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ABSTRACT: The cell envelope of the Gram negative opportunistic
pathogen Pseudomonas aeruginosa is poorly permeable to many classes of
hydrophilic molecules including antibiotics due to the presence of the
narrow and selective porins. Here we focused on one of the narrow-channel
porins, that is, OprP, which is responsible for the high-aﬃnity uptake of
phosphate ions. Its two central binding sites for phosphate contain a
number of positively charged amino acids together with a single negatively
charged residue (D94). The presence of this negatively charged residue in a
binding site for negatively charged phosphate ions is highly surprising due to
the potentially reduced binding aﬃnity. The goal of this study was to better
understand the role of D94 in phosphate binding, selectivity, and transport
using a combination of mutagenesis, electrophysiology, and free-energy
calculations. The presence of a negatively charged residue in the binding site
is critical for this speciﬁc porin OprP as emphasized by the evolutionary conservation of such negatively charged residue in the
binding site of several anion-selective porins. Mutations of D94 in OprP to any positively charged or neutral residue increased the
binding aﬃnity of phosphate for OprP. Detailed analysis indicated that this anionic residue in the phosphate binding site of
OprP, despite its negative charge, maintained energetically favorable phosphate binding sites in the central region of the channel
and at the same time decreased residence time thus preventing excessively strong binding of phosphate that would oppose
phosphate ﬂux through the channel. Intriguingly mutations of D94 to positively charged residues, lysine and arginine, resulted in
very diﬀerent binding aﬃnities and free energy proﬁles, indicating the importance of side chain conformations of these positively
charged residues in phosphate binding to OprP.

M

optimize intermolecular interactions between protein and
ligand to rationally design drug molecules, enhance the
activities of enzymes in biotechnology, or change the ion
selectivity properties of membrane channels and porins. Our
investigations of a phosphate channel from the outer
membrane of Pseudomonas aeruginosa led us to investigate the
possible basis for evolutionary selection of a negatively charged
residue in the binding site that would be proposed to decrease
binding aﬃnity for anionic phosphate. Here we demonstrated
that such a residue is suited to a transport channel since it
decreased residence time of phosphate in the binding site,
favoring phosphate ﬂux through the channel.
Ion selectivity of membrane proteins represents a prime
example of molecular recognition processes. For example, the
ability of potassium channels to selectively recognize K+ over
Na+ is intriguing.5 Similarly, the ability of a phosphate-selective
channel to diﬀerentiate between two tetrahedral-shaped

olecular recognition is a fundamental process underlying
all of the critical processes in biology. Enzyme catalysis,
transport, immunity, cellular signaling, protein−protein association, the regulation of transcription and translation, as well as
the ﬁdelity of DNA replication, among others, rely on
recognition between two or more molecular binding partners.1
It is of key importance to understand how these molecules
recognize each other and to investigate the underlying forces
that govern these processes. The idea of molecular recognition
started from the shape-complementarities based on a “lock-andkey” model as proposed by Fischer to explain enzyme catalysis.2
Subsequently Pauling and Delbrück postulated in 1940 that
intermolecular electrostatic interactions, van der Waals
interactions and hydrogen bonds dictate the molecular
recognition processes,3 although the consequences of binding
are usually that the binding surfaces are altered, a process
termed “induced ﬁt”.4 Since then such intermolecular forces
have been investigated not only to understand molecular
recognition processes, and the consequences to important
(downstream) biological events, but also to enable engineering
of such processes for various applications, for example, to
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Figure 1. Structural features of OprP. (a) An OprP trimer is shown embedded in a membrane. Important loops, L3, L5, and T7, which are
responsible for the formation of narrow regions inside the pore, are shown in one monomer. EC and PC denote the extracellular and periplasmic
sides of the pore, respectively. (b) The monomer pore is shown together with a gray hourglass shape to demonstrate the approximate radius of the
pore in the diﬀerent regions and to indicate a possible ion permeation pathway. Important residues, including Asp94 (purple), are labeled and
mapped to their position along the z axis. Adapted from ref 20.

oxyanions, that is, phosphate and sulfate,6 is another example of
a high-level speciﬁcity observed in molecular recognition
processes. Compared with globular proteins, molecular
recognition in membrane proteins and channels has additional
dimensions that need to be considered. Apart from selective
permeability toward particular ions or substrates, membrane
channels are generally responsible for the eﬃcient and a
unidirectional permeation of ions and substrates across the
cellular membrane to regulate various biological processes.
Eﬃcient permeation, in terms of an appropriate rate of
substrate transport across the membrane, requires the channel
to have a suitable binding aﬃnity for the permeating substrate,
since too strong binding might lead to a very slow permeation.
Unidirectional permeation often involves various additional
components of the respective transport systems, in addition to
a transmembrane channel, which act concertedly to achieve
uptake of substrates in the desired direction. An example is the
involvement of a periplasmic phosphate binding protein (PBP)
to maintain a maximum concentration gradient of free
phosphate across the outer membrane and allow vectorial
transport of phosphate ions through OprP to the periplasm in
P. aeruginosa.7 Phosphate ions ﬁrst bind to the binding sites
within OprP and subsequently to the periplasmic PBP to enable
the passage of phosphate ions across the bacterial outer
membrane. Such multiple binding partners require appropriate
aﬃnities of phosphate for OprP. To achieve such an
“appropriate” aﬃnity, a ﬁne-tuning of interactions between
the permeating ion and the channel is anticipated. In this study,
we focused on the role of the negatively charged aspartate
residue of OprP, D94, as an example in regulating such delicate
molecular recognition processes in OprP. Electrophysiological
bilayer measurements complemented by free energy molecular
dynamics simulations provide an ideal platform to probe ionselective membrane proteins. For example, the KcsA channel8,9
the NaK channel,10,11 the ClC channel,12 and the nicotinic
acetylcholine receptor13 have been investigated in a similar
manner to understand their ion selectivity.
OprP is a speciﬁc porin that has, in contrast to the so-called
general diﬀusion porins, a binding site for phosphate inside the

