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E
very cell is definedby a lipidmembrane
boundary. Within this membrane, pro-
tein channels are used to transport pro-

teins and other molecules to the cell surface,
where they enable the cell to sense and
interact with its environment. Protein trans-
port across a membrane, known as translo-
cation, is a decisive step in the biosynthesis
of many proteins as it aids in proper folding
and thus biomolecular function.1,2 One-half
of the eukaryotic proteome is translocated
across amembrane in anunfolded state prior
to reaching its final, functional destination,1,2

and hence it is of vital importance to under-
stand these translocation mechanisms and
their connection to protein folding and func-
tion. Typically, the energy required to trans-
locate a protein through a nanometer-scale
protein channel is provided by a motor
powered by ATP (or GTP) hydrolysis,3,4 a
Brownian ratchet,5 or entropic pulling.6

To enable a more detailed analysis of
the physical forces underlying protein

translocation, we used a single-molecule
nanopore assay to study the transport of an
unfolded protein through a protein channel
embedded within a lipid membrane. Using
this approach, it has been possible to de-
scribe the transport and structure of pep-
tides,7�11 protein transportdynamics through
toxins7,12,13 and mitochondrial channels,4,14

and protein�pore15,16 and protein�protein
interactions.17 Protein nanopores have also
emerged as powerful tools to study protein
unfolding transitions using chemical denatur-
ing agents,18,19 thermal denaturation,20 or an
electric field21,22 at the single-molecule level.
Recently, Akeson's group used the energy
of ATP hydrolysis provided by the AAAþ
unfoldase ClpX to transport folded proteins
through R-hemolysin.23,24 Protein nanopores
have also been used to study protein folding
with cationic ions25,26 and detect protein
phosphorylation.27

We used aerolysin, a well-characterized
passive protein-forming channel from
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ABSTRACT To evaluate the physical parameters governing translocation of an unfolded

protein across a lipid bilayer, we studied protein transport through aerolysin, a passive protein

channel, at the single-molecule level. The protein model used was the passenger domain of

pertactin, an autotransporter virulence protein. Transport of pertactin through the aerolysin

nanopore was detected as transient partial current blockades as the unfolded protein partially

occluded the aerolysin channel. We compared the dynamics of entry and transport for unfolded

pertactin and a covalent end-to-end dimer of the same protein. For both the monomer and the dimer, the event frequency of current blockades increased

exponentially with the applied voltage, while the duration of each event decreased exponentially as a function of the electrical potential. The blockade

time was twice as long for the dimer as for the monomer. The calculated activation free energy includes a main enthalpic component that we attribute to

electrostatic interactions between pertactin and the aerolysin nanopore (despite the low Debye length), plus an entropic component due to confinement of

the unfolded chain within the narrow pore. Comparing our experimental results to previous studies and theory suggests that unfolded proteins cross the

membrane by passing through the nanopore in a somewhat compact conformation according to the “blob” model of Daoud and de Gennes.

KEYWORDS: protein nanopore . electrical detection . autotransporters . secretion . singlemolecule . translocation . unfolded protein
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Aeromonas hydrophila. Aerolysin has an inner pore
diameter of 1.0�1.7 nm,12,28,29 similar to the dimen-
sions of the translocation channel within many other
transmembrane proteins, including autotransporter
translocator domains30�36 and members of the BamA
family.37,38 As with these other protein channels,39�41

aerolysin is known to translocate only non-native
proteins.12,19,20,42 Aerolysin has been used for numer-
ous single-molecule studies of protein and peptide
translocation.7,12,19,20,42 For transport of completely
unfolded maltose binding protein (MBP) through
aerolysin, increasing the applied voltage resulted in
an increase of the event frequency and a decrease in
the time of translocation.12,18 Furthermore, aerolysin
has been used to study unfolding of proteins at the
single-molecule level,19,20 including the detection of
partially unfolded states.19 Collectively, aerolysin and
R-hemolysin have been used extensively to character-
ize the transport of completely unfolded and partially
folded proteins through a protein channel (reviewed in
refs 43 and 44), providing an opportunity to compare
translocation of our model protein to the translocation
mechanism for other unfolded proteins.
In this study, we investigated transport of the

passenger domain of pertactin, an autotransporter
virulence protein from Bordetella pertussis, through a
single aerolysin nanopore. Autotransporter proteins
are a large and diverse class of monomeric virulence
proteins secreted fromGram-negative bacterial patho-
gens.45 The translocation of the autotransporter pas-
senger domain, which represents themature virulence
protein, across the bacterial outer membrane is medi-
ated by its own cotranslated C-terminal transmem-
brane translocator domain and the folding properties
of the passenger.40,41,46 Pertactin is an extracellular
integrin binding protein that mediates attachment of
B. pertussis to the ciliated cells of the upper respiratory
system.47 The pertactin passenger domain is 539 aa
long and has a predicted net charge of�2.4e at pH 7.5.
Its β-helical native structure is roughly cylindrical, with
a length of 10 nm and diameter of 4 nm.48

