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ABSTRACT Prion diseases are a group of fatal neurodegenerative disorders that afflict mammals. Misfolded and aggregated
forms of the prion protein (PrPSc) have been associated with many prion diseases. A transmembrane form of PrP favored by
the pathogenic mutation A116V is associated with Gerstmann-Sträussler-Scheinker syndrome, but no accumulation of PrPSc is
detected. However, the role of the transmembrane form of PrP in pathological processes leading to neuronal death remains un-
clear. This study reports that the full-length mouse PrP (moPrP) significantly increases the permeability of living cells to Kþ, and
forms Kþ- and Ca2þ-selective channels in lipid membranes. Importantly, the pathogenic mutation A116V greatly increases the
channel-forming capability of moPrP. The channels thus formed are impermeable to sodium and chloride ions, and are blocked
by blockers of voltage-gated ion channels. Hydrogen-deuterium exchange studies coupled with mass spectrometry (HDX-MS)
show thatupon interactionwith lipid, thecentral hydrophobic region (109–132) of theprotein is protectedagainst exchange,making
it a good candidate for inserting into themembrane and lining the channel. HDX-MS also shows a dramatic increase in the protein-
lipid stoichiometry for A116VmoPrP, providing a rationale for its increased channel-forming capability. The results suggest that ion
channel formation may be a possible mechanism of PrP-mediated neurodegeneration by the transmembrane forms of PrP.
INTRODUCTION
Transmissible spongiform encephalopathies, generally
known as prion diseases, are a group of fatal neurodegener-
ative disorders that can affect several mammalian species,
including humans. The prion protein (PrP), which normally
is glycophosphatidylinositol (GPI) anchored to the cell
membrane, is critical for the transmission and pathogenesis
of these disorders. The normal function of PrP is un-
known (1). Disease pathology is usually associated with a
conformational conversion of native monomeric cellular
PrP (PrPC) to an aggregated oligomeric form (PrPSc). How-
ever, there is increasing evidence that this feature is an
important, but not sufficient, factor in disease etiology.
Although PrPSc is well established as the infectious form,
it may not be the direct cause of neurodegeneration, at least
in some prion diseases. It appears that alternative forms of
PrP (both soluble and membrane-bound), which differ
from PrPSc in both structural and biochemical properties,
may have important roles in prion-mediated neurodegener-
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ation (2). The mechanisms underlying neurodegeneration,
however, remain unclear (3–5).

Soluble forms of PrP have been found to occur naturally in
the cytoplasm of neurons inmany parts of the brain (6). Cyto-
solic PrP, which does not have the GPI anchor, has been
shown to cause neurodegenerative features, in the absence
of any significant accumulation of PrPSc, in cultured
neuronal cell lines as well as in animal models of prion dis-
ease (7–9). Soluble forms of PrP without the GPI anchor may
also be secreted, and secreted PrP can also be toxic (10).
Anchorless PrP expression has been shown to cause brain
damage in transgenic mice (7). Moreover, PrP can be shed
from the cell surface upon cleavage, either within the protein
or at the linkage to the GPI anchor, under physiological
conditions (11,12). Unanchored soluble protein has been
found in both the cerebrospinal fluid and nasal secretions
of patients (13,14). Clearly, it has become important to study
the mechanisms by which soluble PrP, such as bacterially
produced recombinant PrP, may induce toxicity in cells.

The extent of neurotoxicity of non-PrPSc disease-linked
forms of PrP correlates well with their ability to interact with
lipid membranes (7,15–19). Interestingly, transmembrane
forms of PrP have been shown to induce neurodegeneration
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Ion Channel Formation by Prion Protein
even when no evidence for PrPSc can be detected in the brain
(15). In particular, it appears that brain material from rodents
that have succumbed to Gerstmann-Sträussler-Scheinker
(GSS) syndrome-associated prion variants is not infectious
when injected into the brains of normal rodents (20). Several
mutations in PrP enhance the formation of transmembrane
PrP, including a single Ala to Val mutation at residue position
117 (A117V) in human PrP (15). The A117V mutation is a
pathogenic mutation associated with GSS syndrome, but
the mechanism by which it acts is not known.

A possible mechanism by which PrP could be toxic is
suggested by studies of the interactions between lipid mem-
branes and peptides derived from PrP: peptides derived from
sequence stretches 82–146, 105–126, and 185–206 have
the capability to form ion channels (21–25). Further, pep-
tides covering the sequence stretches 105–126, 105–135,
118–135, and 185–206 induce features of neurotoxicity in
cultured cell lines and mouse brain slices (22,24,26–29).
However, these peptides are not present in physiological
conditions, and it has not yet been shown whether intact,
full-length, native PrP has the capability to form ion chan-
nels. Although the N-terminal unstructured domain of PrP
has been shown to be lipophilic (30), PrP-membrane inter-
actions remain to be characterized in detail.

