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ABSTRACT: Protein export is an essential mechanism in living
cells and exported proteins are usually translocated through a
protein-conducting channel in an unfolded state. Here we
analyze, by electrical detection, the entry and transport of
unfolded proteins, at the single molecule level, with different
stabilities through an aerolysin pore, as a function of the applied
voltage and protein concentration. The frequency of ionic
current blockades varies exponentially as a function of the
applied voltage and linearly as a function of protein concentra-
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tion. The transport time of unfolded proteins decreases exponentially when the applied voltage increases. We prove that the ionic
current blockade duration of a double-sized protein is longer than that assessed for a single protein supporting the transport
phenomenon. Our results fit with the theory of confined polyelectrolyte and with some experimental results about DNA or synthetic
polyelectrolyte translocation through protein channels as a function of applied voltage. We discuss the potential of the aerolysin
nanopore as a tool for protein folding studies as it has already been done for a-hemolysin.

B INTRODUCTION

Understanding protein transport through different cellular
compartments is one of the more challenging subjects of the last
three decades." > Protein export is an essential mechanism in
living cells and exported proteins are usually translocated through
a protein-conducting channel in an unfolded state." Proteins can
be transported though a channel by a motor,” by Brownian ratchet
motion,* by a power stroke, or by entropic pulling.6 An excellent
technique to probe the dynamics of biological channels at the
single molecule level is the patch-clamp technique, which has
already been used in the context of protein translocation.”* Until
now, few e)q)erimental,m’11 simulation,'* or theoretical studies"®
have been performed in order to understand the physical laws of
the transport of unfolded proteins through nanopores.

Most experiments that report translocation of macromole-
cules and their applications use either «-hemolysin pore
protein'*™'* or solid state nanopores.'*'* *° Nanofabricated
pores have been used to detect different native proteins.”*
Recently, a solid state nanopore with a small diameter has been
used to distinguish the native, partially folded, and unfolded form
of a protein in different denaturing conditions.""

The o-hemolysin channel has been extensively used in
experiments to study peptide translocation®® or peptide-pore
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interactions,””* antibody interactions,® and protein unfolding.
This pore is characterized by a geometric asymmetry due to the
presence of a large extra-membranar vestibule domain.*® We have
shown that we can control the electrical asymmetry, due to channel
geometry, bZ selectively denaturing the vestibule domain of the a-
hemolysin.>” We have recently shown that the unfolded protein
pore entrance, event frequency, and current blockage duration
depend on the pore geometry.*

Here we use another passive channel, aerolysin.*' This pore
protein is also heptameric, but its structure and effective charge are
different.** >* Even if a crystal structure of the aerolysin channel is
missing, the structure determined by electronic microscopy shows
that aerolysin does not have a vestibule domain.*' While o
hemolysin has a slightly positive global net charge (Z = +7e),
aerolysin is essentially negative (Z = —52e). The length of the both
channels is the same, but the aerolysin pore diameter is smaller
than the a-hemolysin one. All of these parameters make this pore
protein interesting for pe_})tide translocation®® or protein confor-
mational change studies.”” Moreover, a panel of mutant variants of
this channel could be used to change the transport properties.*®
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Figure 1. Stability and orientation of the aerolysin pore inserted into a lipid bilayer. Current—Voltage curves of aerolysin pore inserted into a lipid
membrane in the absence (a) or presence of guanidium (b). For each curve, green or orange colors represent a different pore. The black curve is the
average of all studied pores, (2) n=22 and (b) n = 24. The current is weakly higher at positive voltage than at negative voltage with a non-linear transition
around zero voltage (a, b). The stem domain of the pore is on the trans side (a, b). Current asymmetry, [1 — (I_/I;)] (%)) as a function of guanidium
concentration (c), I is the current level at the negative applied voltage and I, at the positive one, the current asymmetry is constant at 8.6 & 0.31%
(SD) between 0 to 1 M Gdm-HCl and decreases to 6.3 & 0.35% between 1.1 to 1.5 M Gdm-HCL. Pore conductivity versus guanidium concentration
(d). The mean conductivity of the aerolysin pore varies linearly with the guanidium concentration, y = 0.39 =+ 0.023 (SD) [Gdm-HCl] + 0.54 +
0.016 nS. Experiments are made at 1 M KCl, S mM HEPES pH 7.4. When present, the guanidium concentrations ranged between 0 to 1.5 M.

