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Abstract
To achieve the uptake of small, water-soluble nutrients, Pseudomonas aeruginosa, a pathogenic
Gram-negative bacterium, employs substrate-specific channels located within its outer membrane
(OM). In this paper, we present a detailed description of the single-channel characteristics of six
members of the OM carboxylate channel D (OccD) subfamily. Recent structural studies showed
that the OccD proteins share common features, such as a closely related, monomeric, 18-stranded
β-barrel conformation and large extracellular loops, which are folded back into the channel lumen.
Here, we report that the OccD proteins displayed single-channel activity with a unitary
conductance covering an unusually broad range, between 20 and 670 pS, as well as a diverse
gating dynamics. Interestingly, we found that cation selectivity is a conserved trait among all
members of the OccD subfamily, bringing a new distinction between the members of the OccD
subfamily and the anion-selective OccK channels. Conserved cation selectivity of the OccD
channels is in accord with an increased specificity and selectivity of these proteins for positively
charged, carboxylate-containing substrates.
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1. Introduction
In many Gram-negative bacteria, such as Escherichia coli, the outer membrane (OM)
exhibits a high permeability for small water-soluble molecules below a size limit of ~700
Da. This is mainly determined by the presence of non-specific, large-conductance porins,
including the OM proteins F (OmpF) [1; 2] and C (OmpC) [3]. In contrast, other Gram-
negative bacterial organisms, such as Pseudomonas aeruginosa, feature a poor permeability
of their OM owing to the absence of highly permeable, large-channel porins. For example,
P. aeruginosa displayed between 12- to 100-fold lower outer membrane permeability for a
variety of small nutrients as compared to E. coli [4]. This is the fundamental reason for the
intrinsic resistance of this bacterium to antibiotics and antimicrobials. Instead, such
organisms efficiently take up a broad range of small, polar and nonpolar substrates through
the members of the outer membrane carboxylate channel (Occ) family, formerly called
OprD family [4–6]. In P. aeruginosa, the Occ family of specific channels comprises 19
members, which mediate the uptake of small nutrients for the growth and vitality of the cell.
Although these OM proteins showed an unusual amino acid sequence similarity (46–57%)
[7; 8] (Supplementary Materials, Fig. S1), they displayed a broad diversity among substrate
specificity and selectivity [9]. In the last decade, phylogenetic analysis of the Occ family
indicated that they fall into two distinct clusters, each of which bearing similarity to either
OccD or OccK proteins [8]. The OccD subfamily includes 8 members, whereas the OccK
subfamily includes 11 members [7; 8].

In the last few years, the X-ray crystal structures of nine Occ channels were obtained [10–
12], prompting functional studies of these OM proteins [9; 12–14]. The OccD1 protein,
which was formerly called OprD, represents the prototype of the substrate-specific OccD
subfamily. Its crystal structure reveals a monomeric 18-stranded β-barrel with large
extracellular loops, such as L3, L4 and L7, folded back into the channel lumen [10]. The
channel interior is characterized by a central constriction with a polarized distribution of
charged residues: positively charged amino acids are located on one side and an
electronegative cluster of residues on the other side. Previously, Trias and Nikaido (1990)
[15] and Huang and Hancock (2003) [16] determined that the lumen of the OccD1 protein
channel from P. aeruginosa contains a binding site for basic residues and short cationic
peptides. In accord with these prior results, van den Berg and co-workers confirmed that
OccD1 has a preference for arginine and other basic amino acids as substrates [9].
Moreover, OccD1 was found to be an imipemen-specific channel [16–18]. The recently
obtained crystal structures of OccD2 and OccD3, which were formerly called OpdC and
OpdP, respectively, indicated a similar monomeric structure of these OM proteins, as
compared to OccD1 (Fig. 1).

