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Introduction

The planar lipid bilayer (PLB) technique is a powerful and ver-
satile approach for investigating the functional properties of
transmembrane channels and pores.[1] Over the last decade,
stochastic sensing, a potentially important means of single
molecule detection, has been developed, based primarily on
single-channel recording in PLBs.[2, 3] For stochastic detection,
the ionic current that passes through an individual protein
pore containing an engineered recognition site, is monitored
in the presence of analytes. By this means, information about
the identity of the analytes, as well as their concentrations, is
gathered.[2, 3]

PLB recording has been used to characterize the functional
properties of a wide variety of proteins, including bacterial
outer membrane porins,[4–8] mammalian plasma membrane ion
channels,[9] mitochondrial proteins[10] and toxins,[11] as well as
engineered and synthetic channels and pores.[12] For those pro-
teins containing an extramembraneous domain as well as a
transmembrane domain, such as staphylococcal a-hemolysin
(aHL) and TolC,[13, 14] direct insertion from solution into the lipid
bilayer is governed by the inability of the extramembraneous
domain to cross the bilayer and therefore is unidirectional.[15]

By comparison, proteins with insubstantial extramembraneous
domains, such as porins and certain ion channels, can incorpo-
rate into the lipid bilayer in both orientations.[16–18]

Knowledge of the absolute orientation of a transmembrane
channel or pore is important for studying the mechanism of
gating, interactions with ligands and physiological function.[6, 16]

Information on orientation is also important for drug screen-
ing.[19, 20] For example, drug delivery strategies depend on
whether a therapeutic agent exerts its function from the extra-
cellular or intracellular side of a membrane. In addition, when

aHL is used as a stochastic sensor, the direction from which
the analyte or the adapter molecule b-cyclodextrin (bCD)
enters the pore lumen affects the way in which the electrical
current is modulated.[21, 22]

Outer membrane protein G (OmpG) is a monomeric porin
from Escherichia coli.[23–25] It is a 14-stranded b-barrel, with long
loops at the extracellular end and short turns facing the peri-
plasm.[26–28] Because OmpG is a monomer, it is an attractiveACHTUNGTRENNUNGalternative to the heptameric aHL pore for engineering as a
stochastic sensor.[2] However, wild-type (WT) OmpG exhibits
spontaneous gating activity which would interfere with a
signal arising from analyte binding. Recently, a mutant form of
OmpG, qOmpG, was obtained by using mutagenesis guided
by molecular dynamics calculations to eliminate 95 % of the
spontaneous gating.[29] qOmpG equipped with a molecular
adapter, heptakis-(6-deoxy-6-amino)-b-cyclodextrin (am7bCD),
was used for the detection of adenosine 5’-diphosphate
(ADP).[29] The determination of the absolute orientation of the
OmpG pore in planar lipid bilayers is necessary to advance its
development as a biosensor.

In previous work, we have shown that a disulfide bond lo-
cated in the extracellular loops of an OmpG mutant, OmpG S�
S, acts as a molecular switch and controls the gating behavior
of the pore (Figure 1);[29] cleavage of the disulfide bond with
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DTT increases the gating activity. In the present study, we used
this feature to determine the absolute orientation of OmpG in
a planar lipid bilayer. First, we established a rule to distinguish
the two different orientations of OmpG pores according to
their asymmetric responses to positive and negative applied
potentials. Second, by comparing the response of OmpG S�S
pores to DTT presented from either the cis or the trans side of
the lipid bilayer, we were able to determine the absolute orien-
tation of individual pores. With this knowledge, we investigat-
ed the interactions between the qOmpG pore and the molecu-
lar adapter am7bCD presented from either the extracellular or
periplasmic entrances.

