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ABSTRACT: Molecular crowding, a ubiquitous feature of the cellular
environment, has significant implications in the kinetics and equilibrium
of biopolymer interactions. In this study, a single charged polypeptide is
exposed to competing forces that drive it into a transmembrane protein
pore versus forces that pull it outside. Using single-molecule electro-
physiology, we provide compelling experimental evidence that the kinetic
details of the polypeptide−pore interactions are substantially affected by
high concentrations of less-penetrating polyethylene glycols (PEGs). At a
polymer concentration above a critical value, the presence of these neutral
macromolecular crowders increases the rate constant of association but
decreases the rate constant of dissociation, resulting in a stronger
polypeptide−pore interaction. Moreover, a larger-molecular weight PEG
exhibits a lower rate constant of association but a higher rate constant of
dissociation than those values corresponding to a smaller-molecular weight PEG. These outcomes are in accord with a
lower diffusion constant of the polypeptide and higher depletion−attraction forces between the polypeptide and
transmembrane protein pore under crowding and confinement conditions.
KEYWORDS: α-hemolysin, peptide−protein interactions, single-molecule kinetics, single-channel electrical recordings,
free-energy landscape, polymer

A cellular milieu is filled with numerous hydrophilic
macromolecules that contribute to a high weight per
volume concentration.1 Macromolecular crowding

plays an essential role in many cellular processes, such as
protein folding, stability, and dynamics. In addition, crowding
has implications in other critical phenomena, including
reaction kinetics and biochemical equilibria.2−4 The major
mechanism by which crowding agents influence transport
properties and reactivity features of biopolymers is the
excluded volume effect.4,5 Crowding is highly significant in
interactions of polypeptides with protein pores, porins, and
channels.6 One such example is the N-terminus peptide at the
tip of the voltage-dependent anion channel (VDAC) protein,
which is a monomeric β barrel.7 Introducing polymers to an in
vitro experiment can be an example of excluded volume effect.
Therefore, we question how crowding polymers affect the
kinetics and equilibrium of the interactions between a
polypeptide and a transmembrane protein pore. These
interactions can be detected by monitoring the changes that
occur in transmembrane ionic current as a result of the
application of a voltage bias.6,8−18 However, crowding agents,
such as neutral, water-soluble, and flexible polymers, partition
into a nanoscale protein pore in a size-dependent manner.19−24

Given this interesting property, recent studies have highlighted

the importance of selective pore penetration by smaller
polymers against larger, less-penetrating polymers.25 Aksoyoglu
and colleagues26 have systematically documented that in a
nonideal binary polymer mixture easily penetrating polymers
are pushed into the pore lumen by relatively less-penetrating
polymers.
In this study, we investigated the effect of large, less-

penetrating polyethylene glycols (PEGs) on the interactions
between a charged polypeptide and the interior of a
staphylococcal α-hemolysin (αHL) pore, a heptameric protein
of known X-ray crystal structure.27 This protein comprises a
roughly spherical vestibule located in the extramembranous
side and a transmembrane, 14-stranded β barrel with an
average internal diameter of ∼20 Å (Figure 1). As a test case,
we used Syn B2, a 23-residue cationic signal-sequence
polypeptide,28,29 which features five positive elementary
charges at physiological pH. This positive polypeptide interacts
with the slightly anionic β-barrel of αHL,30,31 producing large-
amplitude current blockades.32 Here, these current blockades
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are employed to determine how PEGs of varying molecular
size affect the Syn B2−αHL interactions. This study
demonstrates that the single-molecule kinetic details of these
interactions are significantly affected by the presence of less-
penetrating PEGs. Specifically, both the rate constant of
association, kon, and dissociation, koff, of the Syn B2−αHL
interactions depend on the PEG molecular size and its
concentration. Finally, we developed a semiquantitative
method for determining the partition coefficient of the
polypeptide into the pore interior and found a synergistic
effect of the electrostatic and depletion−attraction forces on
these interactions under crowding and confinement conditions.

