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Among all -barrel pores, staphylococcal a-hemolysin (0HL), a heptameric transmembrane protein of known
high-resolution crystal structure, features a high stability in planar lipid bilayers under a wide range of harsh
experimental conditions. Here, we employed single-channel electrical recordings and standard protein
engineering to explore the impact of two distant charge reversals within the interior of the S-barrel part of the
pore. The charge reversals were replacements of lysines with aspartic acids. A charge reversal within the
structurally stiff region of the 8 barrel near the pore constriction reduced the open-state current of the pore,
but produced a quiet pore, showing current fluctuation-free channel behavior. In contrast, a charge reversal
on the trans entrance, within the structurally flexible glycine-rich turn of the f barrel, increased the open-
state current and produced gating activity of the pore in the form of large-amplitude and frequent current
fluctuations. Remarkably, cumulative insertion of the two distant charge reversals resulted in a large-amplitude
permanent blockade of the 3 barrel, as judged by both single-channel and macroscopic current measurements.
The results from this work suggest that these distant charge reversals are energetically coupled, producing
different impacts on the ionic transport, the unitary conductance and the open-state probability of the pore.

1. Introduction

[-Barrel membrane proteins, which exhibit numerous biologi-
cal functions, are found in the outer membranes of mitochondria,
chloroplasts, and Gram-negative bacteria.! These proteins show
an unusually high thermostability because of the array of
backbone hydrogen bonds between adjacent antiparallel S
strands. For example, given that a single hydrogen bond
contributes ~0.5 kcal/mol/residue,> then even for a small
p-strand-rich protein with 100 residues, the free energy of
stabilization is ~50 kcal/mol. There is an unprecedented interest
in the exploration of structure—function relationships of 3-barrel
pore-forming toxins (3-PFT),>* which form well-defined mul-
timeric proteins in lipid bilayers. Among all members of the
B-PFT family, the staphylococcal o-hemolysin (cHL)’ exhibits
the most robustness under various conditions of experimentation
and therefore has been employed extensively in single-molecule
stochastic sensing of polypeptides®™!* and neutral polymers.'4~2

The oHL protein forms a mushroom-shaped heptameric
transmembrane (TM) pore in planar lipid bilayers (Figure 1A).°
This protein is a highly tractable 3-barrel-type pore because of
the following unique combination of attributes: (i) the avail-
ability of its high-resolution structure,’ (ii) its ease of genetic
engineering,'8 (iii) its large single-channel conductance,'* which
facilitates high time-resolution single-channel electrical record-
ings, (iv) its high thermal stability,?! and (v) the pore remains
open indefinitely under a wide range of experimental conditions,
such as pH,? ionic strength,?*?* temperature,?! transmembrane
potential,”* and osmolytes.!** We hypothesized that this
enhanced stability of the open-state current of the aHL protein
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pore can be altered severely by major electrostatic alterations
of the two distant rings of attractive ion-pair interactions located
on the trans and cis termini of the f barrel (Figure 1A).

The TM domain of the antiparallel S strands of oHL,
protective-antigen of the anthrax toxin (PAsg;), aerolysin, and
bicomponent leukocidin (LukF—LukS) are shown in Figure 1B.
The alignments of the descending (left arrow) and ascending
(right arrow) strands are based upon published crystal structures,
homology, or biochemical data.>?*?” oHL is the only TM protein
pore that contains an attractive ion-pair interaction within its
highly flexible glycine-rich S-barrel turn (the ion-pair residues
are boxed, Figure 1B). This ion pair is formed between Lys131
and Aspl27 of each of the seven subunits (Figure 1C).
Moreover, the oHL protein pore features a second ion-pair
interaction, between Glul11 and Lys147 in each subunit of the
heptamer, near the cis end of the §§ barrel (Figure 1C). The latter
attractive ion-pair interaction is located in a much more rigid
region of the f barrel.’ In this part of the pore, the lumen
narrows to form a well-defined constriction with a diameter of
~14 A (Figure 1A).

One way to produce major alterations in the pore electrostatics
is to introduce charge reversals of the charged residues. By
reversing the charge from positive to negative, a single K — D
charge reversal introduces 14 negative charges within the pore
lumen of the heptameric oHL protein. Moreover, a single charge
reversal in each monomer (e.g., substituting Lys by Asp) induces
a repulsive interaction between negatively charged side chains.

