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ABSTRACT Drug extrusion via efflux through a tripartite complex (an inner membrane pump, an outer membrane protein, and
a periplasmic protein) is a widely used mechanism in Gram-negative bacteria. The outer membrane protein (TolC in Escherichia
coli; OprM in Pseudomonas aeruginosa) forms a tunnel-like pore through the periplasmic space and the outer membrane.
Molecular dynamics simulations of TolC have been performed, and are compared to simulations of Y362F/R367S mutant, and
to simulations of its homolog OprM. The results reveal a complex pattern of conformation dynamics in the TolC protein. Two
putative gate regions, located at either end of the protein, can be distinguished. These regions are the extracellular loops and
the mouth of the periplasmic domain, respectively. The periplasmic gate has been implicated in the conformational changes
leading from the closed x-ray structure to a proposed open state of TolC. Between the two gates, a peristaltic motion of the
periplasmic domain is observed, which may facilitate transport of the solutes from one end of the tunnel to the other. The
motions observed in the atomistic simulations are also seen in coarse-grained simulations in which the protein tertiary structure
is represented by an elastic network model.

INTRODUCTION

The TolC family of proteins is central to type I secretion of

toxins, small peptides, and drugs from Gram-negative bac-

teria. Type I secretion uses three proteins: AcrA, AcrB, and

TolC. TolC is located in the outer membrane and extends into

the periplasmic space (1–4). It interacts with a periplasmic

protein (AcrA) and with an inner membrane efflux pump

protein (AcrB). In this tripartite arrangement, the efflux

complex enables the direct passage of the solute from the

cytoplasm to the external medium (5,6). This observation is

in agreement with the x-ray structures of the outer membrane

protein TolC and of the inner membrane protein AcrB (7–

10). TolC extends into the periplasmic region for ;100 Å,

whereas AcrB protrudes ;70 Å. In combination with the

third accessory protein AcrA (11), they form a long molec-

ular tunnel.

The x-ray structure of TolC revealed the protein to be a

trimer. The overall shape of TolC is that of a cylinder, which

is 140 Å in length and contains a transmembrane (TM)

domain and a periplasmic domain. The TM domain is a

12-stranded b-barrel domain formed by the three monomers.

The periplasmic domain contains 12 a-helices, and is ;100

Å in length and ;30 Å in diameter. In the midsection of the

periplasmic domain, there is a mixed a/b-domain, which is

the equatorial domain. In the export of drugs and peptides,

the main obstacle is at the periplasmic mouth. Indeed, even

if the extracellular mouth of the TM pore domain is open (as

is the case in the x-ray structure, where it forms a number of

contacts with the periplasmic tip of an adjacent trimer in the

crystal lattice), the overall pore is closed at its periplasmic

mouth, with a pore radius of ;2 Å. The mechanism of

opening/closing i.e., gating) of TolC is a key aspect of the

function of the efflux machinery. In vitro analyses of TolC in

planar lipid bilayers have shown that channel opening is

spontaneous (i.e., not induced by voltage); in addition, a

closed state to drug translocation was reflected in the low

conductance of TolC membrane pore in lipid bilayers (12).

A mechanism of opening has been proposed that involves a

twisting motion of the helices and the breaking of both in-

tramonomer and intermonomer H-bond and electrostatic

interactions (12). The residues Y326 and R367, located at

the periplasmic mouth and involved in the latter interactions,

are proposed to be involved in the gating (12). A double

mutant of TolC (Y362F/R367S), in which some of these

interactions were perturbed, resulted in an increase in con-

ductance from 80 pS to 1000 pS (12). Eswaran and col-

leagues (13) introduced cysteine cross-links to validate the

proposed mechanism in vivo; the cysteine cross-links served

as constraining covalent links between the helices at the

periplasmic mouth. Their study showed that locked TolC

variants were still recruited by the other components of the

exporting apparatus; however, the export function was

abolished (13).

More recent studies using directed evolution of TolC

suggest that the lower half (i.e., the part closer to the peri-

plasmic mouth) of the a-helical domain of TolC interacts

with AcrAB (14). A crystal structure of AcrB complexed

with a single TM helix (YajC) shows a rotation of the peri-

plasmic domain consistent with a twisting motion being

conveyed to TolC upon activation of the latter (15); cross-

linking studies also support a rotational mechanism of AcrB
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(16). It is, therefore, of some functional interest to further

explore the conformational dynamics of TolC, particularly

because two recent x-ray structures of a leaky mutant of TolC

indicate a twisting displacement of the periplasmic a-helices
as a possible gating mechanism (17).

