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Abstract. We have shown previously that the pro-
tease-resistant and neurotoxic prion peptide fragment
PrP[106-126] of human PrP incorporates intd lipid
bilayer membranes to form heterogeneous ion chan-
nels, one of which is a Cu®"-sensitive fast cation
channel. To investigate the role of PrP[106-126]’s
hydrophobic core, AGAAAAGA, on its ability to
form ion channels and their regulation with Cu®*, we
used the lipid-bilayer technique to examine membrane
currents induced as a result of PrP[106-126] (AA/SS)
and PrP[106-126] (VVAA/SSSS) interaction with
lipid membranes and channel formation. Channel
analysis of the mutant (VVAAA/SSS), which has a
reduced hydrophobicity due to substitution of hy-
drophobic residues with the hydrophilic serine residue,
showed a significant change in channel activity, which
reflects a decrease in the B-sheet structure, as shown
by CD spectroscopy. One of the channels formed by
the PrP[106-126] mutant has fast kinetics with three
modes: burst, open and spike. The biophysical
properties of this channel are similar to those of
channels formed with other aggregation-prone amy-
loids, indicating their ability to form the common 3
sheet-based channel structure. The current-voltage
(I-V) relationship of the fast cation channel, which
had a reversal potential, E,.,, between —40 and —10
mV, close to the equilibrium potential for K™
(Ex = —35 mV), exhibited a sigmoidal shape. The
value of the maximal slope conductance (gax) Was 58
pS at positive potentials between 0 and 140 mV.
Cu’" shifted the kinetics of the channel from being in
the open and ““burst” states to the spike mode. Cu””*
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reduced the probability of the channel being open
(P,) and the mean open time (7,) and increased the
channel’s opening frequency (F,) and the mean closed
time (7;) at a membrane potential (V) between + 20
and +140 mV. The fact that Cu®" induced changes
in the kinetics of this channel with no changes in its
conductance, indicates that Cu®" binds at the mouth
of the channel via a fast channel block mechanism.
The Cu®* -induced changes in the kinetic parameters
of this channel suggest that the hydrophobic core is
not a ligand Cu®" site, and they are in agreement
with the suggestion that the Cu’ ™ -binding site is lo-
cated at Moo and H; ; of this prion fragment. Al-
though the data indicate that the hydrophobic core
sequence plays a role in PrP[106-126] channel for-
mation, it is not a binding site for Cu>*. We suggest
that the role of the hydrophobic region in modulating
PrP toxicity is to influence PrP assembly into neuro-
toxic channel conformations. Such conformations
may underlie toxicity observed in prion diseases. We
further suggest that the conversions of the normal
cellular isoform of prion protein (PrP%) to abnormal
scrapie isoform (PrP%%) and intermediates represent
conversions to protease-resistant neurotoxic channel
conformations.

Key words: Neurodegenerative diseases — Transi-
tional metals — Ion channel pathologies — Calcium
homeostasis — Membrane damage — Protein

misfolding -— Amyloids

Introduction

Prions are the infectious agent responsible for trans-
missible spongiform encephalopathies (TSEs) such as
Creutzfeldt-Jakob disease and bovine spongiform
encephalopathy (Prusiner et al., 1998). This infectious
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Table 1. Peptide names, sequences, and abbreviations used in this study

Peptide

Peptide sequence

Abbreviation

PrP106-126

PrP106-126 A1185/A117S
PrP106-126V1225/V121S/A118S/A117S
PrP106-126 scrambled sequence

KTNMKHMAGAAAAGAVVGGLG
KTNMKHMAGAASSGAVVGGLG
KTNMKHMAGAASSGASSGGLG
NGAKALMGGHGATKVMVGAAA

AA/SS
VVAA/SSSS
Scrambled

Mutations were undertaken to alter the hydrophobicity of the central core of the WT PrP[106-126] peptide. The mutated serines are in bold.

agent appears to be composed exclusively of the prion
protein (PrP), a molecule that has acquired a toxic
infectious conformation. Several hypotheses have
been proposed to explain prion-induced neurode-
generative diseases (for review, see Kourie, 2001).
These include changes in: (i) membrane microvis-
cosity; (ii) intracellular Ca®* homeostasis; (iii) the
function of PrP as a superoxide dismutase and a
modulator of Cu?* homeostasis; and (iv) the immune
system. The prion-induced modification in Ca®"
homeostasis has been proposed to be the result of: (1)
prion interaction with intrinsic ion transport pro-
teins, e.g., L-type Ca®* channels in the surface
membrane; K /Na”-ATPase; Na™ -glutamate;
NMDA receptors and IPs-modulated Ca®* channels
in the internal membranes (see Kourie, 2001 and
references therein), and/or (2) formation of § barrel-
based ion channels (Lin, Mirzabekov & Kagan, 1997,
Hirakura et al., 2000, Kourie & Culverson, 2000).
These two mechanisms of prion action lead, directly
or indirectly, to changes in Ca®>* homeostasis that
further augment the abnormal electrical activity and
distortion of the signal transduction pathways lead-
ing to cell death.

