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ABSTRACT The outer membrane (OM) of Gram-negative bacteria functions as a selective permeability barrier between cell
and environment. For nutrient acquisition, the OM contains a number of channels that mediate uptake of small molecules by
diffusion. Many of these channels are specific, i.e., they prefer certain substrates over others. In electrophysiological experi-
ments, the OM channels OprP and OprO from Pseudomonas aeruginosa show a specificity for phosphate and diphosphate,
respectively. In this study we use x-ray crystallography, free-energy molecular dynamics (MD) simulations, and electrophysi-
ology to uncover the atomic basis for the different substrate specificity of these highly similar channels. A structural analysis
of OprP and OprO revealed two crucial differences in the central constriction region. In OprP there are two tyrosine residues,
Y62 and Y114, whereas the corresponding residues in OprO are phenylalanine F62 and aspartate D114. To probe the impor-
tance of these two residues in generating the different substrate specificities, the double mutants were generated in silico and
in vitro. Applied-field MD simulations and electrophysiological experiments demonstrated that the double mutations interchange
the phosphate and diphosphate specificities of OprP and OprO. Our findings outline a possible strategy to rationally design

channel specificity by modification of a small number of residues that may be applicable to other pores as well.

INTRODUCTION

The outer membrane (OM) of Gram-negative bacteria acts
as a molecular sieve because of the presence of channel-
forming proteins (1,2). These proteins form @-barrels in
the OM and are responsible for the transport of hydrophilic
solutes and nutrients across the OM. OM channels differ in
their specificity with respect to the substrates that can
permeate through them. Some are nonspecific (e.g.,
OmpF, OmpC) and allow general diffusion of hydrophilic
molecules below a certain size (1,2) generally based on
the size-exclusion principle, whereas others are responsible
for the permeation of specific substrates such as carbohy-
drates (LamB and ScrY (3.4)), nucleosides (Tsx (5)), and
phosphate ions (OprP (6,7)). Such substrate specificities
are achieved by the virtue of having a defined substrate bind-
ing site in the channels. Understanding the specificity and
transport properties of OM channels is an active area of
research with implications ranging from nanoanalytics
(e.g., nanopore-based DNA sequencing) (8—10) to research
on how to improve antibiotic translocation through OM
channels (11,12).

Pseudomonas aeruginosa (Pa) is an opportunistic Gram-
negative pathogen and is a major cause for nosocomial in-
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fections. The OM of the Pa bacterium contains, as known
so far, no classical porins but only narrow and substrate se-
lective channels (e.g., channels of the OprD/Occ-family)
and the lack of wide pores is likely the reason for the poor
permeation of antibiotics through the Pa OM. Among these
substrate-selective channels is OprP, a phosphate-selective
porin that is induced under phosphate starvation conditions
and facilitates the high-affinity acquisition of phosphate
ions that are important for Pseudomonas growth and
proliferation (7). A crystal structure of OprP is available
(13) and detailed investigations have been carried out to
understand the phosphate specificity of this interesting
channel using bilayer electrophysiological measurements
(6,14,15) and computational molecular dynamics (MD)
simulations (16-19).

A homologous channel to OprP from Pa, OprO, shares a
high sequence similarity and identity of 86% and 74%,
respectively, with OprP (20,21). However, bilayer measure-
ments have demonstrated that OprO is selective for poly-
phosphate, e.g., pyrophosphate whereas OprP is selective
for phosphate (15,20). The difference in the specificity of
highly similar channels is intriguing, and therefore we per-
formed further structural and mechanistic investigations.
The details gained from such experiments might have impli-
cations that are not limited to understanding the differences
in the specificity between these two particular channels but
could potentially provide a template to fine-tune the speci-
ficity and transport properties of various ion channels. The
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major bottleneck in such engineering efforts is the availabil-
ity of a crystal structures for both channels. In this study we
report the x-ray crystal structure of the Pa OprO channel. In
addition, bilayer electrophysiological measurements and
free-energy MD simulations have been carried out to under-
stand the polyphosphate specificity of this pore. Going one
step further, we show that with the help of mutagenesis
studies one can interconvert the specificity of OprP and
OprO. In particular we have theoretically and experimen-
tally demonstrated that an engineered double mutant chan-
nel of OprP has OprO-like properties and becomes
selective for pyrophosphate.

