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Abstract

The outer membrane factor CmeC of the efflux machinery CmeABC plays an important role

in conferring antibiotic and bile resistance to Campylobacter jejuni. Curiously, the protein is

N-glycosylated, with the glycans playing a key role in the effective function of this system. In

this work we have employed atomistic equilibrium molecular dynamics simulations of CmeC

in a representative model of the C. jejuni outer membrane to characterise the dynamics of

the protein and its associated glycans. We show that the glycans are more conformationally

labile than had previously been thought. The extracellular loops of CmeC visit the open and

closed states freely suggesting the absence of a gating mechanism on this side, while the

narrow periplasmic entrance remains tightly closed, regulated via coordination to solvated

cations. We identify several cation binding sites on the interior surface of the protein. Addi-

tionally, we used steered molecular dynamics simulations to elucidate translocation path-

ways for a bile acid and a macrolide antibiotic. These, and additional equilibrium simulations

suggest that the anionic bile acid utilises multivalent cations to climb the ladder of acidic resi-

dues that line the interior surface of the protein.

Author summary

Campylobacter jejuni is a Gram-negative bacterium that is a major cause of gastroenteritis.

Infection is also associated with the development of some auto-immune conditions.

Therefore, it is of key biomedical importance.

Bacterial efflux pumps extrude waste and harmful chemicals, including antibiotics

from inside the cell to the extracellular environment, thus providing an impediment to

antibacterial treatments. The major efflux system of C. jejuni is the cell envelope spanning

CmeABC protein complex. The outer membrane factor CmeC plays an important role in

conferring antibiotic and bile resistance to C. jejuni. We have used molecular dynamics

simulations of CmeC to characterise the pathways via which a bile acid and an antibiotic

move through this glycosylated protein. We identify several cation-binding sites within
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the lumen of the protein and show that the anionic bile acid utilises multivalent cations to

climb the ladder of acidic residues that line the interior surface of the protein.

Introduction

The Gram-negative bacterium Campylobacter jejuni is considered a leading cause of gastroen-

teritis, infecting an estimated 400 million people annually [1]. This thermophilic, microaero-

philic enteropathogen is an asymptomatic commensal organism in avian species [2–5]. As

such, up to 90% of retailed chicken carcasses are contaminated with C. jejuni [6,7] and the

leading cause of human infection in developed countries is through inappropriate handling or

undercooking of poultry products [2,5,8–12]. Human disease is most commonly acute but

self-limiting, presenting as a fever, abdominal cramping and diarrhoea [13,14]. However,

infection is also associated with the development of debilitating auto-immune conditions such

as Miller-Fisher syndrome and Guillain-Barré syndrome [15–20].

C. jejuni displays resistance to a variety of antibiotic classes through several resistance

mechanisms [21,22]. Almost invariably, the main multi-drug efflux system in this bacterium,

CmeABC, works synergistically with other mechanisms (such as decreasing outer membrane

permeability) [21] to confer a higher level of both intrinsic and acquired resistance to these

antimicrobials by reducing their intracellular concentration. In severe cases of bacterial diar-

rhoea, antibiotics may be prescribed. The macrolide antibiotic erythromycin is used if campy-

lobacteriosis is suspected [23] but fluoroquinolones are commonly used if the infection source

is unclear; CmeABC has been shown to contribute resistance to both macrolides and fluoro-

quinolones, with resistance to the latter class now widespread due to its indiscriminate use in

poultry farming and clinical environments [24–26]. CmeABC has also been shown to confer

bile resistance [27] which is essential for the survival of this bacterium in its main reservoir of

poultry intestinal tracts [2]. This efflux assembly comprises three proteins: the resistance-nod-

ulation-division (RND) inner membrane transporter, CmeB; the periplasmic adaptor protein

(PAP), CmeA; and the outer membrane factor (OMF), CmeC.

The OMF of this machinery is similar in structure to its homologues TolC and CusC

(Escherichia coli) [28,29], MtrE (Neisseria gonorrhoeae) [30], and OprM (Pseudomonas aerugi-
nosa) [31]. CmeC is a ‘cannon-shaped’ homotrimer that forms a 130 Å channel through which

substrates can be extruded into the extracellular environment [32]. Three key subdomains of

the protein delimit this channel: the β-barrel; the α-barrel; and the coiled coil domains (Fig

1A). The β-barrel is ~30 Å tall and spans most of the outer membrane, while the α-barrel and

coiled coil domains extend ~100 Å into the periplasmic space where this protein couples to

CmeA and presumably the peptidoglycan cell wall. Like TolC, OprM, and CusC, the interior

surface of CmeC is highly electronegative with aspartate and glutamate residues constituting a

considerable proportion of the lining residues [32] (Fig 1B). Each member of the CmeABC

assembly is N-glycosylated by the attachment of the following heptasaccharide [33] (S1 Fig):

GalNAc-α1,4-GalNAc-α1,4-[Glc-β-1,3]GalNAc-α1,4-GalNAc-α1,4-GalNAc-α1,3-diNAc-

Bac-β1 where diNAcBac is N’,N’-diacetylbacillosamine [2,4-diacetamido-2,4,6 trideoxygluco-

pyranose]; GalNAc is N-acetylgalactosamine; and Glc is glucose. Removal of the N-

glycosylation pathway results in diminished activity of this efflux machinery [34], as well as

pleiotropic effects such as reduced motility [35] and virulence [36]. CmeC has two experimen-

tally validated glycosylation sites: 11EANYS15 and 28ETNSS32 (residue numbers are after signal

peptide cleavage).

Previous in silico and mutational studies aiming to elucidate OMF dynamics have primarily

focused on TolC from the archetypal Gram-negative bacterium E. coli [37–44], though OprM
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from P. aeruginosa, and MtrE from N. gonorrhoeae have also been simulated [45–47]. These

studies have shown several common features of OMFs. These proteins display two constriction

regions: one at the periplasmic entrance and one at the extracellular exit. Contrary to initial

molecular dynamics (MD) studies [38] OMFs are putatively gated at the periplasmic entrance

only [41,43,45]. The extracellular loops that define the extracellular constriction have been

shown to visit open and closed states freely, while the periplasmic entrance remains locked

closed by extensive inter- and intraprotomer hydrogen bonding and salt bridges, with TolC

and OprM also showing interactions with cations [41,43–45]. The coiled-coil domain of these

proteins opens in an ‘iris-like’ fashion at the cost of disrupting the circular hydrogen bonding

and salt bridge networks in this region; this occurs spontaneously on coupling to the PAP, but

requires energetic input for the isolated OMF to prevent the uncontrolled diffusion of solutes

[39,43,44].

Analogous simulation studies of the OMF of CmeABC, CmeC, are absent in the literature

and to the best of our knowledge the components of the N-glycosylated CmeABC system have

not previously been simulated. Here we present equilibrium molecular dynamics simulations

of the OMF CmeC in a biologically relevant C. jejuni outer membrane model. The results of

these simulations suggest that N-glycans are more conformationally labile than previously

thought, and that CmeC behaves similarly to other OMFs with cation-dependent gating at the

periplasmic entrance and no gating mechanism at the extracellular exit. In addition, we pres-

ent steered molecular dynamics simulations in which two known substrates of this efflux

machinery, the macrolide antibiotic erythromycin and the bile acid chenodeoxycholic acid

(CDCA) (Fig 1C and 1D), are pulled through this outer membrane channel. We investigate

the orientation preference of these molecules within the channel, and propose a mechanism of

translocation for the anionic CDCA substrate.

Fig 1. Protein and substrate structures. (A) CmeC embedded in a model C. jejuni outer membrane. CmeC shown in orange New

Cartoon representation, with N-terminal lipidation shown in orange van der Waals (VDW); phospholipids shown as cyan surface; Lipid

A moieties of LOS shown as a dark blue surface; and LOS oligosaccharides and N-glycans shown as a purple surface. The β-barrel and

top of the α-barrel are embedded in the hydrophobic membrane core. (B) Cutaway of the x-ray crystallographic structure of CmeC (grey

New Cartoon), with acidic and basic residues that line the central channel shown in red and blue VDW representation respectively.