In this paper, we employed single-site mutagenesis and single-
channel electrical recordings to comprehensively examine the
impact of charge reversals within the pore lumen on the
enhanced stability of the open-state current of the aHL pore.
The charge reversals were replacements of lysines with aspartic
acids. We found that a charge-reversal aHL mutation that
disrupts ion-pair interactions on the cis end of the S barrel
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Figure 1. The distant electrostatic ion-pair interactions within the lumen of the S-barrel part of the aHL protein pore. (A) Surface of a sectional
view of the oHL protein pore showing the trans opening of the pore and the constriction region. This cartoon was generated using the coordinates
from the crystal structure of the aHL protein pore.’ (B) Primary sequence alignments of the TM f3 strands of aHL, protective-antigen of the anthrax
toxin (PAg;3), aerolysin, and leukocidin. LukF and LukS are representatives for class F and class S of leukocidin, a bicomponent -PFT, respectively.
Amino acids involved in the long-range ion-pair interaction in the 8 turn of the oHL protein, D127 and K131, are boxed. (C) A single subunit
showing the locations of the distant ion-pair interactions. In the restriction region, E111 forms a short-range ion-pair interaction with K147, whose
N—O lengths are 4.1 and 2.8 A, respectively. On the trans entrance of the aHL pore, which contains very short -barrel turns, D127 forms a
long-range ion-pair interaction with K131, whose N—O lengths are 7.5 and 6.9 A, respectively.

(Figure 1A) produced a quiet single-channel electrical signature
with reduced single-channel conductance. The term “quiet,”
which is used throughout this paper, means a protein channel
that has a uniform unitary conductance and that lacks single-
channel current fluctuations. In contrast, a charge-reversal cHL
mutation, which disrupts an ion-pair interaction on the solvent-
exposed trans end of the 5 barrel, produced sustained gating
activity in the pore. This latter engineered ocHL protein pore
showed large-amplitude and frequent current fluctuations.
Remarkably, the combination of the two charge-reversal ocHL
mutations caused the irreversible collapse of the [ barrel.
Collectively, our findings suggest that these major electrostatic
alterations within the pore lumen of a 3-barrel protein pore are
energetically coupled.

2. Experimental Methods

2.1. Mutagenesis of the o HL. Protein. The K131D;, K147D,
and K131D,/K147D; mutants were made from the aHL gene
in the plasmid that was synthetically constructed to produce
unique restriction sites (tHL-RL3). Details of the construction
of these mutants are published elsewhere.?®?° Briefly, K131D
and K147D were constructed by polymerase chain reaction
(PCR)-based recombination as previously described.** K131D/
K147D was constructed by cassette mutagenesis.'® To construct
the K131N/K147D mutant, o-HL-RL3 plasmid containing the
K131D/K147D mutant was digested with BsiWI and Stul
enzymes. The short fragment released from this digestion was
synthesized except that it has the K131N mutation. This was



8752 J. Phys. Chem. B, Vol. 114, No. 26, 2010

made by annealing two primers: 5’- GTA CGG ATT CAA CGG
TAA TGT TAC TGG TGA TGA TAC AGG AAA CAT TGG
AGG-3’, and 5"-CCT CCA ATG TTT CCT GTA TCA TCA
CCA GTA ACA TTA CCG TTG AAT CC-3'. Thereafter, the
short fragment was ligated to the aforementioned plasmid.

To generate a WT-oHL-D8 gene, we performed inverse
PCR? on the pT-7 plasmid that contained the WT-oHL gene
by utilizing the following two primers: inverse PCR primer 1:
5’-GTC ATC GTC ATC GTC ATC GTC ATC ATT TGT CAT
TCC TTC-3’, and inverse PCR primer 2: 5-TAA TGT AAA
TTA TTT GTA CAC CAT GTA CAA ATA AAT ATA-3'.
Inverse PCR primer 1 product removed the stop codon from
the gene and added the DNA fragment encoding eight aspartic
acid residues (those that are underlined in the primer sequence).
Inverse PCR 2 primer product brought in a new stop codon
(those that are in bold in the primer sequence). The unmarked
sequences in inverse PCR primers 1 and 2 are part of the aHL
gene and plasmid DNA, respectively. The linearized PCR
product was self-ligated, and the final plasmid has the DNA
code for eight aspartic acids followed by the stop codon. The
insertion of the DNA code for eight aspartic acids residues was
identified by DNA sequencing of the entire gene.

2.2. Expression and Purification of the Engineered o HL
Protein Pores. The engineered oHL proteins were synthesized
and assembled in vitro by coupled transcription and translation
(IVTT) in the presence of rabbit erythrocyte cell membranes,
as previously described.!”!82! Briefly, the [*S]methionine-
labeled polypeptides were purified on an 8% SDS-polyacryla-
mide gel. The dried gel was autoradiographed, and the bands
corresponding to each aHL protein pore were excised and
rehydrated in 500 uL of Milli-Q water. Gel fragments were
removed with a spin filter and the resulting filtrate was stored
frozen in 50 uL aliquots at —80 °C.

