | *
M112S 4.0 7.3 6.5 % |
MM/SS 4.0 73 6.5 | i
MHM/SSS 7.3 7.3 7.3 i I
amidated 40 7.0 7.3 1. !
acetylated 4.0 7.3 6.5 peptide e ] | oA
PrP106-126 scrambled 4.0 7.3 7.3 +50% Cur* . J A S SV A

2 Elution at pH 7.3 indicates no affinity, while at pH 4.0, both the
peptide and the metal are stripped off the column, indicating high *
affinity. Intermediate elution at pH 6.5 indicates moderate affinity. JW\

B e ;

correlation spectroscopy and nuclear Overhauser effect 22201816 22201816 22201816 22201818 ppm
spectroscopy was used to assign thieresonances in the PrP106-126  M108S M1128 acetylated

Chelex-100 buffer. Comparison between PrP1086 in

both normal and Chelex-100-treated buffer showed no i " »
difference in the spectra, confirming there were no changes peptide 1 l*’"’M’\““‘“ ,.“»,'!f‘:"‘* b
in structure. The addition of either CuGdr ZnCk caused R . ! LT

differential broadening of resonances, which allowed local- peptide A it D

] e R ot W
ization of the metal binding site in PrP16626. The +50% CuZ* """“Nw - f’wu T b i
paramagnetic nature of €uaffects the NMR spectra and  pepride e ik o N,?\m‘ }
will cause a resonance broadening on top of any resonancest 100% Zn* =" ‘s w ™ - & A
affected by metal interactionS. The addit|0n Of 0.5 molar 888480767268 888480767268 888480767268 888480767268 ppm
PrP106-126 M109S M112S acetylated

equiv of C#" caused a significant broadening, to the point
beyond detection, of the (8.8 ppm) and i (7.5 ppm) FicurRe 3: *H NMR spectrum of PrP166126 and selected mutants
resonances of His-111. The addition of 1.0 molar equiv of in normal buffer (pH 7.3) and with the addition of 50% Cu@hd
Zn?* to the peptide flattened theeH8.8 ppm) and K (7.5 100% ZnC}. (A) Aliphatic side chain region. Met-1t2metal
ppm) resonances of His-111 and caused a shift of a Met H interaction peaks are marked (asterisks). (B) Amide region.
and H resonance (Figure 3). As the Met-109 and Met-112
resonances overlap in the normal buffer, it was not possible

Table 5: EPR Values af, andA, for PrP106-126 and Mutants

to identify the methionine affected by the addition of2Zn 9. (G)  Ai(mK) coordination

contributing to this change. However, it was obvious that a  PrP106-126 217 16.13 2N1S10

Met Hy peak was lost from 2.7 ppm upon Znaddition '\H"llffg éﬁ 12%55’ %Nigig

and that the Iglresonance had moved from 2.1 to 1.95 pPM. 1128 511 16.25 ON1S10

Therefore, His-111 and one of the methionines are directly mm/ss 2.24 15.55 2N20

affected by the binding of Zn to PrP106-126. No other MHM/SSS 2.24 15.55 weak 2N20

amino acid residues appeared to be affected /.Zn amidated 211 16.25 2N1s10
Analysis of the Interaction between PrP10526 and Cu acetylated nd nd very weak binding

