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ABSTRACT: Playing a major role in the expulsion of antibiotics and the secretion of cell toxins in conjunction
with inner membrane transporters of three protein superfamilies, the outer membrane channel TolC occurs in
at least two states blocking or permitting the passage of substrates. The details of the underlying gating
mechanism are not fully understood. Addressing the questions of extracellular access control and periplasmic
gating mechanism, we conducted a series of independent, unbiased 150−300 ns molecular dynamics
simulations of wild-type TolC in a phospholipid membrane/150 mM NaCl water environment. We find that
TolC opens and closes freely on the extracellular side, suggesting the absence of a gating mechanism on this
side in the isolated protein. On the periplasmic side, we observe the outer periplasmic bottleneck region
adopting in all simulations a conformation more open than the TolC wild-type crystal structures until in one
run the successive binding of two sodium ions induces the transition to a conformation more closed than any of
the available TolC X-ray structures. Concurrent with a heightened sodium residence probability near Asp374,
the inner periplasmic bottleneck region at Asp374 remains closed throughout the simulations unless all NaCl is
removed from the system, inducing a reopening of the outer and inner bottleneck. Our findings suggest that
TolC is locked only on the periplasmic side in a sodium-dependent manner.

A member of the outer membrane efflux protein (OEP)
family, TolC is a channel protein in the outer membrane

of Escherichia coli1,2 facilitating the transport of various toxic
molecules.3,4 Playing a major role in the expulsion of
antibiotics5,6 and the secretion of cell toxins,7−9 TolC is highly
versatile, functioning in conjunction with inner membrane
transporters of the ATP binding cassette (ABC), resistance
nodulation division (RND), or major facilitator (MF)
type.10−12 Interaction of the inner membrane transporter and
outer membrane efflux duct is mediated by specialized
periplasmic adaptor or membrane fusion proteins anchored
to the inner membrane.13,14 A prominent example of a TolC-
dependent transport system is the AcrAB-TolC multidrug efflux
pump employing the energy of a proton gradient over the inner
membrane to power the expulsion of a broad range of
substrates from the cell.11 Although predominantly involved in
substrate export, TolC is also known to be used as a backdoor
by cell toxins like colicins to penetrate the outer membrane.15,16

Whereas channels like the cell toxin α-hemolysin, whose
individual and unfolded subunits are also exported through
TolC,2 are constantly open, TolC access is regulated with the
protein occurring in at least two states permitting or blocking
the passage of substrates.1,2 The details of the underlying gating
mechanism are not fully understood.2 The first crystal structure
of the wild-type protein17 revealed that TolC is a homotrimer,
resembling the shape of a hollow cylinder organized in three
domains. From a membrane-embedded β-barrel, cooperatively
formed by all three monomers, an α-helical domain extends
∼100 Å into the periplasmic space surrounded in its middle
section by the ringlike structure of an α/β equatorial domain.1,2

TolC access was found to be restricted on both ends with three

extracellular loops oriented toward the center of the β-barrel,
limiting access to the channel to compounds with diameters of
<7−8 Å in the wild type17,18 and 7.2−10 Å in the mutant X-ray
structures.19,20 On the periplasmic side, the dense packing of
the tip regions of 12 α-helices constricts the TolC channel to a
diameter of ∼4.4 Å in the wild type17,18 and 4−7.8 Å in the
mutant crystal structures.19,20 Whereas the occurrence of gating
on the extracellular side is unclear,17−21 combined muta-
genesis−conductance experiments22,23 and subsequent wild-
type18 and mutant TolC crystal structures19,20 indicated the
existence of two periplasmic bottlenecks: an inner bottleneck
(BNI) at Asp371 and Asp374 where the binding of TolC-
blocking hexaamminecobalt occurs18,23 and an outer bottleneck
(BNII) at Tyr362 and Arg367 involved in inter- and
intramonomeric hydrogen bonds and salt bridges stabilizing a
closed conformation.22 Single and double mutations of these
residues lead to increased ion conductance22 as well as crystal
structures showing partial symmetric20 and asymmetric19

opening toward the periplasm (Table 1).
Computational studies of TolC focused on molecular

dynamics (MD) simulations comparing the wild type and
BNII mutants,21,24 as well as elastic network normal-mode
analyses exploring possible opening mechanisms.25 In a 20 ns
MD study of wild-type and Tyr362Phe/Arg367Ser TolC, the
mutant was reported to exhibit heightened flexibility in the
periplasmic mouth region, while for the extracellular loops, a
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gating function was proposed on the basis of the observed
closing motions.21 Another study compared wild-type,
Tyr362Phe/Arg367Glu, and Tyr362Phe/Arg367Asp TolC in
a series of 20−30 ns MD simulations reporting wild-type-like
closed periplasmic mouth conformations stabilized by
potassium ions coordinated by Thr152, Asp153, and Glu/
Asp367 in the mutant structures. Only when the potassium
binding sites were emptied using an outer electric field was a
BNII opening trend observed.24 Beyond TolC, other multidrug
efflux pump components have also recently been investigated
computationally.26−32

Addressing the questions of extracellular access control and
periplasmic gating mechanism, we performed nine independ-
ent, unbiased MD simulations of membrane-embedded wild-
type TolC in a 150 mM NaCl solution sampling TolC
conformational dynamics on a 150−300 ns time scale. Opening
and closing freely on the extracellular side, TolC opens in the
BNII region on the periplasmic side until the successive binding
of two sodium ions preferably interacting with Asp371, Thr366,
Thr368, and Asp153 induces closure. The resulting BNII
conformation is more closed than any of the available crystal
structures. Concurrent with a third site of heightened sodium
residence probability at Asp374, TolC remains closed in the
BNI region unless the removal of all NaCl from the system
induces an opening response of BNI followed by a reopening of
BNII. Displaying a so far unreported high degree of
conformational dynamics in the channel mouth regions, our
findings suggest that TolC is locked only on the periplasmic
side in a sodium-dependent manner.

