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Abstract Despite its fundamental and critical importance

in molecular biology and practical medical biotechnology,

how a polypeptide interacts with a transmembrane protein

pore is not yet comprehensively understood. Here, we

employed single-channel electrical recordings to reveal the

interactions of short polypeptides and small folded proteins

with a robust b-barrel protein pore. The short polypeptides

were *25 residues in length, resembling positively

charged targeting presequences involved in protein import.

The proteins were consisted of positively charged pre-

cytochrome b2 fragments (pb2) fused to the small ribo-

nuclease barnase (*110 residues, Ba). Single-molecule

experiments exploring the interaction of a folded pb2-Ba

protein with a single b-barrel pore, which contained neg-

atively charged electrostatic traps, revealed the complexity

of a network of intermolecular forces, including driving

and electrostatic ones. In addition, the interaction was

dependent on other factors, such as the hydrophobic con-

tent of the interacting polypeptide, the location of the

electrostatic trap, the length of the pb2 presequence and

temperature. This single-molecule approach together with

protein design of either the interacting polypeptide or the

pore lumen opens new opportunities for the exploration of

the polypeptide–pore interaction at high temporal resolu-

tion. Such future studies are also expected to unravel the

advantages and limitations of the nanopore technique for

the detection and exploration of individual polypeptides.

Keywords Protein translocation � Electrophysiology �
Electrostatic interaction � Protein design � Presequence �
Single-molecule biophysics

Introduction

A transmembrane b-barrel protein represents a general

scaffold used by protein-conducting protein pores. For

example, the translocation of proteins into mitochondria,

chloroplasts and Gram-negative bacteria occurs through a

transmembrane b-barrel pore located in the outer mem-

brane (Gabriel et al. 2001; Matouschek and Glick 2001).

A b-barrel pore may also serve as a protein tunnel for

enzymes to enter the cytosol (Krantz et al. 2005; Halverson

et al. 2005; Karginov et al. 2005). The 263-residue N-

terminal fragment of LF (LFN) is translocated even in the

absence of cellular proteins or ATP-driven cellular factors

across the protective antigen channel (PA63) of anthrax

toxin (Krantz et al. 2005, 2006). This translocation

machinery is apparently similar to that in Clostridial

botulinum neurotoxins (BoNTs), which act as a trans-

membrane chaperone (Koriazova and Montal 2003; Fischer

and Montal 2007). Previous studies using reconstituted

lipid membranes to address many of the fundamental

questions pertinent to polypeptide translocation have been

hampered by a number of technical challenges, including

the considerable complexity in the translocation machin-

eries employing several proteins (Wickner and Schekman

2005), a lack of sufficient structural information (Wickner

and Schekman 2005), and the complications caused by

intrinsic gating current sub-states of most protein
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translocases in mitochondria (Muro et al. 2003; Becker

et al. 2005), chloroplasts (Hinnah et al. 2002), and Gram-

negative bacteria (Zakharov et al. 2004).

In this work, we propose that Staphylococcal aureus a-

hemolysin (aHL) is a suitable model for a b-barrel pore for

studying polypeptide translocation. aHL is a heptameric

mushroom-shaped protein of known high-resolution crystal

structure (Song et al. 1996) (Fig. 1). aHL forms well-

defined homoheptameric pores in lipid bilayers (Song et al.

1996; Krasilnikov et al. 2000). In the transmembrane

domain, the aHL channel forms a b-barrel region with an

average diameter of *20 Å (Song et al. 1996). This is

similar to the effective internal diameter of the protein

import channel in the outer membrane of mitochondria

(*20 Å) (Schwartz and Matouschek 1999; Muro et al.

2003). Explorations employing poly(ethylene glycol)s

(PEGs) for determining the internal pore geometry of the

Toc75 translocase from the outer membrane of chloroplasts

indicated a diameter of *22 Å (Hinnah et al. 2002).

There are several strong motivations behind using aHL

protein for studies on polypeptide translocation. The aHL

pore is always in a single orientation with respect to the

bilayer, and exhibits a well-defined high single-channel

conductance (e.g., 950 pS in 1 M KCl, pH 7.5, +100 mV)

(Movileanu et al. 2003, 2005). The aHL pore is open for

long periods of time even in extreme conditions of pH (i.e.,

from 4 to 11) (Misakian and Kasianowicz 2003), trans-

membrane potential (i.e., up to 160 mV) (Menestrina

1986), temperature (i.e., 0–95 �C) (Kang et al. 2005), salt

concentration (i.e., 0.1–4.0 M KCl) (Krasilnikov et al.

2006), osmotic pressure (i.e., a few tens of % (w/v)

(polyethylene glycol)s) (Krasilnikov and Bezrukov 2004)

and chemical denaturants (i.e., guanidinium hydrochloride)

(Oukhaled et al. 2007). Therefore, the aHL protein may

serve as a blank state for the polypeptide translocation

through a b-barrel transmembrane pore.