RESULTS AND DISCUSSION
Polymer Partitioning into a Nanopore Depends on

Its Molecular Size and Concentration. Electrical record-
ings were acquired using a single αHL protein pore
reconstituted into a planar lipid bilayer (Figure 1).28 Here,
all experiments were conducted in 300 mM KCl, 10 mM Tris-
HCl, pH 7.4, and at an applied transmembrane potential of
+80 mV. Under these conditions, the αHL protein pore
showed a quiet open-state current with a unitary conductance
of 0.29 ± 0.01 nS (n = 7 distinct experiments; Figure S1).
However, the open-state current of αHL became unstable in
the presence of high-concentration PEGs at a greater voltage
than +80 mV (see below). We then systematically analyzed
single-channel electrical recordings acquired in the presence of
2000 Da PEG (PEG-2k), 4000 Da PEG (PEG-4k), or 8000 Da
PEG (PEG-8k) added to both sides of the chamber. The
average hydrodynamic radii of these polymers are greater than
the internal diameter of the narrow transmembrane β-barrel
region of the αHL protein (Figure 1).19 Since PEG is a neutral
polymer at a low-salt concentration,26,33 we further assume
that there is no electrostatic interaction between PEG and Syn
B2. The presence of PEGs at a high concentration affected the
stability of the open-state unitary current of αHL at an applied
transmembrane potential of +100 mV regardless of the PEG
molecular size (Figure S2). Furthermore, the presence of PEGs
produced frequent current noise fluctuations and a concen-

tration-dependent alteration in the unitary conductance, as
elaborated below.
The unitary conductance of the αHL protein pore in the

presence of PEGs is a critical parameter, which indicates the
polymers’ ability to partition or not into the pore interior.19

Therefore, we then determined the normalized single-channel
conductance, GN([PEG]):

[ ] = [ ]
[ ]

G
G

G
( PEG )

( PEG )
( 0 )N

(1)

where G([PEG]) and G([0]) are the recorded single-channel
conductance values of αHL at a certain PEG concentration,
[PEG], and in the absence of PEG, respectively. In this Article,
[PEG] is reported in weight per volume (w/v) units. A
normalized single-channel conductance lower than 1 would
only occur when PEGs partition into the pore lumen, because
they decrease the conductivity of the solution with respect to
PEG-free bulk phase.19,26,34−38 On the contrary, a normalized
unitary conductance greater than 1 would indicate that PEGs
do not partition into the pore interior, because of the
enhancement in the local salt concentration within the PEG-
unoccupied volume.19,26,39

We determined that PEG-2k did not partition into the pore
lumen in 300 mM KCl and at [PEG-2k] of up to 20% (w/v)
(Figure 2; Table S1). This outcome contrasts to an earlier

finding that PEG-2k is indeed an easily penetrating polymer
into αHL at 1 M NaCl.19,34 Such a difference in polymer
partitioning into αHL can be readily explained by the fact that
a higher salt concentration increases the polymer partitioning
due to electro-osmotic forces.14,30,40 GN([PEG-2k]) followed a
significant decrease to 0.88 ± 0.05 at a concentration of 25%
(w/v), confirming that PEG-2k is indeed a penetrating
polymer at these salt and polymer concentrations. Further-
more, PEG-1k did partition into the pore lumen for all
inspected concentrations, except for 6% (w/v) PEG-1k, where
GN is slightly higher than 1. Taken together, these findings
show that our data are in good accord with previously

Figure 1. Interaction between a positively charged Syn B2
polypeptide with a single αHL protein pore. (A) Syn B2 is
electrically pulled into the pore lumen of the αHL protein as a
result of the application of a transmembrane potential. Syn B2 was
added to the trans side of the lipid bilayer; (B) Syn B2 polypeptide
partition into the pore lumen as a result of an electrostatic pulling
force and a PEG-induced pushing force deriving from osmotic
pressure.

Figure 2. Normalized conductance of the αHL protein pore,
GN([PEG]). Here, GN([PEG]) = (G([PEG]))/(G([0])), where
G([0]) was the measured unitary conductance in 300 mM KCl, 10
mM Tris·HCl, pH 7.4, and G([PEG]) was the measured unitary
conductance in the presence of PEG-1k (green squares), PEG-2k
(black squares), PEG-4k (red circles), or PEG-8k (blue triangles)
added symmetrically to both sides of the chamber. The vertical
arrows highlight cases in which the normalized conductance of the
αHL protein pore in the presence of PEG, GN, is smaller than 1.
For these cases, PEGs are easily penetrating polymers. The applied
transmembrane potential was +80 mV.
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published studies.19,34 Furthermore, this outcome highlights
the significance of salt concentration effect on partitioning of
PEGs into nanopores.40