by EPR Spectroscopyo overcome the limitations imposed @ Coordination is based upon the work of Piesach and Blumberg
by the paramagnetic nature of €un the NMR studies, EPR (42) for natural Cu binding proteinsi(). nd, not detected.
was used to further define the interaction betweefGund
PrP106-126. The EPR spectra of PrP10626 incubated  were changed to serine, as opposed to the more commonly
with 2 molar equiv of Cé&t in 10 mM phosphate buffer (pH  used alanine, to avoid increasing the hydrophobicity of the
7.3) gave &, of 2.17 G and a hyperfine splittingy, of 16.13 peptide which can influence its ability to aggregade A
mK (Table 5). These values correlate with a two-nitrogen, C-terminally amidated peptide was synthesized to study the
two-sulfur (2N2S) or a two-nitrogen, one-sulfur, one-oxygen effects of altering the dipolar moment of the peptide. An
(2N1S10) coordination complexX?). The NMR and EPR  N-terminally acetylated and C-terminally amidated peptide
data indicate that the Met-109 and/or Met-112 amino acids was synthesized to assay the potential role of the N-terminal
contribute the sulfur ligands for Gt binding to PrP106 NH. group.
126. While His-111 provides one nitrogen ligand, the source  The effect of the mutations on aggregation was tested in
of the other nitrogen is unclear and may come from either normal buffer (Figure 4). The H111S mutation had the most
the amide backbone or the N-terminal Ngtoup. If 2N1S10 dramatic effect and completely abolished aggregation. The
binding is present, the oxygen ligand may originate from a M109S mutation had little effect, and the peptide aggregated
backbone carbonyl group or the buffer environment. strongly to a plateau height of 90% of that of PrP10@26
Biophysical Properties of Methionine and Histidine Mutant with an increase in the delay time to 7000 s. The M112S
Peptides.To establish the role of His-111, Met-109, Met- mutation had a more pronounced effect than Met-109 and
112, and the N-terminal amino group in PrP1&6 metal reduced aggregation to 50% of the PrP10@6 plateau
binding and aggregation, several mutant peptides wereheight. An additive effect was seen with the double-
synthesized (Table 1). The histidine and methionine residuesmethionine mutant peptide, MM/SS, which reached a plateau
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* PrP106-126 in normal buffer Je Al
- e ] . Ao B 3
PrP106-126 in chelex-100 buffer “ L \\‘. _
A M109S P(P106-126 AR 4100
XH111S - = . chplex:
XM1128
® MM/SS
+MHM/SSS
=amidated peptide
—acetylated peptide
0.12
."‘.‘0 * o9
0107 ‘xXAAAAAAAAAA
£ 0081 ]
c A -
S ) 4
o~ 0.06 + .
X 0047 ot xXem
. x" . the mutant peptides after negative staining with uranyl acetate. The
0.02 + A’ X= e®%%,0% e scale bar is equal to 50 nm.
' o xgE et
- e dt, 4% e s K X 126 readily becomes helical in the presence of trifluoro-
0.00 ethanol (TFE) 26, 43). The physical structure of the mutant
0 S000 ] 10000 15000 20000 peptides formed during the turbidity assays was analyzed
time (seconds) by transmission electron microscopy. All of the mutants

FiGURE 4: Aggregation of PrP106126 and the mutant peptides formed amorphous particulate clusters, and no fibrillogenic
in normal phosphate buffer (pH 7.3) as assessed by turbidometry:species could be detected (Figure 5). Therefore, while M109S
F‘?lﬁm?gsg)&')wﬁgﬁa@a Hélt%ge?)éml;gg I(;)tétlz\l/lMe/St% . Wwas able to aggregate strongly, it could not form fibrils.
(—)’. Data for PrPlb6126 in Cﬁelpex-lob buffell)yare OV%rlE)’;lid N.Lhe mftal bmdlrlg properties of the mutant pepiides for
for comparison. i2t, C#t, and Z#™ metal che]ates was measured by HP-
IMAC (Table 4). Only the amidated peptide bound to the
height of only 30% of that of PrP166126. The M112S and IDA—Zn?t chelate, but was readily eluted at pH 7.0,
MM/SS peptides had longer delay times of 10 000 and implying a weak affinity. The other mutant peptides had no
10 500 s, respectively. The triple-mutant peptide, MHM/SSS, measurable level of binding to Zh All the peptides that
displayed no significant aggregation. Amidating the C- contained His-111 eluted at pH4, indicating a high-affinity
terminus increased the delay time to 8000 s and reduced thebinding to the IDA-CW?* chelate due to the naturally strong
aggregation plateau height to 70% of that of the wild-type affinity of histidine for C#*. However, PrP106126 had
peptide. The N-terminally acetylated peptide also had a the longest retention time on the column, suggesting it had
longer delay time of approximately 10000 s and only the highest affinity for C&". The H111S and MHM/SSS
aggregated to 40% of the level of PrP10B26. When all peptides showed no affinity for €tiand did not bind to
peptides were tested in Chelex-100 buffer, no aggregationthe IDA—CW" column. All the C@"-binding peptides also
was observed (data not shown). When the mutant peptidesdisplayed a mild affinity for Ni* and eluted at pH-6.5.
are compared to PrP164.26, it is evident that His-111 is The mutant peptides were analyzed by NMR, with and
critical for facilitating aggregation, while Met-112 and the without C#* or Zr** added. The addition of 0.5 molar equiv
N-terminal amide group also have an important role in of Cu?" caused all the His-111-containing peptides (M109S,
modulating the overall level of aggregation. Met-109 had a M112S, and MM/SS) to experience His peak broadening,
smaller effect on PrP166126 aggregation and is presumably like wild-type PrP106-126. The His K and H) resonances
less critical for metal binding and the subsequent peptide of M109S were no longer visible. Peptide M112S showed
aggregation. the His H resonance had moved from 7.6 to 7.4 ppm and
The mutations did not alter the secondary structure of the had no visible His K peak. The MM/SS peptide had the
peptides as measured by CD in normal buffer and Chelex- His HO resonance shift from 7.45 to 7.3 ppm, and the His
100 buffer at pH 7.3. All of the His and Met mutant peptides He resonance was still present at 8.8 ppm. The MHM/SSS
and the amidated peptide exhibited spectra very similar to peptide exhibited a loss of the Lys-106 backbone chain amide
those of the PrP106126 peptide. The spectrum of the resonance with Cd. The H111S peptide showed no further
acetylated peptide in normal buffer was similar to that of resonance changes in this region. Analysis of the Mgt H
PrP106-126. However, in Chelex-100 buffer, it exhibited a and H region (1.8-2.5 ppm) following C&" addition
slight double minimum at 208 and 222 nm (data not shown). showed that only the M109S peptide was affected (Figure
This represents a tendency of this peptide to adopt a helical3). The overlapping Met peaks at 2.3 ppm are now smaller,
configuration once the dipolar moment of the peptide has and a new peak at 2.2 ppm had formed. No other mutant
been altered significantly. Previous work has shown PrP106 peptides experienced this change. The addition 6f Za
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the His/Met mutant peptides caused no significant peak
broadening or relocations to occur. The addition of Cio