In this work, the interacting polypeptides were targeted

to the pore lumen through attractive electrostatic inter-

actions between their positively charged residues and the

negatively charged traps of aspartic acid residues engi-

neered within the b-barrel part of the pore (Fig. 1a). The

translocating polypeptides were either short model and

presequence polypeptides (Fig. 1b) or folded pb2-Ba pro-

teins (Fig. 1c) consisted of the positively charged N-

terminal region of pre-cytochrome b2 (pb2) fused to the N

terminus of the small ribonuclease barnase (Ba) (Huang

et al. 2002). Mitochondrial presequences have negligible

secondary structure in solution (Roise et al. 1988), and they

are exposed to aqueous phase when fused to the folded Ba

domain (Matouschek et al. 1997). The pb2(35), pb2(65) and

pb2(95) presequences contain the first 35, 65 and 95 resi-

dues, respectively, of the pre-cytochrome b2. They would

have the length of *120, *224 and *329 Å, respec-

tively, in a fully extended conformation, which is much

longer than the length of the b-barrel part of the pore

(*50 Å). The folded Ba domain has an ellipsoidal shape

with the long and wide sides of *43 and *35 Å,

respectively (Mauguen et al. 1982). These dimensions are

much greater than the narrowest inner diameter of the aHL

protein pore (*15 Å) (Song et al. 1996).

Here, the polypeptide–pore interaction was explored by

single-channel electrical recordings of the wild type and

engineered aHL pores reconstituted on a planar lipid

bilayer, probing the frequency and duration of transient

polypeptide-induced current blockades (Sackmann and

Neher 1995; Movileanu et al. 2005). This experimental

design allowed the direct determination of the rate con-

stants of association and dissociation of the polypeptide-

pore interaction. The major fundamental question in this

work was, ‘‘how sensitive are the single-molecule nano-

pore recordings with the changes in biophysical features of

the pore lumen or the interacting polypeptide?’’ This

question was driven by the idea that these concurrent

measurements of the rate constants of association and

dissociation might allow us a better understanding of the
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Fig. 1 Interaction of a single polypeptide with a robust b-barrel

protein pore containing electrostatic traps. a Sectional view of the

aHL pore with engineered electrostatic traps shown by arrows.

K131D and K147D mutations introduced an acidic ring of aspartic

acids on either the trans or cis end of the b barrel or both, b a short,

positively charged polypeptide interacts with the negatively charged

traps located on the pore walls. Partitioning of the short polypeptide

into the pore lumen is accompanied by transient current blockades,

the nature which is dependent on the features of the polypeptide and

engineered aHL pore, c a folded pb2-Ba protein partitions into the

aHL protein pore from the trans side of the bilayer. Partitioning of a

single pb2-Ba protein into the pore lumen is observed by long-lived

current blockades in the single-channel electrical traces
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biophysical mechanisms that govern polypeptide transport

across a protein channel (Simon et al. 1992).

Therefore, we examined the changes of the single-

channel kinetics with systematic modifications of an array

of biophysical factors, including the hydrophobic content

of the polypeptides, their residual helical structure in

solution, the position of the electrostatic trap within the

pore lumen, the length of the positively charged pb2 pre-

sequence of the small pb2-Ba proteins, and the temperature.

This study illuminated critically important kinetic infor-

mation about the polypeptide–pore interaction, which is

instrumental for understanding the molecular mechanisms

involved in the polypeptide-pore interaction. The second

question was, ‘‘could we design a simple model of the free-

energy landscape accounting for the underlying kinetics

between the short polypeptides and the electrostatic trap-

containing aHL pore?’’ In the third part of the paper, we

present single-channel recordings employing small folded

polypeptides, increasing the complexity of the polypeptide-

pore interaction.

Materials and methods

Polypeptides: design, synthesis and purification

Syn B2 = MLSRQQSQRQSRQQSQRQSRYLL (MW =

2.9 kDa), Cox IV = MLSLRQSIRFFKPATRTLCSSRY

(2.8 kDa) and AK = (AAKAA)5Y-NH2 (2.2 kDa), and

AKDL = Ac-(ADALKADAL)5Y-NH2 (2.2 kDa). All poly-

peptide samples had an HPLC purity of at least 95%

(GenScript, Scotch Plains, NJ). The polypeptides were

synthesized by an automatic solid-phase method using an

active ester coupling procedure with Fmoc-amino acids

(Goodrich et al. 2007), purified by reversed-phase HPLC,

and confirmed by MALDI-TOF mass spectrometry and

analytical HPLC (GenScript, Scotch Plains, NJ).

Expression and purification of the pb2-Ba proteins

The substrate proteins consisted of presequences contain-

ing the first 35, 65 or 95 amino acids of yeast pre-

cytochrome b2 (pb2) fused to the N terminus of the small

ribonuclease barnase (Ba) (Guiard 1985; Paddon and

Hartley 1987). We used the following nomenclature:

pb2(35)-Ba, pb2(65)-Ba and pb2(95)-Ba, respectively.

Cysteine, at position 30 in the pb2 presequence, was

mutated to valine (C14V) to prevent disulfide bonds

between the fused presequences. Histidine 102 in the Ba

domain was also mutated to alanine (H102A) for the

inactivation of protein during its expression in E. coli. The

genes for the three different precursors were inserted under

the lac promoter into the pQE60 plasmids. E. coli M15

cells were transformed with the plasmids encoding the pb2-

Ba proteins, and induced by IPTG. After 20 min, the cells

were pulsed with 0.4 mg/ml leucine. Cells were harvested

and re-suspended in the breaking buffer (50 mM NaOAc/

HOAc pH 5, 1 mM PMSF, 2 mM EDTA, 5 mM ben-

zamidine), and then sonicated on ice and spun down at

4�C. Pellets were re-suspended in the washing buffer

(50 mM NaOAc/HOAc, pH 5, 1% (w/v) Triton, 200 mM

NaCl, 1 mM PMSF, 2 mM EDTA, 5 mM benzamidine).

