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Background: Occ channels mediate small molecule uptake in Pseudomonads.
Results: We have analyzed a number of site-directed mutants for two Occ channels.
Conclusion: Pores of OccD subfamily members are highly flexible. The central basic ladder residues interact with the substrate

carboxyl group and are essential for transport.

Significance: The data provide the first atomistic insights into transport by an important class of OM channels.

Because small molecules enter Gram-negative bacteria via
outer membrane (OM) channels, understanding OM transport
is essential for the rational design of improved and new antibi-
otics. In the human pathogen Pseudomonas aeruginosa, most
small molecules are taken up by outer membrane carboxylate
channel (Occ) proteins, which can be divided into two distinct
subfamilies, OccD and OccK. Here we characterize substrate
transport mediated by Occ proteins belonging to both subfam-
ilies. Based on the determination of the OccK2-glucuronate co-
crystal structure, we identify the channel residues that are
essential for substrate transport. We further show that the pore
regions of the channels are rigid in the OccK subfamily and
highly dynamic in the OccD subfamily. We also demonstrate
that the substrate carboxylate group interacts with central resi-
dues of the basic ladder, a row of arginine and lysine residues
that leads to and away from the binding site at the channel con-
striction. Moreover, the importance of the basic ladder residues
corresponds to their degree of conservation. Finally, we apply
the generated insights by converting the archetype of the entire
family, OccD1, from a basic amino acid-specific channel into a
channel with a preference for negatively charged amino acids.

Gram-negative bacteria usually have a much higher intrinsic
resistance toward antibiotics than Gram-positive bacteria due
to the presence of an additional, outer membrane (OM)? in
Gram-negative bacteria (1). The outer membrane is a unique,
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asymmetrical bilayer due to the presence of lipopolysaccharide
(LPS), a complex glycolipid that makes up the outer leaflet of
the OM (1). The presence of LPS is the reason that the OM
comprises a very effective barrier against the permeation of
both hydrophobic and hydrophilic compounds (1, 2). Because
of the effectiveness of the OM, channels are required for diffu-
sion-mediated uptake of small molecules required for cell
growth and function. Importantly, most if not all antibiotics
that are currently on the market enter Gram-negative bacteria
via OM channels (3).

OM diffusion channels can be grouped in two classes based
on their interaction with substrates. The first class constitutes
porins, which have large channels that allow nonspecific pas-
sage of polar molecules smaller than ~600 Da (1). Because
porins do not bind their substrates with high affinities, they are
efficient when external substrate concentrations are high. The
second class of OM diffusion channels constitutes substrate-
specific channels. The principal difference between substrate-
specific channels and porins is that the pores of the former class
are smaller in size, allowing diffusion of only a limited number
of compounds (1). Furthermore, substrate-specific channels
bind their substrates with higher affinities than porins, making
substrate-specific channels effective at low substrate concen-
trations in the external environment.

Besides being intrinsically resistant toward antibiotics,
(Gram-negative) bacteria can acquire antibiotic resistance, and
it is this type of resistance that poses an increasingly large prob-
lem for the treatment of bacterial infections worldwide (4). The
emergence of antibiotic resistance can be caused by bacterium-
mediated changes in the interaction of the drug with its target
as well as by changes in one or more of the three processes that
determine intracellular drug concentrations, i.e. uptake, efflux,
and enzymatic degradation (3, 4). Regarding uptake, there are
many examples in the literature where the emergence of anti-
biotic resistance is correlated with changes in OM channels at
either the DNA level (e.g. down-regulation of expression) or
protein level (e.g. loss-of-function mutations; Refs. 3, 5, and 6).
Despite the importance of channels for uptake, it is unclear how
antibiotics pass through OM channels with the exception of the
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Escherichia coli porins OmpC/F (7-11). Understanding how
antibiotics and other small molecules pass through OM chan-
nels should enable the rational design of novel antibiotics with
superior permeation properties.

Pseudomonas aeruginosa PAO1 is a paradigm for OM imper-
meability and antibiotic resistance. It is one of the most noto-
rious Gram-negative pathogens and is responsible for ~10% of
hospital-acquired infections (5, 12, 13). P. aeruginosa is intrin-
sically resistant to many antibiotics, which is partly due to alack
of large channel porins such as E. coli OmpF/C. Instead of
porins, P. aeruginosa has approximately 30 substrate-specific
channels. Nineteen of those belong to the outer membrane car-
boxylate channel (Occ) family, making Occ proteins responsi-
ble for uptake of the majority of small molecules, including
antibiotics, in P. aeruginosa (14). The archetype of the family,
OccD1 (formerly OprD), is known to be an uptake channel for
basic amino acids and clinically important carbapenem antibi-
otics (15—17). Our recent structural and biochemical character-
ization of the majority of the Occ protein family has revealed
that the two Occ subfamilies (OccD and OccK) have very dif-
ferent substrate specificities. OccD family members transport
positively charged amino acids, and OccK proteins have a pref-
erence for cyclic compounds with a net negative charge, such as
benzoate (18). The requirement of substrates for all family
members is that they possess a carboxyl group. Taken together,
the data showed how bacteria containing Occ proteins are able
to effectively take up a range of substrates while still maintain-
ing a highly effective OM barrier (18).