the N-terminally acetylated peptide gave results similar to
those for the mutant peptides with broadening of the His
resonances. The addition of Zrdid not alter the Met peaks
and only caused a slight reduction in the signal intensity of
the His imidazole resonance.

EPR analysis of the mutant peptides, under the same

conditions that were used for PrP10626, showed that the

spectrum of the amidated peptide, M109S, and M112S are

essentially identical with @, of 2.11 G and a hyperfine
splitting A of 16.25 mK (Table 5). These values deviate
from those of the wild-yype PrP166.26 binding complex,
yet still are evidence of maintenance of a 2N1S10 coordina-
tion sphere about Ct. While no 2N1S10 binding region
was identified in natural Cu binding proteind2, it is
feasible that such binding occurs and would hgyandA
values located midway between those for 2N2S and 2N20
binding. However, no literature reports utilizing EPR of such
a complex could be found to confirm that this occurs. The
MM/SS mutant gave a spectrum markedly different from
those of the other peptides with @ of 2.24 G and a
hyperfine splittingA;, of 15.55 mK. This is consistent with

a 2N20 coordination to Cd. The H111S and MHM/SSS

Jobling et al.
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Ficure 6: Neurotoxicity assays of PrP16826 and the mutant
peptides on primary cerebellar neurons from wild-type andPrP
mice. Cells were treated with M peptide for 4 days, and cell
viability was determined by the MTT assay. Mean neurotoxicity
values are the average of five independent experiments b)
performed in triplicate for each treatment. Error bars represent

peptides gave very weak EPR spectra and required an up tastandard deviation. Statistical significance was determined by an

3-fold increase in Cti levels to achieve the spectrum of
the copper-bound peptide. This large excess f @ave a
weak spectrum for H111S and MHM/SSS wigh and A
values of 2.11 G and 16.25 mK and 2.24 G and 15.55 mK,

ANOVA test [p < 0.05 (#)].

structure in PrP106126 @, 6). The combination of NMR,
EPR, and mutagenesis experiments showed that His-111 was

respectively. Theses values indicate a possible 2N1S10crucial for copper binding, along with the N-terminal amino

coordination for H111S and 2N20O coordination for MHM/

group and Met-112.