Here we characterized the translocation of unfolded
pertactin passenger through the well-characterized
aerolysin nanopore using an applied potential in order
to study the fundamental physical parameters that
govern translocation of an unfolded protein through
a narrow pore within a membrane. Specifically, we
determined experimentally the contributions of entropy
and enthalpy to pertactin translocation and compared
these results to previous studies of the translocation
properties of unfoldedMBP through aerolysin12 in order
to determine to what extent translocation is affected by
protein length and net charge. Surprisingly, our results
revealed that unfolded pertactin dynamics through
aerolysin exhibit the same dependence on applied
voltage asMBP, despite significantdifferences inprotein
length and net charge.12 These results suggest that

translocation of an unfolded protein is dominated by
an activation energy that has an enthalpic origin,mainly
arising from interactions between the chain and the
pore. In addition, there is an entropic component due to
the confinement of the polypeptide chain at the entry of
the pore.

RESULTS AND DISCUSSION

Principle of the Experiment. The nanopore experi-
mental setup consisted of a single aerolysin nanopore
inserted into a lipid membrane, connecting two com-
partments filled with an electrolyte solution. A Ag/AgCl
electrode was inserted into each compartment and
used to generate an ionic current through the pore
(Figure 1a,b). This current provided the driving force to
transport the negatively net charged unfolded pertac-
tin passenger through the nanopore, which resulted
in a brief partial current blockade. In the absence of
pertactin, the ionic current of the empty pore remained
constant (Figure 2a), confirming that detected events
occur solely due to pertactin rather than from instability
of the pore.

Because the aerolysin nanopore is stable only up
to 1.5 M GdnHCl,12 we studied the translocation of a
destabilized pertactin passenger variant, pertactin-2K
(see Methods). Pertactin-2K has seven tryptophan resi-
dues distributed throughout its sequence; hence changes
in tryptophan fluorescence emission reflect the global
unfolding of the protein. Pertactin-2K was completely
unfolded in 1 M GdnHCl, as determined from ensemble
measurements of tryptophan fluorescence emission as
a function of denaturant concentration (Supporting
Information Figure S1a). Although less stable than the
wild-type pertactin passenger, pertactin-2K is efficiently
secreted in vivo (Supporting Information Figure S1b)
and is hereafter referred to as pertactin. When unfolded
pertactin in 1 M GdnHCl was added to each compart-
ment, current blockades were detected (Figure 2). Note
that in 1 M GdnHCl aerolysin remains stably folded in
the lipid membrane.12

In the presence of pertactin, we observed two
kinds of current blockades associated with two types
of events: (i) “bumping” events (not shown), character-
ized by brief, low-level current blockades, which arise
due to diffusion of pertactin close to the pore; and
(ii) translocation events, characterized by larger current
blockades of longer duration (Figure 1b). These two
types of events are typically seen during nanopore
translocation of DNA,49�51 polyelectrolytes,52�54 and
unfolded proteins.12,18,19 In order to characterize the
transport dynamics of pertactin into aerolysin, each
current trace was statistically analyzed to determine
the frequency of blockade events, blockade duration,
and level of current drop and to separate bumping
events from translocation events (see Methods).

Effect of Pertactin Concentration. Increasing thepertactin
concentration resulted in a corresponding linear increase
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of the frequency of translocation events (long-duration
current blockades) (Figure 2). However, the duration of
each event was concentration-independent (Figure 2f),
with a mean blockade time of 664 ( 24 μs (standard
deviation; SD) at 70 mV (from seven separate pores, with
an average of 752 individual events measured per pore).
To test whether there were attractive interactions be-
tween pertactin and the entrance to the nanopore,
we calculated the rate constants for dissociation (koff)
and association (kon) and used these to calculate the
dissociation constant (Kd). The koff and kon are related to
measurable features of the binding events via koff = 1/τt
and kon = 1/(cτi), with c representing the concentration
of protein, and τi and τt are the mean interevent time
and blockade time, respectively.43 We found koff = 1.54�
103( 0.21� 103 s�1 and kon = (6.80( 4)� 10�2M�1 s�1.
These rate constants yield a dissociation constant,
Kd = koff/kon, of 2.26� 102( 0.31� 102 M. The standard
free energy,ΔG0 =�RT ln(1/Ka), is thereforeΔG

0 = 13.4(

0.1 kJ mol�1 at 70 mV. Consistent with previous
studies,12,43 the linear correlation between event fre-
quency and protein concentration, along with the inde-
pendence of blockade time to protein concentration and
high calculated Kd, demonstrate that pertactin�aerolysin
interactions represent a reversible bimolecular reaction,
with no strong attractive interaction at the entrance of
the pore.