MATERIALS AND METHODS
Bacterial strains and growth conditions

Escherichia coli (E. coli) strain DH5o was used as a host for maintaining
the clones containing the OprP expression plasmid pAS27 (22) and various
other plasmid containing single and double mutants. For overexpression
and purification of OprO wild-type, OprP wild-type and its mutant proteins,
E. coli CE1248 cells were used (23). These cells lack major E. coli pore
forming proteins such as OmpC, OmpF, and PhoE. E. coli CE1248
harboring these wild-type and mutant plasmids were cultured on Luria-
Bertani (LB) agar (Roth, Germany) plates supplemented with 100 ug/ml
ampicillin (Roth, Germany) for plasmid maintenance. Growth of the cells
was maintained as described in the Supporting Material.

Preparation of pores for electrophysiology,
sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and Western immunoblotting

Cloning, site-directed mutagenesis, and sequencing of OprP wild-type and
mutants are described together with the extraction and purification of OprP
and OprO for electrophysiology experiments in the Supporting Material.
Furthermore, sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and Western immunoblotting (WB) were performed as
described in the Supporting Material.

Cloning, purification, and crystallization of OprO

The mature part of Pseudomonas PAO1 oprO was amplified from genomic
DNA by polymerase chain reaction, digested with Xhol/Xbal, and cloned
into the arabinose-inducible pB22 vector. The resulting construct has the
signal sequence from E. coli TamA, and OprO is fused at the N-terminus
with a heptahistidine tag. After signal peptidase cleavage the N-terminal
sequence of the protein is as follows: ANVRLQHHHHHHHLE-OprO. Pro-
tein expression was performed using C43 AcyoABCD cells by growing the
cells at 37°C until optical density (OD) 0.5-0.7, followed by induction for
16 h at 20°C using 0.1% (w/v) arabinose. Cells were resuspended in buffer
A (20 mM Tris/300 mM NaCl pH 8) and broken via one pass through a cell
disrupter (Constant Systems, Daventry, UK) at 23 kpsi. Total membranes
were collected via ultracentrifugation (Beckman (Brea, CA) L8-80 ultra-
centrifuge) for 45 min at 45 krpm using a 45 Ti rotor (Beckman). The mem-
branes from 12 liter cells (OD600 ~1-1.5) were resuspended in 100 ml
buffer A containing 2.5% Elugent (w/v; Calbiochem) followed by stirring
at 4°C for 2 h. The suspension was centrifuged for 30 min at 45 krpm
and the supernatant loaded onto a 10 ml nickel column equilibrated in
buffer A + 0.2% (w/v) lauryldimethylamine N-oxide. Washing occurred
with 150 ml buffer + 30 mM imidazole and the protein was eluted with
30 ml buffer + 250 mM imidazole. The protein was concentrated by ultra-
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filtration and loaded onto a Superdex-200 column equilibrated in 10 mM
Hepes/100 mM NaCl/0.12% decyl-maltoside pH 7.5. For polishing and
detergent exchange, a second gel filtration column was run in 10 mM
Hepes/100 mM NaCl/0.3-0.4% CgE, pH 7.5. For crystallization, the
protein was concentrated by ultrafiltration (100 kDa cutoff) to ~10 to
15 mg/ml, aliquoted, and flash-frozen in liquid nitrogen.

Crystallization trials were performed by sitting drop vapor diffusion with
commercial (MemGold 1 and 2, Morpheus; Molecular Dimensions (Suf-
folk, UK)) and in-house crystallization screens using a Mosquito crystalli-
zation robot (TTP Labtech, Melbourn, UK). Initial hits were optimized and
scaled up using sitting and hanging drops. Wild-type OprO gave well-
diffracting crystals in 10 mM sodium acetate/0.2 M ammonium sulfate/
10-15% PEG4000 pH 4. Crystals of the OprO-to-P double mutant F62Y/
DI114Y were obtained in 50 mM sodium acetate/0.225 M ammonium
sulfate/12% PEG 4000 pH 4.

Diffraction data were collected on beamline X6A of the National Syn-
chrotron Light Source (NSLS) for wild-type OprO and on beamline 102
of the Diamond Light Source for the OprO-to-P mutant. Both proteins crys-
tallized in space group R3, with cell dimensions of ~87 x 87 x 159 A
(angles 90° x 90° x 120°). In both cases the asymmetric unit contains
one monomer, corresponding to a solvent content of ~50% (V,, =
2.5 A%/Da). The physiological trimer is generated by crystal symmetry op-
erations. Diffraction data were processed with XDS (24). The OprO struc-
ture was solved by molecular replacement with Phaser (25), using OprP as
the search model (PDB ID 204V (13)), and refined within Phenix (www.
phenix-online.org) (26) with translation libration screw-motion restraints
but without applying non-crystallographic symmetry restraints. The refined
structure of OprO was used as the search model for the OprO-to-P mutant.
The data collection and refinement statistics are summarized in Table S4.