This step was repeated three times and the final pellets

were re-suspended in the extraction buffer (50 mM NaO-

Ac/HOAc, 6 M guanidine hydrochloride, 0.1% (w/v)

Triton, 0.5 mM PMSF, 2 mM EDTA, 5 mM DTT, 1 lg/

ml leupeptin, 1 lg/ml antipain, pH 5). Pellets were

homogenized and the resultant solutions were spun down

at 130,000 g for one hour, and at 4�C. The supernatants

were dialyzed against the dialysis buffer (50 mM NaOAc/

HOAc, 1.5 M guanidine hydrochloride, 0.5 mM PMSF,

2 mM EDTA, pH 5) for 3 h at 4�C. The supernatants were

diluted into 50 ml dilution buffer (50 mM NaOAc/HOAc,

2 mM EDTA, 5 mM DTT, pH 5). The proteins were

concentrated by Amicon 50 ml stirred cell at 4�C (*8–

10 mg per liter of the cell culture).

Expression and purification of the aHL pores

The K131D7, K147D7 and K131D7/K147D7 mutants were

made from the aHL gene in the plasmid that was synthet-

ically constructed to produce unique restriction sites (aHL-

RL3). Briefly, the K131D and K147D mutants were

constructed by PCR-based recombination as previously

described (Movileanu et al. 2001; Wolfe et al. 2007). The

K131D/K147D mutant was constructed by cassette muta-

genesis (Movileanu et al. 2001; Wolfe et al. 2007). The

aHL proteins were synthesized in vitro by coupled tran-

scription and translation (IVTT) in the presence of rabbit

erythrocyte membranes as previously described (Cheley

et al. 1999; Movileanu et al. 2001). The [35S]methionine-

labeled polypeptides were purified on an 8% SDS-poly-

acrylamide gel. The dried gel was autoradiographed and

the bands corresponding to each aHL protein pore were

excised and rehydrated in 500 ll of MilliQ water. Gel

fragments were removed with a spin filter and the resulting

filtrate was stored frozen in 50-ll aliquots at -80�C. The

aHL model (7ahl.pdb) was generated with the PyMol

software (Delano 2007).

Electrical recordings in planar bilayers

Electrical recordings were carried out with planar bilayer

lipid membranes (BLMs) (Movileanu et al. 2000; Movi-

leanu and Bayley 2001). The cis and trans chambers of

the apparatus were separated by a 25-lm-thick Teflon
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septum (Goodfellow Corporation, Malvern, PA). A 1,2

diphytanoyl-sn-glycerophosphatidylcholine (Avanti Polar

Lipids, Alabaster, AL) bilayer was formed across a 60-

lm-wide aperture in the septum. The electrolyte in both

chambers was 1 M KCl, 10 mM potassium phosphate, pH

7.4. The aHL pores were introduced by adding gel-puri-

fied heptamers (0.5–2.0 ll) to the cis chamber to give a

final protein concentration of 0.05–0.3 ng/ml. Single-

channel currents were recorded by using a patch clamp

amplifier (Axopatch 200B, Axon Instruments, Foster City,

CA) connected to Ag/AgCl electrodes through agar

bridges. The cis chamber was grounded and a positive

current (upward deflection) represents positive charge

moving from the trans to cis side. A Pentium PC (Dell,

Austin, TX) was equipped with a DigiData 1322A A/D

converter (Axon) for data acquisition. The signal was

low-pass filtered with an 8-pole Bessel filter (Frequency

Devices, Ottawa, IL) at a frequency of 10 kHz and

sampled at 100 kHz. For data acquisition and analysis, we

used the pClamp9.2 software package (Axon). The tem-

perature-control experiments were carried out by using a

Dagan HCC-100A controller (Dagan Corporation, Min-

neapolis, MN), which was adapted to planar bilayer

recordings (Jung et al. 2006). The HCC-100A heated

and cooled an aluminum thermal stage through Peltier

elements. Temperature was simultaneously monitored in

the aluminum stage and in the bilayer chamber with

thermocouple probes (Jung et al. 2006).

Determination of the kinetic rate constants

The polypeptide-pore interaction was analyzed by the rate

constant of association (kon) and dissociation (koff) (Mov-

ileanu et al. 2000; Howorka et al. 2001). The rate constants

of association kon were derived from the slopes of plots of

1/son versus [polypept], where polypept is the polypeptide

concentration in the aqueous phase (see below). The rate

constants for dissociation (koff) were determined by aver-

aging the 1/soff. Therefore, one can intuitively get some

information from the single-channel electrical trace: the

frequency of events is proportional with the rate constant of

association kon, whereas the mean of the reciprocal of the

event duration is the rate constant of dissociation koff.

The dwell time histograms (soff) exhibited a well-

defined double-exponential distribution, with short-lived

(soff-1) and long-lived (soff-2) events, as judged by a log

likelihood ratio (LLR) test (McManus and Magleby 1988;

Movileanu et al. 2005). The substrate escapes the aHL

protein pore through either the trans or cis opening, so the

total rate constant of dissociation has the relationship

koff-2 = koff-2
cis + koff-2

trans, where koff-2 = 1/soff-2, and soff-2 is the

mean dwell time of the long-lived events (Movileanu et al.

2005). The rate constants of association kon-1 and kon-2 were

calculated as f1kon and f2kon, respectively (Movileanu et al.

2003). Here, f1 and f2 are the probabilities of the short-lived

events ‘‘1’’ and long-lived events ‘‘2’’, respectively. They

were determined from the dwell time histograms (Movi-

leanu et al. 2003). The voltage-dependence of the rate

constant of dissociation koff-2 underwent a crossover

behavior that reflected the cis and trans components of the

polypeptide escape, indicating the transition from trans-

favored dissociation to cis-favored dissociation (see below)

(Movileanu et al. 2005).