channel.18−20 It is induced in the outer membrane of P.
aeruginosa under phosphate limiting conditions together with a
periplasmic phosphate binding protein and an inner membrane
transport system.7,18,20 It is involved in high-aﬃnity uptake of
phosphate into the bacterium under such circumstances.14 Our
previous electrophysiological measurements indicated that
phosphate binds to OprP with 100−500 times higher binding
aﬃnity compared with chloride.6,15,16 Even more interesting is
the 20-fold higher aﬃnity of OprP for phosphate compared
with the oxyanion sulfate.6 In addition to the electrophysiological measurements, we have previously investigated
the phosphate selectivity of OprP using free-energy molecular
dynamics simulations and explained the possible molecular
reasons for the selectivity of the channel.17 Moreover, Sansom
and co-workers probed the selectivity of OprP using molecular
dynamics simulations18 and designed biomimetic nanopores.19
The crystal structure of OprP demonstrates a trimeric
organization of the speciﬁc porin in which each monomer is
formed by 16 β-strands that are interconnected via extracellular
and periplasmic loops (Figure 1a).20 Important are the loops
L3, L5, and T7 that fold inside the lumen of the pore and form
constriction regions inside the channel (Figure 1a). Among
important structural features that confer anion selectivity to the
channel is the so-called arginine ladder, formed by residues
R218, R220, R242, R222, R226, R59, R60, and R34, that
extends from the extracellular vestibule down the channel to
the middle of the pore (Figure 1b). Another important
structural feature is a lysine cluster, consisting of residues K13,
K15, K25, K30, K74, K109, K313, K323, and K378, on the
periplasmic side of the channel (Figure 1b). Two adjacent
central phosphate binding sites are formed by residues D94,
R133, Y62, and S125 and by R34 and S124 with residue K121
making contact in one of the three monomers.17,20
Recently we showed the importance of the positively charged
arginine residue, R133, in the central binding site in
determining the phosphate binding aﬃnity of the channel.21
Both electrophysiological measurements and free-energy
molecular dynamics simulations revealed a drastic decrease in
binding aﬃnity of phosphate for OprP when R133 was mutated
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to any other neutral or negatively charged residue. This type of
mutant study helps us to understand the relative contribution
of each residue in determining the phosphate selectivity of
OprP in particular and structure−function relationships of
porins in general. Most conserved residues among the
orthologs of OprP in Pseudomonas species are positively
charged arginine and lysine residues. Conservation of important
positively charged residues in the anion selective channel with
deﬁned binding sites for anions is not very surprising if one
considers the complementary nature of the electrostatic
interactions between the two binding partners as commonly
perceived to be critical in molecular recognition. However,
particularly intriguing is the presence of a negatively charged
aspartate residue, D94, in one of the central phosphate binding
sites. The phosphate ion has two adjacent aﬃnity sites in the
central region of the pore, and D94 is part of one of these sites
as suggested by both the crystal structure, in which a phosphate
ion was clearly evident in the electron density map of OprP,
and MD simulations.17,20 The presence of a negatively charged
residue in the binding site of the negatively charged phosphate
ions is surprising considering the unfavorable electrostatic
interactions between them. Such electrostatic interactions are
believed to be very dominant, playing a major role in molecular
recognition. For example, the substrate speciﬁcities between
diﬀerent subfamilies of aquaporins can be justiﬁed based only
on the electrostatic proﬁles of the channels.22 The functional
signiﬁcance of D94 is also evident because this residue is
evolutionarily conserved among OprP orthologs (Supporting
Information, Figure S5).
Considering the above observations, we decided to probe the
importance of the D94 in the binding and permeation of
phosphate ions in or through OprP. A detailed molecular study
would potentially yield hints about the role for negatively
charged residues, enabling the prospective “design” of anion
binding sites for anion selective porins. Diﬀerent mutants of
D94 were generated and investigated using electrophysiological
bilayer measurements to determine their eﬀects on phosphate
binding aﬃnity. To understand the somewhat surprising results
of the experimental studies, free-energy molecular dynamics
simulations were performed, aimed at obtaining the molecular
reasons behind the experimental observations.

As shown in Table 1, the stability constants for phosphatemediated inhibition of chloride transport through the D94
Table 1. Single Channel Conductance and Half Saturation
Constants of Chloride Conductance Inhibition by Phosphate
Binding for WT OprP and D94 Mutantsa
OprP

G (pS) at +V

1/Kb (mM)

D94 (WT)
D94K
D94R
D94N
D94Q
D94A
R133E

160
180
160
280
160
200
8

1.20
0.042
0.65
0.105
0.52
0.27
45.0

Kc (M)
820
24000
1550
9560
1910
3700
22

±
±
±
±
±
±
±

160
2000
250
1800
620
250
1.8

a

For comparison, R133E mutant data are also shown (ref 21). The
single channel conductance was obtained in 0.1 M KCl, 10 mM MES,
pH 6, T = 20 °C, applying 50 mV voltage. The half saturation and
stability constants for inhibition by phosphate of Cl− conductance was
obtained from titration experiments as shown in Figure S3, Supporting
Information, and using either the Michaelis−Menten equation or the
Langmuir equation as described elsewhere.15,21,23 The phosphate
solution had a pH of 6 and was largely monobasic. The mean values
(±SD) of at least three individual titration experiments are shown.
b
Half saturation constants for inhibition of chloride conductance by
phosphate. cStability constants for inhibition of chloride conductance
by phosphate.

