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Abstract

OmpF, a multiionic porin from Escherichia coli, is a useful protypical model system for
addressing general questions about electrostatic interactions in the confinement of an aqueous
molecular pore. Here, favorable anion locations in the OmpF pore were mapped by anomalous X-
ray scattering of Br~ ions from four different crystal structures and compared with Mg2* sites and
Rb* sites from a previous anomalous diffraction study to provide a complete picture of cation and
anion transfer paths along the OmpF channel. By comparing structures with various crystallization
conditions, we find that anions bind in discrete clusters along the entire length of the OmpF pore,
whereas cations find conserved binding sites with the extracellular, surface-exposed loops. Results
from molecular dynamics simulations are consistent with the experimental data and help highlight
the critical residues that preferentially contact either cations or anions during permeation. Analysis
of these results provides new insights into the molecular mechanisms that determine ion selectivity
in OmpF porin.

INTRODUCTION

The outer membrane (OM) of Gram-negative bacteria is a highly specialized structure that
lies outside the cytoplasmic membrane and peptidoglycan layer, and forms the interface
between the cell and its external environment. Pioneering studies of Nikaido and co-workers
demonstrated the existence of hydrophilic pores embedded in the bacterial OM*2, termed
porins, and established the role of porin proteins in OM permeability of small molecules in
vivod and in vitro by means of reconstituted vesicles*>. OmpF, the best characterized porin
found in E. coli, is a multiionic trimeric channel that facilitates the simultaneous passage of
water molecules, positive and negative ions, and hydrophilic solutes with molecular masses
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up to 600 Da across the OM8:7. Each OmpF monomer is composed of a 16-stranded p-barrel
with long loops that extend into the extracellular solution8. The topology of each pore,
which functions independently of the other two subunits, consists of two large aqueous
vestibules (with areas of 15 and 50 nm? at the extracellular and periplasmic mouths,
respectively) and narrows in the middle (with an area of 3 nm?) due to the folding of an
extracellular loop (loop 3) into the channel lumen, forming the constriction zone89°. The
presence of acidic residues (D113, E117 and D121) on loop 3, which face a cluster of basic
residues (R42, R82 and R132) on the opposing f-barrel wall, creates a unique electrostatic
environment in this constricted region. This separation of charged OmpF pore residues
extends into the wide extracellular and periplasmic vestibules as well.

A better understanding of the mechanism of ion permeability in a wide aqueous pore such as
OmpF can provide important insights into the function of other biological channels. In that
sense, OmpF is a useful model system to investigate electrostatic interactions in the
confinement of an aqueous molecular pore. For example, mutations within the wide
vestibular cavity at the intracellular entrance of K* channels are known to greatly affect the
conductance of these channels10. Although the large OmpF pore size prevents ion
specificity, conductance recordings from electrophysiology experiments and computational
methods have shown a slight preference for cations at neutral pH1-13, Furthermore,
theoretical studies suggest that ions do not randomly diffuse across the OmpF pore.
Molecular dynamics (MD), Brownian dynamics (BD) and continuum electrodiffusion
models have shown that cation and anion transport is regulated by interactions between
permeating ions and OmpF ionizable residues, which extend over 40 A along the entire
length of the channel213, Furthermore, these computational studies have identified two
separate pathways for the flow of cations and anions across the OmpF channel, suggesting
that charge effects in multiionic channels play a nontrivial role12:13,

While the previous results from simulation studies of OmpF are tantalizing, there is a critical
need to validate our understanding of the mechanism of specificity from direct experimental
evidence. Previous structural studies based on anomalous diffraction have helped identify a
set of favorable cation locations in OmpF crystals soaked in RbCI4. Here we report the
results from bromide anomalous X-ray scattering data to reveal the favorable locations of
Br~ ions in the OmpF pore. The results are compared with previous structural studies and
analysis of all-atom MD simulations to give new insights into the mechanisms by which a
wide multiionic aqueous pore such as OmpF discriminates between ionic species.