The prion protein (PrP) can exist in either a
normal cellular form (PrP®) or an abnormal disease-
associated form (PrPT>E) . Spectroscopic studies have
shown that PrP® contains 40% a-helix and minimal -
sheet content, whereas PrP™F contains 43% B-sheet
and a reduction of a-helix to 30% (Pan et al., 1993).
Elucidating the conformational changes that occur
during the production of PrP"®¥ is central to under-
standing the mechanisms of prion diseases. The
peptide fragment encompassing residues 106-126 of
human PrP is highly fibrillogenic and toxic to neu-
rons in vitro (Forloni et al., 1993; Brown, Herms &
Kretzschmar, 1994; Stewart et al., 2001; Tagliavini
et al., 2001) and has the ability to form ion channels
(Lin et al., 1997, Kawahara et al., 2000; Kourie &
Culverson, 2000). The PrP[106-126] peptides contain
the highly hydrophobic segment AGAAAAGA from
positions 113 to 120 (Taghavini et al., 2001), which
can confer on the fragment the ability to interact with
lipid membranes and form ion channels (Kourie 2001;
Kourie et al., 2001a). The toxic effects of PrP[106—
126] on neuronal cells and its ability to induce
apoptosis (Forloni et al., 1993; Brown et al., 1994;
Brown, Clive & Haswell, 2001; White et al., 2001), as

well as its ability to mimic the toxicity of PrP™SE to
cause cell death (Brown et al., 1994; Jobling et al.,
1999; Gu et al., 2002; Singh et al., 2002), makes it a
suitable investigative tool in prion research.

The PrP[106-126] ion channels in lipid bilayers
are heterogeneous. This probably reflects modifica-
tions in the peptide’s structure and differences in the
properties of the formed oligomeric aggregates and
their intermediates. Modulation of these channels by
changes in the homeostasis of the brain’s transition
metals (e.g., Cu"), which have been linked to neu-
rodegenerative diseases, is not known (Bush, 2001).
In the case of prion diseases, it is thought that normal
PrP functions as a metallochaperone in Cu®* trans-
port and homeostasis, and that this is altered in the
disease state (see review by Wong et al., 2000). In
turn, changes in Cu?" homeostasis would affect the
function of PrP. The effects of Cu®* on PrP might be
due to its ability to modify the secondary structure
and enhance aggregation of the protein and hence its
relative proteinase-K sensitivity (see Wong et al.,
2000). The aims of this study were to: (a) test the
ability to form channels with mutant PrP [106-126]
isoforms that have a reduced hydrophobicity, using
the PrP{106-126] (AA/SS) and PrP[106-126] (AAVV/
SSSS) peptides; and (b) examine whether the mutants
affect the modulation of these ion channels by Cu®*.

Materials and Methods

PEPTIDE SYNTHESIS

The manual synthesis of PrP[106-126] has been reported previously
(Jobling et al., 1999, 2001). The PrP[106-126] (AA/SS) mutant was
synthesized by manual Boc chemistry with in situ neutralization,
with a synthesis yield of 30%. PrP[106-126] (VVAA/SSSS) and
PrP[106-126] (Scrambled) were synthesized by automated Fmoc
chemistry with yields of 61 and 65%, respectively. The wild-type
PrP[106-126] and its mutant peptides (Table 1) were purified by
reverse-phase HPLC and their authenticity confirmed by MALDI-
TOF mass spectrometry.

Lipip BiLAYER TECHNIQUE

Bilayers were formed across a 150 um hole in the wall of a 1 ml
delrin™ cup using a mixture of palmitoyl-oleoyl-phosphatidyl-
ethanolamine, palmitoyl-oleoyl-phosphatidylserine and palmitoyl-
oleoyl-phosphatidylcholine (Miller & Racker, 1976; Kourie et al.,
1996), obtained in chloroform from Avanti Polar Lipids (Alabas-
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ter, AL). It has been suggested that the membranes can play a role
in PrP% dimerization through biasing the orientation and config-
uration of the PrPS° and that dimerization is enhanced by the lysine
residues 101, 104 and 106 (Warwicker, 1999). To exclude the role of
the variations arising from different membrane compositions in the
formation of distinct PrP[106-126] channels, ionic currents were
recorded from bilayers made of a single lipid mixture, i.e.,
PE:PS:PC, 5:3:2 (by volume). The lipid mixture was dried under a
stream of N, gas and redissolved in n-decane at a final concen-
tration of 50 mg/ml. Synthetic PrP[106-126], which has three
amino acids with a net charge of +2 at pH >7 (obtained from
Bachem, Switzerland), was dissolved in 250 mm KClI, divided into
aliquots and kept at —84°C until use. The side of the bilayer to
which the peptide or liposomes were added was defined as ¢iy, and
the other side as rrans. The peptide was incorporated into the
negatively charged lipid bilayer by addition of microliter aliquots
of the dissolved peptide to the cis chamber at a final peptide con-
centration of 0.1-1 pg/ml. lon channels were also recorded from a
peptide:lipid mixture of 1:50. Unless stated otherwise, the initial
experimental solution for incorporating synthetic PrP[106-126]
into the bilayers contained KCl (250 mm cis and 50 mm trans),
I mm CaCly, 10 mm HEPES and was adjusted to pH 7.4 with
KOH. The experiments were conducted at 20 to 25°C.

