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ABSTRACT Gauging the interactions of a natively unfolded Parkinson disease-related protein, alpha-synuclein (a-syn) with
membranes and its pathways between and within cells is important for understanding its pathogenesis. Here, to address these
questions, we use a robust b-barrel channel, a-hemolysin, reconstituted into planar lipid bilayers. Transient, ~95% blockage of
the channel current by a-syn was observed when 1), a-syn was added from the membrane side where the shorter (stem) part of
the channel is exposed; and 2), the applied potential was lower on the side of a-syn addition. While the on-rate of a-syn binding
to the channel strongly increased with the applied field, the off-rate displayed a turnover behavior. Statistical analysis suggests
that at voltages>50 mV, a significant fraction of the a-syn molecules bound to the channel undergoes subsequent translocation.
The observed on-rate varied by >100 times depending on the bilayer lipid composition. Removal of the last 25 amino acids from
the highly negatively charged C-terminal of a-syn resulted in a significant decrease in the binding rates. Taken together, these
results demonstrate that b-barrel channels may serve as sensitive probes of a-syn interactions with membranes as well as
model systems for studies of channel-assisted protein transport.
INTRODUCTION
Alpha-synuclein (a-syn), a neuronal water-soluble protein
of 140-amino–acids long, attracts great attention due to its
involvement in the etiology of Parkinson disease (PD) (1),
and some other neurodegenerative dementias (2,3). Patho-
logical hallmarks of PD include death of dopamine-
secreting neurons in substantia nigra and the presence of
intracellular inclusions, or Lewy bodies, composed primar-
ily of aggregated a-syn. Further evidence links gene multi-
plications and missense mutations in the a-syn gene to
early-onset and familial PD (4–6). Still, the direct implica-
tion of a-syn in cellular toxicity and neurodegeneration
has not been clearly identified; moreover, its native cellular
functions also remain a matter of debate. Experiments with
a-syn-knockout mice show that although the mutant ani-
mals are not phenotypically different from the wild-type
(WT), their dopamine production is prone to age-related
impairment (7). In neurons, a-syn is preferentially localized
in the nucleus and presynaptic terminals, where it is found in
association with membrane compartments. Recent evidence
points to participation of a-syn in maintaining the integrity
and functioning of the soluble n-ethylmaleimide-sensitive
factor attachment protein receptor complexes, thus, suggest-
ing its involvement in neurotransmission (8).

The findings on a-syn interactions with membranes in
brain tissues and in cultures encouraged many researchers
to look for underlying molecular mechanisms in relation
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to toxicity and aggregation. The primary amino-acid
sequence of a-syn is generally characterized as three
distinctive regions (9): a membrane-binding amphiphatic
N-terminus (residues 1–60); a mostly hydrophobic central
portion otherwise known as the nonamyloid b component
region (residues 61–95); and a highly acidic C-terminal
tail (residues 96–140) containing 15 negatively charged
carboxylates. Early findings showed that a-syn, which is
intrinsically disordered at physiological salt conditions,
adopts a largely a-helical structure upon binding to
lipid vesicles (10–12), with a high preference for anionic
lipids (13). Further structural studies using micelles
as membrane mimics, established that a-syn forms two
a-helices composed of residues 3–37 and 45–92, spaced
by a short linker composed of residues 38–44 (14,15).
In the membrane-bound form of the protein, its acidic
C-terminal tail stays unstructured and does not interact
with the bilayer.

Consequences of a-syn interaction with membrane com-
ponents for cellular toxicity remain unclear. It is yet to be
determined to which extent the formation of the mem-
brane-bound form of a-syn contributes to the formation of
amyloid b-sheets. The requirement for negatively charged
lipids for membrane adsorption of a-syn (13) has been con-
tested by the observation of its interaction with zwitterionic
lipid bilayers (16–19). In model systems, binding of a-syn
was found to produce significant membrane disturbances,
including lipid demixing (20), bilayer thinning (19), bilayer
disruption (18,21), and membrane-permeabilizing pore for-
mation (22,23).
http://dx.doi.org/10.1016/j.bpj.2013.12.028
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In this study, we show that membrane binding of a-syn can
be successfully monitored using an assay of the a-hemolysin
(a-HL) ion channel. In lipid bilayers, a-HL toxin forms
channels (24) of a mushroom-like structure (25), which
allows transport of various synthetic polymers, DNA, and
cyclic carbohydrates (26–31). Recently, it was also shown
that this channel can be blocked by a-syn (32,33). Given
the importance and ever-increasing interest in channel-
facilitated polymer transport (33–51) we studied interac-
tions of a-HL channel inserted into membranes of different
lipid compositions with theWT a-syn and a C-terminal trun-
cated variant (a-syn1–115), under different salt conditions.