■ EXPERIMENTAL PROCEDURES

Molecular Dynamics Simulations. MD simulations were
performed employing GROMACS version 4.0.333,34 and the
GROMOS96-53a6 force field,35 using the 1EK9 TolC crystal
structure17 as a starting structure. The protein was inserted in a
pre-equilibrated 9.6 nm × 9.6 nm palmitoyloleoylphosphatidy-
lethanolamine (POPE) bilayer patch36 using INFLATEGRO.37

The system was solvated with simple point charge water
molecules38 and 170 Na and 152 Cl ions, yielding a 150 mM
NaCl solution and a total system charge of zero (Figure 1A).

Standard protonation states were assumed for titratable
residues. After a 20 ns membrane equilibration with protein
atoms position-restrained using a force constant of 1000 kJ
mol−1 nm−2, five independent MD runs with different starting
velocities were performed, each 150 ns in length. Of these
initial simulations, one was extended in four independent
copies to 300 ns: two copies without any modifications, one

Table 1. TolC Opening States As Observed in the Crystal Structures and Our Molecular Dynamics Simulations

outer periplasmic bottleneck Gly365 (BNII) inner periplasmic bottleneck Asp374 (BNI)

TolC structure
no. of extracellular
loops closedb

avg TCAa (Å2) avg Cα distance (Å) avg TCA (Å2) avg Cα distance (Å)

X-ray
1EK9, wild type17 3 64.4 12.2 58.6 11.6
2VDD, Y362F/R367E19 0 203.8 21.8 76.7 13.8
2VDE, Y362F/R367E19 2 202.1 21.6 71.2 13.8
2WMZ, R367S20 0 154.8 18.9 65.7 12.3
2XMN, Y362F/R367S20 0 195.6 21.3 99.5 15.2
1TQQ, wild-type-bound
hexaamminecobalt

3 61.3 11.9 64.6 12.2

simulation
unmodified, BNII open 0−3 195.1 ± 42.6

(maximum of 334.8)
21.6 ± 3.4
(maximum of 31.3)

64.4 ± 8.2 (maximum
of 98.4)

12.3 ± 1.1
(maximum of 17.3)

unmodified, BNII closed 0−2 32.0 ± 17.7 (minimum
of 0.9)

11.7 ± 1.6 (minimum
of 3.3)

58.7 ± 7.4 (minimum
of 40.2)

11.7 ± 1.2 (minimum
of 8.3)

modified, −4 Na, BNII closed 1−3 19.3 ± 7.9 (minimum
of 0.9)

10.7 ± 1.2 (minimum
of 3.3)

64.7 ± 6.7 (minimum
of 46.0)

12.3 ± 0.6 (minimum
of 9.0)

modified, no NaCl, BNII closed,
I and II reopening

2 66.8 ± 31.7 (maximum
of 133.5)

14.4 ± 2.5
(maximum of 25.6)

88.7 ± 11.6 (maximum
of 125.3)

14.4 ± 0.9
(maximum of 19.3)

aTCA is the triangular cross-sectional area. bAs closed as or closer than 1EK9 with θ ≤ 90°.

Figure 1. (A) Wild-type 1EK9 TolC was simulated in a POPE
phospholipid/water environment at 150 mM NaCl. (B) As indicated
by Cα root-mean-square deviations after respective least-squares
alignment with the starting structure, the largest conformational
changes occur in the region of the β-barrel and the extracellular loops.
(C) Using the protein’s α-carbons, TolC’s path through conforma-
tional space in all simulations was mapped onto the first three
eigenvectors in a principal component analysis.
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copy with four Na ions removed, and one copy from which all
NaCl ions had been deleted.
In the simulations, all bond lengths were constrained by

LINCS39 so that an integration time step of 2 fs could be
chosen. Systems were simulated at 310 K, maintained
separately for protein, lipids, and water by a Berendsen
thermostat40 with a time constant (τT) of 0.1 ps. Pressure
coupling was done employing a Berendsen barostat40 using a 1
bar reference pressure and a time constant of 4 ps.
Semiisotropic pressure coupling was employed to permit
bilayer fluctuations in the membrane plane. Electrostatic
interactions were calculated using particle mesh Ewald
(PME) summation,41,42 and twin range cutoffs of 1.0 and 1.4
nm were applied for computing the van der Waals interactions.
Analysis. Similar to the analysis described in ref 24, the

TolC opening state on the periplasmic side was monitored by
calculating the triangular cross-sectional area (TCA) defined by
the α-carbons of Asp374 and Gly365. On the extracellular side,
the opening state was monitored through the dihedral angle θ

spanned by the Cα atoms of Asp56 located in the β-barrel and
Ala270 at the tip of each extracellular loop (Figure 2). As the
outwardly closed 1EK9 crystal structure displays an average θ
value of 89.8° (Figure 2A), an extracellular loop was regarded
as closed as or more closed than 1EK9 whenever θ ≤ 90°.
Conversely, a loop for which θ > 90° was considered more
open than the 1EK9 X-ray structure. In each simulation, θ was
monitored for each extracellular loop (Figure 2B, first panel)
and subsequently converted to a binary representation of “more
open” than 1EK9 (a value of 0) or “more closed” (assigned a
value of 1) (Figure 2B, second panel). As a summary for each
run, the number of loops in the closed conformation was
determined (Figure 2B, third panel) and converted to a
frequency histogram (Figure 2B, fourth panel) reflecting for
each simulation the percentage occurrence of closed loop
conformations (Figure 2C). To obtain an overview of the
extracellular loop conformations visited throughout our
simulations, we calculated a histogram showing the θ
distribution in all unmodified runs (Figure 2E).