Despite these advances in understanding Occ-mediated
small molecule uptake, it is still unclear which channel residues
are important for transport and how those residues interact
with substrates. In the present study, we have identified essen-
tial residues and clarified their roles for a member of each Occ
subfamily by using an integrated approach of x-ray crystallog-
raphy, biochemical characterization of mutant proteins, and
molecular dynamics simulations. We have applied the gener-
ated insights by changing the specificity of the archetypal
OccD1 protein. The results and applied methodologies do not
only shed light on the transport mechanism of Occ proteins but
also illustrate part of a general strategy for the design and opti-
mization of more effective antibiotics with enhanced OM per-
meation properties.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of OccK2 and OccD1
Mutants—OccK2 and OccD1 eyelet mutations were made with
the QuikChange site-directed mutagenesis kit (Stratagene, La
Jolla, CA) using OccK2-pB22 and OccD1-pB22 plasmids (18) as
DNA templates. Deletion of the OccD1 L7 loop insertion was
carried out using overlap extension PCR (19). DNA sequencing
was performed at Center for AIDS Research DNA sequencing
facility (University of Massachusetts Medical School, Worces-
ter, MA). BL21(DE3) T1 phage-resistant cells (New England
Biolabs, Ipswich, MA) were transformed with OccK2 or OccD1
mutant constructs. Expression and purification of (mutant)
proteins was done as described previously (18).
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TABLE 1

Data collection and refinement statistics of OccK2-glucuronate and

OccD

1 (Y282R/D307H)

OccD1

OccK2-glucuronate (Y282R/D307H)

Data collection

Beamline NSLS X6A NSLS X25
Wavelength 1.10 0.972
Space group P2, C2
Cell dimensions
a, b, c(A) 46.4,206.8, 51.7 148.5, 104.8, 47 .4
aBy(0) 90, 99.1, 90 90, 98.6, 90
Resolution (A) 50-2.45 (2.49-2.45)" 50-2.40 (2.44-2.40)
Completeness 89.5 (90.0) 94.4(97.2)
Redundancy 1.9 (1.8) 4.8 (4.6)
Il 14.3 (2.4) 18.0 (1.8)
Ry 5.3 (24.1) 8.4 (71.6)
Refinement
Resolution (A) 15-2.45 (2.52-2.45)  15.0-2.4 (2.50-2.40)
Unique reflections” 32,300 (1,888) 26,345 (1,318)
R Rl 19.0/24.2 19.7/23.9
rm.s.d.” .
Bond lengths (A) 0.008 0.008
Bond angles (°) 1.17 1.10
Atoms
Protein/glucuronate 5,753/26 2,949/—¢
Sulfate/detergent/water 20/207/230 —/110/78
B-factors
Protein/glucuronate 32.2/34.2 47.8/—
Sulfate/detergent/water 54.0/42.8/32.4 —/73.4/46.2
Ramachandran plot favored/ 97.0/3.0/0.0 95.8/4.2/0.0
allowed/outliers (%)
MolProbity Clashscore 8.9 8.9

“Values in parentheses are for the highest resolution shell.

? Values in parentheses are the number of reflections used to calculate Ry..
“Ryork = 3|F, = F|/2F,. R, is the cross-validation of the R-factor.

4 Root mean square deviation.

¢ —, not present.

Crystallization of Occ Channels and Structure Determina-
tions—OccK2-glucuronate crystals were obtained by adding 1
ul of 10 mg/ml protein solution to 1 ul of mother liquor con-
taining 25% PEG 1000, 50 mM glucuronate, 50 mm Li,SO,, 50
mM Na,SO,, and 50 mMm sodium acetate, pH 5.5 using hanging
drop vapor diffusion. OccD1 Y282R/D307H crystals were
obtained by adding 1 ul of 12 mg/ml protein solution to 1 ul of
2.0 M (NH,),SO,, pH 6.0. Diffraction data were collected at 100
K at the National Synchrotron Light Source (Brookhaven
National Laboratory) at beamlines X6A and X25. Processing
was carried out with HKL2000 (20). The Occ channel struc-
tures were solved by molecular replacement in Phaser (21)
using OccK2 (Protein Data Bank code 3SZD) and OccD1 (Pro-
tein Data Bank code 3SY7) as the search models. Model
(re)building was performed manually within Coot (22), and the
structures were refined using PHENIX (Table 1) (23). Structure
validation was performed within PHENIX.

Radiolabeled Substrate Uptake Assays—Expression of wild
type or mutated Occ proteins in BL21 omp8 (AlamB
ompF::TnS AompA AompC) cells (24) and membrane vesicle
preparations were performed as described previously (18).
Total membrane vesicles containing overexpressed Occ pro-
teins were diluted to a 1 mg/ml total membrane protein con-
centration in 10 mm HEPES, pH 7.0 buffer. Uptake experiments
were started with the addition of either 1 ul of 50 um [**Clargi-
nine (PerkinElmer Life Sciences) or 50 um [*H]glucuronic acid
(American Radiolabeled Chemicals, St. Louis, MO) to 100 ul of
OccD1 and OccK2 membrane vesicles, respectively. Uptake
was carried out at 25 °C for 15 min. Membrane vesicles were
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TABLE 2
System compositions and simulation details
System Protein Mutation Substrate Restraints Lipids Solvent Simulation length
ns
3SY7-a 3SY7 + modeled loops No NA“ Yes” 170 DMPC ~14,000 H,O and 15 Na™ 100
3SY7-b 3SY7 + modeled loops Yes NA Yes” 170 DMPC ~14,000 H,0 and 12 Na™ 100
3SY7-c 3SY7 + modeled loops No Arginine No 170 DMPC ~14,000 H,O and 14 Na™ 100
3SY7-d 3SY7 + modeled loops No Glutamate No 170 DMPC ~14,000 H,0 and 16 Na™ 100
3SY7-e 3SY7 + modeled loops Yes Arginine No 170 DMPC ~14,000 H,0 and 11 Na™ 100
3SY7-f 3SY7 + modeled loops Yes Glutamate No 170 DMPC ~14,000 H,0 and 13 Na™ 100

“NA, not applicable.
? Refers to restraints of 1,000 kJ mol ™' nm ™2 on the B-sheets of the barrel.

filtered using 0.22-um nitrocellulose filters (Millipore, Bil-
lerica, MA) and washed with 3 ml of HEPES buffer. The filters
were then placed in scintillation vials containing 5 ml of Econo-
Safe scintillation fluid (Atlantic Nuclear Corp., Rockland, MA)
and counted using an LS 6500 multipurpose scintillation coun-
ter (Beckman Coulter, Brea, CA). Occ protein quantities in
membrane vesicles were determined by comparison of the band
intensities in Western blots with that of purified OccD1 using
the Kodak 1D 3.6 digital imaging program (Eastman Kodak
Co.). For quantification of the proteins in the Western blots, the
histidine tag was detected using Penta-His HRP conjugate (Qia-
gen, Germantown, MD). Glutamic acid uptake experiments for
mutant OccD1 proteins were carried out as described above by
adding 1 ul of 50 um [**C]glutamic acid (PerkinElmer Life Sci-
ences) to 100 ul of OccD1 vesicles. Uptake was carried out at
25 °C for 15 min.