OmpF crystals grown in 0.1 M sodium cacodylate, 0.2 M MgCl, and 50% PEG 200 were
subsequently soaked in solutions with 0.1 M KBr, 0.2 M KBr, 0.3 M KBr or 0.2 M NaBr, in
the absence of MgCly, and their structures were determined (referred hereafter as 0.1MKBr-
OmpF, 0.2MKBr-OmpF, 0.3MKBr-OmpF and 0.2MNaBr-OmpF). While 0.1MKBr-OmpF
(1.9 A resolution) and 0.2MKBr-OmpF (2.2 A resolution) crystallized in the P3 space group
and contained two monomers, each from a separate trimer channel, in the asymmetric unit,
0.3MKBr-OmpF (C2 space group, 2.1 A resolution) and 0.2MNaBr-OmpF (P212121 space
group, 2.1 A resolution) each contained a single trimer channel in the asymmetric unit
(Supplemental Table S1). Anomalous maps for several bound ions are included as additional
information; see Supplemental Figure S1 for the 0.1MKBr-OmpF structure, Supplemental
Figure S2a and S2b for the 0.2MKBr-OmpF structure, Supplemental Figure S3a, S3b, and
S3c for the 0.3MKBr-OmpF structure, and Supplemental Figure S4a for the 0.2MNaBr-
OmpF structure.

J Am Chem Soc. Author manuscript; available in PMC 2014 November 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dhakshnamoorthy et al. Page 3

OmpF crystal structures show discrete clusters of anion binding sites

A superposition of all 10 chains from the four structures shows Br~ ions clustered in discrete
positions within the OmpF pore (Figure 1a). The most pronounced binding site (cluster 1) is
represented in all 4 structures and found just above the narrow constriction zone within the
nitrogen or oxygen atoms of S125 (Figure 1c and Table 1) in an extracellular pore. Br~ ions
found at this site form interactions with the side chain atoms of R167 and R168 and the
backbone nitrogen or oxygen atoms of S125 (Figure 1c and Table 1). In a second Br~
binding site (cluster 2), represented by both chains of the 0.2MKBr-OmpF structure, a Br~
ion is located within the constriction zone, closely associated with the cluster of arginine
residues (R42, R82 and R132) and the backbone oxygen atom of A123 (Figure 1c and Table
1). Finally, a third Br™ ion binding site (cluster 3), found in all chains of the 0.3MKBr-
OmpF and 0.2MNaBr-OmpF structures, is located just below the constriction zone in the
periplasmic OmpF vestibule. At this position, the Br™ interacts with the K16 and R42 side
chain atoms (Figure 1c and Table 1). There is an additional cluster of Br™ ions (cluster 4)
located near extracellular loop 2, or the latching loop, which functions by connecting one
monomer to its neighbor by reaching into the pore of the adjacent subunit. This cluster of
Br~ ions interacts with the backbone nitrogen or oxygen atoms of Q66, G67, N68, N69, S70
and A75 (Figure 1c and Table 1), but is only found in the 0.1MKBr-OmpF and 0.2MKBr-
OmpF structures, which do not contain the entire trimeric channel in the asymmetric unit. In
addition, there are 8 Br~ ions found at unique positions of the pore only present in a single
OmpF monomer. These Br~ ions are positioned along one face of the B-barrel wall, away
from acidic loop 3 (Figures 1a and 2a).

X-ray structures show a different OmpF binding profile for cations

The 0.3MKBr-OmpF and 0.2MNaBr-OmpF structures include residual Mg2* ions from the
crystallization condition, even after subsequent crystal soaking in Mg2*-free solution. Most
of these Mg?* ions are found in three distinct clusters, where they interact with residues of
extracellular loops 5, 6, and 8 (Figure 1b). Specifically, Mg2* ions, found in all three chains
of the 0.3MKBr-OmpF structure (cluster 1), are coordinated by loop 5 residues including the
E201 side chain and the backbone oxygen atoms of Q203 and G206 (Figure 1d and Table 2).
In a second Mg2*-binding site (cluster 2), Mg2* ions from both the 0.3MKBr-OmpF and
0.2MNaBr-OmpF structures interact with the backbone oxygen atom of N207 and the side
chain carbonyl atom of N236 and N252 from loop 6 (Figure 1d and Table 2). Finally, the
0.3MKBr-OmpF structure reveals a third extracellular Mg2* binding site (cluster 3) through
interactions with the backbone oxygen atoms of N316, 1318 and S328 of loop 8 (Figure 1d
and Table 2). A fourth cation-binding site is found inside the OmpF pore, near the
constriction zone (cluster 4). Specifically, MgZ* ions from the 0.2MNaBr-OmpF structure
interact with the E117 side chain atoms (Figure 1d and Table 2). The Mg2*-binding sites
identified in the present work were also compared with previous structural analysis of Rb*
binding in the OmpF channel (PDB 1D 3HWB)!4. This comparison showed Rb* ions bind
OmpF extracellular loops 5, 6, and 8 in the same regions as the Mg2* ions in the present
work (Figure 1b), and additional Rb* ions were positioned within the periplasmic OmpF
vestibule, coordinated by tyrosine side chains or backbone oxygen atoms.