Results and Discussion

Asymmetric gating patterns and conductance values of
wild-type OmpG

The properties of WT OmpG pores were studied by single-
channel current recording. In a planar bilayer, WT OmpG exhib-
its spontaneous gating at both positive and negative poten-
tials (Figure 2). The gating probability, Pgating, is defined as the
time a channel spends in closed or partially closed states divid-
ed by the total recording time. The records at positive and
negative potentials differ in their gating patterns, and in the
example shown (Figure 2) the traces from negative potentials
showed both more gating spikes and higher Pgating values
(Figure 2). Increases in the applied potential enhance the
asymmetry of the gating behavior (Figure 2). For a given pair
of positive and negative applied potentials, we define the
trace with lower Pgating value as the quiet trace (Q-trace) and
the other trace as the noisy trace (N-trace). In the example
(Figure 2), the Q-trace occurs at all positive potentials except
for +25 mV, a potential below which OmpG pores exhibit very
weak asymmetry in their gating. However, Q-traces were seen
at negative potentials with other OmpG pores (Figure S1 in

the Supporting Information). In these cases, we surmise that
the OmpG protein inserted into the lipid bilayer in the oppo-
site direction to that displayed here (Figure 2). We name the
orientation of OmpG pores showing a Q-trace at positive po-
tential and a N-trace at negative potential Q+/N� ; the opposite
orientation is Q�/N+ . The ratio of Q�/N+ to Q+/N� pores was
6:4 (n = 30), indicating that the insertion of OmpG pores into
planar lipid bilayers under our experimental condition (DPhPC
bilayer at an applied potential of +200 mV) is bidirectional,
with little preference for either orientation.

In addition to the asymmetric gating pattern, the unitary
conductance values of the OmpG pore at positive and nega-
tive potentials also differ. The currents at negative potentials
are larger than those at positive potentials for a Q+/N� pore
(Figure 2), with a more obvious difference at higher potentials
(Figure 2). For Q�/N+ pores, the higher conductance values

Figure 1. Structure of OmpG G230C/D262C. The model of OmpG G230C/
D262C was created in Pymol based on the structure of OmpG in an open
conformation (PDB ID: 2IWV). Cys230 and Cys262 are highlighted as sticks
and balls. The large loops in yellow are located at the extracellular entrance
to the pore, while the short turns face the periplasm.

Figure 2. Single channel recordings from WT OmpG. Current traces (1 s)
from a typical WT OmpG pore at various applied potentials. The buffer was
10 mm Tris HCl, pH 8.5, 1 m KCl. The Pgating values are the time a pore resides
in a closed (zero current) or partially closed state (current smaller than that
of the fully open state) divided by the total recording time. The pore exhib-
its an asymmetric gating pattern. As indicated by the Pgating values, the
gating activity at a negative potential is higher than that at a positive one.
The differences between the two traces are enlarged at high potentials; the
positive currents become quieter, while the negative currents become noisi-
er.
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occur at positive potentials (Figure S1). In other words, N-
traces always exhibit higher conductance values when com-
pared with the Q-trace at the opposite potential (Figure 4 A).
Thus, the relative orientation (Q+/N� or Q�/N+) of a pore can
be confirmed by comparing the gating pattern with the uni-
tary conductance values at positive and negative potentials.

Asymmetric gating patterns and conductance values of
OmpG S�S and SH�SH

As previously demonstrated, the mutant OmpG S�S showed
less gating activity at �50 mV compared to WT OmpG. For ex-
ample, in a typical case, the Pgating values were 0.042 and 0.017
at �50 mV and +50 mV, respectively (Figure 3 A).[29] After the

disulfide bond was cleaved by DTT, the gating activity of the
mutant (now called OmpG SH�SH) increased (Figure 3 B). The
reduced pore exhibits a gating pattern similar to WT OmpG.
The Pgating values of a typical OmpG SH�SH pore were 0.104
and 0.050 at �50 mV and +50 mV, respectively. Besides the dif-
ferences in the Pgating values, the gating events of the Q-traces
in S�S and SH�SH differ significantly in the amplitudes of the
current blockades (Figure 3 C). The event amplitude histograms
reveal that the gating events of S�S are located in a lower
range than those of SH�SH. In S�S, the major peak appeared
at ~14 pA at +50 mV and ~25 pA at +125 mV. By contrast, in
SH�SH, the major peak appeared at ~28 pA at +50 mV and
~55 pA at +125 mV (Figure 3 C).