In this study, a detailed biophysical characterization of the
interaction of recombinant wild-type (WT) as well as A116V
(corresponding to A117V in human PrP) full-length mouse
PrP (moPrP) with lipid membranes was carried out using
multiple spectroscopic techniques and black lipid membrane
(BLM) electrophysiology. It is shown that both WT and
A116V moPrP bind to lipid membranes and form well-
defined ion channels. Importantly, the extents of interaction
and ion channel formation are much higher for A116V
moPrP than for WT moPrP. The channels formed by these
two proteins allow the transit of potassium and calcium
ions, but, surprisingly, are unable to conduct sodium or chlo-
ride ions. The channel blockers lanthanum chloride, 4-ami-
nopyridine (4-AP), and tetraethylammonium (TEA) block
the channels. Hydrogen-deuterium exchange studies coupled
with mass spectrometry (HDX-MS) suggest that the central
hydrophobic region (109–132) of the protein becomes buried
in the lipid membrane, and the amount of buried protein is
~10-fold higher in the case of A116V moPrP. Patch-clamp
studies on living cells show that whole-cell currents elicited
by A116V moPrP are larger than those elicited by WT
moPrP. The results of this study suggest that ion channel for-
mation could be a possible mechanism of PrP-mediated neu-
rodegeneration by the transmembrane forms of PrP.
MATERIALS AND METHODS

Protein expression and purification

The full-length moPrP (23–231; WT moPrP) and the C-terminal domain of

moPrP (121–231; CTD moPrP) were expressed and purified as described
previously (31,32). The purified protein was then used either directly or

after treatment to remove any very small amounts of oligomer that escaped

detection by dynamic light scattering (DLS). For treatment, the moPrP var-

iants were first incubated in 8 M urea at pH 4, 25�C, for 1 h to denature any
possible aggregates present. The proteins were then refolded in 10 mM so-

dium acetate (pH 4) using a Sephadex G-25 HiTrap desalting column in

conjunction with an ÄKTA Basic high-performance liquid chromatography

system (GE HealthCare Life Sciences, Pittsburgh, PA). The moPrP variants

at a concentration of 1 mM, pH 4, were then mixed with 8-anilinonaphtha-

lene-1-sulfonic acid (ANS) at a final concentration of 10 mM. The samples

were incubated at room temperature for 30 min before fluorescence spectra

were acquired. The fluorescence spectra were acquired from 400 to 600 nm,

with excitation at 365 nm. The interactions of treated and untreated proteins

(both the WT and the mutant variant) with lipids and cell membranes were

found to be identical.
Preparation of unilamellar liposomes

Unilamellar liposomes were made from 1,2-diphytanoyl-sn-glycero-3-

phosphocholine (DPhPC; Avanti Polar Lipids, Alabaster, AL) and choles-

terol (1:1 v/v) in 5 mM HEPES buffer (pH 7.4) containing 5 mM CaCl2,

100 mM NaCl, and 3 mM dextran (10 kDa) as described earlier (33).

Calcium release was measured as described in Supporting Materials and

Methods in the Supporting Material.
Planar BLM experiments

Planar lipid bilayers were made frommonolayers by using a modification of

the technique previously described by Montal and Mueller (34). Ion selec-

tivity was assayed using asymmetric buffer conditions. In general, the

cis chamber contained 1 M KCl and the composition of the trans chamber

was varied as described in Supporting Materials and Methods.
Whole-cell patch-clamp experiments

Whole-cell patch-clamp experiments were conducted using standard

methods. These methods and all other experimental procedures are

described in detail in Supporting Materials and Methods.
RESULTS

WT and A116V moPrP bind to lipid membranes
and induce calcium release

To determine whether WT moPrP and A116V moPrP bind
to and permeabilize membranes, to show that addition of
monomeric moPrP can result in channel formation in mem-
branes, and to characterize the ion selectivities of these
channels, studies were carried out with unilamellar lipo-
somes and BLM.

Unilamellar liposomes were made of DPhPC and choles-
terol. Incubation of 1 mM WT or A116V moPrP in 5 mM
HEPES buffer (pH 7.4) at 25�C resulted in an increase in
tryptophan fluorescence emission intensity together with a
blue shift in the emission maximum (Figs. 1 a and S1, a
and b). Both the spectral shift and the enhancement of inten-
sity increased with an increase in the concentration of lipo-
somes, indicating a change in the tryptophan environment
toward lower polarity. The limiting amplitude of tryptophan
fluorescence at high lipid concentrations was z40% higher
Biophysical Journal 110, 1766–1776, April 26, 2016 1767



FIGURE 1 moPrP binds to lipid membranes and

induces calcium release. (a) Dependence of the

change in total emitted tryptophan fluorescence of

1 mMA116V (>) and WT (B) moPrP upon addi-

tion of increasing concentrations of liposomes.

(b) Increase in the intensity of Fura-2 fluorescence

upon the release of calcium from liposomes;

100 nM of A116V (dashed line) or WT (solid

line) moPrP was added to the liposomes at time

zero. The inset in (b) shows log-log plots of the

initial rate of calcium releaseversus protein concen-

tration for A116V (>) and WT (B) moPrP. The

slope estimated from the plot is z1.0 for both

proteins. (c and d) Blockage of calcium release

from the liposomes upon incubation with (c)

100 nMWTmoPrP and (d) 100 nMA116V moPrP.