Our normalized conductance test also suggested that neither
PEG-4k nor PEG-8k partitioned into the pore lumen at a
polymer concentration in the range of 0−25% (w/v). GN rose
to ∼1.4 at 25% (w/v) PEG-8k (Figure 2). This value is slightly
higher than normalized conductance values previously
determined at higher salt concentrations. For example,
Bezrukov and co-workers measured a GN value of ∼1.1 at
15% (w/w) PEGs of greater molecular weight (≥3 kDa) and
in 1 M NaCl.19 These distinctive experimental outcomes can
also be explained by a smaller relative change in the electrolyte
activity at a higher salt concentration with respect to those
values determined at a lower salt concentration. Moreover, the
presence of PEGs on both sides of the chamber increased the
single-channel current noise fluctuations in the form of short-
lived and low-amplitude current blockades. These blockades
most likely resulted from very brief collisions of PEGs with the
pore opening.21,41 They exhibited an average dwell time of
0.033 ± 0.005 ms (mean ± s.d.; n = 9 distinct experiments)
and a normalized current blockade (I/I0) within the range of
0.5−0.6 (n = 9) (Figure S3). Here, I and I0 are the amplitudes
of the current blockades and open-state unitary current,
respectively. In the following sections of this Article, since PEG
is considered as a neutral polymer in a low-salt concentration

solution, the effect of macromolecular crowding is reduced to
the physical confinement of the free polypeptide.

Syn B2−αHL Interactions under Crowding Condi-
tions. We then examined the effect of less-penetrating PEGs
(PEG-4k and PEG-8k) on the Syn B2−αHL interactions.
These polymers did not partition into the pore lumen for the
0−25% (w/v) range of the PEG concentrations. In the absence
of PEGs, the addition of 20 μM Syn B2 to the trans side of the
αHL pore (Figure 1) led to single-channel current blockades
with a frequency, dwell time, and normalized current blockade
(I/I0) of 4.2 ± 0.5 s−1, 0.30 ± 0.04 ms, and 0.76 ± 0.03 (mean
± s.d.; n = 6), respectively (Figure S4, Table S2). However, in
the presence of 25% (w/v) PEG-4k, Syn B2-induced current
blockades exhibited an average frequency, dwell time, and
normalized current blockade of ∼27 s−1, 0.80 ± 0.20 ms, and
∼0.82 (n = 8), respectively. These values were determined
using a low-pass Bessel frequency of 5 kHz. Brief PEG-induced
current blockades in the low-microsecond time range were
removed for an improved signal-to-noise ratio (SNR) and
further data analysis. A low-pass Bessel filtering process of the
single-channel electrical trace at a frequency of 1 kHz, whose
corresponding dead time is ∼183 μs,21,42 removed most short-
lived and low-amplitude PEG-4k-induced current spikes
without affecting the dwell time of the Syn B2-produced
events (Figure S5). Using this approach, we noted that the
event frequency and dwell time of Syn B2-induced current

Figure 3. Single-channel electrical recordings of the αHL protein pore in the presence of Syn B2 and in PEG-4k-containing solutions. (A)
The figure illustrates representative single-channel electrical traces in the absence of Syn B2 but in the presence of PEG-4k of varying
concentration. (B) Representative single-channel electrical traces acquired when 20 μM Syn B2 was added to the trans side and in the
presence of PEG-4k of varying concentration. (C) Representative dwell time histograms of the Syn B2-induced current blockades obtained
at each examined PEG concentration. The fittings of the dwell-time histograms were executed using a single-exponential probability
function. They were validated by a logarithm likelihood ratio (LLR) test.57,58 Single-channel electrical traces were processed using a 1 kHz
low-pass Bessel filter. The [PEG-4k] values are indicated on the left side. PEGs were symmetrically added to both sides of the chamber. The
other experimental conditions were the same as those stated in the caption of Figure 2.
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blockades were 29.3 ± 0.8 s−1 and 0.72 ± 0.10 ms (mean ±
s.d.; n = 5), respectively, at a filter frequency of 1 kHz (Figure
S6, Table S2). Therefore, the short-lived PEG-induced current
blockades were ignored in further data analysis, as described in
Materials and Methods.
No statistically significant alterations in the event frequency