Figure 2. On the extracellular side, the TolC opening state was monitored using the dihedral angle θ defined by the α-carbons of Asp56 in the β-
barrel and Ala270 in the tip of each extracellular loop. As the 1EK9 starting structure exhibits θ dihedrals of 89.8 ° (A), an extracellular loop was
regarded closed or more closed than 1EK9 when θ was ≤90° (B). For each simulation, we calculated the number of closed extracellular loops and
the percentage of simulation time spent in that conformation (C). Whereas TolC opens and closes throughout the simulations as illustrated by X-ray
and simulation snapshots (D), partially open with one or two loops closed is the preferred conformation. As indicated by a θ histogram calculated
over all unmodified simulations (E), the palette of extracellular loop conformations visited throughout our simulations exceeds the range of
conformations observed in the known TolC X-ray structures (F).
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To analyze the distribution of sodium throughout the
simulations, both one-dimensional (1D) Na density profiles
along the membrane normal and average spatial sodium
distributions were computed. The former was done using the
GroMACS tool g_density, and for the latter, we employed the
VolMap function in VMD version 1.943 using a spatial
resolution of 1 Å3 to analyze the distribution of sodium in
the periplasmic bottleneck region at five density levels ranging
from 0.01 to 0.6 Na/Å3. Sodium binding and unbinding were
monitored analyzing the Z-coordinate trajectory of each Na ion
and computing for each TolC monomer the percentage of
simulation time a residue of the periplasmic mouth region
(residues 134−158 and 352−374) comes into contact with at
least one sodium ion in at least one monomer. For this analysis,
we employed a residue−Na distance cutoff of ≤3 Å. Both the
sodium distributions and the residue contact analyses were
performed using time frames of (I) 1−150 ns for the four
simulations during which the outer periplasmic bottleneck
(BNII) was open, (II) 125−300 ns for the two simulations
during which BNII was closed, and (III) 150−300 ns for the
run during which BNII remained closed after removal of four
Na ions from the bottleneck region.
As described in ref 26, simulation average structures were

calculated using an iterative scheme of calculating the average
conformation and realigning the trajectory to that average
structure before computing a new average structure. This
procedure was repeated until the average structure stopped
changing.

■ RESULTS
Protein Stability and Conformational Sampling. To

monitor protein stability and conformational sampling

throughout the simulations, we computed for each run Cα
root-mean-square deviations (rmsds) of the entire protein, the
β-barrel with extracellular loops, the α-helical domains, and the
equatorial domain after least-squares fitting to the α-carbons of
the crystal structure (Figure 1B). With rmsds ranging from 3.5
to 5.1 Å, the largest conformational changes occur in the β-
barrel−extracellular loop regions, whereas the smallest changes
take place in the equatorial domains with rmsds between 2 and
2.5 Å. Both α-helical domains and the entire protein display
intermediate rmsds of 3−3.5 Å. Within 300 ns, no stable rmsd
plateau is reached. As is evident from the Cα-based principal
component analysis (Figure 1C) in each simulation, TolC
samples different regions of conformational space.

Gating. Extracellular Side. To analyze TolC’s opening
state on the extracellular side, we monitored the dihedral angle
θ formed by the Cα atoms of Asp56 in the β-barrel and Ala270
at the tip of each extracellular loop (Figure 2). Using the 1EK9
starting structure’s average θ dihedral of 89.8° as a reference, we
determined the number of loop conformations as closed or
more closed than the aforementioned crystal structure.
Throughout our simulations, the extracellular loops adopt a
variety of conformations (Figure 2C) ranging from zero to
three loops in the closed conformation (Figure 2D). As
indicated by the percentage occurrence of the number of closed
loop conformations in each run, “partially open” with one or
two loops closed is the preferred conformation in our
simulation (Figure 2C). Ranging from −30° to 180° with
two distinctive peaks at 30° and 135°, the histogram of θ
distributions calculated for all unmodified simulations (Figure
2E) indicates that the range of θ dihedrals in our simulations
exceeds the range of 87.1−111.5° observed in all known wild-
type and mutant TolC crystal structures (Figure 2F).