Figure 3. Single channel recordings from OmpG S�S and SH�SH. Typical ex-
amples of Q-traces (1 s) for each mutant at various applied potentials in the
Q+/N� orientation are displayed. Each chamber contained 10 mm Tris HCl,
pH 8.5, 1 m KCl in the absence (A) S�S) or presence (B) SH�SH) of 10 mm

DTT. To obtain SH�SH, OmpG S�S was incubated with 20 mm DTT for
30 min in 50 mm Tris HCl, pH 8.5, 0.004 % DDM before addition to the cham-
ber. C) Comparison of the event amplitude histograms derived from the Q-
traces of S�S and SH�SH. The applied potentials were +50 mV (left) and
+125 mV (right). P: probability.

Figure 4. I–V curves of the Q- and N-traces of OmpG proteins. Current–volt-
age relationships of Q-traces (c) and N-traces (a) are shown. The buf ACHTUNGTRENNUNGfer
used was 10 mm Tris HCl, pH 8.5, 1 m KCl. The data represent the mean
values from three independent pores. The bars show the standard devia-
tions.
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Like WT OmpG, the N-traces
of mutants S�S and SH�SH were
associated with higher unitary
conductance values than those
of the Q-traces (Figures 4 B, C).
Also, increasing the applied volt-
age enhanced the asymmetry of
the pore gating. These data indi-
cate that the mutations did not
change the overall pattern of
asymmetrical behavior of the
OmpG pore.

Determination of the orienta-
tion of OmpG S�S by its re-
sponse to DTT added from
either the cis or trans side of
the bilayer

In all experiments, OmpG pro-
tein was added to the cis cham-
ber. The insertion of a single
OmpG pore can occur in two dif-
ferent ways: 1) The periplasmic
turns pass through the bilayer,
leaving the extracellular loops lo-
cated at the cis surface and the
protein in the “cis” orientation;
2) The extracellular loops pass
through the bilayer and end up
at the trans surface, with the
protein in the “trans” orientation
(Figure 5 A). In the case of OmpG
S�S, the disulfide bond of the
cis orientation will be readily
cleaved by the addition of DTT
to the cis chamber. However, to
cleave the disulfide bond of the
trans orientation, cis DTT must
pass through the pore or the bi-
layer. This eventuality was ruled
out by adding DTT to one cham-
ber and H2O2 to the other, be-
cause DTT that crossed the bilay-
er was destroyed in the oppos-
ing chamber.

The cleavage of the disulfide bond in OmpG S�S alters the
gating pattern (Figure 3). Taking advantage of this, the proxim-
ity of the disulfide bond in OmpG S�S to the bilayer surface
was examined by adding DTT or H2O2 to the chambers, select-
ed as described below. Each pore was recorded for 5 min at
both positive and negative potentials to determine its relative
orientation (Q+/N� or Q�/N+) before the addition of the re-
agents. After stirring the reagents in both chambers, the cur-
rent recording was started immediately at the voltage that ex-
hibited the Q-trace, because the difference in gating between
S�S and SH�SH is more obvious in the Q-traces (Figure 3).

OmpG often closes at high potentials (>100 mV);[24, 30] there-
fore, �50 mV were applied throughout the assay to avoid clo-
sure of the pore. For a typical Q+/N� pore, the addition of DTT
to the cis chamber and H2O2 to the trans chamber altered the
gating behavior of the pore; Pgating increased from a value of
0.013 to 0.055. Moreover, the amplitudes of the gating events
shifted to a higher value (Figure 5 B). The changes in Pgating and
the events amplitude distribution indicate that DTT had
cleaved the disulfide bond and the S�S pore had converted to
a SH�SH pore. Importantly, this result also suggests that the di-
sulfide bond of the Q+/N� pore was located in the cis chamber