and dwell time of the Syn B2-induced current blockades were
produced by 6% (w/v) PEG-4k with respect to those values
acquired in a PEG-free solution, as follows: 5.0 ± 0.7 s−1 and
0.35 ± 0.01 ms (mean ± s.d.; n = 3), respectively (Figure 3;
Table S2; Figure S6). In contrast, enhancement in both the
event frequency and dwell time values were recorded at 20%
(w/v) and 25% (w/v) PEG-4k. In accord with these results
noted with PEG-4k, both the event frequency and dwell time
values of the Syn B2-induced current blockades increased at
elevated PEG-8k concentrations (Figure 4; Table S2; Figure
S6). These findings suggest that indeed the excluded-volume
effect of the less-penetrating PEGs is the most likely
mechanism for affecting the Syn B2−αHL interactions.
Specifically, at semidilute concentration regime, the presence
of these crowding PEGs induces a depletion interaction43−46

that causes an effective attraction force between Syn B2 and
αHL. This attraction force leads to a higher probability of Syn
B2−αHL interactions and a longer Syn B2 capture into the
pore lumen. Our results are in excellent agreement with prior
studies of Kozer and co-workers.43 They have discovered

relatively faster association rate constants of transient protein−
protein interactions in polymer solutions at semidilute regime
with respect to kinetic data acquired in a polymer-free solution.
In the above results section, we determined that an increase

in the event frequency of the Syn B2-induced current
blockades is directly related to a greater depletion−attraction
force at an elevated concentration of these less-penetrating
PEGs. Here, we compared data acquired with PEG-4k and
PEG-8k at concentrations within a range of 0−25% (w/v)
(Table S2). Interestingly, at increased PEG concentrations of
12.5%, 20%, and 25% (w/v), these event frequencies and dwell
times are smaller for PEG-8k than those values recorded with
PEG-4k (Figures 3 and 4; Table S2; Figure S6). For example,
the event frequency and dwell time of the Syn B2-induced
current blockades in the presence of 20% (w/v) PEG-4k were
12.5 ± 0.6 s−1 and 0.50 ± 0.04 ms (mean ± s.d.; n = 4),
respectively. Under the same conditions, these values recorded
in the presence of 20% (w/v) PEG-8k were 9.1 ± 1.4 s−1 and
0.37 ± 0.03 ms (mean ± s.d.; n = 4), respectively. This
outcome can be explained in terms of differences in osmotic
pressures exerted by PEGs of varying molecular size.
Specifically, at a given PEG concentration (in w/v), the
osmotic pressure produced by a lower-molecular weight PEG
(e.g., more-penetrating PEG) is greater than that value
produced by a larger-molecular weight PEG (e.g., less-
penetrating PEG).23,26,47 For instance, at 25% (w/v) PEG

Figure 4. Single-channel electrical recordings of the αHL protein pore in the presence of Syn B2 and in PEG-8k-containing solutions. (A)
The figure illustrates representative single-channel electrical traces in the absence of Syn B2 but in the presence of PEG-8k of varying
concentration. (B) Representative single-channel electrical traces acquired when 20 μM Syn B2 was added to the trans side and in the
presence of PEG-8k of varying concentration. (C) Representative dwell time histograms of the Syn B2-induced current blockades obtained
at each examined PEG concentration. The fittings of the dwell-time histograms were executed using a single-exponential probability
function. They were validated by a logarithm likelihood ratio (LLR) test.57,58 Single-channel electrical traces were processed using a 1 kHz
low-pass Bessel filter. The [PEG-8k] values are indicated on the left side. PEGs were symmetrically added to both sides of the chamber. The
other experimental conditions were the same as those stated in the caption of Figure 2.
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concentration, the osmotic pressures produced by PEG-2k,
PEG-4k, and PEG-8k are 314, 260, and 229 mOsmol/L,
respectively.47 The physiological osmotic pressure is about 300
mOsmol/L.48 Therefore, these interaction parameters are
affected not only by high concentrations of less-penetrating
PEGs but also by the polymers’ size.
Furthermore, these Syn B2-induced current transitions were