Figure 3. On the periplasmic side, the TolC opening state was monitored using the triangular cross-sectional area (TCA) spanned by the α-carbons
of Asp374 and Gly365 representing the inner (BNI) and outer bottleneck region (BNII) (A). BNII visits open and closed conformations, with
maximal closure occurring after a successive binding of two sodium ions (B). Simulation snapshots (C−F) illustrate periplasmic TolC conformations
in the X-ray structure (C), at the maximal opening (D) and closure (E) of BNII at Gly396, and at the maximal opening of BNI, 53 ns after the
removal of all NaCl from the system (F). For the sake of clarity, the TCAs have been smoothed using a running average filter of 5 ns. Bold crosses
mark the unfiltered TCA maxima and minima corresponding to the simulation snapshots shown in panels D−F.
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Periplasmic Side. On the periplasmic side, we monitored the
TolC opening state by calculating the triangular cross-sectional
area (TCA) spanned by the Cα atoms of Asp374 and Gly365
(Figure 3) representing the inner (BNI) and outer periplasmic
bottleneck region (BNII) (Figure 3A). In all runs, BNII opens
within 10 ns with the TCA subsequently fluctuating around 195
± 43 Å2 (Figure 3B and Table 1). Concurrent with the
successive binding of two sodium ions, in one simulation the
TCA decreases in two steps below the 1EK9 crystal structure’s
TCA of 64.4 Å2 (Table 1), reaching a new average plateau of 32
± 18 Å2 in the two unmodified extensions (Figure 3B, bold
dark green lines, and Table 1) and 19 ± 8 Å2 in the extension
where four sodium ions were removed from the bottleneck
regions (Figure 3B, dashed green line, and Table 1).When all
NaCl is removed from the system, the TCA increases again,
reaching 105 Å2 by the end of the simulations (Figure 3B,
dotted green line). With average BNI TCAs of 64 ± 8 Å2 (BNII
open) and 59 ± 7 Å2 (BNII closed) in the unmodified
simulations (Figure 3B, bold red line, and Table 1) and 65 ± 7
Å2 after the removal of four Na atoms from the bottleneck
region (Figure 3B, dashed red line, and Table 1), the inner
bottleneck remains closed displaying a TCA similar to that of
the 1EK9 X-ray structure except for the NaCl-free extension:
here the TCA increases to 125 Å2, settling at 80 Å2 by the end
of the simulations (Figure 3B, dotted red line). Whereas Figure
3C shows the conformation of BNI and BNII in the crystal
structure, panels D−F of Figure 3 are simulation snapshots
illustrating the maximal (Figure 3D) and minimal BNII
opening (Figure 3E) of 334 and 0.9 Å2, respectively (Table
1), as well as a maximal BNI opening of 125 Å2 after the
complete removal of NaCl (Figure 3F and Table 1).
Sodium Distributions. To determine the distribution of

sodium ions and check for potential binding sites, we calculated
1D Na density profiles along the Z-axis (Figure 4A) and
computed average spatial Na density distributions focusing on
sodium in the periplasmic bottleneck regions (Figure 4B−D).
Computed separately for the open and closed BNII
conformations, the results were averaged over the respective
runs using time frames of 0−150 ns (BNII open), 125−300 ns
(BNII closed), and 150−300 ns (BNII closed after the removal
of four Na atoms from the bottleneck region). As indicated by
the peaks in the sodium density profile (Figure 4A), two
preferred Na residence sites become apparent: the lipid
headgroups and the region of the periplasmic bottlenecks
where the density maximum is most pronounced in the
unmodified simulations when BNII is closed. Zooming in on
the bottleneck region, we find a heightened three-dimensional
Na density near Asp374 and Asp371 exceeding 0.1 Na/Å3

regardless of whether BNII is open (Figure 2B) or closed
(Figure 2C,D). When BNII is closed, three density maxima
become apparent in the unmodified runs (Figure 2C): two
distinctive ones exceeding 0.6 Na/Å3 at Asp371, Thr368,
Thr366, and Asp153 and a smaller one between 0.2 and 0.3
Na/Å3 near Asp374. When BNII is closed and four sodium ions
are removed from the bottleneck region (Figure 2D), the 0.1
Na/Å3 density is more smeared out and the former maxima are
less pronounced.
Sodium Binding. Monitoring the Z-trajectories of all

sodium ions in the system, we find that next to the lipid
headgroup region an additional sodium trace becomes apparent
near 14 nm, forming after 100 ns and remaining stable until the
end of the simulations (Figure 5A). Zooming in on this region,
we find that starting at 94 ns in the unmodified simulations the

sodium trace is at first formed by single Na ions (Figure 5B,C),
whereas after 120 ns, two Na ions contribute simultaneously to
the trace with individual sodium residence times ranging up to
180 ns. In the simulation where all (four) sodium ions have
been removed from the periplasmic bottleneck region after 150
ns, the sodium trace reappears after 5 ns (Figure 5D). During
the remaining 145 ns of simulation time, single-ion occupancy
is predominant and individual Na residence times do not
exceed 30 ns. Via comparison of the Na trajectories with the
BNII closure observed in the TCA analysis (Figure 3), it
becomes evident that the binding of the first stable sodium at
94 ns precedes the first decrease in TCA in BNII closure by 8
ns, whereas the binding of the second sodium at 118 ns is
concurrent with the beginning of the second decrease in TCA
completing BNII closure.
To determine which residues are involved in sodium binding,

we calculated for all residues in the periplasmic tip region their
frequency of sodium contact (Figure 5E). Exceeding in at least
one monomer 15% of observation time, Asp371, Thr366,
Thr368, Asp153, and Asp 374 were identified as main sodium
interaction sites with ion residence times ranging from 20 to
82%. Whereas Asp374 showed in all simulations similar Na
contact times in all monomers, the other residues display an
asymmetry in Na interaction characterized by Na residence
times clearly higher in one monomer than in the other two.