Figure 5. Location of the disulfide bond in the S�S pore. A) The orientation of the OmpG S�S pore. Left : the ori-
entation of OmpG S�S defined as cis. The extracellular aspect of the protein is located in the cis chamber. Right:
the trans orientation of OmpG S�S. The extracellular aspect of the protein is located in the trans chamber. (B, C,
D, E) the effect of DTT and H2O2 on the gating behavior of the pores. Each chamber of the recording apparatus
was filled with 10 mm Tris HCl, pH 8.5, 1 m KCl. OmpG S�S was added to the cis chamber which was grounded.
After a single S�S pore had inserted, the current was recorded at �50 mV for 5 min. The potential was switched
to 0 mV, and 2.0 m DTT (10 mL) and 30 % (v/v) H2O2 (10 mL) were added to the chambers (1 mL/chamber) as indi-
cated. Both chambers were immediately stirred for 10 s and the potential was switched back to +50 mV or
�50 mV depending on which potential gave the Q-trace. Left : The Q-trace of the current recording (1 s) of a
single S�S pore. The relative orientation of each pore (Q+/N� or Q�/N+) is indicated. Middle: current recording
(1 s) after the reagents were added to the pore shown to the left. The chambers to which the reagents were
added is indicated above the arrows. The Pgating values of the Q-trace before and after the reagents were added
are also shown. Right: the events amplitude histogram before and after the addition of reagents. Before: before
the reagents; After : after the reagents. P: probability.
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in this experiment. For a different Q+/N� pore, the addition of
DTT to the trans chamber caused only a slight increase in Pgating

(Figure 5 C). In this case, the events amplitude distribution did
not change after the addition of the reagents, suggesting that
the disulfide bond remained intact (Figure 5 C). Therefore, in
the case of the Q+/N� pore, we deduce that the disulfide
bond is exposed in the cis chamber. By contrast, with Q�/N+

pores, the addition of DTT to the cis chamber had no effect
(Figure 5 D), while DTT in the trans chamber changed the quiet
pore into a noisier pore with high-amplitude gating events
(Figure 5 E). We deduce that the disulfide bond of the Q�/N+

pores is exposed in the trans chamber. In summary, the extra-
cellular loops of Q+/N� pores are located in the cis chamber,
and for Q�/N+ pores they are in the trans chamber.

Binding of am7bCD to qOmpG from the extracellular and
periplasmic entrances

In stochastic sensing, molecular adapters can be used to pro-
vide binding sites for guest analytes. We have developed previ-
ously an OmpG pore engineered for reduced gating activity,
the “quiet” OmpG (qOmpG) pore, which is the OmpG S�S
mutant with an additional Asp215 deletion.[29] Since the asym-
metry in the gating pattern and unitary conductance values is
also preserved in this pore (Figure S2), the orientation of
qOmpG pores can be deduced according to the orientation
rule revealed earlier and then used to investigate the interac-
tion of an adapter with respect to the sidedness of addition.

First, we examined qOmpG exposed to am7bCD from the
periplasmic side (Figure 6 A). As a typical example, here we
show a Q�/N+ pore (trans orientation). The current was record-
ed to display the background gating (Figure 6 B, top). Am7bCD
was then added to the cis chamber. At a potential of �50 mV,
am7bCD caused transient current blockades that were visible
on top of the gating events (Figure 6 B, top). Event distribution
plots revealed that the am7bCD binding events comprise a
single population featuring an ~80 % current block (Figure 6 C,
top), suggesting that there is only one binding site for am7bCD
in the qOmpG pore. Dwell time histograms of the am7bCD
events could be fitted with single exponential functions that
yielded a mean dwell time of 0.24�0.06 (n = 3) ms. The back-
ground gating events are mostly located in a region of the
event distribution plot with a dwell time of <0.1 ms and a cur-
rent block of <40 %. A more negative potential stimulates the
occurrence of the am7bCD binding events (the population
with 80 % current block) (Figure 6 D, left). Furthermore, the
mean dwell time of am7bCD in the qOmpG pore shows anACHTUNGTRENNUNGexponential increase with increasing voltage as expected (Fig-
ure 6 E).[31]

In separate experiments, we studied the binding of am7bCD
to qOmpG from the extracellular side. As an example, a Q+/N�

pore in the cis orientation is shown (Figure 6 A, bottom). After
recording the background gating, am7bCD was added to the
cis chamber and a potential of �50 mV was applied, which
produced numerous transient current blockades (Figure 6 B,
bottom). Event distribution plots show that the new events are
of low amplitude (<50 % block) and mostly scattered around

the zone with short dwell times (<0.1 ms; Figure 6 C, bottom).
These events do not form a single defined population suggest-
ing that at moderate potentials qOmpG provides multiple
weak binding sites for am7bCD entering through the extracel-
lular end of the pore. At high applied potentials (>75 mV), a
new population featuring a 95 % current block becomes equal-
ly dominant (Figure 6 D, right). The mean dwell time of this
population increases slowly with the applied potential (Fig-
ure 6 E). The population of events with the characteristic 80 %
current block seen when am7bCD binds from the periplasmic
side does not appear when am7bCD is presented to the extra-
cellular side of OmpG. This suggests that am7bCD delivered
from the periplasmic side of the qOmpG pore does not bind at
the same site as am7bCD delivered from the extracellular side.