examined in the presence of more-penetrating PEG-2k, whose
molecular weight is relatively smaller than that of Syn B2 (e.g.,
Mw (Syn B2) = 2.9 kDa; Figure S7). A [PEG-2k] range of 0−
20% (w/v) was inspected because 25% (w/v) PEG-2k
penetrated the pore lumen, as judged by the recorded value
of normalized conductance, GN (Figure 2, Table S1). In this
case, the event frequency and dwell time values were 8.9 ± 1.4
s−1 and 0.40 ± 0.03 ms at 12.5% (w/v) PEG-2k (mean ± s.d.;
n = 5), respectively (Table S2). On the other hand, we noted
that these values were 18.9 ± 2.3 s−1 and 0.56 ± 0.03 at 20%
(w/v) PEG-2k (mean ± s.d.; n = 3), respectively. Data
acquired for more-penetrating PEG-2k are in accord with an
increase in the event frequency and dwell time at either a
higher PEG concentration of the same molecular weight
polymer or a lower-molecular weight polymer of the same PEG
concentration. It should be noted that the effects of the PEG
molecular size on the event frequency and dwell time are
qualitatively distinctive when the molarity of PEGs is
considered. For example, at a concentration of ∼30 mM
PEG, the frequency and dwell time produced by PEG-8k are
greater than those values acquired with PEG-4k and PEG-2k
(Figure S8). In other words, at a given number density of PEG
molecules, the larger-molecular weight PEGs have a greater
impact on the Syn B2-induced current blockades than that
determined by the smaller-molecular weight PEGs. This
outcome agrees well with an enhanced osmotic pressure of
larger molecular-size PEGs at a constant PEG molarity.49

Syn B2 was added to the trans side (Figure 1), but it might
exit through either the trans or cis opening of the αHL protein
pore. It has been previously shown that the dwell time of the
polypeptide−αHL interactions exhibits a biphasic behavior
with a maximum value reached at a critical transmembrane
potential, Vc.

28,50 At a voltage bias lower than Vc, most current
blockades are accompanied by polypeptide exit events toward
the side of polypeptide addition (e.g., in this case the trans
side). In contrast, at a voltage bias greater than Vc, most
current blockades are followed by polypeptide exit events
toward the opposite side. The frequencies of the trans and cis
exit events depend on how different the applied trans-
membrane potential is with respect to Vc.

50 In good accord
with these prior studies, we found that the dwell time of Syn
B2-induced current blockades in a PEG-free solution exhibited
a biphasic pattern with a maximum value of ∼0.9 ms,
corresponding to a Vc of +180 mV (Figure S9). The high Vc
value suggests a significant energetic barrier of the positively
charged Syn B2 polypeptide29,32 to traverse the slightly anion-
selective β-barrel of the αHL protein.30,31 Therefore, at a
transmembrane potential of +80 mV, which is much lower
than Vc, the polypeptide exits the pore lumen with a preferred
direction through the trans opening. However, the addition of
PEGs at a high concentration to both sides of the chamber
caused an instability of the open-state unitary current of the
αHL pore at a voltage bias of +100 mV (Figure S2). This
instability of the open-state unitary current precluded the
acquisition of the voltage dependence of event dwell time in
the presence of PEGs at semidilute regime. It should be

observed that PEG induced an increased event frequency and
dwell time at a transmembrane potential of +80 mV with
respect to those values determined in a PEG-free solution
(Table S2). The most significant PEG-induced modifications
were noticed in the presence of 25% (w/v) PEG-4k. In this
case, the event frequency and dwell time of Syn B2-induced
current blockades, which were acquired at +80 mV, are closely
similar to those determined in a PEG-free solution at +140 mV
(Table S2; Figure S9). Again, this finding reveals strong
attraction interactions between Syn B2 and αHL in the
presence of less-penetrating PEGs at semidilute concentration
regime.

Partition Coefficient of Syn B2 into a Nanopore
under Crowding Conditions. We then explored the
partition coefficient (Π) of the Syn B2 polypeptide into the
αHL protein pore in a PEG-free solution and in the presence
of the PEGs of varying molecular size. Π was calculated using
the following equation:21

Π =
N V

T

T C
1

A barrel

occupied

total sol (2)

where NA and Vbarrel are Avogadro’s number and nanopore
volume, respectively. For the β-barrel of the αHL protein pore,
Vbarrel is ∼10 000 Å3.21,27 Toccupied indicates the total time in
which the polypeptide spends inside the pore lumen during the
entire time of recording, Ttotal. csol is the polypeptide
concentration in solution. At a low occupancy,21

Π = [ ]*C
Kd (3)

where [C]* = 1/(NAVbarrel). Therefore, [C]* is ∼0.17 M. Here,
Kd is the equilibrium dissociation constant:

τ
τ

= =K
k
k

C
d

off

on

sol on

off (4)

where kon and koff are the kinetic rate constants of association
and dissociation of the Syn B2−αHL interactions, respectively.
Therefore, the partition coefficient was calculated using the
following expression:

τ
τ

Π =
N V c

off

A barrel sol on (5)

Here, τon and τoff denote the inter-event duration and dwell
time of the Syn B2-produced current blockades, respectively.
In this case, event frequency is the reciprocal of τon.
In a PEG-free solution, the partition coefficient of Syn B2

into the αHL pore at a transmembrane potential of +80 mV
was 10.5 ± 1.9 (mean ± s.d.; n = 7) (Figure S10A; Table S3).
This result agrees well with a prior determination of the
partition coefficient of an alanine-rich peptide of a closely
similar length and charge.50 Π is ∼10 at a voltage bias of +100
mV and in 1 M KCl. A significant effect of the electrostatic
pulling force on Π was noted. Thus, its calculated values at
applied transmembrane potentials of +100 and +160 mV were
26.3 ± 3.5 and 272 ± 40 (mean ± s.d.; n = 3), respectively.
Moreover, we found a substantial effect of less-penetrating
PEGs on Π when [PEG] was at semidilute regime. For
example, the partition coefficient calculated at +80 mV in a
solution incubated with 25% (w/v) PEG-4k was almost
identical to that value observed at +150 mV in a PEG-free
solution (Figure S10B; Table S4). Furthermore, Π was 88 ±
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12 (mean ± s.d.; n = 6), 52 ± 5 (mean ± s.d.; n = 4), and 28 ±
5 (mean ± s.d.; n = 7) in the presence of 20% (w/v) PEG-2k,
PEG-4k, and PEG-8k, respectively. Therefore, a smaller-
molecular weight PEG produces a significant increase in the
partition coefficient. The vice versa is true for a higher-
molecular size PEG. Interestingly, Π determined for 6% (w/v)
PEG-8k and 12.5% (w/v) PEG-8k was comparable with that
value acquired in a PEG-free solution.
The kinetic rate constant, koff, is the sum of koff

trans and koff
cis,

which denote the rate constants of dissociation through the
trans and cis openings of the pore, respectively.32 Because most
Syn B2 exit events occur across the trans opening of the pore,
koff

trans ≫ koff
cis. Figure 5A illustrates the dependence of the

kinetic rate constant of association, kon, on the concentration of
PEGs of varying molecular size. Interestingly, the kon value is
unaltered in the lower PEG concentration regime (e.g., 0−
12.5% (w/v)) of less-penetrating PEG-4k and PEG-8k (Table
S5). The association rate constant is given by51

=
+

k
k k

k kon
D react

D react (6)

Here, kD and kreact denote the kinetic rate constants under
diffusion and reaction (or transition-state) control, respec-
tively. At dilute regime of [PEG], viscosity of the solution
reduces the translational diffusion coefficient, lowering the kD.
In contrast, the PEG-induced osmotic force increases the
capture rate of Syn B2 by the αHL protein pore, enhancing the
kreact.

43 Therefore, we judge that, in the regime of low
concentrations of less-penetrating PEG-4k and PEG-8k, there
are compensatory effects of viscosity and osmotic forces.
Conversely, at highly increased PEG concentrations (at
semidilute regime), greater than 12.5% (w/v), the deple-
tion−attraction forces between Syn B2 and αHL exert a
dominant role, amplifying the reaction rate constant. On the
other hand, the koff value is unchanged for 0−6% (w/v) PEG-
2k, 0−12.5% (w/v) PEG-4k, or 0−20% (w/v) PEG-8k (Figure
5B). We then determined the values of the binding free energy,
ΔG, using the values of kon and koff (Table S5) as well as eq 4
and the standard thermodynamic relationship between the
equilibrium dissociation constant, Kd, and ΔG (e.g., ΔG = RT
ln Kd). These values are presented in Figure 5C.