mutants and the corresponding half saturation constant (1/K)
were highly dependent on the charge, size, and polarity of the
residue present in the mutant channels. The highest change in
the stability constant was observed for the charge inversion
mutant with a smaller side chain, D94K, which resulted in an
approximately 30-fold increase in phosphate binding aﬃnity
compared with the OprP WT channel. The other charge
inversion mutant, D94R, also studied here, also resulted in an
increase in phosphate binding aﬃnity as compared with WT
but only by about 2-fold, which was initially proposed to relate
to the larger size of the arginine side chain compared with that
of lysine. We investigated this in more detail below (Figure 3).
Compared with wild-type OprP, mutation of D94 to neutral
residues (N, Q, and A) resulted in stronger binding of
phosphate (Table 1). Diﬀerences in the phosphate binding
aﬃnities between mutants with neutral residues could be
attributed to diﬀerences in polarity, H-bonding ability, and
bulkiness of the side chains of studied neutral residues. In
general, mutation of the negatively charged D94 residue to
positively charged or neutral residues and the associated
changes in phosphate binding aﬃnity clearly showed the
importance of the aspartate (D) residue and its charge at this
particular position in OprP. In addition to charge, the bulkiness
of the side chain might also have contributed in determining
the binding aﬃnity. The D94 mutants did not lead to major
changes in single channel KCl conductance (G), in contrast to
R133 mutants21 (Table 1).
Furthermore, we also carried out zero current measurements
to investigate changes in the ion selectivity of the D94 mutants
compared with WT OprP. As a general trend, we observed that
all D94 mutants retained anion selectivity (Table 2). Although
decreases in the anion selectivity appear to have occurred for
some D94 mutants compared with that for the WT channel,
the selectivity of the mutant channels was in all cases close to
the Nernst-limit, which made it diﬃcult to quantify possible
changes. The decrease in the anion selectivity for some of the

■

RESULTS
Our initial goal was to understand the relative contribution of
the residue D94 in determining the binding aﬃnity of OprP for
phosphate. To achieve this, we mutated the negatively charged
D94 residue of OprP to the positively charged residues lysine
(less bulky compared with R) and arginine (more bulky side
chain), as well as neutral residues, asparagine (polar, small side
chain compared with Q), glutamine (polar, larger side chain),
and alanine (nonpolar, very small side chain). These mutations
with amino acids having diﬀerent physicochemical properties
enabled a study of the eﬀect of charge and size of amino acid
side chains at the particular position inside the channel in
conferring selectivity and the ion transport properties of the
channel. We also compared results obtained in the present
study with D94 mutant channels with that of our previous
studies with the wild-type channel17 and the R133E mutant
channel21 to enable broader context for explaining the
importance of the residue D94 in OprP. R133 is a very
important residue in central binding sites and any mutation of
this residue led to the drastic decrease in binding aﬃnity of
phosphate in OprP.21
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Table 2. Zero-Current Measurements to Study the Ion Selectivity of OprP and the D94 Mutantsa
permeability ratios, Pa/Pc (Vm [mV])
electrolyte
KCl

D94
17

>70

D94K

D94R

D94N

D94A

25 (−37.3 ± 1.3)

10 (−31.4 ± 2.5)

94 (−39.3 ± 0.2)

45 (−38.0 ± 0.9)

The experiments were carried out for ﬁve-fold KCl gradients (0.1 M KCl versus 0.5 M KCl). The ratio of anion to cation permeability, (Pa/Pc) was
calculated using the Goldman−Hodgkin−Katz equation24 from at least three individual experiments. The zero-current membrane potential, Vm, is
deﬁned as the diﬀerence between the potential at the dilute side and that at the concentrated side of salt solutions. The selectivity for wild-type OprP
(D94) was repeated recently and resulted in similar values as measured previously.18,19
a

mutants might be attributed to a stronger binding of Cl− ions
to the mutant proteins, which may lead to the slower
concentration gradient-dependent permeation of Cl− ions in
the mutant channels compared with WT. Presumably, a
stronger binding of Cl− could be due to the absence of the
electrostatically repellent negatively charged residue D94 in the
central binding site in mutant channels.
To further probe and understand the importance of the D94
residue of OprP, we carried out free-energy molecular dynamics
(MD) simulations to understand the energetics of phosphate,
chloride, and potassium ion permeation through D94K mutant
channels. As discussed above, a charge inversion mutation,
D94K, resulted in strongest binding of the phosphate ion to the
channel as observed in electrophysiological measurements. This
mutant, in which the negatively charged residue D94 was
mutated into a positive one, provided the opportunity to probe
the role of negatively charged residues in the anion binding site
for anion-selective channels when compared with the WT
channel. Hence we calculated one-dimensional potential of
mean force (PMF) proﬁles for the transport of diﬀerent ions
through the D94K mutant (Figure 2). PMF calculations
include, in addition to electrostatic interactions, vdW
interactions and entropic contributions that determine the
overall interaction energies between the permeating ions and
the channel. To facilitate comparisons, PMF proﬁles from our
previous studies with the WT17 and the R133E21 channels are
also shown. In addition, the PMF proﬁle for phosphate
transport through the D94R mutant was calculated to
understand possible molecular factors underlying the stronger
binding of phosphate in the D94K mutant compared with the
D94R mutant even though both lysine (K) and arginine (R) are
positively charged residues.
The PMF proﬁle for the transport of H2PO4− through the
D94K channel revealed two energetically favorable and very
deep central binding sites with well depths as great as 16 kcal/
mol (Figure 2a). The WT OprP channel included two similar
central phosphate binding sites but with a well depth of only 8
kcal/mol (Figure 2a). Such a large increase in binding energy
from WT OprP to the D94K mutant indicated a very strong
binding of the phosphate within the mutant channel. This was
well supported by the 30-fold increase in the phosphate binding
aﬃnity for the D94K mutant compared with WT in the
electrophysiological experiments (Table 1).
The other mutation of the negatively charged D94 residue to
the positively charged arginine (D94R) also showed an increase
in binding aﬃnity of phosphate in electrophysiological
experiments. However, the binding to the D94R mutant was
not as strong as that observed for the D94K mutant (Table 1).
The PMF proﬁle reinforced the experimental ﬁndings as
phosphate experienced a well-depth of approximately 11 kcal/
mol in the D94R mutant compared with the well-depth of 16
kcal/mol in the D94K mutant (Figure 2a). Figure 3 shows a
molecular analysis revealing that the bulky side chain of the