Simulation versus X-ray. Throughout our simulations,
wild-type TolC adopts conformations on the extracellular and
periplasmic side that have not been reported in the published

Figure 4. As indicated by partial sodium densities (A) calculated over
all simulations where the outer bottleneck BNII is open (black) or
closed during the unmodified runs (red) or after removal of the
initially bound sodium ions (blue), there are two preferred sodium
binding sites: at the lipid headgroups and between BNI and BNII.
Spatial sodium density distributions in this area (B−D) indicate that
Na densities exceeding 0.01 Na/Å3 (transparent white isosurfaces) are
present regardless of whether BNII is open or closed (B−D). When
BNII is closed and the simulation system is unmodified, two distinctive
maxima of Na density are present at Asp371, Thr368, Thr366, and
Asp153, suggesting distinctive interaction sites (C). A third maximum
of smaller density occurs near Asp374. After the removal of four
sodium ions from the bottleneck regions, the 0.1 Na/Å3 density is
more smeared out and the former maxima are less pronounced (D).
However, the reoccurrence of maximal sodium densities in this region
suggests an immediate reoccupation of the interaction sites.
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crystal structures.17−20 To provide possible evidence explaining
this discrepancy, we calculated the simulation average structure
over all unmodified simulations and compared it to the 1EK9

crystal structure (Figure 6). As indicated by superimposition of
the simulation average and X-ray structure after Cα least-
squares fitting (Figure 6A) and calculation of Cα displacements
for each monomer (Figure 6B), with an overall rmsd of 1.5 Å,
the conformational differences are small and the largest
deviations occur in the extracellular loops and the periplasmic
tip region. Residues exceeding Cα displacements of 3 Å
(highlighted in dark cyan in Figure 6C) partially coincide with
4 Å crystal contacts (van der Waals representation in Figure
6C) in the 1EK9 X-ray structure. Additionally, we have
analyzed the B factors in all wild-type and mutant TolC X-ray
structures and plotted their Cα root-mean-square fluctuations
along the membrane normal (Figure S1 of the Supporting
Information).

■ DISCUSSION
In this study, we report unbiased 150−300 ns MD simulations
of wild-type TolC in a phospholipid/water environment in
which TolC visits conformations on the extracellular and
periplasmic side that have not been observed in any of the
available wild-type and mutant TolC crystal structures.17−20 We
find TolC freely opening and closing on the extracellular side as
well as in the region of the outer periplasmic bottleneck
(BNII), monitored at Gly365, until the subsequent binding of
two sodium ions interacting with Asp371, Thr366, Thr368, and
Asp153 induces a closure resulting in a BNII conformation
more closed than any of the available crystal structures. In the
inner bottleneck (BNI) region at Asp374, TolC remains closed
unless all NaCl is removed from the system, inducing an
opening response of BNI followed by a reopening of BNII. We
begin this section discussing the limitations of our approach
and then proceed to our findings and their biological
implications.

Limitations of Our Approach. As an outer membrane
protein, TolC’s microenvironment is characterized by a
heterogeneous and asymmetric lipid composition containing
lipolysaccharides in the outer leaflet, while the protein interacts
with the peptidoglycan layer on the periplasmic side.44 In our
simulations, we approximated the outer membrane by a
homogeneous POPE bilayer omitting a representation of the
peptidoglycan layer. While it would certainly be desirable to
have both components fully included in simulation studies, the
development of the appropriate lipopolysaccharides and
peptidoglycan molecular topologies is still in its infancy,45−51

and at the time of writing, such simulation parameters were not
yet available for E. coli. It will be interesting to see the influence
these components have on the dynamics of outer membrane
proteins especially because all crystallographic17−20 and TolC
conductance experiments22,23 were conducted on the isolated
protein. On the other hand, our choice of a simple uniform
membrane model excluding the peptidoglycan is also justified
by other simulation studies of outer membrane proteins making
biologically relevant predictions using similar simplifica-
tions.52−54 Whereas one could argue that the TolC behavior
we observe on the extracellular side could be an artifact of our
simplified membrane model, it is encouraging that one of the
first lipopolysaccharide simulations studying outer membrane
protein OprF49 reported that the lipopolysaccharids have a
stabilizing effect on the open conformation of the OprF
extracellular loops that exhibit an architecture similar to that in
TolC.
With any molecular dynamics study, the question of whether

the simulated time has been sufficiently long with respect to the

Figure 5. Sodium Z-trajectories (A−D) and frequency of Na residue
contact (E). Monitoring the Z-coordinate of each sodium ion in the
system, we find next to the lipid headgroups another preferred sodium
residence site becomes apparent as indicated by a stable sodium trace
near 14 nm forming after 100 ns (A). The following three panels are
close-ups of this region showing individual sodium ions contributing to
the stable Na trace in the unmodified simulations (B and C) and in the
run following the removal of four Na ions from the bottleneck region
after 150 ns (D). After 90 ns, at least one Na is present between 14
and 14.5 nm, whereas in the unmodified simulations after 120 ns, this
region is preponderantly occupied by two Na ions (B and C) whose
individual residence times range up to 180 ns. When Na is removed
from the bottleneck region, the Na interaction region is reoccupied
within 5 ns. Now, however, single-ion occupancy is predominant, and
individual occupancy times are much shorter (D). Sodium-interacting
residues exhibiting Na contacts of a minimum of 15% observation
times in at least one monomer are summarized in panel E.
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problem under investigation arises. Given the findings reported
by Grossfield and Zuckerman55 that 1.6 μs atomistic MD
simulation of membrane-embedded rhodopsin was not enough
for the protein structure to converge, our observations that
TolC Cα rmsds are still increasing after 300 ns (Figure 1B),
each run sampling different regions of conformational space
(Figure 1C), and that the protein structure has therefore not
equilibrated yet are not surprising, underscoring the need for
long-time simulations as well as a careful restraint in using the
term “equilibrated” when addressing protein structures in MD
simulations. However, given that (a) our study’s focus is on
exploring wild-type TolC ground state dynamics near the
crystal structure and (b) within the simulated time of 150−300
ns the protein already displayed unreported conformations
(Figures 2 and 3) and ion interaction (Figures 4 and 5) both of
which might provide potential new insights into the TolC
functional mechanism (see below), we consider the amount of
sampling achieved (Figure 1C) adequate for the purpose of this
investigation, providing insights into wild-type TolC dynamics
on a time scale that is 7.5−10 times longer than those of any
previous TolC simulations.21,24