We demonstrated that in planar lipid membranes, formed
from diphytanoyl-phosphocholine and asolectin, a-syn
binds and, apparently, translocates through the channel
when two conditions are met:

1. Alpha-syn is applied on the side of the membrane where
the stem region of the a-HL mushroom-like structure
opens to the bulk solution at the membrane surface; and

2. Positive potential is applied from the opposite side, the
side of a-HL addition where the extending cap region
of the channel is located.

The on-rate constant of the binding reaction strongly de-
pends on voltage and the membrane lipid composition.
Translocation of a-syn is strongly suggested by the turnover
dependence of the a-syn molecule residence time in the
channel on the applied voltage. We also established the
effect of truncation of the unstructured acidic C-terminal
domain of a-syn on binding and translocation. The trun-
cated a-syn1–115, with the last 25 amino-acid residues
removed, including nine carboxylates, requires dramatically
higher voltage to bind to the pore and translocate. Increasing
the bath salt concentration to almost full saturation (4 M
KCl) produces an impressive increase in pore-protein attrac-
tion. The presence of a-syn can be reliably detected and its
dynamics resolved with single-molecule sensitivity down to
1 nM protein bulk concentrations.

Under our protocol, when applied from the side of the
cap-shaped part of the channel as in previous studies
(32,33), a-syn binds only poorly; in this case the detection
of blockage events requires orders-of-magnitude higher a-
syn concentrations and higher voltages of opposite polarity,
which make discrimination between the channel voltage
gating and a-syn-induced blockages difficult.

Nanopore detection and analysis of intrinsically disor-
dered proteins is a promising new technique in biophysics
and polymer science. It is a rapidly growing field whose
progress requires better understanding of the basic princi-
ples of protein dynamics in the nanoscopic confines of
the pores, interactions of proteins with the pore walls
and between each other, and the effects of hydration and
dehydration on the entire sensing system. Our study
addresses these vital problems, using the nanopore and
analyte components of known and easily modified struc-
tures, thus providing outcomes clarifying both specific
aspects of synuclein nano-detection and general questions
of protein and polymer transport in pores, including the
effects of concentrated solutions on molecular packing in
confined volumes.
MATERIALS AND METHODS

Bilayer lipid membranes were formed by the lipid monolayer opposition

technique from DPhPC (diphytanoyl-phosphatidylcholine), POPC (palmi-

toyl-phosphatidylcholine), or asolectin (Avanti Polar Lipids, Alabaster,

AL) on a circular aperture in a Teflon partition (E. I. du Pont de Nemours,

Wilmington, DE) dividing two (cis and trans) compartments of the

experimental chamber, as previously described in Gurnev et al. (52). WT

a-hemolysin (Calbiochem, Merck, Darmstadt, Germany) was added to

the cis-side of the chamber from a diluted water stock solution of 25 mg

� mL�1 containing 8 M urea. Applied transmembrane voltage is defined

as positive if potential is higher on the cis-side of the chamber.

Ion current measurements were performed using Axopatch 200B ampli-

fier (Molecular Devices, Eugene, OR). The output signal was filtered by the

amplifier 10 kHz filter and in-line low-pass eight-pole Butterworth filter

(Model 9002; Frequency Devices, Ottawa, IL) at 15 kHz and directly saved

into the computer memory with a sampling frequency of 50 kHz. Ampli-

tude, lifetime, and fluctuation analysis were performed using a ClampFit

10.2 (Molecular Devices) and by ORIGIN 8.2 software (OriginLab, North-

ampton, MA). Alpha-syn or its mutant was added to the membrane-bathing

solutions after a-HL channel formation; statistical analysis of the blockage

events was started 15 min after a-syn addition to ensure steady state.