Figure 2. PMF proﬁles for the permeation of (a) H2PO4− through the
D94K and D94R mutants of OprP and PMF proﬁles for the
permeation of (b) Cl− and (c) K+ ions through the OprP mutant
D94K. Data concerning the PMFs for the WT and R133E mutant
channels are shown for comparison (see refs 17 and 21). Important
residues of OprP along the ion permeation pathway are mapped onto
the PMF proﬁles with respect to their positions along the z axis.

arginine residue in the D94R mutant acquired a diﬀerent
conformation upon entry of phosphate ions into the central
binding region and consequently the arginine almost blocked
the channel. In contrast, the lysine residue in the D94K mutant
did not undergo any noticeable conformational changes upon
the entry of phosphate into the central binding region and in
turn did not block the channel (Figure 3). This diﬀerent
behavior of lysine and arginine in OprP mutants led to the
observed changes in the PMF proﬁles and stronger binding of
phosphate in the D94K mutant compared with the D94R
mutant. In addition changes between the D94K and D94R
444
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mutants in the root-mean-square ﬂuctuation (RMSF) values in
simulations were observed, particularly for the residues of loop
L3 (see Supporting Information, Figure S4). Loop L3 spans the
entire central region of OprP (from −14 to 14 Å). Therefore,
the observed changes between the PMF proﬁles of the D94K
and D94R mutants can also be attributed to the diﬀerence in
the dynamics of loop L3 in both mutants.
A large increase in phosphate binding aﬃnity of the D94K
mutant compared with WT could be compared with
observations for the previously studied R133E mutant where
a large decrease in phosphate binding aﬃnity, approximately
40-fold, was observed both in experiments and in simulations.21
The PMF proﬁles (Figure 2) together with the experimental
observations demonstrated a role for the negative charge
belonging to the D94 residue in regulating the binding aﬃnity
of phosphate to OprP. The D94 residue in OprP, despite its
negative charge, maintained energetically favorable phosphate
binding sites in the central region of the channel and at the
same time prevented excessively strong binding of phosphate
that would oppose phosphate ﬂux through the channel. The
biological importance of achieving, in this way, an appropriate
binding aﬃnity for the phosphate ion of OprP and other
possible implications of the negative charge in the binding site
of OprP are discussed below (see the Discussion section).
The PMF proﬁles for another anion, Cl−, also revealed the
stronger binding of chloride in the D94K channel compared
with the WT pore (Figure 2b). The energetic depth of the
binding site increased from 8 kcal/mol for the WT channel to
13 kcal/mol for the D94K mutant. This further conﬁrmed the
role of the D94 residue in regulating the appropriate binding
aﬃnity of anions in OprP. Furthermore, a decrease in the
anion-to-cation permeability ratio, Pa/Pc, for the KCl electrolyte
solution for D94K compared with WT (Table 2) might have
resulted from slower permeation of Cl− ions through the
mutant channel, due to the stronger binding of anions to the
mutant, as suggested by the PMF proﬁles (Figure 2b). K+ ion
transport through the D94K mutant demonstrated an increase
in a barrier height compared with that in the WT channel
(Figure 2c).
Such large changes in the PMF proﬁles and in turn the
associated binding aﬃnities for the permeating phosphate in
response to point mutants of OprP are intriguing. To further
understand them, we calculated electrostatic potential maps for

Figure 3. (a) Change in the conformation of the side chain of the R94
residue in the D94R mutant upon the entry of the phosphate in the
binding site, leading to the R side chain almost blocking the porin. EC
and PC represent the extracellular and periplasmic side of the channel,
respectively. (b) Side chain of the K94 residue in the D94K mutant did
not result in any observed conformational change upon the entry of
phosphate in the binding site. (c) Approximate relative radii of D94R
mutants (R94_conf1, R94_conf2) and D94K mutant are presented by
a solid surface presentation and color coded according to the radius
(blue, radius >2 Å; green, radius between 1 and 2 Å; red, radius <1 Å).
Radii were calculated using the HOLE program.