2.3. Electrical Recordings on Planar Lipid Bilayers. Electri-
cal recordings were carried out with planar bilayer lipid
membranes (BLMs).*>* The cis and trans chambers (1 mL each)
of the apparatus were separated by a 25 um-thick Teflon septum
(Goodfellow Corporation, Malvern, PA). An aperture in the
septum of ~80 um in diameter was pretreated with hexadecane
(Sigma-Aldrich, St. Louis, MO) dissolved in highly purified
n-heptane (Burdick and Jackson, Allied Signal Inc., Muskegon,
MI) at a concentration of 10% (v/v). A 1,2 diphytanoyl-sn-
glycero-phosphatidylcholine (Avanti Polar Lipids, Alabaster,
AL) bilayer was formed across the aperture. The aHL pores
were introduced by adding gel-purified homoheptamers (0.5—2.0
uL) 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 Instru-
ments, Foster City, CA) connected to Ag/AgCl electrodes
through agarose bridges. The cis chamber was grounded so that
a positive current (upward deflection) represents positive charge
moving from the trans to cis side. An Optiplex Pentium PC
(Dell Computers, Austin, TX) was equipped with a DigiData
1322A A/D converter (Axon) for data acquisition. The signal
was low-pass filtered with an eight-pole Bessel filter (Model
900; Frequency Devices, Ottawa, IL) at a frequency of 10 kHz
and sampled at 100 kHz, unless otherwise stated. For data
acquisition and analysis, we used the pClamp9.2 software
package (Axon).

2.4. Determination of the Reverse Potential. To determine
the ionic selectivity of the oHL protein pores, a single aHL
protein pore was reconstituted into a planar lipid bilayer in
symmetrical solutions of 200 mM KCIl, 10 mM potassium
phosphate, pH 7.4. After channel reconstitution, the cis chamber
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was offset to 1 M KCl, 10 mM potassium phosphate, pH 7.4.
The single-channel current was then recorded versus the
transmembrane potential in order to determine the reverse
potential (V,). The reverse potential, V;, was the transmembrane
potential corresponding to a zero single-channel current recorded
in asymmetrical conditions.

3. Results

3.1. Charge-Reversal Mutations That Alter the Ion-Pair
Interactions within the # Barrel. Many interactions might lead
to aHL stability; salt bridges, hydrogen bonds, and van der
Waals contacts do exist in each subunit.’ Stabilizing or
destabilizing electrostatic forces may be formed between pairs
of oppositely charged residues and can result in salt bridges ("4
A in distance, strong ion-pair interactions) and long-range
interactions (>4 A in distance, weak ion-pair interactions).>*
El111 and K147 form a strong inter- and intrasubunit ion-pair
interaction within the pore lumen. E111 and K147 form ion
pair interactions with N—O distances of ~2.8 and ~4.1 A in
the same subunit. Further, K147 of chain A forms a strong ion
pair with E111 of chain B (distance d = 3.5 A). The same
situation also occurs within the flexible glycine-rich region of
the pore. D127 and K131 coparticipate in long-range electro-
static interactions, with N—O distances of 7.5 and 6.9 A in the
same subunit (Figure 1C). However, a strong intersubunit ion
pair interaction occurs between K131 of chain A and D128 of
chain B (distance d = 3.1 A). Taking into consideration the
7-fold symmetry of the pore complex, we conclude that there
is an array of inter- and intrasubunit ion-pair interactions at the
entrance and exit of the barrel.”> Among -PFT proteins, oHL
is the only TM protein pore that contains an attractive ion-pair
interaction within its highly flexible glycine-rich 3-barrel turn
(the ion-pair residues are boxed, Figure 1B).> It is worth
mentioning that this region of the pore is highly exposed to
solvent, so that the D127—K131 long-range electrostatic interac-
tion is partly screened by the ions present in the aqueous phase.

We employed single-site mutagenesis combined with single-
channel and macroscopic current recordings to explore the
impact of two distant charge reversals of lysine residues on the
enhanced open-state probability of the oHL pore. We con-
structed otHL protein pores where the electrostatic attractions
within strategic sites of the /3 barrel were replaced with repulsive
interactions. This was achieved by substituting the lysines in
positions 131 and 147 with aspartic acids; because of the
heptameric oligomerization of the aHL protein pore, the
engineered tHL protein pores were denoted by K131D; and
K147D; for single mutants, and K131D-/K147D; for the double
mutant. Therefore, the K131D;/K147D; protein pore lacks all
native ion-pair interactions at the cis and trans ends of the barrel.

