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Abstract. We have proposed that the cytotoxic action
of Alzheimer’s amyloid beta protein might be initi-
ated by the interaction with the neuronal cell mem-
brane, and subsequent formation of toxic ion
channels. Consequently, ABP toxicity can be ex-
plained on the basis of harmful ion fluxes across AP
channels. The conformation of ABP in membranes is
not known. However, several models suggests that a
transmembrane annular polymeric structure is re-
sponsible for the ion channel properties of the
membrane-bound ABP. To identify that portion of
the ABP molecule making up the conducting pore we
have hypothesized that the region of the ABP se-
quence in the vicinity of the hypothetical pore might
interact with complementary regions in the adjacent
APBP subunits. We have further hypothesized that an
interaction by a peptide segment would block ABP
conductance. To test this hypothesis we synthesized
peptides that encompass the histidine dyad (H-H)
previously hypothesized to line the pore. We report
here that peptides designed to most closely match the
proposed pore are, in fact, the most effective at
blocking ion currents through the membrane-incor-
porated ABP channel. As previously shown for Zn**
blockade, peptide blockade is also asymmetric. The
results also provide additional evidence for the
asymmetric insertion of the ABP molecules into lipid
membranes, and give support to the concept that
rings of histidines line the entry to one side of the
APBP pore.
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Introduction

In Alzheimer’s disease (AD), the main pathological
features are localized accumulations of amyloid pla-
ques and neurofibrillary tangles in the brain (Mattson,
1997). A major component of the plaques are beta-
amyloid peptides (ABPs) of up to 43 amino acids
(Glenner & Wong, 1984; Schmechel et al., 1993;
Masters et al., 1995). These peptides are produced
from amyloid precursor protein (APP) by the activity
of specific enzymes (Haass & Selkoe, 1993; Haass et
al., 1992). Although there are many genetic etiologies
for AD, the accumulation of ABP in plaques is always
observed (Selkoe, 1991, 1994; Scheuner, 1996). It has
therefore been hypothesized that ABPs are important
neurotoxic principles responsible for neuronal cell
death in the development of the disorder (Yankner,
Dufty & Kirschner, 1990; Neve al., 1990; Selkoe, 1991;
Hardy & Higgins, 1992; Kowall et al., 1992; Maloof et
al., 1992; Mattson et al., 1992; Frazer, Suh & Djam-
g0z, 1997). One of the consequences of the interaction
between APBP and neurons is the generation of an in-
crease in the intracellular calcium concentration that
could, when large enough, create an imbalance of the
calcium homeostasis. This effect has been proposed to
mediate neurotoxicity (Mattson et al., 1992). It has
also been postulated that calcium influx occurs when
APBP directly interacts with components in the lipid
bilayer matrix of the plasma membrane. The pro-
posed mechanisms include the direct interaction of
APPs with the membrane components to destabilize
the structure of the membrane (Muller et al., 1995;
Mason et al., 1996; Avdulov et al., 1997; Lee, 2001), as
well as insertion of ABP into the membrane to form a
cation-conducting pore (Arispe, Rojas & Pollard,
1993a, b, 1996a; Galdzicki et al., 1994; Kawahara et
al., 1997; Rhee, Quist & Lal, 1998; Lin, Zhu & Lal,
1999; Lin, Bhatia & Lal, 2001; Hirakura, Lin & Ka-
gan, 1999; Vargas, Alarcon & Rojas, 2000; Lin &
Kagan, 2002).
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Such channel activity can be observed in both
planar lipid bilayers (Arispe et al., 1993b; Arispe,
Pollard & Rojas, 1994, 1996; Mirzabekov et al., 1994;
Furukawa, Abe & Akaike, 1994; Rhee et al., 1998;
Lin et al., 1999; Hirakura et al., 1999, 2000; Bhatia,
Lin & Lal, 2000; Zhu, Lin & Lal, 2000; Lin et al.,
2001; Lin & Kagan, 2002), and cultured neurons
(Simmons & Schneider, 1993; Galdzicki et al., 1994;
Kawahara et al., 1997).

Because of the association of extracellular ABP
brain deposits or plaques with AD, considerable effort
has focused on determining the solution and solid-
state structure of ABP. Most studies describing con-
formation of ABPs in solution note that stable oligo-
mers of ABP occur prior to the appearance of much
larger aggregates. In solution, ABPs adopt mixtures of
B-sheet, B-helix and random coil conformations, with
relative ratios being strongly influenced by both time
and concentration. The conversion of monomeric
ABPP to fibrillar ABP is a transition from random coil
to B-sheet (Pike, Overman & Cotman, 1991; Barrow et
al., 1992, Terzi, Holzemann & Seelig, 1995). Un-
fortunately, the relevance of these data to the con-
formation of ABP pores in membranes is not clear
because of the stratified hydrophilic/hydrophobic
environment of the membrane. To approach this
question, high-resolution Atomic Force Microscopic
(AFM) images of ABP oligomers incorporated into
lipid bilayers have been meticulously analyzed and
associated with APBP pores (Lin et al., 2001), and
theoretical methods have been used to develop models
for the ion-channel structure of the membrane-bound
ABP (Durell et al., 1994). Because of the suspected
large physical size of the ABP channel structures, the
theoretical models have been designed as polymers of
many membrane-bound ABP subunits, in which the
secondary structure of the ABP subunit is subdivided
into two a-helices and a B-hairpin structure. Hydro-
philic residues of the structure project to the lumen of
the pore. Experimental support for some of these
theoretical models has come from AFM amplitude
mode images of ABP reconstituted in membranes, and
from studies of the interaction of Zn>" ions with ABP
channels. The polymeric conformation of many
membrane-bound ABP subunits has been confirmed
by the channel-like oligomeric structures observed in
the AFM images of ABP reconstituted in planar lipid
bilayers (Lin et al., 2001). The orientation of ABP in
the membrane has been deduced to be asymmetric due
to the fact that Zn?" preferentially binds and blocks
only one side of the channel (Arispe et al., 1996a;
Vargas et al., 2000). In many proteins Zn>" binds to
histidine residues. Consistently, least-energy calcula-
tions for model construction indicate a ring of histi-
dine residues around the entrance of the putative pore
(Durell et al., 1994).