Residues identified as constrictions in the X-ray crystal structure (R104 and E416) labelled. (C) Structure of the macrolide antibiotic

erythromycin. (D) Structure of the bile acid chenodeoxycholic acid (CDCA). The proton highlighted by the red box is removed in

solution to yield a carboxylate group.

https://doi.org/10.1371/journal.pcbi.1010841.g001
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Results and discussion

CmeC stability within the membrane

Previous simulation studies of OMFs TolC and OprM used simplified membrane models

[37,38,40–42,45]. While useful data may still be extracted from these simulations, phospho-

lipid bilayers are not fully representative of the physicochemical properties of Gram-negative

outer membranes; experimental and computational studies have shown components of the

outer membrane, such as LPS (lipopolysaccharide), to affect the structure and function of

outer membrane proteins [48–52]. Recent in silico studies of systems containing efflux

machinery have used more complex outer membrane models, though the dynamics of the

OMF of these systems have not been the main focus of the studies [46,53]. In this work, the

N-glycosylated CmeC trimer was inserted into a biologically-relevant C. jejuni outer mem-

brane model containing ganglioside-mimicry LOS (lipooligosaccharide) in the outer leaflet and

a mixture of POPE and POPG (18:1:1 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine

and 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol, respectively) in the periplasmic

leaflet [54,55]. We note that while this membrane model is closer to being biologically accu-

rate than a simple, symmetrical phospholipid bilayer, lysophospholipids, which have recently

been discovered to constitute a large proportion of the C. jejuni lipodome [56], are not

included.

Three x 500 ns equilibrium simulations were performed to assess the stability of this system.

Dimensions of the simulation box plateaued after ~300 ns in all three replicates (S2 Fig). The

root-mean-square deviation (RMSD) of the protein backbone continues to increase across the

simulation in all cases (S3 Fig) indicating that CmeC is not yet fully equilibrated. This is to be

expected, given the size and complexity of the system and the starting conformation being

close to the crystal structure. One simulation was extended to 1,250 ns; the backbone RMSD

continued to increase across this longer simulation (S3 Fig). The continued rise in RMSD is

primarily driven by the β-barrel; this is the domain in which the crystallisation and simulation

environments are most different, and full equilibration in this region will be slow due to the

use of slow-moving LOS [57] in the outer leaflet. The 3 x 500ns simulation trajectories were

concatenated and principal component analysis (PCA) was undertaken. Each of the trajecto-

ries was projected along the first three eigenvectors (which cumulatively accounted for 32.3%

of the variance, S1 Table). Each trajectory sampled different subspaces unique from the crystal

structure (Fig 2A), therefore in combination these replicates likely give better coverage of the

conformational landscape than we would expect from a single trajectory of the same length.

Secondary structure analysis (SSA) of the protein shows CmeC to be stable in the mem-

brane, with no substantial changes in secondary structure over the course of the simulations

(S4 Fig). The root-mean-square fluctuation (RMSF) is consistent with the SSA and with the

topology defined by Su et al. from the crystal structure [32]; the greatest fluctuations are

observed for residues in unstructured regions such as the first extracellular loop (residues 96–

108, henceforth referred to as L1), N- and C-termini, and between α-helices at the periplasmic

end of the protein (e.g. residues 195–200) (Fig 2B). The N-terminus is lipidated, anchored to

the inner leaflet of the membrane, hence it displays lower RMSF values than the C-terminus.

Interestingly, the second extracellular loop (residues 309–323, henceforth referred to as L2)

shows substantially less fluctuation than the first loop. The L1 loops are directed upwards, nor-

mal to the membrane or tilted towards the centre of the β-barrel, whereas the L2 loops are par-

allel to the membrane, projecting out into the LOS headgroups (Fig 3A and 3B).

Hydrogen bond analysis (cut-offs of 3 Å and 20˚) reveals multiple high-occupancy interac-

tions between LOS and residues within L2. The basic side chains of residues K322 and K318

interact extensively with the phosphate groups of the LOS molecules (Fig 3C): hydrogen
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bonds between the lysine side chains and LOS phosphates were observed in>80% of trajectory

frames. Acidic residues D312 and D314 were observed to hydrogen bond to core sugar moie-

ties KDO and heptose of nearby LOS molecules. The occupancy of these hydrogen bonds was

much lower, at an average of 11% of frames; the sugar moieties are further from the L2 residues

and more dynamic than the phosphate head groups, so these interactions are less prevalent. In

addition, these acidic residues were observed to coordinate calcium ions (Fig 3D) found in the

outer leaflet. It is of note that the above interactions would not have been observed had we uti-

lised a simplified phospholipid membrane model, and similar interactions were found when

OprM was modelled in a P. aeruginosa outer membrane [46]. Finally, the hydrophobic side

chain of L313 was observed to embed itself amongst the acyl tails of the LOS molecules in the

hydrophobic membrane core, anchoring the L2 loops into the outer leaflet (Fig 3D).

N-Glycan dynamics & interactions

A previous MD study on the effect of N-glycans on the global structure and dynamics of non-

membrane proteins indicated that glycans reduce the dynamic fluctuations of the proteins,

enhancing their stability without significantly affecting local or global protein structure [58].

The effect of N-glycosylation on CmeC (and the other components of this efflux machinery)

will be the focus of later work and so comparison to unglycosylated CmeC is not discussed

here. We will, however, discuss the dynamics of these heptasaccharides and the interactions

with species within this system.

We observe the glycans to adopt a variety of orientations relative to the principal axis of the

protein (approximately parallel to the z-axis and normal to the membrane plane) (Fig 4A–

4C). This is shown in the timeseries data of the angles (S5 Fig) defined between the glycan vec-

tors (defined by Cα of the N13 or N30 residue and the C4 position of the terminal galactos-

amine, also defining the end-to-end length of the glycan, Fig 4D) and the principal axis of the

protein. In different relative conformations these sugars can interact with different species

within the system. At small angles the glycans point ‘upwards’ towards the periplasmic leaflet

of the outer membrane where they can interact with the unstructured N-terminal residues (the

N-terminus is lipidated and anchored to the inner leaflet) and the POPE and POPG

Fig 2. Analysis of the protein dynamics. (A) Projections of the backbone trajectories of each replicate along the first three eigenvectors.

Each replicate samples a different conformational space, each unique from the crystal structure. (B) Root-mean-square fluctuation

(RMSF) by residue (calculated from the protein backbone, averaged across the three protomers in each of the three replicates). Average

trace shown as a solid blue line, associated standard deviation shown in pale blue. Background coloured by secondary structure: pink =

α-helices, green = β-sheets, white = no formally defined secondary structure.

https://doi.org/10.1371/journal.pcbi.1010841.g002
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headgroups (Fig 4A and 4B). At larger angles the glycans protrude ‘downwards’ into the peri-

plasmic space. Here the separate heptasaccharide units may hydrogen bond to one another

(Fig 4C).

The flexibility of the glycans was assessed via the end-to-end lengths and the glycosidic

torsion angles defined by the linkages between saccharide moieties. The end-to-end

length was observed to fluctuate over the course of the simulations, with minimum and

maximum lengths of 20.40 and 29.66 Å respectively, and a mean length of 26.84 ± 1.11 Å
(standard deviation). A histogram of the end-to-end lengths across the three replicates is

shown in S6 Fig. This distribution of lengths implies that there is some inherent flexibility in

the glycans.