Translocation of Unfolded Pertactin Is Well-Described by an
Activation Barrier Model. To measure the energy barrier
for entry of pertactin into the nanopore, we varied the
electric field. Adjusting the applied voltage between 35
and 110 mV resulted in an increase of the ionic current
of the empty pore and in the frequency of current
blockades due to pertactin translocation (Figure 3a�c).
The interevent time distribution was well fit by a single
exponential equation (Figure 4a). It has previously
been shown that entry of an unfolded protein into a
nanopore follows thevan'tHoff�Arrhenius relationship7,12

Figure 1. Principle of protein detection using an aerolysin pore inserted into a lipid membrane. One aerolysin nanopore is
inserted in a suspended lipid bilayer (a). An electrical potential is applied, which induces a current in the nanopore due to the
presence of Kþ and Cl� ions in the bulk solution and their transport through the nanopore. Unfoldedpertactin or the covalent
dimer was added to both compartments. Both pertactin and the dimer are negatively charged under our conditions, with a
net charge of �2.4e and �4.8e, respectively. The aerolysin ribbon diagram shown here and in all other figures was adapted
from ref 28 with permission. (b) Single-channel current trace for transport of unfolded pertactin (green) or unfolded dimer
(red) through an aerolysin pore at 100mV. Indicated are the ionic current of an empty pore (I0), blockade current (IB), blockade
duration (τt), and the thresholds used to distinguish translocation events from bumping and noise (see Methods). Unfolded
pertactin enters by the cis side of the aerolysin. Experiments are performed in 1MKCl, 25mMHEPES, pH 7.5, with 1MGdnHCl
as the denaturing agent.
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f = f0 exp(V/V0) (Figure 4b), where f0 = p exp (�U*/kBT)
is the translocation event frequency in the absence
of applied voltage, p is a frequency factor (defined
by p = cDA/L, where c is the bulk concentration of
the protein, D is its translational diffusion coefficient
(see below), A is the cross-sectional area of the
channel, and L is the pore length), U* is the activa-
tion free energy, kB is the Boltzmann constant, T is
the temperature, and V0 = kBT/ze, where z is 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 an electron. We found f0 = 1.0(
0.1 Hz, V0 = 39.0 ( 0.3 mV, and z = 0.66 ( 0.10 at the
pore entrance (Figure 4b).

To further investigate the underlying thermo-
dynamics of pertactin translocation through the nano-
pore, we constructed a covalent pertactin dimer. The
dimer consists of two copies of pertactin bearing an
alanine�cysteine motif at the C-terminus, connected
via a disulfide bond (Figure 1a). The average transloca-
tion blockade time for this covalent dimer was approxi-
mately twice as long as events recorded for the
monomer (Figures 1b and 4d). These results are con-
sistent with translocation of a chain twice as long and,
taken togetherwith the decrease in blockade timewith
increasing applied potential (Figure 4d), indirectly
demonstrate that the long and deep current blockade
events corresponded to protein translocation, rather

Figure 2. Transport dynamics of unfolded pertactin as a function of protein concentration through a single aerolysin pore.
Detail of current traces recorded through an aerolysin channel in the absence or presence of unfolded pertactin at different
protein concentrations: (a) 0 μM, (b) 1.3 μM, (c) 2.0 μM, or (d) 6.0 μMpertactin. An increase of the protein concentration results
in an increase of blockade events frequency. (e) Frequency of events as a function of the protein concentration at an applied
potential of 70 mV. The blue line is a linear fit; slope = 4.84 ( 0.16 Hz M�1 (SD). (f) Blockade time of unfolded pertactin as a
function of the protein concentration. The applied voltage is 70 mV. The mean blockade time is 664 ( 24 μs (pink line).
(g) Translocation current pore blockade {[1� (ÆIBæ/ÆI0æ)]� 100} as a function of the protein concentration. The mean current
pore blockade is 80 ( 10% (black line). The experiments are performed in 1 M KCl, 25 mM HEPES, pH 7.5, with a final
guanidinium concentration of 1 M.
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than unproductive “bumping” collisions between per-
tactin and the nanopore. Applying the same van't Hoff�
Arrhenius analysis described above returned values for
the dimer nearly identical to the monomer (f0 = 0.95(
0.09 Hz, V0 = 41.0 ( 0.2 mV, and z = 0.63 ( 0.08 at the
pore entrance). Note that the exponential dependence
of the event frequency as a function of the applied
voltage observed for both pertactin and the dimer also
describes the transport of other unfolded proteins,12,18