Single Channel Current Recordings on Planar Lipid Bilayers—
Analysis of the single channel conductance of the OccD1 AL7
mutant was carried as described previously (18).

Addition of Missing Loop Regions for Molecular Dynamics
(MD) Simulations—Loop residues 32-37, 77-94, 160-170,
287-290, and 422-488, which were unresolved in the OccD1
x-ray structure (Protein Data Bank code 3SY7), were added
using the MODELLER program (25). The protein structures
with added loops were analyzed and validated by measuring the
¢ and ¢y backbone dihedral angles using PDBsum (25-27).

Docking Calculations—All docking calculations were per-
formed using AutoDock4.0 through the graphical user inter-
face AutoDockTools 1.5.4 (28 -31). A total of 12 unique dock-
ing calculations was performed (excluding repeats). The
arginine and glutamate substrates were treated as flexible
ligands with seven and five rotatable bonds, respectively. Each
protein channel structure was treated as a rigid body. A “grid
box” large enough to encompass the interior loop regions of the
proteins was used; this incorporated a spacing of 0.264 A and
126, 126, and 96 points in the x, y, and z dimensions (with z
being perpendicular to the bilayer), respectively. The number of
genetic algorithm runs was set to 30, and the maximum number
of energy evaluations was set to 25,000,000. The default values
were used for the remaining parameters. The arginine and glu-
tamate substrates had charges of +1 and —1, respectively.

Simulation Protocols—All simulations were performed using
the GROMACS package (32-34) version 4.5.5, the GROMOS
54A7 force field (35) for the protein and ions, and GROMOS
53A6-Kukol (36) for DMPC lipid molecules and the simple
point charge water model (37). The DMPC bilayer, solvent, and
protein were kept at 313 K using Nosé-Hoover temperature
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coupling with a time constant of 0.5 ps (38, 39). A constant
pressure of 1 bar was maintained using the Parrinello-Rahman
barostat in a semi-isotropic fashion; i.e. the z axis (perpendicu-
lar to the bilayer) is treated independently of the x and y axes
(40, 41). The pressure coupling used a time constant of 0.5 ps.
The electrostatic interactions were treated using the smooth
particle mesh Ewald (42) algorithm with a short range cutoff of
9 A. The van der Waals interactions have an upper limit of 14 A
with a long range dispersion correction applied to the energy
and pressure. All bonds were constrained using the LINCS
algorithm (43) with a time step of 2 fs.

System Compositions—A summary of all the systems simu-
lated is provided in Table 2. The mutated protein structures had
the residues Tyr'”®, Tyr*®?, and Asp®®” converted to Arg'”’®,
Arg®®?, and His®*” using DeepView-Swiss-PdbViewer (44).

Simulation Details—100-ns MD simulations were per-
formed on 3YS7-a and 3SY7-b with position restraints of 1000
k] mol™"' nm ™2 on the B-sheet of the barrel, allowing equilibra-
tion and free movement of the loop regions. The initial config-
urations of the systems 3SY7-c and 3SY7-d were obtained from
the most energetically favorable docking configurations of argi-
nine and glutamate with the equilibrated 35Y7-a. Likewise, the
initial configurations of the systems 3SY7-e and 3SY7-f were
obtained from the most energetically favorable dockings of
arginine and glutamate on the equilibrated 3SY7-b. 3SY7-c,
3SY7-d, 3SY7-e, and 3SY7-f were simulated for 100 ns unre-
strained. VMD (45) was used for visual analysis and production
of molecular graphical images.

RESULTS

Co-crystal Structure of an Occ Channel Complexed with
Substrate—To understand the role of individual residues
during substrate transport, a channel-substrate structure is
required. We initially focused our efforts on obtaining co-crys-
tal structures for OccD1 and OccK1, the archetypes of the two
Occ subfamilies and the first family members for which the
three-dimensional structures were determined (46, 47). Exten-
sive co-crystallization efforts and soaking trials with substrates
were not successful for these two channels, however. Upon fur-
ther characterization of the Occ family, it became clear that this
was either due to the fact that crystallization favors partially
closed states of some channels (OccD1) or that the compounds
used were not optimal transport substrates (OccK1 and vanil-
late; Ref. 18). Our subsequent studies led to the crystallization
of seven additional Occ family members and to identification of
preferred substrates for the majority of the family (18), increas-
ing the opportunities and likelihood of success for the co-crys-
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FIGURE 1. X-ray crystal structure of OccK2 with glucuronate substrate. A, schematic diagram viewed from the top (left panel) and from the side (right panel)
showing the position of the glucuronate molecule as a space-filling model (carbons, yellow; oxygens, red). The pore-constricting loops L3 and L7 are colored
blue and orange, respectively. B, 2F, — F.density (left panel) and F, — F. density (right panel) for the glucuronate molecule and the basic ladder residues Arg'%°
and Arg'®" contoured at 1.0 . C, stereodiagram viewed from the extracellular side showing the interaction of glucuronate with eyelet residues of OccK2.
Hydrogen bonds are indicated with dashed lines (distance, <3.5 A). Loop L3 is colored blue, and loop L7 is colored orange. D, superposition of apo-OcckK2
(Protein Data Bank code 35ZD) and the current Occk2-glucuronate structure. The side chains of residues that interact with glucuronate are shown for both

structures. All structural figures were made using PyMOL.

tallization trials. One of the channels, OccK2 (formerly OpdF),
crystallized under fairly favorable conditions (pH 5.5 and rela-
tively low ionic strength). In vitro transport experiments iden-
tified the carboxylic acid sugar glucuronate as a good substrate
of this channel (18). Glucuronate is commonly found in glyco-
proteins and is also part of mucous animal secretions, such as
saliva, and may therefore be a physiological substrate of P.
aeruginosa. We set up crystallization trials of OccK2 with
glucuronate, obtained well diffracting crystals, and solved the
structure of the channel-substrate complex at 2.45-A resolu-
tion and Ry, of 24.2% (Fig. 1 and Table 1).