To further investigate this flexibility, the glycosidic torsion angles C and F were calculated

for each glycosidic linkage for each frame across the three simulations. We define these

Fig 3. (A) Side-view of the CmeC β-barrel in the outer membrane model; (B) top-down view of the CmeC β-barrel. β-sheets and top of

the α-barrel in orange, residues 96–108 (extracellular loop 1, L1) in blue, residues 309–323 (extracellular loop 2, L2) in green. (A & B)

show L1 loops to project upwards and into the center of the β-barrel, but L2 loops to project out radially into the outer leaflet of the outer

membrane. (C) Salt bridge formed between K322 residue in L2 and the phosphates of neighbouring lipid A moieties. (D) Acidic residues

D312 and D314 can simultaneously coordinate calcium ions (pale green) from amongst the LOS headgroups, and hydrogen bond with

KDO sugar moieties in neighbouring LOS molecules. The hydrophobic side chain of L313 is embedded amongst the lipid tails within the

membrane core, anchoring L2 to the outer leaflet.

https://doi.org/10.1371/journal.pcbi.1010841.g003
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dihedrals Ф as the angle: O5-C1-O1-CX, and C as the angle: C1-O1-CX-C(X-1). Slynko et al.
used NMR to assess the glycosidic torsion angles of this heptasaccharide attached to a trun-

cated CmeA monomer, though different definitions to those defined here were used [59].

Across their 20 best structures the glycans occupied a very limited conformational space within

minima on the energy surfaces for these linkages [59]. In 2015 Pedebos et al. used metady-

namics to generate potential energy surfaces defined by the above torsion angles C and F for

each unique glycosidic linkage in this glycan, and employed MD simulations to investigate the

equilibrium values of these linkages in a solvated, peptide-linked heptasaccharide [60]. Simi-

larly, they found the glycans to be rigid with little variation in C and F in their 200 ns

Fig 4. Glycan dynamics and interactions. (A) Terminal GalNAc moiety hydrogen bonds to the POPE headgroups in

the inner leaflet of the membrane. (B) Bacillossamine moiety hydrogen bonds to the backbone of E11 in the

unstructured N-terminus region of CmeC. (C) Glycans in the same protomer are observed to hydrogen bond to one

another. (D) Vector defining the end-to-end length of the heptasaccharide and the direction in which the glycan is

oriented. Defined between the Cα of the asparagine residue and the C4 position of the terminal GalNAc moiety. (E)

Scatter plot of theC andF torsion angles for each unique glycosidic linkage in the heptasaccharide, plotted in blue

atop the free energy contour plots generated via metadynamics simulations by Pedebos et al (Reprinted (adapted) with

permission from Ref. 60. Copyright 2015 Oxford University Press). The mean value ± the standard deviation observed

for each linkage in Ref. 60 are plotted as pink rectangles on the contour plots. The glycans in our simulations show

considerable exploration of the energy landscape.

https://doi.org/10.1371/journal.pcbi.1010841.g004

PLOS COMPUTATIONAL BIOLOGY Computational study of the outer membrane factor CmeC from C. jejuni

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010841 January 13, 2023 7 / 29

https://doi.org/10.1371/journal.pcbi.1010841.g004
https://doi.org/10.1371/journal.pcbi.1010841


simulation. In Fig 4E the torsion angles observed over the course of our three equilibrium sim-

ulations are plotted over the contour plots produced by Pedebos et al [60]: in contrast to both

the previous simulation and NMR studies, there is considerable variation in these angles. We

observe the glycans to predominantly occupy the global minima on the energy surfaces,

exploring the basins on the contour maps. The exception to this is the bacillosamine-aspara-

gine linkage which, in agreement with the molecular dynamics presented by Pedebos et al,
explores only local minima [60].

Pedebos et al. present average values for each linkage with associated standard deviation

[60]; whilst the average values we observe for these angles are similar, the SD in these values

are considerably greater as the distribution of these values is not always unimodal (S2 Table

and S7 Fig). Slynko et al. present only 20 structures for the glycosidic torsion angles [59], and

Pedebos et al. present 200 ns of molecular dynamics simulations for a single glycan [60]. The

data we present here is collected across 1,500 ns of simulation time (15,000 frames, each with 6

glycans, for a total of 90,000 heptasaccharide conformations). The increased variation in our

results compared to previous works is likely due to this increased sampling of the conforma-

tional landscape.

CmeC shape

The β-barrels of OMFs are known to adopt different shapes when simulated in membranes

under equilibrium conditions. The β-barrel of TolC has been shown to transition from a cylin-

der in the crystal structure [28] (PDB ID 1EK9) to a triangular prism [38] and that of OprM is

strongly triangular prismatic in its crystal structure [61] (PDB ID 3D5K), which is maintained

when simulated [45]. In comparison, CmeC does not appear to adopt a well-defined cylinder

or triangular prism during simulations, instead adopting something closer to a hexagonal

prism (Fig 5). These differences may be explained in part by the positioning of glycine resi-

dues; it has recently been shown that inwards-facing glycine residues result in sharp turns/cor-

ners in β-barrel membrane proteins [62]. The ‘corners’ defining the triangular nature of the

OprM and TolC β-barrels align with the reasonably well-defined positioning of glycine residue

clusters in the x-y plane. By contrast, the glycine residues in CmeC are distributed across 6 less

well-defined clusters in the x-y plane of the CmeC β-barrel: one beneath each L1 loop, and one

approximately at the centre of each face of the triangle defined by the three L1 loops. This

aligns well with the six ‘corners’ observed in the simulated CmeC.

Two constriction regions were identified by Su et al in the crystal structure of CmeC [32]:

one at the periplasmic entrance, defined by residues Q412, D413, E416, and N420 in H9; and

one at the extracellular exit, defined by residue R104 in L1. The channel diameter across the

final 100 ns of the three equilibrium replicates was characterised using the analysis program

HOLE [63]. Our findings were consistent with these constrictions, with the narrowest points

in the channel aligning with residues E416 and R104 (Fig 6A and 6B).

The extracellular constriction displays considerable variation (Fig 6A). During the equilib-

rium simulations the L1 loops sample conformations both more and less ‘open’ than those in

the crystal structure (Fig 6C and 6D). This is determined via the dihedral angles defined

between the three N112 Cα atoms and a single R104 Cα atom (Fig 6C); in the crystal structure

the average dihedral across the three protomers is 90.7˚, but over the course of the equilibrium

simulations angles as small as 32.3˚ and as large as 130.1˚ are sampled. This is similarly

observed in the simulation of TolC and OprM, though the loops of these homologues open to

a greater extent and sample a greater range of angles [41,45]. This may be a result of the use of

LOS in our system, where the bulky LOS headgroups and core oligosaccharides sterically hin-

der the further opening of the loops. Additionally, this reduced range may be due to the
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presence of the N-glycans, which are known to reduce protein dynamics [58]. Despite this, our

data further support the hypothesis that OMFs are not gated at the extracellular exit as the

loops freely explore open and closed conformations.

From the crystal structure, Su et al suggest a circular hydrogen bonding pattern in which

residues E416 and Q412 of an adjacent protomer interact to form the core of the periplasmic

constriction [32]. However, the salt bridge between the side chains of these residues is not per-

sistent across the simulations; hydrogen bonding between the amide of Q412 and the carboxyl-

ate of a neighbouring E416 is observed in just 1% of the equilibrium trajectory frames. Despite

this, the E416 and Q412 residues do still constitute the narrowest constriction of the channel

with an average effective diameter of just 4–5 Å in this region. As shown in Fig 6A, there is

Fig 5. Shape of the β-barrels of the outer membrane factors (A) TolC, (PDB ID: 1EK9) (B) OprM, (PDB ID: 3D5K), and (C) CmeC

(PDB ID: 4MT4). Top row: Side-view of the β-barrels of these proteins from their x-ray crystal structures. Middle row: Top-down view

of the β-barrels of these proteins from their x-ray crystal structures. The positions of glycine residues in this domain are shown as green

spheres. Bottom row: Top-down view of the β-barrels of these proteins after simulation in a model membrane. TolC adopts a distinctly

triangular structure when simulated (from its cylindrical x-ray structure). OprM maintains its triangular prismatic structure across its

simulation (Reprinted (adapted) with permission from Ref 45. Copyright 2013 American Chemical Society). CmeC starts as a triangular

prismatic structure and appears to adopt an approximately hexagonal prismatic structure after simulation in a membrane. The ‘corners’

of each of the β-barrels aligns with the positioning of the glycine residues.

https://doi.org/10.1371/journal.pcbi.1010841.g005
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very little variation in the channel radius in the periplasmic domain (coiled-coil and alpha bar-

rel regions). Several intra- and interprotomer salt bridges and hydrogen bonds in a circular

network may be promoting this closed conformation (Fig 6E). Intraprotomer hydrogen bonds

were observed across the simulations between H9 and H4 (K432-E171, N429-N172,

Q161-D441); H5 and H4 (K222-E173); H9 and H8 (W421-E390). Interprotomer salt bridges

R370-E226’, R395-E201’, and N385-E212’ (H8-H5’) were also observed in every replicate.