PREPARATION OF LIPOSOMES

In some experiments liposomes of PrP[106-126] and its mutants
were used. The method for the preparation of these liposomes
was described by Arispe, Pollard and Rojas (1996). A 20 pl aliquot
of palmitoyl-oleoyl-phosphatidylserine dissolved in chloroform
(10 mg/ml) was placed in a glass tube. After evaporation of the
chloroform (by blowing filtered N, gas into the tube), a 30 pl aliquot
of 1 m potassium aspartate (pH adjusted to 7.2) was added and the
resulting mixture was sonicated for 5 min. Next, a 20 pl (2 mg/ml)
stock solution of the PrP[106-126] or of its mutants in water
was added and the adduct was sonicated for two further minutes.

IoN CHANNEL RECORDING

The pClamp-6 program (Axon Instruments) was used for voltage
command and acquisition of ionic current families with an Axo-
patch 200 amplifier (Axon Instruments). The current was moni-
tored with an oscilloscope and the data stored on computer. The cis
and frans chambers were connected to the amplifier head stage by
Ag/AgCl electrodes in agar salt bridges containing the solutions
present in each chamber. Membrane voltages (V,,) and currents
were expressed relative to the trans chamber. An outward current is
defined as a cation moving from the cis to the frans chamber or an
anion moving from the trans to the cis chamber. Data were filtered
at 1 kHz (4-pole Bessel, —3 dB) and digitized via a TL-1 DMA
interface (Axon Instruments) at 2 kHz.

DATa ANALYSIS

Modifications in the bilayer thickness, mediated via lipid solvents,
e.g., n-decane, contribute to changes in channel gating kinetics of
ion channels (Kourie, 1996) and particularly those formed with
short peptides, e.g., the 15-amino-acid gramicidin-formed channel
(Mobashery, Nielsen & Andersen, 1997). Therefore, standardizing
the specific membrane capacitance (Cy,) and its time independence
is important in comparative and detailed investigations of ion
channel characteristics. Kinetic analysis of the channels formed by
the 21-amino-acid PrP[106-126] was conducted only for optimal
bilayers having a Cy, of >0.42 uF/cm? and which contained a single
active channel. The criteria for defining ion currents as belonging to
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a "'single channel” have been described elsewhere (Patlak, 1993).
Single-channel activity was analyzed for overall characteristics
using the program CHANNEL 2 (developed by P.W. Gage and
M. Smith, see (Kourie et al., 1996)). CHANNEL 2 allows online
analysis of the entire current record for computation of the mean
current (). I’ is defined as the integral of the current passing
through the channel divided by the total time. The integral current
1s determined by computation of the area between a line set on the
noise of the closed state and channel opening to various levels. The
threshold level for the detection of single-channel events was set at
50% of the maximum current (Colquhoun & Hawkes, 1983). The
maximal current (/) is the current amplitude of a fully open
channel. The maximal current was obtained by measuring the
distance (in pA) between two lines, one set on the noise of the
closed level where the current amplitude is 0 pA and the other set
on the noise of the majority of distinct events that were in the open
state. The maximal current was also obtained by measuring the
distance (in pA) between the peak at 0 pA (representing the closed
state) and the extreme peak on the right (representing the open
state) in the all-point histogram generated using CHANNEL 2 (see
Kourie et al., 1996). Both methods were used and the results were
generally in agreement. The E., was corrected for liquid junction
potentials, using appropriate ionic mobilities (Barry, 1994). Each
channel was used as its own control and the comparison was be-
tween conductance and kinetic parameters of the same channel
recorded at different V,,, before and after the channel was subjected
to any treatment. Data reported are the means = sem, and the
difference in means was analyzed by Student’s r-test. Data were
considered statistically significant when P values were <0.05.