Electrophysiology

The black lipid membrane assay has been previously described in detail
(17). In brief: a membrane was formed from a 1% (w/v) solution of diphy-
tanoylphoshatidylcholine (DiPhPC, Avanti Polar Lipids, Alabaster, AL) in
n-decane (Fluka Sigma-Aldrich, Seelze, Germany) over a 0.4 mm? aper-
ture, between two aqueous compartments in a Teflon cell. Two Ag/AgCl
electrodes with salt bridges were inserted on both sides of the Teflon cell.
One of the electrodes was connected via a voltage source to ground and
the other electrode was connected to a current amplifier (Keithley 427) to
measure the current passing through membrane and electrodes. The output
signal of the amplifier was monitored with a digital oscilloscope and a strip-
chart recorder (Rikadenki Electronics, Freiburg, Germany). Titration exper-
iments were carried out to measure the inhibition of chloride conductance
by phosphate binding to the binding sites, as previously described in detail
with OprP wild-type and its mutants (16,17). Details are given in the Sup-
porting Material.

Molecular dynamics simulations

The OprO and OprP proteins based on their crystal structures (PDB code
204V for OprP (13)) were embedded into a palmitoyloleoyl-glycero-phos-
phathidyl ethanolamine (POPE) lipid bilayer that was constructed from
preequilibrated patches using VMD (27). Subsequently, the system was
solvated using TIP3P water molecules. Either phosphate or diphosphate
ions were subsequently placed at the mouth of the one of the monomers
on the extracellular side for each porin. The monovalent form of the phos-
phate ion, H,PO,, was investigated consistent with our previous studies
(16-18), whereas the divalent form of the diphosphate ion, H,P,0,> was
chosen as the most probable protonation state at pH 6. The systems were
neutralized by addition of potassium ions and each system contained
roughly 120,000 atoms. For the mutant studies, the F62 and D114 residues
of OprO were mutated to the corresponding residues of OprP, i.e., Y62 and
Y114 and vice versa. The mutant systems were subjected to 5000 steps of
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energy minimization to remove unfavorable steric contacts followed by
10 ns long equilibration runs.

The simulations were performed in the NPT ensemble with the program
NAMD 2.8 (28) and the CHARMM?27 force field (29) along with additional
force field parameters for H,PO,~ (30). Force field parameters for H,P,0,*
were obtained with the help of the ParamChem web-server that performs an
assignment of parameters and charges using analogy principles (31,32).
The temperature of 310 K and the pressure of 1 atm were maintained in
all the simulations using Langevin dynamics along with a Langevin piston
algorithm. Moreover, periodic boundary conditions were used in the simu-
lations. Short-range nonbonded interactions were calculated using a cutoff
of 12 A and a switching distance of 10 A. The long-range electrostatic in-
teractions were accounted for using the particle mesh Ewald (PME) method
(33). Bonded interaction were evaluated every 1 fs. Moreover, short-range
nonbonded and long-range electrostatic interactions were determined every
2 and 4 fs, respectively, using the r-RESPA multiple time step method (34).
In addition, the SHAKE constraint algorithm was employed concerning the
hydrogen bonds of all water molecules.

The adaptive biasing force (ABF) approach (35,36) as implemented in
the collective variable module of the NAMD 2.9 program was applied to
calculate the effective free energy profiles for the transport of different
ions through OprP, OprO, and their mutants. The principal axis of the chan-
nel was always aligned parallel to the z axis and the reaction coordinate was
assigned to be the z position of the ion. The change in free energy was deter-
mined with respect to the bulk value. The full reaction coordinate with a
length of 84 A along the z axis was subdivided into 21 windows with a
length of 4 A each to enhance the sampling efficiency. This range of the re-
action coordinate along the z axis also consists of extended bulk regions on
both sides of the channel. The initial starting conformations of the system
for each window were retrieved by constant velocity steered molecular dy-
namics (SMD) simulations wherein each respective studied ion was
dragged through the channel along the z axis. In the ABF method, the
average force acting on the respective ion was accumulated in 0.1 A sized
bins within each window. In addition, the application of the adaptive bias
was initiated only after 800 samples were accumulated in the individual
bins to address the issue of the fluctuating instantaneous forces and to calcu-
late a reasonable starting estimation of the biasing forces. Later on, the re-
sulting data were integrated to generate the potential of mean force (PMF)
profiles. Production runs in each window were carried out for at least 6 ns
whereas considerably extended runs were performed for ~20 to 25 ns in the
central binding site windows (—10 to 10 10\).
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RESULTS AND DISCUSSION
Structure and dynamics of OprO