X-ray structures show glycerol and PEG binding in the OmpF pore

In addition to ions (Figure 2a), the present OmpF X-ray structures also reveal binding of
small molecules (Supplemental Figure S3d and S4b), present in either the crystallization or
cryoprotection solutions. This is not surprising since OmpF has been shown to allow
translocation of hydrophilic solutes with molecular masses up to 600 Da. For example, a
glycerol molecule, present in the cryoprotection solution, could be modeled in the
constriction zone in each chain of the 0.1MKBr-OmpF and 0.3MKBr-OmpF structures at
the same position as the Br~ cluster 2 binding site (Figure 2b). Furthermore, elongated

J Am Chem Soc. Author manuscript; available in PMC 2014 November 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dhakshnamoorthy et al. Page 4

densities, likely corresponding to polyethylene glycol (PEG) molecules from the
crystallization solution, were found at many positions within the OmpF pore where ions
were found in subsequent structures (Figure 2c), suggesting that a subset of residues are
involved in both translocation of ions and small molecules across the OmpF pore.

Molecular dynamics analysis of ion binding and translocation across the OmpF pore

In order to show that the ion binding sites resolved in the X-ray structures were not
influenced by crystal packing, buffer effects, or uptake of small molecules from the
crystallization or cryoprotectant solutions, ion transfer paths across OmpF were determined
by an all-atom MD simulation of the trimer channel embedded in a 1-palmitoyl-2-oleoyl-
snglycero-3-phosphocholine (POPC) bilayer, surrounded by a solution of 1 M KCI. After a
50 ns equilibration period, known OmpF properties were recapitulated, including a slight
cation-selectivity (1.+/I- of 1.57) and a separation of K* and CI~ ion permeation pathways
across the entire length of the wide aqueous channel (Figures 3 and 4).

lon interactions with OmpF residues were comprehensively assessed by calculating the
number of contacts every 100 ps along the 50 ns trajectory. OmpF residues that interacted
with CI~, but not K*, ions included many basic pore residues along the entire length of the
channel (K80, K160, R167, R168, K209, K210, R235 and K253 in the extracellular
vestibule; R42, R82 and R132 in the constriction zone; and K16, K46 and K89 in the
periplasmic vestibule), but were mainly restricted to one face of the -barrel wall interior
(Figure 3b, Table 1 and Supplemental Table S2). Analysis of OmpF residues contacted by
K* ions (Table 2 and and Supplemental Table S3) included many acidic and polar residues
found on the OmpF extracellular loops 5 to 8 (D195, E201, Q203, N207, N246, D282,
E284, D288, N316, D319, D321, S328, D329 and D330) or periplasmic turns (D54, D92,
D149, E183 and D266). However, K* ions contacted very few residues within the pore and
the highest contributions were confined to the narrow constriction zone (Figure 3b).

The radial distribution functions, g(r), of the K* and CI~ ions with the charged OmpF pore
residues are shown in Figure 5. The radial distribution functions show strong interactions
between K* ions and acidic residues, and between CI~ ions and basic residues. Some weak
pairing for pairs of like charges is also observed, between K* ions and basic residues, as
well as between CI~ ions and acidic residues. The overall picture remains the same, whether
one includes only the pore residues (red line) or all charged residues (green line), and further
analysis indicates that the constriction zone residues alone (D113, E117 and D121) account
for the majority of the electrostatic interactions with diffusing K* across the OmpF pore.