PrEPARATION OF LUVs

The CD data for PrP[106-126] and its mutants were obtained in the
presence of large unilaminar vesicles (LUVs). Synthetic palmitoyl
phosphatidyl choline (POPC) was purchased from Sigma, and
palmitoyl phosphatidyl serine (POPS) was purchased from Avanti
Polar Lipids. The LUVs were prepared by dissolving equal quan-
tities of POPS and POPC in chloroform, which was then evaporated
off. The lipids were then dissolved in 10 mm phosphate buffer at
pH 6.8. Some glass beads were added and the mixture was shaken
for 1 h at 37°C. The solution was decanted from the glass beads
and extruded 11 times through a 0.2 um pore filter from Millipore,
using an Avanti “mini-extruder” apparatus. The large unilaminar
vesicles were stored at 4°C and used within 48 h of preparation.

CD SPECTROSCOPY

The PrP[106-126} and its mutant were dissolved in LUVs (2 mg/ml,
giving a molar ratio of 30:1 LUV:peptide) in the absence or pres-
ence of Cu>" (molar ratio 1:1 Cu®* :peptide). The CD spectra were
obtained using a Jasco 810 spectropolarimeter at 37°C. Far-UV
CD spectra were from 190 to 260 nm with a 0.1 cm path length.
The concentration of protein used was 0.32 mg/ml, determined
using the molar extinction coefficient of the UV absorption. The
baseline acquired in the absence of peptide was subtracted and the
resulting spectra were smoothed.

Results

SyNTHESIS OF PrP[106-126] AND HYDROPHOBIC
CORE MUTANTS

To determine the contribution of the hydrophobic
core sequence AGAAAAGAVYV of PrP[106-126] to
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Fig. 1. Channel types formed by PrP[106-126] (AA/SS). Repre-
sentative current traces, recorded for channels in different bilayers,
illustrating the activity of ionic currents of: (4) PrP[106-126] WT
outwardly-directed current with fast kinetics (see also Figs. 24, B
and 34 for indistinguishable PrP{106-126] (AA/SS) outwardly-di-
rected currents with fast kinetics), (B) PrP[106-126] (AA/SS) in-
wardly-directed current with fast kinetics, (C) PrP[106-126] (AA/
SS) irregular spike current, (D) PrP[106-126] (AA/SS) inactivating

the activity of channels formed by PrP[106-126] and
to the channels’ regulation, PrP[106-126] mutants
were synthesized as detailed previously (Jobling et al.,
1999). Briefly, by substituting the hydrophilic amino-
acid residue serine for the hydrophobic residues
alanine and valine, the hydrophobicity of the

currents. All channels were recorded from voltage-clamped optimal
bilayers, i.¢.. specific bilayer capacitance > 0.42 pF/cm?, at voltages
between —160 and + 140 mV. The cis solutions were 250 mm KCI
and the trans solution was 50 mm KCl. Following convention, the
upward deflections denote activation of outward potassium cur-
rent, i.e., potassium ions moving from the cis chamber to the trans
chamber. For a better display, the data are filtered at 1 kHz, dig-
itized at 2 kHz and reduced by a factor of five.

PrP[106-126] peptide was reduced. Serine is usually
used as the substituting amino acid, as it introduces a
non-charged amino acid of reasonably small size and
minimized possible steric hindrance of peptide folding.
These mutant peptides display reduced aggregation
and are non-toxic in cell culture (Jobling et al., 1999).
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Table 2. Distribution of the observed PrP[106-126] (AA/SS), PrP[106-126] {(VVAA/SSSS) and PrP[106-126] (Scrambled) currents

Peptide
current?®
18 channels

current®
103 channels

Outwardly-directed Inwardly-directed

Distribution of the
total (100%) of
321 channels

Outwardly-directed Time-dependent
irregular “'spiky”’ inactivating
currents® channel®

166 channels 34 channels

PrP[106-126] WT 57 (55%) 9 (50%)
PrP[106-126] (AA/SS) 34 (33%) 1 (6%)
PrP[106-126] (AAVV/SSSS) 12 (12%) 8 (44%)
PrP[106-126] (Scrambled) 0 (0%) 0 (0%)

47 (28%) 24 (711%) 137 (42.6%)

59 (36%) 2 (6%) 96 (29.9%)

60 (36%) 8 (23%) 88 (27.4%)
0 (0%) 0 (0%) 0 (0%)

#See Fig. 1 and text for definition. The channels were obtained from 10 lots of 20 attempts to incorporate each mutant peptide into optimal
bilayers in the presence of 250/50 mm KCl in cis/trans chambers, respectively. For the PrP[106-126] (Scrambled), a total of 30 attempis was
made. The same voltage protocol was used in each case to clamp the bilayer between voltages of —160 and + 140 mV, in steps of 20 mV.