peptides,7,13 and DNA49�51 and polyelectrolytes52�54

through R-hemolysin and aerolysin.
To calculate the energy barrier for entry of pertactin

inside the aerolysin, we first calculated the expected
translational diffusion coefficients for pertactin and
the dimer using HYDROPRO,55 which returned mean
values of D = 2.81 � 10�11 m2 s�1 for pertactin and
1.98 � 10�11 m2 s�1 for the dimer (see Methods for a
complete description). For a protein concentration of
1 μM (6� 1020 molecules m�3), a cylindrical pore with
a diameter of 1.7 nm (only the larger diameter of the
pore will be used), and a length of 10 nm, we obtained

p = 14.7 s�1 for pertactin and p = 10.7 s�1 for the dimer.
Using f0 = p exp(�U*/kBT) and the values of f0 deter-
mined above, the energy barrier for entry of both
pertactin and the covalent dimer inside the aerolysin
was calculated as U* = 2.5 ( 0.2 kBT. This result was
initially surprising: given that the bulk diffusion rate is
slower for the dimer than the monomer, we expected
an increase of the free energy barrier for its entry into
the nanopore. However, this may be compensated by
the higher probability for the dimer to populate the
capture zone, which is on the micrometer scale.56

Pertactin and the dimer had the same energy
barrier for entry into the channel, indicating that
protein�nanopore interactions initiated protein trans-
port through the channel, as previously observed for
other protein transport systems.12,19,42,52,57�59 Hence,
at low potentials, we expect the blockade time to
decrease exponentially with the applied voltage.12,52,60

For both pertactin and the dimer, the mean blockade
duration was best fit to an exponential function y = B

exp(�V/Vc), with B representing the duration of the

Figure 3. Detail of current traces recorded though a single aerolysin pore for different applied voltages. Concentration of
pertactin was 1 μM. Current traces were measured at (a) 50 mV, (b) 70 mV, or (c) 100 mV or in the presence of the pertactin
dimer at (d) 50mV, (e) 70mV, or (f) 100mV. Increasing the applied voltage resulted in an increase of the openpore current and
the frequency of blockade events for each protein.
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transport event in the absence of an applied voltage
and Vc the electric field acting on the protein effective
charge at the pore entrance (Figure 4d and Supporting
Information Figure S1c,d). For pertactin, the exponen-
tial fit returned B = 1761 ( 65 μs and Vc = 77 ( 1 mV,
and for the dimer, B= 3946( 91 μs and Vc = 72( 2mV.
Hence, under our experimental conditions, an energy
barrier due to protein�channel interactions governs
transport of unfolded proteins.

We also considered whether electro-osmotic flux
could provide the main driving force for transport
of unfolded pertactin through the nanopore. It is
well-established for nanopore translocation of natural
and synthetic polyelectrolytes and proteins that when
an electrical potential is the dominant driving force,
the event frequency increases exponentially with
the applied voltage (V) while average blockade time
decreases.12,52,60 If electro-osmotic flux was instead
the dominant driving force for the transport of macro-
molecules through the nanopore, we would expect
a linear increase of frequency and blockade times
as a function of the applied voltage. In our study,
we found an exponential dependency for both event
frequency and blockade time (Figure 4b,d), de-
monstrating that transport of unfolded pertactin was

governed by the electric driving force and not by
electro-osmotic flux.

Interestingly, for a narrow (3 nm) solid-state nano-
pore, the blockade time for an unfolded protein
also decreased exponentially at similar voltages
(200�400 mV).61 In contrast, the blockade time was
inversely proportional to voltage atmuch higher poten-
tials (400�750 mV). These results are consistent with
a model in which at low�medium potentials the con-
finement of the protein in the pore creates an entropic
barrier to transport, yet at higher potentials, transport is
enabled via an electrophoretic mechanism. In our ex-
perimental setup, the largest potential usedwas 110mV
because, above 110 mV, the diameter of the aerolysin
pore becomes voltage-sensitive.62 Thus, this setup is not
conducive to detecting an electrophoretic transport
mechanism at higher applied potentials, and pertactin
translocation for all experimental conditions in our
study can be described by an energy barrier model.