Figure 4. Electrostatic potential maps for the WT OprP and mutants D94K, D94R, and R133E. The OprP channel together with important residues
were mapped along the electrostatic potential maps to enable identiﬁcation of possible residues that were responsible for particular features of the
potential maps. In addition, PMF proﬁles for the H2PO4− ion permeation through the WT and mutant channels were mapped onto the respective
electrostatic potential maps indicating a correlation between the energetics of the H2PO4− transport and the electrostatic potential proﬁles. The
potential maps are in the y−z plane at an x position corresponding to the middle of the one of the three pores and were generated using the
PMEPlot plug-in for VMD.25,26
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the WT channel and mutant channels of OprP. Potential maps
were calculated using the PMEPlot plugin of VMD25,26 and
averaged over the equilibrium simulations of 25 ns length. As
shown in Figure 4, the electrostatic potential maps showed
large changes with respect to point mutations particularly in the
central region of the pore. Compared with WT OprP, the
D94K mutant displayed a very strong electropositive region at
the center of the channel (Figure 4), which likely explains the
very strong binding of the negatively charged phosphate or
chloride in the D94K mutant. The D94R mutant also had a
strong electropositive region at the center of the channel, which
was, within statistical uncertainties, rather similar to the D94K
mutant. Conversely, the R133E mutant did not show such an
electropositive region at the center of the channel in the
potential map (Figure 4). This observation rationalized the
PMF proﬁle for phosphate ions, which was void of any
energetically favorable aﬃnity region for this particular mutant.
Furthermore, we mapped the respective PMF proﬁles for
H2PO4− permeation through each of the channels to enable
comparisons (Figure 4). A clear correlation between the
electropositive and electronegative features of the electrostatic
potential maps and the PMF proﬁles was visible. It was also
interesting to observe such “global” eﬀects on the electrostatic
potential maps of OprP in response to single point mutants,
which was due to the long-range nature of the electrostatic
interactions.
In further analyses, we calculated the electrostatic interaction
energies between the permeating ions and the channel at
diﬀerent regions of the pore (Figure 5). For this purpose, the
pore was divided into 1 Å bins and the interaction energies
were calculated with a cutoﬀ distance of 12 Å using the
NAMDenergy plugin. Compared with the WT, H2PO4− ions
experienced more favorable electrostatic interaction energies
within the central region of the pore for the D94K and D94R
mutants (Figure 5a). This ﬁnding was in accordance with the
PMF proﬁles (Figure 2a) and electrostatic potential maps of
the WT and the D94K channels (Figure 4), as described above.
Hence the stronger binding of H2PO4− in the D94K mutant
compared with the D94R mutant was not due to electrostatic
eﬀects but rather to the diﬀerent side chain conformation of the
arginine residue in the D94R mutant compared with the lysine
of D94K as discussed previously. Similarly, Cl− ions showed
more favorable electrostatic interaction energies in the central
region of the pore for the D94K mutant compared with the WT
channel (Figure 5b). In contrast, due to the very strong
electropositive potential of the D94K mutant, the K+ ions were
subject to very unfavorable electrostatic interaction energies for
this particular mutant (Figure 5c). This phenomena was also
reﬂected in the PMF proﬁle with an energetic barrier that was
as high as +17 kcal/mol for the permeation of K+ ions through
the D94K mutant.
The above studies focused on the electrostatic component of
the energy between the permeating ion and the channel, which
indeed largely determined the stronger binding of phosphate in
the D94K channel compared with WT. However, water
molecules played an important role in regulating the
interactions between the permeating ions and the channel.
To interact with the channel, the permeating ions had to be
stripped of at least some of the water molecules belonging to
the hydration shell, particularly in the narrowest central region
of the pore where the channel radius is smaller than the
hydrodynamic radius of the permeating ions. Ion selectivity and
ion transport properties of channels are believed to be

Figure 5. Electrostatic interaction energy for (a) H2PO4− transport
through the D94K and D94R mutants of OprP, and for (b) Cl− and
(c) K+ ions passing through the OprP mutant D94K. Data for the
electrostatic energy for the WT and R133E mutant channels are shown
for comparison (see refs 17 and 21). All energy values denote relative
interaction energies assuming zero interaction energies in the bulk
phase.