Previous simulation and mutational studies of OMFs have suggested an ‘iris-like’ motion of

the coiled-coil domain to allow the periplasmic entrance to open, requiring a major conforma-

tional rearrangement at a high energetic cost. Mutational and Markov state modelling studies

have demonstrated that for the periplasmic entrance of TolC to open, interprotomer interac-

tions must be disrupted, but intraprotomer interactions may remain intact [39,44]. We do not

observe a twisting motion in any of the three equilibrium replicates, nor do we observe any

correlated disruption of the inter- and intraprotomer hydrogen bonding network.

Despite simulating this system for a total of 1.5 μs, our simulations are still relatively short

for such a large and complex system: simulation studies of TolC in smaller and simpler mem-

brane systems demonstrated that submicrosecond simulations were insufficient to adequately

sample the equilibrium behaviour of the periplasmic gate [43]. To prevent the uncontrolled

diffusion of solutes, OMFs adopt a closed conformation when not coupled to their periplasmic

adaptor partners: in vivo this protein is coupled to the PAP CmeA, and likely interacts with the

peptidoglycan cell wall [53,64,65] and potentially other proteins/efflux machinery [66]. We

have simulated CmeC as an isolated membrane protein so it is no surprise that we only observe

Fig 6. Channel diameter constriction regions. (A) HOLE profile of the CmeC channel. HOLE profile from the x-ray crystal structure

shown in black, average profile across the final 100 ns of the three equilibrium simulations, with associated standard deviation, in

orange. There is little variation is observed at the periplasmic constriction defined by residues E416 and Q412. The extracytoplsamic

constriction, defined by the R104 residues of L1, shows more variation; the extracellular loops visit both the open and closed

conformations freely. (B) cutaway of CmeC for scale for the HOLE profile. The two constriction regions align with the residues

identified as constricting by Su et al. (30) (C) The dihedral angle determining the degree of opening of the L1 loops is defined by the

three N112 alpha carbons (black) and one R104 alpha carbon (red, green, yellow). (D) Histogram of the dihedral angles observed over

the three equilibrium simulations, with snapshots of loops more closed (left) and more open (right) than the XRD structure (black

dashed line). (E) Circular inter- and intraprotomer hydrogen bonding network between the helices of the coiled coil domain. I:

Interprotomer (H5-H8’) salt bridges R370-E226, N385- E212, R395-E201. II: Intraprotomer (H8-H9) hydrogen bond W421- E390. III:

Intraprotomer (H9-H4) Hydrogen bonding and salt bridges K432-E171, N429- N172, Q161-D441, N172/N168-N430. IV:

Intraprotomer (H4-H5) salt bridge K222-E173.

https://doi.org/10.1371/journal.pcbi.1010841.g006
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the closed state under equilibrium conditions. Another factor is the cations in our model,

which is discussed in the following section.

Cation binding sites within the channel

Cation binding sites have been identified in the OMFs TolC and OprM [67,68], and simula-

tions have shown that for the periplasmic end of the wild-type proteins to open in silico these

cations must be removed from the system [41,45]. Cations have also been identified as poten-

tial orthosteric inhibitors of outer membrane factors due to their strong coordination by the

conserved rings of acidic residues in the coiled-coil domain [67,69,70]. Here we identify

regions within CmeC that display substantial cation density across the equilibrium simula-

tions, and observe cations contributing to the closed conformation of the coiled coil domain.

Initially we expected the solvated potassium ions to be the prime candidate for cation coor-

dination within the channel. However, we identified very little potassium ion density within

CmeC (S8 Fig). Unlike previous simulations studying OMF dynamics (which have used sym-

metric phospholipid bilayers and Na+ and Cl- ions in solution) our model included LOS in the

outer leaflet with divalent calcium ions (necessary for outer membrane integrity [71–81]) in

addition to K+ and Cl- in solution; using the VMD plugin VolMap we identified Ca2+ density

within the CmeC channel across the equilibrium simulations (Fig 7A). During equilibration

and production stages of the simulations calcium ions have escaped the LOS headgroups, and

due to periodic replication of the simulation system were able to enter the protein from both

the extracellular and periplasmic ends. Due to the increased coulombic attraction between Ca2

+ and the carboxylate residues (compared to K+), calcium ions are coordinated preferentially.

The calcium ion density is primarily situated proximal to acidic residues D413, E416, E353,

E107, D86, and D77. Table 1 lists the proportion of equilibrium trajectory frames in which a

calcium ion was coordinated by each of these acidic residues (in at least one protomer).

Fig 7. Acidic residues within the channel coordinate calcium ions. (A) Calcium ion density (green surface) located close to acidic

residues (VDW, labelled) within the CmeC channel. Considerable calcium ion density was found near residues D413, E416, E353, D77,

D86, and E107. (B) Acidic residues above the coiled-coil region coordinate calcium ions in a 1:1 stoichiometry. Here, two calcium ions

(green spheres) are bound to two of the three E353 residues. (C) The calcium ions bound to E416 see drastic changes to their hydration

shell as 1 (green), 2 (yellow) or all 3 (red) acidic residues coordinate a single cation. Coordination is coupled with the triangular cross-

sectional area: as more E416 residues coordinate, the triangular cross-sectional area defined by the E416 alpha carbons decreases. TCA

defined in the x-ray crystal structure shown as a dashed black line.

https://doi.org/10.1371/journal.pcbi.1010841.g007
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Calcium ions may be coordinated by up to three acidic residues simultaneously (one from

each protomer). For aspartate/glutamate residues in the β- and α-barrel regions of the protein

(e.g. E353), the internal diameter of CmeC is such that the acidic residue from only one proto-

mer can coordinate a single calcium ion at any given time (Fig 7B). By contrast, the lower

coiled-coil region is sufficiently narrow that acidic residues from multiple protomers can coor-

dinate the same calcium ion; in all replicates, two E416 residues consistently coordinate a sin-

gle calcium ion, and occasionally all three residues will coordinate this central ion (Fig 7C).

This additional level of coordination results in calcium ions remaining bound in this region

for hundreds of nanoseconds at a time.

We note here that previous computational studies have identified systematic overestimation

of protein-ion affinities for cations in the CHARMM force fields using single-point cation

models [82,83]. Updates to the force field in late 2020 attempted to rectify such issues by

increasing the Lennard-Jones parameter, σ, for carboxylate-cation interactions [84]. A similar

change to non-bonded parameters has been shown to improve binding affinities dominated

by cation-π interactions [85]. We have used the CHARMM36m force field with these updated

Lennard-Jones parameters; to our knowledge, this model is appropriate for the scope of this

paper. However, should binding free energies be calculated, a polarisable or multi-point ion

model would be most appropriate.

Coordination of calcium ions by acidic residues near the periplasmic entrance causes a con-

traction in the triangular cross-sectional area defined by Cα of the E416 residues (TCAE416)

(Fig 7C). The increased coordination is also reflected in the reduced solvation sphere (number

of water molecules with at least one constituent atom within 3 Å of the ion’s centre of mass)

for the bound calcium ion. A calcium ion in the CHARMM36m force field using the TIP3P

water model displays an average solvation sphere of 7–8 water molecules, in agreement with

experimental data [86]. Coordination to one, two, or three acidic residues within CmeC results

in solvation spheres of 5–6, 4–6 and 2–3 water molecules respectively (Fig 7C).

To further assess the link between this coordination and tight periplasmic constriction,

additional simulations were undertaken in which the cations within the channel were

removed. Chloride ions were also removed from solution to neutralise the net positive charge,

and these new systems were simulated in duplicate. When only calcium ions were removed

(and remaining calcium ions restrained to prevent re-entry into the channel), there was a

small increase in the average TCAE416 (Table 2). In these simulations, potassium ions can

Table 1. Proportion of trajectory frames in which selected acidic residues are observed to coordinate a calcium

ion.