We characterize the electrical properties of one recombinant
aerolysin channel inserted in a planar lipid bilayer and we study
the stability of the pore in the presence of denaturing agent,
guanidium chloride. We analyze translocation parameters: fre-
quency of current blockades, activation energy, effective charge
of the protein inside the pore, channel side entry, and transloca-
tion time, of two different proteins in denaturing conditions, the
wild type maltose-binding protein (MalEwt) and a destabilized
variant (MalE219).> MalEwt or MBP is the maltose binding
protein of Escherichia coli. Its shape is ellipsoidal with overall
dimensions of 3 X 4 x 6.5 nm>.*” The overall structure of MalE
consists of two discontinuous domains constructed from sec-
ondary structural S0 units and surrounding a cleft that forms
the binding site for maltose and maltodextrins. When the a/ B
loop connecting Q-helix VII to -strand J in the C-domain was
modified (Gly220 and Glu221 simultaneously substituted by Asp
and Pro), the resulting MalE219 variant is strongly destabilized
and completely unfolded at low guanidium concentration.*® The
sizes and the net charges of MalEwt and the variant (MalE219)
are the same: 370 residues (40707 Da) and —S8e. In our
experiments, unfolded MalEwt and MalE219 proteins have a
random coil conformation or an excluded volume chain con-
formation in the presence of denaturing agent and high salt
concentration (1 M KCl).

We show that the unfolded protein dynamics through the
channel are the same as a function of the electrical driving force
for the wild type and the variant protein. The blockade rate is well
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described by a Van’t Hoft-Arrhenius law and the chain dynamics
are also dominated by a free energy barrier. This translocation
behavior observed with unfolded proteins seems universal for
charged macromolecule transport through a charged narrow
pore.'”**"* We observe also that a double-sized protein
(MalE—MalE) is translocated twice longer. Our results show that

aerolysin can be a potential sensor for folding—unfolding studies.

B RESULTS

Aerolysin Electrical Characterization and Stability. First,
we have characterized the electrical properties of a recombinant
aerolysin channel inserted in a planar lipid bilayer. The con-
ductance of the pore is slightly higher at positive applied voltage
than at negative one, with a nonlinear transition around zero
(Figure 1a). The mean normalized current asymmetry, I, is
definied as I = [1 — (I_/I,)] (%), I_ is the current level at
negative applied voltage and I is the current level at positive
one. The mean current asymmetry of the aerolysin pore is 8.8
1.3% and allows determination of the orientation of a single pore
in the membrane (Figure 1a). Analyzing our current data, the
aerolysin channel diameter is estimated to be around 1.7 £ 0.17
nm, using the ohmic law, which is in agreement with low
resolution data (the pore diameter has been estimated between
1to 1.7 nm).*!

We have analyzed the stability of the pore in guanidium
chloride (Gdm-HCI) since this denaturing agent is used to

dx.doi.org/10.1021/ja1073245 |J. Am. Chem. Soc. 2011, 133, 2923-2931
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Figure 2. Single-channel current traces of unfolded protein transport through an aerolysin pore as a function of applied voltage: V=80 mV (b, c), V=
110 mV (a), and V = 130 mV (d, e), for wild-type protein (black color) MalEwt (a, b, d), and mutant protein (blue color), MalE219 (c, e). The stem
domain of the aerolysin pore is placed into lipid bilayer on the cis side, the proteins enter by the stem side. Detail of a current trace (a), V= 4110 mV,
showing blockade events, bumping or translocation events, time inter events, blockade duration, the ionic current in the empty pore, and the blockade
current. An increase in the applied voltage results in the increase of the open pore mean current and the frequency of single channel ionic current
blockades increases (b, ¢, d, e) as well. Experiments are made at 1 M KCl, S mM HEPES pH 7.4, the final guanidium concentrations are respectively:
1.5 M for MalEwt and 0.7 M for MalE219. The protein concentration is 0.35 ©M.

denature proteins before transport experiments (Figure 1b). The
channel electrical properties remained unchanged up to 1 M
Gdm-HClI (Figure la—c). These data confirm previous studies
that demonstrated that aerolysin was resistant to strong denatur-
ing conditions.*’ As previously shown with o-hemolysin,'® a
linear increase in pore conductivity due to the presence of Gdm-
HCl was detected (Figure 1d). Therefore, the aerolysin pore can
be used to study the transport of unfolded proteins.

