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ABSTRACT The partitioning of polypeptides into nanoscale transmembrane pores is of fundamental importance in biology.
Examples include protein translocation in the endoplasmic reticulum and the passage of proteins through the nuclear pore
complex. Here we examine the exchange of cationic a-helical peptides between the bulk aqueous phase and the transmembrane
b-barrel of the a-hemolysin (aHL) protein pore at the single-molecule level. The experimental kinetic data suggest a two-barrier,
single-well free energy profile for peptide transit through the aHL pore. This free energy profile is strongly voltage- and peptide-
length-dependent.Weused theWoodhull-Eyring formalism to rationalize the valuesmeasured for the association and dissociation
rate constants kon and koff, and to separate koff into individual rate constants for exit througheachof theopeningsof theprotein pore.
The rate constants kon, k

cis
off ; and k trans

off decreased with the length of the peptide. At high transmembrane potentials, the alanine-
based peptides, which include bulky lysine side chains, bind more strongly (formation constants Kf ; tens of M�1) than highly
flexible polyethylene glycols (Kf ; M�1) to the lumen of the aHL protein pore. In contrast, at zero transmembrane potential, the
peptides bind weakly to the lumen of the pore, and the affinity decreases with the peptide length, similar to the case of the
polyethylene glycols. The binding is enhanced at increased transmembrane potentials, because the free energy contributionDG¼
�zdFV/RT predominates with the peptides. We suggest that the aHL protein may serve as a robust and versatile model for
examining the interactions between positively charged signal peptides and a b-barrel pore.

INTRODUCTION

The interaction of polypeptides with transmembrane protein

pores is of fundamental importance in biology. Examples

include protein translocation in the endoplasmic reticulum

(1,2), from the cytoplasm into mitochondria (3,4) or across

the chloroplast membrane (5).

In particular, the translocation of proteins into mitochon-

dria and chloroplasts occurs through protein channels located

in the outer membranes of these organelles (6). Circular di-

chroism studies demonstrate that these proteins are probably

transmembrane b-barrel pores (7,8). These findings set the

outer membrane translocases apart from others such as the

a-helical translocation pores. A question to be addressed is:

how does a signal peptide interact with a b-barrel protein,

and cross the channel? There is also considerable interest in

examining the transport of polypeptides through b-barrel

pores in other circumstances. For example, a b-barrel pore

may also serve as a passageway for enzymes to enter the

cytosol. Lethal factor (LF) and edema factor (EF) are be-

lieved to unfold, at least partially, and translocate through

a 14-stranded b-barrel of protective antigen channel PA7 of

anthrax toxin (9–11). The 263-residue N-terminal fragment

of LF (LFN) is translocated across the PA7 channel even in

the absence of cellular proteins, including ATP-driven

factors (11). Very recently, the crystal structure of NaIP,

a bacterial autotransporter, revealed a 12-stranded b-barrel

domain that is filled by an N-terminal a-helix (12). Removal

of the N-terminal a-helical domain enhanced the activity of

the NaIP autotransporter, indicating that the helix functions

in blocking the b-barrel pore.

There is a distinct class of b-barrel proteins that insert

spontaneously into membranes without assistance of other

proteins. Theseb-barrels, secreted from bacterial cells, are called

pore-forming toxins (b-PFT). In particular, a-Hemolysin

(aHL) is a self-assembling, b-PFT secreted by Staphy-
lococcal aureus as a water-soluble monomer of 33.2 kDa

(13). The monomer oligomerizes upon binding to the mem-

branes of susceptible cells to form a transmembrane heptamer

(14,15). The toxin is an important virulence factor due to its

activity against a wide variety of mammalian cells, such as

erythrocytes, keratinocytes, granulocytes, monocytes, and

endothelial cells (16). The primary mechanisms of cell

damage and death are (1) the leakage of water, ions, and other

small molecules out of and into the cell, and (2) cell lysis. The

aHL forms a relatively large, water-filled pore of known

structure (17). The protein contains a roughly spherical

vestibule, which measures ;46 Å in internal diameter, and is

located in the extramembranous part (17). In the trans-

membrane domain, the channel narrows to form a 14-stranded

b-barrel with an average diameter of ;20 Å and a length of

;52 Å (17).

The knowledge of the crystal structure of the fully

assembled aHL heptamer in detergent (17), combined with

the wealth of options for membrane protein engineering

(13,18,19), has led to approaches for examining single
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polymer dynamics (20–22), and designing unusual polymer-

based nanostructures (20,23–25).

We have recently studied the partitioning of highly

flexible neutral polyethylene glycols (PEGs) into the aHL

pore. In the dilute regime, the dependence of partitioning on

polymer length obeys a simple scaling law (26–28). The

polymer moves into the pore by overcoming a free energy

barrier of 1.2 kBT/kDa PEG (28). This barrier presumably

arises from a reduction in the number of chain segment

configurations (29,30). In the semidilute regime, increased

polymer concentration induces an increase in the polymer

partition coefficient (31,32). The difference between the

results of the equilibrium partitioning experiments in the

dilute and the semidilute regime has been attributed to the

nonideality of the high concentration polymer solutions

(28,33). In contrast to neutral PEGs, the dynamics of the

entry and exit of charged polymers with respect to the pore

can be substantially altered by applying an external electric

field, thus changing the balance between the forces driving

polymers into the pore and the forces driving them out (34).