We examined the wild-type (WT-oHL) and engineered ocHL
protein pores by single-channel recordings in lipid bilayers in
150 mM KCl, 10 mM phosphate buffer, pH 7.4. At a
transmembrane potential of +80 mV, we observed a stable WT-
oHL pore with unitary conductance of 180 £ 15 pS (n = 4
separate single-channel experiments), but decorated with infre-
quent (f = 0.15 4= 0.13 s™%, n = 3) and very short-lived (7 =
0.73 £ 0.41 ms, n = 3) current spikes (Figure 2A). The unitary
conductance is the value of the x-axis (the current amplitude)
of the peak in the histogram (the right-hand panels in Figure
2). This value corresponds to the most probable state divided
by the applied transmembrane potential. The dwell time and
current amplitude of the current spikes were calculated with
the pClamp 9.2 software (Axon) (see Experimental Methods).
The average dwell time was calculated from fits with either
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Figure 2. Representative single-channel electrical recordings of wild-type and engineered aHL proteins. (A) WT-aHL, (B) K131D, (C) K147D5,
(D) K131D4/K147D-, and (E) K131N+/K147D;. The applied transmembrane potential for traces in panels A—D was +80 mV. Panel E shows a
multichannel current recording at a transmembrane potential of +60 mV. This panel uses a different time scale for the electrical trace because the
K131N-/K147D; pore closes very rapidly, much faster than the K131D7/K147D; pore. Right panels: all-points amplitude histograms of the traces
from A—E are presented. All single-channel current recordings were carried out in 150 mM KCI, 10 mM potassium phosphate, pH 7.4. The
single-channel electrical traces were low-pass Bessel filtered at 1 kHz. O and C denote the open and closed states, respectively. (F) Representative
dwell-time histogram obtained with the K131D; protein pore. The dwell-time distribution is fitted by a two-exponential curve, as determined by a
log LLR test'**% with the time constants 7,= 8.9 & 2.9 ms and 7, = 105.5 & 0.5 ms, and the probabilities P; = 0.91 £ 0.01 and P, = 0.09 &
0.01, respectively. The applied transmembrane potential was +80 mV. (G) The voltage-dependence of the closing probability of wild-type and
engineered aHL protein pores. The closing probability was calculated as the time measured during the closed state divided by the total recording
time. A closing probability of 1 was assigned to the oHL protein pore that did not open at a given applied transmembrane potential.

single- or double-exponential functions. The fits were judged
by log likelihood ratio (LLR) tests to compare the statistical
significance of different models.'**>% It should be noted that
the aHL protein is an open pore. Therefore, the most probable
current state is the open state. In this work, the spikes are defined
as brief closings not openings of the single channel. The K131D;
protein pore, with an increased conductance of 240 % 10 pS (n
= 4), underwent current fluctuations that consisted of short-
lived (To;= 3.5 £ 1.5 ms, n = 3) current blockades with a
frequency f; = 2.8 2.0 s (n = 3), and long-lived (T =
110 % 40 ms, n = 3) and full current blockades with a frequency
=16 £1.0s! (n=3) (Figure 2B).

In contrast, the disruption of the ion pairs at E111-K147
produced a quiet K147D; pore with a decreased unitary
conductance (102 £ 18 pS, n = 5) (Figure 2C). Moreover, a
medium-sized cationic polypeptide, with a length of 23 amino

acids, partitioned into the K147D; protein pore, producing short-
lived current blockades (Supporting Information, Figure S1).
This finding indicates that the K147D; pore is large enough to
accommodate a 23 residue-long peptide into its interior. There-
fore, we judge that its decreased conductance is most likely
not due to protein structural changes.

3.2. Cumulative Impact of Distant Charge Reversals on
the Gating Activity of the Pore. To reveal the cumulative effect
of both charge-reversal mutations, we examined the K131D/
K147D; protein pore under the same conditions as those
presented above. Single-channel recordings that employed this
engineered protein showed a substantially increased duration
of the closed state (seconds to minutes) (Figure 2D). However,
prior to complete closure of the pore, we observed current
fluctuations consisting of short-lived (7o = 2.2 £ 2.0 ms, n
= 3) and long-lived (7,¢, = 1710 & 800 ms, n = 3) current
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TABLE 1: The Ionic Selectivity of the WT-oHL and
Charge Reversal-Containing aHL Pores, and the
Corresponding Single-Channel Conductance (gs)) Recorded
at a Transmembrane Potential of +80 mV

pore permeation ratio Px/Pc gso (pS)*
WT-aHL 0.71 £ 0.05 180 £+ 15
K131D, 0.71 £0.12 240 + 10
K147D, 1.43 +£0.13 102 £ 18
K131D;/K147D4 4.50 +0.97 225+ 10

“The single-channel conductance was recorded in symmetrical
buffer conditions of 150 mM KCI, 10 mM potassium phosphate, pH
7.4.