The OccK2-glucuronate structure shows that the substrate is
bound at the constriction or “eyelet” of the channel formed by
the extracellular loops L3 and L7 and the barrel wall (Fig. 14).
That the substrate is observed at this position makes sense
because at the constriction the substrate interacts with channel
residues from all sides and may therefore bind with the highest
affinity. The density for glucuronate is well defined, allowing
unambiguous placement of the substrate (Fig. 1B). The residues
in OccK2 contacting the substrate are Asp*?° and Arg"*® in loop
L3, Arg"® in L4, and Arg?®°, Ser®®®, Gly*®¢, Asp>°?, and Ser*” in
loop L7. The channel-substrate contacts are exclusively polar
and are dominated by hydrogen bonds (Fig. 1C). Importantly,
ionic interactions are present between the substrate carboxyl
group and Arg'? and Arg'®! of the basic ladder (Fig. 1C), con-
firming our prediction that the basic ladder residues interact
with the substrate carboxyl group during transport (18, 47).
Virtually all OccK2-glucuronate interactions are mediated by
side chains of channel residues with only one residue interact-
ing with the substrate via its backbone amide (Gly**°). In con-
trast to other sugar-transporting OM channels of which sub-
strate-bound structures have been solved (e.g. LamB; Refs. 48
and 49) there is no “greasy slide”; i.e. there are no aromatic
residues that interact with the substrate.

An interesting property of many Occ proteins, including
OccK2, is their dynamic behavior in single channel conduc-

APRIL 26, 2013 +VOLUME 288-NUMBER 17

tance experiments (18, 50, 51). Although the conductance of
the most dominant state of OccK?2 is relatively large for a sub-
strate-specific channel (~230 pS in 1 M KCl), there are frequent
downward conductance spikes that occasionally close the
channel completely (18). Given this behavior of the channel, the
question of whether or not substrate binding and transport
require conformational changes in the channel becomes
important. A superposition of apo-OccK2 and OccK2-glucuro-
nate clearly shows that both structures are virtually identical
(Fig. 1D). This observation suggests that at least for OccK2 con-
formational changes are not required during substrate binding
and transport.

Functional Characterization of OccK2 and OccD1 Eyelet
Mutants—Based on the OccK2-glucuronate structure, we
made site-directed alanine mutants of the eyelet residues that
interact with the substrate and assayed in vitro radiolabeled
glucuronate uptake by total membrane vesicles (18). The
results reveal that transport is very sensitive to mutation. Most
of the residues that interact with the substrate give a complete
loss of transport when mutated to alanine (Fig. 24). The two
exceptions are the S285A and S297A mutants, which still show
reasonable levels of transport (75 and 35% of wild type OccK2,
respectively). The mild effect of the S285A mutation on trans-
port can be explained by the structure, which suggests that the
geometry of the serine and substrate hydroxyl groups is not
optimal for formation of a hydrogen bond.

Our recent structural and functional characterization of Occ
family members revealed that the OccD and OccK subfamilies
are quite distinct despite having similar folds (18). In the crystal
structures, the pores of OccK channels are all wide enough to
transport their substrates as exemplified by the OccK2-glucu-
ronate system (Fig. 1). By contrast, the OccD proteins have very
narrow or closed pores that most likely correspond to (partially)
closed channels. On a functional level, the substrate specifici-
ties between the two subfamilies are also very different with
OccD family members transporting linear substrates with a net
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FIGURE 2. Effect of eyelet residue mutations on transport by OccK and
OccD family members. A, characterization of radiolabeled glucuronate
uptake by OccK2 mutant proteins. B and C, characterization of radiolabeled
arginine uptake by OccD1 proteins with mutations in the eyelet (B) and in the
basic ladder (C). Uptake activities are shown as a percentage of WT and are
specific uptake activities. Control, cells transformed with empty plasmid. Error
bars represent S.D.

positive charge and OccK proteins preferring cyclic substrates
with a net negative charge (18). Because of these differences, we
therefore also set out to characterize the effect of eyelet muta-
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tions on transport mediated by the archetype of the OccD sub-
family, OccD1 (formerly OprD). Given that an OccD1-sub-
strate structure is not yet available, we identified candidate
residues for mutation by overlaying the apo-OccD1 structure
with that of OccK2-glucuronate. Based on this analysis, OccD1
has only three eyelet residues with side chains pointing inward
and that therefore could interact with substrates (Fig. 3). Single
mutations of each of these residues (Ser'3°, Ser®°?, and His>%")
to alanine showed that only the D307A mutant affected argi-
nine uptake by OccD1 substantially (~30% of wild type (WT);
Fig. 2B).