Transport Properties of MalEwt and Its Mutant. We have
analyzed the transport of MalEwt and the destabilized MalE219
variant through aerolysin pore. While MalE219 is completely
unfolded at 0.7 M Gdm-HCI, MalEwt required 1.5 M Gdm-HCl
to unfold.*® However, the aerolysin pore is stable and remains
inserted into the lipid bilayer at these Gdm-HCI concentrations.
The lipid membrane is submitted to an electrical potential
difference which induces a current in a single pore in 1 M KClI
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and 1.5 M Gdm-HCI solution (Figure 2a) and generates the
driving force for the protein transport. After the addition of
unfolded proteins, we could detect ionic current blockades. We
have observed two kinds of events with different decreases of the
ionic current (blockade amplitude) and different blockade dura-
tions: one when a protein chain diffuses close to the pore, called a
bumping event (or straddling event), and another one when the
chain is transported through the channel called translocation
event (Figure 2a). A statistical analysis of each current trace is
made in order to obtain the frequency of events, the blockade
durations, the blockade currents, and to separate bumping and
translocation events.

We have studied the event frequency as a function of applied
voltage when proteins are entering first the stem side of the
channel. The number of blockade events and the current of the
empty pore are increased with the applied voltage for both

dx.doi.org/10.1021/ja1073245 |J. Am. Chem. Soc. 2011, 133, 2923-2931
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Figure 3. Frequency of unfolded protein transport events as a function
of applied voltage and protein concentration. The molecules enter by the
stem side of the channel. Distribution of time inter events at V= +110
mV for MalEwt (a) and MalE219 (b), continuous line is exponential fit,
semilog scale. Frequency of events versus applied voltage semilog scale
(c), the line is an exponential fit: f= fy exp (V/V}), fo = pvexp (—U/kgT)
is the frequency in absence of applied voltage, p is a probability factor, va
frequency factor, U the activation energy, kg T the thermal agitation and
Vo = kgT/ze; where z can be defined as the effective charge of the protein
on which the electric field acts at the pore entrance and e is the
elementary charge of electron. We found f, = 0.07 & 0.01 (SD) Hz
and V, = 25 £ 0.2 (SD) mV. The protein concentration is 0.35 uM.
Frequency of events versus protein concentration, the line is a linear fit
with the slope of 5.7 & 0.33 (SD) Hz uM " (d). The applied voltage is
70 mV. Experiments are made at 1 M KCl, S mM HEPES pH 7.4, the
final guanidium concentrations are 1.5 M for MalEwt and 0.7 M for
MalE219.

MalEwt (Figure 2b,d) and MalE219 (Figure 2c,e). The time
inter-event distribution is fitted by a single exponential equation
for the wild type (Figure 3a) and the mutant protein (Figure 3b)
that gives the mean frequency for one applied voltage and one
pore (110 mV in Figure 3a and 3b). For each applied voltage, the
experiments are performed with several pores in order to probe
the reproducibility. The representation of event frequency as a
function of applied voltage is adjusted by an exponential fit that
follows Van’t Hoff-Arrhenius law f = fyexp (V/Vy) (Figure 3c)
where f, = pvexp (—U/kgT)™ is the frequency in absence of

applied voltage, p is a probability factor, v a frequency factor, v is
defined by v = CDA/L where C is the bulk concentration of the
protein, D is its diffusion coeflicient, A is the cross sectional area of
the channel, and L is the pore length; U is the activation energy,
kg T the thermal agitation and Vi = ks T/ze; where z can be defined
as the effective charge of the protein on which the electric field acts
at the pore entrance and e is the elementary charge of electron. We
have found f, = 0.07 £ 0.01 Hz, Vy =25+ 02mVandz=1=£0.1
at the stem entrance. We have also measured the effect of protein
concentration on the event frequency, for the wild-type and variant
protein, finding a linear dependency between both parameters in
the range studied, between 0.35—3 M (Figure 3d). The effect of
applied voltage on event frequency showed no differences between
MalEwt and MalE219 and the same was true for the increase of
protein concentration.