Results and discussion

Interaction of a short polypeptide with a transmembrane

protein pore

First, we explored the interaction of short polypeptides

with a single transmembrane protein pore, which contained

an electrostatic trap engineered at the strategic position of

the lumen. The electrostatic trap was located on the trans

entrance of the pore lumen (K131D7), on the cis end of the

b barrel (K147D7) or both (Fig. 1a). In both single-site

mutants, a lysine was replaced by an aspartic acid. Due to

the stoichiometry of the aHL protein pore, each single-site

mutation in the monomer resulted in seven-residue

replacements in the heptameric pore, creating an acidic iris

composed of aspartic acid side chains. The additive effect

of both engineered traps was further revealed by the dou-

ble-trap-containing aHL protein pore (K131D7/K147D7),

introducing an alteration of -28 net charge in the pore

lumen compared with the wild-type aHL (WT-aHL) pro-

tein pore.

We selected four polypeptides (‘‘Materials and meth-

ods’’): an alanine-based AK polypeptide with the repeat

unit AAKAA (Movileanu et al. 2005), an AKDL polypep-

tide, a mitochondrial presequence Cox IV and a synthetic

hydrophilic presequence Syn B2 (Hinnah et al. 2002; Muro

et al. 2003). AKDL is an alanine-based polypeptide that

shares sequence homology with the AK polypeptide, but

with alternating chirality forms (dextro and levo). AK is

the only polypeptide with a high a-helical structure in

aqueous phase (*56%) (Movileanu et al. 2005). The

alteration of the chirality of the amino acids alters com-

pletely the a-helical structure of the AK polypeptide.

Several studies have demonstrated that D-amino acids

alternating with L-amino acids destabilize the a-helical

regions in both proteins and peptides (Krause et al. 2000;

Mitchell and Smith 2003; Chen et al. 2003). By using

temperature-dependent circular dichroism measurements,

we found that the AKDL polypeptide is completely unfol-

ded (data not shown), which is in accord with these prior

studies. These polypeptides were similar in length (*25
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residues) and charge (*+5) at pH 7.4, but they differed

greatly in their hydropathy index: 15.2 (AK and AKDL),

-5.2 (Cox IV) and -44.4 (Syn B2), respectively (Kyte and

Doolittle 1982).

When inserted into a planar lipid bilayer, the wild type

and engineered aHL channels remained open for long

periods (data not shown). At low micromolar concentra-

tions of polypetides, transient current blockades were

observed, the nature of which was dependent on both the

features of the electrostatic trap-containing aHL pore and

the polypeptides (Fig. 2). Our single-channel experiments

(Sackmann and Neher 1995) were performed with the

polypeptide/protein sample added only to the trans side,

since the cis side of the aHL protein protrudes far in the

aqueous phase, *50 Å away from the bilayer surface

(Fig. 1a), leading to complications in the interpretation of

the single-channel data. It is likely that these complications

are caused by the complexity of the free-energy landscape

when the polypeptides are added to the cis side of the lipid

bilayer. In contrast, the transmembrane domain of the pore

forming a roughly cylindrical b-barrel tunnel is near

aqueous phase, which simplifies the free-energy landscape

for partitioning of bulky polypeptides into the pore lumen.

Figure 2 illustrates the effect of the Cox IV polypeptide

on the single-channel electrical signature of the WT-aHL

and electrostatic trap-containing aHL protein pores. In

general, the dwell time histograms showed a two-expo-

nential distribution of the transient polypeptide-produced

current blockades in single-channel recordings with the

WT-aHL and engineered aHL protein pores. The two-

exponential distribution was judged by a LLR test (Movi-

leanu et al. 2003, 2005), providing the mean dwell times of

the short-lived (soff-1) and long-lived (soff-2) events.

At low micromolar concentrations of short polypeptides,

we found that the dwell time of the long-lived events soff-2

(the mean dwell time of the long-lived events from the
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Fig. 2 Representative single-

channel electrical recordings

with the wild-type and

engineered aHL protein pores in

the presence of 34 lM of the

Cox IV polypeptide added to the

trans side of the lipid bilayer:

a WT-aHL, b K131D7,

c K147D7, d K131D7/K147D7.

The frequency and duration of

the polypeptide-induced current

blockades were dependent on

the position of the electrostatic

trap. All traces were recorded in

symmetrical buffer conditions

(1 M KCl, 10 mM potassium

phosphate, pH 7.4), and at a

transmembrane potential of

+80 mV. The smooth curves
from the right-handed dwell

time histograms were either

double-exponential (for a and b)

or single-exponential (for c and

d) fits. The single-channel

electrical traces were low-pass

Bessel filtered at 2 kHz
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histogram of the occupied states) is independent of the

polypeptide concentration (Fig. 3a), whereas the reciprocal

of the mean inter-event interval son is linearly dependent on

the polypeptide concentration (Fig. 3b). Thus, a simple

bimolecular interaction between the polypeptide and the

pore can be assumed. On the other hand, the short-lived

events (soff-1) were not voltage dependent (Fig. 3c), and

were interpreted as simple collisions of the polypeptides

with the opening of the pore. Therefore, the rate constant of

dissociation koff-1 was calculated as 1/soff-1. In contrast, the

long-lived events (soff-2) were voltage dependent, and

attributed to major partitioning of the polypeptides into the

pore lumen (Fig. 3c) (Movileanu et al. 2005).

The rate constants of dissociation koff-2 decreased and

then increased with the transmembrane potential (Fig. 3c).