An interesting crystallographic detail in both OprO struc-
tures is that the N-terminal cloning region incorporating
the His7 tag has a well-defined conformation and interacts
with a neighboring trimer within the crystal (Fig. S1). It is
not clear to what extent the tag contributes to the packing
in the crystal, but it does show that the presence of a sizeable
tag (15 residues) is not necessarily detrimental to obtaining
well-ordered crystals. The crystal structure of OprO re-
vealed its trimeric organization and each monomer is
composed of 16 (-strands that are connected to each other
via extracellular loops (L) and periplasmic turns (T). Loops
L3, L5, and T7 fold inside the lumen of the pore and form
narrow regions across the length of the pore lumen
(Fig. 1). Because of the high sequence similarity with
OprP, OprO shares many structural features with OprP as
expected from a C,, r.m.s.d of 0.55 A (411 atoms aligned).
For example, OprO also contains the so-called arginine lad-
der where arginine residues (R219, R221, R243, R223,
R227, R59, R60, and R34) span from the extracellular re-
gion to the center of the pore in a ladder-like fashion
(Fig. 1). These arginine residues are believed to provide
an electropositive sink to attract the phosphate ions from
the dilute extracellular environment (13,18). Furthermore,
on the periplasmic side of the channel, clusters of lysine res-
idues (K30, K74, K15, 326, K109, and K126) are present as
is also the case in OprP.

To further understand the structure and particularly the
dynamics of OprO, we carried out unbiased MD simulations
with OprO embedded in a membrane and compared it with
the dynamics of OprP. Root mean square fluctuation anal-
ysis revealed that both channels, OprO and OprP, show

FIGURE 1 X-ray crystal structure of Pseudo-
monas aeruginosa OprO. (A) Overview of the
trimer viewed from the side (left; extracellular
side is up) and from the extracellular side. Mono-
mer [ is colored by B-factor: low (blue) and high
(red). Monomer II is in rainbow representation
with the N-terminus in blue. (B) Close-up cartoon
of an OprO monomer from the extracellular side,
showing the basic ladder residues as stick
models. Extracellular loops L3 and L5, constricting
the channel, are indicated. Loops have been
smoothed for clarity. (C) Side view of the OprO
monomer showing the basic ladder residues.
(D) Stereo representation of superpositions of the
basic ladder and phosphate (P) binding site residues
for OprP (gray) and OprO (cyan, basic ladder resi-
dues; green, phosphate binding site residues). In
addition the mutated side chains for the OprO to
P mutant protein are shown in magenta (Y62 and
Y114). The indicated numbering is that for OprO.
To see this figure in color, go online.
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similar fluctuations within the statistical error limits in unbi-
ased MD simulations (Fig. 2 C). From 2500 snapshots of the
unbiased MD simulations, average pore radii were deter-
mined for OprO and OprP using the program HOLE
(Fig. 2, A and B). The most notable differences in radii
were found at the central region of the pores, from —4 A
to 2 A, where OprO has a higher average radius compared
with OprP. The radius difference is because of different res-
idues present in both channels across the lumen of the pore.
Particularly significant are the residues D114 and F62 in the
central region of OprO where the corresponding residues
in OprP are bulkier and correspond to Y114 and Y62
(Fig. 2 B). Moreover, OprO shows larger fluctuations in
the pore radius compared with OprP, as denoted by larger
error bars especially around O A, indicating that this region
is more flexible in OprO. The dynamics of the channels can
be determined by the network of salt bridges and H-bonds
between the different residues of the channels. A salt bridge
is present between the residues D145 and R182 in OprP
throughout the complete unbiased MD simulation of
25 ns. The corresponding residues in OprO, i.e., T145 and
Q183, cannot form salt bridges. In addition, in OprP the
side chains of residues Y62 (F62 in case of OprO), Y79
(F79), Y183 (F184), T136 (A136), S166 (G167), and
N382 (A385) have the ability to form H-bonds because of
the presence of H-bond donor/acceptor groups, whereas
the side chains of the corresponding residues in OprO as
listed in parentheses lack this ability. These facts may
explain the larger variances of the OprO pore radius in the
central region compared with OprP. The larger pore radius
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of OprO relative to OprP is in agreement with the higher
conductance observed with electrophysiology for OprO
compared with OprP (Table 1) (6,21).