Entry of Unfolded Proteins Is Mainly Controlled by Enthalpy
Rather than Entropy. Having determined that under our
conditions an activation barrier governed pertactin
transport, we next calculated the relative contributions
of enthalpy and entropy to this barrier. The end-to-end
distance of pertactin and the dimer were estimated

Figure 4. Frequency and duration of unfolded pertactin and unfolded dimer transport events as a function of the applied
voltage. (a) Distribution of duration between events for unfolded pertactin (green) and unfolded dimer (red) at 100mV. Lines
correspond to exponential fits. (b) Frequency of events as a function of the applied voltage. The green and red lines
are exponential fits to the equation f = f0 exp(V/V0); see main text for a complete description. (c) Distribution of blockade
duration for unfolded pertactin (green) or unfolded dimer (red); dotted lines are single exponential fits, and solid lines are
double exponential fits. (d) Current pore blockade times for translocation events as a function of the applied voltage: f(V) = B
exp(�V/Vc), where B is the long blockade duration in the absence of applied voltage.We found for pertactin, B = 1761( 65 μs
(SD) and Vc = 77( 1mV (SD), and for the dimer, B= 3946( 91 μs (SD) andVc = 72( 2mV (SD). Experimentswere performed in
1 M KCl, 25 mM HEPES, pH 7.5, with 1 M GdnHCl.
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using R≈ aNν, with a representing the average mono-
mer size in the longitudinal and transverse directions
with respect to the persistence length (a = 0.66 (
0.05 nm),63 N the numbers of monomers at this
persistence length (given that a persistence length
of 0.66 nm corresponds to the diameter of two amino
acids, N = 539/2 = 270), and ν the Flory exponent
describing chain conformation.64 Typically, ν = 1/2 is
used for a randomcoil chain in an ideal solvent orν=3/5
for an expanded chain in a “good” solvent. We found
R = 11 or 19 nm for pertactin and 16 or 29 nm for the
covalent dimer, respectively, for ν = 1/2 or ν = 3/5.
We can also evaluate the radius of gyration (Rg) from the
diffusion coefficient: thehydrodynamic radius is defined
as RH = kBT/(η6πD), with the viscosity ofwaterη= 8.91�
10�4 kg m�1 s�1, and RH/Rg = 0.8 for an ideal chain or
0.64 for an excluded volume chain.64 We found RH =
9.7 nm for the monomer and 12.4 nm for the covalent
dimer and Rg = 10.9 or 13.6 nm for the monomer and
15.4 or 19.3 nm for the covalent dimer. In all cases, these
estimated protein dimensions are much larger than
the dimensions of the aerolysin nanopore (maximum
diameter 1.7 nm).28,29 The activation free energy esti-
mated for the entry of pertactin into the aerolysin thus
necessarily includes an entropic contribution due to the
confinement of the chain at the pore entrance.65,66 Yet if
the origin of the energy barrier for entry of pertactin into
the nanopore was purely entropic, we would expect
a larger activation barrier for the covalent dimer due to
its larger size.

Previously, we studied transport of unfolded MBP
through aerolysin.12 MBP is significantly shorter than
pertactin (370 aa versus 539 aa, respectively) and has
a different net charge (�8e versus�2.4e, respectively).
If transport of an unfolded protein through a nanopore
was governed by the loss of entropy that occurs upon
confinement of the entire chain within the channel,
the translocation blockade time for pertactin should
be longer than for MBP under identical conditions,12

reflecting the longer chain length of pertactin. Yet
surprisingly, the mean blockade duration measured for
pertactin through aerolysin (τt = 733( 71 μs at 70 mV)
is indistinguishable from that measured previously for
MBP (τt = 732 ( 31 μs at 70 mV), indicating that, as for
chain entry into the nanopore, entropy alone also does
not govern transport through the nanopore.

To determine why two proteins of different sizes
have indistinguishable blockadedurations, wefirst com-
pared our results with published results on the transport
of unfolded MBP through the same pore under iden-
tical conditions,12 Pastoriza-Gallego et al. calculated
an energy barrier for MBP as U* = 4 kBT. The radius of
unfolded MBP was estimated from 6 nm (ν = 1/2; ideal
random coil chain) to 12 nm (ν = 3/5; expanded chain).
The theoretical free energy for confinement of a neutral
polymer is estimated by the relation U*= kBT(R/d)

1/ν =
kBTN � (a/d)2, where N is the number of amino acids,

a the size of an amino acid, and d the nanopore
diameter.67 With a purely entropic barrier, we expect
U*pertactin = U*MBP � (Npertactin/NMBP) = U*MBP � 1.45 =
5.8 kBT for pertactin and 11.7 kBT for the covalent dimer.
Yet we observed instead a decrease of the activa-
tion barrier for transport of both pertactin and its dimer
(2.5 kBT) relative to MBP (4 kBT). This result is consistent
with the results above for translocation of the pertactin
monomer versus dimer, confirming that entry of pertac-
tin into the nanopore is not governed solely by entropy.