In this paper, we report a systematical single-channel electrical analysis of the six members
(out of a total of eight members) of the OccD subfamily that could be overexpressed and
purified. The proteins inspected in this work were OccD1, OccD2, OccD3, OccD4 (formerly
OpdT), OccD5 (OpdI) and OccD6 (OprQ). Among these channels, OccD4, OccD5 and
OccD6 do not have an available X-ray crystal structure. Using single-channel reconstitution
on planar lipid bilayers under similar experimental circumstances, we determined that their
unitary conductance falls in a much broader range than earlier expectations. For example,
we confirmed that OccD1 and OccD5 display a low-conductance channel signature, with a
unitary conductance of ~20 pS, but OccD3 showed a robust large single-channel
conductance of ~670 pS. Moreover, OccD6 exhibited an unusually high conductance with
two major open sub-states of ~420 and ~1900 pS. Employing reversal potential
determinations under asymmetric ion concentration conditions, we demonstrate that that all
members of the OccD subfamily are cation selective, which is in accord with the recent in
vitro transport assays showing specificity and selectivity of these OM proteins for positively
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charged, carboxylate-containing substrates [9; 15; 16]. This results contrast to the recent
determinations of anion selectivity with all members of the OccK subfamily. Therefore, ion
selectivity assay established additional distinctions between the members of the OccD and
OccK subfamilies.

2. Materials and Methods
2.1. Cloning, expression, and purification of the OccD proteins

Signal sequence cleavage sites of OccD proteins were predicted with Signal P 4.0
(http://www.cbs.dtu.dk/services/SignalP/), after which the mature parts of the occd genes
from P. aeruginosa were amplified by PCR from genomic DNA and cloned into the E. coli
expression vector pB22 [19; 20], having the signal sequence of the E. coli OM protein YtfM
and an N-terminal hepta-histidine tag for purification. BL21(DE3) T1 phage-resistant cells
(New England Biolabs, Ipswich, MA) were transformed with pB22-OccD constructs. The
cells were grown to OD600 ~ 0.5–1.0 at 37°C (dependent on the protein), induced with
0.1% arabinose at 20°C overnight or at 30°C for 4–6 hrs. Other details of the standard
protein chemistry protocols used in this work were published previously [12; 13]. The purity
of the OccD protein samples was assessed by SDS-PAGE gel electrophoresis.

2.2. Single-channel current recordings on planar lipid bilayers
Single-channel current measurements were carried out with planar lipid membranes [21;
22]. The standard electrolyte in both chambers was 1 M KCl, 10 mM potassium phosphate,
pH 7.4, unless otherwise stated. The bilayer was formed with 1,2-diphytanoyl-sn-
glycerophosphocholine (Avanti Polar Lipids Inc., Alabaster, AL, USA). OccD proteins were
added to the cis chamber, which was grounded. A positive current is defined such that it
represents a positive charge moving from the trans to cis chamber. Currents were recorded
by using an Axopatch 200B patch-clamp amplifier (Axon Instruments, Foster City, CA)
connected to the chambers by Ag/AgCl electrodes. An Optiplex Desktop Computer (Dell,
Austin, TX) equipped with a Digitdata 1440 A/D converter (Axon) was used for data
acquisition. Acquisition and analysis of single-channel data were performed using pClamp
10.2 software (Axon). We used protein samples from one or more purification batches and
discovered satisfactory reproducibility of the single-channel electrical signatures [9–13].