Residue % Frames containing interaction Change in %

Equilibrium MD CDCA steered MD

D413 62 72 +10

E416 96 99 +3

E220 16 25 +9

E107 91 97 +6

E353 89 92 +3

D86 24 42 +18

D77 32 91 +59

https://doi.org/10.1371/journal.pcbi.1010841.t001

Table 2. Average TCAE416 (with associated standard deviation) from the simulations. For the equilibrium simulations, TCA is calculated from the final 100 ns over

the three replicates. For systems where cations have been removed, TCA is calculated from the final 20 ns over the two replicates.

Equilibrium simulations Ca2+ removed Ca2+ and K+ removed

TCAE416 / Å2 63.40 ± 3.82 67.09 ± 4.23 115.36 ± 9.49

https://doi.org/10.1371/journal.pcbi.1010841.t002
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become coordinated at sites previously occupied by calcium ions. This includes the rings of

acidic residues at the periplasmic constriction; in lieu of calcium ions, potassium ions can hold

this end of the protein in a closed conformation.

When both potassium and calcium ions were removed (and all remaining cations

restrained) there was a large increase (+82%) in the average TCAE416 (Fig 8A) as there is no

longer a central cation holding the coiled-coil tightly closed. This is also reflected in the protein

backbone RMSD (S9 Fig) and the pore radius profile (Fig 8C). This increase is consistent with

simulation studies in which the removal of sodium ions at the periplasmic end of TolC and

OprM caused an increase in TCA at D374 and D416 (both corresponding to E416 in CmeC)

respectively [41,45]. This increase in TCA is driven primarily by the outwards motions of H8

and H9, as shown in Fig 8B. For further opening of the coiled coil domain in an iris-like fash-

ion, interprotomer interactions must be disrupted [43,44]; as with our equilibrium simulations

we do not observe any correlated disruption of interprotomer (or intraprotomer) hydrogen

bonding networks in the coiled-coil domain (S10 Fig). These data further reinforce the

hypothesis that the periplasmic entrance of OMFs is regulated both by interprotomer interac-

tions [43,44] and by cations [37,45].

Fig 8. Cation removal allows the coiled-coil domain to open. (A) Timeseries of TCAE416 when only calcium ions are removed from

the channel and remaining calcium ions restrained (pink), and when all cations within the channel are removed and all remaining

cations restrained (yellow). Removing all cations within the channel allows the coiled coil region to open. (B) Porcupine plot indicating

the direction and magnitude of motion between the initial, closed conformation of CmeC to the most open structure observed in these

simulations (Ca2+ & K+ removed, replicate 1 at t = 36.5 ns). Bottom-up view of the coiled-coil domain. Colour scale from 0.06 Å (blue)

to 12.13 Å (red). (C) Channel radius profile for the most open conformation, with the XRD profile for comparison. The channel radius

at the periplasmic entrance has increased considerably. (D) Bottom-up view of the periplasmic entrance to CmeC in the initial

equilibrated conformation (left) and the most open conformation (right). Distances between E416 Cα atoms of E416 residues displayed

(Å).

https://doi.org/10.1371/journal.pcbi.1010841.g008
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Substrate translocation

CmeABC is known to extrude a variety of structurally unrelated compounds, including

various antibiotics and bile salts [27,87–90]. To investigate the translocation of substrates

through CmeC we used steered molecular dynamics (SMD) to pull erythromycin (a macrolide

antibiotic and the therapy of choice for Campylobacter infections [91]) and chenodeoxycholic

acid (CDCA, a bile acid commonly found in avian species [92]) through the channel (Fig 1C

and 1D).

Both substrates successfully entered and translocated the channel with the aid of the exter-

nal pulling force. Force profiles for both substrates indicate that entry to CmeC is the greatest

barrier to translocation (Fig 9A). The force required to pull CDCA is greater than that for

erythromycin by around 50%, despite erythromycin being a larger molecule. In aqueous solu-

tion erythromycin is uncharged, whereas CDCA is deprotonated to yield an anionic species.

This constriction in CmeC is primarily acidic residues (most notably E416 and D413), and the

interior surface of CmeC is ‘strikingly electronegative’ [32] (Fig 1B); CDCA faces a greater bar-

rier to entry in the form of electrostatic repulsion.

It is of note however that we did not observe either substrate to enter the channel via the

conventional route: we would expect the substrates to enter the channel through the centre,

but instead we observed these molecules to enter in gaps defined by the periplasmic ends of

helices H4, H5, H8 and H9 (Fig 10A). This resulted in a temporary increase in TCAE416 as

helices moved to accommodate the substrate (Fig 10B). Despite this, the translocation of the

substrates did not appear to disrupt the intra- and interprotomer hydrogen bonding networks,

though E416-Ca2+ coordination was disrupted. As the substrates move through this constric-

tion, H9 moves outwards and the glutamate residues from different protomers are separated;

only one E416 coordinated a calcium ion during this time, if at all.

When simulated in the CHARMM36m force field using the TIP3P water model, erythro-

mycin has an average solvation sphere of ~57 water molecules, and that of CDCA is ~39

waters. In order to enter and translocate the channel the substrates must shed water molecules.

The decrease in water molecules around each substrate is heavily correlated to the pore radius

(S11 Fig); at the narrowest constriction point, the average number of water molecules around

erythromycin decreases by 35%, and around CDCA by 49% (Fig 9B). As the channel increases

in radius, hydration increases for both substrates, though the solvation sphere contains fewer

waters than in solution at all points during translocation.

Substrate orientation preference

It has previously been shown that outer membrane proteins can enforce orientation require-

ments for substrate passage [49,93]. By overlaying every nth frame from the steered MD trajec-

tories we can visualise how the orientation of each substrate changes during translocation.

Erythromycin shows no clear preferences/requirements in any of the SMD simulations: there

are no regions within CmeC in which erythromycin displays a consistent orientation (Fig

10C). An additional plot was generated to show the clustering of a particular atom (a hydroxyl

oxygen) over all of the trajectories (S12 Fig). Erythromycin is polar, but uncharged at physio-

logical pH. Its polar functional groups (hydroxyls, esters, and an amine) are distributed across

the molecule, which is reflected in the electrostatic profile of this molecule (S13 Fig) As such,

erythromycin is capable of hydrogen bonding with the channel residues regardless of its orien-

tation, thus showing no clear preference on translocation.

CDCA has only three polar groups: two hydroxyl groups, and a carboxylic acid moiety

which is deprotonated at physiological pH. The resulting anionic carboxylate moiety (reflected

in the electrostatic profile, S14 Fig) will therefore dominate the interactions between CDCA
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and the predominantly anionic interior surface of CmeC. Across the nine SMD simulations in

which this substrate is pulled through the channel, CDCA shows orientation preference at sev-

eral positions; the carboxylate moiety of the molecule orients towards the side chains of chan-

nel-lining residues (Fig 11A). An additional plot was generated to show the clustering of a

particular atom (a carboxylate oxygen) over all of the trajectories (S15 Fig). Interestingly, these

regions of preferred orientation correlate with the positions of acidic residues that line the

channel. This is explained by the presence of the multivalent Ca2+ ions in the system: the car-

boxylate moieties of both CDCA and aspartate/glutamate residues can simultaneously coordi-

nate a single calcium ion (Fig 11D). Across the 9 trajectories, we observe CDCA to coordinate

a calcium ion in 64% of frames, with an average coordination lifetime of 3.6 ns (maximum

Fig 9. Force and substrate hydration profiles for translocation of erythromycin and CDCA through CmeC. (A) Average force

profile for the translocation of each substrate with associated standard deviation, with the HOLE profile for reference. The greatest

barrier to translocation is the tight periplasmic entrance. There is no great force barrier at the extracellular exit, implying that there is no

gating at this end. (B) Average hydration profiles for the substrates as they translocate the channel with associated standard deviation,

with the HOLE profile for reference. Average hydration shell population in solution indicated for each substrate as a vertical dashed line.