Methods to produce, purify, and characterize WT a-syn were described

previously in Pfefferkorn and Lee (53). The original WT human a-syn

construct (pRK 172) was provided by M. Goedert (Medical Council

Research Laboratory of Molecular Biology, Cambridge, UK). Plasmid for

a-syn carrying residues 1–115 (a-syn1-115) was constructed using the

Quik-Change site-directed mutagenesis kit (Stratagene, La Jolla, CA)

through insertion of a stop codon. Mutation was verified by DNA

sequencing. For a-syn1-115, protein was expressed as the full length and

purified by using the following modified procedure: Cell lysis was per-

formed by sonication in a buffer containing 50 mM Tris, 0.1 M NaCl,

and a protease inhibitor tablet (Hoffmann-La Roche, Basel, Switzerland)

at pH 8. Soluble protein was separated from cellular debris via centrifuga-

tion at 30,000g for 30 min. After acid precipitation (pH 3.5) and another

centrifugation step, the resulting supernatant was dialyzed against 20 mM

MES and 1 mM EDTA, pH 5.5 and loaded onto a Hi-Trap SP column

(GE Healthcare, Little Chalfont, Buckinghamshire, UK) equilibrated in

the same buffer. Proteins were eluted in a 0–1 M NaCl gradient. Alpha-

syn1-115-containing fractions were pooled, dialyzed against 20 mM Tris

buffer, pH 9.0, and applied to a Mono-Q column (GE Healthcare). Protein

purity was>95% as determined by sodium dodecyl-sulfate polyacrylamide

gel electrophoresis and silver-staining methods. Purified protein was buffer-

exchanged into 20 mM Tris HCl pH 8.0 and 0.1 M NaCl, concentrated

using Amicon Ultra-15 centrifugal filter units (molecular mass cutoff

3 kDa; Millipore, Billerica, MA), and stored at �80�C. Protein concentra-

tions were determined using an extinction coefficient of 1280 M�1 cm�1 at

280 nm using a model No. 300 Bio-spectrophotometer (Varian, Cary, NC).
RESULTS AND DISCUSSION

Alpha-synuclein induces reversible blockage of
a-hemolysin channel in planar lipid bilayers

All the results of this study were obtained using statistical
analysis of the small-ion currents through single a-HL pores
reconstituted into planar lipid membranes. Fig. 1 A shows
Biophysical Journal 106(3) 556–565
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FIGURE 1 (A) Representative records of the current through a single

a-hemolysin channel before (control) and after addition of 50 nM of

a-synuclein to the trans-side of the bilayer, at a series of voltages. Upon

application ofR40 mV, a-syn induces time-resolved rapid blockage events

of small-ion current passing through the channel. (B) 80-mV record at a

finer scale; intervals marked to and tb are pore open and synuclein-blocked

times, respectively. (C) Current histograms calculated for the 80-mV

record; they indicate that the blockages are grouped around one stable level.

(D) Current-voltage plots illustrate that the blocked state current is linear in

the applied voltage and is ~15% of the open-channel current. (Inset) Ratio

of the change in the current due to the blockage to that of the open state of

the channel versus voltage. (E) Example of the current through the channel

when a-syn was added to the cis-side (defined as the side a-HL addition) of

the bilayer. The membrane was formed from DPhPC, solution contained

1 M KCl buffered with 5 mM HEPES at pH 7.4.
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that addition of 50 nM of a-syn to the trans-side of the
membrane, with a-HL originally applied from the cis-
side, produces reversible blockages of the current through
the channel pore. The blockages exhibit a pronounced
voltage-dependence. There are almost no blockages
observed for 40 mV, but application of 60 mV and higher
voltages makes current interruptions easily discernible. At
80 mV, the channel spends a significant part of its time in
the blocked state.

Fig. 1 B together with the current distribution histogram
in Fig. 1 C show that addition of a-syn induces a stable
blocked state of the channel, although the amplitude distri-
bution of the current through the blocked state is somewhat
broader than that for the open state. Plot of the current-
voltage dependence in Fig. 1 D and its inset (giving the ra-
tio of the blockage-induced change in the current, the depth
of blockage, to that of the open channel) demonstrate that
the average current through the blocked state is linear in
the applied voltage and is ~15% of the open-channel
current.

Comparing our protocol with those used in the two recent
publications on interactions between a-HL and a-syn
(32,33), we indicate that we did not observe any blockages
when similar concentrations of a-syn were applied to the
cis-side of the membrane, even at voltages up to 100 mV
of both polarities. Only at much higher a-syn concentrations
and voltages of inverted polarity were some current inter-
ruptions measurable, as shown in Fig. 1 E. However, appli-
cation 100 mV and higher potentials led to significant
voltage gating of the channel, making statistical analysis
of the a-syn-induced blockages difficult.