SSS. The acetylated peptide showed very weak binding to  The aggregation profile of PrP16@.26 is consistent with

CWw'. The NMR and EPR studies on the mutant peptides
confirm that both His-111 and the N-terminal amino group
are crucial for Ce&' binding, while Met-112 rather than Met-
109 directly participates in this binding. Without His-111,
the C#* ion may be coordinated, albeit very weakly, to the
N-terminus as seen with the acetylated peptide.
Mutagenesis of His-111, Met-109, or Met-112 Abolishes
PrP106-126 Neurotoxicity.Since the histidine and me-

a highly amyloidogenic peptide, similar to thesAeptide

of Alzheimer’s disease2(/, 44). Aggregation is composed

of an initial lag phase followed by the growth phase which
reaches a plateau beyond which no further aggregation
occurs. The lag phase is believed to involve seed or nucleus
formation. The seeds then form protofibrils, and these extend
into the fibrils during the growth phase. The plateau height
measures the overall level of aggregation. In metal-depleted

thionine mutations altered the metal binding and aggregation buffer, PrP106-126 aggregation is completely abolished, and
properties of the peptides, the effect of these mutations ononly restored when copper or zinc is reintroduced. The
their neurotoxic activity was assayed on mouse cerebellartransmission electron micrographs demonstrated there was

granular neuronal cultures from both normal andPrhnice.

As expected, PrP1066126 caused a 30% decreape<(0.05)

in WT neuronal survival after 4 days (Figure 6), but had not
effect on the PrP~ neurons, confirming specificity for PrP-
expressing neuron$,(7). All the mutant peptides showed
no significant toxicity against WT neurons. These data

no fibril formation in the Chelex-100 buffer. Therefore,Cu

or Zr¢" is necessary for proper fibril polymerization to occur.
CW" and Ziit appear to act cooperatively since simulta-
neously restoring both metals to their normal levels results
in an additive effect. However, the inability of €uor Zr?*
either alone or in combination to fully restore aggregation

demonstrate that the metal binding residues appear tosuggests some other, unidentified, factor has been removed

simultaneously modulate the ability of the peptide to form
fibrils and be neurotoxic.

DISCUSSION

The main finding of this work is that the N-terminal polar
region of the neurotoxic PrP16626 peptide contains a
metal binding site for Ctir and Zr* which modulates
aggregation and toxicity. The reduction in Lulevels
following Chelex-100 treatment abolished its fibrillogenic
propensity without causing major alterations in its secondary
structure. In concert with the results using various mutant
peptides, metal binding is not responsible for formfigheet

by the Chelex-100. These studies do not clarify whether the
role of C#" and Zrif" is in seed or protofibril formation.
The data clearly indicate that in addition to the hydrophobic
region, which is responsible for formingfasheet coref),
the binding of Cu or Zn is critical for aggregation. Although
PrP106-126 could also bind N, albeit weakly, the Chelex-
100 treatment abolished aggregation without altering” Ni
levels, indicating Ni* is not directly involved in the
aggregation process.

The spectroscopic and biochemical studies on the wild-
type and mutant peptides identified a 2N1S10 coordination
for Cw?* binding, with His-111 as the key residue together
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with Met-112 and the N-terminal amino group. Turbidometry the ligands, while the lack of interaction betweer?Cand
data indicate Met-109 is not important for peptide aggrega- Ac-PrP106-126 is evidence that the N-terminal amino group
tion, but the TEM and cell culture assays demonstrate Met- of the peptide is also required for metal binding. Mutagene-
109 is a necessary residue for fibril formation and neuro- sis and aggregation data implicate the sulfur of M112.
toxicity. The aggregation reaction is also sequence specific However the NMR data are somewhat equivocal; if the sulfur
since the PrP106126 scrambled peptide which bound?Cu of M112 was bound to copper, it would be expected that
via the natural affinity of histidine for C, does not form the resonance due to‘ld; of M112 would be broadened
fibrils and is not neurotoxic. Therefore, it is the combination beyond detection. The NMR data actually show that this
of a specific peptide sequence combined with its metal resonance is shifted (marked with asterisks in Figure 4), and
binding activity that leads to fibrillization and the generation this suggests that this residue is in a different chemical
of neurotoxic PrP106126. environment but not directly bound to &u We have no