A simple interpretation is as follows: at transmembrane

potentials lower than a threshold value Vc, the majority of

transient polypeptide-induced current blockades are attrib-

uted to binding and release backward to the trans side. In

contrast, at transmembrane potentials greater than Vc, the

majority of the transient current blockades are attributed to

binding and release forward to the cis side. One immediate

issue is the discrimination between the release of the

polypeptide forward to the cis side and the release of the

polypeptide backward to the aqueous phase from which it

came from. In principle, a single transient polypeptide-

induced current blockade cannot be a diagnostic for the

‘‘true’’ translocation of the polypeptide from one side of the

lipid bilayer to the other. Nevertheless, with careful calcu-

lations and voltage-dependent single-channel experiments,

one can determine the fraction of single-channel events

attributed to the ‘‘true’’ translocation for a given value of the

transmembrane potential (Movileanu et al. 2005).

At a transmembrane potential of +80 mV, single-chan-

nel electrical recordings carried out with the WT-aHL

protein pore in the presence of 34 lM Cox IV polypeptide

revealed transient current blockades with the association

rate constants: kon-1 = (0.20 ± 0.02) 9 105 M-1 s-1 and

kon-2 = (0.60 ± 0.03) 9 105 M-1s-1 (n = 3 experiments).

The dissociation rate constants were koff-1 = (0.76 ±

0.01) 9 103 s-1 and koff-2 = (0.11 ± 0.01) 9 103 s-1,

respectively (n = 3, Fig. 2a). When the K131D7 pore was

employed, the Cox IV polypeptide produced transient

current blockades with the association rate constants

kon-1 = (0.30 ± 0.11) 9 105 M-1 s-1 and kon-2 = (0.90 ±

0.15) 9 105 M-1 s-1, and the dissociation rate con-

stants koff-1 = (2.1 ± 1.3) 9 103 s-1 and koff-2 = (0.16 ±

0.04) 9 103 s-1, respectively (Fig. 2b). In contrast to WT-

aHL and K131D7, the short-lived events were not observed

with K147D7 (kon-2 = (0.80 ± 0.03) 9 105 M-1 s-1, koff-2 =

(4.8 ± 0.6) 9 103 s-1, n = 3) and K131D7/K147D7

(kon-2 = 5.0 ± 0.1) 9 105 M-1 s-1, koff-2 = (2.2 ± 0.2) 9

103 s-1 (n = 3, Fig. 2c, d), as tested by a LLR protocol

(Movileanu et al. 2003, 2005). Although these long-lived

0 20 40 60 80 100

0

10

20

30

40

50

0 20 40 60 80 100
0

100

200

300

400

500

1/
on

 (s
-1

)

1/
of

f-
2

 (
s-1

)

Cox IV concentration ( M)Cox IV concentration ( M)

20 40 60 80 100
0
1
2
3
4
5
6
7
8
9

D
w

el
l t

im
e 

(m
s)

Transmembrane potential (mV)

off -1

off -2

0 20 40 60 80 100

0

10

20

30

40

50

0 20 40 60 80 100
0

100

200

300

400

500

1/
on

 (s
-1

)

1/
of

f-
2

 (
s-1

)

Cox IV concentration ( M)Cox IV concentration ( M)

20 40 60 80 100
0
1
2
3
4
5
6
7
8
9

D
w

el
l t

im
e 

(m
s)

Transmembrane potential (mV)

a b

c

off -1

off -2

Fig. 3 The kinetics of the

polypeptide–pore interaction

has a bimolecular nature. The

figure illustrates an example of

the data recorded with the single

trap-containing K147D7 pore

interacting with the Cox IV

polypeptide: a The dose-

response dependence of the

1/soff-2 values, b The dose-

response dependence of the

1/son values, c The voltage-

dependence of the rate constants

of dissociation soff-1 and soff-2.

The concentration of the

polypeptide was 34 lM. All

measurements were carried out

at room temperature in 1 M

KCl, 10 mM potassium

phosphate, pH 7.4. The

transmembrane potential was

+80 mV
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events were much shorter than those observed with the WT-

aHL and K131D7 pores, they underwent the same biphasic

voltage dependence as mentioned above.

The rate constants of association (kon) and dissociation

(koff-2) were dependent not only on the features of the elec-

trostatic trap-containing aHL pore, but also the nature of the

interacting cationic polypeptide. The rate constant kon

spanned several orders of magnitude. In Fig. 4, we show the

total event frequency, which is proportional to kon (see

‘‘Materials and methods’’), recorded at a transmembrane

potential of +80 mV. The rate constant of association kon was

substantially lower for more hydrophobic polypeptides (AK

and AKD) than for less hydrophobic (Cox IV) and hydro-

philic (Syn B2) polypeptides. Therefore, the free-energy

barrier for the polypeptides to pass the pore was greater for

hydrophobic polypeptides, most likely due to the hydrophilic

nature of the pore interior. On the other hand, the rate con-

stant of dissociation (koff-2) observed with the unfolded

AKDL polypeptide was greater than that value probed with

the a-helical AK polypeptide. For example, for the WT-aHL

pore, we observed the values of the rate constants of disso-

ciation koff-2 of *3.7 9 103 and *1.3 9 103 s-1 with the

AKDL and AK polypeptides, respectively. Since the only

difference between these polypeptides is the folding state,

this result is in excellent agreement with previous work in

this laboratory, which suggested that folded polypeptides

spend a longer transit time than unstructured or misfolded

ones (Goodrich et al. 2007).