3. Results
3.1. OccD proteins exhibit multistate, single-channel dynamics

We conducted most of our single-channel electrical recordings in 1 M KCl, 10 mM
potassium phosphate, pH 7.4. These conditions were motivated by the very small diameter
of the central constriction within the channel lumen of the OccD proteins (Fig. 1), revealing
a small pore. Indeed, we determined that the OccD1 protein, the archetype of the OccD
subfamily, forms a low-conductance channel in planar lipid bilayers, confirming previously
carried out electrophysiological work from different groups [10; 23; 24]. Here, we define a
low-, medium- and large-conductance channel as an OM protein whose single-channel
conductance of the most probable open sub-state is in the range 0–100, 100–500 and 500–
1000 pS, respectively. The unitary conductance of OccD1 is 21 ± 3 pS (Fig. 2A, Table 1).
The single-channel electrical signature of the OccD1 channel reveals a most probable open
sub-state O1, which is stable for lengthy periods, in the range of hours, but decorated by
short-lived, infrequent and large-amplitude current spikes with an average conductance of
889 ± 102 pS (the O2 open sub-state). The duration of these current spikes underwent a
Poisson distribution with a single exponential of the probability function (Fig. 3A). The
dwell time of the upward current spikes of the OccD1 channel, extracted from a typical
single-channel experiment, was τO2 = 0.11 ± 0.02 ms.
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The average dwell times were derived from standard event duration histograms of the
single-channel electrical data. The fits of the data were achieved employing log likelihood
ratio (LLR) tests to compare various fitting models [25–27]. We determined that the fit of
the dwell time histograms contained a well-defined single- or two-exponential distribution
function. Fits to a three-exponential distribution or stretched exponentials were not
statistically better than single- or two-exponentials models, as judged by the LLR value at a
confidence level of 0.95. A closely similar single-channel electrical signature to OccD1 was
found with the OccD2 channel (Fig. 2B). However, this channel showed some variability of
the baseline of the O1 sub-state from experiment to experiment and from batch to batch. For
example, the single-channel current corresponding to the O1 open sub-state varied between 2
and 17 pA at an applied transmembrane potential of +60 mV. Based upon these
experiments, we judge that its single-channel conductance is in the range of several tens of
pS, which is consistent with a low-conductance protein channel.

In contrast to the results obtained with OccD1 and OccD2, the single-channel electrical
signature of the OccD3 protein revealed a large-conductance channel with a unitary
conductance of 677 ± 71 pS, corresponding to the most probable O2 open sub-state (Fig. 2C,
Table 1). This channel experienced downward, large amplitude current blockades to the
zero-conductance O1 open sub-state, with a dwell time showing a two-exponential
probability function (τO1-1 = 06 ± 0.01 ms and τO1-2 = 0.92 ± 0.04 ms with the event
probabilities PO1-1 = 0.51 ± 0.06 and PO1-2 = 0.49 ± 0.01; Fig. 3B). The OccD4 exhibited a
medium-conductance channel signature with a unitary conductance of 158 ± 8 pS that
corresponds to the most probable O2 open sub-state (Fig. 2D). Its single-channel electrical
signature featured very short-lived, highly frequent and low-amplitude current spikes that
were not time-resolvable. Another example of a low-conductance OccD channel that is
similar to OccD1 is OccD5 (Fig. 2E). This channel has a unitary conductance of 24 ± 11 pS,
which is closely similar to OccD1 (Fig. 2A and Table 1). However, the upward current
spikes observed with OccD5, at the O2 open sub-state, showed a much longer dwell time, in
the range of several milliseconds, as compared to compared to OccD1. A representative
single-channel experiment demonstrated that the dwell time of the O2 events followed a
two-exponential probability function distribution with τO2-1 = 4.2 ± 0.3 ms, τO2-2 = 15.3 ±
0.7 ms and with the event probabilities PO2-1 = 0.44 ± 0.10 and PO2-2 = 0.56 ± 0.01,
respectively (Fig. 3C).

Surprisingly, the OccD6 channel displayed a dynamic single-channel electrical signature
with two major, open sub-states, O1 and O2 (Fig. 2F). These sub-states showed a
conductance of 417 ± 117 pS and 1889 ± 151 pS, respectively. The brief closures to the O1
open sub-state had a dwell time with two components τO1-1 = 0.12 ± 0.01 ms and τO1-2 =
1.9 ± 0.2 ms with the event probabilities PO1-1 0.41 ± 0.01 and PO1-2 = 0.59 ± 0.04,
respectively (Fig 3D). The duration of the O2 events were characterized by τO2-1 = 4.6 ± 0.5
ms and τO2-2 = 81.5 ms ± 3.8 ms (Fig. 3E). These single-channel events displayed the
probabilities of PO2-1 = 0.53 ± 0.02 and PO2-2 = 0.47 ± 0.02, respectively. OccD6 fluctuated
between these major open sub-states. Based upon long durations of the overall O2 sub-state,
we consider that this is another large-conductance OccD channel, in addition to OccD3,
which is quite distinct from other members of the OccD and OccK subfamilies [12].