We previously proposed that arginine binds in the OccD1
eyelet with the carboxyl group close to the central basic ladder
residues and with the side chain guanidinium group bound on
the opposite side of the eyelet in a negatively charged pocket
formed by the side chains of Tyr'”®, Tyr*®?, and Asp®®” (47).
This notion is supported by the superposition of OccD1 with
the OccK2-glucuronate structure that shows that the distal part
of the substrate (relative to the carboxyl group) is close to the
negatively charged pocket (Fig. 3). To assess the effect of this
pocket on arginine transport, we substituted the tyrosine resi-
dues with arginines (Y176R and Y282R) and the aspartic acid
with histidine (D307H). The rationale for these mutations was
to make the pocket positively charged, possibly interfering with
arginine transport. As shown in Fig. 2B, each of the individual
mutations does not have a large effect on arginine uptake. How-
ever, arginine uptake levels of the double mutant (Y282R/
D307H) and in particular of the triple mutant (Y176R/Y282R/
D307H) are substantially lower and at ~20% of WT levels (Fig.
2B). These data indicate that the conversion of the negatively
charged pocket to a positively charged pocket is detrimental to
arginine transport, supporting the notion that the negatively
charged pocket of wild type OccD1 interacts with the positively
charged head group of the substrate during transport.

An interesting region near the OccD1 eyelet is the ~8-resi-
due-long insertion in loop L7 (L7i; residues Phe***-Gly**%).
This region, which is only present in a few OccD family mem-
bers, partially blocks the pore in the recently determined high
resolution structure of OccD1 (Fig. 3 and Ref. 18). We therefore
asked whether this insertion is important for arginine uptake.
We deleted the L7i segment and replaced it with a glycine res-
idue to have a minimal amount of distortion within the mutant
protein. Interestingly, the resulting AL7 mutant has almost
2-fold higher arginine uptake than wild type OccD1 (Fig. 44),
demonstrating that removal of the pore-blocking segment
improves transport. Analysis of the single channel conductance
of the AL7 mutant showed an ~3-fold increase of conductance
relative to wild type OccD1, consistent with a bigger pore being
present in the mutant. The single channel electrophysiological
signature of the AL7 mutant has large upward spikes in con-
ductance (to ~400 pS; Fig. 4, B and C). Such spikes, which likely
correspond to the open channel, are also observed in wild type
OccD1 albeit ~10 times less frequently. The fact that the dom-
inant state of the deletion mutant still has a relatively low con-
ductance (~55 pS) suggests that the regions of the structure
thatare involved in generating an open channel are more exten-
sive than the pore-blocking L7 segment alone.
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periplasmic space

FIGURE 3.Identification of putative substrate-interacting residues in OccD1. A, overview of a superposition of OccK2-glucuronate and OccD1 (Protein Data
Bank code 3SY7). For clarity, the OccK2 protein has been omitted. B, close-up stereodiagram showing OccD1 residues that may be important for substrate
transport as stick models (carbons, blue; oxygens, red; nitrogens, dark blue). The carbon atoms of the basic ladder residues are colored green. The insertion of
loop L7 that partially blocks the OccD1 pore is colored orange with the segment that is disordered shown as a dashed line (residues 286 -295).
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FIGURE 4. Biochemical and biophysical characterization of the AL7 OccD1
mutant protein. A, specific radiolabeled arginine uptake activities. Error bars
represent S.D. B, representative single channel electrical recordings acquired
with wild type OccD1 (red) and the AL7 mutant (blue) at a transmembrane
potential of +80 mV.The corresponding all-point histograms are shown in C.
The results of the Gaussian fits of the current amplitudes (conductance val-
ues) of wild type OccD1 and its mutant AL7 are 1.4 pA (18 pS) and 4.3 pA (54
pS), respectively. For the sake of clarity, the single channel electrical traces
were low pass Bessel filtered at 1 kHz. The buffer solution contained 1 m KCl
and 10 mm HEPES, pH 7.4.

The Importance of the Basic Ladder Residues for Transport
Correlates with Their Degree of Conservation—Our previous,
family-wide structural characterization of Occ family members
showed that the numbers of basic ladder residues in the various
channels range from three to eight (18). Only the three basic

APRIL 26, 2013 +VOLUME 288-NUMBER 17

ladder residues that are closest to the eyelets of the channels are
present in all Occ family members. For OccD1, these residues
are Arg®®’, Arg®", and Arg*'° (Fig. 3). The lack of conservation
for basic ladder residues that are further away from the eyelet
(Arg®, Arg®, and Lys*” in OccD1; Fig. 3) suggests that they
might be dispensable for substrate transport. To test this
notion, we determined the arginine uptake activities for all
six individual basic ladder mutant proteins of OccD1. The
results clearly show that the peripheral ladder residues are
non-essential because even the triple mutant (R30A/R39A/
K375A) still transports arginine at levels of ~40% of wild
type (Fig. 2C). By contrast, removal of any one of the central
basic ladder residues leads to severe defects in substrate
transport (Fig. 2C). We conclude that only the central, con-
served basic ladder residues are required for efficient sub-
strate uptake in Occ proteins.

Conversion of OccD1 into a Glutamate-preferring Channel—
As a yardstick to assess our understanding of substrate uptake
by OccD1, we asked whether any of the OccD1 mutant pro-
teins described in the previous section could have a different
substrate specificity compared with the wild type protein.
We were particularly interested in the mutants that we made
for the negatively charged pocket. Replacement of those res-
idues (Tyr'”®, Tyr*®*?, and Asp>°”) with positively charged
residues decreased arginine uptake in a triple mutant
~5-fold relative to wild type (Fig. 2B). Given the likely
involvement of the negatively charged pocket in binding the
positively charged side chain of the substrate, we reasoned
that the positively charged binding pocket mutants might
convert the mutant OccD1 protein from a basic amino acid-
preferring channel into an acidic amino acid-preferring
channel. To test this hypothesis, we assayed the uptake of
radiolabeled glutamate by wild type OccD1, the double
mutant Y282R/D307H, and the triple mutant Y176R/Y282R/
D307H. As expected and consistent with previous measure-
ments (18), wild type OccD1 does not take up glutamate (Fig.
5). Remarkably, both the double and the triple mutants show
substantial levels of glutamate uptake with the triple mutant
transporting glutamate substantially better than arginine.
The change in preference of glutamate over arginine for the
triple mutant is more than 400-fold compared with wild type
OccD1 (Fig. 5). The AL7 mutant, like wild type, does not
transport glutamate at significant levels, suggesting that res-
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FIGURE 5. Conversion of the arginine-specific channel OccD1 into a channel preferring acidic amino acids. A, specific radiolabeled glutamate uptake
activities of OccD1 mutant proteins with altered substrate headgroup binding. Activities are normalized to arginine uptake by wild type OccD1, which is also
shown. Error bars represent S.D. B, glutamate/arginine uptake ratios for OccD1 mutants. C, x-ray crystal structure of the OccD1 double mutant Y282R/D307H.
The schematic representation colored by B-factors (blue, low B-factor; red, high B-factor) shows the disorder in loops L3 and L7. Missing segments are shown
as dashed lines. The mutated residues Arg?®? and His®**” are shown as stick models and have been labeled.