Having established that the energy barrier for
pertactin translocation has enthalpic as well as entro-
pic components, we next compared our results to
those for the entry of highly charged macromolecules
into a narrow pore. Our measured value of the activa-
tion barrier for pertactin, U* = 2.5 kBT, is lower than
values found for highly charged macromolecules at
high ionic strength through R-hemolysin (for DNA,49,50

U*= 8 kBT, while for dextran sulfate,52 U*= 10 kBT). At
1M KCl, the Debye length in our experiments is 0.3 nm,
lower than the Bjerrum length (0.7 nm), which is the
length where electrostatic interactions are the order
of the thermal agitation.68 Although electrostatic inter-
actions will be screened by the salt ions, electrostatic
interactions could nevertheless contribute an enthal-
pic component69 to pertactin entry into the aerolysin
nanopore. Note, in particular, that both pertactin
and the dimer have a negative net charge (�2.4e and
�4.8e, respectively). In contrast, aerolysin has 91
charged residues, with an overall net charge of þ7e
in the channel.28 The difference observed in the activa-
tion barrier between the pertactin constructs and MBP
could thus be explained by net charge differences, with
the pertactin constructs having less charge per unit
length (�1e/224 amino acids) than MBP (�1e/46 amino
acids). Electrostatic interactions with MBP at the entry
of the pore could therefore explain its larger activation
free energy.

To calculate the precise contributions of enthalpy
versus entropy to pertactin translocation, we used the
experimental free energy change of a single polymer
partitioning into a pore.70,71 Because the covalent
dimer is twice the length of pertactin, we were able
to extract experimentally the entropic barrier contribu-
tion for the entry of the proteins inside the pore:

ΔUdimer f monomer ¼ kBT ln
Πdimer

Πmonomer

� �

The partition coefficient Π reads Π = (1/NAvpore)(Pr),
where NA is the Avogadro constant, vpore represents
the pore volume, and the residence probability Pr =
τoccup/(τtotc), where τoccup is the time occupied per
protein inside the pore, τtot is the total acquisition
time, and c is the protein concentration.72 Thus,
ΔUdimerfmonomer = Uentropic = kBT ln(Prdimer/Prmonomer) =
0.73 ( 0.04 kBT, which is the estimated entropic con-
tribution. The estimated enthalpic contribution therefore
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is Uenthalpic = U*� Uentropic = 1.8( 0.2 kBT. These results
are consistent with those above, where the entry of
unfolded pertactin is controlled by enthalpy rather than
entropy. Unfortunately, we cannot use this approach to
calculate the energy contributions for MBP translocation
because the MBP dimer used previously was studied at
only one applied voltage.12

Pertactin Is Transported Inside the Nanopore in a Blob
Conformation. In order to determine the conformation
of pertactin during its translocation through aerolysin,
we compared the percentage of the electrical current
pore blockade for the transport events as a function
of voltage (Figure 5a�d) and protein concentration
(Figure 2g). The translocation current pore blockade
times are independent of theapplied voltage (Figure 5e)
and the protein concentration (Figure 2g). The current
pore blockade was 80 ( 10% when calculated
from results at a variety of protein concentration or
82 ( 9% (for both pertactin and the covalent dimer)

when calculated from results at different applied
voltages.

The current pore blockade is proportional to the
volume occupied by the chain inside the pore. The
persistence length of an unfolded polypeptide chain
in excluded volume conformation (lp = 6.6 Å)63 is likely
a realistic value for our experimental conditions. If
unfolded pertactin or the dimer was fully extended
inside the pore, it would occupy a roughly cylindrical
volume with rmonomer = 0.33( 0.02 nm, corresponding
to the average radius of two amino acids.63 The pre-
dicted percentage volume occupied by the extended
portion of the protein passing through the nanopore is
given by the volume of the protein, vprot, divided by the
volume of the pore vpore: vprot/vpore = rmonomer

2/rpore
2 =

15( 4% (using a maximal pore radius of 0.85 nm)28 to
45( 12% (using theminimal pore radius of 0.5 nm). Yet
the average measured current blockade was much
higher (∼80%), indicating that pertactin and the dimer

Figure 5. Scatter plot of blockade times versus current pore blockade for pertactin (green) and the covalent dimer (red).
The applied potential was (a) 50 mV, (b) 60 mV, (c) 80 mV, or (d) 100 mV. (e) Current pore blockade for pertactin (green) and
dimer (red) transport events as a function of the applied voltage. The mean current pore blockade is 82 ( 9% for pertactin
(green line) and 82 ( 9% for the dimer (red line).
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do not adopt a fully extended conformation inside the
nanopore. In contrast, unfolded proteins did adopt a
fully extended conformation at higher voltages within
a narrow solid-state nanopore.61,73