On the assumption that amyloid fibrils are re-
sponsible for toxicity, attempts have been made to
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block APP-ABP interaction with peptides from the
primary ABP sequence (Ghanta et al., 1996; Soto et
al., 1996; Tjernberg et al., 1996; Wood et al., 1996).
Ligand peptides that are homologous to the certain
regions of ABP and with the same degree of hydro-
phobicity, have been found to bind to ABP and to
block the interaction between monomers and oligo-
mers, thereby inhibiting the formation of amyloid
fibrils (Ghanta et al., 1996, Soto et al., 1996; 1998;
Tjernberg et al., 1996; Wood et al., 1996; Poduslo et
al., 1999; Soto 1999a, b, 2001; Soto, Saborio & Per-
manne, 2000). We have used the same strategy to
design the peptides that, according to the theoretical
models, might interfere with ionic currents through
the ABP channels. This strategy has allowed us to test
the hypothesis that histidines are located predomi-
nantly on the ABP channel pore. We report here that
peptides that preserve the His-His motif block ABP
channels. We discuss the implications of these results
for the architecture of the ABP channels and the re-
gions in the APP subunits that participate in the
makeup of the pore.

Materials and Methods

The methods used here have been previously described (Arispe et
al.,, 1993a, b, 1996a). The ABP channel incorporation into the
phospholipid membranes was achieved indirectly by fusion of ABP-
carrying proteoliposomes with planar phospholipid bilayers.

PREPARATION OF PROTEOLIPOSOMES

Liposomes were prepared by hydration of air-dried palmitoyloleoyl
phosphatidylserine (10 mg) with 1M potassium aspartate, pH 7.0 (1
ml), followed by water sonication for 5 min. The liposome suspen-
sion (50 pl) was mixed with a stock aqueous solution of ABP (1 mg/
ml, obtained from Bachem, and from AnaSpec, San Jose, CA), fol-
lowed by sonication for an additional period of 2 min. An aliquot (5
ul) of the proteoliposome suspension was added to the solution on
the cis side of the planar lipid bilayer chamber and stirred. After
successful ion-channel incorporation was achieved, proteoliposomes
were perfused from the chamber prior to test-peptide addition.

PLANAR LirID BILAYER METHODOLOGY

Planar lipid bilayers were made as described (Arispe et al., 1993).
Briefly, a suspension of palmitoyloleoyl phosphatidylserine and
palmitoyloleoyl phosphatidylethanolamine, 1:1, in n-decane was
prepared. This suspension was applied to an orifice of about 100
120 pm in diameter with a Teflon™ film separating two com-
partments, 1.2 ml volume each. The ionic solutions in the com-
partments contained asymmetrical concentrations of CsCl (200s/
S50¢rans mM) and symmetrical 0.5 mm CaCl, and 5 mm K-HEPES,
pH 7. The two ionic compartments were electrically connected via
agar bridges and Ag/AgCl-pellet electrodes to the input of a volt-
age-clamp amplifier. Current was recorded using a patch-clamp
amplifier (Axopatch-1D equipped with a low-noise (CV-4B)
headstage; Axon Instruments, Foster City, CA), and data were
simultaneously stored on a PCM/VCR digital system (Toshiba)
with a frequency response in the range from direct current to
25,000 Hz, and on computer disk memory. Off-line analysis of the
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Charged residues

Fig. 1. Theoretical model of a membrane-bound AP ion channel,
modified from Durell et al., 1994. (4) Two ABP subunits have been
placed in a two-dimensional array in order to illustrate the for-
mation of a hydrophilic pore. (B) The seven ligand-binding pep-
tides (gray boxes) have been laid next to the homologous regions of

channel activity was carried out using the software package Pclamp
6 (Axon Instruments, Foster City, CA).

PEPTIDE SYNTHESIS

We have synthesized eight peptide segments from the ABP se-
quence. NA1 is made of eleven residues with the following se-
quence: RDLPFFPVPID. NA?2 is made of ten residues with the
following sequence HHQKLPFFAE. NA3, NA4, NA4a, NAS,
NAG6 and NA7 are made of seven residues with the following se-
quences: DAEFRHD, SGYEVHH, SGGEVHH, GYEVHHQ,
YEVHHQK, and EVHHQKL, respectively. These peptides were
synthesized in the Biomedical Instrumentation Center at the Uni-
formed Services University of the Health Sciences, Bethesda, MD,
utilizing an Applied Biosystems model 433A peptide synthesizer.
The chemistry used to produce the peptides was the HBTU/DIEA
activation of Fmoc amino acids. The purity of the peptides was
confirmed by HPLC, and an automatic protein sequencer, Applied
Biosystems model 476, confirmed the sequence. The amino-acid
sequence of the NA1 peptides was constructed as in Soto et al.
(1996), with homology similar to the sequence of the ABP regions
believed to participate in the polymerization of ABP. As illustrated
in Fig. 1, NA3 matches the sequence of the first arm of the B-
hairpin structure and NA4, NA4a, NAS, NA6 and NA7 match the
regions that line the hypothetical pore of the ion-channel structure
of the membrane-bound ABP subunit (Durell et al., 1994). Based
on the architecture of the theoretical model for an ABP channel