It is known that monomers of a-HL self-assemble to form
a heptameric mushroom-shaped b-barrel pore (25). On the
side of heptamer assembly (which is cis-side in our conven-
tion) the pore entryway is elevated ~5 nm above the bilayer
plane, while the trans-entrance of the channel lies close to
the bilayer surface. The fact that, in our protocol at the
employed a-syn concentrations, the channel blockage is
only observed when a-syn is added to the trans-side, where
the channel entrance is easily accessible for a membrane-
bound molecule, indicates that a-syn interaction with the
membrane surface is a crucial step. Externally applied
voltage, negative from the side of a-syn addition, is another
necessary condition for the molecule to enter the channel,
suggesting involvement of the negatively charged residues
of a-syn, most likely its acidic C-terminal tail.

Analysis of the transient blockages of the ion current
through the channel suggests that a-syn enters the pore
and, based on the voltage dependence of the blockage event
duration, the protein translocates through the pore. At an
applied voltage V ¼ 80 mV, the duration of the blockage
is ~10 ms, which is too small to be accounted for by
a-syn interaction with the applied electric field if the mole-
cule enters and leaves the channel from the same (trans)
side. Indeed, if the channel can be considered as a purely
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electrostatic trap for the negatively charged tail of the a-syn
molecule, the residence time (tel) can be estimated by (30)

tel ¼ L2

D

expðqV=kBTÞ
ðqV=kBTÞ2

; (1)

where L is the depth of tail penetration into the channel;
D and q are the diffusion coefficient and the effective charge
of the tail; and kB and T are the Boltzmann constant and
absolute temperature. The subscript el means that the only
interaction considered here is that with the applied electric
field. The expression in Eq. 1 is an exact result obtained
for a narrow pore in the framework of the diffusion model
(54,55) in the limit qV/kBT >> 1 (see below). To estimate
tel, we assume the following values of the parameters:
V ¼ 80 mV, L ¼ 16 nm (contour length of the acidic
C-terminal tail (56)), D ¼ 1.14 � 10�10 m2 s�1 (diffusion
coefficient of the entire a-syn molecule in water (57)),
and q ¼ 1.6 � 10�18 C (10 elementary charges, two-thirds
of the total C-terminal charge). The result is tel x 8 �
104 s, which is too large to have anything to do with the
characteristic timescale of the events in Fig. 1, A and B.
It is clear that assuming an order-of-magnitude higher
diffusion coefficient for the a-syn tail in the pore will not
fix the discrepancy. Thus, our estimation of the residence
time suggests that the transient blockages shown in Fig. 1
are due not only to the electrostatic trapping of the a-syn
C-terminal tail by the channel pore, but also the trans-
location of the entire molecule to the opposite side of the
membrane.
FIGURE 2 (A) Log-bin histograms of the time between the successive

a-syn-induced blockages (channel open times), to, of the channel recon-

stituted into a DPhPC membrane at 50 and 100 mVof the applied voltage.

Histograms are satisfactorily described by single-exponential distributions

(smooth solid lines) and allow quantification of the voltage dependence

of the average time, htoi (inset). (B) The on-rate of a-syn binding to the

channel, 1/htoi, as a function of a-syn concentration in the trans-side solu-

tion in membranes formed from DPhPC and asolectin at V¼ 100 mV. Lines

through the data are the best fits using simple binding isotherms with char-

acteristic concentrations of 30 and 32 nM for DPhPC and asolectin, respec-

tively. (C) Comparison of average blockage times (residence times) for

three different a-syn concentrations as functions of the applied voltage

for DPhPC bilayers. Other conditions for all panels are as those mentioned

in the legend for Fig. 1.
The on-rate of a-syn binding is strongly
lipid-dependent

Fig. 2 A illustrates two histograms of the time between the
successive a-syn-induced blockages of the channel reconsti-
tuted into a DPhPC membrane (the open time to in Fig. 1 B)
at 50 and 100 mV of applied voltage in the presence of
50 nM a-syn. Both log-bin histograms are satisfactorily
described by single-exponential distributions and allow
quantification of the voltage dependence of the protein
binding on-rate. It is seen that at the higher voltage the
capture of a-syn by the channel is more efficient. As the
voltage is increased from 50 to 100 mV, the average time
between blockages (i.e., the average open channel lifetime)
is reduced by ~40 times, from ~200 to ~5 ms. The plot
showing the dependence of the average time htoi on voltage
is given in the Fig. 2 A, inset.