We considered whether the higher average mea-
sured current blockade could be higher than expected
for a fully extended conformation because pertactin
enters the pore with its ion cloud (Manning con-
densation), as has been observed for polyelectrolytes
at high salt concentration.54,74 It is important to note,
however, that in pertactin (as formost proteins) there is
no significant clustering of positively or negatively
charged amino acids. Nevertheless, to test this, we
calculated the theoretical linear density of charge,75

given by ξ = lB/b, where lB is the Bjerrum length
(lB = 7.14 Å) and b is the average distance between
neighboring charged monomers. We expect ion con-
densation if ξ > 1/|ZiZn|, with Zi and Zn being the
valence of the ion and polyampholyte, respectively.
If we take into account the persistence length, lp,
pertactin is 539 aa long (corresponding to 539/2
monomers) and has a predicted net charge of �2.4e
at pH 7.5, yielding b = ((539/2)/2.4) � 6.6 = 741 Å
between charges (recall that the diameter of one
monomer = 6.6 Å). Hence ξ = 7.14/741 = 0.01. This
linear density of charge is below 1. According to
Manning's theory, most of the ions are thus free
rather than condensed along the protein chain.75

Alternatively, theoretical linear density of charge can
be estimated using the average distance between two
successive charges in pertactin. The average distance
between two charged residues in pertactin is 7, yield-
ing ξ = 7.14/(7 � 6.6) = 0.2, corroborating our conclu-
sion that ions are mainly free in bulk solution.

To further explore the conformation of pertactin
within the aerolysin nanopore, we used the model
proposed by Daoud and de Gennes,76 which considers
the protein inside the pore as a flexible chain forming
a necklace of spherical blobs of diameter d, equivalent
to the diameter of the pore, and d= rmonomerg

3/5, where
rmonomer is the radius of an amino acid and g is the
number of amino acids per blob for an excluded
volume chain conformation. We found from the pre-
vious equation thatg=15aaper spherical blob. Because
the aerolysin channel is 10 nm long, approximately five

blobs fit inside the channel, for a total of ∼75 pertactin
residues within the aerolysin nanopore during its trans-
location. In comparison, we would expect only 30 resi-
dues to reside within the nanopore if the unfolded
protein was fully extended.

Interestingly, we estimated the effective charge
of pertactin and the dimer inside the aerolysin pore,
zinside, from the blockade times as a function of the
applied voltage (Figure 4d), defined as zinside = kBT/Vce.
We found zinside = 0.33( 0.02 for pertactin and 0.35(
0.01 for the dimer. We found the predicted number of
amino acids in the aerolysin channel to be 75 for the
monomer and 79 for the dimer, as calculated solely from
the effective charge on the portion of the protein within
the channel (zinside) versus overall net charge (�2.4e for
the monomer or �4.8e for the dimer). These results
corroborate that both pertactin and the covalent dimer
were not stretched by the applied electric field used
in our conditions and instead adopt a non-extended
conformation during transport through the channel.

CONCLUSIONS

We have shown that an activation barrier model
governs the transport of unfolded pertactin through
aerolysin as a function of the applied voltage, as shown
in previous studies with other peptides and proteins.7,12

For completely unfolded protein, a van't Hoff�Arrhenius
law described the frequency of blockades as a function
of the applied voltage for a nanopore with a radius
smaller than the macromolecule size. At low applied
voltage, the transport times decrease exponentially
when increasing the applied voltage. We have deter-
mined experimentally, for the first time, the enthalpic
and entropic contribution for the entry of an unfolded
protein inside a narrow protein nanopore. The activa-
tion barrier for entry of unfolded pertactin into aerolysin
is mainly controlled by enthalpy rather than entropy.
However, we may be at the limit of the model used to
extrapolate the energy barrier for the translocation,
being entry and transport processes, of proteins into
the pore. We demonstrated that at low electrical driving
force these unfolded proteins translocated through the
aerolysin nanopore in a non-extended conformation, as
previously observed for a neutral polymer,71 according
to the Daoud and de Gennes “blob” model.76

METHODS

Nanopores. Membrane lipid bilayers were made according
to previously described methods78 In brief, a film of a 1%
solution of diphytanoylphosphatidylcholine lecithin (Avanti)
in decane was spread across a 150 μm diameter hole drilled
in the polysulfone wall separating the two compartments
of a chamber. Each compartment contained 1 mL of 1 M KCl,
25 mM HEPES, pH 7.5. After the decane film was thinned and a
planar bilayer formed, a single channel was created by adding
monomeric recombinant aerolysin from a stock solution in one
compartment.