CHANNELS FOrRMED BY PrP[106-126] (AA/SS) AND
PrP[106-126] (VVAA/SSSS)

One hundred and eightyfour channels were recorded
after mutant incorporation into bilayers: PrP{106—
126] (AA/SS), 96 channels; PrP[106-126] (VVAA/
SSSS) 88 channels; and PrP[106-126] (Scrambled) 0
channels. These channels were recorded at different
voltages ranging between —140 and +160 mV and in
solutions of different composition and concentra-
tions. The life span of the channel varied between less
than 1 minute and | hour. The activity of these
channels was lost, mainly because of bilayer break-
age, after (a) application of large voltages, particu-
larly positive voltages; (b) ultrasonic mixing of the cis
and/or trans solutions after the addition of a treat-
ment; and (c) perfusion of the cis or trans chamber
with new solutions. Also, to a lesser extent, loss of
activity was due to the bilayer thickening that re-
sulted from the increase in the volume of the solvent
separating the monolayers of the painted artificial
bilayer. The channels formed by PrP[106-126] (AA/
SS) and PrP[106-126] (VVAA/SSSS) were stable and
irreversibly associated with those lipid bilayers that
maintained their specific capacitance of >0.42 pF/
cm?. We found that PrP[106-126] (AA/SS) forms
heterogencous ion channels similar to channels
formed by PrP[106-126] (Kourie & Culverson, 2000,
Kourie et al., 2001a). The channel-forming properties
of the peptides are confirmed by a transient increase
in the specific capacitance of the bilayer and the ap-
pearance of channel activities. On the other hand, the
scrambled PrP[106-126] failed to form channels
(n = 16) when peptide was directly applied, indicat-
ing that channel formation is amino-acid-sequence-
dependent. We further ascertained that this was not
due to a low probability of peptide incorporation into
the lipid bilayer. Liposomes were used to detect the
incorporation of the scrambled PrP[106-126] into
the bilayer by monitoring the specific capacitance of
the lipid bilayer. Although the liposomes were
incorporated, as indicated by the transient increase in
the specific capacitance, no channel activities were
observed for scrambled PrP[106-126] (n = 14).

Based on the biophysical characteristics, namely,
the resultant ion currents, the channels formed by the
PrP[106-126] AA/SS mutant were classified, as shown
in Fig. 1, to: (a) outward current with fast kinetics,
(b) inwardly-directed current with fast kinetics, (c)
outwardly-directed irregular “spiky” current, and (d)
time-dependent inactivating current. The activation
and inactivation of this current (Fig. 1D) becomes
more apparent after application of positive and neg-
ative pre-pulses (data not shown). Table 2 shows the
distribution of the observed PrP[106-126] WT,
PrP[106-126] (AA/SS) and PrP[106-126] (VVAA/
SSSS) channels, each obtained from 10 lots of 20
attempts to record ion channels from optimal bilayers
in 250/50 mm KCl c¢is/trans solutions. Table 2 shows
the distribution of the total 321 observed PrP[106-
126) WT (n = 137 = 42.6%), PrP[106-126] (AA/SS)
(n = 96 = 29.9%) and PrP[106-126] (VVAA/SSSS)
(n = 88 = 27.4%) channels obtained from 10 lots of
20 attempts to incorporate (by either direct peptide
addition or by addition of liposomes as peptide car-
rier) each one of these peptides into optimal bilayers.
Reducing the hydrophobicity of PrP[106-126] WT to
PrP[106-126] (AA/SS) resulted in a decline in the
number of observed outward currents with the fast
kinetics (41%), inwardly-directed currents with fast
kinetics (89%) and the time-dependent inactivating
current (92%). Reducing the hydrophobicity of
PrP[106-126] WT to PrP[106-126] (AAVV/SSSS)
resulted in a decline in the number of observed out-
ward currents with the fast kinetics (79%), inwardly-
directed currents with fast kinetics (11%) and the
time-dependent inactivating current (67%). The
number of observed outwardly-directed irregular
“spiky” currents increased by approximately 25% for
PrP{106-126] (AA/SS) and 27% for PrP[106-126]
(AAVV/SSSS).

The outwardly-directed fast kinetic currents with
their modes (burst mode, spike mode and mainly-
open mode) (see Fig. 24), have the opening and
closing characteristics of typical ion channels,
whereas the irregular spike currents lack such clear
opening and closing kinetics. The kinetic modes of
the fast kinetic-type channel formed by -either
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Fig. 2. Effects of [Cu?’]. on fast cation channels formed by
synthetic PrP[106-126] (AA/SS), recorded from voltage-clamped
optimal bilayers. (4) Control, and (B) 100 um [Cu®* 1. The spike,
open and burst kinetic modes of the fast channel are apparent, e.g.,