The average time between the successive blockages
reveals a remarkable dependence on the lipid type used
for bilayer formation. Fig. 2 B shows the on-rate at
V ¼ 100 mV, calculated as the inverse of the average
time, htoi�1, as a function of a-syn concentration on
the trans-side of the membrane. For both DPhPC (open
Biophysical Journal 106(3) 556–565
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symbols) and asolectin (solid symbols) membranes at low
a-syn concentrations, the on-rate scales linearly with the
concentration, saturating as the concentration is increased
beyond ~100 nM. The residence time of a-syn in the chan-
nel pore remains independent of a-syn concentration (Fig. 2
C); it is also almost lipid-insensitive. At 100 mV, it is
~1.8 ms and ~1.5 ms for DPhPC and asolectin, respectively
(data not shown).

The drastic difference between the on-rates for mem-
branes of different compositions as well as the rate satura-
tion at close a-syn bulk concentrations allow us to suggest
that the capture of a-syn by the channel necessarily involves
protein binding to the lipid membrane. The proposed suc-
cession of steps leading to a finite duration blockage event
can be described by the following scheme:

Bulk a-synþMembrane/Membrane-bound a-syn/

Membrane-bound a-synþ a-HL pore/a-syn in

a-HL pore/a-syn released to either trans- or cis-side:

The orders-of-magnitude lower probability found for the
a-syn capture from the cis-side of the channel where its
mushroom-shaped entrance is elevated from the membrane
surface by ~5 nm gives an additional support for the idea of
crucial involvement of the membrane by rendering the
direct capture from the bulk much less probable. It also
agrees well with the data identifying lipid membranes as
initial binding sites for a-syn (13,15,18). Resolved mem-
brane-bound structures of a-syn suggest that N-terminal res-
idues lying in the bilayer plane form a-helices, while the
acidic C-terminal stays unstructured and exposed to water
(14). It is likely that the C-terminal portion of the mem-
brane-bound a-syn acts as a fishing rod being driven into
the a-HL pore entryway by the electric field at large trans-
membrane voltages. In the case of cis-side application, the
length and flexibility of the rod are not enough to reach
the channel opening and enter its pore. The hypothesized
role of the C-terminal domain in a-syn binding to the chan-
nel is further supported by experiments with the mutated
protein described in the following sections.

On the one hand, the clear on-rate dependence on the lipid
may reflect differences in the affinity of a-syn adsorption to
the membrane. On the other hand, it could be that parame-
ters of the membrane-bound structure of a-syn are sensitive
to the lipid choice. Because in both lipid membranes the
saturation of the channel blockage by a-syn is observed at
similar protein concentrations (binding isotherms with char-
acteristic concentrations of 30 and 32 nM for DPhPC and
asolectin, respectively, are shown in Fig. 2 B by solid lines),
it is tempting to assume that both membranes attract similar
amounts of a-syn molecules. Therefore, taken together
these results may suggest that asolectin-bound a-syn is
somehow mostly incapacitated for the channel binding. In
experiments with POPC membranes (data not shown) it
Biophysical Journal 106(3) 556–565
was found that the on-rate was even lower than in asolectin
membranes by at least an order of magnitude. Further
studies, using complementary methods such as the one
with fluorescently labeled water-soluble proteins and vesi-
cles of different lipid compositions (e.g., Rostovtseva
et al. (58)), are needed to delineate the mechanism(s) of
the described lipid-induced effect on the binding.
Blockage features are changed by increased salt
concentration

Fig. 3 A presents two histograms of the blocked-channel
time distributions in the log-binned scale collected at the
high salt concentration of 3 M. In the limit of low voltage
of 40 mV, the time histogram, similarly to the open time his-
tograms in Fig. 2 A, is described by a single exponential dis-
tribution. This can be rationalized as reversible binding by a
deep potential well when the peptide chain enters and leaves
the channel from the same (trans) side. At elevated voltages,
e.g., at 80 mV, the histogram gets significantly narrower
than exponential, suggesting a-syn translocation rather
than reversible binding.