determined by the interactions and interplay between
permeating ions, surrounding water molecules and the channel.
For example, we already showed the importance of the residue
R133 of OprP in governing the phosphate binding aﬃnity
through its ability to dehydrate the permeating ion in
conjunction with the network of other residues in OprP.21
Particularly for anion selective channels, the hydration energy
of the permeating ions was reported to be responsible for the
rate-limiting step in determining ion transport processes.27−29
To understand the eﬀect of the hydration shell, we carried
out a coordination number analysis for permeating ions in
diﬀerent regions of the pore for the D94K mutant. A detailed
procedure for calculating the coordination number is provided
elsewhere.17,21 As the permeating ions move inside the channel,
a portion of the water molecules would be removed from the
respective hydration shell, which would be compensated by
protein contacts. As shown in Figure 6a, the H2PO4− ions
stripped oﬀ eight water molecules in the central region of the
pore to enable passage through the positively charged D94K
and D94R mutants. Compared with this, H2PO4− ions had to
strip oﬀ seven and four water molecules while permeating
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the binding aﬃnity of phosphate between the D94K and D94R
mutants could be mainly explained by the diﬀerent side chain
conformations of lysine and arginine in the presence of
phosphate in the binding site (Figure 3). These mutants of D94
revealed that the presence of a negatively charged D94 residue
in the aﬃnity site reduced the very strong binding of the
phosphate in WT OprP. The biological signiﬁcance of
achieving an appropriate binding aﬃnity of phosphate to
OprP and possible importance of the aspartate residue in the
aﬃnity site of OprP is further discussed below.
In nature, channels and porins are designed to allow the
permeation of ions and substrates through otherwise
impermeable membranes. On the one hand, binding of the
permeating ions or substrates inside the channel helps to ensure
substrate speciﬁcity and selectivity for channels, which is
essential to their functioning. In particular OprP is induced in
the bacterium Pseudomonas aeruginosa under phosphate-limiting conditions, with growth-limiting phosphate concentrations
that are required to induce OprP being as low as 0.15 mM
phosphate.6 Thus, the presence of deﬁned binding sites in the
channel with aﬃnity for phosphate enhances the eﬃciency of
phosphate uptake from dilute environments. On the other
hand, very strong binding of the phosphate inside the channel
would lead to ineﬃcient and slow permeation because the
transport at higher phosphate concentration would be limited
by the oﬀ-rate constant of phosphate binding to the binding site
in a one-site two-barrier model. Hence, the appropriate binding
aﬃnity for phosphate is essentially a trade-oﬀ between tight
binding and permeation eﬃciency, which is necessary for the
appropriate functioning of the OprP channel.
One additional and important dimension to the signiﬁcance
of achieving the appropriate binding aﬃnity for phosphate in
OprP is the role of the periplasmic phosphate-binding protein
(PBP) as a part of the phosphate transport system (PTS) in P.
aeruginosa.7 Since in vivo the phosphate movement must be
unidirectional, from the extracellular to the periplasmic side, in
order to meet the cellular nutritional requirements of the
bacterium, an additional high-aﬃnity component in the form of
a periplasmic PBP facilitates unidirectional uptake across the
outer membrane because it prevents free phosphate from
accumulating in the periplasm. The presence and role of the
periplasmic PBP in mediating high-aﬃnity phosphate transport
was conﬁrmed by mutagenesis in P. aeruginosa. In the wild-type,
which contains PBP and OprP, two kinetically distinct systems
were observed for phosphate uptake, one with high-aﬃnity and
the other low-aﬃnity.30,31 In contrast, only a single low-aﬃnity
transport system was observed in the mutant lacking the
binding protein, suggesting the role of the binding protein in
inducible high-aﬃnity phosphate-uptake system of P. aeruginosa. The role of the similar collaborations between an outer
membrane speciﬁc channel (LamB) and a periplasmic binding
protein was previously established as part of the maltose/
maltodextrin uptake system of E. coli.32,33 In vivo, phosphate
binds ﬁrst to medium aﬃnity sites within OprP and
subsequently binds to the higher aﬃnity periplasmic
phosphate-binding protein to enable passage of phosphate
across the outer membrane. Of critical importance is an
“appropriate” interaction strength of the phosphate ions within
the OprP channel to allow phosphate ions to be taken up from
the dilute extracellular environment and then to allow these
ions to dissociate from the channel to enable their association
with the phosphate-binding protein. The presence of the
negatively charged D94 in OprP thus is biologically important

Figure 6. Coordination numbers for the water (dashed line) and
protein (solid line) contacts for the transport of the ions (a) H2PO4−,
(b) Cl−, and (c) K+ through the OprP mutant channels D94K (blue),
D94R (green), WT (black), and R133E (red). Data for the WT and
R133E mutant channels are shown for comparison (refs 17 and 21).

through the WT and the R133E channel, respectively. Removal
of more water molecules from the hydration shell during
passage through a channel, for example, the D94K and D94R
channels, results from a stronger aﬃnity of phosphate for that
particular channel (Figure 6a). Conversely, stripping oﬀ less
water molecules, for example, in the R133E channel, results
from a weaker binding of the phosphate in the respective
channel. For the other studied anion, Cl−, a similar correlation
between the removal of water molecules from the hydration
shell and binding aﬃnity was observed (Figure 6b).

■

DISCUSSION
With the help of bilayer electrophysiological measurements, we
revealed how and why phosphate binding aﬃnity varied when
the D94 residue was mutated to other amino acids. Mutation of
the negatively charged D94 residue to the tested positively
charged or neutral residue led to an increased binding aﬃnity
for phosphate. Of particular interest were the charge inversion
mutations for D94 and in particular D94K for which an
approximately 30-fold increase in the binding aﬃnity of the
phosphate ion was observed. Free-energy MD simulations
provided a possible molecular picture explaining such strong
aﬃnities of the D94K mutant for phosphate. The diﬀerence in
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Table 3. Mutants Designed To Investigate the Contribution of the Amino Acid D94 in Ion Selectivity and Phosphate Substrate
Speciﬁcitya
OprP

codon

5′−3′ primer

amino acid side chain

D94 (WT)
D94K
D94R
D94N
D94Q
D94A

GAC
AAG
CGC
AAC
CAG
GCC

not mutated
GCGCCGGCTACTTTAAGGAAGCTTCGGTCAC
GCGCCGGCTACTTTCGCGAAGCTTCGGTCAC
GCGCCGGCTACTTTAACGAAGCTTCGGTCAC
GCGCCGGCTACTTTCAGGAAGCTTCGGTCAC
GCGCCGGCTACTTTGCCGAAGCTTCGGTCAC

-CH2-COO−
-CH2-CH2-CH2-CH2-NH3+
-CH2-CH2-CH2-NH-C(NH2+)-NH
-CH2-CO-NH2
-CH2-CH2-CO-NH2
-CH3

a

Mutants are named by the mutated residue (D94) followed by the new residue (e.g., K as in D94K), according to the one letter amino acid code.
The codons of the wild-type and mutants are indicated in addition to the forward primers used to mutate them. The side chains of the various amino
acids and any charges at neutral pH are also displayed.