Diphosphate specificity of OprO versus
phosphate specificity of OprP

Bilayer electrophysiological measurements suggest that
diphosphate ions have a stronger binding affinity for OprO
whereas phosphate ions bind more strongly to OprP
(Table 1). Free-energy MD simulations were carried out to
obtain the molecular details about the difference in the bind-
ing affinity of phosphate and diphosphate toward OprO and
OprP. We already investigated the permeation of phosphate
through OprP using free-energy MD simulations in a previ-
ous study (18).

The PMF profile for phosphate transport through OprO
revealed two central phosphate binding sites (P1 and P2)
with a well depth of ~7 kcal/mol (Fig. 3 A). These two bind-
ing sites are spatially separated by ~5 A along the z axis with
an energy barrier of roughly 2 kcal/mol between them. In
terms of the overall shape, this PMF profile is very similar
to phosphate transport through OprP (Fig. 3 A) (18). Such
similar shapes of the profiles are not very surprising consid-
ering the fact that OprP and OprO share a very high
sequence identity. Nevertheless, the major difference be-
tween the two channels in terms of phosphate transport is
the depth of the binding sites for phosphate. Phosphate
has a binding well depth of 7 kcal/mol in OprO compared
with 9 kcal/mol in OprP (Fig. 2 A). The deeper potential
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deviation derived from unbiased MD simulations. The pore radii have been determined using the HOLE program (47). (B) Structural features of OprO and
OprP. Approximate relative radii of both pores are indicated by a solid-surface presentation. The different regions are color coded according to an average
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TABLE 1 Single-channel conductance in 100 mM KCI and inhibition of chloride-mediated conductance by phosphate and
diphosphate through OprO, OprP, and OprP mutant channels

Phosphate Diphosphate
Half-Saturation Stability Constants Half-Saturation C Stability Constants

Porin G(pS) Constant (mM) (K in 1/M) for Inhibition onstant (mM) (K in 1/M) for Inhibition
OprO (wild-type) 240 4.5 220 + 50 0.6 1450 = 120
OprP (wild-type) 160 1.3 770 = 150 32 310 + 35

OprP (Y62F) 160 3.1 320 + 40 1.7 590 + 50

OprP (Y114D) 180 1.6 600 + 75 3.0 330 £ 25

OprP (Y62F Y114D) (P—O) 240 8.3 120 = 50 0.7 1260 + 120

The single-channel conductance was measured in 0.1 M KCI, 10 mM MES, pH 6, T = 20°C, and applying 50 mV voltage. At least 100 single events were
used to calculate the average value of conductance. The half-saturation and stability constants for inhibition of CI” conductance by phosphate or diphosphate
were obtained from titration experiments using either the Michaelis-Menten equation or the Langmuir equation as described elsewhere (3,17). The phosphate
and diphosphate solutions had a pH of 6. Mean values (+ SD) of at least three individual titration experiments are shown.

well in OprP leads to a stronger binding of phosphate in of ~9 kcal/mol (Fig. 3 A). D1 and D2 are separated by a bar-
OprP than in OprO and thus may contribute to the experi- rier of 5 kcal/mol and are spatially 6 A apart from each
mentally observed phosphate specificity of OprP. In OprO other. In the case of OprP, the overall PMF profile is quite
the binding site P1 is formed by residues R59, R60, K121, similar to the one observed for OprO except for the fact
and R133 whereas the binding site P2 is formed by residues that diphosphate experiences only one central binding site
R34, F62 (Y62), D94, S124, S125, and R133 (Fig. 2 C). The in OprP, i.e., D1, whereas site D2 is missing (Fig. 3 A). It
same residues are involved in the formation of binding sites may be concluded that the higher affinity of OprO for
P1 and P2 for phosphate in OprP unless stated otherwise in diphosphate is because of the presence of two central bind-
parentheses. ing sites compared with only one site in OprP. Two defined