blockades with the total frequency f = 0.20 & 0.12 s™! (n =
3). The unitary conductance of the K131D;/K147D; pore was
225 + 10 pS (n = 3). Notably, the corresponding electrostatic
ion-pair interactions of these mutations are located far away
from each other, a distance of ~49.5 A,S so a significant
electrostatic interaction between them is unlikely. To test
whether the repulsion between the negative charges in D127,
D128, and mutated D131 is the only mechanism responsible
for this unusual voltage-induced gating of the engineered aHL
protein pore, we also investigated the K131N;/K147D; protein
pore. We found that this engineered aHL protein pore closes
even more rapidly at a transmembrane potential of +80 mV
than the K131D,/K147D; protein pore, thereby ruling out that
the repulsion is the only mechanism for this unexpected rapid
closure of the pore. We were able to reconstitute multichannel
insertions of K131N;/K147D;, and a voltage-induced closure
of multiple pores was observed in a millisecond-time scale
(Figure 2E). This is the reason why the time scale of the
multichannel current trace, presented in Figure 2E, is different
from the time scale of the single-channel electrical traces showed
in Figure 2A—D. Figure 2F shows an example of a representa-
tive dwell time histogram derived from single-channel current
blockades observed with the K131D; protein pore (Figure 2B).
It also shows a corresponding two-exponential curve fit, as
judged by an LLR test.!®336 Consistently, at transmembrane
potentials lower than 100 mV, the WT-aHL, K131D;, and
K131D4/K147D; protein pores exhibited voltage-induced gating
activity only at positive potentials (Figure 2G). This observation
is likely related to the electrostatic forces exerted on the net
negative charges within the antiparallel § strands due to the
applied transmembrane potential.

3.3. Cumulative Impact of Distant Charge Reversals on
the Ion Selectivity of the Pore. We expected that the
implementation of charge reversals on both termini of the 8
barrel will alter ion selectivity and ionic current rectification as
well. Charge reversals, which feature multiple acidic side chains
within the pore lumen, produced major changes of the pore
electrostatics. Therefore, the ion selectivity of the charge
reversal-containing aHL pores was modified. The permeability
ratio Px/Pc; was calculated from the reverse potential (V;) by
applying the Goldman—Hodgkin—Katz (GHK) equation:*’

P_g _ [aC1—]( _ [aC1—]ceer/RT (1)

VrFIRT
Por- [ag1e"™ = lag].

where variable a represents the activity of either chloride or
potassium in either the cis (subscript “c”) or trans (subscript
“t”) chamber. Here, F, R, and T are the Faraday constant, gas
constant, and the absolute temperature, respectively. In Table
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1, we show the ionic selectivity of the WT-oHL and charge
reversal-containing oHL pores, and the corresponding single-
channel conductance (ggo) recorded at a transmembrane potential
of +80 mV. Interestingly, the K131D; pore exhibited a weak
anion selectivity, which was not statistically distinguished from
the WT-otHL pore. One obvious interpretation is that charge
reversals are located near the aqueous phase and away from
the selectivity filter of the pore. In contrast, a charge reversal
on the cis end of the barrel (K147D), near the pore constriction
(Figure 1), altered the selectivity of the protein (Px/Pcy = 1.43
4+ 0.13 (n = 3)). Collectively, both charge reversals, on the
trans and cis ends of the pore, produced a significant modifica-
tion in the ion selectivity of the pore (Px/Pcy = 4.50 &+ 0.97 (n
= 3)). These results demonstrate that the distant charge reversals
within the pore lumen produced a nonadditive impact on both
the open-state current of the pore and its ion selectivity.

3.4. The Charge Reversal-Containing o HL. Protein Pores
Are Heptameric. Monomers were made using IVTT and
assembled into homoheptamers on rabbit red blood cell mem-
branes (see Experimental Methods).3**%%° Figure 3A shows an
autoradiogram of the SDS-PAGE gel, indicating the monomer
and homoheptamer migration of the WT-oHL and engineered
oHL protein pores relative the molecular-weight markers. To
provide supplementary experimental evidence that the engi-
neered protein pores are heptameric, we generated a mixture of
WT-aHL and the mutant subunits to obtain heteroheptamer
protein pores, and then we separated them on an SDS-PAGE
gel. Figure 3B provides an example for the K131D; pore. The
oHL protein pore and its mutants are highly SDS-stable, and
therefore there should be no alteration of the gel mobility due
to SDS.2! To facilitate the separation of heteroheptameric pores
on SDS-PAGE, the WT-aHL subunit was equipped with an
eight aspartic acid-residue tail on the C terminus (D8) (see
Experimental Methods). Heteroheptameric pores, assembled
from a mixture of WT-oHL-D8 and mutant subunits, were
prepared by IVTT of the WT-aHL-D8 and K131D genes
together in the presence of rabbit red blood cell membranes.
The resulting mixture of homoheptameric and heteroheptameric
pores was separated by SDS-PAGE (Figure 3B). When the WT-
oHL-D8 and K131D gene-containing plasmids were present in
a ratio of 1:1, a ladder of heteroheptameric protein pores was
obtained (Figure 3B).