The average blocked-channel time, which we refer to as
the a-syn residence time in the channel tr ¼ htbi, is shown
in Fig. 3 B as a function of applied voltage at different salt
concentrations in the membrane-bathing solution. It is seen
that at 3 M salt the residence time of a-syn in the channel
shows turnover behavior with a maximum at ~50 mV. The
residence time first grows with voltage and then starts to
decrease. Only the growing part of the dependence is shown
in the figure at the maximum, 4 M salt concentration. The
reason is that the residence times at voltages over 40 mV
were too long, making it difficult to collect reliable statis-
tics. The turnover character suggests that the decreasing
part of the dependence corresponds to protein translocation
(30,49,59–61). Indeed, the higher the applied field, the
faster the translocation process, and hence the shorter the
residence time. In contrast, in the rising part of the depen-
dence at lower voltages where the fields are not strong
enough to initiate translocation, the stronger the field, the
longer it keeps the charged tail of a-syn in the channel. A
similar turnover character of the residence-time voltage
dependence was found in the case of a-HL-facilitated
cationic peptides translocation (62).

Fig. 3 C shows the on-rate dependence on the applied
voltage. It is seen that the on-rate is also greatly modified
by the bulk salt concentration, with higher salt concentra-
tions making polymer capture by the channel easier. This
suggests that the on-rate kinetics could be controlled by
Coulomb and/or solvation barriers. Higher salt concentra-
tions decrease these barriers so that lower voltages are
required for the same capture rate. Indeed, the on-rate of
0.1 ms�1 is reached at ~40 mV in 4 M KCl, ~60 mV in
3 M KCl, and ~80 mV in 1 M KCl. Interestingly, this
behavior is opposite to the one found for the positive
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FIGURE 3 (A) Log-bin histograms of the blockage time for 40 and 80mV

in the 3 M KCl (5 mM HEPES, pH 7.4) membrane-bathing solution. Fits

through the data are single-exponential distributions. (B) Voltage depen-

dences of the a-syn residence time defined as the average blockage time,

tr ¼ htbi. (C) On-rate of synuclein blockage, defined as the inverse of the

average open channel lifetime for 1, 3, and 4 M KCl membrane-bathing

solutions. Fits of the rising parts of the residence time versus applied voltage

in panel B are given according to Eqs. 1 and 3. Membrane was formed from

DPhPC, bathing solutionswere bufferedwith 5mMHEPES, pH7.4 and con-

tained a-syn in 50 nM concentration.
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FIGURE 4 (A) A schematic representation of synuclein truncation to

obtain a-syn1-115. (B and C) Residence time and on-rate voltage depen-

dencies for full-length a-synuclein (50 nM) and its C-terminal tail truncated

analog, a-syn1-115 (200 nM), respectively. Other conditions are the same as

those in the legend for Fig. 1 A. To see this figure in color, go online.
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multicharge blockers of a different b-barrel channel, an-
thrax’s PA63 (63), but is similar to that with neutral flexible
polymers (64).
Acidic C-terminal tail serves as an anchor for
binding to the channel pore

We have also explored the role of the charged a-syn tail in
the dynamics of the blockage by comparing WT a-syn with
its truncated version in which 25 residues (including nine
negatively charged residues) were removed from the acidic
C-terminal end (a-syn1–115). Fig. 4 demonstrates that both
the on- and off-rates are strongly sensitive to the tail trunca-
tion. Indeed, from Fig. 4 C it follows that at 120 mV the
truncation reduces the on-rate by more than two orders of
magnitude even though the concentration of the truncated
mutant is four times higher. This finding suggests crucial
involvement of the acidic terminal in the initial step of
blockage: the capture of the a-syn molecule by the channel
starts from the voltage-driven approach of C-terminal resi-
dues to the channel opening. The residence time in the
Biophysical Journal 106(3) 556–565
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channel changes less dramatically (Fig. 4 B): at this trans-
membrane voltage the residence time of a-syn1–115 is
approximately twice that of the full-length a-syn.