For diphosphate transport through OprO there exist two central binding sites for diphosphate in OprO increase the
central binding sites, D1 and D2, with an energy well-depth overall pore attractive volume for diphosphate at the center
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and the corresponding residues in OprP (blue labels). (B) Coordination numbers, i.e., protein (solid line), water (dash line), and total (dotted line) contacts, for
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of the channel. The substrate may also hop from one site
to the other, contributing to a stronger binding affinity of
diphosphate for OprO compared with OprP. In OprO the
binding site D1 is formed by the residues R59, R60, D94,
D114 (Y114), K121, and R133 whereas the binding site
D2 is formed by the residues R34, F62, N78, D94, D114,
S124, S125, and R133 (Fig. 3 C). In OprP, binding site D1
is formed by the same residues as mentioned for OrpO
unless stated otherwise in parentheses, whereas site D2 is
absent.

We hypothesize that the specificity for phosphate or
diphosphate of either OprP or OprO, can be a result of
geometrical factors, such as a pore size, or of the different
distributions of the charged amino acids between the two
porins or a combination of both. From the geometrical point
of view, the pore diameter averaged over the MD trajectory
is smaller for OprP compared with OprO especially in the
narrowest part of the pore (Fig. 2, B and C). The two bulky
aromatic tyrosine residues (Y114 and Y62) in OprP
constrict the narrowest part in the pore. At the same posi-
tion, the pore diameter is larger for OprO because of the
presence of less bulky residues, i.e., D114 and F62. From
the charge distribution point of view, D114 in OprO is
most likely important for the diphosphate specificity as
the corresponding residue in OprP, Y114, is neutral.

To further understand the effects of such factors, a coor-
dination number analysis for the permeating ions through
OprP and OprO has been carried out. The average number
of protein or water contacts within the specified cut-off
distance from the permeating ion in the different regions
of the pore is termed as coordination number (see an earlier
study (18), for details regarding the calculation of the
coordination number). Ion dehydration is one of the most
important factors for the passage of ions through narrow
pores (37) and can be the rate-limiting step in ion transport
as reported for anion-selective channels (38—40). Removal
of water molecules from ion hydration shells is an energet-
ically unfavorable process that needs to be compensated
by favorable protein contacts inside the pore. Considering
all these factors, the coordination analysis can yield impor-
tant insight concerning the interaction between the perme-
ating ions, waters, the protein, and their interplay in the
different regions of the pore. Such an analysis has also
been exploited to decipher the K" selectivity of potassium
channels (41-43).

Phosphate ions lose a maximum of only five water mole-
cules in the central region of OprO, which are compensated
by protein contacts (Fig. 3 B). The total number of contacts,
i.e., the sum of water and protein contacts, remains almost
constant throughout the length of the pore. By contrast, in
OprP phosphate ions lose a maximum of seven water mole-
cules. Compared with OprO, because of the small average
diameter of OprP in the central region and also because of
the smaller fluctuation in diameters (Fig. 2, A and B),
more water molecules are stripped off from the phosphate
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ions while permeating through OprP and are replaced with
more suitable—in terms of binding to a channel—protein
contacts as coordinating ligands. This may contribute to
the stronger binding of phosphate in OprP as compared
with OprO.

In the case of diphosphate transport through OprO,
diphosphate ions lose at maximum seven water molecules
in the central region of the pore. These are compensated
by an almost equivalent number of more favorable protein
contacts (Fig. 3 B). This is also reflected in the PMF profiles
by the presence of the two energetically favorable central
binding sites, D1 and D2, in OprO (Fig. 3 A). The total num-
ber of contacts for diphosphate ions remains almost constant
throughout the length of the OprO channel (Fig. 3 B). How-
ever, during the diphosphate transport through OprP more
water molecules are stripped away, i.e., ten water molecules
in OprP compared with seven in OprO (Fig. 3 B). But con-
trary to OprO, not all lost water contacts are compensated by
favorable protein contacts as highlighted in Fig. 3 B (and
Fig. 4 B) via the green circle. In this case the total number
of contacts (water and protein) for diphosphate in OprP
dropped significantly, from an average value of 19 contacts
throughout the length of the channel to only 14 contacts
when the diphosphate is close to binding site D2. As ion
dehydration—which is energetically not favorable—is not
completely compensated for by favorable protein contacts,
this leads to an energetic penalty for diphosphate transport
and in turn diminishes the affinity of binding site D2 for
diphosphate in OprP.