3.5. Increasing the Salt Concentration Stabilizes the Open-
State Current of the Charge Reversal-Containing o HL. Protein
Pores. Interestingly, single-channel electrical recordings per-
formed with charge reversal-containing oHL protein pores,
under conditions of high-salt concentrations, revealed stable
open-state currents (Supporting Information, Figure S2). Even
at the very low applied transmembrane potential of +20 mV,
the highly unstable open-state current of the K131D,/K147D;
protein pore, observed with 150 mM KCl, is fully stabilized by
raising the salt concentration at 1000 mM (Figure 4). These
results suggest that the closing of charge reversal-containing
oHL protein pores is governed by a complex mechanism.
Presumably, an array of biophysical factors contribute to the
single-molecule kinetics of channel closing, such as electro-
osmotic effects, fluidity of the lipid membrane, voltage-induced
undulations of the membrane and so on (Supporting Information,
Figures S2—S6).

3.6. Voltage-Induced Gating of Charge Reversal-Contain-
ing aHL Protein Pores. We also examined the dependence of
the single-channel current fluctuations on the applied trans-
membrane potential. In Figure 5, we show representative single-
channel electrical recordings measured with the WT-otHL and
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Figure 3. WT-aHL and its mutants assemble into homoheptamers.
(A) Monomers were made using IVTT and assembled into homohep-
tamers on rabbit red blood cell membranes (see Experimental
Methods).**3? After the translation and assembly reaction, membranes
were washed with 10 mM MOPS, 15 mM NaCl, 0.1% BSA, pH 7.4
(MBSA) buffer twice and applied to 12% SDS-PAGE electrophoresis.
The panel shows an autoradiogram of the SDS-PAGE gel, indicating
the homoheptamer and monomer migration relative the molecular-
weight markers. (B) Expression and assembly of the K131D; protein
pore. WT-aHL-D8 and K131D were translated in IVTT reaction either
individually or in equal ratio in the presence of red blood cell
membranes.*®*° Heteroheptamers formed by this procedure were
separated on an 8% SDS-polyacrylamide gel. Molecular-weight markers
are indicated on the right-hand side.

charge reversal-containing aHL protein pores at applied trans-
membrane potentials between +20 and +100 mV. The single-
channel electrical recordings were collected under symmetrical
buffer solutions with both sides of the chamber containing 150
mM KCI, 10 mM potassium phosphate, pH 7.4. The WT-oHL
protein pore exhibited a quiet trace at lower transmembrane
potentials (less than +60 mV; Figure 5A,B). At applied
transmembrane potentials greater than +60 mV, the unitary
current was decorated by short-lived current spikes, the fre-
quency of which increased with the potential (Figure 5D,E).
The K131D; pore showed highly frequent, large-amplitude and
short-lived current spikes even at low transmembrane potentials
(<+60 mV, Figure 5B). The dependence of the frequency of
the current spikes on the transmembrane potential was much
sharper than that recorded with the WT-otHL protein pore. In
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Figure 4. The K131D;/K147D; protein pore is stabilized by the
increased concentration of KCI. The buffer solution contained 10 mM
potassium phosphate, pH 7.4. (A) Typical single-channel electrical
traces recorded in buffer solutions containing 150, 450, and 1000 mM
KCI, respectively. The single-channel electrical recordings were
acquired at a transmembrane potential of +20 mV. The right-hand
panels represent all-points amplitude histograms obtained for the single-
channel electrical traces showed on left-side panels. (B) The dependence
of the closing probability on the KCI concentration from the chamber.
The closing probability was calculated as the total closing time of the
pore divided by the total recording time.

accord with the finding presented in Figure 2C, the K147D;
protein pore exhibited no gating activity (Figure 5). The
K131D7/K147D; pore exhibited long-lived current blockades,
in the range of seconds, at a transmembrane potential of +20
mV (Figure 5A), whereas the channel was closed at applied
transmembrane potentials greater than +60 mV (Figure 5D,E).

The sustained gating activity of the open-state current of the
K131D; pore (Figure 2B) and increased close-state probability
of the K131D;/K147D; pore (Figure 2G) were not deemed to
be due to improper assembly of monomers into a heptameric
aHL pore prior to its insertion into the planar lipid bilayer. First,
the assembly was monitored during the protein purification, and
the bands that corresponded to the membrane-assembled charge-
reversal o0HL mutant pores were similar to those of the WT-
aHL pore (Figure 3A). Second, the effect of charge-reversal
mutation was voltage dependent, indicating that the closure of
the channels occurs after the insertion of the fully assembled
aHL pores into the bilayer (Figure 5). Third, the charge reversal-
containing aHL pores reconstituted in low KCI concentration
were open for long periods in high KCI concentration buffer
(Figure 4), suggesting that the current blockades recorded in
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Figure 5. Representative single-channel electrical traces that show voltage-induced gating in the wild-type and engineered aHL protein pores: (A)
+20 mV; (B) +40 mV; (C) +60 mV; (D) +80 mV; and (E) +100 mV. The applied transmembrane potential in the right-hand panel of E was
—100 mV. In the case of the K131D; pore, the channel reopens as soon as the applied transmembrane potential is zero. The closure process is
reversible. In the case of K131D;/K147D;, a transmembrane potential of —100 mV is applied to show that the channel is indeed inserted in the
planar lipid bilayer. However, any application of a positive potential rapidly closes the pore for long periods. The single-channel electrical recordings
were collected under symmetrical buffer solutions on both sides of the chamber containing 150 mM KCI, 10 mM potassium phosphate, pH 7.4. The

single-channel electrical traces were low-pass Bessel filtered at 2 kHz. Dashed and solid arrows denote the application of positive and negative
transmembrane potentials, respectively.