idues within the L7 loop insertion do not play a role in the
generation of substrate specificity.

To obtain a detailed structural understanding underlying the
changes in substrate specificity, we attempted to crystallize the
triple OccD1 mutant, but we were not successful. However, we
were able to solve the structure of the double OccD1 mutant
Y282R/D307H at a resolution of 2.4 A (Table 1). The structure
of this mutant, which also has considerable glutamate transport
activity, is characterized by an increase in mobility of the eyelet
region (Fig. 5C) possibly as a result of the introduced mutations.
Electron density for residues 127-130 in loop L3 and residues
286-296 in loop L7 is completely missing. In addition, side
chain density for the introduced arginine residue (Arg®®?) is
missing. The structure of the double mutant therefore does not
allow us to rationalize the change in its substrate specificity
relative to wild type OccD1.

Docking Studies and Molecular Dynamics Simulations Sup-
port the Experimental Data—Realistically, experimental struc-
tural data of channel-substrate complexes will be obtained for
only a limited number of systems. For this reason, MD simula-
tions have a crucial role to play in our understanding of the
interactions between uptake channels and small molecules. In
addition, MD simulations can provide detailed atomistic-level
information about mutant structures and transport intermedi-
ates that are not accessible to experimental approaches (52).
Here, we asked whether the observed substrate preferences of
wild type OccD1 and the triple mutant (Y176R/Y282R/D307H)
protein could be understood by performing MD simulations.
As the first step, we docked arginine and glutamate into wild
type OccD1. A number of independent docking calculations
were performed for each case (see “Experimental Procedures”).
The results show that the arginine substrate binds at a well
defined position close to the eyelet region in wild type OccD1
(Fig. 6). By contrast, the binding of glutamate within wild type
OccD1 is poorly defined compared with arginine, and in many
docking trials, the glutamate ends up a considerable distance
away from the eyelet region (Fig. 6). In addition to wild type
OccD1, we also performed docking calculations for arginine
and glutamate within the triple mutant Y176R/Y282R/D307H.
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FIGURE 6. Docking calculations support biochemical transport data.
Views of the 30 lowest free energy of binding conformations of arginine and
glutamate substrates after docking to wild type OccD1 (A) and the triple
mutant Y176R/Y282R/D307H (B) are shown. Views are shown from the side
(left panels) and from the top (right panels). The arginine substrates are shown
as space-filling models in red, and the glutamate substrates are shown in yel-
low. In blue stick models are shown the residues Tyr'”¢, Tyr*®2, and Asp>°” of
wild type OccD1. In green are the corresponding residues in the triple mutant
Arg'’6, Arg®®2, and His*%’. The two central basic ladder residues Arg®>®' and
Arg*'® are shown in mauve.

Encouragingly, the docking results for the mutant show a trend
opposite to those of the wild type; arginine binds in a poorly
defined manner at sites that are not close to the eyelet. In con-
trast, glutamate binds reproducibly within the eyelet region
(Fig. 6). Thus, the docking results are consistent with the sub-
strate preferences of wild type OccD1 and the triple mutant for
arginine and glutamate, respectively.
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FIGURE 7. Molecular dynamics simulations of substrates in wild type OccD1 and the triple OccD1 mutant. A, distances of arginine and glutamate
substrates from the central basic ladder residue Arg*'® during 100 ns of simulation (red, wild type OccD1-arginine; blue, wild type OccD1-glutamate; green,
mutant OccD1-glutamate; black, mutant OccD1-arginine). B, overview (left panel) and close-up (right panel) of the structure of wild type OccD1 with arginine
substrate after 100-ns simulation. Arg*'®, Tyr'”¢, Tyr?®2, and Asp>®” are labeled and colored with nitrogens in blue, oxygens in red, and hydrogens in white.