CONCLUSIONS
We represented the free-energy landscape of the capture-
release transitions of the Syn B2 polypeptide from an αHL
protein pore. These single-molecule transitions primarily
occurred between the “trans” and “lumen” substates (Figure
6A). It should be noted that a voltage bias tilts the free-energy
landscape, reducing the energetic barrier of the polypeptide to
enter the pore.50 At semidilute regime, an increase in the
concentration of less-penetrating PEGs produces a depletion
interaction45,46 that leads to an attractive force43,44 between
Syn B2 and αHL. In this case, the PEG chains entangle and
capture Syn B2 into the polymer mesh. At increased PEG
concentrations, there is an entropic repulsion among polymers.
Syn B2 and αHL feature depletion layers, whose thickness
depends on the PEG molecular size. This entropic repulsion
among the mass centers of PEGs converts into an attraction
force between Syn B2 and αHL when they get sufficiently close
to each other, so that their depletion layers overlap. This
attraction force represents the molecular basis for a higher
probability of the Syn B2−αHL interactions and a longer Syn
B2 capture into the pore lumen. In other words, an increased
concentration of the less-penetrating PEGs produces an
elevated kon but a reduced koff. These changes correspond to
a decrease in the activation free energy of the capture events,
ΔGon, but an increase in the activation free energy of the
release events, ΔGoff (Figure 6B). Given these conditions, an
increase in the concentration of less-penetrating PEGs results
in an increase in the binding free energy, ΔG. On the other
hand, for a given PEG concentration, an increase in the
molecular weight of PEGs produces a slower capture transition
(e.g., a reduced kon) but a faster release transition (e.g., an
amplified koff) (Figure 6C). This results in a decrease in the
binding free energy. The opposite is true for a decrease in the

Figure 5. Single-molecule kinetics of the Syn B2−αHL
interactions. (A) The dependence of the kinetic rate constant of
association, kon, on the concentration of less-penetrating PEGs.
(B) The dependence of the kinetic rate constant of dissociation,
koff, on the concentration of less-penetrating PEGs. (C) Free
energy, ΔG, of the Syn B2−αHL complex formation in the
presence of PEG-2k (black squares), PEG-4k (red circles), and
PEG-8k (blue triangles). PEGs were symmetrically added to both
sides of the chamber. The other experimental conditions were the
same as those stated in the caption of Figure 2.
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molecular size of less-penetrating PEGs. This is because, for a
given PEG concentration, the osmotic pressure determined by
a lower-molecular weight PEG (e.g., more-penetrating PEG) is
greater than that value determined by a higher-molecular
weight PEG (e.g., less-penetrating PEG).23,26,47

All experiments in this work were conducted in 300 mM
KCl, because we wanted to bring the salt concentration near to
physiological condition. Yet, the αHL protein pore exhibits
irregular, short-lived current fluctuations in 150 mM KCl.52

Here, we found that high-concentration PEGs also reduce the
stability of open-state conductance even in 300 mM KCl.
These instabilities in the open-state conductance are amplified
by an elevated positive voltage bias and might likely be
detrimental for further data analysis of experiments in the
presence of Syn B2 and less-penetrating PEGs. Therefore, we
used a slightly increased salt concentration with respect to
physiological condition. In this case, the intrinsic voltage-
induced gating fluctuations of the αHL protein pore were
absent at a physiological potential.42 On the other hand, a 1 M
KCl salt concentration would substantially enhance the SNR.
Under these conditions, it is likely that other details might be
unraveled, which are not otherwise apparent at a reduced SNR
that corresponds to 300 mM KCl. We speculate that a 1 M
KCl salt concentration will not qualitatively change our model.

This postulation relies upon comparisons and contrasts
between the outcomes of this work and those obtained in
previously published studies at various salt concentra-
tions.19,23,40 Specifically, the data points illustrated in Figure
2, which pertain to normalized conductance in the presence of
less-penetrating PEGs, will be shifted to lower values at
increased salt concentrations. Quantitatively, a higher salt
concentration would favor an increase in the partition
coefficient due to electroosmotic flow.30,31 Finally, there is
no theoretical reason to believe that the impacts of the PEG
molecular size and concentration on the Syn B2−αHL
interactions would qualitatively be altered under these
conditions. This is reasoned by the fact that our kinetic and
equilibrium data agree well with the changes in PEG-induced
osmotic pressure.
In summary, we show that the presence of less-penetrating

PEGs at increased concentrations greater than a critical value
produces significant alterations in the kinetics and equilibrium
of the interactions of a positively charged polypeptide with a
protein nanopore. Macromolecular crowding lowers the energy
barrier for polypeptide partitioning, amplifying the association
rate constant. In contrast, modest changes in the dissociation
rate constant are brought about by macromolecular crowding,
which is in accord with prior studies on other protein−protein
interactions.51 Correspondingly, this results in a stronger
polypeptide−pore interaction that depends on both the PEG
concentration and the polymer’s molecular size. Enhanced
polypeptide−pore interactions pertain to an increased osmotic
pressure and depletion−attraction forces that usually occur in
transient protein−protein complex formations under crowding
conditions.43 We think that the outcomes of this study are
applicable to other polypeptide−pore systems. The kinetic rate
constants and partitioning data specifically depend on the
physicochemical features of inspected polypeptides.28 In the
future, this approach might be applied to other studies that
involve weak-affinity reactants, enhancing their binding
durations40,53,54 for satisfactory signal resolution and data
analysis in single-molecule detection.55