Both substrates must lose a considerable proportion of their hydration shell to translocate, with the greatest decrease at the periplasmic

entrance.

https://doi.org/10.1371/journal.pcbi.1010841.g009
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observed lifetime of 23.5 ns). 21% of these coordination interactions were transient (lasting

less than 0.5 ns), though these short interactions constitute just 1% of the total interaction

time. In turn we observe these CDCA-coordinated calcium ions to be simultaneously coordi-

nated by acidic residues lining CmeC in 20% of the total frames. When these CDCA-Ca2

+-ASP/GLU interactions are broken on CDCA translocation, CDCA abstracts the calcium

from the acidic lining residue in 67.7% of unbinding events.

The presence of CDCA within the channel also appears to promote the coordination of cal-

cium ions to these acidic lining residues: as shown in Table 1 the proportion of frames in

which a calcium ion is coordinated is somewhat increased in the SMD trajectories when com-

pared to the equilibrium simulations. The phenomenon of cation coordination increasing to

cationic to acidic residues in the presence of CDCA within the channel is striking and repro-

ducible. While these changes are statistically significant for D77 and E416 (p values of 0.00171

and 0.00672 respectively) longer trajectories/larger data sets are needed to confirm whether

the increase in ion coordination is a general phenomenon or specific to some sites. We note

Fig 10. Translocation of Erythromycin through CmeC. (A) Entry of erythromycin (shown as overlaid white, purple,

and cyan transparent structures) occurs between the coiled-coil helices (shown in red, orange, green, and yellow New

Cartoon representation) rather than through the central constriction defined by the side chains of the E416 residues

(shown in red VDW). This entry pathway is also observed for CDCA. (B) Timeseries of the triangular cross-sectional

area defined by the Cα atoms of the three E416 residues (TCAE416). Erythromycin enters the channel within the first 35

ns, which disrupts the coordination of E416 residues to the central calcium ion, causing the protomers to move apart

and the TCA to increase. When erythromycin has passed this constriction region the TCA returns to a value below that

in the x-ray structure as multiple E416 residues coordinate the central calcium ion. (C) Cutaway of CmeC (orange New

Cartoon representation) with every 5th frame for erythromycin (licorice, coloured by atom name) from three replicates

overlaid. Hydrogen atoms not shown for clarity. Erythromycin displays no clear orientation preference on

translocation.

https://doi.org/10.1371/journal.pcbi.1010841.g010
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that E416 is part of a ring of acidic residues at the periplasmic entrance that is conserved across

OMFs, while D77 is not conserved.

We do observe salt bridges between CDCA and the basic residues lining CmeC, though

only in 6.3% of trajectory frames. Basic residues are found predominantly in the α- and β-bar-

rel domains and often positioned close to an acidic residue where their side chains become less

readily available to translocating substrates by engaging in salt bridges. Additionally, by the

time CDCA reaches these basic residues it is often already coordinating a calcium ion, making

interaction with these cationic side chains less favourable.

Full umbrella sampling with adequate convergence for the calculation of a PMF profile was

deemed unfeasible for such a long and wide channel. Instead, several equilibrium simulations

were initiated from snapshots with CDCA within the channel to further assess CDCA-CmeC

interactions. A separation of approximately 1 nm was used between windows, with additional

replicates where CDCA is proximal to the acidic residues where an orientation preference was

observed in SMD simulations. In these equilibrium simulations we observe a similar trend in

interactions with the acidic lining residues. Over the course of the 23 equilibrium simulations

(totalling 2.78 μs) CDCA coordinates a calcium ion in 78% of frames, with 39% of the total

frames displaying a calcium ion coordinated to both CDCA and an acidic residue

simultaneously.

Fig 11. Translocation of CDCA through CmeC. (A) Cutaway of CmeC (orange New Cartoon representation) with every 5th frame for

CDCA (licorice, coloured by atom name, with carboxylate oxygen atoms shown as spheres) overlaid from one representative SMD

simulation. CDCA displays orientation preference in several regions, generally when close to acidic lining residues. (B) A snapshot from

a steered MD simulation. CDCA can coordinate calcium ions that are bound to acidic residues within the CmeC channel. They can

simultaneously hydrogen bond to nearby basic residues, those these interactions are most commonly transient. (C) A snapshot from an

equilibrium simulation. CDCA coordinates a calcium ion bound at the periplasmic entrance. This interaction with the tightly bound

calcium is much longer-lived than interaction with bound calcium ions at wider points in the channel. (D) A snapshot from a steered

MD simulation. CDCA coordinates an aspartate-bound calcium as it translocates. (E) A snapshot from an equilibrium simulation. In

this replicate CDCA did not coordinate a calcium ion, and instead formed a salt bridge with K444 multiple times, with an average

lifetime of 17 ns.

https://doi.org/10.1371/journal.pcbi.1010841.g011
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The mean lifetime of CDCA-Ca2+ coordination is 28 ns. 13% of interactions were transient

(but constituting only 0.1% of the total interaction time), and coordination lifetimes of up to

151 ns were observed. In turn, these CDCA-coordinated Ca2+ ions are also coordinated by

ASP/GLU residues. On average, CDCA remains coordinated to the GLU/ASP-bound calcium

ions for 7 ns. 31% of these interactions were transient, constituting 0.8% of the total interaction

time. A maximum interaction lifetime of 106 ns was observed where CDCA coordinated a cal-

cium bound to the E416 and D413 residues at the periplasmic entrance (Fig 11C); the four

replicates that included this interaction saw an average lifetime of interaction of 22 ns, with

CDCA coordinating this tightly bound calcium in 80% of frames. When CDCA-Ca2+-GLU/

ASP interactions are disrupted the calcium ion can remain bound to the GLU/ASP residue, or

be abstracted by CDCA. In 61.4% of unbinding events CDCA abstracts the calcium.

Interaction with basic residues is observed, though again these interactions are less preva-

lent than those with the acidic residues (6.2% of frames). In the majority of cases the interac-

tion with basic residues is transient and/or occurs simultaneously with coordination to a

calcium and nearby acidic residue (Fig 11B). The exception to this is a single equilibrium sim-

ulation in which the starting conformation places CDCA (without a coordinated calcium ion)

proximal to K444 (Fig 11E). In this case CDCA is initially free in solution within the channel,

interacts with K444 multiple times across the simulation (average lifetime of 17 ns), and is not

observed to coordinate a calcium ion (and in turn interact with acidic residues) despite being

proximal to D441. However, orientational preference around this basic residue was not

observed in the SMD simulations; the significance of this interaction remains to be

determined.

An acidic ladder for an anionic substrate?

Taking these results in combination, we can begin to build a picture for how the anionic

CDCA translocates this predominantly anionic channel. Equilibrium MD showed that acidic

sites within the channel can coordinate calcium ions from solution, partially neutralising the

anionic nature of the channel lining. When CDCA is steered through the channel, we observe

its carboxylate moiety to coordinate these bound calcium ions, as well as calcium ions in solu-

tion, resulting in several regions of preferred orientation for the CDCA molecule within the

channel. CDCA often abstracts this calcium ion on translocation (67.7% of unbinding events

in SMD, 61.4% in equilibrium MD). We propose that CDCA is utilising the calcium ions to

climb the ladder of acidic residues that line the interior surface of CmeC.

There is precedence for such a ladder mechanism in the translocation of arginine through

the outer membrane protein OprD from P. aeruginosa [93]: steered MD, docking, and equilib-

rium molecular dynamics revealed a distinct orientational requirement along the permeation

pathway in which the carboxylate moiety of free arginine interacted with a previously-identi-

fied basic ladder of arginine residues. Here we note that while CDCA does not display an ori-

entational requirement for translocation, there are clear areas of preference observed in all the

SMD replicates that suggest this coordination to protein-bound calcium ions is important.

Whether this mechanism of translocation applies to other anionic substrates, such as the fluo-

roquinolone family of antibiotics, and how cationic substrates traverse the channel remain to

be investigated.