Swapping the specificity of OprO and OprP

The PMF profiles for phosphate and diphosphate transport
suggest important roles for two nonconserved residues be-
tween OprO and OprP that are located in the central region
of the channels, namely D114 and F62 in OprO whereas
the corresponding residues in OprP are Y114 and Y62
(Fig. 2 B). These residues are present in the close vicinity
of the binding sites for phosphate and diphosphate ions in
OprO and OprP and may be crucial in determining the spec-
ificity of the channels. It can be hypothesized that by swap-
ping these two residues of OprP and OprO at these two
particular positions, i.e., residue 62 and 114, that the phos-
phate specificity of OprP and the diphosphate specificity
of OprO can be interchanged. To further understand the
effects of these residues on the specificity of OprP and
OprO, double mutants of each of the porins were generated
in silico. Residues Y62 and Y114 of OprP were mutated to
the corresponding residues of OprO, i.e., phenylalanine (F)
and aspartate (D), respectively. We denote the double
mutant Y62F/Y 114D of OprP as the P— O mutant for the
sake of clarity in our discussion. Conversely the double
mutant F62Y/D114Y of OprO is denoted as the O—P
mutant. The PMF profiles for the transport of phosphate
and diphosphate through the P— O and the O — P mutants
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FIGURE 4 (A) PMF profiles for the permeation of phosphate and diphosphate ions through mutants of OprO and OprP, i.e., the OprO double mutant O —P
(F62Y/D114Y) and the OprP double mutant P— O (Y62F/Y 114D). For comparison the PMF profiles for wild-type OprO and OprP are also shown. Important
residues of OprP and OprO along the ion permeation pathway are mapped onto the PMF profiles with respect to their positions along the z axis and labeled at
the top of the figure: OprP (blue labels); and the corresponding residues in OprO (red labels). (B) Coordination numbers, i.e., protein (solid line), water (dash
line), and total (dotted line) contacts for the permeation phosphate and diphosphate ions through mutants of OprO and OprP, i.e., the OprO double mutant
O—P (F62Y/D114Y) and the OprP double mutant P— O (Y62F/Y114D). The coordination numbers for wild-type OprO and OprP are also shown for com-

parison. To see this figure in color, go online.

have been calculated and are compared with the wild-type
OprP and OprO (Fig. 3 A).

The PMFs for phosphate permeation through the wild-
type channels showed potential wells in OprP that are
2 kcal/mol deeper than in OprO. This likely leads to a stron-
ger binding of phosphate in OprP compared with OprO and
provides a possible reason for a phosphate specificity of
OprP (Fig. 3 A). To swap the phosphate specificity of
OprP and OprO using double mutant proteins, phosphate
should have a stronger binding in the O—P mutant
(F62Y/D114Y) of OprO compared with the P— O mutant
(Y62F/Y114D) of OprP. Indeed the O—P mutant of
OprO reveals a binding depth of 8 kcal/mol for phosphate
whereas the P— O mutant of OprP has a binding depth of
6 kcal/mol for phosphate (Fig. 4 A). Hence the PMF profiles
suggested that via double mutants, i.e., Y62F/Y114D of
OprP and F62Y/D114Y of OprO, the phosphate specificity
of OprP and OprO may be swapped.

The major difference that may cause the diphosphate
specificity of OprO relative to OprP is the presence of
the additional binding site D2 for diphosphate in OprO
and the corresponding absence of the site D2 in OprP
(Fig. 3 A). To swap the diphosphate specificity of the
OprO and OprP double mutants, diphosphate should
experience an additional binding site D2 in the P—O
mutant (Y62F/Y114D) of OprP and the absence of the
same site in the O— P mutant (F62Y/D114Y) of OprO.
PMF profiles for the diphosphate permeation through
double mutants reveal the presence of the site D2 in the

P— O mutant of OprP (Fig. 4 A). The O—P mutant of
OprO starts to lose the binding site D2 for diphosphate
(Fig. 4 A). Hence with the suggested double mutants, the
diphosphate specificity of OprP and OprO may be swapped.
The corresponding coordination number profiles for both
double mutants furthermore implies interchanged features
of water-protein contacts for phosphate and diphosphate
permeation (Fig. 4 B).