Although the docking studies show relatively well defined
binding sites for arginine in wild type OccD1 and for glutamate
in the triple mutant, there are two distinct binding clusters for
the substrate in both of these cases. One of these clusters cor-
responds to the binding mode we presume to be correct, i.e.
with the (main chain) carboxyl close to the basic ladder. Within
the other cluster, the side chain interacts with the basic ladder.
The docking calculations allow the identification of clusters of
favorable binding sites and provide a rational starting point for
further computational investigation, but they do not include
the effect of solvent or full protein dynamics. We therefore
complemented the docking studies by performing 100-ns MD
simulations for each of the four different OccD1-substrate
combinations (WT-arginine, WT-glutamate, triple mutant-ar-
ginine, and triple mutant-glutamate), starting in each case from
the lowest energy docking simulations (see “Experimental Pro-
cedures”). Previously, a similar MD approach was used to study
phosphate binding to P. aeruginosa OprP, a phosphate channel
thatis notrelated to the Occ family (53). During the OccD1 wild
type-arginine simulation, the carboxyl group initially faces
away from Arg*'? in the basic ladder. Subsequently, the argi-
nine molecule flips rapidly to form the predicted interactions of
the carboxyl group with Arg*'® (Fig. 7 and supplemental
movie). During the remainder of the simulation, this orienta-
tion dominates. At the end of the simulation (¢ = 100 ns), the
arginine is bound in the eyelet as proposed previously with the
guanidinium group close to the side chains of Tyr'”®, Tyr*®?,
and Asp®®” (Fig. 7B). Other residues that interact prominently
with the arginine molecule during the simulation are Ser'*’,
Thr'”®, Ala®*?/Gly***/Ser®® (L7 insertion), and Val®>**/QIn>**/
Asp®®” (L7). For the WT-glutamate simulation, a dramatically
different behavior is observed. Although the carboxylate group
is initially close to Arg*'°, the substrate moves rapidly away
from the eyelet and is expelled from the channel. Thus, gluta-
mate is not stably bound in wild type OccD1 in accord with the
biochemical data. For the triple mutant, the simulations are also
in good agreement with the experimental data with only gluta-
mate (and not arginine) remaining bound in the eyelet during
the simulation (Fig. 74).
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Molecular Dynamics Simulations Reveal That the OccDI
Pore Is Dynamic—Besides supporting our biochemical data, the
MD simulations also provide valuable information about
OccD1 channel dynamics in particular with respect to the eye-
let. To quantify the conformational changes in the eyelet
region, the fluctuations in the geometry of this region as defined
by inter-residue distances GIn**®-Arg*'® and GIn®***-Ser'*°
(Fig. 8) were measured from our 100-ns trajectory of wild type
OccD1 with arginine substrate. The GIn®***-Ser'*® distance
fluctuated between 5.2 and 9.9 A. This fluctuation is largely a
consequence of the Ser'?° side chain, which flips between two
hydrogen-bonded states; it is either engaged in hydrogen bond-
ing to the arginine substrate or to the nearby Asp®*®. The
GIn?*°-Arg*'° distance fluctuated between 4.5 and 10.0 A, indi-
cating a substantial narrowing of the eyelet (Fig. 8). The confor-
mational change of the channel is a consequence of movement
ofloop L7, in particular residues 286 —295 corresponding to the
L7 insertion (Figs. 9 and 10). After ~ 25 ns, the L7 loop residue
Arg®®” was observed to “flip” from initially being hydrogen-
bonded to Asn®*® in loop L8 to a second conformation in which
it was lying planar to Tyr'”® while engaging in hydrogen bond-
ing with Gly'”® (Fig. 9). This flipping of Arg>®” was accompa-
nied by a larger conformational rearrangement of L7 in which
the loop was observed to “twist” in a manner that prevented
further interaction of Arg®®” with loop L8. The distance
between the center of mass of Arg®®” and residues 353-360 of
loop L8 changes by ~ 3 A during the rearrangement of the
flexible L7 loop region. Another indicator of the conforma-
tional flexibility within loop L7 is the distance between Ser**° in
loop L7 and Glu*®® in loop L9. These residues are normally
quite far (~10 A) apart, but they interact briefly during the
100-ns simulation (Fig. 10). Together, these conformational
changes result in a highly variable pore size for OccD1 in accord
with the structural and biophysical data.

DISCUSSION

We previously identified glucuronate as a preferred substrate
for the OccK2 channel (18), and this has resulted in the first
channel-substrate structure of an Occ protein in the present
study. The substrate is bound in the eyelet and is contacted on
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FIGURE 8.The eyelet diameter of OccD1 is variable. A, top view showing the distances measured to capture the dimensions of the channel at the eyelet. Loop

L7 is shown in orange, loop L3 is shown in blue, and the surface of the protein is shown in gray. B, minimum distance between OccD1 residues in the eyelet over
the course of a 100-ns simulation with an arginine substrate. The minimum distance between Arg*'® and Ser?*® is shown in red. The minimum distance

between GIn*°* and Ser'*° is shown in black.

B the constraint that the carboxyl group of the substrate is close

to the central basic ladder residues.
(R2f37 In contrast to OccK proteins, which form relatively rigid
channels, OccD family members are much more dynamic. This
( can be inferred from available structures of OccD proteins
’Fa (OccD1-3), which all suggest that conformational changes
p; 9 have to occur to allow passage of substrates (18). In addition,
{\ our molecular dynamics simulations of OccD1 clearly demon-
C" = \ Rkuininduosrdie strate the conformational flexibility of the eyelet region. It is

especially noteworthy that the simulations show the frequent
formation of a relatively large channel that would likely allow
G178 passage of carbapenem antibiotics with a molecular mass of
300-450 Da. The difference in eyelet dynamics between the
two Occ subfamilies could explain why mutations of eyelet res-
idues generally have modest effects on OccD1-mediated trans-
port with the exception of the central basic ladder residues (Fig.
2). This contrasts with OccK2 where almost all mutations of
) : ‘ residues that interact with the substrate abolish transport (Fig.
Ny~ & ://AWe Substratek& 2). The data therefore emphasize the remarkable differences

FIGURE 9. Conformational changes in loop L7 of OccD1 revealed by Mp  between OccD and OccK subfamily members.
simulation. A-C, snapshots taken at 8, 64, and 64.7 ns, respectively, of the Although the apo structures of OccD proteins may not be
jOO—ns MD simulatiqn of wild type OccD1 with arginine substrate. The protein identical to those of substrate-bound channels, we show that it
is shown in gray with loop L7 colored orange and loop L8 colored purple.
Residues of interest are shown as stick models and labeled. is still possible to obtain plausible models for substrate translo-
cation without having experimental structural models. This