It is worth repeating here that both previous studies
employing a-HL nanopore to detect a-syn (32,33) focused
on synuclein interaction with the pore from its mushroom-
cap-shaped cis-side entryway. Using our protocol, we could
resolve the binding of a-syn to the pore from the cis-side
only upon reaching ~1 mM concentration and at voltages
ofR100 mVof the opposite polarity (Fig. 1 E). Under these
conditions, the voltage-induced a-HL gating and membrane
instability increased significantly, thus making quantitative
analysis difficult.
FIGURE 5 (A) Cartoon of a-synuclein interaction with the a-hemolysin

channel pore. The highly negatively charged C-terminal tail of the a-syn

molecule (red/solid line) enters the channel from the trans-side and goes

past the channel constriction by length x. (B) Potential of mean force as a

function of length x and the applied transmembrane potential V (see

text). To see this figure in color, go online.
Model

Based on the results reported above, we suggest the
following qualitative picture of a-syn interaction with the
a-HL channel: Applied from the trans-side, disordered
a-syn first adsorbs to the surface of the membrane, adopting
a partially a-helical structure, and then its acidic C-terminal,
shown by the red undulating line in Fig. 5 A, gets trapped by
the channel. At relatively small voltages the trapping can be
treated as an equilibrium reversible process. Due to thermal
fluctuations, the trapped part of the protein mostly escapes
from the channel pore to the same side of the membrane
from where it entered. Fig. 5 B shows a simplified potential
well felt by the acidic C-terminal entering the channel. We
assume that the applied voltage mainly drops on the
constriction zone located approximately halfway between
the cis- and trans-sides of the channel. Then, the part of
the C-terminal located on the cis-side of the constriction is
at the potential of the cis-side solution, while the residues
on the trans-side of the constriction stay at the trans-side
potential. This approximation, together with the additional
assumption that the negative charge is uniformly distributed
over the C-terminal, leads to the smooth tilted potential of
mean force U(x) shown in the figure.

Because the distance between the channel trans-entrance
and the constriction is ~5 nm and the total length of the tail
is ~16 nm (56), only L ¼ 11 nm of the acidic C-terminal tail
can go beyond the constriction when the rest of the a-syn
molecule stays in the membrane-bound a-helical confor-
mation. The total negative charge of the tail is 15, therefore,
the number of charges going past the constriction can be
estimated as (11/16) � 15 z 10. This number is very close
to the fitting parameter obtained from the analysis of the
ascending parts of the residence-time voltage dependencies
in Fig. 3 B. The fitting of 3 M KCl data was performed
according to Eq. 1 with the number of charges q as the
only fitting parameter. The best fit was achieved with q ¼
1.62 � 10�18 C, which corresponds to 10.1 elementary
charges. The residence time tel, Eq. 1, is the mean first-
passage (MFP) time tMFP (L / 0) from the well bottom
of the potential of mean force (Fig. 5 B) located at x ¼ L
Biophysical Journal 106(3) 556–565
to x ¼ 0, which corresponds to the constriction. It can be
readily obtained from the second expression in Eq. 3.11
of Berezhkovskii et al. (65) by imposing the reflecting
boundary condition (kL ¼ 0) at x ¼ L and the absorbing
boundary condition (k0 ¼ N) at x ¼ 0. In the case of a
position-independent diffusion coefficient D, we then find

tel ¼ tMFPðL/0Þ ¼ 1

D

Z L

0

2
4Z x

0

expðUðyÞ=kBTÞdy
3
5

� expð � UðxÞ=kBTÞdx;
(2)

Using the potential shown in Fig. 5 B, U(x) ¼ �qV x/L, in

the limit qV/kBT >> 1, we arrive at Eq. 1.

The residence time at 4 M KCl is much larger than that
calculated directly from Eq. 1. This implies some additional
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attractive interactions between the protein and the channel
at high salt concentrations. The origin of this extra attraction
is not clear at the moment, although it might be related to
the osmotic effects of the high salt concentration (52,66).
To account for the effect of this attraction on the blockage
time, we modify the expression in Eq. 1 as

ttotal ¼ L2

D

expðqV=kBTÞ
ðqV=kBTÞ2

expðW0=kBTÞ; (3)
nel induced by high salt. In Fig. 3 B the fitting curve through

where W0 is the affinity between the polymer and the chan-

the ascending region of the residence time data at 4 M KCl
is drawn with W0 ¼ 4.3 kBT and the same charge parameter
of q ¼ 1.62 � 10�18 C as for the 3 M KCl data.