How these competing forces act when a charged peptide is

transported through a b-barrel protein pore is not yet

clarified.

Here, we examine the partitioning of synthetic peptides

into the aHL protein pore. Specifically, we probe the ex-

change of cationic alanine-based peptides between the

aqueous phase and the b-barrel, at the single-molecule level.

By designing the peptides with a central lysine residue

within the repeat unit (Ac-(AAKAA)mY-NH2, m¼ 2–7), the

contributions of peptide charge and peptide length to the free

energy barrier for the transport of these a-helical peptides

across the aHL protein pore are explored.

In this work, we find that the association and dissociation

rate constants, and the partitioning data, derived from single-

channel electrical recordings of the aHL pore in the presence

of micromolar concentrations of peptide, are strongly de-

pendent on transmembrane voltage and peptide-length. We

show that the kinetics of partitioning into the aHL protein

pore is affected by two contributions: an increase in event

frequency due to a more intense transmembrane electric

field, and a reduction in event frequency for longer peptides

as a result of an entropic penalty for the translocation across

the nanometer-scale pore. We propose a semiquantitative

model to account for the substantial change in peptide par-

titioning with transmembrane potential and peptide length.

MATERIALS AND METHODS

Peptide synthesis and purification

The peptides used in this work were Ac-(AAKAA)mY-NH2, where m ¼ 2–

7. Peptide 1 (m ¼ 1, HPLC purity ¼ 99.1%,Mw ¼ 640 Da), Peptide 2 (m ¼
2, 99.5%, Mw ¼ 1050 Da), Peptide 3 (m ¼ 3, 98.2%, Mw ¼ 1460 Da),

Peptide 4 (m ¼ 4, 99.5%, Mw ¼ 1870 Da), Peptide 5 (m ¼ 5, 95.3%, Mw ¼
2290 Da), Peptide 6 (m ¼ 6, 95.1%,Mw ¼ 2700 Da), and Peptide 7 (m ¼ 7,

95.0%, Mw ¼ 3110 Da) were synthesized by SynPep Corporation (Dublin,

CA). The peptides were purified by HPLC and analyzed by mass

spectroscopy (SynPep) and capillary electrophoresis (SynPep). To further

confirm the peptide homogeneity, the peptides were analyzed by Tris-

Tricine polyacrylamide gel electrophoresis (35) in a 16.5% resolving gel,

with a 4% stacking gel (Bio-Rad Laboratories, Hercules, CA). The peptides

appeared as discrete narrow bands with only slightly increased broadening

with increasing molecular mass.

Circular dichroism of the peptides

CD spectra were recorded on an Aviv 62DS circular dichroism spectro-

polarimeter (Lakewood, NJ) equipped with a temperature control unit.

Quartz cuvettes with a 10-mm-path length were employed. To correlate the

CD results with the planar bilayer recordings, the peptides were diluted into 2

M KCl, 10 mM potassium phosphate, pH 7.5, at an amide bond concentration

of 0.25 mM. The spectra were corrected by subtracting the spectrum of the

buffer alone. The mean molar residue ellipticity, at 222 nm ([u]222), was

recorded in the range 0–95 �C, with steps of 2�C. Stock peptide concentrations
were determined by measuring tyrosine absorbance in 10 mM potassium

phosphate-buffered water (pH 7.5) (36). The observed mean residue ellip-

ticity, [u]obs, was converted to fractional helicity fH for each of the peptides:

fH ¼ ½u�obs � ½u�C
½u�

H
� ½u�

C

: (1)

In Eq. 1, the symbols [u]H and [u]C are the [u] values, in deg cm
2 dmol�1,

for the complete helix and the complete coil, respectively (37). They are

defined by the relations (37)

½u�H ¼ �40; 000 1� 3

n

� �
1 100T (2)

and

½u�
C
¼ 1 640� 45T; (3)

where T is the temperature in �C.

Wild-type a-hemolysin pore

Heptameric wild-type aHL was obtained by treating the monomer, purified

from Staphylococcus aureus, with deoxycholate. The heptamer was then

isolated from SDS-polyacrylamide gels as previously described (38,39).

Molecular modeling

The b-barrel structure of the aHL pore was generated with SPOCK 6.3

software (40), with coordinates (17) from the Brookhaven Protein Data Bank

(PDB ID code 7ahl). The models for the structures of the peptides Ac-

(AAKAA)mY-NH2, m ¼ 2–7, were generated by INSIGHT II (Molecular

Simulations, San Diego, CA), via the BioPolymer Builder module. The

SPOCK software was also used to calculate the solvent-accessible volume of

peptides and to measure distances between atoms inside the b-barrel domain

of the pore.