We have compared the dynamics of the wild-type protein
chains when they enter the aerolysin channel at the opposite
sides (Figure 4). The frequency of current blockades (F) is
higher for the stem entrance (Figure 4b,d) than for the other one
(Figure 4a,c), we obtain Fyegibue = 1.2 £ 0.1 Hz and Fiep, = S £+
0.3 Hz (V = 4 100 mV).

Next, we analyzed the duration of current blockades for
MalEwt and MalE 219 at the stem side entry. As shown in
Figure Sab, the distribution of events is fitted by two single
exponential equations or by a double exponential function
(Supporting Information, Table S1). These exponential terms
corresponded to the two different kinds of events: bumping and
translocation, respectively, associated with short and long ionic
current blockade times. The population of short events is larger
than that of long events and decreases when the applied voltage
increases (data not shown). When we plotted the long times as a
function of the applied voltage, the mean blockade duration was
well described by the exponential function f(V) = A exp (V/V,),
A is the long blockade duration in the absence of applied voltage,
where A = 3034 &= 472 us and V= 56 = 4.6 mV. These results
were superimposable for both proteins, MalEwt and MalE219.
Short events corresponded to a lower percentage of current
blockade {[1 — ({Ig)/{Io))] x 100} than long events (Figure 5d,
e). The mean current blockade time for the long translocation
events is independent of the protein concentration (Supporting
Information, Figure S1). The protein does not stick to the
channel. The transport time is the same when the protein enters
the aerolysin pore by the stem side (Figure 4f) or by the other
side (Figure 4e). For all of the experiments with different
aerolysin pores, the mean current pore blockade associated to
transport events, for the wild-type protein, MalEwt (79 4 12%)
and the double protein, MalEwt—MalEwt (72 £ 11%), is the
same within standard deviation. We obtain the same ratio of
bumping to transport events when the unfolded protein enters by
the stem side (44 & 14) or by the other pore side (35 & 9).

We have estimated the effective charge of the proteins inside
the aerolysin pore, Z; 4., from the voltage dependence of the
long event duration (Figure Sc), defined as Z;, 4. = kpT/Vee. We
have obtained Z;,4. = 0.45 £ 0.04 with V.= 56 + 4.6 mV and
kpT/e=25.7 mV. The protein is made of 370 amino acids and its
net charge is —8e. The value, Z,i4. = 0.45, corresponds on
average to the net charge of 21 amino acids.

Translocation of Double-Sized Proteins Is Twice as Long.
Finally, in order to prove that the long time events are real
translocation events, we have constructed a tandem MalE
protein, MalEwt—MalEwt (Figure 6a) and studied its transport
properties through the aerolysin channel. The frequency of

2926 dx.doi.org/10.1021/ja1073245 |J. Am. Chem. Soc. 2011, 133, 2923-2931
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Figure 4. Unfolded protein pore entry depends on the pore side entrance. The molecules enter the channel either by the vestibule side (a, ¢, e) either by
the stem side (b, d, f). Detail of current traces through an aerolysin channel inserted into a planar lipid bilayer in the presence of unfolded MalEwt (a, b).
Distribution of inter events time (c, d). Distribution of blockade duration (e, f), continuous lines (red) are single exponential fits. When the unfolded
protein, MalEwt, enters the pore by the vestibule or stem side, the mean frequency, F, is respectively: Fyeqibule = 1.2 = 0.1 Hz and Fyery, = S £ 0.3 Hz. The
short and the long current blockades are respectively by the vestibule or stem pore entrance: tyor = 62 = 3 s, tiong = 641 &= 120 s and tepore = 26 £ 4 s,
tlong = 529 & 73 us. Experiments are made at 1 M KCI, S mM HEPES pH 7.4, the applied voltage is —100 mV (a, ¢, e) or +100 mV (b, d, f).