The running coordination number, N(r), between ions and the charged OmpF pore residues
calculated from the MD trajectory and X-ray structures is shown in Figure 6. For the sake of
comparison, all the N(r) were normalized to reach a value of 1.0 at a distance r = 10 A (the
scaling factors vary between 0.5 and 1.4). The most noticeable difference between MD and
X-ray concerns the spatial distribution of cations with respect to the acidic residues: there
are more cations near acidic residues at short distances (r < 6 A) in the MD than in the X-
ray. In contrast, there are more anions near acidic residues at very short distances (r < 4 A))
in the X-ray than in the MD. There are more anions near basic residues at very short
distances (r < 3 A) in the X-ray than in the MD (though there are more in the MD at slightly
larger distances with r between 3 and 5 A), and the number of cations near basic residues at
short distances is the same in MD and X-ray.

These structural features about ion distribution in OmpF were extracted from a 50 ns MD
simulation at 1 M KCI. At such a high salt concentration, the cationic specificity of OmpF is
expected to be considerably reduced due to electrostatic screening. An additional MD
simulation of 50 ns, in which the KCI concentration was reduced from 1 M to 150 mM,
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dramatically increased cation-selectivity of the OmpF channel (1./I- of 6.70), as previously
reported’3. The decrease in anion permeation events had little effect on the cation
permeation pathway as the majority of contacts between diffusing K* and OmpF residues
remained with the extracellular loops and periplasmic mouth of the OmpF channel
(Supplemental Table S4).

CONCLUSIONS AND DISCUSSION

Cations and anions form separate permeation pathways across OmpF

To determine the pathway of cation and anion transfer across the OmpF pore
experimentally, and identify residues playing an important role in ion permeation, OmpF
crystals were soaked in 0.1, 0.2, or 0.3 M KBr or 0.2 M NaBr and Br~ positions were
determined using bromide anomalous X-ray scattering data. These Br~ positions were then
compared with previously identified Rb* positions from experiments in which OmpF
crystals were soaked in 0.3 M RbCl (PDB ID 3HWB)!4. For the sake of simplicity, the
cation and anion positions observed in the X-ray scattering experiments are loosely referred
to as “binding sites” in the present discussion. However, given the large conductance of
OmpF, the lumen of the pore is certainly not expected to present any deep free energy wells
for monovalent anions and cations. A reasonable interpretation is that the observed positions
indeed represent favorable locations within the pore, but those correspond to shallow free
energy wells on the order of ~kgT12:13, Such ion positions can only be revealed by carrying
out scattering experiments at liquid nitrogen temperature to remove the influence of thermal
fluctuations. Consistent with this view, no ion binding sites were previously detected in X-
ray scattering experiments carried out at room temperature8. As observed in Figures 1a and
1c, the Br™ ions are clustered in three regions within the OmpF pore (magenta spheres). The
Br~ ions from cluster 1 are found near residues R167 and R168 in the extracellular pore
vestibule, Br~ ions from cluster 2 are near the constriction zone arginines R42, R82, and
R132, and the Br~ ions from cluster 3 are located just below the constriction zone in the
periplasmic pore vestibule near K16. There is also a fourth Br~ cluster outside the lumen of
the OmpF pore (Figure 1a). Additional Br~ ions, observed at unique sites from a single chain
within a given OmpF structure (pink spheres in Figure 1a) may not represent tight binding
interactions, but give some insights into anion translocation across OmpF and suggest that
anions remain associated with basic and hydrophilic residues along the p-barrel wall during
transfer across the length of the pore (Figures 1a and 2a). X-ray data from the 0.3MKBr-
OmpF and 0.2MNaBr-OmpF structures also show the most prominent binding sites for
Mg?2* ions (green spheres in Figure 1b and 1d), which were present in the crystallization
solution. These provide good illustrative examples of the strong interactions formed by
divalent cations with OmpF residues. In stark contrast to the anion binding profile, Mg2*
ions are bound in three clusters near the extracellular loops 5, 6 and 8. In these sites, the
Mg?2* ions are coordinated by polar side chains and backbone carbonyl oxygens (Figure 1d,
Table 2). There is an additional cluster of Mg?* ions found in the pore near the constriction
zone, coordinated by the E117 side chain. A comparison with the RbCl OmpF structure
(PDB ID 3HWB)4 shows a similar constriction zone binding site for Rb* ions and
additional Rb* sites suggest that cation permeation across the OmpF pore is mainly
facilitated by interactions with polar side chain and backbone atoms.