The position of the binding site qualitatively altered the

flux of cationic polypeptides through the aHL pore. The total

event frequency recorded with the K131D7 pore was much

higher than that recorded with the WT-aHL pore. This result

is conceivable, given the location of the electrostatic trap

near aqueous phase. The strong electrostatic interactions

between the positively charged polypeptide and the nega-

tively charged K131D trap is expected to dramatically alter

the free-energy landscape of the polypeptide-pore interac-

tion (see below). In contrast, the event frequency underwent

moderate change when the K147D7 pore was employed.

Intuitively, this finding seems to be correct, given the posi-

tion of the electrostatic trap, which is *45 Å away from the

aqueous phase. Therefore, the free-energy barrier for the

polypeptide to cross the entry of the aHL pore was not

substantially changed by the presence of the K147D trap.

Remarkably, the single-channel data obtained with the

double trap-containing aHL pore revealed a substantial

increase in the total event frequencies (Fig. 4). This result

suggests that at least a second mechanism, in addition to the

alteration of the entry barrier, is responsible for the dramatic

change of the total event frequency recorded with the

double trap-containing K131D7/K147D7 pore. Another

interesting result was that the dissociation rate constants

koff-2 recorded with the single K147D trap-containing aHL

pore significantly increased by comparison with the K147D

trap-lacking aHL pores. For example, for the Syn B2

polypeptide, the rate constant of dissociation koff-2 observed

with the WT-aHL, K131D7, K147D7 and K131D7/K147D7

pores was (0.37 ± 0.02) 9 103, (0.33 ± 0.04) 9 103,

(7.2 ± 1.2) 9 103 and (11 ± 1) 9 103 s-1, respectively. A

qualitative interpretation of these results is provided below.

A simple kinetic model of the polypeptide-pore

interaction with multiple electrostatic traps

In the second part of this paper, we present a simplified

model of the free-energy landscape of the polypeptide-pore

interaction. The kinetic data obtained from single-channel

electrical recordings with various engineered aHL protein

pores and cationic polypeptides (Fig. 1b) can simply be

rationalized in terms of a 1-D motion along a reaction

coordinate x with a free-energy G(x). Previous work exam-

ining the interaction of alanine-based polypeptides with the

WT-aHL pore unraveled the presence of a binding site

within the pore lumen due to the constriction of the b-barrel

part of the pore (Movileanu et al. 2005). The free-energy

landscape for the polypeptide-pore interaction can be rep-

resented as a two-barrier, and single-well profile (Fig. 5a).

At zero transmembrane potential, the rate constants to

exit the aHL pore are shown the following scheme:

T �k� P�!kþ C ð1Þ

where T and C stand for the trans and cis sides of the lipid

bilayer, respectively. P is the binding site within the pore
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Fig. 4 The total event frequency determined from single-channel

recordings with wild type and engineered aHL pores in the presence
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represent means ± SD’s calculated from three separate single-
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lumen (Movileanu et al. 2005). Here, k- and k+ is the

voltage-independent rate constant for the backward and

forward reaction, respectively:

k� 0ð Þ ¼ ce
� e�

kBT ð2Þ

kþ 0ð Þ ¼ ce
� eþ

kBT ð3Þ

where c is the transmission coefficient (Hanggi et al. 1990).

kB and T denotes the Boltzmann’s constant and the absolute

temperature, respectively. Here, e- and e+ indicate the free-

energy barrier for the entry and exit through the aHL

protein pore, respectively.

The free-energy landscape for the polypeptide-pore

interaction is shown in Fig. 5a. The continuous and dotted

line represents the free-energy profile at zero and greater

than zero transmembrane potentials, respectively. d- and

d+ represents the electrical distances from the minimum

of the potential to the transition state of the backward

and forward reaction, respectively. At a transmembrane

potential greater than zero, the free-energy landscape is

tilted by G(x)-fx (Movileanu et al. 2005); hence, the rate

constant for the backward and forward reaction is k-(0)efd-

and k+(0)efd+, respectively. Therefore, the overall reaction

rate constant of the polypeptide to exit the aHL protein

pore is given by the following expression (Hanggi et al.

1990):

k fð Þ ¼ k� 0ð Þef d� þ kþ 0ð Þefdþ ð4Þ

Our major hypothesis is that the electrostatic trap, either on

the trans opening of the aHL pore (K131D) or on the cis

end of the b barrel (K147D) implies an additional mini-

mum (i.e., binding site) in the free-energy landscape. We

envision that for a system containing two binding sites (i.e.,

two minima), there are two possibilities: (1) the minima

and the transition states in the free-energy landscape are far

away from each. In this case, they have an independent

contribution to the overall kinetics, and (2) the minima and

the transition states are near to each other, so the transition

state with the higher energetic barrier reduces, resulting in

a faster rate constant for the polypeptide to exit the aHL

protein pore. In accord with our hypothesis, the electro-

static trap K131D produced some increase in the rate

constant of association kon (Fig. 4), altering the entry bar-

rier, near the trans opening of the pore (Fig. 5a). In

contrast, the electrostatic trap on the cis end of the b barrel

(Fig. 1) produced a significant increase in the rate constant

of dissociation koff-2 (Fig. 2), altering the exit barrier on the

cis end of the b barrel (Figs. 1, 5b).

For the double trap-containing K131D7/K147D7 pore,

there are two minima that correspond to the electrostatic

traps K131D and K147D, respectively, and one minimum

that corresponds to the native binding site, near the pore

constriction (Movileanu et al. 2005) (Fig. 5b). The K131D

trap alters the rate constant of association kon-2, and the

K147D trap changes the rate constant of dissociation koff-2.