In both panels, liposomes were incubated with

100 nM WT or A116V (solid line) moPrP in the

presence of the sodium channel blocker tetrodo-

toxin (500 nM, dashed line), potassium channel

blocker 4-AP (50 nM, dashed double dotted line),

potassium channel blocker TEA (1 mM, dashed

single dotted line), or calcium channel blocker

LaCl3 (50nM,dotted line), eachofwhichwas added

to the sample before the start of recording. In all

panels, the thick black dotted line represents the

fluorescence signal upon complete lysis of the lipo-

somes using 10% Tween 20, and the small-dotted

line represents the baseline fluorescence signal

from the untreated liposomes. In panel (a), the error

bars represent standard deviations calculated from

three independent experiments. In panels (b) and

(c), the kinetic traces are representative traces.
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for A116V moPrP than for WT moPrP. The dissociation
constant for binding observed for A116V moPrP was also
significantly lower (30 ng/mL vs. 60 ng/mL for WT moPrP),
suggesting that A116V moPrP has a greater propensity to
interact with lipid membranes than does WT moPrP. Both
WT and A116V moPrP appeared to retain their native struc-
tures in the presence of liposomes, as seen by both circular
dichroism (CD) and infrared absorption spectroscopy
(Fig. S2), with no clear evidence for the lipid-induced struc-
tural conversion in the C-terminal region reported earlier
(35). It should be noted, however, that under the conditions
of the CD experiment, less than 10% of the protein would be
lipid associated (see Supporting Materials and Methods).
Consequently, a conformational switch would not be ex-
pected to be detectable by CD. The Fourier transform
infrared (FTIR) experiment, on the other hand, was carried
out with a protein/lipid ratio at which most of the protein
would be associated with lipid, and any large conforma-
tional change would have been detected. The absence of a
significant spectral change in the FTIR experiment would
suggest that either no significant conformational change
occurred in the protein upon lipid association, a significant
conformational change occurred in only a small fraction
of the protein molecules, or a significant conformational
change occurred in only a small portion of each lipid-asso-
ciated protein molecule.
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To checkwhether themoPrP-lipid interaction affectsmem-
brane integrity, a calcium release experiment was performed
with liposomes (see Supporting Materials and Methods).
Over a 100-fold concentration range (10–1000 nM), both
WT and A116V moPrP induced calcium release from lipo-
somes (Figs. 1 b and S1, c and d). The observed gradual
increase of the fluorescence signal corresponding to Ca2þ

release was consistent with transporter/channel activity.
The rate was higher for A116V moPrP than for WT moPrP.
A log-log plot of the variation of the initial rate of Ca2þ

release with protein concentration was linear with a slope of
1 for both moPrP variants (Fig. 1 b, inset). Had the rate-
limiting step been oligomerization of the protein at the mem-
brane before membrane insertion and channel formation, a
higher-order dependence on protein concentration would
have been expected. This suggested that the rate-limiting
step in channel formation involves a single protein molecule,
possibly inserting into the membrane or undergoing a confor-
mational change. After the rate-limiting step, the protein is
likely to oligomerize rapidly to form channels in the mem-
brane (see Discussion).

It should be noted that DLS measurements indicated that
both WT and A116V moPrP remained monomeric in the
buffer used for the measurements shown in Fig. 1 in the
absence of vesicles, even when the protein concentration
was 25mM(Fig. S3, b and d). Size-exclusion chromatography
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experiments (Fig. S3 d) confirmed that the protein existed as a
monomer in solution in the absence of vesicles.
WT and A116V moPrP induce calcium release by
forming ion channels in lipid membranes

Ca2þ release from liposomes can occur due to either
transporter/channel activity or membrane disruption. The
definitive experiment to distinguish between these two pos-
sibilities is to detect currents passing through individual
channels in planar membranes (BLM). Current steps corre-
sponding to the transient formation of single channels of
10–20 pS conductance were detected across membranes
consisting of equal parts of DPhPC and cholesterol in
5 mM HEPES buffer containing 0.25 M CaCl2, with both
WT and A116V proteins (Fig. 2). A116V moPrP formed
channels within 30 min of addition into the BLM chamber
even at 50 nM, at which concentration WT moPrP did not
show any channel formation activity over a period of 12 h
(Fig. 2 a). WT moPrP did form channels at higher protein
concentrations, and did so within 30 min at concentrations
ofR250 nM (Fig. 2 b). Currents were also observed in sym-
metric 1 M KCl and 5 mM CaCl2, with 50 nM A116V or
250 nM WT moPrP (Figs. 2, 3, and S4).

Single-channel currents were observed over a wide range
of voltages, indicating that they are not voltage gated. Cur-
rents through single channels were found to vary linearly
with voltage regardless of whether the conducting ion was
Kþ or Ca2þ (Figs. 3, 4, and S4). This observation of Ohmic
conductance suggests that the channels were stable, because
otherwise, nonlinear current-voltage (I-V) plots would have
been observed. The conductance characteristics were also
found to be highly reproducible. The slope conductances
for potassium (1 M) and calcium (250 mM) ions were
16 5 1.8 pS and 20 5 2.1 pS for A116V moPrP, and
10 5 1.2 pS and 11 5 1.6 pS for WT moPrP, respectively
(Figs. 3, S4, and S5), indicating a fourfold preference for
Ca2þ over Kþ in both sets of channels. Interestingly, the
mean open time of the channels was very long, around
300 ms for WT and 500 ms for A116V channels in symmet-
ric 1 M KCl (Fig. S6). The extraordinarily long open times
also suggest that conducting channels, once formed, have
very high kinetic stability.
WT and A116V moPrP ion channels conduct KD