APBP subunits, to illustrate the binding regions relative to the pu-
tative pore, and to the central hydrophobic region that harbors the
binding sequence required for the polymerization of ABP into a-
myloid fibrils (Wood et al. 1995, 1996).

incorporated in a membrane, as shown in Fig. 14, the NA2 and
NA7 binding peptides were constructed to interfere with one of the
putative mouths of the pore. NA2 and NA7 also interfere with a
central hydrophobic region, within the N-terminal domain of ABP,
close to AB16-20. This region has been reported to be important for
the adoption of the correct B-pleated sheet structure of ABP (Wood
et al.,, 1995, 1996), and therefore is a region necessary for APP
polymerization into amyloid fibrils. To test the effect of the pep-
tides on the APBP ion channel, aliquots of 6 pl of peptide stock
solutions (1 mg/ml) were added to one side of the chamber, and the
electrical activity was monitored. If no effect was observed after a
reasonable period of time, the peptide was studied on the other side
of the chamber.

Results

PEPTIDES THAT MATCH THE SEQUENCE OF THE
ProroseD ABP PoreE REGION AFFECT AP CHANNEL
CONDUCTANCE

ABP Channel Blockage with NA2 and NA7
The ionic current recorded after the incorporation of

ABP (1-40) into planar lipid membranes confirms
that ABP (1-40) forms cation-selective channels.
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Fig. 2. NA2 and NA7 block the membrane-bound ABP ion
channel. (4) ABP ion channel electrical activity recorded at dif-
ferent membrane potentials before and after the addition of NA2 (5
um) to the cis compartment of the experimental chamber. (B) AP
ion channel electrical activity recorded before (control, 0 mV) and

Figure 2 illustrates two examples of ABP (1-40)
channel activity recorded from planar lipid bilayers
separating asymmetrical CsCl solutions (50 mm CsCl
on the cis side and 200 mm CsCl, on the trans side).
When APBP-carrying proteoliposomes fuse with the
bilayer, and incorporation of ABP (1-40) molecules
occurs, current jumps indicate the formation of a
cationic channel across the membrane. Current re-
cords in the upper panels of Fig. 24 and B depict
channel events. Although no transmembrane poten-
tial was imposed in the experiment displayed in Fig.
2B, discrete jumps of current to different levels were
observed throughout. Upward deflections of current
traces represent a flow of Cs* from the trans to the
cis side. The existing trans/cis Cs* concentration
gradient is the driving force. Incomplete closures
suggest that the ABP (1-40) channel operates between
multiple conductance levels, as it has been described
elsewhere (Arispe et al., 1993a, b). After the ionic
current through the incorporated AP channels ap-
peared stable for several minutes, we studied the ef-
fect of binding of NA2 and NA7 to the APP
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after the addition of NA7 (7 um), (two lower current recordings).
Electrical potential gradients of —20 and —40 mV were imposed on
the membrane to enhance the driving force on the ions. The bottom
panel displays current-amplitude histograms of the channel activity
in the current traces shown above.

molecules on the ABP ion channel activity. The re-
cords in Fig. 24 illustrate the ABP ion channel elec-
trical activity taken at various membrane potentials
(=10, —20 and —30 mV) before (control) and after
the addition of NA2 (5 um) to the cis compartment.
Seven minutes after the addition of the peptide, the
peaks of current observed in the control records
disappeared, indicating that the ABP ion channel
electrical activity has been blocked by NA2. Higher
membrane potentials of both polarities (30, 50 and 80
mV) were ineffective in restoring the current observed
before the blockage. An amplitude histogram of the
current events of the channel activity recorded at —30
mV shows five main current peaks of 0.7, 1.5, 2.5, 3.5,
and 4.9 pA in the control conditions. After the ad-
dition of NAZ2, only current events of the smallest
amplitude, ca. 0.7 pA, were observed just before the
electrical recording became silent. The top record in
Fig. 2B illustrates the ABP ion channel electrical ac-
tivity taken before the addition of the peptide NA7.
No transmembrane potential was imposed in this
condition. However, discrete jumps of current to
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different levels were observed throughout. After the
addition of NA7 (7 um) to the cis compartment, the
current activity vanished (not shown). Increasing the
driving force for the ions by the application of
membrane potential (—20 and —40 mV) reinstated
some current activity. However, it never reached the
level of the activity in the control record. A current-
amplitude histogram to evaluate the most frequent
current events of the activity displayed in the control
at 0 mV, and at —20 and —40 mV in the presence of
NA7 is shown at the bottom of the panel. At 0 mV,
the ABP channel showed seven main peaks of current
of 0.15, 0.65, 1.0, 1.35, 1.65, 2.1 and 2.5 pA. In the
presence of NA7 most of these peaks of current dis-
appeared and the channel remained blocked, even
after higher membrane potentials. After the ABP
channel was blocked, the peptides NA2 and NA7
were removed from the experimental chamber by
rinsing the compartments with peptide-free solutions.
However, this maneuver failed to reinstate the ionic
currents (not shown). Since NA2 and NA7 are ex-
pected to interact with the adjoining, complementary
APBP; |5, region, the results support the theoretical
model that positions the pore within this region of the
APBP ion channel (Durell et al., 1994).