A comparison of ion binding sites (Figures 3a and 4) identified from the X-ray structures
(large spheres) with K* and CI~ ion positions extracted from snapshots along an MD
trajectory (small spheres) shows excellent qualitative agreement with respect to the overall
ion positions. This comparison supports the concept of two separate transfer pathways for
cations and anions across the OmpF pore, which was previously proposed on the basis of
MD simulations'213, The X-ray structures and MD simulation data (Table 1) each suggest
that permeating anions enter the OmpF extracellular vestibule near loop 2 and follow the
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electric field generated by R167 and R168 in the extracellular vestibule. The anions then
pass across the constriction zone through favorable interactions with the cluster of arginine
residues on the B-barrel wall (R42, R82 and R132), and continue their path along the -
barrel wall across the periplasmic side of the pore, in an anticlockwise rotation, through
interactions with K16, K46, K89, R140 and R270. In contrast, both the X-ray and MD
simulation data (Table 2) suggest that cations form considerable interactions with residues
of surface-exposed loops 5 to 8 on the opposite side of the pore. Upon entering the pore
lumen, the cations associate with acidic residues on loop 3 in the constriction zone (D113,
E117 and D121) and continue down across the periplasmic side of the pore through
interactions with mostly tyrosine side chain or backbone oxygen atoms. The differences
between anion and cation permeation pathways across OmpF are further illustrated by g(r)
calculations between the ions and charged pore residues, which show that while CI™ interact
with basic residues in all regions of the pore, K* only interact with acidic residues in the
constriction zone (Figure 5). Furthermore, the close correspondence between the X-ray and
MD results (Figure 6) provides strong evidence that the positions of cations and anions are
not an artifact caused by the crystallization conditions.

lon selectivity

Understanding the mechanisms by which wide aqueous pores discriminate between different
types of ions is a first, necessary step for adequately interpreting the principles underlying
channel selectivity in general®. One of the most straightforward measures of channel
selectivity is the reversal potential (Vey), Which is the transmembrane voltage that must be
applied to yield zero net current in the presence of an ion gradient across the membrane.
Several experimental studies have reported values of Ve, for the OmpF channel1:16-19 and
V,ey has also been calculated from theoretical BD and continuum electrodiffusion
approximations!3:20-22 and recently using a new methodology to impose a concentration
gradient in all-atom MD simulations23, In each case, OmpF porin displays a K* to CI~
permeability ratio (Pk/P¢)) of ~4.

Two main factors that can contribute to channel selectivity include differences in cation and
anion diffusion rates during transfer, and specific ion-interactions with the channel along the
permeation pathway1924, If one assumes that differences in diffusional rates of K* and CI~
can be neglected in a wide aqueous pore, then the slight cation-selectivity displayed by
OmpF should correlate with the pore's electrostatic environmentZ®. However, the OmpF
channel contains a greater number of basic than acidic pore residues, giving a net positive
charge per monomer at neutral pH26, This counter intuitive observation is also true for the
related OmpC porin, which displays even greater cation-selectivity compared to OmpF (Pk/
Pc of 26)1. In order to provide new insights into the molecular determinants of ion
selectivity in wide pores, we applied a combined experimental and computational approach
to identify OmpF residues that interact with cations and anions in several structural models
and calculate the frequency of OmpF-ion contacts along an all-atom MD trajectory. Results
of this combined approach show that, although anions contact many basic pore residues
during transfer across OmpF, cations only come in contact with acidic pore residues in the
narrow constriction zone, and instead find the most prominent binding sites near the OmpF
extracellular loops 5 to 8 (Figures 1b and 3b). Interestingly, a previous OmpF structure
(PDB ID 3POX)27 shows K* ions bound in each of the three extracellular loop cation-
binding clusters identified in this work (Mg2* clusters 1, 2 and 3), and the crystal structure
of OmpC porin (PDB ID 2J1N)?8 also shows a Mg2* ion bound at the cation cluster 3 site.
Therefore, the OmpF surface exposed loops provide binding sites for both divalent and
monovalent cations and are independent of the crystallization conditions or crystal space
groups.