3.2. Voltage dependence of the unitary conductance of the OccD proteins
We also inspected whether the ion conduction thorough the OccD channels follows an
Ohmic behavior. Therefore, the current-voltage relationships for the open sub-states
observed with the OccD proteins are illustrated in Fig. 4. In most panels, the range of the
applied transmembrane potential was −80 to +80 mV, because at voltages greater than these
values some OccD channels became unstable. Furthermore, we calculated the asymmetry
conductance ratio of the most probable open sub-state (g80/g−80) as the ratio between the
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unitary conductance measured at +80 mV and the unitary conductance measured at −80 mV
(Table 1). This value is close to unity for channels featuring fairly Ohmic conduction. For
example, OccD2, OccD4 and OccD6 exhibited Ohmic conduction profiles with asymmetry
conductance ratios of 0.99 ± 0.33, 1.11 ± 0.08 and 0.99 ± 0.16, respectively. In contrast,
OccD1, OccD3 and OccD5 displayed non-Ohmic conduction profiles with asymmetry
conductance ratios of 2.58 ± 0.97, 2.55 ± 0.26 and 0.42 ± 0.08, respectively.

3.3. Kinetics of the current transitions in the OccD3 channel
We examined the details of the two-state current transitions observed with the OccD3
channel. The crystal structure of the OccD3 channel reveals an open pore with a very narrow
central constriction, which measures ~3.5 Å in diameter (Fig. 1 and Table 2). Despite its
very small eyelet, the unitary conductance of the most probable open sub-state O1 of the
OccD3 channel was ~670 pS (Table 1), which is pertinent to a large-conductance
transmembrane protein. This value is comparable to the single-channel conductance
measured with the trimeric OmpF, which is ~700 pS per monomer in 1 M KCl [28; 29]. The
unitary conductance of the OmpC is ~900 pS per monomer in 1 M KCl [30]. The kinetic
rate constants of the O1 and O2 open sub-states were determined using the reciprocal of the
mean lifetime, which was extracted from fits of the standard dwell-time histograms [26]:

(1)

(2)

where τO1 and τO2 are the mean lifetimes of the O1 and O2 open sub-states, respectively.
The mean lifetime was determined using the event probability and the dwell time extracted
from histograms, as follows:

(3)

(4)

Because the O2 open sub-state is the most probable, the kO1→O2 kinetic rate constant is
greater than the kO2→O1 kinetic rate constant.

Voltage dependence of the rate constants of the OccD3 channel is displayed in Fig. 5A.
While kO1→O2 is voltage independent, kO2→O1 decreased by increasing the applied
transmembrane potential from −80 to +80 mV, meaning that the event frequency of the
large-amplitude current blockades decreased at more positive voltages. Based upon this
observation, we constructed the voltage-dependent model of the two open sub-state, free
energy landscape of the large-conductance OccD3 protein channel (Fig. 5B). In a very
simplistic representation, this landscape features two activation free energies: the small,
voltage-independent ΔG≠

O1→O2 barrier and the large, voltage-dependent ΔG≠
O1→O2

barrier. This data suggests that the large-amplitude current blockades of the OccD3 channel
might be likely produced by a positively charged plug of the pore lumen in the form of an
extracellular loop or the N-terminal part of the protein (Fig. 1C). For example, the X-ray
crystal structure of the OccD3 protein revealed that the 30-residue long, N-terminal part
projects within the channel lumen from the cis side, making a substantial contribution to the
narrow-diameter central constriction.
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3.4. OccD proteins form cation-selective channels
We examined the preferential ionic permeability of the OccD channels for cations versus
anions using the permeability ratio (PK/PCl). The salt gradient assay was used to infer the
reversal potential (Vr). The calculation of the permeability ratio was accomplished using the
Goldman–Hodgkin–Katz formalism [31; 32]:

(5)

where the variable a represents the activity of either potassium or chloride in either the cis
(subscript “c”) or trans (subscript “t”) chamber. Here, F, R and T are the Faraday constant,
the gas constant and the absolute temperature, respectively. The x-axis intercept of the I–V
curve is the desired reversal potential, which was used to offset the resting potential, making
the current zero. In Table 1, we present the reversal potential Vr and the calculated PK/PCl
(eqn. (5)). Here, we define a weakly cation-selective, a cation-selective and a strongly
cation-selective channel as an OM protein whose permeability ratio PK/PCl is in the range 1–
5, 5–10 and 10–100, respectively. The OccD1 channel exhibited a weak cation selectivity
with a permeability ratio of 2.5 ± 1.0. Weak cation selectivity was also observed with
OccD2, OccD3 and OccD4. In contrast, OccD6 displayed a cation selectivity of 5.0 ± 1.4.
OccD5 showed a high cation selectivity with a permeability ratio PK/PCl of 12 ± 4.

4. Discussion
In this paper, we show a systematical single-channel analysis of the six members of the
OccD subfamily. We were surprised to discover quite a broad range of unitary conductance
of the OccD channels, contradicting with the hypothesis that the OM of P. aeruginosa lacks
large-conductance protein channels. The single-channel conductance of OccD1, the
archetype of the OccD subfamily, is 21 ± 3 pS, in accord with the previous single-channel
measurements [10; 23; 24]. This very small conductance is consistent with the recent X-ray
crystal structure of this protein, which indicates a very small central eyelet [9; 10]. One
question regards the presence of brief, upwards, large-amplitude current spikes, which were
observed in the case of electrical recordings with the OccD channels. For instance, OccD1
showed a most probable open sub-state with a low conductance (21 ± 3) decorated by
current fluctuations to an open sub-state with a much greater conductance (889 ± 102 pS).
We are certain that the upwards current fluctuations are not caused by the type of used
buffer. For example, they were also noticed in single-channel recordings with OccD1
reconstituted in 1 M NaCl, 2.5 mM 2 (N-morpholino)ethane sulfonic acid (MES)-NaOH
buffer, pH 5.9 at an applied transmembrane potential of 100 mV [23]. In the past, single-
channel reconstitutions with a loop-deletion mutant, OccD1-ΔL3, resulted in a substantially
increased unitary conductance (~90 pS) [10], confirming that loop L3 is indeed one of the
large extracellular loops folded back into the channel lumen and is part of the central
constriction. Single-channel current fluctuations observed with the members of the OccD
sub-family indirectly confirm the presence of flexible and large extracellular loops that are
folded back into the channel lumen. Such current fluctuations were also observed with other
β-barrel membrane proteins [33–40].

The single-channel conductance of the OccD1 was much smaller than that recorded with
OccK1 (~240 pS), which is the archetype of the OccK subfamily [11]. The measurements of
the single-channel conductance of OccD1 and OccK1 are in agreement with their high-
resolution X-ray crystal structure [9], which indicates a wider central constriction of OccK1
than that of OccD1 [12]. The structures of OccD1, OccD2 and OccD3 show a very narrow
constriction of the channel lumen with diameters smaller than 4 Å (Table 2). Crystal
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structures and sequence alignment of the members of the OccD subfamily revealed that the
residues lining the central constriction are not conserved [9; 10]. Therefore, some
distinctions in the unitary conductance and gating dynamics among the OccD protein
channels were anticipated.