and Ca2D ions, but not NaD and Cl� ions

Surprisingly, no opening and closing events were detected
even 12 h after addition of the proteins into a BLM chamber
with symmetric 1 M NaCl (Figs. 3, e and f, and S4 e). The
lack of channel events could be due either to a failure to
form channels in the lipid membrane in the presence of
NaCl or to an inability of moPrP channels to conduct so-
dium and chloride ions (Fig. 3, e and f). WT and A116V
moPrP ion channel formation was carried out in symmetric
1 M KCl, after which the buffer in the trans chamber was
replaced with a buffer containing a mixture of 0.5 M KCl
and 0.5 M NaCl. The slope conductance at positive and
negative potentials was 15 pS and 8 pS, respectively—a ra-
tio of close to 2. In addition, the reversal potential for the
currents was 27 mV, which is close to the Nernst potential
for Kþ in this configuration (Figs. 4, a and b, and S7 a).

To further confirm this ion-selective feature of moPrP
channels, current recordings were conducted in an asym-
metric buffer configuration with 1 M KCl on the cis side
and 1 M NaCl on the trans side. Proteins were added into
the cis side of the chamber, where 1 M KCl was present
(see Supporting Materials and Methods). Current recordings
were conducted 1 h after addition of proteins into the BLM
chamber. Channel events were present upon application of
positive potentials, but not negative potentials (Figs. 4, c
and d, and S7 c). These experiments demonstrated that
FIGURE 2 moPrP forms ion channels in lipid

membranes. Current was recorded at þ70 mV

and �70 mV 1 h after addition of 50 nM WT

moPrP (a), 250 nM WT moPrP (b), 50 nM

A116V moPrP (c), or 250 nM A116V moPrP (d)

to a BLM chamber with 5 mM HEPES buffer

(pH 7.4) containing 0.25 M CaCl2. BLM composi-

tion: DPhPC/cholesterol (1:1 w/v). Except for

panel (a), all panels show 30 s current traces. Panel

(a) shows a full trace (60 s) of current recording

with 50 nMWT-moPrP. The spikes near the begin-

ning and end of the recordings are due to capacitive

transients. The insets in panel (a) show expanded

sections of the recordings. For traces acquired

at þ70 mV, upward deflections indicate channel

opening, whereas at �70 mV downward deflec-

tions indicate channel opening.
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FIGURE 3 A116V moPrP forms ion channels

that conduct Kþ and Ca2þ ions. Current traces

from A116V channels in DPhPC/cholesterol (1:1)

membranes held at þ 70 mV and �70 mV. (a, c,

and e) Symmetrical buffer compositions of 1 M

KCl (a), 0.25 M CaCl2 (c) and 1 M NaCl (e)

were used. (b, d, and f) I-V plots for the lowest-

conductance state observed in the corresponding

recordings to the left (see Supporting Materials

and Methods). The single-channel conductances

calculated from the data in panels (b) and (d) are

16 5 1.8 pS and 20 5 2.1 pS, respectively. For

traces acquired at þ70 mV, upward deflections

indicate channel opening, whereas at �70 mV,

downward deflections indicate channel opening.
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preinserted channels are refractory to the passage of Naþ

and Cl� ions.
Reagents that are known to block voltage-gated ion

channels were tested for their ability to affect moPrP
channels. La3þ, which is a known blocker of Ca2þ channels
(36), blocked Ca2þ release from liposomes (Fig. 1, c and
d), as well as both Ca2þ and Kþ currents in BLM mea-
surements (Figs. S8 and S9). 4-AP, a known blocker of
Kþ channels (37), blocked both Kþ and Ca2þ currents in
BLM measurements (Figs. S8 and S9), as well as Ca2þ
1770 Biophysical Journal 110, 1766–1776, April 26, 2016
release from liposomes (Fig. 1, c and d). TEA, a blocker
of Kþ channels, significantly reduced the rate of Ca2þ

release from liposomes, whereas tetrodotoxin, a blocker
of voltage-gated Naþ channels, had little effect. The obser-
vation that both La3þ and 4-AP blocked movement of
Kþ and Ca2þ suggested that both ions flow through the
same channel created by the insertion of moPrP into the
membrane.

It should be noted that DLS measurements showed
that both WT and A116V moPrP remained native and
FIGURE 4 A116V moPrP forms an ion-selec-

tive channel. (a and c) Current traces from

A116V channels (50 nM) in DPhPC/cholesterol

(1:1) membranes held at þ 70 mV and �70 mV

in 5 mM HEPES (pH 7.4) buffer containing (a)

1.0 M KCl and 5 mM CaCl2 (cis side) and 0.5 M

KCl, 0.5 M NaCl, and 5 mM CaCl2 (trans side),

and (c) 1.0 M KCl and 5 mM CaCl2 (cis side)

and 1 M NaCl and 5 mM CaCl2 (trans side).