‘ ‘ ) notion is supported by our rational conversion of OccD1 from a
all sides by residues in loops L3 and L7. The carboxylate group  channel transporting exclusively positively charged amino

of the substrate interacts with the central basic ladder residues  ,cids (arginine) into a channel that prefers negatively charged
in the barrel wall, confirming previous predictions (47). amino acids (glutamate). The changes in substrate preference
OccD and OccK Subfamily Proteins Differ in Eyelet Dynamics— resulting from the introduced mutations are supported by
Our previous studies suggested indirectly that the eyelets of  docking studies and MD simulations, confirming that compu-
OccD and OccK subfamily members might be fundamentally  tational approaches will have an important role to play in
different with respect to their dynamics. Our new work con-  understanding OM channel-substrate interactions at the
firms this notion. For OccK2, the virtual structural identity of  atomic level. These results are also noteworthy from the point
the eyelets in the apo- and substrate-bound structures together  of view of drug design: if it is possible to affect substrate passage
with the fact that all OccK proteins have open channels (18) by making changes in the channel, it should also be feasible
suggests that conformational changes are likely not required for ~ to improve substrate/antibiotic permeation by introducing
substrate transport by OccK subfamily members. This notion changes in the substrate/antibiotic.
might imply that the current fluctuations observed in single Implications for Antibiotic Design—Currently, antibiotics
channel experiments (18) result from movement of loop sec-  directed against pathogenic bacteria are designed for optimal
tions that are not part of the eyelets. The relatively static nature  interaction with their target protein inside the cell. Although
of the eyelets should make molecular dynamics simulations of  screening for desirable activities of drug candidates is often
OccK channel-substrate complexes fairly straightforward given  straightforward, many compounds having good activity toward

N358
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FIGURE 10. Conformational fluctuations in loop L7 generate large variations in OccD1 pore size. A, views from the side (left panel) and from the top (right
p) showing the fluctuations in loop L7 over the 100-ns simulation. The fluctuations are represented on an RGB scale with red at the start of the simulation (0 ns)

and blue atthe end (100 ns). B, views from the top showing a small OccD1 pore at 15 ns (left panel) and a more typical, open pore at 71 ns (right panel). A transient

interaction between Ser®?° in loop L7 and Glu*°? is highlighted in the left panel. Loop L3 is colored blue, loop L7 is orange, and loop L9 is red. For clarity, the

arginine substrate has been omitted. C, plot showing the minimum distance between Ser**° in loop L7 and Glu*®*in loop L9 during a 100-ns simulation of wild

type OccD1 with arginine. The interaction occurring at ~15 ns and that closes the channel briefly is indicated with an arrow.

Gram-negative bacteria in vitro are poorly effective (or not at  otic uptake. It is generally accepted that the OM forms the
all) in vivo; i.e. minimal inhibitory concentration values are biggest barrier for permeation. This is somewhat counterintui-
high. The reason for this discrepancy, which is a huge problem tive because the inner membrane (IM) is less permeable than
in drug development, is that the drug concentrations inside the =~ the OM and implies that antibiotics may diffuse spontaneously
bacteria are low due to the net outcome of drug uptake, efflux, across the IM due to their partially hydrophobic character.
and degradation. Of these intrinsic resistance factors, intracel- However, it is unclear whether spontaneous diffusion across
lular degradation of drugs is relatively well understood and to  the IM is sufficient for all antibiotics, and it seems possible (or
some extent preventable by modification of the compound (54, even likely) that the uptake of some compounds will require IM
55). By contrast, much less is known about bacterial drug transporters. To our knowledge, however, no IM transporter
uptake and efflux. Regarding drug efflux, which is mediated by  has yet been linked to antibiotic uptake. By contrast, there are
several different families of multidrug efflux pumps, our under- many examples in the literature about the importance of OM
standing has greatly increased in recent years by many bio- channels for antibiotic uptake. In particular, the emergence of
chemical and structural studies (56 -58). The component of antibiotic resistance in clinical isolates often results from lower
intrinsic resistance that is still very poorly understood is antibi- levels of functional channels within the OM caused by various
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mechanisms (59). With the notable exception of antibiotic
transport mediated by the E. coli porins OmpF and OmpC (10,
11), however, nothing is known about the molecular mecha-
nisms of antibiotic translocation in OM channels. Moreover,
because porins are very different from substrate-specific chan-
nels, insights obtained for porin-mediated drug uptake by
E. coli and other Enterobacteriaceae may not apply to patho-
gens such as P. aeruginosa and Acinetobacter baumannii. Thus,
studies focused on understanding small molecule uptake in
organisms other than E. coli are important.

Our present and previous work on Occ channels has gener-
ated an understanding of how small molecules interact at the
atomic level with OM channels of P. aeruginosa. These studies
are the first steps toward understanding how antibiotics enter
P. aeruginosa that in turn could lead to the rational design of
new and improved antibiotics. Achieving this goal will require
identification of the channels that are important for the patho-
gen during infection, e.g. by using global phenotypic profiling
methods for P. aeruginosa using an animal model for the cystic
fibrosis lung. The rationale behind this is that it makes little
sense to design antibiotics to permeate through channels that
are not used by the organism during infection or that are easily
dispensable. In fact, the well known acquired resistance of P.
aeruginosa toward carbapenems by down-regulation or dele-
tion of OccD1 suggests the validity of this hypothesis: although
we have shown that arginine uptake is mediated by a number of
OccD proteins, only OccD1 takes up carbapenem antibiotics
(18). Thus, by shutting down OccD1 expression and switching
to e.g OccD2, resistance is acquired toward carbapenems with-
out loss of fitness (assuming that arginine is an important food
source). We therefore propose a dual strategy in which the
identification of important or essential channels in vivo is cou-
pled to studying the interaction of small molecules and antibi-
otics with those channels by biochemical, biophysical, and
computational methods. Understanding the basic biology of
OM transport could lead to the improvement of existing anti-
biotic scaffolds and in the longer term to the development of
novel, more effective antimicrobial agents that are character-
ized by optimal permeation properties as well as by being recal-
citrant to expulsion from the cell by multidrug efflux pumps.
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