PrP{106-126] (AA/SS) or PrP[106-126] (VVAA/SSS)
were similar to those formed with wild-type PrP[106-
126], which had been characterized previously
(Kourie et al., 2001). The fast kinetic-type channel
has a conductance of ~58 pS in 250 mm/50 mm
cis/trans. The current-voltage relationships for these
three modes were nonlinear and fitted by a third-
order polynomial. The reversal potential, E,.,, ranges
between —40 and —10 mV, depending on the good-
ness of the fit. The only ion present in the cis and
trans solutions that has an equilibrium potential close
to these reversal potentials was potassium, thus
confirming that the current was carried by K*. The
mutant PrP[106-126] VVAA/SSSS produced 12% of
fast-type currents, whereas the more hydrophobic
mutant PrP[106-126] (AA/SS) produced 34% fast-
type currents. These findings suggest that although a
reduction in the hydrophobicity of PrP[106-126] re-
duces the ability of this peptide to form a fast-type
channel, it did not eliminate its ability to interact with
and form other ion channel types (Table 2). In con-
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control and ((J) for 100 um [Cu®* . The vertical bars represent
seM for data obtained from 4-6 channels.

trast, as stated earlier, scrambled PrP[106—126] failed
to form ion channels (n = 30; n = 16 with direct
peptide addition and # = 14 via liposomes).

ErrecTs oF Cu®t oN THE CONDUCTANCE
OF THE FAsT CHANNEL

To determine whether the hydrophobic core of
PrP[106-126] forms a binding site for Cu®*, the ef-
fects of Cu?™ on ion channels formed by PrP[106-
126] mutants were examined. We found that Cu*
modified the kinetics of the fast channel, without
affecting current amplitude. These findings are similar
to those reported for the deamidated-type of channels
formed by PrP[106-126] (Kourie et al., 2001a). In that
study, when the channel was in the open mode, Cu®*
induced some intrabursts, or long-duration channel
closures, in the channel activity at positive voltages.
In this study, we observed that Cu®" shifts the
kinetics of the fast channel from the burst mode
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Fig. 3. The inhibitory effects of ¢is Cu>* on the activity of fast
channels formed by PrP[106-126] (AA/SS) in the burst mode, ac-
tivated at ¥, of +140 mV in KCl (250 mm/50 mwm; cis/trans. (A)
Current traces for control and different [Cu®* ], between 50 and
300 pM. Following convention, the upward deflections denote ac-
tivation of outward ion current. O and C (shown on the left) denote
open and closed states of the channel, respectively. For clarity, only
one, out of 16, typical current trace is shown at each treatment. For

(Fig. 2A4) to a mode having faster transitions between
the open and closed states, i.e., spike mode (Fig. 2B).
The current-voltage relationship constructed for
the currents measured in control and in the pres-
ence of Cu®” reveal that the current amplitude,
maximal conductance (gmax ~ 58 pS) and the rever-
sal potential (E..,) were not affected by the presence
of 50-300 um [Cu®'lys (Fig. 2C). However, the
current-voltage relationship of the average mean
current, I’ (a parameter that is also dependent on the
kinetics of the channel), shows a decrease in the
amount of current through this channel at voltages
between —20 and +140 mV (Fig. 2D). The effects of
[Cu® " ],is on the channel activity were reversible (data
not shown).
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a better display, the data are filtered at 1 kHz, digitized at 2 kHz
and reduced by a factor of five. The current traces are separated by
a 10 pA offset. Dose-dependent effects of [Cu® "], on the PrP[106-
126] (AA/SS) fast channel parameter Po(CuH)/P0 (B) and
I(Cu*>™)/I (C). The solid lines were fitted by a third-order poly-
nomial. The vertical bars represent seM for data obtained from 3-5
channels.

[Cu? " ]-DEPENDENCY OF THE INHIBITION OF THE
FAsT CHANNEL TYPE

The inhibitory dose-response of the fast outward cur-
rent on [Cu® "] was examined at several concentra-
tions between 0 and 300 um on PrP[106-126] AA/SS.
The [Cu®* ]y, was successively increased by 50 pm in-
crements and families of current traces were obtained at
voltages between —160 and +140 mV. Figure 3 shows
current traces obtained at +140 mV and in the presence
of various [Cu”]ciS between 0 and 300 um. The time
course of these current traces indicates that Cu® " in-
duced rapid transitions between the open and closed
states of the channel in a concentration-dependent
manner. The induced spike kinetic mode, also known
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Fig. 4. The effects of different concentrations of cis Cu®™ on the
activity of a PrP[106-126] (AA/SS) fast channel, in the burst mode,
activated at different voltages between —160 and + 140 mV in KCl
(250 mm/50 mwm; cis/trans). Current-voltage relationships for I (4)
and I (B). The solid lines are fitted with a third-order polynomial
for control (O) and for 300 pm Cu?* (V). For clarity, the IV
curves for the [Cu®* s of 50, 100, 150, 200 and 250 um, which lie

between control (O) and 300 pum (V), are not shown. These I-V
curves showed no significant changes in the reversal potentials, Ee,.