Current (pA)

Figure 2 were not caused by either misfolding or improper current was confirmed by macroscopic (multichannel) current
assembly during the purification steps. The cumulative impact measurements (Figure 6). The macroscopic current traces of
of distant charge reversals on the stability of the open-state K147D; showed a very stable open-state current, even at a
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Figure 6. Macroscopic current recordings for the exploration of the
instability of the open-state current of the engineered atHL protein pores.
For each trace, the macroscopic current was normalized to the value
that corresponded to the initial time r = 0. Current recordings were
carried out at room temperature in 150 mM KCI, 10 mM potassium
phosphate, pH 7.4. The applied transmembrane potential was +140
mV. The traces were low-pass Bessel filtered at 2 kHz.

transmembrane potential of +140 mV (Figure 6). A slow
alteration of the macroscopic current was observed with the
K131D; protein pore, with an apparent first-order closure rate
constant of (13 £ 0.7) x 107* s7! (n = 3), indicating a low
closing probability of this pore. In contrast, a rapid decay of
the macroscopic current was recorded with the K131D7/K147D,
protein pore, with the apparent first-order closure rate constant
(13 £ 1) x 1073 s7! (n = 3), which is 1 order of magnitude
faster than that value measured with the K131D; protein pore.
In Figure 6, multiple, discrete macroscopic current transition
states represent opening (upward transition) and closing (down-
ward transition) of individual protein pores.

4. Discussion

The role of ion-pair interactions is not limited to protein
structural stability****#! and molecular engineering;** they are
also involved in protein—protein interactions® and gating
activity of ion channels.*** Recently, Wang and colleagues
found that an ion-pair interaction plays a critical role in
modulating the gating activity of the GABA¢ receptor.”
Experimental evidence showed that this ion pair is broken in
the open state of the channel, but stabilizes in its closed state.
Voltage-induced gating is an archetype of TM S-barrel protein
pores.* Polar interactions have a critical influence on the channel
gating activity in  barrels.

Here, we employed electrophysiological data to demonstrate
that the replacement of two distant ion-pair attractions by two
ion-pair repulsions produces dramatic alterations in the open-
state current of a robust -barrel protein pore. Moreover, charge
reversals at both termini of the 3-barrel domain have an impact
on the ion selectivity of the pore. Recent experimental and
computational studies provided evidence that ion-pair interac-
tions can be either stabilizing or destabilizing.>**’ Upon the basis
of the above results, we interpret that the ion-pair interactions
near the trans entrance of the pore have a stabilizing effect on
the open-state current. To our knowledge, the presence of an
attractive ion-pair interaction at the terminal of the loop of aHL
pore is unique among studied 3-PFTs. For example, aerolysin
features multiple attractive ion-pair interactions between lysines
and glutamates on adjacent antiparallel 5 strands, but none of
them is located on the loop terminal near the bilayer surface (Figure
1B). Why is aerolysin®® less stable than oHL despite the numerous
strong attractive ion pairs between its adjacent antiparallel
strands? We think that both the position of the ion pair and the
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flexibility of the /3 strand are key players in the stability of the
open-state current of the aHL protein pore. Moreover, the aHL
protein pore uniquely features an array of intersubunit ion-pair
interactions, which might contribute to the unusually high stability
of the open-state current. Certainly, more experimentation and
computation are needed to clarify the differences in stability features
between the aerolysin and oHL protein pores.

Interestingly, both the single-channel recordings and macro-
scopic current measurements with K147D; showed that the
electrical signature is very quiet for long periods, even much
longer than those current recordings obtained with the WT-aHL
pore (Figure 2A,C; Figure 5). This result was surprising, because
E111—K147 is a strong short-range ion-pair interaction. The
K147D mutation, which introduced a net number of 14 negative
charges, only reduced the unitary conductance to a lower level,
likely as an effect of the alteration of pore electrostatics. Since
the single-channel electrical current recorded with K147D; is
stable (Figure 2C; Figure 5), we rule out that a major structural
instability occurs in this mutated pore. One simple interpretation
of the inability of the strong ion repulsions between E111 and
D147 side chains to severely alter the open-state current of the
pore is that the E111—D147 ion pair is located within the very
stiff region of the f barrel.’