anion-selective porins. Among the few reported strongly anionselective porins, the crystal structure of Omp32 porin from
Delf tia acidovorans is also available. The Omp32 porin is a
strongly anion-selective porin40 and has a negatively charged
residue, E58, in its anion binding site, as also demonstrated by
the corresponding PMF proﬁle.41 Delftia acidovorans belongs to
the group of β-proteobacteria,42 and the sequence of Omp32 is
similar to that of other reported anion-selective porins from the
same group, namely, the porins from Bordetella pertussis,43
Neisseria gonorrheae,44 Neisseria meningitidis,45 and Acidovorax
delaf ieldii.46 Most important is the conservation of the residue
E58 in the anion-selective porins of all of these bacteria from
the β-proteobacteria group, thus supporting the importance of a
negatively charged residue in an anion binding site (Supporting
Information, Figure S6).
In conclusion, we have shown the importance of residue D94
of OprP in conferring an appropriate binding aﬃnity of
phosphate toward OprP. The mutation of the negatively
charged residue at position 94 to positively charged or neutral
residues, particularly lysine (K), led to a stronger binding for
phosphate in OprP, as observed in both electrophysiological
bilayer measurements and free-energy MD simulations. The
stronger binding of phosphate in the D94K mutant compared
with the D94R mutant was explained by the diﬀerent side chain
conformations of these two positively charged residues in the
presence of phosphate in the binding site. The computer
simulations presented here provided molecular insights
regarding the importance of D94 in OprP and complemented
the electrophysiological experiments. In future such simulations
on porins systems could be done in their natural membrane
environment, that is, an asymmetric membrane that includes
lipopolysaccharide (LPS) molecules.47 It would be interesting
to investigate how some of the loops of porins interact with the
LPS membrane. The use of polarizale force ﬁelds48,49 and
constant pH simulations50 that allow protonation state to be
deﬁned based on the local environment could further improve
the accuracy of the molecular dynamics simulations.
Our data favor the possible relevance of the D94 residue in
the wild-type channel in attaining an appropriate binding
aﬃnity for phosphate toward OprP to achieve an eﬃcient and
unidirectional transport of phosphate across the outer
membrane of P. aeruginosa. Other than that, the importance
of the D94 residue in conferring, to OprP, selectivity for
phosphate over sulfate, and the possible role of D94 in
stabilizing the protonation states and charges of arginine
clusters were also implicated. The presence of a similar
negatively charged residue in the anion-selective porins of the
β-proteobacteria group of bacteria further reinforces the
broader importance of negatively charged residues in anion

for achieving such an appropriate binding aﬃnity for the
phosphate.
One further important aspect of the phosphate selectivity of
OprP is to enable discrimination of phosphate from a very
similar, tetrahedral-shaped oxyanion, that is, sulfate. At the
physiological pH of around 7, phosphate can exists in
monobasic (H2PO4−) or dibasic (HPO42−) form, while sulfate
stays in its fully ionized dibasic (SO42−) form in this pH regime.
In nature, a precedent for molecular recognition that allows the
discrimination between phosphate and sulfate can be realized
based on the examples of the phosphate-binding protein (PBP)
and the sulfate-binding protein (SBP). The ability of the PBP
and SBP to exquisitely discriminate between phosphate and
sulfate has been attributed to the presence of an aspartate
residue in the binding site of PBP and the corresponding
absence of an aspartate residue in the binding site of SBP.34−37
Phosphate, in its physiologically available protonation states,
can act as a H-bond donor and can speciﬁcally interact with the
H-bond acceptor carboxylate group of the aspartate side chain.
However, sulfate, in not possessing a H-bond donor, cannot
form such speciﬁc interactions with the aspartate residue and is
thus subject to charge repulsion. OprP, being a phosphateselective porin, thus can achieve excellent speciﬁcity for
phosphate over sulfate due to the presence of the D94 residue
in the binding site.
In addition to the above, by forming salt bridges with R34,
R59, and R60 (see Figure 1a), the D94 residue in OprP might
also help to stabilize the protonation states and in turn the
positive charges of this cluster of three consecutive arginine
residues in the narrowest region of the pore. The positive
charges of these arginine residues are very important for
maintaining the phosphate binding aﬃnity of OprP. It was
reported for the E. coli OmpF and PhoE channels that the close
proximity of three adjoining arginine side chains might confer
unusual ionization behavior leading to deprotonated forms of
these arginines.38 Conversely, for the anion-selective porin
Omp32 from Delftia acidovorans, the protonation states and
positive charges of arginines from the arginine cluster were
indicated to be stabilized by the formation of salt-bridges with a
glutamate (E58) residue.39
In biology, the functional importance of an amino acid can
usually be justiﬁed based on its evolutionary conservation. The
D94 residue of OprP from P. aeruginosa is evolutionarily
conserved between diﬀerent OprP orthologs in Pseudomonas
species (Supporting Information, Figure S5). However, a
similar conservation of a negatively charged residue in other
anion-selective porins would suggest a general design principle,
based on the above-described considerations, involving
negatively charged residues in the anion binding sites of
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of the monomers on the extracellular side of the mutant protein.17,21
The monobasic form of the phosphate ion, H2PO4−, was considered in
agreement with our previous studies.17,21 Phosphate is predominantly
in its monobasic form at pH 6 at which experimental measurements
are done. The simulations were carried out in the NPT ensemble at a
temperature of 310 K and a pressure of 1 atm utilizing the NAMD 2.9
program.56 The CHARMM27 force ﬁeld57 together with the
additional force ﬁeld parameters for H2PO4−58 was employed. The
bonded interactions were calculated every 1 fs, while the short-range
nonbonded and the long-range electrostatic interactions were
calculated every 2 and 4 fs, respectively. In order to determine the
eﬀective free energy proﬁles for the permeation of various ions
through OprP mutants, the adaptive biasing force (ABF) method59−61
as available in the collective variable module of the NAMD 2.9 program
was utilized. Further details about the system setup, simulation
parameters, and free-energy calculations can be found elsewhere.21

binding sites of anion-selective porins. Molecular insights
presented here can be useful in designing a “model” anion
binding site for biomimetic anion-selective porins and channels.