Overall, both electrostatic traps increase the rate constants

kon-2 and koff-2 (Figs. 2, 3, 4, 5).

Interaction of a folded protein with a transmembrane

protein pore

In the third part of this article, we expand the complexity of

the polypeptide-pore interactions by employing a folded

pb2-Ba protein that consists of the N-terminal region of

pre-cytochrome b2 (pb2) fused to the N-terminus of the

small ribonuclease barnase (Ba) (Fig. 1c). The N-terminal

pb2 fragment of the protein pb2-Ba is positively charged,

and functions as a leading domain that facilitates a strong

protein-pore interaction. The folded Ba domain lies at the

C-terminus and exhibits a significant entropic penalty to

enter the pore, because its diameter, which ranges between

35 and 43 Å, is much greater than the narrowest inner

diameter of the b-barrel part of the aHL protein pore

(*15 Å).

We employed three proteins with varying leading

sequence, pb2(35)-Ba, pb2(65)-Ba and pb2(95)-Ba, repre-

senting the first 35, 65, and 95 residues of the pre-

cytochrome b2, respectively, fused to the Ba domain.

Although the density of the positive charge is similar for
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Fig. 5 The free-energy landscape of the polypeptide–pore interac-

tion: a The WT-aHL pore, b the double trap-containing K131D7/

K147D7 pore. In the a, the continuous line represents the free-energy

landscape at zero transmembrane potential. The dotted line indicates

the hypothetical free-energy landscape at transmembrane potentials

greater than zero
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these pb2 presequences (*0.2 per residue length), the total

charge increases with the pb2 length, as following: 7, 13,

and 16, respectively. Given the location of the K147D

electrostatic trap, far away from the aqueous phase

(*45 Å), we explored the interaction of the pb2-Ba pro-

teins with a single trap-containing K147D7 pore (Fig. 1a).

The tilting of the free-energy landscape (dotted curve,

Fig. 5a) would suggest that the pulling force on the pb2

presequence due to the transmembrane potential is high

enough to compensate the large entropic penalty of the pb2-

Ba protein to partition into the pore lumen. The single-

channel electrical recordings were accomplished at +20,

+30, and +40 mV, with the protein sample added to the

trans side of the lipid bilayer. Representative single-

channel electrical traces are shown in Fig. 6.

We observed a dramatic change in the kinetics of tran-

sient protein-induced current blockades when different

transmembrane potentials and pb2 presequences were

examined. The response in the single-channel electrical

traces varied from infrequent and very short current

blockades observed with the pb2(35)-Ba protein at +20 mV

(kon = (1.1 ± 0.6) 9 105 M-1 s-1, koff = (2.1 ± 1.0) 9 102 s-1,

n = 3, Fig. 6a), to transient long-lived current blockades

measured with the pb2(65)-Ba protein at +30 mV

(kon = (2.9 ± 0.6) 9 104 M-1 s-1, koff = (9.3 ± 4.0) 9 10-3 s-1,

n = 3, Fig. 6b), and permanent full current blockades

recorded with the pb2(95)-Ba protein at +40 mV (n = 3,

Fig. 6c). The broad changes in the rate constants of asso-

ciation and dissociation indicate that an array of factors

contribute to the overall protein–pore interaction, revealing

both driving and electrostatic forces. Moreover, permanent

current blockades recorded with all pb2 presequences at

very high transmembrane potentials suggest that the pb2-Ba

proteins partition into the pore lumen, but they are released

backward to the trans aqueous phase. For example, Fig. 6c

illustrates that the pb2-Ba protein is arrested within the pore

lumen for long periods, in the range of minutes. This result

is consistent with a very high energetic barrier for the pb2-

Ba protein to traverse the aHL pore from one side of the

lipid bilayer to the other.

Temperature-dependent entropic repulsion of the folded

Ba domain from the protein pore

Finally, to reveal the entropic repulsion of the folded Ba

domain from the protein pore, we employed single-channel

recordings at room temperature and at elevated tempera-

tures (*55�C). It is conceivable that at *55�C, the

thermal fluctuations of the folded Ba domain are amplified,

and the polypeptide undergoes a transition to a high-free-

energy state. Therefore, the energetic barrier for parti-

tioning into the pore lumen will be drastically reduced,

enhancing the rates constants of association and dissocia-

tion. We also wanted to minimize the effect of the strong

pulling forces on the pb2 presequence due the transmem-

brane potential, choosing a K131D7 pore instead.

Therefore, we assumed that the interaction takes place near

the trans opening of the aHL protein pore (Fig. 1c). When

a single WT-aHL pore was reconstituted into a lipid

bilayer, the addition of pb2(95)-Ba to the trans side pro-

duced very short-lived and infrequent current spikes

(kon = (3.0 ± 0.5) 9 105 M-1 s-1, koff = (3.2 ± 0.6) 9

103 s-1, n = 3, Fig. 7a). WT-aHL exhibits no current

blockades at room temperature (+80 mV, data not shown).

We observed no current blockades produced by pb2(95)-Ba

in the absence of the aHL pore (channel-free bilayer, data

pb2(35)-Ba

pb2(65)-Ba

pb2(95)-Ba

60 s 

pb2(35)-Ba

pb2(65)-Ba

pb2(95)-Ba

+20 mV                                +40 mV 

20
 p

A

a

b

c

+30 mVFig. 6 Interaction of the pb2-Ba

proteins with the single trap-

containing K147D7 pore

recorded at various

transmembrane potentials. The

figure illustrates representative

single-channel electrical

recordings for: a pb2(35)-Ba,

b pb2(65)-Ba and c pb2(95)-Ba.