In contrast, the double charge-reversal mutation K131D,/
K147D; that disrupts both attractive ion pairs of the f barrel
produces major alterations of the open-state current of the pore,
as revealed by either long-lived or permanent current blockades.
To our knowledge, this cumulative effect of the two distant
charge reversals is unique among examined [3-barrel protein
pores. If the residues at positions 111—147 are not energetically
coupled with those at positions 127—131, then we would expect
that the changes in current fluctuations for the double mutant
K131D7/K147D; to be equal to the sum of the alterations in
current fluctuations of the two single mutants K131D; and
K147D;. The striking effect on the open-state current observed
with the double charge-reversal mutant K131D;/K147D; is not
only a result of the strong ionic repulsions resulting from the
28 negative charges (14 for each single mutant). First, the
charge-reversal mutant K147D; exhibited a uniform gating-free
electrical signature with a reduced unitary conductance, sug-
gesting no major alteration of the open-state current. A double
mutant K131N7/K147D; showed a rapid current block upon the
channel reconstitution at a transmembrane potential of +80 mV,
indicating that the ion repulsions are not the only mechanism
that might drive the channel gating observed with the K131D/
K147D; protein pore. On the basis of our experiments with the
K131N+/K147D; protein pore, it is more than likely that the
highly flexible glycine-rich loop of the /5 strands around D127-
D131 plays a significant role in the gating activity observed
with the double charge-reversal mutant K131D,/K147D.

The results presented in this paper might stimulate future
theoretical and computational studies on the dynamics of channel
gating of the -barrel protein pores. For example, full-atomistic
computational efforts might be useful for estimating the single-
channel current through the charge reversal-containing oHL
protein pores.* Our expectation is that these studies will be
helpful in dissecting complex biophysical phenomena and
distinguishing between structural effects and the electrostatic
impact on the single-channel current. In this way, the simulations
would provide complementary information, in atomic detail, of
the microscopic origin of the current fluctuations, which are
produced by the stochastic motion of the flexible loops and turns
of the 8 barrel.’> Such computational work would resolve other
aspects of the electrical measurements, such as the nature of



8758 J. Phys. Chem. B, Vol. 114, No. 26, 2010

residual current under various experimental conditions, the
alteration of single-channel conductance by well-designed
charge-reversal mutants, as well as the impact of the alterations
of the pore electrostatics on its ion selectivity.® Recently, an
opposite behavior has been observed with an engineered aHL
(7R-0HL).’! We mention two major dissimilarities between the
K131D/K147D; protein pores and the 7R-aHL protein pores:
(1) 7R-oHL has 49 additional arginine residues engineered
throughout the pore lumen, compared with the WT-aHL protein;
the K131D,/K147D; pore has two additional aspartic acid-rings
(14 aspartic acids) at the entrance and the exit of the pore lumen;
and (ii) 7R-oHL pores permanently close at high salt concentra-
tions; the K131D,/K147D; pore closes only at low salt concentra-
tions. It is conceivable that 49 additional arginine residues impact
dramatically the stability of the open-state current even at high salt
concentration, contrasting the results shown in this paper. Our work
also shows that strategic localizations of aspartic acid rings at the
entry and exit of the pore lumen can generate distinct electrical
signatures of the o HL protein.

In summary, we demonstrate that two distant charge reversals
within the lumen of a [3-barrel protein have a distinct impact
on not only ion selectivity and unitary conductance, but also
on the open-state current of the pore. Given the tractability of
p-barrel pores with protein design, electrophysiological, com-
putational, and structural examinations hold promise for the
engineering of stiff protein nanopores as quiet sensor elements
in stochastic single-molecule sensing. For example, the bacterial
outer membrane proteins might be genetically engineered by
implementing stabilizing electrostatic interactions in the extra-
cellular loops and on both termini of the S barrel. This
methodology would also be well-suited for a comprehensive
exploration of the folding and stability of membrane proteins
by detecting targeted regions of the S barrel that are loosely
packed or tightly folded.
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Abbreviations

aHL a-hemolysin protein

a Ionic activity

B-PFT p-barrel pore-forming toxins

BLM Bilayer lipid membrane

g Single-channel ionic conductance

GHK The Goldman—Hodgkin—Katz equa-
tion

IVTT In vitro by coupled transcription and
translation

LLR Log likelihood ratio test

LukF—LukS Bicomponent leukocidin protein

Mohammad and Movileanu

OmpA Outer membrane protein A

PAg; Protective antigen of the anthrax toxin

Pc/Px Permeability ratio of chloride versus
potassium

SDS-PAGE Sodium-dodecylsulphate-polyacryla-
mide gel electrophoresis

™ Transmembrane domain

V. Reverse potential

WT-aHL The wild-type o-hemolysin protein
pore
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