In contrast to the results obtained with OccD1 and OccD5, which showed low conductance,
OccD3 displayed a robust single-channel electrical signature with a large unitary
conductance of 667 ± 71 pS, but accompanied by downward current spikes, many of which
had a complete channel block (Supplementary Materials, Fig. S2). Taking into consideration
the very narrow constriction of the OccD3 channel (Table 2) [9], its crystal structure does
not seem to represent the most probable open sub-state. This finding suggests that the
folding and local flexibility of the extracellular loops might be different when the protein is
reconstituted into a planar bilayer from those under crystallization conditions [9]. More
experimentation and computational work is needed to obtain a clarification on the
discrepancies between the X-ray crystal structure information and single-channel electrical
data (see below). It is also conceivable that the local flexibility and dynamics, the number of
charges as well as the position of the individual large extracellular loops along the
longitudinal axis of the lumen affect the unitary conductance of the OccD protein under
inspection. The positions of the local charges within or near the central eyelet are essential
for both the ion selectivity of the protein and the unitary conductance. We determined that
the OccD3 protein features a cluster of four negatively charged residues within the
constriction (D11, E18, D171 and D342). We hypothesize that these residues make a
network of acidic charges that result in a cation selectivity of the OccD3 channel (Table 1,
Table 2). However, we were not able to determine a clear, distinct contribution of the
negative charges within the lumen of the OccD1 and OccD2 proteins due to the non-uniform
and corrugated surface within their constriction.

Under these conditions, is the large-conductance open sub-state of OccD3 physiologically
significant? If so, what is its meaning? If the channel mediates the translocation of a
molecule, that process requires the opening of the protein, which might result in a large-
conductance open sub-state. Regardless, the lipid composition of our bilayer membranes as
well as the lack of bacterial lipopolysaccharides (LPS) of P. aeruginosa might significantly
contribute to the deviations of the single-channel electrical signature from those presented in
this paper. Previously, Ishii and Nakae (1993) demonstrated that LPS promote the opening
of the OccD1 channel [23]. This protein formed low-conductance channels in LPS-free lipid
bilayers (~30 pS), but displayed rapid large-current amplitude opening events, with a
conductance of ~400 pS, in LPS-containing lipid bilayers. The duration of closing events
was longer at very low applied transmembrane potentials.

How do the single-channel electrical signatures of the OccD channels compare and contrast
with those recorded with the OccK channels? Recent channel reconstitution studies also
confirmed the diversity of single-channel signatures among the OccK channels [12]. The
members of the OccK subfamily exhibited distinct unitary conductance values, which fall
into two clusters: the low- (40–100 pS) and medium (100 – 500 pS) - conductance protein
channels. Large-amplitude current fluctuations decorating an open substate were noticed
with OccK1, OccK2, OccK4, OccK5, OccK6 and OccK7. In this work, we show that OccD6
has two major, large-conductance, open sub-states, O1 and O2. Given the poor permeability
of the OM of P. aeruginosa, this finding was very surprising. It might be possible that the
major large-conductance open sub-state (O2) observed in single-channel recordings with
OccD6 is not noticeable under physiological conditions and other circumstances of the OM
of P. aeruginosa.
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In this paper, we established that all investigated members of the OccD subfamily are
cation-selective OM proteins. OccD1, OccD2, OccD3 and OccD4 showed modest
selectivity, whereas increased permeability ratios of cations versus anions were noticed for
the OccD5 and OccD6 channels. Cation selectivity among the members of the OccD
subfamily is in agreement with their increased selectivity and specificity for positively
charged substrates [9]. For example, OccD1 was found to facilitate the transport of
positively charged residues and short di- and tri- peptides containing them [15]. Very
recently, Eren and co-workers, using in vitro transport assays, determined that the members
of OccK subfamily are good transporters for the negatively charged benzoate and
pyroglutamate, in accord with their anion selectivity features determined from systematical
single-channel analysis [9; 12]. In contrast, all OccD channels, with some exception for
OccD4, were good transporters for arginine, a basic residue, which is in accord with the
cation-selectivity results determined in this work [9]. The transport performance for
arginine, which was measured through the specific substrate uptake was not well correlated
with the measured values of ion selectivity, indicating that the transport efficiency is a
complex function not only depending on ion selectivity, but likely on the structure of the
channel lumen and the properties of the substrate as well. For example, OccD1 and OccD3,
although they featured poor cation selectivity, displayed the highest specific uptakes for
arginine.