blockade of the double length chain (Figure 6¢) is slightly smaller
than the frequency of the wild-type protein at the same con-
centration (Figure 6b). We obtain, with different pores, respec-
tively for single or double protein, the mean frequency (MalEwt) =
10.6 + 1 Hz and (MalEwt—MalEwt) = 8.3 + 0.6 Hz. This
slight decrease of the frequency of the double protein could be
due to the increased size of this protein and to a decrease of the
diffusion coefficient. The straddling time is equivalent for both
proteins (single- and double-sized) but the translocation time is
elongated about 2-fold for the double MalEwt—MalEwt
(Figure 6e) related to the single MalEwt (Figure 6d), see
Supporting Information, Table S2). Scatter plots also show this
elongation of event duration (Figure 6f and 6g).

W DISCUSSION

We have shown that we can control the physical parameters
for the entry and the transport of unfolded proteins through

protein nanopores with the electrical driving force. The fre-
quency of current blockade events of unfolded proteins through
the aerolysin pore is described by a Van’t Hoff-Arrhenius law
associated to an activation barrier, U, for the entry of the
molecules. We have proven that the long ionic current blockade
is a translocation time using a double-sized protein MalEwt—
MalEwt. For this protein, the translocation time is 2-fold longer
than that obtained for the MalEwt single protein at the same
concentration.

Compared to o-hemolysin,* the aerolysin protein channel is
more resistant to urea denaturation,*' has a low geometric and
current asymmetry, and its diameter is smaller. The few changes
of pore current asymmetry with guanidium concentration higher
than 1 M are probably due to subtle changes in the shape or in the
structure of the aerolysin pore, but we have no direct evidence of
any modification of the pore. We have performed experiments of
protein transport through the aerolysin pore, between 1 to 1.5 M

2927 dx.doi.org/10.1021/ja1073245 |J. Am. Chem. Soc. 2011, 133, 2923-2931
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HEPES pH 7.4, and the final guanidium concentrations are 1.5 M for MalEwt and 0.7 M for MalE219.

guanidium concentrations, and the results are not modified (data
not shown, manuscript in preparation). The possible changes in
the aerolysin pore do not change the dynamics of the entry and
transport of unfolded proteins through the aerolysin pore.

The event frequency for the MalEwt as a function of applied
voltage shows an exponential dependency. This was also the case
for the same protein when it enters first the vestibule side of the
o-hemolysin pore, but the frequency of current blockades was
higher.'® The decrease of event frequency for aerolysin pore can
be interpreted as an entropic effect of chain confinement due to
narrowness of the channel at the stem entrance. Since channel
diameters at the opposite sides are similar,®' the frequency
differences depending on the side entrance could correspond
to an electrostatic effect due to the charge at both sides of the
pore. A back flow effect’®**™*® could also explain the event
frequency reduction.

The frequency in absence of applied voltage is f, = pvexp
(—U/kgT) deduced from the fit of frequency of events as a
function of applied voltage (Figure 3); p is a probability factor, va
frequency factor, U the activation energy, kgT the thermal
agitation. In order to evaluate the activation energy associated
to the entry process of unfolded proteins, the frequency factor
(v) is estimated by a barrier penetration calculation;*' v = CDA/L