as a “flicker mode”, is characteristic of a fast block
mechanism that occurs when an agent binds to the
mouth of the channel, affecting its kinetics but not its
conductance. These findings indicate that the open
state of the PrP[106—126}-mutant channel was voltage-
dependent and that Cu? " could have acted on the open
state of the channel. The estimated Kys5o values ob-
tained from the dose-dependent plots of the ratios
P(Cu**)/P, and I'(Cu®")/I were 164.4 + 8.7 and
213 + 13.9 pm, respectively (Fig. 3B and C). These
findings confirm that the kinetic properties of this
channel type are more sensitive to increases in [Cu®* ais
than are its conductance properties.

CURRENT-VOLTAGE RELATIONS OF THE FAST
CHANNEL TYPE AT DIFFERENT cis Cu®™

The current-voltage relationships constructed from
ion current families, obtained at different voltages,
show weak outward rectification of I and I’ and
confirm the increase in current amplitude at depo-
larizing voltages (Fig. 44 and B). It is apparent that
the I and the weak rectification have not been affected
by 0-300 pm [Cu’*].s (Fig. 44). On the other hand,
the physiologically important I has been reduced
at both positive and negative voltages. The current
reversal potential (E,,) in the presence of 0-300 pm
[Cu”]ciS remained steady and close to Ey, the re-
versal potential for K* (Fig. 44 and B). The reversal
potentials for I of the PrP[106-126] (AA/SS) fast
cation channel in control and different [Cu“]ciS were
between —37.4 and —39.5 mV.

ErFrFECTs OF Cu®" oN THE KINETICS OF THE FAST
CHANNEL TYPE

The kinetic parameters describing the channel activ-
ity were obtained at voltages between —160 and +140
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mV and in the absence and presence of different
Cu?* concentrations (Fig. 5). Cu®" modified the
kinetic parameters of the fast channel in the burst
mode. At positive voltages between 0 and + 140 mV,
Cu®” decreased the values of P, and T, (Fig. 54 and
() and increased the values of F, and T, (Fig. 5B and
D). The Cu®" -induced voltage-dependent changes in
P, (Fig. 54) were primarily due to decreases in the
values of T, and increases in T, (Fig. 5C and D).

THE SECONDARY STRUCTURE OF PrP[106-126]
(AA/SS) anD PrP[106-126] (VVAA/SSSS) 1N LipiD
MEMBRANES

Figure 64 shows the CD spectra of freshly prepared
PrP[106-126] in negatively charged LUV. The spec-
trum has a minimum at 225 nm that is consistent with
a predominately B-sheet secondary structure. The CD
spectra (Fig. 64) of the mutant peptides AA/SS and
VVAA/SSSS indicate that the secondary structure of
these peptides in lipid environments is significantly
different from that of the native sequence: these
peptides have a mixture of random coil, a-helical and
B-sheet structures.

When Cu®" was added, only minimal change
was observed in the CD spectrum of PrP[106-126] in
LUV. On the addition of Cu>" to AA/SS VVAA/
SSSS in LUV the CD spectra showed a significant
reduction in the B-sheet component of the secondary
structure.

Discussion

The main finding of this study was that a reduction in
the hydrophobicity of the PrP[106-126] sequence
modifies the distribution of the ion channels formed,
resulting in a decrease in the outwardly-directed and
the time-dependent inactivating current and an in-
crease in the outwardly-directed irregular ‘spiky’
currents. The PrP[106-126]-mutant ion channels
maintain their sensitivity to Cu®>" (Figs. 1-3), as has
been reported previously, (Kourie et al., 2001a). The
changes in the distribution of formed channels having
different conductance and kinetic properties could
explain the decrease in neurotoxicity that was corre-
lated with changes in secondary structure, fibril for-
mation, and amyloidogenicity of the mutant peptides
(Jobling et al., 1999). In this study, we found a sig-
nificant decrease in the formation of fast-kinetic
channels for the PrP[106-126] (AAVV/SSSS) mutant.
The mechanism of changes in the secondary struc-
ture-related decrease in channel formation could be
mediated by a decline in the hydrophobicity essential
for peptide-lipid interaction and f-sheet-based chan-
nel formation. This is consistent with the CD studies
in LUV (Fig. 6), which confirmed that the mutant
peptide had significantly less B-sheet structure than
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the native sequence. The significance of the hydro-
phobic region in structure-toxicity relationships has
been reported for both PrP (Jobling et al., 1999) and
AB (Pike et al., 1995). We suggest that the hydro-
phobic cores of PrP[106-126] and the AB25-35 have
an important role in the incorporation and stabil-
ization of aggregated peptide channels that are ca-
pable of inducing neurotoxicity.