Conclusions

We have shown that the gating behavior and conductance of
the OmpG pore are asymmetric with respect to the applied
potential. Further, the absolute orientation of individual pores
can be established from the sidedness of the response of an
extracellular disulfide bond to the reducing agent DTT. By
using these means, the connection between the electrical
asymmetry and the orientation of OmpG has been firmly es-
tablished. Based on this work, electrical measurements alone
can now be used to determine the orientation of the OmpG
pore.

The OmpG pore is inserted into planar bilayers by detergent
dilution, an approach we and others have used with several
proteins over many years.[24, 25, 32, 33] Correctly folded OmpG in n-
dodecyl b-d-maltoside (DDM) or n-octyl b-d-glucopyranoside
(OG) at above the critical micelle concentration is diluted into
the cis chamber of the bilayer apparatus. The subsequent in-
sertion is desirably inefficient; after all, the approach has been
developed for single-channel recording. Consequently, the
mechanism by which OmpG inserts into lipid bilayers after de-
tergent dilution remains unclear. Presumably, the protein re-
tains a ring of detergent that dissociates during insertion, be-
coming sufficiently diluted that the bilayer is not perturbed.
Considering the asymmetric structure of OmpG, it is surprising
that it inserts into the lipid bilayer with little preference for
a particular orientation. In particular, when the pore adopts
the trans orientation, the extracellular loops must penetrate
through the bilayer. Since the extracellular loops contain 21
negatively and four positively charged residues in total (Fig-
ure S3), such a process is energetically unfavourable. By con-
trast, insertion of the trimeric maltoporin was reported to be
largely unidirectional, with 95 % of the pores inserting into the
lipid bilayer with their short turns first.[18] In the structure of
the trimeric maltoporin from E. coli (PDB ID: 1MAL), three ex-
tracellular loops (L1, L3 and L5) from each monomer are folded
inside the barrel lumen, while the additional five loops areACHTUNGTRENNUNGexposed to the extracellular environment.[34] These five loops
carry ~29 charges (~20 negative and ~9 positive). As a result,
a trimer has ~87 charged residues at the extracellular end of
the barrel. Thus, the difference in the distribution of orienta-
tions between maltoporin and OmpG may be due to the
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Figure 6. Interactions of qOmpG with am7bCD applied from the periplasmic or the extracellular side. A) Cartoon representation of am7bCD approaching the
qOmpG pore from the periplasmic side (top) or the extracellular side (bottom). B) Current recording of a single qOmpG pore in the trans (top) or cis (bottom)
orientation in the absence (background) and presence (+am7bCD) of am7bCD. The buffer was 10 mm Tris HCl, pH 8.5, 1 m KCl. The applied potential was
�50 mV. Am7bCD was added to the cis chamber to a final concentration of 0.5 mm. Signals were processed at 10 kHz with a Bessel filter and acquired at a
sampling rate of 50 kHz. For display, the traces were filtered with a 2 kHz Gaussian filter. Top: periplasmic binding; bottom: extracellular binding. C) Event dis-
tribution plots corresponding to traces in (B). The distribution of gating events for 100 s of recording is plotted according to the event amplitudes and dwell
times. The density of events is indicated by the color code. D) Event distribution plots from traces in the presence of am7bCD at increasing applied potentials.
Because of the drastically increased number of events at high voltages, the color code was adjusted for the events arising from extracellular addition to opti-
mally reveal the distribution patterns. E) Effect of the applied potential on the mean dwell time. Dashed line: am7bCD binding from the periplasmic side. The
dwell time histograms for the 80 %-blockade events at various applied potentials were fitted with single exponential functions and the mean dwell times
were derived. The mean dwell times were plotted against the applied potential and the plot fitted to a single exponential function. Solid line: am7bCD bind-
ing from the extracellular side. The dwell time histograms for the 95 %-blockade events were fitted with single exponential functions and the mean dwell
times derived. The bars indicate the standard deviations from three independent measurements. t : dwell time.
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greater number of charged residues on the extracellular loops
of the trimer as compared to the monomer. Nevertheless,
questions remain concerning the means by which the charged
loops of OmpG penetrate spontaneously into the lipid bilayer.
Several molecule dynamics (MD) simulations provide some
clues about this issue. A coarse grain model of a hydrophobic
hollow tube with two hydrophilic termini was constructed as a
representation of a transmembrane pore.[35, 36] The simulations
show that the model pore can spontaneously insert into a 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) lipid bilayer.
Most interestingly, two lipid molecules from the leaflet on
which the pore docks form salt bridges with a hydrophilic end
of the pore and assist its crossing of the bilayer. Therefore, we
speculate that the lipids and/or ions from solution might beACHTUNGTRENNUNGinvolved in shielding the charges of the extracellular loops of
OmpG and thereby aid penetration through the bilayer.