The salt-induced growth of the residence time (Fig. 3 B) is
accompanied by the growth in the on-rate (Fig. 3 C). At
35 mV, where the dependences of residence times in both
cases suggest an equilibrium process, the corresponding
increase in the equilibrium binding constant is ~6000 times.
Taking into account the osmolarity change between 3 and
4 M KCl, this would correspond to ~400 water molecules
released upon the event of the C-terminal entering into the
channel pore (52,66). This estimate for the number of water
molecules seems to be too large. Therefore, we cannot
exclude that some other mechanisms are involved such as,
for example, salt-induced changes in a-syn interaction
with the membrane.

Based on the wealth of previous research (30,59–62),
we believe that the descending part of the residence time
dependence corresponds to voltage-driven translocation.
This is a nonequilibrium process, which is much harder to
describe quantitatively. We leave its analytical treatment
for our future studies and now offer only the following
tentative speculation. At high voltages exceeding 50 mV,
the well depth of the potential of mean force qV (Fig. 5 B)
exceeds the energy required to unfold the helical part of
a-syn molecule. Then, escape of the C-terminal from the
channel to the trans-solution becomes less probable than
unfolding of the helical part of the protein due to thermal
fluctuations. The unfolded protein flosses along the pore
axis until it finds its way out through the cis-side opening
of the channel. A similar scenario was reported for the
translocation of anthrax’s edema and lethal factors through
the pore formed by protective antigen (39,40) and, very
recently, for the translocation of oligonucleotide-thiore-
doxin conjugates through the a-HL pore (44). The residence
time in our case is the characteristic waiting time to unfold
the helical part of a-syn plus the time to passively diffuse
out of the channel to the cis-side. The diffusion time is
supposedly voltage-independent and can be estimated by
td x l2/D, where l is the length of the unfolded part of
the molecule. At l x 32 nm, which is the total length of
the a-syn molecule minus the length of the acidic C-termi-
nal (56), the time estimate is ~10 ms, so its contribution can
be neglected.

Thus, we relate the turnover behavior of the residence
time as a function of voltage to the cooperative unfolding
of the helical part of the a-syn molecule. The transition to
the unfolded state is driven by the pull exerted by the acidic
terminal trapped by the channel on the helical part that
remains outside. From the position of the crossover at
V*x 50 mV in 3 M KCl solutions, we can estimate the crit-
ical force of the pull that is necessary to induce such unfold-
ing as the slope dU(x)/dx of the potential of mean force
(Fig. 5 B) at this voltage, fel* ¼ qV*/L. Substituting the
values of the charge q found from the fitting of the ascending
parts of the residence-time voltage dependencies and the
length of the terminal captured beyond the channel constric-
tion, for the critical force we obtain fel*x 7.3 pN. Although
this force is ~30 times smaller than that measured recently
in single-molecule force spectroscopy experiments (56) on
b-like a-syn conformers, it is well known that a-helix
domains usually show one order-of-magnitude smaller
unfolding forces (67). These forces are also environment-
dependent (68), so that the unfolding force estimate ob-
tained from our experiments seems to be reasonable.

However, there are still at least two features of the
observed kinetics that need qualitative and quantitative
interpretations:

1. Residence-time distribution narrowing was found for the
descending part of the voltage dependence (Fig. 3 A), and

2. Residence-time data obtained with the truncated mutant
was seen to display significantly different absolute
values on the descending part compared with those of
the WT a-syn (Fig. 4 B).

Quantitative description of translocation residence time
needs more elaborate models (43,69), which carefully
address hydrodynamic, entropic, and different short-range
interactions between the protein and the channel.
CONCLUSIONS

We have shown that the a-hemolysin pore can be used not
only to detect a-syn presence and its state in the bulk
(32,33), but also to study interactions of this protein with
membranes and its translocation through b-barrel channels.
Specifically, we find that:
1. Depending on the choice of lipid species used for bilayer
formation, the on-rate of a-syn capture by the pore can
vary by orders of magnitude.

2. The capture is facilitated by potentials negative from the
side of a-syn addition and is hindered by the reduction
in the charge of the negative tail, thus suggesting that
the capture is initiated by the entrance of the a-syn tail
into the pore.
Biophysical Journal 106(3) 556–565
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3. The turnover behavior of the voltage dependence of the
blockage time (a-syn lifetime in the channel) suggests
that b-barrel pores are able to catalyze a-syn transport
across the membrane.
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