MATERIALS AND METHODS
Poly(ethylene glycols) (PEGs) of average molecular weight 2000 Da
(PEG-2k), 4000 Da (PEG-4k), and 8000 Da (PEG-8k) were
purchased from Sigma-Aldrich (St. Louis, MO). α-Hemolysin
(αHL) was also obtained from Sigma-Aldrich. The cationic 23-
residue polypeptide Syn B2,28,29 whose sequence is MLSRQQSQ-
RQSRQQSQRQSRYLL (Mw = 2.9 kDa), was purchased from
Peptide 2.0 Inc. (Chantilly, VA). The identity and purity of Syn B2
were confirmed by the C18 reversed-phase HPLC and MALDI-TOF
mass spectrometry prior to use (Peptide 2.0 Inc.). Single-channel
electrical recordings were performed as previously described.56 Both
the cis and trans compartments of the chamber were filled with the
buffer solution containing 300 mM KCl, 10 mM Tris, pH 7.4. In the
experiments that included PEGs, different concentrations of PEG
solutions, which ranged from 6% to 25% (w/v) in the above-
mentioned buffer solution, were symmetrically added to both sides of
the chamber. A lipid bilayer of 1,2-diphytanoyl-sn-glycero-3-
phosphocholine (Avanti Polar Lipids, Alabaster, AL) was formed
across the 100 μm-wide aperture on a 25 μm-thick Teflon partition
(Goodfellow Corporation, Malvern, PA). The aperture was pretreated
with 5% (v/v) hexadecane (Sigma-Aldrich) dissolved in pentane
(Fisher HPLC grade, Fair Lawn, NJ). A protein sample of αHL was
added to the cis side to a final concentration of 0.03 ng/μL. The cis
side was grounded, and a positive current (upward deflection)
represented positive charge moving from the trans to the cis side.
Upon insertion of a single channel, the polypeptide was added to the

Figure 6. Free energy profile of the Syn B2−αHL interactions. (A)
Cartoon showing the two substates of the Syn B2 polypeptides, in
the trans conformation (“trans”) and under nanopore confinement
(“lumen”). (B) Qualitative representation of the free energy profile
at an increased concentration of less-penetrating PEGs. (C)
Qualitative representation of the free energy profile at an increased
PEG molecular size.
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trans side of the membrane at a final concentration of 20 μM. Single-
channel electrical traces were recorded using a patch-clamp amplifier
(Axopatch 200B, Axon instrument, Foster City, CA) in the whole-cell
mode with a CV-203BU headstage. A PC desktop was equipped with
a DigiData 1440 A/D converter (Axon) for data acquisition. The
signal was low-pass Bessel filtered at a frequency of 10 kHz using an 8-
pole low-pass Bessel filter (Model 900, Frequency Devices, Ottawa,
IL) and digitized at a rate of 50 kHz. To remove the current blockades
created by PEG, all the electrical traces were filtered at a frequency of
1 kHz. Data acquisition was processed using pClamp 10 (Axon).
Clampfit 10.6 (Axon) and Origin 8.6 (Microcal Software, North-
ampton, MA) were used for data analysis and representation,
respectively. Dwell-time histograms were fitted with a single-
exponential probability function, as they were validated by a logarithm
likelihood ratio (LLR) test.57,58 The association rate constant, kon, was
calculated using the equation: kon = 1/(τoncsol), where τon and csol are
the inter-event duration and final peptide concentration in solution,
respectively. The dissociation rate constant, koff, was derived using the
equation: koff = 1/τoff, where τoff denotes the residence time of the Syn
B2 polypeptide within the pore lumen. Free energy of this interaction,
ΔG, was calculated using the equation: ΔG = RT ln Kd = RT ln koff/
kon, where R and T are the general gas constant and absolute
temperature, respectively. Here, Kd indicates the equilibrium
dissociation constant.
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