In contrast with the present study, we have also found that
OmpG pores always insert with the short periplasmic turns first
into lipid bilayers formed between aqueous droplets in oil.[30]

Further, this unidirectional insertion is independent of the
charge on the head-group of the bilayer.[30] Therefore, we pro-
pose that the physical properties of the bilayer, for example,
bilayer elasticity, play a more important role than the chemical
constitution of the lipids in determining the direction of pro-
tein insertion. In bacterial cells, all outer membrane porins
reside with their long loops in an extracellular orientation. It re-
mains unclear whether in vivo such an insertion process occurs
spontaneously from the periplasmic compartment, or is under
the regulation of cellular chaperones.[37, 38]

We also examined the binding of a molecular adapter,
am7bCD, to qOmpG and observed differences that depended
on whether the adapter binds from the periplasmic or the ex-
tracellular entrance to the pore. OmpG has a relatively wide
entrance at its periplasmic end, which opens up to more than
15 � in internal diameter.[29] The tunnel through the lumen of
the pore narrows down to 8 � in diameter near the extracellu-
lar end. By comparison, the am7bCD ring has an outer diame-
ter of 15 �,[39] which, taking into account the flexibility of the b

barrel structure, would allow it to enter the OmpG pore from
the periplasmic end. However, the depth to which the am7bCD
molecule can travel towards the extracellular end of the pore
is limited by steric hindrance. Therefore, under an applied po-
tential, am7bCD can either lodge within the pore or escape by
exiting back through the periplasmic entrance. The exponen-
tial increase in the dwell time of the blocking events withACHTUNGTRENNUNGincreasing applied potential supports this hypothesis. By com-
parison, am7bCD presented from the extracellular side is not
able to enter the lumen. In this case, the transient associations
that are observed between am7bCD and the qOmpG protein
are most likely mediated by electrostatic interactions between
the positively charged am7bCD and the highly negatively
charged qOmpG loops. Am7bCD may bind either to one of the
loops or to several loops simultaneously, leading to events of
different amplitudes. Since am7bCD is not confined within the
pore lumen, it can readily dissociate back into the bulk solu-
tion, which might explain the relatively short dwell time and
low affinity when it is presented from the extracellular side.

For applications in stochastic sensing, it is important that
the dwell time of an adapter within the lumen of the sensor
pore is as long as possible and that there is enough currentACHTUNGTRENNUNGremaining after the adapter binds for detection of an analyte
that in turn binds within the adapter.[31] The information on
the interaction between the am7bCD and qOmpG serves toACHTUNGTRENNUNGadvance the use of qOmpG as a biosensor. As demonstrated
above, the binding of am7bCD at either the extracellular or
periplasmic sides of qOmpG modulates the ionic current flow-
ing through the pore. However, am7bCD presented from the
extracellular side cannot serve as a useful molecule adapter;
the binding interactions with qOmpG are either too short or
there is insufficient remaining current. By contrast, am7bCD
presented from the periplasmic side produces longer binding
events, and the remaining current is large enough to allow the
detection of the binding of a second molecule within theACHTUNGTRENNUNGcyclodextrin ring.[29]