Simulation and X-ray. As summarized in Figure 7,
throughout our simulations, wild-type TolC opens and closes
on the extracellular (Figure 2) and periplasmic (Figure 3) side,
adopting conformations that have not been reported in the
wild-type17,18 and mutant TolC crystal structures.19,20 A
possible explanation for why these conformations have not
been detected yet could be that the crystal environment hinders
the conformational changes we observe. Next to crystal type-
dependent conformational differences of the same TolC
mutant,19 this hypothesis is supported by the distribution of
4 Å crystal contacts in the 1EK9 X-ray structure (Figure 6C),
overlapping with residues where the conformational differences
between the simulation average and crystal structure are
maximal (Figure 6A,B). Furthermore, with an overall Cα rmsd
of 1.5 Å, the conformational difference between the X-ray and
simulation average structure is very small, suggesting that
similar to the results in ref 56 the protein crystal could already
contain the open and closed TolC conformations we observe in
our simulations. In that case, these conformations either
constitute only a minority of the total conformational ensemble

in the 1EK9 crystal structure or on average are canceling each
other out. Either way, the B factor maximum in the 100K wild-
type TolC crystal structures17,18 already implies a heightened
degree of flexibility or crystal disorder in the extracellular loop
region (Figure S1 of the Supporting Information).

Extracellular Access. Whereas the available structural17−20

and computational data21,24 suggest that TolC access is
restricted on both sides, our findings imply that TolC gating
occurs only on the periplasmic side (Figures 3 and 7) as TolC
freely opens and closes on the extracellular side, suggesting here
the absence of a gating mechanism in the isolated wild-type
protein (Figures 2 and 7). The broad range of extracellular loop
conformations visited throughout our simulations includes loop

Figure 6. As indicated by the superposition of the 1EK9 X-ray structure (white) and TolC simulation average structure calculated over all
unmodified simulations and colored by Cα displacement (A) and Cα displacements graphs for each monomer (B), the largest conformational
differences occur in the extracellular loops and the periplasmic tip regions. The overall Cα rmsd between the simulation average and crystal structre
is 1.5 Å. Residues exceeding Cα displacements of 3 Å (dark cyan) partially coincide with 4 Å crystal contacts (van der Waals representation) in the
1EK9 X-ray structure (C).

Figure 7. Whereas the available wild-type crystal structures restrict
TolC access on both sides (A), throughout our simulations TolC
opens and closes on the extracellular side. On the periplasmic side, the
outer bottleneck BNII fluctuates around a conformation that is more
open than the wild-type X-ray structures until the binding of two
sodium ions induces a transition to a conformation that is more closed
than in any of the known crystal structures. In both cases, the inner
bottleneck BNI remains closed (B), unless all sodium is removed from
the system, inducing a reopening of BNII and a beginning opening of
BNI (C). If our simulations are correct, this observation could imply a
locklike mechanism that is dependent on sodium or similar
monovalent cations. Whereas the fluctuations of the outer bottleneck
might play a role in the interaction with inner membrane transporters
(IMT) or membrane fusion proteins (MFP), the principal accessibility
from the extracellular side could hint at a novel mode of action for
pharmaceutics specifically targeting the TolC interior.
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orientations both more closed and more open (Figure 2D,E)
than the available crystal structures17−20 (Figure 2E,F). As
indicated by the distribution of θ dihedral angles that we used
to monitor the extracellular loops’ opening state (Figure 2E),
with θ values located between the two simulation maxima of
30° and 135°, the X-ray conformations represent only a small
section of possible loop conformations. Whereas the crystal
structures limit extracellular access to compounds with
diameters of up to 7−8 Å in the wild-type17,18 and 7.2−10 Å
in the mutant crystal structures19,20 (which we estimated by
computing Connolly surfaces employing different probe sphere
radii), we find that TolC accessibility is sterically only limited
by the inner diameter of the β-barrel itself when all three loops
are open (Figure 2D). If our simulations are correct, these
results could either indicate the presence of additional
regulation mechanisms in vivo or hint at the possibility of
designing a novel group of TolC-directed drugs specifically
targeting the protein interior. Possible experimental scenarios
for testing the hypothesis of extracellular TolC accessibility
could involve double-spin-label electron spin resonance spec-
troscopy measuring the distance between the tip regions of the
extracellular loops or fluorescence spectroscopy experiments in
which first a fluorescence dye-specific cross-linker is introduced
into the TolC interior and then fluorescence activity is checked
after external dye application, using dyes of different sizes, and
protein extraction and purification. Beyond that, TolC-
dependent colicin import8,16 already provides evidence of the
principal occurrence of an outwardly open conformation, and
our findings might indicate that the extracellular entrance does
not constitute a rate-limiting barrier in the colicin uptake
process as wild-type TolC is capable of opening by itself. As we
observe both opening and closing of the extracellular loops
(Figure 2), our findings are also compatible with previous
simulations21,24 reporting extracellular closure. The fact that
extracellular opening has not been reported in previous TolC
simulations is likely due to the amount of conformational
sampling achieved, which is larger in this study because of
longer simulation times and the usage of multicopy MD.26,56−59