The availability of structural, biochemical and biophysical information on the members of
the OccD subfamily will ignite immediate theoretical and computational studies for a better
mechanistic and quantitative understanding of the transport of small water-soluble
molecules across these OM proteins in P. aeruginosa. Full-atomistic molecular dynamics
(MD) simulations might be used in the future to unravel the mechanistic details of the
stochastic motions of the extracellular loops, which are folded back into the channel lumen.
Only a fraction of the motions of the large loops are observed in the single-channel electrical
recordings owing to limited time resolution of the employed instrumentation [41; 42].
Molecular modelers might be able to infer critical information regarding the flexibility and
dynamics of individual loops of the members of the OccD subfamily [43–48].

Needless to say that the environmental conditions, such as applied transmembrane potential,
temperature, lipid composition of the bilayer, pH, ionic strength of the aqueous phase as
well as osmotic stress of the co-solutes can impact the dynamics and local flexibility of the
extracellular loops. For instance, it was found that the conformations of the extracellular
loops of the OM protein OpcA from Neisseria meningitides are affected by both the ionic
strength of the aqueous phase and the lipid bilayer environment [45]. Therefore, it is not
surprising to find distinctions between the information obtained from X-ray crystal structure
and high-resolution single-channel electrical recordings. One example pertinent to this work
is the large-conductance open sub-state of the OccD3 protein. This finding is in
disagreement with its X-ray structure, which shows a narrow constriction smaller than 4 Å
(Fig. 1, Table 2). The mechanism of this disagreement between the two approaches is not
clear, which would be the reason for a particularly attractive theme for a systematical MD
study. Finally, the availability of the structure of three OccD proteins along with
comprehensive single-channel electrical data of six OccD proteins will represent a solid
platform for determining the molecular basis of their conserved cation selectivity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS AND SYMBOLS

LPS Lipopolysaccharide

OM Outer membrane of Gram-negative bacterium

Occ Outer membrane carboxylate channel family of P. aeruginosa

OccD Outer membrane carboxylate channel D subfamily of P. aeruginosa

OccK Outer membrane carboxylate channel K subfamily of P. aeruginosa

OmpC Outer membrane protein C of E. coli

OmpF Outer membrane protein F of E. coli
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Highlights

• We present detailed single-channel features of six members of the OccD
subfamily.