Blocking the ABP Channel with NAS and NA6

APBP ion channel electrical activity also became elec-
trically silent in the presence of either NAS or NAG6.
The experiments displayed in Fig. 3 show the gradual
disappearance of the ionic current from two APP
channels incorporated in lipid bilayers at zero mem-
brane potential, after the addition of NAS5 (Fig. 34)
and NA6 (Fig. 3B) peptides (7 um) to the cis com-
partment. In both cases, the current level eventually
declined to the basal level after 4 minutes and 3
minutes, respectively. The example in Fig. 3B shows
that before the channel was completely blocked, the
binding of NA6 to ABP switched the conformation of
the channel to be open at two defined and stable
conductance levels with current of amplitudes of 1.2
and 1.6 pA. Upon removal of the blocking peptide
from the chamber by replacing the bathing solution 6
times with peptide-free solution, the ABP channel
activity totally recovered. In the study with NAS, the
current-amplitude histogram of the initial condition
shows an ABP channel with most frequent current
peaks of 0.4, 1.6, 3.1 and 5.3 pA. They are completely
recovered after NAS is removed. In the study with
NAG6, the current-amplitude histogram of the control
condition shows current peaks of 0.4, 1.0, 1.9 and 3.1
pA. Upon interaction of NA6 and the ABP channel,
the most frequent peak values changed to 0.4, 1.2 and
1.6 pA. After 3 minutes in the presence of NA6 al-
most all current events had disappeared. When NAG6
was removed, the histogram reveals an increase in the
number of observations corresponding to current
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peaks at 0.4, 1.2 and 1.6 pA. This indicates that the
APBP channels have returned to the last conductance
conformations they had upon interacting with NAG6,
and before it was fully blocked.

Blocking the ABP Channel with NA4 and NA4a

These two heptamer peptides possess similar se-
quences to a region in the second arm of the B-hairpin
(ABPg_14). This region is believed to line the pore of
the ion-channel structure of the theoretical model for
a membrane-bound ABP channel (Durell et al., 1994).
NA4 and NAd4a are similar heptamers: the tyrosine in
position 10 of the ABP molecule is copied in NA4 but
is substituted by a glycine residue in NA4a. Both
peptides were found to be excellent ABP ion-channel
blockers, as can be seen in the experiments depicted
in Fig. 4. The current records in Fig. 44 show the
activity from an ABP channel incorporated in a lipid
bilayer that was maintained at zero membrane po-
tential. Addition of NA4 (7 um) to the cis compart-
ment totally eliminates the ionic current and the
records become electrically silent. As shown in the
experiment displayed in Fig. 4B, the peptide NA4a is
similarly effective in blocking APP ion channels.
NA4a was added after the ABP channel was incor-
porated into a lipid bilayer, and maintained at a
membrane potential of —20 mV. The ionic current
was promptly blocked in the presence of NA4a, and
the current activity disappeared from the records (not
shown). The pattern of channel activity in the control
(two upper records of this panel) could not be re-
covered even after increasing the driving force on the
ions by changing the membrane potential to —40 and
to —80 mV. The current-amplitude histogram corre-
sponding to this experiment is shown in Fig. 4D. At
—20 mV the control current records showed four
main current peaks at 0.5, 1, 1.9 and 3 pA. 15 seconds
after the addition of NA4a, only small current peaks
at about 0.3 pA could be recorded. They are absent in
the record taken after 3 minutes at a higher (—80 mV)
membrane potential.

APBP ion channels are multiconductance chan-
nels, and occasionally incorporate into lipid bilayers
in conformations that display an almost permanent
open conductance state (Arispe et al., 1993, 1994).
The blocking effect of NA4 was tested in an ABP
channel incorporated with this configuration into a
lipid bilayer separating an asymmetric CsCl solution
(200¢is/50¢rans mM CsCl). Figure 4C shows the be-
havior of the channel upon the application of dif-
ferent membrane potentials (control). The channel
activity behaves almost linearly. A single conduct-
ance level of 153 pS is found with infrequent closing
events observed at positive membrane potentials. A
measurable ion current (2.1 pA) is observed at zero
membrane potential, which is generated by ions
moving from cis to trans compartments, down the
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Fig. 3. NAS and NAG reversibly block the membrane-bound ABP
ion channel. Electrical activities across a lipid bilayer with an in-
corporated ABP ion channel, recorded before (control), during the
presence of NAS (A4) and NAG6 (B) peptides (7 um), and after the
peptides were removed from the experimental chamber. During the

electrochemical gradient. Addition of NA4 (7 um) to
the solution in the trans side of the bilayer generates
an increase in the frequency of closing events at
positive membrane potentials, which eventually leads
to full closing of the channel, as shown in the cur-
rent record in Fig. 4Ch, I and 2. Removing the
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recordings the membrane potential was maintained at zero level, so
the ion fluxes were driven by the existing ionic gradient across the
membrane (2005/50ans MM CsCl). The bottom panel displays
current-amplitude histograms of the channel activity in the current
traces shown above.

membrane potential causes the channel to reopen
with variable delays, as shown in the two examples
in the records in Fig. 4Ch, 2 and 3. Addition of NA4
(7 um) to the cis side of the bilayer leads to total
blockage of currents generated by ions moving from
the cis to the trans compartment, as shown in the



N. Arispe: Pore Region of the ABP Ion Channel

A control

R

39
ABP(1-40
B pP(1-40)
20 mV l ‘
-20

15s ABP(1-40) + NA4a 2pA
2s

ABP + NA4 4 -20 mV
{8 T AT o Fl-.-_..___'u i L o |
T |
4-40mv
3 min
_lLl e e &

-20 mV control
° 10|, 1,
a 30 40
I o
NAatrans 5
1 40 mV
110 PO 8 TIPS ISP T T P T Y W
c
L‘ K<)
=
b 2 - | g
- Q
. 40 LO J g
= o}
S
NAalrans&cis lﬂ_)
40 Ee]
1 ']_J-I—Ln-mU—l’ll' {1119 PN | TS [T | AR g
2 1o N RTIT  P PU ||  SOVRVRR T L A e -
c
3 1

|
25 pA&

Fig. 4. NA4 and NAda irreversibly block the membrane-bound
APP ion channel. Electrical activities across lipid bilayers with in-
corporated ABP ion channels, recorded before (control), and in the
presence of NA4 (panels A and C) and NA4a, (panel B) peptides (7

4

current records displayed in Fig. 4Cc, 3 and 4. In
this experiment, NA4 more rapidly blocks the ABP
channel when added to the cis side. The efficiency of
the blockage by NA4 also depends on whether it has
been added at the side from which most of the ions
were moving.