An understanding of the intrinsic flexibility of TolC when

in a lipid bilayer environment may provide further insights

into its gating mechanism. Such flexibility may be explored

on a nanosecond timescale via molecular dynamics (MD)

simulations (18,19). MD simulations have been used as a

computational tool to study the conformational dynamics of a

wide range of membrane proteins (20–22). For example, they

have been applied with some success to analysis of possible

transport mechanisms of, e.g., ABC transporters (23) of the

SecY translocon (24) and of lactose permease (25,26), and

have also been used to explore possible channel gating

mechanisms, e.g., of MscL (27–29)

In this study, we use multiple MD simulations to explore

the dynamic behavior of TolC (and of its homolog OprM

(30)) embedded in a phospholipid bilayer. Analysis of the

simulation data suggests that the dynamic behavior of this

protein is perhaps more complex than previously expected. In

particular, our simulations suggest that the iris-like mecha-

nism is insufficient to describe the overall motion of the

protein. Instead, we suggest that gating transitions may occur

at both the extracellular and periplasmic mouths of TolC and

that a peristaltic motion may play a role in enabling passage

of the solute through the channel.

METHODS

Simulation systems

Four MD simulations were performed: MD1, MD2, MD3, and MD4 (Table

1). MD1 was of just the TM b-barrel domain (residues 40–77 and 246–296)

of TolC (Protein Data Bank (PDB) code 1EK9). MD2 was of the complete

TolC molecule (Fig. 1), and MD3 was of a TolC mutant (Y362F/R367S). To

generate the starting structure of TolC Y362F/R367S, the two residues were

mutated using the computer software Insight II (Accelyrs, San Diego, CA).

MD4 was a simulation of OprM, a homolog of TolC from Pseudomonas
aeruginosa (PDB code 1WP1).

Each protein was embedded in a preequilibrated DMPC buffer (1,2-di-

myristoyl-3-sn-glycero-phosphatidylcholine) bilayer containing 288 lipid

molecules (177 after insertion of the protein), and solvated with SPC (31)

water. Na1 and Cl� ions were added in numbers equivalent to a ;0.1 M

solution.

Simulation methods

The simulations were performed using GROMACS, version 3 (32,33), and a

modified GROMOS96 force field (34). The LINCS (35) algorithm was used

to constrain all bond lengths. A cutoff of 10 Å for Lennard-Jones interac-

tions was used, and the particle mesh Ewald method was used to calculate

longer range electrostatic contributions on a grid with a 1.2 Å spacing and a

cutoff of 10 Å (36,37). The simulation was conducted at constant temper-

ature (310 K), coupling each component separately to a temperature bath,

with a coupling constant tT of 0.1 ps, using the Berendsen coupling method.

A constant pressure of 1 bar was applied in all three directions, with a

coupling constant of 1.0 ps. A time step of 2 fs was used, with coordinates

stored every 2 ps. Before each simulation was run, an energy minimization

was performed. The first 1 ns of simulation was performed imposing posi-

tional restraints on the non-H atoms of the protein, applying a force constant

of 10 kJ mol�1 Å�2. The restraints were then released, and 20 ns production

runs were obtained and analyzed for each system. Pore radius profiles were

calculated using HOLE (39). Molecular graphics images were generated

using visual molecular dynamics (40). Coarse-grained (CG) simulations

were performed as described previously (41), using a modified version

(42,43) of the force field developed by Marrink and colleagues (44);

the results were deposited in the CG Database, located at http://sbcb.

bioch.ox.ac.uk/cgdb.

TABLE 1 Summary of simulations

Simulation System No. of atoms

Final Ca

RMSD (Å)*

MD1 TolC, TM domain only ;55,000 3.3 6 0.1

MD2 TolC, intact ;120,000 3.8 6 0.1

MD3 TolC Y362F/R367S, intact ;120,000 4.0 6 0.1

MD4 OprM, intact ;120,000 4.7 6 0.1

Each simulation was of 20 ns duration.