His-111 is the key residue for metal binding and aggrega- direct evidence of the nature of the oxygen ligand, which
tion since its replacement had the most profound effect by could be solvent kD, phosphate from the buffer, or a
completely abolishing aggregation. The H111S peptide wasbackbone carbonyl from the peptide. In light of the NMR
unable to bind to the Cii—IDA column, and as determined  evidence, we propose that the oxygen ligand is the carbonyl
by EPR, there was very weak €ubinding presumably via  from M112; this would explain the observed changes in the
the N-terminal amino group. The different behavior of the NMR spectrum. If the M112 that is coordinated to the?Cu
methionine mutant peptides, M109S and M112S, indicated is from another peptide (intermolecular coordination as
the methionine residues had distinct effects od'hinding shown in Figure 7A) to create an oligomeric form of the
and peptide aggregation. The M109S peptide had aggregatiorpeptide, the effect of this type of coordination may not be
properties very similar to those of PrP10626, whereas  observed in the NMR as the faster relaxation of higher-order
M112S had a much slower and lower level of aggregation. aggregates coupled with the paramagnetic nature of copper
Although Met-112 has a more prominent role infChinding leads to a broadening of resonances. A consequence of this
than Met-109, the finding that the MM/SS peptide aggregated is that NMR does not observe the major product from the
less than M112S indicates Met-109 also plays a role probablyreaction. However, these types of oligomers would be
as a secondary or alternate sulfur ligand. This is consistentobserved by EPR which would not be influenced by the
with the EPR spectra showing a 2N1S10 system. Interest-effect on relaxation time of higher-order polymers or
ingly, when Met-112 was not present, the EPR values aggregates. Line broadening of the EPR spectra due to
indicate a shift toward a 2N20 system, while still remaining Heisenberg exchange was not observed, indicating that the
in the 2N2S boundaries of the natural Cu binding proteins CW/?* centers in any polymers or aggregates were well
(39). The oxygen ligands could be from the serine residue separated, as indicated in panels A and B of Figure 7. The
that has been mutated into the sequence or from the peptiddormation initially of metal-mediated dimers acts as a seed-
backbone, most probably from the carbonyl group of Met- ing event that brings the hydrophobic AGAAAAGAVV
112. Alternatively, this could represent a 2N1S10 system region of the two peptides into proximity such that they can
with a water molecule bound to the metal. Peptidylglycine stack together in a “steplike” arrangement facilitating chain
monoxygenase binds to copper in this coordination, although extension and fibril formation.
it has not been previously defined by EPR and requires In comparison to the PrP18@.26 metal binding site, the
further investigation45). Metal binding was also modulated N-terminal octapeptide repeats of PrP bind up to four copper
by the N-terminal amino group since acetylating the N- atoms via histidine residues and possibly glycine residues
terminus caused a lower overall level of aggregation, (46, 47). Several different models for the PrP octapeptide
presumably by disrupting binding of €uto PrP106-126. Cu complex have been proposed. The first binding coordina-

The NMR data show direct evidence forZrinding to tion proposed incorporated a 2N20 square planar system
PrP106-126 but not to any of the mutant peptides. NMR (48). This peptide-copper complex was bound by the, N
data are consistent with Zncoordinating PrP106126 in atom from the imidazole side chain in histidines of two
a fashion similar to that of Cti, so a 2N1S10 binding would  adjacent repeat units and by the carbonyl groups of two
also be applicable for the PrP16626—Zn complex. The glycine residues. Another model showed a 3N10O binding
key residues identified so far, His-111 and Met-112, both site which suggested binding occurs via thg dlom from
experience identical peak loss or movement in the NMR the histidine together with two deprotonated main chain
spectrum, when compared to the data for the PrP-1Q6— amide nitrogens from the triglycinedd). NMR and EPR
Cu complex. His-111 does not have the same natural affinity studies led to a tetragonal coordination indicative of a 3N10
for Zn?* that it does for C#r, and the overall level of binding  coordination site 46). A four-octarepeat peptide would
to Zr?* by the peptide is therefore lower. The mutation of coordinate the four copper ions with nitrogens from the
any one of the identified metal binding residues abolishes histidine imidazole group from two adjacent repeats and a
Zn?* binding, indicating each has a crucial role to play in nitrogen from the amide backbone. The final ligand, an
Zn binding as opposed to that seen with the*'Cexperi- oxygen molecule, is most likely from water. A two-octarepeat
ments. peptide would involve a similar arrangeme#6). The most