Control
20 mV

ABP + NA4a, -20 mV,
(15s)

ABP + NA4a, -80 mV,
(3 min)
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um). The membrane potential in the experiment in 4 was maintained
at zero level. In the experiments shown in B and C, the membrane
potential was as indicated. (D) Current-amplitude histogram of the
channel activity in the current traces shown in panel B.

We also found that NA4 and NA4a affect ABP
ion channels irreversibly. The blockage of the ion-
current flux observed after the peptides have been
added to the solutions bathing the membrane-bound
APBP channel could not be removed by replacing the
solutions in the chamber with peptide-free solution or
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Fig. 5. Effect of the interaction of the peptide NA4 with the “dutch
variants” APP(1-40yy5;) and ABP(1-40,,5,). Discrete jumps of
current to different levels indicate the multi-conductance nature of
the mutant ABP ion channels. Addition of NA4 (7 um) results in
total elimination of the APP(1-40,4y,;) channel activity, panel 4,
and generates prolonged close events and reduction of the channel

by changes in the magnitude and polarity of the
membrane potential (not shown).

“DutcH VARIANTS” ABP CHANNEL CONDUCTANCE IS
AFFECTED BY THE PEPTIDE NA4

We also tested the effect of the interaction of the
peptide NA4 with the “Dutch variants” APPs in
planar lipid bilayers. These mutant ABPs are known
to be responsible for a form of early onset familial
AD. In the “Dutch variants” APPs there are mu-
tations in either position 21 or 22 within a central
hydrophobic region. This region is believed to har-

activity of ABP(1-40y,,,), panel B. The blockage produced by
NA4 and Zn>" (500 pm) on ABP(1-404,2), could not be removed
by the application of larger membrane potentials, panel C. The
current-amplitude histograms D and E at the bottom of the figure
display the channel activity from the current traces shown in 4 and
B, respectively.

bor a binding sequence required for the polymeri-
zation of ABP into amyloid fibrils (Wood et al.,
1995, 1996). Proteoliposomes containing ABP with
mutations at either position 21, ABP(1-404y;), or at
position 22, ABP(1-404,2,), were added to the cis
compartment of the planar lipid bilayer chamber
and allowed to fuse to the membrane. Figure 5 il-
lustrates the electrical activity recorded from mem-
branes separating asymmetrical CsCl solutions (50
mMm CsCl on the cis side and 200 mm CsCl, on the
trans side), after the APP channels were incorpo-
rated. The upward-going ionic current in the absence
of membrane potential, shown in the upper records
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Fig. 6. ABP channel conductance is not affected by the peptides
NA1 and NA3. ABP ion channel electrical activity taken before
(control) and 10 minutes after the addition of NAI (15 pm) and
NA3 (24 um), 4 and B, respectively. No change in the general

of Fig. 54 and C, confirms that the “Dutch vari-
ants” ABPs form cation-selective channels of multi-
conductance nature. The amplitude histograms in
Fig. 5D and E show that the discrete jumps of
current in the control records gathered at mainly
four distinct levels of 0.3, 0.8, 1.6 and 2.4 pA for
ABP(1-404y>1), and 0.45, 1.1, 1.3 and 2.1 pA for
ABP(1-40g4125). The interaction of NA4 (7 um) with
APBP(1-404y>;) reduced the channel activity almost
immediately to current events of 0.3 pA. Soon
thereafter the recording became electrically silent.
The current events could not be recovered by in-
creasing the membrane potential to —20 mV (Fig.
5D). The interaction of NA4 (7 um) with ABP(1-
4041n2>), modified the multi-level pattern of current
activity observed in control (Fig. 5B) to prolonged
open levels of 0.45, 1.1 and 1.3 pA; soon thereafter
blockade occurred, resulting in current fluctuations
between a closed and a small 0.45 pA open state.
The records displayed in Fig. 5C illustrate the
blockage of an APBP(1-404,2,) channel produced by
NA4 (7 um) with the assistance of zinc (500 pm), a
nonspecific ABP blocker. The activity of a large 255
pS ABP channel, with uniform open events of about 5
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pattern of the ABP ion channel activity is detected. The amplitude
histograms (C, D) analyze the current events during two minutes of
continuous recording, before and after the incorporated APP
channels have been exposed to NA1 and NA3.

PA at zero mV membrane potential, was reduced to a
very small level characterized by a constant leak
current of 0.5 pA. The blockage was so strong that it
could not be removed by the application of mem-
brane potentials up to 80 mV.

ABP CHANNEL CONDUCTANCE Is NOT AFFECTED BY
THE PEPTIDES NA1 AND NA3

We found that addition of either NA1 or NA3 to
membrane-bound ABP has no effect on the ion
channel activity. NA1 peptide was constructed with
homology similar to the sequence of the ABP regions
believed to participate in the polymerization of ABP
(Soto et al., 1996). The NA3 matches the sequence
of the first arm of the B-hairpin structure of the ion
channel structure of the membrane-bound AP
subunit (Durell et al., 1994). The current records in
Fig. 6 depict the electrical activity of two ABP ion
channels treated with the peptides NA1 and NA3.
The left panel shows the results of an experiment
where NA1 (15 um) was first added to the cis
compartment. Ten minutes later an equal amount
was added to the trans compartment. The right



ABP(25-35)
ABP(25-35) + NA2

kW ABP(25-35) —

‘g 100

2 80- ABP(25-35) + NA2—P,

o

5 607

g o

E »