*Final Ca RMSD is calculated for all residues of the protein, relative to the

starting coordinates and averaged over the last 5 ns of the simulation.

FIGURE 1 TolC in a DMPC bilayer. In simulation MD1, only the TM

domain (blue) was used; all other simulations (MD2–MD4) used the intact

protein.
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RESULTS

Conformational stability and fluctuations

Analysis of the root mean-square deviation (RMSD) of the

Ca atoms with respect to their starting coordinates provides a

measure of overall conformational drift from the initial (that

is, x-ray) structures. This analysis revealed that simulation

MD1 was overall somewhat more stable than MD2 (Ca
RMSDs for all residues of ;3.3 and ;3.8 Å, respectively;

Table 1). For the TM domains, however, the two simulations

were of comparable stability, with final Ca RMSDs of;2 Å

for their b-barrels. In both simulations, the extracellular loops

exhibited substantial conformational drift (Fig. 2, A and B).
The elevated RMSDs of the loops are mainly due to their

inward collapse with consequent closure of the pore at its

extracellular mouth. This may reflect relaxation from crystal

lattice contacts, and can be seen, e.g., in snapshots of the

extracellular mouth fromMD1 at t¼ 0 ns, t¼ 6 ns, and t¼ 20

ns (Fig. 2 C). A network of H-bonds between the side chains

and the backbones of residues located on the loops generates

a constriction of the pore, reducing the pore radius to, 2 Å.

If one measures the distances between representative residues

involved in these H-bonds, a mixture of both stable interac-

tions (Fig. 3, A–C, upper plots), reached after 2 ns, and of

elevated flexibility of some side chains (Fig. 3, D–F, lower
plots) is observed. The flexibility of the extracellular loops in
TolC is to be expected (45), yet it remains of interest in

comparison with similar behavior in a number of outer

membrane proteins. For example, a possible role of loop

regions in opening/closing a putative pore has also been seen

in simulation studies of OpcA (46). Furthermore, two recent

x-ray structures of OmpG (at different pH values) also indi-

cate a role of an extracellular loop in pore gating (47), par-

alleling loop mobility seen in recent simulation studies (48).

An overall higher RMSD is observed in the simulation of

OprM (Table 1) due to a distortion of the loops connecting

the b-barrel and the a-helical periplasmic domain. Collapse

of the extracellular loops is observed, similar to that seen for

TolC, strengthening the suggestion of a possible role in a

gating process.

b-Barrel (TM domain) distortions

The TM domain of TolC differs from the domains of many

other outer membrane proteins in that it consists of a single

b-barrel formed by three monomers. Comparison of the TM

FIGURE 2 (A and B) The RMSD of the Ca atoms from their initial coordinates as function of time, for MD1 (a) and MD2 (b). The black line shows the

RMSD for all the Ca atoms; the other lines show the RMSD of the extracellular loops (blue), periplasmic region (green), and b-barrel domain (red). (C)

Collapse of extracellular loops in TolC. Top view of snapshots of MD1 at t ¼ 0 ns, t ¼ 6 ns, and t ¼ 20 ns, showing the closure of the pore at the extracellular

region.
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domain of TolC with that of its homolog OprM suggests

that there may be two alternative conformations for such a

b-barrel. In TolC, the barrel is approximately cylindrical; in

OprM, however, it is more like a triangular prism (Fig. 4).

Interestingly, during the simulation of TolC, the shape of the

b-barrel changes, switching from a cylindrical to a prism

conformation while retaining the overall transbilayer pore.

Thus, the intact TolC molecule switches to a conformation

very similar to the x-ray structure of OprM within the first

nanosecond of the simulation. It seems that the more stable

conformation of TolC, once released from its crystallo-

graphic environment, may be the triangular prism, because

this state is accessed by the protein during all the simulations.

By way of comparison, the triangular prism conformation is

maintained throughout the OprM simulation (MD4). The

triangular prismatic shape is also seen in the x-ray structure of

VceC (not simulated in this study). It is possible that spin-

label studies (49,50), for example, could be used to probe for

the cylindrical to triangular prismatic conformational transi-

tion in vitro.