(b and d) I-V plots for the lowest-conducting state

in the recordings shown in panels (a) and (c),

respectively. The intercept in panel (b) is at

27 mV, close to the calculated Nernst potential

for Kþ in this configuration. In panel (c), the initial

spike is due to a capacitive transient. The inset

shows expanded sections of the recordings. For

traces acquired at þ70 mV, upward deflections

indicate channel opening, whereas at �70 mV

downward deflections indicate channel opening.
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monomeric in the buffers used for BLM measurements ob-
tained in the absence of any lipid (Fig. S10).
The central hydrophobic region of moPrP is
important for channel formation

HDX-MS studies were carried out in the presence and
absence of liposomes to obtain sequence-specific informa-
tion about the structural changes brought about in WT and
A116V moPrP upon interaction with lipid membranes. Seg-
ments of the protein that interact with the lipid membrane
may be expected to be shielded from solvent and exchange
of amide protons. The location of protected hydrogens can
be determined by proteolytic digestion followed by MS
using a previously established peptide map (38). In the
absence of liposomes, A116V moPrP showed a pattern of
deuterium incorporation very similar to that of WT moPrP
(Fig. 5), indicating that the A116V mutation does not induce
any major structural changes in moPrP.
FIGURE 5 Deuterium incorporation at 30 s into different sequence seg-

ments of WT and A116V moPrP in the presence and absence of liposomes

at 25�C, pH 7.0. The percent deuterium incorporation into each peptic frag-

ment was determined from its mass calculated from the overall centroid of

the isotopic envelope in the mass spectrum, relative to the mass of the cor-

responding peptide in 90% D2O (see Supporting Materials and Methods).

The amino acid residue 22 at the N-terminus is Met. Error bars represent

the standard error in the data from two independent experiments.
Both WTand A116V moPrP showed increased deuterium
incorporation by ~25% in helix 1 and decreased deuterium
incorporation by ~25% in helix 2 in the presence of lipo-
somes compared with buffer alone (Fig. 5). The above
changes are signatures of oligomer formation: oligomers
of moPrP have been shown to exhibit increased deuterium
incorporation in the helix 1 region along with reduced
deuterium incorporation in helix 2 regions (38). Hence, it
appears that in the presence of liposomes, both WT and
A116V moPrP are in a conformation similar to that of
oligomers. It should be noted that in the absence of lipo-
somes, both WT and A116V moPrP are monomeric at the
concentrations used here (Fig. S3).

Interestingly, the sequence segment 109–132 showed a
bimodal mass distribution for WT and A116V moPrP in the
presence of liposomes, whereas it showed a unimodal mass
distribution in solution (Fig. 6). A bimodal mass distribution
in a sequence segment is indicative of conformational hetero-
geneity in the population of proteinmolecules with respect to
that sequence segment (38,39). In one subpopulation of
moPrPmolecules, the rate ofHDX into the sequence segment
FIGURE 6 The sequence segment 109–132 in WT and A116V moPrP

shows protection against HDX in the presence of liposomes. Mass spectra

for the sequence segment 109–132 for WT and A116V moPrP at 30 s of

deuterium labeling show bimodal mass distributions in the presence of lipo-

somes, compared with the unimodal distribution seen in the absence of li-

posomes. The controls of protonated (0% D) and deuterated (90% D)

peptide fragments are also shown. The m/z of the þ33 charge state of the

intact protein in the case of A116V moPrP is seen to partially overlap

with the m/z of the sequence segment 109–132. In the presence of lipo-

somes, the area under the lower mass (protected) peak for the sequence

segment 109–132 is 5% and 35% in WT and A116V moPrP, respectively.
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109–132 is significantly lower than in the remaining popu-
lation, suggesting that it is structured or physically seques-
tered away from the solvent due to its interaction with
lipid membranes. Consequently, the two subpopulations of
sequence segment 109–132 have different masses, leading
to a bimodal distribution. Although the sequence segment
109–132 showed a bimodal mass distribution for both
WT and A116V moPrP, the fraction of molecules that
were protected against HDX was significantly higher for
A116V moPrP (~35%) than for WT moPrP (~5%) (Fig. 6).
These observations indicated that the partitioning of protein
molecules into lipid membranes via the sequence segment
109–132 was greater in the case of A116V moPrP than in
the case of WT moPrP, and provided a rationale for the
increased channel-forming activity of A116V moPrP.

It should be noted that the fluorescence binding data
(Fig. 1 a) suggest that all protein molecules would be bound
to liposomes at the concentrations used for the HDX experi-
ments (see SupportingMaterials andMethods). It is therefore
surprising that the HDX measurements indicate that only
~5% of WT moPrP molecules and ~35% of A116VmoPrP
molecules are bound to the liposomes in a manner that
protects segment 109–132 from HDX. An alternate interpre-
tation is that in both cases, all protein molecules are indeed
bound to the liposomes in a manner that protects segment
109–132 against HDX, but this segment has a higher pro-
tection factor (39) upon interaction with a lipid membrane
in the case of A116V moPrP than in the case of WT moPrP.
C-terminal domain of moPrP does not form any
ion channel