Experimental Section

Mutagenesis, expression and purification of OmpG : The pT7-
OmpG plasmids used in this work were constructed previously[29]

and transformed into E. coli PC2889 cells [BL21 ACHTUNGTRENNUNG(DE3)DlamB ompR].
Cells were grown in LB medium at 37 8C until the OD600 reached
1.0, when IPTG (0.5 mm, final concentration) was added and the
cells cultured for a further 3 h before harvesting. Pellets from the
culture (0.5 L) were resuspended in Tris HCl buffer (30 mL, 50 mm,
pH 8.0) containing lysozyme (200 mg mL�1) and EDTA (1 mm), and
incubated at room temperature for 30 min. DNase I (5 mL,
2000 U mL�1), with MgCl2 (2 mm, final concentration), was added to
the mixture to decrease the viscosity. The lysate was centrifuged at
22 300 g for 30 min. The pellet containing OmpG was washed once
with buffer (30 mL, 50 mm, Tris HCl, pH 8.0, 1.5 m urea), dissolved
in denaturation buffer (50 mL, 50 mm Tris HCl, pH 8.0, 8 m urea)
and passed through a 0.22 mm filter before FPLC separation.

Refolding of OmpG : The OmpG extract was loaded onto a Q-Se-
pharose column (10 mL) and eluted with a NaCl gradient (0 to
0.5 m) over 30 min in denaturation buffer. The purified OmpG was
refolded by dilution with refolding buffer (20 mm Tris HCl, pH 9.0,
3.25 % n-octyl-b-d-glucopyranoside (OG)) until the final urea con-
centration reached 3.0 m. In the case of the cysteine mutant, the
refolding buffer also contained DTT (10 mm) to prevent the forma-
tion of intermolecular disulfide bonds. The refolding solution was
incubated at 37 8C over 48 h and the refolding efficiency was de-
termined by SDS-PAGE analysis.[28, 29]

Formation of the disulfide bond : To form the disulfide bridge
within the OmpG cysteine mutant, DTT was removed from the re-
folded sample with a desalting column equilibrated with Tris HCl
buffer (50 mm, pH 8.0) containing DDM (n-dodecyl-b-d-maltoside)
(0.008 %, w/v). Cu (o-phenanthroline)2 (prepared as a mixture of
CuSO4 and o-phenanthroline in a ratio of 1:3.5, mol/mol) was
added to the protein solution to a final concentration of 1.3 mm.
After 5 min at room temperature, EDTA (5 mm, final concentration)
was added to stop the reaction. The sample was then applied to a
Centricon size-exclusion filter with a 10 kDa cut off (Fisher Scientif-
ic, UK) to remove the excess reagents and exchange the buffer for
Tris HCl (50 mm, pH 8.0) containing DDM (0.004 %, w/v).

Single channel recordings of OmpG : Planar lipid bilayer experi-
ments were performed in an apparatus partitioned into two cham-
bers with a 25 mm-thick Teflon film. An aperture of approximately
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100 mm diameter had been made near the center of the film with
an electric arc. Each chamber was filled with Tris HCl (10 mm,
pH 8.5) and KCl (1 m). An Ag/AgCl electrode was immersed in each
chamber with the cis chamber grounded. A positive potential indi-
cates a higher potential in the trans chamber. 1,2-Diphytanoyl-sn-
glycerol-3-phosphocholine (Avanti Polar Lipids, Alabaster, AL, USA)
dissolved in pentane (10 % v/v) was deposited on the surface of
the buffer in both chambers and monolayers formed after the pen-
tane evaporated. The lipid bilayer was formed by raising the liquid
level up and down across the aperture, which had been pretreated
with a hexadecane/pentane (1:10 v/v) solution. OmpG protein (1 to
5 mL of ~0.5 mg mL�1) was added to the cis chamber and then a
potential of +200 mV was applied to induce protein insertion.
After a single channel had inserted into the bilayer, the ionic cur-
rent was recorded at �50 mV, unless otherwise stated. The current
was amplified with an Axopatch 200B integrating patch clampACHTUNGTRENNUNGamplifier (Axon Instruments, Foster City, CA, USA). Signals were fil-
tered with a Bessel filter at 2 kHz (unless otherwise stated) and
then acquired by a computer (sampling at 50 ms) after digitization
with a Digidata 1320 A/D board (Axon Instruments). Data wereACHTUNGTRENNUNGanalyzed with Clampex 10.0 software.
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