Intriguingly, the change in b-barrel conformation for TolC

appears to be more marked in the simulation of the intact

protein (MD2) than in the simulation of the isolated TM

domain (MD1). Thus, the transition from the cylindrical to

triangular prism seems to be facilitated by the presence of the

periplasmic domain, that is, of the a-helical tunnel domain.

The periplasmic tunnel

Amajor characteristic of both TolC and OprM is the presence

of the a-helical domain, which protrudes for;100 Å into the

periplasmic space. This domain interacts directly with the

inner membrane transport protein (for example, AcrB), thus

forming a continuous exit pathway for drugs. In the x-ray

structure of TolC, the tunnel forms an internal pore that is

wide enough to allow a solute to pass through unimpeded.

However, the results of our simulations suggest that the

conformational dynamics of this region may be rather com-

plex. In particular, a constriction is observed, involving the

whole pore. This starts at the link region between the b-barrel
and the a-helical domain, and by way of a breathing-like

motion it progresses along the length of the tunnel during the

simulation. This can be seen in the pore radius profile of the

protein (Fig. 5), where the average pore radius profile is

compared with that at the start of the simulation. In addition

to this global contraction of the pore, an iris-like (i.e.,

twisting) motion is also observed. This involves not only the

periplasmic mouth of the a-helical domain, but the whole

protein (see Movie S1in the Supplementary Material), with

the equatorial domain possibly functioning as a hinge-like

region.

Simulations of the Y362F/R367S mutant

In the TolC opening mechanism proposed on the basis of the

initial x-ray structure (7), a key role is played by the peri-

plasmic mouth of the tunnel at the tip of the a-helical domain

(Fig. 6 A). Residues including Y362, D153, and R367 form

an H-bond network that stabilizes the closure of the pore and

probably regulates the opening of the periplasmic mouth.

Significantly, mutants of, for example, R367 seem to result in

a constitutively open TolC pore, thus allowing antibiotic

influx and resulting in increased antibiotic sensitivity (51).

The H-bonds involving Y362, D153, and R367 are both in-

tramonomeric (link I) and intermonomeric (link III and III9;
Fig. 6 A). All of these links are missing in the Y362F/R367S

mutant. The Ca RMSD values of the mutant simulation

(MD3; Fig. 6 B) appear to be very similar to those of the wild-

FIGURE 3 Intermonomeric distances between

residues involved in the formation of H-bonds

among the loops.
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type, showing a plateau for the RMSD calculated for the

whole protein. Breaking down the RMSDs into those of the

constituent domains confirms the large mobility of the loops

in the TM region and of the periplasmic helices. Some fluc-

tuations are observed for the b-barrel and, again, a triangular
cross-sectional b-barrel is formed (data not shown). A further

comparison between the dynamics of TolC wild-type (MD2)

and Y362F/R367S (MD3) can be obtained from the average

atomic displacement of the Ca atoms with respect to the

starting structure (Fig. 7). Comparing the results of such an

analysis for TolC and for Y362F/R367S reveals similarities

and differences. In both the wild-type and mutant simula-

tions, a closure of the pore by the collapse of the extracellular

loops is observed, as well as the mobility of the equatorial

domain. Interestingly, the Y362F/R367S system reveals a

significantly higher mobility at the tips of the periplasmic

helices, i.e., in the region of the periplasmic mouth, where the

mutations destabilizing the closed state are located.

From the plots of the distances between the Ca atoms of

the residues involved in the mutations (Fig. 8) and from

comparison between the wild-type simulation and Y362F/

R367S, the largest fluctuations are observed in the latter,

particularly in link III and link III’. Therefore, the mutation of

residues involved in these interactions leads to an unstable

network of side-chain H-bonds. Simulations of the mutant

revealed an enhanced mobility at the periplasmic mouth

compared to simulations of the wild-type TolC. This finding

is what could be expected, given the loss of H-bonding; it is

also in agreement with the experimental data that propose

these residues to be involved in the control of the outer

membrane tunnel opening.

PRINCIPAL COMPONENTS AND ESSENTIAL
DYNAMICS (ED)

The MD simulations of wild-type TolC and of the Y362F/

R367S mutant indicate that flexibility of the protein involves

the tips of the helices and the whole protein. In particular, the

FIGURE 4 X-ray versus MD: conformational changes in the TM b-barrel

viewed from the extracellular face. The cylindrical conformation is seen in

the x-ray structure of TolC, whereas the triangular prism conformation is

seen in the final structures from simulations MD1 and MD2 and in the x-ray

structure of OprM.