5 2
U__.__ﬁ..,\um._.i'm A
7 8 &5 4 3 2 4 0

Amplitude (pA)

Fig. 7. ABP(25-35) channel conductance is not affected by the
peptides NA2 and NA4. ABP(25-35) ion channel electrical activity
taken before (control) and 20 minutes after the addition of NA2 (14
um) and NA4 (14 um), 4 and B, respectively, to both the cis and the
trans compartments of the experimental chamber. No change in the

panel shows the results of an experiment where NA3
(24 pm) was simultaneously added to the cis and the
trans compartments. No change in the general pat-
tern of the ABP ion-channel activity was noticed in
current records taken 10 and 20 minutes later. The
bottom panels show amplitude histograms of the
current events during two minutes of continuous
recording, before and 20 minutes after the incorpo-
rated APBP channels have been exposed to NAI and
NA3. The histograms reveal no difference in either
the frequency or amplitude of the current events
originating from the channels in control and after
peptide treatment. Because the peptide NAI is ex-
pected to bind specifically to the central hydropho-
bic region of the ABP molecule, the results show that
once the APP ion channel is formed and inserted
into the membrane, NA1 binding to this region does
not interfere with the APP ion channel properties.
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general pattern of the ABP ion channel activity is detected. The
amplitude histograms C and D analyze the current events during

two minutes of continuous recording, before and after the incor-
porated APBP channels have been exposed to NA2 and NA4.

APP(1-40) CHANNEL BLoCKERS NA2 AND NA4 Do
NOT AFFECT ABP(25-35) CHANNEL CONDUCTANCE

To examine the peptides’ specific binding to the ho-
mologous regions on the ABP molecule, we study the
effect of NA2 and NA4, which we found to be effec-
tive ABP(1-40) channel blockers, on the current ac-
tivity from ABP(25-35) channels. The ABP fragment
ABP(25-35) has been shown to form ion channels
when incorporated in planar lipid bilayers (Mir-
zabekov et al., 1994, Lin & Kagan, 2002). Figure 7
displays 40-second records of electrical activity of two
ABP(25-35) ion channels before and 20 minutes after
the addition to the cis and the trans compartments of
NA2 (14 um), left panel, and NA4 (14 um), right
panel. NA2 and NA4, which are homologous to
ABP(13-22) and APP(8-14) respectively, do not
change the general pattern of the APP(25-35) ion-
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channel activity. The histograms shown at the bottom
of Fig. 7 reveal no difference in either the frequency or
amplitude of the current events originating from the
channels in control and after peptide treatment.

Discussion

We show here that peptide segments chosen from
regions around the putative mouth of the polymeric
membrane-bound ABP-channel model effectively af-
fect the channel activity in planar lipid bilayers. Some
of the peptides were chosen to include a histidine
dyad (H-H), which we have previously modeled to be
at the mouth of the pore. The active peptides blocked
asymmetrically, as previously demonstrated for Zn>"
(Arispe et al., 1996a), and could not be reversed by
voltage pulses as high as 80 mV. The results provide
additional evidence for the asymmetric insertion of
the ABP molecules into lipid membranes and support
the prediction for the location of the mouth of the
ABP channel in the hypothetical structure for mem-
brane-bound ABP channels.

SPONTANEOUS TRANSITION BETWEEN CONDUCTANCE
STATES CHARACTERIZES THE KINETICS OF AP
CHANNELS

Previously we found and described cationic currents
from planar lipid bilayers that had been exposed to
solutions containing ABP (Arispe et al., 1993b,c, 1994,
1996a). These findings have been corroborated in
numerous subsequent publications (Rhee et al., 1998;
Lin et al., 1999; Hirakura et al., 1999, 2000; Bhatia et
al., 2000; Zhu et al., 2000; Lin et al., 2001; Lin &
Kagan, 2002), and the insertion of AP molecules into
the lipid membranes was shown (Vargas
et al., 2000; Lee, 2001). However, the capacity of AP
to selectively permit cationic currents across mem-
branes requires that ABP units not only insert but also
additionally incorporate in a conformation appro-
priate to form stable ion channels. The stability of the
incorporation of the channels in the membrane is
confirmed by the fact that the channel activity can be
recorded for extended periods of time. However, sta-
ble ABP channels incorporated in planar lipid bilayers
may easily undergo conformational changes as ex-
pressed by their multi-conductance behavior. We
observed in the current recordings and in the current
histograms shown in Fig. 3 and Fig. 5 that the binding
of NA6 and NA4 to ABP, before the ionic currents are
blocked, induced a conformational change that gen-
erated new current levels. To analyze the effect of the
peptide binding to ABP channels, we considered that
analyzing the frequency of the different conductance
levels that the channels present for a reasonable pe-
riod of the life time of the channel, provides a rea-
sonable quantification and might be used to reveal
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any alteration generated by the peptides on this pat-
tern. We have previously described the irregular pat-
tern of channel events that is a distinctive feature
common to ABP channels and to other similar ion
channel-forming proteins (Arispe et al., 1993a, b;
1996a, b). The results shown here extend this de-
scription to the novel report that “Dutch variants”
APPs also form cation-selective channels of multi-
conductance nature. Multiple short-duration transi-
tions between closed and different open
conformations characterize the electrical activity of
these channels. The channel activity that is charac-
terized by long-duration openings with specifically
defined mono-conductance is not the general rule for
APBP channels, and it is observed only occasionally.
Due to the spontaneous transition between conduct-
ance states the typical parameters that characterize
the kinetics of classical ion channels cannot be utilized
to analyze these cases.