J Am Chem Soc. Author manuscript; available in PMC 2014 November 06.
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Although the most pronounced channel-cation interactions in the OmpF pore occur with the
acidic residues in the narrow constriction zone (D113, E117 and D121), surprisingly, site-
directed mutation of these residues does not eliminate OmpF's cation-selectivity26. This
suggests that the pore's specificity arises from the influence of multiple residues distributed
over a wide region of the channel?1:29-31 The highest sequence diversity among members
of the porin family resides within the extracellular loops, which have been previously shown
to provide important binding and molecular recognition sites for many molecules, including
phages, bacteriocins, antibodies, and various nutrient transport complexes32. A sequence
comparison (Figure 7) shows a net negative charge of the OmpF extracellular loop residues
(16 negatively charged aspartates and glutamates and 10 positively charged lysines and
arginines, giving a net 6 negatively charged loop residues per monomer), which is even
more pronounced for the OmpC porin (17 negatively charged aspartates and glutamates and
8 positively charged lysines and arginines, giving a net 9 negatively charged loop residues
per monomer).

Therefore, the porin surface-exposed loops may contribute to overall channel selectivity for
OmpF and OmpC by helping to recruit cations to the channel mouth. Alternatively, although
anions make favorable electrostatic interactions with basic residues along the entire length
of the OmpF pore, cation interactions with OmpF residues occur instead mostly through
polar side chain and backbone oxygen atoms. The lack of specific cation-channel
interactions in the OmpF pore may therefore allow for faster transfer across the channel,
thereby increasing cation conductances. Mutation of surface loop and basic pore residues
identified in this work as possible contributors to ion-selectivity could help distinguish
between these two possibilities. Thus, by comparing a detailed theoretical model with an
experimental picture of ion interaction sites by X-ray crystallography, we have identified
novel factors leading to ion selectivity in large aqueous channels.

EXPERIMENTAL SECTION

Expression, isolation and purification of OmpF protein

OmpF was expressed in E. coli strain BL21(DE3)Omp522 using the pRSF-1b plasmid
(Novagen) and purified from OM fractions by inner membrane solubilization as described
previously34:3°,

Crystallization and data collection

Crystals of E. coli OmpF protein were grown as described previously34 and soaked for 2
days in different concentrations of KBr (0.1, 0.2 and 0.3 M) or 0.2 M NaBr by replacing the
mother liquor with 50% PEG 200, 25% glycerol, 0.1 M sodium cacodylate (pH 6.5) and the
respective concentration of monovalent salts. Diffraction data were collected at beamlines
GM/CA-XSD 23-ID and NE-CAT 24-1D-C at the Advanced Photon Source (Argonne
National Lab). Processing of diffraction data was carried out with the HKL2000 suite of
programs36. Data collection and refinement statistics are given in Table S1. Single-
wavelength anomalous dispersion (SAD) data was collected at the Br edge (0.91956 A) for
all Br soaked protein crystals. 0.1MKBr-OmpF and 0.2MKBr-OmpF crystallized in the P3
space group and contained two monomers, each from a separate channel, in the asymmetric
unit. 0.3MKBr-OmpF (C2 space group) and 0.2MNaBr-OmpF (P2,212; space group) each
contained three monomers from a single channel in the asymmetric unit.

Structure determination and refinement

The 0.2MKBr-OmpF, 0.3MKBr-OmpF and 0.2MNaBr-OmpF structures were solved by
molecular replacement (MR) with Phaser v2.137 using PDB ID 20MF? as the starting model
and refined by REFMAC38, each implemented in the CCP4 program suite3. The Br~ ions
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were determined at 5.0 o contour level using the Br anomalous map generated by the FFT
program in the CCP4 suite and confirmed using the Phaser-EP program in Phenix0, Mg2*
ions were determined by examining the |Fo-F¢| difference map peaks at 5.0 o contour level.
The 0.1MKBr-OmpF structure was solved using AutoMR with PDB ID 20MF? as the
starting model and refined using phenix.refine*! implemented in the Phenix program. The
Br~ ions were determined using the Autosol*2 program in Phenix and were confirmed by
examining the peaks using a Br anomalous map at 10.0 o contour level. Water molecules
were assigned by COOT43 for all above models. Unassigned densities observed in the
channel pore were modeled as PEG and glycerol molecules.