Periplasmic Access and a Sodium-Dependent Lock.
Exhibiting an inner (BNI, monitored at Asp374)23 and an outer
periplasmic bottleneck (BNII, monitored at Gly365),22

inwardly closed TolC has been shown by conductance
experiments to be stabilized by inter- and intramonomeric
hydrogen bonds and salt bridges.22 Mutating residues involved
in this network (Table 2) led to crystal structures more open
than the wild type19,20 (Table 1), whereas 20−30 ns MD
simulations of the mutants reported increased flexibility of the
periplasmic tip region,21 potassium binding sites,24 but no
unforced opening of BNI or BNII.21,24 Only when the effect of
an outer electric field was simulated, accelerating cations toward
the extracellular medium, could an opening of BNII be
induced.24 In our simulations, Na binding sites and
spontaneous BNII opening and closure were observed in the
wild-type protein without applying any biasing forces. However,
as high-residence probability sodium binding sites were
observed in only one simulation after 120 ns, the presence of
potassium sites in wild-type TolC cannot be excluded on the
basis of the available data. Furthermore, given that (a) the ionic
and hydration radii of sodium lie between those of potassium
and lithium,60−62 for which a conductance-lowering effect was
reported compared to potassium,22 and (b) TolC−NaCl
conductivity experiments have not been reported yet to the
best of our knowledge, different K− and Na−TolC interactions
cannot be excluded on the basis of the currently available data.
Although they display similar opening states in the wild-type

crystal structures (Figure 3 and Table 1), BNI and BNII behave
differently in our simulations. Whereas BNI remains closed
unless all NaCl is removed from the system (Figure 3B), BNII
occurs in two conformational states that have not been
reported in previous wild-type X-ray structures or MD
simulations (Figures 3 and 7 and Table 1). In the open state,
BNII is more open than the wild type and comparably open
compared to the mutant crystal structures (Table 1), whereas in
the closed state, BNII is more closed than any of the available
TolC crystal structures but still permits the passage of ions.
Though open is the predominant state in our simulations, in
one run we observe a spontaneous transition to closed state

Table 2. TolC Residues Affecting Conductance and Tertiary Structure and Involved in Ligand Binding

residue
single-channel
conductance X-ray crystallography MD simulation

Thr152 part of the potassium binding pocket24

Asp153 D153A increases
conductance22

part of the potassium binding pocket24

high sodium binding affinity leads to a closure of
BNII (this work)

Tyr362 Y362F increases
conductance22

Y362F/R367E double mutants in 2VDD and 2VDE show an
asymmetrically open BNII19

Y362F/R367S double mutant increases flexibility in
the tip region21

Y362F/R367S double mutants in 2VDD and 2VDE show a
symmetrically open BNII20

Thr366 high sodium binding affinity leads to a closure of
BNII (this work)

Arg367 R367S increases
conductance22

Y362F/R367E double mutants in 2VDD and 2VDE show an
asymmetrically open BNII19

part of the potassium binding pocket24

Y362F/R367S double mutants in 2VDD and 2VDE show a
symmetrically open BNII20

Y362F/R367S double mutant increased flexibility in
the tip region21

Thr368 high sodium binding affinity leads to a closure of
BNII (this work)

Asp371 D371A increases
conductance23

binding site for hexaamminecobalt18 high sodium binding affinity leads to a closure of
BNII (this work)

Asp374 D374A increases
conductance23

binding site for hexaamminecobalt18 high sodium binding affinity (this work)

Asp374 ring as an indicator for BNI closure20
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BNII completed after 120 ns that is induced and subsequently
stabilized by two sodium ions (Figure 3) interacting with
residues located in a region where a network of hydrogen
bonds and salt bridges has been identified as stabilizing
inwardly closed TolC19,20,22 (Figures 4 and 5 and Table 2).
Closed BNII does not reopen during the following 180 ns
unless all NaCl is removed from the system. In total, we find
three preferred sodium residence sites (Figure 4B−D): two
sharply defined ones with Na preferentially interacting with
Asp371, Thr366, Thr368, and Asp153 of monomer A or B
when BNII is closed and a less pronounced and centrally
located site near Asp374 that does not show any monomer
preference and is present regardless if BNII is open or closed
(Figures 4 and 5).
If our simulations are correct, our findings of distinctive

sodium interaction sites and the bottlenecks responding to the
presence (BNII closure) or absence (opening of BNI and
BNII) of sodium imply that periplasmic TolC access is
restricted by a sodium-dependent lock. Whereas so far ion
binding sites have been reported for only hexaamminecobalt18

and potassium,24 the presence of sodium binding sites in the
bottleneck region is plausible given the high concentration of
negative surface charges in this area,17 as well as the location
and preferred residue interaction of our proposed sodium sites
overlapping with residues shown to be involved in stabilizing an
inwardly closed TolC conformation19,20,22 (Table 2). Fur-
thermore, given that it is not uncommon that ion electron
density is misinterpreted as water in the determination of X-ray
crystallographic structures,63 the presence of several water
molecules in the region of our proposed sodium interaction
sites in the wild-type 1EK9 crystal structure17 could be
interpreted as further evidence supporting our hypothesis,
assuming some of the crystal water positions actually
correspond to sodium.
Depending on whether the observed BNII closure is