■

METHODS

Bacterial Strains and Growth Conditions. Escherichia coli strain
DH5α (Invitrogen, CA, United States) was utilized to host the plasmid
containing the OprP gene pAS2751 and several plasmids derived from
it containing single amino acid mutations of this gene. E. coli
CE1248,52 an OmpC/OmpF/PhoE deﬁcient strain, was employed to
express the OprP porin and its mutants.21
Site-Directed Mutagenesis and Sequencing of OprP
Mutants. The pAS27 plasmid was mutated and ampliﬁed using the
Quick-Change mutagenesis kit (Stratagene, USA) following the
standard protocol provided by the manufacturer.21 Table 3 lists the
primers utilized to perform the single mutations. The primers were
synthesized by AlphaDNA (Montreal, Canada). Table 3 also lists the
mutagenic codons consisting of mismatches that corresponded to the
substitution mutation in the encoded amino acid sequence of OprP.
The OprP sequence together with the sequences of the generated
mutants were corroborated by the Nucleic Acid Protein Service Unit
(University of British Columbia, Vancouver, Canada).
Protein Extraction and Puriﬁcation. The diﬀerent OprP D94
mutant proteins were extracted from E. coli CE1248 pellets as
described previously.21 Puriﬁcation of the OprP native and D94
mutant proteins was achieved using a MonoQ column (Pharmacia,
United States) coupled to a FPLC system using a NaCl gradient as
described elsewhere.21 OprP and its mutant proteins eluted at a salt
concentration of 250−300 mM NaCl.
Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-Page) and Western Immunoblotting (WB). To conﬁrm
the expression and puriﬁcation of the OprP mutants, whole cell lysates
of E. coli CE1248 or the FPLC fractions were loaded onto a 12% SDS
polyacrylamide gel and electrophoresed. The gels were stained with
Coomassie blue or transferred to poly(vinylidene ﬂuoride) (PVDF)
membranes and incubated with monomer-speciﬁc anti-OprP rabbit
serum as previously described.51 E. coli CE1248 harboring pAS27 and
E. coli CE1248 harboring the vector plasmid pTZ19U (Pharmacia,
USA) were used as positive and negative controls, respectively.21
Black Lipid Bilayer: Single Channel Conductance, Zero
Current Measurements, and Phosphate Titration. The black
lipid planar bilayer assay using membranes made up of the 1% 1,2diphytanoylphosphatidylcholine (DiPhPC) in n-decane has been
described elsewhere.53 Measurements to investigate inhibition of
chloride conductance mediated due to phosphate binding to the
binding sites were performed for OprP D94 mutants by titrating
potassium phosphate, pH 6, into one chamber of the planar bilayer
apparatus in which a DiPhPC membrane containing OprP or one of its
mutants was reconstituted.21,23,54 The half saturation constant for
decrease in chloride conductance through OprP and its mutants, due
to phosphate binding, was calculated utilizing the Langmuir isotherm
or the Michaelis−Menten equation.21,55 Previously it has been shown
experimentally that phosphate binds more strongly to OprP in its
monobasic form than in its dibasic form.6 In that study, electrophysiological measurements were done at diﬀerent pH values where
phosphate can exist predominantly as either monobasic (pH 4 and 6)
or dibasic (pH 8) forms and phosphate has a stronger binding to OprP
in its monobasic form. Therefore, pH 6 was chosen for the present
study to have a unique and well-deﬁned protonation state of the
phosphate ions. Zero current potential measurements to study ion
selectivity were performed as described previously.21,24,53
Molecular Dynamics Simulations. The OprP trimer (PDB code
2O4V)20 was embedded into a bilayer consisting of palmitoyloleoylglycero-phosphatidyl ethanolamine (POPE) lipids.25 TIP3P water
molecules were used to solvate the protein embedded bilayer system.
Moreover, the D94 residues in each of the monomers were mutated to
lysine (K) and arginine (R) to generate the D94K and D94R mutants,
respectively. Subsequently the ion under the investigation, that is,
phosphate, chloride, or potassium, was placed at the mouth of the one
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(2012) Modeling the ion selectivity of the phosphate specific channel
OprP. J. Phys. Chem. Lett. 3, 3639−3645.
(18) Pongprayoon, P., Beckstein, O., Wee, C. L., and Sansom, M. S.
(2009) Simulations of anion transport through OprP reveal the
molecular basis for high affinity and selectivity for phosphate. Proc.
Natl. Acad. Sci. U. S. A. 106, 21614−21618.
(19) Pongprayoon, P., Beckstein, O., and Sansom, M. S. P. (2012)
Biomimetic design of a brush-like nanopore: Simulation studies. J.
Phys. Chem. B 116, 462−468.
(20) Moraes, T., Bains, M., Hancock, R. E. W., and Strynadka, N.
(2006) An arginine ladder in OprP mediates phosphate-specific
transfer across the outer membrane. Nat. Struct. Mol. Biol. 14, 85−87.
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