To further understand the changes in PMF profiles with
the mutant channels, we calculated electrostatic potential
maps of the wild-type OprP and OprO channels as well as
their double mutants (Fig. 5). Such electrostatic potential
maps, which essentially show the electrostatic interactions
with the permeating ions, can play a key role in assigning
specificities to a channel. For example, in the case of aqua-
porin channels, the substrate specificities between different
subfamilies of aquaporins can be rationalized based only on
the electrostatic profiles of the channels (44). The potential
map for the wild-type OprP has a stronger electropositive re-
gion at the central region of the channel (indicated by blue)
compared with the wild-type OprO (Fig. 5, A and C). This
provides a possible hint for the stronger binding of phos-
phate in OprP compared with OprO. However, the O —P
double mutant of OprO has a stronger electropositive region
(Fig. 5 D) in the central region of the channel compared with
the P— O double mutant of OprP (Fig. 5 B), providing a
rationale for a stronger binding of phosphate ions to the
O—P double mutant of OprO. In fact, the P— O double
mutant of OprP of has an electrostatic potential map very
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similar to the wild-type OprO potential map (Fig. 5, B
and C). Conversely, the O — P double mutant of OprO has
an electrostatic potential map, particularly the strong elec-
tropositive region at the center of the channel, which is
comparable with the potential map of the wild-type OprP
(Fig. 5, A and D). The theoretical similarities of the O—P
double mutant of OprO and OprP are confirmed by the crys-
tal structure of the O — P double mutant, which shows that
phosphate binds at an identical position compared with
that in OprP (Fig. | D).

In addition to the phosphate and diphosphate binding
specificity, we investigated the potassium chloride (KCI)
conductance properties of the wild-type OprP and OprO
channels as well as their mutants, utilizing applied field sim-
ulations (see Supporting Material for details). These simula-
tions reveal an approximately two times higher conductance
for the wild-type OprO compared with the wild-type OprP,
which is in agreement with the electrophysiological experi-
ments (Table S3). The P—O mutant (Y62F/Y114D) of
OprP yielded a channel conductance for KCI similar to
wild-type OprO (Table S3). By contrast, the O — P mutant
(F62Y/D114Y) mutant of OprO did not switch to a conduc-
tance similar to OprP.

Inspired by the above results with computer simulations
where we have shown that in silico mutants could swap
the specificity for phosphate and diphosphate of OprP and
OprO, we decided to experimentally test the mutants for
their change in specificity. As the P— O mutant (Y62F/
Y114D) of OprP has diphosphate specificity and a KCl
conductance similar to OprO, we generated the P—O
mutant (Y62F/Y114D) of OprP experimentally and investi-
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gated the mutant for its phosphate/diphosphate specificity
using titration experiments to block chloride conductance
with phosphate and diphosphate (see Table 1).

Previous electrophysiological bilayer measurements indi-
cated that phosphate binds more strongly to OprP whereas
diphosphate binds more strongly to OprO. These results
were also found in this study, where previous experiments
were repeated (see Table 1). Interestingly, the P— O mutant
(Y62F Y114D) of OprP indeed displays a stronger binding
for diphosphate compared with phosphate in bilayer mea-
surements. Based on the experimental verification, we can
conclude that the OprP (Y62F Y114D) mutant has become
diphosphate selective and that by changing the two residues
in the specificity filter region, it now behaves like OprO in
terms of substrate specificity.

CONCLUSIONS

We have determined the high-resolution x-ray crystal struc-
ture of OprO to enable the structural investigations to
decode the diphosphate specificity of OprO compared
with the phosphate specificity of the homologous channel
OprP. Free-energy MD simulations provided the molecular
basis for the difference in the specificity of OprO and
OprP. Based on the details gained from the modeling study,
we have shown that in silico mutations in the binding site
region can swap the phosphate specificity of OprP and the
diphosphate specificity of OprO. These findings were exper-
imentally validated by the fact that the OprP double mutant
(Y62F/Y114D) is specific for diphosphate specificity in
bilayer measurements. The outcomes in this study provide
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a molecular basis to understand the substrate specificity of
two structurally highly similar OM channels, as well as to
engineer the substrate specificity properties of these chan-
nels. These findings can be exploited to change or to fine-
tune the specificity of different channels and porins.
Furthermore, understanding the permeation properties of
OM channels is of utmost importance for antibiotics
research because the improvement of translocation of these
drugs into the bacteria is one of the challenging problems in
the field (45,46).
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