The HDX-MS experiments indicated that it is the central hy-
drophobic region (sequence segment 109–132) that interacts
with the lipid membrane, and that this segment may be
buried inside the lipid membrane. It is likely that it is this
region that is involved in ion channel formation. In earlier
studies, it was shown that a peptide (residues 105–126)
derived from the central hydrophobic region forms ion chan-
1772 Biophysical Journal 110, 1766–1776, April 26, 2016
nels in lipid membranes (25). To confirm the importance
of the central hydrophobic region, BLM experiments were
carried out using the C-terminal domain of moPrP (CTD-
moPrP) (residues 121–231), which lacks most of the central
hydrophobic region. As expected, CTD-moPrP did not show
any channel activity in BLM experiments (Fig. S11), indi-
cating that ion channel formation requires the central hydro-
phobic region of the protein or the preceding unstructured
region.
WT and A116VmoPrP elicit ionic currents in living
cells

Cells were exposed to full-length proteins while patch-
clamped in the whole-cell voltage-clamp configuration to
measure plasma membrane conductance. Channel opening
and closing events would be undetectable using other
configurations of the patch clamp, since the single-channel
conductance, as estimated based on the BLM experiment,
would be too low to measure in physiological buffer.
Fig. 7 a shows whole-cell current recordings from cells sub-
jected to sweeps of transmembrane potential from�100 mV
to þ100 mV. At þ60 mV, compared with the control cells,
the current increased fourfold in cells exposed to 0.5 mM
WT moPrP, and by sixfold in cells exposed to A116V
protein at the same concentration, a 50% difference in effi-
cacy. The corresponding increases in cells exposed to 1 mM
moPrP were 10-fold and 12-fold, respectively.

A detailed analysis of the I-V traces in Fig. 7 a indicated
that the reversal potential of the currents seen in the pres-
ence of added protein was more negative than that in control
cells. This brings the resting membrane potential closer to
the Nernst potential for Kþ, suggesting that the enhanced
conductance was Kþ selective. Treatment with the Kþ chan-
nel blocker 4-AP resulted in a substantial reduction of the
recorded currents (Fig. 7 b).

It should be noted that CD and DLS measurements indi-
cated that both WT and A116V moPrP remained native and
monomeric in the buffer used for the measurements shown
FIGURE 7 Whole-cell patch-clamp recordings

were made from HEK 293T cells treated with

moPrP variants. (a) I-V plots for cells that were

treated with recording buffer (control) or different

concentrations of WT moPrP or A116V moPrP for

a period of 1 h. (b) I-V plots for cells treated with

moPrP variants in the presence and absence of the

potassium channel blocker 4-AP (see Supporting

Materials and Methods). Both panels present the

mean 5 standard deviation calculated from inde-

pendent measurements performed across six to

eight cells.
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in Fig. 7, in the absence of cells, even when the protein con-
centration was 20 mM (Fig. S12).
PrP appears to insert into the membrane in its
monomeric native form

A specific concern was whether the native monomeric pro-
tein had become contaminated with very small amounts of
oligomer during its preparation, and whether it was the olig-
omer that interacted with and formed ion channels in the
lipid membrane. In this study, native moPrP was shown by
both DLS and size-exclusion chromatography measure-
ments to be monodisperse and monomeric in the buffers
used for the liposome experiments (data not shown), the
BLM experiments (Fig. S10), and the cell electrophysiology
experiments (Fig. S12). To further confirm the absence of
any oligomer, native moPrP was first unfolded in 8 M
urea (which would also disaggregate any oligomer present)
and refolded (see Supporting Materials and Methods), and
then shown by fluorescence measurements to lack the ability
to bind to the hydrophobic dye ANS (Fig. S3 a). ANS is
known to bind to prion oligomers even when the oligomers
are present at very low relative amounts along with mono-
mer (40,41). Fig. S3 a indicates, for example, that even
50 nM oligomer would be detectable by the ANS binding
assay. Monomeric protein treated in this way possessed
the same ability to interact with lipid membranes as did pro-
tein that had not been so treated (data not shown). Thus, it
appears that the ability of moPrP to associate with lipid
membranes is a property of the monomeric native protein,
although it cannot be ruled out that oligomerization and
membrane insertion are induced at the membrane-solution
interface. It should also be noted that several aspects of
the data suggest that the initial interaction between the pro-
tein and the lipid membrane involves monomeric protein. In
the calcium efflux experiments (Fig. 1 b), the plot of the log-
arithm of the initial rate versus the logarithm of monomer
concentration had a slope of 1, indicating that monomer
insertion into the liposome was the rate-limiting step in
channel formation. In the BLM experiments, discrete uni-
tary channel opening events were observed (Figs. 2, 3, and
4), whereas oligomers formed by WT moPrP, even at a con-
centration of 100 nM, have been shown to rupture the BLM
(30) and to not elicit discrete unitary currents. It appears that
the protein oligomerizes to form channels only after it asso-
ciates with the membrane as a monomer.