200 nM protein was added to

the trans side of the bilayer. The

experiments were conducted at

room temperature, and in

1 M KCl, 10 mM potassium

buffer, pH 7.4. All single-

channel electrical traces were

low-pass Bessel filtered at

2 kHz
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not shown). Therefore, the spikes in Fig. 7a are ascribed to

transient excursions of the pb2-Ba protein into the WT-aHL

pore.

When the WT-aHL pore was replaced by the single

trap-containing K131D7 pore, we observed transient

long-lived (kon *8.0 9 105 M-1 s-1, koff *0.1 s-1, also

K131D7 with pb2(95)-barnase at 55 C
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Fig. 7 Interaction of the

pb2(95)-Ba protein with the

K131D7 pore: a Interaction of

pb2(95)-Ba with a single WT-

aHL protein pore at room

temperature, b Interaction of

pb2(95)-Ba with a single

K131D7 protein at room

temperature; the upper panel is

a single-channel trace that

shows two successful long-lived

events; the bottom panel is an

expansion of the trace indicated

in the upper panel, c Interaction

of pb2(95)-Ba with a single trap-

containing K131D7 protein at

55�C, d A single-channel

electrical trace of a single trap

containing K131D7 protein in

the absence of pb2(95)-Ba, and

recorded at 55�C. The

concentration of pb2(95)-Ba,

added to the trans side of the

bilayer, was 50 nM. The

transmembrane potential was

+80 mV
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called ‘‘successful’’), and short-lived protein-induced cur-

rent blockades (kon = (1.0 ± 0.2) 9 109 M-1 s-1, koff =

(3.5 ± 0.1) 9 103 s-1, n = 3, also called ‘‘unsuccessful’’,

Fig. 7b). More than likely, a substantially increased kon-1,

which corresponds to the short-lived events recorded with

the K131D7 pore, is a result of the strong electrostatic

interactions between the positively charged pb2(95) pre-

sequence and the electrostatic trap engineered on the trans

opening of the pore (Fig. 1a). Furthermore, the rate con-

stant of association and dissociation corresponding to the

long-lived current blockades increased by increasing the

temperature (Fig. 7c). At 55�C, their values were kon-2

*3.6 9 108 M-1 s-1 and koff-2 *1.1 s-1. As a control

experiment, we have examined a single trap-containing

K131D7 pore at 55�C, and found no temperature-induced

current blockades (Fig. 7d), again revealing the excep-

tional stability of the aHL pore.

Together, these experiments demonstrate the robustness

of the engineered aHL proteins for pulling small folded

proteins across a b-barrel pore. The single-channel data are

instructive, indicating that the positively charged pb2(95)

presequence is not sufficient for the pb2-Ba protein to

undergo a substantial partition into the pore lumen (i.e.,

Fig. 7a). Therefore, an electrostatic trap within the pore

lumen is required for the protein substrate to produce

transient long-lived current blockades.

Concluding remarks

In this article, we show a single-channel study with a

b-barrel protein that interacts strongly with positively

charged model and presequence polypeptides and small

folded proteins. The kinetics of the polypeptide-pore

interaction is dependent on the location of the trap. Such a

single-molecule experiment opens many exciting opportu-

nities for exploring the mechanisms by which the proteins

interact with receptors or protein translocases. While fur-

ther experimentation combined with structural analysis and

computation is required, it is clear from this study that the

prognosis is excellent for the interaction of small folded

proteins with a transmembrane b-barrel pore.

In this work, we were not able to obtain a complete

translocation of the pb2-Ba proteins from one side of the

lipid bilayer to the other. It is likely that the following two

fundamental reasons caused this finding: a large entropic

barrier of the folded Ba domain to move from the aqueous

phase to the narrowest b-barrel domain of the aHL protein

pore, and the heterogeneity of the positive and negative

charges along the polypeptide chain, which is in contrast to

the heavily and uniformly charged nucleic acids (Kas-

ianowicz et al. 1996). The aHL pores are quite robust and

tractable proteins, indicating that single-channel recordings

can be accomplished under harsh experimental conditions

in the future. This might allow the examination of the

translocation of less-folded proteins in the presence of

chemical denaturants, such as guanidinium hydrochloride

(Oukhaled et al. 2007) and urea (Pastoriza-Gallego et al.

2007). Indeed, recent studies in Loic Auvray’s group

indicated that the wild-type aHL protein pore exhibits an

extraordinary stability in the presence of urea, with con-

centrations ranging up to 7.2 M (Pastoriza-Gallego et al.

2007).

This work will nicely complement recent efforts in the

molecular dynamics (MD) simulations area that establish

the fundamental methodologies for examining the transport

of polypeptides through protein channels (Kirmizialtin

et al. 2004, 2006; Huang et al. 2005; Tian and Andricioaei

2005; Contreras Martinez et al. 2006; West et al. 2006;

Goodrich et al. 2007; Makarov 2007; Wells et al. 2007). On

the other hand, this work does not address the long list of

outstanding questions that surround the molecular mecha-

nisms of the protein translocases and receptors; (a) How do

various N-terminal presequences recognize the membrane

by receptors? (b) How do the folding features of the protein

domains alter the translocation kinetics? (c) How do vari-

ous hydrophobic and hydrophilic parts of the protein

substrate interact with the b-barrel wall? Recent advances

in single-molecule technology and protein engineering

show the promise, identifying the complexity of the

translocation machineries and providing more realistic

models for the protein traffic across biological membranes

(Koriazova and Montal 2003; Melnyk and Collier 2006;

Fischer and Montal 2007).
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