• OccD proteins displayed a unitary conductance covering a broad range

• Cation selectivity is a conserved trait among the members of the OccD
subfamily
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Figure 1. Structural representation of OccD subfamily protein channels
(A) Molecular surface and ribbon representations of three OccD subfamily members whose
crystal structures have been determined recently [9]. These are OccD1, OccD2, and OccD3.
On the molecular surface representation, the side chains of positive residues are colored blue
and those of negative residues are marked in red. On the ribbon representation, the bulkier,
constriction-forming loops, including loops L3, L4 and L7, are colored green, yellow and
orange, respectively. All the charges are estimated at pH=7.4; (B) Side view of the OccD1,
OccD2, and OccD3 channels in a planar lipid bilayer. The charged amino acids are colored
as described above. The vertical sticks represent the lipid molecules of the bilayer; (C) The
top-to-bottom view of OccD3 channel with (left) and without (right) N-terminus. The N-
terminus is 30-residue long. It contains two positive and two negative charges
(PAPDNPSYAAEVQSIPSVAKPIKGQAGATG). Here, top is the extracellular side, so the
N terminal is located within the extracellular side.
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Figure 2. Typical single-channel electrical traces of six members of the OccD subfamily and their
corresponding all-points current amplitude histograms
The single-channel electrical traces were recorded at a transmembrane potential of +60mV.
The buffer solution was 1M KCl, 10 mM potassium phosphate, pH 7.4. (A) OccD1, (B)
OccD2, (C) OccD3, (D) OccD4, (E) OccD5 and (F) OccD6. Current levels were marked
both on the single-channel electrical traces and on the all-points current amplitude
histograms. All single-channel electrical traces were low-pass Bessel filtered at 2 kHz. The
“*” is indicated for the OccD2 channel, whose baseline of the O1 open sub-state varied
between 2 and 17 pA. All electrical traces were representative over at least three
independent single-channel electrical recordings.
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Figure 3.
Standard dwell-time histograms of representative single-channel electrical traces fitted with
exponential probability functions. Each of these histograms are only representative to one
single-channel recording as the dwell time analysis across different experiments is not
possible due to large variation of the dwell time behavior. OccD2 and OccD4 exhibited
irresolvable dwell times. The fits were based upon log likelihood ratio (LLR) tests with a
given confidence level of 0.95 [s27; 54; 55]. The results of the fits were the following: (A)
OccD1, τO2 = 0.11 ± 0.02 ms; (B) OccD3, τO1-1 = 0.06 ± 0.01 ms and τO1-2 = 0.92 ± 0.04
ms; (C) OccD5, τO2-1 = 4.2 ± 0.3 ms, τO2-2 = 15.3 ± 0.7 ms; (D) OccD6 τO1-1 = 0.12 ± 0.01
ms and τO1-2 = 1.9 ± 0.2 ms. OccD6 has two major open sub-states O1and O2. The O2 open
sub-state featured downward current spikes to the O1 open sub-state; (E) OccD6, τO2-1 = 4.6
± 0.5 ms, τO2-2 = 81.5 ms ± 3.8 ms. The OccD2 channel exhibited irresolvable current sub-
states. OccD4 also showed very low-amplitude, short-lived and irresolvable current spikes.
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Figure 4. Current – voltage (I/V) profiles of all sub-states of the members of the OccD subfamily
(A) OccD1; (B) OccD3; (C) OccD4; (D) OccD5 and (E) OccD6. The data shown in these
panels represents the average of at least three independent experiments. The lack of some
data points is due to the low frequency and/or amplitude of these flickering events at a low
applied transmembrane potential. OccD2 data is not shown owing to the large variability in
the baseline of O1 and O2 open sub-states. The buffer solution was 1M KCl, 10 mM
potassium phosphate, pH 7.4.
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Figure 5. Single-channel event kinetics of the OccD3 channel
(A) voltage dependence of the kinetic rate constants; (B) free energy landscape model of the
OccD3 channel. The significant voltage-dependence of the transition rates between O1 and
O2 open sub-states suggested that the height of free energy barrier reduces when switching
the applied transmembrane potential from positive to negative values.
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Table 2
The determination of the diameter and the charges near constriction for the OccD
channels

The diameter of the OccD3 channel in the central constriction was determined using the HOLE software
program [50–52] and its high-resolution crystal structure [9]. The number of the charged residues in the
central constriction of the OccD3 channel were found using the PyMol and Chimera software programs [53].
The crystal structures of the OccD4, OccD5 and OccD6 proteins are not available.

Protein Diameter (Å) Charges located near the constriction

OccD1a < 3 N/Ab

OccD2a < 3 N/Ab

OccD3 ~3.5 (−) D11, E18, D171, D342 (+) K27

a
The diameters of the central constriction of the OccD1 and OccD2 channels were not determined, because they are too small. For example, using

the HOLE program we were able to determine negative values for the diameters of the OccD1 and OccD2 central constrictions, in accord with the
recent crystallographic study that showed OccD2 as a closed channel [9].

b
The charges located within the central constriction of the OccD1 and OccD2 channels cannot be resolved with a satisfactory precision owing to

the small size and the non–uniform orientation of the central eyelet of the channel.
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