Limitations

As with any biomolecular simulation study, adequate sampling is of concern. Even after 500 ns

of simulation, CmeC has not reached an equilibrium conformation in any of the three equilib-

rium replicates. Longer simulations are required to reach an equilibrium state, but given the
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size of this system it is unclear how long this may take: even when a simulation was extended

to 1.25 μs the RMSD was still rising. However, principal component analysis indicates that the

equilibrium simulations sampled different conformational states, unique from the X-ray

structure.

We have simulated CmeC as an isolated membrane protein, when in vivo this protein

would be coupled to CmeB via CmeA and likely interacts with the peptidoglycan cell wall.

OMFs are known to adopt a closed state when not coupled to their PAP partner to avoid

uncontrolled movement of species into and out of the cell; in the presence of cations we have

only observed the closed state of CmeC during our simulations. CmeC may also interact with

other OMPs or efflux systems [66] which have been omitted. Our outer membrane model,

despite modelling the LOS in the outer leaflet, is likely still a simplification: in 2020 Cao et al
demonstrated that the phospholipodome of C. jejuni contained a substantial proportion of

lysophospholipids [56], which may influence protein structure and dynamics but have not

been included in our model.

Whenever considering drug/small molecule binding to a protein or translocation pathways

it is desirable to compute free energies for unambiguous comparisons. We have performed a

number of steered MD simulations here and the temptation is to exploit the Jarzynski equality

to extract free energies from the force profiles [94]. However the large system size (close to 1

million atoms) [95], insufficient simulation lengths with only a single pulling rate [96,97], and

the importance of electrostatics in the protein-substrate interactions [96] precludes this.

Conclusions

The equilibrium simulations presented here show that CmeC behaves in a similar fashion to

other simulated OMFs TolC and OprM: we observe a periplasmic gate which displays very lit-

tle dynamic nature, held tightly closed by cations and inter- and intraprotomer hydrogen

bonding networks; and a highly dynamic extracellular constriction in which extracellular

loops visit both open and closed conformations. The N-glycans display greater flexibility than

previous studies have suggested. Within the channel, we identify several acidic residues that

coordinate calcium ions from solution and show that the coordination of cations in the coiled

coil region contributes to the closed conformation of CmeC. Steered MD showed that the

acidic sites lining the channel were areas in which the anionic substrate CDCA displayed a

clear orientation preference. CDCA was observed to coordinate the bound calcium ions, and

we propose that this substrate coordinates these calcium ions to ‘climb’ its way up the channel

interior.

Methods

All molecular dynamics simulations were performed in the CHARMM36m force field [98,99]

with TIP3P water [100] in the GROMACS 2019.4 package [101,102]. The LINCS algorithm

was utilised to constrain all bonds [103]. Van der Waals interactions were smoothed at dis-

tances beyond 1.0 nm to a cut-off at 1.2 nm. Long-range electrostatics were treated using Parti-

cle Mesh Ewald [104] with a cut-off of 1.2 nm. The system was coupled to a heat bath at 315.15

K using the velocity-rescale thermostat [105] at equilibration and production stages (τT = 1.0

ps). Analyses were performed using GROMACS and MDAnalysis utilities [106–109]. Molecu-

lar graphics were generated in VMD 1.9.4a51 [110].

System construction

The CmeC X-ray structure was obtained from the RCSB Protein Data Bank (accession code:

4MT4) [32]. Missing C-terminal residues were added using MODELLER [111]. The
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CHARMM-GUI Membrane Builder Module [55,112] was used to modify the protein structure

with N-terminal lipidation and appropriate N-glycosylation at residues N13 and N30 in each

protomer, then to embed the β-barrel domain of CmeC in a model C. jejuni outer membrane

(1:1 ganglioside mimicry 1 and 1a LOS in the outer leaflet, and 4:1 POPE and POPG in the

inner leaflet) [54,55]. This protein-membrane system was solvated in 150 mM KCl with addi-

tional calcium ions (equating to a concentration of 125 mM) associated with the LOS core

sugar phosphates. The system was energy minimised in 50,000 steps using the steepest descent

algorithm [113], then equilibrated sequentially using 2 NVT phases and 4 NPT phases with

decreasing position restraints at each phase (Table 3). All NPT phases coupled the system to a

pressure bath at 1 bar using the semi-isotropic Berendsen scheme [114] (τp = 5.0 ps,

compressibility = 4.5x10-5 bar-1).

Equilibrium molecular dynamics

Three replicates of this system were generated. One simulation used the final frame of the 6th

equilibration phase as the initial conformation. The additional replicates were each heated to

330 K for 20 ns with position restraints of 4,000 and 2,000 kJ mol-1 nm-2 applied to the protein

backbone and sidechains respectively to induce new starting configurations for the membrane

lipids. Each system was simulated at 315.15 K for 500 ns. Pressure was maintained at 1 bar

using the semi-isotropic Parrinello-Rahman coupling scheme [115,116]. The contents of this

system, and all subsequent simulation systems, can be found in Table 4.

Table 3. Position restraints, timestep, and duration of the equilibration phases.

Equilibration Phase Position restraints / kJ mol-1 nm-2 dt / fs Duration / ns

Protein Backbone Protein Sidechain Lipid Headgroups Dihedrals

NVT1 4000 2000 1000 1000 1 0.125

NVT2 2000 1000 400 400 1 0.125

NPT1 1000 500 400 200 2 0.5

NPT2 500 200 200 200 2 0.5

NPT3 200 50 40 100 2 0.5

NPT4 50 - - - 2 0.5

https://doi.org/10.1371/journal.pcbi.1010841.t003

Table 4. Number of each species present in each simulation system.

Equilibrium MD Ca2+

removal

Ca2+ & K+ removal Erythromycin SMD CDCA SMD/MD

CmeC Protomers 3 3 3 3 3

LOS GM1 108 108 108 108 108

LOS GM1a 108 108 108 108 108

POPE 551 551 551 551 551

POPG 136 136 136 136 136

K+ 841 841 827 841 842

Cl- 669 651 637 669 669

Ca2+ 702 693 693 702 702

TIP3P water 245,701 244,701 244,701 244,701 244,700

Erythromycin 0 0 0 1 0

CDCA 0 0 0 0 1

Total Atoms 964,998 964,971 964,943 965,116 965,063

https://doi.org/10.1371/journal.pcbi.1010841.t004
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Cation removal

The final frame of one replicate of the equilibrium system was extracted and used as the start-

ing conformation for further simulations to assess the role of cations in the constriction at the

periplasmic entrance. Two systems were generated: in the first, just calcium ions within the

channel were removed (remaining calcium ions restrained, 1,000 kJ mol-1 nm-2), and in the

second all calcium and potassium ions within the channel were removed (all remaining cations

restrained, 1,000 kJ mol-1 nm-2). Chloride ions were removed from solution to neutralise the

systems. Both systems were energy minimised in 5,000 steps using the steepest descent algo-

rithm. Each system was simulated in duplicate for 80 ns.

Steered molecular dynamics

Erythromycin and chenodeoxycholic acid (CDCA) molecules were generated in the

CHARMM36m force field using CHARMM-GUI’s Ligand Modeler module [117] and energy

minimised in 5,000 steps using the steepest descent algorithm. Each molecule was manually

positioned below the periplasmic entrance to CmeC in three different orientations. These pro-

tein-substrate structures were subsequently modified with the appropriate N-glycans and N-

terminal lipids, embedded in a model membrane and solvated as described in the previous sys-

tem construction. The systems were energy minimised and equilibrated using the same proto-

col as the equilibrium systems.

A harmonic spring of force constant 1,000 kJ mol-1 nm-2 was attached to the centre of mass

of each substrate. This was pulled along the z-axis (perpendicular to the membrane) at a con-

stant velocity of 0.1 nm ns-1. No restraints were applied to the substrates in the x and y dimen-

sions. A total of nine replicates were generated for each system, with each simulation lasting

160–170 ns. For the CDCA system, snapshots were taken with CDCA at various positions

within the channel, and these were used as initial configurations for subsequent equilibrium

simulations, each run for a minimum of 100 ns; a total of 23 equilibrium simulations were run

with CDCA within the channel.