Aerolysin was expressed and purified from Escherichia coli
BL21(DE3)pLysS as proaerolysin, as described previously,79 and
was activated by digestion with trypsin for 10 min at room
temperature to eliminate the pro-peptide sequence, allowing
monomers to polymerize.80

Proteins. Pertactin-2K is a variant of the wild-type passenger
sequence.77 We introduced two destabilizing mutations in the
S298P background (the variant used to crystallize pertactin48).
The destabilizingmutations I401K and L464K introduce positive
charges in the hydrophobic core of the pertactin native structure.
Pertactin-2K was purified according to standard procedures
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analogous to those for wild-type pertactin.77 Briefly, the protein is
refolded from inclusion bodies by stepwise dilution and dialysis.
The refoldedprotein is purified by ion exchange chromatography
and size-exclusion chromatography.

For the pertactin covalent dimer, we introduced alanine and
cysteine residues at the C-terminus of pertactin-2K. Covalent
disulfide bonded dimers formed spontaneously during purifi-
cation and were purified as for pertactin-2K.

We used the following equation81 to calculate net charge:

net charge ¼ ∑
i

Ni
10pKai

10pH þ 10pKai
� ∑

j

Nj
10pH

10pH þ 10pKaj

where i represents positive charges from the polypeptide
N-terminus and the side chains of arginine, lysine, and histidine
residues; j represents negative charges from the polypeptide
C-terminus and the side chains of aspartic acid, glutamic acid,
cysteine, and tyrosine residues; and N represents the number of
charges of a particular sign.

Data Acquisition. The ionic current through a single aerolysin
channel was measured using an Axopatch 200B amplifier. Data
were filtered at 10 kHz (100 μs) and acquired at 250 kHz intervals
(4 μs) using the DigiData 1440A digitizer with Clampex software
(Axon Instruments, Union City, CA, USA).

The data processing is based on statistical methods. The
baseline corresponds to the noisy ionic current through the
empty pore, defined by its mean value ÆI0æ and its standard
deviation (σ). We separated the current drops from the noise
by imposing that a pulse height must be larger than a given
threshold in order to be considered as significant. A first thresh-
old, th1, was defined by ÆI0æ� 2σ in order to avoid∼95% of the
noise fluctuations.60,82 This threshold, however, was insufficient
to separate bone fide translocation events from bumping
events. Hence we also applied a higher threshold, th2 = ÆI0æ �
3σ, in order to distinguish blockades due to bumping from
translocation events. This second threshold was checked from
the histogram of the electric current of the whole trace. We
observed three distinct populations: the first one is associated
with thefluctuatingbaseline current, the secondone corresponds
to bumping events, and the third one to translocation events.

The average duration of blockades is deduced from the
distribution of blockade duration, τt. The two blockade time dis-
tributions of independent events are adjusted with two separate
exponential functions, y = A1 exp(�t/τ1) and y = A2 exp(�t/τ2),
and with a double exponential function, y = A1 exp(�t/τ1) þ A2
exp(�t/τ2). Each blockade duration is the average of these two
characteristic times. All statistical analyses were performed using
Igor Pro software (WaveMetrics Inc.).

Calculation of Hydrodynamic Properties. The expected diffusional
properties of unfolded pertactin monomers and dimers were
calculated using the structure-based hydrodynamic modeling
program HYDROPRO.55 Twelve putative structures of the un-
folded state of our pertactinmonomer construct were generated
with the program RCG, developed by the Freed and Sosnick
groups to model the unfolded states of proteins.83 Side chains
were added to all structures using the rotamer modeling program
SCWRL4.0;84 the resulting structures were visualized using VMD85

and are shown in Figure S1e. The 12 structures of the pertactin
monomer were then used to generate 144 putativemodels of the
C-terminal-fused pertactin dimer by superimposing the side chain
atoms of the final cysteine residues in all possible combinations of
two copies of themonomer. Translational diffusion coefficients for
the 12 monomer and the 144 dimer structures were computed
with HYDROPRO using default settings and assuming solvent
properties appropriate to a temperature of 298.15 K. The mean
computed translational diffusion coefficient for the monomer is
2.81( 0.32� 10�7 Å2 ps�1 (min value = 2.44� 10�7 Å2 ps�1; max
value = 3.52 � 10�7 Å2 ps�1). The mean computed translational
diffusion coefficient for the dimer is (1.98 ( 0.23) � 10�7 Å2 ps�1

(minvalue=1.58� 10�7Å2ps�1;maxvalue=2.90� 10�7Å2ps�1).
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