2928

where C is the bulk concentration of the protein, D is its
diffusion coeflicient, A is the cross sectional area of the channel,
and L is the pore length. We obtain for a pore diameter of 1.7 nm,
for a protein concentration of 0.35 uM and with D = 6 x 10"’
cm®s L, v=285s 'and for fo = 0.07 &= 0.01 Hz, the correspon-
ding activation energy is U ~ 4 kgT. In our experiments, the
unfolded proteins, MalEwt and MalE219, have a random coil
conformation or an excluded volume chain conformation in the
presence of denaturing agent and high salt concentration, 1 M
KCl. The diameter of the flexible polypeptide chain (8—12 nm)
is larger than the diameter of the aerolysin pore (1 to 1.7 nm) and
the narrowness of the aerolysin channel reduces the conforma-
tional entropy of the polypeptide chain. The activation energy is
mainly due to the confinement of the chains. This phenomenon
is also well described for the translocation of electrically charged
macromolecules at high ionic strength, when the diameter of a
flexible chain is larger than the diameter of a pore.'® The
experimental value obtained, U & 4 kgT, is in a good ageement
with a recent theoretical model and simulation work"® for the
entry and the transport of an excluded volume chain polymer, as
amodel for completely unfolded proteins, through a narrow pore
with a similar size than the aerolysin pore. Dimitri Makarov
shows, when the chain has not yet emerged on the other side of
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Figure 6. Chain length effect. SDS-PAGE analysis of purified proteins:
tandem MalEwt—MalEwt and single MalEwt proteins (a). The proteins
enter by the stem side. Distribution of time intervals for the two proteins:
single MalEwt has a molecular weight of 40.7 kDa (b) and double
protein MalEwt—MalEwt, 81.4 kDa (c), continuous line is a single
exponential fit. We obtained, respectively for single or double protein the
mean frequency, F, Fvapw) = 9.6 &= 0.6 Hz and Fypupwe—Malpw) = 7.8
0.6 Hz. Distribution of blockade time for MalEwt (d) and MalEwt—
MalEwt (e), V =70 mV, continuous lines are single exponential fits. We
found for the short and the long current blockades of single or double
protein: fiore(MalEwe) = 93 £ 15 U, tiong(Malewy) = 613 £ 38 us and
tshort(Malet—Malet) =62+6 us, tlong(Malet—MalEWt) =1000 + 62 us.
Scatter plots of blockade duration versus current pore blockade, for
MalEwt (f) and MalEwt—MalEwt (g). The applied voltage is 70 mV and
the protein concentration is 2 #M. The guanidium concentration is fixed
at 1 M.

the pore, the existence of a weak entropic barrier, few kg T, due to
the polypeptide chain confinement. Once the chain end emerges
on the other side of the pore, the confinement entropy becomes
nearly constant.

We have previously found that for a-hemolysin pore and
MalEwt, by the vestibule side entrance (data from ref 10), the
activation energy is about twice as small as that by the stem side.
For different charged macromolecules, with this channel, the
frequency of events is also well described by a Van’t Hoff-
Arrhenius law, but the estimated values of the activation barrier
are higher, for dextran sulfate U 2~ 10 kg T, for single stranded

DNA U = 8k T.*' At low ionic strength, the activation energy
increases up to 14.5kpT for dextran sulfate.*’ These data show
also an electrostatic effect for the entry of charged molecules
inside a narrow charged channel.

We would like to discuss the interpretation of the long current
blockade: either this time is an interaction time between the
unfolded protein and the pore or this is a transport time through
the aerolysin pore.

For the first interpretation, time of binding, we can have two
types of interactions, electrostatic or hydrophobic. In our experi-
ments, we use a high salt solution, 1 M KCI At this salt
concentration, the Debye length is 3 A and this length is lower
than the Bjerrum length, 7.1 A. This means that possible
electrostatic interactions between the protein and the pore are
completely screened. Concerning the possible hydrophobic
attractive interactions between the unfolded protein and the
pore, we are expecting an increase of the blockade duration when
the denaturing agent concentration increases (the hydrophobic
regions of the protein and the pore will be partially or completely
exposed). We have previously observed an increase of short and
long blockade times, of unfolded proteins (MalEwt), in the
presence of denaturing agent 4 M urea® when compared to the
presence of 1.35 M guanidium (intact pore). This increase has
been associated to the interaction between the unfolded protein
with the partially denaturated pore (cap domain of the a-
hemolysin). Here, the pore is not denaturated and we observe,
for unfolded proteins (MalEwt and MalE 219), the same dura-
tion of short current blockade time and long dwelling time at 0.7
and 1.5 M guanidium. In our experimental conditions, the long
current blockade times cannot be associated to an interaction
between the unfolded proteins, MalEwt, MalE219 or MalEwt—
MalEwt, and the aerolysin pore.