THE DURELL ET AL. MODELS FOR A MEMBRANE-BOUND
APBP IoN CHANNEL

Very little information is available about the confor-
mation of the ABP pore in the stratified hydrophilic/
hydrophobic environment of lipid membranes. Thus
far we know from asymmetric Zn> " -ABP interactions
(Arispe et al., 1996a), and from recordings of dis-
placement currents in response to sudden changes of
the potential from membranes containing ABP-bound
molecules, that the insertion of ABP into lipid mem-
branes is highly polarized (Vargas et al., 2000). We
also know that ABP incorporates into planar lipid
bilayers in the form of doughnut-shaped structures
protruding out of the membrane surface, with a cen-
tralized pore-like depression presumably representing
individual channels (Lin et al., 2001). But with regard
to the ion-channel structure of the membrane-bound
APBP subunit, only theoretical models have been pro-
posed (Durell et al., 1994). These modeling studies of
the ABP ion channel have been interpreted in terms of
a least-energy, highly probable, asymmetric, poly-
meric, transmembrane structure. To test this hy-
pothesis experimentally, we have constructed a set of
peptides designed to overlap with the predicted pore
domain. We hypothesized that those peptides that
most closely corresponded to the pore might affect
APBP channel most efficiently. The peptides chosen for
our experiments are summarized in Figs. 1 and 7. We
performed tests of the aggregation and bilayer inter-
action of the seven peptides by studying the induction
of liposome aggregation by the peptides. The lipo-
some aggregation assay has been extensively used in
the past to study protein-lipid interaction in a variety
of proteins that are known to self-associate to form
oligomers (Blackwood & Ernst, 1990; de la Fuente &
Parra, 1995; Lee & Pollard, 1997; Arispe, Doh &
DeMaio, 2002). The results of these tests were nega-



44

tive, suggesting that the peptides do not interact with
the bilayer and do not self-aggregate. Certain ones of
these peptides (viz., NA2, NA4, NA4a, NAS, NA6
and NA7) clearly interact to some extent with the ABP
channel to affect its ionic conductance. As shown in
Figs. 24, NA2, NA4, NA4da, and NA7 establish
tighter molecular interaction with the channel, as
manifest by their irreversible block of the conduct-
ance. By contrast, blocks by NAS5 and NA6 were re-
versible. As shown in Fig. 7, the interaction of NA2
and NA4 with the ABP channel is also selective since
these peptides do not affect the activity of the ABP(25—
35) channel, which displays different residue sequence.
When the addition of the test peptide led to the total
elimination of the ABP channel activity, as it was the
case for NA2 and NA4, the channel activity abruptly
disappeared in an all-or-none fashion. Attempts to
construct a dose/response curve for the peptides were
unsuccessful since an abrupt cessation of activity oc-
curred randomly and at variable times. Such behavior
is expected for a single stop-cork type of interaction.
Therefore, we report in this paper that peptides de-
signed to most closely match the pore are, in fact, the
most effective at altering ion currents through the
membrane-incorporated ABP channel. We conclude
that the “most probable” model predicted by Durell
et al., 1994, may correspond closely to the confor-
mation that ABP actually assumes in membranes. A
more systematic study to describe the characteristics
of the blockage of the ABP channels by some of the
peptides will have to be pursued.

The ion-channel activity analyzed in this work
was obtained from the incorporation of ABP(1-40) in
lipid bilayers. Nevertheless, we expect that the con-
clusions from the effect of the peptide segments on
the ABP(1-40)-channel activity can also be extended
to ABP(1-42) channels. The longer peptide ABP(1-
42) has two additional residues at the carboxyl ter-
minal but the amino-acid sequence at the suggested
domain of the pore is the same for both ApPs.
Compared to ABP(1-40), ABP(1-42) has different li-
pid affinity and self-aggregation properties (Burdick
et al., 1992; Pike et al., 1995; Arispe, 2001), but it has
been reported that both ABPs form ion channels in
lipid bilayers with similar conductance and ionic
current activity (Arispe et al., 1994; Rhee et al., 1998;
Hirakura et al., 1999). We therefore anticipate that
the interaction with the ABP(1-42) molecules of those
peptide segments that mimic the domain of the pore
generates the same effect on the channel properties as
the one that we observed on the ABP(1-40) channel.
It has not been reported that the insertion of ABP(1-
40) and ABP(1-42) in lipid membranes occurs in the
same channel-like structure, but in support of our
prediction, preliminary experiments have shown that
the blocker peptides NA2 and NA4 are equally ef-
fective in preventing the neurotoxicity of ABP(1-40)
and ABP(1-42) on PC12 cells (Arispe & Doh, 2003).

N. Arispe: Pore Region of the ABP Ion Channel

PEPTIDES AFFECTING APBP CHANNEL ACTIVITY ARE
DIFFERENT FROM THOSE REPORTED TO AFFECT AP
POLYMERIZATION

The use of peptides to probe ABP function has been
employed in the past. Among these studies, several
peptides designed to overlap with hydrophobic
stretches of ABP have been studied in terms of their
ability to block macroscopic amyloid fibril formation
(Ghanta et al., 1996; Soto et al., 1996; Tjernberg et al.,
1996; Wood et al., 1996). We synthesized one of these
peptides, NAI, to test for possible effects on channel
function. NA1 overlaps the middle helix that lays
parallel to the membrane plane in one of the theo-
retical models for the ABP ion channel proposed by
Durell et al., 1994 (see Fig. 1). Despite the confirmed
interaction of NA1 with ABP, the lack of effect on the
ionic currents from ABP channels already incorpo-
rated into lipid bilayer, shown in Fig. 6, disproves any
hypothetical participation of this binding region in the
operation of the channel. On the other hand, the
blocking effect of NA7 on the ionic currents from ABP
channels shown in Fig. 2B, despite its lack of ability to
block ABP aggregation (Tjernberg et al., 1996), clearly
separates channel function from binding. The results
obtained by the application of the peptide NA4 on
channels made by ABP mutants, as shown in Fig. 5,
further confirm this assertion. The ionic current-
blocking interaction of the peptide NA4, that was
observed on wild-type ABP channels (Fig. 4), is still
effective when tried on the “Dutch variants” ABPs
channels (Fig. 6). The mutations in these ABP variants
at positions 21 or 22 fall within the central hydro-
phobic region in the middle helix, which does not form
part of the predicted pore sequence. Therefore, these
data indicate that ABP channel function and ABP fi-
brillogenesis are independent functions of each other.
Fibrils have been considered in the past by some in-
vestigators to be the toxic principle in amyloid.
However, if ABP channel properties, per se, were to
contribute to the functional basis of amyloid neuro-
toxicity, our data would not exclude the fibrils from
otherwise bringing the toxic channels to the place
where pathology might be engendered.