A second concern was whether the monomeric native pro-
tein was heterogeneous and contained multiple subpopula-
tions of monomers, of which only one subpopulation was
able to interact with lipid membrane. In fact, it has been re-
ported that monomeric PrP can be made to exist in multiple
conformations, and one such conformation was shown to
be highly toxic to cultured cell lines (42). The HDX-MS ex-
periments (Fig. 5), however, did not provide any evidence of
conformational heterogeneity in the monomer of either WT
or A116V moPrP in the absence of liposomes, as they did in
the case of oligomers and fibrils in previous studies (39,43).
NMR studies of native moPrP also provide no evidence of
more than one monomeric conformation (44).
DISCUSSION

The primary motivation behind this work was to obtain a
better understanding of the interaction of PrP with lipid
membranes, in light of the strong correlation that has been
observed between such interactions and pathogenesis in the
case of prion diseases that do not involve the formation of
aggregates of PrPSc (45). In particular, it is known that the
pathogenic mutation A117V in the central hydrophobic
region of human PrP converts normal PrP into a transmem-
brane form, and induces neurodegenerative symptoms in the
absence of any significant accumulation of protease-resistant
aggregated PrP (15,16). Hence, one goal was to understand
how this mutation might lead to neurodegeneration induced
by either the transmembrane or soluble form of the protein.
moPrP forms discrete channels in artificial and
cell membranes, selective for KD and Ca2D

This study establishes that soluble full-length moPrP
interacts with membranes, including cell membranes, and
permeabilizes them. Had the enhanced permeability been
due to a detergent-like rupture of the membrane, or to the
formation of a nonselective pore, the effect on the resting
membrane potential would have been to shift it toward
0 mV. The observed shift in the resting membrane potential
of affected cells toward the Nernst potential of Kþ suggests
the formation of a Kþ-selective leak across the plasma
membrane. Indeed, 4-AP, a Kþ channel blocker, partially
blocked prion-induced currents observed in the whole-cell
patch-clamp experiment. A more detailed characterization
in artificial membrane systems demonstrates that the pro-
teins form well-defined channels that are permeable to Kþ

and Ca2þ and can be blocked by 4-AP and TEA, which
block Kþ channels, and by La3þ, which blocks Ca2þ chan-
nels. Tetrodotoxin, a blocker of voltage-gated Naþ channels,
has a limited effect. In the isolated planar bilayer system, the
channels are Ohmic in character, whereas the currents
induced in cells have nonlinear I-V characteristics, suggest-
ing either different behaviors in the two systems or the
induction of endogenous channels in cells. A116V moPrP,
which has a mutation in the central hydrophobic region of
the protein that favors formation of the transmembrane
form of the protein, was much more efficacious in binding
to membranes and forming channels in all three systems
studied. Interestingly, the same region of the pathogenic
transmembrane form of PrP has been shown to interact
with cell membranes (15). Hence, it appears that the patho-
genic transmembrane form of PrP might act by forming
channels in cell membranes.
Biophysical Journal 110, 1766–1776, April 26, 2016 1773
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moPrP can release Ca2þ from liposomes. Inhibition of
this release by specific blockers is diagnostic of a trans-
porter-mediated mechanism of release. The observation of
discrete current steps of uniform conductance in the BLM
confirms that the transporter is a channel (Figs. 1, 2, 3, 4,
S1, S4, and S7). Elimination of conductance fluctuations
by the same reagents confirms a channel origin as opposed
to transient membrane defects causing permeability.
Although both WT and A116V moPrP form channels, the
channel-forming propensity is higher for the mutant variant
compared with WT moPrP (Figs. 1 and 2). As shown by
HDX-MS studies (Fig. 6), the increased channel activity
of A116V moPrP is correlated with its enhanced propensity
to insert into lipid membranes. The lack of CTD-moPrP
activity suggests that the unstructured N-terminal region
(residues 23–120) is important for lipid membrane binding
as well as ion channel formation (Fig. S11).

Recently, it was reported that the interaction of lipid-
anchored forms of PrP with membranes is very different
from that observed for anchor-free forms (46). These differ-
ences could well affect the channel-formation activity,
limiting extension of our results to GPI-anchored forms.
Indeed, when GPI-anchored WT PrPC is overexpressed in
transgenic mice, it does not appear to induce neurotoxicity.
Only when PrPC was expressed as an anchorless protein in
transgenic mice did it appear to be capable of inducing
toxicity (9). Nevertheless, when pathogenic mutant variants
of PrP are expressed in cells with the GPI anchors intact,
they have been reported to induce spontaneous ionic cur-
rents as detected by whole-cell patch-clamp measurements
(47). Hence, channel-forming activity could be an inherent
property of PrP irrespective of anchorage.
Nature of the PrP-membrane interaction

BLM experiments show homogeneous single-channel
conductance values for both WT and A116V moPrP, a
feature that was not observed in earlier studies using PrP
peptides and recombinant PrP aggregates (22). The obser-
vation of homogeneous single-channel conductances dem-
onstrates that the responsible channels are formed by a
single kind of PrP assembly in the lipid membrane.

HDX-MS studies demonstrate that, at least in the case of
A116V moPrP, the lipid membrane protects the sequence
segment 109–132 or a part of it. A monomeric oligopeptide
of 20–22 residues is very unlikely to form a transmembrane
channel. Hence, oligomerization would be necessary to
form the channels. Although soluble oligomers formed by
PrP can interact with and permeabilize lipid membranes
(38,48), the absence of any preformed oligomeric form in
solution under the measurement conditions used here
(Figs. S10 and S12) suggests that PrP can form channels
with discrete conductances in lipid membranes even when
present in the monomeric form in solution. The otherwise
unstructured sequence segment 109–132 must form second-
1774 Biophysical Journal 110, 1766–1776, April 26, 2016
ary structure and oligomerize when inserted into the lipid
membrane.