Single-channel recordings with planar
lipid bilayers

Planar lipid bilayers were used for single-channel recordings as described

previously (21,41). Both the cis and trans chambers of the apparatus

contained 2 M KCl, 10 mM Tris�HCl, pH 7.5, with 100 mM EDTA, unless

otherwise stated. A planar lipid bilayer membrane of 1,2-diphytanoyl-sn-
glycerophosphocholine (Avanti Polar Lipids, Alabaster, AL) was formed

across a 70 mm orifice. The transmembrane potential was applied through

Entry, Binding, and Exit of a Peptide 1031

Biophysical Journal 89(2) 1030–1045



Ag/AgCl electrodes connected to the bath with 1.5% agar bridges (Ultra

Pure DNAGrade, Bio-Rad Laboratories, Hercules, CA) containing 3 M KCl

(Sigma, St. Louis, MO). Measurements were performed at room temperature

(24 6 0.5�C). Protein was added to the cis chamber, which was at ground.

Single-channel currents were recorded by using a patch-clamp amplifier

(Axopatch 200B, Axon Instruments, Foster City, CA) in the whole-cell

mode (b ¼ 1) with a CV-203BU headstage. The signals were lowpass-

filtered at 40 kHz with an eight-pole Bessel filter (Model 900, Frequency

Devices, Haverhill, MA). A Pentium PC equipped with a DigiData 1322A

(Axon Instruments) was used for data acquisition with Clampex 9.2 software

(Axon Instruments) at a sampling rate of 200 kHz. The distributions of

closed (occupied states) and open (unoccupied states) durations were fitted

with sums of exponentials using the maximum likelihood method (42) to

estimate the most probable values of the time constants. To determine the

number of exponentials for the best fit, we applied the log likelihood ratio

(LLR) test, with a confidence level of 0.95, to compare different fitting

models (28,42,43). For display and further manipulation of the single-

channel currents and histograms, we used pCLAMP 9.2 (Axon Instruments)

and Origin 7.0 (Microcal Software, Northampton, MA).

Binding affinities derived from
single-channel recordings

We found that the reciprocal of ton (the mean inter-event interval) is linearly

dependent on the peptide concentration, whereas toff (dwell time from the

histogram of the occupied states) is independent of the peptide concentra-

tion. Thus, a simple bimolecular interaction between peptide and pore can be

assumed. The rate constants for association (kon) were derived from the

slopes of plots of 1/ton versus [pept], where [pept] is the peptide con-

centration in the aqueous phase. The rate constants for dissociation (koff)
were determined by averaging the 1/toff values recorded over an 80–400-

mM concentration range. The equilibrium association constants were then

calculated by using Kf ¼ kon/koff. The partition coefficients (P) for the

peptides between the aqueous phase and the pore lumen were determined

from the equilibrium association constants (Kf) (28). At low occupancies of

the pore by the peptide (28)

P ¼ Kf ½pept��; (4)

where [pept]* is the effective molar concentration of a single peptide inside

the aHL pore, and has the value

½pept�� ¼ 1

NAVVbarrel

ffi 0:166M: (5)

The values NAV and Vbarrel are Avogadro’s number and the internal

volume of the b-barrel, respectively.

RESULTS AND DISCUSSION

Temperature-dependence of peptide structure
in solution

Circular dichroism was used to obtain the helix content of the

alanine-rich peptides as a function of temperature. Lysines

were included because they are positively charged residues

and solubilize the peptides. Alanine has a strong helix

propensity (44). The CD spectra of Ac-(AAKAA)mY-NH2

exhibit two minima (at 208 and 222 nm) and a single

maximum (at 190 nm), which is typical for a-helical pep-

tides. The thermally induced helix-to-coil transition for each

peptide was followed by monitoring the CD signal at 222 nm

(Fig. 1 A). Identical [u]222 curves were obtained for heating

(0–95�C) and cooling (95–0�C). This demonstrates that the

thermally induced helix-coil transition is reversible. The

weak CD signals for the shortest peptides (P1 and P2)

indicate that these molecules are in a random coil

conformation. By contrast, the longest peptides (P6 and

P7) have a high value of [u]222, confirming extensive helix

formation.

The CD spectra were used to calculate the fractional

helicity (fH) according to Eq. 1. The conversion of [u]222 to

fH requires knowledge of the ellipticity of both the complete

coil ([u]C) and the complete helix ([u]H). Both values are

slightly temperature-dependent (Eqs. 2 and 3) (37,44). The

fractional helicity (fH) computed at 24�C increases pro-

gressively with the peptide length (Fig. 1 B). For the longest
peptide that we have used in this work (P7), we found

a fractional helicity of 0.67. This result indicates that P7 has

a helical core of ;24 amino acids (44).

FIGURE 1 Thermally induced unfolding curves for the a-helical alanine-

based peptides Ac-(AAKAA)mY-NH2, m ¼ 1–7, determined by circular

dichroism. (A) Circular dichroism data collected at 222 nm over a

temperature range of 0–95�C; (B) Fractional helicity versus the number

of peptide repeat units calculated for 24�C with the data from A. The

fractional helicity was calculated by a procedure developed previously (37)

for a-helical alanine-rich peptides of varying lengths in water. The buffer

was 2 M KCl, 10 mM potassium phosphate, pH 7.5.

1032 Movileanu et al.

Biophysical Journal 89(2) 1030–1045




