FIGURE 5 Possible functional consequences of TolC motions. (A) Pore
radius profile of TolC based on the x-ray structure (red line) compared with

the average pore radius profile (6 SD) derived from simulations MD2. (B)

Pore lining surface for TolC simulation MD2 at the start and end of the

simulation.
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iris-like motion appears to be combined with a twisting

motion of the upper half of the periplasmic domain (Fig. 9).

The equatorial domain may therefore play the role of a hinge

point in the overall motion of the protein. It is important to

note that the observed simulated motions did not yield an

open state. This finding is not unexpected, given the re-

quirement of the interaction with the other components of the

complex to open the channel and the relatively short time-

scale (20 ns) of the simulations.

In Fig. 9, sequential snapshots of the TolC (MD2) simu-

lation are presented to enable a better visualization of the

motions of the protein (Movie S1). The first rearrangements

of the structure involve a constriction at the top part of the

helices. Following the movements of TolC by examining the

sequential superimpositions of snapshots, the twisting (iris-

like) motion can be seen. An iris-like motion can be observed

from 3 to 9 ns; this motion involves the whole periplasmic

domain rather than just the inner helices at the tip of the

domain as previously proposed (7). The equatorial domain

seems therefore to act as a hinge point for the change in di-

rection of the swivel motion of the helices that are 100 Å in

length. Nevertheless, it is also possible that the two halves of

the helices move independently, as indicated by a superim-

position of the structures at 9 and 15 ns, in which case only

the lower regions of the helices move in an iris-like fashion.

In the simulation, such movement can be clockwise (Fig. 9C)
or anticlockwise (Fig. 9 D).
We also used principal components analysis (PCA)

(52,53) of theMD2 simulation to explore these motions more

fully. PCA showed an asymmetric motion of the monomers,

indicating a breakdown of the symmetry of TolC between the

first two eigenvectors (Fig. 10, A and B). Thus, PCA con-

firmed the iris-like (that is, twisting) motion observed by

visual examination of the simulations (described above). This

is important not only in terms of the possible opening

mechanism of TolC but also because it is in broad agreement

with the rotational motion proposed for the periplasmic re-

gion of AcrB (10,15,16,54), and suggests a possible link

between the interaction of the two proteins and opening ex-

port ‘‘tunnel’’.

The passage from the closed state to the open state of TolC

is equivalent to the passage from one energetically stable

state (the closed one) to another stable state (the open one).

Interchange between such states is likely to have a large

energy barrier unless facilitated by, for example, interactions

with another protein. A possible solution to the problem of

exploring this conformational transition in simulations may

be the use of essential dynamics (ED) (52). This technique,

previously used to investigate the dynamics of protein, e.g.,

the mechanism of domain closure in citrate synthase (55),

FIGURE 6 (A) Snapshot of TolC showing the position of

residues Tyr-362 and Arg-367 at the tip of the periplasmic

region of TolC. (B) These residues form intra- and

intermonomeric interactions responsible for the stability

of the closed state. (C) The RMSD of the Ca atoms from

their initial coordinates as a function of time for Y362F/

R367S. The black line shows the RMSD for all the Ca

atoms; the other lines show the RMSD of the extracellular

loops (blue), periplasmic region (green), and b-barrel

domain (red).
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may allow the exploration of the energy surface of a protein,

crossing energy barriers that cannot be crossed by classical

MD. Using the first principal motions of the protein, obtained

by MD, it is, in principle, possible to direct the protein con-

formation toward a particular target e.g., the open state). In

Fig. 10C, preliminary results of ED applied toTolC are shown.

These calculations were conducted in a target mode, where

the target was the open model (as proposed by Koronakis

and colleagues (7)). The conformational dynamicswere driven

along the first two eigenvectors obtained from the covariance

matrix of the tips of the helices. These eigenvectors confirmed

the asymmetry of motion of the three monomers that has al-

ready been noted. Preliminary attempts at opening the peri-

plasmic mouth of TolC by ED did not reach the target (Fig.