EvIDENCES FOR H-H DyaDps AT THE APP CHANNEL
MoutH

The common feature in these active blocker peptides,
as outlined in Fig. 8, is that they all possess in their
sequence the two histidine residues modeled to line
the entry to the APP pore. By contrast, NA1 and
NA3 showed no effect on ABP channel conductance.
Although the sequence of NA3 matches the sequence
of one of the branches of the hairpin structure that
lines the pore, according to the theoretical model, our
experiments did not show any effect of the NA3
peptide on the ABP ionic currents. Although hydro-
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Fig. 8. (Top) Amino-acid sequence of the APP[1-42]. The se-
quences of the eight test peptides have been boxed and laid out to
correspond with the complementary sequence in the AP molecule.
The vertical box illustrates the two common histidine residues in six
of the peptides and in the ABP molecule. (Bottom) A schematic

phobicity provides considerable stabilization energy
to facilitate peptide-ABP interaction (Tjernberg et al.,
1996; Ghanta et al., 1996; Soto et al., 1996), we sus-
pect that to block the ionic current by interaction
with ABP channels an additional and more specific
interaction is required. We suspect that the required
additional binding is provided by the amino acids
surrounding the histidines, as well as the two histidine
residues that are common in the sequence of the most
effective blocker peptides. NA3 matches the sequence
of some of the pore lining, but does not possess his-
tidine residues. When AP subunits form the pre-
dicted oligomeric theoretical model of the channel

model for the mechanism of action of a blocker peptide. (4) A
membrane-bound ABP channel (Durell et al. parallel-type I) in the
open state for free flow of ions. (B and C). A blocker peptide at the
mouth of the pore interacts with complementary regions of op-
positely located units to block the free flow of ions.

structure in the membrane (Fig. 14), the channel has
two rings of histidine residues, His;3 and His 4, en-
circling one pore entrance. It has been proposed that
this conformation enables Zn*" ions to interact
asymmetrically with the environment of the con-
ducting pathway and block the ABP channel (Arispe
et al., 1996a). A similar line of reasoning can be ap-
plied to explain the remarkable blocking effect that
we observed upon application of these specific pep-
tides to the APBP channel. Histidines are among the
most common amino acids in protein active or
binding sites, and they are very common in metal
binding sites (e.g., zinc). The imidazole groups on the
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side chain of histidine can act as both an acid and a
base, i.c., it can both donate and accept protons un-
der some conditions. This means that this amino acid
side chain finds its way into considerable use in co-
ordinating binding interactions between proteins.
This may be the case for the two rings of histidine
residues, His;3 and His4, encircling one pore en-
trance of the predicted oligomeric channel structure
in the membrane and mediating the binding to the
complementary histidine-containing peptides.

MECHANISMS FOR ACTION OF PEPTIDES ON AP
CHANNELS

The observed experimental asymmetry of the ABP
channel (Fig. 4C) in terms of its sensitivity to the
blocking peptides is also explained on the basis of the
asymmetric localization of the two rings of histidine
in the theoretical model for the ABP ion channel.
When binding to or near the adjacent histidines is
established, the peptide blocks the entrance of the
pore and consequently the flow of current through
the channel. The model schematized at the bottom of
Fig. 8 proposes a mechanism of action in which one
of the blocker peptides affects the ionic flow. The
model depicts an oligomeric structure of individual
ABP molecules that form a membrane-bound ABP
channel according to Durell et al.’s parallel type-I
model. The NA2 peptide irreversibly blocks ABP
channels. In the channel open state for free flow of
ions, the blocker peptide finds its way inside the pore
of the channel molecule. NA2, which shares the se-
quence not only with the central hydrophobic region
but also with one of the putative mouths of the pore,
recognizes and interacts with the middle o-helix of
one ABP unit and binds with the histidine region in
the opposite ABP unit of the pore. This stable binding
by a type of “stop-cork” action alters the free flow of
ions through the open pore of the channel. Depend-
ing on the number of units that form the oligomeric
channel aggregate, additional peptide units can find
positions within the pore, enhancing the blocking
effect.

In conclusion, the results of our work on the use
of peptides that target a specific region of the ABP
molecules, provide experimental support to define
regions of the ABP sequence that participate in the
formation of the pore lining in the membrane-bound
APBP ion channel incorporated into planar lipid bi-
layer. The results also provide additional proof for
the asymmetric insertion of the ABP molecules into
lipid membranes, and give support to the proposed
participation of the ring of histidines at one entrance
to the pore of the ABP ion channel. Also derived from
the experimental results, we conclude that the archi-
tecture of the channel seems to favor one of the three
basic models as envisioned by Durell et al., in which
the pore is formed by the B-hair pins of the channel.

N. Arispe: Pore Region of the ABP Ion Channel

If, as we proposed, there is a connection between AP
ion channels, the death of neurons, and Alzheimer’s
disease, the definition of the pore of the ABP ion
channels may provide a rational basis for design of
new therapeutic drugs for Alzheimer’s disease.
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