For the second interpretation, long current blockade asso-
ciated to transport time through the pore, until now, it is only
possible to directly prove the DNA translocation by using PCR
amplification technique.*® For other polyelectrolytes or macro-
molecules, like proteins, is not possible to use amplification
techniques. However, we can make different experiments in
order to obtain indirect proofs of unfolded protein translocation
with current measurement data. We have observed for a double-
sized protein (MalEwt—MalEwt), that the long current blockade
time increases around 2-fold (Figure 6e). Here, the contour
lengths of the unfolded proteins, MalEwt (122 nm) and
MalEwt—MalEwt (244 nm) are higher than the aerolysine pore
length (10 nm). The polypeptide chain is threading through the
aerolysin channel. The dependency of the dwelling time will be
proportional to the number of monomers, as it has been
previously observed with single-stranded DNA.** It has also
been observed, when peptide lengths are smaller than the pore
length, in o-hemolysin or aerolysin pore, that the dwelling time
of negatively charged O-helical peptides increases with the
peptide length.”’

In the presence of interaction between polypeptides or pep-
tides and pore proteins, a biphasic voltage-dependence behavior
of the dissociation rate constants has been shown.”® In the
absence of protein—pore interaction, the dwelling time would
be a decreasing function of the applied voltage. With pore
proteins, this dependency has been observed with DNA*® and
dextran sulfate polylectrolyte.*”* Here, for the two unfolded
proteins, MalEwt and MalE219, we have shown an exponential
decrease of the dwelling time as a function of electrical driven
force. Furthermore, the current blockade duration does not
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depend on which pore side the molecule enters first. A recent
interesting study has shown that, when electrostatic acidic
binding sites were introduced at the entry and exit of the f3-
barrel of the a-hemolysin pore, the association and dissociation
rate constants of cationic polypeptides increased, diminishing the
free energy barrier for translocation. More hydrophobic poly-
peptides exhibited a decrease in the rate constant of association
to the pore lumen. Their dwelling time sighlty increased with the
increase of hydrophobicity of polypeptides in the modified o
hemolysin pore, but the rate constant of dissociation for each
polypeptide increased for the modified pore compared to the
wild-type o-hemolysin.*” In our experimental conditions, the
dwelling time is independent of the protein concentration
(Supporting Information, Figure S1) and independent of the
protein side entry, the stem side or the other side.

In our study, the long current blockade times could be
associated with a protein transport time or translocation time.

The transport times of MalEwt unfolded protein obtained in
this work with aerolysin pore were longer than those obtained
with the o-hemolysin channel.'>** This corresponds to a
geometry effect due to the reduction of the channel diameter.
With polyelectrolyte chains,>”** an exponential variation is also
found as a function of applied voltage. This transport time
variation is independent of the stem or vestibule sides.*’

We have observed a reduction of the effective charge of the
protein inside the aerolysin channel, zjgq.= 0.45, from the
dependence of long current blockades as a function of applied
voltage. The low value of the effective charge of a polyelectrolyte
confined in nanopore is theoretically explained either by an
increased of the condensation of the counterions due to the
confinement of the charges in the medium of low dielectric
constant®® or by a back flow effect.””**~* When a polyelec-
trolyte, in electrolyte bulk solution, is transported through a
narrow pore under the electrical driven force, the force exerted
on the counterions induces a hydrodynamic force on the poly-
electrolyte that locally balances the electrical force. The geometry
of the pore and its charged surface influence the electroosmotic
flow near the polyelectrolyte. In our experimental conditions, the
MalEwt and MalE219 proteins are low charged, electrically, and
the aerolysin pore is highly negatively charged, —52e. The main
effect to explain the protein charge reduction inside the pore is
probably the hydrodynamic effect. We have previously observed
a reduction of the effective charge of a polyelectrolyte, dextran
sulfate (Z = —62e), inside a slightly positive (Z = +7e) pore, the
a-hemolysin.* The effective charge inside this pore is indepen-
dent of the polyelectrolyte entry side.** The low value of this
effective charge has been associated with a probably increased
condensation of the counterions due to the confinement of the
charges in the medium of low dielectric constant.

Since unfolded protein is transported more slowly through
this channel compared to O-hemolysin, it could be used as a
sensor for unfolding studies. In the future, one may investigate
the unfolding of wild type and variant proteins through aerolysin
pore as a function of denaturant environments. This pore could
be used for probing protein—protein or protein—DNA interactions.
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