10C). Thismay be due to the choice of the target, an open state

model (7) and not an experimentally obtained structure. It

would be necessary to identify the domains involved in the

opening and to remove any internal motions within the domain

to obtain a rigid-body trajectory (56). This may be facilitated in

future studies by the recent x-ray structure of a partly open

mutant of TolC (17).

CG simulations

The atomistic simulations of wild-type TolC and of the

Y362F/R367S mutant provide information on the pattern of

flexibility within the protein. However, as with most atom-

istic simulations of membrane proteins, the simulations pres-

ent issues of incomplete convergence (57,58). Thus, we also

explored TolC via CG-MD simulations (41–43) in which the

internal dynamics of the protein were modeled via an elastic

network (59). These simulations, which extended to 200 ns,

provided a more approximate, but better, sampled picture of

the protein dynamics. In total, eight simulations of TolC

(using different lipid bilayer components) and simulations of

OprM and VceC were performed (see the CG Database at

http://sbcb.bioch.ox.ac.uk/cgdb for a detailed summary). In

terms of the TM domain, the CG-MD simulations revealed

both the collapse of the extracellular loops and the transition

to triangular prismatic cross-section b-barrel seen in the at-

omistic simulations (Fig. 11). In the periplasmic domain,

there was a degree of loss of exact 33 symmetry, with the

periplasmica-helices of one subunit moving to partially open

the periplasmic mouth (not shown). Thus, although this is

only a preliminary comparison, we can be reasonably con-

fident that the motions of TolC captured in the relatively short

atomistic MD simulations and also seen in the longer (but

more approximate) CG-MD simulations are representative of

the protein when in a lipid bilayer.

DISCUSSION

The outer membrane protein TolC plays an essential role in

the drug resistance exhibited by Gram-negative bacteria. It

forms a stable tripartite complex with an inner membrane

protein, the efflux pump, and an accessory periplasmic pro-

tein, allowing the drugs to be expelled directly from the in-

side to the outside of the bacteria. Although the mechanism of

recruitment of TolC by the other two components of the

machinery and of the drug extrusion are not yet known, a

model for the open state of the former has been proposed (7).

In this model, the opening involves an iris-like motion of the

tip of the periplasmic helices where a network of inter- and

intramonomeric H-bonds can provide a structural gating. In

this work, we analyzed the results of simulations of TolC in a

lipid bilayer environment, and we compared them with the

dynamics of the homolog OprM and of a mutant Y362F/

R367S, where the structural links at the periplasmic mouth of

the protein had been removed.

The overall dynamics of these proteins suggest that four

different regions can be distinguished, each of which has a

role in the global activity of the outer membrane protein. The

most flexible region appears to be the one containing the

extracellular loops. A flexible collapsing of the latter is

shown by the dynamic interactions between residues located

on the loops. These may therefore act as a ‘‘gating’’ region

able to restrict access to external agents and/or to open the

pore for solutes being expelled from the cytoplasm by the IM

protein. The importance of the loop region in the activity of

OM proteins has also been previously pointed out by com-

putational studies (46,48,60,61) and by, e.g., a recent x-ray

structure of the OM porin OmpG obtained at different pH,

suggesting the role of one extracellular loop in the pH-de-

pendent pore gating (47).

A second dynamic region can be identified in the b-barrel,
as reflected in a difference between the structures of TolC and

FIGURE 7 Average atomic displacement of the Ca atoms of (A) TolC and

(B) Y362F/R367S with respect to the x-ray structure. A gradient of color

from blue (0.08 nm) to red (1.29 nm) is used to show a greater displacement.
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of its homolog OprM in this region. Starting from a cylin-

drical shape, the b-barrel of TolC undergoes an initial dis-

tortion that leads to a stable triangular shape, which is more

similar to the OprM b-barrel. It seems, therefore, that the

most stable conformation of the TM region of these outer

membrane proteins is the triangular prism. Interestingly, the

magnitude of the distortion from the cylindrical cross section

appears to depend on the presence of the perisplamic helices,

being less evident in the simulation of the TM region only.