The data presented in this study suggest a role for
the hydrophobic core in channel-type formation and
it eliminates this region as a possible modulator of the
sensitivity to Cu®” of fast-kinetic channel formed by
PrP[106-126]. The diversity of the channels formed
(Fig. 1) and the biophysical properties are similar to
those of channels formed by other amyloid proteins
(Kourie et al., 2001b). These similarities could be
relevant to a general mechanism of action of these
amyloids. It has been proposed that the inherent
toxicity of aggregates and intermediates constitute a
common mechanism for protein-misfolding diseases
(Bucciantini et al., 2002). We propose that these
structural configurations confer upon these aggre-
gates and their intermediates the ability to form
heterogeneous ion channels (Fig. 1), which underlies
a common mechanism for misfolding diseases. The
common structural changes of misfolded proteins
include the exposure of hydrophobic regions and
charged residues needed for the formation of § sheet-
based intermediates that are capable of interacting
with cellular membranes. Several aggregation-prone
peptide intermediates form ion channels with similar

biophysical properties that could indicate shared
channel structures (Kourie et al., 200la, b). We
therefore propose that the mechanism of aggregation-
triggered channel formation mediates membrane
damage and represents a general mechanism to ex-
plain other malfunctioning protein-related patholo-
gies (Kourie & Henry, 2001, 2002). Recently,
evidence obtained using electron microscopy and CD
techniques confirm that different amyloid-forming
peptides share structural features such as B sheet-
based pore-like protofibrils that have been suggested
to be related to their toxicity (Lashuel et al., 2002). In
accordance with the pore-forming toxins that have p
sheet-based structures, Hirakura et al., (2000) pro-
posed that PrP[106-126] forms B sheets that aggre-
gate prior to the formation of a channel whose
structure is thought to be that of a § barrel. A model
for such B-barrel pathogenic prion channels has been
proposed (Chapron et al., 2000). Similarly, the rela-
tionship between ion channels and the physico-
chemical properties of amyloid peptides has also been
studied in the 40- to 42-amino acid amyloid B peptide
(AP) of Alzheimer’s disease (see Durrell et al., 1994).
The findings of several AP studies are in agreement
with the proposed role of the hydrophobic region of
PrP[106-126] reported in this study. The hydrophobic
region 29-35 of the channel-forming fragment AB25-
35 modulated the secondary structure and the stable
aggregation of the peptide, which in turn altered its
neurotoxicity (Pike et al., 1995). Mutagenesis of the
hydrophobic core of AP also reduced the peptide’s
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Fig. 6. CD spectra of PrP[106-126] in LUVs (A4) in the absence and
(B) in the presence of Cu®". The solid line represents the wild-type
PrP[106-126], the dotted line represents the mutant PrP[106-126]
(AA/SS) and the dashed line represents the mutant PrP[106-126]
(VVAA/SSSS).

B-sheet content and its fibrillogenic properties (Hilb-
ich et al., 1992) and ion channel function (Durrell et
al., 1994). This may occur by intermolecular inter-
actions involved in forming the B-pleated sheet that
are dependent upon hydrophobic interactions (Bar-
row & Zagorski, 1991; Barrow et al., 1992) and could
be influencing membrane incorporation and ion
channel formation.

The Cu?~-induced changes in the kinetics of the
channels formed by the PrP[106-126] AA/SS mutant
(Fig. 2) is consistent with Cu?* binding to a hydro-
philic site at the cytoplasmic mouth of the PrP[106-
126] channel (Kourie et al., 2001). Mg and H;;; are
part of a binding site for Cu®** (Jobling et al., 1999,
2001) and their close proximity to the N-terminus is
consistent with this site being located at the mouth of
the channel. The presence of the Cu®*-binding site
near the N-terminus of PrP[106-126] is also in agree-
ment with previous findings showing the binding of
divalent ions to other channel-forming amyloids, e.g.,
CNP-39(1-17) (see Kourie, 1999). If Cu® " -modulated
prion channels could be formed and function in vivo
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in a manner similar to that of PrP[106-126] (Fig. 2),
then they could modify the resting membrane poten-
tial and the action potential. The PrP[106-126] chan-
nels could affect the action potential and the
subsequent refractory period so that the neuronal cells
would remain in the depolarized state, in a low ex-
citable state, which could explain the PrP[106-126]-
induced increase in [Cu® " J; (see Florio et al., 1996). In
neurons, PrP[106-126] channels might cause fre-
quency-dependent failure of voltage-dependent neu-
rosecretion (see Barrow et al., 1999). The heterorganic
nature, indicated by the differences in conductance,
selectivity and kinetics, of the PrP[106-126] channels
insures the cytotoxic effects of this peptide.
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