On the basis of our experimental evidence, we have recent study, using EPR and CD spectroscopy, demonstrated
proposed a model for the binding of €uto PrP106-129 that both the 3N1O systemd@, 49) exist in equilibrium
as shown in Figure 7A. The EPR data indicate that the (50). At pH 7.45, it was shown that the model of Miura et
predominant configuration about &us square planar with  al. (49) is the major binding mode, while the model of Viles
a 2N1S10 coordination sphere. The NMR data clearly et al. @6) is also present and can bind €y50). Electron
show that the imidazole side chain of His-111 is one of spin-echo envelope modulation spectra demonstrate that the
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Ficure 7: (A) Hypothetical model based upon the EPR data showing a 2N1S10 coordination complex for Cu with two molecules of
PrP106-126. The side chains for His-111 and Met-112 are given in detail. The N- and C-terminal ends of the peptide are shown, and the
sequence of the peptide is represented in single-letter code. (B) Schematic model showing possibtelR@hpérophobic core stacking
(cross-hatched) in both a paralf@isheet (i) and an antiparallgtsheet arrangement (ii).

histidine imidazole nitrogen contributes a nitrogen coordina- This is of potential biological relevance as the human
tion site. Interestingly, EPR and CD studies on a truncated PrP109-122 sequence can induce sheet structure in human
repeat unit (HGGGW) yielded spectra identical to that of a PrP104-122 but not in the corresponding mouse peptide
single full repeat sequence peptide in the 3N10O (histidine (52). It has also been shown that oxidizing the Met-112 sulfur
imadazole, glycine amide, and glycine amide) orientation lowers the sheet-forming tendency of PrP3Q22 62). This
described above5(). This would then represent a single could be explained by it altering the affinity of the sulfur
binding unit and suggests that inter-repeat unit metal binding for metal ions.
is not necessary and may not occur. PrP106-126 neurotoxicity on wild-type cells expressing
A recent study of PrP106126 also identified His-111 as  PrF* is regulated by available coppeRq). Addition of
a crucial residue since a histidine to alanine mutation reducedup to 100uM bathocuprine sulfonate inhibits nearly 80%
the extent of fibril formation43, 51), and therefore correlates  of the observable toxicity. The hydrophobic core sequence
with the present findings. However, in contrast to our studies, AGAAAAGA is required for toxicity but is not solely
this mutation, as well as a histidine to lysine mutation, did sufficient to invoke a toxic respons#(). These data are in
not alter the overall aggregation propensity of the peptide agreement with our own findings, i.e., that aggregation is
(51). Met-112 was also found to be important for aggregation. modulated by the hydrophobic core and the metal bind-
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ing site and this in turn is necessary for PrP10@6
neurotoxicity.

The current studies have shown that the fibrillogenic and
neurotoxic activity of PrP106126 is modulated by metals
in a manner similar to that described for thg peptide (19—

22, 31). AS can bind Cé&", Fe*, and Zrt" in vitro, each
accelerating £ aggregation. £ aggregation is also inhibited
by adding a metal chelator to the buff@3]. The interaction
between 4 and Cd" or Fe' results in redox chemistry
due to the 48 being a redox-active peptide that can reduce
Cuw?* to Cu™ and Fé* to F&*. In the presence of oxygen,
this leads to hydrogen peroxide producti@@)( Zn** binding

to Ap appears to be protective since it inhibit§-fnediated
CW?* reduction and hydrogen peroxide production, simulta-
neously protecting cells againspAoxicity (53). Unlike the

Af peptide, PrP106126 cannot reduce €u(X. Huang and

A. I. Bush, unpublished observations), indicating this redox-
active process is not shared by all neurotoxic amyloidogenic
peptides.

We have shown that PrP168626, a peptide model for
PrP¢ toxicity, interacts with metals to form neurotoxic
amyloidogenic structures. While the PrPHI826 sequence

does not appear to be present in PrP-associated plaques as a

unique entity, the PrP166L26 metal binding sequence could
participate in metal binding in vivo and perhaps modulate
PrPSEstructure and toxicity. Therefore, testing the possible
role of this site in full-length PrP warrants further investiga-
tion. Since PrP106126 toxicity requires PrPexpression,
copper binding to the peptide may promote the interaction
between the PrP166126 and PrP.
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