The HDX-MS data are consistent with a restructuring
and/or sequestration of the central hydrophobic region
in the presence of lipid. Indeed, this sequence is highly
conserved among all mammalian PrPs and has been shown
to serve as a transmembrane anchor in certain scenarios
(1,15). Peptides comprising residue stretches 105–126,
118–135, and 105–135, derived from the central hydrophobic
region, have all been shown to interact with lipid membranes
(22,24,26–28). At least in vitro, peptides comprising residue
stretches 105–126 and 82–146 of PrP have shown channel-
forming abilities in different lipid membranes (21,25).

Previously, it was reported that a PrP lacking the central
hydrophobic region formed pores upon expression in cell
lines, and that the formation of these pores was due to the
transient interaction of the N-terminal positively charged
motif (23KKRPK27) with the lipid membrane (47,49). How-
ever, the HDX-MS data reported here do not show any
evidence of a significant change in the solvent accessibility
of this segment in the intact protein in the presence of lipid
(Fig. 7). It is conceivable that transient interactions may not
be picked up by this technique.
The structure of PrP ion channels may be similar
to those formed by pore-forming toxins

A clue as to how PrP might form ion channels is provided by
the pore-forming toxins. These toxins can exist either in a
stable water-soluble state or as integral membrane proteins
(50), a property that appears to be shared by PrP. The mem-
brane-integrated structures of pore-forming proteins may be
either a-helical or b-barrel (50,51). That of PrP appears to
be principally a-helical (Fig. S2), although the conversion
of short (10%) sequence stretches into b-structure would
not be detectable (see Results). The membrane-inserting re-
gions of some toxins form a-helical hairpins that are 40–60
residues long, whereas those of other toxins form b-hairpins
that are 15–25 residues long (52,53). The sequence stretch
109–132 in PrP, which shows protection against HDX in
the presence of lipid membranes, is of the right length to
form a membrane-spanning b-hairpin, but not an a-helical
hairpin. Importantly, it contains seven glycine residues,
including two XGGX motifs that are thought to be impor-
tant in lipid-membrane interactions (54), such as in the for-
mation of a b-hairpin in the membrane.

In the case of the pore-forming toxin a-hemolysin, a
central sequence stretch of ~27 residues, which is rich in
glycine residues, forms a b-hairpin, and seven protein mol-
ecules oligomerize to form a 14-stranded b-barrel pore in
the membrane (55). It is tempting to postulate that PrP too
interacts with lipid membrane and forms a pore in the mem-
brane in a similar manner. It should be noted that although
the pores may form through association of b-hairpins as a
consequence of protein oligomerization in both cases, the
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rest of the a-hemolysin structure is also b-sheet (55),
whereas PrP appears to maintain a largely helical structure
(Fig. S2). The conversion of 10% of the sequence into
b-hairpin would not be detectable in CD or FTIR spectra.
The mean open times of the channels formed by PrP are
unusually long (Fig. S4), although not as long as those
formed by a-hemolysin (56). The substantially shorter
mean open times and smaller conductances of the PrP chan-
nels, as compared with the a-hemolysin channels, makes it
unlikely that PrP has toxin-like behavior.

It is known that hydrophobic interactions between the
hydrophobic surfaces of sequence stretches from the protein
and the zwitterionic phospholipids on the membrane surface
play a major role in protein-lipid binding (57). The mutation
Ala116 to Val116 in the central hydrophobic region increases
the hydrophobic nature of the sequence and introduces a
branched amino acid residue with a high b-sheet propensity
in place of a residue with a high a-helix propensity. It
is likely that the binding of both WT and A116V moPrP
increases the local protein concentration at the membrane,
which favors oligomerization within the lipid membrane.
The slope of 1 of the log-log plot of the calcium release
rate versus protein concentration suggests that the rate-
limiting step in channel formation could be either a confor-
mational transition in the monomer or its insertion into the
membrane (Fig. 3). Oligomerization of the inserted stretch
of the protein would then lead to channel formation.

In the case of both A116V and WT moPrP, both the cal-
cium and potassium conductances are intermediate between
the conductances of voltage-gated Naþ and Kþ channels
(20–50 pS) and store-operated calcium channels (~20 fS)
(58). On the other hand, the mean open time for the prion
channels is a few hundred milliseconds (Fig. S4), in contrast
to, say, voltage-gated Naþ channels, which have mean open
times of a few milliseconds. The mean channel conductance
is independent of voltage (Fig. S6), as is the probability
of channel opening, implying that significant amounts of
Ca2þ can enter during a single opening at resting membrane
potentials.

In conclusion, this study conducted with recombinant
moPrP suggests that the ability to form an ion channel is an
inherent property of PrP, and that the propensity to form
channels is increased by a pathogenic mutation in the central
hydrophobic region. It is thus conceivable that mutant PrPs
with a high propensity to form channels could mediate suffi-
cient influx of Ca2þ to be pathogenic. Studies are currently
under way to establish whether monomeric PrP can be toxic
to cells, at least under some conditions, and whether such
toxicity is linked to the ability of the protein to elicit calcium
currents in cell membranes.
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