Molecular dynamics simulations

All simulations were carried out using the NAMD scalable molecular dynamics program*4
together with the all-atom CHARMM27 force field for protein and lipids#>4¢ and TIP3P for
water?’. Tetragonal periodic boundary conditions were applied with a distance of 123.50 A
in the XY-direction and 127.55 A in the Z-direction and electrostatic interactions were
calculated using the Particle-Mesh Ewald method*® with a grid spacing of 1 A=1,
Simulations were performed at constant pressure (1 atm) and temperature (300 K) with a
time step of 2 fs. The simulation system, constructed by CHARMM-GUI*? consisted of the
OmpkF trimer, 330 POPC lipid molecules, 45,000 water molecules, and either 1 M or 150
mM KClI, for a total system size of ~200,000 atoms. The structure of the protein was taken
from PDB 1D 20MF? and residues E296, D312 and D127 were protonated12-13:50_ |onic
current used to calculate I./1_ was determined by calculating the charge displacement across
the membrane®1-53 using:

1) =y a g

where z and g are the z-coordinate and charge of ion i, respectively, with a timestep, t, of
100 ps (the results are independent of t). The spherical atomic radial distribution function,
o(r), between the ions and OmpF charged pore residues (K16, R42, K46, E62, K80, R82,
K89, D97, R100, D107, D113, E117, D121, D126, R132, R140, R167, R168, E181, R196,
K219, D221, R270, D290) was implemented in VMD?®4, defined as®®,

_ p(r)
g(r) A (Npairs/ V) 72 A1

where r is the distance between a pair of particles, p(r) is the average number of atom pairs
found at a distance between r and r + 4r, V is the total volume of the system, and Npajrs is
the number of unique pairs of atoms. OmpF-ion contacts (defined within a cutoff of 3 A for
K* or 3.75 A for CI~ based on the g(r) calculations in Figure 5a) were counted every 100 ps
along the 50 ns trajectory (Tables S2-S4). The running coordination number N(r) was
calculated by integrating the g(r) from 0 to a distance r.
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Refer to Web version on PubMed Central for supplementary material.
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outer membrane
molecular dynamics
Brownian dynamics

polyethylene glycol
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radial distribution function

running coordination number

reversal potential

single-wavelength anomalous dispersion
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Figure 1.

Cation and anion binding sites in the OmpF pore identified by X-ray crystallography. Side
view representations of a single OmpF monomer (shown in gray) with loop 3 along with
acidic residues (D107, D113, D121, D126, D127, and E 117 shown as red sticks), and the
arginine cluster on the  barrel (R42, R82 and R132 shown as blue sticks) with ion positions
(shown as spheres). In (A) are shown the superimposed clusters of Br- ions (magenta) from
the 0.1MKBr-OmpF, 0.2MKBr-OmpF, 0.3MKBr-OmpF, and 0.2MNaBr-OmpF X-ray
structures, numbered and compared with Br- ions found in unique positions in a single
structure (pink). In (B) are shown the clusters of Mg2+ ions (dark green) from the 0.3MKBr-
OmpF and 0.2MNaBr-OmpF X-ray structures, numbered and compared with Mg2+ ions
found in unique positions in a single structure (light green) and Rb+ ions from PDB ID
3HWB (yellow). Close-up views of (C) Br- and (D) Mg2+ clusters are shown with
neighboring OmpF residues (sticks).
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Figure 2.

lon and small molecule permeation by OmpF porin. A side view representation of a single
OmpF monomer (gray with loop 3 colored red) shows (a) the superposition of ions from all
X-ray structures compared in this study (cations colored green and anions colored magenta)
as well as binding sites for (b) glycerol from the 0.1MKBr-OmpF (orange sticks) and
0.3MKBr-OmpF (yellow sticks) structures and (c) PEG molecules from the 0.3MKBr-
OmpF (cyan sticks) and 0.2MNaBr-OmpF (salmon sticks) structures, superimposed with the
ion sites for comparison.
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Figure 3.

lon permeation pathway. (a) A superposition of ions from all the X-ray structures compared
in this work (large spheres; cations colored dark green and anions colored magenta) and ion
positions extracted every 0.5 ns along a 50 ns MD trajectory with 1 M KCI (small spheres;
cations colored lime green and anions colored purple) are compared in a side view
representation of a single OmpF monomer (gray with loop 3 colored red). (b) OmpF basic
residues (blue) contacted by anions and acidic residues (red) contacted by cations along the
permeation pathway during the MD trajectory are shown as sticks.
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Figure 4.