reversible without requiring further interaction partners, the
sodium-dependent lock mechanism we propose would involve
a single (BNI) or double bolt (BNII). Although closed state
BNII remains stable for 180 ns throughout our simulations
under unaltered (Figure 3B, bold lines) and modified (Figure
3B, dashed line) conditions, our results cannot exclude the
reopening of BNII after, for example, 1800 ns. On the other
hand, the increasing TCA observed during the last 50 ns in one
of the unmodified extensions (Figure 3B, bold line) could
indicate a beginning reopening of BNII, and the presence of
only a single sodium trace instead of two (Figure 5B) supports
a stabilizing sodium effect. However, as the question of whether
BNII opens and closes freely cannot be decided on the basis of
our current simulation data, further experiments to measure the
periplasmic opening state in the Gly365 region using, for
example, double-spin-label EPR spectroscopy are required.
Whether sodium-induced BNII closure would be observable in
electrophysiological conductance measurements, which to the
best our knowledge have so far not been reported yet
investigating the effect of NaCl on TolC conductivity, depends
on (a) the lifetime of the BNII closed state, (b) the difference
in Na flow (BNII closure in our simulations only slows ion flow
but does not lead to a full blockage) and whether that
difference is detectable in conductance experiments, and (c) the
effect of the voltage used in the measurements and if the
presence of an outer electric field hinders Na binding.
Whereas the absence of open and closed state BNII

conformations in wild-type crystal structures17,18 and simu-

lation studies21,24 could be explained as an effect of the crystal
environment and the amount of conformational sampling as
discussed above, plausible functional interpretations are
conceivable for both fluctuating open state BNII and closed
state BNII with regard to the interaction of TolC with its target
proteins. The graspinglike motions of open state BNII (Figure
7B, left) could be interpreted as a first stage of initiating contact
with the inner membrane transporter or membrane fusion
protein, whereas closed state BNII (Figure 7B, right) could be
relevant when TolC couples to an already assembled CusBA-
like transporter−membrane fusion protein complex64 in which
the outer membrane efflux duct has to slide into the hoselike
arrangement of membrane fusion proteins to complete the
assembly of the entire pump, regardless of whether direct
interaction occurs between the outer membrane efflux duct and
the inner membrane transporter.
Displaying a continuously heightened sodium residence

probability near Asp374 (Figures 4B−D and 7B) and a
consistently X-ray-like closed conformation in all runs unless
complete NaCl removal induces a so far unreported opening of
first BNI and then BNII (Figures 3 and 7C and Table 1), BNI
could constitute a bolt in our proposed sodium-dependent lock
mechanism regardless of whether BNII opens and closes freely.
Further underscoring the crucial role of the aspartate ring
region in TolC gating,18,23 our findings could be interpreted as
showing that in vivo complex formation of TolC with its
respective inner membrane transporter and membrane fusion
protein induces conditions in the periplasmic TolC interior that
hinder prolonged sodium interaction in the observed Asp374
region contributing to the unlocking of TolC. Without sodium,
the three presumably deprotonated carboxyl groups of Asp374
would repel each other, inducing a sequential opening of BNI
and BNII as observed in the NaCl-free simulation. Although
this result could also imply an involvement of chloride in
stabilizing an inwardly closed TolC conformation, the absence
of any preferred interaction sites speaks against a chloride
involvement. Whereas TolC conductance studies in the
presence and absence of sodium could provide experimental
evidence to test the hypothesis of a sodium-dependent lock,
computer simulations of TolC in the presence of the inner
membrane transporter or membrane fusion protein could yield
insights into the involvement of the other components in the
TolC opening mechanisms. MD simulations of TolC in
presence of the isolated AcrB docking domain and the entire
AcrB−AcrA complex are currently underway in our lab.
Whereas we observe TolC opening motions on the periplasmic
side, our data so far do not provide enough evidence to decide
if periplasmic TolC opening occurs in a symmetrical20 or
asymmetrical manner.19 However, the observation of two
sodium interaction sites preferentially interacting only with two
monomers of the TolC trimer (Figure 5E) could be interpreted
as favoring the asymmetric opening hypothesis. Either way, one
should keep in mind the possibility that the different opening
conformations observed crystallographically19,20 could simply
represent two states of the same process.

■ CONCLUSIONS
Conducting a series of independent, unbiased 150−300 ns MD
simulations of wild-type TolC in a phospholipid membrane/
150 mM NaCl water environment, we find that TolC opens
and closes freely on the extracellular side, suggesting the
absence of a gating mechanism on this side in the isolated
protein. On the periplasmic side, we observe the outer
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periplasmic bottleneck region adopting in all simulations a
conformation more open then the TolC wild-type crystal
structures until in one run the successive binding of two sodium
ions induces the transition to a conformation more closed than
any of the available TolC X-ray structures. Concurrent with a
heightened sodium residence probability near Asp374, the
inner periplasmic bottleneck region at Asp374 remains closed
throughout the simulations unless all NaCl is removed from the
system, inducing a reopening of outer and inner bottlenecks.
Our findings suggest that TolC is locked only on the
periplasmic side in a sodium-dependent manner.
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