Electrostatic profiles of substrates

The electrostatic potentials of erythromycin and the deprotonated CDCA molecules were cal-

culated using the density functional theory package, ONETEP [118,119], using the PBE

exchange-correlation functional [120], augmented with Grimme’s D2 dispersion correction

[121]. Open boundary conditions via real-space solution of the electrostatics were used in a

simulation cell with dimensions 5 nm × 5 nm × 5 nm. Norm-conserving pseudopotentials

were used for the core electrons, and the psinc basis set, equivalent to a plane wave basis set

with a kinetic energy cut-off of 800 eV, was employed. 8.0 Bohr localisation radii were used for

the nonorthogonal generalised Wannier functions (NGWFs).

Supporting information

S1 Fig. Chemical structure of the heptasaccharide attached to N13 and N30 in CmeC.

(TIF)

S2 Fig. Timeseries data of the simulation box dimensions. X and Y dimensions of the

box are coupled (semi-isotropic pressure coupling used). Box dimensions are stable after ~300

ns.

(TIF)
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S3 Fig. Top: Root-mean-square deviation (RMSD) of the protein backbone in each repli-

cate. In all three replicates the RMSD is still increasing at 500 ns, indicating that CmeC is not

yet fully equilibrated. Bottom: When one replicate was extended to 1250 ns, the backbone

RMSD continued to increase.

(TIF)

S4 Fig. Secondary structure analysis (STRIDE) for CmeC from one replicate across the 500

ns simulation.

(TIF)

S5 Fig. Timeseries data of the angle defined between the protein principal axis (approximately

parallel to the z-axis) and the glycan vector (defined in Fig 4E). A wide variety of relative orien-

tations are observed.

(TIF)

S6 Fig. Distribution of end-to-end lengths for the heptasaccharide. Ther is considerably

more variation in this value than would be expected from a ‘rigid-rod’.

(TIF)

S7 Fig. Distribution of C and F values for each glycosidic linkage in the heptasaccharide.

Data from our equilibrium simulations plotted in blue. Values defined by the mean ± standard

deviation in Ref 60 for each linkage shaded in yellow

(TIF)

S8 Fig. Potassium ion density proximal to CmeC. A small amount of potassium ion density

is located near D86 within the channel.

(TIF)

S9 Fig. Comparison of protein backbone RMSD from equilibrium simulations, systems

where calcium ions were removed from within CmeC, and systems where both calcium

and potassium ions were removed from within CmeC. Systems where cations were removed

saw increased RMSD values compared to equilibrium simulations, though this is most pro-

nounced in systems where both calcium and potassium ions were removed.

(TIF)

S10 Fig. Hydrogen bond count in the coiled-coil region of CmeC (hydrogen bonds between

different helices only) for replicate 1 of the system with both calcium and potassium ions

removed from within the channel. Dashed pink vertical lines indicate times at which there

was a peak in TCAE416; there is no clear increase or decrease in the number of these hydrogen

bonds (inter- or intraprotomer) correlated with peaks in TCA.

(TIF)

S11 Fig. Scatter plots of the force against the hydration shell population at positions within

the CmeC channel, with points coloured by the channel radius, demonstrating correlation

between the force required for translocation and both the channel radius and the popula-

tion of the hydration shell.

(TIF)

S12 Fig. Occupancy map for a hydroxyl oxygen in Erythromycin (right, highlighted) over

the steered MD simulations. The occupancy is delocalised in the channel. The only clear

localised region of high occupancy is at the periplasmic entrance, where the rotational freedom

of erythromycin is limited due to the narrow channel diameter.

(TIF)
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S13 Fig. Electrostatic profile of erythromycin. Colour scale: -1 V in red to +1 V in blue. Elec-

tronegative groups are distributed around the erythromycin molecule.

(TIF)

S14 Fig. Electrostatic profile of CDCA. Colour scale: -1 V in red to +1 V in blue. While there

are three electronegative functional groups in CDCA, the carboxylate group dominates.

(TIF)

S15 Fig. Occupancy map for a carboylate oxygen in chenodeoxycholic acid (right,

highlighted) over the steered MD simulations. There are several localised regions of high

within the channel. These align with acidic lining residues where CDCA is coordinating a

bound protein-bound calcium ion.

(TIF)

S1 Table. Percentage variance explained by the first 10 eigenvectors identified via principal

component analysis.

(PDF)

S2 Table. Mean values of C and F for each linkage in the heptasaccharide, with associated

standard deviation.

(PDF)

Acknowledgments

The authors acknowledge access to the following High Performance Computing resources: Iri-

dis 5 at the University of Southampton and the ARCHER2 UK National Computing Service to

which access was granted via HECBioSim, the UK High-End Computing Consortium for Bio-

molecular Simulation (EPSRC grant no. EP/R029407/1).

Author Contributions

Conceptualization: Syma Khalid.

Data curation: Kahlan E. Newman.

Formal analysis: Kahlan E. Newman.

Funding acquisition: Syma Khalid.

Investigation: Kahlan E. Newman.

Methodology: Kahlan E. Newman.

Project administration: Syma Khalid.

Resources: Syma Khalid.

Software: Kahlan E. Newman.

Supervision: Syma Khalid.

Validation: Kahlan E. Newman.

Visualization: Kahlan E. Newman.

Writing – original draft: Kahlan E. Newman.

Writing – review & editing: Kahlan E. Newman, Syma Khalid.

PLOS COMPUTATIONAL BIOLOGY Computational study of the outer membrane factor CmeC from C. jejuni

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010841 January 13, 2023 23 / 29

http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010841.s013
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010841.s014
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010841.s015
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010841.s016
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010841.s017
https://doi.org/10.1371/journal.pcbi.1010841


References
1. World Health Organization. State of the art of new vaccine and development. World Health Organiza-

tion; 2006. Report No.: WHO/IVB/06.01.

2. Allos BM, Iovine NM, Blaser MJ. Campylobacter jejuni and Related Species. In: Mandell, Douglas,

and Bennett’s Principles and Practice of Infectious Diseases. Elsevier Inc.; 2014. p. 2485–2493.e4.

3. Kaakoush NO, Miller WG, De Reuse H, Mendz GL. Oxygen requirement and tolerance of Campylo-

bacter jejuni. Res Microbiol. 2007 Oct 1; 158(8):644–50. https://doi.org/10.1016/j.resmic.2007.07.009

PMID: 17890061

4. Awad WA, Hess C, Hess M. Re-thinking the chicken–Campylobacter jejuni interaction: a review.

Avian Pathol. 2018 Jul 4; 47(4):352–63. https://doi.org/10.1080/03079457.2018.1475724 PMID:

29764197

5. Blaser MJ, Taylor DN, Feldman RA. Epidemiology of Campylobacter Jejuni Infections. Epidemiol Rev.

1983 Jan 1; 5(1):157–76. https://doi.org/10.1093/oxfordjournals.epirev.a036256 PMID: 6357819

6. Public Health England UK. A microbiological survey of campylobacter contamination in fresh whole

UK-produced chilled chickens at retail sale (Y6). Food Standards Agency; 2021 Nov.

7. Allan PD, Palmer C, Chan F, Lyons R, Nicholson O, Rose M, et al. Food safety labelling of chicken to

prevent campylobacteriosis: consumer expectations and current practices. BMC Public Health. 2018

Mar 27; 18(1):414. https://doi.org/10.1186/s12889-018-5322-z PMID: 29587692

8. Friedman CR, Hoekstra RM, Samuel M, Marcus R, Bender J, Shiferaw B, et al. Risk factors for spo-

radic Campylobacter infection in the United States: A case-control study in FoodNet sites. Clin Infect

Dis Off Publ Infect Dis Soc Am. 2004 Apr 15; 38 Suppl 3:S285–296. https://doi.org/10.1086/381598

PMID: 15095201

9. Little CL, Gormley FJ, Rawal N, Richardson JF. A recipe for disaster: outbreaks of campylobacteriosis
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