This finding suggests that the change in the overall shape of

the b-barrel is due to more than only a relaxation from the

crystallographic environment. The change in shape also re-

veals an intrinsic dynamic property of the whole protein that

is transmitted from the periplasmic mouth; at this location,

the protein would interact with the inner membrane protein

and the accessory protein through the periplasmic helices

toward the TM region. This dynamic motion of the whole

protein, especially of the a-helices, observed in our simula-

tion studies can help in swallowing the substrate toward the

external medium; thus, the final main obstacle to the process

is the opening of the periplasmic mouth. This opening may

occur after an interaction with the efflux pump and the ac-

cessory protein; the former would provide the energy for the

process, and the latter would function both by clamping the

inner membrane protein together with the outer membrane

protein and by mediating the gating of the outer membrane

protein (62).

Therefore, the conformational dynamics of the TolC ap-

pear to be more complex than may have been expected. In

particular, a model of TolC in which its dynamics are re-

stricted to an iris-like motion of the periplasmic mouth ap-

pears to be a little too simplistic. It is undeniable that the pore

must be open at this region for transport to occur, and it is

likely that this opening occurs alongside an interaction with

the periplasmic protein. However, the intrinsic flexibility of

TolC during simulations suggests that the iris-like motion is

FIGURE 8 Distance between the Ca atoms of residues involved in the proposed opening mechanism. The black line shows the analysis of MD2, and the red

line shows the results for Y362F/R367S. (I) Intramonomeric distance between Tyr/Phe-362 and Asp-153 for each monomer. (III) Intermonomeric distance

between Arg/Thr-367 and Asp-153 for each pair of adjacent monomers. (III9) Intermonomeric distance between Arg/Thr-367 and Thr-152 for each pair of

adjacent monomers.
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combined with a twisting motion of the upper half of the

periplasmic tunnel. The latter undergoes a constriction that

may be involved in a breathing-like (or peristaltic) motion

that may catalyze transport of the solute along the tunnel.

Interestingly, the equatorial region (surrounding the middle

of the periplasmic tunnel) has been suggested to play a key

role in the transport activity of TolC on the basis of functional

measurements on chimeric TolC proteins (63).

At the opposite end of the protein, the extracellular mouth

seems to act as a gating region, where the mobility of the

loops may further regulate the passage of the substrate.

Fluctuations in the conformation of the transmembrane

b-barrel may serve to couple the extracellular region to the

periplasmic tunnel. Thus, far from being a passive tube, TolC

seems to be gated at either end and to also undergo complex

breathing motions in the domains in between. In particular,

the b-barrel switches dynamically between two conforma-

tions, that with a circular cross section (seen in the x-ray

structures of TolC (5) and of VceC, its homolog from Vibrio
cholerae (64)) and that with a triangular cross section (seen in
the x-ray structure of OprM).

It is useful to reflect critically on the limitations of this

study. As noted above, we do not expect 20 ns simulations to

converge in terms of the motions of the protein (57) and,

indeed, sampling is still likely to be incomplete for sub-

stantially longer atomistic simulations (58). However, both

comparison of multiple atomistic simulations (TolC, TolC

mutant, and OprM) and analysis of CG simulations indicate

the generality of the motions analyzed. Of course, in the

bacterial membrane, it is likely that the intrinsic motions of

TolC will be modulated via formation of a complex with

AcrA and AcrB. We might anticipate that AcrA is more

likely to modulate the twisting, rather than the breathing,

motion as the latter occurs mostly in the upper region of the

helical domain, mostly at the interface between helices and

b-barrel, whereas AcrA seems to interact with residues close

to the periplasmic mouth (65). However, this remains spec-

ulative in the absence of a structure for and simulations of the

TolC/AcrA/AcrB complex.

FIGURE 9 Superimposed snapshots from the TolC (MD2) simulation.

(A) Superimposition of the x-ray structure (cyan) and a 3 ns snapshot (red).

(B–D) Superimpositions of simulation snapshots at 3 ns (red), 9 ns (green),
15 ns (orange), and 20 ns (blue). The arrows follow the same color scheme

and indicate the motion observed in the corresponding time range.

FIGURE 10 ED on TolC. (A and B) Three-dimensional projections of the

MD simulation of TolC on the first and the second eigenvector, respectively.

(C) Projection of the trajectory (black dots) of the x-ray structure (green
circle) and of the open model (black square) on the first essential plane. In

red and blue, respectively, are the projections of preliminary ED sampling in

target mode from the x-ray structure and from a 2 ns snapshot from the

simulation.
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