X-ray structures and all-atom MD simulations show similar ion-binding sites. Cross-
sectional views of the OmpF trimer (gray with loop 3 colored red) seen from the
extracellular side with ions from the X-ray structures (large spheres; cations colored dark
green and anions colored magenta) superimposed with ion positions extracted every 0.5 ns
along a 50 ns MD trajectory with 1 M KCI (small spheres; cations colored lime green and
anions colored purple). The cross-sections are defined along the pore axis with respect to the
constriction zone (defined at 0 A) and each span a 5 A distance centered at 10 A (a), 5 A (b),
0 A (c) or -10A (d).
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Figure 5.
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Radial distribution functions g(r) calculated from MD between the K* and CI~ ions and the
charged OmpF residues. All the g(r) are normalized to be equal to 1.0 at r=10 A,
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Figure 6.

Running coordination number between ions and the charged OmpF pore residues. The
spherical atomic coordination number function N(r) between the side chain atoms of
charged residues in the OmpF pore is calculated by integrating the radial distribution
function g(r) and is normalized to 1.0 at a distance of 10 A (the rescaling factors vary
between 0.5 and 1.4). The ion distribution calculated from a 50 ns MD trajectory with 1 M
KCI is compared with the results from X-ray structures. For the MD (red lines), the cations
and anions are K* and CI~, respectively. For the X-ray structures (green lines), the cations
are Rb* and Mg2* ions, and the anions are Br~ ions. Top left: K* ions and Asp or Glu
residues; Top right: K* ions and Arg or Lys residues; Bottom left Cl~ ions and Asp or Glu
residues; Bottom right: CI~ ions and Arg or Lys residues.
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Loop 4
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Loop 4 Loop 5
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Figure 7. Comparison of E. coli OmpF and E. coli OmpC porin sequences
Sequence alignment generated by ClustalW2 with basic (cyan) and acidic (red) surface-

exposed extracellular loop residues highlighted. Conserved residues are indicated by stars
below the sequences.

J Am Chem Soc. Author manuscript; available in PMC 2014 November 06.

Page 18



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Dhakshnamoorthy et al.

Page 19

Table 1
Anion interactions with OmpF channel residues.
OmpF Regions CI~ Contacts (MD) Br~ Contacts (X-ray)
Extracellular Loops? <25 (L) E71, G72, A73 (L2); Q66, G67, N68, N69, S70, A75 (L2)
PS" T165 (L4); N198 (L5); S248 (L6);

K279, K281 (L7);

K323 (L8)
Extracellular Pore K80, K160, Y124, S125, R167, R168, K209, K210, R235, K253  T81, R100, A123, S125, G134, R163, R167, R168
Constriction Zone R42, R82, R132 M38, Y40, R42, R132
Periplasmic Pore Al, K16, K46, K89, S142, Y302, Q339 K16, K89, R140, S142, R270, K305, Q339
Periplasmic Turns Y4, K6, K10, K305 N306, S308

a‘l’he extracellular loops (L) that correspond to each residue are indicated.
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Table 2
Cation interactions with OmpF channel residues
OmpF Regions K* Contacts (MD) Mg?*/Rb* Contacts (x-ray)a
Extracellular Loons? 24 E29, N35 (L1); E162, D164, D172 (L4); D195, E201, E201, Q203, G206, N207 (L5); N236, N252 (L6);
Xiracefiular Loops 5503, P204, G206, N207 (L5); N246 (L6); D282, E284, N316, 1318, $328, D330 (L8)

D288 (L7); N316, D319, D321, S328, D329, D330 (L8)
Extracellular Pore - -
Constriction Zone D113, L115, E117, G119, G120 Y102, Y106, D113, M114, E117
Periplasmic Pore Y32, E48, E181, D221 Q264, G268, T300, Y302
Periplasmic Turns D54, D92, G146, D149, E183, D266 -

8Rb* contacts are from PDB 1D 3HWB.

b . -
The extracellular loops (L) that correspond to each residue are indicated.
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